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INTRODUCTION

The Commanders of the US Army Aviation Center (ATZQ
letter to The Surgeon General, Oct 1979) and the Military
Personnel Center (DAPC letter to The Surgeon General, Nov
1979) expressed concern regarding the adequacy of existing
aviator selection standards.  In response to these concerns,
The Surgeon General of the Army, through the US Army Medical
Research and Development Command (USAMRDC) (DASG letter to
USAMRDC, Nov 1979), tasked the US Army Aeromedical Research
Laboratory (USAARL) (USAMRDC letter to USAARL, Jan 1980) to
reevaluate the anthropometric criteria cited in Army
Regulation (AR) 40-501, Standards of Medical Fitness
(Department of Defense 1960), governing the selection of
personnel for flying duty. '

The inltial response to this tasking (USAARL letter to
USAMRDC, May 1980) resulted in the adoption of interim,
revised minimum anthropomeiric criteria for reach-related
dimensions. However, this brief study was not a comprehensive
one., Among the issues not addressed was that pertaining to
the potential need for the inclusion of strength criteria
within AR 40-501. There presently exist no such criteria,
although research recently completed (Cote and Schopper 1984,
Schopper and Cote 1984) has indicated that for several of the
Army's helicopters, individuals smaller than those previously
eligible may be capable of attaining the static cockpit
reaches necessary to operate those controls judged to be
critical by instructor pilots. Given this circumstance and
the widely researched findings that women possess less
physical strength than men of comparable size (e.g., Laubach
1975), an effort was undertaken to examine the need for
potential strength criteria more closely. Parallel efforts
were, therefore, initiated to assess the helicopter~referenced
control force exertilon capabilities of samples of small males
and females (Schopper and Mastroianni 1985) and the contrel
ferces actually encountered during flight.

This study was designed to determine forces exerted on
the controls of a JUH-1H helicopter during standard maneuvers
that are considered the most demanding in terms of strength
requirements.* For this "worst case" condition, the
"hydraulics off" maneuver (Task 4005, TC 135 {[UH~1H],
Department of the Army, 1981 [cl]) was chosen. Among the

* The letter J which precedes the UH~1H aircraft designation
denotes that the aircraft 1s used for research purposes. The
modifications made to this ailircraft were principalliy
instrument- related to permit the in-flight recording of
sensor inputs to the aircraft cockpit instruments,.

5



alrcraft in the current active inventory, it was the opinion
of all aviators spoken to that the "hydraulics off" forces
assoclated with the UH~1 were larger than those encountered in
other model Army helicopters for this type of training
maneuver ,

The present research also addressed another factor of
relevance: the level of pilot experience. The concern was
that aviators might, due to differences in flying techniques
which accrue with increasing levels of experience, evidence
gsubstantially different magnitudes and patterns of control
force inputs during the execution of normal and hydraulics-=
disabled approaches and landings. Although the authors know
of no previous helicopter—~flight—-related research to suggest
that this might be the case, there does exist conslderable
literature that documents that the performance of motor skills
changes with increasing exposure to the task; i.e., practice
(Newell 1981, Rabbitt 198l), While there does not exist
relevant research literature known to the authors which has
addressed the conjoint effects of force input requirements and
operator experience level upon task performance, the belief
was that 1n a force~loaded, time dependent dynamic performance
environment (as exists during hydraulics-disabled approaches
and landings) differences would be observed.



METHOD

SUBJECTS

Data was collected from 12 subjects, six with more than
1300 hours of £light tiwme each {(X=2250 hours) in a UH-1H
helicopter and six recent graduates of the Army Aviation Basic
Flight Course, each with less than 200 hours of flight time
(X=183 hours). The height, weilight, and flight hours of
experience are shown for eazch individual Iin Table 1,

TABLE 1

SURJECT ANTHROPOMETRY AND FLIGHT EXPERILENCE

SUBJECT HEIGHT WEIGHT FLIGHT HOURS

CATEGORY {em) (kg) (Hr)

More Experienced 173 73 2100

183 84 3100

178 86 2100

175 75 1300

183 92 2000

180 30 2730

Mean: 178.7 81,7 2250

Less Experilenced 170 72 175

185 89 175

168 56 175

185 86 200

175 80 175

175 82 200

Mean: 176,3 79.2 183
PROCEDURE

To evalusate both force requirements and the possible role
of ezperience In contributing to extent of force regulred,
each aviator flew 12 approaches and Jlandings in an instru~-
mented UH~1H. Six of thesz were flown with full, normal
hydraulic assist and siz were flown with the hydraulice dis-~
abled in accordance with the procedures outlined for. this
training maneuver (Task 4005, TC=135 [UH=~1Hd] Department of the
Army, 1981 [cl]).



The data from straln-gage instrumented controls during
the last 60 seconds prior to touchdown were recorded for gach
landing. These were then subjected to both descriptive and
analytlc statistical analysis to document the levels of force
required and to determine if pilot experience differentially
affected the forces measured.

To assure maximal familiarity with the aircraft prior to
undertaking the more hazardous (hydraulics-off) maneuver, the
six normally-assisted approaches and landings were flown
first, followed by six approaches and landings with the
hydraulics disabled., Although the adoption of this procedure
inextricably confounds the statistical analysis (hydraulics
condition 1is confounded with hydraulics on-off order effects),
the decislion was made knowingly in the Interest of safety.

The aviator subject flew in the left hand, pililot's seat.
Subsequent to approximately 15 minutes of normal flight
enroute to the stagilng alrfleld where the research was to be
performed, the safety pilot directed the volunteer to fly 12
congsecutive running landing patterns (Task 4005), six with
hydraulics on and six with hydraulics off. For each approach,
as soon as the volunteer aviator was in the landing pattern so
that the aircraft was parallel with the landing lane and
traveling Iin the opposite direction to the planued approach,
data collection started and, if the test conditions required,
the hydraulic system was turned off. This point was ldentd~
fied on the recording tape with a marker voltage. As soon as
the volunteer touched down on the landing lane, another ref-
erence voltage mark was entered onto the tape. Data pertain-
ing to both magnitude and direction of applied force inputs
and control position were recorded for the ecyclic, collective,
and pedals throughout the period of data collection through
the use of the laboratory's Hellcopter In=Flight Monitoring
System (HIMS-II) (Jones, Lewis and Higdon 1983), Only the
data recorded during the last 60 seconds prilor to COuchdown of
the final leg were subjected to analysis.

The time required to execute these 12 approaches and
landings was approximately 1 hour for each aviator. No
flights were initiated unless the sustained wind conditions
were less than 15 knots and the wind gust spread was less than
10 knots,

INSTRUMENTATION

To measure the control forces, the cycllic, the collec-
tive, and the pedals were instrumented with resistor-type
strain gages that transduced the applied forces into voltage
outputs. The pedals were instrumented to measure the force
applied to the right or left pedal in the forward direction,
The pedals are interconnected and control the angle of attack



of tall roior blades., The tall ro“'r bﬁadﬁ controls the yaw-
ing of the helicopter and ofiseis caused by the
maln votor blade {(e.p., duving lev Lght, pedal iuputs
control the left~vight movoment of th& tail of the
helicopter).

front of the

The c¢yclic contx Iy din
pilot, between the legs relative angle of
attack of the plane of . T blades and
horizontal stabilizevw i piteh and roll of
the helicopiter., 1t is opsera ¢ pilot's xig h haud .
The cyclic control wazs instrumented to measure both re-aft
and left-right copntvol input forces.

The collective 1s lcocaited adjacent Lo ¢ lefit o
pilot's seat. It controls the angle cf attack of the main
rotor blade sysitem. The collective contrcl was lne*rumﬂnied

3
3

to measure the downward (left-handed push) snd upward
handed pull) control forces,

Fouy straln gagzas were appliled to make up a four—arm
Wheatstone bridge 1o measure force iun each deslived direction
on each of the controls. Signal outputs fyvom the bridge were
conditioned by a Metraplex® 340-A straln gage conditioning
card placed in a circuit with a Metraplex® model 304 condi-
tioner/VCO card®. The voltage output from the conditionlag
card then wasg fed by coazxial cable to the HIMS-II anslog-to=-
digital channele., In this projecc, four anslog-to-digital
channels were enpleoyed to vecord the four stralu-gage channels
ugsed in the HIMS-II. A pre— and post—flight calibraticn of
the Metraplex® signal condiitloners and HIMS=TI1 was conducted
with the Metraplex® calibration card for each of the 12
flights. The data in each channel were sampled at 10 Hz. The
digi tized informaftion from the HIMS-II system was transierrved
to a Systems Engineering Laboratories (SEL) 8500 nybrid
computer® via a dedicsied PDP 11/03 computar through a serial
interface. Tor esch fidighs profile, il cowputer was pro-
grammed to gort each geib of data chann 1 oand

-

for each tvrila
fgoelate the final 60 sscondg ¢f dais prior te touchdown for
each approsch and landing., The individual dats points then
were multiplled by proper calibration factors to converi the
analog voltage signal levels iunto force values (Wewtons) and
position values (degrees). The final matvix of requived data
was transferred to the laborvatory's VAX 11-78C for further
reduction and statistlical asnalysis.

o

#See Appendix A.
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DATA REDUCTION

The data were subjected to several types of analyses. To
develop an overall appreciation of the force characteristics
encountered, the data initially were divided into specific
control/direction subsets to permit descriptive statistics to
be generated for each of the four combinations of subject
experlence level and hydraulic condition. The data employed
for developing these descriptive statistics were the 60 con=
gecutive means for each l-second interval of each approach and
landing: 1.e., the sign and magnitude of the mean of 10 data
points recorded for each second were used as the input data
from which the descriptive statistics were computed. For each
of the four combinations of hydraulics condition and aviator
experience, the distribution entailed 2160 data points (6
subjects x 6 trlals/subject x 60 seconds/trial).

Due to the overly large number of cells which would
result if l-second intervals were employed in a l-between,
3-within repeated measures analysis of variance, further
reduction was required. The data from the final 60 secoands
prior to touchdown for each channel of the tape were separated
into direction-specific or (for pedals) control=specific vol~
tages and then reduced to the mean force recorded during each
of the 12 5-gsecond time intervals. Because the direction of
input could change during any 5-second interval, the number of
data points available in successive 5=gecond intervals varied.
Hence, the means computed for each interval were calculated on
the basls of whatever number of direction- specific values
were recorded during the interval, For example, if during one
5-second interval there were 20 positive voltages and 30
negative voltages, then the mean value for positive direction
inputs would be based on the average of 20 data polints and the
mean value for the negative-direction inputs would be the
average of 30 data points. If there were no inputs in one
direction during a given 5-second period, the value zerc was
employed,

DATA ANALYSIS

The 2160 l-sBecond means associated with all subjects'
landings were employed to compute the descriptive statistics
for each of the four combinations of experience and hydraulic
condition. The 12 5~second means were employed in a l-=between,
3-within repeated measures analysls of variance to evaluate
the between~group effects of aviator experience, and the
within-group effects of hydraulics condition, trials, and
intervals—-within—-trials on the magnitude of the forces
exerted, (As cited previously, safety-related considerations
deriving from the fixed sequence of hydraulics-on flights
followed by hydraulics—-off flights confounds the analysis of
the hydraulics condition effects.)
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In consonance with the manner in which currently existing
helicopter force design standards are cited, the findings are
described separately below for longitudinal cyclic foreces,
lateral cyclic forces, collective forces, and pedal forces.
Descriptive statistics pertaining to the forces exerted during
the 60-second period are provided initially. They have been
analyzed in two ways:

The first table to appear in each section will provide
the descriptive statistics which resulted from considering all
2160 data points collectively for each combination of experi-
ence and hydraulics condition. These are referred to as the
"net" levels of force input. For example, the descriptive
statistics for longitudinal inputs to the cyclic would combine
all forward-directed (-) and rearward-directed (+) inputs as
belonging to the same data set. Hence, these data reflect the
algebraic sum of all inputs.

The data also are described in a direction-specific
fashion to more closely appreciate the differences which exist
but are not apparent when the positive~ and negative-signed
data are considered in combination. The second table which
appears in each section, therefore, has been separated
initially into positive or negative values before being
subjected to statistical analysis. These tables reflect
differences in both the frequency (i.e., number of l-second
means) and magnitude of direction-specific inputs.#*

Descriptive statistics are provided separately for each
of the four combinations resulting from the conjoint con-
slideration of the two aviators' experience levels (more and
less) and the two hydrualics conditions (on and off). The
final portion of each control-specific section will be the
citation of the significant findings which resulted from the
repeated measures analysis of variance that was undertaken.

* While referred to as “frequency,” it is clear that the use
of this label is artificial. The measure is merely the number
of l-second means derived from arbitrarily segmenting the
recorded 60-second periods into cones of l-second duration. It
is noted, however, that the term "duration” is not applicabdble
for that suggests that the parameter pertains to a period of
continuous time. The numbers appearing in the table do not
relate to any period of sequentially connected time; they
merely denote the total number of periods of l-second duration
when the algebraic mean of the 10 samples measured were of one
sign (+) or the other (-},

11



RESULTS

LONGITUDINAL CYCLIC INPUTS

The descriptive statistics for the four possible
combinations of pilot experience level and control hydraulics
condition for the combined longitudinal inputs to the cyeclie
are provided in Table 2., Negative values reflect a mean force
during the l~second interval corresponding to a
forward-directed input (push), positive values refer to a mean
force in the aft direction (pull),.

TABLE 2

DESCRIPTIVE STATISTICAL PARAMETERS OF THE NET LEVELS OF LONGIiTU=-
DINAL DIRECTIONAL INPUT FORCES APPLIED TO THE CYCLIC CONTKOL AS A
FUNCTION OF HYDRAULIC CONDITION AND LEVEL OF AVTATORS’ EXPERIENCE

Statistical Hydraulics On Hydzaulics Off

Parameter More Exp Less Exp More Exp Less Exp
Mean ~1.,46 -4 ,62 2,18 ~5.08
Median 0.06 -3.57 1.75 *o=3.77
Maximum Forward 9.14 11.59 78.23 1655
Maximum Rearward -28.12 =17.45 ~81.43 -37.94
Range 37.26 29.04 159.66 54,49
Variance 49,02 55.57 285,14 72.67
Standard Deviation 7.00 7,45 16.89 8,52
Semi~Interquartile :

Range 2.90 6.54 6.83 6.83
Skewness ~1.05 0.14 ~-0.58 -0.08
Kurtosils 0.58 -0.81 3.32 =0.50
NOTE: Forces are expressed in Newtons. Dlscrlbutions consist

of 2160 means of inputs of l-second duration.

The absolute magnitude of the mean and median forces
applied were relatively small with substantial variability
reflected in the magnitude of the range of forces and the
relatively large standard deviations encountered. The
magnitude of acute forward-directed input (pushes) were larger
than the acute rearward-directed inputs (pulls) so that the
minimum values (negative sign) were larger 1in absolute
magnitude than the maximum values encountered.,

12



The descriptive statistics for the direction-specific
longitudinal cyclic force inputs are cited in Table 3« The
effects of separating the data into direction-specific
components 1s clearly evident. Most of the values of the
measures of central tendency (means and medians) are several
times larger in this table than they were in the preceding
table in which the summing of values of opposite signs served
to minimize the actual magnitudes of opposing types of force
inputs. Also this table reveals the variation which exists
among the frequencies of direction—~specific values.
Considerable disparity exists between the groupings cited.
Whereas the number of rearward- and forward-directed control
inputs for the more experienced group were nearly equal (1090
vs 1070) when the hydraulics were on, there was a marked
difference between the number of directional inputs by the
less experienced aviators (585 vs 1575) under the same
conditions.

During hydraulics—-off approaches, the differences were
even greater. The ratio of duration of forward inputs in
seconds to the duration of rearward inputs was .7:1 for the
more experienced aviators. For the less experienced aviators,
it was 3:1.

The results of the analyses of variance (ANOVA)
undertaken on the forward-and rearward-directed cyclic inputs
are provided in Tables 4 and 5, respectively. The main effect
of experience was marginally significant for rearward—-directed
inputs, F(1,10) = 3.83, p = .079, and nonsignificant for
aft-directed inputs, F(1,10) = 0.03, p = .862. There were
only two other statistically significant effects involving
level~of~experience. Both were interactions evidenced in the
forward—-directed results. '

The simpler effect was a significant second—-order
interaction between aviator experience-level and
time-to-touchdown (i.e., interval), F(11,110) = 2,27, p =
.015., This effect (as well as the comparable data for -
rearward-directed inputs) is depicted in Figure 1. There is
little effect on the interval of rearward-directed forces
related to the experience level of the aviators. Figure 1
shows that forward-directed forces became higher for the
more—-experienced group (relative to those of the
less—~experienced group) as time~to-touchdown neared.
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TABLE 5

ANALYSIS OF VARIANCE SUMMARY TABLE FOR
REARWARD-DIRECTED CYCLIC FORCE INPUTS
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: DEGREES OF MEAN 7

SOURCE FREEDOM SQUARE F P

Experience (E) 1,10 6955.7 3.83 0.079
Hydraulics Condition (H) 1,10 5744 ,0 4.76 0.054
H x E 1,10 3369.8 2.79 0.126
Trials (T) 5,50 65.3 0.90 0.486
T x E 5,50 57.5 0.80 0.558
T x H 5,50 52.7 0.78 0.567
T x H x E 5,50 87.6 1.30 " 0.279
Intervals (1) 11,110 47 .6 2.35 0.012
I x E 11,110 19.3 0.95 0.494
I x H 11,110 20.7 1.31 0.227
I x HxE 11,110 7.9  0.47  0.917
I x T 55,550 4,3 0.91 0.665
I x T x E 55,550 4.0 0.86 0.758
I x T x H 55,550 3.5 0.82 0.817
I x T x H x E 55,550 3.5 0.83 0.808
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FIGURE 1. Mean Magnitude of Forward—- and Rearward-Directed
Cyclic Inputs as a Function of Time-~to-Touchdown and
Level of Aviator Experience. (Experience Level:
* more, 0 less.)

The marginally significant forward-input-related
third~order interaction among experience-level, hydraulics
condition, and trials, F(5,50) = 2.12, = .078 is depicted in
Figure 2 along with the corresponding rearward-directed data.
The forward-directed forces for more—-experienced aviators
decrease more sharply during the initial exposures (trials) to
the hydraulics-off condition than they do for the less-
experienced aviators, In contrast, there is little change in
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FIGURE 2., Mean Magnitude of Forward- and Rearward-Directed
Cyclic Inputs as a Function of Hydraulics—Assist Con-
dition, Aviators' Experience, and Trials. {(Hydraulics
Conditions: === On, ... Off; Experience Levels:

* More, 0 Less.)

the magnitude of forces applied by either group during
successive exposures to the task during the fully-assisted
trials. The fact that the overall decrease in applied forward
force during the first two trials by the more- experienced
group was less than that of the less—experienced group
resulted in a significant interaction, F(5,50) = 3.63, p =
.007, between hydraulics conditiofi and trials. The gradual
decrease in the initial trials along with the small increase

18



in the final trials which results from averaging the data over
both hydraulics conditions and experience levels reflects a
reliable main effect of trials, F(550) = 3.02, p = .018. More
obvious is the significant main effect of hydraulics condition
for both forward- (F(1,10) = 4.97, p = .050) and rearward-
directed (F(1,10) = 4.76, p = .054) input forces.

Figure 3 depicts forward- and rearward-directed cyclicn
input forces as a function of both hydraulics condition and
time—-to-touchdown. This two—~way interaction is statisticaily
significant for forward-directed inputs, F(11,110) = 4.14, p
<.001. The rise in forces applied is greater during
hydraulics—off approaches than it is during hydraulics-on
approaches as time—to-touchdown decreases. The overall main
.effect of time—-to-touchdown was significant for both
forward-directed inputs, F(11,110) = 6.06, p<.00l, and
rearward-directed inputs, F(11,110) = 2.35, p = .012.

LATERAL CYCLIC INPUTS

Table 6 provides the net, l—-second-based descriptive
statistics for force magnitudes associated with lateral cyclic
inputs. Negative values reflect inputs to the left, positive
‘values reflect inputs to the right. The magnitudes of the
mean and median values are comparable to those associated with
longitudinal inputs (Table 2), The variability, however, is
generally less than that encountered in the fore—aft data.
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TABLE 6

DESCRIPTIVE STATISTICAL PARAMETERS OF THE NET LEVELS OF LEFT-
RIGHT DIRECTIONAL INPUT FORCES APPLIED TO THE CYCLIC
CONTROL AS A FUNCTION OF HYDRAULIC CONDITION AND
AVIATORS' LEVEL OF EXPERIENCE
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Statistical Hydraulics On Hydraulics OQOff

Parameter More Exp Less Egp More Exp Less Exp
Mean 3.74 -0.55 8.66 - =0.13
Median 2.97 1.19 4,71 - 1.19
Maximum Right 10.66 15.70 56.90 17 . 44
Maximum Left 0.33 0.01 0.01 o =44.09
Range 10.33 28.71 78.85 61.53
Variance 6.06 48.03 66.11 64.30
Standard Deviation 2.46 6.93 8.13 8§.02
Semi-~Interquartile

Range 0.93 5.41 4,27 5.34
Skewness 1.36 0.30 1.34 - =0.18 "
Kurtosis 0.62 -0.43 1.31 - 0.91
NOTE: Forces are expressed in Newtons. Distributions each

consist of 2160 means of l-second duration.

Descriptive statilstics derived from the separate
distributions of right—- and left—-directed inputs are provided
in Table 7. The most striking finding is the marked
difference between the more-~ and less—experienced aviators in
the number of seconds of force input in the left and .right
directions. Regardless of the hydraulics condition, more~
experienced aviators tended to employ right-~directed inputs
almost exclusively. In contrast, less—-experienced aviators
employed right and left inputs at about the ratio of 1.5 to
1.0 (right:left) during both hydraulics-on and hydraulics—off
landings.

The results of the ANOVA accomplished for the right-= and
left-directed forces input to the cyeclic are provided in
Tables 8 and 9. With the exception of significantly higher
forces during the hydraulics-off condition than during the
hydraulics-on condition, F(1,10) = 5.64, p = .039, there were
no statistically significant effects encountered among the
right-directed force data.
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TABLE 7

DESCRIPTIVE STATISTICAL PARAMETERS OF LEFT- AND RIGHT-DIRECTED INPUT FORCES TQO THE CYCLIC AS A FUNCTION OF
HYDRAULIC CONDITION AND LEVEL OF AVIATOR'S EXPERIENCE

DIRECTION OF INPUT
RIGHT LEFT
HYDRAULICS ON HYDRAULICS OFF HYDRAULICS ON HYDRAULICS OFF
MORE LESS MORE LESS MORE LESS MORE LESS
STATISTIC EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED

Mean 3.7 3.9 8.7 5.2 — 7.9 5.0 8.0
Median 3.0 2.2 4.7 2.8 —= 8.8 1.9 7.9
Maximum 10.7 15.7 56.9 17.4 — 13.0 22.0 44,1
Variance 6.1 19.4 65.2 24,6 - 8.8 50.2 19.1
Standard 2.5 4,4 8.1 5.0 —— 3.0 7.1 4o 4
Deviation
Skewness 1.4 1.6 1.4 0.9 - 1.8 1.4 -3.2
Rurtosis 0.6 1.0 1.3 1.0 — 2.2 0.4 19.5
Frequency 2160 1341 2148 1285 0 819 12 875

Note: Forces are expressed in Newtons



TABLE 8

ANALYSIS OF VARIANCE SUMMARY TABLE FOR RIGHT-DIRECTED
CYCLIC FORCE INPUTS
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SUM OF DEGREES OF MEAN

SOURCE SQUARES FREEDOM SQUARE F P
Experience (E) 4749.46875 1,10 4749.7 1.97 0.191
Hydraulics o

Condition (H) 4599.47314 1,10 4599,5 5.64 0.039
H x E 1817.53076 1,10 1817.5 2.23 0.166
Trials (T) 412.58911 5,50 82.5 1.65 0.163
T x E 120.53345 5,50 24,1 0.48 0.787
T x H 98.65454 5,50 19.7 0.37 0.869
T x Hx E 341,97559 5,50 © 68.4 1.27 0.291
Intervals (I) 20.83502 11,110 1.9 0.52 0.886
I x E 20.94818 11,110 1.9 0.52 0.884
I x H 54.94443 11,110 5.0 1.47 0.154
1 x H x E 26.36044 11,110 2.4 0.70 0.732
I x T 58.20776 55,550 1.1 1.07 0.345
1 xT x E 62.76208 55,550 1.1 1.15 0.216
I1 xTxH 58.04120 55,550 1.1 1.09 0.320
I xTx H x E 57.46423 55,550 1.0 1.07 0.338
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TABLE 9

ANALYSIS OF VARIANCE SUMMARY TABLE FOR LEFT-DIRECTED
CYCLIC FORCE INPUTS BY LESS—~EXPERIENCED AVIATORS
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DEGREES OF MEAN

SOURCE FREEDOM SQUARE F p
Hydraulics Conditions (R) 1,5 230.0  2.11  0.206
Trials (T) 5,25 6.1 1.00 0.437
T x H 5,25 3.4 0.58 0.713
Intervals (1) 11,55 49 .8 5.77 0.000
I x H 11,55 28.2 3.37  0.001
I x T 55,275 2.7 1.10 0.305
I x T x H 55,275 2.64 1,12 0.272
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The ANOVA undertaken on the left-directed data was
confined to the less—-experienced subjects as there were
insufficient data for the more—~experienced subjects.  Figure 4
depicts the nature of significant main effect of interval
({.e., time-to-touchdown), F(11,55) = 5.77, p<.001l, ‘and the
significant interaction of interval with hydraulics condition,
F(11,55) = 3.37, p = .001l. 1Increases in the magnitude of
left-directed cyclic inputs as touchdown neared were larger
during hydraulicecs—-off landings than they were during
hydraulics-on landings.
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FIGURE 4. Left-Directed Cyclic Input Forces by Less
Experienced Aviators as a Function of Hydraulics-
Assist Condition and Time—-to-Touchdown.

CYCLIC RESULTANT VECTOR MAGNITUDE

Table 10 cites the descriptive statistics pertaining to
the magnitude of the resultant force vector obtained from the
vector sum of the longitudinal and lateral force inputs to the
cyclic. Each of the l-second data points comprising the
distribution is the mean of the absolute values of the 10
resultant vectors computed for each pair of data points
resulting from the 10 Hz sampling of the fore-aft and
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left=right recording channels.

TABLE 10

DESCRIPTIVE STATISTICAL PARAMETERS OF THE MAGNITUDES OF
RESULTANT FORCE VECTOR INPUTS APPLIED TO THE CYCLIC
CONTROL AS A FUNCTION OF HYDRAULIC CONDITION AND
AVIATORS' LEVEL OF EXPERIENCE
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Statistical Hydraulics On Hydraulics Off

Parameter More Exp Less Exp More Exp Less Exp
Mean 7.14 9.21 16.95 11.21
Median 4,95 4.63 13,60 14.16
Maximunm 28.28 21.21 81.70 56.24
Minimum 1.17 1.59 2,63 1.71
Range 27.10 19.63 79.07 54,53
Variance 23.90 41.23 165.64 45,66
Standard Deviation 4,89 6.42 12,87 6.76
Semi-Interquartile

Range 3.99 6.41 9.83 5.82
Skewness 1.01 0.28 1.32 0.99
Kurtosis 0.24 =1.79 2.02 3.92
NOTE: Forces are expressed in Newtons. Distributions each

consist of 2160 means of l-second duration. :

A comparison of the data in Table 10 with those
pertaining to the fore—~aft and left-right inputs clearly
illustrates the inadequacy of either of these tables to
describe the measures of central tendency of the actual cyclic
force inputs involved in piloting the helicopter, particularly
during hydraulically-unassisted approaches. However, they
have been retained because of their relevance to existing
control design force limit specifications as cited in
MIL-H~8501A (Department of Defense 1961)., Both mean and
median values appearing in Table 10 for hydraulics disabled
approaches are considerably larger than those appearing in
Tables 3 and 7. The magnitude of the resultant mean vector
for more experienced pilots (17.0 N) is 45-49 percent larger
than the means (11.7 N and 11.4 N) for the largest directional
inputs (those for the rearward- and forward-directed inputs,
respectively). It is 3.4 times as large as that for the mean
left~directed input which was the smallest directional mean
input, The largest directional mean input appearing in Tables
3 and 7 for less experienced aviators 1s for forward-directed
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inputs, 8.7 N. The mean resultant vector magnitude for these
aviators 11.2 N was approximately 30-40 perceant larger than
the values for mean forward- (8.7 N) and left—- (8.0 N)
directed inputs. It was nearly twice as large as the means
for the rearward— (5.8 N) and right- (5.2 N) directed inputs.

The results of the ANOVA undertaken on the mean resultant
vector magnitude data are shown in Table 1l. The overall mean
resultant vector during hydraulics—off approaches (12.1 N) was
significantly greater than that during hydraulics-on
approaches (10.2 N), F(1,10) = 12.90, p = .005. This was also
seen in the overall increase in the applied force vector as
the time-to-touchdown decreased, F(11,110) = 4.70, p <.001.
The interaction of these two factors (Figure 5) also was
highly significant, F(11,110) = 4.09, p <.001. As depicted in
Figure 6, the increase in magnitude began to occur somewhat
earlier and was much larger during hydraulics-off approaches
than 1t was during hydraulics-on approaches.,
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TABLE 11

ANALYSIS OF VARIANCE SUMMARY TABLE FOR THE MAGNITUDE OF
RESULTANT FORCE VECTORS FOR CYCLIC INPUTS
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SUM OF MEAN
SOURCE SQUARES DF SQUARE F PROBLEMS
Experience (E) 1451.,43171 1,10 1451.43171 0.30 0.595
Hydraulics
Condition (H) 15062,53308 1,10 15062,53308 12.90 0.005

H x E 6580.04426 1,10 6580.04426 5.63 0.039
Trials (T) 512.46282 5,50 102.49256 0.95 0.457
T x E 185.73919 5,50 37.14784 0.34 0.883
T x H 174.58780 5,50 34.91756 0.31 0.907
T x H x E 674.75761 5,50 134.95152 1.18 0.332
Intervals (1) 1920.69599 11,110 174 ,60873 4.70 0.000
I x E 528.06735 11,110 48.00612 1.29 0.239
I H 1395.88156 11,110 126.89832 4.09 0,000
I H E 528.22348 11,110 48.02032 1.55 0.124
I T 505.72746 55,550 9.19504 1.24 0.126
I T E 343.03451 55,550 6.23699 0.84 -0.789
I H T 373.27977 55,550 6.78690 0.99 0.499
I H T x E 334.35653 55,550 6.07921 0.89 0.705
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Condition and Level of Aviator Experience.

29



- ————— HYDRAULICS ON
~---e---- HYDRAULICS OFF e

—
u
T 1177
Y
\
\
\

3
&
t
1
!
L
\
l
1

=
7

FORCE (Newtons)

ut
¥

) 1 1 i L | - L 1 L L
6B-55 58-45 486-35 38-25 28-15 18-5
95-58 45-408 35-36 25-28 15~18 5-8

TIME TO TOUCHDOWN (S-second intervals)
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tion and Time Remaining to Touchdown. (Data are averaged
over both groups of aviators.)

COLLECTIVE INPUTS

Descriptive statistics for net collective input fovics
are shown in Table 12. Negative values in this table refer to
upward pulls on the collective. The table reflects the shift
from upward pulls to downward pushes as the hydraulics
conditions change from on to off. Too, with this change in
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hydraulics assist,

applied by the two groups of aviators also changed.
hydraulics-on approaches,
by the less-experienced aviators.
hydraulics-off approaches,
applied the larger mean net force.,
of forces applied to the cyclic (Tables 2, 6, and 10),

during

the relative magnitudes of the forces

During

the larger net mean force was input
However,
the more—-experienced aviators

In comparison to the level

the

peak forces applied to the collective are markedly larger.

TABLE 12

DESCRIPTIVE STATISTICAL PARAMETERS OF THE NET LEVELS OF INPUT
FORCES APPLIED TO THE COLLECTIVE CONTROL AS A FUNCTION OF
HYDRAULIC CONDITION AND AVIATORS'

bt i Lt Y T Ay oy Y e el AN oy by Ay Bl ek iy S Ty i Ay A ey Mk TP Sty oy el By D it A o ke

Statistical

Hydraulics On

LEVEL OF EXPERIENCE

Hydraulicé Off

Parameter More Exp Less Exp More Exp Less Exp
Mean -3.88 -16.,17 42,62 18.45
Median -1.15 -14.76 20.76 9.95
Maximum Down 53.01 54,21 391,10 256.62
Maximum Up -~73.25 -85.48 ~-71.06 -128.11
Range 126.26 139.69 462.17 384.73
Variance 567.76 848,46 6108.47 ~3732.43
Standard Deviation 23.83 29.15 78.16 61.09
Semi-~Interquartile

Range 15,93 20.68 50.52 41.06
Skewness 0.21 -0.16 1.02 0.63
Kurtosis ~-0.31 -0.48 0.48 0.21
NOTE: Forces are expressed in Newtons. Distributions each

consist of 2160 means of inputs of l-second duration.

The descriptions of the direction-specific collective
input force distributions (Table 13) reflect the substantial
differences in the measures of central tendency between
downward and upward inputs.
directed inputs during hydraulics—-off approaches were 5 times
larger than during hydraulics—-on approaches for
more—~experienced aviators and 3.4 times larger for

less-experienced aviators.

In contrast,

The mean magnitudes of downward-

the mean upward-

directed inputs during hydraulics—-off approaches exceeded
those during hydraulics—on approaches by only a relatively
small amount (10~20 percent) for both groups of aviators.
the number of seconds of

During hydraulics—~on approaches,
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TABLE 13

DESCRIPTIVE STATISTICAL PARAMETERS OF DOWNWARD- AND UPWARD-DIRECTED INPUT FORCES TC THE COLLECTIVE AS A
FUNCTION OF HYDRAULIC CONDITION AND LEVEL OF AVIATORS' EXPERIENCE

DIRECTION OF INPUT
DOWNWARD UPWARD
HYDRAULICS ON HYDRAULICS OFF HYDRAULICS ON HYDRAULICS OFF
MORE LESS MORE LESS MORE LESS MORE LESS
STATISTIC EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED

Mean 16.2 17.1 83.9 58.3 21.2 30.7 23.4 36.0
Median 13.4 14.2 65.3 46.8 18.5 28.0 20.9 32.7
Maximum 53.0 54,2 391.1 256.6 73.3 85.5 71.1 128.0
Variance 165.3 158.2 5190.2 2270.7 267.0 455.0 308.1 597.3
Standard 12.9 12.6 72.0 47.7 16.3 21.3 17.6 24.4
Deviation
Skewness 0.7 0.7 0.9 1.0 0.7 0.7 0.6 0.6
Kurtosis -0.5 -0.5 0.2 0.7 0.3 0.4 0.7 0.4
Frequency 1002 658 1408 1247 1158 1502 752 913

Note: Forces are expressed in Newtons.



recorded direction-specific force input differed substantially
between the two groups. Whereas the recorded seconds of
upward-directed inputs exceeded downward inputs by only a
small amount for the more-experienced aviators (1. 16 1.00),
this bias was twice as large among those in the
less-experienced group (2.28:1.00).

Tables 14 and 15 provide the results of the ANOVA
undertaken on the downward—~ and upward-directed collective
input forces, respectively. The direction-specific force
inputs were affected in substantially different ways by the
factors investigated. As reflected in Table 14, the only
factor to have attained the conventional p .05 level of
statistical confidence in downward-directed inputs (pushes)
was the main effect of hydraulic condition, F(1,10) = 90.7, p
<.001. As shown in Figure 7, when the hydraulics were
disabled, the collective was pushed down with an overall mean
force that was nearly six times that employed during
fully-assisted approaches,
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TABLE 4

ANALYSIS OF VARIANCE SUMMARY TABLE FOR DOWNWARD-DIRECTED
COLLECTIVE FORCE INPUTS
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SUM OF DEGREES OF MEAN

SOURCE SQUARES FREEDOM SQUARE F P
Experience (E) 57191.89063 1,10 57191.9 2.68 0.133
Hydraulic

Condition (H) 1033335.21250 1,10 1033335.3 90.72 0.000
H x E 41059.24219 1,10 41059.2 3.60 0.087
Trials (T) 1695.49219 5,50 339.1 0.28 0.924
T x E 1959.28906 5,50 391.9 0.32 0.8929
T x H 620.87891 5,50 124,2 0.11 0.991
T x H x E 1473.58203 5,50 294.7 0.24 0.943
Intervals (I) 23818.45313 11,110 2165.3 1.48 OeiSO
I x E 11889.82813 11,110 1080.9 0.74 0,701
I x H 15568.70313 11,110 1415.3 1.04 0.419
I x Hx E 10924,00000 11,110 993.1 0.73 0.709
I x T 37634,34375 55,550 684.3 0.79 0.856
I x T x E 42565.81250 55,550 773.9 0.90 0.682
I x Tx H 40158.75000 55,550 730.2 0.86 0.750
I x T x H X E 46714.53125 55,550 849 .4 1.00 0.474
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TABLE 15

ANALYSIS OF VARIANCE SUMMARY TABLE FOR UPWARD-DIRECTED
COLLECTIVE FORCE INPUTS

Y A B S MY S Iy W A AU YRS WP NP Ve Wy W D o i R Wy e Tely e W ey S My A iy By Y iy iy g e W WAP NS W e WA oy WP Wiy e W iy A Sy iy Y ey AP NP AP W s W

SUM OF DEGREES OF  MEAN

SOURCE SQUARES FREEDOM SQUARE F P
Experience (E) 37178.82813 1,10 37178.8 2.58 0.139
Hydraulics C
Condition (H) 46.05371 1,10 46.1 0.04  0.847
H x E 1.45215 1,10 1.5 0.00 0.973
Trials (T) 309.58594 5,50 61.9 0.24 0.941
T x E 515.37988 5,50 103.1 0.40 0.843
T x H 2860.07617 5,50 572.0 4.37  0.002
T x H x E 3695.35254 5,50 739.1 5.65 0.000
Intervals (1) 49467 .32031 11,110 4497,1 15.48 0.000
I x E 2353.59961 11,110 214.0 0.74 0.702
I xH 7876.61719 11,110 716.1 3,27 0.001
I x HxE 1584.24609 11,110 114.0 0.66 0.775
IxT 9139.57813 55,550 166.2 1.09 0.316
I xTxE 9589.70313 55,550 174 .4 1.14  0.234
IxTxH 7016.50000 55,550 127.6 0.99  0.497
I XxTxHGZXE 5383.78125 55,550 97.9 0.76  0.897
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FIGURE 7. Mean Magnitude of Collective Inputs in the Up and
Down Directlons as a Function of Hydraulics—Assist
Condition and Time-to-Touchdown. (Data are averaged
over both groups of aviators.)

In contrast to the robust hydraulics condition effects
clited for downward—-directed inputs, Figure 8 also clearly
illustrates that upward-directed collective inputs {(pulls)
were not affected in an overall sense by the status of the
hydraulics system, F(1,10) = 46.1, p = 0.847. The overall
increase in the upward-directed inputs evidenced as time-to-
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touchdown decreased during both hydraulics—-assisted and
hydraulics—~disabled approaches was, however, significant,

F(1,10) = 15.5, p <.001.
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FIGURE 8. Mean Magnitude of Collective Inputs in the Up and
Down Directions as a Function of Hydraulics-Assist
Condition, Aviators' Experience,

and Trials.

The interaction of aviator experience with hydraulics
condition and trials is shown in Figure 8 for upward- and
downward-directed inputs on the collective.
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interaction was highly significant for upward—~directed input
forces, F(5,50) = 565, p <.001, and not significant for
downward-directed input forces, F(5,50) = 0.23, p = .943, The
significant upward-related effect was most strongly evidenced
during the first three trials. During the hydraulics-off
approaches, forces increased sharply for more-~experienced
aviators and decreased substantially for less—-experienced
subjects. During hydraulics—-on approaches, there was a
substantlial decrease in the magnitude of force applied for
more-~experienced aviators, but relatively little change among
thelr less—-experienced counterparts.

PEDALS

The descriptive statistics of the net force applied to
the pedals are shown in Table 16 for the l-second~based data.
The overall mean and median values reflect a substantial shift
from predominantly right pedal inputs during hydraulics-on
approaches to larger, left pedal inputs during hydraulics-off
approaches. In general, the characteristics of this
distribution of forces is much closer to those in the
distribution of collective~related inputs than they are to
those encountered for the cyclic.,

The pedal—specific distribution of the force during the
final 60 seconds of the approaches (Table 17) reveals larger
inputs by the less—experienced aviators., The relative
frequency (duration) of inputs to the pedals show a-
substantial reversal when the hydraulics are off. Duriag
hydraulics—-on approaches, the ratio of left-to-right pedal
inputs was 2.6:1 for less—-experienced subjects and 7.0:1 for
more—~experienced subjects., However, these relationships were
reversed for hydraulics-off approaches. Under these
conditions, the ratio of left—-to-right pedal inputs was 0.5:1
for both the less—-experienced and more-experienced groups.

The results of the ANOVA for left and right pedal inputs
are cited in Tables 18 and 19. These analyses revealed a
difference in sensitivity between the two pedals. While the
only significant effect for right pedal inputs was related to
the hydraulics condition, F(1,10) = 23.00, p = .001, left
pedal 1inputs were significantly affected by several factors
and their interactions.
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TABLE 16
DESCRIPTIVE STATISTICAL PARAMETERS OF NET LEVEL OF INPUT

FORCES APPLIED TO THE PEDALS AS A FUNCTION OF HYDRAULIC
CONDITION AND LEVEL OF AVIATORS' EXPERIENCE .

e N et s W Ay D e s 3 e W Y e WA RS e WD D =iy Whe EAa e L Ay CH Ay W g A s e e W] Ul WA AR AP Y D RS R o e RS I 3 A ey GO D o L ey 3 T e N ks

Statistical Hydraulics On Hydraulics Off

Parameter More Exp Less Exp More Exp Less Exp
Mean ~-9.36 -24.81 33.86 37.70
Median -11.20 -24,92 24,10 34,06
Maximum Right 38.90 47 .78 327.53 295.74
Maximum Left -53.43 -81.78 -221.17 ~270.97
Range 92.33 129.56 548,09  566.71
Variance 288.98 488,30 5589.09 . 6626.67
Standard Deviaticn 15.13 22.10 74.76 81.40
Semi~Interquartile :

Range 11.76 14.96 47 .97 55.22
Skewness 0.41 0,17 0.74 -0.10
Kurtosis -0,.24 -0,12 0.69 - 0.25

O ks i i ety L Ak Y Y et (s D iy mAe RIS AN W Sy W iy O Ay M) A RS D ARY D BN e Wy Y Ay A W 7 WY SRS KM Loy e WS W S iy ety My Sy S STV LA iy e D S ) S e R0 iy A

NOTE: Forces are expressed in Newtons. Distributions each
consist of 2160 means of inputs of l-second duration.
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DESCRIPTIVE STATISTICAL PARAMETERS OF INPUT FORCES TGO THE LEFT AND RIGHT PEDALS AS A FUNCTION OF
HYDRAULIC CONDITION AND LEVEL OF AVIATORS' EXPERIENCE

HYDRAULICS ON

MORE LESS

Mean 10.2
Median 8.4
Maximum 38.9
Variance 66.1
Standard 8.1
Deviation
Skewness 1.2
Kurtosis 0.9
Frequency 600

Note:

12.8

10.1

47.8

109.5

10.5

0.9

Forces are expressed in

TABLE 17

HYDRAULICS OFF

MORE

73.9

52.4

327.5

4176.2

64.6

i.1

Newtons.

LESS

HYDRAULICS ON

MORE
STATISTIC EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED EXPERIENCED

82.0

74,4

295.7

3151.7

56.1

16.9

16.6

53.4

88.3

9.4

LESS

HYDRAULICS OFF

MORE

LESS

30.2

29.4

81.8

311.1

17.6

32.3
24,2
221.2
904.8

30.1

8.8

713

48.5

35.6

271.0

2117.1

46.0

-1.9

4.3




TABLE 18

ANALYSIS OF VARIANCE SUMMARY TABLE
FOR RIGHT PEDAL FORCE INPUTS

—y S e e N o iy e D Ik N Loty e WA WM e A P Aap SR VA kY AAY ek Wy s A MY S ety Mk WOB Ry Loy D e e WS A Ty D Ry iy Lo My AT G g g oA WA k7 WA oy e L el A 4 Mty Wk W ey e AR St sty WD

SUM OF DEGREES OF MEAN
SQURCE SQUARES FREEDOM SQUARE F P
Experience (E) 1259.18750 1,10 1259.2 0.02 0.891
Hydraulics _

Condition (H)  1362092.37500 1,10  1362092.4  23.00 0.001
H x E 63715.81250 1,10 63715.8 1.08  0.324
Trials (T) 7317.99219 5,50 1463.6 0.68  0.638
T x E 16582.30469 5.50 3316.5 1.55 0.192
T x H 16109.90625 5,50 3222.0 1.60 0.179
T x H x E 15191.54688 5,50 3038.3 1.50  0.205
Intervals (I) 3840.77344 11,110 349, 2 0.36 0.968
I x E 5553.02344 11,110 504 .8 0.52  0.885
I x H 1949.83594 11,110 177.3 0.17 0.999
I xHxE 2899.16406 11,110 263.6 0.26 0.992
I x T 21073.50000 55,550 383.2 0.86 0.756
I xTxE 26105.34375 55,550 474 .6 1.06 0.358
I xTxH 22959.60938 55,550 417 4 0.91 0.658
I xTxHzxE 26947.29688 55,550 4900 1.07  0.348
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TABLE 19

ANALYSIS OF VARIANCE SUMMARY TABLE
FOR LEFT PEDAL FORCE INPUTS

L R L R kL T R e bt e e e e e e e R I e R

SUM OF DEGREES OF MEAN

S0URCE SQUARES FREEDOM SQUARE F- P
#zperience (E) 85311.61719 1,10 85311.6 6.81 0.026
Hydraulices :
Jondition (H) 4158.34375 1,10 4158.3 0.57 0.469
Hox B 233.89063 1,10 223.9 0.03 0.865
frlais (7) 296.54297 5,50 59.3 0.12 0.987
T x R 3042.38086 5,50 608.5 1.24 0.306
S | 1392.63086 5,50 278.5 0.61 0.691
“ x H % B 2872.97656 5,50 574.6 1,26 - 0,295
intervals (1) 126705.89063 11,110 11518.7 15.42  0.000
I x R 9647 .82813 11,110 877.1 1.17 0.313
T oux H 60373.64063 11,110 5488.5 9.08 0.000
T # H x E 12483.60156 11,110 1134.9 1.88 0.050
% T 7101.61719 55,550 129.1 0.89 0.695
T 2 T x H 8971.67969 55,550 163.1 - 1.13 0.256
T x T » § 9211.50781 55,550 167.5 1.18 0.180
T 2 T % H x E 8106.55469 55,550 147 .4 1.04 0,397
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The effects of hydraulics condition, level of aviator
experience, and time-to—touchdown for both left and right
pedal inputs are shown in Figure 9. The most significant
effect of hydraulics condition on the right pedal, F(1,10) =
23.0, p = .001, was that forces input during the hydraulics-
off approaches were consistently three to six times greater
than those during hydraulics—-on approaches. The most .
significant effect of forces input to the left pedal was
time-to-touchdown F(11,110) = 15.42, p <.001. This was
largely due to the sharp rise in inputs during the last 10-15
seconds of the hydraulics—-off trials. This differential
increase was not evident in the hydraulics—on trials. This
resulted in a highly significant interaction, F(11,110) =
9.07, p <.001, between hydraulics condition and :
time—~to-touchdown for left pedal input forces.

The statistical analysis of left pedal force inputs also
yielded a significant main effect for pilot experience,
F(1,10) = 6.80, p = .026, as well as a significant o
interaction, F(11,110) = 1.88, p = .050, of this factor upon
the hydraulics—-condition/time-to-touchdown interaction °
described in the preceding paragraph. Overall, it was found
that more—experienced pilots input smaller left—-pedal forces
than did less-experienced pilots. The significant third order
interaction (lower portion of Figure 9) was shown in the
earlier and more pronounced increase in force levels for the
less—experienced pilots relative to those shown by the
more—~experienced aviators during approaches executed with the
hydraulics off. This difference was not evident during
hydraulics—-on approaches. :
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DISCUSSION

The present findings are discussed within several
contexts. The descriptive statistics are compared to both
existing military standards (MIL-H-8501A, Department of
Defense 1961) for the upper design limits of helicopter
control forces and the results of a recently completed study
of helicopter control force exertion capabilities of small
Army personnel (Schopper and Mastroianni 1985). The
ANOVA~related findings are discussed in comparison with other
research pertaining to the role of experience in the conduct
of psychomotor tasks.

DESIGN STANDARDS COMPARISON

The upper design limits for input forces to the controls
of Army helicopters are stipulated in MIL-H-8501A, Military
Specification: "Helicopter flying and ground handling
qualities” (Department of Defense 1961). Two sets of limits
are cited; one applicable to hydraulics-on horizontal,
stralight flight (MIL-H-8501A, page 2, Table II), and one
applicable to ". . . abrupt power-operated control system
failure . . ."or hydraulics—-off flight (MIL-H-8501A, page 9,
paragraph 3.5.8). The values associated with these two sets
of limits are cited in Table 20. The calculated value of the
force which would result from the simultaneous application of
maximal longitudinal and latetral cyclic inputs also is
included although this value is not cited in the '
specification.

The discussion which follows for each of the controls
will include a comparison of the descriptive statistics for
the hydraulics—-on approaches and landings executed during this
study with those limits pertaining to "normal” flight in Table
20. The authors recognize that the flight conditions cited in
MIL-H-8501A (straight and level flight) are not consistent
with the flight conditions (descent) under which the present
hydraulics-on data were collected; however, for purposes of
exposition, they do provide a reasonable referent.

Cyclic inputs. Comparisons of the data cited in Table 3
with those appearing in Table 20 reveal that regardless of
experience level, the measures of central tendency (means and
medians) and peak values recorded for both forward- and
rearward~directed control inputs during hydraulics—on and
hydraulics—off approaches were all substantially less than
their respective limits; i.e., 36 N for normal flight and
112.5 N for flight during hydraulics system failure., The
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results of a similar comparison between the data pertaining to
fateral cyelic inputs appearing in Table 7 and the relevant
iimits cited in Table 20 were similar; i.e., none of the
l1imits were exceeded. The same applies to similar comparisons
oi the magnitude of the resultant cyclic force vector (Tables
10 and 20).

TABLE 20

CONTROL FORCE DESIGN CRITERIA
(MIL-H-8501A, DOD 1961)

Flight — —mese e 7
Condition Longitudinal Lateral Resultant* Collective Pedals

S AT S AL S s e ey BN N NS s AR ks MM N U A e i S T T i e MAL S e A ) iy A e g iy LA by BCS D g M T s S DR R e L o D W M RES U P T S L LA SO L S S B

[‘l‘jﬁ.’lna.l 11205 N 31.5 N 47-8 N* 3105 N 67a
(25 1b) (7 1b) (10.6 1b) (7 1b) (15 1b)
Hydraulics 360,.,0 N 67.5 N 131.2 N* 112.5 N 360.0 N
OLf (80 1b) {15 1b) (29.2 1b) (25 1b) (80 1b)

%2 LT L wris g Mg iy Ade WY aS3 leng k) R Ak S R iy SR R4 i B S8 Sy Ay kg feld iy WA ek oy A kg s T Al D by iy MG MAg A e A ) WA P I Was TR s W LY w7 e Ly ks e KW M N RUR LS rmd RS 53

* These values are not cited in MIL-H-8501A; 1t is the magniltude
of the resultant force vector input which would occur as the
result of maximum simultaneous longitudinal and lateral inputs
toe the cyclic.

Collective inputs., The design limit specification for
collective force inputs does not address direction-of-input;
i.e., the 1limits are applicable to both upward- and downward-
directed inputs. 1In consonance with the cyclic-related
findings regarding measutres of central tendency, none of the
means or medians cited in Table 13 exceeded their respective
iimits for either "normal" hydraulics—on flight (31.5 N) or
hydraulics-off flight (112.5 N). However, the mean (30.7 N)
and median (28.0 N) values for upward-directed inputs by the
more experienced aviators during hydraulics—on flights came
reasonably close to the limit.,

The comparison between the maximum recorded values and
the design limits yields a much different result. With the
exception of upward-directed force inputs during
hydraulics-off approaches and landings, the maximum values
clted in Table 13 all exceed their respective limits by a
considerable degree. In fact, the maximum upward-directed
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force input by the more experienced group also exceeded the
limit by a small amount-=-14 percent. Maximum downward force
inputs by both groups of aviators exceeded the 31.5 N normal
flight limit by 70 percent. Approximately 17 percent of the
data exceeded the limit. Downward-directed inputs during
hydraulics~off conditions exceeded the 112.5 N limit by 250
percent for the less—experienced group (42 percent of the
data) and by 130 percent for the more-experienced group (19
percent of the data). The hydraulics-on upward~directed
inputs by the less- and more—~experienced aviators also
exceeded the 31.5 N limitc by 130 percent (31 percent of the
data) and 170 percent (45 percent of the data), respectively.

Pedal inputs. A comparison was made between the limits
for pedal inputs (Table 20) and the values for the means,
medians, and maximums derived from the force inputs on the
left and right pedals by groups of aviators during both
hydraulics—-on and hydraulics-off conditions. It revealed no
instance where the recorded forces exceeded their respective
limits.

FORCE EXERTION CAPABILITY COMPARISON

A study of helicopter control exertion capabilities has
been completed and reported (Schopper and Mastroianni 1985).
This research focused on the strength capabilities of small
Army males and females; i.e., those whose stature was just
above or below the minimum standard for entrance into the US
Army's aviator training program. This criterion, 162.56 cm (64
inches), corresponded to the S5th-percentile male. Descriptive
statistics for males and females whose stature was
equal-~to=-or-less—than 167 cm are cited in Table 21. They are
dependent upon the mean force exerted during maximal exertions
of 4-seconds duration.

To make a meaningful comparison, it was necessary to
develop statistics from the in-flight data which were
compatible with the 4—~second period of exertion employed in
the strength-related study. Accordingly, the data from the
l-second—-based file were used in conjunction with a 4-second,
moving average techuique to estimate the mean force required
for the successive 4-~second periods c¢f time. By employing a
"moving window" of 4-seconds duration throughout the 60-second
period, a total of 57 data points were generated for each
approach aad launding. Descriptive statistics then were
calculated for each direction of input for each contrel for
both experience~related groups of subjects. The results are
provided in Table 22. -
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DESCRIPTIVE STATISTICS FOR HELICOPTER-CONTROL-REFERENCED ¥
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TABLE 22

SELECTED VALUES FOR COMPARISON OF THE DISTRIBUTIONS UOF DOWNWARD-
DIRECTED COLLECTIVE FORCE INPUTS FOR MORE~ AND LESS~EXPERIENCED
AVIATORS DURING HYDRAULICALLY UNASSISTED LANDINGS WITH THE
DISTRIBUTIONS OF SIMILARLY DIRECTED INPUTS OF SMALL MALES
AND FEMALES DURING STRENGTH ASSESSMENTS

r 23 e ser e S g Y i e Y e o ot e el i i () o e e g RS S Al 1) e AR2 TS 29 o A e Ty S e o s g ey 00D A Mo M3 S o Mt ) g T e VS e oy g £3 s Saed B ew b X
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Force
In-Flight Control Inputs Exertion Capabilities
R @ T @ C e o o e o e o e e e e e e e e e e e e e e o
Values More Less Males* ‘Females
Experienced Experilenced All (N#=38) B (N#=56)
80 50.9 35.6 44,0 0.0 3.6
100 37.7 27.1 32.9 0.0 7.1
120 28.8 20.3 25.0 0.0 : 17.9
140 20.4 15.3 18.1 0.0 . 30.4
160 15.6 11.9 13.9 5.3 46 .4
180 9,6 8.5 9.1 10.5 53.6
200 7.2 5.1 6.2 23.7 60.7
220 4.8 3.4 4.3 28.9 T 67.9
240 2.4 ———— 1.3 31.6 75.0
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%# Distribution excludes one value of 88.2 N; the next three higher
values were 155.7 N, 157.5 N, and 168.3 N.

Note: The values appearing in the table are those perceéntages of their
respective distributions which exceed the reference values cited.

The discrepancy between force demands and exertion
capabilities for downward—directed collective inputs was more
substantial. The minimum collective—~downward exertion
capability cited in Table 21 for small males was 155.7 N.
This value was exceeded by approximately 17 percent. of the
successive 4~second interval inputs of more-experienced
aviators and by 13 percent of the inputs of less—experienced
-aviators during their hydraulics-off approaches.

The results of a similar comparison with the distribution
of force—~exertions for females were considerably worse. The
minimum force exertion by females who were less than 167 cm
tall was 76.1 N. This was exceeded by more than 55 percent of
the more—experienced pilots and 38 percent of the less
experienced pilots for the 4-second time—-averaged force inputs
during their hydraulics—=off approaches. From the opposite
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perspective, 18 percent of the females who were less than 167
cm in height could not attain an exertilion of 120 N during
strength testing. This was exceeded by approximately 25
perceni of the 4-second in~flight force Ilnputs. With the
exception of one suspect data point, all males tested could
achieve this level of exertion. Table 22 provides a more
comprehensive appreciation of how much the downward~directed
collective force demands (force inputs during hydraulics—-off
approachesg) exceeded force exertion capabilitiles.

ANOVA-RELATED FINDINGS

To simplify the discussion of ANOVA-~related findings, the
significant effects for each variable have been sunmarized 10
Table 23.

As anticipated, flying with hydraulics off had a robust
and reproducible effect on the amount of force required for
flight control tasks. Upward-directed inputs on the
collective (mean "on" = 23,7 N, mean "off" = 24.1 N) and left
pedal inputs (mean "on"” = 25.4 N, mean "off" = 28.5 N) were
not very different with hydraulics on or off. For all other
control inputs the hydraulics=off landings required much
higher force inputs. Forward-directed cyeclic inputs nearly
tripled and downward-directed collective inputs were nearly
five times the magnitude of corresponding inputs during
hydraulics—~on landings. Right—~directed cyclic inputs more
than doubled in overall magnltude. Left- and rearward-
directed cyclic inputs each increased by approximately 50

percent. Inputs to the right pedal increased by 70 percent.

The interaction between hydraulic condition and time-to-
touchdown was both reproducible and consistent. The
interaction and the main effect of interval (i.e.,
time=to-touchdown) were both highly significant (p<.001) in
forward= and left-directed cyclic inputs, upward-=directed
collective inputs, and inputs to the left pedal. For all the
controls and directions cited, there was an increase in input
forces as time~to-touchdown decreased, particularly during the
hydraulics—-off trials.

As reflected in Table 23, the effects of level of
experience are not nearly as robust as those associated with
hydraulics conditions and time-~to-touchdown. If a more
conservative, experimental criterion were employed (Kirk
1968), the significance would be even more doubtful. However,
the existence of any experlience-related effects is somewhat
surprising given (a) that even the less—experienced group has
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SUMMARY OF STATISTICALLY SIGNIFICANT AND MARGINALLY SIGNIFICANT FINDINGS FOR

TABLE 23

ALL CONTROLS AND DIRECTIONS-CF-INPUT

CONTROL AND DIRECTION OF INPUT

Cyclic Collective Pedals
SQURCE Forward Rearward Right Left* Resultant Down Up Right Left
Experience (E) .079 .026
Hydraulics
Condition (H) .050 .054 .039 .005 . 000 .001
Hx E .039 .087
Trials (T)
TxE
T xH .0G7 .002
Tx Hx E .078 .000
Intervals (I) .000 .012 .000 .000 . 000 . 000
1 xE .015
I xH . 000 .001 . 000 . 000 . 000
I xHxE G50
IxT
I xT=xE
I xTxH

IxTxHxE

* Findings are for less—experienced aviators only; see relevant text

in Results section.



had at least 175 hours of flight experience, (b) the training
process involved in becoming an Army aviator 1s not one which
tolerates substantial interindividual variability, and (¢) the
demands posed by the aircraft itself and those inherent in the
succesaful execution of simulated emergency flight mauneuvers
are rigorous in themselves. This presents little opportunity
for an aviator to demonstrate nonstandard flying techniques
without placing himself and his copllot at risk.

The patterns of force inputs seen during the experiment
were ncet uniform in relation to the aviator's
level-of-experience. Overall, the mean magnltude of the
resultant force applied to the cyclic and the mean downward
forece applied to the collective were larger for the more
experienced aviators. In contrast, larger force inputs were
made by the less experienced aviators in the upward directlon
on the collective, to the left on the cyclic, and to the left
pedal. (There were no right-directed inputs by the more
experienced aviators.) To some extent, these results suggest
that the more experienced aviators were more "aggressive” in
bringing down their aircraft for landing; however, the abhsencs
of information regarding control position during these
maneuvers precludes further examination of this issue and
makes any conclusilon tentative,

Issues affecting the performance of more- and
less—~experienced aviators include proficiency and recentness
of training. 1If one assumes that continued exposure to a task
yvlields greater skill and efficiency in flight performance, oune
would expect the less experienced aviator to 1lnput greater
force to the flight controls than his more experienced
counterpart. This would compensate for the less experienced
aviator's large deviations from optimum flight control.

While not entirely independent of proficiency, receuninesgs
of tralning also may contribute to the outcome. The more
experienced aviator 1s more distant Iin time from the closely
supervised flight-~school environment, and has had a greater
opportunity to develop an empirical appreciation of safe
flight envelopes. He may have adopted flying techniques which
differ from those taught in flight school. If one assumes the
criteria employed by instructor pilots is more cautious or
conservative than 1s required, the recentness of tralning
factor might suggest more experlenced aviators would input
greater forces than legs experienced aviators. This could be
supported by earlier researchers (Simmons, Lees, and Kimball
1978, p.23) who performed in-~flight monitoring of more and
less experienced aviators durilng specified instrument flight
maneuvers. They observed that the less—experienced group
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(mean = 209 hours of flight time) ". . . demonstrated a trend
of less (frequent) control inputs and more time in control
steady state . . . (and) better aircraft performance.”

The present research was not designed to determine or
quantify those factors which wight account for observed
differences between more and less experienced aviators. The
citing of the above factors was included merely to illustrate
some concerns which developed during the formulation of the
project. The lack of relevant data on required control forces:
and the absence of any prior research pertinent to the effects
of experience on control force inputs were the principal
reasons for including the experience factor. The study was
undertaken as part of a larger project addressing the .
potential need for overall revision of US Army aviator
strength and anthropometric selection criteria. Consequently,
to assure the safety of all new student aviators, it was
particularly important to determine if newly graduating (less
experienced) aviators typically employed higher control force
inputs during the execution of this simulated emergency
condition than did more experienced aviators.

The strength capabilities of small males and females
(Schopper and Mastroianni, 1985) exceeded the force inputs
recorded in the present study for all controls except those in
the downward direction on the collective. 1In this one )
exception inputs by less experienced aviators were lower than
those of their more experienced counterparts. As a result the
issue of experience is not considered of major importance in
addressing strength related initial selection criteria.,

The present findings offer little opportunity for
comparison to other research because of the paucity of work
which has been done in this field. The role of previous
exposure to the task, i.e., practice effects, has been well
documented. Textbooks on motor—-behavior (e.g., Sage 1977)
cite the early work of Snoddy (1926) and Crossman (1959) as
examples of the performance enhancing effects of large amounts
of exposure to a task. Snoddy's work demonstrated nearly
linear increases 1in performance of a mirror tracing task over
a period of 100 days. Crossman recorded decreases in machine
cycle time for workers engaged in cigar making over a period
of more than 7 years. Relatively long term practice effects
on a motor task have also been demonstrated by Baddeley and
Longman (1978) in their study of training schedule effects for
typewriter keyboard inputs to a letter sorting machine.
Practice entailed as much as 80 hours for some participants.
Continuing improvement in performance was linearly related to
the number of hours practice under all conditions.
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While the research cited above demonstrates the
imprevewment in performance that occurs with practice, the
dependent variables employed did not address force
requirements, Reviews of strength-related literature (e.g.,
Ayoub et al. 1981) cite literature which demonstrates the
effectiveness of structured practice (weight training) in
achieving greater force exertlion capabllities. Continued
improvement in force-related athletic events has alsoc been
demonstrated to increase over prolonged perilods of tilme {(e.g.,
Singer 1975, pp. 126-~127). There 1s also research which
examined the effect of training on the performance of gross
motoyr tasks entailing some significant strength
requirement; e.g., load-handling tasks (Shannon 1982),
However, there 1s no relevant psychomotor task related
literature known to the authors which has focused on the
subject’'s adjustment to escalated force requirement as a
function of continued performance of the task.

The findings of the present study reflect data collected
from only one alrecraft, the USAARL JUH-1H. We don't know if
fhe hydraulilcs—-off forces recorded were representative of
other UH-=1 aircraft since there are no previously published
studies. However, 1t 1s the opinion of the laboratory's
aviaters that the forces which they experienced during these
panoeuvers wlith the USAARL aircraft were typlcal of those they
' icountered in other UH-ls. To determine if the present

E findings are consistent with those from other Army
UH1He will require that data be obtalned from a

A
Il
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CONCLUSIONS

The findings of this study of the effects of aviator
experience and hydraulic assist condition on the forces
recorded during the last 60 seconds of normal, fully-assisted
and hydraulics—-off approaches and landings support the
following conclusions: ' .

1. During hydraulics—on approaches and landings the
input forces were all less than the control force design
limits cited in MIL~H~8501A with the exception of
collective~related input forces. PForces exerted on the
collective in both the up and down directions exceeded the
relevant limits. '

2. During hydraulies—-on approaches and landings, the
required input forces for controlled flight were all within
the exertion capabilities of the 5th percentile Army male.
These results correlate with those from an experiment
involving small Army males and females {(Schopper and
Mastroianni, 1985).

3. During hydraulics-off approaches and landings, the
mean, median, and peak input forces recorded were all within
the upper limits cited in MIL-H-8501A for all controls except
the collective. Mean and median collective input parameters
were all within design limits. All peak 1 second values
exceeded their respective MIL-H-~8501A limits except the
maximum upward input performed by more experienced aviators.
The upper portion of the distribution of downward forces, in
particular, exceeded both the design limits and force exertion
capabilities of some Army females and small males (females
more so than males).

4., While statistically significant mailn effects and
interactions were encountered between more experienced and
less experienced aviators, the differences were of little
practical significance when compared with present MIL-H-850!lA
design limits and helicopter control force exertion
capabilities of Army personnel,

5. Because no other relevant literature exists, it is
not known how the hydraulics-off forces recorded with this
laboratory's aircraft compare with those of other Army UH-1
aircraft. However, the aviator's who participated in our
experiment indicated that the forces encountered during the
experiment were not atypical of the other UH-ls which they
have flown.
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APPENDIX A

Equipment Manufacturers

Metraplex Corporation
590 Danbury Road
Ridgefield, CT 06877

Gould Industries

(formerly Systems Engineering Laboratories)
6901 West Sunrise Boulevard
Fort Lauderdale, FL 33313
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