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An lnstm-mant to masure the ride savwrity of a vwhicle his be,-"
&signed and cestrmctad. The-. instm~nt Operatas on the principle of
th~e passmgw,/driver's mabsorbed pcmir'. The theory of absorbed power
is covercd as well as tMe 11i~in of sinusoidal tolerance curyes.
The cc,,!le-to electrcnic circuits for the nsrntare present~ed along
with Its op~erating Instructicas.
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MI~CTTYE

The obj.ctlv. of this proa was to d-sign and construct an instru-
mInt to wasul wvhicle ridt. T•, tn$tr nt had to be easy to use,
reliable and capable of accurataly ensuring vehicle ride.
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ftny diff,~refnt invt~stirsixrs h~ave atturpted to qtantify vibration severity
by subjecting pm-ple to diffayr-t vibrating envirovnfct and recording
their ec'ticras. The rajor difficulty en~coutetred Is that ome' is not
q=0ttfyin.- a p~iysical ;=~cno but humia reaction to an external stimulus.
nThIs reaction vz.3t tUka V3 fQVM Of a qUalltatlv. ass9sWit or it must be
relative to scma o*thr stiluJlL; the problem associated with eittmr will
be disvissed. A mtved of =izuring vibration severity thAt eliminates the
prmblcm of iwasuring hu-.n reaction to vibration will be preanted and
discussed.

Thor, have boot ma attzpts to attach subjactive ratings to vibration
severity. r,=2e ratir,ý3 {t.ve bot,: described as Ointolerable*,pa nnoyingo,
4"1rc:pt_1bleq etc. Atzithere has bmo a great daal of researchv done,
V,.zrt has not Pmm tmi"_rsa1 a-~ on wtis M noyng or to~lleu
vil.,rstiens. r.he rtamcn for n~13 is theat one cmnnt attach this tMp of
ed13cr1pticn t* a v1br~2tIcn 1ftý,w defining the anvircz~nt; in oe."mw'wrds,

o a~re ~ say thýat a v1'%X3ioR 12 Ounc~fortableg wit."mut first dalirdrq
t.*a environ~iit tVe individ~al is in. A vIbratice in an avt~b1le my b
*a m.-ying', 'ic~ral'or rm~ mintolcrble6, but this %=a vibratiza
in a truck, may ba tzr~d "cfortablel. One could ride for hImes in his
autzrbile, L-it If this %=,* vitbration were inrxhxd in his living VC= at
hce=, it would ba "intolerable% Curmo that define reduced ccfort bound-
arias are = ?lately uzalais to pw?,lo in the business of desigping vehicles
olmhs t.'~y are mca specifically for thajt enviro~ant., There Is also Vthe
problcn of L-v~ t* relata, frc-,=ncy spect,'us to sinusoidal boundary curve
but this problca will be discuscd in subsequent sections.

The othar mat.'*d used to evaluate vibration is to rate one vibration or
soisual inrUt relative to czothear. This is called cross-ndality and one
eit.ýar relat,:d lie,;t or scund intctsity to a vibration or on@ vibration is
ratzod relativs to another. This mlthed of evaluating the severity of a
vibration is at bost a very controvarsial proczature.

Mhle body vibration is a c-crlataly diffaroint rftenosxfn than a hirhly
loclizsd, or a single sonz:'ry in~ut. In "ois body vibrationis, the
sensaticons thAt o~ccir in tVA 4 to 7 cps rnma are entirely different from
theý*ser-zin t.sthet occir in thw8 to15 ca range. In the 4to7 cps
re,ýW= t~~ry objection to the vibration is the resonating, or rela-

tive co,,a of heart, lunyp 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 cps, the pri-mry
objection is move=snt of the head. This is also the range of frequencies
where' loss of visual acuity is most pronounced. It is believed that this
is caused by a resonating condition in the spinal column. The major ob-
jection in the low frequency ran-a, assning less than lg peak, is the
relative mtion of Individual and envirorent.

It should be understood that the previously mentioned sensations, and an
undeta.rmined amount of others, occur si.:ltaneously at all frequencies, but
becare more pronounced in the frequency range mentioned. Consequently,
unless cross-modality mecsurt-ents made for different sensations give the
relation. between the measured sensationr, then it canrot be used to eyalu-
ate whole body vibration. This sa= prcblem arises when one attmpts to
rate one vibration relative to another.

This chan"e of sensation, both in location and sensual input, is primarily
frV^,wncy sensitive. Therefore, there is same indication that the evalua-
tion of ride may be possible using cross-modality at a single frequency.
It is co= only accepted that ride is proportional to sowe power of accelera-
tion at a single frequency, i.e.,

P An (1)

or:
p n

P Kn (2)

Using cross-modality, it may be possible to solve for the exponent n, and
determine if it Is frequency sensitive, but at the present it is believed
that there are too nany unanswered questions to evaluate the frequency
dependence of K using cross-modality.

It has been shown from many research experiments that the rate at which the
body absorbs energy correlates very well with a person's subjective response
or rea.ction to a vibration. This parmteter has been C& led absorbed powerO.
It has. a physical significance and Is foasurable. This eliminates the need -.

for rm uring human reaction to a vibration, but requires one to measure the
absorbed power for a particular vibration environment and one can then easily
determine the severity of the vibration. This procedure is analogous to
measuring temperature to determine htmn comfort or discomfort in a paiticular
enviro•rn•ent. One does not measure the human reaction but the paraneter that
affects it.

2 I.L
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ABSORBED PCUIER
f

The original formulation of absorbed power as a means of masurfng vibration
severity occured frcm observing rmny different subjects being vibrated in
a rida si.mulator and frcm the aut.lor personally spending many hcurs being
subjected to different vibrations. From this experience two observations
were made:

1. The more relative motion occuring between various parts of the
body, the more severe the vibration.

2. Doubling the amplitude of the vibtration more than doubled the
severity.

Frcm these two observations a theory was postulated, NThe severity of a
vibration is proportional to tVe rats at whiicfr the body is absorbing enmrgy.
Frcm this statcment an equation can be written that expresses it in mathe-
matical terms:

Plave* 1m I F(t) V(t) dt (3)

This calculates the average power absorbed by a huwan when F(t) is the
input force and V(t) is the input velocity. Note for a solid mass FNmo
and the average is zero.

Several important observations can be made from this method of evaluating
vibration severity.

1. Absorbed power has a physical significance and Interpretation.
Its variation with different subjects can be measured.

2. It does not rely on sinusoidal limits to determine comfort limits.

3. It gives a single numeric value for a vibration.

4. It can be used for periodic, aperiodic and random vibration.

3
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To valdlts abszrbed poer as a m-aans of determining vibration severity,
a forca-Lzasuringg.platfors was built and saveral subjects were run through
a series of vibntio tasts. Absorbed p~3r was r-tasured and their sub-
Jactive raspcasos ware recodr&,. P asult$ of this test were publishad.
Aý:orbýtd power correlatad extrtcly u-11 and it t=s datermned that it
accurat-aly wnasueed vibration sevartty. At this point the shape of the
sinusoidal tolerance curve was not lmbsn.

The equipment required to masure :bsorbed power was fairly elaborate and
it could only realistically be done in th.e laboratory. The force-wasuring
platfcrm was lava and bulky and ,equirad cons1~orable instrumentation for
the dyrz-tc csaure=nt of force. U at ras-requird was a means to obtain
force frca an accal erc~eter. To ac=.-.ltIish this a transfer function was
darived that relates force to accaleratlzn. Twnty-o."e different subjects
wzra sinusotdally vibritad for frmqucies of less than one Hz, to over
50 Nz. The forc* acc.laration and phaZa beti n them was measured at each
frTuncy. mT zan for the 21 sub4%sts was griphed and a transfer func-
tion was fit to tbe grph. This tms ýci for the three linear titlons and
t1a feet. These trans:er functions ware published in an earlier paper and
will not be repeated here.

This ,,mtly slalified the calculation of absorbed power and made it
possible to calculats it entirely on a cc€:!tr. Hlowver, tV•ere was
still a p"kblkm in the low frt- y end of t:,,e spectr.n. The calcula-
tion of absorrb*d pcmr for low fir cy was very dapendeft upon te phase
bct-rn force and velocity. Czn,:.q, ty o.-,e had to have very high grade
amplifiers and interators to calcula,.a pcor frm an acceleration signal
or ctnstderable error would be intrmducd. The problem was eliminated by
dariving a freq=ecya-deendent weirtt function.

4



S~a~~L YIBMTIMt LIMITS

To arri-z at a-single means to d.tcrmtne the absorbed power from an
a1lr-rticn sital it was cnzsary to dorive frequency and azplitude
w•i.,Vng fuPc,4,ns. T7 citvzticins proca-ed as follows:

Writing forct as a sL= of sine waves:

n
F(t)- E F1 Sin (W1  +*) (4)

I-0

and velocity as:

n
V(t) Z VI SinWit (5)

Iw0

Inserting these expressions into the equation for absorbed power and making
appropriate simpllficationsthe equation for powr can be writton:

n

ave -F K1 ASin 41 (7)

It -

W1ere K.1 ts a function of frequency and A11ms is the root-mean-square of
the acceleraiton.

Absorbed power can then be computed by multiplying the mean-square accelera-tion of the appropriate Kj.

wavesthisreducs to



The derivation of Kt(W) proceeds as follows:

The transfer function'that relates force to acceleration can be written as:

F Sn'l + + Cn"15 + Cn (8)

Letting S - JW equation (8) can be put into the following form:

G(JW) a Ko(F 1 + JWF 2) (9)
F3 + JWF 4

This is simply separating the numerator and denominator into its real and
i•iaginary parts.

The equation for absorbed power can then be written:

P ave - xsn *i (10)

Then:

IIKi - I G(Wt)l .,Sin 01 11

W t

G(JW) can be manipulated into the following forms:

I.G(JW)I " KO F 1 + W2F 2 2

L2 F 4  
(12)

6



and:

.,, n-1 FW(F9F3 - FlFg)

. 41F3 + W2F2F4  1

Then P. ave can be written as:

• Or - - A1 rm14
P Ave. E K~,6 F1F4 -FF 3  A2~ (14)t"O F32 ÷ ' ZF4F is

The Fs are the real and imaginary parts of the transfer function. Kt
Is given by:

Ki F1F 4 - F2 F3V [F 3
2 + W2F42 -2 (5)

The equations for the Fs were published in reference number one.

If one takes equation (14), sets P ave equal to a constant and solves for
the acceleration at each frequency, a constant comfort or tolerance limit
curve is obtained. Figure 1 has a 6-watt curve superimposed with the other
data to show how it compares with this experimental data. Note, although
this 6-watt curve was derived, its correlation with experimental data is
very good, giving additional strong evidence that absorbed power accurately
measures vibration severity. If one determines a constant power level for
a particular vibration environment, this then determines the sinusoidal
tolerance limit curve. It is not a curve that is measured but derived.

From past experience.6 watts is about the limit for cross-country type vehicles
and .2 to .3 watts for automobiles.

7
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RANDOM VIBRATION

A pure sinusoidal acceleration sine wave is extrjm ely difficult,
if not impossible to genarate in a mechanical system. This
could not be bra evident than when one attepts to achieve a sinusoidal
vibration in a shaker systcm. There is always scmie distortion occuring
even though every attz-.t has been made to achieve a pure or clean sine
wave. Thus, a system that attempts to evaluate tolerance limits must be
able to evaluate these limits for random or quasi-random type vibrations.
If it does not then it pro;oaes a cure for which there is no illness.

To help clarify the situationconsider the following example:

If one scans a random vibration with a filltir the output from the filter
will be given by:

er U" JGI(JW)j 2 dw (16)
. ml

G(JW) a Transfer function of filter.
0(JW) a Power spectral density of input signal.

If one nm considers an ideal filter, i.e., a filter that has a constant
gain over its bandwidth and is everywhere else zero, and uses this filter
on a white noise vibration, (white noise has equal enVp11tude at all fre-
quencies) then inserting these conditions into equation (16) and performing
the integrationthe output of the filter is given by:

e2 (gj2 =W1

eros "r (17)

Where G is the gain of the filter, K is the white noise amplitude, and
W2t" W1 is the bandwidth of the filter. Inserting the filter bandwidth
"in equation (17) it can be written as:

-rms (18)

9



B -Filter bandwidth

This is a very$significant' relationship. The output from the filter varies
as the square root of the bandwidth. If one scans this signal with a
filter that has very narrow bandwidth one would obtain many very low ampli-
tude signals. On the other hand if one opens up the bandwidthothe signal
becomes larger. The amplitude can be determined by the filter width. Thus
if one applies sinusoidal boundary limits to random vibrationone can
obtain any answer he so desires by appropriate choice of filter. Or stated
converjelyif one sets filter widths this has as much Influence on the final
answer as t'e stated tolerance limits.
Taking equation (18), squaring both sides, and dividing by the bandwidth
one obtains:

2
S-s G2K (19)

This is power spectral density and is independent of the filter width. There
is no ambiguity and the s&me answer will be obtained Independent of the
bandwidth of the filter.

It can be shown that the calculation of absorbed power can be written as:

Where K(W) is the previously derived K(W) and A2(W)/B is the acceleration
power spectral density.

Thus absorbed power can be calculated in both the time and frequency domain
with no introduction of ambiguity or error.

10
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ELEcrC*nIC WE!llrrTWS CIRCUITS

To cllcul-itabscrbed pmar frea an accelercmater signal it ws waCessary
to for•!zita an el2ctronic circuit that has gain characteristics that
vary with froquncy. The output fr•a t!he circuit must vary as the square
of acceleration and have apprepriatl frzqutncy charctalrstlcs to agree
with the calculation of absorbed Pmer. The frequency characteristics are
detemined as follows:

If an acceleration signal is ran through a frequency weighting circuit the
output is given by:

Go - G(.W)•A (nl

Squaring this output and equating it to pmr one obtains:

[(.j-)Ain 2 K(W)Aitn2 (22)

They are Identical if:

IG(JW) 1 (23)

or:

IG(JW)I F32 * " (24)

This then determines the frequency characteristics of the weighting circuit.

11



Tht transfar function for each cotion was determined by graphing the
rtght-ha4 sida of equation (24) and fitting this curve with a polynculal
in S (+,t. Laplace Transform). This detrmined tte frequenCy characteris-
tics of the electronic weighting circuits.

The solid line in Figure 2 is a graph of the right side of equation
(24) for the vortical motion. The value of the Fs and how tthy were
obtainld Is g1wvn in reference 1. The dash line is a graph of t.e left
side of equaticn (24) to show the correlation achieved. The transfer
fLnction for this curve is:

VERTICAL:

G(S)14.5 SirS + 44)
6(s) - (s+ 63)(Sz 24 + 750) (2S)

The solid linr in Figure 3 is a grmph of the phase ngle for the
vertical motion. The dash line is. a graph of the phase of equation (25).

Figures 4 and 5 are gra~s of te aVlitudes and phase for Fore-Aft
motion. The transfer function is given by:

FCRE - AFT:

G(S) (S2 + 16S + 1O0)(S + 15) (26)

12



Flizca 6 arA 7 are a7zpli*QP~ and phase plots for Sicde-To-Si-t
sotion.

SIZE-TO-SIDI:

G(S) 515 S(S + 9.47)(S + I.S (27)
(S2 + 8.SS + 142)(S 2 + 3.3-% + 14.2)(S + 125)

Th~se equations eetzrminb V"~ frc-uaiy ctaractaristics for the
*1ectrnilc waielhting circuitS. TI,', output frea thmee must be squared ind
&avra-,,d to ebtain the absorbed powr for eachi motion.

The transfar fL~,ction for tzc motion uzs datzrmtmrA by Sr-;Nbii 9
ecuation (24) and fittirj tOis curi vwith a poly~oisa1 in S. T1ý4 wai~hting
circuit for =4c motion %as dzrivWd In W~s, mn~r. Thea equatlon, circuit
and output graph for eacbi motion is gime in Fi~ru5 2, 3 and 4 and the
MV..od of im.,tcnr,,ctir9 t~sa circuits is givent In Fie . Tha* re-
sultaint outp~it is V.-.1 abo rted powr calculatad from an acotlcercter,
vairghtin', squarin~g and averaging circuit.

913
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C""eratjcn of t.4 APsr w Par Aida evaluation unit is sitriple. Tha-cperat7-
In~g ccntrols censist of iOc,.r stritchss. Ratfor to Figure 8 for loction.

1. Three position tornle switch for AodaO control to select Operate, Hold
or Reset condiitions for the unit.

In the tmC >rats* moea tho unnit is. cc-mutlng and storing the average
Absorted Pewr for t"e Vertical, Sida-Side and Fore-Aft motions. (not
to excz.ed 200 sec).

In the' *Hold* cmo tte iurntt retains the r"adinsjs obtained while ibi
~rta t~s n1ti t.e c-rato to c ut te th~ree pcwer readings

ý:n t14 digital display 1by rotatin'g the readlut selector switch to the
desired postlcn.

In the OReseto =u,' the staruia devices are returned to zero -a.id the
unit is ready for the next run.

2. Thr'te position rotary switch for salectirg the Ver'.ical, Side-Side and
Fo;-.-Aft pý.r reading t,) b9 displayed on ta-. digital readout.

3. Threw posit4in ratary NAccaleraticn Rar,,e* control s.aitch to select
preset p~ask acceleration levels to be monitored by the acceleration indica-
ter. rihe lndic3tor is lit ard rezzains so when the preset level it, reached
or exr.- odd d;aring a run.

4. VS~rntary contact push button "Reset" switci. to reset the peak accelera-
tion Indicator light.

To use the instrument mount che triaxial acceler-.aeter to the veh4cle at the
station to be I.ested. (D)river's, gujnner's. caigo aro~a. etc? and proceed aq
follows.

For' Absorbed Power read'nigs the operating procedum' is -

* a. Bring the vk-hdcle to desired speed cnd put the 014de* conzrol switch
in the *(Vtratern po~sition (up). Rims are not tc exceed 200 seconds.

^0



b. %n the course has bee covered, put the "Mode* control switch
in the :'41d* position (center).

c. Rotate t; *Rleadout Selector switch to the Vertical, Sile-Side
and Fore-Aft positions and record the readings.

d. Move the "Mode* control switch to the 'Reset position (dmn) to
prepare unit for the next run.

For Peak Accalerition deuction the o•ratlng p•ug•At Is -

a. Preset the peak acceleration ran•S switch to the level to be
detected.

b. Proceed with the run as in step "A" of the Absorbed Power
procedure.

c. If the indicator light ccs on, the preset level has been reached
or exceeded.

, d. To reset the level detector, push the 'Reset" button.

e. You are now ready for the next run.

IIi
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CIO1J1T MCER~IPTVI1

* Fl,•'e 9 is a block d1ar, s, chmng the int2rcnnection of t04 various
circuits. The accaleration is obtaint frea a triaxial acculeromter.
(If only one motion is dtsired a single accalereotar can be used). The

Saccler3ticns are feld through the freqncy vatihting circuits. Each
motion has its c'm sq,:rlng and stortge circuit. Týe frequency weighting
circuits for each motion are given in Ftig••s 10. 11 and 12. TIM circuit
for tVo p.-ik accaleration dataxtor Is git:n in Flture 13. This circuit is
uszd to datzrmlrA tis peak acceleration input. Tha level is sat by the
acc2leration ran:3 knob. w an accaferaticn exce-ds the sat le.el, the
liGht will light and rmain on until rinat.

Figure 14 shmn the prior connections for tY* chips used for the .- ltiplier
and dtviter. each motion has its own wjltiplir cnd divider. The output
from the multiplier (squaring circuit) ii Intogratad and the output frca
týe intn.rator is fed into the divider circuit. This sTia1 is dividra by
t1=3 In t.',A divid.r circuit. T:=& is achiaved by fc.dirg a refcrcc.4 vo1t:,a

in~ a Ine'rator. The cutput frem the timing circuit Is uzad in-Cv. thrce
divider circuits. Tbo output fro tt*sa circuits is displayed on th, mter
with the dasired reading obtained by t* salactor switch.

23
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Powe re pired for the "Absorbed Power Ride Evaluation Unitm is +5VDC
wid + 15 VOC.-Tiey art obtained by means of a series regulator to drop
the kwo voltage to 5 VDC and a Burr-Brow F5416 power mdule that con-
verts 45 VOC to *-15 VOC.

*12 VT ABSORBED
BATTERY SERIES

REGULATOR CNVERTOR ! ELECTRONICS
"I .... Id I

jDISPLAY
Figure 15

• can be 24 VOC source by changing value of R1 or wattage rating of Zia

The source to 45 VOC convertor Is a simple solid state device utilizing
a NP•I transistor and zener diode In a series regulator configuration.

+12 VDC +4.7 VOC

1N5231 5.1 Volt zener diode

COMMON € COMMON

Figure 16

The 5.1 volt zoner was selected to give a +4.7 VOC output to prolong the
life of the AD-2002 digital readout device.

30
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Absorbed Cower
Ride
Vibration

'A nstrument to measure the ride severity of a vehicle has bec-n designed and
construct~ed. Zibe instrument ocersteu on the prifltlple of the passtnger/driver's
k'rabtorbed power' ! The theory of ab,ýorted powr is cotiered as well as theIlimitations of sinusoidal tolerance curves. Tha coi'~lete elec~ironicdircuits
for the instrument are presented along with its operating inst.ructions.
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