
N A S A  C O N T R A C T O R  
R E P O R T  

INVESTIGATION OF THE VIBRATION 
ISOLATION OF COMMERCIAL JET 
TRANSPORT PILOTS DURING 
TURBULENT AIR  PENETRATION 

I 
Y =ti' by Dule W .  Schber t ,  Jerome S. Pepi, 

and Frunk E. Roman 

7 

1 Prepared by 
"I 

{ BARRY  WRIGHT  CORPORATION 
,{ Watertown, Mass. 
I 

'1 
5 
i for LangZey Research Center 

? 
5 N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  WASHINGTON,   D .  C. J U L Y  1970 4 
f 
I 

https://ntrs.nasa.gov/search.jsp?R=19700024468 2020-03-11T23:15:33+00:00Z



TECH LIBRARY KAFB, NM 

NASA CR-1560 

INVESTIGATION OF THE 

VIBRATION ISOLATION OF COMMERCIAL J E T  TRANSPOIZT PILOTS 

D U m G  TURBULENT AIR PENETRATION 

By Dale W. Schubert,  Jerome S. Pepi, and Frank E. Roman 

Prepared  under Contract No.  NAS 1-8060 by 
BARRY WmGHT CORPORATION 

Watertom, Mass. 

for Langley Research  Center 

NATIONAL AERONAUTICS  AND  SPACE  ADMINISTRATION 

For  sale by the  Clearinghouse for Federal  Scientific and Technical Information 
Springfield, Virginia 22151 - CFSTI price $3.00 





INVESTIGATION OF THE 
VIBRATION  ISOLATION OF COMMERCIAL JET TRANSPORT  PILOTS 

DURING  TURBULENT  AIR  PENETRATION 

by Dale W. Schubert,  Jerome S. Pepi, and  Frank  E.  Roman 

ABSTRACT 
This  report  presents  the  results  of  an  analytical  and  experi- 

mental  investigation  of  the  configuration  of  an  electrohydraulic 
pilot  seat  isolation  system  which  would  provide  commercial  jet 
transport  pilots  with  maximum  protection  from  the  dynamic  response 
of  the  aircraft  during  turbulent  air  penetration. A literature 
survey  was  conducted  into  the  effects  of  vibration on  the  visual 
and  motor  performance of seated  human  subjects  (based on equal 
excitation of the  subject  and  his  controls)  and  the  vibration 
levels  encountered  at  the  cockpit  of  present  and  future  commercial 
jet  transport  aircraft  during  the  penetration of turbulence. It 
was  determined  that  active  vibration  isolation  of  the  pilot  was 
required in the  vertical  direction  with a resonant  frequency  of 
nominally 2 Hz, a resonant  transmissibility  of  less  than 2, and 
better  than 70 percent  isolation  at 4.5 Hz. In addition, it was 
necessary  that  the  performance  of  the  active  isolation  system  be 
essentially  independent  of  pilot  reactions  and  variations in 
weight. The survey  also  indicated  that  conventional  passive  iso- 
lation of the  pilot  in  the  horizontal  directions  was  sufficient. 
The  active  isolator  selected  for  analysis  and  experimental  evalua- 
:-ion was of the  electrohydraulic  feedback  control  type.  Test datz 
indicates  that  the  laboratory  model  of  the  electrohydraulic  pilot 
seat  isolation  system  developed  under  this  contract  met  all  design 
goals. It was  also  determined  in  preliminary  subjective  evaluation 
tests  (based on  the  simultaneous  excitation  of  the  pilot  seat  and 
cockpit  simulator)  that,  although  the  vibrations  transmitted  to 
the  pilot's  legs  via  the  rudder  pedals  was  somewhat  disconcerting 
(vibration  of  the  arms  via  the  control  column  was  of  less  impor- 
tance),  the  electrohydraulic  pilot  seat  isolation  system  had  the 
potential  for  providing a significant  improvement in pilot  perfor- 
mance  capability  during  turbulent  air  penetration. 
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VIBRATION  ISOLATION OF COMMERCIAL  JET  TRANSPORT  PILOTS 

DURING  TURBULENT  AIR  PENETRATION 
by Dale W. Schubert,  Jerome S. Pepi,  and  Frank.E.  Roman 
Barry  Controls,  Division  of  Barry  Wright  Corporation 

Watertown,  Massachusetts 

SUMMARY 

In  order  to  select  parameters  for  the  design  of  the  pilot 
seat  isolation  system, a literature  survey  was  made  of  the  vibra- 
tion  levels  present  in  the  cockpit of commercial  jet  transport 
aircraft  during  turbulent  flight. It was  determined  that  the 
primary  excitation  frequency  of  concern  occurred  between 4 and 5 
Hz and  was  due  to  the  first  fuselage  flexible  bending  mode  of  the 
aircraft.  This  excitation  frequency  coincides  with  the  primary 
whole  body  resonant  frequency of seated  human  subjects.  Based  on 
a comparison  of  the  input  with  criteria  for  the  maximum  vibration 
levels  which  should  be  transmitted  to  the  pilot in  order  to  mini- 
mize  the  reduction  in  performance, it was  concluded  that  active 
vibration  isolation  was  required  in  the  vertical  direction  with a 
high-isolation  notch  centered  about  the  first  fuselage  flexible 
bending  mode  frequency  (nominally 4.5 Hz), a resonant  frequency  of 
nominally 2 Hz and a 'resonant  transmissibility  less  than 2. In 
this  investigation,  an  active  electrohydraulic  isolation  system 
was  selected  for  evaluation.  Conventional  passive  isolation  was 
sufficient  in  the  horizontal  direction. 

A theoretical  investigation  was  conducted  into  the  type  of 
motion  sensors  and  feedback  compensation  which  should  be  employed 
with  the  electrohydraulic  vibration  isolation  system. A digital 
computer  analysis  was  made  of  the  control  system  taking  into 
account  the  dynamic  characteristics  of  all  components  which  could 
influence  its  performance.  Isolation  performance  tests  were  per- 
formed  on a laboratory  model  of  the  electrohydraulic  pilot  seat 
isolation  system,  the  results of which  indicated  that  the  model 
met  all  design  goals. 

Subjective  tests  were  also  performed to determine  the  poten- 
tial  effectiveness  of  the  laboratory  model  of  the  electrohydraulic 
pilot  seat  isolation  system in  improving  the  performance  of  com- 
mercial  jet  transport  pilots.  The  subjects  were  required  to  per- 
form a combination  visual/motor  (hand)  task  with  their  feet  on a 
simulated  cockpit  floor  and  their  hands  grasping a simulated  con- 
trol  column. It was  demonstrated  that  the  active  electrohydraulic 
isolation  system  provided  substantially  less  vibration  interfer- 
ence  and  annoyance  than a conventional  commercial  jet  transport 
pilot  seat. 



SECTION 1: INTRODUCTION 

Pre l iminary   s tud ies   o f   the   f l igh t   recorders   f rom  commerc ia l  

j e t  t r a n s p o r t   a i r c r a f t   d u r i n g  " je t  upset ' '   condi t ions as w e l l  a s  
t h e   r e s u l t s   o f   f l i g h t   s i m u l a t o r  tests, i n d i c a t e d   t h a t   t h e   v i b r a -  
t i o n   l e v e l s  imposed  on t h e   c o c k p i t   d u e   t o   t u r b u l e n t  a i r  penetra-  

t i o n   p l a c e d  severe l i m i t a t i o n s  on t h e   a b i l i t y  o f   t h e   p i l o t   t o  
t a k e   a p p r o p r i a t e   c o r r e c t i v e   a c t i o n .   C o n s e q u e n t l y ,   a n   a n a l y t i c a l  

and   exper imenta l   inves t iga t ion  was conducted   in to   the   conf igura-  
t i o n  of a p i l o t  seat isolat ion  system  which  would  provide commer- 
c ia l  je t  t r a n s p o r t   p i l o t s  w i t h  maximum p r o t e c t i o n   f r o m   t h e  dynamic 
response of t h e  a i rcraf t  d u r i n g   t u r b u l e n t   a i r   p e n e t r a t i o n .   T h i s  

r e p o r t   p r e s e n t s   t h e   r e s u l t s   o f   t h i s   i n v e s t i g a t i o n .   G o a l s   f o r   t h e  
maximum v i b r a t i o n   l e v e l s  which  should be t r a n s m i t t e d   t o   t h e   p i l o t ,  

based on t h e  same v i b r a t i o n   i n p u t  t o  t h e  subject's buttocks  and 
ins t rument   pane l ,  are established i n   S e c t i o n  2 .  Phese   v ibra t ion  

levels have  been  def ined  consider ing t h e  a b i l i t y  o f   t h e   p i l o t   t o  
perform. Available data on t h e  dynamic  environment  existing i n  
the   cockpi t   o f   p resent   and   fu ture   genera t ion   commerc ia l  j e t  t r a n s -  

p o r t   a i r c r a f t   d u r i n g   t u r b u l e n t  a i r  p e n e t r a t i o n   a r e   p r e s e n t e d   i n  
Sec t ion  3 .  I n   S e c t i o n  4 ,  t h e   e x c i t a t i o n   a n d  desired response 

s p e c t r a   a r e  compared  and a de termina t ion  i s  made of the   necessary  
p e r f o r m a n c e   c h a r a c t e r i s t i c s  of t h e   p i l o t  seat i so l a t ion   sys t em.  

It  is c o n c l u d e d   t h a t   a c t i v e   v i b r a t i o n   i s o l a t i o n  i s  r e q u i r e d   i n  
t h e  vertical  d i r e c t i o n ,   w h i l e   c o n v e n t i o n a l   p a s s i v e   i s o l a t i o n  i s  
s u f f i c i e n t   i n   t h e   h o r i z o n t a l   d i r e c t i o n s .  

I n   t h i s   s t u d y ,   a n   a c t i v e   e l e c t r o h y d r a u l i c   v i b r a t i o n   i s o l a t i o n  
system w a s  selected f o r   e v a l u a t i o n .  The gene ra l   p r inc ip l e s   o f  

e l e c t r o h y d r a u l i c   v i b r a t i o n   i s o l a t i o n  are p r e s e n t e d   i n   S e c t i o n  5. 
Considerat ion i s  g i v e n   t o  the  application  of  broad-band  and 
broad-band  p lus   h igh- i so la t ion   no tch   e lec t rohydraul ic   v ibra t ion  

i s o l a t i o n  t o  t h e   p i l o t  seat problem. It i s  concluded   tha t  t h e  

la t ter  approach i s  requ i r ed .  A d e t a i l e d   t h e o r e t i c a l   a n a l y s i s   o f  
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the  laboratory  model  of  the  electrohydraulic  pilot  seat  isolation 
system  developed  under  this  contract  is  presented in Section 6. 
The  electrical  and  mechanical  design of the  unit  is  also  discussed 
in this  section. 

Both  objective  and  subjective  tests  were  performed  on  the 
electrohydraulic  pilot  seat  isolation  system.  The  results  of  the 
tests  are  presented in Section 7. The  objective  tests  were 
performed  with  the  subject's  legs  hanging  free  and  his  arms  on 
the  arm  rests.  Transmissibility  functions  between  the  input  and 
various  points on the  isolation  system  and  the  subjects  were 
determined.  During  the  subjective  tests,  the  subject's  feet were' 
positioned  on  the  floor  of a cockpit  simulator  and  their  hands 
grasped a simulated  control  column.  Qualitative  reactions  as to 
the  potential  effectiveness  of  the  electrohydraulic  vibration 
isolation  system  developed  during  this  program in improving  the 
performance  of  commercial  jet  transport  pilots  were  recorded.  The 
detailed  conclusions  from  this  investigation  are  presented in 
Section 8 and  recommendations  for  further  work  are  discussed in 
Section 9. 
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SECTION 2: HUMAN  REACTION  TO 
WHOLE BODY VIBRATIONS AND SUSTAINED  ACCELERATIONS 

Introduction 

The ability  of  a  pilot  to  maintain  control  of  his  aircraft 
following  the  penetration  of  atmospheric  turbulence  is  predicated 
on  his  being  able  to  perform  the  necessary  flight  control  tasks, 
while  being  subjected  to  the  dynamic  environment  imposed  by  the 
turbulence. The  pilot  must, of course,  be  able  to  survive  the 
dynamic  environment  without  physical  injury.  Studies  have  shown, 
however,  that  the  excitation  levels  which  would  cause  a  degradation 
in the  visual  and  motor  performance of the  pilot  are  substantially 
below  those  which  would  cause  physical  injury.  The  purpose of this 
section  is  to  present  the  results  of  a  literature  survey  on  this 
subject;  to  establish  goals  for  the  maximum  vibration  levels  which 
should  be  transmitted  to  the  pilot,  based on  in-phase  and  equal 
vibration  amplitudes  of  the  subject's  buttocks  and  his  instrument 
panel;  and  to  discuss  the  effects  of  sustained  accelerations  on 
the  performance  characteristics of seated  human  subjects. 

Whole  Body  Vibration 

Literature  Survey:  The  majority of early  research  on  human 
performance  under  whole  body  vibration  was  oriented  towards  deter- 
mining  subjective  response  characteristics.  The  test  subject  was 
normally  instructed  to  describe  the  excitation as.being percepti- 
ble,  strongly  noticeable,  unpleasant,  and so forth. Not  until  the 
past  ten  years  have  closely  controlled  visual  and  motor  performance 
studies  been  conducted  on  seated  subjects,  while  they  were  being 
subjected  to  various  excitation  amplitudes  and  frequencies  of 
whole  body  vibration.  The  available  data  summarized  herein,  in- 
cludes  information  on  the  tolerance  and  performance  characteristics 
of seated  human  subjects  exposed  to  vertical  and  transverse  (left 
to  right)  vibration.  Similar  data  is  not  presented  for  the  longi- 
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tudinal  (fore/aft)  direction  since  pilots  who  have  flown  through 
turbulence  have  not  indicated  that  fore/aft  vibrations  were a 
problem. 

The  Human  Factors  Unit  of  the  Boeing  Company  has  performed  an 
extensive  series  of  studies on both  human  tolerance  to  and  perfor- 
mance  under  vertical  sinusoidal  vibration. The  first  of  the 
series,  as  reported  in  Reference 1, investigated  the  tolerance 
levels of seated  human  subjects  exposed to vertical  sinusoidal 
vibration. The  seat  employed  during  the  tests  consisted  of a 
standard  aircraft  pilot's  seat  with  harness  but  reinforced  with 
plywood  inserts  and  covered  with 3/4 inch of hard  felt  in  place  of 
the  normal  seat  cushion,  to  insure  the  full  transmission  of  the 
vibration  to  the  subject. A heavy  aircraft  control  wheel  and 
column  was  installed  in  the  normal  operating  position  with  respect 
to the  seated  test  subject. The  test  subjects  were  required  to 
hold  down a fail-safe  switch on  the  wheel,  which  was  located  under 
the,fingers of the  left  hand. In  addition to the  wheel and column, 
the  test  structure  was  equipped  with  an  instrument  panel  contain- 
ing  various  switches,  gauges,  and  lights  typical  of  those  employed 
in a cockpit.  The  entire  structure  was  subjected  to  the  vibration 
and  the  test  room  was  finished in a light  green  to  minimize  visual 
clues  as  to  the  level of vibration.  Figure 1 illustrates  the 
aaerage,test results  for  nine  subjects. The subjects  were  in- 
structed to.describe  the  vibration  level  as  definitely  perceptible, 
mildly  annoying,  extremely  annoying,  or  alarming. The  duration  of 
the  exposure  to  each  of  the  vibration  levels  was  relatively  short, 
since  the  excitation  level  was  increased  until  the  subject  indi- 
cated  that  the,  predescribed  level  had  been  reached,  at  which  time 
the  test  was  terminated,  Also  illustrated  in  Figure 1, for  the 
purpose of comparison,  is  the  one-minute  tolerance  level  as  re- 

. .  

ported  in  Reference 2. 

Many  other  investigations  have  been  conducted  on  the  toler- 
ance of seated  human  subjects  to  vertical  vibration  [Refs. 3 
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through 103, the  results of which  are  in  minor  disagreement  with 
References 1 and 2. The  differences,  which  occur  primarily  in  the 
frequency  region  from 1. to 5 Hz, appear  to  be  due  to  variations  in 
seat  design,  restraint  conditions,  experience and  physique of the 
test  subjects,  and  definitions  of  the  various  tolerance  levels. 
Only  the  data  reported' on  in  References 1 and 2 have  been  selected 
for  presentation  in  this  report  since,  in  the  opinion of Barry 
Controls,  it  was  obtained  in  an  environment  most  closely  simulat- 
ing  actual  cockpit  conditions. 

Reference 11 discusses  the  results  of  a  series  of  two-dimen- 
sional trackingmcformance tests  conducted  on  a  total of seven 
seated  subjects.  by  the  Boeing  Company. The  excitation  was  verti- 
cal  sinusoidal  vibration  and  the  test  equipment  and  seat  design 
were  identical  to  that  employed  during  the  Reference 1 tolerance 
tests.  Average  error  scores  for  wheel  tracking  and  column  track- 
ing  tests  were  obtained  with  and  without  vibration  over  a  constant 
time  interval. The error  scores  obtained  without  vibration  served 
as  the  standard of reference. The  subjects  were  also  required  to 
perform  various  tasks  in  addition  to  the  primary  tracking  assign- 
ment:  including  the  reading  of  four  counters,  manipulation  .of 
three  toggle  switches,  the  adjustment  of  four  throttles.,  and  the 
adjustment  of  four  knobs,  levers,  and  thumbwheels.  These  addi- 
tional  tasks  in  combination  with  the  primary  tracking  assignment 
provided  a  realistic  simulation of actual  flight  control  problems. 
The  amplitudes  and  frequency  range of excitation  corresponded  to 
the  definitely  perceptible,  mildly  annoying,  extremely  annoying, 
and  alarming  levels  reported in  Reference 1, except  that  the 
annoying  and  alarming  levels  were  omitted  throughout  the  frequency 
range  from 1.5 to 6 Hz, to  avoid  possible  injury  to  the  test 
subjects. 

Figure 2 represents  the  results  of  these  tests  in  terms  of 
relative  wheel  tracking  error  as  a  function  of  the  amplitude  and 
frequency of  vertical  sinusoidal  vibration. The  relative  tracking 
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error is defined  as  the  ratio  of  the  number  of  tracking  errors 
with  vibration,  to  that  without.  Figure 2 shows  that  there  is  a 
rapid  increase  in  relative  tracking  etror  for  combinations of 
excitation  amplitude  and  frequency  sufficient  to  cause  a  relative 
tracking  error  greater  than 1.1. Since  it is desirable  to  minimize 
the  probability  of  pilot  error  due  to  vibration  to  less  than  10 
pereent,  the  vertical  vibration  levels  associated  with  a  relative 
tracking  error of 1.1 will  be  employed  along  with  other  performance 
criteria  presented  herein,  when  establishing  the  maximum  sinusoidal 
accelerations  which  should  be  transmitted  to  commercial  jet  trans- 
port  pilots  during  turbulence  encounters. 

The  purpose  of  a  series  of  tests  conducted by  C. S. Harris, 
et al.,  [Ref. 121 was  to  evaluate  the  relationship  between  two 
dimensional  tracking  error  and  excitation  amplitude,  for  an  exci- 
tation  frequency  of 5 Hz.  The subject,  while  being  exposed  to 
various  amplitudes  of  vertical  sinusoidal  vibration  at 5 Hz, was 
required  to  perform  both  vertical  and  horizontal  (left  to  right) 
tracking  tasks  with  a  stick  type  control. It was  determined  that 
increasing  the  peak  sinusoidal  acceleration  levels  above 0.2 g 
resulted  in  a  significant  increase  in  the  errors  associated  with 
the  vertical  component of the  tracking  tasks.  This  finding  agrees 
with  the  results  of  the  Reference 11 tests  illustrated  in  Figure 2. 

Contrary  to  the  results  of  the  Reference 11 tests,  however, C. S. 

Harris,  et  al.,  did  not  observe  a  significant  degredation  in  the 
horizontal  component  of  the  tracking  tasks.  This  suggests  that 
pilot  tracking  by  wheel  and  column  movements  is  more  difficult 
than  tracking by the  horizontal  (left  to  right)  movement  of  a 
control  stick,  when  he  is  subjected  to  vertical  vibrations  alone. 

Another  in  the  series  of  tests  conducted  by  the  Boeing  Company 
[Ref. 131 evaluated  the  response  time  and  ability  of  several sub- 
jects  exposed  to  vertical  sinusoidal  vibration,  to  adjust  various 
Size  control  knobs  to  a  predetermined  setting.  Some  of  the  controls 
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required  vertical.  adjustments  while  others  required  horizontal 
adjustment.  Although  this  task  differs  from  normal  tracking  tests, 
since  locating  the  required  setting  is not  a  continuous  operation, 
the  results  of  these  tests indicated.that considerably more,time 
was required  to  adjust  the  vertical  moving  controls  than  the 
horizontal  moving  controls,  which  confirms  the  finds  of  Reference 
12. The  study  also  found,  as  expected,  that  the  time  required  to 
achieve  the  required  setting  and  the  offset  error  increased  with 
the  amplitude  of  vibration;  however,  the  work  load  imposed  upon 
the  subject  (number  of  settings  required  per  unit  time)  was  a  more 
dominating  factor.  In  addition,  the  final  accuracy  of  adjustment 
was  not  a  function  of  the  direction  of  control  motion. 

R. Buckhout  reported  in  Reference 14 on  tracking  tests  per- 
formed  during  vertical  vibration  at  excitation  frequencies  of 5, 
7 ,  and 11 Hz  and  peak  acceleration  values of 25, 30, and 3 5  percent 
of  the  one-minute  tolerance  criteria  established  by  Magid,  Coermann, 
and  Ziegenruecker  in  Reference 2 (see  Figure 1). The  resulting 
data,  which  indicated  tracking  errors  between  34  and 7 4  percent, 
corroborates  the  data  presented  in  Figure 2. This  report  also 
discusses  the  fact  that  some  individuals  show  a  marked  suscepti- 
bility  to  vertical  vibration,  while  the  others  are  not  affected 
significantly;  this  phenomenon  being  observed  even  for  experienced 
pilots. 

Harris  and  Shoenberger  reiterate  in  Reference 15 that  the 
primary loss in  tracking  performance  is  due  to  excitation  fre- 
quencies  between 1 and 20 Hz,  with  the  dominant  effect  occurring ' 

at  the  shoulder  resonance  between  4  and 6 Hz.  Employing  a  collec- 
tion  of  data  from  several  investigators,  a  one-hour  endurance  curve 
was  formulated  for  seated  subjects  exposed  to  vertical  sinusoidal 
vibration.  They  employed  an  allowable  percentage  tracking  error 
of 15 percent  or  an  acceleration  level  at  which  significant  in- 
creases  in  error  resulted  from  slight  increases  in  the  amplitude 
of  excitation,  whichever  was  less,  as  criteria  in  obtaining  the 
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endurance  threshold.  Figure 3 illustrates  the  -results  of  their 
study. There is an  adequate  correlation  between  the  data  pre- 
sented  in  Figures 2 and 3;  and, as  would  be  expected,  the  endurance 
curve  is  slightly  less  than  that  shown  in  Figure 2 for  a  relative 
tracking  error  of 1.15 which  was  obtained  on  a  short  term  basis. 

The  evaluation  of  the  effects  of  horizontal  vibration  on  the 
performance  of  seated hunian subjects  has  not  received  the  attention 
afforded  to  the  vertical  direction,  since  most  aircraft  and  land 
vehicles  do  not  generate  significant  amplitudes  of  vibration  in 
these  directions.  Although  some  information  does  exist,  the 
relative  unimportance  of  horizontal  vibration  in  the  past  has  led 
to  a  general  lack  of  performance  data  which  can  be  compared  and 
applied  to  commercial  jet  transports  flying  under  turbulent  condi- 
tions. 

Bostrum  Research  Laboratories  has  conducted  an  evaluation  of 
the  effects of  transverse  (left  to  right)  vibrations  on  both  visual 
acuity  and  tracking  tasks  [Ref. 161. Two  series  of  tests,  which 
employed  a  rigid  seat,  were  performed.  In  the  first  series,  the 
subjects  were  required  to  track  a  point  on  an  oscilloscope  screen 
by  the  turning  of  a  wheel  similar  to  the  steering  wheel  of  an 
automobile.  In  the  second  series,  the  subjects  were  required  to 
track  a  meter  representing a speedometer,  by  variations  of  foot 
pressure  upon  a  floor  pedal.  Three  levels  of  vibrations  were 
tested: 0.15 g, 0.25 g, and 0.35 g. The  vibration  response 
curves  illustrated  in  Figures 4 and 5 were  generated  from  this 
report. 

The  Boeing  Company  has  also  performed  tests  on  the  effects  of 
vertical  sinusoidal  vibration  on  the  visual  performance of seated 
subjects  [Ref. 171. The  subjects  were  seated  in  the  simulated 
cockpit  described  previously  and  subjected  to  vertical  sinusoidal 

’ vibrations  corresponding  to  the  definitely  perceptible,  mildly 
annoying,  extremely  annoying,  and  alarming  levels  illustrated  in 
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Figure 1. The  subjects  were  commanded by  means of amber  colored 
signal  lights  to  read  one  of  five,  five-digit  counters.  The  five 
counters  had  different  numeral  heights  ranging  from 0.05 inches  to 
0.2 inches  and  visual  angles  ranging  from 6 to 2 4  arc  minutes. 
The  light  level  of  the  counters  in  the  plane of the  panel  was  about 
32 foot-candles  and  the  average  viewing  distance  was 2 8  inches. 
Figure 6, which  illustrates  average  constant  percentage  (average 
of  visual  angles  tested)  visual  tracking  error  as  a  function  of  the 
amplitude  and  frequency  of  vibration,  was  computed  from  the  test 
data  provided  in  Reference 17. Harris  and  Shoenberger  also  em- 
ployed in  Reference 15, which  was  discussed  earlier,  a  collection 
of  data  from  several  sources to relate  the  effects  of  vertical 
sinusoidal  vibration  on  the  visual  acuity  of  seated  human  subjects. 
The  results  of  the  study,  which  established  maximum  and  minimum 
thresholds  of  vibration  that  will  cause  a  significant  reduction  in 
visual  acuity,  are  in  general  agreement  with  the  data  illustrated 
in  Figure 6. 

Summary:  Many  analytical  and  experimental  studies  have  been 
conducted  on  the  dynamic  analog  of  the  human  body,  with  varying 
degrees  of  complexity.  Some  of  these  studies  are  described in 
References 2, and 18 through 22. Although  these  data  do  not  pro- 
vide  quantitative  information  on  the  tracking  and  visual  acuity 
thresholds,  they do  indicate  the  excitation  frequencies  for  which 
the  human  body  is  particularly  sensitive  to  vibration.  Conse- 
quently,  a  certain  confidence  level  can  be  derived by  comparing 
this  information  to  that  previously  presented. 

A vertical  dynamic  model  of  the  human  body  developed  by 
Coermann  [Ref. 221 consisted  of  seven  masses  representing  the 
lower  leg,  upper  leg,  hips,  right  and  left  thorax-abdomen,  upper 
torso,  and  head.  These  various  masses  were  interconnected  by 
linear  springs  and  viscous  dampers. It was  determined  that  the 
principal  vertical  resonant  frequencies  are:  the  resonance  of  the 
entire  torso  upon  the  lower  spine  and  pelvis,  in  the  frequency 
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range  from 4 to 6 H z ;  the  resonance  of  the  upper  torso  which  in- 
volves  the  movements  of  the  upper  vertebral  column,  in  the  fre- 
quency  range  from 10 to 15 H z ;  and  the  head/shoulder  resonance 
which  normally  occurs  in  the  frequency  range  from 2 0  to 30 H z .  

Figure 7 illustrates  average  test  data  on  the  vertical  trans- 
missibilities  of  various  parts  of  the  human  body  relative  to  the 
seat, and  between  parts  of  the  body,  as  a  function  of  frequency 
[Refs. 2 3  and 241. Resonances  are  again  indicated  in  the  fre- 
quency  regions  from 4 to 6 H z ,  10 to 15 H z ,  and 2 0  to 30 H z .  

However,  it  appears  that  the  head/shoulder  resonance  in  the  region 
from 10 to 1 5  H Z  would  have  a  small  effect  on  the  performance  of 
seated  subjects  in  relation  to  the  effects  the  shoulder/seat  and 
head/shoulder  resonances.  The  head/shoulder  resonance  between 
20 and 30 H z  is  of  importance  in  connection  with  the  deterioration 
of  visual  acuity  under  vibration.  Examination  of  the  tolerance 
and  performance  threshold  levels  illustrated  in  Figures 1 through 
6 indicates  that  seated  subjects  are  indeed  primarily  affected  by 
excitation  in  the  frequency  region  from 4 to 6 H z  and 20  to 30 H z  

and  that  the  head/seat  resonance in  the  frequency  region  from 10 

to 1 5  H z  is  a  less  significant  factor. 

Based  upon  this  verification  and  the  others  previously  pre- 
sented,  it  is  concluded  that  there  is  sufficient  justification  to 
employ  a  composite  of  Figures 2 and 6 as  guides  in  establishing  a 
design  goal  for  the  maximum  vertical  vibration  levels,  and  a  com- 
posite  of  Figures 4 and 5 as  guides  in  establishing  a  design  goal 
for  the  maximum  transverse  vibration  levels,-which  should  be  trans- 
mitted  to  the  pilots  of  commercial  jet  transports. 

The  vertical  vibration  threshold  for 10 percent  wheel  tracking 
error  illustrated  in  Figure 2 and  the  vertical  threshold  for 10 
percent  visual  tracking  error  illustrated  in  Figure 6 have  been 
superimposed  in  Figure 8 .  A l s o  included  is:  discrete  frequency 
data  given  in  References 25 and 26 on  the  effects  of  vertical 
vibration  on  the  error  thresholds  of  visual,  tracking,  and  foot 
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pres su re   t a sks :   t he   10 -minu te   f a t igue -dec reased   p ro f i c i ency  level 
recommended i n  Reference 27; t h e  20-minute mot ion   s ickness   th resh-  
old  f rom  Reference 28;  and  the  mildly  annoying level shown i n  
F igu re  1. The 10-minute f a t igue -dec reased   p ro f i c i ency  level 
recommended i n   R e f e r e n c e  27  w a s  inc luded  t o  provide  a guide  as t o  
t h e  maximum ve r t i ca l  v ibra t ion   leve ls   which   should   be   t ransmi t ted  
t o   t h e   p i l o t s   o f  commercial j e t  t r a n s p o r t s ,  f o r  e x c i t a t i o n  fre- 
q u e n c i e s   g r e a t e r   t h a n  30  Hz. The author   of   Reference 2 7  s ta tes  
t h a t  when t h i s   c r i t e r i a  (which was der ived  f rom  s tudies   on a i rc raf t  
p i l o t s  and   veh ic l e   ope ra to r s )  i s  exceeded ,   no t iceable   fa t igue   and  
dec reased   j ob   p ro f i c i ency  w i l l  r e s u l t   i n  most   tasks .   Motion  s ick-  
ness  i s  the most c r i t i c a l  f ac to r   e f f ec t ing   p i lo t   pe r fo rmance   unde r  
ve ry   l ow- f requency   ve r t i ca l   o sc i l l a t ions   [Re f s .  28 and 291 .  Data 

p o i n t  (6) i n d i c a t e d   i n   F i g u r e  8 r e p r e s e n t s   t h e   p e a k   a c c e l e r a t i o n  
l e v e l  which  produced  motion  s ickness   in  5 3  percen t   o f  a group  of 

n a v a l   o f f i c e r s   i n  20  minutes .  

The d e s i g n   g o a l  fo r  t h e  maximum 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  
levels which   should   be   t ransmi t ted  t o  commercial j e t  t r a n s p o r t  

p i l o t s ,   i l l u s t r a t e d   i n   F i g u r e  8 ,  has   been   se lec ted   us ing  a com- 
p o s i t e   o f   t h e   p r e v i o u s l y   d i s c u s s e d   d a t a  as a guide.  The mi ld ly  
annoying   to le rance  level [Ref. 11 h a s   a l s o   b e e n   i l l u s t r a t e d  i n  
F igu re  8 t o   i n d i c a t e   t h a t   t h e   d e s i g n   g o a l  i s  i n   f a c t   d e t e r m i n e d  
by p i l o t   p e r f o r m a n c e   c r i t e r i a   ( v i s u a l ,   t r a c k i n g ,  e t c . )  and  not 
t o l e r a n c e  c r i te r ia ,  as s t a t e d   i n   t h e   i n t r o d u c t i o n   t o   t h i s   s e c t i o n .  

The t r a n s v e r s e   v i b r a t i o n   t h r e s h o l d   f o r  1 0  percent   wheel   t rack-  
i n g   e r r o r   i l l u s t r a t e d   i n   F i g u r e  4 ,  and t h e   t r a n s v e r s e   v i b r a t i o n  

t h r e s h o l d   f o r  1 0  p e r c e n t   f o o t   t r a c k i n g  error i l l u s t r a t e d   i n   F i g u r e  
5 ,  have  been  superimposed i n   F i g u r e  9 .  A l s o  i n c l u d e d   i n   t h e  1 0 -  

minu te   f a t igue -dec reased   p ro f i c i ency   l eve l  recommended i n  Refer- 
ence 27 .  Obviously,  t h e  i n d i c a t e d   d a t a  i s  i n s u f f i c i e n t   i n  t h e  

frequency  ranges  from 0 . 2  t o  1 Hz and 6 t o  30 Hz, t o  make a f i r m  

s e l e c t i o n   o f  a design  goal .   Consequent ly ,  as a f i r s t  approximation 
o n l y ,   t h e   d e s i g n   g o a l   f o r   t h e  ve r t i ca l  d i r e c t i o n   h a s  a l so  been 
a p p l i e d  t o  t h e   t r a n s v e r s e   d i r e c t i o n .  
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Figures 8 and 9 illustrate  the  design  goals  for  the  maximum 
vertical  and  transverse  sinusoidal  acceleration  levels  which 
should  be  transmitted  to  a  commercial  pilot.  The  actual  dynamic 
environment  encountered  during  turbulence is a  combination  of 
broad  and  narrow-band  random  excitation  in  which  the  narrow-band 
excitations  are  dominant. It has  been  necessary  to  present  data 
on  the  effects  of  sinusoidal  rather  than  random  vibration  on  pilot 
performance  since  there  have  been  no  extensive  investigations  into 
the  latter. The  authors  of  References  21, 30, and 31 have,  how- 
ever,  performed  sufficient  investigations  to  conclude  that  sinus- 
oidal  and  narrow-band  random  vibration  equated  on  the  basis  of  rms 
levels  result  in  similar  degradations  in  the  performance  of  seated 
human  subjects.  This  criteria,  which  has  been  verified  over  the 
frequency  range  from 0.75 to 30 Hz, applies  to  vibration  excita- 
tions  beneath  the  high  stress  level  (beneath  the  Extremely  Annoy- 
ing  Level  defined  in  Figure l), as  in  this  case.  Consequently, 
the  design  goals  for  the  maximum  rms  vertical  and  transverse 
narrow-band  random  accelerations  which  should  be  transmitted  to 
commercial  jet  transport  pilots  will  be  taken  as 0.707 times  the 
design  goals  illustrated  in  Figures 8 and 9. 

, 

Sustained  Accelerations 

Research  [Refs.  32  through  371  on  the  effects  of  rapidly 
applied  and  sustained  accelerations  has  been  primarily  oriented 
toward  three  fields  of  study: (1) impact  accelerations  caused  by 
crash  landings,  falls,  etc; (2) extremely  short  rise  time  accelera- 
tions  with  high  peak  magnitudes  of  the  type  encountered  during 
ejection  from  a  jet  aircraft;  and ( 3 )  long  duration  sustained 
accelerations  with  relatively  low  onset  rates of the  type  encoun- 
tered  during  rocket  launch  and  reentry  into  the  atmosphere.  The 
evaluation  criteria  in  the  first  two  cases  are  concerned  only  with 
the  ability of  the  subject  to  survive,  since  performance  tasks  are 
not  generally  required  under  these  conditions:  while  performance 
criteria  are a consideration  in  the  third  case.  The  jet  upset 
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problem i s  c o n c e r n e d ,   h o w e v e r ,   w i t h   t h e   n e c e s s i t y   f o r   p i l o t   p e r -  
formance   under   the   condi t ions   o f   mul t ip le  acceleration p u l s e s  
o f   s h o r t  rise times a n d   r e l a t i v e l y  low magnitudes,   which  places  
t h e   r e q u i r e d   d a t a  somewhat be tween   t he   ex t r emes   o f   t he   t h ree   p re -  
viously  ment ioned  f ie lds   of   s tudy.   Based on ac tua l  j e t  u p s e t  con- 
d i t i o n s ,  of g r e a t e s t   i n t e r e s t  i s  t h e   e f f e c t  upon p i lo t   pe r fo rmance  
of shor t  r ise  t i m e  ( 0 . 2  t o  2 sec) a c c e l e r a t i o n s   i n   t h e   v e r t i c a l  
d i r e c t i o n  ( i . e . ,  p e r p e n d i c u l a r   t o   t h e   p l a n e   o f   t h e   a i r c r a f t )  
having  peak  magnitudes  ranging  from - 2 . 5  g t o  + 2 . 5  g.  

The ma jo r   e f f ec t s   o f   bo th  the l e v e l  o f   s u s t a i n e d   a c c e l e r a t i o n  
and  the r a t e  o f   onse t   o f   t he   acce le ra t ion  are lowering of t h e  blood 
p r e s s u r e  a t  h e a d   l e v e l ,   r e d u c t i o n   o f   v i s i o n ,   a n d   i n c r e a s e   i n   t h e  
muscu la r   exe r t ion   r equ i r ed   t o   pe r fo rm a r e q u i r e d   t a s k .  The e f f e c t  
o f   dec reas ing   t he   onse t  time i s  t o   s h o r t e n   t h e   c o n s c i o u s   p e r i o d  of 

t he  p i l o t .  Based upon a n   i n v e s t i g a t i o n   o f   a v a i l a b l e   l i t e r a t u r e ,  
however,  the.re i s  no known b a s i s   f o r   e s t a b l i s h i n g   t h e   a l l o w a b l e  
o n s e t   r a t e  of r epea ted   acce le ra t ion   pu l se s   wh ich   shou ld   be   t r ans -  
mi t t ed   t o   t he   p i lo t s   o f   commerc ia l  j e t  t ranspor t s .   Consequent ly ,  
it can   on ly   be   s a id   t ha t   a s  a des ign   goa l  t h e  p i l o t   s e a t   i s o l a t i o n  
sys t em  shou ld   dec rease   t he   onse t   r a t e   o f   t he   sus t a ined  accelera- 

t i o n   s u c h   t h a t   t h e   c o n s c i o u s   p e r i o d   o f  t he  p i l o t  i s  maximized 
( cons ide ra t ion   o f   a l l owab le  sway space   mus t   a l so   be   inc luded) .  

The isolat ion  system  cannot ,   of   course,   lower   the  magni tude of t h e  
sus t a ined   acce le ra t ion .   Thus ,  it i s  of  paramount  importance  for 
t h e   p i l o t   t o   e x e r c i s e   m u s c u l a r   a c t i o n s   d u r i n g   s u s t a i n e d   a c c e l e r a -  
t i o n s  which w i l l  he lp   ma in ta in   t he   b lood   p re s su re  a t  head  level  

and  prevent o r  a t  l e a s t  p ro long   t he  t i m e  t o  b lackout .  
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SECTION 3: DYNAMIC  ENVIRONMENT  EXISTING  ON 
COMMERCIAL JET TRANSPORTS  DURING  TURBULENT  AIR  PENETRATION 

The  purpose  of  this  section  is  to  present  available  data  on 
the  dynamic  environment  existing  at  the  pilot  station  on  present 
and  future  generation  jet  transport  aircraft  during  turbulent 
flight. A comparison  can  then  be  made  between  the  desired  input 
to  the  pilot  established  in  Section 2 with  the  amplitude  of  air- 
craft  excitation,  in  order  to  determine  the  desired  transmissi- 
bility  of  the  pilot  seat  isolation  system  as  a  function  of  fre- 

" quency.  The  overall  spectrum of motion  transmitted  to  the  pilot 
is  a  function  of  the  dynamic  response  of  the  aircraft to: (1) 
atmospheric  turbulence; ( 2 )  buffeting  resulting  from  unsteady 
aerodynamic  flow  conditions;  and ( 3 )  its  internal  mechanical  com- 
ponents '(i.e., engines,  compressors, etc.). 

Figure 10 illustrates  the  envelope  of  the  maximum  equivalent 
sinusoidal  vibrations  measured  in  the  transverse  (i.e.,  left  to 
right)  and  normal  (i.e.,  perpendicular  to  the  plane  of  the  air- 
craft)  directions  on  a KC-135 [Ref. 371 which  is  the  military 
version  of  Boeing 707 and on  a  turboprop  aircraft  [Ref. 381 during 
all  normal  flight  conditions  such  as  cruise  and  maneuvers  (i.e., 
except  for ''rough  air"). Since  both  of  these  curves  represent 
envelopes  of  dominant  vibrations,  they  are  probably  more  severe 
than  actual  at  many  excitation  frequencies.  Nevertheless,  they 
can  be  applied  as  the  worst  case  environment  imposed on  commercial 
jet  transport  pilots  during  normal  flight  conditions,  at  excita- 
tion  frequencies  greater  than 5 Hz. 

Aircraft  buffet  loads  depend  on  many  factors  such  as  the  air- 
craft  configuration,  Mach  number,  gross  weight,  altitude,  and 
normal  acceleration.  Buffeting  of  an  aircraft in  a  deep  stall 
can  result  in  peak  accelerations  approaching 1 g  at  excitation 
frequencies  of  approximately 1 Hz. Buffeting  also  excites  the 
fundamental  fuselage  bending  mode of  the  aircraft  which is 
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normally close t o  the   fundamenta l   resonance   of   the  human body a t  
4 Hz [Refs. 40-421.  The peak   acce le ra t ions   wh ich   occu r   i n   t he  
c o c k p i t   d u r i n g  a heavy   bu f fe t   cond i t ion ,  are w e l l  i n   e x c e s s   o f  
t h e   l e v e l s   u n d e r   w h i c h   t h e   p i l o t   c a n   m a i n t a i n   c o n t r o l  over t h e  
a i rc raf t  and   c l ea r ly  see t h e  c r i t i ca l  f l i g h t   c o n t r o l   i n s t r u m e n t s .  

F igure  11 i l lustrates  a t y p i c a l  t i m e  h i s tory   o f   the   normal  CG 

a c c e l e r a t i o n   o f  a j e t  t r a n s p o r t   a i r c r a f t   u n d e r g o i n g   h e a v y   b u f f e t  
c o n d i t i o n s   d u r i n g   u n c o n t r o l l e d   f l i g h t   r e s u l t i n g  from a n   u p s e t   i n  
severe turbulence .  The d a t a  w a s  o b t a i n e d   f r o m   t h e   c r a s h   f l i g h t  
r e c o r d e r s   o f   t h e   a i r c r a f t  as r e p o r t e d   i n   R e f e r e n c e  43. The f l i g h t  
r e c o r d e r   d a t a   d o e s   n o t  show the   h igh   f requency   acce lera t ions   which  
r e s u l t  f rom  the  fuselage  bending modes and  high  f requency  gust  
e x c i t a t i o n s .  

The composite  spectrum of a i r c r a f t   e x c i t a t i o n s   d u r i n g   t u r b u -  
l e n t  a i r  p e n e t r a t i o n  i s  p r i m a r i l y  a func t ion   of   the   response   o f  
i t s  r i g i d  body  and f l ex ib l e   bend ing  modes. The r i g i d  body p i t c h  
and r o l l   r o t a t i o n a l   r e s o n a n t   f r e q u e n c i e s   o f  commercial j e t  t r a n s -  
por t s   normal ly   occur   in   the   f requency   range   f rom 0 .15  t o  0 . 4  Hz. 

The exc i t a t ion   o f   t he   fu se l age   bend ing  modes o f   t h e   a i r c r a f t   c a n  
r e s u l t   i n   l a r g e   a m p l i t u d e   n o r m a l   a n d   t r a n s v e r s e   a c c e l e r a t i o n s   i n  
t h e  frequency  range  from 2 t o  6 Hz ,  depending upon the   type   o f  

a i r c r a f t  and   t he   f l i gh t   cond i t ions .   Th i s   f r equency   r ange   o f   exc i -  
t a t i o n s  i s  o f   pa r t i cu la r   impor t ance   s ince  it is  i n  t h i s   r a n g e  t h a t  

t h e  human body i s  most s e n s i t i v e  t o  mechan ica l   v ib ra t ion .  

F igures  12 a n d   1 3   i l l u s t r a t e  t h e  power s p e c t r a l   d e n s i t i e s  of 
the  normal ( i . e . ,  ve r t i ca l )   and   t r ansve r se   v ib r ’ a t ions   wh ich  would 
be   exper ienced  a t  t h e   p i l o t ’ s   c a b i n   o f  a r e p r e s e n t a t i v e   p r e s e n t -  
day  (subsonic)  commercial j e t  t r a n s p o r t ,   d u r i n g   t u r b u l e n t   f l i g h t .  
F igu res  12 and  13 were obtained  by  mult iplying the power s p e c t r a l  
d e n s i t y   d a t a   g i v e n   i n   R e f e r e n c e  4 4  by a f a c t o r   o f  2 . 5  t o   t a k e  
i n t o   a c c o u n t   t h e   r a t i o   o f   t h e  maximum r m s  g u s t   v e l o c i t y  known t o  
e x i s t   i n   t h u n d e r s t o r m s  ( i . e . ,  20 f t / s e c ) ,   t o   t h a t   p r e s e n t   d u r i n g  

the   Reference  4 4  tests. F igures  1 4  and 15 i l l u s t r a t e   t h e  power 
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s p e c t r a l   d e n s i t i e s  of t h e  normal a n d   t r a n s v e r s e   v i b r a t i o n s  
measured i n   t h e   p i l o t ' s   c a b i n  of a l a r g e   s u p e r s o n i c   a i r c r a f t  
du r ing  a p e n e t r a t i o n  of clear a i r  tu rbu lence  a t  55 ,000  f e e t  
[Ref. 451. The s p e e d   o f   t h e   a i r c r a f t  was mach 2 . 4 .  Unfor tuna te ly ,  
t h e   d a t a   p r o v i d e d  by  Reference 4 5  i s  n o t  l o w  enough in   f r equency  
f o r   d e t e r m i n a t i o n  of t h e   r e s p o n s e   o f   t h e   l o n g i t u d i n a l   s t a b i l i t y  
modes o f   t h e   s u p e r s o n i c   a i r c r a f t .  However, it can be r e a d i l y   s e e n  
f r o m  a comparison of F igu re  1 2  wi th   F igu re  14 and  Figure 1 3  wi th  
F igu re  15 ,  t h a t  the s p e c t r a l   d e n s i t y   o f   t h e   v i b r a t i o n s   e x p e c t e d  
a t  t h e   p i l o t ' s  cabin i n   p r e s e n t  day  subsonic j e t  t r a n s p o r t s  i s  
t h e   d e t e r m i n i n g   f a c t o r   i n   e s t a b l i s h i n g   t h e   d e g r e e  of i s o l a t i o n  
r e q u i r e d  by t h e   p i l o t  sea t  i so l a t ion   sys t em.  

Table I summarizes  the  dominant  response characteristics pre- 
d i c t e d  a t  t h e  p i l o t   s t a t i o n   f o r  t h e  r e p r e s e n t a t i v e   s u b s o n i c  com- 
mercial j e t  t r a n s p o r t   d u r i n g   t u r b u l e n t   f l i g h t .  The ave rage   f r e -  
quencies  of the  normal   vibrat ions  due t o  t h e  r i g i d  body a i r c r a f t  
resonance a t  0 .35  Hz and  the  fuselage  bending mode resonance a t  

4 . 7  Hz, as w e l l  as t h e  t r a n s v e r s e   v i b r a t i o n s   d u e  t o  t h e  r i g i d  
body resonance,  are w e l l  def ined .  There are s e v e r a l   a i r c r a f t  
resonances  which  occur i n  t h e  t r a n s v e r s e   d i r e c t i o n   o v e r  t h e  f r e -  
quency  range  from 3 . 7  t o  7 . 2  Hz. However, they   tend   to   form a 
s ingle   or   composi te   narrow-band  resonance  with  an  average fre- 

quency of 5.5 Hz. The r m s  value  of  t h e  e x c i t a t i o n   i n  t h i s  com- 
pos i te   band  has been   t aken   equa l   t o  t h e  squa re   roo t   o f  t h e  sum of 
t h e  mean square   va lues  of t h e  e x c i t a t i o n  i n  each of t h e  i n d i v i d u a l  
bands. 
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SECTION 4 :  DESIGN  GOALS  FOR  PERFORMANCE 
OF PILOT  SEAT  ISOLATION  SYSTEM 

Introduction 

Design  goals  for  the  maximum  sinusoidal  and  random  vibration 
levels that should  be  allowed  to  be  transmitted  to  the  pilot  of 
commercial  jet  transports  in  the  normal  and  transverse  directions 
were  established  in  Section 2. In  Section 3 ,  the  available  data 
on the  equivalent  sinusoidal  and  random  vibration  levels  which  can 
be  expected  at  the  base  of  the  pilot's  seat  during  various  flight 
conditions  were  presented.  The  purpose  of  this  section  is  to  com- 
pare  the  excitation  and  desired  response  spectrums,  and  to  deter- 
mine  the  necessary  performance  characteristics  of  the  pilot seat 
vibration  isolation  system. 

Isolation  System  Performance 

Consider  first  the  aircraft  response  to  turbulence  in  the 
lateral  and  longitudinal  rigid  body  stability  modes. As summa- 
rized in  Table I, the  worst-case  rigid  body  response  occurs  in  the 
normal  direction  with  an  rms  acceleration  of 0 . 2 8  g  at  a  statisti- 
cal  average  frequency of 0 . 3 5  Hz. This  is  less  than  the  design 
goal  of  a  maximum  acceleration  of 0.4 g  which  should  be  trans- 
mitted  to  the  pilot  at  this  frequency  (see  Figure 8 ) .  Thus, 
vibration  isolation  of  the  rigid  body  modes of the  aircraft  is  not 
required. It should  be  noted,  however,  that  the  rms  displacement 
associated  with  the  rms  acceleration  of 0.28  g at 0 . 3 5  Hz  is 
nominally 23  inches  or  a 3 sigma  value  of 69 inches.  Since  the 
input at 0 . 3 5  Hz  is  continuous  with  time,  the  isolation  system 
must  be  designed  such  that  it  does  not  bottom  due  to  the  relative 
deflections  caused  by  this  input.  Bottoming  would  result in  a 
degradation  of  the  high  frequency  isolation  and  undesirable  shock 
inputs. 
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Consider  secondly  the  degree  of  vibration  isolation  required 
in  the  normal  and  transverse  directions  above 3 Hz. The  dashed, 
curve  illustrated  in  Figure 16 indicates  the  degree  of.isolation 
required  in  the  normal  direction  necessary  to  reduce  the  rms 
acceleration  transmitted  to  the  pilot  to 0.07 g  in  the  frequency 
band  from 3.5 to 5.5 Hz.  This  performance  requirement  is  in 
general  agreement  with  the  conceptual  recommendations  made  in 
References 46 and 47. Vibration  isolation  is  not  required  in  the 
transverse  direction  over  the  frequency  range  from 3.7 to 7.2 Hz 
since  the  rms  acceleration  input  due  to  the  flexible  bending  modes 
of  the  aircraft  is  less  than  the  maximum  allowable  input  to  the 
pilot  of 0.07 g  rms.  The  degree  of  isolation  required  in  the 
normal  and  transverse  directions  above 6 Hz, as  illustrated  in 
Figure 16, was  obtained  by  computing  the  ratio  (as  a  function  of 
frequency)  of  the  maximum  sinusoidal  vibration  levels  which  should 
be  transmitted  to  the  pilot  to  the  vibration  levels  experienced in 
turboprop  aircraft  during  cruise  conditions  (Figure 10). 

Consider  next  the  peak  aircraft  response  due  to  buffeting 
which  is 0.9 g  at  nominally 1.3 Hz, as  estimated  from  Figure 11. 
Buffeting,  which  primarily  results  in  increased  vibrations  of  the 
aircraft  in  the  vertical  direction,  is  an  abnormal  condition. 
A l s o ,  since  buffeting  provides  the  pilot  with  a  "seat-of-the-pants" 
aircraft  stall  alarm,  it  is  probably  undesirable  to  provide  vibra- 
tion  isolation  at  the  buffeting  frequency.  However,  in  an  attempt 
to  provide  the  pilot  with  every  possible  advantage  during  buffet- 
ing,  it is  concluded  that  as  a  design  goal,  isolation  at  the  funda- 
mental  fuselage  bending  mode  of  the  aircraft  (nominally 4.5 Hz) 
should  not  be  appreciably  degraded  due  to  the  high  input  displace- 
ment  levels  encountered  under  severe  buffetkng  conditions. In any 
event,  the  absolute  displacement  transmissibility  of  the  isolation 
system  at 4.5 Hz  should  not  exceed  unity  in  the  vertical  direction 
during  buffet  conditions. 

L 
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Based on  discussions  with  jet  transport  pilots,  it  was  con- 
cluded  that  the  steady-state  relative  deflections  between  the  pilot 
and  the  aircraft  structure,  due  to  the  resilience of the  isolation 
system,  should  not  exceed f 1 inch  and  the  relative  deflections 
due  to  any  abnormal  or  transient  conditions  should  be  maintained 
less  than f 2 inches. The  isolation  system  cannot  lower  the 
magnitude  of  the  sustained  accelerations  which  are  transmitted  to 
the  pilot  during  jet  upset.  It  must,  however,  be  able  to  generate 
sufficient  reaction  forces  to  return  and  maintain  the  pilot  seat 
at  its  mean  position  as  soon  as  possible  after  the  onset  of  the 
acceleration  and  thus  provide  its  full  linear  range  for  vibration 
isolation.  Based on  Reference 4 3  (worst  case  of  available  data), 
the  pilot  seat  must  be  designed  to  provide  steady-state  vibration 

isolation  while  support  its  payload  under  vertical  sustained  ac- 
celeration  conditions  of f 3 g.  In  addition,  the  vertical  per- 
formance  of  the  isolation  system  must  be  essentially  independent 
of  variations in  pilot  weight as well  as  reactions  induced  by  the 
pilot. 

Consequently,  it  is  concluded  that  in  the  vertical  direction, 
active  (electrohydraulic)  vibration  isolation  is  required  at  the 
fundamental  flexural  bending  mode  of  the  aircraft  at  nominally 
4.5 Hz and  above 8 Hz, as  specified in  Figure 16. Active  isola- 
tion  is  not  required  in  the  horizontal  direction  since  the  passive 
isolation  provided  by  conventional  aircraft  pilot  seats  in  the 
horizontal  plane  is  sufficient  to  meet  the  requirements  of  Figure 
16 above 8 Hz. 

Finally,  it  was  concluded  from  discussions  with NASA, that  it 
would  be  desirable  for  the  active  portion  of  the  pilot  seat  isola- 
tion  system  to  have  two  modes  of  operation.  In  one  mode,  the  pilot 
seat  would  provide  the  required  isolation  at  the  fundamental  fuse- 
lage  frequency  of  the  aircraft  as  well  as  at  the  high  frequencies. 
In  the  second  mode,  the  system  would  only  provide  high  frequency 
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vibration  isolation.  With  this  capability,  the  effects of the 
added  isolation at  nominally 4.5 Hz on pilot  performance  could  be 
determined  during  landing  and  takeoff  conditions  as  well as other 
maneuvers. 
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SECTION 5 :  THEORETICAL  ANALYSIS OF ELECTROHYDRAULIC 
VIBRATION  ISOLATION 

General  Principles 

The prime  objectives  of  an  active  electrohydraulic  vibration 
isolation  system  are  to  exhibit  the  characteristics  of  a  very 
stiff  system  for DC excitations  (static  conditions  and  sustained 
acceleration)  ,the  isolation  characteristics  associated  with  a 
low  resonant  frequency'vibration  isolation  system, as well 
as  to  return  the  isolated  mass  to  its  neutral  position  following 
the  onset of sustained  accelerations  and  to  eliminate  the  large 
static  deflections  associated  with low resonant  frequency  isola- 
tion  systems. The  operation  of  such  a  system  is  based  on  sensing 
the  dynamic  response of the  isolated  body  and/or  the  source  of 

excitation, and  employing  automatic  feedback  control  techniques  to 
control  an  actuator  which  produces  relative  motions  to  oppose  and 
cancel  the  accelerations  of  the  source  of  excitation. 

Figure 17 illustrates  schematically  an  electrohydraulic 
vibration  isolation  system  with  acceleration  feedback  and  a  flexi- 
ble  coupling  located  outside  the  loop.  The  associated  signal  flow 
diagram  is  illustrated  in  Figure 18. In the  case  of a pilot  seat 
isolation  system,  the  intermediate  mass  would  be  representative of 
the  seat  structure,  the  secondary  passive  isolator of  the seat 
cushion,  and  the  payload  mass  would  represent  the  subject. The 
basic  components  of  the  active  isolation  system  are  the  feedback 
transducers,  a  servoamplifier  and  servovalve,  and  the  hydraulic 
actuator.  Signals  from  the  acceleration  and  relative  position 
transducers  are  modified,  summed,  and  compensated  in  the  servo- 
amplifier  which  delivers  an  error  signal  to  the  servovalve.  Flow 
from  a  fluid  power  source  is  supplied  to  the  actuator  according 
to  the  signal  delivered  to  the  servovalve.  Forces  are  thus 
generated  by  the  actuator  proportional  to  the  differential 
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pressure  across  the  piston,  to  limit  the  vibrations  experienced 
by  the  mass  and  null  the  relative  displacement  between  the  mass 
and  the  source  of  excitation. 

The  dynamic  range  of  a  closed  loop  electrohydraulic  vibration 
isolation  system  is  nominally  less  than 40 Hz. Therefore,  the 
purpose  of  the  secondary  passive  isolator  (i.e.,  seat  cushion in 
the  case  of  the  pilot  seat) is  to  provide  the  desired  high  fre- 
quency  isolation.  The  purpose  of  the  flexible  coupling  is  to 
decouple  the  intermediate  mass  from  the  hydraulic  actuator  above 
nominally  100 Hz, therefore,  maximizing  the  actuator  resonant 
frequency  and  the  stability  of  the  servo  system.  If it  was  neces- 
sary €or the  active  isolation  system  which  is  inserted  between  the 
support  structure  and  payload to provide  high  frequency  broad-band 
isolation  (i.e.,  there  was  no  secondary  passive  isolator),  then 
the  accelerometer  would  have  to  be  located  on  the  payload.  This 
latter  technique  ,is  described  more  fully  in  References 48 through 
50. 

The  following  simplified  example  will  serve  to  demonstrate 
the  theory  and  advantages  of  electrohydraulic  vibration  isolation. 
Consider  the  case of an  infinitely  stiff  secondary  passive  isola- 
tor. The  equations  of  motion  of  the  resulting  single-degree-of- 
freedom  system  can  be  derived  by  equating  the  flow  into  the  actua- 
tor  chamber  to  the  flow  delivered  by  the  servovalve.  Assuming  zero 
leakage  across  the  actuator  piston,  the  flow  from  the  servovalve 
Q can  be  expressed  in  Laplace  notation  by  [Refs. 51 and  521 

Q ( s )  = -As  [r(s) - w(s)] - - s [AP(s)l 
2Bf 

where  A  is  the  average  actuator  cross-sectional  area,  r  is  the 
displacement of the  actuator  rod,  w  is  the  displacement  of  the 
support  structure, V is  the  mean  volume  of  the  upper  and  lower 
actuator  chambers, 8, is  the  bulk'  modulus of the  hydraulic  fluid, 
and AP is  the  differential  pressure  across  the  actuator.  Assum- 
ing  that  the  mass of  the  piston  is  negligible  with  respect  to  that 
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of  the  isolated  body,  the  equation of motion of the  isolated  mass 
is  given  by 

m S 2 Z  ( s )  = - csz ( s )  - k [ z  (s)-r ( s )  3 = A[AP ( s )  3 (2) 

where  c  is  the  absolute  velocity  damping  constant  of  the  isola- 
tor  and k is  the  stiffness  of  the  coupling.  The  coupling  will 
normally  be  fabricated  from  an  elastomeric  material  and it  has 
been  found  from  experience  that  the  relation  expressed  by  Equa- 
tion  (2)  models  its  absolute  isolation  characteristics  more 
closely  than  the  assumption  of  relative  velocity  damping. 

Combining  Equations (1) and  (2)  yields 

[L + ,22Bf] ms2z(s) + csz(s) + k6 ( s )  + As k Q ( s )  = 0 

where 

6 ( s )  = z  (s)-w(s) 

Since  the  hydraulic  fluid  is  virtually  imcompressible  (i.e., 
Bf>>kV/2A2)  it  follows  that 

ms2z ( s )  + csz ( s )  + k6 (s) + As Q ( s )  = 0 k 
(5 )  

Assume  that  the  resonant  frequency of  the  servovalve  is  well  above 
the  frequency  range of interest  and  let  the net  flow  from  the 
cylinder  be  given  by 
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In  Laplace  notation 

Q ( s )  = Cls2r(s) + C2s[r(s)-w(s)] + C3[r(s)-w(s)] (7) 

where C1, C2, and C 3  are  constants  representing  acceleration, 
relative  velocity  (obtained  by  differentiating  signal  from  relative 
displacement  transducer),  and  relative  displacement  gains  respec- 
tively.  The  relative  magnitude of  each  of  these  feedback  signals 
can  be  manipulated  to  minimize  the  response  of  the  isolated  body 
due  to  the  excitation  imposed  by  the  support  structure. 

Combining  Equations ( 2 ) ,  ( 3 ) ,  and (7) and  solving  for  the 
absolute  displacement  transfer  function 

Due  to  the  high  values of the  acceleration  feedback C 1  and  the 
coupling  stiffness k (the  coupling-isolated  mass  resonance  is 
normally  greater  than 20 Hz), for  excitation  frequencies  less  than 
10 Hz the  fourth  term  in  the  denominator  of  Equation (8) can be 
considered  small  relative  to  the  remainder  of  the  terms in the 
denominator.  Consequently,  for  frequencies  less  than 10 Hz 

Notice  that  Equation (9) is  identical  in  form  to  the  ex- 
pression  for  the  absolute  displacement  transmissibility  (in 
Laplace  Transform  notation)  of  a  conventional  passive  isolation 
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system  defined by resonant  frequency wn 
where 

w n = d F  

and  damping  ratio 5 

Thus,  it  is  possible  to  establish  the  resonant  frequency  and  trans- 
missibility  characteristics  of  the  isolation  system  in  the  low  fre- 
quency  region  simply  by  electronically  adjusting  the  relation  be- 
tween  the  feedback  parameter  gains C1,  C2, and C3. The  relative 
displacement  feedback  gain C3 can  also  be  made  a  nonlinear  func- 
tion  of  relative  deflection  to  provide  a  near  linear  stiffness 
about the null  position  for  vibration  isolation  and  a  rapidly  in- 
creasing  but  continuous  hardening  stiffness  for  limiting  relative 
deflections  due  to  shock  excitations  without  bottoming.  The  iso- 
lation  system  will  act  as  a  stiffer  system,  however,  only  for  a 
very  short  period  of  time  due t o  the  displacement  feedback  restor- 
ing  forces  which  will  rapidly  return  the  isolated  body  to  its 
initial  position  following  transient  excitations.  In  addition, 
the  relative  displacement  feedback  allows  the  static  position  of 
the  .isolated  body  to  be  nulled  at  a  preselected  equilibrium  posi- 
tion  [Refs. 50 and 531. 

However,  since z (s)/w(s) has  the  same  form  as  that  for  a 
passive  isolation  system,  the  relative  displacement  between  the 
initial  and  final  position  of  the  mass  will  be  g/un  for  each 
g  of  sustained  acceleration  input,  which  is  contrary  to  the  goals 
established  for  an  active  isolation  system  in  the  beginning of 
this  section.  The  explanation  for  this  is  based  on  the  assumption 
up to this  point  that C1, C p ,  and C3 are  independent  of  the 
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excitation  frequency.  Therefore,  under  static  or  sustained 
acceleration  conditions  with  no  oscillatory  motion, in  order  to 
maintain  zero  relative  velocity  between  the  isolated  mass  and  the 
actuator,  the  relative  displacement  feedback  signal  must  cancel 
the  acceleration  feedback  signal  of  the  isolated  mass so that 
there  will  be no  net feedback. To counter  this  effect  and  null 
the  relative  deflection  during  sustained  acceleration  conditions, 
it  is  necessary  to  add  a  network  to  the  acceleration  feedback 
signal so that  it  will  decrease  to  zero  when  the  frequency  of 
oscillation  is  zero. 

Also,  it  should  be  noted  that  Equation (9) is  unconditionally 
stable.  That is,  the  active  control  system  is  stable  for any 
attainable  combination  of  positive  values  for  parameters C1, C2, 
and C3 when  they  are  independent of the  frequency  of  excitation. 
Introducing  networks  similar  to  that  described  above  will  intro- 
duce  the  possibility  of  instability  and  the  variation  in  the 
feedback  gains  will  become  limited. 

Notice  also  that  at  low  frequencies,  Equation ( 9 )  is  indepen- 
dent  of  the  weight of the  isolated  body  and  any  forces  F  imposed 
on  it  (Figure 17). Consequently,  due  to  the  feedback  character- 
istics of the  motion  sensors,  the  maximum  force  sensitivity  of  the 
system  is  governed  by  the  stiffness  of  the  flexible  coupling, 
which  is  normally  many  times  stiffer  than  the  effective  stiffness 
associated  with  the  electronically  created  resonant  frequency. 
This  approaches  the  ideal  situation  for  the  case  in  which  an 
electrohydraulic  isolation  system  is  employed  in  the  isolation  of 
a  payload  which  generates  reaction  forces,  such  as  in  the  case  of 
a  pilot  operating  the  aircraft  controls. 

An  electrohydraulic  isolation  system  which  functions  accord- 
ing  to  a  relation  similar  to  Equation (9) is  termed  a  broad-band 
isolation  system. It is  also  possible  to  provide  a  very  high 
degree  of  vibration  isolation  in  a  narrow-band  centered  about  a 
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discrete  frequency  (termed  a  notch  type  isolation  system)  by 
incorporating  a  frequency  response  shaping  network  having  an 
undamped  resonance  in  the  acceleration  feedforward  loop.  One  such 
network  is a second  order  resonance  defined by  the  transfer  func- 
tion  [Ref. 541  

w 1  

s2 + W 1 2  

This  network  provides  an  infinite  dynamic  feedforward  gain  in  the 
acceleration  loop  at  the  frequency w = w l ,  thereby  resulting  in 
an  absolute  transmissibility  of  zero,  as  will  be  demonstrated  by 
the  following  equations.  Modifying  Equation (7) to  include  the 
second  order  notch  network 

Q ( s )  

Combining  Equations ( 2 )  , ( 3 )  , and (13) , solving  for  the  absolute 
displacement  transmissibility,  and  then  simplifying  the  expression 
for  excitation  frequencies  less  than 10 Hz 

s[Cz+A] + C3 
2 

+ s[C2+A] + C3 
s2+w1 

Substitution  of s = jw1 into  Equation (14) indicates  that 
the  absolute  displacement  transmissibility  equals  zero  at  the 
notch  resonant  frequency.  The  absolute  displacement  transmissi- 
bility  associated  with  a  typical  notch  type  electrohydraulic 
vibration  isolation  system  is  illustrated  in  Figure 19. Examina- 
tion of  Equation (14) also  shows  (as  illustrated in  Figure 19) that 
this  idealized  notch  isolation  system  does  not  provide  vibration 
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isolation  for  frequencies  greater  than  twice  the  notch  frequency. 
It is  necessary,  therefore,  to  combine  the  functions of Equations 
(9) and (14) if  a  combination  of  broad-band  plus  notch  type  isola- 
tion is required. 

Application  of  Broad-Band  Electrohydraulic 
Isolation  to  the  Pilot  Seat  Problem 

Consider  an  electrohydraulic  vibration  isolation  system  with 
the  net  flow  from  the  cylinder  defined  by  the  relation  (Figure 17) 

Q ( S )  = ClGl ( s )  s2r ( s )  + [C2G2 (s) s + C31 .G3 (s) [r  (s)-w(s) ] (15) 

where 

GP ( s )  and  G3 ( s )  are  the  relative  velocity  and  relative  deflec- 
tion  feedback  networks,  respectively.  The  acceleration  feedback 
networks G1 ( s )  reduces  the  acceleration  feedback  signal  to  zero, 
at  zero  excitation  frequency,  thus  allowing  the  displacement  feed- 
back  control  system  to  null  the  static  deflection  (as  discussed  in 
the  previous  sub-section).  Decreasing  the  time  constant T I  has 
three  effects. First,  it  tightens  the  relative  displacement  feed- 
h c k  loop  by  lowering  the  acceleration  gain  with  decreasing  fre- 
quency.  Second,  it  increases  the  resonant  frequency  of  the 
isolation  system  and  third,  it  decreases  the  system  stability 
margin  which  results  in  a  higher  resonant  transmissibility. 

For  a  coupling-mass  resonant  frequency  greater  than 20 Hz, a 
rigid  payload,  and  for  excitation  frequencies  less  than 10 Hz, then 



and 

Cl T1S3 

The  absolute  displacement  transmissibility  of  the  isolation 
system  is  given  by 

where wo represents  the  amplitude  of  the  sinusoidal  base  exci- 
tation  and z o  is  the  amplitude of  the  response of the  isolated 
mass. The  relative  displacement  transmissibility  of  the  isolation 
system  is  given  by 

Figure 20 illustrates  the  absolute  displacement  and  relative 
displacement  transmissibilities  for  a 2.5 Hz resonant  frequency 
electrohydraulic  broad-band  vibration  isolation  system.  The  open 
loop  transfer  function  of  the  isolation  system  has  been  checked  to 
insure  that  the  values  of  the  selected  parameters  result  in  a 
stable  control  system.  The  relative  displacement  transmissibility 
peaks  at  a  slightly  higher  frequency  than  the  absolute  displace- 
ment  transmissibility,  which  is  characteristic  of  this  type  of 
control  system.  Substantially  lower  resonant  frequencies  (i.e., 
0.1 Hz) are  achievable  with  electrohydraulic  vibration  isolation 
systems. As will  be  demonstrated,  however,  the  displacement  inputs 
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a s s o c i a t e d   w i t h   t h e   a i r c r a f t   r i g i d  body p i t ch   r e sonan t   f r equency  
a n d   b u f f e t i n g   n e g a t e s   t h e i r   a p p l i c a t i o n  i n  t h i s   i n s t a n c e .  

I f   t he   r e sonan t   f r equency   o f   t he   i so l a t ion   sys t em w a s  l o c a t e d  
below 1 Hz, say  0 .5  Hz, t h e n   t h e  re la t ive  d isp lacement   t ransmiss i -  
b i l i t y  would   be   essent ia l ly  1 a t  0.35 Hz. Re fe r r ing  t o  Table  I ,  

t h e  r m s  v e r t i c a l   a c c e l e r a t i o n  of t h e   t y p i c a l  j e t  t r a n s p o r t  a i r -  
c r a f t  i s  0.28 g a t  th i s   f r equency .   S ince   t he  r m s  a i r c r a f t   d i s -  
p lacement   assoc ia ted   wi th  t h e  r m s  a c c e l e r a t i o n   o f  0.28 g i s  23 
inches  (3 sigma level of 69 i n c h e s ) ,   t h i s  means t h a t   t h e   i s o l a t i o n  
system  would be i n  i t s  n o n l i n e a r   c o n t r o l   r e g i o n   t h e   m a j o r i t y   o f  
t h e  t i m e  and  very l i t t l e  h igh   f r equency   i so l a t ion  would be 

provided. 

A 0 . 5  H z  resonant   f requency   i so la t ion   sys tem  could   p rovide  
i s o l a t i o n  a t  1 . 3  Hz (which i s  n o t   s t i p u l a t e d  by t h e   i s o l a t i o n  
sys tem  per formance   requi rements   der ived   in   Sec t ion  4 )  i f   t h e r e  
w a s  a n e g l i g i b l e   i n p u t  a t  0.35 Hz. However,  an i n c r e a s i n g   i n p u t  
a t  t h e  bu f fe t ing   f r equency  would f o r c e   t h e   i s o l a t i o n   s y s t e m   i n t o  
i t s  n o n l i n e a r   r a n g e ,   t h u s   r a i s i n g  t h e  resonant  frequency  and 
f u r t h e r   a m p l i f y i n g   t h e   e x c i t a t i o n  and a s s o c i a t e d   r e l a t i v e  deflec- 

t i o n s .  

A 2 . 5  Hz resonant   f requency   i so la t ion   sys tem w a s  selected f o r  
e v a l u a t i o n   s i n c e  it f a l l s  i n  t h e  f requency  region  of  minimum e f f e c t  
on t h e  per formance   capabi l i t i es   o f  a human s u b j e c t ,  as can be seen  
from  Figure  8,  and since it a l s o   f a l l s   i n  t h e  r eg ion  of minimum 
e x c i t a t i o n   f o r   t y p i c a l   s u b s o n i c  a i rc raf t  (refer t o  F igure  1 2 ) .  
The p e a k   e x p e c t e d   r e l a t i v e   d e f l e c t i o n  of an   ac t ive   sys tem  wi th  
i s o l a t i o n   c h a r a c t e r i s t i c s  as i l l u s t r a t e d   i n   F i g u r e  20 i s  ob ta ined  
by mul t ip ly ing  t h e  r m s  r e l a t i v e   d i s p l a c e m e n t  of 0.38 inches  com- 
pu ted   fo r   t he   f r equency   r ange  of 0 . 2  t o  7 Hz by a f a c t o r   o f  3 t o  
a r r i v e  a t  t h e  3 s igma  leve l ,   and   then   adding  0 . 0 4  inches  which i s  
an estimate of t h e   r e l a t i v e   d e f l e c t i o n   d u e  t o  t h e  a i rcraf t  e x c i t a -  
t i o n s  above 7 Hz (Figure  1 0 )  , f o r  a t o t a l  of k 1.18  inches.  The 

r m s  r e l a t i v e   d e f l e c t i o n   f o r   e x c i t a t i o n   f r e q u e n c i e s   b e t w e e n  
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0.2 and 7 Hz w a s  computed from t h e   e x p r e s s i o n  

7 ( 2 ~ )  

SG(w) [W2TR] 
dw 

0.2 ( 2 T )  

where S G ( w )  i s  t h e  power s p e c t r a l   d e n s i t y   o f   t h e  ve r t i ca l  v ib ra -  
t i o n s   g i v e n  by F igu re  1 2 .  

I n   a d d i t i o n   t o   t h e   f a c t   t h a t   t h e   s t e a d y - s t a t e   r e l a t i v e   d e f l e c -  
t i o n  i s  g rea t e r   t han   t he   des ign   goa l   o f  ? 1 i n c h   e s t a b l i s h e d   i n  

Sec t ion  4 ,  only 30 p e r c e n t   i s o l a t i o n  i s  provided a t  4 . 5  Hz r a t h e r  
t h a n   t h e  minimum requ i r ed   va lue   o f  70 p e r c e n t   i s o l a t i o n  (see 
F igure  1 6 ) .  A l s o ,  t h e   a c c e l e r a t i o n   i n p u t  t o  t h e   p i l o t  a t  2.5 Hz 
due   t o . the   r e sonance   o f   t he   i so l a t ion   sys t em i s  0.15 g r m s .  

A l t h o u g h   t h e   p i l o t   c o u l d   p r o b a b l y   t o l e r a t e   g r e a t e r   e x c i t a t i o n s  a t  
2.5 Hz t h a n   t h e  0.07  g r m s  des ign   goa l ,  it i s  f e l t   t h a t   t h e  0.15 

g r m s  l e v e l  i s  e x c e s s i v e l y   g r e a t e r   t h a n   t h e   d e s i g n   g o a l .  

During  the  analyt ical   phase  of   the   program,  var ious  types  of  

feedback   func t ions  were i n v e s t i g a t e d  f o r  G I  ( s ) ,  G2 ( S I ,  and G3 ( s ) .  

However, it was n o t   p o s s i b l e   t o   o p t i m i z e   t h e   i s o l a t i o n  

performance  of   the  broad-band  isolat ion  system  any  fur ther   than 
t h e   c h a r a c t e r i s t i c s   i l l u s t r a t e d   i n   F i g u r e  2 0 .  Therefore ,  it was 
concluded   tha t  a b r o a d - b a n d   e l e c t r o h y d r a u l i c   v i b r a t i o n   i s o l a t i o n  
system i s  not   capable  of provid ing  a comple te   so lu t ion  t o  t h e  

problem of i so la t ing   commerc ia l  j e t  t r a n s p o r t   p i l o t s   d u r i n g  
turbulence   encounters .  
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Application  of  Broad-Band  Plus  Notch 
Electrohydraulic  Isolation  to  the  Pilot  Seat  Problem 

Since  it  was  concluded  that  broad-band  isolation  alone  could 
not  solve  the  problem  of  isolating  commercial  jet  transports  dur- 
ing  severe  turbulence,  consideration  was  then  given  to  use of 
circuits  which  detect  discrete  excitation  frequencies and  apply 
high  isolation  notches  at  these  frequencies,  in  conjunction  with 
the  broad-band  isolation. In  this  case,  a  single  high-isolation 
notch would be  required  at  the  first  fuselage  bending-mode  fre- 
quency of the  aircraft (i.e., 4 . 5  Hz). 

The  most  advantageous  approach  for  providing  this  type  of 
performance,  for  this  application,  is  employing  a  notch  network 
similar  to  that  described  in  the  "General  Principles"  sub-section 
in  conjunction  with  a  second  accelerometer  sensing  the  input  accel- 
eration  which  will  provide  the  broad-band  isolation. A schematic 
diagram of this  sytem  is  illustrated  in  Figure 21 for  the  case  of 
a  rigid  payload  and  no  flexible  coupling.  This  simplified  example 
will  serve  to  demonstrate  the  applicability of the  approach. 

The  servovalve flow equation  will  be  defined  in  this  case by 

(22) 

where 
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Combining  Equations (1) , ( 2 ) ,  and ( 2 2 )  and  neglecting  the  com- 
pressibility  term  yields 

s + - s G2 ( s )  + - - (G) G 1  ( s ) s 2  c2 c3 
z ( s )  - A A A wo- 2 2  (2) G4 (SI w 1  + - s G ~ ( s )  + s + A c2 c3 

S2+W12 A 

Figure 22 illustrates  the  absolute  displacement  and  relative 
displacement  transmissibilities  for  a 2.5 Hz resonant  frequency 
broad-band  plus  notch  system  as  computed  from  Equations (26) and 
( 2 7 ) .  In addition  to  the  fact  that  this  scheme  provides  the 
desired  isolation  characteristics,  the  resonant  transmissibilities 
are  lower  than  those  for  the  broad-band  isolation  system  alone 
(Figure 2 0 ) .  Also, the  relative  displacement  transmissibility  is 
1 at 4.5 Hz rather  than 1.4 as  for  the  broad-band  system,  since 
100 percent  isolation  is  provided  at  the  notch  frequency.  The 
peak  expected  relative  deflection  of  this  idealized  system  due  to 
the  dynamic  environments  defined  in  Figure. 1 2  is 0.91 inches  which 
was  computed  in  the  same  manner  as  for  the  broad-band  system  dis- 
cussed  in  the  previous  sub-section. The  acceleration  input  to  the 
pilot  at 2.5 Hz due  to  the  resonance  of  the  isolation  system  is 
0.1 g rms. This  is  slightly  greater  than  the  design  goal of 
0.07 g rms.  However, it  is  in  a  frequency  region  of  minimum  effect 
on  human  performance  and  therefore  considered  acceptable. 
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S t i f f e n i n g  of t h i s   t y p e  of i so la t ion   sys tem  beyond i t s  l i n e a r  
range   can   be   readi ly   ach ieved  by decreasing  the  broad-band  and 
notch   acce lera t ion   feedback   ga ins  as an   i nve r se   func t ion   o f   t he  
re la t ive  displacement  feedback  voltage.   Decreasing  the  broad-band 
and   no tch   acce le ra t ion   ga ins   increases   the   phase   and   ga in   margin  
o f   t he   con t ro l   sys t em  thus  making it more s t a b l e  as it g o e s   i n t o  
i t s  nonl inear   range .   F igure  23 i l l u s t r a t e s   t h e   i s o l a t i o n   c h a r a c -  
teristics which  could be expected f o r  s m a l l  r e l a t i v e   d e f l e c t i o n s  
(less than  f. 0 . 1  inch)   about  a mean r e l a t i v e   d e f l e c t i o n   ( f o r  
example 1 . 5  inches )   i n   t he   non l inea r   r ange   o f   t he   b road-band   p lus  
notch   i so la t ion   sys tem.  The i s o l a t i o n   c h a r a c t e r i s t i c s   o f   t h e  
b road-band   p lus   no tch   sys t em,   w i th   r e l a t ive   de f l ec t ions   i n  t h e  

order   o f  f 2 i nches ,  would  be  intermediate   between  those of 
F igures  22 and  23.  Note  from  Figure 23 t h a t  t h e  r e l a t i v e  d i s -  

p l acemen t   t r ansmiss ib i l i t y  i s  0.1 a t  1 . 3  Hz ( i . e . ,  b u f f e t i n g   f r e -  
quency   desc r ibed   i n   Sec t ion  3 ) .  Consequen t ly ,   t he   i so l a t ion  
system w i l l  no t   ha rd  bottom w i t h  t h e  6 inch   ampl i tude   input  a t  
1 .3  Hz when combined w i t h   t h e   o t h e r   s o u r c e s  of e x c i t a t i o n .  
Although, t h e  amount  of  high  frequency  isolation  and  notch 
bandwidth are reduced, a s i g n i f i c a n t  amount of i s o l a t i o n  i s  s t i l l  
provided a t  t h e  f irst  fuse l age   f l ex ib l e   bend ing  mode, t hus  meet- 
i n g   t h e   d e s i g n   g o a l   f o r   n o n l i n e a r   o p e r a t i o n  s e t  f o r t h   i n   S e c t i o n  4. 

Therefore ,  it i s  concluded   tha t :  a broad-band  plus  notch 
i s o l a t i o n   s y s t e m   w i t h   l i n e a r   i s o l a t i o n   c h a r a c t e r i s t i c s  as i l l u s -  
t r a t e d   i n   F i g u r e  22  a n d   n o n l i n e a r   c h a r a c t e r i s t i c s  as i l l u s t r a t e d  
i n   F i g u r e   2 3 ,  would  be  capable  of  providing a s a t i s f a c t o r y   s o l u -  
t i o n   t o  t h e  problem  of   i so la t ing  commercial j e t  t r a n s p o r t   p i l o t s  
du r ing   t u rbu lence   encoun te r s ,  as d e f i n e d   i n   S e c t i o n  4 .  

The i so l a t ion   sys t em  t r ans fe r   func t ions   examined   t hus  far  

have   been   fo r   i dea l i zed   sys t em  e l emen t s   ( ac tua to r ,   s e rvova lve ,  
payload  and  foundat ion  dynamics)   having  uni ty   t ransfer   funct ions.  
T h i s   s i m p l i f i c a t i o n  w a s  in t roduced  t o  demons t r a t e   c l ea r ly   t he  
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basic  low  frequency  response  characteristics  of  the  electro- 
hydraulic  vibration  isolation  system. As a  practical  matter, 
however,  the  effect of fixed  element  dynamics on the  isolation 
system  performance  must  be  considered  along  with  the  dynamics  of 
the  payload  and  foundation.  These  factors will be  taken  into 
account  in  the  following  section on the  detail  design of the 
laboratory  model  of  the  electrohydraulic  isolation  system 
developed  in  this  program. 
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SECTION 6: DESIGN OF LABORATORY  MODEL OF 
ELECTROHYDRAULIC  PILOT  SEAT  ISOLATION  SYSTEM 

Analysis 

Figure 2 4  illustrates  the  model  of  the  support  structure, 
seat,  actuator,  and  pilot  selected  for  evaluation  of  finite 
foundation  and  payload  impedances  on  the  performance of the  pilot 
seat  isolation  system.  The  mass of  the  upper  torso  of  the  pilot, 
in  addition to his  arms  and  head,  is  represented  by  mt;  mll 
represents  the  weight  of  the  pilot's  legs  and  buttocks.;  and 
m represents  the  mass  of  the  seat  and  seat  support  structure. 
The  spring  stiffness  of  the  pilot's  spine  is  described  by km 
and  cm  represents  the  damping  in  the  spine.  The  stiffness  and 
damping  of  the  seat  cushion  are  represented by ks and cs, 
respectively.  The  spring  stiffness  and  damping  of  the  coupling 
are  represented  by kc and cc, respectively.  Damping  in  the 
flexible  coupling  has  been  modeled  as  inertial  viscous  damping  for 
the  reason  discussed  in  Section 5. The  actuator  is  considered  to 
have  a  negligible  weight  in  relation  to  the  other  system  compo- 
nents.  The  spring  stiffness  of  the  support  structure  is  repre- 

S 

' sented  by E= and  has  been  assumed  to  be  undamped  in  order  to i 
simulate  the  worst  case  insofar  as  the  stability  of  the  control 
system  is  concerned. 

The  dynamic  characteristics  of  a  man  could  be  simulated  more 
closely  by  employing  several  spring-mass  systems  to  represent  the 
lower  leg,  upper  leg,  hips,  thorax-abdomen,  upper  torso,  and  head. 
However,  as  a  first  order  approximation,  the  model  employed  in 
Figure 24 will  be  sufficient to indicate  how  the  impedance  of  the 
pilot  effects  the  performance  of  the  composite  isolation  system. 
An  actual  aircraft  support  structure  will,  of  course,  have  several 
localized  resonant  frequencies  (which  are  not  simulated  by  the 
stiffness ki) and  some  additional  high  frequency  compensation  in 
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t he   acce le ra t ion   f eedback   l oop  may be r e q u i r e d   i n   a c t u a l   a p p l i c a -  
t i o n s  i n  o r d e r   t o   o b t a i n   t h e  desired system  response.  

The r e l a t ions   gove rn ing   t he   mo t ion   o f   t he  dynamic  system 
i l l u s t r a t e d   i n   F i g u r e  2 4  are def ined  below. I n c l u d i n g   t h e   e f f e c t s  
o f   l eakage   ac ross   t he   ac tua to r   p i s ton ,  t h e  flow  from  the  servo- 
valve i s  de f ined  by [ R e f .  483. 

where CR i s  t h e   l e a k a g e   c o e f f i c i e n t .  The e q u a t i o n   r e l a t i n g   t h e  
motion  of the s e a t   s u p p o r t   s t r u c t u r e   t o   t h e   a c t u a t o r   p i s t o n  i s  
given by 

and t h a t   r e l a t i n g  the cy l inder   mot ion   to   the   input   f rom t h e  

s u p p o r t   s t r u c t u r e  i s  given by 

The e q u a t i o n   r e l a t i n g  t h e  uppe r   t o r so   mo t ion   t o  the lower   to rso  

motion i s  

h t S 2  + CmS + k m l A ( s )  = [cms + km]B(s)   (31)  

The e q u a t i o n   r e l a t i n g  the lower   t o r so   mo t ion   t o  the upper   to rso  

and s e a t   s t r u c t u r e   m o t i o n  i s  given by 

[mRs2+cms+km+css+ks]B(s) = [c,s+kmlA(~)+[~s~+ks]C(s) 
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The  equation  relating  the  seat  structure  motion  to  the  lower  torso 
motion  and  piston  motion  is  defined  by 

[mss2+css+ks+ccs+kc]C (s )  = [css+ks]B (s)  + kcR(s) (33 )  

The  isolation  control  system  is  designed  such  that  the  net  flow 
from  the  cylinder  is  given  by 

Q ( s )  = Gsv 

where Gsv is  the  transfer  function  of  the  servovalve  defined  by 

- 1 
Gsv - ($ + 2%v(+ + 1  

(35) 

The damping  constant  of  the  servovalve is defined  by CSv and 
is  the  resonant  frequency of the  servovalve. The  input 

accelerometer  is  located  on  the  actuator  cylinder  structure  and 
the  feedback  accelerometer is located  on  the  actuator  rod. 

In order to provide a physical  understanding of  the  value of 
ki selected  for  analysis,  an  equivalent  base  resonant  frequency 
ai  in  radians  per  second  is  defined  as 

“”““I__”. - “ ”” 



The sitting  weight  of  the  pilot will,  of  course, vary  with 
the  amount  of  weight  supported  by  the  rudder  pedals  via  his  legs, 
from  a  maximum  value  with  the  legs  fully  tucked  in,  to  a  minimum 
with  them  fully  extended.  According  to  data  transmitted  informally 
from  the  6570th  Aerospace  Medical  Research  Laboratories  at WPAFB, 

the  average  sitting  weight  of  a  pilot  with  a  body  weight  of  175 
pounds  is  135  pounds. In the  following  analysis,  the  total  weight 
of  mt  plus mR has  been  specified  at 135 pounds.  Also,  mt 
has  been  assumed  to  be  twice  mk.  In  order  to  provide  a  physical 
comprehension  of  the  spring  stiffnesses  and  damping  constants  of 
the  spine  and  seat,  an  equivalent  whole  body  resonant  frequency 

("m and  whole  body  damping  ratio <m have  been  defined  as 

A  seat  resonant  frequency ws and  seat  damping  ratio T S  have 
been  defined  as . 
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It should  be  noted  that  the  resonant  frequencies  .defined  by 
Equations (361, ( 3 7 1 ,  and ( 3 9 )  would  not  appear  as  second  order 
resonances  in  any of the  transmissibility  functions  of  interest 
since  the  response  of  the  system is governed  by  the  interaction 
of all  its  components. 

The absolute  displacement  transmissibility of primary  interest 
is  that  of B /X and the  relative  displacement  transmissibility 
of primary  interest is that of I (Bo - X o ) / X o  I where X. repre- 
sents  the  amplitude of the  actuator  cylinder  motion  assuming  si- 
nusoidal  oscillations  and Bo represents  the  amplitude of motion 
of the  seat  cushion  or  the  pilot's  buttocks. The  magnitude of 

l o  01 

I Bo'Xo I must  meet  the  isolation  design  goals  established  in  Sec- 
tion 4. Figure 25 illustrates  the  theoretical  vertical  absolute  and 
relative  displacement  transmissibilities  for  the  pilot  seat 
isolation  system  with a rigid  payload  (i.e., ks = km - - and 
A. = Bo = C o )  and Wi = 21~(20) radians  per  second. The 
transmissibilities  were  obtained  from  the  simultaneous  solution of 
Equations (27) through (34) by  means of a digital  computer  pro- 
gram. The  notch  frequency  was  located  at 4.2 Hz  rather  than 
4.5 Hz  in  order  to  more  nearly  center  the  notch on  the  isolation 
requirements of Figure  16. The  relative  displacement  transmissi- 
bility  being  less  than  one  over  the  frequency  range  from 4.2 to 

30 Hz is  associated  with  the  relative  decrease in isolation  over 
the  frequency  range  from 6 to 10 Hz (i.e.,  decreasing  phase  dif- 
ference  between  excitation  and  response  over  this  frequency 
range).  Although  non-intentional,  this  feature  is  of  particular 
value  in  the  application of active  isolation to commercial  jet 
transport  pilots  since it minimizes  the  phase  difference  between 
the  pilot  and  his  controls,  while  providing  the  required  degree of 

I isolation. The  relative  transmissibility  values of less  than  one 
above 50 Hz is also  associated  with  the  relative  decrease in 
isolation  provided  by the  active  system. 
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Figure 26  illustrates  the  theoretical  absolute  and  relative 
displacement  transmissibilities  for  the  pilot  seat  isolation  sys- 
tem  with  the  stiffness  and  damping  models  of  a  DC-8  seat  cushion 
and  175  pound  subject  included in  the  analysis.  The DC-8  seat 
cushion  was  incorporated  in  the  analysis  since  a  unit  was  obtained 
for  use  with  the  laboratory  model of the  electrohydraulic  pilot 
seat  isolation  system. The primary  effects  of  the  seat  cushion 
are  to  slightly  increase  the  effective  resonant  transmissibilities 
of the  isolation  system  (which  is, of course,  undesirable)  and  to 
provide  additional  high  frequency  broad-band  isolation.  Figure  27 
illustrates  the  theoretical  horizontal  passive  absolute  and  rela- 
tive  displacement  transmissibilities  for  the  pilot  seat  isolation 
system  with  a DC-8 seat  cushion  and  a  175  pound  rigid  payload. 
The  masses  mt  and mk  have  been  assumed  to  be  rigidly  connected 
due  to  the  lack of any data on the  horizontal  resonant  character- 
istics  of  the  human  torso. The location of the  excitation  source 
and  response  are  defined in  Figure 24. The  resonance  at  25 Hz is 
due  to  the  flexible  coupling  which  acts  in  the  horizontal  as  well / :  

as in  the  vertical  directions.  Rotational  resonances  have  been 
neglected in the  horizontal  analysis.  Figure  28  illustrates  the 
pertinent  theoretical  vertical  transmissibilities f o r  the  isola- 
tion  system  when it is  operating  at  the  extremes of its  nonlinear 
range. The  derivation of Figure 2 8  was  based  on  the  same  assump- 
tions  described  for  Figure  23  in  Section 5. 

A comparison  of  Figures  26  and  27  with  Figure 16 shows  that 
this  isolation  system  meets  the  design  goals  for  isolation  estab- 
lished in  Section 4 .  The  vertical and  horizontal  relative  dis- 
placement  transmissibilities will result  in  peak  steady-state 
relative  deflections  less  than 2 1 inch  due  to  the  dynamic 
environment  defined  in  Section 4 ,  and  the  nonlinear  characteristics 
of  the  isolation  system  meet  the  pertinent  design  goals  established 
in  Section 4. Consequently,  the  control  system  modeled  by  Equa- 
tion (34) was  employed  in  the  design  of  the  laboratory  model of 
the  electrohydraulic  pilot  seat  isolation  system. 
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Electrical and  Mechanical  Design 

Figure 29 i s  a d iagrammat ic   representa t ion  of the   major  

f u n c t i o n a l  components  of t h e   l a b o r a t o r y  model of the  p i l o t  seat 
employed  during t h e  experimental   phase  of the program  being 

reported  on.  The seat s u p p o r t   s t r u c t u r e  was obtained  from a DC-8 
p i l o t  seat. The major   por t ion  of the testing  program,  which w i l l  
be d i s c u s s e d   i n  the fo l lowing   s ec t ion ,  was conducted  with a DC-8 
seat cush ion .   In   add i t ion ,  tests were performed w i t h  t h e  DC-8 
seat cushion   rep laced  by a balsa wood seat i n   o r d e r   t o   d e t e r m i n e  

t h e   e f f e c t s   o f  seat  c u s h i o n   s t i f f n e s s  on t h e   o v e r a l l   i s o l a t i o n  

c h a r a c t e r i s t i c s   o f   t h e   s y s t e m ;  

Refe r r ing   aga in   t o   F igu re  29 ,  the a c t u a t o r   p i s t o n   r o d  i s  
f a s t ened  t o  a ho r i zon ta l   p l a t e   wh ich   suppor t s   fou r   e l a s tomer i c  
isolators ( f l e x i b l e   c o u p l i n g s ) .  The h o r i z o n t a l   p l a t e  i s  guided 

i n  t h e  v e r t i c a l   d i r e c t i o n  by  two gu ide   rods   moun ted   fo re   and   a f t  

o f   t he   ac tua to r .  The guide  rods are a c c u r a t e l y   a l i g n e d  by f o u r  
l i nea r   bea r ings   t o   min imize   t he   t r ansmiss ion  of any   ho r i zon ta l  

l o a d s   t o   t h e   a c t u a t o r   p i s t o n   r o d .  The p r i n c i p a l   e l a s t i c   a x e s   o f  

t h e   f l e x i b l e   c o u p l i n g s  have b e e n   i n c l i n e d   w i t h   r e s p e c t   t o   t h e  

p r i n c i p a l   i n e r t i a   a x e s  of the payload  to   minimize the  e f f e c t s  of 

the  lower  and  upper  rocking modes caused by the  imbalance  between 

t h e  c e n t e r   o f   g r a v i t y  of t h e   i s o l a t e d  body  and t h e   h o r i z o n t a l  

elastic axes  of t h e  f l e x i b l e   c o u p l i n g s .  When the center   o f  

g rav i ty   o f  the payload i s  o f f s e t  from the  e las t ic  a x i s  of the 
i s o l a t o r s  ( i .e. ,  coup led   cond i t ion )   t he   uncoup led   ro t a t iona l  

r e sonan t   f r equency   abou t   t he   p i t ch  or r o l l   a x i s   d e g e n e r a t e s   i n t o  

two f requencies   def ined  by the h o r i z o n t a l   a s  w e l l  as the  vertical  
s t i f f n e s s  of the i s o l a t o r s .  The -s t roke  of  the h y d r a u l i c   a c t u a t o r  

i s  & 1.5  inches.   This  i s  less than  t h e  I 2 inches  a l lowed  during 

t r a n s i e n t   c o n d i t i o n s   s i n c e  a p o r t i o n   o f   t h e   r e l a t i v e   d e f l e c t i o n  

occurs   across  t h e  seat cushion. The a c t u a t o r  i s  rated f o r  3 , 0 0 0  

psig  normal   operat ion  a l though  only 2 , 0 0 0  p s i g   s u p p l y   p r e s s u r e   t o  

t h e  servovalve w a s  employed  during the tests. The servovalve i s  
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a two-stage,   mechanical   feedback,   f low  control  valve similar t o  

those  normally  employed i n   e l e c t r o h y d r a u l i c   p o s i t i o n   c o n t r o l  
servomechanisms. The relative p o s i t i o n   t r a n s d u c e r  i s  o f   t he  

l i n e a r  variable d i f f e r e n t i a l   t r a n s f o r m e r   t y p e  (LVDT). The i n p u t  
accelerometer  which i s  o f   t h e   s t r a i n   g a g e   t y p e  i s  mounted  on t h e  

ac tua to r   hous ing  a t  the base of the ac tua to r   and  the ou tpu t  

accelerometer  which i s  of t h e   s e r v o   t y p e  i s  l o c a t e d  on t h e  h o r i -  
z o n t a l - p l a t e   a d j a c e n t   t o  the ac tua to r   rod .  

Figure 30 i s  a photograph  of the  l abora to ry  model of t h e  

e l e c t r o h y d r a u l i c   p i l o t  seat mounted  on t h e  cockp i t   s imu la to r  

employed  during the tes t ing   p rogram.  The cockp i t   s imu la to r  con- 
sisted of a c o n t r o l  column meter panel   and   foo t  rests, t h e  loca- 

t i o n s  of which are r e p r e s e n t a t i v e  of t h e  DC-8 cockpi t .  The 
active p o r t i o n  of the i s o l a t i o n   s y s t e m  w a s  d e s i g n e d   t o  f i t  i n  the 
same space   p rov ided   fo r  the seat s u b s t r u c t u r e   i n   t h e  DC-8. The 

s i z e   o f  the  i s o l a t i o n   s y s t e m  is a l so   compa t ib l e   w i th   p re sen t  com- 

mercial j e t  t r anspor t s   such  as t h e  DC-9 and  Boeing 727 a i rcraf t .  
The l a p  be l t  and   shoulder   s t raps  w i t h  i n e r t i a  reel were r e t a i n e d  
i n  the d e s i g n   i n   o r d e r   t o   s i m u l a t e   a n   a c t u a l   s e a t i n g   s y s t e m  as 
c l o s e l y  as p o s s i b l e .  The test  s u b j e c t   i n   F i g u r e  30 i s  shown 

wearing the  helmet and  accelerometer   employed  during  the  tes t ing 

program t o   m o n i t o r  the a c c e l e r a t i o n s   o f  t he  s u b j e c t ' s   h e a d .  

F igure  31 is  a photograph of the a c t i v e   p o r t i o n  of t h e  e l e c t r o -  

h y d r a u l i c   p i l o t  seat  showing  the details  of t h e  actuator   mounting.  

F igure  32  i l l u s t r a t e s  t h e  s igna l   f l ow  d i ag ram  fo r  t h e  e l e c t r o -  

h y d r a u l i c   p i l o t  seat  i s o l a t i o n   s y s t e m .  The con t ro l   sys t em  has  two 
modes of opera t ion :  the " f l i g h t "  mode; and the " landing/ takeoff"  

mode. I n  t h e  f l i g h t  mode, t h e  control   system  has   been  designed 
t o  p r o v i d e   t h e   i s o l a t i o n  characteristics d e s c r i b e d   i n   t h e   p r e v i o u s  

s e c t i o n .   I n  the landing/ takeoff  mode, the  cont ro l   sys tem is em- 
p l o y e d   i n  a t i g h t  re la t ive posi t ion  feedback  loop  such t h a t  i s o l a -  

t i o n  i s  only  provided by the seat cushion  in   combinat ion wi th  t h e  

f l ex ib l e   coup l ings .   F igu re  3 3  i l l u s t r a t e s  the s e r v o   c o n t r o l  
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c o n s o l e   f o r   t h e   e l e c t r o h y d r a u l i c   p i l o t  seat i s o l a t i o n   s y s t e m ,  

which i s  of a modular   board   type   cons t ruc t ion .   Except   for  the  
input   accelerometer   pre-amplif ier   which was mounted  on the actua-  

t o r   h o u s i n g ,   a l l   o t h e r   e l e c t r o n i c  components were mounted i n   t h e  

s e r v o   c o n t r o l   c o n s o l e .   I n   a d d i t i o n   t o  t h e  power  and mode c o n t r o l s ,  

a l l  t h e  system  feedback  gains  and  compensation  network t i m e  con- 

s t a n t s  were c o n t r o l l a b l e  by potentiometers  mounted  on the f r o n t  

pane l  of the console .  The notch  frequency was a d j u s t a b l e   t o  

k 0.75  HZ about  a mean frequency  of  4 .5  Hz. The r e s u l t s  of the 
t e s t ing   p rog ram on t h e   e l e c t r o h y d r a u l i c   p i l o t  seat i s o l a t i o n  

system are described i n  the fo l lowing   s ec t ion .  
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SECTION 7: EXPERIMENTAL  EVALUATION OF THE 
ELECTROHYDRAULIC  PILOT  SEAT  ISOLATION  SYSTEM 

Introduction 

A test  program,  primarily  objective in  nature,  was  conducted 
with  both  sinusoidal  and  random  excitation  to  determine:  (a)  the 
absolute  transmissibility  characteristics of the  active  portion  of 
the  isolation  system;  (b)  the  ratio of the  absolute  acceleration 
of various  parts of  a  human  subject  to  that  of  the  input;  (c)  the 
effects of seat  belt  restraint on  the  response  of  the  test  sub- 
ject;  (d)  the  effects of a  finite  impedance  support  structure  on 
the  stability  and  performance  characteristics of the  isolation 
system;  and  (e)  the  effects of  seat  cushion  stiffness  on  the 
overall  performance  of  the  isolation  system. The purpose  of  the 
shoulder  straps  is  to  provide  restraint  due  to  the  rapid  transient 
forward  motion  of  the  pilot  and  do  not  provide  any  restriction of 
the  vertical  and  horizontal  motion of the  subject  within  the  range 
of excitations  defined in Section 4 .  Consequently,  no  tests  were 
run  with  the  shoulder  straps  fastened.  Subjective  tests 
with  sinusoidal  and  random  inputs  were  also  performed  with 
two  test  subjects  to  obtain  qualitative  reactions to the  per- 
formance of the  isolation  system  and  the  effects of the  pilot's 
controls  vibrating  at  the  full  excitation  amplitude. 

Figure 34 illustrates  the  various  locations  and  directions 
which  were  monitored  for  acceleration  levels  during  the  testing 
program.  The  sensor  for  monitoring  the  acceleration of the 
subject's  buttocks  (i.e.,  location B) was  mounted  in a metal 
capsule  nominally 1.75 inches  in  diameter  and 1 inch  high  in  order 
to minimize  the  effects of secondary  disturbances  on  the  acceler- 
ometer  readings.  The  buttocks  accelerometer  housing  was  designed 
such  that it press  fit  between  the  rectal  cavity  and  the  seat 
cushion.  The  sensor  for  monitoring  the  acceleration of the 
subject's  head  was  mounted  on  the  top of a  tightly  strapped 
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helmet.  The s e n s o r   f o r   m o n i t o r i n g   t h e   f o r e / a f t   a c c e l e r a t i o n   o f  
t h e   s u b j e c t ' s  waist w a s  p r e s s   f i t  between h i s   b e l t  and the  back 
c u s h i o n   w h i l e   t h a t   f o r   m o n i t o r i n g   t h e   l a t e r a l   a c c e l e r a t i o n  of h i s  

waist w a s  p r e s s   f i t  between h i s   b e l t  and h i s  torso. 

Vert ical  s i n u s o i d a l   t e s t i n g  w a s  performed  with a h y d r a u l i c  
shaker  from 1 t o  1 0 0  Hz. The i n p u t  w a s  0 . 0 5  i nch  D.A. from 1 t o  
6 Hz, a 0 . 0 3 2  i n c h  D.A. i n p u t  from 6 t o  50 Hz, and It: 4 g from 50 
t o  1 0 0  Hz. H o r i z o n t a l   t e s t i n g   ( e x c i t a t i o n  a t  base  of a c t u a t o r  
housing)  w a s  performed  with  an  electrodynamic  shaker  from 5 t o  
50 Hz wi th  a 0 . 0 3 2  i nch  D.A. input   and  f r o m  50 t o  1 0 0  Hz wi th  a 
f 4 g i n p u t .  Random v i b r a t i o n   t e s t i n g  w a s  performed i n   t h e   v e r t i -  
cal  d i r e c t i o n   o n l y .  The power s p e c t r a l   d e n s i t y   f u n c t i o n  (PSD) 

cons i s t ed   o f  a narrow-band  input  centered a t  4 . 5  Hz w i t h  an r m s  
va lue  of 0 . 1  g.  The t o t a l  r m s  a c c e l e r a t i o n   o v e r  t h e  frequency 
range  from 2 t o  15  Hz, d u r i n g   t h e  random t e s t i n g ,  w a s  0 . 2 7  g.  
T h i s  i n p u t  i s  s c a l e d  down from t h a t  encoun te red   du r ing   t u rbu len t  
f l i g h t   ( F i g u r e  1 2 )  due t o  t h e   l i m i t a t i o n   i n   t h e   d o u b l e   d i s p l a c e -  
ment   ampli tude  capabi l i ty   of   the   shaker .  However, t h i s  i s  n o t  
c o n s i d e r e d   t o   b e  a ser ious   shor tcoming  s ince  t h e  primary  purpose 
of t h e  random v i b r a t i o n   t e s t i n g  w a s  t o  v e r i f y  t h a t  t h e   i s o l a t i o n  
sys tem  provided   the  same t r a n s f e r   f u n c t i o n  whether e x c i t e d  by 
s i n u s o i d a l  o r  random v i b r a t i o n s .   F i g u r e  35 i l l u s t r a t e s  the p i l o t  
seat  and   cockpi t   s imula tor  mounted  on t h e   h y d r a u l i c   s h a k e r .  The 
p l a t e  mounted  between t h e  s h a k e r   f i x t u r e   a n d   s i m u l a t o r  was em- 
ployed t o  s i m u l a t e   t h e   e f f e c t s   o f  a f l e x i b l e   f o u n d a t i o n .  

Ob jec t ive   Tes t ing  

Unless otherwise s t a t ed ,   t he   expe r imen ta l   da t a   on   t he   t r ans -  
m i s s i b i l i t i e s   p r e s e n t e d   h e r e i n  were o b t a i n e d   w i t h   t h e   s i n u s o i d a l  
e x c i t a t i o n   s p e c t r u m   d e f i n e d   i n   t h e   i n t r o d u c t i o n  t o  t h i s  s e c t i o n .  
Also, t h e  tests are performed w i t h  t h e  h y d r a u l i c   a c t u a t o r   o p e r a t -  
i n g   a b o u t  i t s  n u l l   p o s i t i o n ,   u n l e s s   o t h e r w i s e   s t a t e d .  A l l  i n p u t s  
w e r e  measured f r o m  p o i n t s  U ,  X ,  and V. 
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Figure 36 i l l u s t r a t e s  test d a t a  on t h e   a b s o l u t e   a n d   r e l a t i v e  

v e r t i c a l   t r a n s m i s s i b i l i t y   b e t w e e n   t h e   i n p u t   a n d   t h e   o u t p u t  of t h e  
f l ex ib l e   coup l ing   w i th :  a 1 6 0  pound s u b j e c t ,   t h e  DC-8 seat cushion; 
seat b e l t   t i g h t ;  a n d   w i t h   t h e   i s o l a t i o n   s y s t e m   i n   t h e   f l i g h t  mode. 
These tests were a lso   per formed  wi th  a 175  pound r ig id   payload   and  
t h e r e  w a s  n o   m e a s u r a b l e   d i f f e r e n c e   i n   t h e   r e s u l t s ,   w i t h i n   a n  esti- 
mated t e s t i n g   e r r o r   o f  2 1 0  p e r c e n t ,   w h i c h   i n d i c a t e s   t h a t   t h e   p e r -  
fo rmance   o f   t he   ac t ive   po r t ion   o f   t he   i so l a t ion   sys t em i s  indepen- 
dent  of  payload  dynamics.  The performance  of t h e  i s o l a t i o n   s y s t e m  
agrees   very w e l l  w i th   t ha t   p red ic t ed   be low 20 Hz (F igure   25) .  The 

r e sonan t   f r equency   and   r e sonan t   t r ansmiss ib i l i t y   o f  t h e  i s o l a t i o n  
s y s t e m  are   s l ight ly   lower  than  expected  and  the  bandwidth  of   the 
notch a t  an   abso lu t e   t r ansmiss ib i l i t y   o f   0 .3  i s  grea te r   than   ex-  
pected.  The s l i g h t   d e g r a d a t i o n   i n   p e r f o r m a n c e   f r o m   t h a t  computed 
above 20 Hz a n d ,   t h e r e f o r e ,   t h e   v a r i a t i o n  i n  t h e   r e l a t i v e   t r a n s -  
m i s s i b i l i t y ,  i s  p r i m a r i l y   d u e   t o  a h i g h e r   t h a n   p r e d i c t e d   s e a t  
suppor t   s t ruc tu re   f l ex ib l e   coup l ing   r e sonan t   f r equency .  The per- 

formance  of   the  isolat ion  system was l i n e a r   o v e r  t h e  r e l a t i v e  
def lec t ion   range   f rom -1 i n c h   t o  +1 inch w i t h  e s s e n t i a l l y  t h e  

same i s o l a t i o n   c h a r a c t e r i s t i c s  as a t  a zero  mean r e l a t i v e   d e f l e c -  
t i on .   F igu re  37 i l l u s t r a t e s   t h e   a b s o l u t e   v e r t i c a l   t r a n s m i s s i b i l i t y  
measured  between t h e  i n p u t  and ou tpu t   o f   t he   f l ex ib l e   coup l ing  

w i t h  t h e  i s o l a t i o n   s y s t e m  i n  t h e  landing/ takeoff  mode. The 

r e s p o n s e   c h a r a c t e r i s t i c s   a r e   p r i m a r i l y  due  t o   t h o s e  of t h e   f l e x i -  

b l e   coup l ing .  T h i s  l a t t e r  t e s t  w a s  a l so   per formed w i t h  a 175 
pound r ig id   payload   and  there was  no m e a s u r a b l e   d i f f e r e n c e   i n   t h e  

resu l t s .  

F igure  38 i l l u s t r a t e s  t es t  d a t a  on t h e   a b s o l u t e   h o r i z o n t a l  

t r a n s m i s s i b i l i t i e s  between t h e   i n p u t  and o u t p u t   o f   t h e   f l e x i b l e  
coupl ing.  The secondary  resonance a t  80 Hz which  occurs i n   t h e  
l a t e r a l   d i r e c t i o n  i s  due t o  a s t r u c t u r a l   r e s o n a n c e   i n  t h e  a c t u a t o r  

housing. The tests were pe r fo rmed   w i th   t he   i so l a t ion   sys t em  in  
t h e  f l i g h t  and  landing/takeoff modes, w i t h  no d i f f e r e n c e s   i n  t h e  
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r e s u l t s .   F i g u r e  39 i l l u s t r a t e s   t h e   a b s o l u t e  vertical t r ansmiss i -  
b i l i t y  /Co/Xo( w i t h   t h e  mean p o s i t i o n   o f   t h e   h y d r a u l i c   a c t u a t o r  
1 . 2 5  inches  above i t s  n u l l   p o s i t i o n   a n d   e x c i t a t i o n   l e v e l s  as 
d e f i n e d   i n   t h e   i n t r o d u c t i o n  t o  t h i s   s e c t i o n .  The v a r i a t i o n   i n  
t h e  mean p o s i t i o n   o f   t h e   a c t u a t o r  w a s  accomplished by i n s e r t i n g  
a DC o f f s e t  voltage i n  t h e  relative p o s i t i o n   f e e d b a c k   c o n t r o l  
loop.  The resonant   f requency of t h e  active p o r t i o n   o f   t h e  isola- 
t i on   sys t em  inc reases   wh i l e   t he   bandwid th   o f   t he   no tch   and   t he  
amount   o f   h igh   f requency   i so la t ion   decreases ,   thus   ver i fy ing   the  
d e s i g n   c a l c u l a t i o n s   p r e s e n t e d   i n   t h e   p r e v i o u s   s e c t i o n .  

F igure  40 i l l u s t r a t e s  tes t  d a t a  on t h e   a b s o l u t e   t r a n s m i s s i -  
b i l i t i e s  measured  between  the  input   and  the  but tocks  with a 1 6 0  
pound s u b j e c t  on t h e  DC-8 s ea t   cush ion .  The differences  between 
the f l i g h t  and  landing/ takeoff  modes and the e f f e c t s   o f   t h e   s e a t  
b e l t  a r e  also i l l u s t r a t e d .  Measurements were only made up t o  1 5  
Hz s i n c e   t h i s  was c o n s i d e r e d   t o  be the  upper  limit o f   r e l i a b l e  
da t a .  Above t h i s   f r e q u e n c y ,   l o c a l i z e d   v a r i a t i o n s   i n  t h e  dynamics 
of   the   sea t   cush ion   and   mot ions   o f   the   subjec t   had  a marked e f f e c t  
on accelerometer   readings.  The a b s o l u t e   t r a n s m i s s i b i l i t y   p r o v i d e d  
by t h e  composi te   i so la t ion   sys tem ( i . e . ,  a c t i v e   i s o l a t i o n   s y s t e m  
p l u s   s e a t   c u s h i o n )  meets t h e   d e s i g n   g o a l s   e s t a b l i s h e d   i n   S e c t i o n  4 .  

However, n o t i c e   t h a t  t h e  4 Hz s u b j e c t  s ea t   cush ion   r e sonan t   f r e -  
quency r e s u l t s   i n  a degreda t ion  of the  bandwidth  of t h e  notch 
r a t h e r   t h a n  a s l i g h f .  improvement a s   p r e d i c t e d  by a comparison of 
F igu res  2 5  and 26 .  S ince  the i s o l a t i o n   p r o v i d e d  by t h e   a c t i v e  
po r t ion   o f  t h e  i so l a t ion   sys t em  (F igu re  36) meets the   des ign   goa l s  
below 15 Hz wi th  a s u b s t a n t i a l   s a f e t y   m a r g i n ,  it i s  concluded  that  
a h i g h e r   s t i f f n e s s  seat  cushion  would  provide more optimum per-  
formance. T h i s  would a l s o   h a v e   t h e   e f f e c t  of dec reas ing  the l o w  
f r equency   r e l a t ive   de f l ec t ions   be tween   t he   p i lo t   and   h i s   cockp i t  
con t ro l s .   F igu re  41 i l l u s t r a t e s   r e s u l t s   o f  tests s i m i l a r  t o  t h a t  
described i n   F i g u r e  40 except   wi th  a 200  pound s u b j e c t .   I n  order 
t o  v e r i f y   t h e   p r e v i o u s l y   d i s c u s s e d   e f f e c t s  of t h e  seat  cushion 
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s t i f f n e s s   o n  IBo/Xol, t h i s   f u n c t i o n  was measured i n   t h e   f l i g h t  
mode wi th  a balsa wood seat i n   p l a c e  of t h e  DC-8 seat  cushion.  
The r e s u l t s  were i d e n t i c a l   t o   t h o s e  for  / C o / X o l  i n d i c a t e d   i n  
F igu re  36, below  15 Hz. 

Figure  4 2  i l l u s t r a t e s   d a t a  on t h e   a b s o l u t e   v e r t i c a l   t r a n s -  
m i s s i b i l i t y  / B o / X o l  w i t h   t h e  mean p o s i t i o n   o f   t h e   h y d r a u l i c  

a c t u a t o r  1 . 2 5  inches  above i ts  n u l l   p o s i t i o n  and   s inuso ida l   exc i -  
t a t i o n   l e v e l s   a s   d e f i n e d   i n   t h e   i n t r o d u c t i o n  t o  t h i s   s e c t i o n .  
The p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f   t h e   i s o l a t i o n   s y s t e m   i n  i t s  
n o n l i n e a r   r a n g e   c l o s e l y   f o l l o w   t h e   t r e n d s   p r e d i c t e d   a n a l y t i c a l l y .  
F igu re  43  i nd ica t e s   measu red   da t a   on   t he   abso lu t e   ve r t i ca l   t r ans -  
m i s s i b i l i t y  
seat c u s h i o n   a n d   t h e   i s o l a t i o n   s y s t e m   i n   t h e   f l i g h t  mode. The 

r e sponse   o f   t he   i so l a t ion   sys t em  wi th  t h e  r i g i d   p a y l o a d  i s  r ep re -  
s e n t a t i v e  of t h a t   w i t h  a human subject (F igu res  40 and 4 1 )  and 

thus  a r ig id   pay load   cou ld  be employed i n   l o n g   d u r a t i o n   r e l i a b i l i t y  
t e s t i n g   o f   a n   e l e c t r o h y d r a u l i c   p i l o t  seat  i s o l a t i o n   s y s t e m .  

1 Bo/Xo I with  a 175  pound r i g i d   p a y l o a d  on t h e  DC-8 

F igu re  4 4  i l l u s t r a t e s   t h e   a b s o l u t e   v e r t i c a l   t r a n s m i s s i b i l i t i e s  
be tween  the   input   and   the   bu t tocks  w i t h  t h e  random v i b r a t i o n   i n p u t .  
The t r a n s m i s s i b i l i t i e s  were determined by computing  the  square 
r o o t  of t h e  r a t i o  o f   t h e   o u t p u t   s p e c t r a l   d e n s i t y  t o  t h e   i n p u t  
spec t ra l  d e n s i t y .  The bandwid th   o f   t he   f i l t e r s  employed i n   t h e  
a n a l y s i s  was 6 p e r c e n t  of t h e  mean ana lys i s   f r equency .  A com- 
par i son   be tween  F igure  4 4  and  the data i l l u s t r a t e d   i n   F i g u r e  40 

which was obta ined   wi th  a s i n u s o i d a l   i n p u t ,   d e m o n s t r a t e s   t h a t   t h e  

a c t i v e   e l e c t r o h y d r a u l i c   i s o l a t i o n   s y s t e m  acts as a l i n e a r   t r a n s -  
f e r   f u n c t i o n   a b o u t  i t s  n u l l   p o s i t i o n .  

F igures  45 and 46 i l l u s t r a t e   t h e   a b s o l u t e   f o r e / a f t   a n d  la te ra l  
t ransmiss ib i l i t i es   measured   be tween  the   input  ( a t  base   o f   ac tua to r  
housing)   and  the wais t .  The accuracy of t h e  tes t  data i s  somewhat 
i n   doub t   due  t o  t h e   l o c a l i z e d   f l e x i b i l i t y   o f   t h e   s u b j e c t ' s   t o r s o  

a t  t h e   l o c a t i o n  of the   acce le romete r s .  The information  does 
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indicate,  however,  that  the  isolation  provided by  the  seat 
cushion is comparable  to  the  design  goals. 

Figure 47 illustrates  test  data on the  absolute  vertical 
transmissibility  measured  between  the  input  and  an  accelerometer 
mounted on  a  helmet  that  was  firmly  strapped  to  the  subject's 
head.  Tests were  performed  on  160  and 200 pound  subjects. A s  

expected,  the  bandwidth  of  the  notch  is  less  than  that  for 
IBo/Xol (Figure 40) due  to  the  resonance  of  the  subject's  torso. 
Figure 4 8  illustrates  test  data  on  the  absolute  vertical  trans- 
missibility  between  the  input  and  head  with  a 200 pound  subject  on 
a  balsa  wood  seat. A comparison  between  Figures 47 and 4 8  shows 
that  the  dynamic  characteristics  of  the DC-8 seat  cushion, in- 
creases  the  response  amplitude  of  the  subject's  head,  over  that 
associated  with  the  balsa  wood  seat  in  the  frequency  range  from 
4  to  15 Hz. Figure 49 illustrates  test  data  on  the  absolute 
transmissibilities  between  the  input  and  head  for  the 160 and 200 
pound  subjects  and  the  isolation  system in  the  landing/takeoff 
mode.  Figure 50 illustrates  the  absolute  vertical  transmissibili- 
ties  between  the  buttocks  and  the  head  for  the 160 and 200 pound 
subjects.  The  response  curves  were  obtained  by  dividing IAo/Xo( 
by IBo/Xol as  determined  from  the  landing/takeoff  mode  tests 
with  the DC-8 seat  cushion.  The  resonance  at  4.5 Hz is the 
primary  body  resonance  and  that  at 8 - 9  Hz is  the  head/shoulder 
resonant  frequency. The  fact  that  the  head/shoulder  resonant 
frequency  is  lower  than  the 10-12 Hz indicated  in  the  literature 
is  attributed  to  the  weight of the  helmet.  Figure 50 further 
points out  that  a  seat  cushion  resonant  frequency  between 4 and  5 
H z  should  be  avoided.  Figures 51 and 52 illustrate  the  absolute 
fore/aft  transmissibilities  measured  between  the  input  and  head 
for  the 160 pound  subject on the DC-8 seat  cushion. 
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Subjective T e s t i n g  

The tests repor t ed   on   i n   t he   p rev ious   sub - sec t ion   on  "Ob- 
jective Tes t ing"  of t h e   e l e c t r o h y d r a u l i c   p i l o t  seat i s o l a t i o n  
system were p e r f o r m e d   w i t h   t h e   s u b j e c t ' s  legs hanging   f ree   and  
h i s  arms on   t he  a r m  rests. There was no phys ica l   con tac t   be tween  
t h e   s u b j e c t s   a n d   t h e   s i m u l a t o r   d u r i n g   t h e  tests. The purpose of 
t h i s   s e c t i o n  i s  t o  r e p o r t  on t w o  days  of tests which were per -  
formed  with t w o  NASA Lang ley   r ep resen ta t ives   i n   o rde r  t o  o b t a i n  
q u a l i t a t i v e   r e a c t i o n s  as t o  t h e   p o t e n t i a l   e f f e c t i v e n e s s  of t h e  

l a b o r a t o r y  model  of t h e   e l e c t r o h y d r a u l i c   p i l o t  seat  i s o l a t i o n  
system  in   improving  the  performance  of  commercial j e t  t r a n s p o r t  
p i l o t s   d u r i n g   t u r b u l e n c e   p e n e t r a t i o n .   I n   t h i s  series of tests,  
t h e  s u b j e c t s  were i n  a n o r m a l   s e a t e d   p o s i t i o n   w i t h   t h e i r   f e e t  
p o s i t i o n e d  on t h e   s i m u l a t o r   c o c k p i t   f l o o r   a n d   t h e i r   h a n d s   g r a s p -  
i n g   t h e   c o n t r o l  column. A helmet w a s  not   employed  during  the 
s u b j e c t i v e  tes ts  s ince   subjec t   per formance   might   have   been   e f fec ted  
by i t s  j o s t l i n g .  The t e s t  s e t u p  i s  i l l u s t r a t e d   i n   F i g u r e  3 5 .  The 
cockp i t  f l oo r  and   cont ro l  column were s u b j e c t e d  t o  t h e  same dynamic 

i n p u t s  as t h e   i s o l a t i o n   s y s t e m   s i n c e   t h e  s t r u c t u r a l  resonances  of  
t h e   s i m u l a t o r  were well above   the   f requency   range   of   in te res t .  
Tests were performed w i t h  s inuso ida l   and  random e x c i t a t i o n .  

The s u b j e c t s  w e r e  r e q u i r e d  to perform a task   and   then  make a 
judgement  as t o  t h e   e f f e c t   o f   t h e   v i b r a t i o n  on task  performance 
immediately  fol lowing  task  complet ion.  The s u b j e c t s  were r e q u i r e d  
t o  perform a Discr imina t ion   Reac t ion  T i m e  tes t  w i t h   t h e   a c t i v e  

i so l a t ion   sys t em  ' ' o f f "  ( i . e . ,  landing/ takeoff  mode) and   wi th   the  
a c t i v e   i s o l a t i o n   s y s t e m   " o n "  ( i . e . ,  f l i g h t  mode) whi le   be ing  sub- 
j e c t e d   t o   v a r i o u s   v i b r a t i o n   l e v e l s  and e x c i t a t i o n   f r e q u e n c i e s .  
The tes t  appara tus ,   p rovided  by NASA Langley, was an  adaption  of 

a Discr imina t ion   Reac t ion  T i m e  Tes t ing   device   deve loped  a t  t h e  
u. S .  Naval A i r  Development  Center  and  employed i n   s t u d i e s   o f  
p i l o t   f a t i g u e   i n  a i rc raf t  c o c k p i t s   d u r i n g   t r a n s o c e a n i c   f l i g h t  as 
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w e l l  as i n   s t u d i e s   o f  human responses  t o  acce le ra t ion   and   v ib ra -  
t i o n  stress i n   t h e  human c e n t r i f u g e  a t  NADC. The tasks r e q u i r e d  
by the   Discr imina t ion   Reac t ion  T i m e  Tes t ing   device  were no t   su f -  
f i c i e n t l y   d i f f i c u l t ,   i n   t h i s  case, t o  measure any c o n s i s t e n t  
t r ends   i n   t he   pe r fo rmance   o f   t he  t es t  s u b j e c t s .  The t a s k s   d i d ,  
however,  provide a b a s i s   f o r   t h e   s u b j e c t s   t o  make judgements as 
t o  the   deg ree   o f   "Vib ra t ion   In t e r f e rence"  which  they  experienced 
i n  performing t h e  task and the   deg ree  of "Vibration  Annoyance". 

The t e r m  "Vib ra t ion   In t e r f e rence"  was employed as a measure 
of how  much e x t r a   e f f o r t   t h e   s u b j e c t  had t o   e x e r t   i n   o r d e r   t o  
p e r f o r m   t h e   t a s k   w i t h   v i b r a t i o n   p r e s e n t  as compared t o   t h e   z e r o  
v ib ra t ion   cond i t ion .  The t e r m  "Vibration  Annoyance",   al though 
r e l a t e d   t o   c o m f o r t ,  was employed a s  a measure of  long t e r m  f a t i g u e  
and  impairment  of  performance. These e v a l u a t i o n s   u t i l i z e d  a 1 0  

p o i n t   r a t i n g  scale which was based on t h e  Cooper P i lo t   Op in ion  
Rating  System  for  Universal  U s e .  The scale, a d o p t e d   f o r   u s e   i n  
these v i b r a t i o n   s t u d i e s ,  was o r i g i n a l l y   b a s e d  on a i r c r a f t   f l y i n g  
q u a l i t i e s .  The v ib ra t ion   i n t e r f e rence   and   v ib ra t ion   annoyance  
r a t i n g  scale i s  d e f i n e d   i n  T a b l e  11. Rat ings 1, 2, o r  3 a r e  con- 
s i d e r e d   s a t i s f a c t o r y ;   r a t i n g s  4 ,  5 ,  o r  6 a r e   u n s a t i s f a c t o r y ;  
r a t i n g s  7 ,  8 ,  o r  9 a re   unacceptab le ;   and   ra t ing  1 0  i s  completely 
unacceptable  ( i . e .  , c a t a s t r o p h i c )  . 

Tables  I11 and I V  summarize  the  average  Vibrat ion Annoyance 
a n d   V i b r a t i o n   I n t e r f e r e n c e   r a t i n g s  by t h e  two s u b j e c t s   w h i l e   t h e  
i so l a t ion   sys t em  and   s imula to r  were being  exposed  to   var ious 
l e v e l s  a n d   f r e q u e n c i e s   o f   v e r t i c a l   s i n u s o i d a l   e x c i t a t i o n .  Each 
r a t i n g   r e p r e s e n t s   t h e   a v e r a g e   r a t i n g   f o r   t h r e e  tests which were 
performed a t  each   exc i t a t ion   l eve l   and   f r equency .  The length  of  
each tes t  was approximately 35 seconds.  The tests were performed 
i n  a  random sequence so t h a t  t h e   s u b j e c t s   d i d   n o t  know whether 
t h e   a c t i v e   i s o l a t i o n   s y s t e m  w a s  "off"  (Landing/Takeoff Mode) o r  
I' on I' ( F l i g h t  Mode). Test s u b j e c t  A (Ref.  Table 111) a l s o  employed 

observat ion  of  t h e  gauges  mounted  on the   cockp i t   s imu la to r   (Re f .  
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Figure  3 0 )  as a r e f e r e n c e   i n   e s t a b l i s h i n g   t h e   r a t i n g s .  A s  would 
be   expec ted ,   t he   r a t ings  a t  2 Hz are s l i g h t l y   h i g h e r   w i t h   t h e  
a c t i v e   s y s t e m  ''on" than   wi th  it ' 'off1 ' .   This  i s  due t o  t h e  
resonance  of   the active p o r t , i o n   o f   t h e   i s o l a t i o n   s y s t e m   i n   t h e  

f l i g h t  mode. Cons ider ing   the  fact  t h a t   t h e  active i s o l a t i o n  
system  has  a r e s o n a n t   t r a n s m i s s i b i l i t y  of 2 a t  t h i s   f r equency   and  
t h e   r a t i n g s   o n l y   i n c r e a s e d  by 0 . 3  w i t h   t h e  active system  'Ion", 
d o e s   i n d i c a t e   t h a t  human sub jec t s   have  a r e l a t i v e l y  l o w  s e n s i -  
t i v i t y   t o   v i b r a t i o n   i n p u t s  a t  t h i s   f r e q u e n c y  as compared t o  o t h e r  
f r equenc ie s .  Also, r educ ing   t he   va lue   o f   t he   r e sonan t   t r ansmiss i -  
b i l i t y  o f   t h e   a c t i v e   p o r t i o n   o f   t h e   i s o l a t i o n   s y s t e m   i n   t h e   f l i g h t  
mode is  n o t   s u f f i c i e n t l y   p r o f i t a b l e   s i n c e   t h i s   c o u l d   o n l y  be 

accomplished  by  decreasing  the  bandwidth of the   no tch .  The reason  
f o r   t h e   s l i g h t l y   h i g h e r   r a t i n g s  a t  3 Hz w i t h   t h e   a c t i v e   s y s t e m  
"on"  than  with it "of f  ' I ,  appears  t o  be due t o  the f a c t   t h a t   t h e  

r e l a t i v e   d i s p l a c e m e n t   t r a n s m i s s i b i l i t y  a t  tha t   f r equency  is  less 
wi th  t h e  ac t ive   sys tem  I 'o f f" ,   a l though  the   absolu te   t ransmiss i -  
b i l i t y  i s  less wi th  t h e  ac t ive   sys t em 'Ion". 

The a c t i v e   i s o l a t i o n   s y s t e m  shows a s u b s t a n t i a l  improvement 
ove r   t he   non-ac t ive   cond i t ion  a t  4 . 2  Hz. A t  6, 9, and 12 Hz, t h e  
a c t i v e   i s o l a t i o n   s y s t e m   a l s o  showed a consistent  improvement  over 
the   non-ac t ive  case. It  shou ld   be   no ted   t ha t   t he   hydrau l i c  power 

supp ly   fo r   t he   shake r  w a s  somewhat noisy  and  could  have  had  an 
e f f e c t  on t h e  minimum l e v e l  ( i . e . ,  t h r e s h o l d )  of judgements  since 
the   sub jec t s   d id   no t   have   he lme t s   du r ing   t he   sub jec t ive  tests.  
Tests were not  performed t o  i so la te  the   e f f ec t s   o f   env i ronmen ta l  
n o i s e .  The common r e a c t i o n  of t h e  t e s t  s u b j e c t s  was t h a t   t h e  
annoyance   and   i n t e r f e rence   r a t ings   fo r  4 . 2 ,  6 ,  9, and 12 Hz would 
be even  lower i n   t h e  case o f   t he   ac t ive   sys t em 'Ion", i f  it w e r e  
n o t   f o r   t h e   v i b r a t i o n s   i n d u c e d   i n   t h e i r   l e g s .  The v i b r a t i o n s  
i n d u c e d   i n   t h e i r  arms v ia  t h e   c o n t r o l  column appeared t o  be a 
s e c o n d a r y   f a c t o r .   A l s o ,   t h e   a b s o l u t e   l e v e l   o f   t h e   l e g   v i b r a t i o n s  
appeared   to   be   the   p roblem,   ra ther   than   the   phase   l ag   be tween 
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t h e  l eg   v ib ra t ions   and   t he   r e sponse   o f   t he   sub jec t s .   Tab le s  V 

and V I  summarize the   ave rage   V ib ra t ion  Annoyance  and  Vibration 
I n t e r f e r e n c e   r a t i n g s  by t h e  two s u b j e c t s   w h i l e   t h e   i s o l a t i o n  
system  and  simulator were being  exposed  to   var ious random exci -  
t a t i o n   l e v e l s .  Each e x c i t a t i o n   l e v e l   c o n s i s t e d   o f  a broad-band 
input   over   the  f requency  range  f rom 2-15 Hz, and a narrow-band 
i n p u t   c e n t e r e d   a t  4.5 Hz which  s imulated  the  fuselage  bending 
mode of t h e  a i r c r a f t .  Each judgement   l eve l   represents   an   average  
o f . t h r e e  tests and  each t es t  r an  1 minu te .  The ac t ive   sys tem 
shows a consis tent   improvement   over   the  non-act ive case. 
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SECTION 8 :  CONCLUSIONS 

Conclusions  based  on  the  results of this  investigation  into 
the  vibration  isolation of commercial  jet  transport  pilots  during 
turbulent  air  penetration  are: 

1. Based  on  a  literature  survey  on  the  effects  of  vibration 
on  the  visual and  motor  performance  of  seated  subjects, 
the  maximum  rms  vertical  and  transverse  narrow-band 
random  accelerations  which  should  be  transmitted  to  the 
pilot  over  the  frequency  range  from 1 to 20 Hz is 0.07 g. 

2. The  vertical  whole  body  resonant  frequency of a  seated 
human  subject  (i.e. , 4 to 5 Hz) is  coincident  with  the 
primary  excitation  frequency  of  commercial  jet  transport 
aircraft  (i.e.,  first  fuselage  flexible  bending  mode). 

3. Conventional  passive  vibration  isolation  of  the  pilot  is 
sufficient  in  the  fore/aft  and  lateral  directions.  An 
active  vibration  isolation  system  is  required  in  the 
vertical  direction  with  a  nominally 2 Hz resonant 
frequency,  better  than 70 percent  isolation  between 
4 and 5 Hz, and  greater  than 8 5  percent  isolation  for 
excitation  frequencies  between 20  and 5 0  Hz. Also, 
the  resonant  transmissibility of the  isolation  system 
in  the  vertical  direction  must  be  maintained  less  than 2. 

4. In  addition  to  providing  the  required  isolation,  the 
active  isolation  system  must  be  designed to limit  the 
relative  deflections  between  the  pilot  and  the  cockpit 
controls  to f 1 inch  during  turbulence  penetration,  with 
peak  relative  deflection of f 2 inches  only  allowable 
during  severe  transients  such  as  buffeting. 

5. The  active  isolation  system  must  automatically  reposition 
the  pilot  seat  to  its  equilibrium  position  and  provide  iso- 
lation  during  sustained  acceleration  conditions of ? 3 g. 
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6 .  The  performance of the  active  isolation  system  must  be 
independent  of  variations  in  pilot  weight. 

7 .  The  laboratory  model  of  the  electrohydraulic  pilot  seat 
isolation  system  developed  under  this  contract  met  all 
the  design  goals  outlined  in  statements 3 through 6 above. 

8.  Based  on  preliminary  subjective  evaluation  tests,  it  can 
be  said  that  the  electrohydraulic  pilot  seat  isolation 
system  offers  the  potential  for  providing  a  substantial 
improvement  in  pilot  performance  during  turbulent  air 
penetration. 

9. The  vibration  which  is  transmitted  directly  to  the  pilot's 
legs  via  the  rudder  pedals  and  in  the  arms  via  the  control 
column  may  be  a  source  of  degradation  in  pilot  performance. 

In  summary,  the  preliminary  subjective  evaluation  tests  per- 
formed  on  the  laboratory  model  of  the  electrohydraulic  pilot  seat 
isolation  system  have  shown  that  it is capable of providing  a  sub- 
stantial  reduction  in  dynamic  excitation  imposed  on  the  pilot's 
torso  during  turbulent  air  penetration.  However,  the  results  of 
the  tests  also  indicate  that  the  vibration  which  is  transmitted 
directly  to  the  pilot's  legs  via  the  rudder  pedals  and  that  in- 
duced  in  the  arms  through  the  controls may  play  a  significant  role 
in  the  overall  degradation  of  pilot  performance. It appears that, 
although  the  vibration  reaching  the  pilot  through  the  seat  is 
virtually  eliminated  by  the  electrohydraulic  seat  isolation  system 
developed,  overall  pilot  disturbance  can  be  further  reduced by 
decreasing  the  level  of  vibrations  induced  in  the  pilot's  legs  and 
arms.  The  relative  improvement  in  performance  which  can  be  ob- 
tained  by  reducing  the  level  of  pilot  vibration  should  be  validated 
by  a  comprehensive  human  factors  test  program. 
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SECTION 9: RECOMMENDATIONS 

Based  on t h e   r e s u l t s  and   conclus ions   o f   the   inves t iga t ion ,  it 
i s  recommended t h a t   a n   e v a l u a t i o n  be made of   rudder   pedal   and 
c o n t r o l  column d e s i g n s   r e p r e s e n t a t i v e   o f   t h a t   u t i l i z e d   i n   p r e s e n t  
commercial j e t  t r a n s p o r t s ,  and t h a t  an   engineer ing   s tudy   be  
conducted t o  dev i se  means by   which   v ibra t ions   induced   in   the  
p i l o t ' s   l e g s  and arms could  be  reduced.  I t  i s  recommended t h a t  ... 

d e t a i l e d   s u b j e c t i v e   r e s p o n s e  tes ts ,  s i m u l a t o r  tests and f l i g h t  
tes ts  be  conducted so  tha t   the   per formance   improvement   to   be  

accrued by e l e c t r o h y d r a u l i c  seat i s o l a t i o n   s y s t e m   c o n f i g u r a t i o n s  
ove r   t ha t   p rov ided  by e x i s t i n g   s e a t s   c a n   b e   v a l i d a t e d .  

The sub jec t ive   r e sponse  tes ts  should employ a h y d r a u l i c  

shaker   wi th  a minimum double   displacement   capabi l i ty   of  6 i nches  

so  t h a t   t h e   b u f f e t i n g   i n p u t  a t  1 . 3  Hz, t h e  f i r s t   f u s e l a g e   b e n d i n g  
mode a t  4.5 Hz, and the  broad-band  input  from 1 t o  5 0  Hz can be 
more accu ra t e ly   s imu la t ed .  Also, rudder   pedal   and  control  column 
d e s i g n s   r e p r e s e n t a t i v e   o f   t h a t   u t i l i z e d   i n   p r e s e n t   c o m m e r c i a l  j e t  
t r a n s p o r t s  ( i . e . ,  s i m u l a t e   e f f e c t s   o f   p i n   j o i n t s   a n d   l i n k a g e s  
be tween   con t ro l s   and   a i r c ra f t )   shou ld   be  employed i n   t h e   s u b j e c -  

t i v e  tests,  so  t h a t  t h e   e f f e c t   o f   v i b r a t i o n s   i n d u c e d   i n  t h e  p i l o t ' s  
legs   and arms  can be more a c c u r a t e l y   e v a l u a t e d .  

I t  i s  recommended t h a t  a program  be  formulated t o  accomplish 
the   fo l lowing :  

1. Engineer ing   s tudy  of p o t e n t i a l  ways i n  which t h e   v i b r a -  

t i o n s   i n d u c e d   i n   t h e   p i l o t ' s   l e g s   a n d  arms could  be 
r e d u c e d   i n   o r d e r   t o ' o b t a i n  a more s a t i s f a c t o r y   s o l u t i o n  
to   t he   p rob lem  o f   r educ ing  t h e  o v e r a l l   d i s t u r b a n c e s  
induced  in  commercial  j e t  t r a n s p o r t   p i l o t s   d u r i n g  
t u r b u l e n t  a i r  p e n e t r a t i o n .  

2 .  A c c u r a t e  e v a l u a t i o n  of t h e  improvement i n   t h e  motor  and 
v i sua l   pe r fo rmance   capab i l i t i e s   o f  t e s t  s u b j e c t s  (comer- 
c ia1 j e t  t r anspor t   p i lo t s   shou ld   be   employed)   w i th   t he  
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a c t i v e   i s o l a t i o n   s y s t e m   c o n f i g u r a t i o n s  as compared t o  
convent iona l  commercial seats. It  is  p r o p o s e d   t h a t   t h e  
t racking   tasks   be   o f   the   compensa tory   type   wi th  a con- 
t ro l l ed  element   having a f i r s t - o r d e r   u n s t a b l e   d i v e r g e n c e  
such as t h a t   d e s c r i b e d   i n  NASA CR-616 and CR-674.  During 
t h e s e  tests, t h e   s u b j e c t   s h o u l d  employ a headse t   r ep re -  
s e n t a t i v e   o f   t h a t   i n   u s e  by commercial p i l o t s .  

3 .  Manual c o n t r o l   d e x t e r i t y  tests as a means of f u r t h e r  
e v a l u a t i n g  t h e  e f f e c t   o f  re la t ive  de f l ec t ion   be tween   t he  
p i l o t  and   the   cockpi t   and   the   absolu te  level of   cockpi t  
v ib ra t ions   on  t h e  a b i l i t y   o f   t h e   p i l o t  t o  per form  requi red  
f l i g h t   c o n t r o l   t a s k s .  A headse t   should  also be  employed 
i n   t h e s e  tests. 

4 .  T e s t  t h e  effects  o f   t he   va r ious   i so l a t ion   sys t em  conf ig -  
u r a t i o n s  on a b i l i t y  of t h e  s u b j e c t   t o  communicate. The 

sub jec t ' s   speech   shou ld   be   r eco rded  and t h e  headse t  
shou ld   be   r ep resen ta t ive   o f  t h a t  i n   u s e  by commercial 
p i l o t s  ( for  the   purpose  of e v a l u a t i n g  t h e  e f f e c t   o f  
microphone   v ibra t ions) .  

5.  Motor and   v i sua l   per formance   as  w e l l  as manual   control  
d e x t e r i t y  tests should be per formed  for   long   dura t ions  
(such  as  1 h o u r )   t o   d e t e r m i n e   t h e  e f fec ts  o f   f a t igue .  

6 .  Tests on t h e  s e l e c t e d  seat  i so l - a t ion   sys t em  conf igu ra t ion  
i n   t h e  Vert ical  Acce lera t ion   and  R o l l  Device  designated 
as 5 . 0 7  a t  Ames Research Center .  The S . 0 7  i s  a dynamic 
f l i g h t   s i m u l a t o r   c a p a b l e   o f  f 1 0  f e e t   v e r t i c a l   d i s p l a c e -  
ments  and f 5 g acce le ra t ion   and  i s  capable   of   generat-  
i ng   t he   v ib ra to ry   mo t ion   ove r  t h e  frequency  range  from 
0 . 1  t o  1 0  Hz. 

7. F l i g h t  tests ( u n d e r   t u r b u l e n t   c o n d i t i o n s )   i n  a t y p i c a l  
commercial j e t  t r a n s p o r t   a i r c r a f t .  

59 



APPENDIX  A 
LIST  OF  SYMBOLS 

A 

BO 

C 

C 
C 

C m 

C 
S 

cO 

c1 

c2 

c3 

c4 

DO 

EO 

F  (t) 

FO 

Average  actuator  cross-sectional  area,  in. 2 

Vertical  motion  time  history  of  subject's  head, in. 

Vertical  sinusoidal  motion  amplitude of subject's  head,  in. 

Vertical  motion  time  history of subject's  buttocks, in. 

Vertical  sinusoidal  motion  amplitude  of  subject's 
buttocks,  in. 

Absolute  velocity  damping  constant  of  isolator  lb.sec./in. 

Absolute  velocity  damping  constant  of  flexible 
coupling  lb.  sec./in. 

Relative  velocity  damping  constant  of  subject's 
spine, lb.sec./in. 

Relative  ve,locity  damping  constant  of  seat 
cushion, lb.sec./in. 

Vertical  motion  time  history  of  seat  structure,  in. 

Leakage  coefficient  across  actuator  piston, 
(in.3/sec.)/(lb./in.2) 

Vertical  sinusoidal  motion  amplitude  of  seat  structure,  in. 

Fore/aft  sinusoidal  motion  amplitude of seat  structure,  in. 

Fore/aft  sinusoidal  motion  amplitude  of  subject's  head,  in. 

Vertical  time  history  of  force,  lb. 

Fore/aft  sinusoidal  motion  amplitude  of  subject's  waist,  in. 
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m 

m 

m 
R 

S 

Acceleration  due  to  gravity, 386 in./sec. 

Transfer  function of servovalve,  dimensionless 

Lateral  sinusoidal  motion  amplitude  of  subject's  head, in. 

Acceleration  feedback  or  feed-forward  compensation, 
dimensionless 

Relative  velocity  feedback  compensation,  dimensionless 

Relative  displacement  feedback  compensation,  dimensionless 

Acceleration  feedback  compensation  dimensionless 

Lateral  sinusoidal  motion  amplitude  of  subject's  waist, in. 

Lateral  sinusoidal  motion  amplitude  of  seat  structure, in. 

Stiffness  of  isolator,  lb./in. 

Stiffness  of  flexible  coupling, lb./in. 

Stiffness  of.  foundation, lb./in. 

Stiffness  of  subject's  spine, lb./in. 

Stiffness  of  seat  cushion, lb./in. 

Laplace  transform of, dimensionless 

Inverse  Laplace  transform of, dimensionless 

Mass  of  isolated  body,  lb.sec.2/in. 

Mass  of  lower  torso, lb.sec.2/in. 

Mass  of  seat  structure, lb.sec.2/in. 

2 

m  Mass  of  upper  torso, lb.sec.2/in. t 
Q Flow  from  the  servovalve,  in.3/sec. 

r(t)  Vertical  motion  time  history  of  actuator  piston,  in. 

R(t)  Vertical  motion  time  history  of  actuator  piston,  in. 

S Laplace  transform  operator,  radians  per  sec. 

S.. (0) Power  spectral  density  of  normal  vibrations,  g2/Hz W 
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TA 

TR 

uO 

V 

W 
0 

x (t) 

z 
0 

BF 
B 

AP 

5 

G r n  

< S  

sv 
T i  

T la 

Absolute  displacement  transmissibility,  dimensionless 

Relative  displacement  transmissibility,  dimensionless 

Lateral  sinusoidal  motion  amplitude  of  actuator  housing,  in. 

Mean  volume  of  upper  and  lower  actuator  chambers,  in. 3 

Fore/aft  sinusoidal  motion  amplitude of actuator  housing, in. 

Vertical  motion  time  history of support  structure, in. 

Vertical  sinusoidal  motion  amplitude  of  support  structure,in. 

Vertical  motion  time  history of actuator  housing,  in. 

Vertical  sinusoidal  motion  amplitude of actuator  housing,in. 

Vertical  motion  time  history  of  flexible  foundation,  in. 

Vertical  motion  time  history  of  payload,  in. 

Vertical  sinusoidal  motion  amplitude  of  payload, in. 

Bulk  modulus  of  hydraulic Fluid, lb./in. 

Relative  displacement, in. 

Differential  pressure  across  actuator  piston, lb./in. 

Ratio  of  coefficient  of  viscous  damping  to  that  for  a 
critically  damped  second  order  system,  dimensionless 

Equivalent  whole  body  damping  ratio,  dimensionless 

Equivalent  seat  damping  ratio,  dimensionless 

Damping  constant of servovalve,  dimensionless 

Time  constant  for  acceleration  feedback  or  feed-forward 
shaping  network, sec. 

Time  constant  for  relative  velocity  shaping  network,  sec. 

Time  constant  far  relative  displacement  feedback  shaping 
network, sec. 

Time  constant  for  acceleration  feedback  shaping  network,sec. 

Time  constant  for  acceleration  feed-forward  shaping 
network, sec. 
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T Ib 

T 
I C  

w 

w i 

m 

n 

w 

w 

w 
S 

w 1  

w s v  

T i m e  cons t an t   fo r   acce l e ra t ion   f eed - fo rward   shap ing  
network, sec. 

T i m e  c o n s t a n t  f o r  acce lera t ion   feed- forward   shaping  
network, sec. 

Frequency,   radians  per   second 

Equiva len t   base   resonant   f requency ,   rad ians   per   second 

Equivalent  whole body resonant   f requency ,   rad ians   per   second 

Resonant   f requency  of   isolat ion  system,  radians  per   second 

Equiva len t  seat  resonant   f requency ,   rad ians   per   second 

Notch  f requency,   radians  per   second 

Resonant   f requency  of   servovalve,   radians  per   second 
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Direction 
of 

Excitation 

Normal 

Transverse 

TABLE I 
SUMMARY  OF  DOMINANT  RESPONSE  CHARACTERISTICS  AT  PILOT  STATION 

PREDICTED  FOR  REPRESENTATIVE 
SUBSONIC  COMMERCIAL  JET  TRANSPORT  DURING  TURBULENT  FLIGHT 

Rigid  Body 
Resonant 
Frequency I 

Hz 

0.35 

0.45 

c 

" 
" 

" 

L 

Bandwidth 
of Rigid 
Body 
Resonance 
Analysis I 

Hz 

0.2-0.6 

0.2-0.7 

Acceleration 
at  Rigid 
Body 
Resonance 
grms 

0.28  

0 .05  

Average 
Dominant 
Fuselage 
Bending 
Mode  Fre- 
quency 

Hz 

4.7 

5.5 

I 1 

Bandwidth 
of Dominant 
Bending 
Mode 
Analysis, 

Hz 

Acceleration 
at  Dominant 
Bending 
Mode I grms 

3.5-5.5 I 0.18 I 
3.7-7.2 I 0.05 I 



TABLE  I1 

VI.BRATION INTERFERENCE AND ANNOYANCE  RATING  SCALE 

Numerical 
Rating 

1 

2 

3 

4 

8 

9 

10 

Description 

Excellent 

Good,  pleasant to fly 

Satisfactory,  but  with  some  mildly 
unpleasant  characteristics 

Acceptable,  but  with  unpleasant 
characteristics 

Unacceptable  for  normal  operation 

Acceptable  for  emergency  operation 

Unacceptable  even  for  emergency 
conditions 

Unacceptable - dangerous 

Unacceptable - uncontrollable 
Completely  unacceptable - 
catastrophic 
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TABLE  I11 

AVERAGE  SUBJECTIVE  REACTIONS OF TEST  SUBJECT  A  TO  EFFECTS 
OF VERTICAL  SINUSOIDAL  EXCITATION OF ELECTROHYDRAULIC 

PILOT  SEAT  ISOLATION  SYSTEM  AND  COCKPIT  SIMULATOR 

Excitation 

. . .. . . "" . . . . " - ~ . .  . 

0 . 0 4 g  @ 2 Hz 

0.099 @ 3 Hz 

0 . 2 5 9  @ 4 .2  Hz 

0 .099  @ 6 Hz 

0.09g @ 9 Hz 

0 . 0 9 g  @ 12 Hz 

Vibration  Annoyance 
Rating 

Vibration  Interference 

On Off On Off 
System  System System  System 
Active  Active  Active Active 

Rating 

~- .. .. 

5 . 5  -1 5 4 4.5 

6 5 5 6 

9 

4 3 5 

4 4 5 

4 4 4 5 

6 7 . 7  4.8 
-~ ~ 

4 

4 .5  
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TABLE  IV 

AVERAGE  SUBJECTIVE  REACTIONS OF TEST  SUBJECT  B  TO  EFFECTS 
OF VERTICAL  SINUSOIDAL  EXCITATION OF ELECTROHYDRAULIC 

PILOT  SEAT  ISOLATION  SYSTEM  AND  COCKPIT  SIMULATOR 

Excitation 

0 .04g  @ 2 H z  

I 0 .09g  @ 3 H z  

0 .25g  @ 4.2 H z  

0 .09g  @ 6 H z  

I O . 0 9 g  @ 9 H z  

IO.09g @ 1 2  H z  

Vibration  Annoyance Vibration  Interference 
Rating Rating 

Active Active Active 
System System System 

8 3 8 

5 4 5 

4.7 4 5 

4.7 4 4.7 

. . ~~ -. ~" 

" 
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I 

TABLE  V 

AVERAGE  SUBJECTIVE  REACTIONS  OF  TEST  SUBJECT  A  TO  EFFECTS 
OF  VERTICAL  RANDOM  EXCITATION OF ELECTROHYDRAULIC  PILOT  SEAT 

ISOLATION  SYSTEM  AND  COCKPIT  SIMULATOR 

RMS Acc. 
3.9-5.1 HZ 

RMS Acc. 
2-15 HZ 

1 1 0.05 
_ _ _ _ ~  

0.13 

Vibration 

Rating  Rating 
Interference Annoyance 
Vibration 

Active 

On Off On  Off 
System System System  System 
Active Active  Active 

4 4 3.2 3 

5 

4 5.2  3 6 

4 4.8 4 

TABLE  VI 

AVERAGE  SUBJECTIVE  REACTIONS OF TEST  SUBJECT  B  TO  EFFECTS 
OF  VERTICAL RANDOM EXCITATION  OF  ELECTROHYDRAULIC  PILOT  SEAT 

ISOLATION  SYSTEM  AND  COCKPIT  SIMULATOR 

RMS Acc. 
3.9-5.1 HZ 

RMS Acc. 

. .  ~ - ._  

Vibration 
Interference 
Rating 

Active 

On Off 
System  System 
Active 

5 

4 7.3 

3 6 

3 
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Figure  1: Vert ical  S inusoida l   Vibra t ion   Tolerance  
Levels  of Seated Human Subjec ts  
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,Figure 2 :  Re la t ive  Wheel Tracking Error  as a Funct ion 
of t h e  Amplitude  and Frequency of Vertical  
S inuso ida l   V ib ra t ion  ( A f t e r  R e f .  11) 
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Figure  3 :  One-Hour Endurance  Threshold  Curve  With  Minimal 
Reduction in   Tracking   Per formance  For Seated Human 
Subjects   Being  Subjected t o  Vertical  S inuso ida l  
V ib ra t ion  ( A f t e r  R e f .  15 )  
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Figure 5:  Rela t ive   Foot   Tracking   Er ror  as a Funct ion 
of the'Amplitude  and Frequency of Transverse 
S inuso ida l   V ib ra t ion  (Af t e r  R e f .  16) 
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IO - - ( I )  10% DECREASE IN VISUAL, TRACKING, AND  FOOT  PRESSURE  TASKS, REE 25 - - (2) SIGNIFICANT DECREASE IN VISUAL  ACUITY, REF26 
- (3) IO-MINUTE FATIGUE-  DECREASE  PROFICIENCY LEVEL,  REF.27 
- (4) 10% WHEEL TRACKING ERROR , FIGURE 2 
- (5)  IO% VISUAL  TRACKING ERROR, FIGURE 6 

16) MOTION SICKNESS AFTER 20 MINUTES,  REF.28 
- ( 7 )  MILDLY ANNOYING LEVEL, FIGURE I 
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Figure 8: Design  Goal  For  Maximum  Vertical  Sinusoidal 
Vibration  Levels  Which  Should  be  Transmitted 
to  Commercial  Jet  Transport  Pilots 
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(I) 10°/o WHEEL TRACKING  ERROR,  FIGURE 4 
(2) 10% FOOT TRACKING ERROR, FIGURE 5 
(3) FATIGUE-  DECREASED  PROFICIENCY AFTER 
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Figure 9: Design Goal For  Maximum  Transverse  Sinusoidal 
Vibration  Level  Which  Should  be  Transmitted  to 
Commercial  Jet  Transport  Pilots 
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Figure 1 0 :  Envelope of Transverse  and Normal Equiva len t  
Sinusoidal   Vibrat ions  Monitored  on  Fuselage 
of Jet Transpor t  Ai rcraf t  During Normal 
Cruise   Condi t ions  
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Figure 11: Normal  Acceleration  Time  Response at CG of 
Jet  Airliner  During  Heavy  Buffet 
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Figure  13: Spec t r a l   Dens i ty  of Maximum Transverse   Vibra t ions  
Expected a t   P i l o t ' s  Cabin of Subsonic  Commercial 
J e t  Transpor t   Dur ing   Turbulent   F l igh t  ( r m s  g u s t  
v e l o c i t y  = 2 0  f t / s e c )  
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Figure  14: Spec t r a l   Dens i ty  of Normal Vibrations  Measured a t  
P i l o t ' s   C a b i n  of t h e  XB-70 i n  Clear A i r  Turbulence 
a t  5 5 , 0 0 0  f e e t  and Mach 2.4 
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Figure 15: Spectral  Density  of  Transverse  Vibrations 
Measured at  Pilot's Cabin  of  the XB-70 in 
Clear  Air  Turbulence at  55,000  feet  and 
Mach 2.4 
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Figure 16: Maximum  Allowable  Transmissibility  Required 
in  Normal and Transverse  Directions  for 
Pilot  Seat  Isolation  System 
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SUPPORT  STRUCTURE 

Figure 17: Schematic  Diagram of Electrohydraulic 
Vibration  Isolation  System  with 
Acceleration  Feedback  and  Flexible 
Coupling  Outside of Control Loop 
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Figure18 : Schematic  Block  Diaqram of Electrohydraulic 
Vibration  Isolation  System with Flexib le  
Coupling  Outside of Control Loop 
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Figure  19:  Absolute  Displacement  Transmissibility 
Associated  with  a  Typical  Notch  Type 
Electrohydraulic  Vibration  Isolation  System 
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Figure 20: Theoretical  Vertical  Absolute  and  Relative 
Displacement  Transmissibilities for a 2.5 Hz 
Resonant  Freuuency  Zlectrohydraulic  Broad-Band 
Isolation  System  With  Rigid  Payload 
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Figure .21: Schematic  Diagram of Electrohydraulic 
Vibration  Isolation  Systen  With  Rigid 
Payload  and  Feedforward arzd. Feedback 
Acceleration 
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Figure 22: Theoretical  Vertical  Absolute  and  Relative 
Displacement  Transmissibilities fo r  a 2.5 Hz 
Resonant  Frequency  Electrohydraulic  Broad-Band 
Plus  Notch  Isolation  System  With  Rigid  Payload 
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Figure 23: Theoretical  Vertical  Absolute and Relative 
Displacement  Transmissibilities  for  Broad-Band 
Plus  Notch  Isolation  System  With  Rigid  Payload 
in  Nonlinear  Range  (Small  Relative  Deflections 
About  Mean  Position  in  Nonlinear  Range) 
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Figure 24: Model of Electrohydraulic  Pilot  Seat  Isolation 
System  With Flexible Payload  and  Support  Structure 
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Figure 25: Theoretical  Vertical  Absolute  and  Relative 
Displacement  Transmissibilities  for  Pilot  Seat 
Isolation  System  With  Rigid  Payload 
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Figure Zb: Theoretical  Vertical  Absolute  and  Relative 
Displacement  Transmissibilities  for  Pilot  Seat 
Isolation  System  With  a DC-8 Seat  Cushion  and 
175 Pound  Subject 
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Figure 27: Theoretical  Horizontal  Absolute and Relative 
Displacement  Transmissibilities  for  Pilot  Seat 
Isolation  System  With a DC-8 Seat  Cushion and 
175 Pound  Rigid  Payload p" / a  0 
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Figure 28: Theoretical  Vertical  Absolute  and  Relative 
Displacement  Transmissibilities  for  Pilot 
Seat  Isolation  System  at  Extreme  of  Nonlinear 
Range  (Small  Relative  Deflections  About  Mean 
Position  in  Nonlinear  Range)  With  a  DC-8  Seat 
Cushion  and 175 Pound  Subject 
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Figure 29: Diagrammatic  Representation of Major 
Functional  Components of Electrohydraulic 
Pilot  Seat 
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Figure30 : Photograph of Laboratory  Model of the 
Electrohydraulic  Pilot  Seat  Mounted  on  the 
Cockpit  Simulator 
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Figure 3 1 :  Photograph of Active  Portion of the 
Electrohydraulic  Pilot  Seat 
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Figure 32s Signal  Flow  Diagram  For  Electrohydraulic 
Pilot  Seat  Isolation  System 
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Figure 3 3 :  Photograph of Servocontrol  Console  Breadboard 
f o r  the   E lec t rohydrau l i c  P i l o t  Seat 
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Figure 3 4 :  Accelerometer  Orientations Employed During 
Test ing Program on E lec t rohydrau l i c   P i lo t  
Sea t   I so l a t ion  System 



Figure 35: Photograph of Laboratory  Model of Electrohydraulic 
Pilot Seat and Cockpit  Simulator  Mounted on 
Hydraulic  Shaker 
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Figure 36: Test  Data  on  Absolute and Relative  Vertical 
Transmissibilities  Between  the  Input  and  Output 
of the  Flexible  Coupling With: a 160 Pound 
Subject; DC-8  Seat Cushion;  Seat  Belt  Tight; 
and Isolation  System  in  Flight  Mode 
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Figure 37: Test  Data  on  Absolute  Vertical  Transmissibility 
Between  Input  and  Output of Flexible  Coupling 
With:  a 160 Pound  Subject; DC-8 Seat  Cushion; 
Seat  Belt  Tight;  and  Isolation  System  in 
Landing/Takeof  f  Mode 
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Figure 38: Test  Data  on  the  Absolute  Horizontal  Transmissibilities 
Between  the  Input  and  Output of the  Flexible  Coupling 
with:  a  160  Pound Subject:  DC-8 Seat  Cushion;  and 
Seat  Belt  Tight 
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Figure 3 9 :  Test  Data  on  Absolute  Vertical  Transmlsslnlllty 
Between  Input  and  Output of Flexible  Coupling 
Vith:  a 160 pound  Subject:  DC-8  Seat  Cushion: 
Seat  Belt  Tight:  Mean  Actuator  Position 1-1/4 in. 
Above  Null:  and  Isolation  System  in  Flight Fade 
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Figure 40: Test  Data  on  Absolute  Vertical  Transmissibilities 
Between  Input and  Buttocks 14it.h: a 160 Pound 
Subject; DC-8 Seat  Cushion;  and  Isolation Sqistem 
in  Flight  and Landing/Takeoff  Modes 
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Figure 41: Test  Data  on  Absolute  Vertical  Transmissibilities 
Between  Input  and  Buttocks b7ith: a 200 Pound 
Subject:  DC-8  Seat  Cushion:  and  Isolation 
System  in  Flight and.  Landing/Takeoff Modes 
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Figure 42 : 
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Test  Data  on  Absolute  Vertical  Transmissibility 
Between  Input  and  Buttocks With: a 160 Pound 
Subject; DC-8 Seat  Cushion;  Seat  Belt  Tight; 
Mean  Actuator  Position 1-1/4 in. Above  Null; 
and  Isolation  System  in  Flight  Mode 
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Figure 43: Test  Data  on  Absolute  Vertical  Transmissibility 
. ,- . 

Between  Input  and  Buttocks With: a 175 Ppound 
Rigid  Payload;  a DC-8 Seat  Cushion;  Seat  Belt 
Tight;  and  Isolation  System in Flight  Mode 
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Figure 44: Test  Data  on  Absolute  Vertical  Transmissibilities 
Between  Input  and  Buttocks  With:  a 160 Pound 
Subject: DC-8 Se.at Cushion;  Seat  Belt  Tight; 
Isolation  System  in  Flight  and  Landing/Takeoff 
Modes; and Random  Vibration  Input 
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Figure 45: Test  Data  on  Absolute  Fore/Aft  Transmissibility 
Between  Input  and  Vaist  With: a 160 Pound 
Subject: DC-8 Seat  Cushion; and Seat  Belt  Tight 
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Figure  4 6 :  Test Data  on  Absolute Lateral  T r a n s m i s s i b i l i t y  
Between Input   and Waist Vi th :  a 1 6 0  Pound 
Subjec t ;  DC-8 Seat  Cushion;  and  Seat B e l t  
T igh t  
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Figure 47: Test  Data  on  Absolute  Vertical  Transmissibilities. 
Between  the  Input  and  Head With: DC-8 Seat 
Cushion:  Seat  Belt  Tight;  and  Isolation 
System  in  Flight  Mode 
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Figure 48: Test  Datq  on  Absolute  Vertical  Transmissibilities 
Between  the  Input and  Head  With:  a 200 Pound 
Subject;  Balsa  Wood  Seat;  Seat  Belt  Tight; 
and Isolation  System  in  Flight r?ode 
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Figure 49: Test  Data  on  Absolute  Transmissibilities 
Between  the  Input and Head.  Flith: DC-8  Seat 
Cushion;  Seat  Belt  Tight; and Isolation  System 
in  Landing/Takeoff  Mode 
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Figure 50: Test  Data on Absolute  Transmissibilities 
Between  the  Buttocks  and  Head  for 160 
Pound  and 200 Pound  Subjects  as  Determined 
From Landing/Takeoff  Mode  Tests 
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Figure 51: Test  Data  on  Absolute Fore/Aft Transmissibility 
Between  Input  and  Head With: a 160 Pound  Subject; 
DC-8 Seat  Cushion;  and  Seat  Belt  Tight 
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Figure 52: Test  Data  on  Absolute  Lateral  Transmissibility 
Between  Input  and  Head  With:  a 160 Pound 
Subject; DC-8 Seat  Cushion;  and  Seat  Belt 
Tight 
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