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SUMMARY 

The p r e s e n t  s tudy  sought to  determine t h e  effects  of 
appropr i a t e  no i se  and v i b r a t i o n  l e v e l s  on commercial h e l i -  
cop te r  p i l o t s .  The effects  w e r e  d i s c u s s e d  i n  t h r e e  dimen- 
s ions :  e f fec ts  on p i l o t  s a f e t y ,  on p i l o t  performance, and on 
p i  l o t  comfort. 

The most important  f i n d i n g  of  t h e  s tudy  was t h a t  a g r e a t  
d e a l  of a d d i t i o n a l  evidence i s  needed before s p e c i f i c  e f f e c t s  
of the  mechanical environment can be de f ined .  Based on a v a i l -  
a b l e  evidence i t  is  concluded t h a t :  

n o i s e  l e v e l s  expected i n  commercial h e l i c o p t e r s  do 
pose a problem for t h e  p i l o t  s i n c e  they  g e n e r a l l y  
exceed accepted damage r i s k  l i m i t s .  N o  d a t a  a r e  
a v a i l a b l e  on the  degree of  t h e  problem i n  t e r m s  of 
hea r ing  loss ,  th reshold  s h i f t ,  e tc ,  

no f ind ings  w e r e  i d e n t i f i e d  which demonstrate long 
t e r m  or ch ron ic  effects  of v i b r a t i o n  on p i l o t  phys i ca l  
cond i t ion  

there i s  a c r i t i c a l  need for a commercial h e l i c o p t e r  
n o i s e  and v i b r a t i o n  s tandard  which accounts f o r  c o m -  
b ined effects  of noise  and v i b r a t i o n  and which i s  
t a i l o r e d  to t h e  commercial helicopter mission 

t h e  expected r e l a t i o n s h i p s  between h e l i c o p t e r  no i se  
and v i b r a t i o n  and p i l o t  f a t i g u e  and d i s o r i e n t a t i o n  
p o i n t  up the need for  a d d i t i o n a l  r e sea rch ,  develop- 
ment of r e l i a b l e  measurements, and reduct ion  of f a t i g u e  
and f a t i g u e  inducing agents  

t h e  i n f e r r e d  r e l a t i o n s h i p s  between no i se ,  v i b r a t i o n ,  
and f a t i g u e  on t h e  one hand and commercial h e l i c o p t e r  
a c c i d e n t  c a u s a l  f a c t o r s  on the other demonstrate the 
need t o  i s o l a t e  perceptual-motor f a c t o r s  under ly ing  
t h e  c a u s a l  f a c t o r s  and acqu i r ing  v a l i d  r e sea rch  d a t a  
on effects of the  environment and f a t i g u e  on the  per- 
ceptual-motor a b i l i t i e s .  This assessment i s  only  
begun i n  t h e  p r e s e n t  s tudy.  

1 



INTRODUC TTON 

This study presents the findings of an analysis of effects 
of noise and vibration levels experienced in commercial heli- 
copters on pilot safety, performance, and comfort. The re- 
port presents the information currently available on commercial 
helicopter types and mission (Section 1) and pilot operational 
requirements (Section 2) . These requirements include safety 
requirements, presented in terms of commercial helicopter 
accident data, performance requirements or operations conducted 
by the pilot during actual flight, and comfort requirements or 
considerations. 

En Section 3 helicopter noise and vibration frequencies 
and amplitudes are reported to describe the mechanical en- 
vironment. Due to the unavailability of environmental data 
measured in actual flight of commercial helicopters the noise 
environneht is described based on data available from military 
counterparts of commercial helicopters. While this approach is 
admittedly risky it was followed since the military data were 
a l l  that was available. Vibration levels were inferred from 
research reports and were not even available from military 
sources .. 

Section 4 describes the results of an analysis of re- 
search results concerning effects of noise and vibration, at 
levels presumed for commercial helicopters, on pilot safety, 
performance, and comfort. Finally Section 5 presents problem 
areas developed for the analysis conducted in Section 4 and 
presents recommendations €or action to resolve the problems. 

2 



1.0 COMMERCIAL HELICOPTER DESCRIPTIONS 

The unique flight characteristics of the helicopter have 
led to its videspread use for both military and commercial 
applications. During the years 1960 through 1967 the number 
of commercial helicopters increased from 705 to 1,764 and by 
the end of 1970 the number is expected to exceed 2,000. The 
designator “commercial” is applied to a l l  non-military heli- 
copters and includes such applications as industrial cargo 
transport, pre-construction surveillance, movement of fully 
erected o i l  rigs, and passenger transport, It is to this 
latter usage of the commercial helicopter that this report is 
addressed and commercial helicopter mission data will be based 
on passenger transport missions. 

1.1 Commercial Helicopter Types - __I- 

Table 1 describes most of the helicopters currently in 
operation’. These descriptions contain the military counter- 
parts of the commercial designations, the number of commercial 
aircraft projected through 1970, crew and passenger capacities 
and performance characteris tics. 

X.2 Air Passenger Helicopters 
_I_--- -_I 

During the field trip conducted in this study five heli- 
copter airways companies were contacted and pilot data were 
collected from each. The intent was to contact pilots having 
regular flying schedules and to restrict the study to a limited 
number of helicopter types. In this way flying experiences, 
schedules, operational practices, and similar variables could 
be related to known effects of exposure to comparable noise 
and vibration levels. The five airways companies surveyed 
and their current helicopter types are as follows: 

New York Airways, New York - Vertol 107-11: multi- 
rotor, pilot and copilot, 27 passengers 

Air General Helicopters, Boston - Bell Jet Ranger: 
single rotor, pilot only, 4 passengers 

Chicago Helicopter Airways, Chicago - Sikorsky S-58: 
single rotor, pilot and copilot, 13 passengers 

SFO Helicopter Airlines, San Francisco - Sikorsky S-61: 
singl’e rotor, pilot and copilot, 28 passengers 

3 
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LA Airways, Los Angeles - Sikorsky S-61: single 
rotor, pilot and copilot, 28 passengers 

The actual number of aircraft recorded a t  each company 
in 1967 tias as follows: 

New York Airways 7 
Los Angeles Airways 1 

1 
5 

San Francisco-Oakland 2 

3 
4 

Air General Airways-Boston 6 
6 

Chicago Airways 3 

Vertol 107 
S-51  
s-55 
S-616 
5-62 
5-58 
Bell 206 
Bell 47 G/J 
Bell 47 G/J 
Bell 206 

The recorded number of revenue passengers carried and 
passenger miles for each company is presented below for 
1963 and 1964. 

Rzveni;e PSS Passenger M i l e s  
sengers Carried (millions ) 

-- 1963 1964 1963 
(XI 000 ) 

1964 -- 
Chicago 50 39 1*1 ,8 
Los Angeles 167 197 6.9 8.2 
New York 240 253 5.0 5.2 
San Francisco- 
Oakland , - 118 - 2.3 

5 



2.0 PILOT OPERATIONAL REQULREIJlENTS 

I n  t h i s  s e c t i o n  commercial h e l i c o p t e r  missions,  equip- 
ment, and p i l o t  procedures w i l l  be descr ibed  and d iscussed .  
The mission d e s c r i p t i o n s  w i l l  be concerned with segmenting a 
t y p i c a l  mission i n t o  i t s  component phases. The p i l o t  opera- 
t i o n s  d a t a  w i l l  d e s c r i b e  h e l i c o p t e r  maneuvers and p i l o t  in -  
volvement i n  t h e s e  maneuvers fo r  each mission phase. The p i l o t  
procedures w i l l  then be examined and anlayzed t o  i d e n t i f y  the 
perceptual-motor c a p a b i l i t i e s  requi red  for  t h e i r  e f f e c t i v e  
performance. I n  Sec t ion  4.0 r e sea rch  r e p o r t s  d e s c r i b i n g  t h e  
e f f e c t s  of no i se  and v i b r a t i o n  w i l l  be presented.  

2 . 1  Pkssion Data '  

Missions performed by commercial h e l i c o p t e r  a i r l i n e s  
engaged i n  passenger t r a n s p o r t  w e r e  considered i n  t h i s  s tudy.  
For these companies, a t y p i c a l  mission c o n s i s t s  of t r a n s p o r t i n g  
passengerp and m a t e r i a l s  t o  scheduled Ges t ina t ions  over  an 
average f l i g h t  t i m e  of f i f t e e n  t o  t h i r t y  m i n u t e s .  The mission 
phases c o n s i s t  of s t a r t u p  and t a x i  t o  takeoff  p o i n t ,  takeoff 
and c l i m b  t o  assigned a l t i t u d e  and heading, c r u i s e ,  en t r ance  
i n t o  descen t  p a t t e r n ,  landing,  and t a x i  t o  passenger s t a t i o n ,  
Some of t h e  h e l i c o p t e r  companies l a n d  a t  small s t a t i o n s  and 
do n o t  r e q u i r e  t a x i i n g .  Some a r e  a l s o  permit ted to make rci-i-- 
ning landings  which do n o t  r e q u i r e  hovering p r i o r  t o  ground 
con tac t .  

The d u r a t i o n  of t h e  mission phases w i l l  vary as  a func t ion  
of  gross weight and weather cond i t ions .  The mean number of 
m i s s i o n s  p e r  day ranges f r o m  about 1 2  t o  15 with approximately 
15  minutes r equ i r ed  t o  complete each f l i g h t .  The i n t e r v a l  be- 
tween f l i g h t s  v a r i e s  depending on de lays .  I f ,  f o r  example, 
the  p i l o t  i s  delayed a t  a given p o i n t  he  m u s t  minimize h i s  t i m e  
on the  ground a t  l a t e r  s t o p s  i n  o r d e r  t o  maintain the schedule.  
Consider ing t h a t  the scheduled i n t e r v a l  between f l i g h t s  i s  
approximately 5 minutes there i s  l i t t l e  t i m e  t o  r e l ax .  P i l o t s  
average 3.75 hours f l i g h t  t i m e  per  day and t h e  m a j o r i t y  of 
them work 5 days p e r  week. A t  t h i s  r a t e ,  they w i l l  f l y  an ' 

average of 75 hours  per month. 

Throughout t h e  conduct of these missions p i l o t s  a r e  con- 
t i n u a l l y  sub jec t ed  t o  a no i se  and v i b r a t i o n  environment which 
some i n v e s t i g a t o r s  describe a s  i n t o l e r a b l e .  The p r e c i s e  
e f f e c t s  of t h i s  environment w i l l  be d iscussed  i n  t h i s  r e p o r t  
i n  t e r m s  of s p e c i f i c  effects on three p i l o t  requirements:  

h i s  s a f e t y  
h i s  performance 
h i s  comfort 

6 



Before making t h e s e  eva lua t ions  some d i scuss ion  of t h e s e  
three f a c t o r s  i s  requi red ,  I n  t h e  genera l  d i s c u s s i o n  of p i l o t  
s a f e t y  the frequency and s e v e r i t y  r a t e s  of commercial h e l i -  
c o p t e r  acc iden t s  w i l l  be presented .  I n  t h e  d e s c r i p t i o n  of 
performance requirements work load and c o n t r o l  cons ide ra t ions  
w i l l  be d i s c u s s e d .  I n  t h e  p i l o t  comfort a r ea  t h e  a c c e p t a b i l i t y  
of work loads and equipment t o  p i l o t s  will be discussed.  

2 - 2  Hel i cop te r  P i l o t  S a f e t y  
I_ 

Table 2 presen t s  s t a t i s t i c s  on commercial h e l i c o p t e r  
acc iden t s  i n  gene ra l  and a i r  t a x i  acc iden t s  i n  p a r t i c u l a r  f o r  
t h e  yea r s  1962 through 1967. Table 3 i nc ludes  acc iden t  r a t e s  
p e r  100,000 hours flown for  commercial h e l i c o p t e r s  and f ixed  
wing a i r c r a f t ,  

A s  i nd ica t ed  i n  Table 2 t h e  primary cause of h e l i c o p t e r  
acc iden t s  i n  seventy-f ive pe rcen t  of  the  i n c i d e n t s  1s p i l o t  
e r r o r .  This t a b l e  a l s o  demonstrates t h a t  t h e  most p reve lan t  
cause of a i r  t a x i  h e l i c o p t e r  acc iden t s  i s  engine f a i l u r e  wi th  
co l l i s ions  wi th  o b s t a c l e s  next .  Table 3 i n d i c a t e s  t h a t  h e l i -  
c o p t e r  acc iden t  r a t e s  a r e  u s u a l l y  f i f t y  p e r c e n t  g r e a t e r  than 
f ixed wing s j n g l e  engine a i r c r a f t  acc iden t  r a t e s ,  and from 100 
to .500  pe rcen t  g r e a t e r  than mul t i  engine f ixed  wing a i r c r a f t  
r a t e s .  The s e v e r i t y  r a t e  i s  a l s o  much g r e a t e r  i n  h e l i c o p t e r s ,  
equa l ing  about  twice t h e  r a t e  for m u l t i  engine and s i n g l e  engine 
f ixed  wing a i r c r a f t  i n  1967. 

2.3 He l i cop te r  P i l o t  - Performance Requirements - 
P i l o t  c o n t r o l  ope ra t ions  c o n s i s t s  of t h e  coordinated 

i n t e r a c t i o n  of t h e  c o l l e c t i v e  p i t c h  c o n t r o l ,  t h e  c y c l i c  p i t c h  
c o n t r o l ,  and the pedals  which c o n t r o l  the p i t c h  of the t a i l  
r o t o r .  The -_I-- collectiv-itch c o n t r o l  -I_ l e v e r ,  loca ted  a t  the 
p i l o t ' s  l e f t  s i d e ,  moves-upward t o  i n c r e a s e  and downward to  
decrease  p i t c h .  I t  changes the  p i t c h  of a l l  of t h e  main r o t o r  
b l ades  equa l ly ,  g e n e r a l l y  c o n t r o l l i n g  the a l t i t u d e  and a l t i t u d e  
r a t e  of t h e  h e l i c o p t e r .  The z c l i c  --a- p i t c h  c o n t r o l ,  l oca t ed  
between t h e  p i l o t ' s  leqs, i s  opera ted  by h i s  r i q h t  hand. I t  
has  360 degrees  freedom of movement i n  t h e  h o r i z o n t a l  p lane  t o  
c o n t r o l  t u r n s ,  banks,  and d i r e c t i o n  of f l i g h t .  There a r e  - two 
P-- e d a l s  for  c o n t r o l l i n g  t h e  p i t c h  of the t a i l  r o t o r  thereby  
counter ing  main r o t o r  torque.  By varying t h e  t a i l  rotor 
p i t c h  the p i l o t  c o n t r o l s  v e h i c l e  yaw. Although t h e  c o l l e c t i v e  
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TABLE 2 

COMMERCIAL HELICOPTER ACCIDENT DATA 

Tota l  acc iden t s  
F a t a l  a c c i d e n t s  
Ser ious  acc iden t s  
Minor and no i n j u r y  

A i r  taxi-passenger  acc iden t s  
a c c i d e n t s  

f a t a l  
serious 
minor and no i n j u r y  

col l is ion-ground or water  
A i r  t a x i  types  of acc iden t s :  

- a i r c r a f t  
-obs t ac l e s  

engine f i i  l u r e  
propel  ler-ro tor  f a i l u r e  

Tota l  a c c i d e n t s - p i l o t  error 
caused : 
a l l  acc iden t s  - percen t  
f a t a l  a c c i d e n t s  - percen t  

1962 

150 
14 
15 

1 2 1  
22 

2 
2 

18 

2 
0 
1 
0 
0 

75 
5 '7 

1963 
I_. 

1964 1965 1966 

183 258 239 3 1 1  
1 5  20 16  27 
18 30 23 4 1  

150 207 200 243 
6 22 33 22 
2 2 5 0 
0 5 7 4 
4 1 5  2 1  1 8  

1 2 2 4 
0 0 0 2 
0 5 3 5 
1 7 8 4 
0 1 3 4 

7 5  
.6 3 

TABLE 3 

G E N E W  AVIATION ACCIDENT RATES 
(number of acc iden t s  p e r  500,000 hours)  

1962 - 1963 .--- 1964 -- 1965 
__I 

1966 - 

1967 

264 
32 
34 

198 
22 

3 
3 

16  

1 
0 
0 
6 
4 

74 
66 

1967 
-4- 

All acc iden t s  
He l i cop te r  58.59 47.29 57.72 53.11 62.80 49.07 
S i n g l e  engine f ixed  wing 40.04 34.43 35.16 33.50 29.56 29.29 
M u l t i  engine fixed wing 16.20 1-4-35 16.06 1 7 - 7 0  13.88 19.91 

F a t a l  acc iden t s  
Hel icopter  5.46 3,88 4.47 3.56 5.49 5.95 
S i n g l e  engine fixed wing 3.41 3 - 4 0  3.48 3.38 2.87 2.69 
Mult i  engine f ixed  wing 2.05 2.16 2.42 2.51 1.76 2.99 



sequence 

1) 

pitch c o n t r o l  does n o t  provide a t t i t u d e  c o n t r o l ,  it does 
provide t r a n s l a t i o n a l  motion. 

P i l o t  t a s k s  dur ing  the takeoff, /climb phase of a mission 
a r e  t y p i c a l  of c o n t r o l  ope ra t ions  throughout t h e  f l i g h t  and 
i l l u s t r a t e  c o n t r o l  requirements ,  The gene ra l  o p e r a t i o n a l  

for th i s  phase is  presented  below: 

Increase  c o l l e c t i v e  p i t c h  by r a i s i n g  it w i t h  l e f t -  
hand and s imultaneously counter  increased  torque  
w i t h  rudder pedal .  A s  h e l i c o p t e r  becomes a i rbo rne ,  
manuever c y c l i c  c o n t r o l  wi th  right-hand t o  maintain 
s t r a i g h t  and l e v e l  a t t i t u d e  ( p i t c h  and r o l l ) .  

7) 

It 

Cont inua l ly  c o n t r o l  yaw w i t h  peda l s  

Slowly a d j u s t  c o l l e c t i v e  p i t c h  a s  hover a l t i t u d e  
is acheived,  Maintain hover a l t i t u d e .  

Maneuver c y c l i c  pitch c o n t r o l  so t h a t  c o n t r o l  response 
is v e r i f i e d .  

7 ’  

Inc rease  peda l  p r e s s u r e  t o  v e r i f y  c o n t r o l  response.  

Scan instrument  pane l  t o  v e r i f y  t h a t  f l i g h t  and 
engine performance gauges a r e  o p e r a t i v e  and t h e  
informat ion  i s  i n  t h e  normal range. 

Simultaneously inc rease  c o l l e c t i v e  pitch, apply 
forward p res su re  on c y c l i c  c o n t r o l ,  and a d j u s t  
peda l s  to maintain correct a i r speed ,  r a t e  o f  climb, 
a t t i t u d e ,  and heading. 

A n t i c i p a t e  c r u i s e  a l t i t u d e  and heading. Ad jus t  
c o l l e c t i v e  p i t c h  f r i c t i o n  t o  maintain s e t t i n g ,  
a d j u s t  c y c l i c  p i t c h  t o  maintain a t t i t u d e ,  and 
a d j u s t  peda l  p r e s s u r e  t o  maintain heading. 

can be seen  t h a t  the a c t u a t i o n  of one c o n t r o l  device  
w i l l  g e n e r a l l y  r e q u i r e  the i n t e r a c t i o n  of the other two f o r  
smooth, coord ina ted  maneuvers. 

The c r u i s e  phase r e q u i r e s  less p i l o t  o p e r a t i o n a l  c o n t r o l  
a c t i v i t y  than  o t h e r s .  Once the h e l i c o p t e r  is trimmed f o r  
c r u i s e ,  ( c o l l e c t i v e  p i t c h  se t  a t  desired p o s i t i o n ,  a t t i t u d e  se t  
by c y c l i c  p i t c h  for c r u i s e  and heading c o n t r o l l e d  w i t h  peda ls ) ,  
t h e  c o n d i t i o n  is  maintained u n t i l  e n t r y  for  descent / landing.  
During t h e  c r u i s e  phase,  t h e  p i l o t  observes  other a i r c r a f t  i n  
t h e  a r e a  and monitors the instrument  panel .  Navigation tasks 
are minimal owing to t h e  short du ra t ion  of t h e  f l i g h t s .  
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A s  the f l i g h t  approaches d e s t i n a t i o n ,  the p i l o t  adv i ses  
the a i r  c o n t r o l l e r  and prepares  t o  e n t e r  t h e  t r a f f i c  p a t t e r n ,  
H e  sets up t h e  ra te  of descent  by reducing t h e  c o l l e c t i v e  pitch 
and, using out-the-window v i s u a l  cues and cockpi t / ins t rwnent  
information,  he  c o n t r o l s  t h e  rate wi th  c o l l e c t i v e  pitch,  a t t i t u d e  
and groixnd speed w i t h  c y c l i c  p i t c h ,  and heading w i t h  the pedals. 
O n  approaching hover a l t i t u d e ,  the p i l o t  reduces a l t i t u d e  r a t e  
and ground speed t o  ze ro ,  T h i s  coo rd ina t ion  maneuver r e q u i r e s  
s imulataneously a c t u a t i n g  t h e  c y c l i c  p i t c h  c o n t r o l  t o  reduce 
ground speed, i nc reas ing  c o l l e c t i v e  p i t c h  (up) to reduce r a t e  
of descent ,  and a d j u s t i n g  rudder peda l  p r e s s u r e  t o  compensate 
for  torque  change. A s  the h e l i c o p t e r  reaches hover, t h e  p i l o t  
slowly reduces t h e  c o l l e c t i v e  p i t c h  (down) and a d j u s t s  rudde r  
pedal p r e s s u r e  t o  a l low the c o r r e c t  r a t e  of descent  for tauch- 
down. On landing  gear  c o n t a c t ,  the p i l o t  reduces t h e  c o l l e c -  
t i v e  p i t c h  t o  i t s  minimum p o s i t i o n  to  ensure t h a t  a l l  wheels 
are on the ground. 

The following s e c t i o n s  describe cockp i t  con f igu ra t ions ,  
p i l o t  equipment d a t a ,  f l i g h t  maneuvers, and performance f a c t o r s .  

Cokkpit --e--- Configurat ions an-d Pi lot-  ETuipment - Data 

The c o c k p i t  con f igu ra t ion  f o r  the Sikorsky S - 6 1  h e l i c o p t e r  
* is i l l u s t r a t e d  i n  Figure 1. Ex te rna l  v i s i b i l i t y  is provide6 

by c l e a r  p l e x i g l a s s  windshielding around the f r o n t  and sides, 
overhead by t i n t e d  p l e x i g l a s s  t o  a t t e n u a t e  b r i g h t  s u n l i g h t ,  
and downward. v i s i b i l i t y  by c l e a r  p l e x i g l a s s  pane ls  l oca t ed  a t  
the side of t h e  rudder peda ls .  The v i s i b i l i t y  requirements are  
g r e a t e r  f o r  h e l i c o p t e r  than f ixed-wing a i r c r a f t  because of t h e i r  
mu l t i -d i r ec  t iona 1 f 1 i g h t  c a p a b i l i t y .  

S e a t s  a r e  loca t ed  side-by-side wi th . the  p i l o t  on the r i g h t ,  
These s e a t s  are cons t ruc t ed  of metal frames wi th  bottom and 
back cushions f o r  comfort: no arm rests a r e  provided. A lap- 
type seat be l t  is  used a t  a l l  t i m e s ;  b u t  the shoulder ha rness  
is not .  

A11 communications are by voice  r ad io .  A headse t  c o n s i s t -  
i n g  of earphones and an a d j u s t a b l e  microphone boom a f f o r d  two-  
way communications. Volume c o n t r o l  i s  loca ted  on the earphones; 
channel  s e l e c t o r s  on a console  between the p i l o t  and c o p i l o t .  
Push-to-talk b u t t o n s  are loca ted  on t h e  c y c l i c  c o n t r o l  s t i c k s ,  

The main con t ro l /d i sp l ay  panel  is loca ted  d i r e c t l y  i n  
f r o n t  of t h e  p i l o t  and copilot .  The primary f l i g h t  d i s p l a y s  
a r e  o rd ina ry  a i r c ra f t  instruments  ( a l t i t u d e ,  a i r speed ,  v e r t i c a l  

10 



BREAKERS 

EMERGENCY 
THROTTLE 

ROTOR BRAKE 

THROTTLES 

INSTRUMENTS 

INSTRUVG3N”lS 

CYCLIC PITCH 

COLLEXTIVE 
PITCH CONTROL 

FIGURE 1 COCKPIT CONFIGURATION OF SIKORSKY S-61 HELICOPTER 



speed, e t c . ) .  These a r e  dup l i ca t ed  f o r  bo th  c r e w  m e m b e r s ,  
the enqine performance instruments  be inq  c e n t r a l l y  loca t ed ,  
a r e  shared.  There a r e  two a u x i l i a r y  c o n t r o l  pane ls .  One 
is loca ted  overhead between t h e  p i lo t  and c o p i l o t  and is 
p r imar i ly  a warning l i g h t  pane l ;  b u t  a l s o  con ta ins  emergency 
shut-off and l i g h t i n g  c o n t r o l s .  The other is loca ted  a t  t h e  
p i l o t ' s  lower r i g h t - s i d e  and con ta ins  e lec t r ic  c i r c u i t  b reake r s  e 

Commercial p i l o t s  wear the uniforms designated by t h e i r  
company. These uniforms do n o t  have any s p e c i a l  p r o t e c t i v e  
q u a l i t i e s  such a s  nonflammability o r  water r e s i s t a n c e .  F i re  
ex t ingu i she r s  are loca ted  i n  t h e  cockp i t ,  behind the p i l o t ' s  
seat  and near  t h e  floor.  A c l ipboa rd  i s  used t o  log  f l i g h t  
and rotor t i m e  and t o  record a i r c r a f t  performance d i sc repanc ie s .  

Cockpit l i g h t i n g  c o n s i s t s  of instrument  l i g h t s ,  pane l  edge 
l i g h t s ,  c o c k p i t  u t i l i t y  l i g h t s ,  and a c o c k p i t  dome l i g h t ,  I n s t r u -  
ment and panel  l i g h t s  a r e  c o n t r o l l e d  by a r h e o s t a t .  U t i l i t y  
l i g h t s  have ex tens ion  cords and may be handheld. The c o c k p i t  
dome l i g h t  has  a r e d  and a white  lamp, and is  used as  requi red .  

The main hand c o n t r o l l e r s  a r e  t h e  c y c l i c  p i t c h  c o n t r o l  
( r i g h t  hand) and the c o l l e c t i v e  p i t c h  c o n t r o l  ( l e f t  hand) .  
The c y c l i c  p i t c h  st ick i s  loca ted  forward of each p i l o t  s e a t  
and p i v o t s  a t  the f l o o r  t o  a l low f o r  s t ick  dispiacemeni Li-i any 
d i r e c t i o n .  Each s t i c k  is equi9ped w i t h  switches f o r  c o n t r o l l i n g  
h e l i c o p t e r  t r i m ,  automatic  f l i g h t  c o n t r o l  systems, and micro- 
phone ope ra t ion .  

The c o l l e c t i v e  pitch l e v e r  is  loca ted  t o  the l e f t  of  each 
c r e w  m e m b e r ' s  s e a t .  The l e v e r  is  equipped w i t h  a f r i c t i o n  lock 
which holds  it i n  a f i x e d  p o s i t i o n .  A s w i t c h  box i s  mounted 
on each l e v e r  f o r  c o n t r o l l i n g  landing  l i g h t s ,  loading l i g h t s ,  
and hydrau l i c  s e rvo  systems. 

Two t a i l  r o t o r  peda l s  a r e  used t o  c o n t r o l  t h e  p i t c h  of 
the t a i l  r o t o r  b l ades  to  vary t h e  t h r u s t  w h i c h  coun te rac t s  main 
rotor  torque ,  The peda l s  a r e  equipped w i t h  t o e  opera ted  brakes  
for wheel braking.  

The p r i n c i p a l  i n d i c a t o r s  and d i s p l a y s  of  the S - 6 1 N  a r e  
those  a s s o c i a t e d  w i t h  engine ope ra t ion  and f l i g h t  c o n t r o l .  The 
ranges of va lues  a s s o c i a t e d  wi th  primary d i s p l a y s  a r e  presented  
i n  Table 4. 
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TABLE 4 

SIKORSKY S-61N DISPLAYS AND RANGES 

, ,  
Fuel p re s s .  

1 

PSI 160 

-54 

8 

-15 

25 

1300 

835 

175 

67 

160 

95 

300 

pressure PSI 

NORM. OP. 
RANGE 

PREK!AUTION- 
ARY RANGE 

DISPLAY I U N I T S  MAX. 

1 3 1  15-131 0-15 

percent I Engine power 
turb ine  speed 110 100-104 

104-110 
91-100 

Rotor speed I percent 111 10--111 91-100 

704/ 
677 

300-635 635-704 
1 

300 I 404 
Power turb ine  

i n l e t  temp. deg. C 

percent  I Gas generator 
tachometer 102 53 I 49 100-102 56-100 

I 
I percent 112/ 

95 

995 

86.5-95 Torque 0-86.5 0.1 112 

2 10-79 5 795-995 

121 deg. C I Engine o i l  
temperature 0-121 

75 

145 

120 

1600 

20-60 

40-120 

35-90 

1300-1600 

60-75 

120-145 
- 

90-120 

- 

deg. C I Transmission 
o i l  temp. 

Transmission 
o i l  pressure 

Servo hydraul ic  PSI pres  sure  

_I- F l i g h t  Maneuvers and Associated P i l o t  Perceptual-Motor,Factors 

I n  t h i s  s e c t i o n  p i l o t  procedures a r e  descr ibed i n  terms 
of b a s i c  f l i g h t  maneuvers. For each maneuver the  c r i t i c a l  
ope ra t iona l  e lemen ts and a s s o c i a t e d  perc  eptua 1 -motor a b i l  it i e s  
requi red  f o r  each one a r e  descr ibed .  

The perceptual-motor f a c t o r s  a r e  included t o  f a c i l i t a t e  
t h e  eva lua t ion  of r e sea rch  f ind ings  and the  a p p l i c a t i o n  of these  
f ind ings  t o  the h e l i c o p t e r  s i t u a t i o n .  S p e c i f i c  perceptual-motor 
f a c t o r s  a r e  desc'ribed i n  Table 5. Cer ta in  of these  d e s c r i p t i o n s  
were developed by Parker e t  a l .  (1965). I n  Table 6 perceptua l -  
motor a b i l i t i e s  a r e  i d e n t i f i e d  for h e l i c o p t e r  ope ra t ion  c o n t r o l  
t a s k  elements.  These elements a r e  b a s i c  opera t ions  requi red  t o  
con t ro l  t h e  v e h i c l e ,  
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PERCEPTUAL-MOTOR FACTORS 

Arm-hand steadiness 
hand movements of the type which minimize strength or speed. 

Finger-wrist speed 
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 
hand manipulation of longer objects. 

Position estimation 
position when the position must be estimated rather than repro- 
duced from an immediately experienced limb position. 

Response orientation 
movement or direction of movement from several alternatives. 

Speed of arm movement 
ment at maximum speed. 

Multi-limb coordination 
of two hands, two feet, or combination of hands or feet simultan- 
eous ly . 
Reaction time speed with which a person can react to a stimulus. 

the ability to make precise and steady arm- 

the ability to make rapid pendular and/or 

the ability to make skillful controlled arm- 

the ability to move a limb to a specified 

the ability to choose and perform the proper 

the ability to make discrete gross arm move- 

the ability to coordinate the movements 

PERCEPTUAL FACTORS 

ViswzZ acuity the ability to resolve visual detail. 

Perception of distance and depth 
ative differences in distance and to make absolute distance judge- 
ments. 

Perception of fom and pattern 
nize shape, form, and pattern. 

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

Movement prediction tracking 
through time. 

Perceptual speed 
detail. 

Time sharing 
within more than a single dispky. 

MOTOR FACTORS 

the ability to distinguish ref- 

the ability to identify or recog- 

the ability to detect relative motion. 

the ability to predict position 

the ability to make rapid comparisons of visual 

the ability to obtain and use information presented 
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TABLE 6 

PERCEPTUAL-MOTOR FACTORS RELATED TO CENTRAL TASK ELEMENTS 

Aft  c y c l i c  cont ro l  

No. 

y u u r r - v a r  c-u C I I L L U C - i  4’ 

speed of arm movement 

pos i t ion  estimation 

1 

Finely cont ro l led  swi f t ly  
executed cyc l i c  cont ro l  

2 

arm-hand s teadiness  
f inger-wris t  speed 
speed of arm movement 
reac t ion  t i m e  
manual dex te r i ty  

3 

4 

5 

6 

7 

8 

9 

10 

.airspeed attainment manual dex te r i ty  

Orate of change of speed manual dex te r i ty  
.maintain ground speed con- 

response o r i en ta t ion  

manual d e x t e r i t  
s t a n t  

la teral  cyc l i c  cont ro l  

Combined fo re / a f t  cyc l i c  con- 
t r o l  and t h r o t t l e  cont ro l  

, ’  

multi-limb coordination 
f inger-wris t  speed 
manual dex te r i ty  

Fine cont ro l  of c o l l e c t i v e  
p i t c h  

Thro t t l e  cont ro l  

Spatial-angular judgements 

V i e w  f l i g h t  area 

speed of arm movement 
arm-hand s teadiness  
pos i t ion  est imat ion 

f inger-wris t  speed 
manual dex te r i ty  
pos i t i on  est imat ion 

v i sua l  acu i ty  
distance-depth perception 
form-pattern perception 
motion perception 
t i m e  shar ing 

distance-depth perception 
movement ana lys i s  
movement predict ion-tracking 
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One d i f f i c u l t y  w i t h  t h i s  approach,, however, i s  the f a i l u r e  
t o  account  for the o b j e c t i v e  of the s p e c i f i c  t a s k s  and t h e  o t h e r  
t a s k s  which may be performed s imultaneously or immediately preced- 
ing  or  fo l lowing  a s p e c i f i c  t a s k .  For example, c o n t r o l  of RPM 
m i g h t  involve t h e  same motor ab i l i t i e s  du r ing  takeoff  or landing ,  
however, t h e  i n t e r a c t i o n  o f  t h i s  t a s k  wi th  on-going p e r c e p t u a l  
t a s k s  must make the RPM t a s k  i n t r i n s i c a l l y  d i f f e r e n t  for t h e  t w o  
ope ra t ions .  The molecular view of p i l o t  procedures ,  wherein 
ab i l i t i es  a r e  de r ived  for  i n d i v i d u a l  tasks, i s  t h e r e f o r e  n o t  
s u f f i c i e n t  t o  describe the performance requirements p laced  on’ 
t h e  p i lo t .  A better approach is  t o  combine khe information 
presented i n  Table 6 with an a n a l y s i s  of perceptual-motor 
a b i l i t i e s  a s s o c i a t e d  w i t h  maneuvers, The r e s u l t s  of t h i s  
s y n t h e s i s  a r e  presented  i n  Table 7 ,  

TABLE 7 

CENTRAL TASK ELEMFNTS ASSOCIATED WITH MANEWERS 
t ’  

t I I 
MANUEVERS CENTRAL TASK ELEMENT 1 NUMBER (TABLE 6)  

I ‘ I 7  .*L: v e s L l C Q 1  takeoff tz a ‘lover 
Hovering 7 10 
Hovering t u r n  7 8 10 
S t r a i g h t  and level f l i g h t  1 4 10 
Turning 2 

I I 3 4 E! LO 

Normal approach t o  a hover 
Landing from a hover 1 3  4 5 6 7 8 9 10 

1 7 8  

A s  i n d i c a t e d  i n  Table 7 the landing maneuver is the most 
complex i n  t e r m s  o f  number of  c e n t r a l  t a s k  elements involved. 
Landing i n  t h i s  c o n t e x t  subsumes a l l  techniques for landing  
inc luding  normal landing,  s t e e p  landing,  running landing ,  
forced landing,  and confined a r e a  landing.  The takeoff  maneu- 
ver  is  second i n  complexity and inc ludes  normal t a k e o f f ,  
maximum performance, running, and confined a r e a  t akeof f .  

16 



2.4 Helicopter Pilot Comfort Requirements 
- -  -I_---- 

The factors in the helicopter pilot's environment which 
have been demonstrated as influencing his comfort are as 
follows: 

Physical environment 

- noise levels - vibration levels 
- temperature - cockpit ventilation - presence of fumes 
- lighting - photic stimulation 
Equipment design 

- seat and restraint system design - provisions for arm, head, leg rests 
--$ control-display design, arrangement, location 

Operational environment 1 

- work-rest cycles 
- w o r k  loads  

difficulty 
duration 
criticality of operations 

17 



3.0 THE COMMERCIAL WELLCOPTER N O I S E  AND VIBRATION ENVIRONMENT 

The f i r s t  p r e r e q u i s i t e  i n  any assessment of the effects 
of no i se  and v i b r a t i o n  on h e l i c o p t e r  p i l o t s  is t o  c l e a r l y  de- 
f i n e  t h e  n o i s e  and v i b r a t i o n  environments encountered i n  
o p e r a t i o n a l  commercial veh ic l e s .  A second requirement i s  t o  
e s t a b l i s h  t h e  d u r a t i o n  of p i l o t  exposure t o  s p e c i f i c  l e v e l s .  

The major problem encountered i n  the conduct of t h i s  
s tudy  was t h e  f a c t  t h a t  no i se  and v i b r a t i o n  and exposure 
d u r a t i o n  informat ion  f o r  commercial h e l i c o p t e r s  i s  almost  
t o t a l l y  unava i l ab le .  The only  except ions  t o  t h i s  unavai l -  
a b i l i t y  of s p e c i f i c  commercial h e l i c o p t e r  d a t a  a r e  v i b r a t i o n  
and n o i s e  l e v e l s  for  t h e  Ver to l  107 obta ined  from t h e  Boeing 
Company. He l i cop te r  companies i n  gene ra l  could provide no 
measures of n o i s e  and v i b r a t i o n  l e v e l s  ob ta ined  i n  a c t u a l  
f l i g h t  b u t  r a t h e r  a s s e r t e d  t h a t  the a c t u a l  l e v e l s  w e r e  w e l l  
w i th in  t h e  minimum l e v e l s  s p e c i f i e d  by a p p l i c a b l e  m i l i t a r y  
s t anda rds .  

7 '  

I n  order t o  achieve an approximation of no i se  and v ibra-  
t i o n  l e v e l s  p r e v a l e n t  i n  commercial helicopters w e  have re l ied 
h e a v i l y  on informat ion  publ ished by m i l i t a r y  sources  r e l e v a n t  
t o  t h e  m i l i t a r y  coun te rpa r t s  of the commercial v e h i c l e s .  Thus 
the noj-se and v i b r a t i o n  l e v e l s  recorded i n  a CH-4624 h e l i c o p t e r ,  
t h e  Marine Corps coun te rpa r t  o f  the Ver to l  107 ,  a r e  a v a i l a b l e  
and a r e  p re sen ted  f o r  each f l i g h t  phase i n  Table 8. 

I t  is  i n t e r e s t i n g  t o  no te  t h a t  maximum no i se  l e v e l s  w s r e  
obtained d u r i n g  f l i g h t  segments which a l s o  y i e lded  minimurn v i -  
b r a t i o n  ampli tude (130 k t  c r u i s e  and t u r n )  and t h a t  f a i r l y  h igh  
v i b r a t i o n  l e v e l s  w e r e  measured & r i n g  phases y i e l d i n g  minimum 
no i se  l e v e l s  ( l i f t o f f ,  hovering t u r n ,  touchdown). S ince  h e l i -  
copter n o i s e  and v i b r a t i o n s  a r e  a sc r ibed  t o  the sane predominent 
source ,  the main r o t o r ,  the i n v e r s e  r e l a t i o n s h i p  of l e v e l s  i s  
d i f f i c u l t  to exp la in .  

S i n c e  no o t h e r  d a t a  a r e  a v a i l a b l e  on no i se  - and v i b r a t i o n  
w i t h i n  commercial h e l i c o p t e r s  t h e  mechanical environments of 
t h e s e  v e h i c l e s  w i l l  be descr ibed  s e p a r a t e l y  fo r  n o i s e  and v i -  
b r a t i o n .  The fol lowing s e c t i o n s  describe w3at i s  c u r r e n t l y  
known concerning e x i s t i n g  n o i s e  l e v e l s  and v i b r a t i o n  levels 
for commercial h e l i c o p t e r s  or  for  m i l i t a r y  coun te rpa r t s .  
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TABLE 8 

NOISE, VIBRATION,  AND EXPOSURE DATA 
FOR THE CH-46A (VERTOL 1 0 7 )  HELICOPTER(Dean 1964) 

- F1 i qh t Phase 

L i  f t o  f ?E 
Hover 
Rapid c l i m b o u t  
Normal climbout 
1 2 0  kt c r u i s e  
120 kt t u r n  
130 kt c r u i s e  
130 kt t u r n  
Normal descen t  
Dece le ra t ion  
Rapid d e s c e n t  
Hovering t u r n s  
TO? 1 c:? down 

N o i s e  Level 
i n  db 

107 
113 
113 
1 1 2  
111 
1 1 2  
114 
114 
114 
110 
1 1 2  
107 
107 

-- 
Vibra t ion  
Amplitude 
i n  RMS g 
__I- 

.325 
,195 
.254 
-201 
-162 
.195 
.184 
.16% 
.204 
.244 
.410 
.293 
247 

Approximate 
Time 

minimum 
unrestricr ted 
36 sec t o  1 , 0 0 0  f t  
60 sec to 1,000 f t  
2 h r s  

1 hr 42  min 

less than 3 min 
about 3 min 
less than 1 min 

minimum 

3.1 Commercial Hel icopter  N o i s e  Levels 
I 

Since  h e l i c o p t e r  manufacturers s t a t e  t h a t  no i se  and v ibra-  
t i o n  l e v e l s  for t h e i r  veh ic l e s  a r e  designed t o  m e e t  m i l i t a r y  
s t a n d a r d s ,  t h e s e  s h a l l  be considered f i rs t .  The ma jo r i ty  of 
h e l i c o p t e r  manufacturers i n  t h i s  country u s e  MIL-standard 
A-8806A as  t h e  design guide f o r  maximum l e v e l s  of n o i s e  a c r o s s  
the  frequency spectrum. Maximum no i se  l e v e l s  s p e c i f i e d  by 
MIL-A-8806A for  oc tave  frequency bands a r e  depic ted  i n  Table 9. 
This t a b l e  also p r e s e n t s  maximum l e v e l s  of i n d u s t r i a l  no i se  
s p e c i f i e d  by the Walsh-Healy A c t  (1969) for 4 hour d a i l y  exposure. 
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TABLE 9 

MAXIMUM ACCEPTABLE N O I S E  LEVEL A T  

SHORT DURaTION AS DEFINED BY MIL-A-8806A ALD 
MAXIMUM LEVELS S P E C I F I E D  BY THE WALSH-HEALY ACT ( 1 9 6 9 )  

NORMAL C R U I S E  POWER (LONG DURATION) AND 

MIL-A-880624 
-7 - I- 

Frequency 
bands (Hz)  

3 7 . 5  - 7 5  
I '  

7 5  - 150 
150  - 300 

30U - 600 

600 - 1200 

1200 - 2400 

2400 - 4800 

4800 - 9600 

Overa l l  

Short du ra t ion  
l i m i t s  -(db) 

118 

118 

118 

132 

106 

100 

94 

94 

1 2 0  

Long dura t ion  
l i m i t s  ( d b )  . 

104 

104 

104 

95 

90 

86 

7 5  

75 

106 

Walsh- 
- Healy (db) 

120 

115 

105 

97 

94 

90 

88 

95 

20 



N o i s e  l e v e l  d a t a  w e r e  ob ta ined  for  3 of t h e  4 h e l i c o p t e r s  
of i n t e r e s t  i n  t h i s  s tudy ,  t h e  S-58, 107, and B e l l  J e t  Ranger. 
Actua l ly  t h e s e  d a t a  w e r e  recorded i n  the U.S. Army c o u n t e r p a r t s  
of t h r e e  a i r c r a f t ,  t h e  CH-34C,  CH-47A, and OH-13H r e s p e c t i v e l y  
(Gasaway and H a t f i e l d ,  1963, C a m p  1965). 

A gene ra l  d e s c r i p t i o n  of  no i se  sources  i n  each of t h e s e  
a i r c r a f t  is presented  b e l o w :  

CH-34C (S-58) I n  t h i s  a i r c r a f t  no i se  emanating f r o m  t w o  
sources ,  t h e  t r ansmiss ion  and t h e  engine exhaust ,  a r e  more e 

pronounced w i t h i n  t h e  cockp i t .  There h a s  been some reduc t ion  
of  a c o u s t i c a l  ene rg ie s  generated by the  main rotor  and a n t i -  
to rque  r o t o r  d u e  ko t h e  increased  number of b l ades  which re- 
s u l t s  i n  less i n t e n s e  rotor no i se .  The engine i s  mounted i n  
t h e  helicopter nose d i r e c t l y  beneath t h e  p i l o t  compartment, 
I n t e r n a l  n o i s e  exposures a r e  d i r e c t l y  inf luenced  by a c o u s t i c a l  
ene rg ie s  genera ted  by engine exhaust ,  t o r q u e - d i s t r i b u t i o n  s h a f t ,  
main t ransmiss ion ,  and main rotors. 

N o i s e  l e v e l s  f o r  c r u i s e  and hover cond i t ions  are presented  
i n  Table 10 and depicted i n  Figure 2 .  The long and s h o r t  dura- 
t i o n  l i m i t s  of MIL-A-88068 a r e  also presented  i n  t h i s  t a b l e .  
The t a b l e  demonstrates  t h a t  i n  a l l  frequency bands except  one, 
t h e  recorded n o i s e  i e v e l s  d u r i n g  cruise eoridLCcLcrx exceed t b ~  
long d u r a t i o n  l i m i t s  of t h e  m i l i t a r y  s t anda rd ,  A t  no frequency 
band do hover n o i s e  l e v e l s  exceed s h o r t  d u r a t i o n  
MIL-A-8806A l i m i t s .  

CH-47A (Ver to l  107)  The no i se  generated i n t e r n a l l y  w i t h i n  
t h e  CH-47A i s  a mixture  of  many complex n o i s e  components. 
Figure 3 demonstrates  noise l e v e l s  a t  d i f f e r e n t  s t a t i o n  loca- 
t i o n s  w i t h i n  a CH-47A du r ing  normal c r u i s e .  The engines  w e r e  
gene ra t ing  350 p s i  of t o r q u e  and t h e  rotors w e r e  r o t a t i n g  a t  
230 rpm. The a i r c r a f t  was f l y i n g  a t  an a l t i t u d e  of 500 f e e t  
and a t  an a i r s p e e d  of 100 knots  ( I A S ) .  P l o t t i n g s  of the  over- 
all n o i s e  l e v e l s  show t h a t  a t  p o s i t i o n s  d i r e c t l y  beneath t h e  
forward and a f t  t ransmiss ion  . the l e v e l  o f  t h e  no i se  i s  found t o  
be most i n t e n s e .  N o i s e  p l o t t i n g s  of  t h e  lower frequency band 
of 37.5 to  75 Hz i n d i c a t e  p o s i t i o n s  w h e r e  n o i s e  emanating from 
dis turbances  c r e a t e d  by t h e  rotors is  found t o  be most i n t e n s e .  
The n o i s e  p l o t t i n g s  o f  t h e  a c o u s t i c a l  energy produced w i t h i n  t h e  
h ighe r  f requency ranges,  e s p e c i a l l y  from 1200 through 4800 HZ 
a r e  i n d i c a t i v e  o f  no i se  generated by t h e  forward and a f t  t r a n s -  
mission and g e a r - d i s t r i b u t i o n  systems. For i n s t a n c e ,  a t  posi-  
t i o n s  d i r e c t l y  beneath the forward and a f t  t ransmiss ion  u n i t s  
t h e  n o i s e  i n  the h ighe r  frequency ranges was found t o  be most 
pronounced. I n  f a c t ,  t h e  n o i s e  p l o t t i n g s  i n d i c a t e  t h a t  t h e  
l e v e l  of t h e  o v e r - a l l  no i se  a t  t hese  i n t e r n a l  l o c a t i o n s  i s  
l a r g e l y  determjlned by t h e  amount of a c o u s t i c a l  energy produced 
by t h e  t r ansmiss ion  and r e l a t e d  systems wi th in  t h e  a i r c r a f t .  



Figure  4 i l l u s t r a t e s  s i m i l a r  no i se  p l o t t i n g s  
taken a t  t h e  same i n t e r n a l  p o s i t i o n s .  However, dur ing  t h e s e  
measurements t h e  a i r c r a f t  was ope ra t ing  on the ground and t h e  
engines  w e r e  producing only  150 pounds of t o r q u e .  When less 
torque i s  app l i ed  t o  t h e  t ransmiss ion  systems, and subsequent ly  
t h e  rotors,  t h e  l e v e l  of t h e  no i se  produced by t h e  t ransmiss ions  
remains b a s i c a l l y  the same, except  f o r  the forward t ransmiss ion  
system. A s  noted from these  measurements, t h e  no i se  generated 
by the  forward t ransmiss ion  system i s  n o t  a s  i n t e n s e  du r ing  low 
power ground o p e r a t i o n s  as i t  is  dur ing  h ighe r  power c r u i s e  con- 
d i t i o n s .  I n  c o n t r a s t ,  no i se  emanating from the a f t  t r ansmiss ion  
system remains b a s i c a l l y  t h e  same throughout bo th  phases of 
opera t ion .  (Gasaway and H a t f i e l d  1963 page 73) 

Figure 5 i l l u s t r a t e s  V e r t 0 1  107 d a t a  received f r o m  Boeing. 
Table 11 p r e s e n t s  n o i s e  l e v e l  da t a  obta ined  from t h e  Army re- 
p o r t  and f r o m  Boeing da ta .  A s  i nd ica t ed  i n  t h i s  t a b l e  the no i se  
l e v e l s  recorded dur ing  cruise  ope ra t ions  exceed MIL-A-880624 
l i m i t s  a t  three frequency bands. 

1 .  

OH-13H ( B e l l  Je t  Ranger) The i n t e r n a l  no i se  l e v e l s  of t h e  
OH-13H a r e  b a s i c a l l y  s i m i l a r  dur ing  most phases of f l i g h t .  One 
p a r t i c u l a r  f a c t o r  t h a t  may have a d i r e c t  i n f l u e n c e  on t h e  in-  
'tensity and frequency spectrum of t h e  i n t e r n a l  n o i s e  i s  whether 
t h e  c o c k p i t  doors a r e  on or o f f .  D u e  t o  t h e  type of doors  used  
on t h e  OH-l3H, they  m u s t  be e i ther  on the a i r c r a f t  and closed 
during f l i g h t ,  o r  completely removed. Usual ly  dur ing  hot  weather 
the doors a r e  removed and du r ing  co ld  weather o p e r a t i o n  t h e  
doors a r e  u s u a l l y  a t t ached  and c losed .  Figure 6 i l l u s t r a t e s  the  
amount of i n t e r n a l  n o i s e  generated w i t h i n  the  OH-13H dur ing  
ground and hover maneuvers (doors on and doors removed). Figure 7 
shows n o i s e  generated a t  t h e  head l e v e l  of the l e f t  occupant i n  
t h e  OH-13H dur ing  a c r u i s e  a t  500 fee t  a l t i t u d e  and a t  55 knots  
( I A S ) .  During t h i s  maneuver t h e  engine was ope ra t ing  a t  3,200 
rpm and 22  inches  of manifold p re s su re .  The main r o t o r  had a 
b l ade  passage frequency of 11.9 t i m e s  p e r  second and a t i p  speed 
of 656.1 feet  p e r  second (0.587 Mach). The an t i - to rque  r o t o r  
had a b l ade  passage frequency of 53.3 t i m e s  p e r  second and a 
t i p  speed of 477.6 fee t  pe r  second (0.427 Mach). (Gasaway and 
H a t f i e l d  1963 page 2 1 )  

----- 

Table 1 2  p r e s e n t s  n o i s e  l e v e l s  ob ta ined  f o r  t h e  J e t  Ranger 
unde r  vary ing  f l i g h t  cond i t ions .  I t  i s  e v i d e n t  t h a t  f o r  s h o r t  
d u r a t i o n  phases no l e v e l s  exceeded the a p p r o p r i a t e  MIL-A-8806A 
l i m i t s .  (Columns A,  B, and C ) .  However, f o r  c r u i s e  ope ra t ions  
n o i s e  l e v e l s  exceeded those  presented by t h e  MIL-standard a t  
most f requencces.  
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TABLE 10 

NOISE LEVE-LS FOR THE CH-34C (S-58) HELICOPTER 

N o i s e  Levels  (db) MIL-A-8806A 

Frequency Shor t  Long 
Bands (Hz)  -w A B C Durat ion Durat ion -- 

-ycu 

20 - 75 108"" 110** 108 118 104 

75  - 150 106** 105"" 110 118 104 

150 - 300 103 1-03 103 118 104 

300 - 600 101** 101"" 100 112  96 

600 - 120'0 95** 95** 95 106 90 

1200 - 2400 96** 92** 92 100 86 

2400 - 4800 92** 87** 85 94 75 

48.00 - 10,000 82** 78"" 78 94 75  

A - Normal c r u i s e ,  2,450 RPM, 80 kts IAS (U.S.  Army-Gasaway 
and H a t f i e l d  1963) 

B - C r u i s e  (Boeing V e r t o l  1961) 

C - Hover (Boeing V e r t o l  1961) 

** Exceeds MIL-A-8806A Long 'Duration L i m i t s  (only A and B ) '  
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TABLE 11 

NOISE LEVELS FOR W E  CH-47A (VERTOL 107) 

Noise Levels  (db) MIL-A-8806A 

Frequency Shor t  Long 
__I- Bands ( H z )  A ---c__- B C Durat ion Dura t i o n  

20 - 75 100 106** 11% 104 

75 - 150 97 118 104 

150 - 300 91 118 104 

300 - 600 

600 - 1200 
i .  

98 

94 1 1 2  96 

90 106 90 

1200 - 2400 99 104** 83 100 86 

93 3.12"" 74 94 75 

4800 - 10,009 65 94 75 

.l r n C I  
L q U ' J  4800 

Overa l l  106 113"" 1 2 0  106 

A - Ground ope ra t ions  (U.S. Army-Gasaway and H a t f i e l d  1963) 

B - Cru i se  a t  500 f t  a l t i t u d e ,  350 PSI torque, L O 0  kts IAS 
(U.S. Army-Gasaway and H a t f i e l d  1963) 

C - Boeing V e r t o l  196% 

** Exceeds MTL-A-8806A Long Durat ion L i m i t s  (on ly  €3 and (5 

a r e  a p p l i c a b l e )  
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3.2 Commercial He l i cop te r  Vibra t ion  Levels 

He l i cop te r s  a r e  subjec ted  to  t h e  f u l l  range of  mechanical 
v i b r a t i o n  r e s u l t i n g  f r o m  mass unbalance, rotor  runout ,  t o r -  
s i o n a l  v i b r a t i o n ,  w h i r l  v i b r a t i o n ,  and c r i t i c a l  s h a f t  con- 
d i t i o n s .  V ib ra t ion  problems of h e l i c o p t e r s  d e r i v e  from a 
mul t i t ude  of sources ,  m o s t  of  which a r e  aerodynamic i n  n a t u r e  
(Roach 1968).  

No in format ion  concerning v i b r a t i o n  l e v e l s  i n  commercial 
h e l i c o p t e r s  vas  discovered i n  t h e  l i t e r a t u r e .  Table 8 pre- 
s e n t e d  ampli tude l e v e l s  for  the m i l i t a r y  c o u n t e r p a r t  of V e r t o l  
107 and these g e n e r a l l y  range f r o m  .2 up t o  -41 CJ for  s h o r t  
d u r a t i o n  f l i g h t  phases and from .16 t o  . f 8  for  longer  ( c r u i s e )  
i n t e r v a l s .  

Reports  a r e  on ly  i n  approximate agreement concerning the  
o v e r a l l  range of v i b r a t i o n  frequency and amplitude of g e n e r a l  
i n t e r e s t  i n  h e l i c o p t e r  s t u d i e s .  F o r  example, Hornick (1961) 
c o n c l u d e d , t h a t ,  "dominant h e l i c o p t e r  v i b r a t i o n  ranges f r o m  
3-80 cps  with g r e a t e s t  amplitudes a t  f requencies  b e l o w  10-20 
Hz." H e  c i tes  Ru.ssian e s t i m a t e s  of 10-70 wi th  ampli tudes 
ranging from 0.4 mm for 70 Hz t o  2.5 mm for  10 Hz.  O t h e r  
r e p o r t s  c i t e d  by Hornick express  g r e a t e s t  concern f o r  t h e  lower 
frequency req ion  i n  which t h e  h ighe r  arnplitudcs accur. Guigrrard 
11960) mentions v i b r a t i o n  below 2 0  HZ rvlcc lements ( 19 51 j 
n o t e s ,  "rotor- induced v i b r a t i o n  i n  the S-51 t o  have peaks a t  
3-4, 10, and 20 Hz."  Guignard and I r v i n g  (1960) mention heavy 
v i b r a t i o n  b e l o w  10 Hz.  

Among t h e  b r o a d e s t  range of va lues  i n d i c a t e d  for  h e l i -  
c o p t e r s ,  and hence t h e  most encompassing, a r e  the f requencies  
and ampli tudes depic ted  i n  Figure 8. These d a t a  a r e  f r o m  a 
r e p o r t  by Goldman and von Gierke (1960) a f t e r  G e t l i n e  (1955) '  
and i n d i c a t e  a frequency range of 3 t o  100 Hz wi th  acce le ra -  
t i o n s  of approximately 0.009 t o  4 g. For purposes of  t h i s  re- 
p o r t  the Goldman and von Gierke parameters s u f f i c e  t o  frame a 
g e n e r a l  h e l i c o p t e r  v i b r a t i o n  response a r e a ,  beyond which we 
may assume h e l i c o p t e r  v i b r a t i o n  f requencies  and amplitudes a r e  
e i ther  r a r e l y  encountered o r  a r e  of l i t t l e  p r a c t i c a l  importance. 

I n  a d d i t i o n  t o  the  above, it i s  a l s o  h e l p f u l  t o  d e l i n e a t e  
a sub-area of f requencies  and amplitudes r e l a t e d  both to main 
rotor effects  and t o  the l i m i t s  of a widely f o l l o w e d  des ign  
guide such a s  MIL-H-850124. A r e c e n t  r e p o r t  by C a l c a t e r r a  and 
Schubert  (1968) h e l p s  t o  de t e rmine  the  former. I t  considered 
h e l i c o p t e r  g ross  weights  ranging  f r o m  2,01)0 t o  80,000 lbs, 
the reby  inc lud ing  S-61 commercial h e l i c o p t e r s  a t  19,000 lbs ,  
t h e  Jet  Ranger a t  2,900 lbs and t h e  Ver to l  107 a t  53,000 lbs, 
and indeed most others ,  save t h e  smal l  l i gh twe igh t  types.  
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The report s t a t e s  t h a t ,  " v i b r a t o r y  h e l i c o p t e r  rotor-induced 
forces c o n t a i n  energy a t  f requencies  which a r e  harmonics of 
the b lade  passage frequency and t y p i c a l l y  occur  i n  t h e  range 
10 t o  30 Hz." 

Turning t o  MIL-H-8501A, v i b r a t i o n  a t  t h e  p i l o t ,  crew, 
passenger, and l i t t e r  s t a t i o n s  du r ing  r ap id  or  s l o w  acce le ra -  
t i o n  o r  d e c e l e r a t i o n  i s  l i m i t e d  t o  0.3 g f o r  f requencies  up 
t o  44 c p s .  This l i m i t  w i l l  s e r v e  a s  an upper dominant acce l -  
e r a t i o n  boundary. For a l o w e r  l i m i t ,  Hornick 's  (1961) es- 
t ima te  for  3 H z ,  0 .05  g ,  w i l l  s u f f i c e .  

The s e l e c t e d  va lues  of dominant h e l i c o p t e r  a c c e l e r a t i o n  
and f r equenc ie s ,  10 t o  30 Hz and 0.05 t o  0 .3  g a r e  obviously 
n o t  intended t o  be d e f i n i t i v e  s ta tements  f o r  p r e c i s e  appl-ica- 
t i o n .  Their u t i l i t y  i s  i n  t w o  a r e a s .  

1. A s  helicopter-bound r e fe rence  d a t a  a g a i n s t  which t o  
compare the  more gene ra l  v i b r a t i o n  l i t e r a t u r e .  

2 .  A s  a g e n e r a l  approximation of dominant h e l i c o p t e r  
v i b r a t i o n  parameters to  be u s e d  i n  t h e  absence of 
more s p e c i f i c  da t a .  

i '  

For a p a r i i c u l a ~  he1Lcc;pt-r c?ze may ~ ~ 7 e L 1  f i n d  jmportant  
v i b r a t i o n  responses i n  the 3 t o  10  Hz frequency band, for  
example, and should make u s e  of- such d a t a  when a v a i l a b l e .  
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4 , O  E F F E C T S  OF COMIYiERCIAL HELICOPTER N O I S E  AND VIBRATIONS 

The effects of t h e  noise  and v i b r a t i o n  environment on 
helicop-ter p i lo t s  i s  presented  for  combined effects of no i se  
and v i b r a t i o n  and for  each of the f a c t o r s ,  no i se  and v i b r a t i o n ,  
i n d i v i d u a l l y .  Effects  are presented  a t  t h e s e  l e v e l s :  s a f e t y  
c o n s i d e r a t i o n s  inc lude  e s t i m a t e s  of  t h e  l ikelihood. t h a t  pro- 
longed exposure t o  h e l i c o p t e r  n o i s e  and v i b r a t i o n  l e v e l s  
w i l l  r e s u l t  i n  phys io log ica l  damage or impairment. S a f e t y  
e f f e c t s  a l so  h c l u d e  impl i ca t ion  of the mechanical environ- 
ment as  p o t e n t i a l  c a u s a l  factors of accidents .  Performance 
c o n s i d e r a t i o n s  inc lude  t h e  e f f e c t  of  no i se  and v i b r a t i o n  on 
the p i h o t ' s  a b i l i t y  t o  make maneuvers and c o n t r o l  t h e  v e h i c l e ,  
Comfort f a c t o r s  comprise t h e  p i l o t s  s u b j e c t i v e  r e a c t i o n s  t o  
t h e  h e l i c o p t e r  mechanical environment. 

4-1 .CCornb$ned E f f e c t s  ,of .Commerci,al Hel icopter  N 0 i s . e .  a-nd 
V i b r a t i o n  

4-1-1 E f f e c t s  on P i l o t  S a f e t y  

-1-- 

1 -  

Nu evidence is  a v a i l a b l e  concerning t h e  combined e f f e c t s  
of h e l i c o p t e r  n o i s e  and v i b r a t i o n s  on t h e  physioZogica1 well 

s i n g l y  w i l l  be desc r ibed  i n  s e p a r a t e  s e c t i o n s  (4 .2 .1  and 
4,3,1), I n  t h i s  s e c t i o n  the  concern is  w i t h  t h e  degree t o  
which h e l i c o p t e r  n o i s e  and v i b r a t i o n  ac t  as c o n t r i b u t i n g  
f a c t o r s  t o  h e l i c o p t e r  acc iden t s .  mile no d i r ec t  c a u s a l  
r e l a t i o n s h i p  has  been e s t a b l i s h e d  between a i r c r a f t  mechani- 
cal  environment and acc iden t s ,  t h e  environment can be con- 
s i d e r e d  a c o n t r i b u t i n g  f a c t o r  through i ts  r e l a t i o n s h i p  wi th  
p i l o t  f a t i g u e ,  w h i c h  r e s u l t s  i n  degrada t ion  i n  performance 
of c r i t i c a l  maneuvers and i n c r e a s e s  t h e  l i k l i h o o d  of d i s -  
o r i e n t a t i o n .  

'1, ucAlr.3 4 .-- of the ptlct; E f f e c t s  of no i se  and v i b r a t i o n  t r e a t e d  

Specific c a u s a l  f a c t o r s  f o r  commercial helicopter 
accidents l i nked  t o  p i l o t  e r r o r ,  and frequency of occurrence 
of each f o r  the y e a r s  1965-67 are presented  i n  T a b l e  13,  

3 5  



TABLE 13 

SPECIFIC CAUSAL FACTORS FOR 
COMMERCIAL HELICOPTER PILOT ERROR ACCIDENTS 

Frequency of Occurrance 
( P e r c e n t )  

P i l o t  e r r o r  a c c i d e n t s  
F a t a l  P i l o t  error acc iden t s  
F a i l u r e  t o  see and avoid 
F a i l u r e  t o  main ta in  RPM 
Improper f l i g h t  c o n t r o l  
Poor judgment 
S e l e c t i o n  of u n s u i t a b l e  t e r r a i n  
Misjudged c l ea rance  
Misjudged, d i s t a n c e  

1965 

-- -- 
l o  
11 
11 
10 

3 
5 
2 

1966 

7 5  
6 3  
11 
1 3  
8 
5 
4 
5 '  
2 

1967 

74 
66 

9 
7 

20 
2 
3 
5 
9 

A s  i-ndicated by t h i s  table about three f o u r t h s  of  a l l  

Of a l l  a c c i d e n t s  two t h i r d s  are due to p i l o t  ~ L L G Z  
cmzercFaI! he l ico ls te r  a c c i d e n t s  are  a t t r i b u t e d  t o  p i l o t  
e r r o r .  
and involve  a t  l e a s t  one f a t a l i t y .  Primary specific c a u s a l  
f a c t o r s  are f a i l u r e  t o  see and avoid,  poor c o n t r o l ,  and poor 
judgment. While it i s  d i f f i c u l t  t o  demonstrate t ha t  such 
errors r e s u l t e d  f r o m  t h e  n o i s e  and v i b r a t i o n  environment, 
it i s  well known t h a t  performance degrada t ion  such as t h e s e  
are o f t e n  a s s o c i a t e d  wi th  p i l o t  f a t i g u e .  

I n  order t o  isolate  p o t e n t i a l  p i l o t  performance 
degrada t ion  which could have inf luenced  t h e  a c c i d e n t  c a u s a l  
f a c t o r s  i d e n t i f i e d  i n  Table 13, t h e  major c a u s a l  factors 
w e r e  analyzed f o r  u r d e r l y i n g  perceptual-motor f a c t o r s .  This  
a n a l y s i s  comprised an assessment of  o p e r a t i o n a l  requirements 
a s s o c i a t e d  wi th  each acc iden t  c a u s a l  cond i t ion  and t h e  
i d e n t i f i c a t i o n  o f  perceptual-motor factors from those  l i s t e d  
i n  Table 5 for the o p e r a t i o n a l  requirements.  The r e s u l t s  
of t h i s  a n a l y s i s  are presented  i n  Table 14. From t h i s  table  
it is  e v i d e n t  t h a t  the most important perceptual-motor 
f a c t o r s ,  i n  t e r m s  of t h e i r  p o s s i b l e  c o n t r i b u t i o n  t o  a c c i d e n t s  
are as  f o l l o w s :  

Visual a c u i t y  
Percepeion of d i s t a n c e  and depth 
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Percept ion  of motion 
Movement a n a l y s i s  
Movement p r e d i c t i o n  - t r a c k i n g  
Finger-wris t  speed 
Manual d e x t e r i t y  
Response o r i e n t a t i o n  
Speed of arm movement 
M u l t i  l i m b  coo rd ina t ion  

I n  a d d i t i o n  t o  degrada t ion  i n  performance a t t r i b u t a b l e  
d i r e c t l y  t o  degrada t ion  of specific perceptual-motor 
a b i l i t i e s ,  t h e  p o s s i b i l i t y  of acc iden t s  i n  h e l i c o p t e r s  can 
be a t t r i b u t e d  t o  two i n t e r r e l a t e d  c o n d i t i o n s  of t h e  p i l o t  - 
f a t i g u e  and d i s o r i e n t a t i o n .  

7 '  

TABLE 14 

PERCEPTUAL-MOTOR ABILL TIES ASSOCIATED WITH 
ACCIDENT CAUSAL FACTORS 

Causal Fac to r  
I_-- 

Associated Perceptual-Motor 
Fac to r  

WI - 
F a i l u r e  t o  see and avoid Visua l  a c u i t y  

Percept ion  of d i s t a n c e  and 
d.epth movement a n a l y s i s  

Movement p r e d i c t i o n  
Reaction t i m e  

F a i l u r e  t o  main ta in  RPM Finger-wris t  speed 
Manual d e x t e r i t y  
Response o r i e n t a t i o n  

Improper f l i g h t  con t ro  1 M u l t i  l i m b  coord ina t ion  
Response o r i e n t a t i o n  
Speed o f  arm movement 

Mid judgments - d i s t a n c e  Percept ion  of d i s t a n c e  and 
and c l e a r a n c e  depth 

Visua l  a c u i t y  
Tracking 
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Fa t ique  

One o f  the m o s t  vexing problems i n  t h e  assessment of 
p i lo t  performance i s  i n  determining t h e  role t o  be ass igned  
t o  f a t i g u e .  This  i s  t r u e  of bo th  t h e  p h y s i c a l  exhaust ion 
type  and the somewhat more e l u s i v e  psychologica l  stress 
category.  The problem is recognized by Guignard (1965) who 
notes  t h e  widely he ld  belief t h a t  Vibra t ion  c o n t r i b u t e s  t o  
t h e  lowering o f  performance by f a t i g u e ,  a l though the specific 
mechanisms by  which it does so are l a r g e l y  unknown. 

I n d i r e c t  measures of f a t i g u e ,  such as v i g i l a n c e  per- 
formance and e r r o r  s c o r e  t r e n d  a n a l y s i s ,  are o f t e n  suspec t  
because it is d i f f i c u l t  t o  determine the degree t o  which 
s u b j e c t s  may be compensating f o r  the f a t i g u e d  s ta te  b y  
increased  de termina t ion  and energy expendi ture .  

F a t i g u e  i s  a complex problem which i s  o f t e n  over- 
s impl i f ied ,  and which r e f u s e s  t o  y i e l d  t o  " i s o l a t e d  measures 
of f u n c t i o n ,  e.g., v i s u a l  a c u i t y "  (F raz i e r ,  1955),  (see a l s o  
Lyman and Levedahl, 1958).  Never the less ,  Frazer  ho lds  t h a t  
f a t i g u e  i s  capable of o b j e c t i v e  d e f i n i t i o n  and measurement, 
and t h a t  it "affects high-grade performance long b e f o r e  there 
are s igns  o f  phys io log ica l  exhaust ion. . , ,"  

Before l eav ing  t h i s  t o p i c  some p re l imina ry  f i n d i n g s  of 
an on-going s t u d y  (Gabr ie l ,  e t  a l . )  should be mentioned. A 
research t e a m  of Douglas Aircraft and Navy Aeromedical 
Department s c i e n t i s t s  are a s s e s s i n g  a i r  c r e w  performance as 
a f u n c t i o n  of f l i g h t  d u r a t i o n  i n  a s imula tor .  They have 
l i m i t e d  t h e i r  o p e r a t i o n a l  d e f i n i t i o n  of f a t i g u e  t o  'Beg- 
radation i n  performance or  e f f e c t i v e  s ta te  r e s u l t i n g  f r o m  
prev ious  work'' as opposed t o  a n x i e t y  o r  phys i ca l  stress 
due t o  i l l n e s s  o r  adverse environments, B r i e f l y  s t a t e d ,  
t h e i r  s t u d y  o b j e c t i v e s  are: 

1. 

2. 

3 ,  

To i n v e s t i g a t e  a number of p o t e n t i a l l y  s e n s i t i v e  
measures s e l e c t e d  from p h y s i o l o g i c a l  areas. 

To e v a l u a t e  B a r l e t t ' s  hypothes is  (which states 
that  f a t i g u e  w i l l  be r e f l e c t e d  by increased  
v a r i a b i l i t y  of performance, p e r c e p t u a l  breakup, 
and r e p o r t s  of d iscomfor t ,  i n  that  o r d e r ) .  

To determine i f  s leep/recovery data o f f e r s  promise 
as a method for  s tudy ing  t h e  effects of f a t i g u e .  
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Pre l iminary  r e s u l t s  have confirmed B a r l e t t ' s  hypothes is  
of i nc reased  v a r i a b i l i t y  and pe rcep tua l  break-up and have 
i n d i c a t e d  some reliable phys io log ica l  d i f f e r e n c e s .  Among 
t h e s e  are s i g n i f i c a n t  d i f f e r e n c e s  i n  h e a r t  rate, r e s p i r a t i o n  
rate,  and basal s k i n  r e s i s t a n c e  as a func t ion  of work pe r iod ,  
The a u t h o r s  note ,  however, t h a t  experimental  cond i t ions  "d id  
n o t  s e e m  t o  o v e r l y  f a t i g u e  t h e  s u b j e c t s " ,  and performance 
r e s u l t s  are n o t  conclus ive ,  

Although work on t h e  measurement, monitoring, and. per- 
formance e f f e c t s  of  f a t i g u e  is  s t i l l  q u i t e  r e c e n t  and explora-  
t o r y ,  it is  encouraging t h a t  some t e n t a t i v e  r e s u l t s  are 
beginning t o  appear.  More d e f i n i t i v e  and re l iable  data i n  
t h e s e  areas w i l l  f i l l  a ch ron ic  gap i n  app l i ed  r e s e a r c h  know- 
ledge f o r  a v a r i e t y  of problem areas, 

- Fa t ique  and C o m m e r c i a l  Hel icopter  Noise and VLbration 

While many i n v e s t i g a t o r s  s ta te  t h a t  one of t h e  pr imary 
e f f e c t s  of n o i s e  and v i b r a t i o n  is t o  i n c r e a s e  the l i k e l i h o o d  
of f a t i g u e  the precise n a t u r e  of this  in f luence  remains t o  
be determined. On a psychologica l  l e v e l  t h e  annoyance and 
discomfort  generated by t h e  mechanical environment should 
r e s u l t  i n  f a t i g u e  which i n c r e a s e s  i n  i n t e n s i t y  over exposure 
t i m e ,  I n  t e r m s  of p h y s i c a l  e f f e c t s  t h e  f a c t  t h a t  many 
h e l i c o p t e r  v i b r a t i o n  2req~encics eqnal +he resonance 
f r equenc ie s  a f  the whole body and. p a r t s  of t h e  body should 
a l so  i n c r e a s e  t h e  chances of f a t i g u e ,  I n  a survey of 27  
commercial h e l i c o p t e r  p i lo t s  a t  San Francisco/Oakland 
A i r l i n e s  conducted i n  t h e  p r e s e n t  s tudy ,  26 pe rcen t  of the  
p i l o t s  commented on the f a c t  t h a t  h e l i c o p t e r  n o i s e  and/or 
v i b r a t i o n  r e s u l t s  i n  f a t i g u e .  

Commenting on t h e  i n t e r r e l a t i o n s h i p  o f  h e l i c o p t e r  no i se  
and v i b r a t i o n  and f a t i g u e ,  S t e i n f e l d  (1961) had t h i s  t o  say:  

"Maintenance of reasonable  n o i s e  l e v e l s  
i n  t h e  cockpit area of t h e  modern h e l i c o p t e r  
is n o t  t o  be regarded as a luxury. P i l o t  
f a t i g u e  and t o l e r a n c e  t o  o t h e r  ambient con- 
d i t i o n s ,  i nc lud ing  v i b r a t i o n ,  cannot  be d i -  
vorced from t h e  no i se  l e v e l "  

The inc idence  of f a t i g u e  i s  a f u n c t i o n  n o t  o n l y  of t h e  
environment impinging on t h e  human o p e r a t o r  b u t  a l s o  of t h e  
workload t o  which he is sub jec t ed  and the d u r a t i o n  of 
exposure t o  t h e  environment and workload, While f i x e d  
wing a i rc raf t  are i n h e r e n t l y  stable and w i l l  seek l e v e l  
f l i g h t  i f  l e f t  a lone ,  t h e  h e l i c o p t e r  i s  i n h e r e n t l y  h i g h l y  
uns t ab le .  To main ta in  proper  a t t i t u d e  and f l i g h t  p r o f i l e  
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i n  r o t a r y  winged a i rcraf t  r e q u i r e s  an end le s s  series of 
minor c o r r e c t i o n s  involv ing  use  of b o t h  hands and f e e t .  
The l e v e l s  of a l e r t n e s s ,  information process ing ,  and c o n t r o l  
a r e  t h e r e f o r e  much m o r e  demanding i n  h e l i c o p t e r s  than  i n  
f i x e d  wing c r a f t .  

Commercial h e l i c o p t e r  p i lo t s  average about  10 t o  15 
f l i g h t s  per day w i t h  a f l i g h t  averaging 15 minutes. 
The i n t e r v a l  between f l i g h t s  is  about f i v e  minutes,  there- 
f o r e  t h e  d a i l y  exposure of t h e  p i lo t s  t o  the mechanical 
environment and workloads is  about f i v e  hours.  Ten t i m e s  
du r ing  t h e s e  f i v e  hours ,  t h e  p i l o t s  must m a k e  t h e  p r e c i s e  
c o n t r o l  adjustments  and c r i t i c a l  judgments a s s o c i a t e d  wi th  
t akeof f  and landing. T h e  p h y s i c a l  and mental  e x e r t i o n  
a s s o c i a t e d  wi th  t h e s e  r e p e t i t i v e  maneuvers must be h i g h l y  
f a t i g u i n g .  

Fa t ique  and Spa t i a l  D i s o r i e n t a t i o n  

P i l o t  f a t i g u e  has  been demonstrated t o  be a major 
c o n t r i b u t i n g  f a c t o r  t o  spatial  d i s o r i e n t a t i o n .  This  is a 
greater problem i n  r o t a r y  wing a i r c r a f t  because b o t h  hands 
and. f e e t  must be c o n s t a n t l y  a l e r t  i n  a n t i c i p a t i o n  of t h e  
s l i g h t e s t  change i n  a i r c r a f t  a t t i t u d e ,  (Giesecke e t  a L  1960) 
Disorientat j .on of p i l o t s  has been c i t e d  as t h e  t h i r d  most 
important  c a u s a t i v e  f a c t o r  i n  h e l i c o p t e r  a c c i d e n t s ,  a f t e r  
mechanical f a i l u r e  and c ra sh ing  i n t o  o b s t a c l e s  (Kiel and 
Blurriberg 1 9 6 3 ) .  D i s o r i e n t a t i o n  i n c i d e n t s  are  most f r equen t  
i n  s t r a i g h t  and l e v e l  f l i g h t  (20 pe rcen t  of t h e  t o t a l )  w i t h  
descending t u r n ,  c l imbing t u r n ,  and hover fol lowing i n  t h a t  
o rde r  (12,  11, and 1 0  p e r c e n t  r e s p e c t i v e l y ) .  D i s o r i e n t a t i o n  
i s  u s u a l l y  a s s o c i a t e d  wi th  3 F R  f l i g h t  cond i t ions  and adverse 
weather ,  p a r t i c u l a r l y  fog,  r a i n ,  or low o v e r c a s t  (Ogden e t  
al, 1956).  While commercial p i lo t s  f l y  on ly  VFR, t hey  are 
sub jec t ed  t o  unpredic ted  adverse  weather cond i t ions  du r ing  
f l i g h t  and are t h e r e f o r e  s u s c e p t i b l e  t o  d i s o r i e n t a t i o n .  A 
s tudy  of t h e  s e v e r i t y  of  the  d i s o r i e n t a t i o n  problem for 
h e l i c o p t e r s  conducted by  t h e  Army, i n d i c a t e d  t h a t  wh i l e  o n l y  
3.4 p e r c e n t  of a c c i d e n t s  recorded f r o m  1 J u l y  1957 t o  31 
D e c e m b e r  1963 ( t o t a l  of 1202)  w c r e  a t t r i b u t e d  t o  d i s o r i e n t a -  
t i o n ,  30.7 p e r c e n t  of f a t a l  a c c i d e n t s  w e r e  l i nked  t o  p i l o t  
d i s o r i e n t a t i o n .  
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4,1.2 Effects of N o i s e  and Vibra t ion  on Hel icopter  P i l o t  
Performance 

The o n l y  s t u d y  which r epor t ed  effects of h e l i c o p t e r  
n o i s e  v i b r a t i o n  on p i l o t  performance (Dean e t  a.1, 1964) 
sub jec t ed  s u b j e c t s  t o  random complex v e r t i c a l  v i b r a t i o n s  
s i m i l a r  t o  t h o s e  found i n  t h e  CH-46A ( V e r t o l  107) w i t h  
f r equenc ie s  ranging f r o m  4 t o  120 cps and ampli tudes of 
.162 t o  -41 g RMS. Noise l e v e l s  ranged from 107 t o  114 db, 
S u b j e c t s  f l e w  seven 40 minute s imulated f l i g h t s  i n  a 6 hour 
pe r iod .  Resu l t s  i nd ica t ed  no adverse  e f f e c t s  on t r a c k i n g  
performance, metes reading  a b i l i t y ,  and v i s u a l  a c u i t y .  

A l t h o u g h  the experiment r epor t ed  by Dean e t  a l .  (1964) 
i n d i c a t e s  a cons ide rab le  amount of e f f o r t ,  it is inadequate  
i n  a number of respects and i s  i n v a l i d  f o r  our  purposes,  
For example, o r i g i n a l  p i l o t  complaints  w e r e  based on 
la te ra l  v i b r a t i o n .  This v i b r a t i o n  w a s  a t t e n u a t e d  and t h e  
complaints  s h i f t e d  t o  v e r t i c a l  v i b r a t i o n ,  w h i c h  had become 
"more p e r c e p t i b l e "  fol lowing the a t t e n u a t i o n .  F l i g h t  t es t s  
w e r e  conducted wherein 10 v i b r a t i o n  channels  w e r e  recorded 
f o r  3 d i r e c t i o n s  of motor - v e r t i c a l ,  lateral ,  and longi-  
t u d i n a l ,  These w e r e  sampled a t  f o u r  l o c a t i o n s :  on the 
~10ckpi.k floor, and a t  the p i l o t s '  seat ,  helmet,  and heel 

. s l i d e ,  Noise w a s  recorded a t  t he  p i l o t ' s  hecld and 22 the 
intercom system. For 120-knot c r u i s e ,  maximum overal l .  n o i s e  
w a s  111 db (112 dbs du r ing  r a p i d  d e s c e n t ) ;  o v e r a l l  v i b r a t i o n  
w a s  0,162 RMS-g v e r t i c a l l y  a t  the seat (0.410 RMS-g dur ing  
rapid d e s c e n t ) .  

A f t e r  c o l l e c t i n g  v i b r a t i o n  d a t a  on 10 channels ,  on ly  
t h e  v e r t i c a l  w a s  used i n  t h e  s imula tor .  The a u t h o r s  s ta te  
t h a t  the o t h e r  channels  "were no t  necessary  f o r  s imula t ion" ,  
p rov id ing  o n l y  supplementary information.  This  con ten t ion  
s e e m s  c u r i o u s  i n  t w o  respects: f i rs t ,  lateral  v i b r a t i o n  
had been t h e  o r i g i n a l  problem and h e l i c o p t e r s  do v i b r a t e  
i n  more t h a n  one a x i s .  Second, m u l t i p l e  a x i s  v i b r a t i o n  might 
w e l l  produce performance degrada t ion  effects, even though 
s i n g l e  axis v i b r a t i o n  would no t .  Few, i f  any, data are . 
a v a i l a b l e  on this  i s s u e ,  and the report ignores  t h e  problem 
wi thou t  explana t ion .  

S t i l l  ano the r  problem i s  that  of t r i a l  d u r a t i o n .  Seven 
40-minute f l i g h t s  followed b y  10-minute rest  p e r i o 3 s  
comprised a 6-hour experiment day. Each 40-minute f l i g h t  
c o n s i s t e d  of  f o u r  evenly spaced performance pe r iods  of 7- 
minutes  d u r a t i o n ,  for  a t o t a l  exposure of 2 8  minutes.  Three 
4-minute rest  p e r i o d s  sepa ra t ed  each 7-minute t r i a l .  Therefore ,  



s u b j e c t s  w e r e  exposed t o  a d a i l y  t o t a l  of about  3 hours  
and 16 minutes of s imula t ion ,  w e l l  laced w i t h  4 and 10-minute 
rest pe r iods ,  

T h i s  s t r u c t u r i n g  r e p r e s e n t s  n e i t h e r  t h e  1.5-hour d a i l y  
missions flown by company tes t  p i l o t s ,  or the 6 hours-a-day 
o p e r a t i o n a l  experience of the Marines, who w e r e  t h e  a i r c ra f t ' s  
u l t i m a t e  u s e r s ,  Although t h e  l a t t e r ' s  f l y i n g  c o n s i s t s  of 
"shor t -dura t ion  f l i g h t s  w i t h  s h o r t  b reaks  fo r  r e f u e l i n g ,  
loading ,  and unloading,"  Marine Corps p i l o t  experience 
would presumably be much more uneven i n  work/rest c y c l e s  than  
t h e  experimental  cond i t ions  reflected. Why then  w a s  n o t  
some wors t  case c o n d i t i o n  used as a check? Indeed, Broad- 
b e n t ' s  (1953, 1954, 1957)  experiments on n o i s e  performance 
degrada t ion  t y p i c a l l y  used exposure d u r a t i o n  of one and 
one-ha13 hours:  i n  most cases f i n d i n g  improved performance 
or no degrada t ion  du r ing  t h e  first 5 minutes,  During 
7-minute t r i a l s  i n  t h e  s imula t ion  s tudy ,  compensatory 
effects w e r e  n o t  o n l y  possible, t h e y  w e r e  q u i t e  l i k e l y  t o  
have occurred. 

I n  a d d i t i o n  t o  t h e  above problems, v a l i d i t y  ques t ions  
also arise from t h e  n a t u r e  of the performance tasks used. 
I n  the experiment, subjects t r acked  a p i t c h  arid roll d i s p l a y  
wi th  t h e i r  r i g h t  hand, and responded t o  warning l i g h t s ,  a 
c i rcular  scale m e t e r ,  and a Landolt  r i n g  d i s p l a y  wi th  the i r  
l e f t .  

Given s u f f i c i e n t  task complexity and d i s p l a y  s t imulus/  
response rates, man-in-the-loop s imula t ion  o f  t h i s  t y p e  can 
y i e l d  v a l i d  r e s u l t s ,  even though c l o s e  f i d e l i t y  t o  real 
w o r l d  p i l o t  tasks i s  missing.  The important  requirement 
is  t o  base t h e  s imula t ion  on comparably d i f f i c u l t  problems 
and work loads.  I n  the s u b j e c t  experiment,  however, adequate 
d a t a  about  d i s p l a y  s e n s i t i v i t y ,  s i g n a l  rates, or  s u b j e c t  
work loads  are n o t  given.  One cannot  determine, t h e r e f o r e ,  
i f  the tasks are v a l i d  measures of h e l i c o p t e r  p i l o t  perform- 
ance. 

The specified data sugges t  t h a t  experimental  cond i t ions  
would be only marg ina l ly  s u i t a b l e  f o r  e x t r a p o l a t i o n  t o  rea l  
world performance, Taken s e p a r a t e l y ,  t h e  t a s k s  w e r e  ev iden t ly  
q u i t e ' s i m p l e .  Reading a p o i n t e r  on a c i r c u l a r  s c a l e ,  which 
normally rests a t  zero, is n o t  d i f f i c u l t .  Turnirzg off 
warning l i g h t s  i s  a s i m p l e  task when d e c i s i o n  making is  n o t  
involved. This  also applies t o  many t r a c k i n g  and Landolt  C 
r i n g  o r i e n t a t i p n  tasks, a l though the l-minute of v i s u a l  
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ang le  used f o r  some of t h e  Landolt  gap t r i a l s  would provide  
a s u f f i c i e n t l y  d i f f i c u l t  a c u i t y  problem, 

S ince  t h e  performance tasks were b a s i c a l l y  simple and 
s t r a igh t fo rward ,  t hey  probably d i d  no t  provide  an adequate ly  
cornplex tes t  of p i l o t  performance, If they  were presented  
a t  rates which mir rored  t h e  d i f f i c u l t y  l e v e l  of real  world 
tasks, t h e  au tho r s  should have said so. 

The  above r e p o r t  w a s  s ing led  o u t  f o r  d i s s e c t i o n ,  no t  
because it is  a p a r t i c u l a r l y  poor example: indeed it has 
many v i r t u e s  as w e 1 1  as f a u l t s .  Rather ,  it i n d i c a t e s  bo th  
t h e  k ind  of work t h a t  needs t o  be done, and exp la ins  why 
r e l i a n c e  cannot be placed on t h a t  which has  a l r eady  been 
attempted. 

More examples of s imula t ion  s tudy  r e s u l t s  would be 
ci ted,  For t h e  p re sen t ,  it k r i l l  s u f f i c e  t o  summarize some 
of t h e  baSic d i f f i c u l t i e s .  

I. 

2. 

3 .  

4. 

5 .  

Few, i f  any, of the r epor t ed  experiments on 
h e l i c o p t e r  p i l o t  performance use  simultaneous 
mul t ip l e  a x i s  v i b r a t i o n .  Most used on1-y 
v e r t i c a l  s inuso ida l  v i b r a t i o n .  

I n  none of t h e  experiments has  bo th  the p i l o t  
and d i s p l a y  pane l  been vibrated.  independent ly  
a t  r e p r e s e n t a t i v e  f r equenc ie s ,  i n t e n s i t i e s ,  and 
d i r e c t i o n s .  Usually,  on ly  t h e  s u b j e c t  is  
v i b r a t e d ;  the d i s p l a y  remaining s t a b l e .  

Rarely,  if ever ,  are a c t u a l  p i l o t  scan  p a t t e r n s ,  
task loads ,  dec i s ion  p rocesses ,  o r  stresses 
adequate ly  considered.  

Only r e c e n t l y  has  gene ra l  phys io log ica l  and 
psycho log ica l  f a t i g u e  been g iven  t h e  a t t e n t i o n  
it deserves .  Much more needs t o  be done t o  
assure t h e  reliable c o l l e c t  ion and i d e n t i f i c a t i o n  
of  f a t i g u e  d a t a  be fo re  performance e f f e c t s  can 
be eva lua ted ,  

I n  most cases t h e  o v e r a l l  ambient environment 
is ignored i n  s imula t ion  s t u d i e s .  Cockpit 
l i g h t i n g ,  tempsra ture ,  noxious fumes, no i se  
and v i b r a t i o n  a l l  should be considered i f  t r u l y  
v a l i d  d a t a  are t o  be der ived .  
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I n  summary, u n l e s s  t h e  above v a r i a b l e s  are accounted 
for  i n  experimental  des igns ,  the f ind ings  and conclus ions  
of s t u d i e s  pu rpor t ing  t o  determine t h e  e f f e c t s  of n o i s e  
and v i b r a t i o n  on p i l o t  performance w i l l  have l i m i t e d  mean- 
i n g  + 

E f f e c t s  of N A i s e  and Vibra t ion  on S p e c i f i c  Operations 

Table 1 5  inc ludes  perceptual-motor f a c t o r s  w h e r e  
research d a t a  i n d i c a t e  tha t  an e f f e c t  of n o i s e  and v i b r a t i o n  
has o r  has n o t  been demonstrated and, f o r  t hose  a b i l i t i e s  
where f i n d i n g s  d o . n o t  e x i s t ,  estimates are presented  of the 
expected presence o r  absence of a degrading effect .  

T h i s  table s e r v e s  t o  underscore t h e  almost  complete 
u n a v a i l a b i l i t y  of r e sea rch  r e s u l t s  which are meaningful f o r  
t h e  h e l i c o p t e r  s i t u a t i o n ,  s i n c e  e f f e c t s  are repor t ed  from 
data i n  o n l y  15 of 44 cases and s i n c e  t h e s e  perceptual-motor 
a b i l i t i e s  w e r e  selected p r i m a r i l y  because of t h e i r  re levance  
t o  h e l i c o p t e r  f l y i n g ,  Due t o  t h i s  i n s u f f i c i e n c y  of r e s e a r c h  
f i n d i n g s ,  expected effects a r e  i n d i c a t e d  i n  the table which 
are based Oil  t h e  a u t h o r s '  best  e s t i m a t e  of t h e  p robab i - l i t y  
of n o i s e  and v i b r a t i o n  adversely z i f fec tbg  the a b i l i t i e s  e 
This  best e s t i m a t e  is  aga in  based on an assessment of t h e  
e s s e n t i a l  behav io ra l  f a c t o r s  a s s o c i a t e d  wi th  each a b i l i t y  
and the p r o b a b i l i t y  t h a t  performance of o p e r a t o r s  r e q u i r i n g  
t h e  a b i l i t y  w i l l  be degraded by n o i s e  and v i b r a t i o n .  

If performance degradat ion is  judged seve re  enough t o  
degrade performance of the a s s o c i a t e d  o p e r a t i o n  a "yes"  
i n d i c a t i o n  i s  en te red  i n  t h e  appropr i a t e  column (no i se  or 
v i b r a t i o n )  of Table 15. If performance degrada t ion  is n o t  
judged seve re ,  a "no1' is  en te red  i n  t h e  column. 

A s  i n d i c a t e d  on Table 15 ,  degrading e f f e c t s  of v i b r a t i o n  
are r e p o r t e d  o r  expected f o r  13 of the ab i l i t i es ;  wh i l e  f o r  
n o i s e  t h e  number is  15. Noise and v i b r a t i o n  have been found. 
t o ,  o r  are expected t o  s imultaneously affect  11 of the  
ab i l i t i e s ,  A comparison of t h e  a b i l i t i e s  a f f e c t e d  by no i se  
and/or v i b r a t i o n  w i t h  their  associated c e n t r a l  task elements 
(Table 6 )  i n d i c a t e s  t h a t  v i b r a t i o n  w i l l  adverse ly  a f f e c t  

performance of a l l  10 t a s k  elements,  N o i s e  w i l l  affect  a11 
except elements 2 and 3 ,  which comprise f o r e / a f t  c y c l i c  
c o n t r o l  and t h r o t t l e  c o n t r o l .  N o i s e  and v i b r a t i o n  w i l l  
j o i n t l y  affect seven of the task elements i nc lud ing  1, 4, 
5 ,  7, 8, 9, and 10. 
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TABLE 15 

REPORTED AND EXPECTED EFFECTS OF VIBRATION AND NOISE 
ON PERCEPTUAL--MOTOR ABILITIES AND RELATED TASKS 

A b  i 1 it ie  s Vibration Effects  Noise Effects  

* 
* 

Jr 

* 
* 

* 
* 

* 
* 
* 
* 
* 

* 

* 

Visual acui ty  

Perception of depth 

Perception of form 

Perception of motion 

Movement analysis  

Movement prediction-tracking 

Perceptual speed 

Arm-hand steadiness 

Finger-wr is t speed 

Manual dexter i ty  

Po s i t ion  es t ima t ion 

Speed of arm movement 

Response or ien ta t ion  

M u l t i - l i m b  coordination 

Reaction time 

Whole body or ien ta t ion  

Speech perception and 
communication 

Time sharing 

Vigilance task monitoring 

Time estimates 

Short-term memory' 

Decision making 

yes - data 

no-expec ted 

yes-expected 

yes-expected 

yes-expec ted 

yes-data 

no-expected 

yes-expected 

no-expected 

yes-expected 

yes-expected 

no-expec ted 

no-expected 

no-expected 

no-data 

yes-data 

yes-data 

yes - expec t e d 

yes-expected 

no-expec ted 

no-expected 

yes-expec ted 

yes-expected 

no-expected 

yes-expected 

yes-expec ted 

ye s-da t a  

yes-data 

yes-data 

no-expec ted 

no - exp e c .ked 

yes-expected 

no-expected 

no-expected 

no-expec ted 

yes-data 

ye s-expec t e d  

yes-data 

yes - da ta  

yes-data 

yes-data 

yes-data 

yes-data 

- 
*Abil i t ies  associated with accident causal fac tors  45 



Table 15 a l s o  demonstrates t h a t  of t h e  14 ab i l i t i e s  
which are a s s o c i a t e d  w i t h  a c c i d e n t  c a u s a l  factors, 8 are 
known o r  expected t o  be a f f e c t e d  by v i b r a t i o n s .  For noise ,  
t h e  number is 7 wh i l e  for  n o i s e  and v i b r a t i o n ,  t h e  number 
i s  9, Abilities which are expected n o t  t o  be a f f e c t e d  by  
n o i s e  or v i b r a t i o n  inc lude  depth  pe rcep t ion ,  f i nge r -wr i s t  
speed, speed of a r m  movement, response o r i e n t a t i o n ,  and 
m u l t i  l i m b  coord ina t ion .  However, no d a t a  exist  t o  v e r i f y  
t h e s e  expec ta t ions  and t h e  e f f e c t s  of n o i s e  and v i b r a t i o n  
on t h e s e  ab i l i t i e s  i s  l a r g e l y  unknown. 

4.1-3 Effects  of Noise and Vib ra t ion  on He l i cop te r  P' i lot  
Comfort 

During the conduct of  t h e  p r e s e n t  s tudy ,  27 h e l i c o p t e r  
p i l o t s  w e r e  interviewed a t  San Francisco/Oakland Airways. 
The opin ions  of t hese  p i l o t s  a r e  summarized i n  Table 16. 

A s  iridicated by t h e  table, 89 p e r c e n t  of t h e  p i lo t s  
complained of n o i s e  and v i b r a t i o n  l e v e l s  i n  h e l i c o p t e r s ,  
w i th  74  pe rcen t  o b j e c t i n g  t o  v i b r a t i o n  and no i se  ind iv id -  
ually. Twenty s i x  percent comiented on t h e  r e l a t i o n s h i p s  
between no i se  and v i b r a t i o n  and f a t i g u e ,  A t o t a l  of 58 per 
c e n t  of t h e  p i i o c s  requested iz?proved ear p r o t e c t i o n ,  i m -  
proved b l a d e  t r a c k i n g ,  and better seats, F i n a l l y  26 per- 
c e n t  of t h e  in te rv iewees  objected t o  t h e  d e t r i m e n t a l  e f f ec t  
of n o i s e  on communications, 
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4.2 E f f e c t s  of Noise 'on Hei icopter  P i l d t s  

4.2.1 E f f e c t s  on P i l o t  S a f e t y  

The L i f e  Science Research O f f i c e  of t h e  Federa t ion  of 
American S o c i e t i e s  for Exper imenta l  Biology has  asserted tha t  
no i se  l e v e l s  i n  s e v e r a l  rotary-winged a i rc raf t  o f t e n  exceed 
110 db (1969)-  The au tho r s  of t h i s  r e p o r t  prepared f o r  t h e  
Army add tha t  t h i s  l e v e l  "aDproaches the t h r e s h o l d  of p a i n  
(140 db) , i n t e r f e r e s  wi th  speech communication, and produces 
t r a n s i e n t  and permanent a u d i t o r y  damage". 
t h a t  "no s t anda rds  on the  l e v e l  of no i se  and r i s k  of a u d i t o r y  
i n j u r y  (damage r i s k  c r i t e r i a )  have been accepted by b o t h  
medical and engineer ing  a u t h o r i t i e s "  (pg. 2 1 ) .  Such state- 
ments  add l i t t l e  and cause added confUsi.cn i n  a s s e s s h g  the 
p o s s i b i l i t y  of de t r imen ta l  effects of t h e  no i se  environment 
on h e l i c o p t e r  p i l o t  well being,  T o  s ta te  tha t  h e l i c o p t e r  
no i se  l e v e l s  o f t e n  exceed 110 db which "approaches t h e  
th re sho ld  o f  pa in , .  . i n t e r f e r e s  w i t h  speech communication, 
and produces t r a n s i e n t  and permanent a u d i t o r y  damage" is  
to overlook the  fact  t h a t  f o r  four Of t he  e i g h t  oc tave  bands 
used, t h e  l i m i t s  recommended by  MIL-A-8806A exceed 110 db 
f o r  s h o r t  exposure exposure. 

They f u r t h g r  add 

- Damaqe Risk CritegLZ 

The t a s k  of r e l a t i n g  no i se  exposure data t o  damage r i s k  
c r i te r ia  has  been a long s tanding  problem. Although research 
i n t e r e s t  i n  such c r i t e r i a  extends more than  20 yea r s ,  t hey  
are s t i l l  a source of disagreement amoung e x p e r t s ,  Never- 
t h e l e s s ,  g e n e r a l l y  u s e f u l  g u i d e l i n e s  are a v a i l a b l e  w i t h  
which t o  q u a n t i f y  p r e d i c t i o n s  on damage r i sk .  

Kryter  (1965) r epor t ed  t h a t  i n  1955, a group known as 
CHABA (now t h e  NAS-NRC Committee on Hearing, Bioacous t ics ,  
and Biomechanics) w a s  asked by the A r m e d  Se rv ices  fo r  advice  
on e s t a b l i s h i n g  damage r i s k  c r i te r ia  f o r  n o i s e  exposure, 
Group members assessed  the  l i t e r a t u r e  and m a d e  recommenda- 
t i o n s  which la ter  r e s u l t e d  i n  the w r i t i n g  of A i r  Force 
Regulation 160-3 (1956).  Since t h a t  t i m e ,  a d d i t i o n a l  f ind-  
i ngs  have ind ica t ed  some disagreement w i t h  t h e  ear l ier  e f f o r t  
and a new a t tempt  a t  the s a m e  o b j e c t i v e  w a s  i n i t i a t e d .  Under 
t h e  Chairmanship of Kryter ,  Working Group 46 w a s  formed, 
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Its thirteen members included representatives from the Air 
Force, Army, Navy and National Research Counsel, and its 
recommendations were released in January, 1965. Damage risk 
criteria based on these recommendations are emphasized in 
the present report. 

The left ordinate of Figure 9 depicts Working Group 
4 6 ' s  recommended damage risk levels for exposure to broad 
band noise. Daily exposure time in minutes (along the 
abscissa) can be roughly estimated from the commercial 
helicopter pilot experience previously reported. In round 
average figures this totals about 36 minutes of exposyre at 
maximum power and 150 to 200 minutes of exposure at cruise 
power. Time on the ground, either in or out of the aircraft, 
is excluded from consideration for simplicity, as are the 
attenuating effects of whatever earphones may be used. Even 
though such factors are not trivial, insufficient reliable 
data are available at this time to warrant conjecture about 
them. 1 

Note that the most restrictive frequency curve in 
Figure 9, 2400-4800 Hz, requires that sound intensity be 
kept at or below 85 db for a daily exposure of 200 minutes, 
T h i s  compares tc approximately 98 c?b for the lowest octave 
band, 150-300 Hz. These data are listed i r i  Table 1 3  where it 
is also shown that acceptable (MIL-A-8806A) cruise power 
noise l e v e l s  exceed Working Group 46's recommendations in 
three of the six octave bands being compared, Moreover, we 
have already indicated that the noise intensity levels in 
helicopters under field conditions are likely to be greater 
than those given in the table by 5 db or more. 

Figure 10 depicts the damage risk levels recommended by 
Rosenblit'h et e l .  (1953). These levels are comparable with 
those specified by Kryter except at higher frequencies, where 
these are significantly higher, 
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200 minutes of 
exposure e s t ina t ed 
fo r  commercial 
helicopter pilots 

OCTAVE 
FREQUENCY 

BANDS 
(Hz) 

150- 300 

300- 600 
600-1200 
4800-9600 
1200-2400 
2400-4800 

' 500 2 3 4 5 6  8 10 2 3 4 5 6  8 1 0 0  2 

TIME (min) 

To apply these data: (.....--.. -- 1 
1. Locate the average daily duration of exposure on the abscissa. 

(We have chosen 200 minutes as a rough estimate of commercial helicopter 
pilot exposure.) 
Find the intersection of the selected exposure time and any octave band, 
and read the recommended maximum noise intensity on the ordinate. 

(Adapted from Kryter ,  1965) 

2. 

FIGURE 9 -  DAMAGE RISK CONTOURS FOR DAILY EXPOSURE TO 
CERTAIN OCTAVE BANDS O F  N O I S E  

(From Kryter ,  1965)  
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110 

SOUND PRESSURF: LEVEL 

(db re 0,0002 dyne/cm2) 
IN BAXT 100 

90 
20 75 150 300 600 1200 2400 4800 
75 150 300 600 1200 2400 4800 lo4 

(From Rosenblith, 
1953) OCTAVE FFGQUENCY BANDS (HZ) 

These data dep ic t  earlier (and less precise) damage r i s k  l i m i t s  than 
are,recomended by Kryter (1965) and are  shown only for comparison. 
For any octave band of  i n t e r e s t ,  the  maximum allowable noise  irlten- 
s i t y  can be found on t h e  l e f t  o rd ina te .  
t h e  t y p i c a l  maximum i n t e n s i t y  i s  shown t o  be about 95 dB. 

For t h e  higher  f requencies ,  

FIGURE 10, DAMAGE RISK (DR) CRITERION FOR STEADY NOISE 
AND FOR LIFETIME EXPOSURES 

Table 17 presents a comparison cf darnage risk levels 
v i t h  those speci.Fi,ed by MIL-A-880624 for -1onq duration 
flight (cruise). These data indicate t h a t  the exposure 
allowed by the MIL standard exceeds noise levels recorrrmend- 
ed as damage risk levels for four of t h e  eight octave 
bands, Thus either the standard is not restrictive enough 
or the damage risk levels are not to be adhered t o .  

Table 18 compares helicopter noise levels with the 
damage risk levels, 
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TABLE 17 

MIL-A-8806A - MAXIMUM ACCEPTABLE N O I S E  LEVEL A T  NORMAL C R U I S E  
POWER (LONG DURATION) COMPARED T O  MAXIMUM INTENSITY LEVELS 
RECOIY1MINDED FOR 200 MINUTES OF DAILY EXPOSURE (ESTIMA'IED 
A V E W G E  EXPOSURE O F  COMMERCIAL HELICOPTJ3EI P I L O T S )  

MIL-A-8806A KRYTER' S DAMAGE 
DATA R I S K  LEVELS t 

I 
OCTAVE 

FREQUENCY 
BANDS 
( H z )  LEVEL (dbf DAILY EXPOSURF: 

MAX. ACCEPT- RECOMMENDED MAX. 
ABLE NOISE N O I S E  INTENSITY 

INTENSITY FOR 200 MIN. OF 

OVERALL 106 
37.5 - 75 104 
75 - 150 104 f 

150 - 3(?9 3-04 *f 98 
300 - 600 96 *+ 93 
600 - 1200 90 * 89 

1200 - 2400 86 87 
2400 - 4800 75 85 
4800 - 9600 75 88 

AGE R I S K  KEVELS 

* N o i s e  levels which exceed K r y t e r ' s  recommended D a m a g e  R i s k  Levels 

+- N o i s e  levels  which exceed R o s e n b l i t h ' s  D a m a g e  R i s k  Levels 

-k A d a p t e d  f r o m  K r y t e r  
(See also F i g u r e 9  ,DAMAGE R I S K  CONTOURS FOR BROAD OCTAVE BAND EXPOSURE) 
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TABLE 18 

NOISE LEVELS A T  CRUISE POWER 
COMPARED WITH DAillAGE R I S K  LEVELS 

N o i s e  Leve l s  (dh) 

Frequency Jet  Damage Risk Levels 
Bands ( H z )  S-58 Rancpg K r  y ter  R o  s enb 1 i t h  107 - - 
20-75 108 106 109 110 
75-150 97 ~ 101  
150-300 9 1  98 97 
300-600 lOl%@ 94" 97*@ 93 95 
600-1200 955: 90" 93" 89 95 
1200-2400 96* 83 94* 87 9 5  
2400-4800 92* 74 92* 85  95 
4800-10,000 82 65  93" 88 9 5  

1 

* Hel icopter  n o i s e  l e v e l  exceeds damage r i s k  l e v e l  s p e c i f i e d  
by K r y t e r  

Noise l e v e l s  exceed Kosenbl i th '  s Lid . i i t aLy2:  z i s k  Zcvzls @ 

A s  i n d i c a t e d  by  t h i s  t a b l e ,  t h e  n o i s e  l e v e l s  recorded 
dur ing  cruise  cond i t ions  exceeded K r y t e r ' s  damage risk 
l e v e l s  i n  f i v e  of s i x  oc tave  bands for the S-58, 2 of 6 bands 
f o r  t h e  107, and i n  a l l  s i x  oc tave  bands f o r  t h e  Jet  Ranger. 

For R o s e n b l i t h ' s  l e v e l s  t h e  l i m i t s  a re  exceeded a t  4 of 
8 bands by t h e  S-58, a t  none of t h e  bands f o r  t h e  107, and 
a t  t h r e e  bands by t h e  Jet Ranger. 
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Although t h e  evidence' is  pre l iminary ,  i n s o f a r  as it 
reflects a c t u a l  ope ra t ing  cond i t ions ,  du ty  c y c l e s ,  and 
exposure l e v e l s ,  it i n d i c a t e s  t h a t  commercial h e l i c o p t e r  
crewmen are commonly exposed t o  no i se  i n t e n s i t y  l e v e l s  
which are hazardous t o  t h e i r  hear ing .  

Though we  r e f e r  t o  K r y t e r ' s  (1965) and R o s e n b l i t h ' s  
(1963) damage r i s k  cri teria r e p o r t s  f o r  comparison t o  h e l i -  
copter noise exposure, t h e y  are by no means t h e  f i n a l  word, 
as B e l l  (1966) a d v i s e s ,  "Expert opinion on maximum safe 
i n t e n s i t y  l e v e l  . . e is  anything b u t  unanimous (S te rne r ,  1952;  
Eldredge, 1960: Bonney, 1962) .  Some of the s e v e r a l  c r i te r ia  
proposed are n o t  p r e c i s e  l i m i t s  and can be regarded on ly  as 
g e n e r a l  gu ides  e McCorrnick (1964) confirms t h i s  view i n  
h i s  text on human factors engineer ing.  H e  summarizes t h e  
problem i n  t h i s  s ta tement .  

"It would be convenient i f  one could say 
that  n o i s e  l e v e l s  above some va.lue are 
"harmful" and those below are " s a f e "  for  
people t o  work i n  (but  t h i n g s  are n o t  q u i t e  
that  s i m p l e ) .  V a r i o u s  people have expressed 
op in ions  on t h i s  p o i n t ,  and a t  l e a s t  one 
su rvey  of e x p e r t s  has been conducted ( S t e r n e r ) ,  
In  t h a t  survey LntcnsFty levels above 100 were 
a l m o s t  u n i v e r s a l l y  considered t o  be s a f e  and 
t h o s e  below 90 w e r e  g e n e r a l l y  considered 202 t o  
be harmful,  i n  t e r m s  of t h e  d e f i n i t i o n  of 
%armful" used (levels above which even brief 
r e p e a t e d  exposure in t roduces  t h e  p r o b a b i l i t y  
of permanent deafening  e f f e c t ) .  Various 
o t h e r  e x p e r t s  have ventured opinions t h a t  t h e  
"danger zone" starts somewhere between 80 and 
90 db, a l though it is probable  t h a t  m o s t  of 
these e s t i m a t e s  w e r e  predicted on the e x i s t e n c e  
of cont inuous and e x t e n s i v e  exposures,  r a t h e r  
t h a n  "brief, r epsa t ed"  exposures as used i n  t h e  
&ove s tudy.  

Permanent t h r e s h o l d  s h i f t  (PTS) 

Loss i n  a c u i t y  f i r s t  occurs  i n  t h e  3000-6000 Hz band, 
u s u a l l y  a t  4000 Hz.  A s  hea r ing  becomes p r o g r e s s i v e l y  worse, 
loss a t  these f requencies  i n c r e a s e s  and lower f r equenc ie s  
are involved ( B e l l ,  1966) . 
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I n  gene ra l ,  impairment o€ h e a r i n g  t ends  t o  be maximal 
a t  t h e  end of 10  y e a r s '  exposure, and then  t o  remain con- 
s t a n t  for 30 y e a r s  (Glorig and Davis, 1961) .  Note, however, 
B e l l ' s  (1966) comments on t h e  effects of aging,  Moreover, 
it i s  n o t  safe t o  conclude t h a t  one who h a s  worked i n  a 
noisy  envirorxnent for  10 o r  more yea r s  i s  immune t o  f u r t h e r  
loss  (Lawrence, 1963).  It has  been said t h a t  t h e  rate a t  
which noise-induced hea r ing  loss is experienced i s  pro- 
p o r t i o n a l  t o  the amount of hear ing  remaining t o  be l o s t  
(Herman, 1965) 

"The f u l l  r e l a t i o n s h i p  be tween tempor- 
a r y  th re sho ld  s h i f t  and permanent loss i s  
n o t  q u i t e  clear.  The g r e a t e r  the permanent 
loss a t  any frequency, t h e  smaller w i l l  be 
t h e  TTS a t  t h i s  frequency (Glor ig ,  1961b) ,  
The r e s u l t s  of  a ten-year follow-up s tudy  
t o  determine the  r e l a t i o n s h i p  between temporary 
and permanent hea r ing  loss ,  from average 
d a i l y  n o i s e  l e v e l s  of 90 db o v e r a l l ,  have 
r e c e n t l y  been repor ted  by S a t a l o f f ,  Vasa l lo  
& Menduke (1965)-  A no i se  t h a t  does no t  
cause  temporary loss  r a r e l y ,  i f  eve r ,  causes  
permanent impairment i n  t h e  same i n d i v i d u a l .  
Noise-induced L e i i t p o r a X y  shift  acd pamanen+,  
impairment run  p a r a l l e l ,  though on a d i f f e r -  
i n g  time-scale (Glorig,  Ward & Nixon, 1962). 
The s h i f t  i n  db r e s u l t i n g  from an  8-hour 
exposure c l o s e l y  parallels t h e  permanent 
l o s s  a t  t h e  end of 10 y e a r s '  exposure 
(Glorig,  1958, Glor ig ,  Ward & Nixon, 1962)- 
For t h e  average i n d i v i d u a l  h a b i t u a l l y  ex- 
posed t o  loud no i se ,  it may be p r e d i c t e d  
tha t  t h e  u l t i m a t e  hea r ing  l e v e l  a t  4000 Hz 
w i l l  be equal  t o  t h e  temporary l e v e l  found 
two minutes a f t e r  5 hour s '  continuous ex- 
posure t o  t h e  no i se  i n  ques t ion  ( I n t e r n a t i o n a l  
Organizat ion f o r  S tanda rd iza t ion ,  1963a) a ' I  

( B e l l ,  1966) .  

& 

Another well-known r e p o r t  on h e l i c o p t e r  noise problems 
is  t h a t  of Metcalf and W i t w e r  (1958).  These au tho r s  w e r e  
p r i m a r i l y  concerned wi th  passenger compartment n o i s e  i n  
Marine Corps t r o o p  t r a n s p o r t  h e l i c o p t e r s  (HR2S-1). They 
found t h a t  t h e  Fassenger compartment measured b e t w e e n  114 
and 122  db i n  f l i g h t  w i t h  an  average a t  about  119 db. The  
p i l o t ' s  area r e g i s t e r e d  108 db. These i n t e n s i t y  l e v e l s  
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resulted in a measurable hearing loss in all frequencies, 
averaging about 22 decibels for unprotected passengers, 
Further, the authors note that a l l  of the predominant peak 
frequencies of recorded noise fell within the normal speech 
range (i.e. 500 to 3000 H z f  , and would be expected to 
interfere with hearing, 

Figure 11 depicts some representative helicopter noise 
data from the cited literature, It includes a curve for 
MIL-A-880624 normal cruise power limits, and damage risk 
recommendation data from both Kryter (1965) and Rosenblith 
(19531, These data support Sternfield's view, that the 
maintenance of reasonable noise levels in the cockpi'c" of 
the modern helicopter is a necessity, not a luxury. For 
example, Berry and Eastwood's composite envelope of heli- 
copter noise is generally higher than  recommended damage 
risk limits, MIL-A-8806A limits plot higher than Kryter's 
200-minute exposure curve in three of the six octave bands 
on which comparative data are available. Interference with 
pilot sp&ch is likely, and so on. Rather than cor,tinuing 
to point out the obvious, however, the figure must be 
used or not on its own merits, Vivid comp2rative data are 
only as meaningful as the bedrock of evidence supporting 
them and we have already noted some of the questions 
remaining to be d i i s w e r s d  in t h i s  broad f i e l d .  
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An important  c o n s i d e r a t i o n  i n  t h e  de te rmina t ion  of 
damaging effects of  h e l i c o p t e r  no i se  i s  t h e  minimum t i m e  
r equ i r ed  fo r  recovery a f te r  each exposure,  These recovery  
t i m e s  are p l o t t e d  as  a func t ion  of n o i s e  i n t e n s i t y  and 
d u r a t i o n  of  exposure i n  F igures  1 2 ,  13, and 14. I f  a s tandard  
h e l i c o p t e r  f l i g h t  takes 15 minutes, it w i l l  take about  3 
minutes to recover  from no i se  l e v e l s  of  95-100 db i n  the  300- 
600 Hz band ( r epor t ed  i n  t h e  S-58 and the Jet  Ranger) and 
6 minutes t o  recover  from no i se  l e v e l s  of 100-103 db f o r  
t h e  s a m e  band (S-58). I n  t h e  frequency band 600-1200 Hz it 
w i l l  t a k e  7 minutes t o  recover  from 95-100 db n o i s e  ( 5 - 5 8 ) .  
I n  t h e  band 1200-2400 Hz it w i l l  r e q u i r e  6 minutes t o  recover  
from a n o i s e  l e v e l  o f  90 t o  95 db. (S-58 and J e t  &anger) .  
Based on these data it can be s t a t e d  t h a t  t h e  5 minute 
i n t e r v a l  between f l i g h t  used by most a i r  t ax i  c o m p n i e s  is 
adequate provided t h e  p i l o t  is sub jec t ed  t o  r e l a t i v e  q u i e t  
( less than  85 db) du r ing  t h e  per iod .  For ground o p e r a t i o n s ,  
F igure  4 i n d i c a t e s  t h a t  t h e  o v e r a l l  n o i s e  l e v e l  i n  t h e  
CH-47A i s  about  106 db whi le  F igure  6 shows t h a t  t h e  over- 
a l l  l e y e l  i n  t h e  OH-l3H, w i t h  door open, has been recorded 
a t  97 db. 
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4.2.2 Effec t s  on P i l o t  Performance 

D i r e c t  Performance Effects 

Under c e r t a i n  cond i t ions  high i n t e n s i t y  no i se  (90- 
100 db) adve r se ly  affects human performance. Extensive 
r e sea rch ,  p a r t i c u l a r l y  t h a t  done i n  t h e  1950s by such well 
known experimenters  as Broadbent and J e r i s o n  makes t h i s  
q u i t e  c l e a r .  Even s o p  a c c u r a t e  p r e d i c t i o n s  of no i se  deg- 
radation effects f o r  a given i n d i v i d u a l  on a given day are  
d i f f i c u l t  t o  make, Some important  complicat ing f a c t o r s  are: 

c 
the n a t u r e  and d i f f i c u l t y  of t h e  performance t a sk :  

the frequency, i n t e n s i t y ,  bandwidth, and d u r a t i o n  
of  of fending  noise ;  

t h e  in t e rmi t t ency ,  modulation, or abruptness  
( s t a r t l e  e f f e c t s )  c h a r a c t e r i z i n g  the noise ;  

s u s c e p t i b i l i t y  of t h e  s u b j e c t ;  
'I 

i nappropr i a t eness  of no i se  f o r  .the t a s k  i n  hand: 
and , 

a d a p t a b i l i t y  of t h e  s u b j e c t  and h i s  conpensatory 
response 

S tud ie s  o f  n o i s e  e f f e c t s  on performance exemplify both  
suppor t ing  and d i sc l a iming  evidence concerning t h e  pe r fo r -  
mance degrada t ion  e f f e c t s  of no ise .  Those ave r r ing  degraded 
performance are marked by v a r i a b l e s  which are more analagous 
t o  t h e  h e l i c o p t e r  p i l o t s '  experience.  They are based on 
complex tasks,  long d u r a t i o n  exposure, and h igh  i n t e n s i t y  
broad band no i se ,  Conversely, t h e s e  s t u d i e s  r e p o r t i n g  
either no degrada t ion  or improved performance o f t e n  e x h i b i t  
s implis t ic  tasks and s h o r t  exposure d u r a t i o n s .  Among t h e  
reasons given for  improved performance are the s t i m u l a t i n g  
and a r o u s a l  effects of no i se ,  the  masking of  o t h e r  a u d i t o r y  
d i s t r a c t i o n s ,  and increased  s u b j e c t  motivat ion.  

I n  Miller 's  (1957) s tudy ,  t h e  ques t ion  asked w a s  
e s s e n t i a l l y  t h i s  - D o e s  a 111 db no i se  i n t e n s i t y  l e v e l  
i n t e r f e r e  wi th  t h e  recal l  of s i m p l e  l ea rned  i t e m s ?  It i s  
not too s u r p r i s i n g  t h a t  M i l l e r  found no i n t e r f e r e n c e ,  even 
though longer  exposure and a more d i f f i c u l t  recall  t a s k  might 
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have r eve r sed  the f ind ing .  H i s  s u b j e c t s  w e r e  exposed t o  
no i se  on ly  wh i l e  t h e y  recited or w r o t e  s h o r t  word l i s t s ,  
It i s  q u i t e  p o s s i b l e  t h a t  compensation processes w e r e  a t  
work for them, such as those  found by Morgan (1907) .  Indeed, 
Mi l l e r ‘ s  s u b j e c t s  d id  complain of mild i r r i t a t i o n ,  d i s t r a c -  
t i o n ,  and gene ra l  d i s tu rbance .  They w e r e  affected by t h e  
noise ,  t h e r e f o r e ,  b u t  n o t  enough t o  mani fes t  performance 
degrada t ion ,  

The general. l i t e r a t u r e  on n o i s e  i s  admi t ted ly  much more 
ex tens ive  than  our  few examples sugges t .  S ince  there are 
a number of e x c e l l e n t  summaries a v a i l a b l e  ( e . g . ,  Rot$ and 
Chambers, 1968; Gui-gnard, 1965; B e l l ,  1966; and von Gierke,  
1965) ,  t h e r e  i s  no need t o  attempt t o  d u p l i c a t e  them, Table 
19  l i s t s  some of t h e  effects of  no i se  an  nonauditory per- 
formance which are ind ica t ed  i n  t h e  l i t e r a t u r e , .  These 
effects are i s o l a t e d  for  t h e  14 perceptual-motor f a c t o r s  
which are a s s o c i a t e d  w i t h  commercial h e l i c o p t e r  accidents , .  
O f  t h e  1 4 a b i l i t i e s ,  d a t a  w e r e  a v a i l a b l e  on 7 and a l l  r e s u l t s  
i n d i c a t e d ’ d e g r e d a t i o n  i n  performance. 
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TABLE 19 

REPORTED EFFECTS OF NOISE 

Perceptual-motor A b i l i t y  ’ E f f e c t  

V i s u a l  Acu i ty  Degraded 

Percept ion  of Depth N o  Evidence 

Perception of Motion N o  Evidence 

Movement Analysis  ’ Degraded 

Movement Predic t ion-  Degraded 
Tracking 

Finger  W r i s t  Speed N o  Evidence 

Manual D e x t e r i t y  Degraded 

Speed of A r m  Movement N o  Evidence 

Response O r i e n t a t i o n  N o  Evidence 

M u l t i  l i m b  Coordinat ion N o  Evidence 

Reaction T i m e  Degraded 

Body Or ien ta t ion  N o  Evidence 

Vig i l ance  Degraded 

Decis ion Making Degraded 

I n v e s t i q a t o r  

Broadbent DE I953 

J e r i s o n  and Wing 1957 

La i rd  1933 

Broadbent 1957 

Broadbent 1953 
Je r i son  1954 

Jer ison 1954 
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Temporary t h r e s h o l d  s h i f t  (TTS) 

T h e  I n t e r n a t i o n a l  Organizat ion f o r  S tanda rd iza t ion  
d e f i n e s  TTS as "an eva lua t ion  of t h e  hea r ing  th re sho ld  l e v e l  
fo l lowing  exposure t o  no i se  which shows a p rogres s ive  r e t u r n  
toward t h e  pre-exposure th re sho ld  l e v e l  and u l t i m a t e  recov- 
ery i n  less than  10 days",  B e l l  (1966) a d v i s e s  t h a t  most 
recovery  occurs  w i t h i n  an hour or two of t h e  end of exposure; 
and, therefore, audiograms made on an exposed person are 
l i k e l y  t o  va ry  as a f u n c t i o n  of elapsed t i m e ,  

The e x t e n t  of  TTS depends, of course ,  on the composi- 
t i o n  and i n t e n s i t y  of n o i s e  r e spons ib l e ,  and i n d i v i d u a l  
s u s c e p t i b i l i t y .  For any person,  the  phenomenon is rel iable ,  
S i g n i f i c a n t  s h i f t s  do n o t  g e n e r a l l y  occur ,  however, u n l e s s  
a cont inuous s t eady  no i se  greater than  78 db i s  experienced 
( G l o r i g ,  Ward, and Nixon, 1961) .  Others have shown t h a t  

pre-exposure t o  15 m i n u t e s  of broadband n o i s e  a t  7 8  db can 
modify T T S  r e a c t i o n  t o  more i n t e n s e  l e v e l s  ( T r i t t i p o e ,  1959) ,  
Within limits, the amount of s h i f t  produced by n o i s e  a t  a 
c o n s t a n t  i n t e n s i t y  is  g r e a t e r  i n  t h e  high f requencies  

Recovery from TTS does not  s e p a r a t e  c l e a n l y  f r o m  per- 
manent hearing- loss caused by long t e r m  no i se  exposure, o r  
from that  caused by norma: p~~skyceusic ( z 9 i . n ~ )  - Ward 
(1957) adv i ses  t h a t  t h e  t i m e  reqizired f o r  recovery from TTS 
is  g e n e r a l l y  related t o  t h e  l e n g t h  of n o i s e  exposure thak 
induced it. S o m e  s t u d i e s  sugges t  t h a t  w i t h  i n c r e a s i n g  
d u r a t i o n  of exposure,  t h e r e  i s  less and less recovery from 
TTS and i n c r e a s i n g  permanent loss .  Ward i n d i c a t e s  f u r t h e r  
t h a t  the e x t e n t  of  TTS, fo l lowing  a d a y ' s  exposure t o  con- 
t i nuous  no i se ,  i s  s u r p r i s i n g l y  close t o  the magnitude of  
permanent hea r ing  loss, fol lowing 10  y e a r s  of exposure t o  
s i m i l a r  no i se .  

A complicat ing f a c t o r ,  however, b o t h  i n  recovery from 
TTS and i r ?  p r o j e c t i n g  permanent hea r ing  loss, i s  normal  
presbycousis .  B e l l  (19661 , f o r  example, recognizes  t h e  
difficulty i n  s e p a r a t i n g  t h e  effects of ag ing  from occupa- . 
t ional .  n o i s e  exposure. Be states t h a t  the  major break i n  
a u d i b i l i t y  curves  for  men occurs  around age 32, a f t e r  which 
normal h e a r i n g  loss advances i n  discrete steps of approxi- 
m a t e l y  1 5  years .  
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4,2.3 Effects on Pilot Comfort 

McCormick (1964) stated that while the effects of 
noise upon human performance are not yet well established, 
both research and common everyday experience confirm the 
fact that noise can be subjectively annoying to people, 
While the specific characteristics that cause noise to be 
considered as annoying are not yet adequately known, in 
general terms it is fairly well established that annoyance 
is associated more with high frequencies, high intensity, 
intermittency, and reverberation. 

With respect to frequency, it seems that higher fre- 
quencies are generally more annoying than middle or lower 
ranqes, whether the sounds in question are pure tones or 
bands of noise. 

When considering intensity independently of frequency, 
experiments substantially confirm the common belief that 
loud noises are more bothersome than quiet ones and that 
intermittent or irregular noises are more annoying than 
steady noise. Reverberation is also a source of annoyance, 
the impression being that of a ringing quality to the noises 
or of the noises being drawn out. The use of acoustic 
material frequently reduces the aitlijUi;t 05 revcrScrztF~n 

Figure 15 depicts subjective judcpents of noise levels 
at specific frequencies. The relationships of these levels 
tc the noise levels recorded in 5-58, 107 and Jet Ranger 
aircraft is presented in Table 20. 
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TABLE 20 

COMFORT ESTIMATES FOR COMMEZCGAL I-IELICOPTERS 

Frequency B a s  S-58 107 - Jet Ranser 

20-75 Quasi- 
Comfortable 

Quasi- 
Comfortable 

Quasi- 
Comfortable 

75-150 Uncomfortable Quasi- 
Comfortable 

Very 
Uncomfortable 

150-300 Uncomfortable Quasi- 
Comfortable 

Intolerable 

300-600 Uncomfortable Uncomfortable Very 
Uncomfortable 

1 '  

600-1200 Very 
Uncomfortable 

Uncomfortable Uncomfortable 

1200-2400 Very 
Uncomfortable 

Uncomfortable Very 
Uncomfortable 

2400-4800 Uncomfortable Very 
Uncomfortable 

Very 
Uncomfortable 

4800-10,000 Quasi- 
Comfortable 

Very 
Uncomfortable 

Very 
Uncomfortable 
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4.3 Effects of Vib ra t ion  on Hel icopter  P i l o t s  - .---I---- 

A s  r e c e n t l y  as January 1969, a r e p o r t  publ ished by 
t h e  L i f e  Sc iences  Research O f f i c e  of the Federa t ion  of 
American Societies f o r  Experimental Biology a s s e r t e d  t h a t  
f u r t h e r  s tudy  i s  i i rgent ly  needed on t h e  effects of v i b r a t i o n  
on h e l i c o p t e r  p i l o t s .  Specific areas needing a d d i t i o n a l  
r e s e a r c h  inc lude  the e f f e c t s  of v i b r a t i o n  frequency, 
comparative a n a l y s i s  of s i n u s o i d a l  vs  random v i b r a t i o n ,  and 
effects of d u r a t i o n  of exposure. P h i l l i p s ,  (1963) in 
d e s c r i b i n g  h e l i c o p t e r  v i b r a t i o n s  s t a t e d  t h a t  t h e r e  is  ample 
evidence t h a t  t h e s e  v i b r a t i o n s  are n o t  random and are far 
f r o m  s i n u s o i d a l .  Ac tua l ly  t h e  h e l i c o p t e r  v i b r a t i o n s  are a 
composite of many f requencies  with the amplitude vary ing  as 
an Cnverse func t ion  of  frequency. I n  t h e  f a c t  of this 
a s s e r t i o n ,  15 of 16 s t u d i e s  surveyed, which w e r e  concerned 
w i t h  v i b r a t i o n  e f f e c t s  on p i l o t s  of h e l i c o p t e r s  or f i x e d  
wing a i r c r a f t ,  used s i n u s o i d a l  v i b r a t i o n  (Weisy e t  a l e  1965, 
Parks and Snyder 1961, MozelZ and White 1958, Shoenberger 
1967, FraSer e t  a.l, 1961, Dennis 1960, G a r r i l l  and Snyder 
1957, Hornick 1961, Magid and Coermann 1960, Rubenstein 
1968, Lyton 1962, C a t t e r m a n n  e t  ax, 1962,  Lange and Coermann 
1962, Chaney and Parks 1954 and Buckout 1964, f As demon- 
s t ra ted by the  s tudy  conducted by Weisy e t  al, (19651, the 
effects of vibira-i;.ioi*i Oil  h~nziz p c r f s r ~ . ~ ~ ~ ~  v p i . r y  over a w i d e  
range w i t h  s i n u s o i d a l  v i b r a t i o n  as compared wi th  random 
v i b r a t i o n .  

I n  determining t h e  h e l i c o p t e r  v i b r a t i o n  frequency 
Ph i l l i p s  (1963) has  s ta ted t h a t  t h e  dominant frequency is  
governed by the nurriber of  blades of t h e  r o t o r ,  The range 
i s  normally 3 t o  20 €32 w h i c h  is  p a r t i c u l a r l y  d e l e t e r i o u s  
s i n c e  it encompasses t h e  resonant  f requencies  of the body 
and p a r t s  of t h e  body. 
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The body resonances w i t h i n  t h i s  range inc lude :  

A x i a l  Compression 11-14 HZ (Guignard & I r v i n g  19601 
of t h e  Spine 

Hand 17-25 HZ (Dieckmann 1957 
Latham 1957) 

Eyebal l  10-70 Hz  (Borschchevsky e t  al. 1958) 

Muscles of the Face 10-30 HZ (Guignard 1965) 

Whol-e Body 5 H z  

The effect  of v i b r a t i o n  wi th  respect t o  body resonance 
is  t h a t  t h e  induced motion of t h e  r e sona t ing  organs m a y  
cause p h y s i c a l  damage due t o  unna tu ra l  displacement of body 
parts r e l q t i v e  t o  one another ,  The induced motion, p a r t i c -  
u l a r l y  of t h e  hand and eye could conceivably degrade v i s u a l  
performace of t h e  p i l o t .  

4.3.1 Effec t s  of Hel icopter  Vibra t ion  on P i l o t  S a f e t y  

A s  s tated by Von G i e r k e  (1.965) there is ;i6 gcr,cralL;7 
accepted c r i t e r i a  for  minimum v i b r a t i o n  i n  use  i n  t h i s  
country. Standa rd iza t ion  e f f o r t s  are s t i l l  i n  beginning 
s t a g e s .  What i s  most clear i s  t h e  t o t a l  absence of any 
c l e a r l y  demonstrated v i b r a t i o n  induced permanent symptoms, 
Also, the e f f e c t s  of exposure t i m e  and of repeated exposures 
to v i b r a t i o n s  is completely unknown (von G i e r k e  1965) 

A review of v i b r a t i o n  l i t e r a t u r e  r e s u l t e d  i n  on ly  one 
i n v e s t i g a t i o n  which r epor t ed  ch ron ic  problems associated 
wi th  exposure t o  t h e  h e l i c o p t e r  v i b r a t i o n  environment 
(Seris and A u f f r e t  1965) -  I n  t h i s  s tudy,  back problems 

w e r e  r e p o r t e d  i n  87.5 pe rcen t  of t h e  cases a f t e r  one o r  two 
yea r s  exposure. The gene ra l  “cone of t h e  comments elicited 
from commercial h e l i c o p t e r  p i l o t s  surveyed i n  t h e  p r e s e n t  . 
s tudy  appears t o  be one of annoyance w i t h  h e l i c o p t e r  v ibra-  
t i o n  r a t h e r  than  a consensus of s e r v i c e  d i s a b i l i t y .  I n  t h e  
S e r i s  and A u f f r e t  s tudy ,  p a i n  beginning w i t h  t h e  300th hour 
of f l y i n g  t i m e  appears  t o  be seve re ,  according t o  s u b j e c t i v e  
comments, N o  such r e p o r t s  w e r e  ev iden t  f r o m  the survey  
taken i n  t h i s  s tudy  which included p i lo t s  wi th  an  average 
h e l i c o p t e r  exposure of approximately 4,500 hours .  
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I n  b r i e f ,  it can be stated t h a t  t h e  present s tudy  has  
f a i l e d  t o  i d e n t i f y  any reliable evidence for  long t e r m  o r  
ch ron ic  adverse  effects  of h e l i c o p t e r  v i b r a t i o n  on p i lo t s ,  

4,3.2 E f f e c t s  of R e l i c o p t e r  V i b r a t i o n  on P i l o t  Performance 

A s  i n d i c a t e d  above, t h e  v a s t  m a j o r i t y  of r e sea rch  
r e p o r t s  on the e f f e c t s  of v i b r a t i o n  on h e l i c o p t e r  p i l o t  
performance have u t i l i z e d  s i n u s o i d a l  v i b r a t i o n  which i s  n o t  
t y p i c a l  of the  forces encountered i n  a c t u a l  f l i g h t .  Indi-  
v i d u a l  f i n d i n g s  for such performance f a c t s  as t r ack ing ,  
v i s u a l  a c u i t y ,  o r i e n t a t i o n ,  speech i n t e l l i g i b i l i t y ,  and 
r e a c t i o n  t i m e ,  are presented  b e l o w .  

Trackinq 

The r e s u l t s  of s e v e r a l  s t u d i e s  w h i c h  l i e  w i t h i n  t h e  
gene ra l  area of h e l i c o p t e r  a c t i v i t y  are shown i n  F igure  16. 
On t h e  e f f e c t s  of v i b r a t i o n  w i t h i n  t h e  range of f requencies  
(10-30Hz) and a c c e l e r a t i o n s  (0.05 - 0.3 9) of g r e a t e s t  
concern i n  t h i s  r e p o r t p  t h e r e  is ,  un fo r tuna te ly ,  a d ive r -  
gence of opinion.  Roth and Cham33ers (1968) c i t e  a number 
of reporks which i n d i c a t e  s i g n i f i c a n t  error sco re  i n c r e a s e s  
f o r  a c c e l e r a t i o n s  of 0,i g ia tile I r tq -~eney  ;-x.c,.a I tc 30 
Hz. O t h e r s ,  (Dean e t  ala, 1964) have found improvement on 
a t r a c k i n g  task under moderate v i b r a t i o n .  S t i l i  o t h e r s  
r e p o r t  v a r i e d  f i n d i n g s  (e.g. ,  Mozell and White, 1958; 
Hornick and L e f r i t z ,  1966). 

Commenting on the d i v e r s i t y  of f ind ings ,  Roth and 
Chambers (1968) a t t r i b u t e  some of t h e  c o n f l i c t  t o  d i f f e r e n c e s  
i n  method. There has  been l i t t l e  or no s t a n d a r d i z a t i o n  of 
important  independent v a r i a b l e s  i n  the many experiments.  
I n  some s t u d i e s  b o t h  man and d i s p l a y  are v ib ra t ed ,  b u t  n o t  
i n  o t h e r s .  Amplitudes a r e  not always h e l d  cons t an t  for  a 
given frequency band.& The n a t u r e  of t h e  d i s p l a y ,  and hence 
t h e  t r a c k i n g  task,  differs  a c r o s s  experiments.  Given t h e s e  
c o n d i t i o n s  it i s  n o t  s u r p r i s i n g  t h a t  r e s u l t s  do n o t  agree, . 
Nevertheless ,  a f e w  t e n t a t i v e  conclus ions  can be drawn f r o m  
t h e  R o t h  and Chambers review, 

Transverse v i b r a t i o n  degrades t r a c k i n g  performance 
more t h a n  v e r t i c a l  v i b r a t i o n .  

S t eady- s t a t e  v i b r a t i o n  over comparat ively long 
p e r i o d s  degrades t r a c k i n g  performance. 

Immediate pos t -v ib ra t ion  t r a c k i n g  a b i l i t y  has  been 
found t o  be worse than  performance on p re l imina ry  
tests. 

71 



5.0 

2.0 

1.0 

h 

tn 
0.5 v 

8 

3 
8 
2 0.2 

H 

3 

p.1 

0.05 

0.02 
0 5 10 15 20 

FREQUENCY ( H z  ) 

Empty symbols i n d i c a t e  no e f f e c t  
Low numbers ind ica t e  g r e a t e s t  decrement f o r  each study 
High numbers i n d i c a t e  least decrement f o r  each study 

MIL-H-8501A 
LIMITS 

Hand Controls 

Sea t  M a x i m u m  

Seat  Cruise 

STUDIES 

Buck hou t 

Catterson e t  a1 

H a r r i s  e t  a1 

ffiozell & White 

Schmitz 

These data suggest t h a t  some performance decrements 
will occur within t h e  spec i f i ed  l i m i t s .  

F IGURE 16 TRACKTNG TASKS: MIL-H-8501A VIBRATION LIMITS MATCHED 
TO THE DECREMENTAL E F F E C T S  OF VIBRATION ON TRACKING 
TASKS FOUND I N  F I V E  INDEPENDENT STUDIES. 

( A d a p t e d  f r o m  Harris and Shoenberger, 1965,) 
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Other f a c t o r s ,  such as stress, mot iva t ion ,  and 
f a t i g u e  are be l i eved  to  ope ra t e ,  b u t  have n o t  y e t  
been r e l i a b l y  measured. 

On s i m p l e  motor tasks, t hose  which r e q u i r e  the 
maintenance of i n t e n s i t y ,  e - g . ,  t he  skrength  of 
g r i p  cr speed of tapping ,  are n o t  g e n e r a l l y  
a f f e c t e d  by  v i b r a t i o n s .  P rec i s ion  of  muscular 
coord ina t ion ,  on t h e  o t h e r  hand, i s  degrading,  

Visual- a c u i t y  

Visua l  a c u i t y  i s  degraded dur ing  v e r t i c a l  s i n u s o i d a l  
v i b r a t i o n  a t  f requencies  above 15 Hz, p a r t i c u l a r l y  i n  t h e  
frequency bands of 25 t o  40 Hz and 60 t o  90 Hz (Coermann, 
1940) -  Within a l i m i t e d  range, t h e  decrement i n  a c u i t y  
i n c r e a s e s  as ampli tude inc reases  in v i b r a t i o n  reaching  the 
head. This  i s  the r e s u l t  of mechanical body resonances,  
Reduc t ion ’ in  a c u i t y  i n  t h e  range of 20 t o  40 Hz is  a t t r i b u t e d  
t o  passive movement of t h e  eyes produced by resonance of  the  
s o f t  t i s s u e s  of t h e  face and scalp (Dennis, 1965);  60 t o  
90 Hz i s  i n  the e y e b a l l  resonance zone, Though t h e r e  i s  
a m p i e  evidence showing khat  v i s u a l  decremznt does OCCUT~ 
v a r i a b i l i t y  a c r o s s  sub)ects i s  somekimes pruliuuiic&. 

A r e c e n t  review of v i s u a l  performance under v i b r a t i o n  
by H a r r i s  and Schoenberger (1965) ,  i n d i c a t e s  t h a t  some 
performance decrements  s t a r t  t o  occur a t  10  Hz  and above i n  
t h e  r eg ion  b e l o w  0 , 3  g (See Figure  1 7 ) .  It is  i n t e r e s t i n g ,  
and can be seen i n  t h e  f i g u r e ,  t h a t  Dennis (1960) found 
some reduc t ion  i n  performance a t  10 Hz w i t h  an amplitude of 
approximately 0.25 g, a l though Mozell and Wnite (1958) d i d  
not .  

R o t h  and Chambers (1968) d i s c u s s  a v a r i e t y  of r e p o r t s  
which show tha t  v i s u a l  a c u i t y  is degraded by v e r t i c a l ,  
wholebody v i b r a t i o n  i n  the range 0-1 t o  0.75 g a t  fre- 
quencies  used, 8 t o  50 Hz, and t h e  double ampli tudes,  0-05,  * 

0.1, and 0.16 inches ,  are w i t h i n  t h e  range of  h e l i c o p t e r  
experience,  the r e s u l t s  must be used w i t h  cau t ion ,  

_1_1- O r i e n t a t i o n  and V e r t i q o  

produce decrements i n  b o t h  v i s i o n  and ba lance ,  which may 
result i n  t h e  complete d i s o r i e n t a t i o n  of h e l i c o p t e r  p i lots .  

Eas twood  and Berry (1960) found tha t  v i b r a t i o n  can 
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These da t a  suggest t h a t  some v i s u a l  performance 
decrements w i l l  occur within t h e  spec i f i ed  l i m i t s .  

F IGURE 17 V I S U A L  ACUITY TASKS: MIL-H-8501A VIBRATION LIMITS 
MATCHED T O  THE DECREMENTAL EFFECTS OF VIBRATION ON 
V I S U A L  ACUITY TASKS. 

(Adapted f r o m  H a r r i s  and Shoenberger, 1965. 
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T h i s  c o n d i t i o n  w a s  desc r ibed  fol lowing in t e rv i ews  wi th  1 7  
p i l o t s  who r epor t ed  d i s o r i e n t a t i o n  experiences i n  H-5, 
H-13, H-19 ,  H-21 ,  and H-34 a i r c r a f t .  The au tho r s  are among 
t h e  f e w  who have noted t h e  dependence of a h e l i c o p t e r  p i l o t  
on t h e  r e a d i b i l i t y  of  h i s  f l i g h t  ins t ruments ,  Others more 
o f t e n  mention the complexity of motor coord ina t ion  t a s k s  o r  
t h e  importance of e x t e r n a l  v i s i b i l i t y  for h e l i c o p t e r  landings.  

I n  a d d i t i o n  t o  t h e  above r e p o r t ,  a number of pe r sona l  
communications i n d i c a t e  t ha t  r o t o r  shadow f l i c k e r  e f f e c t s ,  
r e f l e c t e d  l i g h t  f r o m  r o t o r s ,  t h e  passage of whi te  c louds ,  
and o t h e r  v i s i o n  cons ide ra t ions  cause ch ron ic  problems. 
Epileptic s e i z u r e s  are a danger for some unsuspect ing p i l o t s ,  
Because d i s o r i e n t a t i o n  may be a major c o n t r i b u t o r  t o  h e l i c o p t e r  
acc iden t s ,  we recommend t h a t  i t  be thoroughly i n v e s t i g a t e d  
along w i t h  o t h e r  v i s u a l  problems, 

Speech 

It has  been demonstrated by some i n v e s t i g a t o r s  t h a t  
speech i s  degraded by vibration.. Teare (1963) r e p o r t s  t h a t  
speech d i s t u r b a n c e  i s  worst  a t  f o r c i n g  f requencies  between 
3 and 15 H z ,  Within t h i s  band, i n t e l l i g i b i l e  speech is 
said t o  become very  d i f f i c i l l t  a t  a c c e l e r a t i o n  zmplitudes 
exceeding 0.5 g, Teare's f i n d i n g s  are supporteci by- NLi;Gi^l 
( 1 9 6 2 )  who found t h a t  l i s t e n e r s  r a t e d  v i b r a t e d  talkers a s  

be ing  of poorer  q u a l i t y  than  non-vibrated coun te rpa r t s .  
von G i e r k e  ( 1 9 6 5 )  however r epor t ed  t ha t  speech i n t e l l i g i -  
b i l i t y  i s  l i t t l e  e f f e c t e d  by v i b r a t i o n ,  

Reaction T i m 2  

React ion t i m e  does n o t  appear  t o  be s e r i o u s l y  a f f e c t e d  
by moderate v i b r a t i o n ,  I n  a s tudy  of speed and accuracy of 
r ead ing  d ig i t s ,  Dennis (1960) found a n o n s i g n i f i c a n t  i n c r e a s e  
i n  r e a c t i o n  t i m e  a t  a low l e v e l  of v i b r a t i o n  (0.25 g a t  
5-27 H z ) .  Dean e t  a l , ,  ( 1 9 6 4 )  found a n o n s i g n i f i c a n t  
improvement i n  r e a c t i o n  t i m e  i n  an i n v e s t i g a t i o n  which u s e d '  
s imulated h e l i c o p t e r  n o i s e  and v i b r a t i o n  l e v e l s .  

The effects of h e l i c o p t e r  v i b r a t i o n  on the 14 pe rcep tua l  
motor ab i l i t i e s  a s s o c i a t e d  w i t h  a c c i d e n t  c a u s a l  f a c t o r s  are 
i n d i c a t e d  i n  Table 21. O f  t he  14 a b i l i t i e s ,  r e s u l t s  w e r e  
ob ta ined  on 5,. and of  t h e s e ,  2 demonstrate  no e f f e c t ,  w h i l e  
3 have c o n t r a d i c t o r y  evidence - degrada t ions  and no effect .  
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TABLE 2 1  

EFFECTS OF VIBRATION ON PRECEPTUAL- MOTOR ABILITIES 

Perceptua l  - 
_I Motor Ab i 1 it y E f f e c t  

V i s u a l  Acui ty  Degraded 

No E f f e c t  

Percept ion of Depth No  Evidence 

Perception of 
Motion N o  Evidence 

Movement Analys is No E f f e c t  

Degraded 

Finger  W r i s t  Speed N o  Evidence 

Manual Dexter i ty  N o  Evidence 

Speed of A r m  Move- 
ment No Evidence 

Response Or ien ta t ion  No E f f e c t  

Mul t i  Limb Coordi- 
n a t i o n  No Evidence 

Reaction T i m e  No  E f f e c t  

Degraded 

Body O r i e n t a t i o n  N o  Evidence 

Vig i lance  No  Evidence 

Decis ion  Making N o  Evidence 

InvestiqaLoz. 

Rubenstein & Taub 1967 
Dennis 1960 
G a r r i l l  & Snyder 1957 
Rubenstein 1968 
Hornick & Lebr i tz  1961 
Lange & Coermann 1962 
Dean e t  a le  1964 
Hornick 1961 

Dean e t  a le  1954 

Dean e t  a l ,  1954 
Holland 1967 
Buckout 1964 
Weisz e t  aL1965  
Horiiiek and L e b r i t z  1966 

Schoenberger 1967 

Hornick and Lebr i tz  1966 
Mozell and White 1958 
Hornick 1961 
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4 . .3 -3  Vibra t ion  E f f e c t s  on Comfort 

The v a r i a b i l i t y  of: s u b j e c t i v e  opinions of  v i b r a t i o n  
t o l e r a b i l i t y  and acceptability i s  demonstrated i n  Table 22 
where v i b r a t i o n  ampli tudes are c i t e d  which have been related 
t o  comfort  l e v e l s  i n  d i f f e r e n t  s t u d i e s .  

TABLE 22 

VIBRATION AMPLITUDES ( I N  G RMS) FOR COMFORT 
LEVELS CITED BY TI-IREE INVESTIGATORS (A, B, AM) C )  

15Hz 20Hz -- * 13Kz --- 
A B C A____--- B C A B -  C 

Levels S tud ie s  S tud ie s  S t u d i e s  

Perceptible - 0 0 3  ,01 - ,005 -01 - ,009 -01 - 
D e  f i n i t e  19 

.03 2 P e r c e p t i b l e  - -04 .15 - .03 - 3  I 

Annoying -04 .1 .3 .06 ,09 .5 .05 *1 - 5  

Extremely 
Annoying - "4 - 4  I .3 .6 - * 3  07 

I n t o l e r a b l e  2 -8 -6 -2 .9 .9 .2 1-0 - 9  

A - Goldman 1957 

B - Garrill and Snyder 1957 

C - Parks 1961 

The r e l a t i o n s h i p  of Goldman's (1957) l e v e l s  of toler- 
a b i l i t y  w i t h  h e l i c o p t e r  l e v e l s  is  presented. i n  F i g u r e  18. 
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G I - Goldman (1957): Threshold of perception* 
G I1 - Goldman (1957): Threshold of unpleasantness 
G I11 - Goldman (1957): Threshold of i n t o l e r a b i l i t y  

USAF - United S t a t e s  A i r  Force (WADC): bong-term 
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This f igu re  ind ica t e s  t h a t  he l i cop te r  v ib ra t ions  of ten  fall 
with in  t h e  zones of unpleasantness and even i n t o l e r a b i l i t y .  

* The breadth of Goldman's curves represents  
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FIGURE 18 DOMINANT AND GENEML RANGE O F  HELICOPTER VIBRA- 
TIONS RELATED TO GOLDMAN'S DATA ON S U B J E C T I V E  
ESTIMATES O F  TOLERABILITY 
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5 e 0 PROBLEM AREAS AND RECOiVjMEXQATIONS 

I n  t h i s  s e c t i o n  recommended s o l u t i o n s  t o  problems con- 
ce rn ing  the effects of no i se  and v i b r a t i o n s  on c o m m e r c i a l  
h e l i c o p t e r  p i l o t s  w i l l  be  formulated.  The problems are of 
two gene ra l  types  - problems a s s o c i a t e d  w i t h  p i l o t  s a f e t y ,  
performance, and comfort and r e sea rch  problems. The f i rs t  
class of problems comprise those  a r e a s  where cornmercial 
h e l i c o p t e r  no i se  .and v i b r a t i o n  l e v e l s  a f f e c t  p i l o t  s a f e t y ,  
performance, and comfort t o  a degree t h a t  rnodif icat ions a r e  
r equ i r ed ,  Modif icat ions inc lude  changes i n  equipment des ign ,  
procedures ,  monitoring p o l i c i e s  and p r a c t i c e s ,  and t r a i n i n g ,  
Resea?ch problems inc lude  areas where r e l e v a n t  evidence i s  
unava i l ab le ,  u n r e l i a b l e ,  inconclus ive  o r  i n v a l i d ,  

5,1 Problems and Recommendations Assoc ia ted  With ----e- E f f e c t s  of 
---L_I-- -----------I_-- 

lljoise and V i b r a t i o n  
1- l l l lL-3- l l -  

S a f e t y  Problems - 
Problem 1 
--I_. 

While the f i n d i n g s  of t h i s  s tudy  fa i led t o  demonstrate 
any evir?~:~lce fo r  l o n g  t e r m  o r  ch ron ic  adverse  effects  c z f  
v i b r a t i o n  a lone  and of no i se  and v i b r a t i o n  combined 01-1 t h e  
p h y s i o l o g i c a l  s t a t u s  of h e l i c o p t e r  p i l o t s ,  such evidence i s  
m o r e  a v a i l a b l e  f o r  e f fec ts  of noise .  it can be assumed t h a t  
s t anda rd  curves d e p i c t i n g  damage r i s k  l e v e l s  i n d i c a t e  t h e  
sound p r e s s u r e  l e v e l s  f o r  frequency bands over  t i m e  which 
are cons idered  maximum, A no i se  source  which exceeds t h e s e  
l i m i t s  w i l l  p o t e n t i a l l y  cause ear damage. For t h e  t i m e  
pe r iod  s e l e c t e d  as r e p r e s e n t a t i v e  of p i l o t  d a i l y  exposure 
t o  t h e  n o i s e  environment (200 minutes) it w a s  demonstrated 
t h a t  n o i s e  l e v e l s  i n  m i l i t a r y  c o u n t e r p a r t s  of commercial 
h e l i c o p t e r s  exceed the  damage r i s k  l e v e l s  a t  many of  t h e  
recorded frequency bands (Table 18) .  The degree t o  which 
the damage risk l e v e l s  are exceeded by n o i s e  l e v e l s  of 
specific h e l i c o p t e r  samples is  dep ic t ed  i n  Table 23. 
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TABLE 23 

AMOUNT I N  db BY WHICH HELICOPTER NOISE LEVELS 
EXCEED DAMAGE RISK LEVELS (FROM TABLE 18) 

H e  1 i c  op t e r  - Freguency (Hz) S -I_ -58 _I_ 107 - "7et Ranger 

20-75 
75-150 
150-300 
300-600 
600-1200 
1200-2400 
2400-4800 
4800-10,000 

I n  an  attempt t o  reduce t h e  n o i s e  environment i n  t h e  
Vertol-44 M i l l e r  e t  a l .  (1959) r epor t ed  t h a t  t he  effect  of 
such des ign  modi f ica t ions  as apply ing  s k i n  damping tape t o  
fuse l age ,  adding a c o u s t i c a l  b l a n k e t s ,  double windows and 
bulkheads, enc los ing  t h e  d r i v e  s h a f t  and v e n t i l a t i o n  d u c t s ,  
=.r\_c? -7d3ing floor c a r p e t i n g  and foam paddling, r e s u l t e d  in, a 
5 db r educ t ion  of low frequency no i se  and a 2 2  t o  26 $0 
r educ t ion  a t  h igher  f requencies ,  

A s  s ta ted by Berry and Eastwood (1960) ,  s t anda rd  
headse t  earphone covers  a t t e n u a t e  ambient n o i s e  as follows : 

Frequency Band (Hz)  A t t enua t i en  of Noise Level IdA) 

300 - 600 
700 - 1200 
1200 - 2400 
2400 - 4300 

7 
1 3  
2 0  
30 

Therefore ,  use of the earphones should reduce t h e  noise '  
problem s i g n i f i c a n t l y  i n  t h e  300 t o  4300 Hz range. Below 
300 Hz t h e  5 db r educ t ion  accomplished through des ign  changes 
r epor t ed  by M i l l e r  e t  a L e l i m i n a t e s  t h e  d i s p a r i t y  between 
recorded n o i s e  l e v e l s  and damage r i s k  l i m i t s  for t h e  S-58 
h e l i c o p t e r  sampled, b u t  n o t  f o r  t h e  J e t  Ranger, For  t h e  
l a t t e r  a i r c ra f t ,  the no i se  l e v e l  w i l l  cont inue  t o  exceed the 
damage r i sk  l e v e l  a t  f requencies  between 75 and 300 Hz even 
a f t e r  a 5 db xeduction. S p e c i a l  no i se  r educ t ion  procedures  

80 



should be developed specif ical ly  f o r  t h e  J e t  Ranger and 
s p e c i f i c a l l y  a t  f requencies  between 75 and 300 H z ,  

Recommendation & 

Implement steps t o  reduce t h e  no i se  l e v e l s  i n  all 
commercial h e l i c a p t e r s  such t h a t  l e v e l s  measured a t  t h e  
p i l o t s  ear are less t han  a p p r o p r i a t e  damage r i s k  l i m i t s .  
Reduction should involve  mandatory use of earphones and 
des ign  mod i f i ca t ions  as repor t ed  by M i l l e r  a t  al, (1959).  

Problem 2 ---- 
Commercial h e l i c o p t e r  companies have no no i se  a.nd 

v i b r a t i o n  s tandards  of their  own and u s u a l l y  r e l y  on 
m i l i t a r y  s p e c i f i c a t i o n s  f o r  g u i d e l i n e s  concerning l e v e l s  
of n o i s e  and v i b r a t i o n ,  However, t h e  m i l i t a r y  specifica- 
t i o n s  w e r e  developed f o r  no i se  and v i b r a t i o n  i n d i v i d u a l l y  
( they  p r e s e n t  l i m i t s  f o r  no i se  without  account ing f o r  
cornbined o r  a d d i t i o n a l  e f f e c t s  of v i b r a t i o n ,  e t c , )  and w e r e  
designed f o r  missions d i f f e r e n t  from t h e  commercial h e l i -  
cop te r  s i t u a  t ion  

The degree t o  which helicopters m e e t  even the rn i i i td ry  
s p e c i f i c a t i o n s  i s  doubt fu l .  The m i l i t a r y  coun te rpa r t  of 
t h e  S-58 produces no i se  l e v e l s  which exceed t h e  a p p r o p r i a t e  
s p e c i f i c a t i o n s  (MXL-A-8806A) l e v e l s  a t  7 of 8 frequency 
bands t e s t e d .  The nunber of bands where t h i s  i s  t r u e  f o r  
t h e  107  and Jet  Ranger is 3 and 8 r e s p e c t i v e l y ,  The degree 
t o  which MIL-A-8806A l i m i t s  are exceeded i s  presented  i n  
Table 24,  
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TABLE 24 

AMOUNT I N  db BY W I C K  HELICOPTER N O I S E  LEVELS EXCEED 
LIMITS IMPOSED BY MIL-A-8806A FOR CRUISE CONDITIONS 

Frequency Hz 

20-75 
75-150 
150-300 
300-600 
600-1200 
1200-2400 
2400-4800 
4800-10,000 

5-58 

4 
2 

5 
5 

10 
17  

7 

107 

2 

- 

18 
37 

J e t  Ranqer" 

5 
6 
7 
1 
3 
8 
17 
18 

A s  i n d i c a t e d  by t h i s  table n o i s e  l e v e l s  recorded i n  
sample h e l i c o p t e r s  exceeded a p p r o p r i a t e  MIL-A-8806A l e v e l s  
i n  18 of 24 c a s e s  wi th  t h e  degree of difference i n c r e a s i n g  
as a direct  func t ion  of frequency ( a t  h ighe r  f r e q u e n c i e s ) .  
The g r e a t e s t  d i s p a r i t y  i s  ev iden t  i n  t h e  2400 t o  4800 Hz -- - "CI L U I A Y L  * 

Since  such a d i s p a r i t y  could be a t t r i b u t e d  t o  excess ive  
no i se  l e v e l s ,  t o  an inadequate  o r  u n r e a l i s t i c  s tandard ,  or  
t o  bo th  causes ,  t h e  adequacy of MIL-A-8806A w a s  determined 
by  comparing i t s  recommended l e v e l s  w i th  damage r i sk  l i m i t s ,  
The r e s u l t s  of t h i s  comparison, presented  i n  Table 25, 
i n d i c a t e  t h a t  a t  fou r  f requencies  t h e  s t anda rd  exceeds 
l i m i t s  fo r  damage r i s k  wi th  the greatest d i s p a r i t y  occur r ing  
a t  t h e  150-300 Mz band, A t  h ighe r  f requencies  t h e  s t anda rd  
w a s  assumed adequate  s i n c e  it d i d  n o t  exceed damage r i s k  
l e v e l s  
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TABLE 25 

AMOUNT BY WHTCH MIL-A-8806A EXCEEDS 
DAMAGE R I S K  LEVELS (in db)  

7 5  - 150 

150 .- 300 

301) - 600 
t '  

600 -- 1200 
2200 - 2400 

2400 - 4800 

MIL-24-880624 Excess Over 
D a m a g e  R i s k  Levels (db) 
----I----- 

- 
3 

7 

3 
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/ 

I t  can, t h e r e f o r e ,  be assumed t h a t  the s tandard  i s  
inadequate  a t  lower f r e q u e n c i e s  and t h a t  h e l i c o p t e r  n o i s e  
l e v e l s  a r e  excess ive  a t  h ighe r  f requencies .  

Recommendation 2 -- _LI 

Develop a n o i s e  and v i b r a t i o n  s tandard  s p e c i f i c  f o r  
commercial h e l i c o p t e r  mission and f l i g h t  d u r a t i o n s  

- Problem 3 

The f i v e  minute rest per iod  between commercial h e l i c o p t e r  
f l i g h t s  i s  adequate f o r  recovery o f  t h re sho ld  s h i f t  i f  the  
p i l o t  is  sub jec t ed  t o  r e l a t i v e  q u i e t  du r ing  t h e  per iod .  

Recommendation 3 
-__.-Id 

Ensuye t h a t  dur ing  t h e  5 minute rest per iod  on t h e  ground 
t h a t  t he  no i se  l e v e l  a t  t h e  e a r  does n o t  exceed 85 db. 

Performance Problems ------ ---1 

Over t h e  p a s t  three y e a r s  t h e  f a i l u r e  on t h e  p a r t  of the 
p i l o t  t o  see and avoid has  accounted f o r  about  10 percen t  of  
a11 commercial h e l i c o p t e r  a c c i d e n t s  ~ While the connect ion 
be tween t h i s  f a i l u r e  on t h e  p a r t  o f  the  p i l o t  and b a s i c  under -  
l y i n g  perceptual-motor a b i l i t i e s  i s  i n f e r r e d  r a t h e r  than 
demonstrated, it i s  assumed t h a t  see and avoid c a p a b i l i t y  i s  
dependent on such a b i l i t i e s  a s  v i s u a l  a c u i t y ,  depth pe rcep t ion ,  
mot ion  pe rcep t ion ,  a n a l y s i s ,  and p r e d i c t i o n ,  and r e a c t i o n  t i m e .  
The degree t o  which each a b i l i t y  e n t e r s  i n t o  t h e  s e e  and avoid 
s i t u a t i o n  has  n o t  been def ined .  

Given t h a t  t h e s e  perceptuai-motor a b i l i t i e s  i n f l u e n c e  t h e  
see and avoid func t ion  t o  some unspec i f ied  degree,  t h e  degree 
t o  which the n o i s e  and v i b r a t i o n  environment encountered i n  
h e l i c o p t e r s  a c t s  a s  a c o n t r i b u t i n g  f a c t o r  i n  h e l i c o p t e r  ac- 
c i d e n t s  can be i n f e r r e d  by determining effects  o f  t h e  environ- 
ment on performance of the a b i l i t i e s .  Actua l ly  t h i s  i n f e r e n c e  
can o n l y  be approximated i n  t h i s  s tudy  due t o  t h e  l a c k  of 
a p p l i c a b l e  research .  Based on t h e  p r e s e n t  evidence, a l l  t h a t  
can r e a l l y  be s t a t e d  i s  t h a t  of t h e  6 perceptual-motor a b i l i -  
t i es  a s s o c i a t e d  wi th  t h e  see and avoid ope ra t ion ,  5 a r e  known 
t o  be o r  a r e  expected t o  be adve r se ly  a f f e c t e d  by the n o i s e  
and v i b r a t i o n  environment of commercial h e l i c o p t e r s .  
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Recommendation 1 

Consider requirements f o r  automatic  d e t e c t i o n  c a p a b i l i t y  
t o  a l e r t  p i l o t s  t o  impending c o l l i s i o n  wi th  o t h e r  a i r c r a f t  o r  
o b s t a c l e s  .) 

Problem 2 

I n  1967 a lone  27  pe rcen t  of  a l l  commercial h e l i c o p t e r  
a c c i d e n t s  w e r e  a t t r i b u t e d  t o  p i l o t  error i n  main ta in ing  RPM 
o r  fo l lowing  f l i g h t  c o n t r o l  procedures .  These errors have 
been associated wi th  f i v e  perceptual-motor a b i l i t i e s .  Noise 
and v i b r a t i o n  are known t o  adve r se ly  a f f e c t  two of t h e s e  
ab i l i t i es :  manual d e x t e r i t y  and t r a c k i n g .  The e f f e c t s  of 
v i b r a t i o n  on t h e s e  a b i l i t i e s  i s  inconclus ive  i n  t h e  case of  
t r a c k i n g  where d i f f e r e n t  imves t igd tors  r e p o r t  c o n t r a d i c t o r y  
f i n d i n g s ,  and i s  o n l y  i n f e r r e d  i n  t h e  case of manual d e x t e r i t y .  
The effect  of n o i s e  on t h e  a b i l i t i e s  i s  expected t o  be minimal 
f o r  manual d e x t e r i t y  and i s  known t o  be d e t r i m e n t a l  f o r  t r ack -  
ing ,  These f i n d i n g s  relate t o  direct  e f f e c t s  of n o i s e  and 
v i b r a t i o n .  Perhaps t he  ma.jor e f fec t  of these environmental  
f a c t o r s  i s  t h e i r  e f f e c t  on p i l o t  f a t i g u e  which i t s e l f  has  
probably a g r e a t  e f f e c t  on t r a c k i n g  and manual d e x t e r i t y .  

- Recommendat ion_-& 

Consider requirements t o  reduce f a t i g u e  and f a t i g u e  
inducing p r o p e r t i e s  of no i se  and v i b r a t i o n .  Reduce accuracy 
requirements  on c o n t r o l  where manual d e x t e r i t y  and t r a c k i n g  
a.re r e q u i r e d  by i n c r e a s i n g  d i s p l a y  s i z e ,  modifying s t i c k  
response c h a r a c t e r i s t i c ,  adding a d d i t i o n a l  d e t e n t s  t o  con- 
t r o l l e r s  such t h a t  a s t i c k  p o s i t i o n  can be maintained with- 
o u t  c o n s t a n t  a p p l i c a t i o n ,  and cons ider  improvements i n  
c o n t r o l / d i s p l a y  r e l a t i o n s h i p s  such as use of quickening and 
d i r e c t  feedback. 

Comfort Problems 

A t o t a l  of 89 percent of h e l i c o p t e r  p i l o t s  interviewed 
a t  San Francisco,/Oakland A i r l i n e s  r epor t ed  t h a t  n o i s e  and/or 
v i b r a t i o n  l e v e l s  w e r e  excess ive  i n  their helicopters Twenty- 
s i x  p e r c e n t  o f  t h e s e  p i l o t s  f e l t  t h a t  there w a s  a direct  
r e l a t i o n s h i p  between no i se  and v i b r a t i o n  on one hand and 
f a t i g u e  on the  o t h e r .  These d a t a  i n d i c a t e  t h a t  whether 
or n o t  t h e r e  i s  a real problem i n  t e r m s  of effects of  no i se  
and v i b r a t i o n ,  t h e  v a s t  ma jo r i ty  of p i l o t s  who a r e  sub jec t ed  
t o  t h e  environment f e l t  t h a t  a problem e x i s t s ,  
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As indicated in Table 20, the noise levels associated 
with the military counterparts of commercial helicopters when 
compared with comfort levels from the literature were judged 
to be uncomfortable or very uncomfortable in 17 of 24 cases and 
were intolerable in one situation (Bell Ranger at 150-300 ir3[Z 
frequency range) There is good comparison between the frequen- 
cies where noise levels are j u d g e d  uncomfortable arid the fre- 
quencies where the levels exceed damage risk limits (Table 18). 
This indicates that the criteria for comfort is related to the 
criteria for damage risk. 

5.2 Research Problems and Recommendations ----- . I--------- 

The primary finding of this study is that the effects on 
pilots of noise and vibration levels experienced in commercial 
helicopters cannot be adequately defined without additional 
research. Areas where additional findings are required include 
the following: 

(1) ’Noise and vibration levels must be recorded during 
actual flight in operating commercial helicopters performing 
representative commercial helicopter missions. The vehicles 
selected for ‘chis investigation should include samples at, 
various stages of maintenance ( j u s t  returned from maintenance, 
mid-point time from marintendiice, zbcxt ts 29 inl-.o maintenance) 
and age. 

(2) More research is required. on the combined effects of 
noise and vibration. These studies should use actual levels 
of noise and vibration recorded in comercial helicopters, 
flight duration comparable to helicopter missions, and task 
difficulty levels as close as possible to the helicopter 
situation, 

( 3 )  A better definition of perceptual-motor abilities 
underlying helicopter operations is required. Additional 
information is needed to define the abilities which are 
associated with causal factors for accidents and the degree 
to which each ability operates as a contributing factor. . 

(4.) A critical need exists for the development of a 
quantitive measure and predictor of fatigue in helicopter 
pilots. The relationship between the environment and fatigue 
m u s t  be clearly demonstrated before any meaningful assess- 
ment can be made of the requirements to reduce noise and 
vibration, 

(5) The’degree to which pilot disorientation operates as 
, a causa l  factor for commercial helicopter accidents must 
be established. 
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(6)  The a p p r o p r i a t e  work,/rest c y c l e s  which minimize t h e  
danger o f  phys ica l  impairment and performance degradat ions 
which a r e  a s s o c i a t e d  wi th  acc iden t s  must be determined, 

( 7 )  Longi tudina l  s t u d i e s  of h e l i c o p t e r  p i l o t s  a r e  re- 
qu i r ed  where audiograms and medical checkup d a t a  a r e  repeated 
over  some long per iod of c o n t i n u a l  ope ra t ion .  

(8) Longi tudina l  s t u d i e s  should also be implemented t o  
assess the adequacy o f  recommended design o r  procedura l  
rnodifica t i o n s  

( 9 )  The adequacy of noise  and v i b r a t i o n  a t t e n u a t i o n  
devices  m u s t  be e s t a b l i s h e d  i n  terms of t h e i r  e f fec t iven .ess  
i n  reducing excess ive  l e v e l s  versus  t h e i r  product ion and 
implementation c o s t s .  

(10) Modif icat ions to c o n t r o l l e r  dynamics and d i s p l a y  
formats and sizes m u s t  be based on requirements for  a s s i s t i n g  
t h e  p i l o t ’ t o  perform s p e c i f i c  ope ra t ions  i n  t h e  no i se  and 
v i b r a t i o n  environment, 
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