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Optimum Knob Diameter

JAMES V. BRADLEY, New Mexico State University, Las Cruces

When frictional resistance is heavy, the optimum kunob diameter is about 2 in. The curve
relating turning time to knob diameter is roughly U-shaped, and diameters outside the range
of 134 to 2V% in. are significantly inferior to the 2-in.-diameter knob, When frictional resistance
is reduced to a moderate level, the curve becomes essentially flat in the region from 3% in.
(the largest diameter tested) to 1 in., but rises steeply and significantly with decreasing diameter
at diameters smaller than 1 in, (i.e., % in. and Va2 in). There is an indication that if friction
were reduced to a very low level, the curve would flatten out still further to include in its
flat region all practical diameters smaller than 1 in. Evidence is cited in support of this indica-
tion, Evidence is also presented to the effect that the above findings are valid over a wide range
of rotary inertias. Reach time was independent of frictional resistance, but increased wiih
decreasing diameter at diameters smaller than 1% in,

INTRODUCTION

It is important that controls should not be
too small to be handled easily. On the other
hand, panel space should not be wasted by
using larger controls than those required for
efficient operation, By using knobs of the
smallest diameter for which operation time
is minimal, both considerations will be served.
The present experiment was designed, there-
fore, to determine the relationship between
knob diameter and operation time, particular
interest being centered upon that diameter,
or range of diameters, at which operation
time is a minimum,

APPARATUS AND PROCEDURE

Forty-eight right-handed, male college stu-
dents served as subjects. Bach subject made
six clockwise and six counterclockwise ‘stan-
dard” knob operations, with each of twelve
Y2-in,-thick, knurled, aluminum-alloy knobs
ranging in diameter (in %-in, increments)
from % in, to 3% in, Knob thickness was not
varied, since Bradley and Stump (1955) had
indicated that, over a wide range of values of
both variables, thickness does not interact with
diameter,

A standard knob operation (see Figure 1)

was followed. The subject, seated before the
knob panel, depressed a telegraph key with
his right hand. The experimenter threw a switch
illuminating the amber light in front of the
subject, This signalled the subject that, when-
ever he was ready, he could release the tele-
graph key, grasp the knob and rotate it (from
its extreme position at the start of the trial)
until the amber light was extinguished and
remained exiinguished (the light was extin-
guished when the black radial line on the
face of the knob was in a narrow adjustment
zone 2° wide located at about the 12 o’clock
position). The subject then released the knob
and returned his hand to the telegraph key,
After the experimenter disconnected his time-
clocks from the circuif, the subject reset the
knob so that the indicator line was at the op-
posite extreme from its starting position at
the beginning of the trial just completed. The
starting position of the indicator line was thus
alternated between the mechanical stops at
the 8 o'clock position (calling for a clockwise
setting) and the 4 o'clock position (calling
for a counterclockwise setting).

The experimenter’s apparatus recorded reach
time (the time elapsed from the release of
the telegraph key until the knob just starts to
turn) and turning time (the time, after the
knob starts to turn, during which the knob is
outside the narrow adjustment zone in which
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Figure 1. Apparatus

the black radial line is vertical and the amber
light is extinguished).

Two conditions of shaft friction were in-
vestigated, For the first 24 subjects the “na-
tural” shaft friction of the apparatus was
used. Thus the amount of torque required
to turn a knob was determined by the “real”
shaft friction of the apparatus and the fric-
tional resistance of the wiper arm on the
potentiometer confrolled by the knob., Eight
pairs of measurements were taken of the
torque required to turn the shaft during this
part of the experiment. Clockwise torque
ranged from 60 to 90 inch-grams (in.-g.)
averaging 77; counterclockwise torque, from
78 to 90, averaging 85. The second group
of 24 subjects operated under “heavy” shaft
friction, which was obtained by coupling the
end of the knob-and-potentiometer shaft with
the shaft of a device whose friction could be
varied. Torque measurements were taken fol-
lowing the runs of each 12 subjects. Clockwise

torque ranged from 150 to 190 in.-g., averag-
ing 171; counterclockwise torque, from 150
to 200, averaging 181, Moment of inertia for
nonknob apparatus components which rotated
with the knob was .2 g.-in.2 for the moderate
friction condition and 1.76 g.-in.2 under the
heavy friction condition.

For each subject, the 12 settings made with
each knob were done successively, so that
12 settings with a knob of one diameter were
followed by 12 settings with a knob of an-
other diameter, efc. A table of random numbers
was used to establish a single random order
for the I2 knob diameters, The sequences
of presentation of diameters fo the first 12
subjects differed only as to the starting point
within this order. Each knob diameter was
presented once first, once second, once third,
etc., and the diameter of the knob immediately
preceding it was always the same, as was that
of the knob immediately following it (except
for the cases where the knob was presented
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first or last, respectively), The order was re-
versed for the second 12 subjects and the same
procedure was used for establishing sequences
of presentation. For each of the second 24
subjects, the sequence in which diameters were
presented was identical to that used for his
counterpart in the first 24 subjects. In order
to obtain scores of greater reliability, the first
two operations with each kneb were considered
practice and were not included in the data
which will be presented as results, Subjects
were not informed, however, that any of
their trials were for practice.

RESULTS

Both parametric and distribution-free sta-
tistics (the analysis of variance and the Fried-
man test with Wilcoxon's [1949] modification
for testing interaction) were used to test main
effects and interactions. The results obtained
by these two types of test, i.e., the standard
significance levels reached, were identical, Di-
ameter, friction, and the diameterX friction
interaction all had a significant effect upon
furning time (p<.01). Reach time, however,
was significantly influenced only by diameter
(p=<.001).

Individual comparisons between time scores
at adjacent diameters were made- both with
the #test and the distribution-free Wilcoxon
test. Results were highly similar, so further
individual comparisons were made with the
Wilcoxon test alone. The results of these in-
dividual comparisons are shown graphically in
Figures 3 and 4.

Reach time was significantly affected by
diameter but not by shaft friction, Reach time
was smallest for the 2%4-in.diameter knob,
However, the reach time curve is essentially
flat between the 1%5-in. and 3% -in. diamefers
and shows a significant and convincing upturn
only when diameter js decreased to 1% in.
or less. The statistically significant difference
between the 214- and 2% -in. diameters loses
much of its force when it is remembered that
seven such compatisons must be made in
the flat section of the curve. Nor is the sig-
nificant difference supported by the general
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EFFEGT OF KNOB DIAMETER AND SHAFT FRICTION UPON
PERFORMANGE OF A STANDARD KNOB OPERATION
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Figure 2, Performance of a knob operation as a
Junction of knob diameter and shaft friction. A
2-in.-diameter knob optimizes performance for the
greafest variety of conditions,

trend of the curve. It must therefore be con-
sidered a largely chance effect.

Turning time was affected by diameter, fric-
tion, and the diameter x friction interaction.
With moderate shaft friction, the smallest turn-
ing time was for the 134-in.-diameter knob.
However, the turning time curve is essentially
flat between 3% in. and 1 in. and shows a sig-
nificant upturn only when diameter is decreased
to % in. For heavy shaft friction, the small-
est turning time was at a diameter of 2 in.
The flat section of the curve extends only
from 134 in. to 2% in, with scores for
diameters outside of this region differing sig-
nificantly from those for the 2-in.-diameter
knob.

Figure 4 shows turning time differences
between the two friction conditions at each
knob diameter. The general shape of the curve
is such as to suggest that the deterimental
effect of heavy friction is negligible at the
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RESULTS OF STATISTIGAL ANALYSIS 1
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Figure 3. Statistical significanice, based on two-
tailed test at « = 03, of performance decrement at
nonoptimal diameters. Heavy shaft friction nar-
rows the range of statistically indiscriminable
diameters, when turning time is the performance
measiure.
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Figure 4. Effect of increasing shaft friction from
moderate to heavy, as a function of knob diameter.
The resulting performance decrement is smallest
for a 2-in-~diameter knob, and increases with in-
creasing departures from this optimum diameter,
especially when the departure is a reduction, Cri-
terion of statistical significance is p < .05 for a
two-tailed test.
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optimum diameter but that it becomes in-
creasingly serious with increasingly large de-
partures from the optimum, particularly as
diameter is decreased, This indication is only
partially supported by statistical tests, however.

Both the data and the results of statistical
analyses are given in somewhat greater detail
by Bradley and Arginteanu (1956).

DISCUSSION

It seems likely that the slight but real in-
crease in reach time with decreasing diameter
at diameters smaller than 1% in. simply means
that reach time is a function of the size of
the target which must be reached to and
grasped. Furthermore, it suggests that when
knobs must be turned through angles so large
that the knob must be released and regrasped
one or more times while making a single set-
ting, knobs between 1% and %% in, in di-
ameter may be considerably more inferior to
the larger knobs than the present experiment
would imply.

The results indicate that as shaft friction is
decreased from a high to a moderate level,
the range of statistically indiscriminable di-
ameters (as measured by turning time) expands
from a narrow region centered at about 2 in.
to a wide, essentially flat zone extending from
about 1 in. to at least 3% in. and probably
beyond. This strongly suggests that if shaft
friction were decreased to a low level, the
turning time curve would flatten out even
more, so that knobs considerably smaller than
1 in. in diameter might be as easily turned
(but not reached to and grasped) as the 2-in.
knob,

An experiment by Stump (1953) supporis
this conclusion, Stump's experimental condi-
tions and time measurements have been “col-
lapsed” to form a single curve, indicating the
relation between knob diameter and turning
time (see Figure 5). A V2-in.-thick knob on
a low-torque, low-inertia shaft had to be turned
through approximately two-and-one-quarter ro-
tations and set in a zone 412° wide (as con-
trasted with approximately one-third of a ro-
tation and a zone 2° wide in the present
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Figure 5. Effect of shaft friction upon the variation
of turning time with knob diameter. As shaft fric-
tion is reduced, smaller and smaller diameters can
be used without appreciably increasing turning
time, (All knobs were ¥4 in. thick, but the distance
turned was much greater for Stump’'s experiment
than for the other two experiments.)

experiment). Knob diameters of 2 in., 34 in.,
and ¥ in, were tested. In the four analyses
of variance performed, diameter effect either
fell short of significance or was significant at
the ,05 level. In the data for which the diameter
effect was significant, the shortest time scores
were for the V4 -in.-diameter knob.

Stump’s subjects turned the 34-in. and 2-in,
knobs using the conventional wrist movement
but were observed to turn the %%-in. knob
by rolling it between thumb and index finger.
The two-and-one-quarter rotations required by
the task could therefore be accomplished with
much less releasing and regrasping of the knob
when the Y4-in.-diameter knob was used than
when the larger knobs were presented, The
apparent superiority of the %4-in, knob there-
fore probably depends upon multirotation (or
large-angle-of-turn) setling requirements as
well as upon low shaft friction. It is doubtful
that the % -in. knob would have been superior
if only one-third of a rotation had been re-
quired, as in the present experiment. Never-
theless, the fact that Stump’s experiment shows
no appreciable increase in turning time going
from the 2-in. to the %4-in. diameter (where
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the same wrist motion is used), or from the
¥ -in. to the ¥-in, diameter, tends to confirm
the indication of the present experiment that
if friction is sufficiently decreased, all diameters
within a large practical range can be turned
through one-third of a rotation with nearly
equal speed,

Unless unusual measures are taken, the ro-
tary moment of inertia of commercially avail-
able knobs of a given material may be expected
lo vary as the square of their radii. If such
knobs are solid cylinders of equal thickness,
this variation is inevitable. This was the case
in the present experiment and, therefore, mo-
ment of inertia is confounded with knob
diameter, but confounded in an entirely realistic
manner. :

There is good reason to believe, however,
that the same results would have been ob-
tained had moment of inertia been held con-
stant at any value realistic to the practical
situation, That is to say, inertia does not ap-
pear to be an important variable either by
itself or in interaction with diameter. An
experiment by Bradley and Stump (1955) sup-
ports this conclusion. See Figure 6.

For the 1-in.-diameter plastic knob, most
of the total moment of inertia is due to ap-
paratus components other than the knob itself
(i.e., shaft, gears, collars, wiper arms). So
little is due to the knob itself that the inertia
curve shows practically no rise with increasing
knob thickness, On the other hand, for the
4-in.-diameter plastic knob, most of the total
moment of inertia is due to the knob and the
inertia curve rises steeply with increasing knob
thickness. Despite the fact that total inertia
varies negligibly with thickness at one diameter
and varies tremendously with thickness at an-
other diameter, turning time does not vary
significantly with thickness at either diameter,
the curves being essentially parallel. This
strongly suggests that, within the ranges of
values involved, turning time is independent
of moment of inertia. It is possible, of course,
but not probable, that with increasing knob
thickness, a beneficial effect due to greater
grasping surface is cancelled by a detrimental
effect due to greater knob inertia, and that both
of these effects are negligible in small diameter
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T T T T knobs but increase rapidly with increasing knob

580l MOMENT OF INERTIA | diamﬁ_:ter- o _
This possibility is explored by plotting com-
500k | parable data from Bradley and Stump (1955)
and from the present experiment on the same
50l -]  graph (see Figure 7)., Knobs are of equal thick-
ness and have equal shaft friction, Essentially
400} - parallel curves are obtained, relating turning

2

time to knob diameter, despite great differences
in the variation of total moment of inertia with
knob diameter, For the three diameters com-
mon to the two studies, turning times differ by
+.30, +.28, and +.28 sec., while the corre-
sponding inertia differences are --48, +28, and
—54 g.-in,? The generally Jonger time scores
— for the Bradley and Stump experiment are
probably due to differences in group ability or
P to slight differences in apparatus and procedure
such as distance between knob and panel, spa-
----------------------- tial position of knob, type of surface on knob
edge (i.e., milled or knurled), etc.

| ! | Although not rigidly demonstrated, the evi-
14 172 3/4 [ dence very definitely favors the conclusion
KNOB THICKNESS that, over the range of diameter and inertia
values likely to be encountered in practice,
moment of inertia has little or no effect upon
either furning time or upon the effect of di-
TURNING TIME ameter on turning time.
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SUMMARY
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Figure 7. Parallel curves relating turning time to
knob diameter are obtained for knobs equal in
thickness and shaft friction but differing in inertia
characteristics. (— — — — Bradley and Stump,
955, ——— present experiment,)

average torques of 81 and 176 in.~g, for moder-
ate and heavy shaft frictions, respectively,
Were fested with a different subject group
operating under each friction condition. Pre-
Vious experiments indicate that the results of
the present experiment will be valid over a
wide range of knob thicknesses and rotary
Moments of inertia. While it is felt that the
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following results can justifiably be generalized
to still further departures from the experimental
task, great caution should be exercised in apply-
ing them to multirofation knobs; they should
probably not be applied to detent knobs under
any circumstances.

1. Reach time is not significantly affected
by shaft friction.

2. Reach time is not appreciably affected by
knob diameter in the range from 3% to 135
in. Between 1% and 3% in. reach time in-
creases with decreasing diameter.

3. When shaft friction is very low, Stump’s
(1953) experiment suggests that, if inertia is
not large, diameter may be reduced to ¥ in.
without increasing turning time.

4. When shaft friction is moderate, turning
time is essentially independent of diameter in
the range from 3% in. to 1 in. Between 1 in.
and % in., furning time increases with de-
creasing knob diameter,

5. When shaft friction is heavy, turning
time is least for a 2-in.-diameter knob, Turn-
ing time becomes significantly longer than this
minimum when diameter is increased beyond
2% in, (up to at least 3% in.), Turning
time increases rapidly with decreasing diameter
at diameters smaller than 2 in. and becomes
significantly longer at diameters smaller than
134 in.

6. The data very strongly suggest that op-
eration time will be minimal over a variety
of shaft frictions for a 2-in.-diameter knob
only (% in.), The data further suggest
that operation time is only very slightly (if
at all) increased by considerably increasing
shaft friction when a 2-in.-diameter knob is
used, but that increasing shaft friction has a
more and more drastic effect upon operation
time the farther knob diameter departs from
2 in,, especially when the departure is a re-
duction.

CONCLUSIONS
For smooth operating (i.e., nondetented),
single-rotation, cylindrical knobs, operation

time will be minimized, regardless of frictional
resistance, by using a knob diameter of 2 in.

)
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A diameter as small as 1 in. can be used
without greatly increasing operation time when
frictional resistance is moderate (i.e., when 50
to 100 in.~g, of torque are required to turn
the knob). When frictional resistance is heavy
(so that 150-200 in.-g. of torque are required
to turn the knob), diameter cannot be reduced
below 12 in, without considerable increase
in operation time.
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