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INTRODUCTION

Many different investigators have attempted teo quantify vi-
bration severity by subjecting people to different vibration environ-
ments and recording their reartion., The major difficulty eacountered
in attempting to quantify vibrition is that one is not quantifying a
physical phencmencn but human ceaction to an external stimulus. This
reaction must take the form of a qualitative assessment or it must be
relative to some other stimulus. The problems asmsociated with both
of these wethods of evaluation will be discussed.

There have been nwany attempts to attach subjective ratings
to a vibration severity. Referring to Figure 1, which is a compila-
tion of data from Goldman, Chaney, and Magid & Ziepgenauvecher, it is
noted that the iatolerable curve from Goldman is only slightly above
Chancy's "perceptible" and comsiderably below his "mildly annoying.”
Magid & Ziegensuecher's one, two, and three-minute curves are also
ghovm to show their relationship to the other curves, There is one
thing that is evident from this conglomeration of data, i.e., there
is no agreement on what is "ennoying", "tolerable”, etec. The reason
for this fs this type of a description cannot be &ttached to a vibra-
tion without defining the environment. In other words, one cannct
say that 8 vibration is uncomfortable without first defining the en-
vironment the individual is in. A vibratien in an automobile may be
apnoying, uncomfortable, or even intolerable, but th™ same vibration
in a truck may be termed "comfortable." A person could ride for houre
in his automoblle, but if this same vibration were induced in his liv~
ing rocm at home, it would be intolerable. Consequently, it is not
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LEE & LINS

possible to assign this type of a description to a vibration severity.

The other wethod used to evaluate a vibration is to rate one
vibration or sensual input relative to another. This is called
cross-modality and one either relates light or sound intensity to a
vibration, or one vibration is rated relative to another. This
method of evaluating the severity of a vibration is at best a very
controversial procedure.

Whole-body vibration is a coupletely different phenomenon
from & highly localized, or a single sensory, input. In whole-body
. vibrations, the sensations that occur in the 4 to 7 Hertz range are
entirely different from the sensations that occur in the 8 to 15
Hertz range. 1In the 4 to 7 Hertz range, the primary objection to the
vibration is the rescnating, or relative motion of heart, lungs and
other organs located in the thorax. It is believed that this is
caused by the mass above the diaphragm resonating, with the diaphragm
acting as a spring. In the 8 to 15 Hertz, the primary objection 1is
movement of the head. This is also the range of frequencies where
loss of visual acuity begins to become pronounced. It is believed
that this loss of acuity is caused by a2 resonating condition in the
spinal column. The major objection in the low frequency range (below
5 Hertz and assuming less than lg peak) is the relative motion of in-
dividual and environment.

It should be understood that the previously mentioned sensa-
tions, and an undetermined amount of others, ocecur simultanecusly at
all frequencies, but become more pronounced in the frequency range
mentioned. Consequently, unless cross-modality measurements made for
different sensations give the relation between the mesasured sensations
then they cannot be used to evaluate whole-body vibration at different
frequencies.

There is some indication that the evaluation of ride way be
possible using creoss-modality at a single frequency. It is commonly
accepted that ride is proportional to sowme power of acceleration at a
single frequency, {.e.,

R'(AR (1)
or
R = KA“ (2)

Using crosu-modality, it may be possible to solve for the expenent n,
and determine if it is froquency sensitive, but at the present it is
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believed that there are toc many unanswered questions to evaluate the
frequency dependence of K using cross-modality.

ABSORBED POWER

The original formulation of absorbed power as a means to
measure vibration severity occurred by observing many subjects being
vibrated in a ride simulator and from personally spending many hours
being subjected to different vibrations. Froum this experience, two
observations were made:

a., The mere relative the motion occu..ing between various
parts cf the body, the more severe the vibration semsation.

b. Doubling the amplitude of the acceleration more than
doubles the severity.

Frou these two cbservations a tbheory was postulatad: "The
severity of a vibration is proportional e the rate at which the bhody
is absorbing energy.'" From this statememt an equation can be written
that expresses it in mathematicsl termsgy

. .
Pave = %iiv'%ujoF(t)V(t)&t 3)

This calculates the average power absorbed by a human when
F(t) is the input force and ¥{t) is the laput welogcity. Note, for a
.solid uass, the average is zero.

Several important wvbearvations can be made from this method
of evaluating vibratiou severity.

a. Absorbed power has a physical significance and interpre~
tacion. Its variation with different subjects can be measured.

b. It does not rely on sinusoidal boundary liwits to detew-
mine comfort limits. There {8 no corcern for hsving clean accelera-
tion sine waves to dateruing severity.

c. [t gives a single numerie value for a vibration.

d. It cai be used for pericdic, aperiodic, and random vi-
bration.
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By setting absorbed power to a constant and solving for the
acceleration at zach frequency, a constant comfort or tolerance limit
curve is obtained. Figure 1 has a six watt curve for vertical vibra-
ticn superimposed with the other data to show how it compares with
this experimental data. Note, although this 6 watt curve was de-
rived, its correlation with experimental results is very good, giving
additional credence that absorbed power accurately measures vibration
severity. If a constant power level for a particular vibration en-
vironment is determimed, then this yilelds the sinusoidal tolerance
limit curve. From past experience 6 watts is about the limit for
cross country operation and .2 to .3 waits for autowobiles in the
vertical direction.

Tc validate absorbed power as a means of determining vibra=-
tion severity, a force-measuring platform was built and several vol-
unteers were subjected to a series of vibration tests. Absorbed
pover was measured and subjective response was recorded. Results of
this test were published in a previous paper (1)*. Absorbed power
correlated extremely well and it was determined thae it accurately
weasured vibration severity. At chis point the shape of the sinu-
soidal tolerance curve was not known but vibration severity was being
daternined.

The equipzent required t- neasure absorbed power was fairly
elaborate and it could only realistically be done in the laboratory.
The force-mezsuring platform was large and bulky and vequired consid-
ersble instrumentation for the dynamic weasuxement of foree, What
vas required was a means to obtain force from an acceleromgter. To
accomplish this a trausfer fuvction was derived that relates foxce
to acceleration for the average of 31 gubjects. This was done for
the three linear motiona; vertical, side to side, and fore and aft.

This greatly simpilfied the calculation of absorbed power
sud made it possible to calculate if entively on a computer. How
» ver, there was gtill a problem in the low frequeacy end of the spec-
trum. The calceulation of absorbed power for low frequency was very
dependent upen the phase botween force and velocity. Counsequently,
high grade electronic compontents were required to caleulste power
from an acceleration signal or considerable ervor would be introduced.
This problea was eliminated by deriving a frequency dependent woight-
%ug function.

*izderiined nusbers dn parenchesis designate reference at end of
papex.
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ELECTRONIC WEIGHTING FUNCTIONS

To d=ui™ a portable electronic instrument to measure ab-
sorbed power, it was necegsary to derive frequency and amplituda
weighting functions. This derivation procceds as follows:

Writing the force as a sum of sine waves:
?‘t)si FiSin(Wst+¢4) (4)
i=0
and velocity as:

n
V(t) =D VyCoakt (%)
imo

Insgridag thesa expressions into equation 3, the relatleonship for
abgorbed pover becowes:

p=3" Bvstnd, 5| 3y ST
izo }9 ron 1| 2F iy _ {6)

[

The Jmtexnediste pteps in thi, aod the following conputatiomsl pro
censes arve given in vefereace (2). Taking the lisits, equatios 6
becomes : '

Yot

Pe g g: ¥, Vysinify o

The transfer functicn relatiung furce to acceleration is:
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- F(ng
GG = A(3NW) ®)

Using this expression and uoting the appropriate substitutions for
sinusoidal waves, equaticn 7 is rewritten as:

n
P (3w1) | 2a2quy)
1,2;/‘ w’il ! SinWy (9)

Where, 5?(N1) is the wmean squared acceleratioa at Wy,

. This ean thew be written as:

1)
p= 2 BMal(uy) (10
g; DA% (wg) A | )
 §53§33
KGug . |9 s .

*he values for K(ﬂg) tave been derived for vertical, longitudinal, and
- transverse motions for the scated subject (3).

Iu order to dovelop an electronie cirveuit to compute absorbed
power, two copditious mukt be wat. The ocutput from the circuit tust
vary as the square of acceleraticn amd have appropriate freguency
charsctoristics to agree with the caleulation of abgorbed power. In
thie way, & weightiog function circuit can be syntheeized with the
frequency responss such that its output, when squared, will yi-"d
absorbed power. :
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If an acceleration signal is inputed teo a filter circuit,
the output frequency Wi is given by:

H(IWE)A W) (12)

where H(iW{) is the weighting function for the filter circuit.
Squaring this quantity and equating it to absorbed power at Wy:

B(W) B (=3w;) A% (Wg) = K(Wy) a2 (wy) (13

Jicanp| 2 a2 o = kawp) a2 ) (14)

I H(jwi)l: /& (uy) (13)

Because of the squaring process after filteriag, we are intexested in
ouly the wmagnitwle of H(jWg).

The ontive absorbed power computing process is shown in
Figure 2 for tue three dirvectious of motion. The frequency vesponse
was plotted for each wotion and polynomiols {u terms of the complex
variable S were firted to these curves., The weighting fuuction ciy-
culty weve then syntchesized from tne devived transfer functions, The
frequency responge, transfer function in terms of S and the elrcuit
diagram for tne weighting functions are given iu Figures 3-5 for wvaex-
tical, lowgitudinal, aud transverse divectioas of motion respectively.
The wnits ok the wxis of the frequency yesponse curves is
vatts/ft/secd. A more detailed description of the developmeut of
these functions and civcuits is glven {a refereace (4).

FLIELD TESTS

Sevaral poxtable abgorbed power measuriug devices have been
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constructed for use in field tests. These have consisted of both
single directional (vertical) and three directional devices. sota
types consist essentially of three units - a small electronic computer
containing the weighting circuits, a power supply, and an accelerom-
eter,

These instruments have been used extensively in determining
the effect the dynamic characteristics of a vehicle have on the driver
and passengers during cross-country operation. Some of the field
tests in which the vibration measuring instruments have been used in-
clude;

a., Validation tests of the ride dynamics portion of tihe AMC
Mobility Model.

b. Ride studies to determine the dynamic characteristics of
various commercial trucks for use in the WHEELS Study.

¢. Ride dynamic tests of the standard M60AL and the MOOAI
with tube-over-bar suspeasion.

These tests have been conducted at various leecaiiens includ-
ing Pt. Knox, Ft. Sill, Ft. Hood, Yuma Proving Ground aud Hougnton,
Michigan both during suamer and winter sessons. Throughout this wide
range of enviroumental conditions the instruwents have yielded excel-
leut vesults,

48 an example, results of the ride dyunamic tests of the MOUAL
aad MBOA3 comducced at Ft. Knox are preseated. These tests wiare con-
ducted over selected courges at constaat speeds (5). Absorbed pover
peasuresents were taken at differeat speeds and averaged for the test
run, These levels were then plotted versus vehicle speed for each
test condition and & comparison wmade of the viue dynsmic chargcterig-
tics of cach vehicle. The results of the Ft. Knox tests sre showa in
Figuva 6. It is obvious that from this get of curves, the
cube-over-bar asuspenaion system is superior to the standard torsien
bey puspansiocn. Note that the tolerance limit was uot achivved during
thesc cests,

Another example is one where the use of the three directious
in cowputing abgorbed power has led to the conclusion that in some
cages of cross-country opervation, the longitudinal and transverse
wotions significantly affect and sowectimes domimate the vibrational
effect on the driver., The case iu pednt is a o8t conducted at
Ft. Sill duving validation studies of the ride dyaamics portion of the
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AMC Mobility Model. 1In these tests only the vertical albsorbed power
readings were being made. Although very low readings were being
meagured, the subjective regponse of the drivers indicated that they
were at or near the tolerance limits. When the longitudinal and
trangverse readings were taken, it was discovered that these levele
were at the tolerance limits. These ride measurements are shown in
Figure 7. Thie particular case was a 4 MPH run with an M35A2.

This condition of higher vibration lesvels in the longitudinal
and tranaverse directions occurs mainly in wheeled vehkicles at lowey
speeds. As the speed of the vehicle is iwecreased, the vertical vibra-
tion levels become the sigrificant ride limiting motions.

Other uses of the instrument include verification of labora~
tovy vehicle simulation tests. For example, if a suspension systenm
design change is required to reduce the geverity of a cross-country
vehicle, engineers can conduct simulation tests in the laboratory on
a wide variety of suspension system modificaticus, When the best
suspenaion systen coafiguration is determined, it is possible to eval-
uate the system under actual field conditions, using the data obtaiuned
with the vibrstion measuriag instrument to validate the laboratory
test results,

CONCLUSIONS

1. To set tolerance or comfort limits Co & wvibration one must also
define the vibratioa eavircameot.

2. Abgorbed power has s phaysical siguificauce and its variation with
Sudividuals and agplitude can be weasured,

3. The constant abgorbed power curve correlates very well with ex-
perisental tolerdnce data.

4. The applicatfon of sinusoidal bouudary cusves to a randoo type
vibration is aabiguous.

5. Absorbed power can be caleulated fa both the tise and frequency
dotiin with no iutroductiocil 0f ambiguity er error,

6. Vibration levels can in some cases of cross-gountry opevation, be
higher {o the leoagicudiusal apnd transworse divections than in the ver~
tical directioca.

7. To dcreraine a tolevance limit for a vibrationsl eavivouwdat, all
three directiocns wmusi be taken iuto account.
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