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ROBOTIC DESTGN ANALYSIS BASED ON TELEOPERATED
MANIPULATOR DATA COLLECTION*

R. S. Stoughton and H. Lee Martin

ABSTRACT

Extensive data collection was performed on a servomanipulator 3ystem
(TeleOperator Systems SM-229) to determine the motion range and mechanical power
usage of the manipulator under direct human control. More than 50 hours of
various manipulation operations were performed while joint positions and motor
currents were recorded. Reduction of these data yielded histograms of the
manipulator usage pctterna revealing areas where future manipulator motion ranges
and drive systems oould be optimized.

This report develops a graphical representation of mechanical power usage
that relates torque and velocity to the total usage time. Methods of
interpreting this representation are discussed and generalized for use in
analyzing robotic systems. The resulting technique will allow designers to
rcevsluate ?" nneratinu system and determine how to improve that system's design.

"Researched sponsored by the Office of Spent Fuel Management and
Reprocessing Systems, U.C. Department of Energy, under Contract No.
DE-ACO5-8H0R21 40C with Martin Marietta Energy Systems, Inc.



INTRODUCTION

Teleoperated servomanipulators are robotlike systems used for remote
maintenance and repair work in hostile environments such as radiation, undersea,
or outer space. These systems consist of similar master and slave manipulators
generally with two arms each. The human operator moves the master a- JIS, and the
slave arms follow the motions of the master in real time. In some systems,
forces in the slave manipulator are reflected back to the master, providing the
operator with a sense of feel. Tasks of an unstructured nature require this man-
in-the-loop control approach, which distinguishes these systems from industrial
robots. This unstructured operation makes predicting machine duties difficult,
which in turn makes optimizing design parameters (motion ranges, gear reductions,
actuator sizes, etc.) difficult.

This paper summarizes the results of an experimental analysis of the duties
of a force-reflecting servomanipulato. system. These data provide usage infor-
mation about teleoperated manipulators that was previously unavailable. This
information is useful in determining design parameters for improving future
systems. The resulting analysis technique is generalized and shown to be useful
for design analysis of operating and planned robotic systems. The technique is
extended toward an approach tc selecting the optimum robot for a specific applica-
tion.

EXPERIMENTAL DESCRIPTION

The experimental analysis reported here was carried out at the Remote
Systems Development Facility (RSDF) located at Oak Ridge National Laboratory
(ORNL). This facility provided a realistic working environment for developing
and testing remote maintenance concepts and equipment. (The design and makeup of
this facility have been described previously.1) A remote cell mockup, an
operator control station, and :-. PDP-11/34 data acquisition system are the major
components of the RSDF. The remote cell (Fig. 1) contains equipment for a
variety of manipulation tasks considered to be the generic "building blocks" of
more complex remote manipulation tasks. The slave manipulator arms are mounted
on the end of a telescoping hoist of a three-axis positioning system, allowing
the arms to travel anywhere within the remote cell. The operator control station
(Fig. 2) contains the master arms, television screens for viewing the remote
cell, and controls for the cameras, transporter, and auxiliary functions.

The servomanipulatcr is a TeleOperator Systems (TOS) Model SM-229, a force-
reflecting system with a lift capacity of 90 N per arm. Analog controls supplied
by the manufacturer provide proportional and derivative control on each joint.
Voltages proportional to joint positions and motor currents for the right slave
arm are read by the PDP-11/3^ at a rate of 10 samples/s. The kinematics of the
manipulator are shown in Fig. 3.

WORK TASK DESCRIPTION

Five manipulation tasks were selected as being representative of and generic
to remote maintenance operations:1

1• Removal/installation of an in-line instrument package. Using an impact
wrench, loosen the clamp retaining the instrument package and disengage the
pin connector from the instrument package.



2. Removal/installation of a 1/M-hp motor. Using an overload hoist, remove the
motor with a lifting bale (see Fig. H).

3. Removal/installation of a 76-cm pipe flange. Remove the mounting bolts (3)
with the impact wrench and uss the hoist to lift the flange (see Fig. 4).

U. Removal of a tubing service jumper with three horizontal connectors. Loosen
the clamps with the impact wrench and remove the jumper.

5. Removal of a 15-cm pipe flange with two horizontal captured bolts. Loosen
the captured bolts with the impact wrench and remove the flange.

Because the geometry and activity of tasks four and five are similar, this
study considers their averaged data as one task. Tool changing time is included
in the task analysis, particularly the motion and time required to access the
impact wrench.

Four experienced manipulate- operators performed each task at least ten
times. Data recording started a few seconds after the operator began the task,
and ended immediately upon completion of the task, or upon any equipment malfunc-
tion. A total of about 50 hours of operational data were recorded in this manner.

DATA COMPILATION

The data for each trial were reduced to the following time-use histogram
arrays:

1. position in real-world coordinates,
2. position in joint coordinates,
3. velocity in joint coordinates (derived from position)
M. torque in joint coordinates (inferred frcm motor current), and
5. three dimensional (3~D) mechanical power histograms in joint coordinates.

For each task, the arrays were accumulated to obtain a composite average per
task. The data were converted to percentages of total time, and then the data
arrays for the tasks were averaged with equal weighting to obtain the final
composite results.

RESULTS

A complete discussion of the results can be found in ref. 2.

The manipulator motion range usage is presented in Figs. 5 through 7 for the
wrist position and Fig. 8 for the wrist yaw and pitch orientation. These figures
illustrate several human factor considerations needed for design improvement.

Figure 5 reveals that the wrist is most frequently positioned toward the
other arm. This places the wrists close together in a comfortable operating posi-
tion for the human operator and allows the two arms to effectively interact. The
wrist motion range is symmetrical about the reference position in the left/right
direction. This range is appropriate for the outer (right) limit, but the
significant time spent with the wrist held against the inner (left) limit
indicates that this motion range should be increased. Figures 6 ar.u 7 reveal
that the upper range is never used, due in part to the overhead transporter
system. Thus, this range can be e' iminated if the manipulator is to be mounted
on an overhead transporter but may be required if a floor-based transporter is
used.



The wrist yaw range capability (Fig. 8) is symmetric about the straight
ahead position. The usage, however, is skewed inward (left) considerably. The
most used yaw angle is inward at about 10°, and the mean yaw angle is inward at
about 25°. This inward yawing allows the two end effectors to interact effec-
tively and provides a more comfortable configuration for the operator. Note that
the operator can yaw the manipulator wrist in by moving his elbow out, but the
body limits inward motion of the elbow. A simple change in the mounting configu-
ration (independent of the manipulator) would improve the system effectiveness by
placing the wrists closer together and yawed inward in the reference configu-
ration (Fig. 9).

Much of the motion range of the manipulator is seldom, if ever, used because
the mobility of the transporter system reduces this need. This redundancy
indicates that a streamlined design and/or alternate torque transmission methods
may be desirable. Direct linkage drive mechanisms have the disadvantage of
limited motion ranges; however, they offer greatly improved reliability with low
friction and inertia.

Automatic computer-controlled tool exchange would reduce the time spent at
the tool rack iFig. 6), thereby reducing the operator's work load and speeding up
task performance.

Although the manipulator range covers about 1.1 m?, over 90? of the time was
spent within a O.'IH m^ working vol>!«•«. This suggests that a small manipulator
mounted on an articulated boom may be a useful substitute.

The 3-D mechanical power grids (Fig. 10, typical) were developed as an aid
for design analysis of gear reductions and actuator sizings (and for robotic
design analysis). The independent variables on these grids are the components of
mechanical power: velocity and torque, scaled to the no-load speed and stall
torque, respectively. Each variable is divided into 25 increments (4? of range)
to form a 25 x 25 grid. The dependent variable is the log of the total operation
time, scaled to the most used grid block. Thus, the height of each "crosshair"
of the grid represents the log of the total operation time spent simultaneously
within the velocity and torque ranges corresponding to that crosshair. Note that
when the velocity and acceleration are in the same direction, the diagonal
connecting stall torque and peak velocity is a physical limitation of the motor.
Time can be spent above this diagonal only when the velocity and acceleration are
in opposite directions.

Figure 10 presents an ideal mechanical power grid for servomanipulator
joints. Maximum usage time occurs at 0-4? velocity and 0-4? torque as the
operator often moves the transporter or adjusts the cameras, at which times the
manipulator is not moving and has no load (this would not apply to the robotic
systems that will be discussed later). The grid's desirable features are its
symmetry about its main diagonal and its joint performance that reaches zero
usage time just below 100? of torque and velocity capability. This means that
the motor and gear reduction are adequate to meet all demands, but they are not
significantly oversized.

The symmetry of the grid provides a quantitative evaluation of the gear
reduction. Figures 11 and 12 illustrate grid shapes v/hich result with a gear



reduction that is too large and too small, respectively. Figure 11 represents
actual data from the wrist pitch degree of freedom (DOF). Too small a gear reduc-
tion gives the joint a no-load speed in excess of that required while reducing
the stall torque capacity to a level that hinders performance. Thus, high (J of
max) velocities would never occur, while high torques would occur regularly, and
the grid is skewed toward the torque axis. The opposite occurs when the gear
reduction is too large. The joint can support torques greater than required but
is limited in velocity, and the grid is skewed toward the velocity axis.

The volume beneath the normalized grid and the points where the grid reaches
zero along each axis provide data to evaluate motor sizing so that an optimum
size can be selected. Figures 13 and ^i\ show the grid shapes corresponding to a
proper gear reduction with an oversized and undersized motor, respectively.
These grids represent actual data from the shoulder roll and elbow pitch, respec-
tively. When the motor is too large, the capacity in both torque and velocity is
considerably greater than required, and the grid reaches zero at well below full
capacity with a small subtended volume. Conversely, an undersized motor often
operates at peak capacity in velocity or torque (the zero crossing is extra-
polated beyond 100$) and the normalized grid subtends a large volume.

The power grids for the servomanipulator joints are easily interpreted. The
shoulder roll power grid (Fig. 13) is almost symmetrical but reaches zero at well
below f_.;i capacity, indicating that motors 40% smaller could do the job as well.
A 4% greater gear reduction would make the grid symmetrical. The elbow pitch
grid (Fig. 14) subtends a relatively large volume. A noticeable rise occurs at
100? '.f velocity. A motor 10 to 15* larger is needed to optimize this DOF drive.
The wrist pitch grid is skewed to the torque axis, and the nigher velocities ars
never used. A much increased gear reduction (about 50$) would enable the use of
a 20% smaller motor. This representative data collected from a working
teleoperated manipulator system allows immediate understanding of the design
margin and limitations within a given joint.

In the past, the joint gear reductions have been determined using the
concept of effective radius, which is the direct drive lever arm at which the
stalled motor torque will sustain the desired manipulator capacity. For example,
a motor with a stall torque of 4 N-m driving an 80 N capacity manipulator has an
effective radius of 0.05 m. The gear reductions (GR) for the joints are deter-
mined by dividing the maximum joint Jength by the effective radius and the number
of motors that are driving that joint (i.e., 2 for differentials):

GR =
No. motors

This practice has been consistently followed for all joints in past designs,
but the results of our data indicate that some design revisions are now
appropriate. In practice, most force-reflecting servomanipulators use identical
motors on all joints to standardize components. Table 1 presents the joint
lengths and gear reductions based on effective radius and the improved gear
reductions based on our experimental findings.



JOINT LENGTHS AND GEAR REDACTIONS

JOINT
LENGTH AT FULL
EXTENSION (cm)

ACTUAL GEAR
REDUCTION
BASED ON rJ

IMPROVED GEAR
REDUCTION BASED
EXPERIMENTAL DATA

Differential SH Pitch
I Drive JSH Roll

Elbow Pitch

Wrist Yaw

[Differential! Wrist Pitch
l_ Drive J

Wrist Roll

142
58

84

15

15

12

HQT Increase 8?
29.4 Increase 4?

43.5 Velocity limited,
decrease 10?

8 Increase 10%

3.921" Torque limited,
increase 50?

3.3 Increase 50?

*90 N capacity, T s t a l l = 1.71 N-m (continuous) re = 1.9 cm.

tSelect worst case for differential; second GR is then adjusted for
actual gear selection.

TABLE 1

APPLICATION TO ROBOTIC DESIGN

This analysis technique can be readily and advantageously applied to robotic
systems because their structured task design allows the grid data to be derived
analytically. Note that for design analysis of an existing robot, somewhat more
accurate data are obtained from experimental measurement, as these data would
include the effects of the closed-loop controller, nonlinear friction, and wear
that are difficult to model. However, for design development and robot selec-
tion, analytical data generation is the only practical approach.

The analytical problem is to transform the task and robot parameters into
time-based trajectories of joint torques and velocities for the various tasks
which exemplify the robot's duties. This transformation requires accurate models
of the robot kinematics and dynamics. The formulation of the dynamic model is
rather involved, and much attention has been given to this problem in the liter-
ature. 3i4,5,6 T n e typical tasks to be performed should be specified as to carte-
sian starting and ending points, range of loads to be carried, and required cycle
time. The kinematic model of the robot is used to transform these parameters
into time-based joint kinematic trajectories (position, velocity and acceler-
ation). The generation of this model has also received much attention.5.7,8 Tne

trajectories, along with the range of loads carried, serve as input to the
dynamic model, which calculates the necessary joint torque trajectories. If
violations of torque limit constraints are indicated, the kinematic trajectories
are recalculated with lower accelerations. This process is shown schematically



in Fig. 15. Clearly, a computer code that generates the kinematic and dynamic
models given the robot linkage parameters (lengths, masses, and moments of
inertia) is highly desirable. Such codes have been proposed in the litera-
ture. 9.10

The output trajectories will be generated in a discretized form with time as
the independent variable. Thus, the power grid data can be easily generated
using an array of histogram counters.

The data presentation and analysis for robotic systems will be somewhat
different from that of servomanipulator systems. The peak usage time at zero
velocity and torque characteristic of servomanipulator plots will vanish as the
robot will be operating continuously. Operations at high (% of max) velocity are
undesirable in servomanipulator systems because the force reflection properties
are degraded. Conversely, robotic systems tend to work at relatively high veloci-
ties to increase product throughput. The mechanical pov-er grids for the various
joints of a robot can be compared to determine whether velocity limitations in a
single joint reduce system performance as a unit. Note that significant time
spent at relatively high velocity is desirable, as long as the velocity limit
does not limit performance. Significant time spent at high torque can lead to
heat transfer and wear problems. Some excess capacity is desirable so that the
closed-loop controller can overcome perturbations to the nominal dynamics such as
those caused by friction, backlash, and suboptimal control without frequent satu-
ration, which can degrade control performance. Conversely, oversized motors must
be moved with the robot arm if the actuators are not centralized, thereby
degrading performance and decreasing the capacity to weight ratio.

Figure 16 presents a typical power grid for robotic applications. Peaks in
region one of the grid represent significant time spent at high torque and
indicate overheating and/or wear problems possibly caused by an undersized robot
(joint). Peaks in region two represent significant time at high velocity and may
indicate cycle time limitations. Peaks in region three represent significant
times at low torque and speed caused by an oversized robot joint.

A useful parameter which can be obtained from the mechanical power plots is

the average electrical power of the motors, P , given by
s

P e = K^
1 I (, t l m e ) T (K^1 T
gr I d

where

Kf = motor torque constant, N-m/amp
Tj^ = mean torque of grid line i (constant torque line)
R = resistance of motor, ohms

K5 = back emf constant, V-s/rad (V-s/m)
Vj = mean velocity of grid line j (constant velocity line)

(% time)ij = percent of total time associated with grid block ij.

This value of P can be used to approximate a steady state operating temperature
of the motor.



The mechanical power plots can be generated and compared for a variety of
tasks, allowing the robustness of a new design to be evaluated. This method,
which optimizes manipulator joint velocity and torque capabilities, complements
the method described in ref. 11 which optimizes arm dimensions and mass distribu-
tions. This method will also be useful in recommending a robot to a customer for
a specific application. After the modeling is completed and implemented, gener-
ating plots for a new task is easy.

APPLICATION TO ROBOT SELECTION

Formulating the dynamic model of each robot under consideration for a
specific application(s) is a prohibitive expense. To minimize selection costs,
this section outline a procedure that requires only relatively simple kinematic
models of robots for a comparative analysis of various robots for specific tasks.

Determining the static distribution of joint torques for an arbitrary load
applied to the manipulator end effector is necessary. This distribution is
readily obtained from the kinematic model.5 It is convenient here to separate
the upper three DOF3 and the lower three DOFs.

The procedure is to determine the time-based joint torque trajectories
needed to support the gravity and inertial forces of the load being carried.
This is done by evaluating the joint torque distribution for a number of points
along the trajectory. The inertial force is estimated from the accelerations
needed to complete the task in the given time (determined from the load trajec-
tories). This force vector acts along the line connecting the starting point and
ending point of the trajectory. The velocity trajectories are calculated as
before from the kinematic model. Care must be taken in generating these trajec-
tories because joint torque constraints cannot be checked without the dynamic
model (i.e., it is impossible to determine whether or not the manipulator is
physically able to accomplish the trajectory). A method is presented in ref. 12
that allows these constaints to be checked without a complete recalculation of
the dynamics. Additional joint torques which can be included without generating
the dynamic model include the manipulator arm counterbalance, viscous friction
(proportional to velocity), and coulomb friction (proportional to load).

The plots generated using this technique are expected to be skewed toward
the velocity axis because the torques required to accelerate the manipulator are
neglected. The plots can be compared to determine how well the load is distrib-
uted among the joints and whether any joint(s) experiences velocity limitations.
If high torques are indicated for any joint, that robot should not be selected as
the actual torques will be higher than the plots indicate.

CONCLUSIONS

Servomanipulator duty cycles have been measured experimentally and the data
used to derive improved gear reductions for future designs. The analysis was
based on 3-D plots of mechanical power for each joint. The motion range usage
data revealed an jjiproved mounting configuration and illuminated several design
options including torque transmission methods and volumetric coverage.

A method for generating the power grid data analytically for robotic systems
was presented. The mechanical power plot helps determine available design



margins and can help evaluate new applications for a functioning robot. The ease
with which the engineer can analyze the plots makes this approach particularly
suited to iterative design procedures. This method was extended to include a
relatively simple analytical approach to robot selection, which will be detailed
in anothsr report.
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Figure 1. Slave manipulator arms and remote cell
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Figure ^. Motor mount and 30-in. flange.
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