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. Research indicates that traditional measures fail to

rate hazard from intensa impulses accurately,

This failure may

be due to inereased complexities in the sar's responss at sush

high sound pressura levals,

Tharefora, to gain insight into the

problem, we hava been developing a mathematical model of the ear
that veproduces the rssponse of the ear from free field
pressuras to basilar nembrane displacements and calculates

hasard there (modeled as machanical stress).

This amodel is

conformal with ghe structure 5f the ear and includes the
spectral tuning of the externsl and middle eats, a non-linear
stapes, and a changing susceptibility aleng the cochlear

partition,

The model can be used to calculate a hasard index
for virtually any impulse and although vork is still continuing
on the davelopment of tne model, it {s thus far able to
"axplain® the hearing losa data better than any other system,

1f the model were incotporated into an integratsd circuit/meter,
it would hare the virtues of baing complex enough to rate hazard
accurately, be simple to use and bacause it is theoretically
based, be useful in suggesting design changes for impulse

producing sources as well as more effective designs for hearing

protectors. .

Intxoguaiion

e, 9xppriventa) svidence mounts,
“'Iz'f,'fbg2z'3ltttthll become Lnarnanln;ly
apparent that existing damagp-gi tiperia,(DRCn)
for intense impulsive uundnt's"-la'ﬁ-u'25 are
inadsquate from two different peraspectives,

First, they fail to predict hazard accurately,
especially for 1npuln" !ach spactral peaks in the
low fragquency cegion.’”’ Segond, they are
inadequate because thay have almost no theoratical
basis. This lack is & serious shortcoming because
it means that existing DRCs can be applied with
confidenca only to those spesific impulses used in
their derivation. [Extrapolation to different
impulses can be made only with caution and without
s theoretical basis, the DRCs offer no generally
valid approach to dealing witii issues like rating
the effectiveness of different types of hearing
protection or assessing hazard frem pressure
measurements made in other than fres field
conditions. 1t als> means that exiating DRCs can
varve vith linited utility as the basis for a
design oriterion for materiel, much ay the cne
used {n the US Aruy (MIL 8TD 1474(C).” These and
other shortcomings of existing sriteris hnvz Yaogs
discussed at preater length in other papers™'*>
and will not be further developed here,

The heart of the problem facing the designer
of a DRC for impulse noise can perhaps be most
sasily illustracted by the waveforus in Figure 1,
The thres impulses in this figure (producad by a
primex, rifle, and howitzer, respactively) have,
with the sane number of impulses and the same
tenporal |pnazn!s all produced the same loss in
the sat ear.*™ Yot, it Ls easy to ssa from an
exanination of tha waveforms in Figure 1, that the
measures commonly used in rating hasard, L.e.,
peak preasure and a neasure of duratien ox energy,
can hardly produce a rating of equal hanard for
these impulses.

it 45 tha basic contention of this paper that
a DRC capable of encompassing the behavior of the
ear at high intenaities must account for non-
linearities both as a funstion of freguency (the
sar is spectrally tuned) and also us & funation of
{intenaity (thers are Tzcgtnigll that act to limit
large displacements), ™ '4% Furchermore, ve
proposs that such a DRC, if it is to be applied in
practice, nseds to be formulated in & manner very
different from any in use today. In essence, what
is needed {s a mathematical model of the sar into
which the tast sounds can bs “plcyld‘zlnd the
hatard caleulated. KRalb and Price®'?2 have been
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Figure 1. Three {mpulses demonstrated to be
equally hazardous to the cat ear.

vorking on such a formulation for a numbax of

years and this paper is a progress report on that
.t'ﬂf‘t

Tha Madal
The Ixgsarnaloand Middle Esxa

Briefly, the model Ls conceived in an
alectro-acoustic form that is conformal with the
physiological structure of the sar (Pigute 2).
Thia structure {n the model is perhaps more
conplex than needad to rate hasard; huvever, the
modsl is also intended to promots physical imsight
into the processes associated with hazard. Thus,
ve can eansily follow the flow of enexgy through
the sar/model as va procesd from the fres-field
sound pressure, into the ear canal, through the
middle ear, and into the sochlea., Furthermore,
the model has a "place” to put a circumaural muff
or an ear plug, should we wish to ascount for the
waaring of hearing protection. Menus in the
progran allow the user to set values for 44
dltl;rone variables (lengths, masses, stiffnesses,
ate.).

Slagas_suspanaion

The annular ligaaent of the stapes
effectively eatablishes o peak-limiting gateway
inco the cochlea, The ligament in the cat, for
oxanple, is capable of limiting the “‘P‘!i‘!!“‘
of the stapes to about + or . 20 microns,.**

For pure tone stimulation, peak limiting can
becoms appreciable at pressures in the 130 dB
region and {t inoreases its effect as sound
pressuras rise from thepe. This is a pressurs
region in which weapons Lmpulses are found (153 to
183 dB) and means that the full peak pressures are
simply not transmitted to the cochlea.

The Cochlan

The cochlea {s modaled with a taperad basilar
mombrane (BM) which becomes progtessively more
compliant toward the apex producing snvelopes of
traveling wave displacements that shovw a changing

Q and an increass in amplitude v!&h increasing
fraquancy as seen by ven Bakesy, Ve balieve
that thess snvelopes are charactsristic of the BY
vhen driven at high ayplitudas and are the same as
those shapes actually seen in !8u41|| that have
measured intracochlear motion,

The Hazard Calculation

It {s well known that the primary site for
the physiological damage associated with hearing
loss is within the structures on the BM, At these
high intensities, ve model the fundamental loas
process like the fatiguw of materials, keeping
track of the number of BM flexions, theiy
amplitudes and the width of the membrans at that
location, (BM width bacomes an issue because
stress {s conceivad as a psrcentage change in
length), Specifically, we caleulate the
displacements of all the points along the BM when
the ear is exposed to a stimulus, cerract for BM
+idth, raise the peaks (in microns) to the 2.3
pover and aceumulate the result as the *haxard® at
that locatioen,

In the data reportued hars wa foous
specifically on the upward displacementa of the
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Figure 2. Schematic diagram of the modsl from the
sxternal ear to the cochlea, The
energy flows from the top mection
(external ear), into the middle section
(niddle ear) and finally inte the
bottom section (cochlea).




basilar membrans (tovard the scala veatibuli)
boeuult theay appear to correlats best with the
danage” and have the additional advantags of
naking physiological sense as possible danage
producers, Briefly, the latest conceptions of
cochlear function associate upward displacement
vith forces that stretch critical parts of the
organ of Corti, e.g., the tip links on the hairs
of the hair cells.” Given that tissus tends to
fail in tension, upward displacements could well
be sopecially hazardous, )

Using the Modr)

Once the free fiald waveform ‘. salected fuom
a menu of available waveforms, tha model )
caleulates the stapes displacement resulting from
the impulse and provides a display of the tve
vaveforns,

The Expoaurs Movia

The model displays its final results in vhat
has turned out to be not just a pleasing but an
extremely useful fashion., Given the stapes
displacement as an input, basilar membrane
diaplacements are caleculated for all (or selected)
locations along the basilar membrane, Then they
are. organized so that they can be displayed
sequentially with the vasult that a displacement
movie of the entire meabrans can ba viewed as
though tha cochlea had been unrolled and a window
installed in {ts side. When this movie is
correlated with the pressurs history of the pulse
in air (simultanecusly on the same video acraeen),
it becomes possible to see just what part of the
pressure waveform preceeds vhat effect. Ve also
caleulate the hasard at the same time and display
it inside the cochlua as well, so that it ia
possible to watch its growth as the impulse is
propagatad through the cochles.

Elsging cha Heaxing Lass Data

It 41s crucial for the usefulness of the model
that it in fact fit the data on heating less. As
this is written we are still vorking on the
details of caleculating the hazard function as well
a8 adding features to the model needed to
reproduce the aar's responss, The focus and space
conatraints of this paper do not allew for a
detailed presentation lsd tome details have
already been published, 2 Briefly, the model
matches the location of d .nage very well,
caleulating the maximus hazard for gunfire
{mpulses to be mid.cochlea, regardluss of the
spectral psak of the impulses. It also axplains
the lower than expected losnes from impulses with
low spsctral peaks. The model has had heuristic
value in suggeating that, for the cat data at
least, va need to assume that the middle sar
muscles are continuously tg:ivo in avake
(unanesthetized) animals, Perhaps the best
suzaary statement at this point is that the model
appesars to be capable of fitting all the data wa
hava available and have tested.

A.Naw Form for a DRC?

Given that the modsl continues to rate hasard
relatively accurately, could it not serve as the
basis for a nav DRC for impulse noiss? We contend
that given today's technology and tomorrow's
promise, the possibility of a DRC being embodied

in & computsr program is indesd fessible. The
modal as discussed hers has been formulated to tun
on a PC-level computer and can perform thae
caloulations to rate haxard or make a movise in a
fov mninutes. The problem of getting a wavaforn
into the computer is alao nov getting aimpler.
For example, various digitizing boards are
available which will fit into a computer and in
offect produce a hazard meter. So far as a user
is concerned, the process is really not much more
complax than use of existing criteria. The
probleas of getting an accurate measurament are
still there, the only difference being that now
you enter the process with a digitized vaveforn
instead of a picture of {t.

_ In rveturn for this slightly greater
complexity, thers are luportant additional
bevafics. There is, of course, the promise of
greatly increased accuracy; but the fagt that the
nodel is theovetically based effers important
advantages, 1t beconmes a useful tool for
correcting problems by providing more than simple
yes or no output, 1t is posaible to see just
which part of the waveforn is producing the hazard
and to focus corrective sctionm in the proper
place, Or it bacomes a theorstical base upon
vhish to found basic research programs in cochlear
mechanisas or to build better hearing protectots
as well as engineer safer weapons,

Rxagnasia

A prelininary veraion of this model has been
provided to the membera of NATO Research Study .
Group 6, Panel &, on impulss neise, for their use
and evaluation as a poasible candidate for an
international DRC for impulse noise, In the
meantime, work is continuing te find the Yest
posaible values for use in the model to f£it the
greatest range of data on hearing loss from
intense impulses. In addition, we are working to

" make the model as user-friendly as possible,

Finally, as & means of both testing the model and
*designing the problem out," we are conducting
teats to gtnd methods of amsliorating the hazard
from impulas producing weapons by changing weapon
design. v
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