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Abstract-The performance of manually operated remote manipulators 
is limited by friction, tolerance of mating parts, limited speed of response, 
and other unavoidable factors which affect dynamic behavior. A review of 
the literature shows that little progress has been made towards describing 
or predicting these effects quantitatively. Such knowledge would be valua­
ble both in understanding human motor behavior and in improving manipu­
lator design. Single factor experiments were performed for a simple 
manipulator positioning task. The manipulator used was an experimental, 
two-degree-of-freedOIn, unilateral, master-slave manipulator. Micro­
processor control of the dc electric torql}e motors which drive the joints 
enforced an approximately linear dynamic behavior of the arm throughout 
its range of motion. The characteristics of behavior which were studied 
were arm natural frequency, simulated Coulomb friction, and simulated 
backlash (deadband). The parameters of the positioning task which were 
varied were positioning accuracy and distance traveled. Performance was 
measured in task completion time. The data were analyzed statistically and 
regression coefficients obtained to explain the results in terms of informa­
tion transmission concepts. In general, the information transmission rates 
were (0111'11 to differ for the gross motion (travel) and fine motion (POSi­
tioning) components of the task. For a well-trained subject and the best 
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manipulator behavior, the two rates were the same, yielding the perfor­
mance variations predicted by "Fitts' law." The variation in performance 
with manipulator characteristics and task parameters is explained in terms 
of operator strategies to minimi7e time within the error constraints by 
changing the point or transmission from fast gross motion to the slower 
and more conservative fine motion. 

I. INTRODUCTION 

Mechanical devices for performing general purpose manipula­
tion without direct human contact have been produced and used 
in a variety of tasks. These devices originated with the hot lab 
manipulator for handling radioactive material and have been 
adapted to undersea, outerspace, and industrial applications. 
Although manipulators were originally devised more than 35 
years ago, it is surprising to find how little is known about 
manipulation or about the dynamic characteristics required of a 
manipulator to perform a given task well. This was noted in an 
NBS workshop [l]. It was noted that the relationship between 
the three elements that Sheridan calls tool (manipulator), task, 
and performance is quantitatively unknown. 

Manipulation may consist of positioning, following con­
strained paths, the application of forces and moments, and other 
complex maneuvers. Only the positioning task will be considered 
here. This task consists of moving the end point of the manipula­
tor from one position to within a tolerance band surrounding a 
desired position and stopping it there. It is a major requirement 
for most manipulator systems. 

The present work investigates the effect of three dynamic 
characteristics of the manipulator, described here as backlash 
Coulomb f~ction, and bandwidth. These characteristics are gen~ 
erally. descnbed by. a number o.f authors (as summarized in [2]) 
as b~mg of great importance m the performance of practical 
mampu~ators. ~e ef~ect of these characteristics for positioning 
tasks WIth varymg dIstances of motion and positioning toler­
ances is explored. 
, McGovern [3] and Hill et at. [4] found Ii significant difference 

in th,e mean task completion time for two manipulators used in a 
simple positioning task. This difference could be qualitatively 
e~plained, b~t sin~e the two manipulator systems had vastly 
dIfferent deSIgns, It would have been an impossible task to 
determine which dynamic characteristic, say Coulomb friction or 
backlash, had how much influence in affecting the performance. 
It was not possible to quantify the effect of manipulator char­
acteristics on performance. To do this one could compare the 
performance of many slightly different manipulators, but the 
cost would make such experiments prohibitive. 

Bertsche et at. [5] under sponsorship of the U.s. Office of 
Naval Research identified important characteristics affecting 
undersea manipulator performance including the characteristics 
studied here. Bertsche et at. [6] in 1977 studied these characteris­
tics to a liInited extent but proposed no systematic way to 
predict their effects. 

One of the most methodical investigations of manipulator 
performanc~ was performed by Ferrell [7]. Transmission delay to 
command SIgnals of a two-degree-of-freedom manipulator was 
varied an~ the resulting performance and operator strategies 
were studied. Black [8] studied a similar problem with a full 
six-degree-of-freedom manipulator. These results agreed with 
and extended Ferrell's results. Other, more commonplace mani­
pulator characteristics have not been so methodically studied. 

Other investigators have compared manipulator configura­
tions and control strategies. Mullen [9] compared resolved mo­
tion rate control to master-slave control and joint rate control. 
Berson et at. [IO] compared the performance of computer-aided 
man.ipulation in various forms with unaided manipulation. Ex­
tenSive work on performance evaluation of remote manipulators 
has been performed at the Jet Propulsion Laboratory and is 
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Fig. 4. Schematic of positioning task. 

proposed an index of difficulty 

Id =log 2 (2;) (6) 

which is a measure of the information content of the task. One \ 
can model the subject as an information channel of limited 
capacity. The time t to transmit the information required by the 
task is proportional to the channel's capacity if the subject is 
working as fast as he can: 

t=a+bld . (7) 

This is often referred to as Fitts' law. 
In a range of experiments performed by Fitts for 16 different 

combinations of task distance lind width, the time to complete 
the task as expressed by (7) was found to model the experimen­
tal results very closely. The correlation coefficient was greater 
than 97 percent for the linear regression of t on I d • 

Welford [14] in 1960 proposed a slightly different index of 
difficulty 

I -I 2(A +0.5B) 
d(w)- og2 B 

which results in a task time of 

_ bl [2(A+B/2)] t-a+ og2 B . (8) 

Justification for a formula with the form of (8) can be found 
in several simp1,e models [15]. Consider a subject who aims for 
the far side of the tolerance band, a distance of A + B /2 away, 
and makes a series of binary decisions. The first move is made 
after "a" seconds. If each decision chooses between the far or 
near end of the remaining distance and occurs at equal intervals 
of b seconds, then the user will reach the midpoint of the 
tolerance at the time t given by (8). Each decision conveys one 
bit of information, thus 1/ b is the information transmission rate 
in bits per second. 

Another justification can be based on modeling the subject's 
hand position as a pure time delay to plus a first-order response 
with time constant 1/ k to a step input of amplitude A + B /2 =A'. 
The position x at time r is 

x( r) =A' {I-exp[ -k( r-to)]}. 

The time to complete the task t is found when x(r=t)=A. 
Solving the above equation for the value of r at which this 
occurs results in (8). The simple models may indicate the reason 
for success of Fitts' formula (with Welford's modifications) 
which is of a very versatile form. 

Welford [16] in 1969 proposed that there were in fact two 
processes involved: a travel part and a positioning part of the 
task. If the task information is transmitted at two different rates 
(reflecting different channel capacities), the movement time can 
be modeled as 

( 2A') ( Wo) t=b 1log 2 Wo +b2 10g2 B +a (9) 

or 

(10) 
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Fig. 5. Backlash in master manipulator. 

where to =a+b, +(b2 -b,)log2 Wo and Wo is the point that 
separates the two parts of the task. Welford suggested that two 
separate control processes were involved. An essentially motor 
control process governs distance traveling (gross motion or the 
first term of the right-hand side of (9)). He also noted that the 
motor control is closely related to a "ballistic" movement aimed 
at covering a given amplitude but not a definite target. Follow­
ing the work done by Fitts and Welford [3], Hill and McGovern 
[4] extended the positioning task analysis to manipulators. 

B. Design of Experiments 

As implemented with the experimental manipulator system, 
the positioning movement or "tapping task" consists of moving 
the master with one's hand and arm (as can be seen in Fig. 4) so 
that the slave, which follows the master, taps inside the tolerance 
band. The movement starts from the band farthest from the 
subject. The tapping is done by pressing a microswitch button. 
on the master that will produce a tap of the end-effector onto 
the surface. If the tap is outside the tolerance band, the sound of 
a buzzer indicates to the subject that an error has been made. All 
taps and errors are recorded by the computer. 

The variation of task parameters was patterned after Fitts' 
experiments (1954). A factorial design combines four values of 
distance A and four values of width B. Fitts' values had to be 
increased approximately 50 percent to allow a meaningful task 
for the minimum width treatment due to the size and character­
istics of the end effector and the distance of the subject from .the 
task. The values of the distances were 8, 16, 32, and 64 cm and 
the widths were 1, 2, 4, 8 cm. The combination of 8-cm width 
and 8-cm distance was deleted because it was not meaningful, 
leaving 15 combinations of task parameters. 

Natural frequency values of w=w, =W2 =30 rad/s and critical 
damping G= 1) resulted in the best performance of the experi­
mental system. Torque motor saturation and analog filter band­
width prevented higher values of w from being used. From this 
reference point the performance was degraded by the dynamic 
characteristic of interest. Three such characteristics were selected 
for study: reduced arm natural frequency w, Coulomb friction, 
and backlash. These characteristics have been cited [1], [5], [6] as 
prevalent in manipulators and influential in their performance. 
Four values of each characteristic were investigated. Zero back­
lash and Coulomb friction less than 0.4 lb· ft (shoulder) and 0.12 
Ib·ft (elbow) were inherent in the physical arm. 

Natural frequency was varied by changing w=w, =W2 in the 
control algorithm as described in (4) and (3). Values of w=6, 14, 
22, and 30 rad/s were used. 

Backlash within both joints of the master arm was simulated. 
The resulting passive analog for the arm is shown in Fig. 5 for 
one of the two decoupledjoints. Values of the backlash angle epB 
of 0,5.25°, 10.49°, and 15.74° were used. (epB is half the total 
possible angle error.) 

Coulomb friction was simulated as if it occurred within each 
of the joints of the slave arm. Fig. 6(a) shows the passive analog 
for this characteristic. The friction torque F;, was subtracted from 
the controller torque signal before it was output from the com­
puter. The idealized nature of F;, is shown in Fig. 6(b). Maximum 
friction torques of 0, 1.71, 3.42, and 5.13 Ib·ft for the shoulder 
joint and 0, 0.49, 0.98, and 1.46 lb· ft for the elbow joint were 
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Fig. 9. Subject DH2: Coulomb friction 50 percent. Center-to-center dis­
tancesA are 0=64 em, 6=32 ern, D= 16 em,O=8 cm. 
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Fig. II. Hand experiment (Fitts' data). Center-to-center distances A are 
0=16 in, 6=8 in, D=4in,O=2in. 

qualitative judgement on the correctness of the model (10), the 
slopes of the lines must be constant in each plot as a check for 
linearity. For the distance and the width to have an independent 
effect on the movement time, the lines of constant distance must 
be parallel to each other. This is also true for the lines of 
constant width. Observing the figures, we notice that both as­
sumptions seem to hold fairly well for all the manipulator 
characteristics treated. Similar arguments applied to the model 
(11) show the assumptions are not always justified for the 

variables w, cf>B' and Fern. The nonlinear effect of w on I is 
especially pronounced as discussed in Section IV-D. Notice also 
that, if the slopes of the two plots are equal, the separate effects 
formula (10) is not necessary, and it collapses back into Fitts' 
law (in Welford's form). 

Fitts' data is plotted in Fig. 11, which shows a remarkable 
linearity and only a very small variance. This is partly due to the 
fact that each data point represents the mean of between 600 
and 2700 movements. 

B. Regression Results 

A multiple regression analysis was performed for each of the 
three characteristics of the manipulator. The data were divided 
into two groups: the second set of subject DH (DH2, trained 
subject) and the mean of the results of the other two subjects 
and the first set of subject DH (WB-KM-DHI, moderately 
trained subjects). The regression results for the two groups are 
presented in Tables I and II. 

The regression results should be cautiously analyzed. One 
does not know where the separation of gross and fine motion 
occurs. Still, the coefficients b l and b2 in (10) indicate how much 
extra time it takes to double the distance, or to halve the 
tolerance. In other words, bl and b] are a measure of the speeds 
of gross and>fine motion, respectively. 

The regression of Fitts' data is of interest 8ince the values of 
b l and b2 are very nearly the same. No distinction can be made 
between gross and fine motion and (10) collapses back into Fitts' 
law (see Table I). Two standard test statistics were used to test 
the significance of the regression coefficients: the F statistic and 
the I test. 

For the F statistic the test statistic is 

where 

MSR Fo=-­MSE 

MS R regression mean of sum of squares, 
MSE mean squared error. 

The test hypotheses are 

Ho: b l =b2 =0 
HI: b l *0 or b2 *0. 

In the results of the analysis of variance found in Tables I and 
II, Fo can be compared to the statistic value for a confidence 
level of 0.01 which is 6.93. The null hypothesis is easily rejected 
in all cases, the smallest value of Fo being 73.17. 

The I test evaluates the significance of the individual regres­
sion coefficients. The test hypotheses for coefficient b I are 

Ho: bl=O 
HI: bl*O 

where the test statistic is 
b l 

10(1) = --;.====-
YMSEXCll 

The test hypotheses for coefficient b2 are 

Ho: b2 =0 
HI: b2 *0 

where the test statistic is 

and the MSECjj are the estimators of the elements of the covari­
ance matrix of the regression coefficients bl and b2 • 

We reject the null hypothesis when 1/0 1>3.055 for a confi­
dence level of 0.01. Comparing this value to the values of 10(1) 
and 10(2) in Tables I and II, we reject Ho and conclude that both 
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natural frequency, Coulomb friction, or backlash. The task 
parameters are constan't along the lines shown. This information 
can be coupled with a design strategy such as provided in [17] 
for structural design for stiffness and strength. 

The arbitrary value chosen for W of 8 cm influences the 
constant (intercept) but does not change the slope of the curves. 
In Figs. 12-14 the constant to = (b, - b2 ) log2 W is included in 
the gross motion time t, for simplicity. If W could be chosen 
equal to Wo of (9), the movement time could be separated into 
times attributable to 1) gross (travel) motion information re­
quirements processed at rate lib,; 2) fine (positioning) motion 
information requirements processed at rate Ilb2 ; and 3) perhaps 
a reaction time. If the reaction time tr were known, one could 
calculate an estimate WOe of Wo from (14): 

WOe =2( (~:=~02))' (14) 

A further approximation is made to facilitate a solution namely, 
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that t «to. Given the uncertainty of the experiments this solu­
tion i; reliable only if b, and b2 are substantially different. WOe is 
listed in the right columns of Tables I and II. The values of WOe 
which should be discounted due to small values of to or b, - b2 
are enclosed in a box. These occur for the experienced subject 
DH2 for whom b, =b2 (no separate effects). 

D. Discussion 

A discussion of these results is now in order. First, the effects 
of additional training are significant. The performance of DHI 
was not substantially different from the other moderately trained 
subjects, KM and WB. With additional training he w~s ~ble to 
improve his times by an average of 17 percent for vanatIOns of 
w, 15 percent for friction, and 18 percent for backlash. In the 
study of natural frequency, b, and b2 were made almost equal. 
Thus he behaves as predicted by Fitts' law for the hand alone. 
This would be expected since his familiarity with the manipula­
tor increases to the point that he "feels a part of it" (subject's 
comment). b, =b2 may provide a good indication of an operator's 
adaptation to a manipulator since it is the strategy that has 
evolved for manipulation using the hand alone. For Coulomb 
friction the experienced subject seems to reduce Wo from that of 
the less experienced subject as if his experience enables hi~ to 
depend more on the ballistic gross motion which has .a ~,gher 
infonnation transmission rate. The backlash charactenshc was 
the most difficult one for the subject to contend with, and error 
rates and variance tended to be high, With experience the 
subject DH2 reduced both the gross and fine. motion comp~­
nents of his times. A greater dependence on v,sual feedback IS 

indicated by higher values of WOe in the cases <PB= 5.25° and 
<PB = 10.49°. For the maximum backlash, <PB= 15.74°.Woe for DH2 
is lower and not consistent with the trend. A pOSSible explana­
tion is the ordering of treatments for DH2 which began with 
B = 8 cm and progressed to B = 1 cm. The following discussion 
addresses the relation between the manipulator characteristics 
and task parameters. 

For natural frequency variations (Fig. 12) the coefficients b, 
and b2 decrease in roughly the same proportion indicating that 
variations in gross and fine motions are equally affected. In­
creasing w from 22 to 30 brings little improvement in perfor­
mance. This conclusion may be tempered slightly by the ten­
dency for the torque output to saturate at w=30 for large 
amplitude motions, introducing a parasitic characteristic which 
can be observed in the comparison of b, for w = 30 to b 1 for 
w=22. 
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