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a b s t r a c t

The current impulse noise criteria for the protection against impulse noise injury do not incorporate an
objective measure of hearing protection. A new biomechanically-based model has been developed based
on improvement of the Auditory Hazard Assessment Algorithm for the Human (AHAAH) using the in-
tegrated cochlear energy (ICE) as the damage risk correlate (DRC). The model parameters have been
corrected using the latest literature data. The anomalous doseeresponse inversion behavior of the
AHAAH model was eliminated. The modeling results show that the annular ligament (AL) parameters are
the dominant cause of the non-monotonic doseeresponse behavior of AHAAH. Based on parametric
optimization analysis, a 40% reduction of the AL compliance from the AHAAH default value removed the
doseeresponse inversion problem, and this value was found to be within the physiological range when
compared with experimental data. The transfer functions from the new model are in good agreement
with those of the human ear. A doseeresponse curve based on ICE was developed using the human walk-
up temporary threshold shift (TTS) data. Furthermore, the ICE values calculated for the German rifle
noise tests show excellent comparison with the injury outcomes, hence providing a significant inde-
pendent validation of the improved model. The ICE was found to be the best DRC to both large weapons
and small arms noise injury data, covering both protected and unprotected exposures, respectively. The
new AHAAH model with ICE as the dose metric is adequate for use as a medical standard against impulse
noise injury.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Hearing loss from exposure to impulse noise remains one of the
top medical problems for the military, resulting in huge long-term
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medical costs and the loss of personnel due to hearing disability.
According to the U.S. Department of Veterans Affairs, 21% of nearly
7 million cases contain the pathological outcomes of auditory
damage (US Department of Veterans Affairs, 2011).

A system acquisition standard (MIL-STD-1474E) was recently
adopted that includes the option of using the current Auditory
Hazard Assessment Algorithm for Human (AHAAH) software (Price,
2007a, 2007b; Price and Kalb, 1991), which was developed by the
Army Research Laboratory (ARL), or a variant of the LAeq8 model
(LIAeq100ms). Both of these models have limitations. The
LIAeq100ms model has not been validated, and the AHAAH is still
under a rigorous investigation for verification, validation, and
improvement. However, MIL-STD-1474E is not a medical standard
against impulse noise. A medical standard is needed that consis-
tently predicts injury from both small arms and largeweapon noise
with accurate differentiation between HPDs to replace the histor-
ical military standard, MIL-STD-1474D (Dept. of Defense, 1979).

The American Institute of Biological Sciences (AIBS) panel
(Wightman et al., 2010) recommended that a biomechanically-
based model relating the noise insult to the hearing organ
response be used to accurately predict auditory injury from
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impulse noise exposures to provide a model-based standard to
replace MIL-STD-1474D. The AHAAH model is an electro-acoustic
model of the peripheral hearing organ simulating the traumatic
response of the auditory system to impulse noise. The model in-
cludes three components: the outer ear from pinna to eardrum, the
middle ear comprised of the air spaces and ossicles, and the inner
ear formed by the cochlea. The three components are electro-
acoustically connected to each other to allow the propagation of
external noise to the cochlea (Price and Kalb, 1991).

The AIBS panel recommended continued research and devel-
opment to improve the AHAAH model with rigorous validation so
that it can be used as amodel-based standard against impulse noise
injury. While the accomplishment of the AHAAH model is recog-
nized, controversies about some of its modeling approach and
simulation results have not been resolved among impulse noise
experts. For instance, the parameters of the current AHAAH model,
originally developed for the cat, were assigned to the humanmodel
by assuming that cats and humans have the same ear properties,
but a rigorous verification of the adequacy of these parameters was
not provided. This paper presents an improved AHAAH model
whose parameters have been calibrated based on human data from
recent literature to correctly reproduce the human ear transfer
functions. One critical aspect that is also addressed by the present
study is the non-monotonic doseeresponse behavior of AHAAH
against large weapon noise as shown in (Price, 2007b), which
suggests that an exposure at higher intensity will result in lower
risk of injury, although this is not supported by field data
(Smoorenburg, 2001). Smoorenburg (2001) found indeed that the
AHAAH model is overly compressive. Even though many biological
systems are characterized by a nonlinear response, an inverted V-
shaped risk curve displayed by the current AHAAH is questionable.
The consistent and dramatic reduction of risk of injury as the blast
intensity is increased is not substantiated by human data. On the
contrary, the field data support that injury rate increases with blast
intensity. Therefore, a biomechanically-based model for prediction
of impulse noise injury should also be characterized by a mono-
tonically increasing dose-response. The critical improvements to
AHAAH that removes this non-monotonic doseeresponse behavior
are presented in this paper. Themodeling of the acoustic reflex (AR)
is another controversial aspect of AHAAH that suggests a significant
difference in auditory risk between warned and unwarned expo-
sures but will not be addressed by this study because of the lack of
available data. Instead, the unwarned exposure condition is
assumed for all calculation results presented in this paper.

A method also needs to be developed to account for use of the
hearing protector with the model. For unprotected exposures,
AHAAH uses the free field data as model input. For protected ex-
posures, AHAAH requires the input of ear canal data (under the
HPD) as input. Although limited work has suggested the possibility
of the coupling of AHAAH to a hearing protector model, the
development of a generalized hearing protector model is a separate
research effort that is still ongoing. The present work will show the
use of an acoustical test fixture (ATF) to collect eardrum pressure as
the input to AHAAH when HPDs are involved.

Two sets of historical data were used to validate the improved
AHAAH model. The first set of data was collected from human
volunteers exposed to simulated large weapon noise in a test series
conducted by the US Army Medical Research and Material Com-
mand (USAMRMC) at the blast test site at Kirtland Air Force Base in
Albuquerque, NM, commonly known as the “Walk-up” or “Albu-
querque” study as part of the Blast Overpressure Project (BOP). In
the Walk-up study, a range of earmuffs and earplugs were used as
HPDs and injury data from over 300 volunteers were collected. The
results from the AHAAH model validation against the Walk-up test
data also produced the model-based doseeresponse curves.
Historical German rifle noise data from (Brinkmann, 2000; Pfander
et al., 1980) were then used to independently validate the dos-
eeresponse curves.

Previous analysis of the Walk-up study data has produced an
empirical model fit that confirmed that the existing impulse noise
auditory criteria are overly conservative by at least 9.6 dB (Chan
et al., 2001) but the extension of that to small arms conditions
without HPDs has not been tested. It has long been recognized that
reconciliation of empirical model fits between large weapons ex-
posures involving HPDs and small arms exposures for unprotected
ears is not easy without a validated biomechanical method to
handle the HPDs. This paper demonstrates that the use of the ATF is
needed to enable the model-based standard to be used for pro-
tected and unprotected noise exposures.

The objective of this paper is to present the results from a 3-year
research effort to develop and validate a biomechanical model-
based medical standard against impulse noise injury. The biome-
chanical model is based on the AHAAH model with critical im-
provements based on published material property data and
validation against human data. This work pursues a deep and
thorough research of the AHAAH model by examining every
component and model parameter by going into the source code
with rigorous verification against literature data. Thework includes
detailed evaluation of the model behavior by performing extensive
parametric studies. The end goal will lead to the development of a
biomechanically valid correlate for construction of a dos-
eeresponse relationship using human outcome data. In addition, a
test method using the ATF has been developed to collect eardrum
data as model input to account for the effects of HPD attenuation
and head orientation.

2. Materials and methods

2.1. The human BOP Walk-up study

The historical Walk-up study conducted by the USAMRMC
produced the largest human dataset known to-date (Johnson,
1994). The data include the waveforms of simulated large weapon
noise for three standoff distances (1, 3, and 5 m) from the noise
source and the resulting human temporary threshold shift (TTS)
data from over 300 human volunteers for five types of HPDs. The
HPDs used included an intact (unmodified) earmuff, a modified
earmuff with 8 tubes inserted in the cushion to reduce sound
attenuation, simulating a poor fitting condition, and three earplugs
(French No. 1 plug, Rucker plug, and perforated plug). The wave-
forms were collected in the free field using pencil gauges and also
under the earmuffs with a microphone for selected subjects.

The statistical design of the Albuquerque humanWalk-up study
was to estimate the dose threshold for 95% protection of the sub-
jects 95% of the time against auditory injury. Injury was defined as
TTS measured 2 min after exposure exceeding 25 dB (at any fre-
quency in the exposed ear). A typical test series consisted of ex-
posures from one of the test distances with the test subjects fitted
with one of the HPDs according to the test matrix shown in Fig. 1.
For each test series, there were 7 exposure levels with the peak
pressure level (PPL) increasing by about 3 dB for each higher level
as shown on the left side of the walk-up matrix, and an increasing
number of shots (N) were given from 6 to, 12, 25, 50, and 100 at
level 6, with some groups split between levels 6 and 5 at 100 shots.
The vertical and horizontal arrows indicate the progression of the
Walk-up study. Beginning with 6 shots, each group of n subjects
was exposed at level 1; only uninjured subjects were allowed to
advance to the next level. For those subjects who passed level 7,
they were exposed at level 6 with the number of shots increased
from 12 to 100 following the horizontal arrow; again only



Fig. 1. Graphical illustration of the human BOP Walk-up study showing the progres-
sion through the test matrix as explained in the text.
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uninjured subjects could advance to the next higher number of
shots. Subjects that failed at a given level were dropped down to
the next lower level and walked through the test horizontally as a
side study. Each box of the matrix provides the test statistics
including the number of subjects (n), the exposure dose (L), which
accounts for the number of shots (N), and the injury rate (p). The
Walk-up study resulted in more than 3000 outcome data points
that were used in the present analysis.
2.2. Rifle data

The small arms data consisted of the Belgian FNC and the
German G3 rifle data, for which injury data were available from
(Brinkmann, 2000; Pfander et al., 1980). Table 1 summarizes the
small arms data used formodel validation. The injury data are given
in the fourth column with the data source indicated. The German
injury threshold was based on the time to recovery from TTS within
24 h rather than TTS2 > 25 dB, but is generally accepted as equiv-
alent to TTS2 > 25 dB. Waveforms were obtained from input files
from older versions of the AHAAH model distributed to users.
Table 1
Small arms exposure data used for validation.

Rifle type Number of waveforms

Belgian FNC (Experiment 1, 158 dB PPL) 7
Belgian FNC (Experiment 2, 158 dB PPL) 7
German G3 (161 dB PPL) 1
2.3. ATF method to collect eardrum data for model input

2.3.1. Replication of the walk-up tests to collect ATF data
In order to use the Walk-up data for model validation, ATF

eardrum datawere collected asmodel input by performing physical
tests replicating the original conditions where the ATF devices were
placed at matching locations as the volunteers in the historical
tests. The commercial G.R.A.S. 45CB ANSI ATFwas chosen. Matching
tests for the 1 m, 3 m and 5 m conditions were conducted at the
Spofford Test Site of Southwest Research Institute (SwRI) near San
Antonio, TX. The test setup was replicated following the original
design drawings. The charge weights for the C4 explosives used for
each blast level was adjusted for the difference in altitude
compared to Albuquerque, which is at 4000 ft, while Spofford is at
sea level.

To quantitatively compare the original and the replicated free
field waveforms, matching criteria based on the waveform char-
acteristics were defined. When the peak level, A-duration, A-im-
pulse defined as the integral of the positive pressure over the A-
duration, and A-weighted sound exposure level (SELA) of the
replicated waveform lie simultaneously within one standard de-
viation of the original BOP data, the two waveforms are considered
matched. Thus, a series of calibration tests were performed to
optimize the distance from the blast center that would satisfy the
matching criteria for each test condition designated by the (nom-
inal) distance and level. With the respective optimal distances
determined, the ATF fitted with HPDs and the pencil gauges were
placed at these matching distances from the blast, and the eardrum
data were collected. Figs. 2 and 3 show the test setup for the 1, and
3, and 5 m tests, respectively.

The ATF eardrum data were collected in the field for all the BOP
distances and levels for all HPDs with the aid of a high-end
microphone (G.R.A.S. 40 BH Mic.) to collect data at the high
levels. The original microphone (G.R.A.S. 40 BP Mic.) that was used
to collect the data saturated at high levels.
2.3.2. ATF data extrapolation
Because of ATF measurement errors from microphone satura-

tion effects at the high blast levels, the ATF data were verified for
consistency before use as model input. The ATF and the human BOP
undermuff pressure data trends were cross-compared based on the
mean peak pressure level (PPL) versus blast level, and inconsistent
data were replaced based on data extrapolation using the proce-
dure described in Appendix A.

The criterion for data consistency was that the ATF eardrum
peak pressure variation as a function of the blast level must follow
the human BOP undermuff data trend. The similarity between the
data trend was verified by comparing the undermuff peak pressure
and the reconstructed human eardrum pressure using the transfer
function from ear canal to eardrum, TFEC2ED. The eardrum wave-
form for each exposure was reconstructed by multiplying the
(protected) TFEC2ED by the spectrum of the human BOP undermuff
pressure data followed by applying the inverse Fourier transform to
the product. The TFEC2ED needed were derived from the ATF tests
performed at comparable peak levels (155e160 PPL in free field)
using shock tube exposures with the ATF fitted with the
Number of shots Injury rate (data source)

6 11/51 (Brinkmann, 2000)
5 9/53 (Brinkmann, 2000)
5 15% (11/78) (Pfander et al., 1980)



Fig. 2. 1- and 3-m test using ATF (BOP human test shown in inset). Two ATFs fitted with HPD, helmet, and goggle are shownwith the right ear facing the explosion, which originates
from the underground guided by a center tube. Pencil gauges shown are placed at the level of the ATFs ear at the same distance from the blast. The BOP human test shows six
volunteers around the center tube with the protected right ear facing the explosion.

Fig. 3. 5-m test using ATF (BOP human test shown in inset). Two ATFs fitted with the HPD, helmet, and goggle are shown paired with pencil gauges. The explosive charge is hung
above the ground between three tall cylindrical protection tubes. Similarly, the BOP human tests shows protected human volunteers with the right ear facing the explosion.
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unmodified and modified earmuffs.
Hence, the ATFwaveforms for the 1m, level 7 and 5m, level 5e7

tests were replaced with waveforms extrapolated from the lower
levels following a three-step procedure. First, the lower level time
domain waveforms were converted to frequency domain spectra
using Fourier transform; second, the resulting frequency domain
spectra were then extrapolated to the higher levels; and third, the
latter were converted back to the time domain using inverse
Fourier transform. The details of the waveform extrapolation pro-
cedure are described in Appendix A. The extrapolated eardrum data
were verified by confirming that the peak pressure levels and
waveforms were all showing increasing trends with blast level as
expected similar to the undermuff pressure data.

2.4. AHAAH improvement

The AHAAH model was evaluated in depth with corrections
made based on the latest literature review and model behavior
analysis. The unwarned condition was adopted for model simula-
tion for all the cases presented in this paper.



Fig. 4. Schematic of MATLAB/Simulink AHAAH model showing the hearing organ block components including the outer, middle, and inner ear. The stapes displacement (Stapes
Disp.) and pressure (Pc) are collected and visualized on the scopes. The inset shows the details of the block for the nonlinear AL that incorporates the AR components.
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2.4.1. The original AHAAH model
The MATLAB/Simulink version of the AHAAH model based on

the dissertation by Song (2010) was acquired, verified andmodified
to produce the results presented in this paper. Fig. 4 presents a
simplified block diagram of the MATLAB/Simulink version of the
original AHAAH whose theoretical basis and design are briefly
described here. Additional information about the original AHAAH
model can be found in (Price, 2007a, 2007b; Price and Kalb, 1991).
The MATLAB/Simulink version was verified by performing calcu-
lations with results matching all the published cases of AHAAH.

The AHAAH represents each part of the peripheral hearing or-
gan from the pinna to the cochlea. Each part is represented as a set
of electro-acoustic element blocks with specified parameters for
the mass, compliance and resistance.

The head with the concha are modeled using a combination of
two analytical approximations (Giguere and Woodland, 1994)
within the network model of the analytical result for diffraction of
sound by a sphere and that of the radiation impedance by a small
hole in a rigid wall. The first approximation is utilized to model
diffraction by a blocked piston (representing the effects of the head)
using the simple network model of Bauer (1967). The second is
used to model the resistance and inertance of the concha's inser-
tion into the head. The resulting head block is characterized by the
diffraction properties of the head, which are dependent on the head
size.

The ear canal is modeled based on the two-tube model in
(Wiener et al., 1965). The latter is based on non-dissipative plane
wave propagation in ducts and gives a wavelength dependent
analytical expression for the pressure at any location within the
duct for a rigid eardrum boundary condition. The equivalent
network model is used in AHAAH, with a straddle horn-shape
added towards the concha entrance from inside the ear canal.
The network model is constructed with 16 volume elements, each
composed of one inductance and one compliance element.

The middle ear block starts with the eardrum, which is divided
into a conductive and an independent path. The conductive path
includes the portion of the eardrum attached to the malleus
attachment and the handle of the malleus, while the independent
eardrum is composed of the remainder of the membrane attached
to the outer bony tympanic ring. Each part is characterized by their
electro-acoustic elements. While all other elements of the middle
ear (including the bones, joints, and the stapes) are simple and
linear, the annular ligament (AL) model is nonlinear.

The AHAAH model includes two unique features of the middle
ear response, the acoustic reflex (AR) and AL nonlinearities.
Although complex, the protective mechanism of the middle ear AR
against low frequency (<1 kHz) and high level noise is well-
documented. When the timing of the noise exposure coincides
with the delayed activation of the AR, it can contribute up to 20 dB
decrease of the input sound level (Borg et al., 1995) in ears endowed
with this special feature. Likewise, the AL nonlinearity, where the
ligament displacement saturates at high PPL, has been observed in
both animals and humans (Gan et al., 2011; Guinan and Peake,
1967). The incorporation of these features makes the middle ear
model nonlinear and requires a time domain solution. In AHAAH,
these two features are modeled together in the same simulation
block as shown in the inset on Fig. 4. The AL stiffness gain ‘Kamp’ is
nonlinearly dependent on the stapes displacement and is used to
update the AL stiffness and resistance, which are modulated by the
AR time dependent gain; the process is controlled through a time
domain feedback loop to yield the AL impedance which determines
the motion of the stapes. Based on a simplified and idealized AR
gain model, AHAAH simulates the effects of warning on auditory
processing. In the warned condition, when the exposed subject is
aware of the incoming sound, the maximum gain of the AR is set
prior to the arrival of the sound; in the unwarned condition, the
maximum gain is reached with a 9 ms delay.

The cochlear model is implemented based on the WentzeleK-
ramerseBrillouin (WKB) approximation that calculates the basilar
membrane (BM) displacement in the frequency domain. The
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cochlea is connected to the middle ear through a conversion from
frequency domain to time domain. The AHAAH model takes the
waveform of the pressure wave in time domain as the input and
allows the option for inputting the waveforms from the free field,
the ear canal or the eardrum to calculate the auditory risk unit
(ARU) as the damage risk correlate (DRC). ARU is calculated by
summing the square of the peak upward BM displacements over
the entire waveform.
2.4.2. Basis for model improvement
In the following, some of the main problems found in each

module of the AHAAHmodel are presented as a background for the
improvement effort.

In the outer ear model, it was found that given the values of the
head diffraction parameters used in the AHAAH model, the human
head size is underestimated by at least 35%.

Themiddle ear nonlinearities as implemented in AHAAH appear
to be overly compressive and produce a non-monotonic dos-
eeresponse behavior with blast level that is not acceptable. As
reported in (Price, 2007, Fig. 2) for 1 m tests, Fig. 5 shows that as the
exposure level is increased from level 1 to 7, ARU increases up to
level 3 or 4 and then decreases afterward. This result suggests that
exposures at high levels are safer than the lower exposure levels for
the same kind of noise. Injury data show that injury rate increases
with blast level (Johnson, 1994).

The physiological basis of some of the AHAAHmodel parameters
was also questioned as a result of the verification effort. It was
observed that most of the parameters were derived from chinchilla
or cat data. For example, the maximum stapes displacement is set
to 30 mmbased on cat data (Guinan and Peake, 1967) and is equal to
the AL width, which has not been adjusted for the human model. It
is likely that the inaccurate model parameters contribute to the
anomalous model behavior.

Major improvements to the model have been made with data
comparison by (1) updating the model parameters based on the
latest literature findings; (2) correcting the non-monotonic dos-
eeresponse behavior with blast level; and (3) formulating a new
biomechanically-based DRC.
Fig. 5. AHAAH ARU versus increasing the blast level for the 1-, 3-, and 5-m tests shows
that ARU produces an inverted response where higher blast levels become less
damaging.
2.4.3. Model parameter update and optimization
All AHAAH model parameters were verified and updated as

necessary based on latest literature findings. The model analysis
showed that the doseeresponse behavior of the model is very
sensitive to the AL parameter values, and a series of optimization
calculations was carried out to determine the best value that would
produce a robust doseeresponse behavior for the improved AHAAH
model. The energy arriving at the stapes (before entering the co-
chlea) was used as a dose metric and the undermuff waveforms
from the free field exposures from the human walk-up tests as the
model input to perform the parametric optimization. The stapes
energy is defined as the integral over time of the product of the
pressure and volume velocity at the stapes. The ARU was also
analyzed as part of the optimization effort.

Hence, the model parameters were updated in three steps. First,
the parameter values as reported in the literature were used to
replace those that were identified to be incorrect in the original
AHAAH model. The next step consisted of optimizing the key pa-
rameters of the model to remove the doseeresponse inversion
behavior of the model. Using Monte Carlo calculations, the AL
compliance and resistance values (Cal and Ral) were optimized in an
attempt to remove any doseeresponse inversion behavior of the
model. The details of the optimization analysis can be found in
Appendix B. In the final step, the converged AL compliance value
was compared with the values from the literature to ensure that it
is within the physiological range of the human AL values. The
estimation of the AL value from the cadaver data is shown in
Appendix C.
2.4.4. Verification of the improved model transfer functions
In order to verify that the final model parameters reflect the

human ear transfer functions, the ear canal and middle ear transfer
functions from the new AHAAH model were calculated and
compared to available human data from the literature. The current
AHAAH model transfer functions were also calculated for compar-
ison. To determine the transfer functions, pure tone stimuli were
successively delivered at the ear canal entrance with frequencies
ranging from 0.5 to 10 kHz and peak pressure levels from 60 to
120 dB PPL, and the response at the desired point in the model was
calculated.

The ear canal transfer function (TFEC2ED) is defined as the ratio of
the pressure at the eardrum to the pressure at the ear canal
entrance. The TFEC2ED from the new AHAAH model were compared
to the human data from (Shaw, 1974).

The middle ear transfer functions of the new AHAAH model
were compared to experimental data obtained from post-mortem
human specimens (PMHS) (Aibara et al., 2001). The transfer func-
tions are:

� Middle ear gain (GME) defined as the ratio of the intracochlear
pressure (Pc) to the pressure at the eardrum (Pe)

� Stapes velocity transfer function (SVTF) defined as the ratio of
the stapes linear velocity (Vs) to the pressure at the eardrum

� Cochlear input impedance (Z0) defined as the ratio of the
intracochlear pressure to the stapes volume velocity

The experiment consisted of 12 cadaver ear measurements such
that the mean and standard deviations were provided. The exper-
imental conditions were matched in the model calculations. The
stimulus level and frequency were the same as for the experiment.
Because cadaver data were used in the experiment, the middle ear
acoustic reflex was turned off in the AHAAH model for data
comparison.
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2.4.5. The integrated cochlear energy
The real biomechanical meaning of ARU is unclear, and as shown

later in the results ARU continues to show a doseeresponse
inversion behavior even with the optimized AL parameters, while
the stapes energy results strongly suggest that the new DRC should
be energy-based. Since injury originates primarily from within the
cochlea, a new DRC based on the energy deposited inside the co-
chlea was considered. The integrated cochlear energy (ICE) is
defined as the sum of the energy accumulated over time in each of
the 23 critical bands along the human cochlea, which represents
the total energy deposited in the cochlea.

ICE ¼
X23
i ¼1

Z
T

PiðtÞViðtÞdt (1)

where T is the duration of the exposure, and Pi and Vi, the pressure
difference across the BM and the BM volume velocity, for each
location, i, respectively. The pressure difference across the BM is
derived from the impedance and the volume velocity of the BM.

The BM impedance is given in terms of the BM resistance (RBM),
the BM compliance (CBM), and the BM mass (MBM), which are
functions of the position (x) along the cochlea and the angular
frequency (u) of the sound pressure:

ZBM ¼ RBM þ i$
�
MBM$u� 1

CBM$u

�
where;

RBMðx;uÞ ¼ RBM0
$expð � a$xÞ

CBMðx;uÞ ¼ CBM0
$expð � b$xÞ

MBMðx;uÞ ¼ MBM0
$expð � m$xÞ

(2)

The BM properties assigned in the new model were identical to
those in the original AHAAH model; RBM0 ¼ 912 kg/(s m2),
CBM0 ¼ 1e-10 m2 s2/kg, and MBM0 ¼ 5.8e-2 kg/m2 for the BM
properties at the extreme base of the cochlea, and a ¼ 1.0; b ¼ 1.5,
and m ¼ 1.0 for the decay constant of the BM properties.
Fig. 6. TFEC2ED measurement from ATF. a) with earmuff; b) without earmuff.
2.5. Development of doseeresponse curve and threshold prediction

To develop the probabilistic doseeresponse curve against
auditory injury and to determine the threshold of injury, calcula-
tions were performed with the improved AHAAH model using ICE
as a risk factor and the ATF eardrum data from the replicated walk-
up tests as the model input for all BOP free field tests. For each test
group, qualified repeated eardrum waveforms were run through
the new AHAAH model using the unwarned option to calculate the
average ICE value. This value was assigned to each test subject
within the group. To construct the binary pass/fail outcomes data
table, the individual TTS data were assigned the value of 0 (no
injury) for TTS < 25 dB and 1 (injured) for TTS � 25 dB. A total of
3013 ICE-injury response data pairs, representing all the BOP free
field data, were used in the statistical analysis. The population-
average logistic regression model as implemented in (Chan et al.,
2001) was used to correlate the ICE dose to the human injury
outcomes to establish the doseeresponse curve and the L(95,95)
threshold for protection of 95% of the population 95% of the time
against TTS > 25 dB. Following standard logistic regression calcu-
lations, the regression coefficients were determined by fitting the
ICE values with the entire human data set for all the test cases using
the STATA software (StataCorp, 2009). The 95% confidence interval
(CI) for the estimated probability of injury is calculated from the
mean estimates and covariance matrix of the regression co-
efficients and by assuming a normal distribution of the error of the
regression. The L(95,95) threshold is given by the upper bound of
the CI with a probability of injury of 5%. A straight-forward 10-bin
data grouping process was used for comparison with the dos-
eeresponse curve. The binning process consists of sorting the ICE-
dose in ascending order and dividing the data into 10 bins, followed
by calculating an average value within each bin. The average data
were compared to the mean correlation curve.

A logarithmic function of the ICE was used to express the dosage
as dB. Hence, the ICE dose is expressed as:

Dose ¼ 10$log10

�
〈ICE〉
ICE0

�
þ 10log10ðNÞ (3)

where <ICE> represents the average DRC value at each exposure
level of the BOP walk-up tests. The reference value, ICE0 represents
the estimated smallest ICE value possible at 1.92e-15 mJ. For mul-
tiple shots, the dose is assumed to accumulate according to the
traditional 10log10(N) rule, where N represents the number of
shots.

2.6. Model validation

To independently test the improved model with the new DRC
against different types of impulse noise, the historical small arms



Fig. 7. Peak pressure trend comparison between BOP human undermuff and recon-
structed human eardrum data (5 m tests).
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data were used to perform calculations for data comparison, and
the results were overlaid on top of the doseeresponse curve ob-
tained from the BOP large weapon data analysis.

The rifle exposures were unprotected. Therefore the waveforms
were run using the free field input mode (option 1 in AHAAH). As
for all of the cases presented in this paper, the unwarned condition
was adopted. The available waveforms were used to calculate the
average exposure dose according to Eq. (3) for data comparison.

3. Results

3.1. ATF data

This section summarizes three main results related to the ATF
measurements. 1) The TFEC2ED measurement results used to
reconstruct the eardrumwaveforms from the BOP undermuff data;
2) the trend comparison for the pressure peak and spectrum that
supports data extrapolation; and 3) a sample of the complete ATF
waveforms that were used as the AHAAH model input.

The TFEC2ED measurement results are shown in Fig. 6. Fig. 6a
shows the comparison results for TFEC2ED when the ATF is fitted
with unmodified and modified earmuffs. The results show that
TFEC2ED is not the same when the earmuffs are worn. The results
also show that the TFEC2ED can be very different for different ear-
muffs. As expected, the regular earmuff is more attenuating than
themodified earmuff by up to 15 dB. For the earmuffs, there exists a
crossover frequency above which there is a pressure loss as
opposed to a pressure gain from the ear canal to the eardrum, and
this crossover frequency is different between the modified and
unmodified earmuffs. A noticeable discrepancy is observed for the
low frequencies (<2 kHz), however. The TFEC2ED in the presence of
the earmuff do not tend to zero at very low frequencies. This
seemingly unphysical characteristic was also present for the
TFEC2ED for the bare ATF (no earmuff) at low frequency (<2 kHz). As
shown in Fig. 6b, at low frequency, the transfer function from the
bare ATF deviates from that for the human, which tends to zero. A
better agreement between the bare ATF and human data is found
however between 2 and 10 kHz. As shown in Fig. 6b, between 2 and
10 kHz, the ATF and human measurements are in fair agreement
considering the differences in noise types and intensities.

Fig. 7 shows the trend comparison between the peak pressures
at the concha (undermuff) and eardrum for the 5 m tests. Fig. 7
shows that the peak pressure for the BOP undermuff and the
reconstructed human eardrum pressures increased monotonically
with exposure level.

Sample waveforms for the lower levels and their corresponding
spectra are shown in Fig. 8 for the 1 m and 5 m tests. It can be
observed that, overall, the power spectra increase with exposure
level. In particular, for the 1 m tests which represent the most
powerful arrival at the ear, the spectra increase up to the second
highest level studied (level 6) (Fig. 8a, b). These results indicate that
the eardrum waveform spectra are increasing with levels and that
data extrapolation is reasonable.

Fig. 9 shows the complete ATF data used as model input for the
5 m tests with the modified earmuff. The data comprise the actual
ATF data collected from level 1 to level 4 and the extrapolated data
from level 5 to 7. The waveforms are all similar and become
stronger as the intensity level increases. The peak of the extrapo-
lated waveforms increased monotonically as those of the human
undermuff waveforms. The same observations are made for the
extrapolated waveform at level 7 for the 1 m tests.

3.2. Doseeresponse inversion correction

Table 2 summarizes the modification of the parameters in
AHAAH based on the latest literature review findings (with cita-
tions shown in the last row). The human head size originally set to
25 cm in circumference was corrected to the average human head
size of 55 cm based on anthropometric data from (USDoD, 2012).
This change affects the head diffraction parameters of the model.
The stapes footplate area was from 2.1e-4 m2, a value reflecting
chinchilla stapes, to 3.2e-4 cm2 for human (Von Bekesy, 1960). The
middle ear mechanical transformer ratio was adjusted from 20 to
24 based on (O'Connor and Puria, 2008). As the result of this update
alone, the response inversion was removed for the 3 and 5 m tests
but not for the 1 m test (Fig. 10a).

From the subsequent parameter optimization that analyzed ARU
and the stapes energy in turn as the DRC, it was found that no
combination of middle ear parameters could be obtained to remove
the ARU doseeresponse inversion behavior. However, when the
stapes energy was used as the DRC, the annular ligament compli-
ance (Cal) was the most significant parameter, and a value of Cal at
least 60% less than the original AHAAH valuewas needed to remove
the inversion behavior of the stapes energy (Fig. 10b). This value
was subsequently used in the improved AHAAHmodel as shown in
Table 2.

Table 3 summarizes the results for the AL value range compar-
ison. The results show that the AL physiological compliance value
can span a wide range dependent on the experiments. The AL
compliance value from (O'Connor and Puria, 2008) is large
compared to (Gan et al., 2011); this value is just about outside the
range predicted by the latter experiment. The AHAAH default value
is close to the mean AL value found from (Gan et al., 2011) and is
about one order of magnitude smaller than that from (O'Connor
and Puria, 2008). The threshold of non-inverted stapes energy
predicted from the sensitivity analysis corresponds to the AL
compliance value of 1.96e-15 (s2 m4/Kg). This value is well within
the experimental range of (Gan et al., 2011).

The comparison of the doseeresponse behavior between the ICE
and ARU is shown in Fig. 11. Again, all calculations were performed
for all the BOP free field series for all HPDs using the new AHAAH
model with the ATF eardrum pressure data as input. Fig. 11a shows
that the ICE always increases monotonically as a function of
exposure level for all HPDs. As shown in Fig. 11b, ARU still inverts
for both the earmuff and earplugs as the blast level is increased. The
calculation results show that the ICE is the preferred DRC. Based on
these results, the ICE is chosen as the DRC for validation against



Fig. 8. ATF eardrum waveforms and spectra for low-intensity levels for 1 m and 5 m tests, modified earmuff. a) Pressureetime data, 1 m tests b) Power spectra, 1 m tests c)
Pressureetime data, 5 m tests d) Power spectra, 5 m tests.
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injury data to establish the doseeresponse curve and injury
threshold.

3.3. Verification of ear transfer functions

Fig. 12 through Fig. 15 show the transfer functions comparison
results. In Fig. 12, TFEC2ED from the new model is compared to the
human measurement by Shaw (1974). The model result is in good
agreement with the human data. Also shown in Fig. 12, the transfer
function obtained from the current AHAAH is similar to that from
the new AHAAH model.

Fig. 13 through Fig. 15 show the middle ear transfer functions
comparison results. The results presented correspond to the in-
tensity of 60 dB across the frequency range considered since the
results were practically insensitive to the intensity level.

Fig. 13 shows the middle ear gain comparison for the new
AHAAH model against human data. The current AHAAH is also
added for reference. Both the absolute value and the phase of GME
are shown in Fig. 13. Overall, GME is within the experimental data
range. In the mid-frequency range from ~1 to 5 kHz, the gain
magnitude for the new model is within the human measurement
error. The gain magnitude departs from the mean value for fre-
quencies below ~1 kHz where it approaches the upper bound for
the human data. Above 5 kHz, GME magnitude approaches the
lower bound for the human data. It can be remarked that the cur-
rent AHAAH model gain magnitude deviates significantly from the
human data in the low frequency range but the new model shows
better comparison. Although not closely matched across the fre-
quency range studied, the trend for the phase of GME obtained
from the new model and the human data is similar.

As shown in Fig. 14, the stapes velocity transfer function, SVTF
shows an overall fair agreement with the human data. Above 7 kHz,
SVTF magnitude lies within the experimental value range. Below
7 kHz, the magnitude is just outside of the measurement upper
bound values. The SVTF from the new AHAAH model is in better
agreement with the human data compared to the current model.

Fig. 15 shows the results for the cochlear input impedance
comparison. As shown Fig. 15, the cochlear input impedance
magnitude is closely matched in the new AHAAH model above
0.5 kHz. There is a slight deviation from the mean values of the
measurement below 0.5 kHz, but the model results remain within
the experimental value range. The phase of Z0 is close to the upper
bound of the measurement values with a phase of ~0� across the
frequency range and is consistent with the fact that Z0 is essentially
resistive for high frequencies. In contrast, the current model results
deviate significantly from the human measurements.

In summary, the transfer functions from the new AHAAHmodel
show better agreements with the human data when compared to
those produced by the current AHAAH model. The most noticeable
differences were observed for the middle ear gain at low fre-
quencies and the cochlear input impedance at high frequencies,
and GME deviates from the mean data by as much as 10e15 dB,
while the cochlear input impedance departs largely from the data
above 500 Hz by more than one order of magnitude for the current
AHAAH. The resistive nature of the cochlear input impedance at
high frequency is not preserved in the current AHAAH model.

3.4. Doseeresponse curve against TTS > 25 dB from large weapon
noise

The doseeresponse curve established against TTS > 25 dB from
the largeweapon noise data using the ICE as the DRC is presented in



Table 2
Summary of improvement of AHAAH model parameters.

Units Geometric parameters Mechanical/acoustic parameters

Human head
circumference

Stapes area AL width, d Mechanical transformer ratio,
Nt

Cochlear input
resistance

AL linear
compliance

AL
resistance

m m2 m unitless kg/(s m4) s2 m4/kg kg/(s m4)

Current AHAAH 25e-2 2.1e-4 30e-6 20 2.64eþ11 4.9e-15 2.06eþ10
Improved

AHAAH
55e-2 3.2e-4 70e-6 24 1.99eþ10 1.96e-15 1.0eþ10

Reference USDoD (2012) (Von Bekesy,
1960)

(Gan et al.
(2011))

(O'Connor and Puria, 2008) e (Puria,
2003)

Fig. 9. ATF eardrum pressure data for the 5 m tests with the modified earmuff. (aed) Measured waveform; (eeg) Extrapolated waveforms.
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Fig. 10. Stapes energy versus the blast level to remove the doseeresponse behavior of AHAAH a) using the updated parameters alone b) using updated parameters with optimized
AL parameters.
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this section. The determination of the normalization constant for
ICE is first described followed by the doseeresponse curve results.

The reference value, ICE0 was estimated based on the cochlear
input power threshold as follows. In humans, the power detectable
at the entrance of the cochlear corresponding to the tonal threshold
is 1e-12 mW (Rosowski, 1991). In the absence of energy dissipation,
the power transmitted by the cochlear wave is equal to the power
at the entrance of the cochlea. By definition, the power transmitted
by the wave is the product of the energy per unit length of the BM
and the group propagation velocity. Therefore, the energy detect-
able per unit length is given by the ratio of the power detectable at
the entrance and the group propagation velocity, and ICE0 can be
estimated as the sum of the energy detectable per critical band of
the BM. Based on the upper limit of the group velocity of 15 m/s
(Lighthill, 1981) measured at low sound exposures in live squirrel
monkeys, and the length of the critical band of 0.125e-2 m as
assigned in AHAAH, ICE0 was estimated to be 1.92e-15 mJ.

The doseeresponse curve against TTS > 25 dB established based
Fig. 11. DRC comparison for all BOP free field series using the ATF eardrumwaveforms as mo
inverts as indicated by the arrow.

Table 3
AL compliance values comparison.

Current AHAAH (O'C

AL Compliance (s2 m4/kg) 4.90e-15 12.3
on the large weapon noise injury data is shown in Fig. 16. The data
points shown by the filled circles represent the mean failure rates
based on 10-bin data grouping of all BOP data. The individual BOP
injury data are shown by the cross symbols. The vertical solid line
represents the dose threshold not to be exceeded for the protection
against TTS > 25 dB with 5% probability of injury. The closed-black
square represents the L(95,95) threshold of injury. L(95,95) is pre-
dicted at 135 dB, which corresponds to an absolute ICE threshold of
N∙<ICE> ¼ 6.1e-2 mJ. There is a good fit to the binned data, and the
95% confidence interval is tight (n ¼ 301). Therefore, the logistic
regression fit and the threshold prediction are well established.

3.5. Model validation against rifle noise

Fig. 17 presents the results of the model validation against the
rifle noise data with no HPD. The rifle data yield three data points
that are plotted against the doseeresponse curve obtained from the
BOP large weapon data analysis. As shown in the figure, there is
del input in the new AHAAH model: a) ICE produces monotonic doseeresponse. b) ARU

onnor and Puria, 2008) Gan et al. (2011)

Min. Max.

e-15 1.90e-15 8.88e-15



Fig. 14. Stapes velocity transfer function (SVTF) comparison. a) Magnitude b) Phase.
New AHAAH model yields better match to human data compared to current model.

Fig. 15. Cochlear input impedance (Z0) comparison. a) Magnitude b) Phase. New
AHAAH model yields better match to human data compared to current model.

Fig. 16. Doseeresponse curve against TTS2 > 25 dB using the large weapon noise
injury data and the ICE dose as the DRC.

Fig. 13. Middle ear pressure gain (GME) comparison. a) Magnitude b) Phase. New
AHAAH model yields better match to human data compared to current model.

Fig. 12. Ear canal transfer function (TFEC2ED) comparison. Model matches human ear
canal transfer function.

Fig. 17. Validation of the new AHAAH model against Rifle noise data.
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excellent data agreement considering the diverse nature of the rifle
noise injury data.

4. Discussion

This work has focused on a rigorous evaluation of the AHAAH
model that resulted in a revised and improvedmodel that can serve
as a model-based auditory standard with good data comparison.
The findings corroborate with the general opinions from other
experts that the middle ear in the current AHAAH is overly
compressive. Revisions to the model parameters including the
human head size, the middle ear mechanical transformer ratio, and
the AL parameters based on the latest published material data have
helped correct that problem. With the development of a new DRC,
the non-monotonic doseeresponse behavior of the current AHAAH
has been corrected.

The ear transfer functions from the current AHAAH were shown
to deviate noticeably from the experimental data. The consequence
of such a deviation in the ear transfer functions is the introduction
of errors in the model outputs. For example, for the 3 m tests with
the modified earmuff, when the human BOP undermuff waveforms
were run through both the new and current AHAAH, differences as
high as 60 ARUs were observed between the two model outputs.
These differences were on the order of the ARU values themselves,
which ranged between 25 and 85 for the 3 m tests. Errors of this
magnitude can lead to erroneous injury predictions. The difference
between the outputs of the two models reflects the effects of the
parameters change. In particular, the AL width plays an important
role in controlling the amount of peak clipping in the model, and
properly modeling this parameter is critical. The change from
30 mm for cats to 70 mm for humans in the new AHAAH model was
significant. Also, consistent with the overly compressive behavior,
the current AHAAH model always produced a lower ARU-value
than the new model across all exposure levels.

It is significant to mention that this research has produced a
doseeresponse curve that is consistent for both largeweapon noise
involving HPDs and small arms noise with no HPDs, which allows
the setting of the correct L(95,95) threshold. The doseeresponse
curve established using the Albuquerque large weapons noise data
was independently validated by the small arms data. The apparent
need for a different threshold between large weapon and small
arms noise based on empirical models has been a long-time critical
issue for setting impulse noise standards. This gap can only be
bridged by using a model that captures the damage mechanism.
This work also shows that the ICE is the correct biomechanical
correlate for generating the doseeresponse curve.

A limitation is recognized that only two sets of human datawere
used for validating the model, namely the Albuquerque large
weapons noise data and the German small arms data. It will be
greatly beneficial to test the model with more data. Limitation of
human data from well-constructed experiments has long been
recognized in impulse noise research. Such efforts require the
collection of pressure waveform data as well as matching auditory
outcomes from test subjects under well-controlled conditions. The
use of anecdotal data is not recommended for model validation.

The interpretation of the Albuquerque data has been the subject
of debate within the impulse noise community. In particular, the
assumption that a subject who failed at a given blast level would
fail at a higher level has not been unanimously accepted. In (Price,
2007b), the injury data were altered and used to perform model
validation based on a pass/fail criterion using 500 ARUs as the
threshold. It is thus significant to mention that no attempt was
made in the present study to alter the injury data. The injury data
were used as originally reported with presumed failures in accor-
dance to the original approved statistical protocol. A previous
analysis by Chan et al. (2001) showed that predictions without
presumed failures shift the threshold in the less conservative di-
rection. It is expected that the same conclusion will be drawn from
the new model without presumed failures.

A method was developed that uses an ATF to measure eardrum
pressure as input to model calculations to circumvent the need for
modeling the HPDs. When HPDs are worn, the interaction between
the HPD and the ear in the presence of the impulse can be complex
and nonlinear, thus making development of a generalized HPD
model challenging. The HPDmodels used in the current AHAAH are
based on Real-Ear-Attenuation-at-Threshold (REAT) data, which do
not capture the HPD performance based on the actual exposure
conditions. The insertion loss for the HPD measured using an ATF
should be used instead of the REAT. During ATF evaluation, it was
also found that TFEC2ED is not the same when an earmuff is worn.
These complexities must be reflected in HPD models. All these
factors suggest that the exposure waveforms should be measured
directly at the eardrum for model input to circumvent the
complexity of modeling the HPDs, which in practice ultimately
requires validation against ATF data. If HPDs are used, ATFs should
be used to collect eardrum data as inputs tomodel calculations. The
use of ATFs will be a necessity going forward to provide a reliable
method to account for the effects of the HPDs. Because of the so-
phistication of new HPDs, ATF data need to be collected at the
actual exposure conditions to collect eardrum data. Because of the
nonlinear nature of shock waves andmodern HPDs, the use of REAT
to account for the insertion loss will not be recommended. The
development of HPD models should be encouraged but that also
requires ATF data validation at actual blast conditions.

The use of a reliable ATF microphone may strengthen the ATF
testing procedure. Although collecting data at the eardrum for
model input is advantageous, the ATF microphone is susceptible to
saturation problems at high levels. In our analysis, data extrapola-
tionwas needed to supplement the data collected. It is possible that
the extrapolated waveforms deviate from the actual waveforms at
high levels. However, based on trend comparison of peak pressure
level and A-weighted energy between the ATF and human under-
muff (at the ear canal entrance) waveforms, the deviation in the
waveforms should not affect the energy content significantly. In
fact, PPL trend comparison between the ATF and human undermuff
is appropriate because even though the TFEC2ED amplifies the PPL to
produce a higher PPL at the eardrum, the increase of the PPL with
exposure intensity is preserved. In addition, the reconstructed
human eardrumwaveforms based on the undermuff data give peak
variations that are consistent with those of the ATF eardrum
waveforms. Also, the resemblance between the spectral domain
extrapolated waveforms and the waveforms collected at low levels
suggests that the extrapolated waveform data are representative of
the high levels. It is worth noting that, unlike the earmuff data
which comprise both the free field and the undermuff data, the
only waveforms available for the earplugs are from the free field;
and without the use of the ATF method, no eardrum data can be
collected when earplugs are worn. It is expected that more
advanced microphones will be available to support high-intensity
blast testing.

The TFEC2ED measurements using the ATF show a noticeable
discrepancy for the low frequencies. As shown in Fig. 6a, the TFEC2ED
obtainedwith the ATF does not tend to zero at very low frequencies.
This seemingly unphysical characteristic does not appear to come
from the presence of the earmuff since it was also observed with
the bare ATF measurements (Fig. 6b) and may be attributed to
measurement artifacts due to microphone placements at the
concha or the imperfection of the ATF. However, the similarity in
TFEC2ED between the ATF and humans for the meaningful frequency
range as shown in Fig. 6b strengthens our confidence in using the
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ATF to measure TFEC2ED with HPDs, and we do not expect the
discrepancy at low frequency to affect the peak pressure trend
comparison results.

The biomechanical basis of the ARU as the DRC is somewhat
restricted. Although cilium tip link stretching and breaking are
likely during disproportionate upward BM displacements as the
result of overstimulation (Price, 2007a), other structures inside the
organ of Corti (OC) are also susceptible to damage. Complex vi-
bration mode shapes have been observed within the OC where the
dominant modes were not confined to the subtectorial space
(Karavitaki and Mountain, 2007; Nowotny and Gummer, 2011). The
hair cell is one of the softest structures found in the OC and can be
strained easily. The Young's modulus is four orders of magnitude
smaller than that of the cilium (Zagadou et al., 2014). As the stiff
cilium deflects about the rootlet, the apical surface of the hair cell
resists the motion in both directions. Hence, hair cell damage can
also result under large cilium deflection. Damage to the hair cells
and the cilia can reduce the efficiency of the working of the ion
channels and lead toTTS (Dancer, 2004).Whether the BMmoves up
or down, the straining of these cells can be equally important. Thus,
the use of only the upward displacements is limiting. An energy-
based DRC is appropriate to capture the OC damage as a whole.
Although the square of the BM displacement can be interpreted as a
linear form of energy, it does not take into account the impedance
of the cochlear partition.

ICE appears to be the best DRC for impulse noise injury based on
the following observations. The model verification results showed
that although the stapes energy did not produce a response
inversion behavior, it failed to reconcile both the rifle and large
weapon injury data when used as DRC. This shows that not all
energy-based DRC will perform as well as ICE. The injury data used
in present analysis are consistent with the ICE formulation that
sums the energy over the whole cochlear spiral (Eq. (1)). In fact, the
TTS data collected during the Walk-up tests were used without
consideration of the cochlear frequency associated with the
incurred TTS (any TTS > 25 dB was considered an injury regardless
of the audiometric frequency of the TTS). After all, impulse noises
are broadband noise, which excite the whole cochlear length.

Even with the revised AHAAH model, the following knowledge
gaps still exist that need to be addressed by new research.

(1) There is still no model that can predict the effects of a
complex mixture of noise, such as impulse noise riding on
top of an intense background noise and weapon firing noise
at irregular intervals with unequal intensities. How the dose
accumulates for such complex mixture of noise is probably
more involved than the traditional N-trading rules.

(2) The role of acoustic reflex on traumatic impulse noise effects
is not well understood. Research is needed to quantify the
response of acoustic reflex for the general population, and
work is also needed to investigate how significant that is
against impulse noise. The warned vs. unwarned predictions
from the current AHAAH model has not been validated.

Other factors that must be reflected in the DRC include the
interstimulus intervals and acoustic reflex dynamics. Interstimulus
intervals affect the effectiveness of the acoustic reflex in multiple
shots scenarios as well as the N-trading relationship. The level-
dependent strength of the acoustic reflex and reflex adaptation
mechanism should also be added to the model.

It is recognized that the human BOP Walk-up study data is still
limited. The data simulate a limited class of blasts while the in-
clusion of additional weapon noise types would certainly improve
the predictions. The injury data results fromnormally incident blast
conditions only. The scarcity of human injury data thus limits the
prediction capability of the model.
Although representing both earmuffs and earplugs, double

protection is not simulated, and the HPDs used in the studymay not
represent modern HPD types. Precisely, the earmuffs used in the
Walk up study which have been specifically modified to simulate
poor fitting conditions do not represent modern earmuffs. While
the earplugs used in the Walk-up study are similar to modern
earplugs, modern earplugs appear to show different attenuation
characteristics even among the same category when measured at
relatively low levels. Earplugs such as the E.A.R. classic foam,
E.A.Rsoft Yellow Neons foam, E.A.R. Push-Ins pod-style, and the
E.A.R Ultrafit premolded earplug show differences as large as 10 dB
across frequencies. This is also true for certain earmuffs such as the
E.A.R Muff Model 1000, Peltor Optime 105 earmuff, and Peltor
Optime 95 earmuffs. However, the response of these HPDs as
measured with the same ATF but at high level impulse conditions
are not known.

A few other data from the Walk-up study were not included in
the present correlation study. Mainly, the reverberant exposures
(Bunker data) was not included because they were not part of the
tests replication efforts and thus did not have ATF eardrum data
associated with them. Also not included in this study are the data
outside of the paths shown by the arrows of Fig. 1 because of their
very small sample size. Isolated data were deliberately excluded
from this study.

More practical considerations will be needed for setting the
injury threshold. It should be noted that the confidence interval
shown is very tight because all data from the BOP tests were pooled
together to perform the logistic regression, and the complete
dataset represents a relatively large sample size of 301 (n ¼ 301),
coming from one single experiment. This sample size may be taken
to represent the general population. However, when a training
exercise is conducted, the typical sample size will be much smaller.
This effect can be observed by calculating a “predicted confidence
interval” using a smaller n by assuming that the variance behavior
stays the same as the original correlation. One needs to keep in
mind that a wider scatter of data will be expected from the out-
comes of a smaller group of test subjects. A policy decision will
need to be made regarding how conservative one wants to set the
occupational injury threshold for practical application and system
testing.

The effect of the reference for ICE, expressed in dB, is merely to
shift the ICE-values by a constant 10log10(ICE0). Thus, the main
conclusions remain unchanged as long as the same value is used for
all the waveforms. Here, ICE0 was estimated based on the input
power threshold inside the human cochlea by assuming negligible
energy dissipation. When energy dissipation is not minimal, the
power at the entrance of the cochlea is greater than that trans-
mitted by the cochlear wave. In this case, the current estimate
would represent the upper bound for ICE0. Also, the upper bound
for group propagation velocity was estimated from a species other
than human. Therefore, the resulting ICE0 value represents only a
crude estimate that helps constrain the dB range.

5. Conclusion

The AHAAH model has been modified and improved and vali-
dated against small arms and large weapon noise injury. The model
parameters, originally based on cat data were upgraded to human
parameters based on recent literature data. The resulting model
transfer functions show good agreement with the measured
transfer functions from cadaver ears. The doseeresponse curve
established using the ICE as the DRC and the Walk-up data shows
excellent agreement with rifle noise data. The ICE was found to be
the best DRC to both large weapons and small arms noise injury
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data, covering both protected and unprotected exposures, respec-
tively. The new AHAAH model with ICE as the dose metric is rec-
ommended to be adopted as the biomechanically-based auditory
medical standard. Use of the ATF method to collect eardrum data as
model input will correctly account for the HPD and orientation
effects.
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Appendix A. ATF eardrum waveforms extrapolation to high
levels

The extrapolation procedure to obtain the replacement wave-
forms for the inconsistent ATF data for the high levels as revealed
by human data comparison are explained in this section.

The waveforms in time domain collected at all blast levels were
organized as an L-by-K matrix, where L represents the highest blast
level (L ¼ 7) and K, the total number of waveforms collected for
each level (K ¼ 6). The rows and columns of the matrix are desig-
nated by the subscripts l and k, representing respectively the blast
level numbers arranged in increasing order of blast intensity and
the order of collection of the waveforms (e.g. waveform number 1
was collected first, waveform number 2, second, and so on). The
extrapolation was performed with respect to the blast intensity
level, i.e., along the rows for each column of thematrix to obtain the
waveforms for the higher levels of interest. For a given column k of
the matrix,.i.e., for the kth waveform traces collected, the time
domain Fourier transform is calculated for all blast levels below the
highest level (ls) where data inconsistency was first noticed. Thus,
the spectra were calculated for l < ls and extrapolated to obtain the
spectra corresponding to l > ls. The latter spectra were then inverse
Fourier transformed to determine the extrapolated waveforms in
time domain for l > ls. The blast level values used for extrapolation
were based on the free field data.

Matlab built-in functions were combined to perform the
extrapolation in the frequency domain. The command use is sum-
marized as ye ¼ fnval(fnxtr(csaps(y,x)),xe), where function fnxtr ex-
trapolates the low level spectra y with respect to the blast levels x
and function fnval retrieves the extrapolated values ye for the
desired (high) level xe. The argument of function fnxtr is the cubic
spline smoothing function csaps that performs the fit of the spectra
corresponding for the lower levels. The default smoothing option
was used within function csaps.

Appendix B. Parametric optimization of AHAAH parameters

A series of Monte Carlo optimization simulations was performed
on four annular ligament parameters: Cal (annular ligament
compliance), Ral (annular ligament resistance), MemMagK
(acoustic reflex gain), and MemMagR (acoustic reflex gain). Eight
additional parameters describing the middle ear bone properties
were also examined. Parametric variability was determined using
Latin Hypercube Sampling (LHS) (McKay et al., 1979; Seaholm et al.,
1988). Briefly, each parameter was assigned a mean value and an
uncertainty range based on literature. The parameters were each
divided into m discrete values from the lower to upper bounds of
the uncertainty range. Each parameter value was selected
randomly without replacement, resulting in m unique sets of
parameter inputs to run within the AHAAH model. The output of
interest was minimum fractional change of the model response
(ARU or stapes energy) with a level increase in blast exposure. A
minimum fractional change less than one implies there is an
inversion present in the response, while a minimum fractional
change greater than one implies a monotonic dose response with
no inversion. The objective is to determine if any realistic combi-
nation of parameters can correct the dose-inversion anomaly.

The dominant partial correlation coefficients of minimum frac-
tional change obtained for ARU yielded rCal ¼�0.2509, p¼ 0.0002;
rRal ¼ 0.1582, p ¼ 0.0221; rMemMagR ¼ �0.1963, p ¼ 0.0044. The
other parameters, including the middle ear bone and joints pa-
rameters were insignificant (p > 0.1) and hence did not correlate
with inversion. For the stapes energy, AL compliance was the most
significant parameter (p < 0.0002).
Appendix C. Derivation of AL compliance from cadaver
experiment

The experiment by Gan et al. (2011) used nine PMHS to perform
measurements of AL geometric and material properties. For this
experiment, the AL compliance needed to be derived from data. The
details of the calculation are given in the following.

The available stressestrain relationship of the AL, t ¼ tðgÞ from
(Gan et al., 2011), was used to derive the force (F)-displacement (uz)
relationship, from which the linear AL acoustic compliance was
determined.

F ¼ C$h$tðgÞ; g ¼ uz=d (B.1)

where d, h, and C represent the width, height and the perimeter of
the AL. The motion of the stapes within the oval window is
considered the simple translational motion, uz (Von Bekesy, 1960)
duringwhich the AL ring is then simply sheared between the stapes
and the oval window wall.

The AL acoustic compliance is defined as the ratio of the volume
displaced and the applied pressure. When a loading force (F) is
applied to the stapes, the side of the AL tied to the stapes moves a
distance (uz). Since AL is also tied to the oval window, which does
notmove, AL undergoes a shearingmotion. The volume displaced is
the product of the area of the trianglewith sides d and uz and the AL
perimeter (C). Using the force-stress formula in Eq. (B.1), the
acoustic compliance is obtained in terms of the mechanical
compliance as in Eq. (B.2).

Ca ¼ Cm$C2$d$h=2; Cm ¼ uz=F (B.2)

The mechanical compliance, Cm is given by the slope at the
origin of the forceedisplacement curve given obtained from Eq.
(B.1).

The mean AL compliance obtained based on the mean AL
dimension values is

hCai ¼ 5:39e� 15
�
s2$m4

.
Kg

�
:

Differentiation of Eq. (B.2) gives the formula for error calculation
on Ca based on the standard deviation on measurements of the
geometric parameters, force, and displacement of AL (Eq. (B.3)).

DCa ¼ ð1=2Þ$ðc1$Ddþ c2$Dhþ c3$DC þ c4$DCmÞ; (B.3)

where
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c1 ¼ C2$h$Cm; c2 ¼ C2$Cm$d; c3 ¼ 2$Cm$h$d$C; c4 ¼ C2$h$
DCm=Cm ¼ DF=F þ Duz=uz

The measured standard deviations are: Dd ¼ 1.0e-5 m,
DC ¼ 0.73e-3 m, Dh ¼ 4.0e-5 m, DF ¼ 1.0e-3 N, Duz ¼ 1.0e-6 m. The
standard deviation on the AL compliance, derived by assuming 15%
error on the determination of the slope near the origin, was used to
estimate the range for the AL compliance values.
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