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ABSTRACT

Identifiable vibration characteristics of contemporary
military helicopters are described. These provide a basis for
analyzing and interpreting the literature on vibration research.
Emphasis is given to experimental results which relate to
frequencies and acceleration amplitudes falling within the
helicopter main rotor effects region.

The spectrum of military helicopters is tabu, ted briefly
and six representative Navy/Marine Corps helicopters, missions
and associated flightcrew tasks are described in more detail.

Perceptual-motor behaviors comprising crew tasks in the
six missions are identified. These are used to relate vibration
analysis results to the helicopter situation. Qualitative
estimates of the susceptibility of present and future mission
tasks to the helicopter vibration regime are made.

Helicopter flight equipment items such as seats, helmets,
helmet-mounted displays, and various other sophisticated
electronic devices are analyzed to assess their relevance to
crew vibration performance. Duration of exposure, temperature,
ventilation, fatigue, and other factors are discussed as they
operate in concert with vibration to degrade helicopter flight
crew performance.

Generalizations are drawn from the research l.terature and
conclusions and recommendations are presented in the areas of: --

physiological effects, performance effects, subjective tolerance
data, on-board crew equipment, integrated displays,vibration
isolation and absorption techniques, medical and accident
record keeping, design specifications and standards,and
additional research requirements.
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SYWTESIS OF RESULTS'

- At the outset it should be stated that the most impottant
finding of this study is, as follows -.

An appallingly small amount of directly applicdble
.- - experimental data exists on the vibra.tion environ-menft in ope)a ional helicopters. Mreover, ablost

- no data have been collected undeZ" controlled conditions
r in an operational setting to determine the effects

L-- of this helicopter Vibration regime on flight crew
performance and physiology.

Therefore, it has been necessary to base conclusions and
xrcommendations on (1) user reactions, and (2) available
laboratory studies, wqhich often only approximate the vibration

r onditions, and which frequently involve the performance of
L. tasks only generally resembling those of helicopter crewmen.

,-NeVertheess,, b.sed on the available evidence it is concluded
r othat prolonged expbsure to the helicopter operational environ-
I ment ,produces ad4verse effects on flight crews. These effects

are d etailed in the following pages as conclusions. The evidence,
&nd -the lack of it point up an urgent need for additional research

' as a, basis for identifying the true magnitude of the problems
-hd, for .prescribing more specific remedial measures.

[ - This portion of the report is presented in three parts:

(1) Conclusions and problem areas based upon available
data, as V ell as recommended solutions and courses of~actio n .

(2) Reported problem areas and relevant laboratory research
results summarized in tabular form.

(3) Problems requiring further study.

[1



1. 'CONCLUSIONS AND RECOMME&DATIONS

General Effects of Vibration

Conclusion 1: Responses from a number of independent fnii$.itar...
facilities, 'as well as laboratory research literature ihndicate

Ithat helicopter vibration is a chronic problem. vi•reov v a
undoubtedly acts in concert with noise, temperature and other
environmental variables to cause fatigue, degrad perfOrmance,,
and adv ersely affect physiological status. p. 1l.

Recommendation 1: Research is needed on the interactive effects
of multiple stressors.

Conclusion 2: Military helicopter missions often last for periCds
of 4 to 8 hours with little or no rest between sorties.p. 73, i47,152

Recommendation 2: Until more definitive data become available
concerning the effects of prolonged exposure to helicopter
vibration, it is recommended that the maximum duration of

- exposure for a flight crewman should not exceed four hours
during any 24-hour period.

Conclusion 3: Under helicopter vibration conditions, a high
probability of error is expected in the operation of cockpit
controls (pushbuttons, toggles, rotary switches and thumbwheels).
p. 20, 21, 107.
Recommendation 3: Consideration should be given to increasing the
spring forces and breakout forces of controls to reduce the
likelihood of operating errors such as inadvertant actuation and

-- selection of inappropriate settings on the controls.

Conclusion 4: Visual acuity is impaired by the helicopter

-.. vibration regime. Flight crew performance in dial and number
reading tasks can be expected to suffer under such conditions.
p. 15, 16.
Recommendation 4: Helicopter display characters and symbology
sizes should be increased wherever possible; and other measures
for improving display legibility in the helicopter vibration
environment should be explored.

Conclusion 5: Research evidence indicates that, in spite of the
attenuation characteristics of the body, vibration of the subject

-(operator) is more detrimental to visual acuity than vibration of
the viewed object. p. 15.

Recommendation 5: Attenuation efforts should focus on isolation
of the subject as a primary goal, with isolation of the viewed

13
PRECEDING PAGE BLANK



°' okject as an important but subordinate consideration.

cbnclusion .6: Fleet maintenance practices with- regard to rotor ""
'..badd -tradking tolerance and- blade changing mayconstitute an

p .fetive means for controlling heicopter vibration during the
, courpe, aircraft in-service aging. p. 51, 123.

R e dommendation -6: Determine the extent to which current fleet
Snai tbnande practices and procedures limit helicopter vibrationo¢re aircraft servide life. Specifically, determine whether

_thac cleration curves recorded from new aircraft match those
fr o simi1a± aircrft after a period of exposure to fleet
condiions-, nd how much disparity exists at various points

imin the aintennce cydle across a representative sample of

CohClusion ,7: In many cases combinations of helicopter dominant
rotor frequencies and' acceleraticn amplitudes are clearly beyond
the limits spedified byMIL-H-8501A and Technical Committee 108
stand~i~di-.,p. 12

Reco-imendation 7: Techniques -or reducing the adverse effects of
vibrati6on aust be evaluated. Rz presentative techniques include
vibration isolation, restraint dlesign, and use of helmet mounted
deivice.

Concluion :8: In many instances the applicability and validity
of MILHH-{8501A standards can be questioned due to the inadequacy
of experimental data .and the oraission of exposure duration limits.
p. 148.
Reconhmendation 8: MIL-H-8501A must be updated as adequate research.ffidinl° become available. It must also include specification

of expsure duration limits.

Conclusion ,9: Significant crew performance decrements can be
expected on compensatory tracking tasks involving synthetic

* .displays .in, the helicopter vibration environment. p.17-20, 105.

Recommendation 9: Prolonged IFR flying (2 hours or more) by
'helicopter pilots should be avoided whenever practicable. On-
board relief pilots are not an adequate solution since they
are exposed to the helicopter environment even when not on duty.

Effects of Vibration on Mission Specific Operations

Conclusion 1: Analysis of six representative Navy/Marine Corps
helicopter missions indicates that nearly all pilot/copilot
fligjht tasks are likely to be adversely affected by vibration
exposure for nominal mission durations. p.102-119, 120.

--4



Recommendation 1: Research must be performed- on, vibratio n
effects in terms of missi6n tasks.

Conclusion 2: In general, the nature of most noft--pil0t c.ew
tasks is such that they are less susceptible to degrad~d
performance under the helicopter vibration regime than pilat
tasks. p.106, 110, 111, 114.

Recommendation 2: Priority should be given to reducing the,
adverse effects of vibration on pilots.

Conclusion 3: Sonar oDerator tasks in the ASW mission and the
aerial gunner/observer tasks in both the Assault Support and
Advanced Aerial Fire Support missions are highly susceptible
to effects of vibration. p.106, 114.

Recommendation 3: For non-pilot operations, priority should
be given to reduction of effects of vibration on these activities.

Conclusion 4: Of the six present day helicopter missions and
associated crew tasks analyzed, the Anti-Submarine Warfare (ASW)
mission ranks as the most demanding and the most susceptible to
vibration effects. However, the Search and Rescue (SAR) and the
Assault Support (Fire Control) missions also fall into the
category of being highly susceptible. p.106, 114, 121.

Recommendation 4: These missions should recieve emphasis in
the development of techniques to reduce effects of vibration.

Conclusion 5: Tasks requiring displays to present sensed information
such as radar, IR, and LLLTV, wherein complex pattern recognition
is involved, will be adversely affected by vibration. To a
lesser extent, crew performance in the use of pictorial displays
having stylized symbology is also likely to be degraded under
helicopter vibration conditions. p. 115-120.

Recommendation 5: The effectiveness of helmet mounted display
devices to present information in helicopters should be investigated.

Seats and Other Equipment

Conclusion 1: Seat design is inadequate in most contemporary
helicopters. Complaints by crewmen regarding helicopter seat
design are widespread. The most frequently voiced shortcomings
seem to be: lack of adjustment, circulation interference, in-
adequate cushioning, poor ventilation, lack of a headrest and
lack of support in the lower lumbar region. P. 11, 137-141.

5



Recommendation l: The effectiveness of pxoposed seat design
c6nc ,pts must be established. An improved helicopter seat design
shoald be made available for installation in operational helicopters.

Such a seat should include the following characteristics: capable
6f fadjustment in the up/down, fore/aft, and piv6t or tilt
aigle directions; improved cushioning, particularly at the
forward edge of the seat pan; improved support in the lower
lumbar region; improved ventilation, addition of headrest.

Conclusion 2: In many cases flight crew restraint and support
systems do not provide adequate protection, particularly in the
lateral direction. Moreover, shoulder and chest support is
considered inadequate in those helicopters which characteristic.Ily
cruise iii:a-pitch-down attitude. P-11, 137, 138, 140.

Recommendation 2: An improved restraint and support system,
providing better chest and shoulder support and lateral restraint,
s houldbe made available for installation in currently operational
fleet helicopters, and should be incorporated into future
heliCopter designs.

Conciusion 3,: The collective pitch control in some military heli-
copters requires a forward :'eaning movement and bending of the
spine at a point in time where vibration is relatively intense.
p. 94, 99, 138.
Recommendation 3: Consider redesign of the collective pitch
cdntrol so that the full low stop can be reached without excessive ""
:bending of the spine.

'Conclusion 4: In-flight tracking systems for rotor blades constitute
an effective and efficient means for the pilot to bring his rotor
blades into track under a variety of flight conditions, and -

hence, to .attenuate a source of low frequency vibration. Such
systems are presently available and are particularly well suited
for 2- and 4-blade helicopter applications. p. 123.

Recommendation 4: The feasibility of incorporating in-flight
blade tracking devices into helicopter designs should be
investigated.

Other Physical Factors

Conclusion 1: The occurrence and extent of peiformance impairment
in flight crew personnel as a result of fatigue has not been
adequately documented. p. 11, 145-147.

Recommendation 1: Continued efforts should be made to identify
the conditions which cause fatigue in helicopter crewmen, to
describe its characteristics and symptoms, and to establish its
effects on performance.

6



Conclusion 2: High ambient noise levels are prevalent in. most
currently used Navy/Marine Corps helicopters. this, noise _ y
jeopard,.e the health and efficiency of exposed crewmemberp by'
causi.ig permanent or temporary hearing losses, and generd. .

discomfort or fatige,. p. 11, 133-136.

Recommendation 2: Greater emphasis should be placed on overall
acoustical design improvements in helicopters in Order to
minimize the impact cf noise on aircrew performance and bic-

medical status.

Conclusion 37 Test results indicate that both the SPH-3 helmet
and Gentex earcups constitute effective noise attenuation
equipment. Anecdotal evidence also indicates that they are
widely recognized for their comfort and effectiveness. p.1i,.135.

Recommendation 3: Action should be taken to expedite the
widespread distribution of these and comparable noise attenuatioa

I equipments to operational helicopter flight personnel.

Conclusion 4: Excessive cabin temperatures constitute a significant
source of discomfort to helicopter crewmen. Contemporary
helicopters use ram-air ventilation, thereby achieving some relief
during forward cruise. However, during ground operations and
while engaged in extended hover, cockpit and cabin heat is
often excessive. p. 11, 142, 157.

Recommendation 4: The feasibility of retrofitting certain currently
operating helicopters with air conditioning (or at least improved

gas ventilation systems) should be investigated. Serious consideration
should be given to the incorporation of air conditioning into

T new helicopter designs.
Conclusion 5: Flight crew susceptibility to disorientation and

vertigo is likely to be increased under the combined influence
Iof vibration and marginal weather or night flights. The threat

posed by these factors can probably be minimized by the use of
electronic displays, provided that cockpit lighting is of
appropriate uniformity and intensity. p. 11, 158-159.

Recommendation 5: Steps should be taken to investigate problems
of disorientation and methods of solution.

IConclusion 6: Complaints have been voiced by pilots and crewmen
regarding the adverse effects of flashing and flickering lights,
or rotating beacons. Such phenomena evidently are irritating
to substantial numbers of crewmen. p. 11, 120.

Recommendation 6: The severity of the problem of photic stimulation
must be established and solutions must be defined.

1 7



2. REPORTED PROBLEM AREAS AND
( R R

A su4mary of reported problem areas specified by seven
independent military facilities is piesented on the following
page-. -_It also appears as Table 1 in Section 1 of this report.

-Relevant laboratory research results are also summarized
- in tabuiar form on following pages. These results are grouped

according to Physiological Effects, Performance Effects, and
Subjective Tolerance Data. These data also appear as Tables

- 4, "5, "and 6 in 'Section 2 of the report.
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3.REQUIREMENTS FOR ADDitIONAL REkSEARCH

Requpirements, for r esearchi identified in -the. present, study~v
consist 'of, two general -types: requiremenits tq fill a~ 4_
th.e7 current bodyV of kinowl4edged, -anid reqhdkemnent.§ to evalua th L

- ~ adverse -effects of vibration. Spdcifi r*dequlreme4nts :;re, idefikfied-
inapproprit setons of t hli dsc rpota ad .are'simarized he4re

in the description of an, intetd heicpe lb tations reseairdh ,'

progrm As described on the fol-lowing _pages. hs ~ g a~
consi-st's -of 12 general studies. Study 1 i~s designe tpo mee
the most Critical need, idnti-fied in the -p;esent investigton

that~ ~ ~ ~ ~~n of obannvirto a a yinm a e ranedfhe time sinc

o~rrh_-i.'Stdis 2Uiquh6 and Study 12_ are directed ar
vibrtio whie sudie reucig adverse effects.,o

curenty uavailbleorquestionable -concerning effecs- of
vibrtionon hlicoter rewperform nce, and, biptied-id-1-sa
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STUDY 4. EVALUATION OF SEAT/RESTRA-NT DESIGN " 

Problem: On the basis of findings reported in the pk.seh-E
study it is concluded that the effects, of v ibaiio-
on crewmen are aggravated in some cases by ihadequte
seat/restraint system design.

Objective: To systematically evaluate the effecdtivenessofi,
M odifying seat/restraint system parameters relieving
the adverse effects of vibration.

Methodology: The same methodology will be used in this study as
described in Study 3, "Evaluation of Vibration
Isolation Techniques".
Seat/restraint system parameters to be varied include:

- Seat design including contour, size, side support,
" leg support

- Headrest, foot rest, arm rest design

- Seat adjustment and control type, location,
force requirements, detents, range of motion

- Seat adjustment forward, backward, up, down,
and tilt

-' - Rest:aint type, location, resistance to body
forces

-. Crewmen will perform preselected maneuvers under
varying configurations of seat/restraint systems
and performance data will be recorded.

Measures: Crew performance measuLes for critical operations.

Expected Results: Identification of the degree to which changes
in seat/restraint systems reduces the degrading
effects of vibration on performance.
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STUDY 1. INFLIGHT VIBRATION DATA RECORDING . C
o~ A

SProblem: Critical need for quantitative description of the
vibration environment.

Objective: Collect vibration data on representativ NavyMar r 2 .ne
Corps helicopters in the field in operational
environments.

Methodology: Record, either onboard or via telemetry, vibrat-ibn
spectra data for a wide range of helicopterS oftvrying
age and time since last overhaul.

Measures: Vibration frequency and amplitude data over timely

Expected Results: This study should lead to an adequate de;-
scription of the helicopter vibrational environ'P.
ment and the degree to which the environmeit
varies as a function of different heiicopters-1,

-* helicopter age, time from last overhaul, and
missions and mission operations.

-i
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-. STU DY '2. -DEVELOPMENT OF HELICOPTER sP~tcIFIC CON±ROL/DISPLAY,

RQIM.

Pioblem: Helicopter controls and displays are generally
;' : ..... the same as'"those'used in fixed wing aircraft,

which may not be adequate -for the rotary wing
; +.craft.

_T dvctlep To requirements for controls and displays
'specific to helicopters and helicopter missions.

___th_6doqy: Develop the list of helicopter crew operations
apA sequence of operation for sp-!ific missions.

.... Determine the information and performance require-v

iments, associated with each operation.

Determine the effect of the environment on performance
-capability, including vibration, noise and lighting.

Develop design criteria for controls and displays
required for the performance of each operation.

Design criteria for displays include:

-Display type (e.g. use of electronic and optical
displays)

' Size

- Lighting

-Coor coding

-Location with respect to other displays

- Character size

- Rates .of motion

- Scaling

- Relation to controls

- Symbology

- Display integration and sharing
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- Response lags - quickeninrg

Representative control design criteria include:

- Handling qualities

- Breakout forces

- Detents

- Shape coding

- Extent of movement

- Direction of movement

- Location with respect to displays

- Location with respect to other controls

- Response dynamics

Erpected Results: Guidelines for design of helicopter specific
controls and displays and required characteristics
of these components as derived from operational

I requirements.

Al
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STUDY 3. EVALUATION OF ISOLATION TECHNIQUES

Problem: Several techniques of vibration isolation have
been proposed. The effectiveness of these
techniques must be established.

Objective: To evaluate the adequacy of vibration isolation
approaches.

Methodolojy: In Study 2 the effects of the vibration environment
on performance of specific operations and on crew-
man biomedical status were identified. This study
will attempt to determine acceptable limits of
vibration and will evaluate the effectiveness of
isolation techniques in reducing the vibration
to a value within the limits.

Measures: Vibration parameters pre and post isolation measured
at various locations of the crewmen's seat and
body.

Expected Results: The effectiveness bf isolation techniques
in reducing the adverse effects of vibration.This effectiveness must be expressed in terms

of requirements-for vibration attenuation.
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STUDY 4. EVALUATION OF SEAT/RESTRAXNT- DESIGN'

Problem: On the basis of findings reported in the present
study it is concluded that the effects of vibaton,
on crewmen are aggravated in some cases by inadequate
seat/restraint system design.

Objective: To systematically evaluate the effectiveness of
modifying seat/restraint system parameters relieving,
the adverse effects of vibration.

Methodology: The same methodology will be used in this study as
described in Study 3, "Evaluation of Vibration
Isolation Techniques".
Seat/restraint system parameters- to be -varied inqiude -

- Seat design including contour, size, side support,
leg support

- Headrest, foot rest, arm rest design

- Seat adjustment and control type, location,
force requirements, detents, range of motion

- Seat adjustment forward, backward, up, down,
and tilt

- Restxtaint type, location, resistance to body
forces

Crewmen will perform preselected maneuvers under
varying configurations of seat/restraint systems
and performance data will be recorded.

Measures: Crew performance measures for critical operations.

Expected Results: Identification of the degree to which changes
in seat/restraint systems reduces the degrading
effects of vibration on performance.
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STUDY 5.- tVALUATIOR,~~~T~OAfl~ ~~

Problem: One- -element 9f the helcopter display problem
, is the s it u t ion in which the -vibrating crewman

must abstract information from a display which is
also-v-ibrating,.

Objective: to determine the effectiveness of helmet mounted
* devi-ces -to display 9perational information to

Methodology: -For information reception crew functions degraded
by vibration, as determined in -Study 2, the
feasibility of using helmet mounted devices to
display the information will be established. Tests
will -be conduted to compare crewm&n performance
with the device and with conventional helicopter

- - displays.
SIndependent variables include:

- fii!d of view

- monocular br binocular

- information to be presented, frequency, accuracy
.... -requirements, etc.

- illudination level

- display characters and figures

- character size

zMasures:, Time to perform and accurady of performance of
- -- selected information reception functions.

Expected Results: The effectiveness of helmet mounted devices
- in reducing the degrading effects of vibration.
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STUDY 6. INTEGRATED COCKPIT DESIGN"

Problem: While several of the approaches recommended for
reducing the degrading effects of vibratibi may)
be more or less effective, the integration of
these approaches and its, effectiveness must aiso
be established.

J Objective: Determine the collective efficiency of several
helicopter design modifications on crew performance
capability and biomedical status. A

Methodology: Feasible approaches for reducing the effects of
vibration will be evaluated simultaneously by
varying parameters of each approach and noting

4the effect of the composite on performance and
physiological well being. This study could be
conducted in a laboratory aetting or in actual
helicopters.

Measures: Crewman performance and biomedical data.

Expected Results: This study should provide guidelines for
display design when helmet mounted devices are
also used, when seat/restraint systems are
modified, and when vibration isolation techniques
are employed. The impact of other approaches
on the effectiveness of each will then be
established. Findings from this study may
indicate that isolating the vibration alone
is insufficient, or that redesign of controlsIand displays solves the performance problems.
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8sTUDY 7. LABORATORY EXPERIMENTS -BEFFECTS OF VIBRATION'

Problem: 'Too 'lttle is presently knon Concerning the effects
of multi-axis vibration, of frequencies and, amp litudes

.. found in in-service helicopters, on the, performance-
capability and biomedical status of flight crews.

ObJecti-ve: To 'determine; through controlled laboratory
~experimentati0., the effects of representative
helicopter vibration on crewien..

Methodology: Investigate, in a lab setting, the effects of heli-
copter Vibration on:

- display reading ability

- tracking ability

- decision making capability

- accuracy of control

incidence and'degree of fatigue

performance of helicopter emergency operations

performance of complex helicopter maneuvers

- short term biomedical status

long term biomedical status

Investigate the interactive effects of vibration
and other stressors (noise, photic stimulation,
temperature, fumes).

Investigate the effect of duration of exposure
to helicopter vibration.

Investigate the use of vibration as a cue to
helicopter mal.function.

Measures: Visual performance
Decision maling performance
Control accuracy
Accuracy of completing maneuvers within time constraints
Biomedical measures

i 32
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STDDY 8. FIRiLD TESTS - EFFECTS OF VIBRATION-

Problem: While the laboratory situation provides a quick
and relatively inexpensive approach to establishing
the effects of vibration, data derived from these

- studies must be validated by field trials.

:Objective: To empirically validate laboratory results through
the use of actual helicopter flights.

Methodology: Acquire data on crew performance and biomedical
status in the actual helicopter situation. Compare
these data with findings reported in laboratory
studies.

'Measures: To the extent possible, the same measures as used
in laboratory studies.

Expected. Results: Verification of laboratory data or development
of a field factor to correct the lab findings.

34
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Problem: Means are required to detect lon;g, .term.,effects,-of- .
vibration on individual, crewmenh, and: to, assisgt. inpi- , ,
the diagnosis of the effects A v brat#ion'' ftn~uce&.

Objective: To develop a helicopter crewman- tracking, ,arid. monit0,in
system. " "' :"

Methodology: Requirements for records and record fokr .ts' w 1 e,
dveloped to enable flight surgeons to, dt ' '"

vibration induced degradation. Determination" f '
the information to be included, in thfese''records.
C omprises the goal of the study. Represen'ai ,:.
information could include; , -
- Flight data - number, duration, frequency f

- Performance data recorded in neriodi6 perfbimane -
tests-: -

- Physiological data recorded in periodic bio0medica~l
tests

- Diagnostics for isolating degradation to
vibration

The frequency of periodic tests" and specification.
of tests to be employed also constitutes a goal
of this study.

35'
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*SUDY 10. UPDATE OF MIL-H-8501A

Problem: MIL-H-8501A, which indicates acceptable limits ''
of vibration in terms of frequency and acceleration
is in need of revision and update. Its scope
should be increased to include exposure duration
within the various tolerance regions.

Objective: To provide all information necessary for the update
of this' specification.

Methodology: Data derived from studies 1 through 8 will be
compared with s Eandards set forth in the.specification.
Where discrepancies exist cOnhideratlon will be
given to updating the MIL spec data to agree with
the study data. Criteria for selection of data

-. -to be added to or deleted from the specification
will also be developed."

ExpectedResuits: Quantitative, empirically derived data will
serve as a basis for validating or updating
vibration frequency and amplitude limit criteria.
Moreover, this data should provide a basis for
specifying exposure durations within the
tolerance regions.

1
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STUDY 11. DEVELOPMENT OF MAINTENANCE PROCEDURES 7),

Problem: Used helicopters can be made to retain nedar
minimal initial vibration levels ifx oppr
maintenance is exercised-. The effedtiVeness of
fleet maintenance- in c6ntroll-ng, vibrition, is xiol ~known.

Objective: Determine the effectiveness of improved rfittntehance ,'
procedures on reducing the vibration environme-n't.-

Methodolog,: Maintenance procedures which could sighificantly
reduce the vibration environment wil be identfiedj
such as implementation of blade tracking. Feasible
approaches will be incorporated -in the mainten;/nc e
of helicopters of varying type and age-and vibrat o
frequencies and amplitudes will be measured atIiselected points in the cockpit.
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STUDY 12. UPDATE OF CONTROL/DISPLAY REQUIREMENTS

Problem: As additional data are obtained concerning the
effects of vibration on crewmen and on the
effectiveness of approaches to reduce adverse
effects of vibration, the helicopter control/
display design criteria must be updated.

Objective: To update control/display requirements developed
in Study 2.

Methodology: Identical to Study 3 with the inclusion of
additional data derived from Studies 3 through 8.

Expected Results. Revised control/display design criteria
which reflect requirements of helicopter
operations which take into account the
constraints imposed by the flight environment.
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SECTION 1 INTRODUCTION

At the present time, a wealth of experimental evidence
is being accumulated which describes the effects o- various
vibration regimes on human performance and biomedical status.

Concurrently, there is a substantial increase in helicopter
flying and a growing awareness of the potential harm inherent
in exposure to the helicopter environment. Unfortdndtely,
much of the empirical research data have not been related
specifically to helicopter operation, nor have these data
been verified by medical and accident histories of flight
crewmen. For these reasons, a systematic review and analysis
of significant findings in the research literature, and of
interacting variables impinging on those exposed to helicopter
operating conditions is somewhat overdue. These, therefore,
are the goals of the present study.

We have chosen to focus on vibration as a point of entry
into an admittedly broad and complex problem area for several
reasons. First, vibration is a fundamental characteristic of
all rotary wing aircraft. Second, it has been traditionally
difficult to abate or even to attenuate. Third, its physical
components are measurable and can be compared to the causes
of degraded performance found in a variety of laboratory set-
tings.

HDwever, vibration is by no means the only culprit of
concern, nor is it necessarily the most formidable. It is
merely one of an array of troublemakers in need of corrective
action. Improper seat design, high ambient noise and temper-
ature, inadequate ventilation and cockpit lighting, severe
work/rest cycles, and poor instrumentation are some of the
others. In addition to these, and perhaps the most evasive
of all, is fatigue. This problem is both cause and effect,
often subsuming constituent malefactors under its guise.

The above topics and others are cited in Table 1, page 11;
the listed subjects represent a composite sample of problems
-which are assumed to be prevalent in helicopter operations.
The table is based on responses from seven independent military
fz ilities, consisting of three Naval hospitals, three Naval
.ir stations, and one Air Force base.

Inspection of the table suggests that fatigue is one of
a number of serious problems, and further, that there are
several independent variables which may act either alone or
in concert to cause fatigue. However, when collective action

39
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is suspected, it is often quite difficult to determine which
of the agents may be causing the most severe performance degra-
dation. In fact, it is possible that : ynergistic effects may
lbe at work and that no single factor can or should be singled
out as the primary debilitating agent. Speculation about such
matters s%=rves mainly to underscore the complexity facing us
and the magnitude of the research task which lies ahead.

The balance of Table 1 indicates that the range of con-
siderations is, indeed, broad, including both specific and more
general jzoblem categories. Individual topics contained in
the table will be treated throughout the report, in keeping
with the scope of work and when the subject matter requires
comment. Since most of the quotes in Table 1 are seif-explan-
atory, they need not be commented on further at this time.

We have thus far suggested that helicopters create multi-
dimensional problems and that these are widely recognized by
a representative sample of cognizant users. Turning now to
one of these problems, the effects of vibration on crewmembers,
our concern is to systematically develop existing materials
so that the relationships among related topics are made clear,
and so that gaps in our knowledge become visible.

The most logical prerequisite to an evaluation of the
literature on vibration is to describe the vibration character-
istics of contemporary helicopters. This is accomplished in
Section 2. Here, dominant main rotor frequencies and harmonic
peaks are discussed, and evidence suggesting acceleration levels
at those freque,cies is presented. These data provide a basis
for analyzing the literature on vibration research, enabling us
to concentrate on those studies treating the most relevant
parameters.

In Section 3, our concern is to describe the tasks of pilots
and -:rewmen who are engaged in those helicopter missions which
are most important to the Navy and Marine Corps. The treatment
afforded this area progresses from the general to the more precise,
so that missions, tasks, and aircraft can be evaluated within the
proper contextual setting.

Section 4 reduces the number of behaviors described in the
preceding section to a manageable number of common categories
and facilitates the translation of research findings into terms
applicable to the helicopter situation. The behaviors under-
lying specific procedures are identified in order to isolate
perceptual-motor performance requirements and to establish the
duration, frequency, and complexity of the performance.
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Based on the developed data, qualitative estimates of the
susceptibility of mission tasks are made.

Under the heading, Equipment Analysis, our concern shifts
to specific subtopics of equipment design which are likely
to influence both the effects of vibration and an assessment
of the criticality of vibration, For example, seat design
and the development of vibration isolation techniques may
have impact on the magnitude of vibration ultimately expe-
rienced by aircrew members. On the other hand, the trend

-- toward sophisticated electronic devices, such as helmet-mounted
displays, suggests that presently experienced vibration levels
may have an even more severe impact on the tasks to be performed

-. while using such equipment.

Finally, Section 6 discusses the duration of exposure
likely to be experienced by helicopter crewmen and the implications
of such exposure on MIL-H-8501A and on the recently published
International Organization for Standardization recommendations.
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,. SECTION 2 VIBRATION ANALYSIS

Helicopter Vibration Characteristics

From the outset we are faced with two general tasks.
The first is to describe helicopter vibration characteristics
and the concomitant vibration parameters to which aircrew
members are routinely exposed. Second, relevant research
findings must be described, summarized, and related to the
defined exposure conditions. More recondite matters, such as
duration of exposure, seat attenuation, and work/rest cycles
are deferred for treatment in following sections.

Helicopter vibration characteristics of interest include
frequency, displacement amplitude, acceleration amplitude, and
direction. Of these, frequency is the easiest to delineate
and predict. It is a function both of rotor RPM (1/rev) and
the number of blades (usually referred to as either n/rev or
b/rev). It will be shown that helicopter frequency patterns
exhibit definite peaks at 1/rev, n/rev, and n/rev harmonic
frequencies. Amplitude data, on the other hand, are more

* difficult to characterize. The problem comes not so much
from difficulty of measurement, but rather, from a lack of
available information. Even the existing in-flight recorded
data are sometimes difficult to obtain. Further, available
data seldom encompass varied maneuvers, flight segments, or con-
current direction of force measures. One problem is that
such data have not been systematically gathered across the
helicopter spectrum. Another is that existing data are some-
times given proprietary status by airframe manufacturers.
Nevertheless, some useful data are available and will be presented
herein. These samples and the guidance afforded by MIL-H-8501A
will be used to suggest the vibration environment to which
aircrew members are characteristically exposed.

MIL-H-8501A

Section 3.7 of MIL-H-8501A is as follows:

3.7 Vibration characteristics.

3.7.1 In general, throughout the de-
sign flight envelope, the helicopter
shall be free of objectionable shake,

43
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vibration, or roughness. Speci-
fically, the following vibration
requirements shall be met:

(a) Vibration accelerations at all
controls in any direction shall
not exceed 0.4 g for frequencies
up to 32 cps and a double am-
plitude of 0.008 inch for fre-
quencies above 32 cps; this
requirement shall apply to all
steady speeds within the heli-
copter design flight envelope and
in slow and rapid transitions from
one speed to another and during
transitions from one steady
acceleration to another.

(b) Vibration accelerations at the
pilot, crew, passenger, and

4litter stations at all steady
speeds between 30 knots rear-
ward and V-Cruise shall not
exceed 0.15 g for frequencies
up to 32 cps. From V-Cruise to
V-Limit the maximum vibratory
acceleration shall not exceed
0.2 g up to 36 cps, and a double
amplitude of 0.003 inch for fre-
quencies greater than 36 cps. At
all frequencies above 50 cps a
constant velocity vibration of
0.039 fps shall not be exceeded.

(c) Vibration characteristics at the
pilot, crew, passenger, and litter
stations shall not exceed 0.3 g
up to 44 cps and a double ampli-
tude of 0.003 inch at frequencies
greater than 44 cps during slow
and rapid linear acceleration
or deceleration from any speed
to ar- other speed within the
design flight envelope.

3.7.2 The magnitude of the vibratory
force at the controls in any direction
during rapid longitudinal or lateral
stick deflections shall not exceed 2
pounds. Preferably, these vibratory
forces shall be zero.

44
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3.7.3 The helicoptar shall be free
from mechanical instability, in-
cluding ground resonance, and from
rotor weaving and flutter that in-
fluence helicopter handling qualities,
during all operating conditions, such
as landing, takeoff, and flight."

Although MIL-H-8501A sets forth general acceleration limits
both for steady speed and speed change conditions, it is under-
standably silent on the permissible duration of exposure within
the tolerance region. Indeed, MIL-H-8501A itself requires
validation and periodic review in keeping with the development
of closer approximations to vibration exposure criteria. This
topic will again be broached when the subject of International
Organization for Standardization (IOS) exposure guidelines are
discussed in Section 6. For the present, it will suffice to
note that duration of exposure criteria should be based on
consideration of a number of variables, including: crewmenmber
tasks, prior exposure history, individual susceptibility, and
physical condition. However, our first concern is to outline
the anatomy of helicopter vibrations.

-.. Frequency, Displacement Amplitude, and Acceleration Amplitude

The helicopter vibration frequency spectrum ranges from
about 3 to 110 Hz, having dominant peaks in the 10 to 30 Hz
region. Typical helicopter rotor speeds and frequencies are
given in Table 5. This summary is adapted from an unpublished

S.~ TABLE 5 TYPICAL HLICOPTER ROTOR SPEEDS AND FREQUENCIES

HELICOPTERS STUDIED SUMMARY OF TYPICAL HELICOPTER CASES

BELL OH-4A, UH-IB, GROSS WEIGHT (ib)
UH-ID, Uh-IF, PARAMETER 2000 6500 10000 100000
AH-IG

j ' HILLER OH-5A No. of Blades 2 2 3 6

HUGES CH-6A,XV-9A Motor Speed 413 297 262 136

KAMAN UH-2A fl/rev (cps) 6.9 4.95 4.4 2.3

LOCKHEED XH-51A CN/rev (cps) 13.7 9.90 13.1 13.8

SIKOPSKY HH-52A, SH-3A, f2N/rev (cps) 27.5 19.80 26.2 27.6
CH-3C, CH-53A, f3N/rev (cps) 41.3 29.70 39.3 41.4

CH-54A f4N/rev (cps) 55.1 39.60 52.4 55,,2

(from Schuette 1967)
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report by Schuett (1967), reflecting in part the results of his
investigation of fifteen turbine-powered single rotor helicopters.
Table 6 from Calcaterra and Schubert (1968) supports Schuett's
summary, indicating typical weights, RPMs, and b/rev frequencies.

TABLE 6 VALUES OF BLADE PASSAGE FREQUENCY (b/rev) AS A FUNC-
TION OF HELICOPTER GROSS WEIGHT FOR TYPICAL NOMINAL
ROTOR SPEEDS AND NUMBER OF BLADES

GROSS WEIGHT ROTOR SPEED NUMBER OF BLADE PASSAGE FREQ
(ib) (rpm) BLADES (Hz)

2,000 400 2 13.3
2,000 400 4 26.6

10,000 200 4 17.7
20,000 214 5 17.9
40,000 194 6 17.5
80,000 145 6 14.5
80,000 145 7 16.8

(from Calcaterra and Schubert, 1968)

In the same report Calcaterra and Schubert show the relation-
ships among levels of rotor-induced vibrations at the blade
passage frequency (b/rev) and its harmonics (Figure 1 ). These
data are typical and they indicate the dominant role of b/rev
frequencies at the lower: end of the helicopter frequency spectrum.

1/rev

0 H b/rev0 Ho

4 2b/revH i1
u 3b/rev

r 4b/rev

0 0.2 0.4 0.6 0.8 1.0

NORMALIZED VIBRATION EXCITATION LEVEL

FIGURE 1 RELATIONSHIPS AMONG LEVELS OF ROTOR-INDUCED VIBRA-
TION AT THE BLADE PASSAGE FREQUENCY (b/rev), AND
ITS HARMONICS NORMALIZED WITH RESPECT TO THE LEVEL
AT b/rev (from Calcaterra and Schubert, 1968)
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In addition to frequency, two other important characteristics
of sinusoidal vibration are displacement amplitude and accelera-
tion amplitude. The former is expressed as maximum half-wave
(single amplitude) or full-wave (double amplitude) dis lacement
in inches or centimeters. Acceleration (inches/second3 or
centimeters/second2) is the second time derivative of displace-
ment and ordinarily is expressed as maximum or peak g (Roth
and Chambers, 1968). In their report, Roth and Chambers
discuss the derivation of frequency, displacement amplitude,
or acceleration amplitude for sinusoidal vibration when two
of the three are known.

One of the few reports which provide x, y, and z axis
acceleration and frequency data is that presented by Seris and
Auffret (1967). Figures 2a thru 2f are a reproduction of
their findings.

The Seris and Auffret (1967) data were recorded from a
Super Frelon 6-bladed, turbine-powered helicopter. Although
pilots consider this helicopter to exhibit low vibration, it
can be seen that acceleration peaks in the .3 to .5 g region
are experienced in all three axes at the main rotor dominant
frequency, 20.2 Hz. However, above 15 Hz the acceleration
is well dampened by the seat and the pilot's body. The authors
advise that the low frequencies, 3 to 7 Hz result in maximum
discomfort and are the most difficult to dampen.

For comparison, Seris and Auffret note that the frequency
spectrum of the Alouette II (3-blades) shows peaks at 6 and
16 Hz and the Sikorsky S58 (4-blades) at 3.7 and 15 Hz. Such
data underscore the frequency specific and spiked nature of
helicopter vibrations; indicating the desirability of vibra-
tion isolation at selected frequencies.

The nature of helicopter vibration characteristics has
relevance for considerations relating to methods for isolating
vibration. These are discussed in Section 5 where it is
shown that the suitability of one of the leading passive
techniques is based in part on its effectiveness in minimizing
the main rotor dominant spike.
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Airspeed vs. Acceleration Amplitude

Data samples suggest that vibration acceleration tends to
peak as a function of airspeed and that cruise speeds can be
recommended which minimize vibration. Figure 3, for example,
indicates data recorded in an exploratory program for the
development of the high speed AAFSS (Advanced Aerial Fire
Support System). The test vehicle in this case was the
16 H-lA, Pathfinder, a 3-bladed, turbine-powered, compound
helicopter. Its performance was tested over a level flight
range of zero to 167 knots and at dive speeds up to 195 knots.

Of particular interest is the peak in acceleration be-
tween 20 and 40 knots and the constantly increasing curvature
above 100 knots. A pattern of this type is not uncommon, al-
though specific values may differ across aircraft. The
significance of such data is apparent if one considers that an
acceleration peak at about 30 knots is in the region of interest
for aircraft carrier recovery operations (i.e. plane guard duty).
A fire support mission, on the other hand, is more in keeping
with the AAFSS design. In this case high speed dashes to
the combat zone would indicate frequent crew exposure to maxi-
mum acceleration at the other end of the curve.

Meyers and his colleagues (1968) note that the third
harmonic (b/rev depicted in Figure 3 ) meets MIL-H-8501A
requirements between 50 and 120 knots. However, the third
harmonic slightly exceeds the limit in the range 130 to 155
knots and in the transition range of 20 to 45 knots. At one
point, (in a 195-knot 10 degree dive), a third harmonic
component of 0.55 g was obtained.

Vibration and Helicopter Aging

The foregoing are drawn from varied sources, and are
offered as samples of typical frequency and acceleration
spectra appearing in the literature. Deeper probing would
undoubtedly uncover additional material for constructing more
refined parameters. However the bulk of such data would
probably originate from in-flight tests made at the airframe
manufacturers' facility, and might tend to bias our sample
rather than enhance its validity. As indicated below, the
problem in using such data arises from their suitability, not
their veracity.
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We have thus far suggested that dominant rotor frequencies
typically occur in the 10 to 30 Hz region, that peak accelera-
tion is often encountered betWeen 0.2 to 0.4 g's, and that
mission airspeed requirements are likely to influence the
g-levels atually experienced b" aircrew members and, hence,

.* permissible duration of exposure. Acceleration curves from
the airframe manufacturers would probably afford little
better data with which to refine our initial approximations,
because they typically are taken from mint-fresh aircraft
and may not represent a characteristic v*.bration environment.

Our fundamental problem can be summed up in this question --
wili the acceleration curves recorded from new aircraft match
those from similar aircraft after a period of exposure to
field conditions? If not, how much disparity exists at
various points in the maintenance cycle and across a repre-
sentative sample of maintenance facilities? Information
on this topic is essentially nil; yet, the issue is of prime
importance. Unless adequate data are collected, the actual
vibration exposure levels to which aircrew members are sub-
jected will remain uncertain. Moreover, MIL-H-8501A cannot
be properly validated in the absence of such data. If, for
example, ine year of field use characteristically results
in a 20 per cent increase in vibration acceleration for a class
of helicopters, specification limits should be fixed with
this in mind. Similarly, maintenance and operational practices
should be tempered by such findings.

Informed helicopter experts recognize the problem, advising
that used helicopters can be made to retain near minimal
initial vibration levels if proper maintenance is exercised.
By "proper" they mean comparable to that available at the
manufacturing facility. However, knowing the variety of main-
tenance facilities, practices, and personnel which exist across
the strata of military sites, they are understandably reluctant
to speculate on the actual results. In fact, they would
probably welcome empi-ical data in this area for their own
guidance. Unless such data are gathered, it is impossible
to estimate the severity of the problem.

Research Findings

This part of Section 2 focuses on selected vibration
research findings, emphasizing those within the range of
helicopter frequencies and acceleration levels. our goal is
to demonstrate relationships, areas of coverage, research gaps,
and trends, and not to conduct a rigorous analysis of the
entire gamut of vibration research.
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Physiological effects are summarized in Table 2, page 13.
Performance effects and subjective tolerance data are presented
in Tables 3 and 4, on pages 14 and 21, respectively. Research
reports listed under the former depict the frequencies at --
which body resonances and painful phenomena occur. These are
comparatively well established and are revealing when correlated
with performance effects, the primary area of interest.

Performance effects are grouped according to major tasks

under the following headings.

o visual acuity

o dial and number reading

o complex mental tasks

o tracking

o decimal input device operation

While these categories are admittedly a matter of convenience,
they do conform to main task descriptions furnished by originating
authors and contain subtopics which are themselves of considera-
ble interest. Reaction time, warning light monitoring, pattern
recognition, and multiple and random axis vibration are
examples of important tasks and conditions which are subsumed
under the principal categories. Even so, the data indicate
the emphasis in vibration research and allow us to relate
experimental results to helicopter main rotor effects.

The third area tabled is subjective tolerance data. Cited
reports exemplify attempts to relate subjective evaluations
of vibration frequency and acceleration to specified tolerance
limits. As one might expect, low subjective tolerance correlates
with whole body resonance in the 4 to 8 Hz range. However,
at higher frequencies performance degradation may result from
eye, head, and facial tissue resonances. In this event subjec-
tive acceptability obviously should not govern. Nor, for that
matter, should adequate performance be the sole criterion.

Performance Effects

In many areas it is difficult to extract reliable generaliza-
tions from the vibration research literature. Four problems
are immediately apparent. First, experimental conditions,
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methodology, and findings are diverse, thereby making extra-
polation tenuous. Second, variability of response to vibra-tion across subjects is notoriously wide. Third, the number of
subjects per experiment tends to be small. Fourth, experi-
menters are understandably reluctant to expose subjects to
vibration for long durations. Long exposure effects data are
therefore, quite rare. However, before discussing general and
pervasive difficulties, some specific observations about the
tabled data are in order.

Visual Acuity and Dial Reading

Vision is by far the most important sense modality. It
is of vital concern to helicopter crewmembers and is often
the focal point of vibration research experiments.

Physiological data indicate that there are a wide assort-
ment of body resonance frequencies which degrade visual acuity.
Head, eye, and facial tissue resonant frequencies extend from
about 13 to 80 Hz, some investigators suggesting an even
broader range. Hornick (1962) maintains, "Visual acuity
suffers in the range 5 to 90 cps and shows decrement related
to specific frequencies at 15, 30, and 40-70 cps."

W it is, of course, more difficult to specify those accelera-
tion levels which mark the beginning of visual performance
degradation. Although there are examples of acceleration

7 effects at various a-levels, the more recent studies suggest
that precision of prediction is largely dependent on specificconditions. Task loading and complexity, multiple axis vibra-

tion factors, and duration of exposure ha.ve only recently been
given serious attention in vibration research, and are now
beginning to undergo systematic study.

Rubenstein and his associates (1967, 1968) have investigated
visual acuity under both z and y-axis Exposure conditions
and at g-levels ranging from 0.1 to 3.E g. Even at 5, 8, and 11
Hz, frequencies which are below the critical head resonance
region, a constent level of 0.6 g (for 15 minutes) produced
decrements in pErformance. One of theic more interesting
findings confirms the earlier work of 0 hima (1962). Decre-
ments in acuity caused by target vibratLon are less than
decrements caused by head vibration. ALso of interest is
their method of specifying acuity in te.:ms of the required
contrast needed to detect line segment 3ffset, rather than the
usual method of fixed contrast and varied target visual angle.
In the range 13 to 78 Hz, they found acuity poorest between 22
to 34 Hz, squarely within the region of head resonance.
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Examples of other reports dealing with visual acuity in-
clude the following. Hornick (1961) reports decrements in
visual performance following (but not during) exposure to a
maximum of 0.35 g within the range of 0.9 to 6.5 Hz. In a
different setting, using printed numbers (under 0.1 ft L of
ambient light), Dennis (1956) investigated the range 5 to
35 Hz. He found a 21% increase in reading errors at 0.5 g
acceleration. Taub's study (1964) clearly indicates that
within the 0.3 to 2.4 g acceleration range a difficult dial
reading task produces significantly greater errors than
an easy task.

These and other examples of findings in the vibration
research literature suggest that helicopter crewmember visual
performance is likely to be degraded by vibration within the
dominant main rotor frequency range, 10 to 30 Hz. The degra-
dation is likely to be more pronounced as a function of t.sk
difficulty, g-level, and work load. Moreover, it is al~o
logical to assume that general crewmember fatigue, resulting
from long duration exposure and the effects of temperature,
noise, uncomfortable seats, or similar factors, will further
degrade visual performance.

Trackina and Complex Mental Tasks

In helicopters and in high performance fixed wing aircraft,
demands on the pilot are substantial. Increased capability for
weapon delivery, and for marginal weather and night operations
require more efficient sensors and displays merely to keep
abreast of advancing requirements. Within this framework it
is often r lt to decide at which point simple tracking
perforr -eplaced by complex mental tasks as the
paramounL LUII. deration.

Tracking has traditionally been a measure of pilot
performance, requiring such psychomotor and cognitive skills
as eye/hand coordination, concentration, dynamic sensitivity
and awareness. Moreover, tracking has face validity with the
use of such primary flight instruments as simple attitude
indicators and more complex vertical situation displays. Al-
though these are basically tracking devices, the trend toward
integrated electronic displays tends to broaden their original
purpose into a more comprehensive multi-modal role. This, in
turn, underscores the conclusion that the breadth of pilot
performance requirements goes beyond that of simple psychomotor
tracking. Visual acuity, information processing, vigilance, ..
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target identification, reasoning, short term memory, decision-
making, and similar mental processes take on added meaning as
a result of the increased capability afforded by more flexible
display devices.

Certainly, resolving mental tasks is not exclusively
confined to pilot functions. All crewmembers may be engaged
in such activities during the performance of their duties.
The copilot, sonar operator, gunner, medical corpsman, and
others may be assigned critical responsibilities requiring
skill, concentration, and coordination. Regardless of the
particular circumstances and sequence of events, such
measurable tasks as vigilance, reaction time, and visual per-
formance are certain to be required of the crewmen. Fortunately,
these have been treated in a number of vibration research studies.

Harris and Shoenberger (1965) summarized the results of
tracking performance research reported in five vibration studies
which cover the frequency range below 20 Hz. They noted the

diversity of methodology and results and properly cautioned
that generalizations from such data are risky, if not wholly
unwarranted. The authors suggest, however, that tracking
performance is more likely to be affected around whole body
resonance, 3-8 Hz. Further, their summary indicates that
severe performance effects have been found in the 0.15 to
0.5 g acceleration level region. This range spans limitations
specified in MIL-K-8501A and lies above the 0.08 g Long Term
Tolerance Curve ir Military Aircraft (WADC). We will discuss
the problem of duration of exposure in Section 6. For the
present, it suffices to note that experimental results
indicate performance decrements within the range of helicopter
acceleration experience.

Subsequent laboratory work by Harris and Shoenberger (1966)
indicates significant tracking performance decrements occurring
at 0.2 g (5 Hz), 0.25 g (7 Hz), and 0.37 g (11 Hz). It is
interesting that two of their ten subjects reported pain luring
the 15-minute 5 Hz experiment, one at 0.2 g, the other at
0.25 g. This finding may, of course, merely reflect the wide
subject variability noted earlier and emphasize the risk of
generalizing too freely from a small sample. Other investigators
have not reported pain under similar conditions.

In a more recent study, Lovesey (1968) used similar
g-levels in an investigation of the independent and combined
effects of multiple axis vibration. Although details are
lacking, he found that at the low frequencies studied, y-axis
vibration (sway) is more degrading at 0.2 g than z-axis vibra-
tion (heave) at 0.25 g. Further, the worst case of those
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investigated was 0.25 g at 2 Hz (z-axis) combined with 3.5 Hz
(y-axis). These data indicate that the combined vibration
effects characteristic of rotary wing aircraft should not be
ignored.

Random vibration effects have been studied by Holland
(1966), Hornick and Lefritz (1966), and Weisz, Goddard, and
Allen (1965). These investigators have used relatively com-

4 plex experimental designs, which include consideration of
such important variables as task loading, reaction time, and
vigilance. The two most recent of these studies also intro-
duce exposure duration conditions of 4 and 6 hours. Holland
found an improvement in tracking performance during the
second and sixth hours; while Hornick and Lefritz report that
all 10 subjects could have withstood an additional 2 hours
of exposure without detriment.

Weisz and his colleagues, using shorter exposure times,
compared the results of random vibration with that of sinu-
soidal at 5 Hz. They rev'rr that significant tracking decre-
ments first appeared at the lowest level of sinusoidal
vibration tested, 0.035 g at 5 Hz. For random vibrationat the same frequency, decrements first appeared at higher
levels. 0.106 and 0.177 g.

Commenting on difference3 between random and sinusoidal
vibration, and similarly, on -he direction of applied force,
von Gierke (1965) had this to say.

"For lateral vibrations the equivalent
tolerance or cowfort levels are usually
reported as being lower than for vertical
vibrations by a factor of 0.7 to 0.5.ISimilarly the corresponding root mean
square (RMS) value for random type broad

band vibrations appears lower than the
same rating for the RMS value of the sine
waves by a factor of approximately 0.6.
With respect to these corrections differ-
ences of opinion are not pronounced."

If one assumes that subjective responses to vibration are in
general accord with performance decrements, this evaluation
compares favorably with Lovesey's (1968) finding on the per-
formance effects of lateral vibration (sway). However, it
seems counter to Weisz's report of performance decremeiLs
at a lower g-level for sinusoidal vibration. The reason
for this apparent disagreement is not clear. It may simply
be that, although random vibration is subjectively less
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i tolerable, performance decrements are more pronounced for sinu-
soidal vibration at some frequencies. Holland (1966) notes, ,
"the relationship ... between human performance during sinusoidal
vibration and the performance of operators experiencing typically
random operational vibration has never been clearly established."

Shoenberger's (1967) investigation of the effects of
vibration on complex mental tasks is one of the few published
studies directly aimed at this problem. He found performance
decrements in all three of the tasks studied: target identifica-
tion, warning light monitoring, and probability monitoring.
The latter two were statistically significant, but at different
frequencies (7 and 11 Hz for the lights; 5 Hz for probability
monitoring).

One of the problems to be faced in evaluating the results
of complex task experiments is that of priority assignment.
Holland (1966) recognized the difficulty when discussing his
results by suggesting that "some subjects attend more closely
to tracking, while others concentrate on minimizing response
time to warning lights." It may well be that statistically
significant performance decrements are occasionally not
found for the most difficult task, simply because that task
is concentrated on to the exclusion of others.

Another general problem concerns the question of cumulative
fatigue effects. The 6-hour duration of exposure reported by
Holland (1966) is one of the longest to date. Although markedly
longer than those reported by most other investigators, there
remains a large gap between his 6-hour exposure and that

* .anticipated for future helicopter flights. In-flight refueling
techniques have been reported by O'Briant (1967) who forsees

"* the possibility of non-stop flights lasting up to 18 hours.

Research Studies Summary and Conclusions

This section has reviewed selected samples of vibration
research, summarizing report findings in three related areas.

o Physiological effects - emphasizes research aimed at
delineating body resonant frequencies.

o Performance effects - emphasizes studies treating fre-
quencies and acceleration levels believed to be charac-
teristic of contemporary helicopters, as well as those
which indicate methodological trends or diversity
in task coverage.
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o Subject tolerance data - emphasizes the subjective
reactions that humans have to z-axis sinusoidal vibra-
tion, the type of vibration which has been most
thoroughly studied.

Data in these areas have been structured to highlight the
short term performance effects of potential concern to
helicopter aircrewmen. Because of diversity in methodology
and findings, characteristically small sample sizes, and
the wide variability in response found across subjects, it is
difficult to draw reliable generalizations from the literature.
Nevertheless, there are some apparent trends that can be
identified and some tentative conclusions that can be drawn.

1. Low subjective tolerance to vibration has been
reported in the 4-8 Hz area. This relates to whole
body resonance, voluntary muscle contraction,
abdominal pain, jaw resonance, and respiration
difficulty. Acceleration levels found to be mildly
annoying for this frequency band are in the range
of about .2 to .4 g.

2. In the area of main rotor effects, head resonance,
lumbosacral pain, and involuntary muscle tone
have been reported. Low subjective tolerances
have been found between 8-15 Hz with mildly
annoying acceleration reported from about .3 to .9 g.

3. Significant decrements in tracking performance
have been reported for sinusoidal vibration at 5 Hz
at 0.035 RMS g. Severe performance degradation has
also been reported for various tasks in the 0.15
to 0.5 g acceleration region between 1 and 20 Hz.
These values are well within the spectrum experienced
by helicopter crewmen.

4. Task complexity should not be ignored in evaluating
vibration effects.

5. The combined effects of z and y-axis vibration have
recently been shown to be more detrimental than either
component taken separately.

6. Duration of exposure to random vibration following
4 and 6-hour experiments has not been found
significantly detrimental. Spontaneous improvements
have been noted during the second and sixth hours.
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7. Visual acuity tends to be sensitive to vibration
effects, particularly in the 22 to 34 Hz region.
This area lies within the head and facial tissue
resonant zones.

8. Vigilance is impaired as a function of random
vibration.

:1 9. Reaction time may be enhanced, impaired, or rela-
tively unaffected by vibration, depending on the
conditions.

if 10. Y-axis vibration is more detrimental than z-axis
vibration in some tracking tasks but is probably

[ U less detrimental to peripheral vision.

11. Z-axis vibration of the subject's head is probably
more detrimental to visual acuity than similar
vibration of the target alone. This effect has been
noted at frequencies above 10 Hz.

12. The relationship of performance effects between
random and sinusoidal vibration remains uncertain.

13. General fatigue resulting from heat, vibration,
- noise, repeated daily exposure, and long term

overall exposure, has not been studied adequately.

14. The results of maintenance on helicopters are not
- documented; and, therefore, the actual acceleration

forces to which helicopter crewmen are exposed cannot
be determined.

I
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SECTION 3 NAVY/MARINE CORPS HELICOPTERS
AND MISSIONS

This section identifies and discusses current Navy and
Marine Corps helicopters and missions. A general introduc-
tion to the world of military helicopters is presented in
Table 7 . This table identifies each helicopter by name,
manufacturer, military use, commercial name, and military
application. General comments regarding unique character-
istics associated with each aircraft are also included.
In addition, the total number of each type of helicopter
produced for military use is included to indicate the
relative importance of each helicopter to the user. The
bold printed material in this table denote those helicopters
that are of prime concern to the Navy and Marine Corps.
These helicopters will be further identified and described
in more detail. For example, the size of the crew, the
number of passengers and the amount of cargo, the type of
rotor system, and the performance characteristics of each
helicopter are described and then summarized in Table 7.

General Description of Navy/Marine Corps Helicopters

Types

rThree general classes of helicopters are employed by
the Navy and Marine Corps: light, medium, and heavy. These
designations primarily relate to the total payload a heli-
copter carries in the performance of its assigned mission.
A light helicopter usually carries a pilot and one other
crewmember or passenger. In addition, it may be equipped
with light armament sucn as machine guns. An example of
a light helicopter is the Navy Bell UH-13P Sioux (refer
to Table 8 ).

In The medium helicopter is used in either of two general
payload configurations: (1) pilot, copilot, 8-15 passengers
and light armament, or (2) pilot, copilot, 2 specially trained
crewmen and sophisticated equipment. These helicopters are

J used to transport personnel over land and sea or to perform
other special purpose missions. Typical examples of Navy
and Marine Corps medium helicopters are the UH-2C, SH-3D
and UH-lE (refer to Table 8).
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I

The heavy helicopter carries the heavi-:st payload. It
is used to transport fully equipped troops cr equivalent
weight in litter cases or cargo. The CH-46D, UH-46F and
CH-53D are examples of heavy helicopters (re-er to Table 8.

'I Closely allied to the payload requirement is the
power requirement. In the past, helicopters were equipped
with piston-powered engines but more recently, they are
being equipped with turbine-powered engines. As the
demands and uses for the Navy/Marine Corps helicopter have
increased, it has become necessary to build larger and

I heavier helicopters powered by twin-turbine engines.

Another factor to be included in the definition of the
three general classes of helicopters is the type of rotor
system. For example, the AH-lJ Huey Cobra is a light heli-
copter with a two-bladed, single rotor which develops a
rotor speed in the range of 294-356 revolutions per minuteti in the performance of its armed escort mission; whereas
the SH-3D Sea King is a medium helicopter with a five-
blacded, single rotor which develops rotor speed in the
range of 182-222 revolutions per minute to perform the
anti-submarine warfare mission.

Payload11 Payload refers not only to the maximum weight of equip-

ment, cargo or ordnance that a helicopter carries during the
performance of its assigned mission, but to the number of
passengers and crew as well. For example, the SH-3D Sea
King carries a crew of four on its ASW mission (pilot,
copilot and two sonar operators) and up to 6500 pounds ofI ASW ordnance,

I Approximate Number in Operation

This figure specifies the approximate number of a
particular helicopter in service and performing a mission.
For instance, Table 8 indicates that 652 SH-3D's are
assigned to the Anti-Submarine Warfare (ASW) mission while
184 UH-2C's are assigned to the Search and Rescue (SAR)
mission.
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Performance Characteristics

Performance characteristics refer to the operational
capabilities and limitations of a helicopter. These
characteristics define flight parameters such as maximum
speed, cruising speed, rate of climb, maximum range and
maximum weight. Referring to Table 8 the SH-3D Sea King
has a maximum speed of 170 knots, a cruising speed of 164
knots, a rate of climb of 1550 feet per minute, a ceiling of
10,200 feet, a range of 465 nautical miles and a maximum
weight of 19,100 pounds.

Gereral Description of Navy/Marine Corps Helicopter Missions

There are many different types of missions flown by
Navy and Marine Corps helicopters. In 1953, Dorny, Campbell
and Channe conducted a survey of the uses of helicopters in
the fleet, the various tasks that are performed by helicopter
pilots in accomplishing these missions, and the activities
engaged in training fleet helicopter pilots. During the
survey, they visited representative operational squadrons
securing information on the missions and tasks performed by

-.. Naval and Marine helicopter pilots. They summarize their
findings as shown in Figures 4 and 5 below.

Figure 4 presents the various operational tasks for
both utility and anti-submarine squadrons and shows the

relative importance of each in terms of the typical propor-
tion of flight hours logged. Typical values are reflected
and only a general distinction made for the various tasks.
At that time (1953) utility squadrons logged the major share
of operational flight hours. Activities of the ASW squadrons
were still in the developmental stage. Dorny, Campbell and
Channell indicated that ... "It is anticipated, however,
that the anti-submarine role of the helicopter will exceed
utility demands in the event of global war and as adequate
helicopter and all-weather instruments are produced."

Figure 5 presents 1he v arious operational tasks for
.- both transport and observation squadrons and shows the

relative importance of each at that time in terms of the
typical proportion of flight hours logged. Primary strength
was concentrated in the transport group. Secondary helicopter
strength was consigned to the VMO squadrons where helicopters
exist in conjunction with fixed-wing aircraft.
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44% PLANE GUARD

F iUTILITY

- i (HU) .H8% SPOTTING FOR BOMBARDMENT

8% SEARCH & RESCUE MAIL TRANSFER

8% MINE RECON PERSONNEL TRANSFER
HYDROGRAPHIC SUPREY

1SUPPORT FOR ICE BREEZING
12% PHOTOGRAPHIC

RADAR CALIBRATION
ANTI-SUB 10% SCREENING GUNNERY ALIGNMENT

(HS) TRACKING DRILLS
___________ HUNTER-!KILLER

FIGURE 4 PROPORTION OF NAVY FLIGHT HOURS LOGGED BY SQUAD-
RON TYPE AND OPERATIONAL TASK

(from Dorny, Campbell & Channell, Aug 1953)

59% TROOP SUPPORT

TRANSPORT

HMR - KOREA

8% LIAISON

8% EVACUATION

5% - RECON WIRE LAYING

5% SEARCH & RESCUE

OBSERVATION PHOTOGRAPHIC

VMO - KOREA 10% EVAC OF WOUNDED
(HELICOPTERS ONLY) 2% LIAISON WIRE LAYING, SPRAYING,

1% PHOTOGRAPHIC, RECON

FIGURE 5 PROPORTION OF MARINE CORPS FLIGHT HOURS LOGGED BY
SQUADRON TYPE AND OPERATIONAL TASK

(from Dorny, Campbell & Channell, Aug 1953)
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"Marine helicopters generally operate from
land bases and are integrated in the support
of front-line infantry forces. The job of
a Marine helicopter pilot has been roughly
characterized as 'picking up a load, flying
it and setting it down.'"

(Dorny, Campbell, and Channell,
August 1953)

Similarly, we can identify the Navy and Marine heli-
copter mission and the number of helicopter types currently
assigned to those missions by referring to Table 7 . Refer-
ence to the QUANTITY column of the table indicates that

"t certain of the helicopters hive been produced in significant-
ly greater numbers than some others (these are indicated in
dark bold print). For example, 5900 Bell UH-l series heli-
copters are being used by the Marine Corps, Army and Air
Force in various applications. The Marines use the
UH-lE version as their carrier-based assault support heli-IA copter. One hundred eighty-four Kaman UH-2C Seasprites are
employed by the Navy as their primary Search and Rescue

-- helicopter. The Seasprite is also used to perform a number
of secondary jobs such as ASW, reconnaissance, carrier plane
guard, etc. Currently, the Navy has 652 SH-3D Sea Kings
assigned as their primary anti-submarine warfare helicopter.
By continuing on dowii the balance of his cable and Dy
checking the application of each Navy and Marine helicopter,
the reader will have identified the primary helicopter missions
as well as the number of helicopter types currently assigned
to them.

In 1962, M. D. Havron et al conducted a study for the
Office of Naval Research defining the role of helicopters in
Army ahd Navy Missions. They had this to say about types of
helicopters:

"The capabilities inherent in the VTOL concept
need to be embodied in a relatively few vehicle
types. If a vehicle could be designed for just
one mission, improved performance in that
specific mission might be obtained. But,
because there are many missions, each by
definition slightly different in requirements,
it would obviously be uneconomical to design
an aircraft specifically for each. A variety
of aircraft types and models renders mainten-
ance complicated and costly, fails to take
advantage of low per unit cost of ordering
in large numbers, increases problems of
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logistics and reduces aircraft availability.
For this reason, each service is specifying
requirements for a minimal number of d'.ffer-
ent helicopter types. There is some overlap
between types and mission requirements but
advantages gained by establishing the small
number of types is believed to outweigh the
consideration that no one type may be
optimally adapted to the many possible
mission variants."

Navy Helicopter Mission Requirements

The Navy helicopter mission requirements are clearly
indicated in bold print in Table 9. These three missions
are Anti-Submarine Warfare (ASW), Search and Rescue (SAR)
and Special missions such as Vertical Replenishment and
Utility which includes reconnaissance, supply, ship-to-
shore transport and casualty evacuation. These three heli-
copter missions are satisifed by three different types of
helicopters, namely, the anti-submarine helicopter, the
se7,rch And reszue b&.i:opte and the special mtission
helicopter.

Anti-Submarine Warfare Helicopter

The Sikorsky SH-3D Sea King is the primary ASW heli-
copter. It is equipped with special sonar operations gear
as well as a sonar transducer dipping cable. It contains
devices to provide precise hovering ability and is capable
of day and night, all-weather flights. It can independently
launch an attack a anst enemy submarines or operate as part
of an integrated team acting as a sensor for other units in
the search and attack group.

Search and Rescue Helicopter

The Kaman UH-.2C Seasprite is the primary SAR helicopter.
It is equipped with a self-contained Radar Navigator System
and Automatic Stabilization Gear which enables it to precisely
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track the location of a downed pilot in a minimum of time.
Although long range is generally not required on individual
search and rescue flights, the capability for longer range
missions is available to recover downed pilots discovered
at distances from the mother ship. This helicopter is
capable of relatively long times on station in the event
that it has to await and to complete the rescue. It has -.

a specially designed rescue hoist and boom to retrieve
survivors from the sea.

Vertical Replenishment and Utility Helicopters

The Boeing-Vertol UH-46D Sea Knight is the primary
Vertical Replenishment and Utility helicopter. It is equipped
to convey materials by external carry for deposit on the
ship's deck or it can land on the ship's deck to deposit
internal cargo. It is capable of all-weather day and night
flights. It contains an Automatic Speed Trim system as well
as a Stability Augmentation System enabling the pilot to
fly "hands off" when performing other operational procedures.

Marine Corps Helicopter Mission Requirements

The Marine Corps helicopter mission requirements are

clearly indicated in bold print in Table 10. The three
missions are Medium Asault Troop Transport, Heavy Transport,
and Assault Support. These three missions are satisfied by
three correspondingly different types of helicopters, described
briefly below.

Medium Assault Troop Transport Helicopter

The Boeing-Vertol CH-46D/F Sea Knight is the primary
Medium Assault Troop Transport helicopter in use today. It
has a secondary mission role of cargo transport. It is
equipped with a self-contained Navigation System for precise
area navigation during all-weather, day and night flights.
It contains a Stability Augmentation System for "hands off"
flying. It has the capability of operating from floating
bases as well as having an amphibious capability. Fully
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equipped troops can be readily boarded through the rear
loading ramp in a minimum of time.

Heavy Transport Helicopters

The Sikorsky CH-53A Sea Stallion is the primary Heavy
Transport helicopter. It has a secondary mission role of
Mine Counter Measure. It is capable of transporting weapons,
munitions and combat supplies over land and sea to a maximum
range of approximately 115 nautical miles. It is equipped
with an Automatic Flight Control System enabling it to
operate in all-weather, day and night flights from 50 to
6,000 feet altitudes. It uses a special Landing Gear System
for confined area operations. It is equipped with a full-
sized rear opening with a built in ramp for loading and
unloading cargo and personnel.

Assault Support Helicopters

The Bell UH-IE 2oquoisiHu=y is the primary Assaul
Support helicopter. £t is equipped with a self-contained
Navigation System for precise area navigation. It can
perform precise hovering, and it cortains a rescue hoist
system, with troop or casualty carrying equipment for use
on a variety of utility service missions. It has armor-
plate protection for the crew, fuel, and armament stores.

General Comments

Tables 9 and 10 summarize the Navy and Marine Corps helicopter
missions and requirements. It also specifies the primary
helicorter assigned to each mission, the payload, the
operation requirements of the vehicle, and the special equip-
ment available to assist the crew in performing the mission
functions. We will return to this table again when we
resume our discussion on mission analysis.
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Future Operations and Helicopter Missions

Future operations will continue to make ever increasing
demands to expand the existing capabilities of the military
helicopter. Already, the era of the "shooting" nelicopter,
brought about by the Vietnam conflict, has c:eated a new
role for the helicopter. Future armed helicopters will be
required to operate at much faster speedo, while carrying
heavier and more sophisticated weapon support equipment.
There exists a need for a high performance helicopter or
advanced Vertical Take Off and Land (VTOL) aircraft for
searcb/rescue/recovery of downed pilots in the Vietnam jungles.
Present rescue helicopters lack the range and speed to reach
air crews downed deep in enemy territory. A development
project is currently under way to remedy this situation. The
objective of this project, which is entitled Combat Aircrew
Recovery Aircraft (CARA), is to increase the hover perfor-ii mance and speed of rescue vehicles, decreasing reaction
time in rescue tasks and increasing the penetration capabilityof these craft.

The ability of existing helicopters to transport large
numbers of fully equipped troops or heavy weapons and combat
supplies in support of tactical operations will be further
developed, perhaps eventually approaching 60 to 70 tons.Inflight refueling operations are already being used to
increase the range of the heavy transport helicopter.

Capt. R. W. Hensen, USNR-R in a recent article in Data
Publications discusses the need for a destroyer-based, light,
manned helicopter to complement the effectiveness of the
destroyer's long range sonar capability. According to Capt.
Hensen, present day escort destroyers, although equipped
with sonar systems capable of long range detection, do not
have an effective weapons system to deploy against these
lnq range contacts. This inability to launch an immediate

countermeasure reduces the effectiveness of the destroyer's
long range cover system to that of a short range system.jSince a few destroyers already have helicopter hangers and
platforms, the light, manned helicopter would be one
practical solution to the ASW problem.

Mission Analysis

The foundation for this analysis is contained in Tables
9 and 10. These data are derived from information contained
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in the NATOPS flight manuals listed in the bibliography and
from several published reports treating helicopter missions
and handling requirements. The analysis al'3o reflects
information obtained during interviews witn Navy helicopter
pilots, ASW flight instructors and test pilots at a heli-
copter manufacturing facility.

A typical profile of each helicopter mission is presented
in a pictorial diagram. These diagrams illustrate the distingui-
shing characteristics of each mission requirement. For example,
each profile specifies the following types of data:

1. Typical altitudes flown during the mission,
2. Representative airspeeds at these altitudes,
3. Number of landings required during the mission,
4. Range to each destination from the point of origin,
5. Length of loiter time (inflight or on the ground)

at the destination point,
6. Description of the return flight for those missions

that terminate at the point of origin, and
7. The geography of the environment i.e., whether the

mission is performed over land or sea.

Many different types of tasks are performed by the
crew throughout the course of any helicopter mission.
However, there are certain critical tasks that are mission-
oriented; i.e.. "tasks whose performance within somve
mission-imposed tolerance is a requirement to mission
accomplishment." (W. Sardanowsky et al., July, 1968).

How accurately these critical mission tasks are per-
formed by the crew within the constraints of the mission
will depend largely upon how suitable their helicopter can
perform the mission.

An analysis of the critical mission tasks of the Navy
and Marine Corps helicopter missions is presented in Tables
11 through 16.
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Ii i
I WIND

1 60 knots IAS before turn

' -DIP #2 - Sonar Search (hover at 40 ft)

1,100 yds

300 yds- "Mark Gate" (150 ft at 60 knots GS)

Standby to Mark Gate" (150 ft at 120 knots IAS)

'a (150 ft at 120 knots IAS

I I Transition to cruise speed and altitude

(J DIP #1 - Sonar Search (hover at 40 ft)

1,100 yds I

r"Mark Gatee" (150 ft at 60 knots GS)
300 yds "Standby to Mark Gate" (150 ft at 120 knots IAS)

1Approach to DIP #1

Next Dip upwind. Command to standby to mark gate allows helicopter
time to slow to gat" speeds.

I

FIUR 6 SONAR DIPPING MISSION PROFILE
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30 N Mi

ABSOLUTE ALTITUDE: 200 ft

AVERAGE CRUISE AIRSPEED: 100 Kt

job SEARCHING
PATTERN

40 min FUEL RESERVE SEARCH AREA
SHIP BASE OF OPERATIONS

EACH MISSION:

Payload - 2 litter casualties and one rescue crewman, or four passeng-

ers, or 1250 lbs cargo

Mission Duration - 30 min to 2 1/2 hrs*

*Maximum endurance on station

FIGURE 7 SEARCH AND RESCUE MISSION PROFILE
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21 1

HOVER &J ~ UNLOADING
2 2-3 min

- ]COMBAT SUPPORT SHIP

SCRUISE

ABSOLUTE ALTITUDE: 200 ft

AvE CRUISE AIRSPEED: 65 Kt*

TAKEOFF

COMBAT SUPPLY SHIP

j EACH MISSION:

- Payload - 4000 lbs max

4- Mission Duration - 1 to 2 hrs*

*Depends on weight of external payload

FIGURE 8 VERTICAL REPLENISHMENT MISSION PROFILE
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I;

- - 25 NMi

ABSOLUTE ALTITUDE: 200 ft

AVE CRUISE AIRSPEED: u 100 Kt

f "- CRUISE

TO BASE

BASE ASSAULT

LANDING AREA

EACH MISSION:

Payload - 17 to 25 fully equipped troops (max - 4000lbs)

Mission Duration - up to 2 hrs*

*Depends upon distance to landing area and weather conditions

FIGURE 9 MEDIUM ASSAULT TROOP TRANSPORT MISSION PROFILE
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I

j50 N Mi3 -

ABSOLUTE ALTITUDE: 200 ft

AVE CRUISE AIRSPEED: 150 Kt
2

-- RETURN TO BASE//CRUISE APPROACH \

CLM

ITAKEOFF/LOA
10% FUEL RESERVE FORWARD

BASE OF OPERATIONS PICKUP AREA

I
I EACH MISSION:

Payload - 8000 lbs1 cargo

j Mission Duration - radius of action 100 mi2

1May carry up to 20,000 lbs payload if carried externally
2Depends upon weight of load at pickup point
3Distance varies depending upon location of forward pickup area and weight

of load to be returned

I

I

FIGURE 10 [EAVY TRANSPORT MISSION PROFILE

1 91
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-25 N Mi

5 0
0: i H

U H Z 4 -

ABSOLUTE ALTITUDE: NAP-OF-THE-EARTH FLIGHT M 0 U

AVE CRUISE AIRSPEED: 300 Kt M W

ASSAULT ' TARGETS

LOADING AREA

FIRE

I;I
POP-UP DESCEND

TARGET

EACH MISSION:

Payload - observer or crew member - 200 lbs

Mission Duration - up to 3 hrs*

*Depends upon distance from targets and weather conditions

FIGURE 11 ASSAULT SUPPORT MISSION PROFILE
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SECTION 4 CLASSIFICATION OF BEHAVIORS

-~ Section 2 of this report provides an explanation and
description of reported vibration characteristics found in
contemporary helicopters. It relates these to selected
studies on task performance and sunmarizes the findings,

Iso that generalizations about methodology and results become
more apparent. Section 3 provides a general description
of Navy/Marine helicopters currently in use, their missions,
special equipment, and operational requirements. In the
present section we will examine the selected helicopter missions
at a more detailed level in order to describe the tasks per-
formed by the flight crewmen; and further, to identify and
classify the perceptual and psychomotor behaviors involved
therein. Then, by relating the vibration analysis results
to these behaviors, we can identify potentially critical

Tevents, that is, those behaviors which are known or suspected
to be susceptible to degradation under exposure to the opera-
tional helicopter vibration regime.

Additionally, because helicopters are being used in a
broadening scope of activity, it is essential that we examine
the operations, hardware and expected tasks associated with
new missions. This will allow us to anticipate problem areas
resulting from the effects of vibration on operator performance
at an early stage. In this manner adverse effects can be
minimized in initial design and development efforts, rather
than through the experience of unsatisfactory performance,
thereby obviating the need for expensive retrofits or extensive
design modifications. Accordingly, we will describe and analyze
the Advanced Aerial Fire Support System (AAFSS) mission concept,
as well as other expected mission segments such as IFR station
keeping and formation flying, and low visibility terrain
following. Moreover, we will investigate the implications of
developmental hardware such as the various helmet-mounted
display devices and related tracking/pointing operations, the
Integrated Helicopter Avionics System (IHAS) and other elec-
tronic cockpit displays.

As the trend in military helicopter operations continues
toward more complex and demanding missions under instrument flight
conditions and darkness operations, the prevalence of synthetic
displays as sources for visual cues will approach that of present
day high-performance fixed-wing aircraft. As a result, a whole
new set of potential vibration-induced problems can be expec-
ted to emerge. For example, the use: of Low Light Level Tele-
vision (LLLTV) and Infra-red (IR) sensors for target detection
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is even now imposing complex pattern recognition tasks upon
crewmen. These often involve target detection in fields
of high visual noise, low-brightness and low contrast. Crew
performance on such tasks is almost certain to be adversely
affected under vibration and other unfavorable environmental
conditions.

Furthermore, tracking and pointing tasks which utilize
mounted displays are dependent upon the operator's ability
to track/point by means of head movements. The extent to
which these tasks are vulnerab]e to helicopter vibration has
not yet been determined. However, the degree of impairment
may be subtantial.

General Description of the Helicopter Flight Task

The job of flying a helicopter is among the most complex
jerceptual-motor tasks fcund in practice. In response to a
continually changing set of cues, the pilot must manipulate
many controls in order to achieve a specific flight path or set
of flight conditions. He accomplishes this by controlling the
movement of the helicopter along and about the vehicle's three
axes. Additionally, the pilot must monitor and time--share
a number of displays, as well as shifting his attention fre-
quently, attending both inside and outside of the cockpit.
Further, he must anticipate and actively schedule his future
activities. All of these tasks are carried out under essentially
forced-pace conditions, since active monitoring, control and
planning are essential to maintain a safe, stable state, and
to complete a successful mission.

Helicopter flight control operations are accomplished by
the pilot using four basic controls: the cyclic pitch control
stick, which controls the left-right and fore-aft movement
of the aircraft; the collective pitch lever, which controls
the vertical direction of flight; the throttle, which controls
engine RPM; and the anti-torgue pedals, which control vehicle
yaw. The cyclic pitch stick is controlled by the right hand
and arm, the collective pitch lever and throttle are operated
by the left hand and arm, and the pedals by the feet. The
primary flight displays, as well as the displays and controls
associated with engine and systems operation, are essentially
the same as those commonly used in conventional fixed-wing
aircraft.
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The manner in which a typical helicopter flight should be

reduced to its component maneuvers is somewhat arbitrary.
However, in general, Navy/Marine Corps helicopter missions can
be thought of in terms of some combination of the following
eight basic maneuvers:

1. Ground Taxiing - maneuvering the aircraft along
ground surface or flight deck
using a combination of flight
controls and toe brakes.

2. Vertical Takeoff to the helicopter is raised vertically
Hover - from a spot on the ground to the

manual hovering altitude with a
minimum of lateral and fore/aft
mo'iement.

3. Hovering - the aircraft is maintained in nearly
motionless flight over a reference
point at a constant altitude and
heading.

4. Hovering Turn - the aircraft is maintained at hover
altitude and its heading is changed
(to the right of left) while main-
taining position over a reference
point on the ground.

5. Straight and Level the aircraft is maintained in a
Flight - stable state with constant heading,

altitude and airspeed. (As with
fixed wing aircraft, airspeed is
determined by pitch attitude.)

6. Turns - the helicopter heading is changed
(while climbing, descending, or
in level flight) by banking the
aircraft while maintaining
longitudinal trim.

7. Normal Approach to a this maneuver is basically a power
Hover - glide or descent. Angle and rate of

descent, airspeed and heading are
initially held constant as desired.
Then forward airspeed and rate of
descent are reduced to zero as the
hover state is achieved.1
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8. Landing from Hover - the aircraft is lowered verti-
cally from a hover in a slow and
gradual manner to the desired
spot on the ground with a mini-
mum of lateral and fore/aft move-
ment or heading change.

Numerous variations are commonly introduced into nearly
all of these maneuvers. Thus, a takeoff may be a rolling
one, with continuing climb to altitude and with constant or
varying forward speed and heading. Similarly, the descent
may be continued directly into a landing by reducing altitude
and altitude rate to zero simultaneously. Even emergencymaneuvers, such as autorotation during actual or simulated

power failures, involve variations of those maneuvers listed
above.

As suggested by the mission profile and highlights data
of Section 3, there are numerous other activities required
of the pilot and copilot during a typical flight. They
include monitoring cockpit displays, performing various radio
voice communication and navigation tasks,visual search and
tracking outside the cockpit, directing flight crew activities,
monitoring flight progress, and planning the remainder of the
flight.

As we indicated earlier, our basic reason for examining
the helicopter flight task is to identify the human activities
comprising it and to determine their susceptibility to the
helicopter vibration environment. Therefore, it will be
necessary to describe these task elements in a manner which
enables us to interpret the available research results
summarized in Section 2. In formulating such a behavior
classification scheme we can profit from tne results of earlier
research efforts.

Other Flight Task Classification Schemes

A number of investigators have analyzed pilot flying
performance in order to identify the tasks comprising it, and
the skill and performance requirements involved. One such
study by Fleishman and Ornstein (1960) is relevant in spite
of the fact that it is focused on the fixed wing flight task.
Measures of flying proficiency in 24 separate maneuvers were
obtained on a sample of student pilots. The intercorrelations
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among these maneuver performances were subjected to factor
analytic study. The interrelationships were interpreted I

T Iin terms of ability factors, most of which had been identified
previously in laboratory studies of experimental perceptual-
motor tasks. The factors were identified as:

Control Precision -- highly controlled muscular move-
ments of arms, hands, legs, feet.
(Fine Control Sensitivity).

Spatial Orientation - judgments about one's location in
three-dimensional space.

Multi-Limb coordinated use cf multiple limbs,
Coordination - (Psychomotor Coordination).

Response Orienta- the ability to make rapid response
tion - decisions under rapidly changing

stimulus conditions.

Rate Control - the ability to respond appropri-
ately in relation to anticipation

T of velocity and rate changes.

Kinesthetic Dis- the ability to sense and utilize
crimination kinesthetic feedback (Postural

Peedback).

The authors point out the limitations and hazards involved
in the factor interpretation used. They recognize the fact
that most maneuvers were factorially complex and that they
might be interpretable in terms of common subtask operations or
relationships. However, attempts at describing the ability
factor at a more basic level seem to have produced unduly
cumbersome and largly unfruitful results for their intended

papplications in the development of a practical and reliable
in-flight performance measurement scheme. This set of ability
factors does, however, provide a sound base to build on in
developing our behavior classification scheme.

Two subsequent attempts at empirically deriving helicopter
pilot performance measures (Zavala et al., 1965; Locke et al.
1965) also employed factor analysis to identify pilot maneuvers
and individual tasks which are related in terms of performance
requirements. In both of these studies pilot proficiency data
were derived from Pilot Performance Description Records (PPDR)
developed at Fort Rucker, Alabama. These PPDR's were obtained
from evaluations made during certain standard flying maneuvers
near the end of the Primary and Basic training phases. The

97



Primary phase evaluation involved 18 maneuvers, each of which
included from 3 to 23 specific performance tasks oz items.
Similarly, the Basic phase evaluation was comprised of 16
maneuvers, each containing from 3 to 20 tasks (Locke et al., 1965).

The results of these studies indicate that performance
scores tend to form into more molecular task factors rather
than broader maneuver factors. Further, at least six such
factors appeared to be common to the Primary and Basic training
phases. These common task factors, and their associated
abilities as interpreted by the investigators are listed below.

1. Engine RPM - involves dividing one's atten-
tion across several activities
such as monitoring RPM indicator
and other instruments, as well as
cues from outside the aircraft;
also involves the ability to make
precise, controlled hand and wrist
movements; requires ability to
coordinate the hand-arm movements
with pedal movements.

2. Airspeed - involves dividing one's attention
between monitoring airspeed indicator
while simultaneously performing other
operations; also involves coordina-
tion of arm movements with visual
cues from instruments; finally,
accomplishing appropriate airspeed
changes requires the ability to
make appropriate rates of change in
arm movements.

3. Line, End and Angle the tasks here involve the achieve-
of Descent - ment of a pre-determined approach

path to a specific spot, thus fine
coordination of fore and aft arm
movements with external spatial
judgments is required.

4. Rate of Closure - somewhat related to the Airspeed fac-
tor above, but requires the ability to
maintain a constant apparent ground
speed during landings (or in-flight
rendezvous) by finely controlled arm
movements, which are coordinated
with external visual cues of motion.
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S5. Power Off Pitch requires precise and well timed
Application - arm movements in attaining a

soft landing; this timing ir, volves
the ability to Judge distance

l and rate and to integrate them.

6. Drifts - sensing and preventing all drifts
j involves simultaneous movements

of arm and feet; cues needed to
make the appropriate movements are

~external visual cues and, to a
lesser extent, kinesthetic cues.

I These results reinforce the notion that complex tasks can

be broken down into component parts without losing the rele-
vance of those components in terms of the total task. And

I thus, in the assessment of helicopter pilot performance it
is suggested that analysis of factors and associated central

Iil task elements is more meaningful than the analysis of maneuvers

alone since identical task elements, and subsequently identical.
performance requirements can be observed in different maneuvers.
This approach to analyzing the pilot's involvement in heli-

i cossi c eert s l met il eascitd wtcopter flight facilitates the identification of perceptual-motor
~factor than were identified for maneuvers.

~Utilizing the results described above as a point of
departure, Ketchel and his colleagues (1969) formulated a

I set of ten central task elements and identified the perceptual-
:= motor abilities associated with them. This scheme is repro-
I duced in tabular form as Table 17. The perceptual-motor

abilities which, for the most part, are widely used in the
literature, were adopted by Ketche! et a!. (1969) in part from

~a study by Parker et al 1965. These are reproduced from
Ketchel's study as Table 17.

i Ketchel and his colleagues used this behavior classification
scheme to relate available research results on noise and vibra-
tion effects to the perceptual-motor factors present in commercial
helicopter flight operations. For those ability factors where

~no research data was available the authors formulated judgments
~regarding the expected presence or absence of a degrading

effect on performance. Their results indicate that significant
~degrading effects of vibration are reported, or can be expected

for 13 of the 17 abilities listed in Table 18. A comparison
of the abilities affected by vibration with their associated

~central task elements indicated that vibration would adversely
affect the performance of all 10 central task elem~ents involved
in basic helicopter flying maneuvers.99
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TABLE 17

PERCEPTUAL-MOTOR FACTORS RELATED TO CE'NTRAL TASK ELEMENTS

No CENTPJL TASK ELEbMNT PERCEPTUAL-MOTOR ABILITY

1 Fore/aft cyclic control for:
S airspeed attainment manual d xterity

response orientation
o rate of change of speed i manual dexterity
o maintain ground speed con- manual dexterity

stant movement prediction
peiceptual speed

2 Combined fore/aft and multi-limb coordination
lateral cyclic control manual dexterity

--- __response orientation

3 Combined fore/aft cyclic con- I multi-limb coordination
trol and t1trottle control finger-wrist speed

manual dexterity
response orientation

4 Very fine cyclic control manual dexterity
finger-wrist speed
speed of arm movement

5 Aft cyclic control position estimation

6 Finely controlled swiftly arm-hand steadiness
executed cyclic control finger-wrist speed

speed of arm movement
reaction time
manual dexterity

7 Fine control of collective speed of arm movement
pitch arm-hand steadiness
Tposition extimation

8 Throttle control finger-wrist speed
manual dexterity
position estimation

9 Spatial-angu.ar judgements visual acuity
distance-depth perception
form-pattern perception
motion perception
time sharing

10 View flight area distance-depth perception
movement analysis
movement prediction-tracking
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TABLE 18

PERCEPTUAL-MOTOR FACTORS

PERCEPTUAL FACTORS

Visual acuity the ability to resolve visual detail.

Perception of distance and depth the ability to distinguish rel-
ative differences in distance and to make absolute distance judge-
ments.

Perception of form and pattern the ability to identify or recog-
nize shape, form, and pattern.

Perception of motion the ability to detect relative motion.

Movement analysis the ability to analyze velocity, acceleration,
I and higher derivative characteristics of target motion.

Movement prediction tracking the ability to predict position

through time.

Perceptual speed the ability to make rapid comparisons of visual
detail.

Time sharing the ability to obtain and use information presented
within more than a single display.

rMOTOR FACTORS
Arm-hand steadiness the ability to make precise and steady arm-
hand movementE of the type which minimize strength or speed.

Finger-wrist speed the ability to make rapid pendular and/or
rotary wrist movements involving rapid repetitive jabbing move-
ments in which accuracy is not critical. Does not depend on
precise eye-hand coordination.

Finger dexterity the ability to make rapid, controlled manipu-
lative movements of small objects with the fingers.
Manual dexterity the ability to make skillful controlled arm-
hand manipulation of larger objects.

Position estimation the ability to move a limb to a specified
position when the position must be estimated rather than repro-
duced from an immediately experienced limb position.

Response orientation the ability to choose and perform the proper
movement or direction of movement from several alternatives.

Speed of arm movement the ability to make discrete gross arm move-
ments at maximum speed.

Multi-limb coordination the abizity to coordinate the movements
of two hands, two feet, or a combination of hands and feet si-1l multaneously.

Reaction time speed with which a person can react to a stimulus.

I
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In our present study we will further expand and adapt
Ketchel's taxonomy of task elements and associated basic
behavior elements as necessary, to include the additional
tasks and skills which comprise the various present Navy/
Marine Corps helicopter missions. Our analysis will encom-
pass the tasks of flight crewmen, as well as the pilots.
Further, we will investigate future missions, hardware,
and expected tasks with a similar modification objective
in mind. Only through such a process can we arrive at a
workable behavior classification scheme for assessing
adequately the effects of vibration on helicopter flight
crew performance.

Flightcrew Tasks on Navy/Marine Corps Helicopter Missions

Section 3 delineates six basic helicopter missions and
variations thereof in support of Navy and Marine Corps
operations. For each of these missions, information is pre-
sented regarding operation requirements and responsibilities,
critical events and segments, and special equipment available.

We will now examine the tasks of flight crewmen in the
context of these mission environments and as performed with
the equipment provided. Our intent here is not to compile
an exhaustive listing of all crew activities that occur during
representative flights, but instead, to identify those tasks
which are comprised of behavioral elements likely to be
susceptible to vibration effects as established by research
findings discussed in Section 2.0. Thus, we will single out
tasks which involve abilities or behaviors such as: visual
acuity and dial reading, tracking and information processing,
vigilance, target recognition, decision making and similar
mental tasks.

In subsections following, we will successively examine
each of the missions for relevant tasks; then we will consider
the identified tasks collectively in an attempt to classify
them into a manageable set of central task elements. Of the
six Navy/Marine Corps helicopter mission types under considera-
tion, the ASW mission is perhaps the most comprehensive and
representative, in terms of the diversity of flight crew
tasks required. Therefore, in relating vibration research
results to mission-related tasks, we will utilize examples
drawn largely from the ASW mission. Thereafter, in treating
successive missions we discuss only those topics/tasks which
are unique to that mission, or sufficiently different to merit
special treatment.
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Anti-Submarine Warfare Mission Tasks A
The ASW mission constitutes the Navy's primary require-

ment for helicopters. ASW helicopters comprise an integral
part of the team acting as sensors for other units in a search
and attack group. The helicopter's great asset in this capacity
is its ability to extend the range of search, to detect, locate
and attack a submarine, and to direct attack units (surface,
sub-surface, and airborne) to the scene of action. Typically,
the ASW mission consists of some combination and sequence
of the following segments: proceed to designated area, hover,
lower sonar and search for submarine, raise sonat, proceed to
next area, hover and search, verify no submarine(s) present
in assigned search area; or, detect submarine, localize, inform
officer-in-tactical-command and attack or, maintain contact
until arrival of attack unit, then participate in attack
operations; finally, participate in attack effectiveness
assessment.

As we have seen in the mission descriptive materials of
Section 3, these operations must be carried out over extended
time periods, during daylight and night-time operations from
shore or shipboard bases, under adverse visibility conditions,
at low altitudes, in close proximity to other operating units,
with precise navigation, and with extensive tactical communications
among participating units. A brief consideration of these

rconditions clearly contrasts the air crew task loading of this
all-weather ASW mission with that of a daylight VFR point-to-
point flight.

[Let us re-trace the above mission segments to identify
relevant central task elements. First, and perhaps most
obvious, the pilots must be able to launch the aircraft, conduct
the mission, and return to base with a bare minimum of refer-
ence to the outside world. This means that they must be enabled
to navigate precisely for position fixing, they must have exactBhovering capability and precise altitude holding ability, all
with little or no external visual reference cues. This
necessitates substitute sensors, data processors, and display
devices with a corresponding shift in the nature of pilot
visual tasks. Specifically, aircraft attitude and motion is
controlled to a much greater extent by reference to such
primary flight instruments as attitude indicator, altimeter,
and airspeed and vertical speed indicators. Further,
navigation and precision hover are also accomplished by
reference to and interpretation of information presented on
a variety of dials and horizontal situation displays. Fortunately,
the pilots have been unburdened considerably in their tasks
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by the addition of equipment such as hover indicators, hover
trim control, automatic stabilization equipment and the
coupler system. Nevertheless, the need remains initially to
adjust and setup these devices, then to actively monitor
and periodically re-adjust them as necessary. In addition to
containing many basic motor capabilities, these tasks clearly
involve visual acuity, information processing, tracking opera-
tions, and vigilance as important behavioral elements.

Certainly, performance of tasks containing these types
of behavior elements is not confined to pilot functions alone.
The sonar operators also have responsibilities requiring skill,
concentration and coordination. When airborne on an
ASW mission, detection and tracking of submarines are the
primary responsibility of the sonar operator. However, his
duties also must, of necessity, include certain rescue, look-
out, troubleshooting, and minor maintenance duties applicable
to the helicopter and associated equipment. (These latter
duties, incidentally, are typical of non-pilot flight duties
for all helicopter missions to be described in this section).
Effective operation of the sonar equipment in the ASW mission
environment includes the knowledge and skills required to
activate, test, calibrate, adjust, and operate the system, as
well as to log search results. These operations are comprised
of many of the same behavioral elements as those identified
above for pilot tasks. In paragraphs below these elements
are discussed in terms of the vibration research results pre-
sented earlier, and their likely performance effects are
identified.

Visual Acuity and Dial Reading

In Section 2 we saw a number of examples of laboratory
research, which attest to the adverse effects of vibration
on visual performance when this vibration falls within the
dominant main rotor frequency range of 10 to 30 Hz. These
results also indicate that degradation is likely to be more
pronounced as a function of task difficulty, g-level, ambient
lighting, contrast and workload.

Cockpit, crew station, and instrument panel lighting in
military helicopters is reportedly marginal in many installa-
tions, due in part perhaps to the conflicting visual require-
ments inside and outside the aircraft; but whatever the
reason(s), the visibility of many flight displays and other
instrumentation and panel legending is marginal enough
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that one might expect decrements in user performance. This

expectation is at least partially confirmed by the results of
one study involving the reading of printed numbers under low
ambient light (0.1 ft L). In that situation reading errors
increased by 21% under vibration conditions at 0.5 g accelera-
tion, and ranging from 5 to 35 Hz. Other study results demon-
strated clearly Chat a difficult dial reading task produces
significantly greater errors, within the 0.3 to 2.4 g accelera-
tion range, than an easy task.

These and other examples of research results presented in
Table 3 on pages 14 - 20 suggest that helicopter flightcrew
visual performance is likely to be degraded by vibration within
the dominant main rotor frequency range of 10 to 30 Hz. More-
over, given the mission circumstances described earlier, it is
resonable to assume that general crewmember fatigue resulting
from relatively long (up to 4 hours) exposure per mission,
and the combined effects of temperature, noise, uncomfortable
seats, or similar factors, will contribute to degraded visual

performance on these ASW missions.

41 Tracking and Complex Mental Tasks

Just as vision is by far the most important sense modality
in the pilot tasks described above, so is tracking a vital
and all pervasive, central task element in the ASW helicopter
mission. For example, achieving and maintaining a precision
hover condition, either by reference to external cues or by
using cockpit instrumentation comprises an important and
representative tracking task. Similarly, flying to a specified
point (such as target datum) by reference to the True Course
and Distance indicator, or by using the Tactical Display
Plotting Board, also represent complex tracking tasks. In
fact, these more comprehensive operations themselves include a<if variety of simpler psychomotor tracking tasks such as achieving
and maintaining desired heading, attitude and airspeed by
reference to the instruments appropriate to each parameter.
Suffice it to say that tracking is fundamental to pilot per-
formance and, in the case of a helicopter ASW mission, much
of it goes considerably beyond the simple psychomotor variety.
With this in mind, we will consider briefly the research
results from Section 2 dealing with tracking performance, and
its implications for the ASW flight environment.
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Summaries of the results of vibration studies on tracking
performance point to the fact that such performance is severely
affected in certain portions of the frequency range below
20 Hz, with acceleration in the 0.15 to 0.5 g region. It is
also evident, however, that tracking performance is more likely
to be adversely affected around the whole body resonance
frequencies of 3-8 Hz. Both of these ranges span limitations
specified in MIL-H-8501A, and they are above the 0.08 g Long
Term Tolerance Curve for Military Aircraft (WADC). Other
cited research results further affirm significant tracking
performance decrements occurring at 0.2 g (5 Hz), 0.25 g (7 Hz),
and 0.37 g (11 Hz).

Similar g-levels were used in an investigation of the
independent and combined effects of multiple axis vibration.
Results indicated differing effects of y-axis vibration at the
low frequencies studied, with certain combinations of frequen-
cies and axes being more detrimental. Thus, in general, research
evidence indicates that tracking performance decrements can be
expected under exposure to the vibration frequencies and
accelerations characteristic of rotary wing aircraft. -oreover,
accurate assessment of the extent of such vi.bration effects
must include the combined effects of severai frequencies,
amplitudes and axes, as well as exposure duration.

There can be little dc.bt that pilots, as well as
sonarmen are confronted with complex and demanding tasks for
extended time periods durin9 a typical ASW mission. The com-
plexity of tbe pilots' tasks in the ASW helicopter mission is
widely recognized. However, although the safety aiid survival
of the aircraft and crew are not as dramatically at stake,
the sonarman has an exceptionally demanding and difficult job.
This fact is convincingly stated in the NATOPS Flight Manual
for the SH-3A ASW helicopter:

There is no aspect of the airborne sonar
operator's job more fundamental to the
success -f the ASW mission than the
proper c-_asification of an unidentified
contact encountered while echo-ranging.
Few tasks performed in the Navy call for
as much skill in the prope use of
equipment or more logical ..alysis by
trained evaluators than that of deter-
mining the nature of a target from the
cues prcvided by the audio and video
displays of sonar."
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Most contacts reveal a great deal
about themselves to those who know
what to look for. Only an individual
with highly trained eyes and ears will

L -see and hear the important details
that reveal the nature of an unidenti-
fied sonar contact."

"...Furthermore, the skilled operator
can manipulate his equipment controls
in such a way as to maximize the
information obtainable about the
target."

Research results regarding the effects of vibration on
complex mental tasks are included in the tables and discussion
presented in Section 2 of this report. Performance decre-
ments were cited in each of three tasks: target identification,
warning light monitoring, and probability monitoring. More-
over, the evidence also indicates that one of the problemsassociated with the evaluation of complex task experiments

is that of priority assignment. That is, in the case of
studies which require time-sharing across several tasks, some
subjects attend more closely to tracking, while others con-J centrate on minimizing response time to warning lights. Thus,
it may well be that measurable performance decrements in an
operational setting are occasionally not found for the most
difficult among several tasks simply because that task is
attended preeminantly, and at the expense of others.

Decimal Input Device Operation

1Accurate navigation for position determination, as well
as tactical uses, is an important function in the ASW helicopter

r mission. As indicated in Section 3, an extensive variety of
special equipment is provided to assist the crew in pe-:forming
this essential function. These operations are assigned to the
copilot. Very close attention and precise control of input
of the desired settings is mandatory to gain the full and
accurate use of the navigation equipment. Operation of this
equipment involves the use of -oggle switches, continuous
rotary knobs, pushbutton and other conventional controls
and displays.

As indicated earlier, the sonar operators' tasks likewise
involve a heavy use of controls of this type to make timely
and precise adjustments and inputs.
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Laboratory research results cited in Section 2 attest
to the fact that these kinds of motor tasks are indeed
suscetible to degradation under vibration in the main rotor
frequency range of helicopters. Input devices studied
included: pushbuttons, toggles, rotary switches and thumb-
wheels. Not only was performance generally degraded, but
no single one of the controls was best for speed, accuracy,
and user preference.

Search and Rescue Mission Tasks

As the mission label suggests, the primary task of the
Search and Rescue (SAR) helicopter mission is to serve as
plane guard and rescue for carrier and other surface ship
operations. Long range is generally not required, since
individual flights are generally conducted in the immediate
vicinity of the parent carrier. However, the capability for
longer range missions is required in order to recover downed
pilots or other survivors discovered at distances from the
mother ship (or parent air station). Additionally, in some
mission variations, relatively long times on station (up to
approximately 4 hours) may be required to conduct a search
or to retain contact while aid is en route.

The SAR mission could conceivably include some combination
of the following events: take station in the air during air-
craft launching and landing operations; recover personnel from
downed aircraft and return to carrier; serve as a retriever
of personnel lost overboard from ships; conduct close-in
search from shore bases and recover personnel -nd critical
items; perform short range reconnaissance, courier service,
and personnel transfer missions.

As indicated by the mission data appearing in the tables
of Section 3, the SAR helicopter mission necessitates a
capability for hovering and retrieving personnel and equipment
by hoist. It is capable of operating in all climates and
from floating or shore bases, as required. Precise navigation
equipment is installed, and in some cases, special radio
direction finding equipment may be provided for locating survi-
vors down at sea. As with the ASW mission, the SAR mission is
conducted as necessary on a 24-hour, all-weather basis.

Clearly, many parallels exist in the operations comprising
the SAR and ASW helicopter missions. Precision maneuvers, hover
at low altitudes, and performance of naqigation-related tasks,
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are but a few immediately apparent examples. And, in both
missions, these operations may be carried out under adverse
visibility conditions, and for prolonged time periods.
Similarities are also evident in the needs for a high degree
of crew coordination, and in the requirements for extensive
radio voice communications with other participating units.

Because of these and other similarities in mission task
elements, many of the areas of performance decrement expected
in the ASW helicopter mission environment are also applicable
to the SAR mission. But additionally, there are certain aspects
of the pilots' and the rescue crewman's tasks which are
sufficiently different and also likely to be vibration suscept-
ible, which merit discussion.

From the SAR mission description tables of Section 3
it can be sien that the rescue pattern is the maneuver which
distinguishes the SAR mission from others. Carrying out this
operation under night and low visibility conditions requires
a great deal of skill and concentration, as well as close
coordination among all crewmen involved. In this operation
the pilot must achieve a specified flight pattern by precise
control of attitude, airspeed,altitude, rate of descent,and
path over the water. And, this must be done almost exclu-
sively by reference to his cockpit instruments, and supple-
mented by verbal guidance cues from the copilot and rescue
crewman. The copilot provides supplementary guidance informa-
tion to the pilot by reference to the tactical display plotting
board, and later in the approach, uses previously dropped
electric marking lights as a reference for approaching the
target. Although the rescue pattern is nominally flown with
considerable assistance from on-board guidance and stabiliza-
tion equipment, it is essential that both pilots monitor the
progress of the various maneuver segments throughout the
approach and be prepared to disengage altitude control and take-
over manually if automatic control does not perform reliably.
Once in the immediate target area and hovering generally over
the survivor, the pilots must rely more on verbal guidance
from the rescue crewman in order to achieve and maintain a
precise position over the survivor.

Thus, although different from the ASW sonar dipping hover
maneuver, the rescue pattern maneuver imposes similar demands
upon the crewmen. Use of cockpit instrumentation, flight con-
trols, and navigation equipment in achieving and maintaining
the desired flight pattern include requirements for visual
acuity and dial reading, tracking and complex mental tasks, and
a high degree of concentration and vigilance. The shorter
duration of the rescue pattern, and the SAR mission in general,
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may result in less degradation of performance as a result of
vibration exposure. The rescue crewman's tasks are charac-
terized by heavier motor performance elements and require
greater physical exertion than the sonarman's more sedentary
acti~ities, but the rescue crewman's performance can be
expected to suffer less from the helicopter vibration environment.

Vertical Replenishment and Utility Mission Tasks

Resupplying ships at sea with ammunition, stores and
supplies from other floating bases constitutes the primary
operation of this mission. Resupplying ships in this manner
expedites replenishment and preserves a measure of safety
to vessels at sea in that transfer can be accomplished without
reducing ship maneuverability. Transfer is effected either
by landing on a ship's deck and off-loading, or by conveying
the materials externally and lowering them onto the ship's
deck. Thus, cargo moving equipment and containers, and
vertical hoist capability are provided. Typically, the
replenishment mission is characterized by multiple round trips
of relatively short distance, with multiple hover/landing
segments included. Although aircraft flight instrumentation and
navigation equipment capabilities are not as great as the ASW
and SAR missions, operations in marginal weather conditions
are not unlikely.

From an analysis of the mission descriptive data of
Section 3 it becomes apparent that the distinguishing charac-
teristics of the Vertical Replenishment mission, from a task
performance standpoint, are the hover/landing operation
requirements with maneuvering ships. Under some conditions
these operations must be carried out with great precision, under
poor visibility conditions, and with highly restricted meneuvering
room.

In this situation the complexities of the ASW or SAR
type of hover maneuver are further increased by the fact
that the hover reference point (the ship) is moving, and may
change direction or speed of movement. Similarly, if a landing
is required, the available deck area is irequently less and
the hazards of nearby obstructions (ship superstructure) may
be greater than the mother ship setting.

In spite of some of the differences in mission circumstances
cited above, it is our contention, however, that tke nature of
the tasks and the resultant performance demnd. on the crew
are essentially quite similar to those imposed by the SAR
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mission. On the other hand, the replenishment mission is
typically of shorter duration than the others cited; however,

it involves frequent hover situations and multiple takeoffs
and landings, with relatively high crew task loadings relative[to the loiter portion of the SAR mission.

The net results of our examination of the vertical replen-
ishment mission is the conclusion that many of its task demands[are similar to the missions examined earlier. However, the
generally shorter duration of the mission, the generally better
visibility conditions expected, and the largely motor per-
formance requirements characteristic of the crew chiefs'
tasks contribute to making the crew of the Vertical Replenish-
ment mission generally less susceptible to degraded performance
as a result of exposure to the vibration environment than the
earlier described missions.

Medium Assault Troop Transport Mission Tasks

[I As its title suggests, the primary purpose of this mission
is to transport personnel and cargo during ship-to-shore
operations and within an objective area. An additional
important operation is to conduct evacuation operations of
casualties from battlefront to rear areas or to a ship.
These operations can qreatly increase ship to beachhead speeds.
They make it possible to take advantage of vulnerabilities
in any particular defensive disposition, and the accomplishment
of this is not dependent on beach conditions. Around the
clock, all-weather operating capability is essential, thus
flight instrumentation, communications, and navigation equip-
ment comparable to that on earlier described missions is

*provided.

Reference to the mission descriptive data of Section 3
suggests a relatively straightforward array of flightcrew
tasks. The all-weather requirement of this mission, as with
others discussed previouLly, necessitates complete reliance
by the pilot on the cockpit flight instruments under certain
conditions. The mission also burdens the copilot with the
duties of operating/monitoring the navigation equipment,
and monitoring tasks similar to those described in the ASW
and SAR missions. Additionally, the requirement to fly over
unfamiliar terrain at low altitudes and under reduced visi-
bility conditions with accurate position determination imposes
a high task loading on the crew. In this situation they must
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time-share among numerous within-cockpit and extra-cockpit
visual cues for attitude control, terrain clearance, and
position indications. The copilot must monitor flight pro-
gress as indicated on the map plotter display and relate
it to recognizable terrain features and check points, then
update the navigation equipment, and generally assist the
pilot in directing the flight to designated objective areas.

Clearly, these tasks are comprised of many of the same
behavioral elements identified in previously described missions.
And, insofar as some of the task elements such as visual acuity,
complex tracking, target identification, information processing
and other complex mental tasks play a significant role in overall
crew performance, that performance can be expected to suffer
under exposure to the helicopter vibration environment. However,
as we have also indicated earlier the extent of performance
degradation is influenced by a number of additional factors.
Among them is the complexity of the various task elements,
the sequence in which they occur the task loading which re-
sults, and the duration of that loading. Applying these
considerations to the Medium Assault Troop Transport mission
tasks we must conclude that some crew performance degradation
can be expected to occur, particularly if multiple sorties
are flown under adverse conditions. However, such degradation
should be relatively small compared to the ASW and SAR heli-
copter missions.

Heavy Transport Mission Tasks

The Heavy Transport mission is intended for (1) trans-
porting cargo and personnel during ship-to-shore movement
and within an objective area; and (2) conducting evacuation
operations of casualties from a combat zone to a rear area
or to a ship in all-weather conditions. Cargo and personnel
are delivered to a specified area by helo-lift or by external
carry, and wounded are evacuated either in the cabin, or by
litter carry in situations wherein landing cannot be effected.
As with all the missions discussed in this section, the Heavy
Transport mission requires flight instrumentation, communica-
tions, and navigation equipment for instrument flight. It must
be able to operate from floating bases, and should also have
an amphibious capability.

In many respects this mission bears a strong resemblance
to the Medium Assault Troop Transport Mission discussed earlier
in this section, the major difference between the two being
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size and weight carrying capacity of the aircraft used. There
is little evidence of significant differences in the operating
conditions and environments, in the equipment to be utilized
and in Lhe mission durations.

From a crew task standpoint the tasks are also quite
similar. Those differences which do exist stem largely from
such factors as the following: the heavier aircraft is
likely to require greater control operating forces, it is
likely to respond slower and more sluggishly to control move-
ments and as a result is less maneuverable. Additionally,
longer periods at hover are likely in the Heavy Transport
mission than in the Medium Assault Troop Transport mission.

Based on our analysis of the research results in Section
2 and the mission data of Section 3, we must conclude the
following: in a typical operating environment and with adverse
weather/visibility conditions measureable decrements in pilot
performance in the Heavy Transport mission can be expected
following extended exposure to the helicopter vibration environ-
ment. Moreover, we would predict that this decrement will
be greater than that expected from equal flight durations
in the Medium Assault Troop Transport mission.

Assault Support (Fire Control) Mission Tasks

This mission involves low altitude, nap-of-the-earth
flying in enemy territory for the purpose of detecting and
firing upon enemy troops, equipment and installations. The
concept and intent are to take maximum advantage of concezl-
ment from enemy observation and fire afforded by terrain
variations. The aircraft utilize pop-up tactics to acquire
and fire upon the enemy, then drops down again behind cover
or concealment.

Flight instrumentation provided is adequate for marginal
weather and limited night operations. Radio aids for navi-
gation, as well as a self-contained navigation system are also
provided. A communications capability permits tactical
cooperation with ground troops, ships, and other air support
forces.

Air crew tasks on this mission are significantly different
in many respects from those discussed in prior missions.
Although the mission capability includes operation under
marginal visibility conditions, and hence requires the pilot
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to fly at least partially on instruments at times, the mission
comprises seat-of-the-pants flying to a considerably greater
extent than those previously cited. Moreover, the very low
altitude, nap-of-the-earth flying represents a special kind of
complex tracking task requiring a high degree of skill in many
perceptual-motor factors. Included are visual acuity; distance
and form perception; motion perception, analysis and prediction;
multi-limb coordination; response orientation; reaction time;
and others.

Further tasks required of both pilot and aerial gunner/
observer involve observing areas of suspected enemy activity,
detecting and identifying targets, and achieving an optimum
pop-up position to fire effectively on selected targets. These
tasks too, involve heavy reliance on factors such as visual
acuity, target recognition and tracking, and other of the
previously mentioned skills. Finally, since the guns are
fixed relative to the airframe, the pilot must maneuver and
point the aircraft to achieve and maintain a required firing
position. Still another variation in tracking behavior is
represented by the monitoring of tracer bullets to determine
firing effectiveness, and adjusting vehicle attitude/position
accordingly to retain or regain an on-target firing situation.

It should be evident from the above discussion that crew
performance in this type of Fire Control mission involves a
heavy reliance on visual cues obtained from the external
world in order to perform complex tracking tasks in a highly
dynamic and fast-moving sequence. Furthermore, the task
loading and concentration required of both crewmen for extended
periods (up to 3 hours) is intense. Thus, on the basis of
research results discussed earlier as applied to this situation,
we would expect measureable crew performance decrements following
exposure to this helicopter mission vibration environment.
Moreover, the maneuvering/tracking aspects of the pilots tasks
are expected to suffer more than the search, detection
identification and visual tracking tasks of the aerial gunner/
observer. However, insofar as the observer is further burdened
with the tasks of operating and monitoring the self-contained
navigation system during such flights, that performance can
be expected to suffer more noticeably from extended exposure
to the helicopter vibration environment.

In the subsections above we have examined representative
presentday Navy/Marine Corps helicopter missions from the
standpoint of flight crew tasks to be performed and the cir-
cumstances under which they are performed. We have then attempted
to relate this mission-oriented information with laboratory study
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results on task performance under vibration conditions in
order to predict vibration effects in the operational
setting. We have concluded that, in varying degrees, nearly
all pilot flight tasks are likely to be adversely affected
as a result of exposure for nominal mission durations.

In succeeding paragraphs we will discuss briefly some
of the expected further missions, more sophisticated hard-
ware, and resultant complex tasks which will confront
helicopter flight crewmen. Again, our concern will focus on
the behavioral elements and perceptual factors comprising
these nw tasks in order to anticipate their susceptibility
to degraded performance in the expected helicopter mission
environment.

New Developments in Missions, Hardware and Crew Tasks

From the information in Section 3 we have seen that, in
military tactical situations, the helicopter has particularly
demonstrated its ability to perform a broad range of missions
under adverse environmental conditions. As a result, the
helicopter has become an important part of the present Navy/
Marine Corps operations and in their future plans. However,
it is widely recognized by operational commanders and mission
planners alike, that one of the major limitations to more
widespread and diverse application of rotary wing vehicles
has been the difficulties of helicopter instrument nal-igation
and flight control with existing instruments. The various
missions, associated equipment, and resultant tasks discussed
in earlier sections suggest that considerable progress has
been made in the military toward achieving all-weather capa-
bility for some applications.

Nevertheless, many of the potential future applications
would require that large numbers of helicjpters fly in
coordinated formations to selected sites, launch attacks or
unload their cargo and/or personnel, and then evacuate the
area in a minimum of time. Under clear visibility conditions,
helicopter formations have repeatedly performed this mission
with a high degree of efficiency. But marginal or adverse
weather conditions prohibit this mission because of the
limited capabilities of present day avionics systems.

Additionally, essential aspects of the above hypothetical
future missions are target detection, identification,
acquisition, and weapon sighting, when such targets are not
visible to the naked eye. These types of functions impose a

115



whole host of requirements for new developments or applications
in airborne sensors and displays. And with these developments
come a wide variety of complex crew tasks. In following sub-
sections we will briefly treat these missions, equipment, and
tasks and make some predictions regarding the vulnerability of
the tasks to helicopter vibration effects.

Advanced Aerial Fire Support System (AAFSS) Mission

The AAFSS mission is intended to provide armed. escort
for other support helicopters and to serv as a ground attack
aircraft. It must have an all-weather capability, terrain-
following radar and other sophisticated navigation and fire
control aids. It must be provided with turret-mounted guns,
rockets and other ordnance. The pilot must be provided with
sufficient displays (forward view and plan view) to carry out
adequately his task of low level flight to and from the
target area under adverse visibility conditions.

Clearly, the mission has many of the characteristics of
the previously described Assault Support Mission, wherein
both crew members are required to perform complex tracking
tasks in a highly dynamic and fast-moving sequence for
extended periods. In that mission, however, those tasks are
performed largely by reference to external visual cues; where-
as in the AAFSS mission the required tasks will be performed
in many cases by using synthetically generated displays
driven by a variety of sophisticated sensor systems.

The implications of this task environment for flight
crew performance under vibration conditions should be fairly
apparent. We have a situation requiring visual acuity,
pattern recognition, complex tracking, time-sharing, response
orientation, and many more perceptual-motor abilities, most
of which are related in some way to the various cockpit
display systems. Accordingly, we predicL with some measure
of confidence that the anticipated helicopter vibration will
degrade crew performance significantly in the AAFSS mission.

Integrated Display Systems

We have seen from the AAFSS mission, as well as some of
the other previously described missions, that the performance
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of advanced helicopter flight tasks under instrument conditions

requires the development of more sophisticated, but percep-

mental programs sponsored by the military services are

currently under way to provide such a new generation of
avionics equipment for a variety of mission applications.
One of the early, and perhaps best known, of these programs
is the Integrated Helicopter Avionics System (IHAS). The
objective of this effort is to develop an integrated system
which will perform the airborne functions of navigation,
flight control, station keeping, terrain following, terrain
avoidance, and monitoring equipment status.

Thus, by displaying on a Vertical Situation Display
(VSD) a synthesized picture of real world elements as normally
seen under VFR conditions, and integrated instrument elements
such as actual and command altitude, airspeed, and pitch
information, vertical orientation can be attained. Similarly,
a Horizontal Situation Display (HSD) can depict aircraft
present position, heading, command course, fuel/range information,
and radar map information in plan view form in front of an
aircraft symbol, all superimposed on a map presentation having
selectable scales.

In addition to radar data, the HSD is also likely to be
used to present displays of other information such as infra-
red (IR) and/or TV. These types of sensors thus will yield
plan view data for purposes of updating the navigation system
or for detecting, identifying and locating targets.

Still another application for this type of display is a
development effort which is focused on a Formation Flight
System (FFS). Typically, such a system may consist of a
collection of sensors, data processing equipment, displays
and controls which determine the identity and position in
space of the formation aircraft. It displays this informa-
tion to the pilots of various aircraft so as to permit main-
tenance of the formation geometry through various flight
maneuvers under instrument flight conditions, and by manual
as well as automatic flight control.

The use of such pictorial displays provides a more
direct link for tying the sensor data to the real world of
things and obstacles. Obviously, the value of such a form
of presentation is directly limited Dy the crewman's ability
to recognize checkpoints and targets; therefore, this problem
deserves utmost attention in determining its suitability for
the operationa. helicopter environment.
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The addition of these types of integrated display
systems, improved navigational equipment, automatic flight
control systems, terrain avoidance and other sensor systems
will greatly increase the scope of operational capabilities
of future helicopters, but it will also result in additional
stresses and task loadings on the flight crewmen. Moreover,
based on our review of the laboratory research results pre-
sented in Section 2 and our analyses earlier in this section,
we must conclude that these forthcoming task burdens are of
the type which will be susceptible to performance decrement
under exposure to the expected vibration regime.

Helmet Mounted Display Devices

One outgrowth of the integrated display system develop-
ment efforts has been a growing interest in mounting displays
on a pilots' helmet as a simple means of presenting real-
time radar, IR or TV imagery data to helicopter crewmen.

A helmet display system might also serve as an integral
part of the helicopter fire control system, particularly if
it is combined with a helmet-mounted sight. A sight of this
type has been planned for use by AAFSS crewmembers and is
currently in production at Honeywell.

A helmet-mounted sight and display combination, utilizing
a head-tracking technique, could enable a helicopter pilot or
gunner/observer, to direct conventional turret mounted machine
guns or more sophisticated sensor-guided weapons,by the move-
ment of his head. In the latter case the weapon's seeker
would be slaved to whatever the weapon's sensor sees, would
be projected before the crewman's eye, superimposed over his
view of the real world as he carries out his visual search
for targets. The impact of this on other visual tasks and
performance requirements has not yet been determined.

Several other variations in these basic uses of the
helmet-mounted display concept are under development by a
number of manufacturers. Some design approaches use a
single cathode ray tube and others use two; some use a
single eyepiece, with one eye unobscured, and others
occlude both eyes. Similarly, a number of head-tracking
concepts for use with the helmet displays are being
developed. These include mechanical, optical, and
electronic techniques.
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"i r Much laboratory research and operational evaluation is
necessary before conclusions can be drawn about such diverse
considerations as the value of optimal display usage or the
sighting/pointing applications of helmet-mounted displays.
Anecdotal evidence indicates surprisingly favorable initial
reactions from a limited number of pilots who have used
helmet-mounted displays.

On a field visit to the Honeywell facility in Minnea-
polis, the authors received a briefing on the Honeywell
Helmet Sight System, and wore an experimental version of it
while performing a head-tracking task in a laboratory setting.
Bearing in mind that it was a familiarization experience,
our first impression was one of cautious optimism. After
several brief tracking runs on a moderately evasive target,
we found the dynamics of the head-tracking task surprisingly
natural and easy to adapt to. On the other hand, the task
setting was nearly ideal and the task was greatly simplified
in that a relatively bright reticle was provided, with which
to track a small, bright target. The task was performed in
an isolated booth with an almost uniformly dark visual field.
These conditions are in no way representative of a real
world situation, and were not intended to be. Nevertheless,
the first-hand experience of performing the tracking task
by means of head movements proved to be very convincing.
Novice performance and confidence seems to improve markedly
after but a few trials, and the general feeling among those
who tried it is that it has excellent potential for a number
of applications.

The developers, too, are enthusiastic about the poten-
tial applications of the helmet-mounted display concept.
However, they urge caution, extensive engineering planning,
and considerably more basic research on the human performance
aspects of the device, before launching into the many appeal-
ing avenues of operational applications.

The recent technical advances which are making possible
the helmet-mounted display concept coincide with the growing

military need described earlier to display a multiplicity
of airborne sensors in already crowded helicopter cockpits.
Thus, this development is an extremely welcome and timely one.

From the standpoint of flight crew performance in the
helicopter vibration environment, the prospects also seem
quite encouraging. First, and perhaps most important from
the standpoint of vibration attenuation, the helmet-mounted
display will have no "hard" attachments to the airframe.
Thus, the amount of vioration induced from the airframe is
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minimized since attenuation takes place in the seat, the
cushion and the crewman's body. Secondly, although main rotor
vibration in most helicopters does span the resonant frequency
of the head (20-35 Hz), it is not expected to constitute
a problem since it lies in a region where effects tend to
be less severe, and mcre easily attenuated. Therefore,
vibration of the head/helmet/display complex, taken either
collectively or individually, should riot be of a magnitude
which leads to performance problems. In our opinion, a
problem of some significance and perhaps of major importance,
is likely to result from the large amplitude low frequency
buffeting characteristic of flight in turbulent air. This
condition would seem much more likely to produce degraded
head-tracking performance than the expected helicopter vib-
ration environment. Obviously, extensive experimentation
and operational testing is the only avenue to determining
the validity of our predictions.

Overview

In this section we have examined the tasks of Navy/
Marine Corps helicopter flight crewmen in order (1) to
identify and classify the behavioral elements and skills
comprising their activities; (2) to relate the results of
our vibration analysis to flight crew tasks; and (3) to
identify crew task situations which are likely to be
susceptible to degradation as a result of exposure to heli-
copter vibrations.

The importance of task elements such as visual acuity
and dial reading, tracking and complex mental tasks, and
various control operating tasks in all-weather military
helicopter missions was recognized. Moreover, the
reported influence of vibration on the performance of these
tasks was considered and then some conclusions were formu-
lated regarding expected crew performance degradation in
each of six representative military missions. Similar
predictions were developed regarding futre missions,
equipment and crew tasks.

Our analysis of helicopter missions and crewmember tasks
indicates that a rank ordering of mission in terms of their
susceptibility to the effects of vibration would be both tentative
and tenuo:us. A ranking of mission difficulty that seems
suital-le for pilot tasks requires restructuring when non-pilot
crewmembers are considered. Further, critical events, available
equipment, and other contingencies can readily shift the rank

120

1E



ordered difficulty level of a particular mission whether pilot,
non-pilot, or all tasks are considexed. Nevertheless, in 4
general we can rank ASW, SAR, and Assault Support (AAFSS future
mission) as the three missions which are potentially the most
demanding on crewmenbers, and the most susceptible to the effects
of vibration and other adverse conditions. Less vulnerable
nt.Assions include Vertical Replenishment, Heavy Transport, and
Medium Assault Transport. Of all missions, however, ASW
consistently ranks highest as the most demanding and most
susceptible.

Turning to future missions, hardware, and expected crew
tasks, we have seen that a wide variety of synthetic displays
and sensors are likely to be used for the presentation of
flight, navigation, and weapon delivery information. These
developments will greatly increase the scope of operational
capabilities of future helicopters, but will impose additional
stresses and task loadings on the flight crewmen. Specifically,
displays presenting sensor information such as radar, IR, and
LLLTV, wherein complex pattern recognition tasks are involved,
are likely to be adversely affected by the vibration regime.
To a lesser extent, crew performance in the use of synthetically
generated displays with standardized synbology is also likely
to be degraded under helicopter vibration conditions.

A promising approach to the presentation of information in
helicopters is manifest in recent developments of helmet mounted
displays. Here, the effects of vibration may or may not be of
prime importance. Additional development work and concept
testing iz required before the effects of vibration or other

* "environmental factors can be determined for these devices.
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S'ECTION 5 EQUIPMENT ANALYSIS

In preceding sections we have discussed the impact of
te helicopter environment on the crew's ability to perform
assigned tasks. However, we are also concerned with those
hardware items and aspects of equipment design which are
likely to influence both the characteristics of vibration
which are generated and one's subjective assessment of
them. For example, seat desi,, and the development of
vibration isolation techniques are likely to have an
impact on the magnitude of vibration eventually experienced
by flight crewmen. These, and other topics are given
individual treatment in the present section.

In-Flight Tracking of Rotor Blades

Pilot-operated in-flight tracking of rotor blades was

pioneered by Kaman Aircraft engineers in the late 1950's
(Coleman, 1958). The adjustment device provided the pilot
with a rrans to bring his rotor blades into track under a

variety of flight conditions. It saved time and manpower,
allowing tracking adjustments to be made away from the
home base, and eliminating the need for groundcrewmen using
track-by-flag methods. More recently, Kaman has developed
an automatic in-flight blade tracking system, and has in-
stalled it on the UH-2 Seasprite as production equipment.

The NATOPS Flight Manual for the UH-2C describes two
types of out-of-track condition which can occur. The first
is caused by one blade being out of track with respect to
its 180-degree counterpart; the second by two opposing
blades (of a 4-blade system) being out of track with respect
to their two 90-degree counterparts. The first condition
can cause vertical vibration at a frequency of one cycle-
per-rotor revolution (one-per-rev or 1/rev), which is
approximately 4.5 Hz.

Kaman's blade tracking system continually detects and
corrects the one-per-rev type of out-of-track condition
whenever it occurs. This is accomplished by use of a
vibration-sensing device which detects vertical vibrations
and produces proportional electrical signals for additional
processing.

The system is said to perform effectively in minimizing
the troublesome 1/rev vibration which occurs in the low

123

PRECEDING PAGE BLANK



frequency region. It is particularly well suited for 2 and .14-blade helicopter applications.

The use of such devices by other airframe manufacturers
should be encouraged. The lack of in-flight blade tracking
equipment is often mentioned by pilots as a deficiency which
requires attention (Ketchel et al., 1969).

Vibration Isolation and Absorption Techniques

Section 2 data indicate that helicopter dominant frequencies
occur in the 10 to 30 Hz region and that harmonics of progressively
milder intensity occur at higher frequencies. In addition, a.
1/rev spike is found below 10 Hz on the low frequency side of
the n/rev peak. However, its effects are said to be minimized
by proper blade tracking and, if so, tend to be negligible.

These conditions produce stable and predictable vibration
frequency patterns during the majority of the time that a helicopter
is airborne. Therefore, ideally, the dominant frequency can
be determined and acceleration amplitudes can be controlled
within acceptable limits by virtue of a properly designed
vibration isolation device. By this we mean one tuned or notched
to provide maximum isolation at the peak frequency value.

Unfortunately, things are not quite so simple. Varia-
bility is introduced into an otherwise stable frequency
pattern by the random effects of wind gusts, severe maneuver
loads, and changes in rotor speed. The impact that these are
likely to have on human performance or biomedical status
depends on the following:

o the transitory nature of the condition, i.e., the
brevity of it

o its severity

o its frequency of occurrence

o the duration of exposure to those conditions which
occur frequently

o the difficulty of the performance task

o individual susceptibility
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In general, brief transitory conditions are tolerable unless
they are quite harsh or occur frequently over a relatively
long time period.

Consideration will be given to RPM drift later on when
the merits of two of the leading techniques for vibration

isolation, electrohydraulic systems and the Dynamic Anti-
resonant Vibration Isolator (DAVI), are compared. For the
present, however, we turn to a discussion of the more
familiar vibration control methods.

Ruzicka (1968) distinguishes between active and
passive vibration isolation categories on the basis of
external power requirements. He provides the following
examples in each category.

"The essential features of a passive

isolator are resilient load-supporting
means (stiffness) and energy dissipating
means (damping). Typical passive isolators
employ metallic springs, elastomers, wire
mesh, wire cable, pneumatic springs,
elastomeric foams, and combinations of
these or other cushioning devices.

Examples of active isolator mechanisms
include servo-motor actuated mechanical
linkages, variable resilience devices
containing conductive or magnetic
fluids, electro-dynamic force actuators,
and pneumatic or hydraulic valve-operated
actuators. The active isolator mechanismsLare power operated in accordance with a
command signal derived from feedback

control signals."
(Ruzicka, 1968)

Flannelly (1966) makes a further distinction between
conventional passive isolators and a unique passive isolator,
thR DAVI. He has this to say.

"Conventional shock and vibration isolators

are fundamentally springs, and they begin
to isolate only at a frequency which is
the square root of 2 times the natural
frequency of the isolator. To obtain low
frequency isolation with a conventional
isolator requires large static deflec-
tions; that is, a very soft spring. Many
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helicopter frequencies are too low for
practical vibration isolation by conven--
tional means. The difficulty which is
encountered is that the large static
deflection allows the isolator to bottom
during shock loads, thereby increasing
enormously the load on the isolated item.
The need exists for an isolator which can
protect against very low frequencies with-
out high static deflections.

"The isolation of decks, cargo pallets,
passenger seats and other devices in
which the supporting mass undergoes
large changes is not practical with
present isolators. Because the natural
frequency is a function of the isolated
mass, a passenger seat system, for
example, which is isolated when fully
loaded, could magnify the vibrations
when lightly loaded or empty. To avoid
these drawbacks, there is a need for an
isolator which provides a given amount
of isolation at a given frequency,
independent of the magnitude of the
isolated mass.

The DAVI

"Definition The Dynamic Antiresonant
Vibration Isolator (DAVI) is a passive
vibration isolation device which can
provide a high degree of isolation at
low frequency with very low static
deflection. At a predetermined anti-
resonant frequency, the nearly zero trans-
missibility across a DAVI is independent
of the mass of the isolated item. The
DAVI differs from the vibration absorber
concept in that the DAVI is a single-
degree-of-freedom system which provides
antiresonant transmissibility by rotatory
inertial coupling between the input
and output."

(Flannelly, 1966)

In the view of another, (Thompson, 1969) it can be
shown that conventional passive isolation devices suffer from
the large deflections associated with low natural frequencies,
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resulting in unsuitable designs. Special passive devices
are available which do provide the required isolation at the
blade passage freqriency while limiting the relative deflec-
tions to a greater degree than conventional systems. The
more significant ones are: dynamic absorbers, dynamic
antivibration isolators, and focal isolation systems.

Dynamic absorbers are presently used in the Chinook
helicopter (CH-47) under the pilot and copilot seats.
This type of device provides excellent vibration isolation
at the frequency to which the absorber is tuned. However,
variation in the excitation frequency will result in a
detuning of the system. When detuned, the dynamic absorber
can cause motions which are more severe than if no protection
were provided. Finally, the auxiliary mass is generally of
the same size as the mass to be isolated, which makes the
approach impractical for the isolation of helicopter fuselages.

Dynamic Antivibration Isolators (DAVI) employ a concept
of mass amplification through a lever arrangement. The
required degree of isolation at the blade passage frequency
can be obtained by a notch of isolation at the desired
frequency. The notch frequency is a function of the
auxiliary mass and the geometry of the lever arrangement,
and is independent of the isolated mass. Although some
degree of isolation is provided at frequencies larger than
the notch frequency, a notch can be provided at only one
frequency.

Focal isolation systems can be designed to provide a
Snotch of isolation at a given frequency and some degree of

isolation at higher frequencies. As in the case of both
dynamic absorbers and dynamic antivibration isolators, varia-
tions in blade passage frequency will cause a detuning of the
focal system.

The common disadvantage to all these systems is the
inability to follow variations in blade passage frequency
due to changes in rotor speed. In addition, the relative
deflections resulting from maneuver loads and landing
are said to exceed allowable limits and thus "bottom out"
and provide no protection or isolation.

Active electrohydraulic systems, on the other hand, can
provide notches of isolation at the blade passage frequency
and any number of harmonics including the one per revolution
excitation. They can be made to track the rotor speed so
that notches of isolation are always located at the critical
frequencies. Appropriate displacement control can be
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introduced both to maintain the null position and to limit
relati-e deflections during transients within acceptable
limits.

, (The above descriptions are adapted from personal
communications with Mr. George Thompson of
Barry Controls, 1969) /

In addition to conventional devices, the DAVI, and
electrohydraulic systems, Bies (1968) has proposed a hybrid
vibration isolation system, consisting of passive elements
and an active feedback loop, for the control of the conven-
tional system's low frequency response. Available informa-
tion s uggests that system complexity and technical difficul-
ties may combine to detract from the advantages of this
approach. Its feasibility for practical application remains
to be proven.

Another technique which is still in the experimental stage
has recently been reported by Srinivasan (1968). His device,
called the "Perissogyro", is a vibration absorber which
consists of a gyrodisk at one end of a shaft and a cross
pivot at the other. The utility of such a device will be
to provide broad bandwidth effectivity by synchronizing
the speed of6 the gyrowheel.

The foregoing techniques were mentioned to underscore the
varied viewpoints, controversy, and developments in the field
of vibr,.tion control. Even though we are not expert in this
field and do not wish to pontificate, there are a few observa-
cions which can be made in the interest of polarization and
clarity.

Moz: authors seem to agree that conventional passive
systems a.e inadequate or unsuitable for helicopter applica-
tions. -Vis appraisal does not hold true for the DAVI
system, hnowever, because of its unique characteristics.
Furtlermore, it is misleading to discuss the DAVI along with
othe. passive systems, and then imply that conventional
pass-;.e system shortcomings apply to it in like measure.
This lack of apartheid merely serves to muddy the water.

If our evaluation is correct, the two leading techniques
for vibration isolation are: some type of active system
(probably electrohydraulic) and the passive DAVI. Therefore,
the balance of our attention eill be focused on the relaLi.ve
merits of these two types.

Those who foster active systems point out that they
can be designed to respond with great flexiility across a
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broad frequency band. Further, they can be made to track
rotor RPM's so that notches of isolation are always located
at the critical frequencies. Ruzicka (1968) lists the
following ten virtues of active systems.

"The motivation for using active vibration
and shock isolation systems is the potential
achievement of performance characteristics
that may include:

1. A very soft system for oscillatory
dynamic excitations (providing natural
frequencies substantially lower than
conventional passive isolation systems).

2. Zero static deflection.

3. A very stiff system for applied
l.oads of constant magnitude (static
force or mass loading and sustained
acceleration).

4. Return of payload to initial
position during sustained loading.

5. Vibration isolation during
sustained loading.

6. Independence of isolation
performance to changes in payload
weight.

7. The option of a unilateral or
bilateral isolator dynamic stiffness
characteristic.

8. A high speed of response.

9. Flexibility in shaping frequency-
response characteristics.

10. Capability for introducing
adaptive control using "early
warning" or "preview" feedback
signals."

(Ruzicka, 1968)
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Proponents of the DAVI system maintain that it can
accomplish the following:

1. Provide a high degree of isolation at low frequency
with very low static deflection.

2. Notch the n/rev of the rotor, thereby isolating
the dominant and most critical frequency to nearly 100
percent.

3. Provide a simple-to-install and maintain device
which can be retrofited into existing helicopters.

4. Operate with no power consumption.

5. Provide strength to ensure crashworthiness for
seats or other isolated components.

6. Provide relatively light weight isolation on the
order of 1 to 2% of the isolated mass.

7. Provide efficient isolation in three axes.

8. Afford exceptional reliability.

9. Allow for simple maanual or motor tuning over a
4 to 10 octave frequency range.

10. Isolate either individual components, such as panels,
consoles, and seats; or ultimately, the entire fuselage.

The principal disadvantage of the active systems
(compared to the DAVI) are: weight, reliability, unsuit-
ability for retrofit, power requirements, greater complexity
and maintenance costs, greater procurement costs.

The DAVI system, on the other hand, is said to be
deficient in the following areas: inflexibility of response
to RPM changes (and hence, frequency shifts), and the
relative narrowness of the notched frequency zone. In
addition, special passive devices are said to exceed
allowable limits and bottom out as a result of maneuver
loads and landing. Table 19 provides a summary comparison
of DAVI vs an active system.

In-flight testing of the DAVI and of a comparable
active system would be quite valuable in assessing the
relative merits of each, and particularly in documenting
the effects of such transient conditions as maneuver
loading. If not too severe, an occasional brief transient
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TABLE 19 SUMMARY COMPARISON* OF ACTIVE AND PASSIVE

VIBRATION ISOLATION TECHNIQUES

ACTIVE PASSIVE

CHARACTERISTICS ELECTROHYDRAULIC SYSTEM DAVI SYSTEM

Flexibility of Good ability to track No frequency
response to rotor speed (e.g. "tracking"
changes in vi- vibration frequency ability
bration frequen- changes)
cies

Frequency range Notches of isolation Relatively
of vibration at several dominant narrow notched
isolation freqs & multiple freq zone

harmonics

Ability to iso- Relatively good Relatively
late occasional poor
large amplitude
low frequency
displacements

Vibration Good Insufficient
isolation during data
sustained
loading

Static Displace- Zero Very low
ment

Adaptability Relatively diffi- Relatively easy
to retrofit cult

Initial Cost More expensive Less expensive

Flight Weight Approx 10 % of Approx 1-2 %
isolated mass of isolated

mass

Power Require- Electrohydraulic None
ments

Maintenance More Less
Costs

Reliability Lower Higher

* The contents of this table are adapted from information obtained
from manufacturers of the two systems. The comparative descriptors
used herein are subjective in some cases, merely reflecting the
relative complexity of the two systems. Moreover, the list of char-
acteristics is not exhaustive, nor are the items all of equivalent
importance. Additional research and testing is required to deter-
mine more specifically (1) their relative importance: and ultimately,
(2) the relative merits of the two systems. Only then can the most
cost-effective one be selected for application to the helicopter
vibration problem.
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effect would probably do little harm to aircrewmen. However,
RPM changes are less straightforward.

Experience indicates that RPM levels are set prior to
takeoff at near maximum limits and, for the most part, these
are maintained throughout the flight. Moreover, data from
flight manuals reveal that a characteristic variance of only
about 10 percent is marked as the allowable range on the face
of RPM meters. It seems logical, therefore, that pilots
would tend to monitor RPM to keep it within specified
limits, particularly if large drifts were to be accompanied
by unwanted vibration. Giessler and Braun (1968a)report
that for steady-state flights of CH-47A armed helicopters in
Southeast Asia, 65.65 percent of the time is spent in the
230 to 240 RPM range, and 34.32 percent between 220 to 230.
For cargo transport (Giessler and Braun, 1968b), 82.64 per-
cent of the time was spent in the 230 to 240 RPM range;
16.45 percent between 220 and 230.

The foregoing suggest that RPM drift may be a less
bothersome problem than might be presumed. This likelihood
is even more evident if one considers the isolation notch
of the DAVI (Figure 12) and the spiked nature of main rotor
effects. The DAVI isolatiLon notch is frequency specific at
the nadir point where nearly 100 percent isolation is realized.
As the notch widens, it provides less protection but broader
coverage. It can be seen that a more gradual slope is
experienced on the high frequency side of the nadir point,
thereby providing more effective broad protection in the
higher frequency zone.

H

H

H

1.0
U)

FREQUENCY

Figure 12 DAVI vibration Isolation Curve
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Rather than speculate about the relative merits of one
technique versus the other, we recommend that the DAVI be
installed in a test vehicle in order to determine the
seriousness of maneuver loading and RPM frequency drifts.
Both seat and instrument panel should be protected from
multi-axis vibration. After il-flight test data are
compared with data from non-isolated seats and panels we
will have empirical proof of the deficiencies, or lack of
them, in what is otherwise a highly promising technique.
Once the degree of isolation afforded by the DAVI system
is established, proponents of active or hybrid systems can
be asked to demonstrate weight, cost, and power requirements
to perform a comparably efficient job. If cost factors are
sufficiently competitive, in-flight test data should also
be considered for the most promising active technique.

Helicopter Flightcrew Helmets

Table 1 in the first section indicates that high
intensity noise exposure is one of the major problems of
concern to helicopter flight crewmen. In an earlier report
(Ketchel et al., 1969) it was shown that commercial heli-
copter pilots consider the effects of noise exnosure to be
about equally as noxious as exposure to vibration. It was
also shown that noise levels on the order of 115 dB are
frequently experienced in helicopters, and that these are

- - physiologically dangerous to both flight and ground crew
personnel. Furthermore, noise is one of the agents which
create fatigue, and noise has been shown to be detrimental
to the performance of certain tjpes of tasks.

Even though the above facts are well known to those
who are familiar with helicopter flying, and even though
many pilots realize that they are experiencing hearing
losses, a number of commercial pilots refuse to wear
uncomfortable ear protective devices. Both the physical
discomfort of ill-fitting plugs and the lack of ventilation

iA caused by poorly designed helmets are cited as unpalatable
characteristics.

Camp (1966) investigated 36 ear protective devices in
a unique study conducted for the Army's Aeromedical
Research Unit at Ft. Rucker. The results of his study are
summarized in the following conclusions:
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"1. The amount of attenuation offered by
any device is a function of frequency.

2. Greater attenuation values were
obtained in the high frequencies.

3. All devices attenuated 4000 Hz and
8000 Hz no less than 14 db.

4. The most attenuation obtained at
the two lowest test frequencies of
75 Hz and 125 Hz was 20 db.

5. The greatest attenuation at any
one test frequency was 50 db at 4000 Hz.

6. The quartile and decile values as a

function of frequency fell into three
general groups. The values for low
frequency group of 75 Hz, 125 Hz, and

250 Hz, and the high frequency group
of 4000 Hz and 8000 Hz had a variation

no greater than 4 db among the test
frequencies. In contrast to this homo-
geneity of values was the heterogeneous
quartile and centile values of the mid-
range frequencies of 500 Hz, 1000 Hz
and 2000 Hz."

In a subsequent study (Camp and Keiser, 1967) the
Navy's SPH-3 (modified LS) helmet was compared to the then
popular APH-5. Taking cognizance of the high noise levels
experienced by Army personnel, the report has this to say.

"Analyses of acoustic spectra in Army air-
craft have shown that the sound pressure
levels are usually much greater than the
Army Technical Bulletin T. B. Med 251,
25 January 1965, criterion for the initia-
tion of a hearing conservation program. The
deleterious effects of high sound pressure
level acoustic noise on military personnel
are manifest in various ways. For example,
there may be masking or interference with

* voice communications to the extent that the
efficiency of military operational groups is
impaired. Also, the noise may jeopardize the
health and efficiency of Army personnel by
causing permanent or temporary hearing losses.
The gravity of the noise problem in Army
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aviation is indicated by the fact that
there is a frequent occurrence of perm--
anent and temporary high frequency
hearing loss of various degrees among
Army aviation personnel.

"The Army does provide earplugs for
ear protection. However, this type of
ear protective device is inadequate for
all personnel under all operational
conditions. There is a need for more
sound attenuation in some environments
of high sound pressure levels. Also,
it is estimated that a large number
of personnel avoid the use of earplugs
because of discomfort and other

° reasons. in view of the inadequacy
of earplugs alone as a universal ear

protector and their lack of acceptance
by the user, it is imperative that
efficient sound attenuation devices be
an integral part of the flight crash
protective helmet."

(Camp and Keiser, 1967)

These observations confirm our own and support the
comments noted in Table 1. Moreover, the table shows that

* both SPH-3 helmets and Gentex earcups are widely recognized
for their comfort and effectiveness. The development of
such devices and greater emphasis on overall acoustical
design improvements in helicopters indicate that the impact
of noise on aircrew performance can be minimized. If improve-
ments continue in this area, even greater attention can be
focused on vibration, which is considerably more difficult to
alleviate, and to the other significant design problems such
as ventilation, lighting, instrumentation, and temperature
control.

In the Camp and Keiser study, it was shown .aat the
APH-5 was superior at only -wo frequencies (and by a narrow
margin in these instances) 0.3 dB at 4,000 Hz and 2.0 dB at
6,000 Hz. "For the six test frequencies between 75 and 2,000
Hz, the SPH-3 had greater attenuation values. The improvement
over the APH-5 at 75, 125, 250, 500, 1000 and 2000 Hz was 5.9,
6.0, 9.0, 17.6, 8.0 and 7.3 dB, respectively." Comparative
graphs of the attenuation effects of the two helmets are
reproduced from the Camp report in Figure 13.
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Seat Design

The three primary design considerations for aircraft seats
are crashworthiness, ccmfort, and utility. Of these, crash-
worthiness and utility are of the most obvious importance, and
therefore, have received the greater share of design attention.
However, since these two topics are not directly within the
purview of the present study, they are afforded only tangential
treatment, and the comprehensive work of Turnbow and his
associates (1967) is recommended for a more detailed discussion.
For our purposes, utility refers to the appropriateness of a
seat for its intended use. Crashworthiness refers to the

*structural characteristics of a seat and includes such factors
as rigidity, integrity, anchorage, and crash force attenuation.

The not so obvious importance of comfort in seat design
has been cited by Turnbow and is of foremost concern to us

. because of its impact on fatigue. Recognizing the relationship,
Turnbow has this to say about seat comfort and pilot fatigue.

"The comfort of an aircraft seat is a
safety-of-flight factor rather than a
crash-safety-design factor. An uncom-
fortable seat can induce pilot fatigue
in a short period of time. Pilot
fatigue is an indirect cause of air-
craft accidents. Comfort is thus of
primary concern and must not be compromised."

(Turnbow et al., 1967)

Table 1 in the first section of this report indicates
that complaints about seat design in military helicopters are
many and varied. As one might expect, the situation is not
greatly improved in non-military circles. In an earlier study
by Ketchel et al. (1969) it was reported that about one-third
of commercial helicopter pilots condemn seat design, and that
a number of them carry personal seat cushions.

Among the discrepancies voiced about seat design, the
following six are most often heard.

1. Lack of adjustment in the up/down (z-axis), for-ward/
back (x-axis), and pivot or tilt angle direrLions.

2. Inadequate shoulder and chest support. This is
particularly troublesome in those helicopters which
characteristically cruise in a pitch-down attitude.
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3. Circulation interference. A number of helicopters
have rigid bars or crossmembers which press against
the thigh and inhibit circulation. For example, the
SH-3's seats have rectangular pan-shaped bottoms into
which crushable cushions are placed. The upper front
ridge of the pan has been said by crewmembers to
cut circulation when the cushion compresses. Other

*helicopters have webbed passenger seats which are
supported by a horizontal metal bar. In either design
the discomfort can be considerable after a comparatively
short ride.

4. Inadequate cushioning. Seats which are too hard cause
buttock fatigue and are said to be quite uncomfortable
after about 1 to 2 hours. On the other hand, those
which are too soft can amplify the effects of a
crash and can cause severe damage.

5. Poor ventilation has been mentioned as one of the
reasons why some crewmembers prefer webbed seats.

6. Lack of a headrest and lack of support in the lower
lumbar region. Obviously, an appropriate headrest
should not unduly inhibit freedom of movement; nor
should it aggravate or amplify the amount of vibration
transmitted to the head. The desirability of lower
lumbar support which would protect against the effects
of vibration and relieve back strain seems evident.
Whether or not support would accomplish these goals
remains open.

4

In addition to these six problems, a number of basic
human factors and structural design defects are often mentioned
in discussions about seat design. For instance, the seats in
sane military helicopters can lower unexpectedly because of
disengagement of the locking pin. The troop commander's seat
in the UH-46D is said to lack a safety belt and should not
be occupied during takeoff or landing. Seat adjustment in the
CH-53A must be exercised with care so as not to interfere
with the positioning of thc cyclic stick. The sonar operator
in the SH-3 must raise himself partially and twist around
in an awkward position to view the hoist mechanismwhich must
be seen through a poorly located window at his back. His
partner's seat is situated such that illumination from the
single dome light above them is blocked by an overhead extrusion.

Such examples are by no means exhaustive, nor are they
intended to fault a particular aircraft manufacturer. We do
suggest that inadequate seat design is commonplace in most
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contemporary helicopters. Although functional utility and
crashworthiness are important considerations, experience indicates
that comfort is the requirement most often ignored. In summary,
it can be seen that all three requirements have impact on
safety, while functional utility and comfort relate to efficient
performance and fatigue reduction as well.

Turning now from the negative comments and problems in
If seat design, there is both general and specific design guidance

available. We have already mentioned the comprehensive work-. .of Turnbow and his associates (1967). Another significant

report was published by Burse in 1966 in an Army sponsored research
project. He describes seat design objectives for the gunner/
observer in terms of five general human factors requirements.

"(1) preventing interference with per-

formance of the crewman's primary mission;

(2) preventing safety hazards;

(3) reducing fatigue;

(4) providing compatibility between the
seat unit and clothing or other equipment
worn by the crewmen;

(5) providing as much comfort for the
crewmen as possible."

Further, Burse lists design criteria in the following
four areas which are said to be useful in meeting these
requirements.

"(1) dimensions and contour of the sitting
surface;

(2) characteristics and dimensions of
cushioning and covering materials;

(3) location of the seat unit and its
supporting structure within the aircraft;

(4) clearance of the seat unit and its
occupant from aircraft structure."

(Burse, 1966)

Among his specific recommendations for design of the
gunner/observer seat in the UH-I series helicopter are these:
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. Seat dimensions should accommodate and protect the
5th to 95th percentile fully equipped crewman.

. The contou of thc seat pan should be flat, but with
the sile and back edges curved upward one inch.

. The crotch protector should have a slight forward
curvature and be hinged to deflect forward. It must
also have a positive stop to prevent rearward movement.

The seat cushion should be a minimum of one inch under
the iochial tuberosities to allow adequate blood

4 circulation in the buttocks.

. All edges should be rounded smoothly and covered.

Cushion thickness shoul3 be about 3 to 3.5 inches
(Bondurant, 1958; Whittenberger, 1959). Whittenberger
recommends a 3.5 inches thick cushion of polyether
urethane foam of 2.1 to 2.5 pounds per cubic foot
density as the best compromise between comfort and
resistance to "bottoming".

. Whittenberger further recommends the equivalent of Good-
year C-25 hard polyether foam, based on this material's
uniform compressability.

Standard heavyweight ballistic nylon fabric is recommended
for covering the cushion along with an inpermeable under-

layer to prevent moisture absorption.

These examples of recommendations found in Burse's study
are both aircraft and application specific. However, some of

these and others which are made in his report have general
appeal, being either directly usable or suggesting a point of
departure for comparison to other design applications.

Turnbow's recommendations are based on a broad review of

aviation requirements, covering both fixed and rotary wing
aircraft. He takes a particularly dim view of "lap belt only"
restraint systems and of side-facing seats. He recommends
rearward-facing seats as a first choice, considering forward-

facing ones acceptable, however, if all occupants are provided
with upper and lower torso support.

in regard to seat cushi)n requi.rements, Turnbow suggests
that they be used for comfort only, and not as a device to

absorb energy in the vertical direction. Further, he recommends
that "the thickness of soft, elastic foam, necessary for a
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comfort cushion, should not exceed 1.5 inches if a properly
contoured cushion is used."

Turnbow states that load-limiting crushable cushions
are not practical for rotary w-ig aircraft becaug of excessive
thickness requirements. He recommends instead tnat load-
limiting net-type cushions be used. In his words:

"This type of cushion serves the same
purpose as the crushable cushion; how-
ever, a net material is stretched over
a contoured seat frame and the body is
supported by diaphragm action in the net
rather than by compression of a crushable
material. The net-type cushion might more
properly be called a net support. If a net
support is used for load limiting in the
seat, then its rebound characteristics
should be such as to limit the return
movement from the point of maximum de-
formation to 1-1/2 inches."

(Turnbow et al., 1967)

Another area of concern to seat designers is the need for
an emergency escape system. Strictly speaking, this has
little to do with vibration effects and will be mentioned
but briefly. Our reason for introducing the topic at all
concerns the implications posed by escape systems on body
restraint techniques and on vibration isolation devices. Both
must be amenable to whatever escape system is considered and
both are related to the effects of vibration.

In general, helicopter manufacturers are keeping an
open mind about emergency escape systems and have not yet
agreed on a suitable design. One design that showed some
promise was discussed in a paper by Weinstock in 1964. He
proposed a novel L-shaped escape trajectory which would
thrust the escapee laterally from the fuselage to a distance
beyond the rotor tips by means of a ballistic catapult. Sub-
sequently, a rocket charge would thrust the passenger upward
to a height sufficient for safe recovery by parachute. Al-
though dynamic tests of a full scale mock-up system gave
encouraging results, the physiological effects of two
contiguous thrusts in the y and z axes was noted as a problem
requiring additional research. Nevertheless, the need for
including some type of emergency escape system persists and
is underscored by the increased use of helicopters in low
level offensive strikes.
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Unfortunately, we have only been able to touch on some of

the problems in seat design, intending merely to indicate the
scope of the considerations involved and a few examples of
design recommendations. There is obviously a great deal to
be accomplished in this area.

Ventilation and Air Conditioning

Excessive cabin temperatures are considered to be one of
the most onerous of problems faced by helicopter crewmen. Heat
undoubtedly causes physical and mental fatigue, and in general,
adds its burden to an already difficult environment. Contem-
porary helicopters use ram-air ventilation, thereby achieving
some relief during forward cruise. However, during warm-up,
taxi, and while engaged in extended hover, cockpit and cabin
heat can be quite burdensome.

In the summertime, windows and doors are typically left
open to relieve the temperature. This has the disadvantage of
admitting undesirable noise and exhaust fumes. In fact, many
helicopter pilots exhibit significantly greater hearing losses
in the ear next to the window side of their seat.

Air conditioning would be a welcome advancement in heli-
copter design, if it could be realized without undue weight and
power penalty. At the very least, the feasibility of small,
efficient air conditioning equipment should be explored, and
more efficient ventilation equipment should be sought. The pay-
off in crew comfort and added efficiency would probably be well
worth the effort.
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SECTION 6 SPECIFICATIONS, STANDARDS, AND
RESEARCH REQUIREMENTS

Duration of Exposure

The preceding sections have dealt with helicopter
missions, crew tasks, and the effects of vibration on
performance. We now come to one of the central and most
thorny questions confronting us. What limits should be
set on the length of exposure to vibration both to protect
the health of crewmen and to ensure adequate levels of per-
formance?

To answer this question we must consider fatigue and
the biomedical effects of long term exposure to vibration.
Unfortunately, these are elusive quarry. Both are difficult
effects to measure, and there are few reliable ground rules
to guide us.

* =Biomedical Effects of Long Term Exposure

The Seris and Auffret study (1967) is one of the few
published reports which directly relates helicopter vibra-

*tion exposure to back pain. The authors suggest that long
duration exposure to vibration amplitudes and frequencies
similar to those recorded in the Super Frelon helicopter
are likely to cause back pain in over 85 percent of exposed
pilots. As shown in Section 2 of this report, acceleration
peak levels for the Super Frelon are found between 0.3 and
0.4 g's at approximately 20 Hz. The Seris and Auffret report
summarizes the work of five French studies and has this to
say.

£ "According to clinical studies of Missenard
and Terneau, and of Pellet in 1957, of Fabre
and Greber in 1959, Montagard, Sais and Guiot
in 1961, and particularly according to
Sliosberg's thesis in .962, the relationship
between vertebral pain, lumbosciaticas and
helicopter piloting is clearly established.
Sliosberg's investigation relates to 128
pilots. Among these, 112, i.e., 87.5
percent, had pain; generally the pains begin
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with the 300th hour of flying time. However,
pilots with pathological condition of the
spinal column began to suffer earlier, after
50 or 100 hours of flying time. An extended
mission, or a difficult one, evokes pain whose
duration is a function of the pattern of the
flights. Average figures that are cited in the
study as threshold of appearance of difficul-
ties are 4 to 5 hours per day, 40 to 50 hours
par mronth .

"What may be the consequences for the pilot?
The Sliosberg study, the papers by Dieckmann,
Goldman and von Gierke, and the experiments of
Coermann, Clark, White, Hornick and Parks allow
us to make a prediction. On short range, that
is to say, during flight and particularly at
the end of a 3-to-4 hour mission there is
noted essentially phenomena of diffuse fatigue
with a more or less pronounced drop in perfor-
mance.

"Recovery is more or less rapid, depending
upon the degree of fatigue and, of course,
upon the rest available to the crew...

"In the long range, helicopter pilots suffer
back pain in 87.5% of the cases after 1 or 2
years of operation.

"Of the 128 pilots studied by Slicsberg, 35
complained of neck pain, 54 of back pain, and
96, i.e., 75 percent, of lower back pain, 11
of them with distinct sciatic radiation. The
clinical signs are generally fairly clear and
go from simple limitation of movements of the
trunk to perivertebral muscular contraction
and the classic symptoms of sciatica. Radio-
logical examination reveals an abnormal fre-
quency of lumbar scolioses, and Montagard
points out discrete signs of arthrosis also.

"The evolution is a function of the rhythmic
pattern of flight. The threshold of appearance
of pain is at more than 4 to 5 hours per day,
more than 40 to 50 hours per month..."

(Seris and Auffret, 1967)
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The Seris and Auffret findings are both refreshinglyr straightforward and impressive. However, they are by no
'I means conclusive. A recent survey of pilots at five heli-

copter airways companies (Ketchel et al., 1969) uncovered
a range of unfavorable comments about helicopter noise andIvibration. Participating commercial pilots typically
experienced 60 hours of flying per month and have accumu-
lated an average total helicopter exposure of approximately
4,500 hours. Responses often included mention of fatigue,
headache, backaches, and back problems which caused lost
flying time. In one company, 74 pei-!ent of a 27-pilot

Isample felL chaz noise and vibration are about equally
onerous. Yet, most of the comments seemed to express
annoyance and displeasure, rather than complaints of
sericus disability. Perhaps Seris and Auffret are sugges-

I tirg ittuch the same thing. They do say that "recovery is
more or less rapid, depending upon the degree of fatigue
and ... rest available ..." More research is obviously
needed to determine the seriousness of reported disabili-
ties, and to identify those precipitating conditions which
are likely to cause chronic complaints or permanent injury.

f Fatigue

In a recent report on factors affecting army flight
crew personnel, the Life Sciences Research Office of the
Army (1969) has specifically expressed concern about rotary
wing flight crew fatigue. They have this to say.

I "It has been suggested that the demands of
helicopter operations in the combat zone can
lead to clinically recognized "combat fatigue"

j or "pilot fatigue". The early identification
of both these and related forms of "fatigue"
is a pressing problem for the aviation medical
officer ..

"The occurrence and extent of performance
impairment in helicopter flight crew personnel

Kare not adequately documented."

The term "combat fatigue" is often thought of as
resulting from psychclogical stress, rather than physical
factors. Indeed, both mental. and physical fatigue tend to
impair crewmember performance. The mind/body relationshipsrare so interwoven that the separate contribution of each
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is often difficult to isolate and identify. Table 20 is
adapted from a report on these topics by Mohler (1965). It
lists many of the measurable characteristics of physical
fatigue, the symptoms of mental fatigue, and potential causes
of both.

More recently, Austin et al.(1967) have developed some
techniques for monitoring Navy carrier pilots who are
engaged in flying high-risk combat missions in L oriu-h Vietnam.
In addition to cardiorespiratory response data, they found:
"The phosphatidyl glycerol fraction of the plasma phospho-
lipids became elevated during the combat period, as did the
phosphatidic acid, while the cardiolipin level remained
relatively constant." These changes in blood components were
statistically significant for conbat pilots when compared to
other stress states or to control subjects, and are recently
found measurable indicators of physiological stress.

Frazer (1955) would agree that fatigue is capable of
objective measurement. Even so, he cautions that it is a
complex problem which refuses to yield to "isolated measures
of function, e.g., visual acuity." He also notes that it
"affects high-grade performance long before there are signs
of physiological exhaustion ..." Fortunately, the complexity
and difficulty of the problem have not diminished widespread
interest in the effects of fatigue. Continued efforts should
be made to identify the conditions which cause fatigue, to
describe its characteristics and symptoms, and to establish
its effects on performance.

Combat Missions and Long Duration Flights

The Nay/Marine Corps helicopter missions described in
Section 3 typically last for from 2 to 4 hours per sortie.
However, the nu:jjer of missions per day can be quite variable
across commands. It is largely a function of tactical
requirements and local commander option. In 1956, the
recommended maximum monthly exposure limit for Army helicopter
pilocs was set at 90 hours. In 1969, exposure had risen to
from 80 to 200 hours, with visits to the flight surgeon
required after 120 to 140 hours. It is assumed that Marine
Corps experience approximates that of the Army in regard to
variability, length of missions, and total hours flown per
month.
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Variability of exposure is even more pronounced when
consider;.ng the lot of non-pilot crewmembers. In some cases
pilots are considered to be "safety-of-flight" personnel
and, as such, may be assigned a -ore favorable work/rest
cycle than less fortunate crewmen. For example, after 4
hours o ASW flying, the prilot and copilot may be relieved,
eaeu though sonarmen, crewchiefs, or others are required to
duplicate or even triplicate the mission. One may hope
this practice is atypical and representative of only a small
portion of commands.

With respect to long duration flights, it is misleading
to assume, as some imply, that the availability of alternate
crewmembers on long duration flights somehow red,ices the
effects of exposure to vibration. Vibration acts largely
the same on everyone, whether on or off watch. The benefit
of being relieved of dutios is mainly that it affords a
period of relaxation, of a specific type. It does not
provide relief from exposure to the ambient condition. It
is, therefore, not surprising that crewmen on a recent
18-hour transatlantic helicopter flight experienced severe
headaches at the end of their trip. What is surprising is
that headaches occurred approximately 12 hours following
the end of exposure. Furthermore, it has been noted that
passengers or crewmen who are not occupied with scnte meaning-
ful task are more prone to motion sickness. This factor is
particularly important in troop transport missions, in
which combat personnel are flown directly into a fire fight.

Recommendations by International Organization for
Standardization

Working Group 7 of IOS Technical Committee 108 has
generated a standard on vibration exposure limits which
can be widely applied. It relates a range of exposure
durations (1 minute to 8 hours) to frequency and acceleration
levels. The limits which are established on the basis of
"fatigue-decreased p:7oficiency", are admittedly tentative
at this initial stage.

The authors of the standard acknowledge that it deals
with complex factors and, lacking firm experimental support,r it is necessarily based upon limited quantitative data. Its

stated purpose is to "facilitate the evaluation of comparable
data for further research" and to provide for a "provisional
judgment."
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Commenting on the standard, Guignard (1967) points out
that its variable limits, which are related to both frequency
of vibration and duration of exposure, acknowledge thatIperformance decrements can result from an interaction oftime-dependent (fatigre effects) and time-indeperdent1inluences. He states that "the latter are mostly related
to body resonance phenomena ..." and that "decrements in
performance due to mechanical effects are strongly dependent
on frequency." Further, Guignard notes that there is general
agreement that psychomotor tasks requiring eye/hand coordina-
tion are most easily degraded by whole body vibrations in
the 4 to 8 Hz band. Note Figure 14 which shows that 4 to 8
Hz is the least tolerable of all frequency ranges.

In Figure 14 we have marked the frequency range for
main rotor effects and have indicated the 0.15g limit
specified in MIL-H-8501A for pilot, crew, and passengers.
These data show that at 0.15g, 10 Hz vibration can be tolera-
ted for 1 hour, 16 Hz for about 2.5 hours, and 30 Hz for over"j 8 hours. In addition, Working Group 7 recommends that the
allowable acceleration levels be increased no more than 6 dB
to set an upper boundary. This limit will ensure avoidance4 .of exposures which could be hazardous to health. To establish
more comfortable boundaries, 10 dB is subtracted from theA" applicable acceleration limit.

An alternate treatment of the data is presented in
* .Figure 15. Here it can be seen that on a 4-hour mission,

such as one typically flown during ASW, acceleration should
be less than 0.lg for frequencies in the 8-15 Hz range.
For frequencies in the 16-31.5 Hz range, the tolerable limit
is approximately 0.15g. Table 21 sets forth recommended
acceleration limits for these cases.

Table 21 APPROXIMATE ACCELERATION LIMITS FOR A
4-HOUR MISSION

8-15 Hz Upper Limit 0.12g (+ 6 dB)
Recommended 0.07g
Comfort Level 0.032g (- 10 dB)

16-31.5 Hz Upper Limit 0.23g (+ 6 dB)
• Recommended 0.15g

Comfort Level 0.07g (- 10 dB)
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The recommendations set down by Working Group 7 suggest
that military helicopters are being used in a manner which
3ubjects crewmen to conditions which are detrimental to
health, if not hazardous. Missions often last for periods

4of 4 to 8 hours with little or no rest between sorties.
ADominant rotor frequencies range from 10 to 30 Hz and

acceleration amplitudes range from about 0.1 to 0.4g or more.
in a number of instances these combinations are clearly
beyond the limits of MIL-H-8501A.

The inte:rnational Organization for Standardization rec-
ommendations also suggest that MIL-H-8501A is remiss in its
failure to account for time-dependent effects. Setting a
level, such as 0.15g, for all frequencies up to 32 Hz is too
gross to be of much practical benefit.

Turninq to the new standard, it, too, must be regarded
with a h-aichy degree of skepticism. Again, a comment by
Guignard helps to set the standard in proper perspective.

"Although technical objections can un-
d oubtedly be raised to limits expressed
in this form, and it is recognized that
there will be many situations in which
they are not very meaningfully applicable,
it is nevertheless considered that some
guidance, even if it is based on in-
complete data, is better than none. All
criteria and limits of this kind must be
interpreted with a degree of common sense,
with the proviso, moreover, that they are
ever subject to revision in the light
of new knowledge of the human response
to vibration."

(Guignard, 1967)

Research Reauirements

In this report we have taken a broad view of the world
of military helicopters. This has been necessary for two
reasons. First, only a general view can encompass the myriad
of factors and interacting variables. Second, our main task,
to determine the effects of vibration on crewmen, can be
brought into proper focus by placing it in a larger frame of
reference.
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It seems fundamental that, in order to determine the
effects of vibration, the nature of that vibration must be
defined. Moreover, both the physical characteristics of
vibration and the duration of exposure are of cardinal importance.
The nature of helicopter vibration was discussed in Section 2.
Exposure effects were treated in the preceding part of this
section and in Section 4. In addition to these matters,

- - it was necessary to discuss the missions, tasks, and equipment
of those subjected to the vibrational environment. Sections
3, 4, and 5 have been devoted to these topics. However, our
coverage is not yet complete.

We must now consider the concomitant issues in counterpoint
with the main theme, and indicate what research is necessary
to fill gaps in existing knowledge. These matters are treated
in the remainder of this section. The restricted treatment
given to each subject is a function of resources and the
scope of this effort. It does not imply relative importance.

In-Flight Testing of the Vibrational Environment

We have already emphasized that one of the most important

prerequisites to definitive research on the effects of heli-
copter vibration is adequate knowledge of the vibrational
environment. This information is not available. Consequently,
we are forced to speculate about both the impact of vibration
on performance and about the very nature of that vibration.
Inability to specify the most important independent variable
is at best an unattractive burden.

To remedy this situation, the following steps are out-
lined and recommended for execution.

1. Collect vibration data on new aircraft either from
the airframe manufacturers or at cognizant military
commands. These data should include recordings of
three axis (x, y, and z) frequency and acceleration
levels throughout a specified mission. The most
appropriate missions would comprise the ones repre-
senting the most frequent Navy/Marine Corps use of
the helicopter in question.

2. In-flight recordings should be made at various
Navy/Marine Corps maintenance facilities. These bases
and their helicopters should be representative of the
spectrum of field conditions to w.hich helicopters
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are typically exposed and various aircraft life cycles.

3. A quasi-random sampling plan should be generated, and
in-flight recordings of vibration and other ambient
variables should be gathered. Data collection should
be made for the typical mission profile of each of
these helicopters:
SH-3D (ASW), UH-2C (SAR), UH-46D (Vertical Re-
plenishment), CH-53A (Heavy Transport), and AH-56A
(Assault). If the last is unavailable, use the
UH-lE (Assault).

4. Data from helicopters used and maintained in field
condition should be compared with baseline data from
new aircraft.

5. The results should be used to assess both biomedical
and performance effects and to establish a basis
for man-in-the-loop simulation.

The above recommendations merely sketch some of the
important considerations. Additional data collection is not
precluded from this plan. In fact, noise, temperature, interior
cockpit lighting, and human engineering design notations
should also be taken during the data collection period. In
this way chronic problems can be identified, and user complaints
can be compared with measured environmental conditions.

Vibration Isolation

In addition to the above plans, it is recommended that
the effectiveness of vibration isolation be tested on seats,
panels, and console displays. In-flight testing of multi-
axis vibration isolation devices is needed for comparison
with the data collected on field-condition helicopters. A
number of material benefits will accrue from this direct
comparison. It will, for example, help to determine the
relative effectiveness of various isolation techniques, the1 need for an automatically tunable system, and the need for

rotor isolation as compared with individual component
isolation.

Related topics should be identified for concurrent
investigation. Malfunction cues, which are said to be provided
by abnormal vibration, should be evaluated. Are they of real
importance to pilots and maintenance crews? How often are such
cues felt? Are they considered to be a routine part of the job

154

iI



by most pilots? If the pilot is isolated from such cues
could the same information be detected and displayed by an
alternate means?

Medical Record Keeping

At the outset of the present study, it was expected that
medical records could be collected conveniently and summarized
to help correlate work/rest cycles either with accidents or
with reports of adverse biomedical effects. It was also
hoped that summary statistical records would be available
so as to compare the physical condition of groups of helicopter
pilots with fixed-wing pilots at the time of leaving the
service.

Unfortunately, this has not been possible. Either the
required records do not exist, or they are not available in
a usable form. Even though hundreds of accident reports are
filed, sorting through them, summarizing, and correlating
findings would be a major undertaking. For example, an
investigation of fatigue as a contributing factor to accidents
would involve isolating the accidents for which fatigue has
been identified as a causal factor. The next step would
involve separating those accidents attributed to equipment
fatigue (metal fatigue) and those due to pilot fatigue (mental
or physiological). Further, the latter group would probably
be small, not because of a lack of cases but more likely
because they would be buried under some vague heading, such
as "pilot error".

Because our experience with this problem has of necessity
been a brief one, our first analysis may be somewhat inaccurate.
If so, we would be pleased to acknowledge the error. If,
however, our initial impression is valid and appropriate
summary records do not exist, we recommend that they be
syslematically collected. This effort would be perhaps the
most efficient and inexpensive means to establish long term
biomedical effects data. These, in turn, would be of material
aid in assessing the need for vibration isolation devices and
for verifying the adequacy of standards. The recommendations
of Working Group 7 require supporting evidence of this kind
for proper evolutionary growth. Moreover, MIL-H-8501A cannot
be adequately revised in the absence of reliable and valid
medical and performance data.
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Photic Stimulation

A medical problem of a somewhat different nature is that
of photic stimulation. This problem was mentioned by Berry
and Eastwood in 1960 and by other authors before them.
Melton et al.(1967) puts it this way.

"The medical literature is replete with
apocryphal, anecdotal and documented
reports dealing with the problem of
alteration of consciousness, disorienta-
tion, nausea, distraction, annoyance or
other symptoms related to flashing or
flickering lights in the environment.
The possibility of a compromise of air
safety by such an effect has naturally
stimulated several investigators to
examine the problem as it exists in
the aviation environment."

We will comment briefly on three significant studies
in this area which have been published since Berry and
Eastwood. In 1963,Johnson studied 102 pilots at the Ream
Field Naval A;r Station. He concludes that flicker is a
source of anr ,nce or irritation to about one third of
experienced I Licopter pilots. "The problem is usually re-
ported to be only minor or moderate in degree, but on occasion
it may be severe enough to cause an accident or near accident."

Melton et al. (1967) studied 10 subjects, stimulating
them with a Grimes red rotating beacon (1.5 FPS), an Air Guard
strobe light (1.0 FPS) and propeller flicker (10 FPS). They
state that none of the lights provoked seizure, syncope,
mystagmus or photic driving. Seven subjects were irritated
by the strobe light. This was accompanied by paced alpha
rhythm and pulsating pupils. Three subjects were made drowsy
by the Grimes light; six by the propeller flicker. The most
common complaint was annoyance.

Bynum and Stern (1969) painted the main rotor blades of
UH-1 helicopters to determine the possibility of flicker-
induced vertigo resulting from viewing the blades from
another helicopter in the same formation. In two experiments
involving 38 subjects, neither subjective or physiological
effects were found.

Again turning to the Melton report, it concludes that the
"literature seems to establish that only peculiarly susceptible
individuals are seriously affected by intermittent light."
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The low incidence of such individuals in the population is

offered as the probable chief reason why "no accidents in
flight have ever been attributed to flashing lights". Melton
suggests that the number of light sensitive people in the
population is between 0.01 to 6 percent. This translates to
between 50 and 30,000 of the 500,000 pilots in the United
States. Through 1963, 113 pilots had been medically grounded
by reason of epilepsy. Melton estimates that about 5 percent
of these, that is 6 of the 113 could have been photically
sensitive.

From these reports, one may conclude that flashing lights
similar to those tested are irritating to substantial numbers
of crewmen. However, even though seizures of the type
mentioned by Berry and Eastwood are quite real, they do not
occur often enough to be of major concern. And, finally,
crewmen in an adjacent station are not likely to be affected
by flicker effects from a sister ship.

Cockpit and Compartment Temperature, Ventilation, and Fumes

One of the most prevalent complaints voiced by pilots
and crewmembers assigned to helicopters is the high ambient
temperatures experienced, along with the lack of adequate
ventilation. Temperatures in the UH-2A measured from 6 degrees
F to 10 degrees F higher than that outside (82 degrees F)
under "doors on - windows closed - vent open" conditions
(Bass, 1964). On the ground and in hover the temperature
was 88 degrees F; in-flight it measured 90 degrees F. These
levels do not appear to be unusually high for helicopters.
The small, laige bubble types are said to be even hotter
because of their large window areas.

In his analysis of fixed-wing Mohawk aircraft missions,
Joy (1967) found aircrew discomfort and dehydration as well
as accompanying fatigue. He concluded that these problems
could be considerably alleviated by drinking water in-flight
and by improved cockpit ventilation and clothing ensembles.

Although it is sometimes difficult to attribute a specific
impairment of performance to high ambient temperature conditions,
heat seems to produce effects in a manner analogous to those
caused by fatigue. It has been found in fatigue studies that
detrimental effects are more likely to occur if the event
rate (in a vigilance task, for example) is high and the task
demands continuous attention. Colquhoun (196q) suggests in

157



his study on vigilance and amoient temperatures, that adverse
performance effects would probably have manifested themselves
if the event rate were 60 per minute.

Both Air Force Design Handbook, AFSC DH 1-6, and Woodson
and Conover (1966) state that physical fatigue begins at 75
degrees F. Further, mental activities slow down and performance
errors begin at about 85 degrees F. The effects are, o-f course,
aggravated in humidities beyond the comfortable 30 to 70
percent range.

Cockpit fumes are sometimes complained of by crewmen,
particularly by those required to fire machine guns from within
a poorly ventilated compartment. In discussions with sonarmen
we were advised that the SH-3D has exhaust vents located
above and forward of the side door. Not only is the door loosely
fitted and prone to vibrate; it also frequently admits eagine
exhaust fumes, even though fully closed.

Hody and Bailey (1968) investigated weapon exhaust
contaminants inside Army helicopters. Although they were unable
to identify a clear and present danger, they did find
the job of measurement to be quite difficult. They imply that
more refined techniques are required to verify their initial
results.

Disorientation, Vertigo, and Night Lighting

These topics constitute another significant problem
area for helicopter pilots. Although our emphasis and
scope do not permit in-depth treatment of such important
tangential issues, we cite them to underscore the multiplicity
of constraints, demands, and difficulties impinging on helicopter
crewmen. Most studies on vibration effects fail to consider
the combined impact of even a few such factors. Those studies
which do include complex elements lead one to conclude that
detrimental performance effects increase as a function of the
overall difficulty of tasks and adverse environmental conditions.

More specifically in point, disorientation and vertigo are
most likely to occur during marginal weather flights and at
night. The threat posed by these malefactors can probably
be minimized by the use of electronic displays. Vertical
Situation Displays (VSDs), for example, provide both a
comparatively large attitude reference and easy-to-follow
vertical orientation cues (Ketchel and Jenney, 1968). However,
the trend toward using such devices imposes an even greater
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need to regulate interior cockpit lighting. "Hot spots"
* must be avoided and the overall lighting intensity must not A

interfere unduly with external visual tasks.

Red versus white lighting and instrument panel lighting
are problems having long histories in military aviation, and
it is recommended that a systematic investigation of such topics
be subsumed under a broad simulation study program. The
many facets of concern include such considerations as dark
adaptation, target acquisition using optical or electronic
devices, weapon delivery, windscreen light transmission, and
interior canopy reflections.

Information Display and Management

Our final subject in this section continues the thought
introduced above. A broad simulation study program is needed
to investigate the use of electronic and optically generated
display devices within the helicopter environment. Such devices
include helmet mounted, optical tracking, target acquisition,
station keeping, navigational, hover, and LL!rV displays.
In particular, the IHAS vertical situation display should be
investigated under multi-axis vibration conditions for both
day and night missions.

A ueneral simulation study program should be supported
with adoguate task analysis data and with the in-flight
recorded vibration data mentioned earlier. One of its purposes
would be to produce guidance on electronic display characteristics.
Scale factors, data rates, and display dynamics are worthy
topics whicb have not yet been studied in vibration laboratories.
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