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With louder and louder weapon systems being developed and military personnel being exposed to
steady noise levels approaching and sometimes exceeding 150 dB, a growing interest in greater
amounts of hearing protection is evident. When the need for communications is included in the
equation, the situation is even more extreme. New initiatives are underway to design improved
hearing protection, including active noise reductighNR) earplugs and perhaps even active
cancellation of head-borne vibration. With that in mind it may be useful to explore the limits to
attenuation, and whether they can be approached with existing technology. Data on the noise
reduction achievable with high-attenuation foam earplugs, as a function of insertion depth, will be
reported. Previous studies will be reviewed that provide indications of the bone-cond(BGon

limits to attenuation that, in terms of mean values, range from 40 to 60 dB across the frequencies
from 125 Hz to 8 kHz. Additionally, new research on the effects of a flight helmet on the BC limits,
as well as the potential attenuation from deeply inserted passive foam earplugs, worn with passive
earmuffs, or with active-noise reductioANR) earmuffs, will be examined. The data demonstrate
that gains in attenuation exceeding 10 dB above the head-not-covered limits can be achieved if the
head is effectively shielded from acoustical stimulation. 2803 Acoustical Society of America.
[DOI: 10.1121/1.1605415

PACS numbers: 43.50.Hg, 43.66.M2KW]

I. INTRODUCTION to a handful of estimates that others, including the first au-
thor, have published in the past half-century.

When personnel are exposed to very high levels of  The concept of bone conductigBC) limits implies that
noise, such as generated by current and new military weagsound is transmitted via bony structures in the head that by-
ons systems that approach and even exceed a continuopgss the normal air-conduction mechanism of transmission
A-weighted sound pressure ley@PL) of 150 dB, the need through the earcanal. In effect these are flanking sound path-
for maximum hearing protection is obvious. But, maximumways that circumvent the noise-blocking features of the hear-
hearing protection may still not be enough, and, by the waying protection devic¢HPD) that is covering or occluding the
what is the maximum hearing protection that can be pro€arcanal. The primary BC pathways as described in the lit-
vided? Surprisingly, few authors have explored the limits toerature are(@ vibration of the earcanal wallgb) energy
attenuation since von &esy (1960 and also von Gierke and transmitted due to excitation of ossicular motion, o
Warren (1953 addressed the question in the early 1950s. irflirect mechanical excitation of the cochl@anndorf, 1972;

this report we review the available data, update them a}5<hannaet al, 1976. Additional discussions are contained in

needed, and explore how the application of active noise reI_Berger and Kerivar(1983, Berger(1989, and Ravicz and

duction(ANR), or the use of an enclosure to shield the headMelcher(ZOOD. In general_terms,_ BC refers_ to any pathway
L . : . other than that of conventional air conduction. For example,
can affect those limits. The purpose is to provide hearin : .
. . ) ._.sound passing through the open mouth and the soft tissues of
conservationists and hearing protection developers a reliab

benchmark that defines the maximum levels of rotection%e eustachian tube excites no bones except the ossicles, but
. . P it is still included under the rubric of bone conduction. How-
achievable for humans exposed to noise.

As Zwislocki (1957 ob din his landmark ever, Zwislocki noted that it might be more appropriately

7S cwislockl (1957 observed in his landmark paper, called body conduction, though for purposes of adherence to
direct measurement of such values was long overdue, and {f} . \on convention he chose to title his paper “bone con-
that paper he provided values that have indeed withstood th§,ction.” We will use that more common term herein as

test of time. In this current work, his data will be compared,q.

The BC thresholds in a sound field can be measured
Aportions of this work were presented at the conference of the Survival angimilarly to the minimum audible field, except that sound

Flight Equipment AssociatioiSAFE), Jacksonville, FL, October 2002, must be prevented from being transmitted via the conven-
and at the joint conference of th_e 144th Meeting of the Ac_oustlcal Souetytional air-conduction pathways that begin at the earcanal.
of America, the 3rd Iberoamerican Congress of Acoustics, and the 9th_~. . .. .
Mexican Congress of Acoustics, Cancun, Mexico, December 2002. This can be accomplished by sufficiently occluding the ear-

YElectronic mail: eberger@compuserve.com canal, or by canceling sound that is present at the eardrum.
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The latter approach, employed by Schroeter and(E380), sented by the other authors. ksy’'s work, though exceed-

is uncommon and has its potential shortcomings since carnngly clever, yielded empirical data at only a few low

celing sound at the eardrum, which is directly connected tdrequencies, and therefore are not included in the discussions

the ossicles, might affect ossicular motion, and such motiothat follow. However, his results, like those of von Gierke

is one of the BC pathwayg.e., pathway(b) as discussed and Warren, are in accord with the findings of the five studies

above. that are specifically reviewed. Brief descriptions of the em-
When one uses the method of sound blockage at the egsirical studies follow.

the question will naturally arise whether sufficient sound has

been excluded. Whatever technique is employed, artifacts ag Zzwislocki (1957)

always possible. For example, Zwislocki used resonator ear- . .

plugs whose tips were metal rods coated with latex and wax These experiments consisted of the measurement of

that were inserted deeply into the bony meatus. These dggE.AT in a free _sound figld on groups of six subjects wearing
vices substantially eliminated vibration of the canal waIIs,SOIId earplugs in combination with heavy earmuffs, three of

which is the dominant path in the occluded ear below 2 kHzthose same subjects wearing only resonator earplugs tuned to

; : . frequencies from 300 to 600 Hz, and one subject for the
athway(a) as described aboyeOne might argue that with
[p y@ V. g ¢ gequencies below 125 Hz. The BC limits were determined

actual usable HPDs such reduction of this pathway is no h | below 400 Hz. the b ;
feasible. This suggests that the low levels of BC that Zwis-, y the resonator earplugs below Z, the better perform-

- : ; : f the resonator earplugs or the dual combination from
locki reported would likely not be observed in practice. Al- Ing © o
ternatively, in the procedure that Berger has used with suc?00 10 1500 Hz, and the dual combination only above 1500

cess, a very heavy lead earm(fiore than 10 times the mass
of a conventional earmuffwith unusually high band force ) )
(about twice the force of a conventional earmuffas worn ~ B- Nixon and von Gierke  (1959)

in conjunction with deeply fitted foam earplugs. A concern  Measurements were conducted in a free sound field with
with this approach is that the inordinately high mass androntally incident sounds, as well as incidence on the back of
force of the combination distorts the skull in a way unlike the head. Measurements were in conformance with the stan-
any actual HPD, potentially creating unrealistic BC limits. gard for hearing protection attenuation measurements that
Thus, within our manuscript we have compared a variety ofyas in effect at the tim¢ANSI Z24.22-1957. The attenua-
procedures from various reports to provide a range of estition of five different commercially available earplug/earmuff
mates of the limits that are likely to prevail. combinations was measured on eight subjects. Additional
In studying this paper, the reader should keep in mindneasurements were conducted by covering the subjects’
the following important caveat: all of the measurements inheads in part or in total with medical cotton wicks of 8-in.
this paper are based upon optimum fitting of HPDs in awidth that were wound around the head and fastened with

laboratory environment. In fact, the fitting might be termedtape until the desired thickness of 2—3 in. was achieved.
“hyper-optimum” in that in some cases the devices used are

fitted'uncomfortably .in Ways.that might not be feggible i”,C. Schroeter and Els (1980)

practice for the sustained periods that would be anticipated in .

the real world. Thus, it is questionable whether such values REAT measurements were taken using very large
of protection as the BC limits reported in this paper couldcustom-built(approximately 30 000 C?ﬁl_ sound attenuation
ever be achieved for groups of users in occupational settinggnclosures that coupled to the head circumaurally with con-
regardless of the degree of motivation, training, and Supervi\/ennonal earmuff cushions, _and contained cancellation
sion that was employed. For additional discussion of suct§Peakers for the low frequencies. At and above 2 kHz the
matters see ANSI S12.6-1997, Bergeral. (1998, and attenuation of the enclosures was complemented by deeply

Berger(2000. inserted foam earplugs. The tests were conducted on ten sub-
jects. The 1980 referencgn German cited above is the
Il. PROCEDURES original, but those results which are also summarized in

Schroeter and Poessdlt986, p. 512, Table I, are more

The data in this report consist of published real-ear at'easily accessed.

tenuation at thresholREAT) values from Zwislocki1957),
Nixon and von Gierke(1959, Schroeter and EI$1980),
Berger (1983, Ravicz and Melchef2001), and the current
researcH. To the authors’ knowledge, these few papers, to-  REAT values for three earplugene of which was worn
gether with the early work of von Besy (1960, represent with three different depths of insertipmand three earmuffs

the sum total of the available data on direct measurement oflere evaluated both singly and in various combinations ac-
the bone-conduction limits on human subjects in a free ocording to ANSI S3.19-1974. Thirteen subjects participated
diffuse sound field. Others such as von Gierke and Warrem the entire experiment, with seven common to all tests. For
(1953 reported predictions based on BC thresholds derive@ny one test, ten subjects were measured three times each.
from direct stimulation of the forehead via “sound tubes,” All of the earplugs were commercially available. The one of
but did not conduct measurements with the entire body ogreatest interest for the purposes of this work was the foam
head irradiated in a sound field. Their computations, howearplug (EsA*R® Classi® plug with a length of approxi-
ever, provide additional support of the empirical values preimately 19 mm which was inserted partiallyPl; about

D. Berger (1983)
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(b) (c)

FIG. 1. (8—(c) Partial (Pl), standardSl), and deefdDlI) insertions of a Classic foam earplug in one subject’s earcanal.

15%—-20% of the plug in the earcapalo a standard depth An ancillary observation that Berger made was that with
(SI; about 50%—-60% in the earcapabr deeply(DI; about  one exception, the combined protection of a muff and a plug
80%-100% in the earcanalThe DI was the maximum always exceed either of the individual devices at all test fre-
depth of insertion that a subject could tolerate before expequencies. The interesting exception was one premolded ear-
riencing significant discomfort. The fit was measured byplug (V-51R type worn together with the large-volume ear-
drawing black circumferential rings on the plugs at the inter-muff. The combined attenuation of the plug plus muff was
section of the plug and the posterior entrance of the earcanaktually about 4 dB less at 1000 Hz than found for the ear-
(i.e., the floor of the conchaAll fitting was by the experi- muff alone. This could be attributed to the occlusion effect
menter in conjunction with the subject. Figurega)t(c)  for this relatively shortand hence shallowly insertegre-
show a view of the plug inserted to the PI, Sl, and DI depthsmolded earplug. Shallow fitting causes an amplification of
Two of the earmuffs were commercially available and ofthe external-earcanal bone-conduction pathierger and
substantially different size and mass. The third was a speKerivan, 1983, thus enhancing any vibrations of the earca-
cially constructed damped lead earmuff with an extensionahal walls caused by the sound field or by vibration of the
layer of a vinyl damping compound. Its total mass for bothearmuff itself.
cups was 3300 g and volunfper earcup300 cn?, with an
inordinately high band force of 24 N. The lead earmuff wasE. Ravicz and Melcher (2001)
utilized for exploring BC limits. It is not a feasible product to

wear outside the laboratory. functional magnetic resonance imaging the authors explored

In combination with a small-volume earmuff Berger L : . . "
. . .. . the limits to attenuation. Their most protective condition
tested five different earplug conditions, each of which when

L : . . consisted of foam plugs worn with conventional high-
worn individually provided four substantially different levels . .
. o . attenuation earmuffs, covered by a free-standing sound at-
of protection. The dual combinations of the various plugstenuatin helmet large enough to fit loosely over the head of
with the small earmuff also provided four substantially dif- 9 g 9 y

. . a subject wearing earmuffs. The helmet required a breathing
ferent values of protection for the frequencies below 1 kHz . .
. : . . . tube and was sealed to the shoulders with a towel. Five sub-
corresponding to the increasing attenuation provided by the . . X
o Jects were tested using a REAT paradigm with unconven-
earplugs alone. At and above 2 kHz all combinations pros. L S :
. ] . .. _tional stimuli consisting of tone bursts at frequencies from
vided the same level of protection, which was also within 3 . .
. 500 to 2800 Hz. Microphone-in-real-e&viIRE) data were
to 7 dB of the values reported by Zwislocki95) and by also acquired, but those values are not reported herein
Nixon and von Gierké1959 in their prior studies. q ' P '
Berger’s estimate of the BC limits to attenuation was
taken to be the values found for the deeply inserted foan'1: )
earplug worn in combination with the lead earmuff. Even Similar procedures were employed as in Ber983
though there were dramatically differing levels of attenuationexcept that the subject count was increased to 16, with two
for the three earmuffs in the study when used as a singlenstead of three measurements of each condition per subject.
hearing protector, when worn in combination with a DI foam Fourteen of the subjects met the hearing sensitivity require-
earplug the earmuffs performed identically, i.e., results weranents of ANSI S12.6-1997, and the remaining two met the
essentially the same for all earplug-plus-earmuff combinarequirements at all but one frequency. With the exception of
tions. subject fitting and subject coui6 instead of 2Pthe pro-

In the context of a study examining noise created by

Current research (this paper )
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(a (b)

FIG. 2. (a) Gentex HGU-55/P flight helmet with one earcup removed, illustrating the Velcro attachment material on the back of the cup and the foam/Velcro
spacergpartly beneath the cyphat are used for positioningb) The helmet on subject’s head with visor and cover in position.

cedure conformed to Method A of ANSI S12.6-1997. All protection of the lower frontal face, i.e., the mouth and jaw,
REAT measurements were conducted in the EsAsREAL was missing.
acoustical laboratory of Aearo Company. MIRE measure-  Once subjects entered the chamber they generally stayed
ments on the active earmuff were made at Bose Corporatioim place for the entire set of measurements lasting approxi-
on a separate group of subjects in conformance with ANShately 90 min. Occasionally they took a brief break between
S12.42-1995 with two exceptions: only six subjects werethe first series and the repeat series. The testing sequence
tested, and measurements were made in a medium-sized auas intended to limit fitting variability as much as possible
diometric booth lined with loudspeakers. Between the thre¢o allow for the best comparison between plug-only and
fittings of the muff, subjects rotated their position in the plug-plus-muff conditions. The testing was as follows:
booth to vary the incidence of the sound field. Measurement
done in this way have correlated well with measurements i
the Bose reverberation room. i)

The important new features of this series of experimenté
consisted of the devices. The E«A'Rlassi€ Plus earplug
(a longer version of the E*A*R Classic—24 mm vs 19 )nm
was utilized and fitted deeply, and was worn in conjunction
with one of two types of earmuffs. _Qne was a prptotype .'A.‘NR for this and following occluded thresholds, with the
headset made by Bose for U.S. military evaluation. It utilized .
large yet conventional circumaural earmuff cups, a conven- . flight helmet donned as well
. . » Igw) Occluded threshold with the ANR headset, turned off,
tional headband, and was an experimental adaptation of AN . .
technology from Bose’s present commercial products for us in place of the flight helmet.
rechnology 1r b produt . ?vii) Occluded threshold with the ANR headset left in po-
in higher noise levels. The other was a Gentex lightweigh L
. . : : sition, but now turned of.
fighter/attack aircrew helmetHGU-55/P with thick edge .

. . . -2~ (viii) Remove earplugs and ANR headset and repeat entire

roll and internal plastic earmuff cups, as illustrated in Fig.

2(a). We utilized the medium and extra-large sizes of the Series.

helmet, and carefully in_serted foam spacers betweeq _the_cuqrést signals weréd-octave-bands of noise spanning the range
and helmet shell, as is the norm for proper positioningom 125 Hz to 8 kHz at octave-band center frequencies. For

Larger volume cups and cushions from the Navy HGU-84/F, ¢ g hjectthe first author test data were also acquired at

helmet, rather than those normally fitted in the USAF HGU-gg 1, although those values are not included in the subse-
55, were used, and communications were remaved, re-  q,ant analyses they indicate that the BC limits and other

ceivers and cablgsto maximize the attenuation achieved. jyenyation values at 80 Hz are essentially the same as those
The chin and nape-of-the-neck straps were adjusted for oRgnd at 125 Hz.

timum fitting. All tests were conducted with the visor down

in the operational position and covered by its fabric protec-

tion cover[see Fig. 20)]. Obviously the helmet could not be

worn in such a condition, but the purpose herein was tq. RESULTS

explore the limits to protection; if need be a clear visor with

higher transmission loss could always be devised. Note the The data from the current study as well as key results
foam edge roll at the rim of the helmet, and the resultingfrom the literature summarized in the prior sections of this
tight fit to the sides of the face and below the ears. Howevempaper are presented in Table I.

1) Flight helmet positioned, wait 2 min for acclimatiza-
tion, and take occluded threshold.

Occluded threshold with ANR headset, electronics
off.

(i)  Open threshold.

(iv)  Occluded threshold with DI foam earplug.

(v)  Occluded threshold, leaving DI foam earplug in place
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TABLE I. Mean real-ear attenuation and standard deviation values in dB from this study, and mean values from prior published data.

Frequency(Hz)
Device 125 250 500 1000 2000 4000 8000
DI foam Mean 39.9 44.4 47.8 43.7 37.4 44.4 47.0
SD 55 4.8 35 4.2 2.9 3.7 4.7
ANR Muff OFF Mean 18.1 23.7 25.9 30.1 36.1 43.3 43.3
SD 35 1.8 16 2.6 2.9 2.8 3.1
Flight Helmet Mean 20.6 24.1 29.5 41.7 46.5 56.6 58.6
SD 4.2 6.0 35 4.3 4.4 3.2 4.9
DI foam+ ANR Muff OFF Mean 47.1 57.4 62.0 49.5 40.5 50.1 49.7
SD 4.8 3.1 4.4 5.8 3.8 5.3 4.6
DI foam+ ANR Muff ON Mean 50.4 57.3 61.5 49.2 40.8 50.5 50.1
SD 51 3.2 3.6 6.1 4.3 5.6 4.7
DI foam+ Flight Helmet Mean 42.0 50.5 60.8 53.6 48.6 60.2 61.3
SD 5.6 4.0 4.2 6.6 4.0 5.1 6.6
Foamt-small volume earmuff, S12.6-1997 Method B Mean 26.1 27.0 34.4 38.6 40.4 50.8 47.3
SD 6.5 6.1 6.3 55 55 5.4 4.4
Estimate of “best possible achievable protection” Mean 50.4 57.3 61.5 55.0 65.0 75.0 75.0
SD 5.6 4.0 4.2 6.6 4.0 5.1 6.6
Zwislocki (1957 BC Mean 51 60 68 60 46 54 41
Nixon and von Gierkg€1959 plug+ muff Mean 30 33 38 40 42 52 41
Nixon and von Gierkg1959 plug+ muff+head covered Mean 31 35 41 45 52 68 58
Schroeter and EI§1980 Mean 52 51 48 46 49 54 44
Berger(1983 BC Mean a7 51 57 47 39 49 49
Ravicz and Melchef2001) plug+ muff+box Mean 58 55 66
Hachey and Robert€1983 real-world plugt muff Mean 21 24 31 35 35 43 38
A. Attenuation values for single HPDs study and 16 in the current studgre completely different.

The attenuation values for the individual plugs andThe slightly incrgased attenuation of th'e DI plug in this
muffs of the current study are presented in Figs. 3 and £tudy, together with the fact that the plug’s performance has
where they are compared to the BC limits from Berger® large |mpac'F on Ithe attenuation of the combined deV|cgs,
(1983. Note that at all frequencies the attenuation of theMust be kept in mind when comparing the current BC esti-
deeply inserted Classic Plus, a longer version of the Classi'ates to those from Bergé€t983.
foam earplug, exceeds that of the shorter version by 2 to 4 Also of note in Figs. 3 and 4 is the sharp minimum of
dB (F|g 3) Statistical testst-test assuming equa| Variar)ce attenuation at 2 kHz in all of the head-not-covered condi-
yielded significance at 500 Hz& 0.01), and “near signifi-  tions. This is a commonly observed feature of real-ear at-
cance” at 250 and 1000 Hzp 0.06 andp<0.08, respec- tenuation data for high-attenuation hearing protectors.
tively). Other differences were not statistically significant. In Fig. 4 the attenuation of the ANR earmuff is com-
The increased attenuation in the low frequencies may be ipared to the small-volume and lead earmuffs from Berger
part due to the longer plug combined with a deeper fit, bu{1983. Because ANR electronics generate residual low-level
also note that the two subject populatiofi® in the prior noise, which can mask the threshold test signals, they are not

10_.. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R R s
L , e
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FIG. 3. Comparison of the real-ear attenuation of a
404 e S s L PN s e S deep insertion of the Classic Plthis study to the
GlasslcPlus~. -’ SR Classic, and to the BC limits, from Bergét983.
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amenable to REAT testing. Hence for that earmuff’s on-ing pathway (Khanna et al, 1976; Ravicz and Melcher,
condition, MIRE data(measured at Bose's laboratprgre ~ 2001).

reported. To provide the best comparative data for the off-

mode, the muff was tested with both MIRE gnd REAT pro-g |ndividual subject data

cedures. The REAT measurement was possible for the ANR _

device in the off-mode since in that condition the electronics ~ Before presenting the averaged data for the dual protec-
generate no residual noise. REAT measurement is also poon combinations from the current study, it will be illumi-
sible when an ANR device is turned on and worn over earhating to review the data for the 17 individual subjects in

plugs, as is reported later, since the earplugs attenuate tfiddS- 5—7- All the subjects except for KLD were included in
self-noise of the ANR device below the subject's hearingthe subsequent analyses. KLD has had recurring ear infec-

threshold. tions since childhood and an abnormal tympanogram indicat-
Comparison of the dark sold lines with the filled and "9 POOr tympanic mobility, but was included because his

open circles illustrates the REAT vs. MIRE measurementé)pelr:j'ebar audlome;[rltq threfsholds are near gotrmal an(jj h?
for the ANR earmuff. The differences, due to Iow—frequencycou € representalive of a person required 1o wear dua

. . . : rotection. Also in the past, KLD has been well-fitted with
physiological-noise masking that elevates the OCdUde(anm earplugs and obtained representative attenuation data
threshold (Berger and Kerivan, 1983 are of the pattern piug P '

. . Ithough his current data are aberrant, they might be expe-
which are e_xpected, though_the magnitude of the effecj[, 9 OIé\enced in the real world. Note that with respect to the foam
at 125 Hz, is larger than anticipated for a muff of this size. A

. . ) earplug, as shown in Fig. 5, KLD experienced unusually low
5-dB REAT-MIRE difference at 125 Hz is more typical |, ,o5"of attenuation at 500, 1000, and 8000 Hz. The boxes
(Gauger, 200R If it were possible to also produce REAT

! " indicate his retest data on a subsequent day. Even excluding
data for the ANR earmuff in the on position, they too would KLD, there is a 15- to 20-dB range in data across frequen-

be expected to show increased low-frequency attenuatiogies_ Thus, even though this well-fitted foam earplug deliv-

relative to MIRE values. Hence it is likely that the perfor- greq 25 or more decibels of attenuation at all frequencies for
mance of the ANR device in the on-mode would have ex-y sypjects in this study, and more than 30 decibels at all

ceeded the REAT-measured attenuation of the lead earmuffequencies for albut onesubject, the actual range in attenu-
at 125 and 250 Hz by a greater amount than shown in Fig. 4tion values is large.

if both were measured in the same way. In the off-mode the  Figure 6 demonstrates the spread for the ANR earmuff,
performance of the ANR earmuff was similar to the small-tyrned off, i.e., worn as a conventional earmuff. Note the
volume earmuff. reduced range in values compared to the results for the ear-
The flight helmet data are similar to earmuff attenuationpjug. This is not surprising since earmuffs normally fit more
values up through about 1 kHz, but quite different from theuniformly across groups of listeners, producing less attenua-
circumaural earmuffs in the high frequencies. Note that ation variability. The data for the flight helméhot shown
and above 2 kHz, the flight helmet exceeds Berger's 1983xhibit variability greater than that of the earmuff and closer
estimate of the BC limits for circumaural devices. This is notto the foam plug. Although the helmet contains circumaural
surprising since in the high frequencies the important BCcups, once the cups are “hidden” under the helmet, the po-
pathway has been shown to be direct transmission to thsitioning and adjustment is more problematic than with a
cochlea bypassing the external earcanal. If the skull igonventional headband-mounted earmuff unit.
shielded, less energy will be incident on the head and conse- Finally, Fig. 7 shows the effect when the DI foam plug is
quently less will be transmitted to the inner ear via this flank-combined with the flight helmet. As with the earplug alone,
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FIG. 5. Real-ear attenuation for foam plugs with a deep
insertion(DI). Each line represents the average of two
measurements on one subject. The “aberrant” subject
KLD is specifically noted.
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KLD is an outlier, as might be expected since the earplugiificant, the increase in protection at 125 Hz is of
strongly controls the combined attenuation of the devicesquestionable importance due to its small magnitude and lim-
When the data for the flight helmet alone are examined, KLDited frequency range. The small increase provided by ANR in
is low, but only by a few decibels from 1000 Hz on upwardsa dual-protection scenario with the DI plug is presumably
in frequency. due to the same reason that increasing muff size offers no
dual-protection benefits. Transmission through a small-
C. The value of ANR in a dual-protection scenario volume muff and DI plug, or transmission through the ANR

Figure 8 demonstrates the performance of the DI foanfamuff in the off-mode when combined with the DI plug, is
earplug plus ANR earmuff, in its on- and off-modes, as com-@lready equivalent to the BC limits at most frequencies, so
pared to Berger’s prior BC estimate. Turning first to thethe added attenuation of a more protective earmuff or condi-
question of the value of the active noise reduction, note thaion is inconsequential.
the ANR-on and ANR-off values of attenuation in Fig. 8 are ~ The current dual-protection data for the ANR earmuff
essentially identical at all frequencies except 125(813-dB ~ demonstrate values that equal or exceed Berger's prior esti-
difference, significant atp<0.05 usingt-test for paired Mate obtained using a lead earmuff as seen in Fig. 8, with the
sampley the frequency at which ANR is typically most ef- differences achieving statistical significance pat 0.05 (t-
fective. Recall that the ANR earmuff was left in position on test assuming equal variander the frequencies from 125 to
top of the earplug and tested turned off and then on, in im500 Hz. This is not surprising since the earplug is such an
mediate sequence. This eliminated fitting as a cause of pdmportant component of the dual-protection system, and as
tential variability between the two conditions. Although sig- shown in Fig. 3 the DI earplug fit in this study exceeds the
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FIG. 6. Real-ear attenuation for ANR earmuff with the

ANR off. Each line represents the average of two mea-
surements on one subject. The “aberrant” subject KLD
is specifically noted.
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performance of the one previously employed by Berger. Adhead is shielded, switching from single to dual protection can
ditionally, note that the difference between the studies ionly achieve modest gains of about 6 dB at and above 1 kHz
largest below 1 kHz. Khannret al. (1976 concluded that the before reaching the BC limit€ompare plug- ANR muff on,
primary BC path at these frequencies is through the skull tdo the single-HPD curveésHowever, at the low frequencies
the walls of the earcanal which vibrate and reradiate thejains of 10 to 15 dB are realizable.

sound; the deeper insertion resulting from the longer plug By covering the head, as accomplished in this study us-
used in the present study may have changed the BC limihg the tight-fitting flight helmet with face platevisor), ad-
itself. Finally, the differences between the studies may alsalitional gains above single protection of from 4 to 11 dB are
be explained by the attributes of the current subject pool, angossible from 1 kHz and up. However, the attenuation at 125
the possibility that their inherent BC limits differ slightly and 250 Hz suffers relative to the optimum low-frequency
from the group used nearly 20 years ago. combination of a DI foam earplug plus circumaural earrfuff.

D. Limits to attenuation IV. LIMITS TO ATTENUATION: CURRENT VERSUS

Figure 9 presents the best estimates of the limits to atE)RIOR DATA

tenuation from the current study, based on the DI foam plug  The data in Fig. 10 compare the four previously pub-
worn with the ANR earmuff in the on-mode, and the DI foam lished directly measured estimates of the BC limits to those
plug worn with the flight helmet with the visor down and from the current study, for the head-not-covered condition.
covered. The values are compared to the DI foam earplughe current data and the Berg&t983 values were mea-

worn alone and to one of the higher attenuation conventionadured in a diffuse field; the others were frontal incidence free
earmuffs we have measured in our laboratory. Unless théeld.
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FIG. 8. Real-ear attenuation of the ANR earmuff worn
o)l s ) in combination with a deeply inserted foam pl(Dl),
with the ANR turned on or turned off, as compared to

Berger’'s(1983 prior BC estimates.
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Zwislocki, who used very rigid deeply fitted plugs with their sound field conditions that differed from the other stud-
muffs, obtained the greatest noise reduction, i.e., his are thies.
highest estimates of the BC limits at most frequencies. How-  Because of the extreme measures employed by Zwis-
ever, Zwislocki relied upon only three to six subjects de-locki, with different types of plugs used to acquire data at
pending upon the test frequency and test condition. Onéifferent frequencies, and the type of seal he achieved in the
could take the few subjects with the greatest attenuation ilbony meatus, his data may indeed define the true BC limits
the current study and construct an estimate within a couplaith uncovered heads. However, in all likelihood his values
of decibels of the Zwislocki data at all frequencies. In all are unachievable for groups of subjects with any single com-
likelihood, the reason that the data of Nixon and von Gierkebination of wearable HPDs, regardless of how well they are
diverge from the other studies below 2 kHz is that the prefitted.
molded earplugs available to them in the 1950s could not Figure 11 addresses the question of the gains to be made
provide the high levels attenuation, especially in the low-if we cover the head so that sound conduction pathways of
frequencies, that are available using today’s foam earplugshe skull are blocked to varying degrees, thus limiting the
(In fact Nixon and von Gierke also discounted the validity of flanking energy to transmission via the lower face, the neck,
their BC estimates below 2 kHz because of how their valuesr the torso. In the current study we shielded the head by
compared to the prior work of von Gierke and Warren, andusing a flight helmet and were able to measure data across
of Zwislocki.) The unusually low value for Schroeter and Els the entire range of conventional test frequencies. This pro-
at 500 Hz may be attributed to their decision not to have therided increases in the BC limits at and above 1 kHz, with
subjects wear an earplug underneath the attenuation boxseabstantial improvements of from 4 to 11 dB available at and
for the frequencies below 2 kHz. Berger’s data and the curabove 1 kHz. Nixon and von Gierke accomplished the goal
rent study present the highest values at 8 kHz, perhaps due ¢ shielding the head by wrapping it in “medical cotton
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FIG. 10. Various estimates of the BC limits to attenua-

tion with head exposed, from this study and the prior
literature.
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wicks” to a thickness of 2 to 3 in. As mentioned with regard shut and plug the nose in extreme environments? Von Gierke
to Fig. 10, below 2 kHz their data should be disregardedand Nixon addressed that question by doing all testing with

because of limitations of the earplugs they utilized. Howevermouths shut, and then including a condition when the sub-

from 2 kHz and up, note in Fig. 11 the relatively close cor-jects heads were shrouded in cotton, of a threshold with nos-
respondence between the cotton-wrapping technique and thils pinched shut. The average effect was no more than about
flight helmet used in this study, though the cotton appears t& dB at any frequency, although one subject experienced a
perform better at 4 kHz. 5-to-7-dB effect. We hypothesize that might have been due to

Another effect observed in the current study was thea patent eustachian tube. To examine this, one subfjesit
importance of covering the fac@ven the partial covering authoy was tested in a dual-protection mode with mouth
provided by the flight helmetwhen listening in a diffuse closed and nose open, mouth closed and nose closed, and
sound field with a helmet shielding the remainder of themouth open and nose open. No differences of more than 2
head. This was illustrated by testing the attenuation on ondB were observed at 500, 1000, 2000, and 4000 Hz.
subject(the first author with the DI foam plug plus helmet, Since the first author can also open his eustachian tubes
with the visor in the up and down positions. A loss of attenu-at will, he listened in high-level broadband noise with mouth
ation of from 2—4 dB at and above 2 kHz was observedshut and nose open or pinched shut, while opening his tubes.
suggesting that even with a helmet, facial shielding is imporSubjectively, attenuation was clearly affected in the high-
tant for maximum protection. frequency range when his tubes were open, while he alter-

The most extreme approach to shielding the head wasately pinched or opened his nostrils. The effect seemed in
taken by Ravicz and MelchégR001), who utilized a helmet the range of 5 dB. An attempt was made to measure this
completely separate from an earmuff worn beneath it. Theffect by tracking his-octave band thresholds, but this was
helmet fully enclosed the head and chin, sealing to the neclproblematic due to an artifact. When he opened his eusta-
Even when the muff and helmébox) were worn in combi- chian tubes it also caused his acoustic reflex to trigger,
nation with earplugs, the earplugs provided the dominanthereby increasing his low-frequency physiological noise and
portion of the attenuation in the lower frequencies. Becauséo some extent masking and elevating his thresholds. The
the fit of the foam plug utilized by Ravicz and Melcher was measured threshold shifts yielded an apparent 5-dB reduction
closer to PI than DI, this led to estimates of attenuation atn attenuation at 2 kHz and an increase at 4 kHz, but these
500 and 1000 Hz that were unremarkable. However, at theesults may have been contaminated due to the
very high frequencies where each of the three hearing prophysiological-noise artifact. The effects were of the magni-
tectors was an effective sound block, the noise reductiotude reported by Nixon and von Gierke for their “worst
achieved by the combination became exceptional; 68 dB at 2ase” subject. Recall, however, that for maximum attenua-
kHz and 82 dB at 2.8 kHz. The gain they demonstrated otion the head must be shielded, as in using a helmet, and
about 20 dB, by “completely” shielding the head at 2 kHz, is under such conditions the nose would be shielded as well.
in close agreement with the prediction of von Gierke and
Warren(1953 which was based upon irradiating small seg-
ments of the forehead and sternum with sound from a met
tube in order to measure hearing thresholds.

A few additional points merit discussion. When maxi- To place the BC limits in perspective relative to the type
mum attenuation is desired, the concern may also arise r@f attenuation factors that are often associated with HPDs,
garding sound transmission through the nose and mouth intihe noise reduction ratintNRR) and the single number rat-
the eustachian tube. Would it be necessary to keep the mouthg (SNR) were computed for several of the measurements.

Y. A WORD ABOUT SINGLE NUMBER ATTENUATION
FALUES—NRRs AND SNRs
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These ratings are weighted attenuation values averagedere unable to confirm this finding based on two of our
across frequencies and then adjusted to represent what 98athors listening in a 90-dB SPL diffuse sound field, but the
of the test subjects obtained in the case of the NRR third author did experience a small effect of clenching his
2-standard-deviation adjustmgnand what 84% obtaine@  jaws, estimated to be in the range of 3 to 4 dB in the middle
1-standard-deviation adjustment the case of the SNR frequencies.

(Berger, 2000 NRRs and SNRs are subtracted from For the absolute maximum in attenuation, the head must
C-weighted sound exposures to estimate the protected expbe acoustically shielded in addition to wearing dual protec-
sures in terms of an A-weighted value. For the head-nottion. Shielding with a lightweight acoustically leaky barrier
covered conditions, the NRR for the BC limits is approxi- such as a safety helmet has no effect. What is required is a
mately 34 dB, and the SNR about 42 dB. With the headight fitting helmet, like a standard military flight helmet, that
covered the values increase approximately 7 dB, to about 4@ncloses the entire skull and face. In such cases, one can

and 49 dB respectively. achieve the values in Fig. 11 as obtained in this study with
the DI foam plug plus flight helmet. Note that this requires
VI. DISCUSSION the visor be down, otherwise 2—4 dB of protection may be

Although in most noise exposure scenarios, the protecsa_lcrificed in the upper frequencies. Figure 11 also shewe that
tion afforded by an individual well-fitted earplug or earmuff With the highest-attenuating plug and muff combination
will be sufficient, there are exposures in which more protec{n€ad not covered attenuation is lowest at 2 kHz. Since
tion is either desired or required. For example, while shoot€Xtreme noise levels tend to be dominated by energy at
ing handguns, a single well-fitted high-attenuation earplug oPigher frequencies, increasing the attenuation of noise reach-
earmuff is generally adequate, but for reasons of comfort ot"d the skull should be a primary objective in providing pro-
to reduce flinching and improve shooting, the additional pro_tectlon in these environments. The authors are not aware of
tection gained from two products is desirable. In 1983 Bergefuch engineering effort to date to develop a head and face
explored various combinations of HPDs in detail and pro-noise-shielding helmet that can be practically wdire.,
vided suggestions for the selection of each of the devices tyhile addressing comfort consideration<Clearly, better
be used in a dual protection scenario. In this paper we reexghielding by a more complete helmet can potentially achieve
amined this issue to uncover the absolute maximum hearingluch improved protection in the high frequencies, as dem-
protection that can be provided, in order to address currer@nstrated by Ravicz and Melch&001).
and new military systems as well as exceptional occupational An estimate of the “best possible protection,”i.e., with
situations with extreme noise exposures. And we also askedf}e ears plugged and the head and neck fully enclosed, can

“if the dual protection isn’t enough, is there anything that b€ made by combining the low-frequency limits25—500
can be done about it?” Hz) for the DI foam plug plus ANR earmuff in the on-mode,

We have reviewed the handful of extant studies pubWith the Ravicz and Melcher data for 1 and 2 kHz. To extend
lished during the past 50 years and added recent data of otfte estimate upwards in frequency, we make the conservative
own, to provide insight into the limits to attenuation. The presumption that if 82 dB can be achieved at 2.8 kHz, then at
answers are summarized in Figs. 10 and 11 and in Table Ileast 75 dB can be obtained at 4 and 8 kHz. NRRs and SNRs

For a head-not-covered condition at frequencies fromgomputed from such data using the standard deviations for
125 Hz to 4 kHz the best estimate of the limits to protectionthe DI foam plus flight helmetsee Table )l are 46 and 55
is the range of values encompassed by the Bdifi83 data  dB, respectively. This represents an increase of 12 to 13 dB
and the Zwislocki(1957) results, though it is unlikely that over the DI foam plug plus ANR earmuff. In an actual noise
with any single set of plugs and muffs that the Zwislocki spectrum typical of that to which crew are exposed while
data can be achieved. For a realistic estimate, in a diffusunching modern Navy jets on an aircraft carriarrela-
field with a single pair of well-fitted muffs and plugs, a better tively flat spectrum with a difference of abotitl dB be-
choice would be encompassed by the data of Be(y@83  tween the C-weighted and A-weighted sound leyethe
and the current study. These values range from 45 to 60 dBjoise reduction computed for 84% of the test populat®n
except at 2 kHz where a minimum is observed that hovergninus 1-standard-deviation adjustmeis about 41 dB for
around 40 dB. At 8 kHz the Berger and recent estimateshe DI foam plug plus ANR earmuff. The computed noise
provide the highest measured BC limits, and also those moseduction for the best possible protecti@ee Table)lwith a
appropriate for diffuse sound fields. complete head enclosure is 51 dB. Whether or not such a

The prior work of Nixon and von Gierk€l959 and the  “theoretical” protector could ever be fielded and worn in
recent test on one subject by the current authors suggests thagctice, it provides a benchmark for the limits to protection.
whether or not the nostrils are open or closed is unimportant.  Finally, we turn to the thorny question of the real world.
However, anecdotal evidence provided by McKinl@p02  All of the forgoing measures were based upon compliant and
raises another issue. He has observed in high-level steadwell-trained subjects, willing to undergo some degree of dis-
sound fields of approximately 140 dB SPL that those wearingomfort while optimally fitting perfectly functioning hearing
dual protection notice a difference in the perceived soungrotection or special test devices, for short periods of time
level depending on whether they have their mouths shutunder pristine laboratory conditions. Temperatures were
with jaws either relaxed or clenched. He observed thamoderate and no exertion was required. When occupational
clenching the teeth increases the sound transmission, i.esituations or adverse military conditions, such as servicing
reduces the attenuation. The authors of the current papget aircraft with noise levels of 150 dB, are repeatedly en-
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countered throughout a workshift, the situation is very dif-(1976 showed are due to flanking pathways that are largely
ferent. Little indication of the real-world performance of outside the reach of earcanal-based systems. Helmet-based
maximum-attenuation dual hearing protection systems i®ANR systems that cancel bone vibration will probably be
available based on field studies, except for one report byery complex to devise, and although they may produce
Hachey and Robert§1983 based on ten employees in a some reductions in the BC-transmitted energy in the high
textile plant. Another indication is provided by testing to the frequencies, as can be seen in Fig. 4, even the best of helmets
new American National Standard S12.6-1997 under itgrovide little attenuation at the frequencies below 1000 Hz.
Method-B procedure, which uses subject fit withvealis-  Furthermore, above 1000 Hz, the simple shielding that a
teners to provide an estimate of field performance. Both oflight helmet currently offers may be all that is needed, un-
these data sets are compared in Fig. 12 to the Pl foam plusss one takes the next step of fully encasing the chin and
small-volume muff data from Bergét983 as well as to the neck(see Fig. 11
Berger estimate of BC, which is the most conservative of the  In the meantime, the best gains available to us today
estimates provided in Fig. 10. may well be in the motivation, training, and supervision of
Both the real-world measurement and the real-world esthe users of hearing protection to make sure they get the
timate (Method B demonstrate attenuation up through 1000most out of the devices that are currently available.
Hz that is substantially less than even the Pl foam plug under
an gan_’nuff, let alone the BC limits. Above 1000 Hz the diS'ACKNOWLEDGMENTS
parity is somewhat reduced. Nevertheless the message is
clear: approaching the laboratory BC limits in actual occu-  The published works of the many authors cited have
pational situations is going to require very serious motiva-been instrumental in shaping our thinking, research, and the
tion, training, supervision, and enforcement. Whether it cardliscussions in this paper. Additionally, reviews of early drafts
be achieved is open to question. of the manuscript and feedback from Mike Ravicz of the
As we move forward to examine new technologies weMassachusetts Eye and Ear Infirmary, Charles Nixon for-
should be well grounded in the learnings from existing datanerly of Wright—Patterson AFB, Mead Killion of Etyrtio
and experiments. For example, ANR technology in earmufffkesearch, Inc., and Armand Dancer of the Franco-German
with communication systems provides certain advantagednstitute of Saint-Louis(ISL) were helpful in crafting the
but in terms of maximum protection when combined with afinal manuscript.
well-fitted earplug, there appears little to be gained. Efforts
are moving forward to develop custom-molded earplugs witHREAT measurements are conducted at low sound levels that never exceed
built-in transducers for communication, or ANR earplugs, or about 80 dB SPL even for H_PDs with _ma_lximum valugs of‘attenuation.
. . . Thus, the BC pathways are stimulated within the range in which they have
even helmets tha_t r_mg_ht cancel Sku”_ vibrations. One _ShOU|dbeen shown to behave linearl)Khannaet al, 1976. However, in the
be aware of the limitations. Custom inserts may provide en-extreme 150-dB environments in which maximum dual protection is war-
hanced comfort and in some cases approach the attenuatioanted, one might ask whether the BC response is still linear. We are aware

of deeply inserted foam earplugs but they will not exceed it of no data that bear on this question. In all likelihood, if the responses are
' "nonlinear, the effect would be compressive since mechanical systems that

Also, alternative tEChangy using foam eartips already €X-are overdriven tend to produce less output, i.e., as the sound field excitation
ists and has been shown to afford excellent performancencreases, the increase in the BC response does not keep pace. In this case,
(Riberaet al,, 1996. ANR earplugs may extend the effec- the cochlear excitation would be less than predicted by simply subtracting
tiveness of noise cancellation into higher frequencies tha he REAT-measured attenuation of the HPD from the noise exposure.
. . . herefore, any errors arising from application of the method of this report
ANR headsets, but this is unlikely to have an important ef-\,od tend in a conservative direction, meaning that noise-induced hearing

fect on the high-frequency BC limits, which Khane&al. loss associated with sound transmitted via the BC pathways, while hearing
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protection is being worn, would be expected to be no more severe, but 5th ed., edited by E. H. Berger, L. H. Royster, J. D. Royster, D. P. Driscoll,
possibly less severe than otherwise anticipated. Experiments are underwayand M. Layne(Am. Ind. Hyg. Assoc., Fairfax, VA pp. 379-454.

to address these questiofMcKinley et al, 2003 Berger, E. H., Franks, J. R., Behar, A., Casali, J. G., Dixon-Ernst, C., Kieper,
2For those familiar with threshold procedures such as REAT measurementsR. W., Merry, C. J., Mozo, B. T., Nixon, C. W., Ohlin, D., Royster, J. D.,
it might seem problematic to conduct an REAT measurement on an ANR and Royster, L. H(1998. “Development of a new standard laboratory
system, since active devices emit low residual noise levels even when op-protocol for estimating the field attenuation of hearing protection devices.
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however, in the measurement of our dual-protection system as discussed in665—672.
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