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A symposium on Vehicle Ride Quality, sponsored by NASA, was held at the
Langley Research Center, Hampton, Virginia, July 6-7, 1972.

The purpose of the <ymposium was to apprise the Government s transporta-
tion industry, and university community of the current state of the art of
rassenger ride-quality technology and to improve the degree of complementary
effort between investigators. The symposium consisted of a review of technology
covering ride quality and ride-quality criteria for passenger-carrying vehicles
including surface vehicles as well as aircraft. Also included were several
panel discussions dir:cted toward how best to structure and implement experi-
ments so that findings relate to real-world situations of public transportation.
The deliberaticas of these panels are not included in this publication.

Contributions to this publication were made by representatives from NASA
R Langley and Flight esearch Cemters » Naval Aerospace Medical Institute, USAF
p I3 Aerocpace Medical Fesearch Laboratory, The Boeing Company, McDonnell Douglas
Corporation, United Aircraft Corporation, United Aircraft Research Laboratories,
SR B Princeton University, University of Dayton, and University of Virginia.
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RIDE-QUALITY OVERVIEW

¥

2 By Ralph W. Stonme, Jr.
e NASA Langley Research Center

INTRODUCTION N 7 é - 10 0 13

It is not my purpose today to justify the need for research in ride
: quality. I presume that those of us here recognize and are concerned for this
& need. It is sufficient to say that progress in air travel, as indicated by the
recent Civil Aviation Research and Development Policy Study (ref. 1), is such
that the problems of noise and congestion and the need for short haul trans-
portation will lead to conditions of flight at lower altitudes and requiring
more acute maneuvering than we currently experience. Such conditions will tend
to make ride comfort less acceptable than is offered by our current Jets.

I should like to review very briefly today
4 (a) What the problem of ride quality seems to be
. (b) What the current state of knowledge is
3 (c) What the deficiencies in this knowledge are
(d) What information seems to be required to overcome these deficiencies

and

. : (e) Some thoughts on ride quality criteria

HUMAN FACTCR ELEMENTS IN RIDE QUALITY

One first asks what is ride quality or what is passenger acceptance of a
o ride? I have seen no clear definition. I assume that what we are talking

' about is the passenger's feeling of well being in the current situation of the
ride and his contentment with his accumulated experience during the entire ride.

"

Figure 1 lists the varicus elements that relate to the fundamental probe-
lems of ride acceptance. There are the basic physical factors that define the
total environment that the passenger. experiences and those that define his
intended activity. -
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The physical factors define the dynamics of motions involved as well as
other environmental factors and the cabin arrangements.

There are also, of course, psychological factors; such as the fear of
flying, the purpose of flying, and many others. These T will not discuss today,
although they are highly significant.

In the course of the next two deys, programs will be presented that relate
to most of the elements listed for, as you know, considerable effort has been
applied to many of them. The area of greatest concern, however, as it is being !
brought into predominance by the trends and needs for eirplane transportation
tggt{ngp mentioned earlier, is the area of the dynamics of the ride.

> et
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CURRENT KNOWLEDGE

Iet us then, examine very briefly and only partially, because of time
limitations, the current knowledge relative to the dynamics of the flight
environment and how it applies to passenger acceptance.

In general, because of maneuvering, turbulence, buffet, and aircraft
systems operations; oscillations ranging from fractions of a Hertz to 60 or
more Hertz can be experienced by most aircraft (fig. 2). At the low range
vestibular-visual disturbances are expected and motion sickness is possible.
In a range above 1 Hertz, resonance of body components and relative motions of
them may occur and cause annoyance and even pain. At frequencies generally
above 10 Hertz, body vibrations occur and these too can be most annoying.

A great number of studies have been made over the last se aral years
(these are to a great extent summarized in reference 2) and a brief summary will
be shown in the next three figures.

Figure 3 is u limited sumary of representative information about the
effects of oscillations along (parallel to) the long body axis. The dotted
lines show some typical experimental results and represent a progressive
intolerance to oscillations as their megnitude increases. Also shown are some
current criteria for U. S. Military aircraft and those proposed by the British
and Japanese for passenger acceptance primarily for railroad comfort. It is
interesting to note that these criteria are relatively near the experimental
data representing unpleasantness.

.-~

The lower set of curves shown were suggested by Dr. von Gierke and his .
colleagues some years ago (ref. 3) and still represent potential criteris.
They are appreciadbly lower than the other criteria.

The hatched area in the frequency range frum 0.1 to 1 Hertz is where
motion sickness may occur. The magnitudes of wmotion required to elicit sickness
are not defined. Motion sickness is a complex psychophysiologicul process
vhich runs the gamut from sweating to vomiting (see for example ref. 4). The
magnitudes of oscillations required to elicit a first level of nonacceptance
are not known.

2




As noted previously, this information deals with vertical motions.
Figure 4 is for lateral or transverse oscillations.

Much less information exists for the transverse situation than for the
vertical. Shown only are some proposed criteria of the British and Japenese
which are companion criteria to those shown in figure 3. It is apparent that
there is not unenimity as to what the criteria should be. It is also evident
that tolerance for lateral oscillations is lower than for vertical oscillations,
possibly being about one half as great.

Another point not distinguished in these two previous figures is the
influence of the length of exposure and the frequency of exposure to oscillatory
motion on the acceptability of a ride.

Figure 5 shows the influence of time of exposure on the magnitude of
acceptable oscillations. This is rather limited information but shows s rapid-
1y decreasing acceptability with "flight time"(see refs. 2 and 5). These
proposals show some differences of opinion relative to what the real criteria
might be.

In addition to the information shown, it must be pointed out that the
International Standards Organization has for a number of years been endeavoring
to establish a unified standard for the effects of vibrations on man.
Recommendations will be made treating the problems of safe exposure, fatique
decreased performance, and reduced comfort (ref. 6). Dr. Ashley of England has
introduced an interesting contribution for the study of vibrations on man in
connection with the International Standards Studies (ref. 7). He suggests
using a random vibration spectrum as a datum for matcring with sinusoidal
vibrations to establish contours of constant annoyance. He shows for a standing
man minimum sensitivity near 1.7 Hertz with increasing sensitivity at lower
frequencies where motion sickness has been suggested to be a problem. He shows
also an extension of maximum sensitivity out to about 15 Hertz, which is
different than has been suggested in the past.

This has been a very cursory review of the state of current knowledge.
What are the deficiencies in this state of knowledge.

Figure 6 lists same of these deficiencies.

(a?u;he data generally available, are primerily for males of flight crew
type, hardly representative of the general riding population for which we are
concerned.

(b) The sensitivity to motion of the subjects used is generally not
available.

(c) The results to date are generally for vertical oscillations and for
exposures to discrete frequencies, not at all representative of the random
character of natural flight phenomena.

(d) There is little available information of acceptable maneuvering limits.
That is, the rates of rolling, turning and pitching and the magnitudes of the
attitudes of roll or pitch.

and finally,
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(e) There is only a limited amount of data correlating flight data on the
dynamics of flight with subjective impressions of the flight.

STUDY REQUIREMENTS FOR HUMAN FACTORS IN RIDE QUALITY

What, then,are the requirements for study relative to the human factors
aspects of ride quality in view of the deficicncies Just seen.

On figure 7 are listed a number of possible study requirements.

(a) First, it is felt that the subjects used to study the problems of ride
quality should be representative of the population who will ride. Also, as they
will be the instruments vwhereby ride quality is neasured, their characteristics
particularly their sensitivity to motion should be known. Further, as exposure
of humans to environmental stress tends to brings about habituation, this
effect should be understood in the subjects used.

(b) The only source of the real motions of concern is found in real flight
and therefore, studies in flight are required. The actual random disturbances
and maneuvers and the corresponding subjective responses are necessary. The
influence of airline route structures » 8easons, and weather conditions as they
influence the frequency of disturbance encounters needs also to be understood.
In addition, proper instruments to measure the real environment experienced
and the subjective responses to the environmert along with the improved
computer programs to reduce and analyze these data are required. Tests on air-
borne simulators; that is, aircraft on which 3pecific disturbances can be
tested and evaluated, are necessury to validete knowledge gained in laboratory
tests and to verify criteria established.

(c) Lavoratory tests, it is felt, are recessary from the standpoint of
economics and for the ability to readily vary tests conditions and to identify
and isolate the components, magnitudes » and frequencies which are important.

“Papers to be presented later today will delineate currant programs and
plans for laboratory and field tests.

(4) For the design of aircraft havirg acceptable ride quality, what is
required are criteria which can be transliated into specific requirements for
airplane and control systems characterir.ilcs, seat and cabin design, and air-
line schedules and route structures. Such criteria as in all areas of research
must be based on sound, sudbciantial hypotheses, which for the case in point,
must relate to human responses to the environmental conditions expected. It
is felt that this development must be pursued and shoild include the develop-
ment of models invclving the dynamic responses of human bodily systems. Also in
all experimental processes where subjective data are obtained it must be
remembered that the quantification of subjective attitudes, the variability
among persons in the interpretation of what the experimenter desires when
recarding subjective attitudes, and the variability of each person's attitudes
with time is a wmost Aifficult and complex art.

(e) Pinally, studies to determine the processes by which the general
Public chooses its modes of transportation should be helpful. In this

SSPEAGIRTISN oS 0% SRS S, f5nty how savice, sntety (both rend
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As was noted earlier, the criteria that exist are based on limited data,
usually on exposures to a single degree of freedom and to discrete frequencies.

F e 8 lists some of the requirements for improved criteria. These are:

(a) The influence of transverse motions » partizularly lateral motions

(b) The second point relates to whether the exlstence of a lateral (or
fore and aft) motion reduces the level of acceptabil ity of a vertical motion and
vice versa

(c) The influence of a spectrum of frequencies in single and multiple
degrees of freedom needs definition

and

(d) finally the buildup and decay of annoyance us a function of the time
course of disturbance encounters must also be definec.

I should like now to briefly discuss a few thoughts on the subject of

criteria and then to suggest some criteria which may se points of departure
for future work.

Mathematical models using damped-spring mounted rasses have been developed
in the past for studying the responses of body systems to oscillations. All
such models of course show a maximum response (or streis) at the damped natural
frequency. This implies that larger disturtances are required at frequencies
other than the natural frequency to create the same response (or stress) as
occurs at the natural frequency. Curves of equal response (fig. 9) over @

frequency range are surprisingly similar in form to the experimental data and
eriteria presented earlier.

Relative to transverse oscillations some interesting information has been
obtained by Nickurson on the response of animal. organs to cscillations (ref. 8).
He noted that the maturel freyuencies of the internal boly systems to transverse
oscillations (front to back and sideways) were about twice as large as for
vertical oscillations, although the damping was only slightly different.

These results suggest a consideradbly modified demped spring model that is
multiply supported in the transverse motions while only singly supported in
vertical motions. Such a model may have higher natural frequencies and
larger stresses in the transverse motion as compared to the vertical.

Relative to the influence of multiple disturbances and of & spectrum of
frequencies as ie normally encountered in turbulence, one can only intuitively
feel that the presence of a second disturbance (or more) must reduce the
general tolerance. Studies using multiple disturbances and power spectral
densities of the Aisturdances with the corresponding subjective responses are
of course in order and subsequent papers will discuss such plans.

Finally we are concerned with the frequency of disturtance encounters.

Clearly one disturbance in an hour's flight is much less anaaying than 60
identical disturbances in the same f1ight.




On figure 10 is suggested a mechanism whereby the frequency of d’sturn.nce
may be evaluated. It assumes that annoyance of the disturbance has an irmedicte
onset and decays exponentially with time, much like other psychophy:iclogicel
mechanisms. In the top figure the dotted disturbance is below the sunoyance
level and would presumsbly not influence the opinion of a ride, whereas the
solid disturbance would. In the lower figure, the solid disturbances axic
spaced such that the full decay of one disturbance occurs before the next
disturbance is encountered and the acceptable annoyance lev:1 is unchanged. If,

. however, as illustrated by the dotted lines, the disturbances superpose on each
other, the acceptable annoyance level may decrease as shown. Possibly the
integral of annoying accelerations(above the acceptable level) with time and
decay would be indicative of the influence of the frequency of disturbance
encounters an acceptance.

This is only a suggested mechanism which may help in the interpretation
of data. Any other such concepts are much desired.

POSSIBLE CRITERIA FOR
HUMAN FACTOR IN RIDE QUALITY

I would now like to present some possible criteria which, as I noted
before, may be considered as points of departure for real criteria which,
hopefully, will evolve from programs in progress and planned.

Figures 11 and 12 treat the oscillatory environment. Figure 11 is for
vertical motions and oscillations and figure 12 is for transverse motions.

The very low frequencies (about 0.1 Hz) are really representative of
maneuvering conditions, except for the longitudinal phugoid, oscillations st
such low frequencies may not be encountered. On figure 11, the upper curve
represents positive accelerations and the lower represents negative accelerc-
tions. They are mirror images except for the maneuvering situation just
mentioned, where I believe that maneuvers causing accelerations of less than
1g are less acceptable than maneuvers causing positive g's. The motion
sickness area which is not at all well defined, as shown in figures 11 and 12,
depresses the boundarics in the region below 1 Hz. Whether this is a true
representation is not known, but nausea remains as s concern for future
aircraft and it will occur in this frequency range. The rest of the boundaries
are somewhat representative of criteria suggested in the past, except hey are
deprcssed somewhat because of concern for disturbances in multiple degrees of
freedom and with random inputs.

Much of what has been discussed deals with oscillatory disturbances. As
you recell, it was noted at the onset that maneuvering conditions, that is,
, rates of motions and attitudes of the aircraft, are also factors that may
influence the acceptance of a ride. .
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i Figure 13 is a plot of roll and pitch rates as a function of altitude.

}‘ Shown are possible bounderies above which the rates of motion mzy become
objectionable. These boundaries show a variation with altitude,as it is believed
& that the closer to the ground the aircraft is the less tolerant of angular motions
people may become. There is little data to justify the boundaries except

: g possibly the maximum roll rate. It is felt that pushovers (motions causing less
- ‘ than 1g condition) are less tolerable than pullups, a point mentioned

; earlier.

The attitudes of an aircraft, that is, the roll and pitch attitudes, ;
particularly near the ground, may be of concern to passengers as well as the .
rate of motion. Again, probably as the altitude decreases, this tolerance
may also decrease. No criteria are shown but they probably are neeced. No
specific hypothesis has, as yet, been devised, although rolling such that
the horizon disappears from view above or below your window and pitching
forward in descent such that your belt is necessary may be causes for concern.

An explanation for the possible limitation in roll rate just discussed is
shown on figure 14. Plotted is the rate of heed motion &s a function of
airplane angular velocity. The curves shown are curves of constant cross-
coupled angular accelerations, which occur when the head is moved in s
rotating environment. This factor has occurr=sd in flights and has caused
confusion and accidents. Such plots as this have been used in considering
problems of artificial gravity (ref. 9). It is clear that rapid head movements
in a repidly maneuvering aircraft can cause disturbances. The 20 degrees per

s f second line shows that a rapid head motion may cause a disturbance near
] but below the tolerable boundary. Any greater value could cause annoyance
and disorientation.
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CONCLUSIONS

N In conclusion, the status of ride quality, as it relates particulerly ’
O to the dynamics of the flight environment, has been briefly reviewed. Areas

IS of research necessary for the sttainment of proper criteria for acceptable N
B ride quality have been suggested and finally some possible criteris also have
e B been suggested as points of departure for future criteria development.
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PHYSICAL FACTORS

DYNAMIC
MOTION AND VISION IN TURBULENCE
MANEUVERS AND VIBRATIONS

ENVIRONMENTAL
NOISE, TEMPERATURE, HUMIDITY, AND ODCRS

HABITABILITY
SEAT SIZE AND SPACING
WINDOW SIZE AND LOCATION

ACTIVITY FACTORS

READING, TALKING, WRITING, AND THINKING
DRINKING AND EATING

DOZING AND SLEEPING

WALKING

Figure 1.~ Probable human factors elements in ride quality.
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Figure 2.~ The motion environment.
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Figure 3.~ Current ride quality boundaries based on exposure to discrete
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LIMITED SUBJECT TYPE

SUBJECTS NOT CALIBRATED FOR MOTION SENSITIVITY

DATA AND CRITERIA LIMITED GENERALLY TO VERTICAL MOTIONS

DATA AND CRITERIA LIMITED TO DISCRETE FREQUENCIES NOT TO
RANDOM CONCURRENT FREQUENCIES AS IS COMMON TO NATURAL
PHENOMENA

DATA AND CRITERIA FOR MANEUVERING LIMITS (ATTITUDES AND RATES)
NOT AVAILABLE

LIMITED QUANTITATIVE AND SUBJECTIVE DATA FROM ACTUAL FLIGHT
CONDITIONS

Figure 6.- Deficiencies of current knowledge.
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THE INFLUENCE OF TRANSVERSE MOTIONS AND OSCILLATIONS
THE INFLUENCE OF SIMULTANEOUS OSCILLATION IN MULTIPLE DEGREES
OF FREEDOM
Rs
THE INFLUENCE OF A SPECTRUM OF FREQUENCIES IN SINGLE AND
i MULTIPLE DEGREES OF FREEDOM
}; THE INFLUENCE OF THE TIME COURSE OF DISTURBANCE ENCOUNTERS AND THE
i THE BUILDUP AND DECAY OF ANNOYANCE ,
' !f Figure 8.~ Information requirements for ride quality criteria. "
\
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AN AIRCRAFT MANUFACTURER'S APPROACH
TO RIDEABILITY CRITERIA

By R. C. O'Massey, H. Leve,
and J. G. Gaume

Douglas Aircraft Company
McDonnell Douglas Corporation
Long Beach, California

SUMMARY N73-1001:1

This paper describes an overview of an aircraft manufacturer's approach
to Rideability. The paper is organized as follows:

The Current Ride Environment section describes the external and internal
environment in terms of vibration and acoustic sources and general response.

Rideability Design/Evaluation describes guide lines and criteria reflect-
ing current practice at Douglas,

Example Rideability Studies are presented representing an Analytical
Study (STOL Buffet), a Design Analysis Study (the rebounding airplane), and
Aeromedical Evaluation.

The last section describes the Douglas Aircraft Company ride research
plan showing present and future efforts to develop Rideability Criteria.

A Summary of Needs is presented listing identified needs for data,
criteria, and research in the various rideabili*y areas.

INTRODUCTION

Alrlines spend millicns of dollars annually in advertising campaigns,
personnel training, and in airport facilities to create an atmosphere of travel
luxary. Wide-bodied jets were introduced as a means of expanding this
luxury concept while capitalizing on advanced technologies in other areas,
The aircraft manufacturer has always had to maximise comfort in air travel
48 a :ecognised part of building a quality product and as a requisite to expand-
ing air travel. With the advent of the wide -bodied jets, and the need to offer
an improved psychological setting in terms of greater space and more free-
dom of movement for the pascengers during flight, came the requirement for
& commensurate improvement in vehicle ride quality. The need to achieve
improvements in rideability was clear, but the means to measure this quality
for design and evaluation purposes was not and is still not clear.

_One approach that was taken to mest the improvement in rideability was
to conduct an analytical review of the systems that dominated ride quality

(l.e., the landing-gear system ss an example) and derive the parameters and
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parameter values most contributory to ride response. These parameters and
their values were then compared to a contemporary aircraft baseline and
selected parameters were optimized in the design process. At times the
optimization included compromising one parameter value to achieve another.
For these cases design alternatives were developed so that the basic design
would not be "locked-in'' during the evaluation phase. The effect of following
this approach was to upgrade the rideability system design over contemporary
jet transport aircraft, but obviously could not account, in a measurable sense,
for the effect on the pilot, cabin attendants, and passengers,

In an effort to account for the human "factor' during design and flight
test evaluation, the approach which had been used for many years was for-
,mg,lized into a set of qualitative guidelines, a ride evaluation baseline, and
sride desiﬁngevtluitﬁn criteria based upon available published human factor
data. This more formal approach was, supplemented by experience gained
from previous aircraft developments, and in the flight development phase by
an executive review consisting of VIP flight evaluations.

The manufacturers have provided an improved ride comfort level, but at
rather high development cost. This is compared to what it could have been
kad an effective rideability criteria been available to guide the many design
tradeoffs that have to be made during the initial design when the basic system
design configurations are "frozen."

RIDEABILITY OBJECTIVES

One of the guideline listings that was formalized for rideability delign
and evaluation efforts is listed below. Although the listing is entirely quali-
tative, it did set the stage for a large number of analytical and design studies,

Rideability Objectives

® Smooth transition of rigid body motions during all operational phases,
Minimization of detracting motion (overshoots, rebounds, etc.).

¢ Minimization of rigid body acceleration levels during all operational
phases.

¢ Minimisation of sustained and transient vibration in primary and second-
ary vehicle structure, (Inpuss to floors, seat tracks, etc. )e

¢  Minimisation of "jolts, " vibration, stc., due to normal operation of
aitcu!ft systems, e

® Noise in the cabin should be low enough to permit conversation in a
normal veice, - B ' ' v
An example of the scope and depth of the studies generated by this simple.
listing is shown in Flgure This ghirt”?qr landing gejr systems also shows
tho heavy relisnce that is placed upon having a contemporary baseline of both
cabin ?@:&W“ and airplane and landing gear/system parameter values in
leu of effective Fidéability criteria.” '~ = - .
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CURRENT RIDE ENVIRONMENT i,

External Environment - General

Transport aircraft are subjected to a multitude of environments which
individually and collectively can have significant effects upon the aircraft's
rideability. One major class of environments is that which causes vibrations
in the airplane, Table I provides a list of the most important vibration pro-
ducing environmental sources pertinent to rideability. Some features of
these sources are also given.

TABLE 1

VIBRATION PRODUCING SOURCES

Frequency | Most Significant :
Source Character Range, Frequencies, § :
Hz Hz i
Landing Impact Pulse - - g
!
Runway Roughness Random 0.5 to 30 0.5 05 ’ R
Atmospheric Random 0 to 20 0 to 10 ¢
Turbulence P ‘
Buffeting and Random 1 to 50 1 to 20 ( '
Oscillating Shocks |
With regards to the sources in Table I, it is to be expected that the o '
airplane ride will have a certain amount of discomfort if P ,
1. the landing impact is the result of an sirplane sink rate greater than . . N
1.8 m/sec at ground contact, , T
2. the taxi of the airplane is done on a runway or taxiway with RMS = ,
(root-mean-square) roughness greater than 3.8 cm, S
3. gusts (atmospheric turbulence) are flown through that have velocities o '
greater than 10.7 m/sec and, -
- 4. buffet conditions are produced in which lift surface pressures in excess S
4 of 0.138 N/cm* are developed. L
. The above stated levels aré not usual and thus are not the major concern g
when the degres of rideability of an airplane is to be ascertained. It is the
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typical environmental levels that must be considered for rideability determi-
nations. Thus, for the purpose of evaluating rideability, attention should be
given to

1. landing impacts oc'curri'ng below 1,2 m/sec,

2. taxi over surfaces with RMS roughness less than 1.5 cm,

3. gust levels less than 6,1 m/sec and

4. buffet pressures of 0,069 N/cm? or less.

The random sources listed in Table I can be classified as being in the low
frequency range, These sources can cause significant motions of the airplane
but will not produce any acoustical effects within the airplane. Some vibra-
tory sources that are important to rideability for their possible acoustical
consequences are given in Table II.

TABLE II

ACOUSTICAL PRODUCING SOURCES

Frequency Most Significant
Source Character Range, Frequencies,
Hz Hz
Jet Exhaust Random 50 to 10,000 100 to 1000
Engine fan Traveling shocks | n*fg Multiples of fan
blades (n=1,2,3,.B,2B.,)| shaft speed equal

fg=fan shaft speed | to and below B-f,
B=no. of fan blades

Engine rotor Sinusoidal - N; and N
speeds (Low andzhigh
pressure turbine

speeds, resp.)

Boundary-layer | Random 100 to 10,000 500 to 5000
turbulence

It will be noticed that the sources in Table II produce vibration in a sig-
nificantly higher frequency range than the sources in Table I. The specific
frequencies associated with the engine rotor and fan blade sources are numer-
ous even for a given engine. These frequencies depend upon the portion of
the mission that the airplane is flying. Of the listed acoustical sources, the
boundary-layer turbulence for subsonic transports is most important to
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in-flight rideability while the others usually have their most prominent effect
on rideability during the takeoff and ground-related phases.

The vibrations from the engine rotor source travel along structural paths
from the engine to the fuselage. Besides causing low-amplitude fuselage
vibrations, under some conditions this source may cause noticeable sound
levels to be produced within the fuselage. This may be the case especially
when the engines are supported directly off of the fuselage.

The outer portions of the jet engine's bypass fan blades are moving at
supersonic speeds, This condition sets up shock waves which are propagated
through the air from the engine inlet duct to the fuselage. Due to irregulari-
ties in the blades, the shock wave produced at each blade may differ in
strength. This causes the shock associated with each blade to propagate at
a different speed., Thus the character of the train of shock pulses arriving
at the fuselage wall will be dissimilar from the pulse train leaving the engine.
The sound effect produced within the fuselage from these shock pulses is
termed buzz saw noise,

The random sources listed in Table II contain a wide range of frequencies.,
The sound pressure levels (SPL's) produced by these sources vary with fre-
quency. (The SPL for a particular frequency is the RMS value of the sound
pressure that would be filtered out in a 1 Hz band centered at the frequency.)
The sound pressure level as a function of frequency usually has a single,
relatively flat peak within the frequency range. The overall sound pressure
level (OASPL) produced on the fuselage wall from the jet exhaust depends
upon the jet exhaust velocity, airplane speed and distance, and directional
orientation of the engine exhaust from a location on the fuselage. (OASPL
refers to the RMS value of the unfiltered sound pressure,)

The OASPL produced by the boundary-layer turbulence at the fuselage
wall is relatively uniform along the length of the fuselage., The peak in the
SPL-vs -frequency function will vary for the different locations along the
fuselage due to a changing thickness in the boundary layer. Moving from the
front to the rear portion of the fuselage, the frequency at which the SPL
peaks will shift from a lower to a higher frequency.

In conjunction with the listed sources, an important environmental con-
sideration is the amount of time that the aircraft is subjected to each source.
A way to indicate this aspect is shown in Table III which gives a breakdown
of an airplane mission. Specified in this table is & duration range for each
phase of the mission and the most significant sources pertinent to the phases.
(Because they are more specialized to particular situations, the engine rotor
and fan blade sources are not considered in Table III. The information in
Table III was taken from Reference 1.)

a7




TABLE IiI

AIRPLANE MISSION DESCRIPTION AND
PROMINENT VIBRATION SOURCES

Flight Approx, Time Vibration
Phase Duration Sources
\ ' Warmup 1 to 15 min Jet Exhaust
. o Taxi 5 to 15 min Runway Roughness
L Jet Exhaust
’ K Runup 2 to 20 min Jet Exhaust
BRI .
S Takeoff 1 to 5 min Runway Roughness
. Jet Exhaust
Atmospheric Turbulence
| Buffet
' Climb 3 to 30 min Jet Exhaust

Atmospheric Turbulence
Boundary-layer Turbulence

Cruise, flight 1to 8 hr Jet Exhaust
N maneuvers, etc. Atmospheric Turbulence
BRI Boundary-layer Turbulence
SRR Buffet
'7‘;, Descent 5 to 15 min Atmospheric Turbulence
SRR Boundary-layer Turbulence
™ Landing Gear down, 1 to 15 min Flap Buffet, gusts
| Flaps down (atmospheric turbulence)
Landing 5 sec to 2 min | Landing Impact

Runway Roughness

Internal Environment - General

A source's character within the fuselage will usually be quite different r

than its deccription outside the fuselage. Thke changes to the sources stem (=
from a number of reasons some of which will be brought out in the subsequent
discussion. »

The landing impact appears inside the fuselage as a sequence of short
duration vibrations. Thess vibrations are the result of the flexible airplane
structure on its geers responding to the imposed pulses. The first in the




SUPELERE N DT QLY e

&, R S . J
. .. .

YA A

sequence of vibrations is that due to the initial impact. TChis vibration has a
duration of the order of 1 second and is composed of a number of frequencies,
only a few of which are prominent. These frequencies will generally be below
20 Hz and are usually below 10 Hz.

After the initial impact, a bounce typically occurs causing a second pulse.
The vibrations produced by this pulse are similar to those from the initial
impact but usually with lower amplitudes. Following this pulse, nose gear
contact occurs causing another pulse to be transmitted to the fuselage. Vibra-
tions of a type similar to those produced by the initial impact can again be
excited by this pulse. After this point in the landing, further vibrations may
be caused by thrust reversing and braking.

The sources other than landing impact listed in Table I will produce
vibrations of a random nature within the fuselage. These internal vibrations
will be typically dominated by two or three frequencies. The magnitudes of
these frequencies will be dependent upon the vibrational properties of the
airplane and the frequency composition of the source. The most significant
frequencies contained in the sources are given in Table I. The airplane
natural frequencies to be considered for each of the sources will usually be
different. This difference could stem, for instance, from dissimilarities in
the airplane weight configurations involved with the sources. Further, the
airplane supported on gears and tires, in the case of taxi, or the airplane ;
supported by aerodynamic forces, in the case of atn.ospheric turbulence, will é'
cause the lowest natural frequencies to be different for these two cases, -
Above these lowest values, the natural frequencies of interest for the three
sources are related to the flexible properties of the airplane. The manner
in which the source acts on the airplane will teand to emphasize one flexible :
airplane frequency as against another. 3

The effects of the environments shown in Table II on the sound levels
inside the fuselage depend on the character of the source, the vibrational
properties of the fuselage structure, and the acoustical treatment used to
attenuate the sound levels. The description of the sources is given in
Table II. The airplane vibrational properties {0 be considered for the
acoustical-producing sources are completely different than those for the
vibration-producing sources listed in Table I. The vibrational properties of
the total airplane are of concern with regard to these latter sources. For
the sources in Table II, the concernis with the vibrational properties of
localized portions of the fuselage. The localized fuselage shell structure
typically will have numerous natural frequencies above 50 He. Due to this
vibrational character, the fuselage will tend to admit the external sound
pressures with little attenuation.

A reduction of the sound pressures entering the fuselage cabin can be
accomplished at the source or within the fuselage. Acoustic material lining _
the walls of the fuselage will absorb a significant portion of the sound that e
is transmitted through the fuselage shell. This acoustic material will be [
most effective in attenuating the higher frequency portions of the sound.
Acoustic sandwich linings can be used to absorb some of the sound energy
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emitted by jet engines. The: inlet cowl, i.:‘ypamu -éiihit, and primafy exhaust

exit are some of the locations at which lining material canbe placed for sound”

reduction purposes. The acoustic sandwich lining material is also most
effective in attenuating the higher frequency portions of the sound. Thus the
acoustic-absorbing materials reshape the external acoustical environments
such that the lower frequencies have increased prominence in the internal.
It is not to be inferred that the acoustical
effects of higher frequencies can be completely eliminated by acoustical
treatment. Lower sound levels at higher frequencies may be more annoying
to humans than somewhat higher sound levels at lower frequencies. Thus,

environment of the fuselage.

even though attenuated, the higher frequency portions of cabin sound can still

influence the riding comfort of fuselage occupants.

The passengers; the cabin attendants; the ﬁight crew; each of these groups

The People

of people are affected by rideability in different ways. These differences
arise from different flight orientations, seating, and primarily changed
internal environments due to varying locations in the aircraft. Table IV
below presents a composite view of people in a ride quality setting.

TABLE IV
THE PEOPLE
: - Flight Dominant ‘ -
People Orientation | Fretent Ride |, . rbances Remarks
Passengers | Business Excellent Rise, Sink Excellent
Pleasure Bumpiness psychological
Anxious in gusts and physiological
Curious Landing environment,
Flex Mode spaciousness and
responses comfortable
: seating
Cabin Gracious Good to Rise, Sink
Attendant host excellent Bumpiness As above
Passenger Flex mode
safety responses
Passenger
. comfort
Flight Safety Funectionally | Flex mode Maximum com-
Crew . Pilot adequate responses | fort with func-
techanical tional constraints
fanctions
Passenger
comfort
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From the standpoint of aircraft safety and degraded flight crew perform-
ance resulting from poor rideability, it is necessary to relate the ability to
function effectively to all plausible states of vehicle ride. An example of this
is the ability of the pilot to see the instruments clearly during takeoff on a
rough runway, Other types of ride disturbance may be less dramatic but very
real in terms of creating unnecessary fatigue and annoyance for the flight
crew,

RIDEABILITY DESIGN/EV 2 LUATION

For the aircraft manufacturer, the need for a usable ''ride' criteria
stems from the requirement to design, to analyze, and to evaluate the end
product in a realistic setting. For Douglas' purposes, the design and the
analyses are so highly integrated that one criterion covers both of these func-
tions. Because the final evaluation function is concerned with the end product
and therefore includes the total reality of the ride environment, the evaluation
criteria is quite different from the criteria used for design. This variance in
criteria is a major problem because costly redesign results. The essential
differences between the design and the evaluation criteria are primarily due
to the following:

The effects of interaction of sound, motion-time, and operational phase
(i.e., taxi, cruise flight, etc.).

The difference between design conditions and test conditions (for example,
the ride is rough - but how rough is the runway?).

The specific nature of rideability problems, most of which require
exhaustive studies to identify the cause and resolve the problem.

Current Douglas Practice

Until the Ride Criteria Research Program described later in this paper
matures, an interim criteria is currently being used.

Because of the interaction and other effects noted previously, only the
baseline criteria are presented here. These baseline criteria are modified
in two ways in practice: (1) As a result of specific human factor/flight test
correlation, and (2) by subjective modification where actual data are lacking.
Acoustic guidelines are included in this section becatuse of the noted inter-
action with rideability; however the inclusion of acoustic criteria is con-
sidered beyond the scope of this paper. Because pavement unevenness plays
a prominent role in ''on the ground' rideability, a brief table of pavement
unevenness criteria is provided.




Current Douglas Practice *
Acoustic Guidelines

Speech interference level should be better than that existing in present
airplanes,

Equipment noise should not be audible in fuselage cabin,

. : High frequency portions of the scunds produced in the fuselage cabin
TV should not be annoying.

Vibration Criteria Baseline (Figure 2)

1. Short duration criteria is Parks Human Factor Criteria (Reference 2)
using the mildly annoying curve as an acceptable comfort limit,

2. Long duration criteria is from the Air Force Design Handbook (Ref-
erence 3), and presents comfort boundaries as a function of RMS
acceleration, frequency, and time.

3. Multimode vibration interaction is treated as the vector sum of the
applied to the allowable ratio, evaluated for each frequency, the vector
sum being less than unity. Figure 2 shows this as a circular interaction
for a bimodal vibration. I

4. For criteria lacking, such as "jerk, " shock, motion, and interaction of
noise and vibration, etc., a subjective alternative is used to minimize
the effect as practical and evaluating the result in flight test,

Pavement Unevenness Criteria

RN Nai C. Yang of the Port of New York Authority employs vehicle response ,
. characteristics and NASA Ride Criteria studies as an integral part of his
' system of pavement design and construction specifications (Reference 4). Yoy
) Until this example is followed by the rest of the airport community, the
o pavement unevenness problem will remain as a significant contribution to ride
G discomfort.

With the expressed need by the Department of Transportation to double
air transportation by 1980 (Reference 5) follows a requirement to increase
airport capacity via increased off-runway taxi speeds. Thus a variety of
unevenness as shown in Figure 3 must be considered for "on the pavement'
rideability.

Executive Review 1« :

| f; ¢ Initial flight development: Subjective evaluation by select ride
R committees and engineering executives.

® Final evaluations: By top company executives,

.- 3




EXAMPLE RIDEABILITY STUDIES

This section presents the approach to thke rideability problem taken by
three different departments within the Douglas Engineering Division. These
approaches are representative of analytical, design/analysis, and aeromedical
departments. The general approach that is taken is similar to that taken for
most subsystem analyses for design efforts and consists briefly of :

1. Defining a set of ride baseline conditions

Performing design and analytical studies on alternative design approaches

Selection of best design

Flight development test planning

Flight development evaluation

Executive evaluation

The last item is unique in that, in addition to evaluations by select
engineering committees, an evaluation by top company executives is made
for major programs. This is not only an indicator of the importance of ride
quality but suggests the need to make ride comfort measurement more of an
organized discipline.

The three sample rideability studies are:
l. The STOL buffet study - an analytical approach

2. The Rebounding Airplane - a Design/Analysis approach

3. An Aeromedical Evaluation.

STOL Buffet

Ride comfort or rideability is a major factor in the feasibility of STOL
aircraft. There are a number of sources that have a contributing influence
on STOL rideability. A source which is distinctive to STOL operations will
be the concera of the following discussion.

One way of obtaining increased lift for STOL operations is through use
of externally blown flaps (see Figure 4). With a high-power um on the
engiae and large flaps fully deployed, as is the case during ing
approach, significant buffeting of the airplane can result from the engine
exhaust impinging on the flaps and wing. The produced buffeting has its
source in the nonsteady pressurees contained in the engine exhaust flow,
Inflight, when the flaps are retracted, buffeting will be caused by the
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nonsteady exhaust pressures acting on the wing. This buffeting will be of
lesser severity than during landing approach and takeoff but will be of longer
duration,

An analytical study in which the effects of engine exhaust buffeting on
STOL rideability are assessed will now be described. The analyzed vehicle
was a small size STOL airplane using externally blown flaps. Although non-
existent, this airplane was considered representative of its category. The
natural frequencies and natural vibration modes were established for the
airplane, A spanwise buffet pressure distribution over the wing and flaps was
prescribed. The data upon which the buffet pressures were based were
obtained from a wind-tunnel test on a small scale model of the airplane. The
RMS net buffet pressures (RMS of the difference of the upper and lower surface
pressures) on the wing and flaps were found to have their largest values at
locations along the engine centerlines. From an analysis using the airplane
vibration and buffet pressure data, RMS accelerations were foand at a number
of locations along the fuselage. The contributions to one of these RMS accel-
erations from the airplane vibration modes are displayed in Figure 5 by the
heights of vertical bars erected at the natural frequencies of the modes. The
specific results presented in Figure 5 pertain to a location at the cg of the
fuselage for a landing approach condition using maximum thrust (flaps deployed).
(Not shown in the figure are modal contributions less than 0. 001 g. Thus all
modes are not represented in the figure.) Also shown in Figure 5 are curves
giving human comfort criteria. These curves were obtained from Reference 3.

The modes contributing the greatest amount to the total RMS acceleration
at the considered cg location are seen in Figure 5 to have frequencies of
approximately 3, 9, and 11 Hz, Taking the contributions individually,

Figure 5 indicates that the maximum duration at which no discomfort will
occur is 4 hours for the 3-Hz vibration mode, 1.6 hours for the 9-Hz mode,
and 5 hours for the 11-Hz mode. On the basis of individual contributions,
approximatecly 1.6 hours would be taken as the time duration for which the
occupants near the cg of the airplane would have no discomfort. (The landing
approach will be typically performed with less than maximum thrust, thus
significantly increasing the obtained comfort duration. The time actually
spent by the airplane in this phase, in accordance with Table III, will be
considerably less than the obtained result.)

The influence of the combined ef ects of the various frequencies is unknown
since the curves in Figure 5 do not account for contributions from more than
one frequency. This aspect makes it difficult to interpret vibration data in
terms of human comfort criteria. Further, the rideability result established
above only accounts for buffet vibrations and does not include the effects of
other simultaneously occurring environments. Atmospheric turbulence and
sounds introduced into the fuselage cabin from external acoustic sources, for
example, can modify the calculated comfort duration. These additional
factors make it even more difficult to assess rideability.
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It is an eventual goal that a proper determination can be made for
comfort durations. When this is done for a particular airplane, these
durations can be considered in relation to the mission requirements of
the airplane, For the above study, this requires comparison of the obtained
maximum duration of comfort with the amount of time to be spent in the
landing approach phase of the mission, Comparisons must also be made
for portions of the fuselage other than the considered cg location, In
addition, other phases must be studied. A satisfactory STOL airplane ride
requires that all portions of the fuselage have comfort durations in each
mission phase greater than the time duration to be spent in the phase,

The Rebounding Airplane

This section is concerned with those ride qualities that are used to
discriminate batween » "harsh' and a "soft" landing airplane.

The landing phase is over in less than 5 to 7 seconds after touchdown.
The initial landing impact is over in less than 1/2 second, with the final
settling out of the aircraft making up the noted total time. It is therefore
surprising that so chort a time of moderate discomfort for a harsh landing
should rank on a par with ride quality areas of considerably longer duration.

The Rebounding Airplane Example

During the initial shock strut design, a critical decision was made to
favor the taxi ride over the landing., This had the effect of producing .a
particularly soft taxi spring which is important for runway unevenness for
taxi, takeoff roll, and rollout after landing. However, in achieving a soft
taxi spring, the physics of shock striuts required that the load factor at
landing impact would be compromised. With these facts as background the
following will be reviewed: (1) The sequence of events that occurred during
flight testing, and (2) a comparison of time response plots of selected param-
eters obtained during four landings of a ""harsh" landing airplane and five
landings of a "soft'" landing airplane. The lessons learned from this study
are then summarized.

Phase I Initial Aircraft Flight Testing

Initial landings conducted during the flight development phase indicated
that the aircraft indeed had a harsh landing characteristic. A plot of vertical-
acceleration versus time revealed a second bump 2 seconds after impact
due to poor spoiler '"'wing lift reduction" phasing (i.e., to settle the aircraft
rapidly after impact the aircraft lift must be destroyed by deployment of
wing spoilers).

The spoiler deployment schedule was revised to reduce the second
{spoiler) bump to less than the first (impact) bump. Even with this reduction,
the landings were still rated as harsh and unacceptable.




Phase II Revised Gear Design

The landing gear design was revised to reduce initial impact loads and
flight tests were performed at the target sink speeds of 2/3 to 1 meter per
second. The low (approximately 1 Hz) and high frequency (approximately
5 Hz) g's were compared to short duration criteria and found to be within the
acceptable region, The evaluation of the landing was noted as considerably
improved with no noticeable degradation in the taxi ride; however, the land-
ings were still typical of contemporary airplanes and improvement was
needed.

Phase III Revised Gear Design

For this gear design a departure was made from the functional restric-
tions of a conventional gear design and it was possible :0 maintain a soft
taxi spring while reducing the impact bump substantially. The flight test
evaluators were particularly enthusiastic in that the airplane landings were
consistently soft over a much wider band of attitudes and sink speeds. Of
course, the reduction in the first impact bump was a contributor to the
improvement; however, it was found that the whole ""quality" of the landing was
changed and contributed greatly to the landing improvement. The landing
impact load factor (first bump) as a function of aircraft sink speed at landing
is shown in Figure 6, for the three development phases.

Time Response of Selected Parameters - The Quality of a Landing

Figure 7 shows the landing gear strut stroke (compression) as a percent
of maximum versus time for firm landings (discomfort expected) for the
three development phases described above. :

Figure 7 also shows how the airplane lands with the struts fully extended
and compresses them to absorb the shock of landing impact; also that the
rebound that occurs after about 0. 75 second degrades the landing in terms
of undesirable motion and widely varying landing gear loads and shocks trans-
mitted to the flexible airframe. H

Figures 8 through 10 are the results of overlaying the individual param-
eter time histories during landing (for four landinge) of the Phase II strut |
design to compare with (five landings of) the Phase III design., The first f
impression one obtains in looking at the ensemble is the chaotic behavior of !
the Phase II responses in comparison with the Phase 11T regularity of
response.

Figure 8 shows the Phase II struts fully rebounding for the low sink
landing, and a number of oscillations before nominally settling for the othcr
higher sink rate landings. This is in comparison with the Phase III struts
which settle rapidly with appreciably reduced rebound and oscillation.
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Figure 9 shows the extreme variation of strut load for the Phase II versus
the Phase III design, Although the strut load is substantially a function of
strut position for low sink landings, the nonlinear strut characteristics greatly
magnify the strut stroke variations on a load basis,

Figure 10 shows the elevator position time history comparison. This
parameter is interpreted as one of the pilot activity indices during landing.
The pilot is evidently sensing the quality of the landing and automatically
responding in an effort to compensate for the load and mnotion variations.

From this brief study of the landing process and other studies for ride
improvement it is urged that ride quality research programs be given the
following considerations:

1. Ride criteria and evaluations should take more than G's versus frequency
into account when describing vehicle ride quality, What the vehicle is
doing in terms of attitude and motion time response is an important ride
quality factor for flight crew and passengers. :

2. What the pilot is required to do to execute smooth transitions in ground
maneuvering, ground to air, in flight, and flight to ground bears heavily
on the achievement of consistent vehicle ride quality and calls for more
complete criteria and improved system design.

3. Even mild "surprises' to the passenger should be minimized; for example,
"jerky' high speed turns off runways can be very discomforting primarily
because they come as a surprise.

' Aeromedical Evaluation

Figure 11 illustrates the portions of the vibrational spectrum where the
general state of knowledge is reasonably good, although perhaps far from
adequate (Reference 11), Our best data are shown in the left portion of the
figure; some preliminary data in the ultrasound range are shown at the extreme
right (Reference 12), The latter is representative of vibrations produced by
ultrasound therapy units used in medicine, for periods of time up to 15-20
minutes. The former is related to vibration imposed primarily on the
seated operator (pilots, etc.) and the responses of the whole body or of organs
within the body, Again, these data relate for the most part to time periods
of & few minutes to an hour., Man's approximate natural frequency is indicated
by the vertical asrow at the left. Also obvious, is the great section of the
spectrum which is labeled "Area of Insufficient Exploration, "

In the lower frequencies (107! - 10 Hs) the discomfort pain or other

effects are produced by resonance of body parts - limbs, organs, etc, - or of
the whole body. In the ulirasound range at 3-MHs resonance is produced in
flowing blood columns when the vibration is applied in the direction of the long
axis of the blood vessel, Standing waves can be produced in the blood columns,
resulting in inhibited blood flow and tissue hypoxia in the part of the body sup-

plied by the affected vessel(s). This situation may exist as long as the ultra-
sound vibration continues,

37




S ey e

I I SN WP,

: R e s j .
RV NI S S U e IS

B

It is thus apparent that resonance vibrations can be set up in any part of
the body, by some frequency and some amplitude and that resonance of the
part is likely to continue as long as the stimulus is being applied. It is also
apgarent, therefore, that vibrational effects for the frequencies of more than
104 Hz, at various amplitudes and times of exposure, have not been adequately
explored, and that this must be done to understand the subtle effects of vibra-
tion on parts of the body which constitute less than whole organs or organ
systems. Most of the evaluation scales criteria for vibration effects are too
gross to be of value in assessing the mechanisms of damage at the subsystem,
component, or subcomponent levels in the body (Reference 13).

Effects produced at these levels also appear to be related to long-term
exposures - in terms of hours, days, weeks, or months., Sensitivity thresh-
olds are beginning to be investigated and so far appear to be very low,
probably less than 1 cm/sec? (about 1/1000g (Reference 13)). Long-term
effects may be caused by vibrations below conscious levels. The sensitivity
thresholds are known to vary for gross body parts, and it should also vary in
microscopic parts - probably throughout the "insufficiently explored" region,

Recent investigations of vascular disorders found among industrial workers
(Reference 14) exposed to long~term vibrations of 20-1000 Hz have shown that
these frequencies and exposure times need to be more thoroughly investigated,
initially as basic, generalized research. The problem has been recognized by
occupational physicians for over 50 years (Reference 13). Portions of this
unexplored vibrational spectruni are involved in the problem of aircraft
rideability.

AN APPROACH TO RIDEABILITY CRITERIA

The three primary elements of present and planned ride research at the
Douglas Aircraft Company are:

1. The use of portable onboard recorders to measure ride quality parameter
values on contemporary aircraft in commercial use.

2. Available recorded data on Douglas Aircraft products.

3. Near future use of a full motion simulator for ride research and generation
of rideability criteria obtained under realistic conditions.

The first two elements are operational and have been used but not fully
exploited, Element 2 is particularly comprehensive but lacks the interiors
and people which provide the necessary setting for realistic data. The test
aircraft are usually bare of seating and contain much instrumentation,
recorders, etc. Element 1 lacks the more controlled test conditions of
Element 2 but has people in a realistic setting, Hopefully Douglas will be
able to combine Elements of 1 and 2 and create a realistic total environment
in a simulator in which ride criteria cannot only be developed but also solve
potential ride problems on future aircraft developments.
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The elements of the plan are then to

1. Continue the accumulation of acceleration data to provide an acceleration
response statistical baseline for contemporary aircraft. These data would
be obtained in a realistic setting.

2, Compare existing measured responses of Douglas flight test aircraft
to those obtained under Step 1 above to measure improvement, change,
problems, and to fill in the picture with system responses and pilot
activities with data not obtainable under the service conditions of Step 1.

By providing a cabin section with actual interior furnishings, visual cues,
an appropriate acoustic environment, thermal/air-conditioning, etc., con-
trolled tests could be performed using as inputs to a full base motion, record-
ings obtained under Steps 1 or 2 above. The inputs could be varied by filteriag
or by mode enhancement techniques.

This procedure would be used to define more precisely the disagreeable
elements in a given phase,

Figure 12 shows in block diagram form the major elements that contribute to
the plan.,

Modifying Flight Ride Quality

Although modifying flight ride quality is not a part of Rideability Criteria
research at Douglas, it is an area of ride research that should be pursued
and accordingly is treated in this section,

The ground environment, as represented by surface unevenness, can be
affected by airport paving and maintenance criteria such that the ground ride
quality of most airplanes will be acceptable to the airplane's occupants, A
similar consideration will not apply to atmospheric turbulence and other means
must be employed to obtain the maximum in inflight ride quality, A large
amount of data is available on the intensities and spectral content of atmos-
pheric turbulence from near ground to high altitudes. These data, however,
will not satisfy the airplane occupant who is flying along a specific route on a
particular day, The collected atmospheric turbulence data will only tell what
might be expected on a probability basis, What will be actually encountered is
the prime concern of the airplane occupant,

Atmospheric turbulence (gust) intensity descriptions over a route are
typically obtained from communications of flight crews whose airplanes have
Just previously flown the route. This communication is generally qualitative
and the discomfort experienced depends to a considerable extent upon the
particular airplane being flown and its weight configuration, This type of
report can be expected to vary foi different individuals.
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Although not a Douglas approach, an attempt is now being sponsored by
the FAA to replace the qualitative communications on gust intensities with
quantitative information. Simple gust measuring devices will be installed on
airplanes and the gust intensity measurements will bhe converted to a 10 -point
rating scale. Only the external environment, however, is being rated by this
approach. Each airplane must be calibrated so that this measurement cah be
interpreted in terms of vibration responses within the airplane. This calibra-
tion can be established from experience and aided by analysis., With more
reliable information about gusts along a route, airplanes can be flown such as
to diminish the possibility of uncomfortable rides.

SUMMARY OF NEEDS

The summary of needs presented below is based upon needs defined in
this paper, and others which although nc* discussed, are a part of an air-
craft manufacturers' needs for rideability design and evaluation.

Pavement Unevenness

Because of its importance to ground rideability, an extension aad
completion of the table shown in Figure 3 is needed to intelligently design
for pavement unevenness. Among the most urgent needs are these listed
below:

Typical and Maximum Grade Changes (Overcrossings, Etc.)

Typical and Maximum Crowns and Transitions _

Typical and Maximum Slab Settling, Faulting, Spalling, Etc.

Typical and Maximum Washboarding, Rutting, Etc.

Percent Distributions of Runway Roughness Power Spectra
Airport Oberation-

Because crossing velocity is one of the primary factors in determining

response to pavement unevenness, and because future trends to increase
airport capacity will demand increases in off-runway taxi speeds, the present

and future taxi speed typical and maximum values need be studied to provide
improved design criteria.

g’ru:nt and Increased Capacity, Off Runway Taxi and Maneuver
peeds .

Human Discomfort

The most basic need {s for an updating, using a representative class of
nonmilitary personnel, of data similar to Parks (Reference 2) and the AFSC
Data (Reference 3). This would take care of immediate needs for short and
long-duration general human factor criteris. Next, or in parallel, an effort
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would be required to define a ride quality baseline for contemporary aircraft

by type of aircraft and for the various flight and ground phases of operation.

Finally, the generation of human factor criteria must be obtained in the most
realistic setting practical (real or simulated total environments) that could
be used to study necessary design tradeoffs including interactions of vibration,
sound, motion, etc.

General Human Factor Criteria - Civilian Basis

.Contemporary Aircraft Ride Quality Baseline

Human Factor Criteria, Total Environments

The following listing is provided for completeness and to typify the kinds
of other needs not covered in this paper.

Testing Guidelines
Laboratory

On Ground, Full-Scale Airplane Tests (to simulate response to
pavement unevenness, )

In Air, Full-Scale Airplane Tests
Research
Analytical Methodology
Seat and Human Dynamic Response
Improved Interior Sound Prediction Techniques
Development of Ride Quality Indices
Physiological
Explore Critical Frequencies of Vibration Spectrum
Design

Automated Braking and Ground Maneuvering Guidelines for
Ride Comfort

Takeoff and Landing Trajectory Comfort Guideline for STOL,
Etc., Aircraft Developments
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RIDEABILITY PROBLEMS ARE SPECIFIC AND CRITERIA SHOULD BE
OBTAINED WITH MAXIMUM PRACTICAL REALISM
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RIDii~QUALITY CRITERIA POR LARGE COMMERCIAL HELICOPTERS

By Ronald G. Schlegel, Allen M. Stave, and Alfred A, Wolf

Sikorsky Aircraft Division
United Aircraft Corporation
Stratford, Connecticut

s N73-1001"%

This paper presents a reviev of major ride-quality criteria used by
S8ikorsky Aircraft in the design of commercial helicopters, some of the limita-
tions of these criteria, research programs conducted to better define these
criteria, and some recommended research programs. Primary emphasis is given to

the question of noise and vibration criteris for passenger acceptance and
comnfort.

INTRODUCTION

Figure 1 gives a list of ride comfort factors wvhich should be considered
in determining the passenger acceptadbility of s large commercial helicopter.
Of the factors listed, noise and vibration are those receiving primary emphasis
for improvement in commercial helicopters. Preliminary results of an ongoing
survey of Lelicopter commercial customer resctions shov noise to iLe the most
significant single complaint of the passengers. Criteria for the selection of

goal levels are difficult to define. The problem is not one of lack of ecriteria

but rather one of overabundance of sometimes conflicting opinions. Noise and

vidbration levels can be made low enough to satisfy even the most conservative
of criteria but not without weight and performance penalties.

In the area of noise, the parameter of speech interference level (SIL) has
been used historically as a measure of comfort. Experience indicates that
this may not be the best measure. But then wvhich one is?! There are several

to choose from, vm. of which have been eveluated on the bdasis of human reaction,

but none have been ‘miversally accepted. 8ikorsky currently uses criteris

vhich are similar to many existing CTOL aircruft. The rationale behind this
criteria selecuion will bde discussed.

The criteria aviiladble for vibration are voluminous. Many studies have
mmuumunwmmuunuthmmmum
correspondingly varying results. The combinaiion of these criteria with re-
sults of Sixorsky studies on seating vidration transmissibility hus served to
conmcmormcutorhmtocmiuthumncn. In addition to the
uutmuummmmmmnmumzmmmum
Muwuumwm«rsuncw. Results of
seat vihretory transmissidility studies, application to criteris, criteris

selection, and some of 8ikorsky's application experience in this sres vill de
discussed.
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Historically, many commercial heljcopterz Lave been the offspring of
vehicles developed for the military. Becauge, for the most part, these vehicles
were designed for peak performance in moving troops or equipment from point A to
point B, noise and vibration levels were not matters of primary concern. Speech
interference levels of 85 to 95 dB in the passenger compartments of these air-
craft were not uncommon. YVertical vibration levels at blade passage frequencies
as high as 20.25g existed. As the result, the enviromment of the commercial
offsprings vas largely that which could be economically achieved by converting
the military vehicle at a minimm weight and performance penalty.

The regent vorld’-\i;{ge, ;mpha.sis on man's environment has served to make the
~he11coﬁtéz!’ try more conscious of providing vehicles with improved environ-
ments for commercial passengers. This consciousness on the part of Government
and industry has stimulated a fair amount of research activity in recent years
towvard improving ride quality of commercial helicopters. The question which
faces the designer today is what criteria (or combinations thereof) to apply
to provide passenger comfort in an ¢:onomically viable manner.

INTERNAL NOISE CRITERIA

. In the area of noise level there is a great deal of question not only as
to the allowable ‘evel but also the criteria to select to best define
passenger comfort. PFigure 2 shows some of the criteria which can be used to
define internal noise levels. A typical Sikorsky S-61 commercial cabin noise
signature is shown on the right side of this figure along with the respective
overall sound pressure level, "A" weighted sound pressure level, speech inter-
ference level (0ld octaves), speech interference level (preferred octaves),
perceived noise level, and noise criteria curve number.

In terms of any of the human factors ciiteria for the evaluation of speech
interference, loudness or annoyance, the overall sound pressure level has very
little meaning and is, therefore, not recommended as a criteria to be used for
ride comfort.

The "A" weighted sound pressure level, like the overall sound pressure
level, gives an indication of the total energy sumation of the acoustic
octaves. The difference between the two being that the "A" weighted octaves
are veighted (ie, shaped) to simulate the response characteristics of the human
ear. The dBA level has been shown to give a reasonable approximation for
anncyance and, in certain conditions, to speech interference, but does not seem
to have gained popular acceptance as a criteria number,

Speech interference level gseems to have historically gained most popular
acceptance as an internal noise specification criteria. Speech interference
level (SIL) is defined as the aritimetic sverage of the 6001200, 1200-2400
and 2400-4800 Herts octaves. These octaves have center frequencies of 850,
1700, and 3400 Herts, respectively. Speech interference level is used as &
handy guide to the interfering effect of the nofse on speech. Because of its
historical acceptence by industry and customern, this is the criterion which
has been used for years for internal noise specifications. The introduction of
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"preferred" octaves to replace the "o1d" octavea, hovever, has created a new

speech juterference level, PSIL, based on the arithmetic average of the 500,

1,000 and 2,000 Hertz center frequency octaves, This is the criterion currently
used by Sikorsky Aircra®t in its internal noise specifications.

Using SIL or PSIL by itself as the criteria has some definite limitations.
First, ore must be careful vhether SIL or PSIL is being speciried because, as
, shown in the case of the S-61 in figure 2, the two levels c:n be significantly
” different due to the increased importance given the lower frequencies in the
¥ PSIL rating scheme. 1In addition, there are limited data available to evaluate
: the speech interference effects of spectrum which contain discrete frequency
tones, multiple discrete frequency tones, smplitude modulated noise, or beat
frequencies between adjacent tones. Data are also not generally available to
evaluate the speech interference of spectra whose octaves in the speech inter-
ference frequency range may vary from each other by as much as 20 4B. Finally,

speech interference level does not appear adequate, by itself, to evaluate the
annoyance of a signal.

IR - Y

Noise criteria (NC) curves are an improvement to the speech interference
criteria, as they give empirically derived octave band levels to accompany the
speech interference levels for equal loudness levels. The speech interference
level is the level of the noise criteria curve. The NCA (Noise Criteria Alter.
nate) number allows higher low frequency levels than the NC curves and are used
vhere a "compromise due to economic factors" is necessary in the low frequency
octaves. The NCA curve is designed such that substantial objections will not

occur if the speech interference level is low enough for satisfactory speech
communications.

An improvement over all of the ahove mentioned criteria is the PNAB, whose
level for the S8-61 helicopter is almost identical with the dBA. This rating
scheme weights each of the odtaves for its annoyance contribution and then
adds the annoyances to result in a single number. Its limitations are like
those mentioned earlier for the SIL and PSIL in that its adequacy has not been

. determined for the factors such as impulsivity or multiple tone combinations
J peculiar to classes of V/STOL aircraft. Two studies by Sikorsky Aircraft
emphasizing the limitations of the PNAB rating system were conducted on United
Aircrart's Turbotrain® in its early development as well as in the laboratory.
In the former study, a "clickety-clack" noise reslting from a component
regonance at the track joint frequency was modifted to a "clunkety-clunk" noise
. through a car redesign. Although a significant reduction in the Perceived KNoise
: Level resulted, no significant impact on passenger acceptance was realized. In
: 8 .wre controlled laboratory experiment, which will be better explained later in
'_ the paper, a study of noise with and without an impulsive modulation was con-
ducted to determine the adequacy of PNB for subjective annoyance in the presence

of impulsive signals. Results showed as much as 5.5 PNAB error in the subjective
evaluation of annoyance. :

| Data most readily &vailable in the utontﬁro for iuternal noise comparison
are speech interference levels. PFigure 3 uses preferred speech interference

helicopters with the internal levels of turboprop snd jet aircraft. The
olal 5-58 and 8-61 atrareft, vhich were destgned in the 1950's and 1960's, have
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speech interference levels of 85 PSIL. Although published literature rela-
tive to speech interference levels would no%t jindicate such, these levcls allow
raised voice communication for distances up to 6 feet. The 1970 aircraft, the
S=58T and the S-65-40 for which commercial interiors were designed, have been
designed for 75 dB PSIL internal levels. The S-200, which is intended for use
in the 1980's, has been designed for an internal level of 68 dB PSIL.

Some recent measurements in turboprop and jet aircraft are shown for com-
parison. Measurements in typical turboprop atrcraft show a spread of levels
from 64.5 to 84.5 @B PSIL. In like maruer, measurements in typical jJet aircraft
show u spread of levels from 66 to 80 dB PSIL. The goal for Sikorsky's 1980
S-200 aircraft of 68 dB PSIL is, therefore, not inconiistent with todey's CTOL
aircraft. Source noise reduction research is currentiy in progress which holds
promise of reducing these levels (and particularly discrete frequency noise)
even further. We feel that our goal of 65-T0 dB PSIL is one which is practically
achievable and which should evoke universal passenger acceptance.

VIBRATION

In the area of vibration criteria, there is an abundance of data from
vhich to choose. Shown on figure 4 are vertical vibration criteria for accelera-
tisn in t g's, versus rrequency, in Hertz, for a frequency range of about 0.5
to 50 Hertz. The data selected for chis chart are the ISO proposed recommenda-
tion, as shown in reference 1, a recommended comfort linit for high speed
ground transports from reference 2, another ground transport recommended level
from reference 3, and a recommcnded 2-3 hour exposure level curve from the
reference i study. The intent of showing these curves, which have over a 2
to 1 spread in recommended levels, is not to select one which is better than
the others but to indicate the spread in data of some of the more recent studies.
Had the volume of data available on recommended criteria been plotted, the
spread of data would have been significantly greater.

In looking at the studies, some of the apparent reasons for the spread in
data are differences in test equipment and techniques, guidelines and remarks,
body types, age, sex, seat types, exposure times, restraint mechanisms, physical
conditions (fat, weak kidney, etc.), anticipation of excitation, degree of con-
trol of test environment, type of performing task (if any), type and response of
seat (including modal coupling factors), position of subject and points of con-
tact with seat, visual effect coupling, noise level, and many more.

Also shown in the figure, for comparison, are measured vertical vibration
levels of the Sikorsky 8-61 Nark II coammercial helicopter at the spine of the
passenger. At floor level, the vertical vibration level throughout the cabin
at its primary vertical excitation frequency of 18 Herts at the blade passage
frequency ranges from :0.05g to e maximum over a small portion of the cabdbin
of up to 20.15g. Most of the cabin is below $0.0lg. The vertical trans-
mission ratio of seat vibration (as used herein, defined as the ratio of
passenger rump to floor vibration) at this frequency has been measured at 0.4,
resulting in the vibration levels to which the passenger's rump is being sub=-
Jected from $0.02 to 0.06. These levels appear to de within and below the
ranges suggested by most studies as recommended acosptable levels for vertical
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vibration and are corroborated by a lack of passenger and customer complaints
of vertical vibration.

Figure 5 shows the effect of seat transmission ratio on vertical vibration
acceptability criteria. The data shown are from a recent study which utilizec
recommendations from reference 5 to establish the threshold of unpleasantness.
With measured seat transmission ratio used to establish maximum floor vibration
levels, the upper curves result. The "x's" and "o's" shown are from helicopters
which had received favorable pilot reaction and seem to corroborate the approxi-
mate accuracy of the criteria. A major point to be made from this figure is
that tke establishment of asircraft criteria must take into account the trans-
missibility characteristics of the passenger seat.

There sppears to be less data available on human comfort to lateral vibra-
tion than there is on vertical vibration. Presented in figure 6 are the results
of two of the recommended criteria from studies previously mentioned, references
2 and 3. Lateral vibrations in Sikorsky helicopters occur at two primary fre-
quencies, the blade passage frequency (shown here at 18 Hertz for the Sikorsky
S-61 Mark II helicopter) and the rotor rotational frequency (shown here at 3.6
Hertz for the S5-61 Mark II). The levels shown for the S~61 are $0.015 to *0.075

-g8's at blade passage frequency. Here, a conservative estimate for passenger

seat lateral transmission ratio of 0.75 was assumed to arrive at the levels shown
from those measured on the floor of #0.02g to 20.1g. There are data avallable
wiaich show lateral transmission ratios for pilot type seats at this frequency

of 0.15. Since most passenger seats are attached to the side wall, this ratio,
however, would appear to be too low for use here. It is believed By the authors
that this ratio is something greater than 0.15 but less than 0.75.

In the case of the lateral once per revolution vibration of the Mark II,
8 transmission ratio of 0.75 was assumed, although pilot seats exhibit a trani-
mission ratio of approximately 0.5. Even without this small amount of assumed
seat attenuation, measured floor vibration levels of £0.005¢g (not shown on
the curve) to $0.015g at this frequency appear to be well below the accept-
able limits. Some recent studies have created a concern for potential vertigo
at this frequency. Recent operator experience has shown that careful rigging of
the main rotor brings cabin floor lateral vibration levels at this 3.6 Hz fre-
quency down to a level of 10.005g or lower. Even were there to be pilot or
passenger discomfort at the uppc> end of this data spread, the level of 20,005¢
appears from this experience to be quite satisfactory, ' even for extended
periods of insvrument flight.

OTHER COMPORT CRITERIA

Some of the other comfort fectors which will not be addressed to any
significant extend are also listed in figure 7. On seat configuration, the
criterion used by Sikorsky Aircraft in pitch is 32-34 inches and in width 20
inches. Commercial seats should also be selected which isolate the passenger
from vertical and lsteral vibrations as much as is practically possidle. Studies
conducted by Sikorsky Aircraft have also shown that vibration flanking paths,
through items such as the floor, head rests, and arm rests, should also be
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eliminated as much as practically possible. In the case of the arm and floor,
pedding for the arm and foot rests is an effective solution. In the event that
head rests are used, it is important to select a seat which does not exhibit
fore and aft back coupling to the vertical floor vibration.

" When air-conditioning systems are available, helicopters are designed to
maintain cabln temperaturcs of 72 to 75°F, Maximum values of relative humidity
of 35 to 50% are desirable for passenger comfort. Sikorsky commercial heli-
copters of the 8-65-40 and 5-200 size require around 18-20 cubic feet per minute
(CPM) of fresh air to remove odors and maintain relatively uniform cabin tem-
peratures. Air velocities of 40~-60 feet per minute appear to be maximum values
for passenger comfort.

Human factors studies have shown that recommended limits for rate of
pressure change for passengers is 0.1 psi rer minute. This may be practical for
pressurized aircraft; however, unpressurized aircraft can experience somewhat
higher pressure changes. Unpressurized commercial helicopters can experience
up to 0.8 psi per minute pressure change. This has not appeared to be a factor
affecting passenger acceptance of commercial helicopter service. Rates oi 1.0
psi per minute are also common in high speed elevators. It seems that the 0.1
criteria is extremely conservative in light of this experience and there is
therefore a wide band of uncertainty as to wvhat the acceptable criteria is.

The floor attitude has been shown to be one which produces anxiety in the
passengers. Angles of bank for low attitude turns of over 5° are not recommend-
ed and a sustained floor attitude of over 15° should be avoided for climb and
descent. Recent experience with STOL atrcraft ogerations has emphasized the
significance of this recommendation. For 6 to 8 glide slopes, floor attitudes
of 15 to 20° were experienced, with reported passenger discomfort. From this
experience floor attitude appears to be a factor in determining overall ride
comfort. Sigorsww large helicopter can maintain approach and take-off path
angles of 10~ vhile maintaining an almost level floor.

Experience has shown that \dndmt size should be as large and as lov as

convenient and practical. The Sikorsky 5-200 vehicle uses 15 x 20 inch windows
with a sill height of 27 inches. '

Among the factors not listed in this figure are visual effects and coupling
of all the factors. More needs tobeknmuboutbothortheutvortcton.
although they have been shown to be occasionally significant in influencing
passenger acceptance. Visual effects in a helicopter can iiclude empennage and
window vibration as well as a phenomena known as rotor blade flicker, the
periodic change in light level created by the rotor blade passege. Aircraft
have been made subjectively smoother by reducing the vibration of items such
&8 valences, instrument panels, and windows. Coupling of all the factors list-
edonncurulmd?ionmsvhichmd-mcmuentobotm\mhntud
because very little has spparently been done in this area to date.




SIKORSKY'S RIDE COMFORT RESEARCH PROGRAM

The Ride Comfort Program at Sikorsky is guided by the following theoretical
conception of passenger comfort:

Comfort is the resultant of several forces acting on the individual through
several dimensions. It is not known exactly how many factors enter into the
situation but the items discussed previously provide at least a partial list.

A feel for the complexity of a scientific investigation into comfort can be
obtained by considering the interactions between temperature, humidity, and air
flow which must be taken into account wvhen designing an air-conditioning system.
Our assessment of the total situation indicates that probably all of the comfort
parameters interact with each other in an extremely complex manner. For example,
& higher level of noise is probably allowable if the passenger is on a short
Pleasure trip. On a business trip of the same duration but which will be re-
peated on a pericdic basis the passenger will desire a lower noise level.

One approach to the evaluation of comfort is to break down the various
variables into classes and study each class individually as though the others
do not vary. To this end four basic types of parameter have been extracted
from the mass of variables: physiologically based variables, motivation
variables, duration variables, and ride cost.

Physiologically Based Variables

Physiologically based variables generally involve variables, such as tem- .
perature humidity, vibrations, and noise, that have a comfort zone around some
central value wvith either extreme being considered unpleasant. Much research
is needed to determine the limits of each parameter's comfort zone and to
determine how the parameters interact with each other.

Motivation

The passenger does not come to the situation in an unbiased state iHe has
some reason for traveling and brings with him attitudes toward the ve.icle in
vhich he is riding as vell as his attitude toward his destination and toward
life in general. All of these attitudes bias his Judgement of the travel

'situation. For example, a traveler vho is on his vay to an interesting vacation

and has promised his family e sight-seeing trip on a helicopter will tend to
ignore any annoying aspects of the environment and focus on positive aspects.

On the other hand a passenger vho is on an unpleassnt business trip and has just
had an unplessant argument will tend to focus on any annoying sspect of the
environment and complain.

Exposure

Passenger reacticns to vehicle environment is also colored by the length of
exposure and exposure just prior to boarding the vehicle. Tor example, consider
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a traveler who uses a particular mode of transportation on a daily basis to and
from work. His reaction to vibration will depend on the length of the trip. A
trip of 5 minutes may not cause discomfort whereas a trip of over an hour would.
Another example concerus a man who has completed a 20 hour business trip and must
make & connecting helicopter flight to get to his home. His reactions differ
from a man who is just starting a trip of 20 hours.

Cost
On a qualitative basis we can say that passengers will tolerate environments

for an inexpensive mode of transportation that they will not for a more expensive
mode .

G o o T

Research Techniques

Literature review.~ Once the need for new criteria is established, one is
Lo faced with the task of finding vays to develop information that can be uged to
generate the needed criteria. Perhaps the easiest way of obtaining data for new
criteria is through existing iiterature or customer's records of passenger
complaints.

Surveys.~- If existing information is inadequate new data must be obtained.
This can be dore through surveys of passenger and/or crew opinion. Asking crew
members to provide data on passenger complaints is a more efficient way of get-
ting data since a few crew members come in contact with a large number of
A passengers and can quickly provide a summary of passenger complaints. Survey
Y forms have a low rate of return and there is no way of determining the serious- .
ness with which they are filled out. Also people with the most complaints have : ' T
Y probably stopped using the service. Obtaining data through interviews provides ‘

i more control on the type and content of the responses but is a very time-
consuming, expensive way of obtaining data.

Current helicopter transportation is very short in duration (5-15 minutes).
It is, therefore, difficult to find a time vhen passengers are willing to devote .
time to the interviewer. Current method is to talk to them in the waiting v ’
room before they leave on a flight. Another problem with interviews and survays T

P

is the difficulty of getting opinions on various aspects without suggesting .
answers to passengers. For example, simpiy asking if flicker bothers passengers o
may cause them to look for flicker and then comment on it vhen, in fact, with-

out pointing it out they might not have noticed it.

Simulation.~ Another method of obtaining information of the limits of comfort
is through laboratory-type experiments. There are a great many vays of looking .
at individual parameters such as temperature tolerance, vibration tolerance ) and =
noise annoyance. These methods, however, give no information on the interaction '
of these parameters. ror example, one might expend a great deal of energy in 1
reducing the noise level in =« vehicle by an extreme amount only to find that ! ;/
passengers then complain about the vibration being intoleradle. It might be b
possible to reduce the noise by only a small smount while also reducing the ;
vibration a similar small amount. The result aight de an acceptadle environment
for passengers. The major point to be made here is that we know practically
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nothing about parameter irteraction,

One way of efficiently studying parameter interaction is to have some type
of controllable simulator (an environmentally controlled room or a flight
vehicle with modifiable environments)., With a device such as a room or an air-
carft, the environment could be degraded or improved along various dimensiong
to determine subject reactions. The problem in such research would be, however,
to obtain subjects that yield data similar to that from passengers.

Variability in Results

Motivation.- Subjects in an experiment probably do not react in the same vay
passengers do. Consider the differences in motivation. The subject is taking
part in an interesting scientific study vhich has a defintte start and end point.
He may be getting paid for his effort as vell. Passengers on the other hand are
paying for the privilege of riding and could very well be forced to take the
trip by the compeany for which they work.

Environmental exposure. - In addition to motivational differences, exposure
to the environment must also be congidered. For instance, how does one
simulate daily exposure to a helicopter environment for a year's period? It isan't
known if passengers grow tired of an environment gradually or if it annoys them
immediately. The data collected to date seen to indicate that the 1ist of
annoyances increases in length with flight experience.

Another exposure aspect which is difficult to simulate with subjects in~
volves people who travel for 20 or so hours prior to boarding your atrcraft.

Sikorsky Research Activity

Motion sickness. - In the Past four years s number of studies have been
accomplished in various areas. The first study involved a literature review in
the area of motion sickness. The study wvas accomplished to provide, criteria for
& gust alleviation program. In the study, literature on motion sickness vas
reviewved and the conditions under which sickness has been induced were plotted
(in terms of vertical acceleration and frequency). As can be seen in figure 8,
they all occurred below 1 Herts and above about 20.07¢. The worst frequency
- of vibration appeared to be between 0.2 and 0.4 Herts.

Annovance of impulsive goise.- The second study involved a comtrolled
laboratory experiment on the anncyance of impulse noise. This study was under-
taken to investigate some observed deficiencies in PNAB calculations of heli-
copter annoyance. In the study, subjects were asked to compare the auce of
impulse noise vith bands of vhite noise. The results (shown in figure 9) showed
that the PNAB method underpredicted the annoyance of impulse noise by at “esct
5.5 PHAB. For passenger cc.fort criteria, tlis finding may prove t le gigni-
ficant in vehicles whose passenger compartments experience s bign degree of im-
pulsive noise. : '
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Seat transmissibility.- Another study involved resolving the apparent dis-
crepancy between laboratory studies of the tolerance to vertical vibration
levels and the levels in cockpiits of existing aircraft. Aireraft with much
higher levels than laboratory experiments would indicate are judged satisfactory.
A reviev of the literature quickly showed that sircraft vibration is generally
measured at the floor of the vehicles whereas laboratory studies generally
measure vibration levels at the spine of the subject. A seat shake study
measuring the difference between floor level and spine level was carried out
and transmissibllity data obtained. When a series of operational vehicle floor
levels vere attenuated to determine the vibration level at the pilot's spine,
the resultant points fell remarkably close to the threshold of unpleasantness
curve as reported in reference 5. These data were previously shown in figure 5.
The findings of this study explain the discrepancy and permit effective use of
the large numbers of laboratory studies on vibration tolerance for design of

passenger seating.

Passenger survey.- At the present time Sikorsky is actively designing new
passenger aircraft. Because of 8ikorsky Aircraft's interest in designing vehicles
with good ride comfort characteristics and because of NASA's interest in develop-
ing ride comfort criteria, Sikorsky and NASA have recently completed a survey
program to determine passenger reaction to the environment of presently used
commercial helicopters. A typical passenger survey form is shown in figure 10.
To date three major complaints have emerged: noise, seat comfort (too crowded)
and, to a lesser extent, vibration. The results of surveys such as these serve
to emphasize the areas which need attention in future vehicle designs. The
question that remains, however, involves passenger reactions to the environment
of the newv vehicle. Will some other parameter then emerge which has previously
been masked by now reduced factors such as noise and vibration? Another factor
to be considered is the increase in flight time. New vehicles will be cruising
for periods of 45 minutes to 1.5 hours vhereas existing helicopter transports
have current flight times of 5 to 30 minutes. ,

CONCLUDING REMARKS

The NASA Langley Research Center should be commended for its forward locking
view toward the development of passenger ride comfort criteris as well as its
interest in defining the ride comfort factors in current vehicles. We in the
helicopter industry are pleased to see NASA undertake a systems approach to ride
comfort. We at 3ikorsky are convinced that, with careful attemtion to each of
the potential ride comfort criterion, the helicopter can give a top quality ride
in all of its flight conditions. We are addressing our attentions to conducting
the research which will enadble us to obtain this goal over the next several years.
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* NOISE
* VIBRATION
* MOTION SICKNESS .

QOTHER FACTORS

1 o SEAT CONFIGURATION
o (PITCH, SIZE,SOFTNESS, ARM RESTS, FOOT CUSHIONS ,ETC)
Y * TEMPERATURE
© o HUMIDITY

o VENTILATION

o AIR VELOCITY

e CABIN ALTITUDE A
o RATE OF PRESSURE CHANGE
o WINDOW SIZE & LOCATION
"o TIME N AIR

o ROTOR BLADE FLICKER

o ANGLE OF BANK

o ANGULAR ACCELERATION

o COUPLING OF ABOVE FACTORS

Figure 1.- Ride comfort factors.
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Figure 3.- Internal noise level comparison.
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Pigure b.- Vertical vibration comfort criteria.
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Figure 5.- Seat transmissibility.
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Figure 7.- Other comfort criteria.
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Figure 9.- Annoyance study results.
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Figure 10.- Passenger mﬁy.
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EXPLORATORY FLIGHT INVESTIGATION OF RIDE %
QUALITY IN SIMULATED STOL ENVIRONMENT *
By Edward Seckel and George E. Miller
Princeton University
SUMMARY . N73'10016
3

A flight test experiment is described, in which various aspects of ride
qualities were explored. Situations included simulated cruise and terminal
area maneuvers, as might be typical of STOL transport operations. Various
motion components were studied in isolation and in many combinations.

The experiment included runs with and without turbulence, variations in
airplane stability and handling qualities, and differences of pilot technique,
The experimental facility was the Princeton Variable Stability Navion.

The ride quality was ¢ :rongly affected by roll, yaw, and heave motions;
. but very little by pitching. It was strongly affected by airplane stability and
handling qualities - and, in some cases, by piloting technique,

Recommendations are made for further exploration of the subject.

INTRODUCTION ) :

A program to define quantitatively the factors that influence ride qualities
and passenger acceptance of the motion associated with maneuvering and with
turbulence must ultimately involve a large experiment. The whole system is
large and complicated, the number of factors and influences must be consid- i1 ,
erable, and eventually, for statistical significance, various kinds of subjects '
must be tested in significant numbers. The experiment reported here was . A ,
meant to explore widely and qualitatively various factors of possible import - :
ance, in order to identify and focus on them more effectively in a larger pro-
gram. : R

An actual airplane in real flight was used to produce the motion to be
} ‘ evaluated. It was the Princeton Variable Stability Navion, with automatic con-
N trols being used in four axes to produce the desired motions. Within its limits
. of authority, arbitrary motions in pitch, roll, yaw, and heave could be pro-
duced. The rides that were evaluated simulated three kinds of STOL transport

|




ride situations:

1) Cruise. Basically, a five -minute run of essentially straight-and-
level flight in turbulence. Disturbances simulating turbulence were applied
through the automatic controls of the airplane so as to produce motion in one
axis at a time and then in all various combinations. It was expected that in
this way the various components of motion could be ranked for significance,
and various associated effects could be studied.

rd .

. g . - T ¢
} i'I"h'e*automafi’c ¢ontrols of the Navion were adjusted so that the airplane

handling qualities and response simulated a range of STOL-type characteristics.

The turbulence disturbances were random in character, of natural spectral
distribution, and of sizes judged by the subjects to be "moderate' and ""heavy. "
The details of these aspects of the experiment will not be given here, since
they are, in a way, peripheral. The actual motions of the airplane were
sensed and recorded, and they are the variables determining the ride quality,
Details of the simulation and the turbulence signals will be included in the later
full report.

At any rate, in the "cruise" runs, the pilot maintained only ''loose' con-
trol so that the actual motions were essentially those of the airplane in re-
sponse to the disturbances. The pilot, in pilot-vehicle -system lingo, main-
tained only very loose, low gain altitude and heading control.

Runs were five minutes in duration, separated by short intervals of rat-
ing and commentary by both pilot and passenger. As many as eight runs per
hour were made, and flights went up to two hours in length. Ordering and
conditioning effects were sometimes present, and were often checked by repe-
tition of runs in opposite order, back-to-back comparisons, and plain subjec-
tive comments. Sometimes, when the subjects tired quickly or felt ill, flights
were terminated and substantial rest periods were allowed (usually only one
flight per day).

2) '"s' turn maneuvers. These maneuvers were intended to relate to
possible terminal area vectoring or delaying procedures. They consisted of
constant bank angle and turning rate for twenty seconds; first right, then left,
etc., for five-minute runs. The bank reversal was done without pausing at a
wings -level attitude, using roll rate that might be encountered in a terminal-
area-control situation. Runs were done with and without turbulence, and with
several variations of STOL -type handling qualities., Some runs were done
with variations of pilot technique.

The five-minute runs were done as many as eight per hour for as long as

two hours. Again, pilot and passenger ratings and commentary were obtained
between runs and recorded. Difficulties with ordering and conditioning effects
were dealt with as before,

]




3) ILS approaches. Simulated ILS approaches were made, including a
missed-approach wave -off and climbing turn at the end. Typical ILS pilot
technique was applied in runs with and without turbulence, and with variations
of handling qualities. These runs, in a race-track-like pattern, took about
two minutes on the approach. They went at the rate of about eight to ten per
hour , with ratings and commentary on the downwind leg. The details of all

these runs, including maneuver patterns, turbulence simulation, etc. , will be
given in the later full report.

The Subjects

The subjects for the experiment were selected for expediency in percep-
tion, analysis, and reporting of their feelings and symptoms. They are both
expert pilots, widely experienced in the use of rating scales - and above all,
experienced in evaluating their own performance, feelings, and difficulties.
They alternated between pilot and passenger in the experiment, and lent a pro-
fessional level of perception and sophistication that allowed the whole affair to
g0 at a reasonable pace with a minimum of repeats and hesitations.

Both subjects were considered to be about average in proneness to mo-
tion sickness. In the course of the experiment, they both reported sickness
symptoms in relatively equivalent situations. It is assumed that whereas the
two subjects might be either more or less prone to motion sickness than the
general population, they are probably not "far out'; and the same motion fea-
tures that affect them, probably also are significant in general.

The Rating Scale and Passenger Activity

A rating scale was devised for a rumerical measure of ride quality.
Shown in Figure 1, it wag deliberately designed to emulate the Cooper -Harper
scale for handling qualities. The long and constant success of the latter sets
an excellent precedent, for one thing; and for another, the intimate familiarity
and experie.ce with it by the subjects would surely transfer to the new context.

The gcale seems to have been used carefully, thoughtfully, and repeat-
ably by the subjects. They report "seroing in" on ratings easily and consis -
tently; and the repeatability and scatter of rating data suggests qualities that
are roughly similar to those of the Cooper-Harper parent.

The emphasis in this paper is on the passenger subject, who during each
run divided his time between attempting to read with concentration from a
journal, writing a few intelligible sentences, and trying to sort out the causes
of his discomfort. His forward view was blocked by the pilot seated ahead of
him, and although side windows were available, the evaluation was conducted
with head down, concentrating on the materials in his lap. This activity was
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considered to be typical for a businessman passenger who would be trying to
use his travel time in a profitable way.

SYMBOLS
@ bank angle, deg
p roll rate, deg/ sec
r yaw rate, deg/ sec
q pitch rate, deg/ sec
n, normal acceleration, g's
(7) root -mean-square value: p, r, etc.

——— S — —

to identify components of turbulence disturbances represented.

M, H In the figures, the abbreviations for '""moderate' and "heavy"
levels of turbulence disturbances

R numerical rating of ride quality - see Figure 1

RESULTS AND DISCUSSION

The various parts of the experiments are presented below. Data are
analyzed, discussed, and conclusions drawn,

The "Cruise' Experiment

The "cruise" situation consisted of approximately straight-and-level
flight with disturbance accelerations about various axes. The latter, simu-
lating the effects of turbulence, were random appearing, with spectral charac-
teristics like those of natural turbulence. The two levels were considered by
the pilots to be representative of "moderate" and "heavy" turbulence, and they
are labeled such in the figures. '"Runs'' were about five minutes long, fol-
lowed by periods of smooth flight where evaluation ratings and commentary
were recorded,

The passengers’ evaluation ratings are presented in Figure 3, aand b,
for the various kinds and combinations of disturbances. A number of

0
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interesting details can be noted:

-

a) Although one subject was somewhat more critical than the other, gene -
rally giving somewhat higher ratings, they usually agreed about rela
tive effects and differences between situations and pParameters. Th:ir
comments and ratings were quite consistent and repeatable, in spite of
awkward ordering and conditioning effects which must have been present

A ! . to some extent. Comments on these aspects were occasionally made by
g the subjects, who clearly estimated the effects and attempted to allow
for them.

b) The range of ride quality was from roughly one to seven on the rating
scale. The passenger ranges from almost perfect comfort to complete
misery, being quite close to vomiting in the extreme case.

c¢) Figure 3, a and b, seem to indicate that the disturbances in pitch, q,
are quite innocuous. By themselves, even at a heavy level which was
unrealistically large, they present no problem to the subiects, who re-
port that they experience 'not unpleasant, rocking-chair motions. "
When added to heave (n,) disturbances they produce hardly any addi- j
tional degradation; and when they are removed from the combination of \ S
all disturbances, there is no improvement.

W M gl A 0 de e D e e o Cm e

d) The remaining components, in roll (p), yaw (r}, and heave (nz), all ap-
pear to be significant contributors to the passengers' discomfort. Iso-
lated, and in all the various combinations, they lead to high ratings as
levels and number of components are increased.

In heave (n;), the subjects report uneasy, annoying feelings, and a need

to tense diaphragm and neck muscles because of the bobbing (vertical) |/
Lo accelerations. By itself, at heavy level, it leads to ratings of about ]
N 4%, where the discomfort is plain, and the head-down position for read-

R ing or writing causes stress and eventual queasiness.

The roll and yaw components are clearly, in commentary as well as

ratings, responsible for considerable discomfort. The subjects speak

of the ill feeling and disorientation due to head wagging and the side ac -

celeration. Individually, the yaw and heave disturbances are somewhat ]
worse than roll, but roll produces the largest improvement when re-
moved from the combination of all. '

With all four components of disturbances present at heavy level, the
ride is very objectionable and alarming. The subjects become queasy
very quickly and can probably not maintain equilibrium. The rating

o reaches the six to seven category, with the passenger feeling very
poorly, indeed.

n
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Analytical Fit of the Rating Function

There are various reasons against literal or quantitative interpretation
of the ratings of Figure 3. Perhaps first is the obvious unevenness, or non-
linearity, of the subjective rating scale. An increment of one unit of rating
has a greatly different meaning at different positions along the scale, particu-
larly at the poor rating end. Second is the fact that all the various combina -
tions of disturbances shown in the Figure 3 exhibit some of all the components
of motion. A pure yaw disturbance (r), for example, produces mostly yawing
motion, but smaller residual ones for the other components as well, The
actual motions of the aircraft, however, were continuously measured in the
evaluaticn runs, and they have been analyzed and reduced to root -mean-square
values. Various ways have: been tried to construct an analytical fit to the nu-
merical rating as a funciion of the rms values of the four motion components:
P, T, Q, n;. The most successful of these is

R -1 -3 ] —
=, . 002 .
10-R 018~ +.0024p° + 8 Onz
The left -hand side has the feature of correct asymptotic behavior; that .

is, for zero motion, R = 1; and for infinite motion, R = 10. The right -hand

side, entirely empirical, simply fits the data very well. The correlation be -

tween the formula and the actual ratings is shown in Figure 4b. The formula ’
corresponds to the map of Figure 4a for the rating function of the motion. !

First of all, pitch motion (q) is conspicuous by its absence. This con-
firms the unimportance of q noted in the previous section. This has been con-
sistent in all our attempts to fit the data to a formula, some even producing
negative coefficients of g, Taking R = 3.5 as a boundary of acceptability, the

following conditions are necessary (but not sufficient) for passenger satisfac- vl .
tion: A
4
roll, P <13 deg/sec ‘
yaw, T < 5 deg/sec

heave, n—l < .05 ng"

The bounds cited are for individual, isolated components. In combinations, o
the allowable values would be smaller, as the figure indicates.
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The "Turns' Maneuver and Handling Qualities

A second part of the experiment involved sets of "s' turns, in which a
turn of 20 degrees bank was maintained for 20 seconds, then reversed to the
opposite 20° bank and maintained for 20 seconds, and so on. This maneuver
was supposed to represent a possible terminal area vectoring or delaying ac-
tion. Most of the runs of this kind were done without turbulence, in order to
see the separate effects of the maneuver.

The turns maneuver was performed vithout rudder -aileron coordina-
tion, at a rate that might be considered to be near the upper limit of com-
mercial practice, with a maximum roll rate of about 20 deg/ sec from one
bank angle to the other. The heading changes in the turn were about 90°.
They were done with a wide range of airplane stability and handling-qualities
parameters. They range from a basic STOL type with a poor Dutch-roll
mode and low roll-damping to a near-optimum, artifically stabilized charac-
teristic.

The effects of the changes in stability parameters on the passenger ride
rating are shown in Figure 5a, b, c. It is quickly seen that Dutch roll fre-
quency (wq), damping (Cq)» and roll-mode time constant (Tym) are important.
For the good airplane, the pussenger rating is only slightly above two, where-
as for the bad airplane it is almost a five. For the former, the rolls are
smooth with little sideslip; whereas for the latter, they are rough and sloppy,
with sideslipping, overshooting bank angle, overcontrolling. These anomalies
in the motion were apparently quite noticeable to the passenger subjects.
Their comments and ratings agreed that in the poor cases, the motions were
more noticeable, disconcerting, and disorienting on account of the poorer
controlling.

A few of the turn maneuvers were done with moderate simulated turbu-
lence for both good and intermediate handling-quality characteristics. The
superposition of turbulence on the turns maneuvers produced a large degrada-
tion in ride quality and a corresponding large increase in subject rating, As
shown in the summary Figure 2, for the good airplane the rating went from
slightly over two to between four and five with the addition of turbulence; and
for the intermediate airplane it went from about three to almost 8ix. The
subjects speak of the annoyance and jostling due to turbulence, and the sudden
disorientation with a sweeping, catalysing effect of the rapid roll in the man-
suver. It all adds up to a very disagreeable situation - one which the sub-
jects were not anxious to repeat.

The summary Figure 2 also shows that the airplane stability character-
istics were a factor in the "“cruise” gituation. This had little to do with hand-
ling qualities, since there the pilot was exercising, at most, "loose' control,

£
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with the airplane responding "open -loop’’ to the turbulence. The less stable
airplane, however, responds more to the disturbances and upsets the pas-
senger more, as would be expected from the "cruise' results previously
described.

it AR R i e

The '""Rolls'" Maneuver

-

Because of the secining significance of the 'turns' of the previous sec-
tion, and prompted by some commentary of the subjects, it was decided to
vary the abruptness in the maneuver of the roll from bank to ogposite bank.
At the same time the bank angle was increased from 20° to 30°. The roll
time history was thus changed from the one at the top of Figure 6a to the
others of the figure. These variations were done with the ""good' airplane,
with results shown in Figure 6b.

e, el ; A
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All the data points of Figure 6t represent turns at the same bank angle
(30°) and the same yaw (turning) rate. Clearly, neither bank angle nor yaw
rate, per se, had much to do with the ride quality of the maneuver. The
turns involving the lower roll rates were quite innocuous to the subjects, who
rated them about two, and reported that they were detectable, but not much
above "threshold." The turn reversals became increasingly upsetting as the L
. abruptness was increased by increasing roll rate, until a passenger rating of
N ‘ nearly five was reached for roll rates about 35 deg/ sec. Some of the com-
' i mentary suggests that the rating might level off or even decrease for yet
% higher roll rates because of decreasing duration of exposure (keeping constant
L change of bank angle). The data seem to confirm the idea and to show that
PRy there may be a "worst” way to do the "s" turn maneuver!

A few of these bank reversals were done in which the steady, 20 sec
period of turning was eliminated between reversals of bank angle. The solid
points, labeled "continuous rolls" in the figure, show no significant change of
rating, With the other data, this suggests that the excursion of the roll rate
history is the feature of significance. This is still further confirmed by the
tagged points, showing that turbulence disturbances in yaw (only) had no
effect,

Of course this experiment, and the figure, do not identify clearly what S
features of the roll motion are resnonsible for the rating variations. The
Possible significance of roll-rate magnitude, roll acceleration, duration of ,
exposure, lateral acceleration, station in the aircraft - remain to be explored d
with special experiments.

Th
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The ILS and Missed Approach

A number of ILS approaches were simulated, with a missed approach
wave -off and climbing turn at the end. The purpose was to see whether the
maneuvers involved in acquiring the glide slope and localizer, keeping on the
beams, and finally in the wave -off and turn, would be uncomfortable or dis-
orienting for the passenger.

The general result was negative, as shown in the summary Figure 2.
Without turbulence, both good and intermediate airplanes were rated between
one and two by the passengers. The motions were barely noticeable, and
even the wave -off and turn were in no way troublesome. With moderate tur-
bulence, ratings degraded to the three level, but this was due to the turbu-
lence disturbances, not the maneuvers. The subjects felt that the situation
was equivalent to the ''cruise experiment, where the ride and the rating
were functions of the kind and size of turbulence -induced motions.

The ILS (with moderate turbulence) runs were rated somewhat better
than the "cruise' (with moderate turbulence) runs. The turbulence distur-
bances were the same in both cases. Commentary of the subjects reveals
two factors for the difference. First, the duration of exposure was quite
different, with five-minute runs for "cruise’" and less than two minutes for
an ILS run. Second, the piloting technique was different, which resulted in
smaller airplane motion for the same turbulence, for the ILS situation. The
differences of rating can be seen in the summary figure, with similar results
for both airplane types.

Effects of Piloting Techni,ue

It is amply evident that piloting technique is an important factor for the
ride quality in any given situation. In this experiment, no attempt was made
to define pilot technique quantitatively, but some variations of it were made
and the subjects (who were pilots) frequently commented about the effects.

In the "cruise'" experiment, pilot technique was "loose" with hardly any
control being applied. The motion resulting from turbulence was almost the
pure airplane response. But in some special runs, the pilot was asked to do
his utmost to suppress the airplane response to turbulence. Surprisingly,
this produced a consistent degradation of one ~half to cne rating unit. In back-
to-back comparisons, it was clear and conclusive to the subjects that very
tight control technique produced a worse ride. Comments suggested that the
tight control produced unpleasant accelerations which over-rode, in effect,
the reduction of displacements.

D ] o g L
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In the "turns' and '"rolls' experiment, the variations of roll rate
represented differences of pilot technique in the maneuver. The effects, as
explained previously, were profound, with some indication of a maximum, or
"worst, ! technique for performing the bank reversals.

In the ILS experiment, it was noted that the airplane motions were less
disconcerting, for the same turbulence, than for the "cruise" situation. The
difference was clearly one of pilot technique, which both pilots and passengers
thought was intermediate between the "loose' and "tight! cases for "cruise,"
There is clearly an optimum technique, neither too loose nor too tight. Not
that this is surprising - a little reflection about the pilot-vehicle -passenger
system would sugg2st that it must be so! But the experiment confirms it, and
suggests that the matter should be explored more fully and more quantita -
tively.

Ratings by the Pilots

Throughout the experiments described above, ratings were given by the
pilots as well as the passengers. The two subjects, in fact, served alter-
nately as pilots and passengers by simply exchanging places and duties. In
this short presentation, we have not attempted to give both sets of results.
The findings are similar, with some interesting differences, but no great
surprises. The comple:e results will be presented in a full project report in
the near future.

The Need for Further Exploratory Experiments

The experiments and results preseuted in this paper are distinctly ex-
ploratory in nature. A number of important factors have been only loosely
controlled, and only two rather specializsed subjects have been tested. Some
important effects have been identified, and some new questions have been
raised. The most interesting and inportant of thuse ars the following:

a) In the "rolls” maneuver, what are the features of the roll rate history
that define the ride quality? The significance of the variadbles ¢, p, p -
their excursions, durations, spectra, sise - are essentially unexplored.
Special experiments need to be devised to clarify the matter, which may
be important in choosing the best kinds of maneuvers for certain ter-
minal area procedures and for optimising pilot technique.

b) The parts played in ride quality by pitching motion and by lateral ac-
celeration need to be explored in some detail. The small effect of
Pitch rate, q, may relate in some special way to correlation with nor-
mal acceleration, n;, and passenger position in the airplane. Thare
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is even some reason to suggest that pitch rate, q, may relieve sorme of
the effect of acceleration, ng, if they are properly correlated; and
hence, there may be a preferred set of stability derivatives and a best
position in the airplane.

el S 3

Similarly, the part played by lateral acceleration may be very signifi-
cant and yet is largely unexplored. Subject commentary suggests that
, lateral head motions are a problem, and therefore passenger position
R 4 must be important, and should be explored in this context as well,

o It therefore seems probable that both fore-and-aft as well as vertical
L displacement from the CG may be important. A number of particular
stability derivatives of the airplane will also Prominently affect the re-
lations between these motion variables in turbulence, and they should
be accounted for. Special experiments need to be devised to explore
this matter on a broad basis.

-

¢) The pilot-vehicle “passenger system needs to be looked at in a rational
and broad way. The separate parts played by the features of turbulence, ,
the airplane's response, pilot technique, and passcnger sensitivity all ‘
need to be explored further to clarify their interactions. A theoretical ' ,,
approach is necessary for orientation in the problem and for unification
‘ : of results, but the results themselves must ultimately come from ex-
A periments. The large experiment with statistical validity has yet to be
e designed, and further exploration is needed to define crucial areas and ‘
L parameters. The results of this paper suggest, in particular, that ;
more consideration must be given to the effects of pilot technique and '
the detailed sensitivities of human subjects.

o ———

CONCLUSIONS AND RECOMMENDATIONS

Results of exploratory flight tests, to identify factors affecting ride
quality, can be summarised as follows.

1) In the simulated cruise situation, turbulence ~induced discomtort
ranged - in the experiment - from Practically nothing, up to just short
of nausea, depending on the size and type of airplane motions. Pitch Ty
rate was found to be ‘nnocuous; but roll rate, yaw rats, and normal <
acceleration were important contributors to passenger discomfort.

2) Passengers were disoriented and uncomfortable in "s* -turn maneuvers
m ' depending on the pilot technique (roll rate history), handling qualities,
S and dynamic response characteristics of the airplane. Abrupt roll

- | m
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3)

4)

YO adt

reversal and large roll rate were unfavorable piloting technique. ™
the turns, yaw rate did not appear to be a factor. Ride quality was de-
graded for low Dutch-roll damping and frequency, and for low roll-
damping.

The motions involved in typical ILS approaches, including the wave -off
and climbing turn followinga missed approach, were relatively innocu-
ous. In turbulence, the typical ILS control technique led to better ride
quality than either the very loose or the very tight technique explored
in connection with the *cruise! situation.

Further exploratory study and experiments, suggested by the results,
are

a) to identify the features of roll motion of significance to ride quality;

b) to explore certain stability derivatives and passenger position in the
airplane, with respect to the effects of pitch rate and lateral ac-
celeration on ride quality; and

¢) to explore on a broad basis the pilot-vehicle-passenger system, em-
phasizing especially matters of pilot technique and the particular
sensitivities of human subjects.
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Figure 4.- Least-squares fit of ride rating for the cruise experiment.
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PRECEDING PAGE BLANK NOT FILMED
TESTS AND ANALYSES APPLICABLE TO PASSENGER RIDE QUALITY

OF LARGE TRANSPORT AIRCRAFT

By Richard B. Holloway and Stanley H. Brumaghim
The Boeing Company, Wichita Division

A test program was underteken to determine airline passenger reaction to
vibration environments that might be encountered in a supersonic transport or
other large commercial jet aircraft. The principal problem addressed was to
determine accelerations of vertical and lateral vibration that people find
objectionable. Further questions experimentally posed were: What ic the rela-
tionship between human reactions to vertical and lateral vibration, '~ single-
and combined-frequency vibration, and to single- and combined-axis v' ration?
Interest was confined to reactions to vibration in the frequency range of 0.20
to 7.0 Hz, a range typical of the vibration environment of a large airplane.

Results indicated an increasing sensitivity to vertical vibration as fre-
quency was increased from 1.0 to 7.0 Hz. Subjects were found most sensitive to
lateral vibration in the 1.0 to 3.0 Hz range. There was & nearly linear

decrcase in se:3itivity as frequency of lateral vibration was increased from
3.0 to 7.0 Hz.

In =ddition, testing was conducted to determine perceptible accelerations
for low- <r:quency cyclic oscillations representative of those associated with
a "dead -cne" in an airplane control system. It was concluded that cyclic
incremental accelerations should not exceed 0.015g (zero to peak) in the verti-
cal axis and 0.010g (zero to peak) in the lateral axis.

INTRODUCTION

Human vibration research, as related to both comfort of aircraft passengers
and the ability of aircrew members to perform their duties, has been a subject
of interest and concern almost since the beginning of flight. At Boeing-
Wichita alone, many independent laboratory studies were conducted in the period
1957-67, including several under U.S. Air Force or Office of Naval Research
sponsorship (fig. 1). Resulte of these studies are summarized in reference 1.

This paper describes briefly the results of passenger ride-qua.ity studies
conducted by Boeing in 1968-1969. Fifteen studies were conducted to test human
reactions to eingle-axis, narrow band filtered white noise vibrations with cen-
ter frequencies ranging from 0.10 to 7.0 Hz; to single-axis, combined-frequeucy

‘vibrations; to combined-exis, combined-frequency vibrations; and to simulated

commercial airplane rides. This paper will be limited to discussion of human

response to: vibration, and will not dwell on the ride qualities of specific
aircraft.
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Two major considerations guided development and conduct of the test vro-
gram. To take advantage ol previous Boeing-Wichita human vibration testing
(reported in ref. 1), passenger ride-quality tests were scheduled so that new
information obtained in any test could be added logically to existing data,
This,seqaence léd *n_gn jncreasingly complex picture of pasaenger reactions to
vivrdtion. Tests:were § signed to answer several related questions: What is
the relationsh’p hetween human reactions to vertical and lateral vibrationm, to
single- and combined-frequency vibration, and to single- and combined-axis
vibration? Within the tim~ constraints of the program, these relationships
could be most effectively studied by using a small, and conutant, subject

semple,

Three test facil'ties were used during the program. The two Wichita human
vibration facilities (verticel axis, fig. 2, and lateral axis, fig. 3) are each
actuated by electrohydraulic rams. A standard airline passenger seat was
located in the approximate center of each facility test room, resulting in
movement of the vibration platforms relative to the room walls. The sole source
of lighting in each facility was a standard overhead passenger reading lamp
vhich was secured to the vibration platform. Room interiors were a dark matte
green vhich, in addition to the lighting arrangement, helped to prevent subjects
from obtaining visual cues from stationary room details. Test compartment tem-
perature and humidity were controlled to provide a comfortable enviromment.

The rxperimenter and medical monitor viewed the subject through one-way
vision windows and used an intercom for two-way voice ccmmunication with the
subject anld facility operator. A pessenger seat back with pulldown tray was
mounted on the vibration platform of the verticai-vibration facility. The seat
beck provided a support for pessenger activity tests.

The Norturop Norair large-amplitude simulator, figure L, also electro-
hydraulically actuated, was used for tests involving frequencies belcw 1 Hz and
for tests requiring combined-axis vibration. A passenger seat was installed in
a passenger campartanent at the end of the simulator's 20-foot heam (fig. 5).
Overhead lighting was provided by s standard passenger reading lamp mounted on
the compartment ceiling. The experimenter had two-way voice commmication with
the subject and the medical monitor listened to subject comments over a ome-
way intercom.

Subjects were male company employees, from 24 to 39 years of age. Each of
the 12 volunteers had commercia! airplane flight experience, and 5 had military
flight experience as either pilot or navigator. Each subject passed an exten-
sive medical exsmination bdefore being adritted to the vidration program. Brief
medical tests were conducted for each subject prior and subsequent to each test
session. Each vibdration session was monitored by a medical doctor or a male
nurse.

The tests reported here had several aspects in cammon. Sudbjects were
seated in an airlinc passenger seat (including arsrests) and restrained by a

9%
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seat belt which each adjusted for personal comfurt. The seat back was maintained
in the forward position. No sitting posture was prescribed. except that both feet
were to be placed on the floor. Subjects *~ve street clothing during the tests
except that ties and jackets were removed.

During tests, vibration on each trial was started at 0.015 RMSg accelera-
tion and increased every 30 seconds in steps of 0.015 RMSg until the subject
rated "annoying"” and "objectionable" levels of vibration. The two levels were
defined as:

Annoying - the point at which the vibration first begins to disturt you.

Objectionable - a level of vibration that would adversely affect you ag
an airline passenger, but not to the extent You would never fly on the
airplane again. On future flights you would try to avoid flying on
this airplane, however,

In this paper, only the "cbjectionable” levels of acceleration are shown,

Emphesis was placed on the necd to assume the role of an airline passenger
while making ratings. Instructions were read to ecch subject immediately before
each test gession,

Following a subject's "objecti-nabl:" rating, vibration was stopped and the
next test condition was selected accoraing to prearranged schedules. Appropriate
counterbalancing randamization procedures were followed to preclude dbias from
potential extraneous influences and sequence effects. Vibration exposure on
each trial averaged 3 to 5 minutes; vibration sessions lasted from 30 minutes
to 1 hour per subject.

Tests involved single-frequency, single-axis vidration (vertical or
lateral); combiued-frequency, single-axis vibration (vertical or lateral); and
combined-frequency, combined-axis vibration (vertical and lateral). Testing
vas restricted to the vertical and lateral axes end to frequencies of vibration
from 0.20 to 7.0 Hz,

Vibration inputs were generated by recording narrow band filtered white
noise on magnetic tapes. Output accelerations were recorded at the suvbject's
Jassenger seat and power spectral density analyses were conducted to confirm
input vibration conditions.

TEST RESULTS AMD DISCUSSION

8ingle-Frequency Vertical-Vidration Tests

Objectionable accelerations of vertical vibration cbtained in the tests are
compared in figure 6. Vibration frequencies common to the tests were 1.5, 4,
and 7 Hs. Subjects juiged vertical vidration st & and 7 Hz to reach odbjection-
able levels at comparable acceserations. Subjects accepted approximately
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50 percent more acceleration at 1.5 Hz than at 4 or 7 Hz before calling it
objectionable.

Subject comments indicated that the primary cause for objection to verti-
cal vibration was the resulting vibration in abdominal, stomach, chest, and
spinal areas. Reports of potential motion sickress, although infrequent, were
most frequent during vertical vibration at 0.45 Hz.

Single-Frequency Lateral-Vibration Tests

Objectionable accelerations of lateral vibration obtained in the tests are
shown in figure 7. Subjects were iost sensitive to lateral vibration from 1
to 3 Hz. There was a nearly linear decrease in sensitivity as frequency of
laterasl vibration was increased from 3 to 7 Hz. On the averege, subjects
accepted about twice as much acceleration at 7 Hz before calling it objection-
able as they did for vibration from 1 to 3 Hz.

A number uf subjects were unable to reach objectionable accelerstions at
0.20 Hz because of limited lateral travel of the simulator. ‘hese missing datea
points prevented definition of mear. objectionable acceleration at 0.20 Hz.

Subjects reported the primary cause of objectinn to lateral vibration was
body sway; that is, the head, shoulder, hips, knees, and feet of seated persons
move out of phase with one another, More effort must be exerted to maintain a
normal seated posture.

Comparison of Vertical- and Lateral-Vibration Tect Results

Meca objectionable accelerations obtained for the vertical axis and the
lateral sxis are compared in figure 8. Subjects were approximately tw'_e as
sensitive to lateral as to vertical vibration at frequencies of 0.20 to 2 Hz.
In general, senxitivity to vertical vibration increased snd sensitivity to lat-
eral vibration dccremsed as frequency was increased from 2 to 7 Hz. Objection-
able acceleration thresholds for vertical and lateral vibration were nearly
identical at 4 and 5 Hz. Objectionadble thresholds for vertical vibration were
slightly lower than those for lateral vibration at 6 and 7 Hs.

Subjects fell into three nearly equal groups cn the basis of accelerations
they considered annoying or objectionable. These individvel differences were
consistent and persisted regardless of axis of vibration. BSubdbjects who judged
vibration to become annoying or objectionable at relatively low accelerations
were not influenced, in general, by frequency of vibration. Bubjects who rated
vibtration amnoying or objectionable at moderate or relatively high accelerations
were differential’y affected Uy frequency of vibration. The influence of vibra-
tion frequency on subjective reaction to vibration was more evident as the level
of acceleration increased.
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Combined-Frequency, Single-Axis Vibration Test

Combined-frequency, vertical- and lateral-vibration tests were conducted to
determine whether reactions to multifrequency vibration can be predicted from
knowledge of reactigns to the component frequencies presented separately.
Identical test designs and procedures were followed for the vertical and lateral
tests.

Test conditions included both single-frequency and combined-frequency vibra-
tions. Subjective reactions to single-frequency conditions were used as a basis
for prediction of reactions to combined-frequency ccnditions. All conditions
contained onz or more narrow band filtered white noise inputs with center fre-
quencies at 1.5, h, and 7 Hz. Spectral shape was constant for each vibration
condition and remained fixed for all triaels involving that condition. Subjects
rated annoying and objectionable accelerations of each vibration condition from
the point of view of airline passengers.

Tables 1 and 2 present results of the vertical- and lateral-uxis tests,
respectively. The 10 test conditions are also indicated in these tables. Table
entries showing the spectral composition of each condition indicate the percent
of power contrituted by vibration at each center frequency.

Combined-Frequency, Two-Axis Vibration Test

This test provided the first opportunity in the ride.juality program for
study of persons' reactions to simultaneous vertical ana lateral vibration.
Two combined-frequency vibration spectra were selected for testing: 0.45, 1.5,
7 Hz and 0.45, 1.5, 4, 7 Hz. Relative power in each frequency banc was equal
for frequencies in each spectrum. For each test condition, the same spectrum
derined both verticel and lateral vibration inputs.

Eight vibration conditions were presented for each frequency spectrum.
Vibration in one axis was held at a fixed acceleration while vibration in the
other axis was started at 0.015 RMSg and increased in steps of 0,015 FMSg every
30 seconds until the subject rated the combined-axis vibration. The eight
vibration conditions were defined by two axes (vertical and lateral) x four
levels of fixed acceleration (0, 0.015, 0.030, and 0.045 RMSg) for each axis.

Subjects were instructed to rate the total vibration environment and were
cautioned that initial acceleration on a trial could already be beyond a level
which they would define as annoying or even objectionable. If this were the
case, they were to say 80 and not feel constrained to make both "annoying" and
"objectionable" ratings. For some subjects the probability was high that this
situation would occur on the initial vibration exposure in trials with fixed
accelerations of 0.045 RMSg.

Results obtained when vertical acceleration was veried at fixed lateral
background acdelerations are presented in figure 9. In general, subjects
required increasingly lower vertical accelerations to make the combined-axis
vibration objectionable as lateral background acceleration increased.




Results obtained when lateral acceleration was varied at fixed vertical )
background accelerations to reach objectionable levels are shown in figure 10.
There is no consistent trend evident » for either frequency spectrum, that

increasing vertical accelerations had an effect on lateral acceleration required
to make the combined-axis vibraticn objectionable.

PASSENGER RIDE COMFORT CRITERION

Based on analysis of the testing described above, a passenger ride comfort
criterion was derived. Figure 11 shows the criterion compared with the results
of the multiple-frequency, two-axis tests. The test data shown in figure 11
have been adjusted to reflect a structural frequency of 1.0 Hz and have been
normalized to 2.0 Hz by application of frequency weighting factors.

LOW-FREQUENCY CYCLIC~-OSCILLATION TESTING

Early in 1969 a limited test was conducted on the Northrop Norair moving
base simulator to determine preliminary criteria for passenger acceptance of
low-frequency cyeclic accelerations. Such accelerations may occur continuously

during flight as a result of tolerances (creating a dead zone) in the stabilizer
position feedback mechanism, ' Y b

The test was conducted in two phases. During Phase I subjects rated .per- '
ceptible accelerations. During Phase II extended rides were conducted at a
frequency of 0.20 Hz for several acceleration levels.

Phase I - Determination of Perceptible Accelerations

Perceptible retings were made for vertical and lateral sinusoidal oscilla- .
tions of 0.1, 0.2, 0.4, and 0.7 Hz. Perceptible accelerations were defined as o ’
"the )oirt at which you first feel yourself beginning to oscillate." B

The acceleration was slow.y increased in each tris’ until the subject rated "
the oscillation perceptible. Acceleration was obtained from a strip chart that
recorded output of a three.axis accelercmeter, mounted on rigid structure in
the passenger compartment. ~

Four subjects rated vertical and lateral perceptible accelerations three
times for frequencies of 0.1, 0.2, and 0.4 Hz. One subject rated perceptible ,
vertical and lateral oscillations twice at 0.7 Hz, The limited testing at *

0.7 Hz was believed to be sufficient because of the low variability of previous :
ratings.

Median perceptible accelerstions determined for the four frequencies are
shown in figure 12. Median perceptidle accelerations fell between 0.013g and
0.020g (zero to peak) across the frequency range tested. :




Phase II - Effects of Extended-Duration Accelerations

B

Extended-duration rides of up to 40 minutes were conducted at a fixed fre-
quency of 0.20 Hz for various vertical- and lateral-acceleration levels. A
smooth flight (no turbulence) was simulated, since this is the most critical
condition. Exposure times for each acceleration level are shown in table 3.
Durations and peak accelerations varied emong subjects, since the procedure fol-
lowed was to determine, for each subject, the acceleration that would meke the
ride uncomfortable.

Baged on subjects' comments, cyclic incremental accelerations should not
exceed 0.015g (zero to peak) in the vertical axis and 0.010g (zero to peak) in
the lateral axis. The majority of passengers will find these accelerations per-
ceptible but not uncomfortable.

Because of the limited scope of this test, -hese criteria must be considered
as prelimirary upper bounds. Firm criteria can only be based on testing with a
larger number of subjects, during several hours of exposure, with realistic air-
3 plane vibrations superimposed on the low-frequency oscillations.

Potential motion sickness was cited as the chief passenger ride problem
arising fram verticel 0.2 Hz vibration. There was considerable variability
among subjects in vertical accelerations rated uncomfortable because of dif-
ferences in susceptibilicy to motion sickness,

‘ Subjects indicated that body sway was the primary disturbing factor during
b lateral oscillations. Selection of 0.010g (zero to peak) for the lateral limit L
was based on the statement of three of the four subjects that 0.010g was accept- o
able and 0.015g was unacceptable. L

1 CONCLUDING REMARKS

Emphasis on study of relationships among human reactions to different o ’
vibration environments 1limits the generality of these test results. In partic- : '
o ular, use of a small subject sample throughout the program affects the confi-
S dence with which absolute acceleration data may be said to reflect reactions of "
‘the airline passenger population. Further testing with a larger and more ‘
representative subject sample, including women and different age groups, is
required to establish more firmly the percentages of passengers objecting as a
function of increasing acceleration. Combined use of these percentile curves ‘ v

v

and information regarding the projected turbulence environmment could then serve -

as & busis for design decisions concerning ride quality of future commercial

airplanes. A
Btatements regaxding relative sensitivity of humans to different vibration ,1"

frequencies fram 0.20 to 7 He can be made with more certainty. Test results
indicating relative sensitivity of humans to vertical and lateral vibration
appear to be consistent and repeatadle.
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The need for further combined-frequency and combined-axis testing is
apparent, however. Test results to date afford a first look at problems met in
predicting reaction to these more complex vibration environments.
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ANALYTICAL AND EXPERIMENTAL EVAIUATION
OF PROPOSED RIDE COMFORT CRITERIA
E. Wayne Vinje

United Aircraft Research Laboratorie.
East Hartford, Connecticut

T ONTS- 10018

An exploratory study was conducted to evaluate the effectiveness of
indices proposed by different investigators to relate vehicle vibrations to
passenger comfort. The indices considered included criteria for sinusoidal
vibrations, unweighted and weighted amplitude exceedance counts, the integral
of the unweighted and weighted power spectral density and absorbed power.
These functions were initially examined analytically to determine the manner
in which they each weight vibration amplitude and frequency. Similarities
among them are noted. Index values were then computed from measured vibra-
tions and compared with the associated comfort ratings. The data for these
comparisons were obtained from ride comfort evaluations of passenger trains.

Results indicate that at a given passenger location a deterioration in
comfort rating generally correlates with increased values of the indices
computed for lateral vibration. However, for equal comfort ratings, large
differences exist in the magnitude of the lateral vibration indices computed
for different passenger locations. This result casts doubt on the effec-
tiveness of these indices as absolute indicators of ride quality. The
previous discussion also applies to index values computed from vertical
vibration except that the correlation with ratings is less pronounced at a
given location.

INTRODUCTION

One of the most significant factors which affects passenger comfort is
the relatively low frequency (0 to 30 Hz) vibration environment. Criteria
which define limits for this vidtreation environment must properly weight those
characteristics of the motion which have an important effect on coufort.

Such critaria must also be sufficiently well-founded and precise so as to
avoid overspecification when the criteria are eployed in vehicle development.
Stipulating a vibration environment which is more benign than is necessary for
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comfort can lead to increased vehicle complexity, weight and cost. The need
for realistic, precise criteria has increased with the development of light-
weight, high-speed passenger vehicles. The tradecffs between the passenger

vibration environment and vehicle performance, weight, etc., are appreciable.

A number of methods for quantitatively relating comfort to vibration
environment have been proposed. Among these techniques or indices are
(1) boundaries of acceptable vibration level versus frequency developed from
subjective responses to sinusoidal vibration, (2) the amplitude level exceed-
ance count ?pproach, (3) the unweighted and weighted power spectral density

and their intdgrals; gid‘J4) the absorbed power index.

This study consisted of an analytical and experimental evaluation of the
_aforementioned methods for relating vibration to comfort. These different
techniques were applied to vibrations measured during an experimental evalua-
tion of passenger train ride quality. The results of these analyses were
correlated with subjective ratings of the ride obtained during the test. The
objective of this study was to determine whether any of the methods provided
an acceptable means for specifying the vehicle vibration environment necessary

for comfort.

SYMBOLS

acceleration, meter/sec?

or g's
absorbed power, watt or newton-meter/sec
frequency, Hz

gravitational acceleration, meter/sec’
input force to the passenger, newton

acceleration n'oml:cncy weighting function for the absorbed power
index, newton-sec*/meter

power spectral density, g°/Hs
time, sec

averaging period, sec
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velocity inmput to the passenger, meter/sec

Yo transfer function relating acceleration input to passenger to his
acceleration response

Yp tra.néfer function relating passenger acceleration to force input,
. newton-sec?/meter

Yoo seat transfer function for the vertical direction

) frequency, rad/sec

DESCRIPTIONS OF THE RIDE QUALITY INDICES

Comfort Contours for Sinusoidal Vibrations

A number of investigators have conducted tests designed to relate the
amplitude and frequency of sinusoidal vibrations to passenger comfort (refer-
ences 1, 2, 3 and 4). These studies generally consisted of placing subjects
on shake platforms, subjecting them to sinusoidal motion (vertical and
horizontal) for varying durations, and recording that level of acceleration
(for a given frequency) at which subjects indicated that the motion was
marginally coufortable to uncomf~rtable. Boundaries have been developed from
these results which separate acceptable from uncomfortable vibrations. The
results from different investigators differ; however, the contours shown in
figure 1 are representative of those which are generally accepted for vertical
and lateral sinusoidal motion. These contours have been derived primrily
from references 1 and 2. Note that both curves lave a characteristic minimum
which occurs at about 5 He for vertical motion and 2 Hz for lateral. Also,
the human is generally thought to experience discomfort at lower anplitudes
for lateral vidtrations than vertical. The amplitudes for the two contours
differ by & factor of about 1.4 at their respective minima (reference 2).
Longitudinal vibrations were nut considered in this study because they were
insignificant in the vehicles evaluated.

The results from these studies are, of courss, complotely valid only for
sinusoidal vibrations. There is no obvious means for modifying the boundaries
such that they are applicable to the more general types of random and rendom
plus quasi-simusoidal vidration present in most pascenger vehicles. (Miwe in
reference 5 has developed a method for Quantitatively relating vitration con-
sisting of mltiple sinusoids to the human's sensation of motion, however.)
The sinuscidal vitrstion conbours may be Nost useful, therefore, as &
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weighting function. If it is assumed that the human responds subjectively to
vibrations in a linear fashion, the normalized inverse of the sinusoidal com-
fort curves can be used to weight more general vibrations. The assumption of
linearity implies that changes in amplitude, jerk content, the time variation
in acceleration, etc., do not affect the manner in which humans subjectively
weight the frequency of vibration. The linearity assumption is obviously
not entirely accurate (see, for example, reference 3). However, it may be
useful as an approximate method for accentuating the effect of those fre-
quencies which are most important in affecting comfort. Frequency weighting
curves based on the contours from figure 1 are shown in figure 2 (they have
been modified slightly from thuse in reference 6).

Amplitude Level Exceedance Count

The amplitude level exceedance count approach (reference 7) is based on
computing the percent of the total number of samples which exceed a preselected
vibration amplitude or, equivalently, the percent time that level is exceeded.
An increase in this percentage is presumed to correlate with an associated
increase in passenger discomfort. Thus, the percentage would be an index of
comfort. The vibration used in the exceedance count method may be weighted
with the inverse of the simusoidal comfort contours (vertical cr lateral)
prior to its comparison with various amplitude levels., Sketch A indicates how
this approach might be implemented.

Percent Samples

Measured Analog-t Weighting Level Exceeding Given
Acceleration 08-10- 1 Discrimina-| Levels
comvarver | oo e
Tor Counter

Sketch A. Flow Diagram for Computation of
Amplitude Level Exceedance Percentages

Pwer Bpectral Density and Its Integral

This approach involves anl.'l.ylmihc frequency content of the passenger
vehicle vibration environment. The frequendy distribution can also be weighted
wich the inverse of the sinusoidal comfort curve to accentuate those frequencies

18
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rresumed to be important. Finally, summing the resulting unweighted or
weighted vibration contribution from all frequencies provides a numerical
index which may be related to comfort (reference 8). The spectral content

of the vibration is generally determined by computing a power spectral density
plot (PSD). Weighting the power distribution with the sinusoidal vibretion
weighting function (vertical or lateral, figure 2) then gives a graphic illus-
tration of those frequencies which the sinusoidal vibration results would
indicate are important in affecting discomfort (sketch B). The weighted PSD

e S Lor BT B B

Unweighted

Weighted

Frequency, f - Hz

B | Sketch B, FPower Spectral Density Plot for
o Unweighted and Weignted Vibration

can then be used as a design tool since it indicates whicn froquencies should o
e be suppressed. The associated index is obtained by integrating the power .
S8 distridbution over all frequencies. |

A more direct analog method for computing the same index is shown in
b sketch C. Note that the weighted PSD index weights amplitude as well as

g,tu_ vas

m.dti Veighting
R e [ VN

Method for Computing the Integral
of the Weighted FSD Index
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frequency. This is because the square of the vibration amplitude is used in

the computation. This index then implies that increases in amplitude are

nonlinearly related to comfort. As indicated previously, such a nonlinear

weighting of amplitude may be justified by previous experimental data

(reference 3). Also note that the power spectral density index and the ampli-
L tude level exceedance count index are mathematically related if the vibrations
A considered have a Gaussian amplitude distribution. In this case, the percent
of samples which will exceed & given amplitude are related to the square root
R of the PSD index through the Gaussian probability density function (reference 9).

Absorbed Power Index

The absorbed power method is one of the more interesting approaches
taken in an attempt to correlate vibration enviromment with comfort (refer-
ence 10). This index is related to the rate at which the body discipates
vibrational energy. It is an attempt to correlate vibration with a subjec-
tive (or psycho-physiological) assessment of comfort through the human body's
physiology. The index is defined in the time domain by

Y lim L, (1)
) AP = 1 T‘{; Finlt vin ) dt

h ST

= AP = absorbed power index, watt

Pin = force, newton

Vip = velocity, meter/sec :
E T = sample interval, sec '
t = time, sec

o or in the fregquency domain by

F ‘ ©
AP-{x(w)-a’ (w) dw (2) L

K(w) = frequency weighting , nevton-sec’/meter
& = acceleration, meter/
@ = frequency, rad/sec
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Note that the absorbed power index is similar to the weighted PSD index in that
both are based on the integral of the square of acceleration. In order for
the absorbed power index to be camputed, the averaged physiological transfer
functions

Y. (30) output acceleration
aldw) = input acceleration

Yp(dw) = _input force
output acceleration

(3)

mist first be determined from & large mumber of test sudbjects. These transfer
functions are determined by taking measurements at appropriate locations on
the human body while the subject is being vibrated. Both sinusoidal and random
accelerations have been used in the measurement of the transfer functions and
they are not the same for both types of vilration. Afier Y,(jw) and Yp(jw)
have been determined, the absorbed power index can be computed as shown in
sketch D, The acceleration enviromment is measured and multiplied by Yp(Jjw)

Measured '
Acceleration 1| Y‘ _{ !’

Absorbed

Sketch D. Schematic of Absorbed Fower Index
Computation Method

mr.(au)womru,mmmhbmwmtoronv .
These functions are then multiplied and averaged to form absorbded power. ‘Qn
laboratory experiments, changes in test subject's perception of vibration
were found to correlate with chunges in the abecrbed power index.

s -

The transfer functions Y, (Jw), Yp(J&) have not been measured for lrteral
vitrations. It is difficult to define such trensfer functions for lateral
dnputs to the human dody. Also, the frequency weighting produced by the
absorbed power approach applied to the vertiocal direction (using the transfer
functions developed for simmvidal inputs) is very similar to the vertical -
ocomfort ocntour for simusoidal vidrstions (figure 3). One might expect,
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therefore, that for vertical vibrations the absorbed power index (using the
Yp(Jw) and Yo(jw) for sinusoidal inputs) would yield results similar to the
weighted power spectral density approach.

DESCRIPTION OF THE RIDE COMFORT TESTS

The vibration and subjective comfort data used to evaluate the comfcrt
indices were obtained from a ride quality evaluation of two passenger trains.
These tests were conducted in conjunction with Sikorsky Aircraft, NASA
langley Research Center, U. S. Department of Transportation, and the Canadian
National Railways. Data were measured for the two trains on succeeding dayr
over the same route.

Objective Measurements

Vivration data were measured simultaneously at two floor locations within
each train and were recorded on magnetic tape. Linear acceleration data
were obtained in three axes with each of the vibration measurement packages.
The location of each package was changed at intervals throughcut each run.
Vibration measuremeants were correlated with track location by recording the
mileposts along the track on the tape recorder. Sound level measurements
were also made at different locations within the train. In addition, measure-
ments of the vitration environment were made using the Canadian National Rail-
ways ride quality analyzer. This is a device which measures vibration and
computes a function similar to the weighted power spectral density irdex.

Subjective Mea: urements

Subjective data related to the ride were obtained at car locations
adjacent to the vibtration measurement packages. Ride quality varied during
the run because of changes in train speed, track condition, etc. The ride
comfort, sensation of the motion and the acceptadbility of the sound level
vere all rated using tie scales shown in table 1. The comfort and sansation
of the car motion were both rated in an attempt to separate, to some extent,
the effects of vibration amplitude and frequency. That is, the sensation
of motion might de large, tut if it were of the proper frequency, the sinu-
soidal comfort contours imply that it wrald not necessarily be uncomfortable.
It vas felt that obtaining these two types of infarmation would help in
determining those characteristics of the ride which were disagreeadle. The
comfort and sensation scales shown in table ) were adapted from similar scales




used in ride quality evaluations bty the Japanese National Railways (refer-
ence 2). The sound level was rated to enable an analysis of the correlation
between sound level and the motion sensation and comfort,

The test subjects also gave their opinions on questions related to their
ability to perform tasks common to passengers or passenger attendants in the
presence of the train motion, These questions are also listed in table 1,
Periodic ratings of the ride were made over track intervals of the subject's
chcice. The subjects were also asked to rate the ride for any track interval
over which they felt the character of the ride had changed from their assess-
ment of its previous quality. Six subjects evaluated ride quality during
the test of train A and nine subjects rated train B.

EVALUATION OF THE RIDE QUALITY INDICES

The approach used to evaluate the ride quality indices initially involved
separating the comfort rating results from each train into categories according
to rating number, i.e., 1, 2, 3, etc. Only data obtained for track consisting
cf 11.9 meter lengths were considered. Average sensation and sound ratings
associated with each comfort rating category were then computed. The percent
affirmative ansvers to each of the questions associated with the given comfort
rating category was also computed. Correlation between comfort rating and
the senzation, sound and question response was examined. Milepost intervals P
were then compiled according to comfort rating, location within the train,
and the train considered. For each group of milepost intervals associated j_
with « given rating level,amplitude level exceedance counts and PSD integrals i
were computed using unconditicned and conditioned values of the appropriate iﬁ
vertical and laterel vibrations. The vibrations had been converted from v
analog (continuous) to digital form prior tc these analyses which were con-
ducted using digitel computer programs, Th: exceedance count and PSD index
results werc then averaged over all the milepost intervals in each comfort
rating, location and train category, Longitudinal vibrations were not con-
sidered because they wer: very small.

The uncondivioned vibtration considered in this analysis was that measured
during the tests with no frequency filtering or weighting. Two types of !
conditioned vibration were used in the exceedance and FSD iudex computations.
The firat set of conditioned vitretion data wes composed of the unfiltered
lateral vibtrations and the vertical vibretion data which had been modificd
using & second-order, low-pass filter. This filter represented the transfer
function expected from the trein seats in the vertical direction {reference 6).

Load
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Thus, the filtered vertical vibration was closer to that imparted to the
subjects than the unfiltered vertical vibrations. The seat filter used was

(17.3)2
(4)

SV ()% 2001817 3)jw+(17.3)%

A seat filter was not applied to the lateral vibration because a train seat
probably does not modify lateral inputs as much as it does vertical vibration.
Those lateral inputs affecting human upper torso, neck and head motions,

which are significent in determining comfort rating, are similar for a subject
seated on a bench or in a train seat. The third set of vibration data con-
sidered was obtained by weighting the second set of vertical and lateral data
with the inverse of the sinusoidal comfort contours. The lateral and vertical
weighting curves used are shown in figure 2.

DISCUSSION OF RESULTS

Subjective Ride Evaluation

Subjective results for the three passenger car locations considered in
this study (center and rear of the same car for train A, center of car for
train B) are shown in figures 4, 5, and 6. The data shown in each figure
consist of the percent of the total comfort ratings which fall into a given
comfort rating category, the average sensation and sound ratings associated
vith a given comfort rating, and the percent yes answers to the questions
versus comfort rating (see table 1 for a key to the coding used for the
Questions),

The results for the center of the car in “rain A (figure 4) indicate
that the ride there was relatively good. A l..gh percentage (about LO percent)
of the ratings were 1 and the remainder were 2. The aversged sensation
rating increased as comfort ratings increased, indicating a direct correlation
between deterioration in comfort reting and the subject's sensation of motion.
The sound level reting did mrt change, and the response to the questions
Vas not grestly different for either comfort rating. However, the subjects
mclmmctmnubuityudﬂukawothoteoﬂummumuon
environment associated with a Mm mm of R.

, mmm ,mmmawmuma(ms)m
hrnr pmmcuotthctwurupouuxnmzwsutw, indicating
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a poorer ride. The average sensatirn and sound ratings are similar for the
better ratings (1 and 2) but increase sharply for the 3 rating (uncomfortable
ride). The responses to the questions are sensitive tc the ride ratings and
again there is an abrupt decrease in affirmative responses for comfort ratings
of 3.

The distribution of comfort ratings from the center of car in train B
(figure 6) would indicate that its ride quality was between that of the two
locations in train A. As for the rear of the car in train A, the average
sensation and sound ratings for the car in train B change little with com-
fort rating for the better ratings and increase abruptly for the uncomfortable
rating. The percent of positive responses to the questions (answers indica-
tive of a good ride) also change little with comfort rating until the rating
reaches 3.

In summary, the subjective data generally indicate that average sensé-
tior and sound ratings change less between comfort ratings indicative of a
good ride (1 and 2) than when the ride deteriorates from comfortable (2)
to uncomfortable (3). The response to the questions also indicate less
sensitivity to changes in comfort rating for a zood ride than for the change
from comfortable to uncomfortable. Finally, the comfort and semsation ratings
may indicate that the frequency content of the vibrations had a lesser effect
on rating than the amplitude of the motion. That is, when the character of
the ride changed significantly (change in comfort rating from 2 to 3), the
sensation ratings always increesed significantly, probably reflecting larger
amplitude train motion.

Comparison of Amplitude Level Exceedance Index With Comfort Ratings

Table 2 presents amplitude level exceedance percentages versus comfort
reting for all locations evaluated and for the three sets of conditioned
vitration data considered (i.e., unfiltered, vertical chamnel filtered with
the seat filter, and vertical seat filter plus vertical and lateral sinusoidal
comfort curve weighting). For the unfiitered vibration the lateral percentages
generally show a relative increase with comfort rating at a given location.

The vertical exceedance percentages do not increase as comfort ratings
deteriorate for train B, however. Note also that, for the same ratings, the
lateral and vertical exceedance percentages (unfiltered vidration) at the

rear of the train A car and the center of the train B car are mich larger

than for the center of the car in trein A. In addition, the vertical exceedance
percentages are generslly larger than the corresponding lateral values for the
unfiltersd vitretion. = . ' ‘
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Filtering the vertical vibration «with the seat filter increases the verti-
cal exceedance percentages for the train A locations and decreases them for
train B. Apparently, there is more low-frequency vertical vibration in train A
and this is amplified by the seat filter resonance peak (at about 3 Hz). The
disparity in vertical exceedance percentages between trains A and B, which is
evident after the seat filter is applied, correlates with subjects' comments

on the character of the ride on the twuv trains. Subjects rarely mentioned the
vertical motion when commenting on the train B ride. However, at times they
thought the vertical inputs in train A were noticeable although not nearly as
perceptible as the lateral motion. Filtering the vertical vibrations with

the seat model reduces the variation in vertical exceedance percentages with
comfort rating. Only slight changes are evident in these percentages at a
given location and thay do not necessarily increase with rating.

Weighting the lateral vibration and the filtered vertical vibrations with
representations for the inverse of the sinusoidal comfort boundaries (figure 2)
results in generally smaller exceedance percentages. The lateral percentages
generally increase with increased comfort ratings but this is not necessarily
true for the vertical results. Also, the vertical percentage levels from
train A are much larger than the corresponding lateral results; and for
train B, the vertical percentages are much smaller than those for the lateral
axis. The vertical exceedance percentage data, then, substantiate the sub-
Ject's comments that the vertical vibrations were of less importance than
lateral vibrations in affecting comfort.

As discussed, the lateral exceedance percentages generally increase with
comfort rating for both the unconditioned and conditioned vibration data.
This effect can se seen more easily in figure 7, shere lateral and vertical
exceedance percentages for a single level are listed versus comfort rating
at each location. Again, however, it is important to note that, for the same
car (train A), equal ratings at the two locations correspond to widely
different lateral exceedance percentages (e.g., the weighted lateral vibration
percentage for a rating of 1 at the rear of the car is three times that for a
1 rating at the center). There is, however, a somewhat better correlation
between lateral percentage magnitude and rating if one compares the weighted
vibration data between the centers of the train A and train B cars.

Comparison of Fower Spectral Density Index With Comfort Ratings

Unweighted and weighted power spectral density indices for vertical and
lateral vidration are compared with comfort reting in figure 8. A combined
vertical and lateral index composed of the vertical index plus twice the
lateral index is also shown in figure 8. The relative weighting of two for
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the lateral value was used because the human seems to be about 1.4 times more
sensitive to lateral vibration than vertical (see figure 1 in which the verti-
cal minimum is 1.4 times the lateral). Since the PSD index operates on the
square of vibration amplitudes, the weighting factor of 2.0 results.

In general, the data in figure 8 show effects similar to those discussed
for the unweighted and weighted exceedance data in table 2 and figure 7.
This would probably be expected to some extent; however, the power spectral
density index does weight the larger amplitude vibration more heavily than
the amplitude level exceedance count approach. Both the unweighted and
weighted lateral PSD indices generally increase with comfort ratings (fig-
ure 8), but, again, there are large differences in the magnitudes of the
index for equal ratings at different locations (train A). This comment also
applies to the PSD index values for vertical vibration. As for the ampli-
tude level exceedance approach, then, it does not appear that the magnitude
of the power spectral density index correlates particularly well with comfort
rating.

Because of the similarity in frequency and amplitude weighting between
the PSD index and the absorbed power index, the preceding discussion indicates
that the absorbed power index would probably not correlate in an absolute sense
with comfort rating, either.

CONCLUDING REMARKS |

The results of this study indicate that the indices examined (amplitude
level exceedance count, weighted power spectral density and absorbed power)
correlate to some extent with changes in comfort rating. However, the large |
differences in the magnitude of these indices which were shown to exist for '
the same rating at different locations casts doubt on their effectivencss as
absolute indicators of ride quality, By implication, this result also
indicates that weighting curves based on the inverse of the sinusoidal com-
fort contours may not properly condition vibrations.

The lack of correlation between index magnitude and comfort rating across
locations may be due, to some extent, to the humsn's tendency to rate the
ride relative to the average ride charscter at a given location reather than
relative to some absolutc standard. However, the lack of correlation between
index magnitude and comfort rating is probably more a result of deficiencies
in the indices. It is prodable, for example, that the indices considered
do not weight the effect of large, btut relatively infrequent, vidration inputs
48 heavily as the human does in deciding his comfort reting. As an extreme
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example, if a subject experienced a vibration that threw him out of his sesat
once every other mile, he would probably not rate the ride comfortable.
However, the nature of the indices considered is such that vehicle motion of
this type 1s averaged over a long period and, therefore, is not heavily
welghted, On the contrary, the indices examined tend to weight sustained
lower level vibrations much more heavily and indications are that the human
passenger may not. Also, the effects of jerk may ve very significant in
forming human opinion of comfort. Jerk effects (higher frequency harmonics)
are attemuated by the sinusoidal comfort contour weighting functions,

) A tm e 1Ak b Tdeme b et ag N

Research is being continued at the United Aircraft Research laboratories
to investigate the effects described here and others in an attempt to develop
better objective indices for ride comfort.
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TABLE 1

RIDE COMFORT MEASUREMENTS
MADE ON TRAINS A AND B

: Objective Measurements
\: - Three-axis vibration measurements made simultaneously
y at two locations. These locations were changed at inter-
vals during the run

- Sound decibel levels measured at different points in
train cars

- Ride quality analyzer measurements
Subjective Measurements

'i - Sensation and comfort rated at locations of accelero-
meter packages using the following scales

3

g None Slight Distinct Str

| f | e
- Sensation
- Relaxing Confortable Uncomfortable Intolerstle
] 1 2 3 b
ﬁ.; - Sound levels rated at locations of accelerometer
B packages

#]

Low Acceptadle Unacceptable
| | T g
1 2 3 I\
, :3 Sound
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TABLE 1 (Concluded)

- Questions answered during ride evaluation

Could you drink a cup of hot coffee (designated C in
figures L4, 5, and 6)?

Could you serve a hot meal to a passenger (M in
tigures 4, 5, and 6)?

Could you write (W in figures 4, 5, and 6)¢?
Could you read (R in figures 4, 5, and 6)?

Do you sit without stiffening or bracing yourself
against train motion (B in figures 4, 5, and 6)?

Comment on motion or sound characteristics which
are particularly annoying.

1
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HELICOPTER CREW/PASSENGER VIBRATION SENSITIVITY

By Richard Gabel and Donald A. Reed

THE BOEING COMPANY
Vertol Division
Philadelphia, Penna.

SUMMARY N7é;10019

Results of a recent test investigation of helicopter crew and
passenger vibration sensitivity are presented. Pilot subjective
ratings are established for discrete frequencies and the impact of
combinations of harmonic frequencies is examined. A passenger
long term comfort level and a short term limit are defined for
discrete frequencies and compared with pilot ratings. The results
show reasonable agreement between pilot and passenger. Subjective
comfort levels obtained for mixed frequency environments clearly
demonstrate the need for a multi-frequency criterion.

INTRODUCTION

In a helicopter, unsteady airloads on the rotors and struc-
tural characteristics of both the rotor blades and airframe give
rise to a complex vibration environment. Available discrete fre-
quency vibration comfort criteria, illustrated by the summary of
Figure 1 from a previous study (Reference l), display a signifi-

_cant variation in both terminology and the resulting subjective

comfort levels. The threshold of discomfort was established in
the Reference 1 study using the lower envelope of the literature
data. While the information of Figure 1 has proved useful, flight
experience with a number of helicopters indicated the need for a
more refined oriterion.

The multi-harmonic nature of helicopter vibration presents a
further complication. In any given situation, the levels at each
of the component rotor harmonics can be well within acceptable
limits and still combine to produce an overall unacceptable com-
fort level. This fact is well recognized, but little if any
quantitative information is available.
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A brief test program was undertaken in an effort to provide
some answers to these questions. Primary objectives were as
follows: : :

1) Define discrete frequency levels which provide a
comfortable environment for both pilot and passenger
over a 2-3 hour period.

2) Considering practical factors, define an equivalent
multi-harmonic environment.

TEST OF CREW SUBJECTS
- SR
Since the ‘intehtion of the program was to obtain data appli-
cable to aircraft, and helicopters in particular, a cushioned
helicopter crew seat was utilized. A photograph of the test
arrangement is shown in Figure 2. Vertical excitation of the
seat was obtained by mounting the seat directly on the armature of
a large electrodynamic shaker. A hard foot rest, also mcunted on
the shaker, was provided.

Two experimental test pilots experienced in vibration evalua-
tion were used as test subjects. All testing was conducted with
the subjects in ncrmal street dress. The test subjects provided
a qualitative assessment of the imposed vibration environment
using a Cooper type numerical rating from 0 to 10 which is used

for flight test evaluation. Emphasis was placed on establishing
the long term comfort level.

PILOT VIBRATION RATING SYSTEM :

1-2 | Definitely Perceptible
3 Long Term Comfort Level
5 Limit of Acceptability
7 Fatiguing

10 S8hort Term Limit




Single Frequency Results

Pilot ratings for discrete or single frequency excitation are
presented in Figure 3. Above 12 Hz, the pilot long term comfort
level lies slightly above the threshold of discomfort developed
from the literature; while below 12 Hz, the long term comfort
level falls appreciably lower. At 4 Hz the pilot long term com-
fort rating is only 40% of the discomfort threshold value. In-
formation available on a number of crew seat cushions indicates
that the natural frequency of a man on the cushion generally falls
in the range of 3 to 6 Hz. The resulting dynamic amplification of
the seat motion is, therefore, probably responsible in large
measure for the low levels at frequencies below 12 Hz. Nonetheless,
the indicated levels are representative of those required with a
seat cushion designed to meet non-vibratory comfort standards.

Multi-Harmonic Results

Figure 4 presents a summary of significant mixed frequency
results. A combination of six harmonic frequencies (Test A), with
individual amplitudes corresponding to a constant pilot rating of
3 (long term ~omfort level), was found to double the degree of
discomfort, resulting in a pilot rating of 6. When the component
amplitudes were reduced by 50% (Test B), an improvement of only 16
to 17% was obtained in the comfort level. From an examination of
the single frequency ratings of Figure 3, neither of these results
are totally unexpected since the harmonic content of the mixed
frequency is heavily biased toward the more sensitive low fre-
quency range. Furthermore, the use of harmonic combinations such
as 3 and 4, 3 and 5, etc., give rise to beats which correspond to
lower harmonic frequencies. Test C confirms the merit of the pre-
ceding arguments and indicates that both the amplitudes and har-
monic content had to be reduced to achieve a pilot rating of 3.
The harmonic content of Test C is such that the lower beat fre-
quencies correspond to a 3rd and 4th harmonic.

TEST OF PASSENGER SUBJECTS

A total of 8 non-pilot test subjects took part in this por-
tion of the program. Only two of the subjects had any background
in subjective vibration evaluation. Test conditions and equipment
were the same as those for the pilot evaluation; however, no
attempt was made to use a numerical rating system. The subjects
were ::::d only to identify a long term comfort level and a short
term t.
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Long Term Comfort Level

The scatterband of vibration amplitudes identified by the
passenger subjects as a long term comfort level is shown in Figure
« Pilot ratings and the threshold of discomfort from the litera-
ture are shown for comparison. The long term comfort level identi-
fied by the pilots is seen to lie within the passenger scatterband,
and the scatterband is roughly centered between the perception
o level and the pilot's limit of acceptability. It is also observed
SRS that the discomfort threshold from the literature falls within the
: passenger scatterband above approximately 9 Hz and is very close
to the mean value between 20 and 30 Hz. Below 9 Hz the discomfort
threshold deviates rapidly from the passenger scatterband. Finally,
the reduction in scatter with decreasing frequency clearly indicates
the increased subjective sensitivity at low frequencies.

Short Term Limit

The passenger identified short term limit is indicated by
the scatterband of Figure 6. Unfortunately, the equivalent pilot
rating was not defined; however, an estimated value is shown,
Above 15 Hz the equivalent estimated pilot rating lies close to
the mean of the passenger scatterband; whiie below 15 Bz, the
passenger data is significantly lower. Once again, the reduced
scatter in the low frequency range is indicative of increased

L sensitivity.

CONCLUDING REMARKS

1. Harmonic frequencies, representative of a helicopter mixed
frequency environment, combine to produce beats which
A correspond to lower harmonic frequencies. This apparent
e increase in the low frequency content results in an increased
- subjective sensitivity to multi-harmonic vibration.

2. The usefulness of a mixed or multi-harmonic frequency ri-
terion for helicopter applications is evident. From a

=, practical viewpoint, a means of si ly identifying the

e o:ton;ivo components of a given environment would alsc be

;* of value.

i
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; 3. Discrete frequency testing shows little significant differ-
s ence batween pilot and passenger definition of a long term
P comfort level. Below 9 to 10 Hs the level was lower than
| pPredicted from a previous review of the literature. The
: tight scatterband in this range (+ .012 G's maximum) indi-
cates a high subjective sensitivity to low freguencies.




An overall comparison with the literature appears to indi-
cate that the cushioned crew seat influences the results.
Relative to the established threshold of discomfort, the
trend of the long term comfort level shows amplification

at the low frequencies and isolation of the high frequencies.
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SOME OF THE MECHANISMS UNDERLYING MOTION SICKNESS*
By Ashton Graybiel

Naval Aerospace Medical Research Laboratory

SUMMARY - .
N73'10020

Motion sickness is a convenient clinical term to designate one category of vestibular
side effects resulting from too rapid a transition into certain stressful motion environments.
The primary etiological factor is a loss of stability in the vestibular system caused by
repetitive sensory inputs that are abnormal in terms of the central vestibular patterning
encountered. The immediate resuit of this instability is the elicitation of vestibular reflex
disturbances that may include "sensations, " visual illusions, and nystagmus. Evidence is
presented supporting the opinion that motion sickness is an epiphenomenon superimposed on
any responses in the reflex category due to vestibular influences that cross a temporary or
“facultative” linkage to reach nonvestibular sites where first-order motion sickness o f
symptoms have their immediate origin. Part of this evidence is based on the causal relation f _
of reflex vestibular disturbances and motion sickness, including the fact that, in the slow
rotation room, direction-specific adaptation of both types of responses may be shown.

INTRODUCTION

It was not until the turn of the last century that it was generally agreed that the .
sensory organs of the inner ear served functions other than hearing. It seems almost
incredible that it remained for Goltz as late os 1870 (ref. 1) to draw the important
inference from Flourens' studies (ref. 2) (in which Flourens caused loss of equilibrium in :
pigeors by sectioning the semicircular canals) thet if disequilibrium is caused by [
labyrinthine lesions, the same site must be involved with equilibratory function. After i’
Goltz, within a period of 5 years the theorstical basis underlying stimulation of the
mechanoreceptors In the semicircular canals and otolith organs wes elaborated. The three

' This research was conducted under the sponsorship of the Office of Life Sciences, National
Aeronautics and Space Administration, Order W13433.

Opinions or conclusions contained in this report are those of the author and do net neces~
sarily reflect the views or endorsement of the Navy Department.
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pairs of canals (essentially gravity independent) are stimulated by impulse angular acceler-
ations, and the two pairs of otolith organs are stimulated by gravity and by impulse linear
accelerations. This theoretical basis has stood fairly well the test of time (refs. 3 to 5).

Centuries before Goltz, vestibular side effects such as motion sickness and dizziness
were subjects for scientific discourse, but it was James (ref. 6) in 1882 who reasoned that
if Goltz' deduction was correct, "deaf mutes" with loss of labyrinthine function should
not. experience dizziness. Jomes demonstrated that in many of his subjects, manifestations
‘of dizziness ‘Were qithdr mild or absent. Moreover, none of the subjects in this group who
hod been exposed to rough weather at sea had experienced motion sickness. Thus, it
was established that the vestibular system plays a dual role in the present-day lives of
even typically normal women and men. One role is represented by the elegant manner in
which the vestibular system functions under natural terrestrial-stimu lus conditions and the
other, by the ease with which this system either provides unwanted information or is
rendered unstable under unnatural stimulus conditions.

During natural activities we are not aware of the functioning of the vestibular system,
and under these conditions it is exceedingly difficult to conduct experiments because the
investigator is severely limited in manipulating and measuring the stimuli and in
identifying and measuring responses. Consequently, nearly all experiments depend on
using an unnatural stimulus that elicits side effects either under field or laboratory
conditions. Field operations have the great advantage of relevancy but drawbacks in
terms o measuring the stimulus conditions in the conveyance and the responses elicited in
pilot, subject, or passenger. Under laboratory conditions the experimenter uses a device
either to simulate stimulus conditions in a conveyance and then measure the responses
elicited, or to elicit specific (vestibular) side effects by programming or otherwise
manipulating stimulus conditions. In either case, from an analysis of the data obtained,
certain implications may be drawn concerning mechanisms underlying the symptomatology.

In the discussion to follow an attempt will be made to demonstrate that vestibular
side effects tend to fall into two main categories, reflex vestibular disturbances and
motion sickness; and that direction=specific adaptation of both occurs in a slowly rotating
room. The fact that adaptation of reflex vestibular disturbances must involve the
vestibulor system suggests the same is true of motion sickness. Before presenting selected
experimental findings it is helpful to have in mind a conceptual framework into which
these findings are supposed to fit.

CONCEPTUAL FRAMEWORK

The schema in Figure 1 represents an attempt to fit important elements concerned
with vestibulor input=cutput relations info a conceptual framework (ref. 7).
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Natural Stimulus Conditions

Blocks | to IV A show the functioning of the vestibular system under natural stimulus
conditions. During natural activities the responses to which the vestibular system
contributes are characterized by automaticity, reliability, and egality among members of
a species or subspecies. In man the vestibular system contributes to perception of the
upright and, by influencing motor behavior, aids in maintenance of postural equilibrium
and in stabilization of the retinal image. During natural activities there is little if any
manifestation of vestibular "disturbance . "

Unnatural Stimulus Conditions

The abnormal accelerative stimuli and their influence on the peripheral organs with
resulting alteration in sensory inputs are shown by means of coded lines in Blocks | to Il1.
Reflex vestibular disturbances are revealed mainly through effector mechanisms that
normally articulate with the vestibular system; however, to provide for any additional
polysynaptic pathways the responses are shown in Block 1V B. Responses include a
characteristic sensation of tumbling or rotation, illusions, nystagmus, dizziness, and
neuromuscular incoordination. In general, refiex vestibular responses have the following
in common: (1) short latencies, (2) maximal response to the initial stimulus, (3) response
decline to repeated stimulation, and (4) no perseveration of responses except when
explicable on the basis of physical restoration of mechanoreceptors in the peripheral organs
or compensatory phenomena incidental to restoring stability in the vestibular system or to

Another category of vestibular side effects comprises an epiphenomenon superimpoced
on any manifestation of the first category and best known under the general term motion
sickness, Motion sickness is elicited by certain repetitive accelerative stimuli that not
only disturb the vestibular system (Blocks | to Hl1), but also allow vestibular influences to
escape their normal bounds ond stimulate nonvestibular servation systems (Blocks V to VII),
To effect this, it is necessary to postuiate: (1) a loss of stability in the vestibular servation
system, (2) a facultative linkage (probably in the brain stem reticular formation), and,
possibly, (3) an additional "escape mechanism"” of a humoral nature. First=order responses
in turn act as stimuli eliciting second-order responses, and so on, until, in severe motion
sickness, the entire organism may be Involved. The typical symptoms of frank motion
sickness are well known, but wo have only fragmentary knowledge of the sequential
ordering of first, second, ond higher order responses.

An analysis of the typical symptomatology reveals the following characteristics:
(1) delay in appearance of symptoms after the onset of the stressful stimuli, (2) grodual or
rapid increase in severity of symptoms, (3) modulati-n by secondary atiological factors,
(4) persaveration after sudden cessation of stimuli, and (5) resporse decline indicating
recovery. Further abstractions reveal: (1) great individual differences In susceptibility and
in the acquisition and decay of odaptation, (2) transfer of adoptetion effects, and
(3) conditioning. -
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Recovery from frank motion sickness during continual exposure to stress is complicated.
First, the nonvestibular systems (Block V1) must be freed from vestibular influences os the
result of adaptation taking place in the vestibular system (Block 1II) and, possibly, else-
where. The point in time when this occurs is difficult or impossible tu determine because
it is not immediately reflected by the disappearance of symptoms. Symptoms perseverate
(after nonvestibular systems have been freed of vestibular~generated influences) until
restoration takes place (spontaneously) through homecstatic mechanisms. The time of
engagement and disengagement between the vestibular and nonvestibular systems is best
determined when a subject is exposed to severe stress for only a short period.

EXPERIMENTAL MOTION SICKNESS

Devices

A slow rotation room (SRR) in a laboratory setting (fig. 2) provides an excellent
facility for the study of experimental motion sickness. The subject is exposed to stressful
accelerations (mainly cross~coupled angular accelerations) when he rotates his head out
of the plane of the room's rotation, and the onboard experimenter can avoid the stress
by avoiding these head movements. The intensity of the stressful accelerations can be
controlled by standardizing the head movements and varying the angular velocity of
the room's rotation. We have used a chair (fig. 3) with adjustable pads (front, back,
left, and right), acting as "stops" permitting rotation of the head (and body) through arcs
up to 90 degrees. Eight movements, "over" and "back," in the four directions are
randomized, and taped recordings set cadences that vary from 2 to 6 seconds. The
angular velocity of the SRR can be varied up to 30 rpm clockwise or counterclockwise.
By controlling this stressful type of stimulus, the experimenter manipulates the sensory
input for the purpose of eliciting (or preventing the elicitation) of vestibular side effects
that can be identified and measured.

Scoring Side Effects : .

After each discrete hoad movement the subject signals ("yes" or "no") whether he
detects a sensation or movement, on opparent visual movement (oculogyral illusion), or
a tendency to be deflected from the plane in which the movement is carried out (refs. 8
and 9). The severity of motion sickness symptoms is given numerical scores according to
the diagnostic criteria in table 1 (ref. 10). A score of 15 points represents the highest
level of mild motion sickness.

The Stress Profile

Some typical stress profiles are shown in figure 4. The Initial incremental
adaptation schedule (IAS) is followed either by a ona-step return to zero velocity
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(fig. 4 a) or by a reverse IAS (fig. 4 c). If direction-specific central vestibular
repatterning occurs during the initial IAS, the subject is adapted to the rotating environ=-
ment and has lost his adaptation to the stationary environment. Consequently, after
return to zero velocity, although head movements generate normal stimuli, the sensory
input encounters an abnormal pattern and vestibular side effects may be elicited.

Because the stimulus is normal, the so-called challenge is weak compared with the
abnormal stimulus when the direction of rotation is reversed, which is termed a strong
challenge. After the initial IAS and return to zero velocity, delays (during which the
subject remains with head fixed) may be instituted either before the execution of head
movements at zero velocity (fig. 4 b) or before the reverse IAS (fig. 4 d).

Selected Experimental Findings

Motion sickness, — Figure 5 summarizes the measurements made in two young,
typically normal men. On the left it is seen that the subject was symptom free (zero
scores) during the initial IAS but experienced mild symptoms when head movements were
executed after a one-step return to zero velocity. Inasmuch as the stimuli generated ot
zero velocity were normal, the elicitation of symptoms implies that the normal sensory
inputs encountered other than a normal, central vestibular patterning, which could have

been acquired onlmiuring the initial IAS and must have been direction specific. The
same reasoning holds for the measurements made in the other subject, the difference being

that the severity of symptoms elicited on return to zero velocity necessitated an abort.

Figure 6 summarizes the measurements made in two tests in a healthy young man.
in the first test SH was symptom free not only during the initial IAS, but also during the
challenge at zero velocity. The test 6 days later differed in that the direction of rotation
was reversed immediately after completion of the initial IAS. The fact that testing wos
aborted after the execution of 104 head movements ot 1 rpm demonst-ates at once the
greater challenge on reversal compared with that at zero velocity and the fact that
direction-specific adaptation had been acquired during the initial IAS. The greater
challenge after reversal of direction compared with return to zero velocity Is a
reasoncble expectation.

Figure 7 shows the measurements made in a young mcn 22 years of age. In the
first test direction=specific adaptation effects were demonstrated when teeting was oborted
during the challenge on return to zero velocity. Nine days later in test 2, FR was
virtually symptom free when the direction of rotation wes reversed. The obunco of frank
motion sickness is explained by the 8<hour delay between the Initial ond reverse IAS.
The fact that the head wos fixed during the delay implies that the direction-specific
adaptation effects disappeared, to a lorge extent at lecst, spontaneously.

Simultanecus measurement of reflex vestibular disturbonces and motion sickness, -~

Figure B summarizes the Tindings in fwo successive fes!s In  young man 29 yeors of cge.
The incidence of reflex vuﬂbulc disturbances RVD) increcsed greatly during the
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execution of head movements after the return to zero velocity (test 1), but despite this
evidence of loss of stability in the vestibular system proper, motion sickness was virtually
absent. In the second test the incidence of RVD during the initial IAS was lower than in
the first test, probably reflecting the retention of adaptation effects. On reversing the
direction of rotation, the incidence of RVD rose sharply (at 1 rpm), but the subject
remained virtually immune to motion sickness. Indeed, the unvarying scores of 1 point
raise a doubt concerning their validity.

The findings shown in figure 9 were obtained in a healthy male 22 years of age. In
test 1 the subject did not manifest symptoms of motion sickness during the IAS, although
the incidence of RVD was high. During the challenge after return to zero velocity very
mild symptoms of motion sickness were experienced along with a substantial increase in the
incidence of RVD. In test 2 during the initial IAS very mild symptoms of motion sickness
were experienced, and there was a rapid incremental increase in the incidence of RVD.
On reversal of rotation, testing was aborted after 40 head movements due to nausea, and
the RVD incidence was 100 percent.

Figure 10 summarizes the findings in two young healthy subjects well obove the
average in their susceptibility to motion sickness (based on past history). The data in
figure 10 a show that testing was aborted due to frank motion sickness after 20 heod
movements were executed at 5 rpm during the IAS. The low incidence of RVD is note-
worthy, rising only to 15 percent at terminal velocity. In figure 10 b testing was
discontinued after 24 head movements were executed at 4 rpm during the IAS; in this
case, the incidence of RVD rose rapidly.

Comment. — These findings indicate that, as a result of the acquisition of direction~
specific adoptation effects, an increase in incidence of RVD plus either the initial
appearance or increuse in severity of motion sickness can occur. It seems reasonable to
conclude that the increased incidence of RVD must have been due to the previous
acquisition of direction=specific effects in the vestibulor system. This conclusion is
supported by earlier studies in the SRR, demonstrating that adaptation of the oculogyral
illusion ond of nystagmus (which are typical vestibulor reflex phenomena) involves the
generation of a compensatory response of opposite sign (refs. 11 ond 12). Although in
general there seems to be a causal relation between the elicitation of RVD and motion
sickness responses, there is evidence that this relation is imperfect. Some subjects may be
highly susceptible to motion sickness and manifest a low incidence of RVD, while others
manifest a high incidence of RVD in the absence of motion sickness. It would oppeor that
either the incidence of RVD is often a poor indication of instability in the vestibulor
system (which is unlikely), or that there is something in the nature of a gating mechanism,
regulating the passage of influences across the brain stem reticular formation.
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PREVENTION OF MOTION SICKNESS

Table 2 lists some factors of importance in the prevention of motion sickness.
Although the selection process and the acquisition and retention of adaptation effects
are the best ways to prevent motion sickness, they are not exploited (except for self-
selection) under ordinary circumstances.

Antimotion sickness drugs may be extremely effective (ref. 13), and the side
effecis, after single doses ot least, are inconsequential for the great majority of
healthy persons. Some problems remain before drugs known to be effective are pluced
on the market, and much work remains before the ideal drug is identified.

e ey Dv ek i e e e e
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It is difficult to overestimate the importance of head fixation in the prevention of
motion sickness (ref. 14). This suggests that a seat design favoring head fixation
deserves consideration.

in most motion environments, susceptibility is reduced if the eyes are covered or
closed. A good substitute for reading is music. If feasible, a program specifically
designed to center a person's attention elsewhere than on the motion environment and
symptoms of motion sickness is worthwhile. : S
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Figure 3.~ Chair device used in the slow rotation room to assist in
standardizing the head movements used in generating abnormal (and
normal) stimulation of the vestibular organs.
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ABSTRACT

The vibration environment in a wide range of aerospace and surface vehicles
is examined, and definitions related to ride evaluation are reviewed. Three .
. provinces of research and application of ride data are recognized, namely
Yoo (1) ride affecting passenger and operator comfort; (2) ride affecting human ‘

' efficiency; and (3) ride affecting the health and safety of occupants occupe- °
tionally or repeatedly exposed. Specific reference is made to the proposed
IS0 guide on human exposure to whole-body vibration. The applications as well
TR as the advantages and limitations of this guide for evaluating vehicle ride are
S discussed. The derivation of the limits is reviewed with regard to the sup-

L porting data and the compromises necessary for wide applicability. Special '
discussions are included of the frequency and time dependence of these limits ,
and approaches in progress for adjusting them according to different criteria !
of application. A limitation of the ISO proposal is its restriction to fre- j
quencies above 1 Hz (because susceptibility to motion sickness makes the human
response below this frequency range highly variable, preventing a general con-
sensus), Wide acceptance of the proposal by various groups. and adoption as a ; . .
Military Standard and as a proposed ASCC Agreement demonstrates its general : '
applicability to both air and ground vehicles. Methods of measuring ride E
(including the use of ride meters) are briefly discussed. Recommendations are A '
made concerning future research in this field.

INTRODUCTION

BN All transportation vehicles (serospace, land surface, and marine) subject
. their occupants to whole-body motions other than those intended. These extra-
‘ neous motions (accelerations or vibrations) arise from the propulsion mechanisms

[v,.f 17
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and the interaction between the vehicle and the medium in which it travels
(e.g., air turbulence; surface unevenness; water waves).

Such undesirable vehicle motions have long been a major factor in occupant
acceptance of the mode of transportation. The system designer cannot be con-
tent with vehicles which conform solely to physical standards of functionality,
reliability, and economy; he must additionally consider human performance capa-
bilities in the vehicle environment, comfort, and acceptability, factors which,
unfortunately, are often vaguely defined. Equations cannot yet be written for
human performance nor can formulae adequately define comfort. The tendency has
been to lump these entities into the term "ride quality"”, which has to some
extent compounded the imprecision.

The International Organization for Standardization has proposed a Draft
International Standard (ISO/DIS 2631) entitled "Guide for the Evaluation of
Human Exposure to Whole-Body Vibration" (ref. 1). Although this guide applies
in general terms to human vibration in vehicles as well as in other exposure
situations, it promises to be a significant step forward in defining and evalu-
ating major factors which comprise the "ride quality" problem and in providing
& tniform basis for the .gollection of data on the ride envircnment. The pur-
pose of this paperds’td.review these factors, describe the ISO approach, dis-
cuss the applicability of ISO criteria to problems in the ride quality arena,

and to outline areas where future efforts are planned or needed in both research
and standardization.

DEFINITIONS

Some appreciation of the difficulties involved may be gained by considering

some definitions and implications of commonly used terms such as ride, quality,
and evaluation.

In this context, the word ride is usually used to describe the dynamic
response motions of a vehicle or its occupant to whatever forcing functions
move it as intended or excite its structure and cause it to vibrate, jostle,
sway, roll, jolt, pitch, heave, and otherwise move in ways not intended. Ride
is thus an objective measure of motion; it is not normally used as a relative
term which depends upon the vehicle mission or human exposure situation,
although it may erroneously imply something about either. Vehicle ride is
simply a "subset” of ride and refers specifically to the vehicle's character-
istics; it is the "ride" that results because of the vehicle's inability to
overcome unintended dynamic forcing functions. "Vehicle ride" refers to dynamic
responses particular to the vehicle itgelf, while "ride" also encompasses
dynamic characteristics of maneuvering or impcsed by the terrain followed.

The words quality and cvaluation are somewhat interdependen* since qualitiy
is deternined by an evaluation process. Quality attributes "goodness" or
acceptability to the ride witk respect to its negative aspects such as dis-
comfort, task iuterfarence, or annoyance; quality of ride can have meaning only
in context with the specific vehicle class and the population exposed. An
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evaluation is necessary to determine quality and this depends upon the persons
asked to evaluate, their exposure condition, the instructions given them, and
their expectations. Thus evaluation is a relative rating or value judgment of
quelity based upon a prescribed rating procedure. Difficulty has arisen because
the basis (rating scale; procedure) for evaluation or "quality" evaluated has
been different among verious investigators: in some studies subjects evaluated
the "quality" of their ride experience and in others they evaluated the "quality"
of the vehicle in which the ride was experienced. Usually, the term "ride
quality" is used as a means of relative evaluation of the ride of one vehicle .
which may be better or worse than the ride of another vehicle of the same
intended purpose. But, in general, the term "quality" is difficult to define
because manufacturer reputation, vehicle handling, riders' fears zad prejudices,
and other factors affect the assessment. Moreover, there are advantages in
restricting evaluation to prescribed bases and procedures. In any case, evalu-
ation of vehicle ride entails establishing a scale for rating the desirable or
undesirable characteristics of the vehicle ride ranging from comfort, accept-
ability, and desirability to discomfort, disturbance of various performance
functions, and intolerability.

Two examples may be helpful. First, one could say “hat the ride (total
motion environment) from A to B was very rough, but the 'ride quality” of the
vehicle in which he traveled was good. The "ride" may have simply indicated
that the terrain was rough and hilly and curvy, an environment the vehicle was
not intended fully to overcome. But the "ride quality" of the vehicle may have
been very good in that it met or surpassed expectations for the conditions met.
In the second example, cne could say that the "ride quality" of the touring car
he drove from A to B was good but the "ride quality" of an earthmover traveling
over the same journey was terrible. This would be an inappropriate statement:
one should not compare the characteristics of one vehicle in its intended
enviromment with that of another type of vehicle not intended for the same pur- s
pose; for other prejudices may influence the comparison.

Another distinction is important when using the term "quality", namely,
that between "ride quality” and "handling quality”. While "ride quality"
describes the sysiem's capability to reduce dynamic disturbances to the occupant,
"handling quality” describes the dynamic responsivenecss of the system from the
closed-loop, man-machine viewpoint of the operator. They are different entities
but they are intertwined for a pilot or vehicle controller, since osperator input
may affect ride.

i 7w e

In summary, "evaluation” is a rating or value judgment using a prescribed,
preferably standardized scale and procedure. "Ride" and "vehicle ride" are
objective measures of motion and therefore, with proper care, "ride" and
"vehicle ride” may be properly and usefully "evaluated"”. On the other hand,
"quality” is difficult to evaluate since it is judged by a mltiplicity of ili-
defined criteria. To some it may merely be part of some general concept of
"transportation quality" embracing numercus factors in addition to the dynamics
of riding (e.g., convenience, econcmy, samenities, or other envirommental agents 3
such as noise). Therefore "ride quality” and "vehicle ride quality" are not
recommended terms. The following definitions are offered as s basis from which
to proceed:
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1. Ride. An independent, objective measure of the total dynamic motions
experienced by a vehicle as a result of the vehicle's own power, maneuvers,
end the interactions with the environment through which it travels.

2. Vehicle ride. A vehicle characteristic which describes the extranecus
or unintended Zi.e., excluding intended maneuvers) dynamic motions experienced
in the vehicle.

3. Ride evaluation. A quantitative evaluation of an experienced ride
environment, including both intended and unintended motions, based solely on
occupant reaction to the dynamic motions present, i.e., without regard for the
type of vehicle occupied or its intended function, judged against a prescribed
scale and procedure.

L. Vehicle ride evaluation. A quantitative evaluation of the "vehicle
ride" (excluding intenaed maneuvers) of a specific vehicle or type of vehicle,
based upon sutjective value Judgments and/or objective rating procedures in
relative comparison with other vehicles of similar intended purpose.

It is the authors' opinion that "vehicle ride evaluation” is quite diffi-
cult to achieve without first establishing a common approach to "ride evaluation”.
More progress will be made, and across a wider spectrum of vehicle types, by
increased attention to the fundamental requirements of "ride evaluation”.

The proposed ISO guide (ref. 1) for the evaluation of human exposure to
whole-body vibration relates various human responses to the dynamic motions and
exposure time experienced. Among other applications, it provides a uniform !
basis for quantitative ride and vehicle ride evaluation, except at very low
frequencies (below 1 Hz). The guide makes no judgment on the rermissibility or
advisability of the occurrence of these responses in specific situations (e.g.,
vehicles). It recognizes that to a considerable extent human responses, pri-
marily behavioral and performance effects, depeni upon the attitude, motivation,
age, experience, and many other biodynamic and psychological factors which char-
acterize the exposure situation (refs. 2 and 3). It makes no allowance for such :
factors, although the feasibility of incorporating appropriate corrections is b
nov being stulied by the originating ISO subcommittee (IS0/TC 108/8C4). As such :
corrections are made available, the usefulness of the present ISO guide will be '
extended from "ride evaluation” to encompass "vehicle ride evaluation"” as well.

VEHICLE DYNAMIC ENVIRONMENTS

One difficulty in distinguishing ride evaluation from vehicle ride evalua-
tion ie the fact that dynamic enviromments to which riders are subjected cover
such a wide spectrum and include both intended and unintended motions. Human i L
ruponutouchportionofthecpéctruindiffcrontbothintmu.nddagreo. b
8ince vehicle ride evaluation is determincd largely by the human response to
unvanted or extraneous influences, such as structural vibrations, it is insppro-
priate to consider those clements of wotion vhich, even though oscillatory, are
intended. To elaborate, it is entirely eppropriate to include in vehicle ride
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evaluation those mechanical iisturbances of whatever origin which are extraneous
to the intended vehicle motion (e.g., vehicle structural vibrations or aircraft
bending mode oscillations causing abdominal discomfort or visual disturbances);
it is inappropriate, however, to consider in the evalunation of vehicle ride the
commanded or "mission-dictated” rigid-vehicle motions, even though they may
cause motion sickness or disorientation (e.g., during mission-dictated terrain
following in military aircraft; or during unususlly high-speed travel of ground
vehicles over an undulating road or track). The latter are within the purview
of "ride" evaluation but not "vehicle ride" evaluation. If discomfort due to
intended or dictated motion is a problem, it is more properly attacked by
reconsidering the vehicle's route or flight path, or by evaluating the "ride"

itself as necessarily more severe, than by downgrading the “ehicle ride"
evaluation.

VEHICIE DYNRAMICS/HUMAN RESPONSES

Low-frequency motions (below 1 Hz) tend to induce motion sickness in sus-
ceptible people, while resonant vibrations at higher frequencies affect mainly
the abdominal, thoracic, and spinal structures, neurcmuscular function, and the
visual system. Unlike motion sickness, body resonance phenomena affect all
riders, with comperatively little individual variation in the response. The
frequency dependence cf resonance-related effects is more sharply enhanced at
higher intensities throughout the frequency range. In the light of the known
frequency-dependence of human response to vibration, it is instructive to review
both the frequency and the intensity ranges of vibration commonly encountered
by aerospace and surface vehicles. Figure 1 shows the frequency ranges (solid
bars) for several vehicle types end the principal vehicle-component and environ-
mental factors responsible for excitation. Vertical dash lines indicate zones
of main biological responses and the scope (1-80 Hz) of the proposed IS0 limits
(ref. 1) of human vibration exposure. PFigure 2 shows representative intensity-
frequency envelopes typical of ride in several vehicle types. With the excep-
tion of the unpublished helicopter data and the P-UC data (ref. L), this illus-
tration is based on information in reference 5. Pigure 3 shows some subjective
assessments of ride in selected aerospace and surface vehicles. References 3,
6, and 7 explain the "pilots' rating of turbulence”, the airliner "objectionsble
for passengers” limit, and the Railway Ride Index (RRI), respectively. (Heli-
copter data are as in fig. 2.) PFigure 4 shows the frequency ranges of physio-
logical responses commonly encountered. In this figure, the bars with dash
extensions indicate uncertain ranges (ref. 3). Note the wide and indefinite
range of human vibratory sensation. Note also that most significant effects of
mechanical vidbration on man occur at frequencies below the audio-frequency range
(aistinguished by close-dash vertical lines). The space-dash lines show the
scope (1-80 He) of proposed ISO limits. A significant portion of the overall

froq:a?qy range in question is covered by the 180 limits (ref. 1). (Bee figs. 1
and &,

It can be seen tdst the wvehicle motion frequency range falls mainly within
the band 0.1-30 Hs, vithin which we can further distinguish frequency ranges
associated with pamrti:ular Xinds of human disturbance. The first band, O.1-
1.0 Hs, is associated mainly with motion sickness in susceptidle people, vhich
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- have evolved (e.g., "annoying”, "uncomfortable”, "disagreeable”, "intolerabie”,

‘exposure limits. (Pigure 5, taken from reference 8, summarizes some of these !

S e

occurs drring moderate to severe (high-amplitude) motions such as in ships in
heavy seas, in high-speed ground transit systems moving over undulating terrain
or tracks, or in aircraft where large-cell, high-velocity gusts displace the
whole structure.

Vibrations in the range 1-30 Hz induce important resonance phenomena in
the body and the assuciated physiological responses are therefore highly
frequency-dependent. Such vibrations arise in ships, small craft, and air-
cushion vehicles becaus: of engine vibration and small-wave incidence; in
vheeled vehicles tecause of surface irregularities in roads or tracks; in air-
craft because of turbulent excitation or aercel.astic vibration modes; and in
helicopters because cf rotor blade passage and pitch oscillation.

Vibrations at frequencies much above 30 Hz are readily attenuvated and
become progressively less important in relation to human body motion and per-
formence. Such vibrations, arising from such sources as engines and trs.:s-
missions or from the passage of a vehicle over minor surface irregularities,
can cause superficial discomfort, annoyance, and fatigue , merging with the
elfects of structure-borne interior noise.

In terms of dynamic range, vehicle vibration covers thc entire range of
human vibration sensation, from the threshold of rerception around 0.001 g
(acceleration-mplitude) to the limit of short-term voluntary tolerance around
1 g. (It is of interest to note that this is a range of about 60 dB, which is .
substantially narrower than the dynamic range of human hearing.) b

BACKGROUND OF THE ISO DRAFT STANDARD

fhe field of applied human vibration research is replete with formulae or
graphs purporting to embody a definitive approach to evaluation of "ride” in .
general or specific kinds of "vehicle ride quality”. Much of this research has '
bzen of en ad hoc nature largely unsupported by investigations of the underlying .
physiology or psychology of the human response. Tra practizal criteria for ’
rating vibrations differ widely and have often been restricted to very specific
situations, so that a host of qualitative terms for subjective vibration rating

etc.) along with adverbs such as "mildly” or "strongly” intended to incicate

minor scals adjustments in the rating. The techniques have necessarily been

subjective rather than cbjective, and the results diffuse and difficuld; to gen- .

eralize. The extent of the interpreter's dilemma is reflected in such imprecise )
or even paradoxical terms as "mildly intolerable”. -

As a result of such diffuse approochag, the ride engineer has been faced Y
with a confusing multiplicity of empirically derived rating procedures and

by way of illustration. Note the range of variation in level and position but
general similarity in form of the frequency functions. The mltiplicity of
limits such as these is rendered obsolescant by the adoption of the IS0 standard
(ref. 1).) Many limits apply only to narrow areis of practice (e.g., particular
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components of train or helicopter vibration). Moreover, the purpose (eriterion)
and scope of published limits is in many instances left unstated.

All such available studies have been considered by ISO for integration
into a coherent, generalized approach based upon specific criteria, a term
which will be more rrecisely defined shortly. For example, guidance in the
acceleration region from roughly 0.2 to 1.0 g is based upon several investi-
gators' results, including those of Dieckmann (ref. 9), and Miwa (ref. 10). A
0.1 g (1-20 Hz) limit for long-term exposure in USAF military aircraft had been
proposed by Getline (ref. 11). Other subjective data came from studies by
Dieckmann (ref. 9), Reiher and Meister (ref. 12), Janeway (ref. 13), and other
work summarized by Goldman and von Gierke (ref. 2) and cited elsewhere (refs. 2
and 3). The short-time voluntary tolerance data considered by IS0 (in formu-
lating exposure limits) are from Magid, Coermann, and Ziegenruecker (ref. 14).
Limits for x- and y-axis (which differ from those for z-axis) vibration were
based on a number of reports, including those of Loach (ref. 15) and of Miwa
(ref. 10) who has established a subjective response scale for whole-body vibra-
tion and cross-matched vertical and horizontal responses.

Data concerning the time-dependence of vibration response came from certain
of the above mentioned studies, as well as from the work of cperling and Mauzin
of German and French railrosds (described by Zoach (ref. 15)); and from various
military aviationand commerciu: airline studies (refs. 2 and 3). Human vibra- .
tion toierance has been found generally to decrease as time increases, at least : |
in the range from 1 minute to several hours. The same time-dependence is often
assumed for daily, repeated (e.g., occupational) exposure, although no dose-
response relationship has yet been established for potentially hazardous occu-
pational exposure. Such a relationship must clearly be of an objective nature
and, since it is possible that chronic exposure might be physically harmful yet

- not subjectively severe (ref. 16), if and when established, should be incecr-
porated into future ride and vehicle ride evaluation criteria.

e v et e s e

PRI RN

THE ISO RECOMMENDATIONS o

The ISO proposed standard (ref. 1) describes both "criteria" and "limits",
and it is important to appreciute the distinction (ref. 3). 1In this context:

1. A criterion is a verhal expression of the purpose of contrel or
limitation of vibration. It should, ideally, also specify the nature and pro- S
portion of the population to be protected as well as a statement of how the .
motions are to be defined and measured.

2. A limit is a numerical e pression of the maximum amount of vibration
compatible with the defined criterion. Different l.mits are required by
different criteria of protection, and they necessarily vary with the direction
and mode of vibration epplicetion. _ :
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Three main human criteria are recognized by the ISO document:
(a) Preservation of comfort.
(b) Preservation of working efficiency.
(c) Preservation of health or safety.

Limits set according to these criteria are applicable only to situations
involving people in normal healih, i.e., those who are considered fit to carry
out normal living routines, including travel, and to undergo the stress of a
typicel working day or shift.

Corresponding to these criteria, three limits are proposed, namely:
(a) Reduced comfort boundary.
(b) Fatigue-decreased proficiency boundary.
(¢) Exposure limit.

The "fatigue-decreased proficiency boundary" is illustrated and inter-
criterion conversion factors stated in figures 6 and 7. The guiding principle
of the document is to establish limits which are & simple compromise between
relevant, available data, in the belief that provisional guidance, even though
still debated, is preferable to none at all (ref. 17). Some restrictions and
compromises were necessary to achieve international agreement, simplicity, and
operational generality:

1. Limit/boundary shape. It was agreed that the limit/boundary shapes
should be identical for all three criteria (reduced comfort; fatigue-decreased
profi:iency; exposure limit) for simplicity of interpretation of measured data,
even though the laboratory data upon which the 1limits are based show a stronger
frequency-dependence at higher intensities. This allows a sliding scale of
correction factors and the construction of relatively simple and inexpensive
electronic weighting networks for comparative ride and vibration measurements.

The overall limit or boundary shape for z-axis vibration was determined

from the ¢ a to be trough-shaped (fig. 6a), with the greatest human sensitivity

in the 4-8 Hz range (the range of whole-body resonance). The shape for x- and
y-axis vibration accords with the observed maximum in human sensitivity and
impedance below 2 He (refs. 3, 10, 15, and 18). (See fig. 6b.)

The slope of the z-axis boundary from l-4 Hz is a compromise between data
from several reliable studies. Representative of the spread of the data are
results from Janeway (ref. 13), who found "tolerance" to decrease as 1/f, i.e.,
inversely proportionally to frequency, and Dieckmann ir- €. 9), who found
equally low "tolerance" at all frequencies between 1. and 4 Hz. ISO has recom-
mended a compromise alope of .'l./ﬂ', although no specific data exist to support
this particular slope. There are indications that the tolerance rises with
lowered frequency as found by Janeway, then falls again to the boundary found by
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Dieckmann at lower frequencies. The slope above 8 Hz is proportional to fre-
quency, a compromise fit to the data from several studies of the kind illus-
trated in figure 5. :

2. Limit level. The limit for each criterion (e.g., 0.31 g-rms for 8 hours
in the z-axis at 4-8 Hz) is a compromise fit to reported laboratory and field
data, modified in the case of tolerance (exposure limit) by an arbitrary factor-
of-safety of approximately 2. Some confidence can be gained from the fact that
long-term occupational exposure to these levels of whole-body vibration has not
been recognized for legal or insurance purposes ss causing any vibration disease
o or injury. Work is now in progress in ISO/TC 108/SC4 to develop correction
R factors that would permit adjusting the limits upward or downward according to

L . specific criteria for a wide range of applications fe.g., building vibrations;
or vehicle vibrations affecting crewmen, operators, or passengers).

o AP VNI eI T

,
e B

I | 3. Frequency range. Because of the large varisbility of human responses

to motions below 1 Hz, ISO currently makes no recommendation below that fre-

quency and explicitly discountenances extrapolation of the existing recommenda-

tion into that range. The upper limit of 80 Hz encompasses the range where,

for example, electric motors, gasoline engines, and air handling equipment

vibrate. Because higher frequencies are of little consequence in relation to

the intensities of vibrations normally encountered, 80 Hz was deemed to be suf-

ficiently high. The actual cut-off and corner frequencies of the limits are

round numbers selected in accordance with the ISO preferred frequencies for |
acoustical measurements (ref. 19). )

N 4, Exposure time. Based upon experimental data and field experience pre-
S o viously mentioned showing that the humsn response to vibration changes with the

G "effective” duration of exposure, the ISO recommended limits nave been formu-
lated so as to become more stringent as exposure time increases (figs. Ta HE
and Tb). The time function is again a compromise between the available data. :
The document (ref. 1) contains a computational procedure (yielding an effective .
total exposure time) for dealing with cases in which the level of vibration :
varies substantially during the exposure period. '

CONCLUSIONS AND RECOMMENDATIULSS :

For the following reasons, it is recommended that the proposed ISO limits,
with appropriate correction factors when published, be adopted as the human
frequency response function of choice for evaluating ride in both aerospace
and ground vehicles:

1. The limits embody the collective thinking of many international experts \
in human response to whole-body vibration and are an acceptable compromige
between existing data. The current status of the document as a numbered Draft
International Standard commands the respect of many nations snd has been or is
to be incorporated into their laws, national standards, or draft regulations.
Moreover, the guide is the first comprehensive attempi to address duration of
exposure, direction of vibration, and criteria of protection.
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2. The limits have been adopted as a MIL Standard (MIL-STD-lh?EA, 1970) and
& proposed Air Standardization Coordinating Committee (ASCC) Agreement.

3. In many areas where there is disagreement over these limits or criteria,
clarifying research is being conducted and the active working groups of ISO/TC

108/sCk are committed to modifying the standard as new scientific evidence may
indicate is appropriate.

i iy DA e m s a

.:\: i 4, The generality of the ISO litmits lends itself to ready incorporation as

RS a frequency-weighting function for continually quantifying humen vibration

) exposure, as for example in "ride meters", instruments which yield a weighted

e measurement of vibration environments (ref. 3) and operate in a fashion similar
o in principle to sowid level meters used to measure weighted soun. levels in

o noise environments. Some ride meters have been built, and the approach should
! permit extensive, standard comparisons of vehicle ride across & wide variety

of transportation systems. (The draft standard includes certain specifications

concerning the reccmmended characteristics of electronic weighting networks for
such purposes.)

Continued research will be necessary to increase confidence in these limits

or to extend or modify them to suit specific criteria. The following areas are
of particular importance:

1. More definitive research in human response to motion in the range of
0.1-1 Hz must be encouraged, ultimately to ¢ stablish a 95th percentile boundary
: for passenger ride comfort (defined as the limit up to which 95% of the riding
A population are, with high probability, unaffected by motion sickness).

o 2. Additional and better laboratory studies are needed which exumine the
E extent to which data from sinusoidal vibration studies epply where multiple
AT axis, multiple frequency, or random inputs exist, as is generally the case in
practice. The human body is biodynamically non-linear (refs. 2 and 3) and
therefore the principle of superposition does not necessarily hold. Moreover, -
it se¢ s plausible, although it has not yet been clearly established, that ‘ ’

multi-frequency or multi-axial vibration inputs elicit varying, and perhaps
additive, adverse responses.

3. The prcdictive value of hasic "ride" and "vehicle ride" concepts in :
surface transportation will be enhanced by the development of a set of
"standard road spectrum" inputs for operating on the vehicle and human :
frequency-response functions, in ratiaer the same manner as the aireraft indus- §
try utilizes the von Kérmén standard gust profiie to operate on airplane and Vo
pilol or pessenger trensfer functions to determine a single number representing -
the "vehicle ride" evaluation (refs. 20 ard 21). (A new working group of ISO/TC
108 was set up in 1971 for this pur;ose, )" :

L, New avenues must be explored to complement the ISO-type frequency- k,
response function with respect to human performance. For example, promising new
research is progressing in the Air Ferce (ref. 22) to establish "describing
function" models for aircrew performance in buffeting environments.
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5. Additional data must be collected upon which to base tables of correc-
tion factors to adjust recommended levels for a variety of applications, that is,
for subsets of the principal criteria (e.g., for different riding populations;
for different kinds of task performance with varying error tolerances; or for
the presence of other disturbing factors, such as noise).

6. Considerasble field and laboratory research is necessary to define
S ¥ dynemic environments and human responses in all 6 degrees of freedom. Very few
RN ;}’ data yet exist to relate rotational vibrations to various types of human
K . response, although such vibrations commonly occur in practice.

od B 7. The time-dependence of vibration response must be more clearlv estab-

e lished and the possibility of performance degradation and injury resu.ting
from chronic exposure must be explored, and appropriate data incorporated into
the procedures for evaluating "vehicle ride" on the basis of the ISO
recommendations.

8. Psychophysical techniques should be utilized more extensively in the
collection of laboratory data on human vibration response., The increased use
of psychophysical techniques such as employed by Miwa (ref. 10) and Shoenberger
and Harris (ref. 23) is to be encouraged.

While these developmeats are under way, the following interim recommenda-
tions are offered:

1. Use of the word "quality" in reports of the evaluation of ride and
vehicle ride should be discouraged.

2. The ISO limits should be adopted as the frequency-response function of ;
choice in design, in vibration control for the protection of men, and in evalu- i
ating ride where motion frequencies below 1 Hz are not a significant component
of the unintended environment.

3. Regardless of other approaches and methodologies which mey be useful ’
in specific programs, ride measurements at the point of input to the man should
be made and reported in accordance with the ISO recommended practice. Reports
of future investigations of ride and vehicle ride should additionally include )
deta weighted according to the ISO frequency-response function. This will
permit the standard, quantitative evaluation and comparison of ride environments
and their interrelationships across a wide spectrum of vehicle types, Jjust as
the A-scale acoustic frequency weighting permits comparative sound level evalu-
ations in diverse noise environments.

4. As and when appropriate criteria correction tables are developed for
inclusion in the ISO guide, these should be adopted and experience with their
use made known to ISO/TC 108/Sch, either via contact with members of the work..
ing groups or through representation on the corresponding national standard-
ization committees (e.g., ANSI-S3.39 in the USA.) In this connection, con-
structive comments and suggestions concerning the current recommendation are
welcome from any source.
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5. It should be borne in mind that the ISO guidelines are in no way
intended to be immutable dogma. Like all such recommendations, they offer
general guidance only; and the extent of their application to any specific
situation in practice is a matter for the engineer or other user to decide in
the light of his or her professional judgment.
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Figure 1.- Approximate frequency ranges of principal sources of vehicle
vibration affec:ing man.
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MARINE VEHICLE RIDE QUALITY

by

&)

R. J. Gornstein, W. M. Shultz, & L. D. Stair
Naval Systems Division
The Boeing Company

SUMMARY N7é;10022

R B

A variety of advanced high-speed marine craft has been pro-
posed for the transport of people. Specific vehicles have been
tried on a diversity of routes both with success and failure.
Claims and counter-claims have been issued. Technical debates )
have ensued with regard to vehicle performance, reliability,
costs, control, stability, propulsion, noise and air pollution,
etc. The literature contains numerous reports on these subjects.

RPN o2 PERLCTR Farimitr R £

With notable exceptions, little has been said about one of
the most basic of all considerations where the transport of man
is concerned, the effect of vehicle motions on the fare-paying
passenger. Generally, the problem is misunderstood and all too
often ignored. No universally accepted method has been estab-
lished to define the water conditicns expected along a route,
the vehicle motions likely to result, or the reactions of the
passengers to those motions. This paper focuses attention on
these considerations, compares the ride quality of advanced
marine vehicles, and provides a basis for marine vehicle selec-
tion in modern water transport systems.

Good harbors and accessible waterways have been vital to the
economic growth and community development of almost every major
city in the world. The water continues to play a critical role
in commerce, but land and air have taken over the transportation
of people. Available, inexpensive to maintain, and underused,
the waterways can be developed for passenger transit with a min-
imum of disruption, inconvenience and cost to the community. Ride
quality and passenger acceptance are paramount to making it all
happen - the keys to any economically viable form of transport.

INTRODUCTION

A fare-paying passenger, whether traveling by land, sea or
air, expects ssfe, dependable, convanient and economical service.
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Each mode of transportation has inherent advantages and dis-
advantages which change in scope as time goes on. For example,
the jetliner's speed is offset by terminals located far from the
passenger's final destination. 1In urban areas, the lower vehicle
cost of cars and busses is offset by the cost of right-of-way and
the problems of community dislocation and congestion.

For centuries water transport was the major mode within many
countries, and the only mode of travel between continents. Most
of the world's large cities were located to provide easy access
to water transportation. 1In recent years water transportation
has declined in welative importance because it has not kept pace
with developments and improvements enjoyed by land and air trans-
port systems. Water transport systems have remained slow, un-
comfortable and subject to the vagaries of weather.

With the advent of modern technology this need no longer be
true. Advanced marine vehicles have been designed to provide
competitive speeds with a quality ride, and have achieved a broad
passenger acceptance. This has been demonstrated in Russia where
over 1,000 hydrofoil craft are engaged in river travel today.
Technology is in hand to provide the same or better ride quality
at still higher speeds in the open waters of the United States.

Current problems of population growth, traffic congestion
and pollution demand that we again take a hard look at the number
of potential benefits water passenger transit has to offer.

Think of what this would mean to the crowded city of today, and
the congested city of tomorrow.

Sixty percent of the population of this country lives adja-
cent to water, and nine of our fifteen largest cities are coastal,
all having main waterways that are generally underused and under-
developed in relation to other transit rights-of-way. These
water freeways are available with a minimum of property condemna-
tion or community disruption. Water rights-of-way are inexpensive
to maintain and flexible in meeting changing conditions.

In theory, at least, water passenger transit systems appear
to have much to offer modern society and community development.
The key question is, -- can marine vehicles be made available
that will meet the demands of comfort, dependability and high
speed within ecological constraints and be a good neighbor to
other users of the waterways and those living on the shore? 1If
80, then can they be economically viable since there are already
too many transit systems that are losing money at an ever-increas-
ing rate. (Reported as 1,079 systems that lost a total of $332
million in 1970.)




MAN -~ THE DETERMINANT

The most critical factor in econonic viability for any trans-
portation system is passenger acceptance. No system is worth
much if the people it is intended to serve won't use it. This
concern is especially true for water systems, where it is con-
tended that many past systems were not acceptable to people and
were discontinued for that very reason.

RIDE QUALITY

Human reaction to motion is primarily subjective, and for
the most part, has defied rigorous formulization and quantifica-
tion. Defining the level of ride quality acceptable to passen-
gers on a day-to-day basis is a weak link in the progression of
marine transportation. Each type of marine vehicle provides a
unique motion environment in a particular sea. Knowledge of the
effects on passenger comfort due to motion spectrality and inten-
sity is necessary to intelligently select candidate vehicles for
operation on specific routes. Improvements in vehicle design
aimed at providing a better ride await a clear understanding of
passenger requirements. :

Some of the recent work in the field of human reaction re-
search, while not directed specifically at marine applications,
is revealing in the sense that it offers insight into the piob-
lems of what is important in providing passenger acceptable ride
quality. It is the consensus that ship vertical or heave
motions (aptly named) are the primary cause of sea-sickness and
severe discomfort. (Ref. 1) The sea-sickness and comfort bound-
aries shown in Figure 1 were derived from the data existing in
the references. Due to the limited amount of information avail-
able the boundaries presented should be considered to be tenta-
tive rather than definitive. People appear to be more sensitive
to a particular level of motion during a period of increasing
motion intensity and less sensitive during a period of decreas-
ing motion intensity. Motion sickness has been found to be
most predominate (30 to 50 percent of test subjects became ill)
when oscillation was less than .8 hertz and vertical accelera-
tion ranged from .1 to .17 g's rms. (Ref. 2 thrul?)

ROUGH WATER -~ THE CULPRIT

Does the water ever really get rough in places like New
York Harbor, San FPrancisco Bay, Puget Sound, Honolulu, etc? Does
it happen enough of the time to worry about? 1Is it going to
affect the ride of any reasonably sized craft in a signifivcant
manner? This is the next key problem in evaluating marine sys-
tenms. .
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VEHICLE BEHAVIOR

Today's marine designer has a decided edge over those of
yesterday. He can predict with confidence the characteristics
of the sea in which his vessel will operate. He can likewise
simulate the response of his design to that sea and shape the
vessel response through application of modern control theory.
If mly he knew what shape he needed to have before the passen-
gers started to board on the maiden voyage.

Marine vehicles come in a wide assortment of sizes, shapes
and types. It is primarily the type that is of interest here.
There are conventional craft, surface effect vehicles and hydro-
foils. Within each type there are different kinds to further
compound and confuse all but the most knowledgeable observer.
Conventional craft include all normal displacement craft that
depend on the bouyancy of the water for support, and include
catamarans and planing craft which obtain some dynamic lift as
the craft increases speed. Surface effect ships employ cush-
ions of air to provide lift., Hydrofoils depend on dynamic
foil 1ift, and are either surface piercing or the fully sub-
merged type.

ith only one exception, the fully submerged hydrofoil,
these vehicles are surface followers. These surface following
vehicles can provide good ride quality in relatively calm condi-
tions. The fully submerged hydrofoil can provide excellent ride
quality in rough water environments.

I'igure 2 presents vertical motion transfer functions which
were developed from data in References 11 thru 16. The upper
two curves are for a 200-ton, 140-foot long conventional ship
operating in a head sea at 22 and 35 knots. The middle curves
are for a typical 60-ton surface piercing hydrofoil operating
in a head sea at 35 knots, and a 175-ton surface effect ship in
the same sea at 33 knots. The lower curve is for a fully sub-
merged hydrofoil operating in a head sea at 45 knots.

Figure 3 presents acceleration characteristics determined
by combining the conventicnal ship transfer functions with the
four different wave spectra from Figure 4. As can be seen, a
reduction in speed from 35 to 22 knots does reduce the acceler-
ation levels.

Figure 5 presents vertical acceleration responses obtained
from the 175-ton surface effect ship transfer function of Figure
3, with the wave spectra of Figure 4. One paper on surfuce
effect ship operation in the English Channel (Ref. 17) reports
that over 10 percent of the passengers carried were seasick
when oparating in cbseérved wave heights of five feet and higher
at speeds less than 33 knots. The associated vertical acceler-
ations in these waves were from 0.13 to 1.15 ¢g's rms. No fre-
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quency response data was presented, and therefore this data is
shown as a band on Figure 5.

Figure 6 presents the acceleration characteristice for the
hydrofoil vehicles. The surface piercing hydrofoil at 35 knots
provides a ride comfort approximately comparable to the 200-ton
conventional ship at 22 knots. The addition of control systems
to surface piercing hydrofoils (as is currently being undertaken
by some manufacturers) shows promise of as much as 50 percent
reduction in vertical acceleration. The fully submerged hydro-
foil data is based on computer simulations correlated with four
years of operating experience with similar hydrofoil vehicles.

RIDE REQUIREMENTS

The most difficult task is to determine sea transportation
ride quality requirements. To define the level of motion that
would be acceptable to any specific group of passengers being
transported over the sea, we would ideally need to know the re-
action of that group to specific motion environments. Obviously,
the ride quality that would be acceptable to a group of pilots
or astronauts might not be acceptable to a group of ladies from
the B'nai B'rith of Topeka, Kansas.

Over the past 50 years a limited number of tests have been
conducted with the goal of determining the effects of motion on
people.

Without exception, the results show a great variability of
human reactions. Many physiological and psychological factors
interact to affect people‘'s comfort from day to dag and from
group to group. Some of the factors which need to be specifi-
cally investigated and others for which qualitative information
is needed are listed below:

1. Direction of motion with respect to the bol;
2. Wave form or spectrum of the motion

3. Uni- or multi-directional motions

4. Duration of the motion

5. Environmental conditions such as temperature, humidity,
ventilation, odors, noise level, etc.

6. Activity of the individuals during the tosts such as
drinking, reading, writing, etc.

7. Characteristics of the test subjects: Age, sex, height,
: weight, previous motion experience, etc.
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In 1968, the SST Technical Staff undertook a program of
tests and evaluations to develop aircraft passenger ride accept-
ance criteria and to define a ride quality analysis method. Com-
parison3s were made between the expected SST ride qualities and
those of current commercial airplanes. The results are presented
in Reference 5. Although these tests were aimed primarily at
determining passenger acceptance of the SST ride under turbulent
air conditions, some of the results were of interest from the
standpoint of marine transportation, specifically the results of
tests using narrow band random motions with spectra similar to
those observed for marine vehicles operating in waves.

None of the motion experiments was conducted with more than
one person at a time. Individuals within a groun may react
differently to the test environment when not under exclusive
scrutiny by the observers., A group mutually engaged in some

activity may react contrary to what would be expected based on
individual test reactions.

In general, the individuals in a test population were males
between 20 and 40 years of age from various backgrounds. The

number of people tested in a typical experiment usually varied
from 2 to 15.

CONCLUDING REMARKS !

It is hoped that this paper will stimulate researchers to
conduct additional tests of variables, types and numbers of
passengers in a frequency and g spectrum which encompasses marine
travel so that future marine designers can improve their systems
and expand the roll of marine transportation to the benefit of

future travelers.
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INVESTIGATION OF TRAVELER ACCEPTANCE FACTORS IN

SHORT-HAUL AIR CARRIER OPERATIONS"
A.R. Kuhithau' and Ira D. Jacobson'
Center for Application of Science and Engineering to

Public Affairs
University of Virginia

IR 1 INTRODUCTION AND BACKGROU:D -
N78-10023
The ability to mathematically model human reaction to variables involved

in transportation systems offers a very desirable tool for the prediction of
passenger acceptance of proposed systems and for establisting acceptance
criteria for both the system and hardware designers. To provide useful practi-
cal results the model must accommodate all essential Inputs from all parties
involved, i.e., the passenger, the general public, and the industries which

will build the equipment and facilities required and offer the services which
result from their use,

Although this paper will be limited to a discussion of some of the tech- <
niques, activities, and results related to defining certain specific inputs
to the model, it is important to place them in their proper perspective and |
so a very brief review of the overall approach should be of value. A

Figure 1 shows a general schematic diagram of the problem solution plan :
which has been adopted. The industry component has been neglected In this !
initial formulation on the grounds that to a first approximation economic
factors will dominate industrlal acceptance and that the appropriate cost ; ,
factors will be defined by the passenger and public studies.

The solution plan also assumes that the reactions of the traveling and
non-traveling public ere generally independent and can be assessed in parallel, :
This Is also obviously valld only to a first approximation and cross-talk be- '
tween the two channels must -definitely be accounted for in subsequent
iterations, '

Since this paper is concerned solely with passenger acceptance, let us S
look at this channe! In more detall. Without any attempt to be exhaustive,
the general content of the varlous inputs to the passenger mode! will include
such items as the following:

*work supparted by NASA/Langley Research Center under Grant 47-005-181
fProfossor, Asrospace Enginesring ‘

T ﬁAnIstant Professor, Aerospace Engineering
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Inputs due to Vehicle

motion of all types .... effect of amplitude, velocity,
acceleration, frequency, etc.

cabin environment ...... temperature, humidity, noise,
seat accommodation

cabin service, aesthetics, limitations, etc.

visual cues

- |né"£§ due- go Systems Characteristics
£, X °*

séfety convenience

reliability comfort
time savings aesthetics
cost service

inputs due to Passenger Characteristics

motivation for the trip

personal traits that influence 1ikes and disllkes
relative Importance of various system characceristics
general attributes of standard of living

Inputs due to Passenger Preconditlioning

impressions based on marketing and promotion
impressions based on previous trip experiences

experiences related to current trip
terminal location handling in terminal
ground transportation handling in alrcraft on ground

parking

Although the ride quality aspects are nominally contained in the category
of vehicle Inputs, it should be ¢clear that the humen reaction output will be
strongly Influenced by the conditions existing in the other Input classes.
This fact has Important implications in the design of experiments for deter-
mining reaction to such variables as motion, temperature, noise, etc. Because
of this Influence of one Input on another, Inadequate documentation of the
conditions under which Targe quantities of human response data have been
obtained makes these data of little value to model development.
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Another important feature of the model results from the fact that no
specific system can be evaluated in isolation. When the final decision as to
acceptability is made by the passenger, it will always be in comparison with
the similar types of attributes of alternative systems. This also has a pro-
found influence on the acquisition and evaluation of data obtained from
passengers or travelers. Thus in effect we are concerned with modal split
demand analysis. For example, the usual presentation of demand models results

in a form typified by:
b =k $% 78
n nn

where
D = Demand for travel mode n; i.e. percentage of total

number traveling between two points who use mode n
= Cost
Time
= Empirical coefficient
8 = Elasticities

R X =
fl

The key to the ability of such an approach yielding a reliable result
rests with the coefficient K. It is the only term in the formulation which
can account for the many factors of human acceptance described above. The
total acceptance modeling concept should result in a much more detailed ex-

pression for Dn of a form

Dn =f(C, T, S, R, E, $)

where
C+Comfort = f(motion, noise, temperature, pressure,...)

T+Time = f(connect time, trip time, delay time....)

S+ Safety = f(mechanical reliability, accident record,
risks as sensed by passenger....)

R+Rellability = f(weather, breakdown frequency, space
availability....)

E+Convenience = f(schedules, locations, routes....)
$+Cost ~ f(connect cost, mode cost, ancilary costs....)

where the effect of passenger preconditioning can also be included.

Two final comments are in order concerning the University of Virginia
concept. First, it is apparent that if the approach is successful for STOL or
short-haul air trensportation systems, then by proper characterization of the
Inputs to the model, it should be applicable to any type of transportation
system, be it land, sea, or air, Secondly, a considerable amount of the
methodology and techniques perfected for spplication in the transportation
fleld should be sufficiently general to form a firm base for a quantitative
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approach to human acceptance in a wide variety of problem areas.

ATTITUDE SURVEY

In order to define the inputs to the passenger acceptance model it is
first necessary to assess the relative importance of the varicus aspects of
the transportation system as they relate to the satisfaction of the passenger
or potential passenger. It was hoped that the general areas included would
order themselves in some hierarchy of values which would be relatively in-
variant across subjects, allowing a predictive model of the prospective
passenger to be developed. This possibility did indeed emerge from the study.

Although a considerable body of |iterature exists concerning travel
habits of passengers, it is not properly oriented for the current studies.
In the case of inter-urban air transportation it is mostly demographic in
nature (see reference 1)with very little data on attitudes. Factors affecting
modal choice in urban transportation have received serious study (see
reference 2), but the situation here Is quite different from the inter-urban
case. Consequently, it was felt desirable to obtain information relating to
the inputs defined earlier by direct contact with the particular user group
likely to be most concerned with short-haul or STOL air transportation.

Basically, two questionnaires were utilized for this study - one a ground-
based questionnaire probing attitudes, the other a flight questionnaire which
in addition to surveying attitudes was concerned with subjective reaction to
the flight environmant, This will be discussed below. Table | shows some of
the demographic features for the subjects responding to each of these
questionnaires, Although the ground-based version was administered to a sub-
Ject group of predominately professionals, a wide variety of occupations from
secretary to airline pllot was represented in the flight administered version.
The data for the general publlic were taken from reference 1.

TABLE |
Percent Traveling for
Responge Group | Business  Personsl  Other
General Public (High Density Market) 7h 23 3
UVA Ground-Based Questionnaire 79 21 T .
General Public (Low Density Market) Lo 34 26
UVA Flight Questionnaire 22 12 66*

*Paid Subjects




S
Percent Whose Age
Response Group 25 25-34  35-b4h4 45-54 55
General Public (High Density Market) 14 20 27 22 17
UVA Ground-Based Questionnaire 1 19 28 27 15
General Public (Low Density Market) 28 18 22 18 4
UVA Flight Questionnaire 28 26 16 23 7

It is apparent from a study of Table | that the respondents to the ground-
based questionnaire very closely approximated the typical profile which emerges
from studies of the general public in a high density market. Similarly,
discounting the perturbation imposed by the necessity to use a high percentage
of paid subjects in the flight questionnaire program, there is a marked
similarity between this group and the general public involved in a low density
market.

The factors determining satisfaction with air travel are shown in figure
2, It is important to note that the rank order of the variables remained
essentially unchanged when broken down by ground based or flight administration
as shown. In addition they remained relatively invariant for most other sub-
divisions (e.g. male versus female) with the noted exception of the effect on
the ranking of cost with purpose of trip. When the major trip purpose was
personal (1.e, personally funded) cost became third in the rank order.

In addition to investigating the overall aspects of passenger satisfaction,
the Importance of the aircraft environmental variables on passenger comfort
and the most likely In-flight activities (for short-haul flights) were studied.
The results are shown in figures 3 and 4. Subjecting the data to a factor
analysis leads to some interesting conclusicns (see reference 3).

FACTOR ANALYSIS

Follow=up Intsrviews were conducted during which seversl psychological
tests were conducted, and an in-depth analysis of these along with the
Questionnaire data was cerried out. The results Indicated that the variables
- assoclated with traveler's degree of satisfaction with his air travel experi-
ence can be distinguished on the basis of four principal dimensions:

Dimension | - A safety dimension
This Iincludes rellability.

Dimension 2 = A cost=benefit dimension

It Is Interesting to note that cost alone Is not the
prime quantity Involved here; convenience and time
_saving must be considered In trade-off with cost.
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Dimension 3 = A "luxury" dimension

This dimension includes a mix of comfort, convenience,
on board services, and aesthetics.

Dimension 4 - An in-flight activity dimension

This characterizes the passenger's preference for how

he will spend his time in flight and is strongly influenced
by comfort,

Thus the customary variables associated with travel are not unique to a given

dimension, but generally appear more than once, and often in a different
context.

Based upon this analysis it is proposed that a demand model of passenger
usage should be a function of the four basic dimensions, not just the economic
and time veriables usually considered.

MODELING

Although the ultimate goal of the model ing effort is to determine a
relationship which quantizes the passenger acceptance of the system (demand
model), a first step of which Is described above, the present model ing work
is focused on a subvariable in the problem. As seen from figures 2 and 3,
the comfort of the passenger is as important a variable as the convenience,
time, and cost of the system; and the ride quality (motion) Is an important
parameter along with temperature, seat comfort, noise, 1ighting, pressure
changes, and presence of smoke in determining comfort. Thus an experimenta)l
Program was undertaken to provide data for a first generation mode! of comfort.
This program consisted of a series of flights by a selected subject group on a
regularly scheduled conmercial airline with associated equipment to measure

both the environmental variables and the subjective response of a group of
subjects.

A total of 100 flight segments were flown aboard three different alrcraft
==Y§=11, F=227, B-737-- for a variety of turbulence conditions and ow.. a
variety of terrain (both flat and mountainous). There were elither one or two
subjects per flight segment and a minimum of six flight segments were obtained
for each of nine subjects. The response of the subjects was scheduled by time
and involved & subjective evaluation of comfort every two or four minutes
during flight in response to the motion environment,

In addition to the six motion variables consisting of three !inear accel-
erations and three angular accelerations, the tempersture and noise level
were monitored. The motion variables were recorded on NASA provided equipment
shown Iin figure § consisting of angular accelercmeters, and o recording system,
The measuring equipment wes placed o the cebin floor directly In front of the
subject's seat location. The motion data was recorded on & standard FM tape
recorder and later reduced for analysis using & standard time series analysis
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program (see reference 4). The temperature and noise level were manually
recorded. A typical trace of the recorded motion data in shown in figure 6.
The comfort response is based on a five-point scale from | - very comfortable
to 5 - very uncomfortable,

Two models have been developed based on these data and a third proposed.

At present they are a function of only the motion variables since the other s
comfort parameters were either substantially constant or not measurable for
" 3 the aircraft used. The first model is an extension of the work done by Van

4 Deusen (see reference 5). The comfort, C, of the passenger is related to the

sl i e e,

b RMS accelerations and their cross correlations by %
.ni

”’ 6 v 6 n .
C=C + } a,a,d + ' B, b, H !

°© yu1 31 j=1  i=j1 11 ;

{

H

where

- .\/1 T
aj= i.'faj(t)dt

0o % 3’

are RMS accelerations in the vertical, transverse, longitudinal, pitch, roll,

’ f; and yaw directions and
B -‘\/l a, (t) a,(t) dt 143
1 T J% i
. 0 ) .
).
are the cross correlations of each varisbie with all others, The oa's and { o

:;3 ‘ Bij.’ are weighting factors and the vj's and uij.’ are scaling exponents., A

Ll physical interpretation of the mode! is to consider the a's and B's as

v sensitivities of the human subject to the different directions of acceleration

. " and the scaling exponents as representstive of the nonlinearity of the humen

s sensor. For the data obtained to date this equation has the form:* o

C=1.8+ 150, * 5.0 ans. * “o'long. + ‘zs'pltch oot "9'y.u

*
This mode! is based on » preliminary data evalustion and in the more general

» case can be expected to be nonlinear and contain cross correlation terms. The

N amount of data evaluated to date restricted the number of determined

cosfficients. Thus the mode! presented is one which contains énly & linear
forn of the comfort equstion. RS
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where the linear accelerations kave the units of 'g's'" and the angular
accelerations, rad/sec?., This model was obtained using a composite of a

least squares fit of the data and isocorrelation curves of the variables, A
measure of the goodness of fit Is indicated by the number of points whose pre=-
dicted comfort rating differs from the actual by more than one, which for this
model s approximately 10 percent.

In order to interpret this model it is necessary to note the following.
First, since al) the field data were taken during normal flight conditions,
there was no control over the accelerations. Thus the process of going to the
limit of a single degree of freedom is not appropriate except perhaps for the
most dominant term. Second, the range of values for each of the accelerations
varied considerably and is shown in Table |1,

TABLE 11

Acceleration Range _ Median
Vertical 0 +.10 iig's" .06 "g'gt
Transverse 0 * .14 ngrgn .013 'g's"
Longitudinal 0.4 ngtgn 012 "g'sm
Pitch 0 +1.6 rad/sec? .07 rad/sec?
Roll 0 + 1.6 rad/sec? .20 rad/sec?
Yaw 0 +1.0 rad/sec? .04 rad/sec?

With these in mind, it can be seen that the vertical acceleration Is the
predominant factor with transverse and yY# accelerations also relatively
important. It cen be expected thet the inclusion of cross correlations will
allow for a more precise evaluation of the role each varisble plays. It is

recommended that a value of 3.5 for C be the acceptable limit for most
commercial flight applications.

The second mode! - patterned after Rustenberg (see reference 6), has the
form

6 & 8

3y T
- 3
CecC_+ 121 121 Yyy 6] £ o, (£)at

4=1
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where
Yij are weighting factors
£ the frequency
¢, (f) the power spectrum in each of the six
1 acceleration variables
6 +§ the frequency range
-1 5 q \4 9
T the dependence on frequency in the
3 frequency range

The §'s and t's are assumed as In Rustenberg's development tn be given
by a ""human response function''. Here we assume the following form patterned
after the response curves given in reference 7.

0<£f<2.0 cps T= 0
2<£<5.0 cps T=.6
5<£<20 cps T= 0
20<¢ Te= =]

In the present mode! the "human response function' Is considered constant for
each direction; this wil) be relaxed for future models and the relationship

established from the datas.
The "best fit" of the date for this mode! Is given by

C=1.8+ lo.ﬁftr OV(f)df + 2.0[{7 Or(f)df + -'fft OL(!)df

T T T
* T e s 3T acoar 5 [e e

-where the subscripts Y,T,L,P,R,Y represent the vertical, transverse, longitud-
inal, pitch, roll, and yaw Jlroctlom. respectively. Here it Is again seen thet
the vertical acceleration is the dominant one. The number of points
exceeding the actus! comfort response by more than one Is 11 percent.

The third mode! postulsted tekes into account both of the above approsches.
;t relates the comfort to the AMS values of acceleration in discrete octave
ands .

"As befors the amount of date dictated the use of only o limited nusber of
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where as before the K's and A's are weighting factors, c¢'s and n's non-
linearities, a the RMS value for each degree of freedom i, and b the correla-
tion coefficlent for each pair of directions are subdivided .nto octave bands,
Af, Insufficient data have been obtained to date to evaluate this model.

FUTURE ACTIVITIES

At the present time continuing efforts are underway in both traveler
sttitude analysis and data accumulation for mode! development. In the former
ares, the procedures and techniques used in the study of the group of academic
professionals reported in reference 3 are being extended to a larger and more
diverse group. This includes government and industrial personnel having
training and job functions ranging from science and engineering through sales
and management., These individuals can normally be expected to trave! frequent-
ly in the conduct of their business. Also to be sampled at the same locations
are employees whose job assignments do not usually involve travel. The survey
Is taking place In the Richmond, Hampton Roads, and Northern Virginia sreas.

As previously, all participants complete a basic qQuestionnaire and then »
restricted number of follow-up interviews are conducted with volunteer
candlidates.

The results of the attitude analysis cited earlier clearly indicate the
importance of broadening the data base for mode! development. Also the ranges
of motion encountered in our first program were |imited by the selectlion of
aircraft and flight profiles avallisble. Finally, it was not possible to obtain
any responses from the paying passengers and Civil Aeronautics Board regula-
tions caused undesirable restrictions on the number of test subjects
available.

Taking all of these factors into consideration a decision was made to
work with the commuter airlines In the next phase. The Allegheny commuter
arrangement is ldeally suited to our needs. With their cooperation we have
initlated a test progrem with Ransome Airlines, which operates an Al legheny
Commuter Service between Phiiadelphlis-Trenton and Philadelphla=Washington, and
with Atlantic City Alrlinas operating s similer service connecting New York
and Philedelphia ‘th Atlantic City and Caps May. The sircraft used include
the Volpar Beech 18, Mord 262, and de Havillsnd Twin Otter. The routes are
such that thers is definite competition with other air and/or ground modes
(rall, bus, cor). ' :

One member of the University of Virginia research team flles on selected
flights as o regular paying passenger (to sssure a place on high dens ity

flights). Whenever space Is avallable, additions) research team mesbers fly
without charge. These specisl experimental subjects produce quantitative
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response data keyed to recorded measurement of the aircraft motion, temperature,
and noise. At the same time the taam members distribute questionnaires to all
passengers prior to take-off and collect them upon deplaning. The opinion of
the pllot as to ride quality is also obtained. This program represents an
important step in the development of passenger models in that it is the first
time that it has been possible to correlate quantitative measurements of flight
parameters directly with the response of regular commercial passengers.

CONCLUS 1ONS

The initlal steps have been taken in the development of a mathematical
mode! to predict and evaluate human acceptance of transportation systems. The
inputs and resuits to date are appropriate to a short-haul service, either STOL
or otherwise and serving either a high density or a low dens ity market.

The desires and preferences of a typical traveling group of business and
professional persons have been surveyed, Safety, relisbility, time savings,
comfort, convenience and cost were determined to be the most important attri-
butes of a transportation svstem.

In addition, a program of data acquisition from experimental test subjects
on regularly scheduled short-hasul airline flights was undertaken. Since the
questionnaire survey also indicated that motion, temperature, and noise were
important components of comfort, these varlables were measured and correlated
with the subject quantitative rating of the ride comfort.

Three mathematica) models were presented with the deta used to determine
preliminary forms of a comfort equation for two of them. They indicate that
vertical motion is the predominant factor affecting satisfaction with the ride,
with yaw and transverse motion also Important. A guideline for acceptability
has also been established. As more of the data is reduced, it will be possible

to introduce more sophistication into the models and also look for cross
correlations between the varisbles.

Additional flight experiments are planned which will Introduce factors
related to convenience, time savings, and cost into the model. Also for the
first time measures of satisfaction will be obtained from the reguler passenger

“In flight,

It Is Intercsting to note that o general analysis of the resul:s of the
ground-based survey of typical passengers shows that the variables related to
alr transportation group very nicely into four major "'dimensions’'. These are
safety, cost-benefit, luxury, and in-flight activity dimensions.

The subject group for these surveys is beiny expanded widely, and If the
valldity of this concept holds, it should serve as o highly useful tcol for the

development of models, expecially the design of experiments to provide data
for the models. o
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‘Figure 1.- Problem solution plan.
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Figure 5.- Data measurement and recording equipment.
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Figure 6.- Accohromtor/mbaectivc response output trace.
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RIDE-QUALITY RESEARCH ACTIVITIES AT :

NASA LANGLEY RESEARCH CENTER

By Andrew B. Connor, Hugh P. Bergeron, and W. Elliott Schoonover, Jr.
NASA Langley Research Center

INTRODUCTION Nqé; 10024

This paper will briefly outline ride-quality research presently underway
at the NASA Langley Research Center. The objective of this research is to
establish a definition o? vehicle design criteria based on passenger accept-
ability. More specificallv, criteria are sought which describe those vehicle
performance characteristics which will insure passenger comfort. Emphasis on
passenger comfort is somewhat new in that the bulk of ride-quality research
in the past centered cn improvement of crew performance.

Figure 1 illustrates how Langley personnel in the disciplines of vehicle
environmental dynamics, structural dynamics (rigid body and elastic), and
electromechanical measurement techniques combine their talents in deiining
the passenger environments of various types of vehicles., At the same time
(and in the case of field testing, in the same tests) human factors experts
quantify paseenger subjective response to these environments. Findings in )
these two areas ere then integrated to establish the characteristics of those , i
environments found to be most acceptable to passengers, that is, to define F I
ride-quality design criteria. ]

Ride-quality research activity at Langley complements similar efforts at
the KASA Flight Research Center. Through comparison of ride-quality flight ;
data obtained at the two centers using aircraft with different passenger envi- s
romments and further correlation with data obtained aboard Langley ground-based ‘
simulators, a broad, yet in-depth, investigation of the various factors affect-
ing passenger comfort is possible. Langley's ride-quality research is also
coordinated with and frequently conducted in conjunction with research sponsored
bty the Department of Transportation through the Federal Aviation Administration,
the Federal Railway Administration, and the Office of Research, Development
and Demonstration. 1In addition, contact is maintained with the USAF Aerospace
Medical Laboratory at Wright-Patterson Air Force Base and the Naval Aerospace
Nedical Institute in Pensacola, Florida. Langley spcasors significant re-
seaxch related to ride quality through contracts or grants with universities
as vell as commercial research laboratories.

RIDB-QUALITY CRITERIA

Below the limit of pnrcupti&n motion presents no prodlem; levels above
the limit.of incipient nausea, pain, or possidle injury. are excessive and are
not og investigated at Langley. The vast region between these two boundaries
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is an area in which essentially no generally agreed-upon definitions of
passenger/crew acceptability exist.

, The engineering approach to ride quality is to achieve passenger-acceptable
i levels of motion, vibration, and noise at the minimum cost in terms of vehicle
o weight, complexity, and investment. In other words, one should not buy more

BRRRN treatment than he needs. There is no need to invest in heavy, complicated,

‘ costly vibration-suppression devices to insure a perfectly smooth ride if the

“ s passenger finds $het an occasional gentle motion is tolerable. For all vehicles,

0y equipment weight cuts” into payload revenue, complexity increases maintenance

o expense, and these with increased investment cost add up to higher fares for

the passenger. The question, then, is where tu draw appropriate acceptability

ride-quality boundaries.

FIELD TESTING

i ——

Ride-quality research began at Langley about 5 years ago with a request
from the Department of Transportation for passenger compartment vibration
surveys on the Metroliner train operated between New York City and Washington,
D.C. Similar passenger environment surveys have since been made aboard a
variety of vehicles, so that Langley has now compiled within its data bank
motion surveys of more than 30 different vehicles. As shown in figure 2, these
vehicles include aircraft, high- and low-speed surface craft, and several

, research and development craft which have yet to be proved economical passenger-
v carrying vehicles. These data not only document conditions as they exist
o wvithin each vehicle but also can provide input signals to motion simulators
vithin the laboratory where human response to those conditions can be investi-
‘gated through carefully controlled and repeatable tests. Also shown in the
S center of figure 2 is one of the portable instrumentation systems developed
R at Langley for measuring and recording passenger environments. References 1
v to 8 descride much of the Langley in-house research pertaining to ride quality
o conducted during the last several years.

4 Under an NASA grant, the University of Virginia has flown a number of tect
subjects in pairs aboard regularly scheduled commercial airline flights. Both
the six-degree-of-freedom motions of the aircraft and the sudbjective reactions
are recorded on tape. The University is now analyzing these data to determine
vhat correlation, if any, exists between passengsr comfort and various types
and degrees of vehicle motion. In future flight testing, such passenger
environmental variables as cabin pressure, temperature, and noise level will
also be recorded.

014 Dominion University, under NASA contract, is investigating the depend-
+ ency of subjective reaction to passenger environments on sudject characteristics,
i such as age, sex, occupation, etc. As many as 30 test subjects recruited from

@ the community according to test requirements are seated adoard a commercial dus
and driven over a prescrided course at prescridbed speeds. The six-degree-of-
freedom motion of the bus and periodic reactions from all the test subjects
. are recorded simultaneocusly, and statistical analyses are employed to determine
] correlations. The low cost of a commercial Dus as a test vehicle permits the
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testing of a very large subject population.

Under contract to NASA, Frinceton Tiniversity is studying human response to
vehicle motion through flight tests aboard a variable-stability light airplane
capable of carefully controlled motions about five degrees of freedom. (Side-
force generators were not available.) In these flight tests two test pilots,
alternately serving as passenger subject, rated the comfort of the ride as the
airplane was flown through preprogramed and repeatable maneuvers. These tests
are complete, and a formal report on the results is plann- ",

Tentative plans at Langley call for a sequence of flight tests with eight i
passenger test subjects simultaneously aboard a larger variable-stability air- :
plane to obtain data which can be correlated with those obtained from tests
with ground-based motion simulators. Subjects who are tested in simulators
will also fly aboard the variable-stability airplane and will experience the
same motions in both instances. The two sets of subjective reactions will
then b¢ compared for a statistically significant number of test subjects. The
objective is to "validate" the results and procedures of ground testing. The
flight tests will also amplify ground-based test results in that sustained

motions which are impossible to achieve or the ground can be produced in the
air.

i T T Rt Do T w o

Another flight test program of significance to Langley deals with ride- ?
quality factors specifically associated with helicopters. These factors will S
be identified and studied as part of o program to develop technology for de-
signing helicopter airliners acceptable to passengers as well as to airline .
operators. As illustrated by the left side of figure 3, vhich shows the program £
in flow-diagram form, a helicopter will be modified by addition of an air-condi-
tioned passenger compartment and of acoustic, vibration, and motion reduction
features sufficient to provide a passenger-acceptable ride in smooth air at
moderate speeds and in straight and level flight or in gentle maneuvers. Flight
experiments will then be made to study subjective reaction to the environmental '
factors (e.g., noise, vidbration, motion, steady acceleration, and/or visual
cues) vhich could be expected to accompany real-world operations where high
cruising speeds and high-performence terminal-ares maneuvers are experienced.

Comparison studies with ground-based simulstors will be carried out vhere
considered appropriate.

The U.8. Naval Aerospace Medical Institute (NAMI), under NASA conmtract,
has extensively researched the underlying causes of motion sickness (refs. 9,
10, and 11). NANI also contridutes to Langley ride-quality research by
"calibrating" each of our test subjects with regard to his individual suscep-
tidbility to motion sickness. This background information is very important in
the interpretation of data "scatter” common to results of tests involving
human response to motion stimumli.

By using a total-systems approach, a new portable envirommental measuring
system optimized vith regard to sise, weight, reliability, and simplicity of
operation is being designed under NASA contrsct. The system will be small
enough to fit under a noteso-big commuter airline seat, light and campact
enough to be carried by one man, and essentially foolproof in operation to
permit uss by essentially untrainea subjects chosen from the general sudblic.
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LABORATORY TESTING

The number of passenger ride-quality environment variables mentioned
earlier can best be analyzed and interrelated by appropriate ground-based
testing where greater control of test conditions is possible., The cost per
hour of simulator testing is significantly less than that of flight testing.
Ride-quality testing requires a simulation which covers the complete range
of test variables and which, at the same time, maintains the realism of the
actual environment. It is practically impossible to construct any one simu-
Jator to perform this task. However, several simulators do exist at Langley
vhich can be used to examine specific regions of the motion environment under
carefully controllzd conditions.

As shown in figure L4, the Langley simuletors have three areas of motion
capability. Low-frequency large-amplitude motion can be produced by the real-
time dynamics simulator (RDS), medium-frequency medium-amplitude motion can be
produced by the visual-motion simulator (vM8), and high-frequency low-amplitude
motion can be produced by the passenger ride-quality apparatus (PRQA). Figures
5, 6, and T present the motion envelope for each of the three simulators in
terms of acceleration plotted sgainst frequency for maxjmum simulator loading.
The limiting velocities and displacements.are also shown.

Tests will be performed in the three Langley simulators to determine
human subjective reactions to motion stimuli spanning a range of frequency and
acceleration levels. Particular attention will be devoted to thcse types of
motion shown through field testing to be significant to ride comfort. Testing
vill initially center upon the effects of single-degree-of-freedom motion, then
expand into multiple-degree-of-freedom motion, and finally simulate actual
vehicle motions as measured and recorded in the field. The wide range of
motions available in the three simulators will be used to determine in detail
and under controlled conditions the types of motion vhich are most significant
to passenger comfort and, for each motion or combination of motions, the
boundary between comfort and discomfort. With this approach, overall passen-
ger evaluation of ride comfort will be made predictable as a function of
quantified human reactions to the individual motion components of the passenger
environment. The statistical passenger ride comfort model thus derived can
then be applied to any proposed transportation vehicle to determine the degree
of ride smoothing necessary to satisfy, vith regard to comfort, an adequate
percentage of its passengers.

DATA REDUCTION AND ANALYSIS

The Langley Reseerch Center has extensive facilities for analog-to-digital
data transcription as well as digital computer capability for statistical
analyses. A time-series-analysis progrem maintained on data cell converts
input aigital data to histograms, power-speatral deunsities, suto- and cross-
correlations, etc., depending on user requirements. Such output data can be
tabulated and/or machine plotted. A new time-series-analysis program tailored
more. directly to ride-quality ressarch requirements and incorporating newer
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more efficient analysis techniques is being written in-house for this purpose.
Through a study contract, Langley is examining the possible application of
acoustic analytical techniques to the reduction of ride-quality data and to

the formulation of ride-quality criteria. This approach is being investigated
because of the similarity between the phenomena involved; that is, both areas
of research concern human response to time-depenlent vibratory physical stimuli.
It is possible that useful ride comfort indices analogous to the effective
perceived noise level (EPNAB) of acoustics can be derived.

CONCLUDING REMARKS

Vehicle ride quality, although a relatively young research discipline, is
commanding considerable and increasing attention at the Langley Research Center.
With overall coordination by the V/STOL Aircraft Program Office, specialists in
the fields of vehicle environmental dynamics, structural dynamics, and human
factors are together investigating what constitutes a comfortable ride in a
variety of vehicles. This research is conducted both in-house and through
contracts and grants and both in the field (often in a commercial environment)
and in the laboratory under closely controlled conditions. The ultimate goal
is ride-quality criteria in a form useful to the vehicle designer.
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Figure 3.- Civil transport helicopters ride-control
technology development plan.
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Figure 4.- Langley motion simulation capability.
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(a) Laboratory installation.

Figure 5.- Langley real-time dynamics simulator (RDS).
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(a) Demonstration model.

Figure 7.- Langley passenger ride-quality apparatus (PRQA).
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NASA RIDE-QUALITY PROGRAM AT THE

FLIGHT RESEARCH CENTER

G LS Y st

By Shu W. Gee and Thomas D, Wolf
NASA Flight Research Center

o \ INTRODUCTION N 75 - 10025

A major NASA program is the development of technology leading to the design of
short-takeoff-and-landing (STOL) aircraft for use in high-density short-haul airline
operations. Since the primary objective of STOL aircraft operation is moving people,
their well -being and comfort must be considered in the early stages of design. However,
at present, the technology for ride quality design suffers from lack of criteria, lack of
ground and flight test experimental data, and lack of basic information. These deficien-
cles exist because aircraft designers have concentrated primarily on solving the tech-
nical problems associated with the performance and economics of their designs and less
on passenger riding comfort. The justification for this emphasis was the stage length of
conventional jet airline operations, in which most flight is at altitudes above atmospheric
turbulence. With STOL and short-haul commuter aircraft, the stage length consists of
flight at lower altitudes, longer expusure to the vehicle accelerations associated with
turbulence, maneuvering flight, and steep departures and approaches. These flight con-
ditions, coupled with the lower wing loading of STOL aircraft, have caused increasing

v § conoern about passenger ride quality.

Both industry and government agencies have studied human reaction to vehicle
accelerations. The results shown in figure 1 represent some of the work that has been
L done to identify the threshold of objectionable accelerations. Like most of the other
l work, this study was made with a highly sophisticated simulator, and the data are
bl lim{: by the capabilities of the simulator. Accelerations encountered in flight extend
) beyond the range of any existing simulator; thus human response to extremely low fre-
, quency acoeleration must be studied L1 flight, It is at these low frequencies that motion
sickness may oocur. To meet the need for flight test data and data in the low frequency
range (below 0.2 herts), a flight test program on passenger ride quality is being devel-
. oped at the NASA Flight Research Center.

PROGRAM OBJECTIVES

y

primary objective of this program is to acocumulate flight test data on aircraft
in terms of vehicle motion and acoeleration and human responses. An

cbjective is to correlate these data and to formulate data into ride quality
To meet these objectives the existing simulation data must be verified in

flight, and the existing test data expandsd to include very low frequency flight

'j."'. aem

¢

)

actual
data.
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TEST EQUIPMENT

The NASA Flight Research Center's variable-stability, general-purpose airborne
simulator (GPAS) airplane (fig. 2) will be used as the test vehicle. It is a modified
Lockheed JetStar, which is a medium-sized, four -engine jet transport. The unique
capabilities of the GPAS are well suited to ride quality research. Recently installed
side force generators and §ct lift control systems permit controlled motions about one
aircraft axis while hoi other axis steady. Programed model following and tape
playback can be performed through the onboard simulation equipment. Flight tests will

be limited to frequencies below 5 hertz to stay within the structural limits of the airplane.

Two standard JetStar passenger seats will be used for ride quality evaluation, one
at the center of gravity of the airplane and the other just behind the rear bulkhead of the

pilot's compartmeat. The latter location will also contain instrumentation for biomedi-
cal monitoring.

The data acquisition system on the GPAS is a pulse-code modulation system capable
of multiplexing 140 channels of data for telemetry or for onboard tape recording. Ride
quality and aircraft information will be recorded on this system. A separate analog tape
system will be used to record the biomedical information. The same time code genera-
tor supplies time information to both tape systems to permit the correlation of data.

TEST PROCEDURE

First, subject passengers will be selected from ». pool of Flight Research Center
volunteers. A control panel for selecting and recording one of three ratings will be loca-
ted near each passenger seat. The rating scale will be explained in detail to each pas-
senger. As the test is conducted, the subjects will evaluate the ride, and their ratings
will be recordcd. At the conclusion of each flight test, they will fill out a questionnaire,

The side force generator and direct lift control systems will be excited to induce
motion about the desired aircraft axes. Initially, a frequency will be selected and the
acceleration will be increased until the worst rating is obtained. The test will then be
stopped. Rest periods will be provided between test runs.

The following data will be recorded during each test: passenger ride quality rating,
three-axis accelerations at the passenger location, airoraft attitude and attituds rates,
airspeed, dumb.maoumb.cabmumm.mwontmbr.umm.
heart rate, and blond pressure. Samples of 17 -ketosteroid excretion will be taken before
and after each flight. As the program progresses, the data recorded will be expanded.

DATA PROCESEING




acceleration spectra power or root mean square (RMS) acceleration versus hertz for
each ride quality rating. These flight test results will be compared with existirg vide
quality data. Biomedical data will be processed with existing computer programs. The
results will be analyzed for possible correlation with ride quality ratings.

PROGRAM SCHEDULE

A program schedule is shown in figure 4, The initia. flight test program, as
described earlier, is intended to be a starting point. Therefore it has intentionally been
kept simple and flexible. Some areas of the flight testing are expected to expand as
information and experience are obtained.

At present a group of Center volunteers is available and the aircraft instrumentation
is ready. Wmuwmumcmdm.mmmumm
to check the aircraft systems. Flight testing for ride quality is planned to start in the
latter part of August. mmamo:mguumwmmwommmynda

qualities dats. Later, oﬂnorpropamvﬂlbooonmmdnongwnhtheﬂdaqmlmu
program,
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