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List of Figures

Figure 1. In-ear microphone prototype. Left: flex circuit/preamplifier and
power supply. The microphone itself is positioned at the end of the
flex circuit, appearing as a gold-colored dot. Right: The microphone
inserted into the ear of atest fixture with an Elvex Quattro HPD.................... 4

Figure 2. Signals measured by the prototype in-ear microphone system.
Top — Comtac V over-ear muffs. Bottom — TEP200 electronic insert

[ L I3 S RO RP PP 5
Figure 3. Test results with the in-ear microphone prototype for open ears,
the Comtac V at volume level 4, and the EAR ClassSiC. ....ccccccevviiveeeiiiiiiieneeen, 6

Figure 4. (Left) Completed prototype in-ear microphone assembly with flex
circuit and preamp. (Center) Close-up on the in-ear flex circuit.
(Right) The in-ear microphone assembly mounted on the 45CB test
fixture and inserted alongside an HPD. ........cccceiiiiiiiiiiee e 6

Figure 5. Insertion loss measurements for various HPDs with (red) and
without (blue) the in-ear microphone, averaged over 5 trials. Line
represents the mean insertion loss with 1 standard deviation shown
as a lighter cloud around each measurement. ........ccccceveeeiiiiieeee e e 7

Figure 6. (A) Graphical illustration of the loudspeaker array used in
localization testing (Washington site illustrated). The subject begins
each trial facing the loudspeaker at 0° azimuth, Q° elevation
(illustrated with blue circle). Response error is calculated in terms of
two-dimensional polar error, i.e. the “diagonal” angular distance
between the response and target locations. (B) Orientation
responses, in terms of polar angle, to visual targets, demonstrating
the accuracy of our new head position tracking System. ........c.cccceeviieeeriieeenns 9

Figure 7. Upper panels: Scatterplot of polar target angle versus polar
response angle for open ear (left) and for a passive HPD (Combat
Arms Gen. 4.1). Data are pooled across 3 subjects tested at the UW
site. Lower panel: Polar error (calculated as in Figure 6A using the
data in upper panels of the present figure) is shown for open ear and
Combat Arms performance. This representation is known as a
‘swarm chart” in which the horizontal spread of points in each
column reflects the density of the underlying distribution. The
upward expansion of the swarm in the Combat Arms condition
reflects the poor performance observed, with many polar errors in
EXCESS Of 90 EGIEES. ... e e e e e e e e e e nnnnes 10

Figure 8. (A) Preliminary data evidence limited variation across signal-to-
noise ratio, particularly at +6dB. To capture a broader range of
performance and improve separation across devices, the amended
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protocol uses -3, 0, and +3 dB SNR. (B) QuickSIN scoring (left)
requires the experimenter to hear and understand words repeated
back by the subject. During loudspeaker playback, steadily
increasing background noise (multi-talker babble) level can mask the
subject’s verbal response. Increasing babble level during the
response windows between sentences is not important to the task,
thus we have developed list-specific attenuation windows for all
Lists (1-12) in the QuickSIN battery, and applied windowing to
improve the audibility of subject responses. The audibility issue has
thus been resolved and testing with the improved procedure is
UNAEIWAY . ..eteiiieiiiitiiee ettt e e e ettt e e e s st e e e e e s bb e et e e e e s e sbbe e e e e e e nbbeeaeesanbeeeeeaeeannseeeeas 11

Figure 9. Left: Custom extra-large-volume earphones on the custom flat

plate adapter during calibration. Right: Demonstration of use of the
earphones; adjustable straps are used to position and secure the
earphones over earmuff-style HPDS. .......cccccooiiiiiie e 12

Figure 10. Performance is shown for subjects at both UW (upper) and CU

(lower) sites in the open ear condition. Plots show response angle (y)
versus target angle (x). The left plots show all responses pooled
across subjects (number of subjects given in panel title) in terms of
azimuth; the right plots show the same in terms of elevation. Within
each panel, perfect performance is indicated by the dashed black
unity line (y=x). Points falling further from this line evidence larger
error components. Because thousands of points are shown,
horizontal positions are randomly jittered by a magnitude determined
by the density of the underlying distribution. In general, open ear
performance clusters around the unity line, although secondary
clusters, most especially acluster near 0° given a source at 180° (the
classic front-back confusion) are evident at both sites. At the CU
site, responses for the most eccentric elevation (+60°) tended to
undershoot the target (+60°), a phenomenon described previously
(e.g., Makous, J. C., & Middlebrooks, J. C. (1990). Two-dimensional
sound localization by human listeners. Journal of the Acoustical
Society of America, 87(5), 2188=2200.) ......cceeiiireiiiiieeiiieeeeeiee e niee e 15

Figure 11. Performance is shown for subjects at both UW (upper) and CU

(lower) sites in the EAR Classic condition. Format as in Figure 10.
Azimuthal responses show a dramatic increase in large errors

(vertical spread), particularly front/back errors, compared to the open

ear condition. Elevation errors also show increased spread, but a
prominent mode at the horizon is evident in all cases, indicating that
subjects perceive a majority of targets near the horizon regardless of

the target eleVatioN. ... 16

Figure 12. Performance is shown for subjects at both UW (upper) and CU

'+ ARA

(lower) sites in the Peltor Com-Tac V condition. Azimuth responses
feature a decreased density of rear-hemifield responses, showing
that subjects tend to perceive rear hemifield targets in the frontal

©2022 Applied Research Associates, Inc. (ARA)
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hemifield. Elevation responses again appear to have collapsed

towards 0° elevation for all elevation targets, although a secondary

‘swell’ in the elevation swarm chart is evident, attributable to a

subset of subjects who tend to perceive all targets 15-30 degrees

ADOVE TN NOTIZON. .o e e 17

Figure 13. Performance is shown for subjects at the UW site using the CAE
Gen. 4.1 HPDs in open mode. Azimuthal responses show greater
localization error (except at 0° azimuth) and front/back errors than
the open ear condition. Interestingly, while many elevation
responses cluster around the horizon, leading to a mode near O
degrees elevation for all three source elevations (-30, 0, +30) several
subjects demonstrated systematic variation of elevation responses,
such that the dominant mode of each swarm is in the direction of the
veridical elevation. CAEs aretested at UW oNly. ..., 18

Figure 14. Performance is shown for subjects at the UW site using the TEP-
200 active earplug in gain setting #2. Azimuth and elevation
responses are both severely disrupted, with a high degree of spread
for both, although the distribution of elevation responses at target
+30° includes a mode in the vicinity of the target elevation. TEP-200s
aretested al UW ONIY ...t snrae e e e e 18

Figure 15. Performance is shown for subjects at the CU site using the Elvex
Quattro. Azimuth and elevation responses are both degraded relative
to open ear, but, interestingly, demonstrate less spread than those
for the other high-attenuation passive device in the present study,
the EAR Classic. The dominant mode of elevation responses,
however, remains at 0° (i.e., on the horizon, regardless of the target
elevation). The Elvex Quattro is only tested at the CU study site. ................ 19

Figure 16. Performance is shown for subjects at the CU site using the
Invisio X5 active earplug in gain setting #2. Azimuthal responses
again show a significant increase in spread relative to the open ear
condition, and also an apparent decrease in rear hemifield responses
(i.e., more sources perceived in front). Elevation responses are also
again degraded, with significant spread and a prominent mode near
the horizon. The Invisio X5is only tested in the hSL task at the CU
5] XSRS 19

Figure 17 (electronic version may be zoomed to increase detail).
Localization errors, expressed as total error magnitude in radians for
the full ‘grid’ of speaker locations at each site for the three hSL
conditions tested at both (open, EAR, Com-Tac). Within each of the 6
panels, columns are target azimuths and rows are unique target
elevations. From left to right, target azimuths are -180, -135, -90, -45,
0, 45, 90, 135, and 180 (180° data are duplicated/plotted twice to
enable visualization of error trends in either direction). For the UW
site (left), target elevations are -30, 0, +30; for the CU site (right),

’\ ©2022 Applied Research Associates, Inc. (ARA)
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target azimuths are 0, +30, +60. CU and UW plots are horizontally
staggered to enable side-by side comparison of the 16 overlapping
speaker locations at each site. Points within each sub panel describe
the distribution of errors for the given location. Perfect performance
(O error) would lead to a density of points at the bottom of each sub-
panel. Thelargest possible error is 180°pi radians (response in
diametric opposition to target), most commonly observed in HPD
conditions for sources at 0° elevation and 0° or 180° azimuth (i.e.,
classic front-back confusions). Gray lines within each panel
demarcate expected values of errors given a hemifield reversal in
azimuth and collapse-to-zero error in elevation (thick line), a
hemifield reversal only (elevation accurate) (medium line), or
collapse-to-zero error in elevation only (hemifield/azimuth) accurate
(thin line). The distribution of errors across sites is broadly similar;
cross-site comparison will be formalized in Year 3. .....cccooviiiiiiiiiieee e 20

Figure 18 (electronic version may be zoomed to increase detail).

Localization errors, expressed as total error magnitude in radians for

the full ‘grid’ of speaker locations for the UW site in the CAE Gen 4.1

open mode (upper left) and TEP-200 active earplug (lower left)

conditions, and for the CU site in the Elvex Quattro (upper right) and

Invisio X5 active earplug (lower right) conditions. Format as in Fig.

17; note that panels are not staggered as in Figure 17 since

elevations are different between devices (-30, 0, 30 for UW; 0, 30, 60

for CU). Distributions suggest notably different patterns

(distributions and modes) of errors across devices, consistent with
cross-device differences in scatterplots of Figures 13-16. ..........ccccvveeeeeneee. 21

Figure 19. Summary QuickSIN data from the UW study site (upper panel)

'+ ARA

and the CU study site (lower panel). Major groupings are sentence
numbers in the QuickSIN sequence. In this sequence, each sentence
becomes progressively more difficult to hear as the level of
background noise (multi-talker babble) increases (i.e., as the SNR
decreases in 5-dB decrements from +25 dB, until (in sentence 6) the
target sentence and background babble are the same level (SNR of
0). Bars show mean words correct (out of 5; equivalent percent
correct can be obtained by multiplying these values by 20). Error
bars given the standard error of the mean (N at UW indicated in the
inset legend; N at CU = 19). Patterns are broadly similar across sites;
for most sentence numbers (SNRs), best performance is observed in
the Open condition, though active HPDs (ComTac, TEP-200 (UW), or
Invisio (CU) produce similarly good performance in many cases. The
EAR Classic (high attenuation passive device) produces the worst
performance in all cases at both sites. At the lowest SNR (0 dB),
performance approaches the floor, with 1-2 words (of 5) correct on
average, and increased variability. In this case, at UW, the best
absolute mean score is with the CAE (not tested at CU), while the

©2022 Applied Research Associates, Inc. (ARA)

All contents subject to the waming(s) on the title page of this document.



4 HPD Evaluation Methods Year 2 Annual Report

second best is with the ComTac. At CU (at 0 dB), best performance is
WIth the COMTAC. ..o e e e e e 22

Figure 20. Summary MRT data from the UW study site (upper panel) and the
CU study site (lower panel). Major groupings are the signal-to-noise
ratios (-3, 0, +3) defined by variation in the level of presented pink
noise. Error bars give standard error of the mean (N at UW indicated
in the inset legend; N at CU = 19). The pattern of performance is
broadly similar across sites. Performance improves with increasing
SNR, but is generally worst for the EAR Classic and best for the
ComTac V. Notably, in this task, the target is presented from O
degrees (directly in front of the subject) while pink noise is
presented from +45, +90, £135, and 180 degrees. Therefore, a device
with a strong forward-directional characteristic (e.g., such as the
forward-directional microphones of the ComTac) should be expected
to outperform comparatively omnidirectional open ears. To capture
this influence, a portion of future testing will present the target word
from an off-midline location. Some performance differences across
sites (somewhat higher overall scores at CU; no apparent cross-
device differences at CU at 0 dB SNR only) will be monitored as the
number of complete datasets across sites becomes more similar. ............. 23

Figure 21. Exemplar hSN data from the UW study site. Small upper panels
show data for individual subjects across 3 conditions: Open ear
(green), TEP-200 (blue), and Invisio X5 (red). The TEP-200 was tested
in Gain setting 2 of 4. The Invisio X5 was tested in gain setting 2 of 3.
For comparison purposes, the open-ear audiogram measured by an
audiologist at the intake appointment is plotted in black, generally
following and often intersecting the self-determined open-ear
threshold. Blue and red curves fall above green curves in most but
not all cases. Subsets of data are missing for a few subjects. Lower
panel: Mean computed REAT values for TEP-200 and Invisio X5
(effectively, the distance from red or blue to green curves) across
subjects. Error bars plot the standard error of the mean (across N
subjects as indicated). Performance patterns are compared to
expected gain and self-noise characteristics of these
JEVICES/SEILING S, .ottt ettt et e e sbe e e e snbreeeen 24

Figure 22: Exemplar hSN data from the CU study site. Format as in Figure
21. Upper panels display data for 18 individual subjects. Subsets of
data are missing for a few subjects. Blue and red curves (HPD
conditions) again generally fall above green curves (open condition)
evidencing threshold elevation during active HPD use. However, the
agreement between green curves and black curves (audiometric
intake data) is not as clear, and there are several points of significant
divergence. Theorigin of these discrepancies is under investigation,
and may relate to calibrations at the CU site. Note that since REAT is
a relative measure, calibrations (affecting absolute values in dB SPL)

’\ ©2022 Applied Research Associates, Inc. (ARA)
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would not be expected to impact REAT calculations. Lower panel:

Mean computed REAT values for TEP-200 and Invisio X5 (effectively,

the distance from red or blue to green curves) across subjects. Error

bars plot the standard error of the mean. As at the UW site, REAT

values are higher for the TEP-200 than for the Invisio X5. Pending
confirmation and resolution of SPL absolute values, CU data will be
compared with UW data and entered into the electromechanical

compParisSoN WOTKIIOW. ......uuiieie e e 25

Figure 23. Exemplar hLD data from the UW study site. Top row: Panels

show data for 21 individual subjects tested with TEP-200 (dark blue)
and Invisio X5 (light blue) HPDs. Within each panel, data show
attenuation estimates for tones of 500 Hz (left of black vertical bar) or
4000 Hz (right of black vertical bar) at 65 or 90 dB SPL (as labeled).
Given level-dependent performance, a 90-dB SPL signal is expected
to produce greater attenuation (so values should fall higher above
abscissa). In each case, open circles indicate the ‘within ear’
estimate obtained from ‘Step 2’ of the ABLB procedure, while closed
circles indicate the ‘between ear’ estimate obtained from ‘Step 3’
(see text). Bottom row: Data from the top row are averaged across
subjects (error bars indicate standard error of the mean) and
replotted to explicitly show the change in attenuation for a 90 dB SPL
source versus a 65 dB SPL source across conditions. Values above
the dashed line (0 change, i.e. linear performance) indicate greater
attenuation for a 90 dB SPL source. 6 out of 8 mean values (across
devices, adjustment step, and frequency) fall above the dashed line
(linearity), but the majority only slightly so, and in 7 out of 8 cases
error bars approach or intersect the line of linearity. Data thus
evidence little or no level-dependence at the levels tested, leading
the team to shift to use of cadaveric specimens for completion of
hLD testing iN Year 3 (S tEXL). it 27

Figure 24. Example shock wave exposure measurements from asingle

specimen, for the free-field, ear canal, scala vestibuli, and scala

tympani pressure sensors. Each set of panels shows pressure
measurements in the time domain for an individual noise exposure

(upper left), for the average across all several exposures at this level

(lower left), as well as the magnitude of the signal and an estimate of

the background noise (estimated from the period immediately

preceding the noise exposure) in the frequency domain for the

individual and averaged N0ISE EXPOSUIES. .....cuieeviierereeeeiiiireeeeesennreeeeesannsneeens 28

Figure 25. Signal-to-noise ratio improvement in the ear canal, scala

vestibuli, and scala tympani pressure sensors due to averaging
individual ShOCK Wave EXPOSUIES .......ueeiieiiiiiiee et 29

Figure 26. Insertion loss calculated from ear canal pressure Sensors.................... 30

'+ ARA

©2022 Applied Research Associates, Inc. (ARA)

All contents subject to the waming(s) on the title page of this document.




J
:: HPD Evaluation Methods Year 2 Annual Report

Figure 27. Insertion loss calculated from drive to the basilar membrane,

calculated as the difference in pressure between the pressure
sensors in the scala vestibuli and scalatympani. .......cccccoiciiiiiieiieicniieen, 30

Figure 28. Equipment and specimen setup for PMHS shock wave

exposures. The equipment and specimen were mounted on a mobile

cart and elevated to center the specimen in front of the shock tube

outlet. Pressure sensors were inserted into the cochlea and held in

place using stainless steel guide tubes but were damaged during

testing regardless. Greater efforts to protect the entire length of the

sensor cabling will be undertaken in subsequent testing. ........cccccoevivieeeenns 31

Figure 29. Multiple impulse noise exposures were synchronized using a

cross-correlation based technique. Top-left: the cross correlation of
each recording and the first recording were calculated. The index (0)
of the maxima of that cross correlation function was identified.
Bottom-left: Impulse noise exposures are first synchronized to the
maximum value in the time domain recording, but variability across
recordings and poorly defined onset times result in poorly
synchronized waveforms. Top-right: the maxima index was
subtracted from each time vector in order to synchronize waveforms,
as indicated in the cross correlations. Bottom-right: similarly,
impulse noise pressure recordings are better synchronized once
time shifted by theindex of the maxima. ........cccccccooo i, 32

Figure 30. Average impulse exposures recorded from a free-field

microphone located next to the ear, a probe tube microphone in the
un-occluded ear, fiber optic pressure probes in the cochlea, in the

scala vestibuli (Psy) and scala tympani (Pst), and the difference

between the two intracochlear pressures (Ppi). Impulses are shown

for each HPD condition (shown by the y-offset), and are normalized

to the maximimum recorded for each measurement.........cccccocceeeeiiiiieenenenns 33

Figure 31. Average impulse exposures recorded from a free-field

microphone located next to the ear, a probe tube microphone in the
un-occluded ear, fiber optic pressure probes in the cochlea, in the

scala vestibuli (Psy) and scala tympani (Pst), and the difference

between the two intracochlear pressures (Ppis). Impulses are shown

for each HPD condition (shown by the y-offset), and are normalized

to the maximimum recorded for each measurement...........cccceeviieeiiiiee i, 34

Figure 32. eSL and eSQ teSt apParatusS. ........ccoouiiiieieiiiiiiiee et e e siieee e seeeeee e 36
Figure 33. (Left) Time-domain signals: orange is the original chirp and blue

'+ ARA

is the same chirp after all-pass filtering. (Upper right) comparison of

the FFT magnitudes of the two chirps, illustrating that no change has
occurred. (Bottom right) Comparison of the FFT phase of the two

chirps, illustrating a slight phase distortion that causes a low eSQ

1722 LU PP RRTTPTPPRTN 37
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Figure 34 Linear extrapolation was performed on existing data so each
level had an equal impact on the resultant eLD. ..........cccocciieeeiiiiiee e, 39

Figure 35 Initial mean LDFR results indicate higher eLD values for high
level active devices compared to generally lower eLD for passive
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Figure 36. (Left) ARA ANSI-compliant shock tube and (Right) short duration

Shock tube for €IN teSHING. c..ueeiie e 40
Figure 37. ARA Labview interface for controlling and collecting data from

the ANSI-Compliant and Short-Duration Shock Tubes. .......ccccovvvveveiennnn, 41
Figure 38 Short duration and ANSI shock tube testing matrixX. ........cccccoecveeiiinnenne 42
Figure 39. Localization (eSQ/eSL) graphs for unoccluded ears. .......cccccceeevivveenens a7

Figure 40. Spatial distribution of eSQorg values for the Combat Arms 4.1 in
Open Mode. Color represents score and circle size represents
standard deviation OVer SIrialS. ... 47

Figure 41. Spatial distribution of eSQSIF values for the Combat Arms 4.1 in
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1. Introduction

Military personnel require hearing protection for awide variety of environments, and the current
method of selecting appropriate hearing protection devices (HPDs) is based largely on
guesswork. The only standard HPD rating currently available is the Noise Reduction Rating [NRR;
Occupational Safety and Health Administration (OSHA) 1910.95]); other important characteristics
of advanced HPDs are neither evaluated nor reported in a standardized manner. HPD
characteristics may be evaluated using human subjects or electromechanical test methods. While
human subject testing is the gold standard for final HPD evaluation (Berger 2005), the use of
human subjects is a time-consuming and expensive process due to the regulatory and scientific
protocols necessary to obtain reliable results. Human subject testing is particularly impractical for
the purposes of HPD research and development, compounded by now prevalent rapid prototyping
capabilities (Attaran 2017) and the need for quick evaluation. Human subject testing is also
impractical for operational hearing protection qualification, due to the potentially large number of
device variations and performance characteristics that may be important to the Warfighter.
Therefore, electromechanical test methods are necessary to guide and constrain the need for
high amounts of human subject testing. To address this challenge, ARA will deliver (1) a verified
suite of quantitative, sensor-based tests to quickly, inexpensively, and comprehensively evaluate
candidate HPDs for military use, and (2) a software tool to be used by operational planners to
identify the optimal HPD solution based on mission requirements.

In the first year of this program, Team ARA completed protocol design and experiment
development. A suite of electromechanical tests developed under previous funding were updated
to improve the valid range. For each of these tests, we also developed ahuman subject protocol
to compare human subject performance on auditory tasks with the calculated output of the
electromechanical test. We developed and acquired the equipment necessary to support each
test and began recruitment of human subjects for pilot data collection. We initiated development
of the HPD optimization software tool and began discussions with various Department of Defense
(DoD) organizations regarding transition planning.

In the second year of this program, Team ARA completed the human subject pilot tests, updated
the human test protocols and began enrolling participants in the full study. A total of 77 human
subjects were enrolled across study sites, leading to approximately 50 complete datasets, with
active testing still underway on approximately 15 subjects and frequent new enrollments ongoing.
We also reviewed existing acoustic testing standards to establish a baseline for writing the new
electromechanical test method in accordance with ANSI requirements. Negotiations continued
with the DoD, and specifically the Defense Logistics Agency (DLA) to establish a transition
pathway for the standards and the optimization tool. Additional design work on the design tool
was completed to include demonstrations with the Hearing Center of Excellence (HCE) and the
Medical Research and Development Command (MRDC). Details of these efforts are described in
the following sections.
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3. Accomplishments

3.1. What were the major goals and objectives of the project?

The primary objective of this effortis to verify electromechanical test methods for evaluation of
advanced HPDs to reduce stakeholders’ long-term dependence on time-consuming and
expensive human subject testing. A second objective of this effortis to develop a software tool
using these verified HPD performance metrics to enable mission planners and Warfighters to
select HPDs appropriate to support specific mission profiles, thereby optimizing Warfighter safety
and effectiveness.

The overarching goal of the proposed effort is to verify that a battery of previously developed
electromechanical test methods for evaluation of HPD performance is predictive of human
auditory performance. Thus, parallel electromechanical and human subject data sets will be
measured. Concurrent with these efforts, verified HPD test data will be compiled to create an
advanced HPD selection software tool for mission planners and Warfighters. Collectively, these
advances will increase the efficiency and effectiveness of advanced HPD development and
deployment, enhancing Warfighter protection and mission effectiveness.

Specific Aim 1: Human auditory performance during HPD use will be evaluated for comparison to
parallel electromechanical test methods. Live human subjects will be evaluated for performance
on speech perception in noise (hSQ), sound source localization (hSL), sound level-dependent
attenuation across frequency (hLD), and audibility at low sound levels (hSN). Cadaveric human
subjects will be evaluated for high-level impulse noise transmission to the inner ear (hIN).
Outcomes are absolute performance measures for hearing protection devices needed for
verification of the analogous relative measures produced by the electromechanical test methods.

Specific Aim 2: Results of the absolute measurements of human performance will be compared
to the relative metrics produced by the electromechanical methods for signal quality (eSQ), sound
localization (eSL), level-dependent frequency response (eLD), self-noise (eSN), and impulse
noise attenuation (eIN). These methods will be modified and refined to implement source signals
(durations, levels, spacing), analysis methods, and interpretation guidelines that best reflect the
range of observed human performance and enable differentiation of HPDs. The results of the
human subject and electromechanical test methods will be used to support development of
relevant military and civilian HPD evaluation standards.

Specific Aim 3: Both human and electromechanical tests will be applied to a range of hearing
protection devices to ensure the relationships developed in Specific Aims 1 and 2 hold across
device types. Electromechanical metrics (verified by human performance) will then be used to
generate an expandable database of advanced HPD performance ratings. This database will be
incorporated into a tool through which end-users and acquisitions personnel may select optimal
hearing protection devices for specific mission profiles and military occupational specialties.

3.2. What was accomplished under these goals?

3.2.1. Specific Aim 1, Major Task 1: Submission of Human Use Protocols and Preparation of
Facilities

3.2.1.1. Subtask 1. Develop Human Use Protocols

This subtask is complete, as summarized in the prior annual report.
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3.2.1.2. Subtask 2: Develop Human Cadaver Use Protocols

This subtask is complete, as summarized in the prior annual report.

3.2.1.3. Subtask 3: Prepare Human Test Facilities

All human test facilities are complete, as summarized in the first annual report. However, some
testing requires in-ear sound measurement. While acoustic test fixtures usefully capture typica
acoustic impacts of in-ear devices such as HPDs — a foundational premise of the present effort —
variation across the morphology and resultant acoustics of real human subjects’ ears is expected
to introduce a degree of individual variability in HPD impact. While such variability could be
conveyed by an error term in our electromechanical metric, we considered that individua
measurement of HPD impacts with in-ear microphones could allow us to quantify individua
acoustic variability directly to evaluate its impact on corresponding localization behavior.

Thus, an in-ear microphone system was developed to measure acoustic signals in the ear canals
of individual test subjects, both with and without HPDs in place. Very small MEMS (micro-
electromechanical system) microphones were selected (CUI CMM-2718AT-42308-TR) and a
preamplifier circuit was designed to amplify the microphone signal to ensure the output can be
recorded with standard recording equipment; the resultant sensitivity of the system is roughly 630
mV/Pa. The microphones are placed at the end of a long, thin flex circuit that can be inserted in
a subject’s ear canal alongside earplugs or worn under earmuffs. In the case of aroll-down foam
earplug, such as the EAR Classic, the flex circuit may be inserted through the middle of the
earplug. A picture of afully assembled in-ear microphone prototype is shown in Figure 1.

Preamplifier

Power
Switch

Figurel.In-earmicrophone prototype. Left: flex circuit/preamplifierand power supply. The
microphoneitselfis positioned at the end of the flex circuit, appearing as agold -colored
dot. Right: The microphone inserted into the ear of a test fixture with an Elvex Quattro
HPD.

Prototypes were tested by comparing the insertion loss measured in a GRAS 45CA test fixture.

Ten tests were conducted with no flex circuit penetrating the seal of an HPD and measuring the
signal using the internal microphones and ten tests were conducted with the flex circuit
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penetrating the seal of an HPD and measuring the signal using the internal microphones. For the

tests where the seal was penetrated by the flex circuit, the pressure in the ear canal was also
measured by the MEMS microphone.

Typical examples of the results of this testing are shown in Figure 2 for the Comtac V and the
TEP 200 HPDs. In both cases, the solid lines represent the mean of the measurements, and the
semitransparent bands represent the standard deviation. In both cases there is very good
agreement between the measurements indicating that the in-ear prototype does not strongly
affect the insertion loss. When reduced to octave band or one-third octave band averages, the
results converge further. One notable feature in the Comtac V measurement is the gain in
insertion loss when the preamplifieris in place. In this case, the seal of the HPD is slightly broken
at low frequencies due to the cable running from the preamplifier to the power module, leading to
the change in insertion loss.
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Figure 2. Signals measured by the prototype in-ear microphone system. Top — Comtac V
over-ear muffs. Bottom — TEP200 electronic insert HPDs.
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An example set of test results was obtained in a human subject, giving the amplitude spectrum
of recorded sound, both with open ears and while using two HPDs (EAR Classic and Comtac V),
as shown in Figure 3. These measurements show that the Comtac V restores normal hearing
levels up to about 3 kHz before demonstrating a high attenuation notch consistent with test fixture
testing (See Figure 2). The EAR Classic demonstrates high broadband attenuation, increasing
with frequency. Completion of similar measurements in additional subjects will provide insight on
how acoustic distortions experienced by actual subjects deviate (or do not deviate) from acoustic
test-fixture-based measurements.

10 T T
Open Ear
or COMTAC level 4 4
EAR Classic
—~-10r 4
5 ’ ~Vf\/\.\
T -20 1
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x
© 30 b
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g 40 B
E .50 -
g
60 b
-70 1
-80 L 4 £ -

102 10° 10*

Frequency (Hz)

Figure 3. Test results with thein-ear microphone prototype for open ears, the Comtac V at
volume level 4, and the EAR Classic.

A second revision of the in-ear microphone for collecting in-ear subject Head Related Transfer
Function (HRTF) measurements was then completed. The second revision has a thinner and
more flexible flex circuit with a MEMS microphone on the tip for insertion into the ear canal as
well as a second microphone on the circuit board that fits over the ear for measuring the sound
before it enters the ear canal. Pictures of a prototype are shown in Figure 4.

Figure 4. (Left) Completed prototype in-ear microphone assembly with flex circuit and
preamp. (Center) Close-up on the in-ear flex circuit. (Right) The in-ear microphone
assembly mounted onthe 45CB test fixture and inserted alongside an HPD.
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Initial prototypes (first revision) had issues with the stiff flex circuit breaking the seal of the HPDs
and general comfort in the ears of subjects. The new, thinner flex circuit was designed to have
less effect on the seal of HPDs against the ear canal by allowing it to conform more to the curved
surface. The seal was tested by inserting the flex microphone and over-ear preamp assembly into
the GRAS 45CB test fixture and measuring the insertion loss with various HPDs used alongside
the flex microphone. Measurements were made by playing 10 seconds of white noise through
Sennheiser HD600 headphones placed over the ears of the 45CB and recording the response
through the built-in testfixture microphones. The in-ear microphones were notused in these tests
and the devices were powered off as we were only interested in testing the seal of the HPDs.
Results are shown in Figure 5.
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Figure 5. Insertion loss measurements for various HPDs with (red) and without (blue) the
in-ear microphone, averaged over 5 trials. Line represents the mean insertion loss with 1
standard deviation shown as alighter cloud around each measurement.

Preliminary measurements were similarly made in one of the investigators’ ears in the CU

anechoic chamber to assess the function of the microphone systemin areal ear, and to verify the
acoustic stimuli and recording system was operating appropriately. Preliminary results (not
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shown) clearly revealed the expected features of an HRTF (i.e., afixed ear canal resonance and
high frequency spectral notches that vary systematically with sound source location) in the open
ear condition, and substantial attenuation during HPD use. Results of this testing revealed the
need for aplastic cover, tacky silicon pad to hold the microphone in place, and strain relief on the
cable which were also implemented.

Milestone 1: Local IRB approval
Completed, as summarized in the prior annual report.
Milestone 2: HRPO approval

Completed, as summarized in the prior annual report.

3.2.2. Specific Aim 1, Major Task 2: Test Method Verification in Human Subjects

All four tests to be conducted in human subjects were developed (including software and
hardware), brought online, and piloted at both University of Washington (UW) and University of
Colorado (CU) testing sites by the end of the previous year. During year 2, we ran additional pilot
subjects at both sites and developed new analysis tools to further refine parameter selections,
identify potential pitfalls, and adjust protocols as indicated to improve the value and usability of
obtained measurements. In service of efficiently concluding the pilot phase, the UW team has
focused on the development of analysis tools and software and the subsequent evaluation and
refinement of protocol details, while the CU team has focused on data acquisition and the cadaver
testing outlined in a subsequent section. In the following, we summarize test-specific
developments and insights gained.

3.2.2.1. Subtask 1: Obtain pilot psychoacoustic measures of hearing protective device (HPD)
effects and Subtask 2: Analyze pilot psychoacoustic measures of HPD effects

Data from pilot testing at both sites have been collected and effectively leveraged to identify
minor adjustments in testing protocols and to develop appropriate software analysis tools.

3.2.2.1.1. Sound Localization (hSL)

Human sound localization (hSL) testing is the most substantial component of the human subject
test battery in terms of facilities preparation, hardware and software development, and testing
time per subject. The specific hearing protection devices (HPDs) under test, which were selected
in consultation with stakeholders, span a range of form factors, active (electronic)/passive
functionality, and associated attenuation characteristics. Pilot hSL testing was effectively
completed during the first quarter of Year 2. Updates on hSL behavioral measurements, which
are proceeding at scale presently, are confined to Section 3.2.2.2 below. In service of correlative
behavioral-electromechanical analysis efforts, the project teamidentified an innovative approach
for individualized acoustic measurements that is expected to augment our ability to identify
acoustic correlates of sound localization behavior during HPD use. Here, we summarize this
development.

All HPDs tested to date (by our group and others) are known to disrupt the spatial acoustic
information — specifically the “spectral shape” of transmitted sound — listeners depend on to
accurately locate sound sources. Key developments of the present effortinclude (1) testing of
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localization performance in both azimuth and elevation and (2) quantification of error patterns with
respect to observed spectral shape cue transformations across HPDs.

Figure 6 provides agraphical illustration of the loudspeaker array (Figure 6A) and a scatterplot of
two-dimensional (polar) angular error for asubject seated at the center of the array. The subject
was instructed to orient toward illuminated LEDs on each of 24 loudspeakers, thereby
demonstrating the accuracy of our head position tracking system (developed last year and
described in the previous annual report). During the present reporting period, testing has
continued with all hearing protectors at both sites, supporting evaluation of response patterns,
and consideration of specific testing protocol elements. Figure 7 represents typical pilot sound
localization performance datafor three subjects as outlined in previous reports.
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Figure 6. (A) Graphical illustration of the loudspeaker array used in localization testing
(Washington site illustrated). The subject begins each trial facing the loudspeaker at 0°
azimuth, 0° elevation (illustrated with blue circle). Response error is calculated in terms of
two-dimensional polar error, i.e. the “diagonal” angular distance between the response
and target locations. (B) Orientation responses, in terms of polar angle, to visual targets,
demonstrating the accuracy of our new head position tracking system.
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Figure 7. Upper panels: Scatterplot of polar target angleversus polarresponse angle for
open ear (left) and for a passive HPD (Combat Arms Gen. 4.1). Data are pooled across 3
subjects tested at the UW site. Lower panel: Polar error (calculated as in Figure 6A using
the datain upper panels of the present figure) is shown for open ear and Combat Arms
performance. This representation is known as a ‘swarm chart”’ in which the horizontal
spread of pointsin each column reflects the density of the underlying distribution. The
upward expansion of the swarm in the Combat Arms condition reflects the poor
performance observed, with many polar errors in excess of 90 degrees.

3.2.2.1.2. Speech in Noise (hSQ)

Development and initial testing of the speech-in-noise (hSQ) was described in the previous
annual report. Pilot testing of the hSQ test was completed in Year 2 with testing proceeding
at scale. hSQ testing consists of testing with the Modified Rhyme Test (MRT), pseudo-
randomly distributing available words across test conditions such that each condition (open
ear, and each of the four HPDs at each siter) are tested with 60 words. To compare MRT
results with a commonly used clinical test, testing is additionally conducted using the
QuickSIN test battery. Two QuickSIN word lists are presented for each HPD condition (also
totaling 60 target words), counterbalanced across subjects to prevent order effects.
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Completion and analysis of pilot MRT and QuickSIN testing revealed two issues.

1. MRT target words are presented in a background of omnidirectional pink noise.
Signal-to-noise ratios from 0 (equal target and noise amplitudes) to +6 (word 6 dB
more intense than background) were presented. Subjective reports and empirical
analysis (see Figure 8) suggested that these signal-to-noise ratios did not make the
task difficult enough, leading to ceiling effects (performance near ceiling at +6 dB in
particular). As a result of this analysis, the issue has been resolved by reducing the
range of signal-to-noise ratios by 3 dB (now -3 dB to +3 dB).

2. QuickSIN testing is normally conducted in an audiometric booth with signals presented
over earphones; subjects provide a verbal response, repeating back six target
sentences in series as the level of background noise (multitalker babble) steadily
increases. To adapt this test for use with HPDs, signals are presented over
loudspeakers inside anechoic chambers at each site. However, loudspeaker playbac k
of background babble during non-target ‘gaps’ between target sentences was found
to mask subject verbal responses. To resolve the issue, background babble during the
QuickSIN stimulus presentation has consequently been attenuated during the non-
target periods to improve audibility of the subject’s responses and facilitate scoring.
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Figure 8. (A) Preliminary data evidence limited variation across signal-to-noise ratio,
particularly at +6dB. To capture abroaderrange of performance and improve separation
across devices, the amended protocol uses -3,0, and +3 dB SNR. (B) QuickSIN scoring
(left) requires the experimenter to hear and understand words repeated back by the
subject. During loudspeaker playback, steadily increasing background noise (multi-talker
babble) level can mask the subject’s verbal response. Increasing babble level during the
response windows between sentences is not important to the task, thus we have
developedlist-specific attenuationwindows forall Lists (1-12)in the QuickSIN battery,and
applied windowing to improve the audibility of subject responses. The audibility issue has
thus been resolved and testing with theimproved procedure is underway.

3.2.2.1.3. Level Dependence (hLD) and Self-Noise (hSN) testing

Development and initial testing of the human level-dependence (hLD) and self-noise (hSN)
tests were described, and preliminary data provided, in the previous annual report. Both tests
leverage more traditional audiometric test equipment and protocols (as compared to testing
in the anechoic chambers), so initially required less development effortin terms of both
software and hardware. They are completed in a sound booth setting and take significantly less
time than hSQ and hLD testing. Both hLD and hSN tests can be completed across open ear and
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active HPD conditions within a single session and the ‘testing matrix’ (sequencing of testing
appointments per subject) has been programm