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SUPNARY 

I A :aboratorj: invest.gation .w-as coiid.ucted to examine tiie d.Uiiatioii effects 
o f  random v e r t i c a l  v i b r a t i o n  on p a s s e n g e r  d i scomfor t .  
i n  a s i m u l a t e d  s e c t i o n  o f  a n  a i r c r a f t  c a b i n  c o n f i g u r e d  t o  seat  s i x  p e r s o n s  i n  
t o u r i s t - c l a s s  s t y l e .  
t u d e s  o f  v i b r a t i o n  up t o  0.1OOg and n i n e  s p e c i f i c  d u r a t i o n s  up t o  1 h r .  The 
v i b r a t i o n s  had t h e  c h a r a c t e r i s t i c s  o f  a whi te  n o i s e  spec t rum w i t h  a bandwidth 
o f  10 Hz c e n t e r e d  a t  5 Hz. Data i n d i c a t e  t h a t  t h e  d i s c o m f o r t  t h r e s h o l d  f o r  
t h i s  s t u d y  o c c u r r e d  a t  a n  rms v e r t i c a l  a c c e l e r a t i o n  l e v e l  of  0.027g f o r  a l l  
d u r a t i o n s  o f  v i b r a t i o n .  However, f o r  a c c e l e r a t i o n  l e v e l s  t h a t  exceeded t h e  
d i s c o m f o r t  t h r e s h o l d  l e v e l ,  a s y s t e m a t i c  d e c r e a s e  i n  d i s c o m f o r t  o c c u r r e d  as a 
f u n c t i o n  o f  i n c r e a s i n g  d u r a t i o n  o f  v i b r a t i o n .  
e r a t i o n s  used i n  t h i s  s t u d y ,  t h e  magnitude of t h e  d i s c o m f o r t  decrement  was 
shown t o  be independent  of  a c c e l e r a t i o n  l e v e l .  The fac t  t h a t  t h e  s u b j e c t i v e  
d i s c o m f o r t  produced by t y p i c a l l y  uncomfor tab le  v e r t i c a l  v i b r a t i o n s  dec reased  
as exposure  time i n c r e a s e d  i n d i c a t e d  t h a t  t h e  s u b j e c t s  a p p a r e n t l y  adap ted  t o  
v i b r a t i o n s  o f  l o n g e r  d u r a t i o n s .  T h i s  a d a p t a t i o n  p r o c e s s  a p p a r e n t l y  o p e r a t e d  t o  
r educe  t h e  pe rce ived  d i s c o m f o r t  a s s o c i a t e d  wi th  t he  v i b r a t i o n .  T h i s  obse rved  
t r e n d  is t h e  o p p o s i t e  o f  c u r r e n t  recommended s t a n d a r d s .  

The s t u d y  was performed 

V a r i a b l e s  of t h e  s tudy  i n c l u d e d  f o u r  s p e c i f i c  r m s  ampl i -  1 

F u r t h e r ,  f o r  t h e  range  of  accel- 

INTRODUCTION 

Passenge r  comfor t  i n  v a r i o u s  t r a n s p o r t a t i o n  v e h i c l e s  is  known t o  be i n f l u -  
enced by a h o s t  of  env i ronmen ta l  f a c t o r s  i n c l u d i n g  t h o s e  of v i b r a t i o n ,  n o i s e ,  
t e m p e r a t u r e ,  seat  d imens ions ,  e t c .  (See  r e f s .  1 t o  3 . )  Two of t h e  most impor- 
t a n t  factors  i n  terms o f  pas senge r  comfor t  a s  wel l  as v e h i c l e  d e s i g n  are n o i s e  
and v i b r a t i o n .  These f a c t o r s  c o n s i s t e n t l y  o p e r a t e  t o  r educe  human comfor t  i n  
t r a n s p o r t a t i o n  sys t ems  ( r e f s .  1 t o  3 ) .  Fur thermore ,  from an  e n g i n e e r i n g  s t a n d -  
p o i n t ,  n o i s e  and v i b r a t i o n  are  t h e  most d i f f i c u l t  and expens ive  f a c t o r s  t o  
c o n t r o l .  

Because o f  t h e  impor tance  o f  these f a c t o r s ,  a number o f  e x p e r i m e n t a l  
s t u d i e s  ( r e f s .  4 t o  10) have been conducted t o  deve lop  a n  improved u n d e r s t a n d i n g  
of t h e  e f f e c t  o f  t h e s e  f a c t o r s  on passenge r  d i s c o m f o r t .  A major  g o a l  o f  these 
s t u d i e s  is t h e  development  o f  a comprehensive model f o r  u s e  i n  t h e  p r e d i c t i o n  
a n d / o r  a s ses smen t  of  r i d e  comfor t  i n  d i v e r s e  t r a n s p o r t a t i o n  sys t ems .  However, 
a p o s s i b l e  l i m i t a t i o n  of t h e s e  s t u d i e s  results from t h e  fac t  t h a t  t h e  n o i s e  
a n d / o r  v i b r a t i o n s  i n v e s t i g a t e d  were expe r i enced  by p a s s e n g e r s  f o r  v e r y  s h o r t  
d u r a t i o n s  (less than  1 min) r a t h e r  t han  l o n g e r  t r i p  d u r a t i o n s ,  which i s  t y p i c a l  
of  most t r a n s p o r t a t i o n  v e h i c l e s .  Consequent ly ,  a q u e s t i o n  arises conce rn ing  
the  e f f ec t  o f  exposure  d u r a t i o n  on r i d e  comfor t .  U n f o r t u n a t e l y ,  v e r y  few 
i n v e s t i g a t i o n s  have d i r e c t l y  addres sed  t h i s  q u e s t i o n ,  and t h e  l i t e r a t u r e  t h a t  
is a v a i l a b l e  p r e s e n t s  an  i n c o n s i s t e n t  p i c t u r e  of  t h e  d u r a t i o n  e f fec t .  For  
example ,  t h e  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  S t a n d a r d i z a t i o n  (IS01 has  i s s u e d  
a document ( r e f .  11) i n  which it is recommended t h a t  a c c e p t a b l e  l e v e l s  o f  



v i b r a t i o n  a c c e l e r a t i o n  co r re spond ing  t o  a "reduced comfort  boundary" be 
dec reased  a s  t h e  d u r a t i o n  of  v i b r a t i o n  is  i n c r e a s e d .  Other  i n v e s t i g a t o r s  
( r e f s .  12 t o  1 5 ) ,  however,  i n d i c a t e  t h a t  no e f f ec t  of  v i b r a t i o n  d u r a t i o n  on 
d i s c o m f o r t  e x i s t s .  Consequent ly ,  i t  is  t h e  purpose  of t h i s  s t u d y  t o  examine 
i n  a s y s t e m a t i c  manner,  and under  c o n t r o l l e d  c o n d i t i o n s ,  t h e  effect  o f  d u r a t i o n  
o f  v i b r a t i o n  on passenge r  d i s c o m f o r t .  The r e su l t s  w i l l  p rov ide  a d d i t i o n a l  
i n fo rma t ion  f o r  p r e d i c t i o n  o f  pas senge r  comfor t  i n  v e h i c l e s  h a v i c g  long  t r i p  
d u r a t i o n s .  

SIMULATOR 

The a p p a r a t u s  used  t o  expose  passer .gers  t o  v i b r a t i o n  was a th ree -degree -  
of-freedom motion s i m u l a t o r  ( f i g .  1)  c a l l e d  t h e  Langley passenge r  r i d e  q u a l i t y  
a p p a r a t u s  ( P R Q A ) .  The s i m u l a t o r  i s  d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e s  16 and 17,  
and t h e  r e a d e r  is  r e f e r r e d  t o  t h o s e  r e f e r e n c e s  f o r  d e t a i l e d  i n f o r m a t i o n  r e l a t e d  
t o  t h e  system o p e r a t i o n ,  c a p a b i l i t i e s ,  and d e s i g n .  For t h i s  i n v e s t i g a t i o n ,  o n l y  
t h e  v e r t i c a l  degree-of-freedom c a p a b i l i t y  of  t h e  s i m u l a t o r  was u t i l i z e d ,  and t h e  
i n t e r i o r  of t h e  s i m u l a t o r  was f i t t e d  wi th  t o u r i s t - c l a s s  ( t h r e e - a b r e a s t )  a i r c r a f t  
seats .  C h a r a c t e r i s t i c s  o f  t h e  seats  are g i v e n  i n  r e f e r e n c e  18.  

EXPERIKENTAL METHOD 

S u b j e c t s  

A t o t a l  o f  210 pa id  v o l u n t e e r  p a s s e n g e r - s u b j e c t s  (male and female) o b t a i n e d  
from a c o n t r a c t u a l  s u b j e c t  poo l  p a r t i c i p a t e d  ir! t h e  s t u d y .  The a g e s  o f  t h e  sub- 
j ec t s  ranged from 18 t o  62 y r ,  w i th  a median age o f  30 y r .  The mean weight  o f  
t h e  s u b j e c t s  was 64 .3  kg (141 .7  l b ) ,  w i t h  a weight  r ange  o f  42.2 t o  120.2 kg 
(93  t o  265 l b ) .  It should  be noted  t h a t  a p r e v i o u s  s t u d y  ( r e f .  7 )  i n d i c a t e d  
t h a t  t h e  f a c t o r s  o f  age,  w e i g h t ,  and sex d i d  n o t  have a s i g n i f i c a n t  e f f ec t  upon 
d i s c o m f o r t  r e s p o n s e s  f o r  t h i s  t y p e  of s t u d y .  Thus,  t h e s e  f a c t o r s  are no t  con- 
s i d e r e d  t o  be i n p o r t a n t  i n  t h e  p r e s e n t  s t u d y .  

S u b j e c t i v e  E v a l u a t i o n s  

Passenger s u b j e c t i v e  r e a c t i o n s  t o  t h e  v i b r a t i o n  s t i m u l i  used i n  t h i s  
i n v e s t i g a t i o n  were o b t a i n e d  by u s e  o f  t h e  magnitude e s t i m a t i o n  method ( r e f .  1 9 ) .  
T h i s  method was selected because ,  i n  a d d i t i o n  t o  p r o v i d i n g  an  e f f i c i e n t  and 
r e l i a b l e  measure of t h e  d u r a t i o n  e f f e c t ,  i t s  r a t i o  p r o p e r t i e s  a l l o w  t h e  r e s u l t s  
o f  t h i s  s tudy  t o  be used t o  deve lop  d u r a t i o n  c o r r e c t i o n  f a c t o r s  f o r  d i r e c t  
i n c o r p o r a t i o n  i n t o  a r i d e  comfor t  r e s e a r c h  model,  t h a t  i s ,  t h e  s u b j e c t i v e  
r e sponse  u n i t s  had i d e n t i c a l  meanings.  S i n c e  t h e  d i s c o m f o r t  sca le  developed  
i n  t h e  comfort  model s t u d i e s  a t  Langley Research  C e n t e r  was a r a t i o  S c a l e  
d e r i v e d  from a p p l i c a t i o n  o f  t h e  magnitude e s t i m a t i o n  t e c h n i q u e ,  and i s  refer- 
enced t o  t h e  d i scomfor t  t h r e s h o l d ,  i t  was n e c e s s a r y  t o  u s e  t h e  same p rocedure  
i n  t h i s  i n v e s t i g a t i o n .  Some of t h e  d e t a i l s  r e l a t e d  t o  t h e  a p p l i c a t i o n  O f  t h e  
magnitude e s t i m a t i o n  p rocedure  w i t h i n  t h e  c o n t e x t  of t h i s  s t u d y  are d e s c r i b e d  
i n  t h e  fo l lowing  p a r a g r a p h s .  
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The task f o r  each s u b j e c t  ( s i x  s u b j e c t s  c o n c u r r e n t l y )  was t o  p r o v i d e  mag- 
n i t u d e  e s t i m a t i o n s  o f  s u c c e s s i v e  l lcomparison r i d e  segment v i b r a t i o n s t 1  r e l a t i v e  
t o  " s t anda rd  r i d e  segment v i b r a t i o n s "  which were a s s i g n e d  t h e  numer i ca l  v a l u e  
o f  100 ( t h e  v i b r a t i o n s  are d e s c r i b e d  i n  the  n e x t  s e c t i o n s ) .  F o r  t h i s  t a s k  t h e  ' s u b j e c t s  were r e q u i r e d  t o  a s s i g n  numbers t o  the comparison r i d e  segments  t o  ' ref lect  how much greater o r  l e s s  the  d i scomfor t  o f  t h a t  r ide  was, r e l a t i v e  t o  
t h e  d i s c o m f o r t  o f  t h e  s t a n d a r d  r i d e  segment .  Fo r  example,  i f  t h e  d i s c o m f o r t  

I o f  a comparison r i d e  segment was f e l t  t o  be twice the  d i s c o m f o r t  o f  t h e  s t a n -  
d a r d  r i d e  segment ,  t h e  s u b j e c t s  would g i v e  t h e  r i d e  a v a l u e  o f  200. The sub- 

j e c t i v e  e v a l u a t i o n s .  Through t h e  use  o f  a two-way a u d i t o r y  communication 
sys t em,  t h e  s u b j e c t s  were i n s t r u c t e d  as t o  t h e  beg inn ing  and end of a r ide  seg- 
ment ( e i the r  s t a n d a r d  o r  compar ison)  by t h e  words "startf1 and " s t o p  , I t  respec- 
t i v e l y .  S u b j e c t s  were f u r t h e r  i n s t r u c t e d  t o  i g n o r e  r ise and decay v i b r a t i o n s  
t h a t  occur red  p r i o r  t o  and subsequent  t o  t h e  words llstartll and "s top ."  The 
e x a c t  i n s t r u c t i o n s  g i v e n  t o  subjects are reproduced i n  t h e  appendix .  

~ 

I j ec ts  were i n s t r u c t e d  n o t  t o  u s e  z e r o  or n e g a t i v e  numbers i n  making t h e i r  sub-  

1 

V i b r a t i o n  S t i m u l i  

Comparison r ide segments  were random v e r t i c a l  v i b r a t i o n s  w i t h  a 10-Hz band- 
w i d t h  c e n t e r e d  a t  5 Hz. This  type  o f  v i b r a t i o n  spec t rum was used  because  (1 )  i t  
is  t y p i c a l  o f  most t r a n s p o r t a t i o n  sys t ems ,  and ( 2 )  i t  c o n t a i n s  t h e  r ange  o f  
v i b r a t i o n  f r e q u e n c i e s  known t o  produce s i g n i f i c a n t  d i s c o m f o r t  i n  humans. These 
v i b r a t i o n s  were p r e s e n t e d  t o  s u b j e c t s  a t  one o f  f o u r  rms a c c e l e r a t i o n  l e v e l s  
(0 .025 ,  0 .050,  0.075, o r  0.1OOg). 
s e n t a t i v e  s p e c t r a  o f  these v i b r a t i o n s  f o r  each o f  t h e  a c c e l e r a t i o n  l e v e l s  i n v e s -  
t iga ted .  These v i b r a t i o n s  were expe r i enced  by s u b j e c t s  f o r  one o f  n i n e  time 
d u r a t i o n s  (0.25, 1 ,  2 ,  3,  5 ,  10 ,  15 ,  30, o r  60 min ) .  On the  o t h e r  hand,  a 
s t a n d a r d  r i d e  segment c o n s i s t e d  o f  a 9-Hz 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  and was 
p r e s e n t e d  a t  a n  rms a c c e l e r a t i o n  l e v e l  o f  0.1OOg for  10 sec. T h i s  p a r t i c u l a r  
v i b r a t i o n  c o n d i t i o n  was selected as t h e  s t a n d a r d  because  i t  has been shown t o  
produce minimum v a r i a b i l i t y  i n  s u b j e c t i v e  r a t i n g s  o f  d i s c o m f o r t  and is the  fre- 
quency a t  which t h e  seat  t r a n s f e r  f u n c t i o n  ( t r a n s m i s s i o n  charac te r i s t ics )  is 
u n i t y ;  t h a t  i s ,  t h e  seat does n o t  amplify the f l o o r  v i b r a t i o n .  A rise and 
decay  time o f  5 sec was used  f o r  both s t a n d a r d  and comparison r ides .  The time 
between v i b r a t i o n s  was 10 sec. 

( l g  = 9.807 m/sec2.) F i g u r e  2 shows repre- 

T e s t  Procedures  

A t y p i c a l  day o f  t e s t i n g  c o n s i s t e d  of i n s t r u c t i n g  each g roup  o f  s i x  sub- 
jects i n  t h e  u s e  of t h e  magnitude e s t i m a t i o n  p rocedure  and t h e n  expos ing  them 

t o  a b o u t  a 2 - - h r  t e s t  p e r i o d  composed o f  t h e  s t a n d a r d  and comparison r ide  seg- 

ments .  Each g r o u p  of s u b j e c t s  w i t h i n  a p a r t i c u l a r  t es t  p e r i o d  was exposed t o  
o n l y  one of t h e  n i n e  d u r a t i o n s  f o r  the comparison r ides .  T h i s  p rocedure  was 
fo l lowed i n  o r d e r  t o  i n s u r e  t h a t  s u b j e c t s  based t h e i r  e v a l u a t i o n  upon t h e  d i s -  
comfort due  t o  a v i b r a t i o n  o f  a s p e c i f i e d  d u r a t i o n ,  rather t h a n  merely t o  
elapsed time. A consequence o f  t h i s  expe r imen ta l  d e s i g n  p rocedure  was t h a t  
s u b j e c t s  exposed  t o  d i f f e r e n t  comparison ride d u r a t i o n s  r e c e i v e d  a d i f f e r e n t  

1 
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number o f  s t a n d a r d  and comparison r i d e  segments  d u r i n g  t e s t i n g .  Tab le  I shows 
t h e  number of s t a n d a r d  and comparison r i d e s  ( o f  v a r i o u s  a c c e l e r a t i o n  l e v e l s )  
expe r i enced  by s u b j e c t s  t h a t  were a s s i g n e d  (randomly)  t o  each  v i b r a t i o n  du ra -  
t i o n  c o n d i t i o n .  The v i b r a t i o n  a c c e l e r a t i o n  l e v e l s  w i t h i n  a p a r t i c u l a r  d u r a t i o n  
c o n d i t i o n  were randomized f o r  a s i n g l e  group o f  s u b j e c t s ,  o r  c o u n t e r b a l a n c e d  
a c r o s s  s u b j e c t  groups  ( e . g . ,  f o r  l o n g e r  v i b r a t i o n  d u r a t i o n s )  i n  o r d e r  t o  r e d u c e  
s u b j e c t s  b i a s  due t o  p r e s e n t a t i o n  o r d e r .  The second column of t a b l e  I i n d i -  
cates t h e  number o f  s u b j e c t s  t h a t  p a r t i c i p a t e d  i n  t h e  expe r imen t  f o r  each  o f  
t h e  d u r a t i o n  c o n d i t i o n s .  

For the s u b j e c t  groups  t h a t  e v a l u a t e d  t h e  0.25-,  I- ,  and 2-min d u r a t i o n  
c o n d i t i o n s ,  t h e  e x p e r i m e n t a l  t e s t  sequence  c o n s i s t e d  o f  a s t a n d a r d  r i d e  segment 
fo l lowed  by two comparison r i d e s  p r i o r  t o  a n o t h e r  s t a n d a r d  r i d e .  I n  t h i s  case, 
each  s u b j e c t  made a magnitude e s t i m a t i o n  o f  t h e  d i s c o m f o r t  o f  a comparison r i d e  
immedia te ly  a f t e r  e x p e r i e n c i n g  t h e  comparison r i d e .  For  t h e  remain ing  d u r a t i o n  
c o n d i t i o n s ,  t h e  e x p e r i m e n t a l  t es t  sequence  c o n s i s t e d  o f  a s t a n d a r d  r i d e  fo l lowed  
by a comparison r i d e  and then  a n o t h e r  s t a n d a r d  r i d e ,  a f t e r  which t h e  s u b j e c t s  
r a t e d  t h e  d i scomfor t  o f  t h e  comparison r i d e .  T h i s  tes t  sequence  was fo l lowed  
i n  o r d e r  t o  i n s u r e  t h a t  s u b j e c t s  exposed t o  t h e  l o n g e r  comparison r i d e  d u r a t i o n s  
had n o t  f o r g o t t e n  t h e  d i s c o m f o r t  a s s o c i a t e d  w i t h  t h e  s t a n d a r d  r i d e .  It shou ld  
be no ted  t h a t  du r ing  t h e  test sequences  t h e  ambient  n o i s e  l e v e l  neve r  exceeded 
70 dB(A). Consequent ly ,  n o i s e  is  n o t  c o n s i d e r e d  t o  be a t  a s u f f i c i e n t  l e v e l  
t o  i n f l u e n c e  s u b j e c t i v e  e v a l u a t i o n s .  

RESULTS AND DISCUSSION 

The fo l lowing  s e c t i o n s  p r e s e n t  a n  overview o f  t h e  r e s u l t s  o f  t h e  p r e s e n t  
s t u d y .  Inc luded  i n  t h i s  overview is  a comparison o f  t h e  r e s u l t s  o f  t h e  p r e s e n t  
s t u d y  w i t h  t h e  d u r a t i o n  effect  recommendation of  t h e  1.50. 

Exper imen ta l  R e s u l t s  

The e f f e c t s  of  a c c e l e r a t i o n  l e v e l  and d u r a t i o n  o f  v i b r a t i o n  on passenge r  
d i s c o m f o r t  a r e  shown i n  f i g u r e s  3 and 4 ,  r e s p e c t i v e l y .  Note t h a t  t h e  discom- 
f o r t  r e sponses  are p r e s e n t e d  i n  terms o f  b o t h  magnitude estimates and D I S C  
v a l u e s  (d i scomfor t  u n i t s ) .  The DISC v a l u e s  (where D I S C  1 is  t h e  t h r e s h -  
o l d  o f  d i s c o m f o r t )  r e p r e s e n t  a n  a n c h o r i n g  o f  t h e  magnitude e s t i m a t i o n s  rela- 
t i v e  t o  t h e  s t a n d a r d  r i d e  segment ,  which was s e l e c t e d  t o  have a D I S C  v a l u e  
e q u a l  t o  2.22 based upon p r e v i o u s  r e s e a r c h  ( r e f s .  20 and 21 ) .  T h i s  t r a n s f o r -  
mat ion  procedure  p e r m i t s  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  t o  be i n t e r p r e t e d  
w i t h i n  t h e  framework of  t h e  NASA r i d e  comfort  model. F i g u r e  3 d i s p l a y s  t h e  mean 
DISC v a l u e s  (and magnitude e s t i m a t i o n s )  t h a t  o c c u r r e d  as a f u n c t i o n  of r m s  v e r -  
t i c a l  a c c e l e r a t i o n ,  g. The D I S C  v a l u e s  p r e s e n t e d  i n  t h i s  f i g u r e  are t h e  mean 
d i s c o m f o r t  r e sponses  averaged  a c r o s s  a l l  s u b j e c t s  and a l l  d u r a t i o n s  of v i b r a t i o n  
f o r  a p a r t i c u l a r  a c c e l e r a t i o n  l e v e l .  These r e s u l t s  are c o n s i s t e n t  w i th  p r e v i o u s  
r e s e a r c h  ( e . g . ,  refs.  20,  21 ,  and 2 2 ) ,  which i n d i c a t e s  d i s c o m f o r t  i n c r e a s e s  l i n -  
e a r l y  w i t h  a c c e l e r a t i o n  l e v e l .  Fu r the rmore ,  f o r  t h e  s p e c i f i c  v i b r a t i o n  Spectrum 
i n v e s t i g a t e d ,  t h e  t h r e s h o l d  of d i s c o m f o r t  ( d e f i n e d  as D I S C  = 1 )  was found t o  
occur  a t  an rms v e r t i c a l  a c c e l e r a t i o n  l e v e l  o f  approx ima te ly  0.027g.  
i m p l i e s  t h a t  t r a n s p o r t a t i o n  v e h i c l e s  p o s s e s s i n g  similar f r equency  spec t rum c h a r -  

T h i s  
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acter is t ics  w i l l  be c o m f o r t a b l e  if t h e  spec t rum l e v e l  is  less  t h a n  0.027g and 
w i l l  p r o v i d e  i n c r e a s i n g l y  more d i scomfor t  as t h e  l e v e l  is i n c r e a s e d .  

The o v e r a l l  effect  of v i b r a t i o n  d u r a t i o n  on human d i s c o m f o r t  r e s p o n s e s  is  
i n d i c a t e d  i n  f i g u r e  4. T h i s  f i g u r e  shows the  mean DISC v a l u e s  (and  mean mag- 
n i t u d e  e s t i m a t i o n s )  tha t  were o b t a i n e d  i n  t h e  s t u d y  f o r  v a r i o u s  d u r a t i o n s  o f  
v i b r a t i o n .  The D I S C  v a l u e s  of t h e  f i g u r e  were o b t a i n e d  by a v e r a g i n g  r e s p o n s e s  
a c r o s s  s u b j e c t s  and a c c e l e r a t i o n  l e v e l s  f o r  each o f  t h e  d u r a t i o n s  i n v e s t i g a t e d .  
As i n d i c a t e d  i n  f i g u r e  4 ,  a l i n e a r  l e a s t - s q u a r e s  l i n e  was used  t o  r e p r e s e n t  t h e  
t r e n d  o f  these da ta .  The r a t i o n a l e  f o r  t h e  d e c i s i o n  t o  use  a s t r a i g h t  l i n e  is  
d i s c u s s e d  i n  d e t a i l  i n  subsequen t  paragraphs .  The s l o p e  o f  the l e a s t - s q u a r e s  
l i n e  shown i n  f i g u r e  4 is  n e g a t i v e  and d i f f e r s  s i g n i f i c a n t l y  from z e r o  
( t  = -3.927, Degrees o f  freedom = 7 ,  P r o b a b i l i t y  5 0.05;  2.365 5 t 6 -2.365 
i s  needed t o  a c h i e v e  s t a t i s t i c a l  s i g n i f i c a n c e ;  see re f .  23 f o r  p r o c e d u r e s  needed 
f o r  computa t ion  o f  t ) .  
decrease i n  t h e  d i s c o m f o r t  ( i . e . ,  i n c r e a s i n g  comfor t )  o c c u r s  as t h e  d u r a t i o n  
"L -a - - 2 L . - - L 2  "I"l.d~*U'I -.. is inclyased.  -1- I'lt: - dl,lUUr,t Wf i i i i S  jisccj~ll"oi-.t decl-.eas. is j isc-ussed 
s u b s e q u e n t l y  i n  t h i s  s e c t i o n .  

I 

These resul ts  i n d i c a t e  t h a t  a s i g n i f i c a n t  s y s t e m a t i c  

F i r s t ,  however,  two i n t e r r e l a t e d  q u e s t i o n s  conce rn ing  t h e  data of  f i g u r e  4 
must be addressed .  The first q u e s t i o n  conce rns  whether  a s t r a i g h t  l i n e  (as  
opposed t o  a polynomia l  c u r v e )  can  be j u s t i f i e d  t o  r e p r e s e n t  t h e  d u r a t i o n  t r e n d .  
The second q u e s t i o n  c o n c e r n s  whether  t h e  d u r a t i o n  t r e n d ,  however r e p r e s e n t e d ,  
remains  c o n s t a n t  fo r  the  i n d i v i d u a l  v i b r a t i o n  a c c e l e r a t i o n  l e v e l s  t h a t  were 
used  t o  compute the a v e r a g e  t r e n d  g i v e n  i n  f i g u r e  4. In fo rma t ion  p e r t i n e n t  
t o  these q u e s t i o n s  can  be e x t r a c t e d  from t h e  da ta  shown i n  f i g u r e  5. T h i s  f i g -  
u r e  p r e s e n t s  t h e  D I S C  v a l u e s  (and magnitude e s t i m a t i o n s )  t h a t  occur red  f o r  
each l e v e l  o f  rms a c c e l e r a t i o n  (0 .025 ,  0.050, 0 .075,  and 0.1OOg) as a f u n c t i o n  
of v i b r a t i o n  d u r a t i o n .  Thus,  i t  r e p r e s e n t s  a breakdown o f  f i g u r e  4 i n t o  t h e  
f o u r  component a c c e l e r a t i o n  l e v e l s  from which f i g u r e  4 was d e r i v e d .  The v e r -  
t i c a l  bars r e p r e s e n t  t h e  s t a n d a r d  e r r o r  of  the mean d i s c o m f o r t  r e s p o n s e s .  As 
noted  i n  f i g u r e  5, each o f  t h e  component a c c e l e r a t i o n  l e v e l s  was a l s o  f i t t e d  by 
a l i n e a r  l e a s t - s q u a r e s  l i n e .  The first q u e s t i o n  mentioned above ,  c o n s i d e r e d  from 
a s t a t i s t i c a l  p o i n t  o f  v iew,  is whether the  data p o i n t s  of f i g u r e  5 r e p r e s e n t  
t r u e  o r  random v a r i a t i o n  abou t  t h e  l e a s t - s q u a r e s  l i n e s  f o r  each a c c e l e r a t i o n  
l e v e l .  I n  o t h e r  words,  i f  t h e  data  p o i n t s  r e p r e s e n t e d  t r u e  ( s i g n i f i c a n t )  
v a r i a t i o n s  from t h e  l e a s t - s q u a r e s  p r e d i c t i o n s ,  a polynomia l  c u r v e  would be 
needed t o  track the  f l u c t u a t i o n s  of  t h e  d i scomfor t  r e s p o n s e s  a c r o s s  d u r a t i o n .  
On t h e  o t h e r  hand ,  a s t r a i g h t  l i n e  ( ra ther  t h a n  a po lynomia l )  would be s u f f i -  
c i e n t  t o  r e p r e s e n t  t he  d u r a t i o n  effect  i f  t h e  data p o i n t s  mere ly  r e p r e s e n t e d  
random f l u c t u a t i o n s  ( n o t  s i g n i f i c a n t  d i f f e r e n c e s )  from t h e  l e a s t - s q u a r e s  
p r e d i c t i o n s .  

Table  I1 p r o v i d e s  a summary of  t-test v a l u e s  (see re f .  23)  t h a t  were com- 
pu ted  t o  d e t e r m i n e  whether t h e  f l u c t u a t i o n  o f  da ta  p o i n t s  abou t  t h e  l i n e a r  l ea s t -  
s q u a r e s  l i n e s  f o r  each a c c e l e r a t i o n  l e v e l  r e p r e s e n t s  t r u e  o r  random f l u c t u a t i o n s .  
These s i n g l e  sample t-tests were computed between t h e  mean DISC re sponse  co r -  
r e spond ing  t o  a data p o i n t  and t h e  p r e d i c t e d  r e sponse  based on t h e  s t r a igh t -  
l i n e  l e a s t - s q u a r e s  estimate. These r e s u l t s  i n d i c a t e  t h a t ,  from a s t a t i s t i c a l  
p o i n t  of v iew,  a s t r a i g h t - l i n e  l e a s t - s q u a r e s  f i t  o f  t h e  r e sponse  data is more 
a p p r o p r i a t e  t h a n  a polynomia l  f i t .  Except  f o r  t h e  t-tests computed f o r  t h e  
0.25-min d u r a t i o n  v i b r a t i o n s ,  t h e  t- tests were e i t h e r  n o t  s i g n i f i c a n t  o r  d i d  
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n o t  d i s p l a y  a s y s t e m a t i c  effect .  The l a c k  of  a s y s t e m a t i c  e f f e c t  i s  d i s p l a y e d  
by two of  the  t- tests computed f o r  t h e  5-min d u r a t i o n  v i b r a t i o n s  which i n d i c a t e d  
r e s p o n s e  d i f f e r e n c e s  i n  a n  o p p o s i t e  d i r e c t i o n .  The o n l y  d a t a ,  t h e r e f o r e ,  t h a t  
cou ld  be cons ide red  t o  r e p r e s e n t  t r u e  v a r i a t i o n  from t h e  s t r a i g h t - l i n e  p r e d i c -  
t i o n s  are those  f o r  t h e  0.25-min v i b r a t i o n  d u r a t i o n .  S i n c e  t h e s e  v a r i a t i o n s  
are r e l a t i v e l y  small and occur  f o r  on ly  one d u r a t i o n  c o n d i t i o n ,  i t  is q u e s t i o n -  
a b l e  from a pract ical  p o i n t  o f  view whether  t h e  t y p e  o f  c u r v e  s e l e c t e d  t o  r e p r e -  
s e n t  t h e  d u r a t i o n  effect  should  be modi f ied  t o  accoun t  f o r  t h e s e  minor  v a r i a -  
t i o n s .  For example,  t h e  use  o f  h i g h e r  o r d e r  po lynomia l  fits ( i . e . ,  q u a d r a t i c ,  
c u b i c ,  q u a r t i c )  provided  o n l y  a minimal i n c r e a s e  i n  e x p l a i n e d  v a r i a n c e  ( less  t h a n  
2 p e r c e n t  maximum) which is n o t  c o n s i d e r e d  t o  be o f  p r a c t i c a l  impor t ance .  A 
l e a s t - s q u a r e s  s t r a i g h t  l i n e  was t h e r e f o r e  used  t o  r e p r e s e n t  t h e  d u r a t i o n  e f f ec t  
f o r  each  l e v e l  o f  v i b r a t i o n  a c c e l e r a t i o n .  

I n  o r d e r  t o  a d d r e s s  t h e  second q u e s t i o n  o f  whether  t h e  d u r a t i o n  t r e n d  
remains  c o n s t a n t  w i t h  i n c r e a s e s  o f  rms a c c e l e r a t i o n  l e v e l ,  a n  a d d i t i o n a l  series 
o f  s t a t i s t i c a l  t e s t s  were conducted based on t h e  data o f  f i g u r e  5. The s l o p e  of 
t h e  least-squares l i n e  f i t t e d  t o  t h e  r e sponse  d a t a  o f  t h e  0.025g l e v e l  o f  r m s  
v i b r a t i o n  was ana lyzed  by a t - tes t  (see r e f .  23)  and found n o t  t o  d i f f e r  s i g n i f -  
i c a n t l y  from z e r o .  Recall t h a t  a D I S C  o f  1 e q u a l s  0.027g. Consequent ly ,  t h e s e  
results imply t h a t  t h e  t h r e s h o l d  o f  d i s c o m f o r t  remains  c o n s t a n t  a t  a n  rms l e v e l  
o f  approx ima te ly  0.027g regardless o f  v i b r a t i o n  d u r a t i o n .  The s l o p e s  o f  t h e  
l e a s t - s q u a r e s  l i n e s  f i t t e d  t o  t h e  r e sponse  data f o r  t h e  0 .050 ,  0 .075,  and 0.1OOg 
l e v e l s  o f  a c c e l e r a t i o n ,  however,  were each  n e g a t i v e  and each  d i f f e r e d  s i g n i f i -  
c a n t l y  from z e r o  ( t  = -3.011, -4.040, and -2.506 f o r  t h e  0.050, 0 .075,  and 
0.1OOg l e v e l s  of rrns v i b r a t i o n ,  r e s p e c t i v e l y ;  f o r  each  compar ison ,  t h e  
Degree o f  freedom = 7 ,  P r o b a b i l i t y  6 0.05 ,  and 2.365 $ t 5 -2.365 is needed 
t o  a c h i e v e  s t a t i s t i c a l  s i g n i f i c a n c e ) .  

The results o f  t h e s e  tes ts  i n d i c a t e  t h a t  a s y s t e m a t i c  d e c r e a s e  o f  discom- 
f o r t  occu r red  f o r  i n c r e a s e s  i n  v i b r a t i o n  d u r a t i o n  f o r  each  a c c e l e r a t i o n  l e v e l  
above t h e  t h r e s h o l d  v a l u e .  However, t h e  q u e s t i o n  remains  as t o  whether  t h e  
a b s o l u t e  amount o f  d i s c o m f o r t  decrease, f o r  i n c r e a s e s  i n  v i b r a t i o n  d u r a t i o n ,  
is t h e  same f o r  t h e  v a r i o u s  a c c e l e r a t i o n  l e v e l s .  To answer t h i s  q u e s t i o n ,  
a d d i t i o n a l  t-tests were computed t o  de t e rmine  whether  any  of t h e  s l o p e s  f o r  
each  p o s s i b l e  p a i r  o f  l i n e s  i n  f i g u r e  5 d i f f e r e d .  The r e s u l t s  of t h e s e  t-tests 
i n d i c a t e d  there was no s t a t i s t i c a l  d i f f e r e n c e  between any  o f  t h e  s l o p e s  
( t  = 0.505,  -0.645, and -0.305 f o r  s l o p e  compar isons  o f  r m s  a c c e l e r a t i o n  
v a l u e s  of 0.050g as  opposed t o  O.O75g, 0.05Og as opposed t o  O.lOOg, and 0.075g 
as opposed to  O.lOOg, r e s p e c t i v e l y ) .  T h e r e f o r e ,  t h e  amount o f  d i s c o m f o r t  
decrease f o r  i n c r e a s e s  of v i b r a t i o n  d u r a t i o n  i s  t h e  same f o r  t h e  t h r e e  l e v e l s  
o f  v i b r a t i o n  a c c e l e r a t i o n  above t h r e s h o l d .  T h i s  i m p l i e s  t h a t  i f  t h e  v i b r a t i o n  
a c c e l e r a t i o n  l e v e l  o f  a r i d e  envi ronment  exceeds  t h e  t h r e s h o l d  of  d i s c o m f o r t ,  
s u b j e c t s  t e n d  t o  a d a p t  t o  t h i s  envi ronment  and t h e  r e s u l t a n t  decrease i n  s u b j e c -  
t i v e  d i scomfor t  is  independent  o f  the  l e v e l  of  v i b r a t i o n ,  a t  l ea s t  f o r  t h e  r ange  
o f  v i b r a t i o n  a c c e l e r a t i o n s  o f  t h i s  s t u d y .  
s t u d y  sugges t  t h a t  a s i n g l e  f u n c t i o n  can  be d e r i v e d  t o  r e p r e s e n t  t h e  effects  of 
rms v i b r a t i o n  d u r a t i o n  up t o  l e v e l s  of  0.lOOg. To be  mean ingfu l ,  however,  such  a 
f u n c t i o n  must be r e f e r e n c e d  t o  t h e  d i s c o m f o r t  a s s o c i a t e d  w i t h  a p a r t i c u l a r  v i b r a -  
t i o n  d u r a t i o n .  S i n c e  i t  is i n t e n d e d  t h a t  t h e  f u n c t i o n  a l s o  s e r v e  as a d u r a t i o n  
c o r r e c t i o n  f o r  t h e  N A S A  r i d e  q u a l i t y  model,  it is e x p e d i e n t  t o  reference it  t o  
t h e  d i scomfor t  due t o  a 0.25-min v i b r a t i o n .  The r e a s o n s  for  t h i s  are ( 1 )  discom- 

Consequent ly ,  t h e  r e s u l t s  of t h i s  
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f o r t  d e c r e a s e s  s y s t e m a t i c a l l y  w i t h  i n c r e a s e s  of v i b r a t i o n  d u r a t i o n  i n  e x c e s s  of 
0.25 min, and ( 2 )  t h e  m a j o r i t y  of p r e v i o u s  i n v e s t i g a t i o n s  conducted f o r  deve lop-  
ment o f  t h e  NASA model have invo lved  0.25-min v i b r a t i o n  d u r a t i o n s .  
d u r a t i o n  c o r r e c t i o n  is de f ined  as t h e  d i f f e r e n c e  between d i s c o m f o r t  due t o  a 
r i d e  segment of  d u r a t i o n  T (T > 0.25 min) and t h e  d i s c o m f o r t  due t o  a r i d e  

expres sed  as 

Thus,  t h e  

I segment o f  0.25-min d u r a t i o n .  The d u r a t i o n  c o r r e c t i o n  can  ma themat i ca l ly  be 

, DISCD UR A T I ON inc remen ta l  change i n  d i scomfor t  due t o  d u r a t i o n  

D1SCr-r; - - -  d i s c o m f o r t  a t  Time = Ti 

DISCT=O. 25 min d i s c o m f o r t  a t  T ime  = 0.25  min 

Using e q u a t i o n  ( 1 )  and t h e  fact  t h a t  t h e  s l o p e s  of  t h e  l i n e s  of f i g u r e  5 d i d  
n o t  d i f f e r ,  t h e  DISCDURATION v a l u e s  for  d u r a t i o n s  greater t h a n  0 .25  min were 
computed and are shown i n  f i g u r e  6 .  S i n c e  t h e  d u r a t i o n  e f f e c t  was shown t o  be  
independent  o f  a c c e l e r a t i o n  l e v e l ,  t h e  DISCDURATION v a l u e s  o f  f i g u r e  6 r e p r e -  
s e n t  an  a v e r a g e  o f  t h e s e  v a l u e s  a c r o s s  a c c e l e r a t i o n  l e v e l  a t  each  o f  t h e  v i b r a -  
t i o n  d u r a t i o n s .  The f i n a l  d u r a t i o n  c o r r e c t i o n  f u n c t i o n  is g iven  by t h e  fo l low-  
i n g  e q u a t i o n ,  which co r re sponds  t o  t h e  l i n e  shown i n  f i g u r e  6:  

where T is v i b r a t i o n  d u r a t i o n  i n  minu tes .  T h i s  f u n c t i o n  c l e a r l y  i l l u s t r a t e s  
t h e  fact  t h a t  t h e  s u b j e c t s  adap ted  t o  t h e  l o n g e r  d u r a t i o n  v i b r a t i o n  envi ronment .  
T h i s  r e s u l t  is c o n s i s t e n t  w i th  comments made by t h e  s u b j e c t s  upon comple t ion  
o f  t h e  e x p e r i m e n t a l  testing each day. An impor t an t  i m p l i c a t i o n  of t h e  d u r a t i o n  
effect  d i s p l a y e d  i n  f i g u r e  6 (and eq .  ( 2 ) )  is t h e  p o s s i b i l i t y  t h a t  i t  may 
accoun t  f o r  some o f  t h e  i n c o n s i s t e n c i e s  ( r e f s .  1 and 2 )  observed  when comparing 
t h e  r e s u l t s  of v a r i o u s  r i d e  q u a l i t y  s t u d i e s  t h a t  exposed passenge r s  t o  similar 
v i b r a t i o n  s t i m u l i  b u t  o f  v a r y i n g  d u r a t i o n s .  

The major  r e s u l t s  and i m p l i c a t i o n s  d i s c u s s e d  i n  t h i s  s e c t i o n  can  be  sum- 
marized as f o l l o w s :  ( 1 )  f o r  rms v i b r a t i o n  l e v e l s  below d i s c o m f o r t  t h r e s h o l d  
(<O.O27g), p a s s e n g e r  d i scomfor t  was independent  o f  v i b r a t i o n  d u r a t i o n  (up  t o  
1 h r ) ;  ( 2 )  f o r  rms v i b r a t i o n  l e v e l s  i n  excess  o f  d i s c o m f o r t  t h r e s h o l d  (>0 .027g)  
up t o  O.lOOg, a s y s t e m a t i c  decrease i n  pas senge r  d i s c o m f o r t  occu r red  as v i b r a -  
t i o n  d u r a t i o n  i n c r e a s e d ;  and ( 3 )  t h e  a b s o l u t e  amount of d i scomfor t  decrease was 
independen t  o f  a c c e l e r a t i o n  l e v e l  f o r  t h e  p a r t i c u l a r  a c c e l e r a t i o n  l e v e l s  t e s t e d .  
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Comparison With IS0 

The recommendations o f  t h e  I S 0  as t o  t h e  e f f e c t  of v i b r a t i o n  d u r a t i o n  are 
p r e s e n t e d  i n  r e f e r e n c e  1 1 .  These recommendations i n d i c a t e  t h a t  t h e  e f fec ts  o f  
v i b r a t i o n  d u r a t i o n  are independent  of a c c e l e r a t i o n  l e v e l ,  v i b r a t i o n  f r e q u e n c y ,  
and t h e  a x i s  o f  v i b r a t i o n .  The document d e f i n e s  a "reduced comfor t  boundaryt t  
as  t h e  a c c e l e r a t i o n  l e v e l  ( a t  each  f r equency)  below which a r i d e  is c o n s i d e r e d  
t o  be comfor t ab le  and above which a r i d e  i s  treated as  uncomfor t ab le .  The effect  
o f  d u r a t i o n  is i n c o r p o r a t e d  as a m o d i f i c a t i o n  i n  t h e  a c c e l e r a t i o n  l e v e l  r e q u i r e d  
t o  p r o v i d e  "reduced comfor t . t t  The IS0  d u r a t i o n  e f fec t  can be i l l u s t r a t e d  by 
d e f i n i n g  a parameter  c a l l e d  a c c e l e r a t i o n  r a t i o  Ra which is  d e f i n e d  as f o l l o w s :  

aT 

are f 
Ra = - ( 3 )  

where 

aT p e r m i s s i b l e  rms a c c e l e r a t i o n  l e v e l  a t  time T f o r  no r e d u c e d  comfor t  

aref p e r m i s s i b l e  rms a c c e l e r a t i o n  f o r  1 min exposure  f o r  no reduced comfor t  

A p l o t  o f  t h e  a c c e l e r a t i o n  r a t i o  as a f u n c t i o n  o f  v i b r a t i o n  d u r a t i o n  
( T i m e  I 1 min) f o r  t h e  IS0  recommendation is g i v e n  i n  f i gu re  7. As shown i n  
t he  f i g u r e ,  t h e  I S 0  t r e n d  i n d i c a t e s  t h a t  t h e  a c c e l e r a t i o n  l e v e l  shou ld  be 
reduced f o r  i n c r e a s e s  i n  d u r a t i o n  i n  o r d e r  n o t  t o  exceed t h e  r educed  comfor t  
boundary.  For  comparison pu rposes ,  t h e  v a l u e s  of  Ra f o r  t h i s  s t u d y  are  a l s o  
d i s p l a y e d  i n  f i g u r e  7 and show an  o p p o s i t e  t r e n d ,  namely, t ha t  an i n c r e a s e  i n  
a c c e l e r a t i o n  l e v e l  i s  r e q u i r e d  t o  m a i n t a i n  a c o n s t a n t  l e v e l  of  d i s c o m f o r t .  
Thus,  t h e  r e s u l t s  of  t h i s  s t u d y  imply t h a t  t h e  p a s s e n g e r - s u b j e c t s  t end  t o  a d a p t  
t o  a c o n t i n u o u s l y  a p p l i e d  r i d e  envi ronment ,  whereas  t h e  IS0 recommendation i n d i -  
cates  t h a t  s u b j e c t i v e  t o l e r a n c e  d e c r e a s e s  (no  a d a p t a t i o n ) .  One p o s s i b l e  e x p l a -  
n a t i o n  f o r  t h e  d i f f e r e n c e  between t h e  two r e s u l t s  is  t h a t  t h e  I S 0  t r e n d  was 
d e r i v e d  from per formance-or ien ted  i n v e s t i g a t i o n s  and hence may be v a l i d  f o r  v e r y  
h i g h  l e v e l s  of a c c e l e r a t i o n ,  whereas  t h e  d u r a t i o n  e f f ec t  o f  t h e  p r e s e n t  I n v e s t i -  
g a t i o n  a p p l i e s  on ly  t o  t h e  lower  l e v e l  v i b r a t i o n s  t y p i c a l  o f  pas senge r  trans- 
p o r t a t i o n  v e h i c l e s .  I n  o t h e r  words,  t h e  IS0 recommendation may a p p l y  t o  ex t reme 
v i b r a t i o n  environments  such  as  may be found i n  c e r t a i n  m i l i t a r y  v e h i c l e s .  

CONCLUDING REMARKS 

An i n v e s t i g a t i o n  was conducted t o  s y s t e m a t i c a l l y  examine t h e  e f fec ts  o f  
v i b r a t i o n  d u r a t i o n  on passenge r  d i s c o m f o r t .  A r e a l i s t i c  l a b o r a t o r y  s i m u l a t o r  
was u s e d  t o  expose s u b j e c t s  t o  random v e r t i c a l  v i b r a t i o n s .  Variables  i n c l u d e d  
t h e  time o f  exposure  (0.25 t o  60 min) and t h e  a m p l i t u d e  o f  rms v i b r a t i o n  (0.025 
t o  0.1OOg). The v i b r a t i o n  was c h a r a c t e r i z e d  by a w h i t e  n o i s e  spec t rum w i t h  a 
bandwidth of 10 Hz c e n t e r e d  a t  5 Hz. Data i n d i c a t e  t h a t  f o r  rms a c c e l e r a t i o n  
l e v e l s  g r e a t e r  than  t h e  t h r e s h o l d  of d i s c o m f o r t  (O.O27g), a s y s t e m a t i c  decrease 
i n  d i scomfor t  occu r red  as a f u n c t i o n  of  i n c r e a s i n g  d u r a t i o n  o f  v i b r a t i o n .  The 
magnitude of t h e  d i s c o m f o r t  decrement  was shown t o  be independen t  of  accelera- 
t i o n  l e v e l .  These resu l t s  were o p p o s i t e  t o  t h e  d u r a t i o n  c o r r e c t i o n  recommended 



by t h e  I n t e r n a t i o n a l  S t anda rd  IS0 2631-1974 ( E )  "Guide f o r  t h e  E v a l u a t i o n  o f  
Human Exposure t o  Whole-Body Vibra t ion . I1  One p o s s i b l e  r eason  f o r  t h e  d i f f e r e n c e  
i n  t r e n d  between t h e  r e s u l t s  of  t h i s  s t u d y  and t h e  I n t e r n a t i o n a l  O r g a n i z a t i o n  
f o r  S t a n d a r d i z a t i o n  (IS01 recommendation could be t h e  f a c t  t h a t  t h e  IS0 t r e n d  
was d e r i v e d  from data re la ted t o  human performance ( o r  p r o f i c i e n c y )  under  v i b r a -  
t i o n  stress. Consequent ly ,  the  l e v e l s  o f  v i b r a t i o n  upon which t h e  IS0 t r e n d  i s  
based are s u b s t a n t i a l l y  h i g h e r  t h a n  the  leve ls  r e q u i r e d  t o  produce  decrements  
i n  s u b j e c t i v e  comfor t .  The v a l i d i t y  of e x t r a p o l a t i o n s  from per formance  data ,  
o r  t h e  IS0 f a t i g u e - d e c r e a s e d  p r o f i c i e n c y  baundarj: ciirve, t o  the case oI" reduced  
comfor t  is q u e s t i o n a b l e  and remains  t o  be demonst ra ted .  T h i s  is an  area t h a t  
is  c e r t a i n l y  worthy o f  a d d i t i o n a l  wel l -planned research. 

Langley Research C e n t e r  
N a t i o n a l  A e r o n a u t i c s  and Space  Admin i s t r a t ion  
Hampton, VA 23665 
August 10 ,  1978 
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APPENDIX 

PASSENGER INSTRUCTIONS FOR DISCOMFORT TESTS 

Discomfor t  I n s t r u c t i o n s  

You have v o l u n t e e r e d  t o  p a r t i c i p a t e  i n  a r e s e a r c h  program t o  i n v e s t i g a t e  
t h e  q u a l i t y  o f  r i d e s .  S p e c i f i c a l l y ,  we wish  t o  i d e n t i f y  t h e  t y p e s  of v i b r a t i o n  
i n  t r a n s p o r t a t i o n  v e h i c l e s  which most i n f l u e n c e  a p e r s o n ' s  s e n s e  o f  wel l -be ing .  
To assess t h e  i n f l u e n c e  of t h e s e  v i b r a t i o n s ,  we have b u i l t  a s i m u l a t o r  which 
can  expose  p a s s e n g e r s  t o  r e a l i s t i c  r i d e  mot ions .  The s i m u l a t o r  e s s e n t i a l l y  pro- 
v i d e s  no r i s k  t o  p a s s e n g e r s  s i n c e  i t  h a s  been d e s i g n e d  t o  meet s t r i n g e n t  s a f e t y  
r e q u i r e m e n t s  s u c h  t h a t  i t  c a n n o t  expose  s u b j e c t s  t o  mot ions  which a r e  known t o  
c a u s e  i n j u r y .  I t  c o n t a i n s  mar,y b u i l t - i n  s a f e t y  f e a t u r e s  which a u t o m a t i c a l l y  
s h u t  t h e  system down i f  i t  d o e s  n o t  perform p r o p e r l y .  

The v i b r a t i o n s  t h a t  you w i l l  r e c e i v e  today  a re  r e p r e s e n t a t i v e  o f  v i b r a t i o n s  
you may e x p e r i e n c e  i n  a n  a i r p l a n e .  You w i l l  e n t e r  t h e  s i m u l a t o r ,  t a k e  a sea t ,  
f a s t e n  t h e  s e a t b e l t ,  and assume a c o m f o r t a b l e  p o s i t i o n  w i t h  b o t h  feet  on t h e  
f l o o r .  S e l e c t e d  v i b r a t i o n s  w i l l  t h e n  be a p p l i e d  t o  t h e  c a b i n .  You are  t o  make 
y o u r s e l f  as c o m f o r t a b l e  and r e l a x e d  as p o s s i b l e  w h i l e  t h e  t e s t  i s  b e i n g  con- 
d u c t e d ;  however, you must keep  your  feet  on t h e  f l o o r  and k e e p  your  s e a t b e l t s  
f a s t e n e d  a t  a l l  times. During t h e  t e s t s  you w i l l  a t  a l l  times be i n  two-way 
communication wi th  t h e  tes t  c o n d u c t o r .  

You have t h e  o p t i o n  a t  any time and f o r  any  r e a s o n  t o  t e r m i n a t e  t h e  t e s t s  
i n  any  one o f  t h r e e  ways: ( 1 )  by p r e s s i n g  overhead b u t t o n  l a b e l e d  "STOP," 
( 2 )  by v o i c e  communication w i t h  t h e  t e s t  c o n d u c t o r ,  o r  ( 3 )  by p r e s s i n g  downward 
on toggle s w i t c h  l o c a t e d  a t  f r o n t  of each  r igh t -hand armrest. Because o f  i n d i -  
v i d u a l  d i f f e r e n c e s  i n  p e o p l e ,  t h e r e  i s  a l w a y s  t h e  p o s s i b i l i t y  t h a t  someone may 
f i n d  t h e  motions o b j e c t i o n a b l e  and may n o t  wish to  c o n t i n u e .  If t h i s  s h o u l d  
happen t o  you, p l e a s e  do n o t  h e s i t a t e  t o  s t o p  t h e  t e s t s  by one o f  t h e  above 
methods.  

I n s t r u c t i o n s  f o r  Comfort R ide  E s t i m a t i o n s  

The t a s k  you w i l l  now be r e q u i r e d  t o  per form is to  e v a l u a t e  t h e  v i b r a t i o n  
o f  a r i d e  segment .  The d i s c o m f o r t  e v a l i l a t i o n  you make o f  a p a r t i c u l a r  r i d e  
segment w i l l  a lways be i n  comparison t o  a s t a n d a r d  r i d e  segment .  I w i l l  spec-  
i f y  t h e  s t a r t  of  a r i d e  segment w i t h  t h e  word ' l s ta r t , "  and I w i l l  s p e c i f y  t h e  
end o f  a r i d e  segment w i t h  t h e  word t l s top . ' f  After you h e a r  t h e  word s t o p ,  you 
are  t o  e v a l u a t e  t h e  r i d e  segment i n  comparison w i t h  t h e  s t a n d a r d  r i d e  segment .  

Task.-  I w i l l  p r e s e n t  a r i d e  segment ,  termed t h e  s t a n d a r d ,  a t  t h e  begin-  
n i n g  and i n t e r m i t t e n t l y  t h r o u g h o u t  your  e v a l u a t i o n s .  The s t a n d a r d s  w i l l  be t h e  
same throughout  t h e  t e s t i n g .  The d i s c o m f o r t  of t h e  s t a n d a r d  r i d e  segment is  
t o  be a s s i g n e d  t h e  number 100.  I w i l l  p r e s e n t  r i d e  segments  t h a t  p r o v i d e  l e s s  
o r  more d i s c o m f o r t  t h a n  t h e  s t a n d a r d  100. Your t a s k  w i l l  be t o  a s s i g n  numbers 
t o  each  of t h e s e  r i d e  segments  above and below t h e  s t a n d a r d  100. Try t o  a s s i g n  
t h e  a p p r o p r i a t e  number t o  e a c h  r i d e  segment r e g a r d l e s s  of what YOU may have  
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c a l l e d  t h e  p r e v i o u s  r i d e  segment.  I f ,  f o r  example,  t h e  r i d e  segment seems t o  
p r o v i d e  twice t h e  d i s c o m f o r t  o f  t h e  s t a n d a r d ,  s a y  200. If t h e  r i d e  segment pro-  
v i d e s  one - t en th  t h e  d i s c o m f o r t ,  s ay  I O .  I f  t he  r i d e  segment p r o v i d e s  one - fou r th  
t h e  d i s c o m f o r t  o f  t h e  s t a n d a r d ,  say  25. As you know, there are i n f i n i t e  numbers 
above as well as below t h e  s t a n d a r d  o f  100. You may u s e  d e c i m a l s ,  f r a c t i o n s ,  
o r  whole numbers. Do n o t  u s e  z e r o  or  n e g a t i v e  numbers. 

E v a l u a t i o n  marks.- You shou ld  r e c o r d  your e v a l u a t i o n  (number) o f  t h e  r i de  
segiiieiit on the b lank  s p a c e  n e x t  t o  t h e  r i d e  segment number. For exampie,  t n e  
d a t a  s h e e t  f o r  you t o  r e c o r d  your  e v a l u a t i o n  o f  a r i d e  segment w i l l  l ook  l i k e  
t h e  f o l l o w i n g  : 

STANDARD (100) STANDARD ( 100 

RIDE 2 ,  RATE RIDE 2 

RIDE 3. RATE STANDARD (100) 
OR 

STANDARD (100)  RATE R I D E  2 

E v a l u a t i o n s . -  There are two requ i r emen t s  you shou ld  u s e  i n  your  e v a l u a t i o n s .  

F i r s t ,  your  e v a l u a t i o n s  shou ld  be  based upon v i b r a t i o n .  C e r t a i n l y ,  you 
cou ld  e v a l u a t e  a r ide based on o t h e r  f a c t o r s  such  as t e m p e r a t u r e ,  p r e s s u r e ,  e tc .  
However, res t r ic t  your  e v a l u a t i o n s  o f  a r i d e  segment t o  v a r i a t i o n s  o f  v i b r a t i o n .  

Second,  base  your  e v a l u a t i o n  o f  a r i d e  upon comfor t  o f  a v i b r a t i o n ,  n o t  
o n l y  upon v a r i a t i o n s  o f  v i b r a t i o n .  I n  o t h e r  words,  ra te  a r i d e  segment i n  terms 
o f  comfor t  o f  a v i b r a t i o n ,  n o t  on whether  you n o t i c e  d i f f e r e n c e s  o f  v i b r a t i o n .  
T h i s  r equ i r emen t  is impor t an t  because  w e  are i n t e r e s t e d  i n  d i f f e r e n c e s  o f  com- 
f o r t ,  n o t  mere ly  your  a b i l i t y  t o  detect  d i f f e r e n c e s  o f  v i b r a t i o n s .  

Cons i s t ency . -  It is t y p i c a l  f o r  p a r t i c i p a n t s  i n  t h e  s t u d y  t o  " t r y  and be  
c o n s i s t e n t . 1 1  I n s t e a d  o f  t r y i n g  t o  be c o n s i s t e n t  wi th  p r e v i o u s  r i d e  segments ,  
t r y  and e v a l u a t e  each segment w i t h o u t  l ook ing  a t  e v a l u a t i o n s  o f  p r e v i o u s  r i d e  
segments .  P l e a s e  do n o t  be concerned about  whether your  r a t i n g s  agree w i t h  
t h e  o t h e r s  i n  t h e  s i m u l a t o r  w i t h  you. Remember we want t o  know how d i f f e r e n t  
p e o p l e  feel  abou t  t h e  r i d e .  You may t a l k  between t h e  segments  you are t o  ra te ,  
b u t  p l e a s e  do n o t  t a l k  d u r i n g  them. It is a l s o  t y p i c a l  f o r  p a r t i c i p a n t s  t o  feel  
t h a t  they  are n o t  do ing  well a t  t h i s  t a s k .  It is  u s u a l l y  t r u e ,  however,  t h a t  
p a r t i c i p a n t s  are doing  b e t t e r  t h a n  they  th ink  they  a re ,  s o  d o n ' t  be  d i scouraged  
i f  you f i n d  t h e  t a sk  d i f f i c u l t  o r  monotonous a t  times. 

Remember.- 

1 .  L i s t e n  f o r  t he  words T I S t a r t l l  and "Stop." 

2 .  E v a l u a t e  o n l y  t h e  d i s c o m f o r t  of v i b r a t i o n s .  

3. P l a c e  your  e v a l u a t i o n  number on t h e  a p p r o p r i a t e  b l ank .  

Are t h e r e  any  q u e s t i o n s ?  
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APPEND1 X 

(Upon e n t e r i n g  t h e  s i m u l a t o r ,  t h e  s u b j e c t  shou ld  be t o l d : )  Please be 
(Wait u n t i l  a l l  t h e  s u b j e c t s  are r e a d y . )  s e a t e d  and f a s t e n  your  s e a t b e l t .  

Now, t h e  m i r r o r  you s e e  i n  f r o n t  of you is a two-way m i r r o r  t o  a l l o w  t h e  oper -  
a t o r  t o  moni tor  any  d i s c o m f o r t  you may have  d u r i n g  a r i d e .  I n  a d d i t i o n ,  as I 
t o l d  you before, t h e  t es t  conduc to r  w i l l  be a b l e  t o  h e a r  e v e r y t h i n g  you s a y .  
A l so ,  i f  you wish t o  end t h e  t e s t ,  you can  push t h e  t o g g l e  s w i t c h ,  p r e s s  one 
of t h e s e  l i t t l e  b u t t o n s  ( p o i n t  t o  b o t h ) ,  or you can a s k  t h e  t e s t  conduc to r  t o  
s t o p  t h e  t es t  and l e t  you o u t .  The first p a r t  o f  t h e  t e s t  w i l l  t a k e  a b o u t  a n  
hour .  

- ~ . 

I S i m u l a t o r  I n s t r u c t i o n s  
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TABLE I.- A SUMMARY OF THE NUMBER OF STANDARD AND COMPARISON 

Comparison 
d u r a t i o n ,  

min 

0.25 

1 

2 

3 

5 

10 

15 

30 

60 

60 

60 

60 

60 

60 

R I D E  SEGMENTS THAT EACH SUBJECT EXPERIENCED 

FOR A V I B R A T I O N  DURATION 

Number of 
s u b j e c t s  

t e s t e d  
a t  each  

d u r a t i o n  

18 

12 

12 

24 

24 

12 

12 

24 

12 

12 

12 

12 

12 

12 

Number of times each  s u b j e c t  exposed 
t o  each rms level  

Comparison 

0.025g 0.050g 

36 

24 

16 

10 

5 

3 

2 

1 

1 

--- 
--e 

1 

1 

--- 

0.075g 

36 

24 

16 

10 

5 

3 

2 

1 

--- 
I 

--- 
1 

--- 
1 

0.1oog 

36 

24 

16 

10 

5 

3 

2 

1 

--- 
--- 

1 

--- 
I 

1 

S t a n d a r d  
(0.1OOg) 

48 

96 

64 

80 

40 

24 

16 

8 

4 

4 

4 

4 

4 

4 
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TABLE 11.- A SUMMARY OF SIGNIFICANT t-VALUESa COMPUTED BETh'EEN THE 

MEAN DISCOMFORT RESPONSE FOR EACH DURATION AND ACCELERATION 

LEVEL AND THE PREDICTED RESPONSE BASED ON LEAST-SQUARES 

CURVE-FITTED ESTIMATES FOR EACH ACCELERATION LEVEL 

D u r a t i o n ,  
min 

0 .25  

1 

2 

3 

5 

10 

15 

30 

60 

r m s  acce le ra t ion  l e v e l ,  g u n i t s  

0.025 

a7 .7771 

-1.7231 

- . 0 3 i i  

.8121 

'-2.10 19 

-1.1719 

.5304 

-1.4629 

.5712 

0.050 

'8.4418 

.068 1 

- 1 .2668 

.2436 

-. 5201 

-. 1448 

-. 4269 

- 1.4299 

1.4131 

a P r o b a b i l i t y  ( P )  6 0.05.  

16 

0.075 

'2.7947 

-.4165 

- .8412 

-. I866 

.7896 

- .5202 

-. 6659 

.7083 

-. 3788 

0.100 

32.0862 

-.8514 

-1.0201 

- .7863 

a?. 2626 

.1604 

-1.5931 

.8256 

-. 1933 

Degrees of 
f r e e d o m  

647 

287 

191 

239 

119 

35 

23 

23 

35 

S i g n i f i c a n t  
( P  5 0.05) 

t -va lue  
__ 

-1 .96  > t > 1.96 

-1.96 > t > 1.96 

-1.96 > t > 1.96 

-1.96 > t > 1.96 

-1.98 > t > 1.98 

-2.042 > t > 2.042 

-2.069 > t > 2.069 

-2.069 > t > 2.069 

-2.042 > t > 2.042 



L-78-600 
F i g u r e  1.-  Langley passenge r  r i d e  q u a l i t y  a p p a r a t u s .  
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Figure 3.- Values of DISC and magnitude estimations of discomfort (averaged 
over all subjects and durations) as a function of floor acceleration level. 
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