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SUMMARY 

A series of studies was conducted to develop criteria for prediction of 

were the vertical, lateral, longitudinal, roll, and pitch axes. The studies 
involved applying sinusoidal and random vibrations in these axes to a total of 
852 passenger-subjects. The discomfort evaluations provided by the subjects 
formed the basis for development of the discomfort criteria. 

*ssenger ;iscGiifort due to *-:l.."-t:..- v A u L a i A v s 1  1;; . each of f i v e  SE m t i ~ ~ .  The S X ~ S  

A single scale of passenger discomfort common to all axes of vibration was 
developed. 
the individual criterion of an axis as well as a method of canparing criteria 
of various axes. Discomfort criteria for sinusoidal vibration were developed 
for vertical, lateral, and roll axes, whereas random-vibration discomfort cri- 
teria were derived for all five axes of motion. On the basis of these criteria, 
empirical equations were derived for use in the prediction of passenger discom- 
fort associated with each axis and type of vibration. The discomfort criteria 
of these studies did not agree with recommendations of the International Stan- 
dards Organization with regard to acceptable levels of vibration acceleration 
or with regard to the equivalence of the type of vibration, that is, random or 
sinusoidal. The test results for angular vibration provide data for extension 
of current information to establish a universal set of discomfort criteria. 

The scale provided a simple and concise technique for expressing 

INTRODUCTION 

Passenger comfort in various transportation vehicles is influenced by sev- 
eral factors, such as vibration, noise, temperature, and seating space. (See 
refs. 1 and 2.)  Thus prediction of, and subsequently the optimization of, pas- 
senger comfort is dependent upon the appropriate integration of these factors 
in a model for vehicle ride quality. Such a model that would account for the 
relative importance of both the vibratory and nonvibratory aspects of these 
vehicle environments upon human discomfort responses is under development at 
the Langley Research Center (refs. 3 to 5). However, the development of a 
model with wide applicability to various vehicles requires a comprehensive 
understanding of the fundamental effects of vibration on passenger comfort. 
Such an understanding has heretofore not been available. 
the results from an extensive number of NASA studies that have led to a more 
detailed understanding of passenger discomfort response to vibration and the 
development of general discomfort criteria for each axis of vibration. 

This paper presents 

A recent review and sumnary of the vibration-criteria literature (ref. 6)  
points out that most ride quality studies have concentrated on only the vertical 
axis and, to a lesser extent, the lateral axis of vibration. Thus, a need to 
develop criteria for the other axes of vibration is apparent. Reference 6 fur- 
ther indicates that many differences and contradictions exist in the various 
reported investigations. For example, it is not unusual for the vibration 



l e v e l s  associated with t h e  proposed c r i te r ia  f o r  an a x i s  to  d i f f e r  from one 
another  by as much as an order  of magnitude. The reasons o f f e r e d  t o  e x p l a i n  
t h i s  d i v e r s i t y  of r e s u l t s  included f a c t o r s  such as poor experimental  des ign ,  
u n r e a l i s t i c  l a b o r a t o r y  environments, use of inadequate r a t i n g  scales, small 
s u b j e c t  samples, and lack of information regarding fundamental psychophysical  
r e l a t i o n s h i p s  between human discomfort  response and t h e  c h a r a c t e r i s t i c s  of t h e  
v i b r a t i o n  s t i m u l i  (ref. 3 ) .  Seve ra l  i n v e s t i g a t i o n s  d i d  apply improved method- 
ologies to t h e  problem of determining t h e  psychophysics of human s u b j e c t i v e  
response t o  whole-body v i b r a t i o n s  (refs. 7 to 9). However, a r e c e n t  i nves t iga -  
t i o n  ( r e f .  10) demonstrated t h a t  s u b j e c t i v e  e v a l u a t i o n s  of t h e  i n t e n s i t y  of 
v i b r a t i o n  d i f f e r e d  from s u b j e c t i v e  e v a l u a t i o n s  of t h e  discomfort  of v i b r a t i o n .  
Consequently, c a u t i o n  must be used i n  applying experimental  resul ts  ( c r i t e r i a )  
from s tud ie s  of i n t e n s i t y  to problems r e l a t e d  to human discomfort. Therefore  
an important c o n s i d e r a t i o n  i n  t h e  development of cr i ter ia  is t h a t  t h e  c r i te r ia  
apply t o  passenger discomfort .  

Another important  c o n s i d e r a t i o n  f o r  c r i te r ia  development is t h e  need f o r  
a p r a c t i c a l  s u b j e c t i v e  scale of discomfort. Such a scale should be common t o  
a l l  axes of v i b r a t i o n  and should be anchored to a de f ined  th re sho ld  of passen- 
ge r  discomfort .  A scale of t h i s  type would allow meaningful and a c c u r a t e  com- 
parison between, and summation o f ,  t h e  passenger discomfort t o  the  v a r i o u s  axes 
of v ib ra t ion .  

The major o b j e c t i v e  of t h i s  paper is to p r e s e n t  t h e  r e s u l t s  from an exten- 
s i v e  s e r i e s  of s t u d i e s  t h a t  were conducted to develop c r i te r ia  for passenger 
discomfort  f o r  each of t h e  major axes of v i b r a t i o n  found i n  t r a n s p o r t a t i o n  
veh ic l e s .  These axes  inc lude  t h e  v e r t i c a l ,  l a t e ra l ,  l o n g i t u d i n a l ,  rol l ,  and 
p i t c h  axes. Included w i t h i n  and i n t e g r a l  t o  t h i s  g e n e r a l  o b j e c t i v e  was t h e  
development of a s i n g l e  scale of passenger discomfort  common t o  each a x i s  of 
v i b r a t i o n ,  as well as a comparison of c r i te r ia  de r ived  i n  t h e s e  s t u d i e s  wi th  
t h e  recommendations of the  I n t e r n a t i o n a l  Standard Organizat ion ( I S O )  ( r e f .  1 1 ) .  

METHOD 

A series of in t e rconnec ted  s t u d i e s  were conducted i n  t h e  passenger r ide 
q u a l i t y  appa ra tus  (PRQA) a t  t h e  Langley Research Center.  The fol lowing sec- 
t i o n s  provide a b r i e f  d e s c r i p t i o n  of t h e  appa ra tus ,  s u b j e c t s ,  expe r imen ta l  
des ign ,  v i b r a t i o n  s t i m u l i ,  and test  procedure of t h e s e  s t u d i e s .  

Apparatus 

Figure 1 shows the  passenger r i d e  q u a l i t y  appa ra tus  (PRQA - f r o n t  pane l  
removed) which was used t o  expose passenge r s  to v i b r a t i o n s .  The appa ra tus  is 
descr ibed i n  d e t a i l  i n  r e f e r e n c e s  12  and 13,  and t h e  reader  is r e f e r r e d  to  
those  r e fe rences  f o r  d e t a i l e d  information related t o  t h e  s i m u l a t o r ' s  o p e r a t i o n ,  
c a p a b i l i t i e s ,  and design. For t h e  p r e s e n t  tests, t h e  i n t e r i o r  of t h e  s imula to r  
was f i t t ed  wi th  tourist-class a i rc raf t  seats ( t h r e e  a b r e a s t )  which permitted 
t e s t i n g  of s i x  s u b j e c t s  a t  a time. 
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Subjects 

A to ta l  of 852 s u b j e c t s  participated i n  t h e  series of experiments i n  t h e  
p r e s e n t  report. 
U n i v e r s i t y  and fran a c o n t r a c t u a l  s u b j e c t  pool. Although p rev ious  research 
(refs. 1 4  and 15) i n d i c a t e d  t h a t  t h e  demographic factors of age, weight,  and 
sex  were n o t  important predictors of passenger ride q u a l i t y ,  t h i s  information 
is provided i n  table  I for descriptive p ~ r p s e s ~  Prevint~s research (refs. ! 4  
and 15)  also i n d i c a t e d  that  discomfort responses were n o t  dependent upon the  
amount of experience a subject had had w i t h  v ib ra t ion .  Thus, the  sub jec t s  
described i n  table I were n o t  t r a i n e d .  

These s u b j e c t s  were paid vo lun tee r s  ob ta ined  from O l d  Dominion 

Experimental  Design 

An overview of t h e  experimental  des igns  of t h e  va r ious  s t u d i e s  is dis-  
played i n  table 11. T h i s  table i n d i c a t e s  the  gene ra l  v i b r a t i o n  t es t  areas, 
specific tests completed i n  each area, and t h e  axes of v i b r a t i o n  to  which sub- 
jects were exposed for each of the v a r i o u s  tests. The e n t r i e s  i n  t h e  tab le  
i n d i c a t e  t he  t y p e  of eva lua t ion  procedure used by t h e  s u b j e c t s  for each spe- 
cific test. The following subsec t ions  - scale anchoring, cr i ter ia  development, 
and scale t r ans fo rma t ion  - provide a review of t h e  specific tests completed i n  
each tes t  area. 

Scale anchoring.- T h i s  test  area involved a s i n g l e  test to determine t h e  
th re sho ld  of passenger discomfort for u s e  as t h e  o r i g i n  for t h e  scale of dis-  
comfort. For t h i s  test t h e  s u b j e c t s '  t a s k  w a s  simply t o  i n d i c a t e  whether suc- 
c e s s i v e l y  a p p l i e d  ride segments, c o n s i s t i n g  of 10- to 15-second v i b r a t i o n s ,  
were comfortable or uncomfortable (dichotomous comfort r e sponses ) .  The i n s t r u c -  
t i o n s  for t h i s  t a s k  are reproduced i n  appendix A, along w i t h  i n s t r u c t i o n s  for 
o t h e r  s u b j e c t  e v a l u a t i o n  tasks. 

Cr i te r ia  development.- T h i s  t es t  area involved an e x t e n s i v e  series of tests 
to d e r i v e  s i n u s o i d a l -  and/or random-discomfort cri teria for t h e  v a r i o u s  axes  
of v i b r a t i o n .  Generation of t h e  s inusoidal-discomfort  c r i te r ia  (for v e r t i c a l ,  
lateral ,  and ro l l  v i b r a t i o n s )  involved two specific tests, frequency equa t ing  
and s i n u s o i d a l  dose response. Frequency equating refers to the  t es t  procedure 
used to o b t a i n  t h e  a c c e l e r a t i o n  l e v e l s  of d i f f e r e n t  f r equenc ie s ,  w i th in  an a x i s ,  
t h a t  produce i d e n t i c a l  discomfort responses.  For t h i s  t es t  the  s u b j e c t s  used 
the  t a s k  of c o n s t a n t  s t i m u l i .  T h i s  t a s k  required subjects to i n d i c a t e  whether 
one ride segment (termed a comparison) provided g r e a t e r  or less discomfort than  
a second t y p e  of ride segment (termed a s t anda rd ) .  

The s i n u s o i d a l  dose response tests, on the other hand, were used to deter- 
mine the  empirical r e l a t i o n s h i p  between discomfort responses  and a c c e l e r a t i o n  
l e v e l  for each separate frequency w i t h i n  an a x i s  of v i b r a t i o n .  For this test 
t h e  s u b j e c t s  were assigned t h e  e v a l u a t i o n  task of magnitude e s t ima t ion .  

A t h i r d  type  of specific test ,  random dose response t e s t i n g ,  was also used 
for cri teria development. The purpose of t h i s  test  was to d e r i v e  discomfort 
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c r i t e r i a  for random v i b r a t i o n  f o r  each of t h e  f i v e  axes  of v i b r a t i o n .  This  tes t -  
ing involved the  use  of t h e  magnitude e s t ima t ion  procedure to  d e r i v e  t h e  discom- 
f o r t  of va r ious  random v i b r a t i o n s  wi th in  an  a x i s  a s  compared wi th  t h e  d iscomfor t  
of s p e c i f i c  s i n u s o i d a l  v i b r a t i o n s  of t h a t  a x i s .  (Except ions to  t h i s  were com- 
p l e t e d  for p i t c h  and l o n g i t u d i n a l  v i b r a t i o n s ,  as noted below.) I n  order  to  com- 
pare the d iscomfor t  produced by v i b r a t i o n s  w i t h i n  each of t h e  d i f f e r e n t  axes  on 
a common s c a l e  of d i scomfor t ,  it was necessary to  conduct a f o u r t h  type  of t e s t  
f o r  c r i t e r i a  development, r e f e r r e d  to i n  t a b l e  I1 as a x i s  equa t ing  tests. I n  
these  tes t s  t h e  d iscomfor t  produced by l a t e r a l - a x i s  (5-Hz) and r o l l - a x i s  (3-Hz) 
v i b r a t i o n s  was s u b j e c t i v e l y  equated t o  t h e  known d iscomfor t  produced by v e r t i -  
c a l  v i b r a t i o n  (9  Hz) through t h e  e v a l u a t i o n  t a s k  of c o n s t a n t  s t i m u l i .  

Axis equat ing  was not conducted f o r  p i t c h  and l o n g i t u d i n a l  v i b r a t i o n s .  
S ince  v i b r a t i o n s  of t hese  axes r a r e l y  occur with any magnitude i n  most p u b l i c  
t r a n s p o r t a t i o n  v e h i c l e s ,  t h e r e  was no need to complete e x t e n s i v e  t e s t i n g  of  
t hese  axes for r ide  q u a l i t y  research .  The common s u b j e c t i v e  scale of discom- 
f o r t  DISC was maintained i n  these  axes,  however. Th i s  was accomplished by 
requi r ing  subjec ts  to  eva lua te  t h e  random v i b r a t i o n s  of t h e s e  axes  ( i n  t h e  
t h i r d  test) i n  r e l a t i o n  to  t h e  known d iscomfor t  of  a v e r t i c a l  v i b r a t i o n ,  r a t h e r  
than  t o  a v i b r a t i o n  i n  e i t h e r  t h e  p i t c h  or l o n g i t u d i n a l  a x i s .  

Sca le  t ransformation.-  Th i s  a r e a  involved a s i n g l e  s p e c i f i c  t e s t  of scale 
equat ing i n  which s u b j e c t s  eva lua ted  selected v i b r a t i o n s  wi th  a ca t egory  scale. 
The purpose of t h e  t es t  was to d e r i v e  a t r ans fo rma t ion  between t h e  d iscomfor t  
scale developed i n  t h i s  report and ca tegory-sca le  discomfort responses .  The 
t ransformat ion ,  once s p e c i f i e d ,  is of p a r t i c u l a r  importance because it p rov ides  
a mechanism f o r  r e l a t i n g  laboratory-developed d iscomfor t  c r i t e r i a  to  f i e l d - t e s t  
r e s u l t s  which u s e  ca t egory  scales, and v i c e  versa .  

V ib ra t ion  S t imul i  

Previous r e sea rch  ( r e f s .  1 4  and 15) i n d i c a t e d  t h a t  t h e  f l o o r  l o c a t i o n ,  as 
opposed to seat l o c a t i o n ,  can  be used for measurement of v i b r a t i o n  a s  w e l l  as 
f o r  s p e c i f i c a t i o n  of c r i t e r i a .  Consequently,  a l l  t he  v i b r a t i o n s  i n v e s t i g a t e d  
i n  t h e  c u r r e n t  s t u d i e s  were based on  f l o o r  measurements. The t r a n s f e r  f u n c t i o n  
f o r  the  s e a t s  used i n  t h e s e  s t u d i e s  is g iven  i n  a prev ious  report ( r e f .  1 6 ) .  
I f  t h e  seat c h a r a c t e r i s t i c s  of a p a r t i c u l a r  v e h i c l e  d i f f e r  cons ide rab ly  from 
those used h e r e i n  then  it would be necessary  t o  a d j u s t  t h e  d iscomfor t  c r i t e r i a  
according to t h e  s p e c i f i c  d i f f e r e n c e s  i n  sea t  response c h a r a c t e r i s t i c s .  This  
is r e a d i l y  accanpl i shed  once t h e  seat response c h a r a c t e r i s t i c s  of t h e  a l t e r n a -  
t i v e  seat  a r e  determined. 

The v i b r a t i o n  c h a r a c t e r i s t i c s  of r i d e  segments f o r  t h e  s c a l e  anchoring and 
scale t r ans fo rma t ion  tes ts  are d i sp layed  i n  t a b l e  111. S ince  t h e  tests f o r  
scale anchoring r e q u i r e d  s u b j e c t s  to e v a l u a t e  t h e  a b s o l u t e  comfort of a vibra-  
t i o n  (i.e., comfortable versus  uncomfortable) r a t h e r  t han  a r e l a t i v e  canpar i son  
of t he  discomfort of r i d e  segments, t h e r e  were no s t a n d a r d  r ide  segments f o r  
t h i s  t es t .  

Table I V  shows t h e  v i b r a t i o n  c h a r a c t e r i s t i c s  of t h e  s t anda rd  and comparison 
r i d e  segments t h a t  were used f o r  s p e c i f i c  c r i te r ia -development  tests w i t h i n  each 
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a x i s  of v i b r a t i o n .  As indicated i n  table I V  t h e  frequency and a c c e l e r a t i o n  
v a l u e s  of t h e  s t anda rd  ride segments were v a r i a b l e  for t h e  tests involving dis-  
comfort  response to s i n u s o i d a l  v i b r a t i o n .  For these tests t h e  frequency of t h e  
s t anda rd  ride segments was always the  same as t h e  frequency of t h e  comparison 
ride segments. The range of a c c e l e r a t i o n  corresponding to each v i b r a t i o n  fre- 
quency was v a r i e d  because of t h e  s t r o n g  e f f e c t  of v i b r a t i o n  frequency on human 
discomfort  ( r e f s .  15 and 1 7 ) .  For example, t h e  same a c c e l e r a t i o n  l e v e l  app l i ed  
st dif fere i i t  freqiieieiea w i l l  result in d i f f e r e n t  ~ ~ ~ m u i i t s  of d i s c ~ i i ~ f o r t .  The 
random v i b r a t i o n  spectra used i n  t h e s e  s t u d i e s  were produced by using s e l e c t e d  
bandpass f i l t e r s  having ro l l -o f f  characteristics of 24 dB/octave. A t  t h e  cut-  
o f f  f r equenc ie s  (upper and lower band l i m i t s )  t h e  spectra were g e n e r a l l y  down 
by 3 dB. For t h i s  s p e c i a l  cond i t ion ,  where a nan ina l  10-Hz bandwidth of vibra- 
t i o n  cen te red  a t  5 Hz was d e s i r e d ,  t h e  low-frequency roll-off was governed by 
t h e  frequency response c h a r a c t e r i s t i c s  of the simulator - which was l i m i t e d  to 
f r equenc ie s  above 1 Hz. Thus, f o r  this s p e c i a l  cond i t ion ,  t h e  e f f e c t i v e  band- 
width was approximately 9 Hz. 

A p o i n t  of i n t e r e s t  w i t h  r ega rd  t o  the  discomfort  c r i te r ia  for the  rota- 
t i o n a l  axes  is t h e  f a c t  t h a t ,  for t h e  simulator used i n  t h e s e  s t u d i e s ,  t h e  dis-  
t a n c e  between a s e a t e d  s u b j e c t  and t h e  a x i s  of r o t a t i o n  was n o t  a f a c t o r  of con- 
cern.  T h i s  was demonstrated i n  an  ear l ier  study ( r e f .  18) which indicated t h a t  
discomfort  responses  d i d  not  va ry  s i g n i f i c a n t l y  w i t h  t h e  d i s t a n c e  of a seated 
s u b j e c t  from t h e  a x i s  of r o t a t i o n .  

T e s t  Procedure 

A t y p i c a l  day ' s  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  a group of s i x  s u b j e c t s  
i n  one of t he  f o u r  t a s k s  they would need for e v a l u a t i o n  of v i b r a t i o n s  and then  

exposing them to about a 2- -hour test period. The g e n e r a l  test  procedure con- 

sisted of exposing subjects to a sequence containing between 12 and 15 ride seg- 
ments, d iv ided  i n t o  s t anda rd  and canparison r i d e  segments where appropr i a t e .  
Each such sequence de f ined  a s h o r t  period of t e s t i n g ,  termed a s e s s i o n ,  and a 
total  tes t  period c o n s i s t e d  of 8 to 16 sessions.  The number of r i d e  segments 
per s e s s i o n  as w e l l  as t h e  t o t a l  number of s e s s ions  was a f u n c t i o n  of t h e  type 
of v i b r a t i o n  i n v e s t i g a t e d .  
rest i n t e r v a l ,  except  f o r  t h e  middle s e s s i o n  (halfway through t e s t i n g ) ,  a f t e r  
which t h e  s u b j e c t s  were g iven  a 15-minute rest i n t e r v a l .  
p r e s e n t a t i o n  order for v i b r a t i o n  s t i m u l i  and t h e  basis f o r  expansion of vibra-  
t i o n  t e s t i n g  to address a methodological problem related to using t h e  magnitude- 
e s t i m a t i o n  procedure are provided i n  appendix B. 

1 

2 

After  each se s s ion  t h e  subjects were g iven  a l-minute 

Information as t o  

RESULTS 

T h i s  s e c t i o n  p r e s e n t s  t h e  results obtained from the series of intercon-  
nected s t u d i e s  desc r ibed  i n  the  preceding sec t ions .  
address scale anchoring,  s inuso ida l -v ib ra t ion  cr i ter ia ,  random-vibration cri- 
ter ia ,  and scale t ransformation.  A f i n a l  subsect ion p rov ides  a comparison of 

Successive subsec t ions  
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these  r e s u l t s  with t h e  recommendations of ISO,  t h e  I n t e r n a t i o n a l  Standards 
Organizat ion ( r e f .  1 1  ) . 

Sca le  Anchoring 

The subjec t ive-d iscomfor t  scale ( D I S C  scale) developed f o r  u s e  i n  t h e s e  
s t u d i e s  is a ratio s c a l e  of passenger discomfort  ob ta ined  by a magnitude- 
es t imat ion  procedure. I n  order f o r  t h i s  scale to be u s e f u l  f o r  t h e  purposes  
of eva lua t ing  ride comfort on an absolute b a s i s ,  t h e  scale was anchored to t h e  
threshold  o f  discomfort .  The resul ts  of t he  i n i t i a l  tes ts  conducted to  de te r -  
mine the  th re sho ld  of discomfort, and hence d e r i v e  t h e  anchor p o i n t  f o r  t h e  
scale, a re  presented  i n  f i g u r e  2. This  f i g u r e  shows t h e  s tandard  normal score 
2, a t ransformat ion  of t h e  percentage of 9-Hz v e r t i c a l - v i b r a t i o n  r ide segments 
evaluated as being uncomfortable as a f u n c t i o n  of peak v e r t i c a l  f l o o r  accelera- 
t i o n  leve l .  The 9-Hz v i b r a t i o n  frequency was selected as t h e  anchor f o r  t h e  
scale because ( 1 )  it is near t he  frequency range (i.e.,  4 to 8 H z )  t h a t  produces 
maximum discomfort  ( r e f s .  17 and 1 9 ) ,  ( 2 )  previous  research  ind ica t ed  t h a t  it 
provided t h e  l eas t  v a r i a b i l i t y  i n  d iscomfor t  responses  as compared wi th  o t h e r  
s inuso ida l -v ib ra t ion  f requencies  ( r e f s .  1 4  and 15) , and ( 3 )  t h e  sea t - f loo r  
t r a n s m i s s i b i l i t y  f u n c t i o n  is approximately u n i t y  a t  9 Hz ( r e f .  16 ) .  

I n  f i g u r e  2,  a z-score va lue  of ze ro  (used to d e f i n e  d iscomfor t  t h re sho ld )  
corresponds to t h e  cond i t ion  i n  which 50 pe rcen t  of t h e  s u b j e c t i v e  e v a l u a t i o n s  
of  9-Hz v i b r a t i o n s  were rated uncomfortable. For t h e  d a t a  i n  f i g u r e  2 t h e  d i s -  
comfort  th reshold  ( z  = 0)  corresponds to  a f l o o r  a c c e l e r a t i o n  l e v e l  of 0.0869. 
This  value of f l o o r  a c c e l e r a t i o n  was then used t o  develop t h e  s c a l e  of discom- 
f o r t  DISC shown i n  f i g u r e  3 .  The data i n  f i g u r e  3 were genera ted  by having 
s u b j e c t s  make  magnitude estimates of t h e  d iscomfor t  of va r ious  a c c e l e r a t i o n  
l e v e l s  of a 9-Hz v e r t i c a l  v i b r a t i o n .  The mean magnitude estimates a t  each 
a c c e l e r a t i o n  l e v e l  of discomfort  are ind ica t ed  by t h e  o r d i n a t e  a t  t h e  r i g h t  of 
t h e  f igure .  The procedure f o r  conver t ing  magnitude e s t i m a t e s  to  u n i t s  of  dis-  
comfort  D I S C  was accomplished by r e fe renc ing  t h e  mean magnitude estimates to 
a va lue  of un i ty  ( i .e. ,  DISC = 1 )  a t  a p e a k  f l o o r  a c c e l e r a t i o n  l e v e l  of 0.086g. 
Thus, t h e  r e s u l t a n t  d i scomfor t  DISC scale is i n d i c a t e d  along t h e  l e f t  o r d i n a t e  
of f igu re  3 .  To provide a p r a c t i c a l  i n t e r p r e t a t i o n  of t h e  meaning of a u n i t  
change along t h e  DISC scale, t h e  data of f i g u r e s  2 and 3 were combined to  gen- 
erate f i g u r e  4. This  f i g u r e  shows t h e  r e l a t i o n s h i p  between t h e  DISC scale and 
t h e  corresponding percentage of passengers  t h a t  would f i n d  t h a t  DISC va lue  
uncomfortable. For example, a r ide segment having a d iscomfor t  l e v e l  o f  
DISC = 3 would be evalua ted  as uncomfortable by approximately 100 p e r c e n t  of 
t h e  passengers experiencing it. 

Sinusoida l -Vibra t ion  Cr i te r ia  

Ver t i ca l  ax is . -  The s i n u s o i d a l  v e r t i c a l - v i b r a t i o n  c r i te r ia  developed i n  
t h e  p re sen t  series of tests are shown i n  f i g u r e  5. This  f i g u r e  d i s p l a y s  t h e  
va lues  of peak v e r t i c a l  floor a c c e l e r a t i o n  l e v e l  a t  each frequency which are 
required to produce success ive  equal-discomfort  curves .  F igure  5 w a s  ob ta ined  
by canbining t h e  r e su l t s  of t w o  separate cr i te r ia -development  tests. The f i r s t  
set of tests (frequency equat ing)  determined t h e  a c c e l e r a t i o n  l e v e l  a t  d i f f e r e n t  
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f r equenc ie s  t h a t  produced t h e  same discomfort  as a 9-Hz v i b r a t i o n  having a spec- 
i f i e d  d i scomfor t  l e v e l .  (Appendix C c o n t a i n s  f i g s .  C1 to C5. These f i g u r e s  
show some of t h e  t y p i c a l  tes t  r e s u l t s  f o r  t h i s  study. See f i g .  C1 f o r  t y p i c a l  
frequency equa t ing  results.) 
e s t i m a t i o n  procedure to determine t h e  r e l a t i o n s h i p  between peak f l o o r  accelera- 
t i o n  and s u b j e c t i v e  discomfort  response f o r  each frequency of s i n u s o i d a l  v e r t i -  
c a l  v i b r a t i o n  (from 1 to 30 Hz). An example of t h e  dose response r e l a t i o n s h i p  
thus  ob ta ined  is i l l u s t r a t ed  i n  f i g u r e  C2 for  a v e r t i c a l  s i n u s o i d a l  frequency of 
5 Hz. I t  is important  to note t h a t  t h e  results of t h e  frequency equa t ing  tests 
were used to anchor t h e  discomfort-magnitude estimates to  u n i t s  of discomfort  
DISC f o r  each frequency i n v e s t i g a t e d .  The data f o r  each frequency were then  
f i t  by a least-squares l i n e  and t h e  r e s u l t i n g  l eas t - squa res  c o e f f i c i e n t s  are 
p resen ted  i n  table V. 
s u b j e c t i v e  discomfort  and peak v e r t i c a l  f l o o r  a c c e l e r a t i o n  a t  each frequency. 
The c o e f f i c i e n t s  of table V were t h e n  used t o  d e r i v e  t h e  cu rves  of f i g u r e  5. 

The second set  of tests used t h e  magnitude- 

I 

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

mL. L I I ~  - eqial-discomfort  curves of figure 5 range f r a n  DISC = i, wnich is t h e  
discomfort  t h re sho ld ,  to  v a l u e s  as h igh  a s  
extremely high l e v e l  of discomfort .  The success ive  cu rves  c a n  be i n t e r p r e t e d  
i n  a r a t io  f a s h i o n  because of t h e  procedures  used f o r  t h e i r  d e r i v a t i o n .  For 
example, ride segments with DISC = 4 r ep resen t  twice t h e  discomfort  of r i d e  
segments with DISC = 2. The curves of f i g u r e  5 f u r t h e r  i n d i c a t e  t h a t  maximum 
passenger d i scomfor t  occurs i n  t h e  frequency range of 4 to 8 Hz and t h a t  v ib ra -  
t i o n  f r equenc ie s  above 10 Hz are of r e l a t i v e l y  minor importance. 

DISC = 1 2 ,  which corresponds to an  

For t h e s e  tests it was found t h a t  ne i the r  t h e  a c c e l e r a t i o n  l e v e l  a s s igned  
to t h e  s t a n d a r d  r ide segment nor t h e  range of a c c e l e r a t i o n  l e v e l s  associated 
with canpa r i son  r i d e  segments (see appendix B) had a s i g n i f i c a n t  e f f e c t  upon 
discomfort  responses.  (See f i g .  C2 f o r  typical data.) Consequently, t h e  dis-  
comfort responses  ob ta ined  with t h e  d i f f e r e n t  procedures  were averaged f o r  t h e  
p r e d i c t i o n  c o e f f i c i e n t s  provided i n  table V. 

Lateral axis . -  S inuso ida l  l a t e r a l - v i b r a t i o n  cr i ter ia  are d i sp layed  i n  f i g -  
ure  6. This  f i g u r e  shows t h e  peak l a t e r a l  f l o o r  a c c e l e r a t i o n  l e v e l s  required to  
produce s u c c e s s i v e  equal-discomfort  curves  as a f u n c t i o n  of l a t e r a l  frequency. 
These c r i te r ia  were developed i n  a f a s h i o n  similar to those f o r  v e r t i c a l  vibra-  
t i o n  ( f i g .  5 ) ,  except  t h a t  a n  a d d i t i o n a l  test was required.  Th i s  a d d i t i o n a l  
test  involved equat ing discomfort  across axes,  t h a t  is, l a t e r a l  t o  v e r t i c a l .  
S p e c i f i c a l l y ,  t h e  a c c e l e r a t i o n  l e v e l  of a 5-Hz l a t e ra l  v i b r a t i o n  was equated 
i n  discomfort  to a 9-Hz v e r t i c a l  v i b r a t i o n  with a peak  a c c e l e r a t i o n  l e v e l  of 
0.136g. (See f i g .  C3.) Th i s  procedure allowed the  magnitude estimates o f  d i s -  
comfort due to la teral  v i b r a t i o n s  also to  be anchored i n  r e l a t i o n  to discomfort  
t h re sho ld .  The r e s u l t a n t  c o e f f i c i e n t s  for l eas t - squa res  f i t s  to t h e  a d j u s t e d  
magnitude estimates are summarized i n  t a b l e  V I .  These c o e f f i c i e n t s  f o r  each 
l a t e r a l  frequency re la te  discomfort  DISC t o  t h e  peak  l a t e r a l  floor accelera- 
t i o n  l e v e l .  
d i scomfor t  c u r v e s  i n  f i g u r e  6. 

The c o e f f i c i e n t s  i n  t a b l e  V I  were then  used to g e n e r a t e  t h e  equal- 

The i n t e r p r e t a t i o n  of t h e  equal-discomfort cu rves  i n  f i g u r e  6 is similar 
to t h a t  of f i g u r e  5.  However, note t h a t  f o r  t h i s  a x i s  of v i b r a t i o n  t h e  f r e -  
quency range f o r  maximum discomfort  (2 t o  3 Hz) is lower than  t h a t  f o r  v e r t i c a l -  
a x i s  v i b r a t i o n s .  
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R o l l  ax is . -  The f i n a l  set Of S inuso ida l -v ib ra t ion  c r i t e r i a  gene ra t ed  from 
these  i n v e s t i g a t i o n s  was f o r  t h e  r o l l  a x i s  of v i b r a t i o n .  F igu re  7 d i s p l a y s  
these  r e s u l t s  i n  terms of t h e  r o l l  f l o o r  a c c e l e r a t i o n  l e v e l ,  i n  r a d i a n s  per 
second squared,  a t  each r o l l  frequency t h a t  was r equ i r ed  to  produce v a r i o u s  
equal-discomfort  curves .  

1 

The method used to  g e n e r a t e  t h e  s i n u s o i d a l  r o l l  c r i -  

The i n t e r p r e t a t i o n  of t h e  d iscomfor t  va lues  shown i n  f i g u r e  7 is i d e n t i c a l  
with t h a t  f o r  f i g u r e s  5 and 6. Note t h a t  t h e  maximum discomfor t  occu r s  f o r  a 
r o l l  v i b r a t i o n  frequency of 2 Hz, which is s i m i l a r  to  t h e  frequency f o r  maximum 
discomfort  f o r  s i n u s o i d a l  l a t e r a l  v i b r a t i o n  ( f i g .  6 ) .  However, on ly  a r e s t r i c t e d  
range of r o l l  f r equenc ie s  was i n v e s t i g a t e d ,  s i n c e  r o l l  f r equenc ie s  g r e a t e r  than  
4 to 5 Hz have minimal i n f luence  upon s u b j e c t i v e  d iscomfor t .  Consequently,  it 
is d i f f i c u l t  to make  t r end  comparisons of t h e  l a t e r a l  and r o l l  axes .  However, 
s i n c e  discomfort  w i th in  each a x i s  is measured on  t h e  same scale, t h e  accelera- 
t i o n  l e v e l s  i n  each a x i s  r equ i r ed  to  provide  c o n s t a n t  amounts of d i scomfor t  are 
d i r e c t 1 y can pa r able. 

, 

Random-Vibration C r i t e r i a  

Random-vibration c r i t e r i a  were developed s e p a r a t e l y  f o r  v e r t i c a l ,  l a t e r a l ,  
r o l l ,  p i t c h ,  and l o n g i t u d i n a l  axes of v i b r a t i o n .  Subsequent subsec t ions  g i v e  
d i scuss ions  o f  each of t h e s e  c r i t e r i a ,  which were based on r e s u l t s  of  tes ts  i n  
which s u b j e c t i v e  response t o  random v i b r a t i o n s  was determined f o r  each a x i s  
i nd iv idua l ly .  

V e r t i c a l  ax is . -  The random v e r t i c a l - v i b r a t i o n  c r i t e r i a  are shown i n  f i g -  
u r e  8 .  Th i s  f i g u r e  d i s p l a y s  t h e  root-mean-square (rms) random a c c e l e r a t i o n  
l e v e l  requi red  to produce success ive  equal-discomfort  cu rves  as a f u n c t i o n  of 
t h e  center frequency of random v i b r a t i o n .  Cubic-polynomial curve  f i t t i n g  and 
mul t ip l e  r e g r e s s i o n  ana lyses  were used to  develop  a s i n g l e  equa t ion  to p r e d i c t  
t h e  discomfort  due to any canb ina t ion  of  rms a c c e l e r a t i o n  l e v e l  and c e n t e r  f r e -  
quency of f i g u r e  8.  This  p r e d i c t i v e  equa t ion  is: 

DISCvert = -1.75 + 33.4avert + 0.857fc - 0.102fc2 + 0.00346fc3 

where 

DISCvert d i scomfor t  due to  random v e r t i c a l  v i b r a t i o n ,  DISC 

aver  t rms random v e r t i c a l  f l o o r  a c c e l e r a t i o n  l e v e l ,  g u n i t s  

f c c e n t e r  frequency of  a band of  randan v i b r a t i o n ,  HZ 

The discomfort responses  f o r  t h e  v e r t i c a l  random dose  tests,  a summary of 
which is shown i n  f i g u r e  8 ,  v a r i e d  wi th  c e n t e r  f requency and a c c e l e r a t i o n  
l e v e l ,  bu t  n o t  (no s t a t i s t i c a l  d i f f e r e n c e s )  as a f u n c t i o n  of t h e  bandwidth 
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of v i b r a t i o n .  (See f i g .  C4 for r e p r e s e n t a t i v e  data.) Consequently, t h e  
response d a t a  for d i f f e r e n t  bandwidths were ccmbined. A l e a s t - s q u a r e s  l i n e  
was then f i t  to t h e  data for each c e n t e r  frequency of v e r t i c a l  v i b r a t i o n .  The 
r e s u l t a n t  c o e f f i c i e n t s  r e l a t i n g  discomfort  to r m s  v e r t i c a l  f l o o r  a c c e l e r a t i o n  
f o r  each c e n t e r  frequency are given i n  table V I I I .  These c o e f f i c i e n t s  were 
then  used to canpute t h e  a c c e l e r a t i o n  l e v e l  a t  s u c c e s s i v e  c e n t e r  f r equenc ie s  
t h a t  provided c o n s t a n t  discomfort .  

I n s p e c t i o n  of f i g u r e  8 r e v e a l s  s e v e r a l  important pieces of information.  
F i r s t ,  t h e  rms v e r t i c a l  f l o o r  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  to  achieve t h r e s h o l d  
o f  discomfort  (DISC = 1) v a r i e s  with t h e  center frequency of t h e  v i b r a t i o n .  
Thus, t h e  random v e r t i c a l  c r i t e r i a  d i s p l a y  a frequency dependence analogous to 
s i n u s o i d a l  v e r t i c a l  c r i t e r i a  ( f i g .  5 ) .  However , t h e  frequency range f o r  maxi- 
mum discomfort  f o r  t h e  random cr i ter ia  occurs  between 6 and 8 Hz, whereas t h a t  
f o r  s i n u s o i d a l  cr i ter ia  occurs between 4 and 8 Hz. More important,  however, is  
t h e  f a c t  t h a t  discomfort  response to i d e n t i c a l  rms a c c e l e r a t i o n  l e v e l s  d i f f e r s  
depending upon whether t h e  v i b r a t i o n  is s i n u s o i d a l  or random. Th i s  is i l l u s -  
trated by t h e  data of f i g u r e  C4 which show t h a t  d iscomfort  produced by sinu- 
s o i d a l  v i b r a t i o n  is much less than  t h e  discomfort  due to  random v i b r a t i o n s  hav- 
ing an e q u i v a l e n t  rms a c c e l e r a t i o n  l e v e l .  This has important  i m p l i c a t i o n s  with 
respect to  t h e  IS0 assumption of equivalence between s i n u s o i d a l  and random cri- 
ter ia  boundaries.  Contrary to t h e  IS0 recommendations, t h e  r e s u l t s  of t h i s  
s tudy  imply t h a t  it is necessary to m o d e l  the discomfort  due to each type  of 
v i b r a t i o n  sepa ra t e l y  . 

Lateral axis.-  The random l a t e r a l - v i b r a t i o n  cr i ter ia  (equal-discomfort  
curves)  de r ived  from these  tests are displayed i n  f i g u r e  9 f o r  bo th  2-Hz and 
5-Hz bandwidths of v i b r a t i o n .  The data of f i g u r e  9 were i n p u t  to  a m u l t i p l e  
l i n e a r  r e g r e s s i o n  program which produced t h e  fol lowing s i n g l e  equa t ion  f o r  pre- 
d i c t i n g  d i scomfor t  due to  random l a t e ra l  v ib ra t ions :  

D I S C l a t  = 0.894 + 29.2alat  - 0.157fc + O.O16(BW) 

where 

D I S C l a t  d iscomfort  due to  random l a t e r a l  v i b r a t i o n ,  DISC 

a l a t  rms random la te ra l  floor a c c e l e r a t i o n  l e v e l ,  g u n i t s  

BW bandwidth of v i b r a t i o n ,  Hz 

f C c e n t e r  frequency of v i b r a t i o n ,  Hz 

The b a s i c  d a t a  from which f i g u r e  9 was developed are shown i n  f i g u r e  C5. 
I t  is obvious i n  t h i s  case t h a t  discomfort  response was dependent on v i b r a t i o n  
bandwidth as w e l l  as c e n t e r  frequency and rms a c c e l e r a t i o n  l e v e l .  
of t h e  l i n e a r  least-squares r e g r e s s i o n  c o e f f i c i e n t s  f o r  e s t i m a t i n g  discomfort  
associated wi th  each c e n t e r  frequency and bandwidth of l a te ra l  v i b r a t i o n  is 
g iven  i n  t a b l e  IX. The cu rves  of f i g u r e  9 were generated by use of t h e s e  coef- 
f i c i e n t s  and a procedure analagous to  t h a t  used f o r  random v e r t i c a l  v i b r a t i o n s .  

A summary 
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Examination of f i g u r e  9 i n d i c a t e s  t h a t  t h e s e  c r i t e r i a  are a lso s t r o n g l y  
frequency dependent.  I n  a d d i t i o n ,  i n c r e a s i n g  t h e  bandwidth of t h e  v i b r a t i o n  
( i .e. ,  from 2 t o  5 Hz) g e n e r a l l y  r e s u l t s  i n  an i n c r e a s e  i n  d iscomfor t  f o r  a 
cons tan t  random l a t e r a l  f l o o r  acceleration l e v e l .  

Roll axis . -  The c r i t e r i a  developed i n  t h e  p r e s e n t  s t u d i e s  f o r  random r o l l  
v i b r a t i o n  are d i sp layed  i n  f i g u r e  10. T h i s  f i g u r e  shows t h e  d iscomfor t  DISC 
t h a t  occurred as a f u n c t i o n  of rms random ro l l  f l o o r  a c c e l e r a t i o n  l e v e l  f o r  a 
band of v i b r a t i o n  cen te red  a t  3 Hz and having a bandwidth of 5 Hz. Linear  
leas t - squares  r e g r e s s i o n  ana lyses  were used t o  develop  t w o  s e p a r a t e  f u n c t i o n s  
for t h e  p r e d i c t i o n  of d i scomfor t  due t o  random ro l l  v ib ra t ion :  

.. 
DISCr,ll = 0.342 + 4.68Q 

.. 
(Q b 0.141 rad/sec2)  (3) 

DISCroll = 7.043 ii < 0.141 rad/sec2)  (4)  

where 

DISCro11 d iscomfor t  due to randan r o l l  v i b r a t i o n ,  DISC 

Q rms random r o l l  f l o o r  a c c e l e r a t i o n  l e v e l ,  rad/sec2 
.. 
The d e r i v a t i o n  of equation (3)  was based on t h e  data i n  f i g u r e  10. However, 
s i n c e  no data e x i s t  i n  f i g u r e  10 below DISC = 1.5, equa t ion  (4) represents a 
l o g i c a l  e x t r a p o l a t i o n  to zero.  

A s t rong  l i n e a r  r e l a t i o n s h i p  between d iscomfor t  and rms r o l l  a c c e l e r a t i o n  
level  is shown i n  f i g u r e  10. Th i s  r e l a t i o n s h i p  is c o n s i s t e n t  wi th  t h a t  found 
f o r  t h e  v e r t i c a l  and l a t e r a l  axes  ( f o r  both s i n u s o i d a l  and random v i b r a t i o n s )  
and i n d i c a t e s  t h a t  t h e  fundamental  na tu re  of t h e  psychophysical  r e l a t i o n s h i p  
between d iscomfor t  and a c c e l e r a t i o n  l e v e l  remains l i n e a r  f o r  both t r a n s l a t i o n a l  
and r o t a t i o n a l  v i b r a t i o n s .  

P i t ch  ax is . -  The random p i t c h - v i b r a t i o n  c r i t e r i a  are shown i n  f i g u r e  11  
i n  terms of d iscomfor t  as a f u n c t i o n  of rms random p i t c h  f l o o r  a c c e l e r a t i o n  
l e v e l  for random v i b r a t i o n  cen te red  a t  3 Hz and having a bandwidth of 5 Hz. 
The p r e d i c t i o n  equa t ions  f o r  p i t c h  v i b r a t i o n s  are 

,* 
DISCpitch = 0.414 + 5.078 (e 2 0.11 6 rad/sec2)  

(g  < 0.1 16 rad/sec2)  

where 

DISCpi tch d iscomfor t  due to  randan p i t c h  v i b r a t i o n ,  DISC 

zi 
10 

rms random p i t c h  f l o o r  a c c e l e r a t i o n  l e v e l ,  rad/sec2 



The procedures  and r a t i o n a l e  used for d e r i v a t i o n  of p i t c h  c r i te r ia  ( f i g .  11 
and eqs. (5) and ( 6 ) )  were similar t o  those  for development of rol l  cr i ter ia  
( f i g .  10 and eqs. (3) and ( 4 ) ) .  

I n s p e c t i o n  of f i g u r e  11 i n d i c a t e s  t h a t  the c r i t e r i a  f o r  randan p i t c h  v ib ra -  
t i o n  were similar to those f o r  random ro l l  v ib ra t ion .  To examine t h i s  similar- 
i t y  i n  more d e t a i l ,  t h e  two cri teria cu rves  are  p re sen ted  i n  f i g u r e  12. The t w o  
solid l i n e s  i n  t h e  f i g u r e  r e p r e s e n t  t h e  s e p a r a t e  discomfort f u n c t i o n s  f o r  ro l l  
and p i t c h  accelerations and t h e  dashed l i n e  corresponds to an  average discomfort  
func t ion .  There is not a s i g n i f i c a n t  d i f f e r e n c e  between t h e  slope f u n c t i o n s  
for ro l l  and p i t c h  c r i te r ia ;  t h e r e f o r e ,  t h e  average discomfort  f u n c t i o n  (dashed 
l i n e  of f i g .  12) can  be used to s p e c i f y  a gene ra l  angular c r i t e r i o n .  The 
r e s p e c t i v e  f u n c t i o n s  are 

DISCangular = 0.378 + 4.88G ($ 2 0.129 rad/sec2) 

where 

DISCangular discomfort of randan angular v i b r a t i o n ,  DISC 

ci r m s  random angular f l o o r  a c c e l e r a t i o n  l e v e l ,  rad/sec2 
.. 

Long i tud ina l  axis.-  The randan long i tud ina l -v ib ra t ion  cr i ter ia  are shown i n  
f i g u r e  13  i n  terms of discomfort  DISC as a f u n c t i o n  of rms random l o n g i t u d i n a l  
f l o o r  a c c e l e r a t i o n  l e v e l  f o r  t w o  bandwidths ( 5  and 10 Hz) of random v i b r a t i o n  
c e n t e r e d  a t  5 Hz. Through t-tests it  was determined t h a t  no s ta t i s t ica l  d i f -  
f e r e n c e s  e x i s t  between discomfort  responses  for t h e  t w o  bandwidths. Hence, a 
l e a s t - s q u a r e s  l i n e  was f i t  t o  t h e  to ta l  d a t a  of f i g u r e  13. 
t i o n  is g iven  by 

The r e s u l t i n g  equa- 

DISC1ong = -0.021 + 42.2aloq (9) 

where 

DISCiOw discomfort  of random l o n g i t u d i n a l  v i b r a t i o n ,  DISC 

along rms randan l o n g i t u d i n a l  f l o o r  a c c e l e r a t i o n  l e v e l ,  g u n i t s  

Since t h e  l o n g i t u d i n a l  a x i s  involves  v i b r a t i o n s  w i t h i n  t h e  same gecanetric p l ane  
as t h e  l a t e r a l - a x i s  v i b r a t i o n s ,  an  important  cons ide ra t ion  is whether or n o t  
t h e s e  t w o  axes  of v i b r a t i o n  produce similar e f f e c t s  on passenger discomfort. 
F igu res  1 4 ( a )  and (b) show a comparison of the discomfort  a s s o c i a t e d  with each 
of t h e s e  axes for both a 5-1-12 and a 10-Hz bandwidth. 

App l i ca t ion  of s ta t i s t ica l  tests to  t h e  data i n  f i g u r e s  14(a) and (b) 
(e.g. , t-tests of slope and i n t e r c e p t  d i f f e r e n c e s )  i n d i c a t e d  t h a t  s t a t i s t i c a l  
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d i f f e rences  e x i s t  between t h e  d iscomfor t  responses  for t h e s e  t w o  axes .  Th i s  
impl ies  t h a t  v i b r a t i o n  about t h e  t w o  axes  produces d i f f e r e n t i a l  e f f e c t s  on  
passenger discomfort .  Therefore ,  t h e  c r i t e r i a  for each a x i s  cannot  be i n t e r -  
changed. Th i s  is c o n t r a r y  to  t h e  IS0 recommendations. 

Sca le  Transformation 

The o b j e c t i v e  of t h e  l a s t  t es t  of t h i s  report was to  d e r i v e  a transforma- 
t i o n  between s u b j e c t i v e  d a t a  c o l l e c t e d  wi th  a nine-point  ca t egory  scale and 
t h e  un ive r sa l  d i scomfor t  scale developed i n  t h i s  report .  Previous  r e sea rch  
( r e f .  20) provided t h e  necessary mathematical  equa t ions  t o  t ransform t h e  sub- 
j e c t i v e  s c o r e s  c o l l e c t e d  with a v a r i e t y  of ca tegory  scales to  t h e  d iscomfor t  
s co res  of a un ipo la r ,  nine-point ,  continuous-type ca t egory  s c a l e .  The r e s u l t s  
of t h i s  t e s t ,  d i sp l ayed  i n  f i g u r e  15,  show t h e  r e l a t i o n s h i p  between d iscomfor t  
DISC (ad jus t ed  magnitude estimates) and ca t egory  e v a l u a t i o n s  of d i scomfor t  f o r  
i d e n t i c a l  v i b r a t i o n  s t i m u l i .  The shaded a r e a  of t h e  f i g u r e  inc ludes  t h e  p lus  
and minus s t anda rd  error of estimate a s s o c i a t e d  wi th  t h e  l i n e a r  l ea s t - squa res  
curve.  The equa t ion  f o r  t h e  l i n e  of f i g u r e  1 5  is 

DISCT = -0.022 + 0 . 9 5 1 ~  (1 0) 

where 

DISCT t o t a l  d i scomfor t  of any v i b r a t i o n ,  DISC 

X d i scomfor t -eva lua t ion  score measured along t h e  ca t egory  scale 

The c o r r e l a t i o n  c o e f f i c i e n t  computed f o r  t h e  336 d a t a  pa i r s  of f i g u r e  15  was 
0.86, i n d i c a t i n g  t h a t  a high degree of accuracy is a s s o c i a t e d  wi th  t h e  t r a n s -  
formation. However, t h i s  t r ans fo rma t ion  should  be used wi th  cau t ion .  For 
example, i f  t h e  d a t a  c o l l e c t e d  with t h e  ca t egory  scale involved t h e  use of an  
anchor v i b r a t i o n  f o r  a s p e c i f i c  l e v e l  of d i scomfor t  (e .g . ,  r e f .  1 5 ) ,  t h e n  t h e  
discomfort  e v a l u a t i o n s  of t h e  ca tegory  scale could  be s h i f t e d  up or down 
(depending on v i b r a t i o n  anchor)  and d i s p l a y  a c e i l i n g  e f f e c t .  The c e i l i n g  
e f f e c t  r e f e r s  t o  c l u s t e r i n g  of d iscomfor t  e v a l u a t i o n s  a t  t h e  upper end of t h e  
ca tegory  s c a l e .  Consequently, t h e  curve of f i g u r e  1 5  i s  no t  a p p r o p r i a t e  f o r  
t ransformat ion  of s u b j e c t i v e  d a t a  t h a t  involve  t h i s  t ype  of anchoring procedure.  

IS0 Comparisons 

I t  is of s p e c i a l  i n t e r e s t  to canpare t h e  recommendations of t h e  In t e rna -  
t i o n a l  Standards Organ iza t ion  (ISO, r e f .  l l )  w i th  t h e  d iscomfor t  c r i t e r i a  of 
t h i s  paper. The r e s u l t i n g  comparisons a r e  d i sp l ayed  i n  f i g u r e s  16  to 19 f o r  
s inuso ida l  v e r t i c a l  ( f i g .  5) , random v e r t i c a l  ( f i g .  8 )  , s i n u s o i d a l  l a t e r a l  
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( f i g .  6 ) ,  and random l a t e ra l  ( f i g .  9 )  discomfort  cr i ter ia ,  r e s p e c t i v e l y .  The 
a p p r o p r i a t e  1-minute reduced-comfort boundary of IS0 is included i n  each of 
f i g u r e s  16 to 19. There are t w o  important imp l i ca t ions  t h a t  can  be der ived  
f r a n  t h e  canpa r i sons  shown i n  each f igu re .  F i r s t ,  t h e  IS0 reduced-comfort 
boundaries show a frequency t r end  d i r e c t l y  analogous to  t h a t  of t h e  c r i t e r i a  
developed i n  t h e  p r e s e n t  series of s t u d i e s .  Second, t h e  a b s o l u t e  l e v e l s  of 
t h e  IS0 reduced-comfort boundaries are higher t h a n  t h e  corresponding c r i te r ia  
developed i n  the present s tud ies ;  For ex=mpl~, tho ISQ reduce+cm.fcxt b~un- 
d a r i e s  g e n e r a l l y  f a l l  between t h e  DISC = 3 and 4 curves  of f i g u r e s  16 to  19. 
These a c c e l e r a t i o n  l e v e l s  of t h e  IS0 curves  correspond to c o n d i t i o n s  which 
approximately 100 p e r c e n t  (see f i g .  4) of t he  pas senge r s  would cons ide r  
uncomfortable. 

There are t w o  a d d i t i o n a l  important imp l i ca t ions  t h a t  can be der ived  from 
canparisons between resul ts  of t h e  c u r r e n t  s tud ie s  and t h e  IS0 recommendations. 
F i r s t ,  it was demonstrated i n  f i g u r e  14  t h a t  i d e n t i c a l  la teral-  and l o n g i t u d i n a l -  
a x i s  v i b r a t i o n s  do no t  produce e q u a l  l e v e l s  of s u b j e c t i v e  discomfort .  Therefore ,  
c o n t r a r y  to t h e  IS0 recommendation, t h e  discomfort  c r i te r ia  f o r  t h e s e  axes are 
not  interchangeable .  Second, t h e  d a t a  of f i g u r e  12 i n d i c a t e  t h a t  t h e  same dis- 
comfort e v a l u a t i o n  resul ts  from exposure of passengers to i d e n t i c a l  p i t ch -  or 
r o l l - a x i s  v i b r a t i o n s .  These r e s u l t s  imply t h a t  t h e  discomfort  cr i ter ia  f o r  
t h e s e  axes are interchangeable .  This  imp l i ca t ion  r e p r e s e n t s  a n  e x t e n s i o n  of 
c u r r e n t  information f o r  e s t ab l i shmen t  of a un ive r sa l  se t  of discomfort  c r i te r ia .  

CONCLUDING REMARKS 

A series of s t u d i e s  was conducted to develop cr i ter ia  t h a t  allow p r e d i c t i o n  
of passenger d i scomfor t  t h a t  is produced by shor t -du ra t ion  v i b r a t i o n s  w i t h i n  
each a x i s  of motion. Important r e s u l t s  and conclusions t h a t  were de r ived  from 
t h e s e  s t u d i e s  inc lude  

(1 )  A scale of passenger discomfort  (DISC scale), which is common to d i f -  
f e r e n t  axes  of v i b r a t i o n ,  was developed. A t ransformation was a lso p resen ted  
which r e l a t e d  t h e  d i s c a n f o r t  scale to  t h e  percent  of passengers  t h a t  would f i n d  
a p a r t i c u l a r  DISC value uncomfortable. 

( 2 )  Discomfort  cri teria f o r  s i n u s o i d a l  v i b r a t i o n  with associated p r e d i c t i v e  
equa t ions  were developed f o r  v e r t i c a l ,  l a t e r a l ,  and ro l l  axes of motion. 

(3) Discomfort cr i ter ia  f o r  randan v i b r a t i o n  with associated p r e d i c t i v e  
equa t ions  were developed f o r  v e r t i c a l ,  l a t e r a l ,  rol l ,  p i t c h ,  and l o n g i t u d i n a l  
axes of motion. 

(4 )  Random-vibration c r i t e r i a  for p i t c h  and ro l l  axes  are interchangeable .  

( 5 )  R a n d a - v i b r a t i o n  cr i ter ia  for l a t e r a l  and l o n g i t u d i n a l  axes  are no t  
I i n t e rchangeab le .  
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(6)  The c r i t e r i a  results of the present report agree w i t h  IS0 recommenda- 
tions w i t h  respect to frequency trend but not w i t h  respect to absolute accelera- 
tion level. Results indicated that the acceleration levels specified by IS0  for 
a reduced-comfort boundary correspond to  approximately 100 percent of passengers 
being uncomfortable. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
March 28,  1979 
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INSTRUCTIONS TO SUBJETS 

The i n s t r u c t i o n s  given to s u b j e c t s  f o r  four d i f f e r e n t  t a s k s  are o u t l i n e d  
i n  success ive  s e c t i o n s .  Prel iminary i n s t r u c t i o n s  of an i n t r o d u c t o r y  and s a f e t y  

common to each task  and are provided prior t o  s p e c i f i c  t a s k  i n s t r u c t i o n s .  For 
t h e  test involving n o i s e  as w e l l  as v i b r a t i o n ,  t h e  word "noise"  was i n s e r t e d  
i n  t h e s e  i n s t r u c t i o n s  subsequent to t h e  word "vibrat ion."  

n=tu-Te, 2s =ell. 3s ins t ruct ions t o  subjects upen entering L\e simulzt3r "ere 

Prel iminary I n s t r u c t i o n s  

You have volunteered to p a r t i c i p a t e  i n  a r e sea rch  program to i n v e s t i g a t e  
t h e  q u a l i t y  of rides. S p e c i f i c a l l y ,  w e  wish t o  i d e n t i f y  t h e  types  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 in f luence  a pe r son ' s  s ense  of well-being. 
To assess t h e  i n f l u e n c e  of these  v i b r a t i o n s ,  we have b u i l t  a s imula to r  which 
can expose passengers  to realist ic ride motions. The s imula to r  e s s e n t i a l l y  pro- 
v i d e s  no r i s k  to passengers  s i n c e  it has been designed to meet s t r i n g e n t  s a f e t y  
requirements such t h a t  it cannot expose s u b j e c t s  to motions which are known to  
cause i n j u r y .  It  c o n t a i n s  many 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  it does n o t  perform properly.  

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 are r e p r e s e n t a t i v e  of v i b r a t i o n s  
you may experience i n  an a i r p l a n e .  You w i l l  e n t e r  t h e  s imula to r ,  take a seat, 
f a s t e n  t h e  seatbelt ,  and assume a comfortable p o s i t i o n  with both feet  on t h e  
floor. S e l e c t e d  v i b r a t i o n s  w i l l  then be appl ied to t h e  cabin.  You are to make 
yourself  as comfortable  and r e l axed  as p o s s i b l e  wh i l e  t h e  t es t  is being conducted: 
however, you must keep your f e e t  on the  f l o o r  and keep your s e a t b e l t s  f a s t e n e d  
a t  a l l  t i m e s .  During t h e  tests you w i l l  a t  a l l  times be i n  two-way communication 
with t h e  test conductor.  

You have t h e  o p t i o n  a t  any time and for any reason to  t e rmina te  t h e  tests 
i n  any of t h r e e  ways: ( 1 )  by p r e s s i n g  overhead bu t ton  l a b e l e d  "STOP," (2) by 
vo ice  communication with t h e  t es t  conductor,  or (3) by p r e s s i n g  downward on t h e  
t o g g l e  swi t ch  located a t  t h e  f r o n t  of each right-hand armrest. Because of i nd i -  
v i d u a l  d i f f e r e n c e s  i n  people, t h e r e  is always 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 continue. 
happen to you, please do n o t  h e s i t a t e  to s t o p  t h e  tests by one of t h e  above 
methods . 

If t h i s  should 

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

(Upon e n t e r i n g  t h e  s imula to r ,  t h e  s u b j e c t  should be to ld : )  P l e a s e  be 
s e a t e d  and f a s t e n  your seatbelt. (Waiting u n t i l  a l l  t h e  s u b j e c t s  are ready.) 
The mirror you see i n  f r o n t  of you is a two-way mirror to allow t h e  operator 
to monitor any discomfort  you may have during a r i d e .  I n  a d d i t i o n ,  a s  I t o l d  
you before, t h e  test  conductor w i l l  be a b l e  to hear eve ry th ing  you say. A l s o ,  
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i f  you wish to end t h e  t e s t ,  you can push t h e  t o g g l e  switch,  p r e s s  one of t h e s e  
l i t t l e  bu t tons  ( p o i n t  to b o t h ) ,  or you can ask t h e  t es t  conductor to  stop t h e  
test  and l e t  you o u t .  

Dichotomous Comfort Evaluat ions 

The t a s k  you w i l l  now be r equ i r ed  t o  perform is  to  e v a l u a t e  t h e  comfort  
associated with a series of r ide segments. S p e c i f i c a l l y ,  you w i l l  be asked t o  
ra te  each r i d e  segment as being e i t h e r  "comfortable" or "uncomfortable." Each 
ride segment w i l l  be p resen ted  f o r  approximately 15 seconds. A t  t h e  beginning 
of each segment you are to  ra te ,  t h e  test  conductor w i l l  say "s ta r t , "  and a t  
t he  end of t he  r ide segment, he w i l l  say "stop." Immediately a f t e r  t h e  word 
"s top,"  you are t o  e v a l u a t e  t h e  r ide segment j u s t  experienced by p l a c i n g  an 
appropr i a t e  mark on t h e  r a t i n g  sheet .  For example, i f  you f e e l  t h a t  t h e  r ide  
segment j u s t  experienced is "comfortable," then you should m a r k  t h e  a p p r o p r i a t e  
p l ace  on t h e  r a t i n g  s h e e t  with a llC." I f  you f e e l  t h a t  t he  r ide is "uncomfort- 
able ,"  then you should m a r k  t h e  r a t i n g  s h e e t  with an " X , "  i.e., 

Comfortable = C 

Uncomfortable = X 

Evaluation marks.-  You should record your e v a l u a t i o n  ( l e t t e r )  of t he  ride 
segment on the  blank space nex t  to t h e  r ide  segment number. 
data sheet  f o r  you to record your eva lua t ion  of a r ide segment w i l l  look some- 
th ing  l i k e  t he  following: 

For example, t h e  

Ride Segment 

Evaluations.- There are t w o  requirements you should u s e  i n  your evalua- 
t i ons .  C e r t a i n l y  you 
could eva lua te  a ride based on o t h e r  f a c t o r s  such as temperature and pressure. 
However, res t r ic t  your e v a l u a t i o n s  of a ride segment to v a r i a t i o n s  of v i b r a t i o n .  

Firs t ,  your e v a l u a t i o n s  should be based upon v i b r a t i o n .  

Second, base your e v a l u a t i o n  of a r i d e  upon comfort  of a v i b r a t i o n ,  n o t  
only upon v a r i a t i o n s  of v i b r a t i o n .  
terms of comfort of 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  of vibra-  
t i on .  
of comfort, n o t  merely your a b i l i t y  to detect d i f f e r e n c e s  of v i b r a t i o n s .  

I n  o t h e r  words, ra te  a ride segment i n  

This  requirement is important 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  

Consistency.- I t  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 tudy  to " t r y  and be 
I n s t e a d  of t r y i n g  to be c o n s i s t e n t  with p rev ious  r ide  segments, cons i s t en t . "  
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t r y  and e v a l u a t e  each segment without  looking a t  e v a l u a t i o n s  of previous  ride 
segments. 
o t h e r s  i n  t h e  simulator with you. 
f e e l  about  t h e  ride. 
please do no t  t a l k  during them. 
t h a t  they are n o t  doing w e l l  a t  t h i s  task. I t  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  a r e  doing b e t t e r  than they th ink  they are, so d o n ' t  be discouraged 
i f  you f i n d  t h e  t a s k  d i f f i c u l t  or monotonous a t  times. 

P lease  do no t  be concerned about  whether your r a t i n g s  ag ree  with t h e  
Remember we want to know how d i f f e r e n t  people 

You may t a l k  between the segments you are to rate, b u t  
I t  is also t y p i c a l  f o r  p a r t i c i p a n t s  to f e e l  

Remember .  - 
1 .  L i s t e n  for t h e  words "start" and "stop." 

2. Evalua te  only  t h e  comfort of v ib ra t ions .  

3. P lace  your eva lua t ion  i n  t h e  appropr i a t e  blank: C to i n d i c a t e  comfort- 
a b l e  and :: t o  i n d i c a t e  UncGrrifortable. 

A r e  t h e r e  any ques t ions?  

Constant  S t i m u l i  

The t a s k  you w i l l  now be r equ i r ed  to perform is to i n d i c a t e  whether you 
t h i n k  t h e  d iscomfor t  of a ride segment is "grea te r"  or "less" than t h e  discom- 
f o r t  of a s t anda rd  r i d e  segment. This  means t h a t  your discomfort  e v a l u a t i o n  
of a p a r t i c u l a r  ride w i l l  always be i n  comparison to  t h e  s t anda rd  r ide segment. 
I w i l l  s p e c i f y  t h e  s ta r t  of a r i d e  segment with t h e  word "start ,"  and I w i l l  
s p e c i f y  t h e  end of a r i d e  segment with t h e  word "stop." 
word "stop," you are to e v a l u a t e  t h e  ride segment i n  comparison to t h e  s t anda rd  
r i d e  segment. I w i l l  p r e s e n t  t h e  ride segment, termed t h e  s t anda rd  r i d e ,  a t  
t h e  beginning,  and i n t e r m i t t e n t l y  throughout your eva lua t ions .  

A f t e r  you hear  t h e  

Evalua t ion  marks.- You should record  your e v a l u a t i o n  of a r i d e  segment, 
g r e a t e r  or less, on t h e  blank space nex t  to t h e  ride segment number. For exam- 
ple, t h e  data s h e e t  f o r  you to record your eva lua t ion  of  a r i d e  segment w i l l  
look l i k e  t h e  fol lowing:  

R i d e  Segment 

3 L  

Evaluat ions.-  There are t w o  requirements  you should  u s e  i n  your evalua- 
t i o n s .  F i r s t ,  your e v a l u a t i o n s  should be based upon v i b r a t i o n .  C e r t a i n l y  you 
could e v a l u a t e  a r i d e  based on o t h e r  f a c t o r s  such as temperature and pressure .  
However, res t r ic t  your e v a l u a t i o n s  of a r i d e  segment to v a r i a t i o n s  of v i b r a t i o n .  
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Second, base your e v a l u a t i o n  of a r ide upon comfort  of a v i b r a t i o n ,  n o t  
only upon v a r i a t i o n s  of v i b r a t i o n .  
o f  comfort of 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  of v i b r a t i o n .  
This  requirement is important  because we are i n t e r e s t e d  i n  d i f f e r e n c e s  of com- 
f o r t ,  not merely your a b i l i t y  to  detect d i f f e r e n c e s  of v i b r a t i o n s .  

I n  o t h e r  words, rate a ride segment i n  terms 

Consistency.- I t  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 tudy t o  " t r y  and be 
cons i s t en t . "  I n s t e a d  of t r y i n g  to  be c o n s i s t e n t  with p rev ious  ride segments, 
t r y  and e v a l u a t e  each segment without looking a t  e v a l u a t i o n s  of p rev ious  ride 
segments. 
o t h e r s  in t h e  simulator with you. Remember w e  want to  know how d i f f e r e n t  people 
f e e l  about t he  ride. You may t a l k  between t h e  segments you are to rate ,  b u t  
p l e a s e  do n o t  t a l k  during them. I t  is also t y p i c a l  f o r  p a r t i c i p a n t s  to f e e l  
t h a t  they are n o t  doing w e l l  a t  t h i s  task.  I t  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 better than they t h i n k  they are, so d o n ' t  be discouraged 
i f  you f ind  t h e  t a s k  d i f f i c u l t  or monotonous a t  times. 

Please do n o t  be concerned about whether your r a t i n g s  ag ree  with t h e  

Remember. - 
1 .  L i s t e n  f o r  t h e  words " s t a r t "  and "s top."  

2. Evaluate on ly  t h e  discomfort  of v i b r a t i o n s .  

3.  Place your e v a l u a t i o n ,  g r e a t e r  or less discomfort  on t h e  a p p r o p r i a t e  
blank. 

Are t h e r e  any ques t ions?  

Magnitude Est imat ion 

The t a s k  you w i l l  now be r e q u i r e d  to perform is to  e v a l u a t e  t h e  discomfort  
of r i d e  segments. I w i l l  p r e s e n t  one type of ride segment, termed t h e  s t anda rd ,  
a t  t h e  beginning and i n t e r m i t t e n t l y  throughout your eva lua t ions .  The s t a n d a r d s  
w i l l  be t h e  same wi th in  each s e s s i o n  b u t  d i f f e r  from s e s s i o n  to ses s ion .  The 
discomfort  of t h e  s t anda rd  r i d e  segment is t o  be a s s igned  t h e  number 100. I 
w i l l  also p r e s e n t  ride segments termed comparison ride segments t h a t  provide 
both less or more discomfort  than t h e  s t anda rd  100. Your t a s k  w i l l  be to 
a s s i g n  numbers to each of t h e s e  comparison r i d e  segments above and below t h e  
s tandard 100. Try to  a s s i g n  t h e  a p p r o p r i a t e  number to  each ride segment regard- 
less of what you may have cal led t h e  p rev ious  ride segment. I f ,  f o r  example, 
t h e  r i d e  segment seems to provide twice t h e  d i scomfor t  as t h e  s t anda rd ,  s a y  200. 
I f  t h e  r i d e  segment p rov ides  one-tenth t h e  d i scomfor t ,  say 10. I f  t h e  ride 
segment provides  one-fourth t h e  discomfort of t h e  s t anda rd ,  s ay  25. As you 
know, there are i n f i n i t e  numbers above as w e l l  as  below t h e  s t anda rd  of 100. 
You may u s e  decimals, f r a c t i o n s ,  or whole numbers. D o  n o t  u s e  z e r o  or n e g a t i v e  
numbers i n  your eva lua t ions .  

Evaluation marks.- You should record your e v a l u a t i o n  (number) of t h e  ride 
segment on t h e  blank space nex t  to t h e  ride segment number. For example, t h e  
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data sheet for you to record your evaluation of a ride segment will look like 
the following: 

Ride Segment 

1 23 

3 -  25 

4 

Evaluations.- There are two requirements you should use in your evaluations. 
First, your evaluations should be based upon vibration. Certainly, you could 
evaluate a ride based on other factors such as temperature or pressure. However, 
restrict your evaluations of a ride segment to variations of vibration. 

Second, base your evaluation of a ride upon comfort of a vibration, not 
only upon variations of vibration. In other words, rate a ride segment in terms 
of comfort of a vibration, not on whether you notice differences of vibration. 
This requirement is important because we are interested in differences of comfort, 
not merely your ability to detect differences of vibrations. 

Consistency.- It is typical for participants in the study to "try and be 
consistent." Instead of trying to be consistent with previous ride segments, 
try and evaluate each segment without looking at evaluations of previous ride 
segments. Please do not be concerned about whether your ratings agree with the 
others in the simulator with you. 
feel about the ride. You may talk between the segments you are to rate, but 
please do not talk during them. It is also typical for participants to feel 
that they are not doing well at this task. It is usually true, however, that 
participants are doing better than they think they are, so don't be discouraged 
if you find the task difficult or monotonous at times. 

Remember we want to know how different people 

Remember .- 
1. Listen for the words "start" and "stop." 

2. Evaluate only the discomfort of vibrations. 

3. Place your evaluation number on the appropriate blank. 

Are there any questions? 

Category Scale Evaluations 

The task you will be required to perform is to evaluate the discomfort 
associated with various ride segments. Each ride segment, to be evaluated by 
yourself, will be presented to you for a total of 15 seconds. I will specify 
the start of a ride segment with the word "start," and I will specify the end 
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of a r ide  segment with t h e  word "stop." 
contained i n  a r i d e  segment i n  terms of the  fol lowing scale: 

Evaluate t h e  discomfort  of a v i b r a t i o n  

Zero discomfort 
Comfortable 
Neutral 

Maximum 
Discomfort 

0 1 2 3 4 5 6 7 8 

There w i l l  be s e v e r a l  seconds between success ive  r ide segments to allow 
you to  mark your eva lua t ion .  

Evaluation marks.-  You should record your e v a l u a t i o n  of t h e  discomfort  
a s soc ia t ed  wi th  t h e  v i b r a t i o n  of each ride segment by p l a c i n g  a checkmark (J )  
upon the scale. Try to  be c a r e f u l  i n  recording your e v a l u a t i o n s  because t h e  
p o i n t  of t h e  checkmark (J )  w i l l  be used f o r  i n t e r p r e t a t i o n  of d i s t a n c e  a long  
t h e  sca l e .  

Scale i n t e r p r e t a t i o n  .- 
Zero discomfort 

Comfortable 
Neutral 

0 1 2 3 4 

Maximum 
Discomfort 

8 

I I I I I I I I 

The discomfort  scale should be i n t e r p r e t e d  as i f  equal numerical  d i s t a n c e s  
represented equa l  discomfort .  For example, t h e  magnitude o f  d i scomfor t  between 
1 and 2 is equa l  to t h e  magnitude of discomfort  between 5 and 6. The t o t a l  con- 
tinuum should be conceived as r e p r e s e n t i n g  i n c r e a s i n g  discomfort  v a l u e s  (smallest 
to g r e a t e s t )  you may a s s o c i a t e  with v i b r a t i o n .  

There a r e  t w o  requirements you should use i n  your eva lua t ions .  F i r s t ,  
your eva lua t ions  should be based upon v i b r a t i o n .  C e r t a i n l y ,  you cou ld  evalu- 
ate a ride based on o t h e r  factors such as temperature and p res su re .  However, 
restrict your e v a l u a t i o n s  of a ride segment t o  v a r i a t i o n s  of v i b r a t i o n .  

Second, base your e v a l u a t i o n  of a ride upon comfort of a v i b r a t i o n ,  n o t  
on ly  upon v a r i a t i o n s  of 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 of comfort of a v i b r a t i o n ,  no t  on whether you n o t i c e  d i f f e r e n c e s  of vibra-  
t i o n .  This requirement i s  important  because we are i n t e r e s t e d  i n  d i f f e r e n c e s  
of comfort, n o t  merely your a b i l i t y  to  d e t e c t  d i f f e r e n c e s  of v i b r a t i o n s .  

Consistency.- I t  is t y p i c a l  for p a r t i c i p a n t s  i n  t h e  s tudy  to " t r y  and be 
consis tent ."  I n s t e a d  of t r y i n g  to be c o n s i s t e n t  with p rev ious  r i d e  segments, 
t r y  and e v a l u a t e  each segment without  looking a t  e v a l u a t i o n s  of p rev ious  r i d e  
segments. Please do no t  be concerned about whether your r a t i n g s  ag ree  wi th  t h e  
o t h e r s  i n  t h e  s imula to r  w i th  you. R e m e m b e r  w e  want t o  know haw d i f f e r e n t  people 
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feel about  the ride. 
please do no t  t a l k  dur ing  them. 
t h a t  they  are n o t  doing w e l l  a t  t h i s  t a s k .  I t  is u s u a l l y  t r u e ,  however, t h a t  
participants are doing better than they think they  are, so d o n ' t  be d iscouraged  
i f  you f i n d  t h e  task d i f f i c u l t  or monotonous a t  times. 

You may t a l k  between the segments you are to rate, bu t  
It is a l s o  typical for participants to feel 

Remember . - 
1 .  L i s t e n  for t h e  words "start" and "stop." 

2. Evalua te  t h e  v i b r a t i o n  of each r i d e  segment i n  terms of t h e  discomfort 
you associated wi th  such a r i d e .  

3. I n t e r p r e t  t h e  d iscomfor t  scale as i f  equa l  numerical  d i s t a n c e s  r e p r e s e n t  
e q u a l  discomfort magnitudes. 

4. C a r e f u l l y  place your eva lua t ion  mark on the continuum. 

A r e  t h e r e  any ques t ions?  
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VIBRATION TESTING ORDER 

The order of p r e s e n t a t i o n  of v i b r a t i o n  r ide  segments v a r i e d  w i t h  t h e  type 
of tes t  conducted. For t h e  scale anchoring test  only  9-Hz v e r t i c a l  v i b r a t i o n s  
were inves t iga t ed  and success ive  r ide segments w i t h i n  a s e s s i o n  c o n s i s t e d  of 
randomizations (twice, without  replacement) of t h e  nine a c c e l e r a t i o n  l e v e l s .  
The order  of p r e s e n t a t i o n  f o r  frequency equat ing  and s i n u s o i d a l  dose v i b r a t i o n  
tests was similar s i n c e  both types  of  tests involved t h e  use of s i n u s o i d a l  
standard and comparison r ide  segments. The f r equenc ie s  of v i b r a t i o n  w i t h i n  a n  
a x i s  were randomized to determine t h e  frequency c o n t e n t  of canpar i son  rides i n  
a session. The f i v e  or seven a c c e l e r a t i o n  l e v e l s  i n v e s t i g a t e d  f o r  each f r e -  
quency (number of a c c e l e r a t i o n  l e v e l s  depended on t h e  test)  were then  random- 
i zed  twice, without  replacement,  t o  determine success ive  comparison r ide  seg- 
ments of  a s e s s ion .  

The ride-segment order f o r  each s e s s i o n  c o n s i s t e d  of a s t anda rd  r ide seg- 
ment followed by e i t h e r  t w o  or t h r e e  canpar i son  r ide segments. I t  should be 
noted t h a t  for c r i  teria-development i n v e s t i g a t i o n s  of t h e  v e r t i c a l  a x i s  of 
v i b r a t i o n ,  t h e  frequency range of 1 to 30 Hz was d iv ided  i n t o  e q u a l  t h i r d s  
prior to  t h e  randomizat ions and p r e s e n t a t i o n  of t h e s e  v i b r a t i o n s  t o  s u b j e c t s .  
Th i s  procedure was n e c e s s i t a t e d  to ma in ta in  a n  o v e r a l l  t e s t i n g  period of less 
than  2 1/2 hours  f o r  each s u b j e c t .  I n  a d d i t i o n ,  t w o  d i f f e r e n t  test  procedures  
were used f o r  v e r t i c a l  v i b r a t i o n  t e s t i n g ,  because p rev ious  r e sea rch  ( r e f .  2 1 ) ,  
indicated s u b j e c t i v e  responses  (i.e.,  magnitude e s t ima t ions )  f o r  t h i s  type of 
t a s k  could vary with t h e  manner i n  which s t i m u l i  ( v i b r a t i o n s )  were p resen ted  
t o  sub jec t s .  The procedural d i f f e r e n c e s  c o n s i s t e d  of using t w o  a c c e l e r a t i o n  
l e v e l s  a t  each v i b r a t i o n  frequency f o r  s t anda rd  r ide segments, as w e l l  as t w o  
ranges of a c c e l e r a t i o n  l e v e l s  f o r  comparison r ide segments of a select 
frequency . 

The order of p r e s e n t a t i o n  f o r  tests of response to  random v i b r a t i o n  and 
a x i s  equat ing  w a s  i d e n t i c a l  with prev ious  tests of f requency equa t ing  and s inu-  
soidal dose tests. The d i f f e r e n c e  between t h e s e  t es t s  and previous  tests was 
t h e  phys ica l  v i b r a t i o n  c h a r a c t e r i s t i c s  t h a t  were randomized. 
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TYPICAL TEST RESULTS 

Figures C1 to  C5 show examples of some typical t e s t  results. Figure C1 
shows one example of the standard normal score z as a function of the vertical  
floor acceleration and C 2  shows the corresponding mean magnitude estimations of 
discaififort. Figure 23 shows standard normal score z for l a t e ra l  acceleration 
levels. Figure C4 shows representative data of discomfort as a function of ver- 
t i ca l  acceleration for two bandwidths of frequency. Figure C5 shows similar 
data for la te ra l  acceleration. 
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TABLE 111.- SUMMARY OF VIBRATION CHARACTERISTICS FOR STANDARD AND COMPARISON 

RIDE SEGMENTS FOR SCALE ANCHORING AND SCALE TRANSFORMATION TESTS 

C h a r a c t e r i s t i c  1 Scale anchoring tests I Scale t r ans fo rma t ion  tests 

Standard ride segments 

Axis of v i b r a t i o n  . . . .  
Type of v i b r a t i o n  . . . .  
Frequency, Hz . . . . . .  
rms a c c e l e r a t i o n a  . . . .  
Onset-offset ,  sec . . . .  
Number of v i b r a t i o n s c  . . 
Time between 

v i b r a t i o n s ,  sec . . . .  

Axis of v i b r a t i o n  . . . .  
Type of v i b r a t i o n  . . . .  
Frequency, Hz . . . . . .  
Center frequency, Hz . . 
Bandwidth, Hz . . . . . .  
r m s  a c c e l e r a t i o n a  . . . .  
Onset-offset ,  sec . . . .  
Duration, sec . . . . . .  
N u m b e r  of v i b r a t i o n s C  . . 
Time between 

v i b r a t i o n s ,  sec . . . .  

Canparison ride segments 

Vertical  
S i n u s o i d a l  
9 
0.11 
10 
56 

5 

Vertical 
S inuso ida l  
9 

------------ 
0.02 t o  0.12 
5 
10 
180 

5 

Mu1 ti ple 
Random 

2,  3, 5, 7 
2, 5, 10 
0.02 t o  0.10 
5 
1 5  
168 

5 

a U n i t s  are i n  g u n i t s  f o r  v e r t i c a l ,  l a t e r a l ,  and l o n g i t u d i n a l  axes,  and 

handom v i b r a t i o n s  of v e r t i c a l ,  v e r t i c a l  and l a t e ra l ,  v e r t i c a l  and r o l l ,  

‘Total number of v i b r a t i o n s  per s u b j e c t .  

u n i t s  are i n  r a d i a n s  per second squared for r o l l  or p i t c h  axes. 

and v e r t i c a l ,  l a t e ra l ,  and ro l l .  
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TABLE 1V.- SUMMARY OF VIBRATION CHARACTERISTICS 

DIFFERENT CRITERIA DEVELOPMENT TESTS 

C h a r a c t e r i s t i c  
F~~~~~~~ s i n u s o i d a l  Randan 

equat ing  dose dose 
response response 

r 
Randan 

dose 
response 

Longi tudina l  
ax is  tests 

Vertical  ax is  tests 

Axis of v i b r a t i o n  . . . .  
Type of v i b r a t i o n  . . . .  
Frequency, Hz . . . . . .  
r m s  a c c e l e r a t i o n a  . . . .  
Onset-offset ,  sec . . . .  
Duration, sec . . . . . .  
Number of v i b r a t i o n s b  . . 
Time between 

v i b r a t i o n s ,  sec . . . .  

Vertical 
Sinusoidal  
9 
0.11 
5 
10  
50 

5 

. 
V e r t  ica 1 
S i n u s o i d a l  
9 
0.09 
5 
10  
24 

. .  . .  . .  . .  . .  . .  . .  . .  . .  

. .  
- 

L 

Axis of v i b r a t i o n  . . 
Type of v i b r a t i o n  . . 
Frequency, Hz . . . .  
Center frequency, Hz 
Bandwidth, Hz . . . .  
rms a c c e l e r a t i o n a  . . 
Onset-offset ,  sec . . 
Duration, sec . . . .  
Number of v i b r a t i o n s b  
Time between 

v i b r a t i o n s ,  sec . . 

V e r t i c a l  
S i n u s o i d a l  
Var iab le  
Var iab le  
5 
10 
30 

5 

Vertical 
S i n u s o i d a l  
1-30 ---------- 
---------- 
0.04-0.34 
5 
10  
90 

5 

P i t c h  
axis tests 

Random 

response 

Standard r i d e  

Vertical 
S inusoida l  
9 
0.10 
5 
1 0  
48 

5 l 5  
Vertical 
Random ---------- 
2-9, 1 3  
2, 5, 1 0  
0.03-0.1 2 
5 
15  
144 

5 

Longitudinal  
Random 

5 
5, 1 0  
0.03-0.1 5 
5 
15  
72 

------------ 

5 

vertical  
S i n u s o i d a l  
9 
0 :09 
5 
1 0  
1 2  

5 

Campar ison 

P i t c h  
Random 

3 
5 
0.20-1.1 
5 
1 5  
36 

5 

---------- 

aUnits  a r e  i n  g u n i t s  f o r  v e r t i c a l ,  l a te ra l ,  and l o n g i t u d i n a l  axes. Uni t s  are 
bTotal  number of v i b r a t i o n s  per s u b j e c t .  



W I T H I N  THE VARIOUS AXES OF VIBRATION 

F~~~~~~~ 
equating 

Lateral  axis  t e s t s  

Axis Sinusoidal Random 
dose dose equa t i ng 

response response 

I I I 

equating dose dose 
response response 

Axis 
equating 

segments 

Lateral  
Sinusoidal 

I:' 

7 
Later a 1 
S i  nusoi dal 
Var i ab1 e 
Variable 
5 
1 0  
30 

Lateral  
S i  nusoi da 1 
5 
0.10 
5 
10 
32 

r ide  segments 
I 
Later a 1 
S i  nu soi  dal  
1-10 ---------- 

0.04-0.34 
5 
10 
90 

Lateral 
Random ---------- 
2-9 
2, 5, 10 
0.03-0.12 
5 
15 
96 

5 

Vertical  
Sinusoidal 
9 
0.10 
5 
10 
10 

5 

0.04-0.18 
5 
10 
20 

5 

R o l l  axis  tests 

Roll 
S i  nusoi da 1 
2 
0.32 
5 
10 
30 

5 

Roll 
S i  nusoi da l  
Variable 
Variable 
5 
10 
24 

5 

Roll 
S i  nusoi da 1 
3 
0.57 
5 
10 
6 

5 

1 
Roll 
Random 

3 
5 
0.18-1.54 
5 
15 
18 

___------_ 

5 5 

Vertical  
Sinusoidal 
9 
0.10 
5 
10 
10 

5 

i n  radians per second squared for pitch and r o l l  axes. 
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TABLE V.- SUMMARY OF INTERCEPT AND SLOPE COEFFICIENTS FOR LEAST-SQUARES LINEAR 

1 

Frequency, Hz Intercept Slope 

1 -0.8322 26.7849 
2 -1 .1106 52.2679 
3 -.3586 32.1 940 
4 .0217 19.91 30 
5 -.3163 19.0267 
6 -. 7048 19.8629 
7 -. 7024 16.3704 
8 -. 41 84 1 4.8952 
9 -. 0636 11.6969 

10 -. 3307 8.9291 
1 J1 

FUNCTIONS BETWEEN DISCOMFORT AND PEAK VERTICAL FLOOR ACCELERATION 

LEVELS FOR EACH SINUSOIDAL VERTICAL FREQUENCY INVESTIGATED 

Frequency, Hz 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

Intercept 

0.3346 
-.3713 -. 7685 
-1.0028 
-1.2352 -. 7592 -. 71 88 -. 0576 
-.8919 

-1 .2718 
-.6912 -. 4937 -. 3695 -. 3470 -. 5220 

Slope 

8.8296 
15.2731 
21 .4441 
27.1 273 
32.21 46 
28.8279 
27.4856 
19.8988 
21 .9987 
22.9530 
16.9931 
14.0437 
12.0297 
10.7501 
10.4234 

Frequency, Hz 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Intercept 
~ 

-0.1 406 
.1650 

-.2190 -. 3326 
.0986 -. 1989 

-.1769 
.0345 -. 0465 
.0494 
.0010 -. 0684 

-.1695 -. 0324 -. 0766 

Slope 

8.3656 
6.8997 
7.5948 
7.5326 
6.1 421 
6.7045 
6.5021 
5.91 02 
6.0773 
5.8456 
6.0208 
6.2664 
6.6472 
6.4483 
6.7358 

TABLE VI.- SUMMARY OF INTERCEPT AND SLOPE COEFFICIENTS FOR LEAST-SQUARES LINEAR 

FUNCTIONS BETWEN DISCOMFORT AND PEAK LATERAL FLOOR ACCELERATION LEVELS 

FOR EACH SINUSOIDAL LATERAL FREQUENCY INVESTIGATED 
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TABLE VI1.- SUMMARY OF INTEXEPT AND SLOPE COEFFICIENTS FOR LEAST-SQUARES 

Frequency, Hz Intercept . 
1 -2.3302 
2 -.1455 
3 .2830 
4 .3405 

r 

LINEAR FUNCTIONS BETWEm DISCOMFORT AND PEAK ROLL ACCELERATION 

Slope 

5.8994 
4.6724 
2.4946 
2.3532 

LEVEL FOR EACH SINUSOIDAL ROLL FREQUENCY INVESTIGATED 

TABLE VII1.- SUMMARY OF INTERCEPT AND SMPE COEFFICIENTS FOR LEAST-SQUARES 

LINEAR FUNCTIONS BETWEEN DISCOMEQRT AND RANDOM VERTICAL FU>OR 

ACCELERATION LEVELS m R  RANDOM VIBRATIONS OF SELECT CENTER 

FREQUENCIES OF VIBRATION 

Center frequency, Hz 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Intercept 

-0.2737 -. 0434 
-.1456 

.2270 

.2912 
,221 7 
.1433 
.3367 
,3141 
.4608 
.4413 
.4217 

Slope 

25.6976 
36.3625 
44.7799 
36.0383 
39.471 6 
38.0780 
37.6770 
31 .7515 
28.7898 
26.0990 
22.1 400 
18.1 807 
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TABLE 1X.- SUMMARY OF INTERCEPT AND SLOPE COEFFICIENTS FOR LEAST-SQUARES 

LINEAR FUNCTIONS BETWEEN DISCOMFORT AND RANDOM LATERAL FLOOR 

ACCELERATION LEVELS FOR RANDOM LATERAL VIBRATIONS OF SELECT 

CENTER FREQUENCIES AND BANDWIDTHS 

C e n t e r  f r e q u e n c y ,  Hz 

2 
3 
3 
4 
4 
5 
5 
5 
6 
6 
7 
7 
8 
8 
9 

B a n d w i d t h ,  Hz 

2 
2 
5 
2 
5 
2 
5 

10 
2 
5 
2 
5 
2 
5 
2 

Intercept  

0.5384 
.2954 

-.2149 
.7221 

-.1565 
.4785 
.2816 -. 5531 
.3101 
.2292 
.3830 
.2190 
.0784 
.3585 
.OS58 

Slope 

37.8339 
32.331 2 
49.0092 
21.5835 
39.3229 
17.8407 
29.1 386 
39.8261 
18.2296 
28.3390 
17.4845 
22.6535 
20.7663 
20.7794 
19.9090 



Figure 1.- Passenger ride quality apparatus (PRQA) a t  the Langley 
Research Center. 
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Figure 4.- Discomfort as a function of percent of passengers uncomfortable. 
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a c c e l e r a t i o n  

l e v e l ,  radIsec2 

2.0 

1.5 

1.0 

0.5 

2.5 t 
- 

- 

- 

- 

- 

- 

- 

- 

- 

I I I I 
1 2 3 4 

O L  

R o l l  frequency, Hz 

Figure 7.- Peak roll floor acceleration level required to produce 
successive equal-discomfort curves (DISC = 1 to 7) as a function 
of roll frequency. 
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Figure 12.- Discomfort for pitch and roll vibrations as a function of 
random angular acceleration level. 
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Figure 15.- Discomfort as a function of a discomfort evaluation on a 
unipolar, continuous, nine-point category scale. 

53 



LA 

0 

m N 

0 0 
$ 4 -  

4 

0 
0 

0 4  
o a r  
I + ?  
w a r  

54 



I 

I 
4 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
5 4 4 0 0 0 0 

0 03 \o * hl 0 hl \o 
4 

~ - - 

0 0 0 0 0 0 0 0 

L ) o  

55 



56 

I I I 1 I 
m 
0 

* 
0 

m 
0 

N 

0 

4 

0 

N 
X 

h 
V 

3 
a 
$4 w 
4 
(d 
$4 a u 
(d 
I4 

- 
8 



FQ 
V 

0 C v1 
H c 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1  1 1  
0 co \o U r4 

9 
0 

9 
0 

9 $: 0 
N 
4 

\o U 
4 d 

0 03 
-4 4 

0 0 0 0 0 0 0 0 

m 

co 

r- 

u3 

L n  

U 

m 

N 

. 
N z 
m 

.. 
5 
5 

B 
5 
C a 
cp 

-4 

h 

e 

4 

5 

(v 

.. 
5 
.4 
3 
5 
C a 
cp 

a 
h 

Y 

57 



1. Report No. 2. Government Accession No. 
NASA TP-1422 

4. Title and Subtitle 

DISCOMFORT CRITERIA FOR SINGLE-AXIS VIBRATIONS 

7. Author(s) 

3. Recipient's Catalog No. 

5. Report Date 
May 1979 

6. Performing Organization Code 

I 8. Performing Organization Report No. 

2. Sponsoring Agency Name and Address 

Thomas K. Dempsey, Jack D. Leatherwood, and I L-12681 
10. Work Unit No. Sherman A. Clevenson 

13. Type of Report and Period Covered 

Technical Paper 

9. Performing Organization Name and Address I 505-09-13-11 

19. Security Classif. (of this report) 

Unclassified 

NASA Langley Research Center 
Hampton, VA 23665 

20. Security Classif. (of this page) 21. No. of Pages 22. Rice. 

Unclassified 57 $5.25 

11.  Contract or Grant No. I 
National Aeronautics and Space Administration 
Washington, DC 29546 

14. Sponsoring Agency Code 

I 
5. Supplementary Notes 

6. Abstract 

A number of experimental investigations have been conducted to determine the 
fundamental relationships governing human subjective discomfort response to 
single-axis vibrations. The axes investigated were vertical, lateral, longi- 
tudinal, roll, and pitch, and the vibrations used were both sinusoidal and 
random in nature. Results of these investigations have provided the basis 
for (1) development of a scale of passenger discomfort that is common to all 
axes of vibration and (2) generation of discomfort criteria for each axis of 
vibration. The discomfort criteria are in the form of discomfort curves for 
each axis and for both types of vibration. Furthermore, empirical equations 
describing discomfort responses within each axis of vibration are included. 
These equations can be used to estimate passenger discomfort for single-axis 
ride environments and/or as a design tool for trade-off analyses between dis- 
comfort and vibration characteristics. Comparisons of the various single- 
axis criteria curves obtained in these studies as well as comparisons of these 
curves with the International Standards Organization (ISO) recommendations 
are discussed. 
comfort scale to a measure of passenger acceptance (percent of passengers 
finding the ride environment uncomfortable). 

Finally, a transformation is presented that relates the dis- 

!7. Key Words (Suggested by Author(s)) 

Ride quality 
Human response 
Vibration 
Discomfort 
Ride comfort 

18. Distribution Statement 
Unclassified - Unlimited 

Subject Category 53 


