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. Research indicates that traditional measures fail. to
rate hazard from intense impulses accurately, This failure may
be due to increased complexities in the earls response at such
high sound pressure levels, Therefore, to gain insight into the
probl:em we have been developing a mathematical model of the ear
that reproduces the response of the tar from free field
pressures to basilar membrane di:placements and calculates
hazard there (modeled as mechanical stress). This model is
conformal with the structure of the ear and includes the
speotral tuning of the external and middle ears, a non-linear
step*@, and a changing susceptibility along the cochlear
partition. The model can be used to calculate a hazard Index
for virtually any impulse and although work is still continuing
on the development of too model, it ti thus far able to
*explain" the hearing loss data better than any other system,
If the model were incorporated into an integrated circuit/moeoer
it would ha-re the virtues of being complex enough to rare hazard
accurately, be simple to use and because it is theoretically
based, be useful in su•gesting design changes for impulse
producing sources as well as more effective designs for hearing
protectors,

Introductia n The heart of the problem facing the designer
of a DRC for impulse noise can perhaps be most

4_ 2.t1eAex2 erimental evidence mounts, easily illustrated by the waveforms in figure 1.
it has become Increasingly The three impulses in this figure (produced by a

apparent that existing dana.PRa CI) primer, rifle, and howitzer, respectively) have,
for intense impulsive sound8l'"'' 1,'1'•'H ' are with the same number of impulses and the same
inadequate from two different perspectives, teaporal spa1 n 1 all produced the same lose in
first, they fail to predict hazard accurately, the ca ear.t ' Yet, it is easy to sea from an
especially for impuls1l Vith spectral peaks in the examination of the waveforms in Figure 1, that the
low frequency oegion. ' Second, they are measures commonly used in rating hazard, i.e.,
inadequate because they have almost no theoretical peak pressure and a measure of duration or energy,
basis, This lack is a serious shortcoming because can hardly produce a rating of equal hazard for
it means that existing DWes can be applied with these impulses,
confidence only to those specific impulses used In
their derivation. Ixtrapolation to different
impulses can be made only with caution and without It is tha basic contention of this paper that ,J
a theoretical basis, the Dfts offer no generally a DRC capable of encompassing the behavior of the j
valid approach to dealing vwit issues like rating ear at high intensities must account for non-
the effectiveness of different types of hearing linearities both as a function of frequency (the
protection or assessing hasard from pressure ear is spectrally tuned) and elsoe a a function of
measurements made in other than free field intensity (there art act to limit
conditions, It alsa means that existing ORCs can large dimplacemen a '' Furthermore, we
serve with limited utility as the basis for a propose that such a DRC, if it is to be applied in
design criterion for materiel, such as the ene practice, needs to be formulated in a manner very
used in uhs US Army (NIL ITD 1474(C), These and different from any in use today. In essence, what ,S
other shortcomings of existing criteria hav• • is needed is a mathematical model of the ear into -
discusmad at greater Iength in other papers ' which the test sounds can be Oplayed" and the
and will not be further developed here, hazard calculated. Ka b and Price 122 have been
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'-011 001411000 a'Q and an increase in amplitude wih Increasing
frequency as seen by von bekemy," We believe
that those envelopes are characteristic of the AM

HWARI when driven at high aqlitudes and are the one as
those shapes actually leen in rudLes that have
measured intracoohlear mtion,

Lils ,T Hazard W*2culatior

RIIt is well known that the primary site for

the physiological damage associated with hearing
lose is within the structures on the SM. At these

A high intensities, we model the fundamental loss
II process like the fatigue of materials,.leeping

:. I ' track of the number of SM flexions, their
amplitudes and the width of the membrane at that
looaton, (IN width becomes an issue because

P31W stresm is conceived as a percentage change in
A length), Speoifically, we calculate the

displacements of all the points alon& the IN when
the ear is exposed to a stimulus, correct for IN

S,, ,. , , a . e e4idth, raise the peaks (in microns) to the 2.5
ltflwl• power and accumulate the result as the *hazard' at

that location,
Figure 1. Three impulses demonstrated to be

equally hazardous to the cat ear. In the data reportod here we focus
specifically on the upward displacements of the

working on such a formulation for a number of
years and this paper is a progress report on that AIR
effort, TIO PLUGN

&&hL ILA R1 CONCHA *4sARCNThe tv ael aT ,and Midd al a re r -i

Brisfiy, the model is conceived in an EAV L LCNGTH. ARFA pe
eleotro'acoumtic form that is conformal with the fN)1P t^-. P
physiological structure of the ear (Filure 2), _ . _ _

This structure in the model ts perhaps more
complex then needed to rate harard; however, the EARDRUM V
model La also intended to promote physical insight ONUTIV- IC VOCIIU)4

into the processes associated with hamard, Thus, IN U Vi VOLUv u-

we can easily follow the flow of energy through US ,.. , -- , Li La L -
the ear/model as we proceed from the free•field V , ,*, ..
mound pressure, into the ear canal, through the 1 CMI Ca, Ra i
middle ear, and into the cochlea. Furthermore, MIDLE -. . ANNULAR -

the model has a "place" to put a circumaural muff EAR Cds r SHUNT LIGAMENT P
or an ear plug, should we wish to account for the Ri Rdl) PI

wearing of hearing protection. Menus in the LVEiLE. ICU. MUN
program allow the user to set values for 44 _______
different variables (lengths, masses, stiffnessem, L REA "INCUDL oD ROUNDO
i1to, L ' LM A REA INCUDAL STAPfDIAL VINDOWet) • . lN •RATIO JOINT Jn NT

stace .uaeyrnin ~ ULLA

The annular ligament of the stapes
effectively establishes a peakltlimiting gateway X a I5 aX X•NsI&Xhx
into the cochlea, The ligament in the oat, for /ILI(X)\ ,
example, is capable of limiting the Gtsplitlifnt UC
of the stapes to about * or * 20 microns.,
For PUre tone stimulation, peak limiting can 'R(X)
become appreciable at presures in the 0 d130 ] P . L

region and it increases its effect as sound INNER L L W L
pressures rise from theye, This is a pressure EAR R Mc"
region in which weapons impulses ant found (135 to C;ý - A()
185 CI) and means that the full peak pressures are 4 - S5- - - - c---- M-
simply not transmitted to the cochlea, ,.CICO.R.MA..I

Th•a ohlas Figure 2, Schematic diagram of the model from the
external ear to the cochlea. The

The cochlea is modeled with a tapered basilar energy flows from the top section
membrane (IN) which becomes progressively more (external ear), into the middle section
compliant toward the apex producing envelopes of (middle ear) and finally into the
traveling wave displacements that show a changing bottom section (cochlea),
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basilar membrane (toward the scals veatibuli) in a computer program is indeed feasible. The
becaume they appear to correlate best vith the model as diseussed here has been formulated to run
damage and have the additional advantage of on a PC.level computer and can perform thq
making physiologio al sense as possible dam&ae calculations to rate hazard or make a movie in a
producers. briefly, the latest conceptiono of few minutes. The problem of getting a waveform
cochlear function associate upward displacement into the computer is also nov getting simpler,
with forces that stretch critical parts of the For example, various digitizing boards are
organ of Cortil, e,., the tip links on the hairs available which will fit into a computer and in
of the hair cels. Given that tissue tends to effect produce a hazard meter, So far as a user
fail in tension, upward displacements could well is concerned, the process is really not much more
be especially hazardous. complex than use of existing criteria, The

problems of getting an accurate measurement are
still there, the only difference being that now
you enter the process with a digitized waveform' instead of a picture of it.

Once the free field waveform s•lected voi
a menu of available waveforms, the model In return for this slhtly greater
calculate@ the stapes displacement reeulilng from' €ompexity, there are imeorh tant addLtgonae
the impulse and provides a display of the two benefits., There as, m porse, the promise of
vameforms, greatly increased accuracy; but the fact that the

model is theoretically based effets important
The !w•nuurs Move advantages, It becomes a useful tool for

correcting problems by providing more than simpleThe model displays be s n t nal resltes In whan yes or no output, It is possible to see just
has tursed oul to be not just a pleasing but an which part of the waveform is producing the hazardextremely useful fashion, Given the tapes and to focus corrective action in the proper
displacement as an input, basilar membrane place. Or It becomes a theoretical base upon
displacements are calculated for all (or selected) which to found basic research programs in coohlear
locations along the basilar membrane, Then they mechanisms or to build better hearing protectors
are. organised so that they can be displayed a well as engineer safer weapens,
sequentially with the result that a displacement
movie of the entire membrane ean be viewed as
though the cochlea had been unrolled and a window
installed in its aide, When this movie is
correlated with the pressure history of the pulse p Aded po the l embers of NATO Researlh hSudy b
in air (simultaneously on the same video screen), group 6, Panel 8, on impulse nAoe, for e cheir It
it becomes pas Lble to ust what part of the and evaluation as a possible candidate for anpressure waveforu preceeds what effect, We also international DRC for impulse noise, In the
calculate the hazard at the same time and display meantime, work to continuing te find the best
it inside the cochlea as well, so that it is possible values for use in the model to fit the
possible to watch its growth at the impulse in greatest range of data on hearing loss from
propagated theough the cochlea, intense impulses, In addition, we are working to

make the model as uaer.friendly as possible,
Finally, as a means of both testing the model and

It is crucial for the usefulness of the model "designing the problem out,* we are conducting
thatit n fat ft th daa onheaing oss Astests to find methods of amelioratirig the hazardthat it in feet fwt the dast on hearing loss. As from impulse producing weapons by changing weaponthis is written we are still working on thedein

details of calculating the hazard function as well design.
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