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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS .

TECHNICAL NOTE NO. 550 W\ The g

LIMITATIONS OF THE PILOT IN APPLYING FORCES
TO AIRPLANE CONTROLS

By M. N. Gough and A. P. Beard
SUMMARY

lieasurements were made to determine the relative
maximum forces a pilot can exert on the controls of an
airplane with a view to obtaining systematic data upon
which to base the location of controls within the cock-
pit ‘and the design of the control surfaces. A cockpit
model of generous proportions, capable of being rotated
to any attitude, was built with the location of the con-
trol stick and rudder pedals adjustable over a wide range
of positions with respect to the seat. Besides measure-
ments of maximum forces obtainable with various control
locations and with the pilot in several attitudes, esti-
mates of forces within the range normally encountered in
fl1ight were made to sain an indication of the accuracy of
estimating control forces. No accelerations were imposed
upon the pilot while the data were being obtained.

The measurements indicated that: the lateral push
possible on the stick is greater than the pull and both
decrease fairly uniformly with increasing distance of the
stick from the seat; the longitudinal pull on the stick
increases with increasing distance of the stick from the
seat and is greater than the push except in rearmost po-
giititonsy: sforthe irange of positions tested there s
slizht increase in the force that can be applied .as the
height of the stick above the seat is inereased; there is
a pronounced peak in the variation of rudder force with
distance of the rudder pedals from the seat; when the pi-
lot is securely fastened to the seat, the attitude has
1ititle effect on._the forces that he icantapply to the con-
o Ys s oositions of comfort for the pilot are wot néges-
sarily ones in which he can apply the most force to the
controls; estimation of control forces is most accurate
for intermediate forces.
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The maximum aileron forces measured were of the or-
der of 90 pounds, maximum elevator 200 pounds, and maxi-
mum rudder 450 pounds. The average forces applied with
the controls in the neutral position for the various coclk-
pit attitudes ‘were of the order of 35, 95, and 400 pounds,
respectively, for the ailerons, elevators, and rudder.

INTRODUCTION

The forces that a pilot might exert on the controls
of an airplane are of interest in connection with the de-
sign of control surfaces and of operating mechanisms, and
also in connection with studies of controllability and
maneuverability. The approximate physical limitations of
the pilot and the magnitude of the forces he can exert as
affected by the positions of the controls relative to his
seat with the airplane in various attitudes should be
known., Pilots are usually able to describe the forces
‘required to operate the controls only in such general
terms as "heavy! or "light." The meaning of such terms
is dependent on various factors, for example, whether the
forece is a pull or-a push, is lateral or longitudinal,
and is applied with the hands or the feet.

Very little qualitative information exists regarding
the relative magnitude of the forces which pilots actual-
ly apply or which they regard as satisfactory. The tests
reported in reference 1 were concerned with a study of
the time required to apoly stick forces of various magni-
tudes.

In the present investigation measurements were madc
of the maximum forces that could be applied and maintained
for several seconds on the stick and rudder pedals as nor-
mally used for operating the ailerons, the elevators, and
the rudder. The influence of the location of control-
stick levers, or pedals, relative to the pilot's seat and
of ‘the attitude of the airplane in space was studied.
Measurements were also made to determine the accuracy with
which applied forces could be estimated. A cockpit model
that could be rotated to any desired attitude to simulate
various flight conditions was used and the measurements
were made with the Committee's two test pilots as sub-
jects. Both pilots are right-handed and the forces were
applied only with the right hand and the right foot. Five
flight attitudes other than airplane level dttitude were
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simulated, namely, airplane banked to the right 900, air-
plane banked to the left 90°, airplane nosed up 90°, air-
plane nosed down 90°, and airplane inverted. The condi-
tions under which the tests simulating an airplane banked
were made are not directly comparable with flight condi-
tions, excepting aerobatics, because the accelerating
forces normally imposed upon the pilot in these flight
attitudes did not exist.

The ability to apply control forces undoubtedly va-
ries considerably with different pilots so that results
obtained with only two pilots cannot be regarded as rep-
resenting the ultimate in forces that a pilot might exert.
The results obtained, however, are congidered fairly rep-
resentative as regards the relative magnitude of the max-
imum forces and reasonably satisfactory as regards the
relative variation with position and attitude.

APPARATUS

The cockpit model (figs. 1 and 2) is a box-like
framework of angle iron within which is mounted a bucket-
type pilot's seat, a control stick, and a rudder bar.

The framework can be rotated to any desired attitude.
The: location of the control-stick grip and rudder with
resvect to the seat can be varied through the limits
showpiéiin® tabilse oIk

The control stick is simulated by a tube, as shown
in the photographs, on which is a hand grip incorporat-
ing a mechanism used to indicate the applied force. This
control stick may be attached to a beam at any one ol va-
rious points spaced 4 inches apart in a lateral direction,
The height of the hand grip can be varied as desired by
sliding the tube up or down and the beam can be placed at
any desired fore-and-aft location. Thus the hand grip
can be placed in any desired position within the cockpit
but is immovadble under the influence of an applied con-
trol force. In addition, the major axig of the hand =rip
is at all times maintained parallel to the Z axis of the
cockpit model.

The control-force indicator consists of a flexible
beam and an Ames strain gage mounted directly on the
stick; it provides an auxiliary hapnd grip. The deflec-
tion of the beam caused by the application of force is
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transmitted to the strain gage, which has been calibrated
for both positive and negative deflection, Two beams, one
of 100 and the other of 300 pounds capacity, are used.

The 100-pound beam was used to obtain higher accuracy in
measuring small forces. Ailleron forces are measured by
rotating the control-force indicator through 90° from its
position for measuring eleveator forces.

The rudder bar is a piece of oak reinforced with
steel covering; it has a straight frontside and fixed
pedals mounted 20 inches apart. Rudder forces are meas-
ured by a.spriag balance of 500 pounds capacity, gradu-
ated in 5-pound intervals, and fitted with a maximum-

force indicator, One end of the balance is secured to
the fixed structure and the other to the right tip of the
rudder bar 4 inches outboard of the point of application
of the force, Measurements made at this point are cor-
rected for this offset and represent actual effective
force applied to the pedals. No variation in the distance
between right and left rudder pedals 1is provided because
it is believed that, except for comfort, there would be
1ittle effect on the rudder force which could be applied.
Holes are provided along the rudder- bar mount to allow
fore—and=aft wariation of location. A large turnbdbuckle
connected to the spring balance keeps the rudder bar nor-
mal to the 1on§1tvd1ua1 axis when the rudder position is
varied.

Three safety belts comparable with the most bulky
acrobatic harness likely to be used secured the pilot in
the seat. These belts consisted of the usual thigh belt;
a.chest belt Just beneath the armnlts, and an acrobatic
shoulder harness of four straps, two anchored to the back
of the seat and passing over the pilot's shoulders, and
two anchored to the sides of the seat near the ot - Tannl
four meeting at a point near the lower part of the pi-
lot's chest where they were secured by a quick-release
pin. These belts, particularly the c¢hest strap, restriet-
ed the reach of the pilot but tended to standardize the
results.

The subjects used.in these tests were the Committee's
two test pilots. Their principal physical dimensions. are
given .in table II.
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METHODS

The investigation was divided into four . partss. The
first part concerned the measurement of maximum aileron
and elevator forces that the pilots could apply with a
normal-length stick in various locations covering practi-
cally the entire horizontal plane with the cockpit in a
level . attitude. Similar measurements were made to deter-
mine the wvariation of maximum-stick force with height of -
stick relative to. the seat. . A'stick height such that the
center of the hand ‘grip was 8 inches above the seat was
chosen from experience. by the pilots as a normal-length

"stick; 6 inches more and 6 inches less than normal length

were used as the variations. For .these measurements, as
well as for those of parts 2 and 4, the ruddey bar was
located at a station chosen by the pilot as being the
most comfortable for a. footrest; haewever, every precau-
tion was taken to insure that no assistance was received
from it, and it was believed not to have influenced the
results because of the firm anchorage of the pilot's body
to the seat.

In the second part, measurements were made in a sim-
ilar manner with the stick at thée chosen normal height
and with the cockpit model in the following attitudes:
level, nosed downward 90°, nosed upward 90°, rolled 90°
to the right, ‘rolled 90° to the lefi, and inverted, The
first part of the measurements indicated that investiga-
tion for more than one stick height was not warranted;
also that the lateral range of stick-location could be
reduced to 13 inches without sacrificing completeness.
For meassurements made in attitudes other than normal the
pilot was not reguired to remain in strained positions
for periods longer than 2 or 3 minutes. :

The third part of the measurements was made to de~
termine the effect of seat height, horizontal distance of
the rudder bar from the seat, and attitude of the cockpit
on the maximum horizontal or effective force that could
be applied to the rudder. Measurements of rudder force
with the rudder pedal located at various points along the
longitudinal axis and with the seat at the lower extreme
of its travel were made in each of the six attitudes
tested in the second part, Similar measurements were
made in the normal attitude with the seat full up. For
each individual measurement the linkage containing the
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spring scale was adjusted so that when the spring was ex-
tended the rudder pedal was approxXximately normal to the
longitudinal axis of the cockpit.

Experience gained in previous flight tests suggested
the desirability of determining the accuracy with which
pilots can estimate stick forces normally encountered.
Although interest in such information is limited chiefly
to test pilots, such measurements of limited scope were
made and they constitute the fourth part of the measure-
ments., The location of the normal-length stick was varied
along the plane of symmetry and attempts were made to av-
ply forces of predetermined magnitude, An observer noted
the forces actually applied. The subject under test was
not allowed to know the agreement of estimates until the
completion of the measurements. -Two attitudes only, nor-
mal and facing downward, were considered; the face-down-
ward attitude is of interest chiefly in connection with
vertical dives. :

ACCURACY

leasurements of elevator forces are believed to be
accurate to *3 pounds; aileron measmrements, in that a
spring beam of one third the capacity of the one used for
elevator measurements was used with the same strain dial,
are accurate to X1 pound.

'Rudder forces are estimated to be accurate to 20
pounds even though the scale of the spring balance used
was graduated in b-pound intervals. The accuracy is
probably no greater because the point of application of
the force may easily have varied as much as 1/4 inch due
to the necessity of rigidly securing the rudder pedal ‘to
the rudder bar.

Perhaps the factor warranting most consideration in
connection with accuracy is that of obtaining the same
degree of exertion from a subject under the several con-
ditions of test. This factor is, of course, dependent on
the subject's ability to duplicate the effort expended.
The agreement of the trends shown by each of the two pi-
lots indicates that such a consideration had not caused
erroneons conclusions to be reached in these tests.
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RESULTS AND DISCUSSION

The results of measwrements to determine the maximum
stick foreces that a pilot can apply under. various condi-
tione. 0f i 8bdick, lensth:. lateral and demgil tudinal pocitien
of the stick within the cockpit, and attitude relative to
the gravitational force, are presented in figures 3 to 13,
inelusive, Pigures & to 9 are constructed in isometwie
form because it is believed that this. method allows a rig-
id interpretation of the variation of the relative magni-
tude wf. the stick foreces for variations in pDositions .of
the grip. ' The interpretation of each of the isometric
figures is as follows: fore-and-aft location of the stick
relative to the pilot's seat is measured 2long lines in-
clined upward to the right; lateral location is measured
along lines upward ‘to the left; elevator forces are plot-~
ted, on, vertieal lLinesz aileron forees originating at.: the
same point are plotted along lines representing lateral
displacement; solid envelope lines connect extremities of
pull forces for voth elevator and aileron; dashed lines
join pugh forces; vectors of all aileron forces are shown;
vectors of both the elevator push and pull forces at the
same point are shown. With one exXception, the longitudi-
nal range of stick location covers 18 inches and the lat-
eral range covers 16 inches (8 inches on either side of
the plane of symmetry). The one e¥ception (fig. 4) covers
a lateral range of 24 inches in 4-inch steps. As previ-
ously stated, it was decided that such detail was not war-
ranted in subsequent measurements,

Figure 3 shows the effect of the height of the grip
above the seat on the magnitude of the force that can be
applied to the control stick. It will be noticed that
the forces applied with the center of the hand grip 14
inches above the seat throughout the range of stick loca-
tion investigated are generally greater than those applied
with the normal B-inch grip position, which are in turn
grecater than those withh the grip 2 inches above the seat.
Figures 3 and 4 both show the effect of -lateral and longi-
trddnal. pod £ owwsy of wthe stick (corresponding to positions
when deflected) on the force that can be applied to it
with the cockpit model in a level attitude. It will be
seen that elevator pull forces are greater than push
forces except in the rearmost positions, that pull forces
increase with distance as long as the stick can be reached,
and that push increases with distance to the point where
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the arm is straight, after which it decreases. Unfortu-
nately, pull on the stick is a minimum at the rearmost
position, the position used to get the tail of an air-
plane down in a landing. Durine the tests it was noted
tuat comfortable 30@1t10ns‘01 the pilot's arm and hand*
were not”afoOCJated with th e vositions ‘in'which maxXimum
for ce could oe anpl*ed ’

9

lateral forces that can be applied to the stick
(corresnondlnb bo 2l leron movemerts) are a maximum for
the rearmost positions and decrease with distance and
with lateral deflection of the stick. Push forces (cor=
responding to up left aileron for'a right-handed pilot)
are greater than pull forces at torresponding positions
of " he* Rt cl, : :

The remainder of the measurements of maximum stick
forces wclbmade to determine *he"e’fect of ‘cockpit model
attitude. Results of measurements made with the cockpit
model rolled QOO te‘the” right are’ &h own'in figutre 5.7 It
will be seen that the vwrlat‘on of* forces is generailly
the same as with the cockpit mo4el in a level attitude,
except that forces which can be exerted to the left of
neutral are less and those to. the right greater. These
differences are explained by the fact that, in effect,
the pilot ‘shifts to the right in the  gealt despite re-
stra¢u1n& belts ani his weight is borne by his right

side.

With the cockpit model rolled 90° to the left, ele-
vator forces with the stick in the plane of symmetiry
and displaced to the left are greater than with the pi-
lot in a level attitude (fig.,  8). ° This result is ex-
plained, as in the foregoing case, by the fact that the
pitui* ehtfts o the lett, plaecite bHie Freht: arm mote
n9ariy Tn Tipe With The ¢titk. "Rileron pull Torced with
the sticlt in the plane of symmetry are less, particular-
Ty "for the regy position, ' :

~ With the pilot facing upward, elevator pull forces
are greater, particularly for the stick-forward position
(fig. 7). Pusn forces are generally the same as for the
level case except as impaired ‘at a distance by the pi-
Tot's being forced back into the seat by his own weight,
thus 1limiting his reach. Aileron ‘forces are noticeadly
smaller. : ’ '

Figure 8 shows that facing downward is favorable for
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both elevator push and pull forces. Aileron. forces are
glightly less: than corresponding. forces. in: the lewvel, at-
titude, probably due to the tendency of the pilot to hang
in Jdsse beddts tait her. & ham, b0, bey £ Lirialsy. seadied.

The outstanding features of the results obtained
with pilot inverted, are the high elevator push forces
obtained in the vicinity of mid position of the stick and
the rapidity with which these forces decrease as the lim-
it of reach is.approached (fig, 9).  Again, aileron forces
are slightly less than those obtained in the level atti-
tude. It is more difficult to reach the stick in .the, left
treont corner,

Figures 10 to 13 show the data from figure 4 plotted
in coordinate form. As there is little effect of varia-
tion in stick force with cockpit-model attitude, .figure 4
ig chosen as most representative of all conditions. £
the actusl magnitude of the stick forces should .be of in-
terest, bearing in mind the limitations under which the
valves were obtained, they may be more readily determined
from the -curwves of figures 10 to 13. .

Figure 14 presents the -results of measurements made
to determine the maximunm - force that can be applied to a
rudder pedal. The upper half of the figure shows the ef-
fect of seat height on maximum force for the two pilots.
Each pilot exerted a horizontal force of 430 pounds with
the seat down. For pilot A -the maximum occurred at a
distance of 36 inches from the back of the seat; for pi-
lot Bvat 35 inches. With the seat raised 6 inches verti-
cally, pilot A pushed a maximum of 290 pounds at 32 inches
and pilot B pushed a maximum of 330 pounds at 33 inches.
It is thus seen that a vertical seat adjustment of 6
inches was responsible for a difference in maximum effec-
tive force of 100 to 140 pounds and caused the maximum
to occur from 2 to 4 inches nearer the seat with the seat
Wpe«. The lower half of figure 14 shows the effect of cock-
pit-model attitude on the maximum force that can be ap-
pliireds » ol comparison of the results obtained with the two
pilots indicates that attitude has little effect on ei-
ther the fore-and-aft location or the magnitude of the
maximum force. It is interesting to note that the maxi-
mum force for all attitudes and for both pilots occurred
with the rudder pedals between 34 and 37 inches from the
back of the seat and that the greatest force registered
by pilot A was 490 pounds when on the right side and with
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the rudder bar 35 1n~hes from the seat; the greatest
force exerted by pilot: B ‘wals 470 pounds ‘while facing up-
ward and with the rudder bar located 35 inches from the
scat. From these results it appears that if the fore-
and-aft location of the neutral position of the rudder
pedalv (dimension A, table I) is giveén ample linits to
cover the range required by the physical dimensions of
the pilot, then a fore-and-aft displacement of the pedals
of 6 inches for full rudder travel would enable the pilot
to apply the maximum force of wiaich he is capable to the
rudder, regardless of 1its posltlon or the attltudo of the
airplane. ;

A study of the maximum forces obtained might lead to
some conclusions regarding so-called "control coordina-
tion," althoueh it is realized that: the actual ‘control
efféctiveness in displacing the airplane is equally im-
portant.  From these tests it appears that the average of

he Tesger of *the push and pull forecdy that icould e e

erted in all ‘attitudes with the ‘controls in the neutral
Positions i's 65, 26, and 400 pounds, respectively, or a
ratio of approximately 1:3:10, which it is believed might
be a good figure for ths ratio of the forces required to
actuate the ailerons, elevators, and rudder for a desired
angular displacement of theée airplanc and apparently for

‘an equal expenditure cf effort to each control by the pi-

lot.

The results shown ‘in figures 15 and 16 were deter-
mined as ‘a result of guestions arising from dive testing
and research on lateral-control devices. Pilot B was
more consistent than pilot A in estimating elevator forces
but overestimatéd the higher Tforces gvite badly, applying
30 pounds when est1met1n0 50, He was inclined to over-
estimate the forces slizhtly more wher facing downward
than when in ‘a level attltude. Pilot A estimated eleva-
tor forces more accurately and underestimated them a
great deal more when in a level attitude than when facing
downward, as in a vertical dive. Both pilots were fairly
accurate in estimating an aileron force of 10 pounds with
a tendency by both to underestimate a push force and over-
estimate a pull force. These estimates of aileron forces
are probably not so represcntative as the estimates of
elevator forces becauvse the Committee's pilots have had
considerable experience in lateral-control testing, in
which the applied forces are-actually measured,
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CONCLUSIONS

With due regard for the conditions under which these
tests were made, it may be concluded from them that:

L The ability to pull on the elevators .was greater
than the ability to push, except with the stick well back;
both increased with distance from the seat (push gradual-
ly. pull rapidly) up to a point beyond which push de-
creased. :

2 % The ability to push on the ailerons was greater
than the ability to pull; both decreased with lateral de-
flection of the stick and with increasing fore-and-aft
distance from the seat.

5. For the range of positions used in these tests
the force that could be applied to the control stick in-
creased slightly with increased stick height above the
seat.

4, Pronounced peaks in the graphs of the rudder
forces indicate that the fore-and-aft range of rudder po-
sitions in which a pilot can exert a maXimum force is
small, A low seat position with respect to the rudder is
desirable for maximum force application.

5. When the pilot's body is firmly anchored to the
seat, the attitude of the airplane has little effect on
the forces that he can apply to the controls.

6. Locations of the controls for positiomns of com-
fort on the part of the pilot are not necessarily ones in
which the maximum force may be applied.

7. It appears that the forces required on aileron,
elevator, and rudder should be in the ratio of approxi-
mo.tely 1385:¢10 for the application of egqual efiferts by the
pLlot .

8. The estimates by a pilot of stick forees of rea=
sonable magnitude are likely to be in error by as much as
5O percent; low for small forces and high for large
forces.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 6, 1935,




12

1.

e

NA G & "Telc gl «Niotb e illon 1580
REFERENCES

Hertel, Eeinrich: Determination of the Maximum Con-
trol Forces and Attainable Quickness in the Opera-
tion of Alrplane Controls. T.M. Noi. 588, N Ah.C.&;
1930. : '

s’
liateriel Diwvision, U: S. Army Air Corps: Dimensions

of Average Pilot. Handbook of Instructions for
Airplane Desigrers, vol. I, seventh edition, 1932,
ey 1865 e 420 ' ' '




i

‘ON @3O0N T®OTUYOSL "V'O°V'N

0se

( —» H
t<—— F ——-{ p T : T
| i &
SO BRI a
) —ﬁ T
7 <
M 0]
T
L ey oae M
\ |
v 3 .
H
Dimen- U.S. Navy U.S. Army Air Corps| Average of 7 S nggige ey o e
sion specification specification N.A.C.A. air- (refer-
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mercia A 68.20 66.5 66.0
Inches Inches Inches Inches g 30-73 30-2 31.3
A 35 to W1 |35-3/8 to 39-3/8 | 35 to 39 27 %o 11 > en | ioe 150
B 6 to 10 2-1/4 to 10-3/4 3 to 6 and 12 E 17.12 16.5 14.8
c 3 %o 5 3-1/U Z b - F 16.40 16.2 16.0
D T5 $o L 1T 12 to 19-1/2 14 to 22 4-1/2 to 16-1/2 P 412 i k.5
E 1& to 22 14 14 to 19 18 H 22.00 21.5 21.5
F 16 to 18 18 11 to 20 2l 7 10.48 10.1 9.0
G 12 in(minimun) 16-5/8 9 to 13 12 X 13.12 9.8 10.0
H 80 to 100 13-1/2° 6° to 10° 140 1 23.85 23,3 20,
K 0 - 5° o 12° 10° : 3 i
3 M 42,80 41.3 41.0
Lot Wasat Distance between finger
Ze§§:r toscgﬁzz; wtlps with arms spread,in. 67.0 68.0
2 = elght without flying
of rudder pedals 16-1/4 12 to 21 20 gear, 1b. 145,0 165.0

Table I.- Arrangement of cockpit controls. Table II.- The physical dimensions of the two pilots.
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Figure 1.- The cockpit model used in measuring the forces that a pilot
can exert on the controls. The position corresponds to an
airplane in the level attitude.

Yigs. 1,2
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Figure 4.- Variation of stick forces with grip 8 inches
above seat, cockpit model level.
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Figure 5.~ Variation of stick forces with grip 8 inchoao
above seat, cockpit model rolled to right 90°.
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Figs. 8,9
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Figure 10.- Variation of stick forces with grip 8 inches
above seat, cockpit model level.
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Figure 11.- Variation of stick forces with grip 8 inches

above seat, cockpit model level.
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Figure 14,.- Variation of rudder forces.
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Figure 16.- Comparison of measured and estimated stick forces., Pilot Be.
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