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(ABSTRACT) 

An experiment was conducted to study earmuff wearers’ signal detection in noise 

performance and perceptions of comfort and acceptability with two amplitude-sensitive earmuffs 

as compared to their conventional counterparts. Passive and electronic amplitude-sensitive 

earmuffs were tested, represented by the EAR Ultra 9000 and the Peltor T7-SR, respectively. 

Directly comparable earmuffs, the EAR 2000 and Peltor H7A, were used as conventional 

controls. The effect of the Peltor T7-SR’s gain on noise exposure and the attenuation of all 

earmuffs was also assessed. 

Signal detection performance was assessed via masked threshold determination in three 

levels of pink noise (75, 85, and 95 dBA), using a digitized back-up alarm as the detection 

stimulus. A modified Hughson-Westlake procedure was used to obtain 10 trials for each earmuff 

under each noise level. Comfort and acceptability were investigated via questionnaire. Real-ear- 

at-threshold (REAT) attenuation measures were recorded at 500 and 1000 Hz to ensure consistent 

earmuff fitting and measurements were made of the effect of subjects’ Peltor T7-SR gain settings 

in each noise level using a KEMAR manikin. 

Results indicated that only the noise level significantly influenced subjects mean masked 

thresholds; masked threshold increased linearly with noise level. The lack of a significant 

earmuff main effect or interaction could have resulted from the step size used to present the 

stimulus, the noise type or levels used, or the number of experimental conditions/sessions. No 

earmuffs were judged significantly different in comfort or acceptability. Noise level and gain 

status (on vs. off) were found to influence the measures taken on the noise level under the Peltor 

T7-SR, but the increase in noise dose with the gain control on was small. The estimates of 

attenuation obtained were reasonable for the devices tested.
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INTRODUCTION 

In 1981, an Environmental Protection Agency (EPA) report estimated that 

over nine million workers were exposed to a daily average of occupational noise 

over 85 dBA (EPA, 1981). The principle remedy employed to address this 

problem is the use of personal hearing protection devices (HPDs). However, 

workers frequently complain that the use of these devices makes communication 

and signal detection difficult, interferes with machine work (the worker cannot 

receive auditory cues about the tool’s state), and becomes uncomfortable over 

the course of a typical workday (Casali, 1992; Berger, 1991; Allen and Berger, 

1990; Maxwell, Williams, Robertson, and Thomas, 1987; Coleman, Graves, 

Collier, Golding, Nicholl, Simpson, Sweetland, and Talbott, 1984). It is not 

surprising that these effects result in decreased or improper use of HPDs (Allen 

and Berger, 1990). 

Mining workers represent approximately four hundred thousand of the 

nine million mentioned earlier (EPA, 1981). Devices that contribute to noise in 

mines are shown in Table 1. One or more of these machines may contribute to 

the ambient noise in a particular area at any given time. In addition, they may 

stop and start intermittently throughout the workday. Thus, the conditions of 

this environment, as with many others, are such that there is not constant high 

intensity noise. Rather, there are periods of moderate noise and periods of high 

noise. This situation brings about a particular problem where the attenuating 

properties of the HPD are intrusive during less noisy periods but are necessary 

when the ambient noise is dangerously high. Accordingly, in the lower noise



TABLE 1 

Sources of Noise in Underground Mines (Bartholomae, 1983) 

  

  

dBA Device dBA 

Hand held pneumatic Jumbo-mounted 

percussion drills 114 - 120 percussion drills 112 - 114 

Rotary face drills* 86 - 92 Cutting machines* 83 - 93 

Shuttle cars* 86 - 92 Roof bolters 85 - 95 

Continuous miners Diesel-powered 

Drum type 97 - 103 load-haul-dump 97 - 102 

Auger type (operator) 100 - 103 haulage trucks 90 - 100 

Auger type (jacksetter) 104 - 108 personnel carriers 80 - 100 

Longwall shearers and Continuous haulage 

plows 98 - 101 chain conveyors 97 - 100 

Rail mounted mantrips Face ventilation 

and locomotives 85 - 95 systems and blowers 90 - 110 

Pneumatic slushers and 

blowers 95 - 105 
  

* Not typically a noise problem unless these devices are poorly maintained, 
according to Bartholomae (1983).



condition, workers often remove their hearing protection when they feel it is 

unnecessary or it is interfering with their job. Unfortunately, the HPDs are then 

not put back on or are poorly fitted after being repeatedly doffed and donned. 

Either of these conditions degrades the potential effectiveness of the protector. 

Coupled with the problems of noise in mines is the fact that safe and 

efficient mining operations depend on reliable auditory communication 

(Coleman, et al., 1984). This includes both verbal and non-verbal 

communication. Examples of non-verbal signals include machinery pre-start 

warnings, gas monitoring and evacuation warnings, signals used in the control 

and movement of men and supplies, and conveyor machinery noise that 

transmits information about the machine’s state (Coleman, et al., 1984). The 

majority of this auditory information is in the midrange to high frequencies 

(from 2000 to 6000 Hz) (Berger, 1986). However, the attenuation of most 

conventional, passive hearing protectors rises sharply in this range. As a result, 

workers may experience many of the problems mentioned above. 

Many of the problems with HPDs that workers complain about stem from 

the type of attenuation that these devices provide. They are passive, that is, they 

attenuate by providing a physical barrier between ambient noise and the 

wearer's ear. They do not change their attenuating characteristics over different 

levels of sound intensity or selectively amplify or attenuate certain frequencies of 

incoming sound waves. Several research papers suggest that HPDs which 

exhibit amplitude-sensitive or sound-transmissive characteristics offer 

advantages for auditory communication in noisy environments (Casali, 1992; 

Berger, 1991; Allen and Berger, 1990; Maxwell, et al., 1987; Coleman, et al., 1984). 

These devices allow sound to pass relatively unimpeded through the protector at



low ambient sound levels but increase their attenuation (stop transmitting sound 

or trigger amplifier output-limits) when sound levels reach dangerous levels. 

However, little empirical research has been performed to assess their 

effectiveness. 

The present study tested this premise to see if amplitude-sensitive 

protectors indeed offer advantages for signal detection in noise. This document 

will detail the project from its initial literature review through data collection, 

analysis, and discussion. The literature review is given in four principle stages. 

The first section is devoted to the human hearing system and the types of 

damage it can sustain if not properly protected. It will underscore the 

importance of hearing protection and the characteristics an effective HPD must 

possess as a result of the ear’s functional characteristics. The second section 

introduces the different types of hearing protectors, including the amplitude- 

sensitive devices under special consideration in this study. In addition, there 

will be a discussion of hearing protector comfort and acceptability to provide a 

context for data that were collected for the hearing protectors in this study. In 

the third section, factors relating to the task of signal detection in noise will be 

discussed, beginning with research that has been conducted on auditory 

warning signals. The topics of auditory masking and signal detection theory 

will also be introduced and discussed in this section. The literature review ends 

with a discussion and summary of research that has been conducted on the effect 

of wearing hearing protection on signal detection in noise. 

Based on the research needs developed in the literature review, a section 

on the aims of this research will be given. This discussion will provides the 

motivation for the experiment that was conducted, which will then be discussed



in detail. Finally, the results of the study will be given, followed by conclusions 

of the research, a discussion of their implications for the signal detection and 

hearing protection fields, and directions for future research in this area.



HUMAN HEARING SYSTEM 

The human hearing system is normally divided into three parts: the 

outer, middle, and inner ear. Accordingly, the hearing process is conceptualized 

in three stages. The outer ear collects and modifies acoustic waves. These 

modified waves travel through the auditory canal to the eardrum, where they 

are converted to vibrations and transmitted through the middle ear to the inner 

ear. Here, this mechanical energy is transformed into nerve impulses that are 

relayed to the brain via the auditory nerve and interpreted by the auditory 

cortex. Overall, the ear amplifies sounds by approximately 30 dB (Berger, et al., 

1986). To better convey the function of hearing protectors, the human hearing 

system will be discussed in greater detail. For more information on this topic, 

refer to Ward (1986). 

Outer Ear 

The outer ear consists of the pinna and the auditory canal. A detailed 

depiction of the pinna is shown in Figure 1; a cross-sectional view of the ear is 

shown in Figure 2. Each of these structures modifies the waves entering the ear 

slightly via funneling and resonance effects and, due to individual differences in 

peoples’ outer ears, everyone receives a slightly different incoming signal (Ward, 

1986). The most notable effect of the outer ear’s modifications is the 

amplification of sounds in the 2 - 4 kHz region by 10 to 15 decibels (Ward, 1986). 

This is one reason why the ear is most sensitive to sounds in this frequency 

range. At the same time, this effect of the outer ear necessitates careful control of 

noise in this band because of the hazard it presents to the hearing system.



  

      
Figure 1. Parts of the human pinna (Adapted from S. L. Polyak, G. McHugh, and 

D. K. Judd, 1946).
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Figure 2. Cross-section of the ear (from Kantowitz and Sorkin, 1983).



Middle Ear 

At the end of the auditory canal, the eardrum, or tympanic membrane, 

receives acoustic waves and vibrates in response. These vibrations are 

transmitted by three small bones in the middle ear collectively called the 

ossicles: the malleus (or hammer), incus (anvil), and stapes (stirrup). The 

vibration of the tympanic membrane causes the malleus to strike the incus, 

which in turn forces the stapes against the oval window. This area is the 

doorway to the inner ear and the movements made by the stapes against it 

produce waves in the fluid of the inner ear. The purpose of this complex 

interaction is to transmit and amplify the air conducted waves reaching the 

eardrum to the fluid-filled area of the inner ear. This task is accomplished in 

two ways. Because the area of the tympanic membrane (eardrum) is 

approximately 17 times that of the oval window and the force of the former is 

efficiently transmitted to the latter, the force per unit area increases by a factor of 

17. In addition, the lever action of the ossicles also enhances the force of the 

signals during transmission, thereby increasing the amplification further. 

Another purpose of the middle ear system relies on two muscles 

connected to the malleus and the stapes: the tensor tympani and the stapedius, 

respectively. These muscles act in opposite directions and dampen the action of 

the ossicles to reduce transmission of signals (500 Hz and below) to the inner ear. 

This reaction, called the acoustic reflex, is activated as a result of vocalization or 

sounds above 80 dB SPL, but its response time is about 100 ms. Therefore, it 

does not effectively protect against intense, rapid onset impulsive noises such as 

gunfire (Ward, 1986).



Pressure equalization between the outside environment and the middle 

ear is maintained by a passageway connected to the nasal passages called the 

Eustachian tube. Pressure is equalized when swallowing or performing the 

Valsalva Maneuver (blowing while plugging the nose and closing the mouth) 

opens the conduit. If the pressure is not equalized, the eardrum bulges in or out 

and the efficiency of the middle ear’s transmission of acoustic signals is reduced. 

Inner Ear 

The inner ear consists of the semicircular canals, the otoliths, the cochlea, 

and the auditory nerve. The semicircular canals monitor changes in head 

acceleration; the otoliths monitor the position of the head in the vertical and 

horizontal planes (Sanders and McCormick, 1987). Presently, neither the 

semicircular canals nor the otoliths are thought not to be involved with the 

hearing process. The cochlea is a coiled structure that contains three chambers, 

the scala vestibuli and scala tympani (filled with perilymph) and the scala media 

(filled with endolymph), and three membranes, the Basilar and Reissner’s 

membrane, which separate the chambers, and the Tectorial membrane. Atop the 

Basilar membrane is the Organ of Corti, which contains receptor cells that 

receive and interpret pressure waves. The function of the Tectorial membrane is 

to load these hair cells and help create a shear force (which stimulates the hair 

cells) when an auditory impulse enters the cochlea. The middle ear end of the 

cochlea is shown in Figure 3 and a cross-section of it is shown in Figure 4. 

When the stapes is moved against the oval window, a pressure wave is 

initiated down the vestibular canal in the fluid shared by the vestibular and 

tympanic canals. Because this liquid does not compress, the wave travels the 
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Figure 3. Middle ear end of the cochlea (from Sekuler and Blake, 1990). 
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Figure 4. Cross-section of the cochlea (from Sekuler and Blake, 1990). 
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length of the cochlea (in the vestibular canal), through a small hole at the apex 

(far end), and into the tympanic canal. It then goes down this cavity to the 

round window, which expands to manage the movement of the fluid. During 

this process, the Basilar membrane is deflected downward, toward the tympanic 

canal. As this deflection proceeds down the cochlea, a standing wave is created 

in the Basilar membrane and the receptors of the Organ of Corti, the inner and 

outer hair cells, bend and are stimulated by the shear force they create with the 

Tectorial membrane. Due to the properties (stiffness and width) of the organ of 

Corti, waves gradually increase to a maximum and then rapidly extinguish. 

Depending on the speed of the oval window’s movement, the maximum 

displacement will be reached at different distances along the membrane. High 

frequency noises cause the window to move quickly, and the membrane reaches 

its maximum movement near the base (middle ear end) of the cochlea. Low- 

frequency noises result in slow window movement and maximum cochlea 

displacement at the apex (far end). 

Auditory Pathways 

Sound can reach the middle and inner ear through the route described 

above, but another important path is through bone and tissue conduction. This 

process bypasses hearing protection devices altogether and as a result, places a 

limit on the minimum amount of auditory stimulation transmitted to the inner 

ear. Thus, regardless of the amount of attenuation an HPD can provide, the 

inner ear will still receive a certain amount of sound energy if it is above the 

bone conduction threshold. 
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Most bone conduction is the result of vibration of the cranial bones. Bone 

conducted sound requires more amplitude to reach the inner ear, generally on 

the order of 40 to 60 dB more than air conducted waves. Its primary function is 

to help humans hear their own voices, but bone conduction is also helpful in 

allowing audiologists to diagnose conductive versus sensori-neural hearing loss. 

These conditions will be discussed in the next section on types of hearing loss. 
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HEARING LOSS 

There are four principal types of hearing loss. They include: presbycusis, 

conductive hearing loss, sensori-neural hearing loss, and acoustic trauma. 

Threshold shifts due to acoustic trauma may result in a temporary or a 

permanent hearing loss, although in industrial workers, acoustic trauma is not a 

common etiology of hearing loss. 

Presbycusis is the steady loss of high-frequency sensitivity over one’s 

lifetime. This begins sometime after age 25 with frequencies above 15,000 Hz 

(Davis and Silverman, 1960). By age 50, frequencies above 12,000 Hz are not 

heard. At age 70, many people are only able to hear frequencies at or below 

6,000 Hz. Thus, some of the auditory information lost by this time includes 

some speech and many warning or other signals (e.g. telephone rings). 

Conductive hearing loss occurs as a result of damage or malfunction of 

the outer or middle ear. For example, many people suffer from excessive ear 

wax (cerumen) or frequent ear infections. Either of these conditions can be 

treated with proper cleaning or antibiotics. However, for the duration of the 

problem, the person’s hearing may be slightly impaired. In general, increased 

thresholds will occur across all frequencies due to the decrease in amplitude of 

all sound waves passing through the affected area. 

Another type of conductive hearing loss not easily treated is called 

ostosclerosis. This ailment involves the hardening of spongy growths on the 

stapes, which renders it immobile. Accordingly, it cannot effectively transmit 

auditory information to the inner ear. This condition can be treated by 
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surgically replacing the stapes with a plastic substitute, which will be effective 

so long as no other damage to the ear has occurred. 

Sensori-neural hearing loss is the result of damage to the inner ear or 

auditory information processing centers of the brain. Because of its nature, 

hearing loss of this type is permanent and irreversible. Sensori-neural hearing 

loss arises when the hair cells of the cochlea become less sensitive to the pressure 

waves induced by the middle ear. Generally, this as a result of deformation of 

or damage to the hair cells from over-exposure to noise. At the extreme, necrosis 

occurs, where the hair cells die and disintegrate and the Organ of Corti may 

collapse. This result is also induced by repeated fatigue of the hair cells, such as 

daily exposure to moderate or high intensity noise, and is commonly found in 

noise-exposed industrial workers. 

One common side-effect of noise exposure is called tinnitus. Tinnitus is 

the perception of high pitched ringing in the ears when such a stimulus does not 

exist. Its physiological causes are not fully understood and there is no treatment 

for this condition. Although the ringing is faint in most cases, tinnitus can cause 

annoyance and difficulties in audiometric testing at high frequencies. 

Acoustic trauma is the aftermath of a single short and very intense noise 

exposure, such as an explosion. The Basilar membrane and the Organ of Corti 

are exposed to a vibration that exceeds their “elastic limit” and hair cells are 

torn from their normal resting places (Ward, 1986). In addition, the reticular 

lamina may rupture, which would allow intermingling of the perilymph and 

endolymph fluids. This combination is somewhat toxic to the hair cells. 

Noise can induce two different types of hearing loss, measured by a shift 

in pure-tone thresholds: temporary threshold shift (TTS) or permanent 
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threshold shift (PTS). A TTS results from fatigue to the hair cells over the course 

of a noisy workday (or a concert or other leisure activity). As the name 

indicates, it is not a permanent loss in sensitivity. Instead, hearing often recovers 

by the next day so long as the worker does not participate in other noisy 

activities after work. A PTS, however, is an irrecoverable loss in hearing 

sensitivity. It can be the result of a single intense exposure or the repeated 

pattern of daily exposure at high noise levels. 

The levels that qualify as “high” are defined by such agencies as the 

Occupational Safety and Health Administration (OSHA), which was created in 

1971 by the Occupational Safety and Health Act. Regulations put forth by 

OSHA state that if the time weighted average (TWA, sound level exposure over 

an eight hour day) exceeds 85 dBA, companies are required to provide hearing 

protectors to their employees. This is referred to as the “action” level, and 

employees exposed to this level must be included in a hearing conservation 

program. This program consists of noise level measurement, hearing protector 

provision and training, and annual hearing tests. The maximum level that an 

employee may be exposed to is 90 dBA over an eight hour day (TWA). For 

every five dBA increase in TWA, the allowable exposure time decreases by half. 

If these levels are present in the workplace, the employer is required to 

try to reduce the noise level through engineering controls or through 

administrative measures. However, HPDs are often the long-term solution. The 

next section describes different types of protectors currently used. 
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HEARING PROTECTION DEVICES 

Conventional 

Conventional hearing protectors include earplugs, earmuffs, and semi- 

aural devices. By conventional, it is meant that these protectors do not employ 

amplitude-sensitive, sound-transmissive, or active noise cancellation technology. 

In other words, they do not change their attenuating characteristics as a function 

of amplitude or introduce phase-shifted sound waves to cancel the incoming 

sound waves in order to produce the required attenuation. Rather, they provide 

a physical barrier to the air conduction pathway between the ambient noise and 

the middle and inner ear. Figure 5 provides attenuation patterns of typical 

conventional hearing protectors (Robinson, 1992). 

Earplugs 

All earplugs are inserted into the auditory canal and attenuate ambient 

noise by blocking passage through the canal. A principal advantage of earplugs 

is that they do not interfere with wearing glasses or helmets. There are three 

main types of earplugs: premolded, formable, and custom-molded. Premolded 

plugs are generally made of flexible polymer or rubber materials and usually 

have one or more flanges designed to increase the effectiveness of the seal and 

provide additional comfort to the wearer (though they do not always accomplish 

this latter objective). Formable earplugs are made of foam, fiberglass down, 

wax-impregnated cotton, or silicone putty and are user-tailored to fit in their 

18



10   

  

  

  

S.
D.
 
(d

B)
 

  

  

o———*  E-A-R 1000 Earmuff 

Oo-——© _ E-A-R UltraFit Earplug 

10 + o————*_ E.A-R Classic Foam Earplug 

&————4_E-A-R Caps Semi-Aural Device       

At
te

nu
at

io
n 

(d
B)

 

  

      T T T T —T 
125 20 500 1000 2000 | 4000 $000 

310 6300 

Test Band Center Frequency (Hz) 

Figure 5. Attenuation of various types of conventional hearing protectors from a single 
manufacturer (from Robinson, 1992). 
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auditory canal. This usually consists of rolling the protector between the fingers 

to decrease its diameter. Then the plug is inserted and it retains its original 

diameter within the auditory canal, thus attaining a seal within the canal. This 

type of plug is often considered to be more comfortable than premolded plugs 

and they also offer the advantage of being intended to fit most ear canals 

(Berger, 1986). At the other extreme, custom-molded plugs are made specifically 

to conform to the shape and size of the user’s pinna and auditory canal. This is 

done by making an impression of the outer ear with a material that solidifies 

within a short time. This impression is either used to make a mold for the final 

product or is itself the HPD. Generally, the better the custom mold fills the 

auditory canal and concha/tragus areas, the better the seal and hence the better 

the attenuation. However, as the HPD more fully and tightly fills the outer ear, 

comfort may decrease. One advantage of custom-molded plugs is that they are 

personalized and, as a consequence, the individual may have more motivation to 

wear them. Also, because they are custom-molded to the user’s ear, they do not 

suffer from problems of poor user fit that some other earplugs, earmuffs, or 

canal caps experience. 

Earmuffs 

Earmuffs are circumaural devices that completely cover the outer ear. 

They include a band (that may be worn over or behind the head or under the 
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chin) attached to two earcups that fit around the pinnae. Each earcup consists of 

a hard cupshell (typically of plastic), lined inside with foam or mineral fiber, and 

a foam or fluid-filled cushion to seal the muff against the head. Most earmuffs 

will fit a range of people, but a good fit is difficult with users who have an 

abnormal head shape, size, other unusual characteristics, such as prominent 

mandibles. One advantage of earmuffs is that they are easier to put on and take 

off, and therefore well-suited to situations where intermittent noise is present. 

However, users often report that earmuffs feel tight, hot, heavy, or bulky, and 

this discomfort may lead the wearer to remove them. In addition, hair, glasses, 

and any other object that comes between the earmuff’s cushion and the user’s 

head will degrade the HPD’s attenuation. Two characteristics of earmuffs that 

have a significant effect on attenuation are cup opening size and cup volume. 

Decreasing cup size will increase attenuation. However, it will also decrease 

comfort and ease of fit. Increasing cup volume will generally increase 

attenuation of frequencies up to 1,000 Hz. Beyond 2000 Hz, the opposite occurs; 

smaller cup volumes usually attenuate at greater levels. Thus, with knowledge 

of the user population (pinna size) and characteristics of the ambient noise 

environment (spectral content), an earmuff can be selected to yield optimal 

results. 
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Semi-Aural Devices 

Semi-aural devices, also called canal caps, semi-insert, or concha-seated 

protectors, also have a headband, but in this case, it is more lightweight and 

attached to two conical, bullet, or mushroom-shaped tips. These tips fit over the 

entry into the auditory canal (or insert slightly into it) and impede the flow of 

airborne sound waves. Semi-aural devices have some of the advantages of both 

earplugs and earmuffs. They are lightweight, unobtrusive (can be worn with 

glasses if headband is below chin or behind head), and can be worn in close 

environments like earplugs. In addition, like earmuffs, they can be removed and 

reapplied easily and one size fits most users. However, because these devices 

are designed for intermittent use and some exert considerable forces onto small, 

sensitive areas of the outer ear, extended use can be uncomfortable. In addition, 

there is often noticeable speech distortion effect during use, termed the occlusion 

effect. Still, semi-aural devices provide good attenuation and convenience for 

many users. 

Performance Characteristics of Conventional HPDs and the Occlusion Effect 

As shown in Figure 5 (p. 19), conventional HPDs differ substantially in 

their typical attenuation patterns across frequency. In particular, most earmuffs 

and semi-aural devices attenuate considerably less than earplugs below 1000 Hz. 

The attenuation of circumaural and semi-aural devices then increases markedly 

at frequencies greater than or equal to 2000 Hz. The low-frequency weakness (or



high-frequency bias) of these devices stems from their construction and the type 

of seal they create with the wearer. Earmuffs’ hard cupshells and foam lining 

effectively blocks high-frequency sounds from entering the auditory canal, but 

low-frequency sounds are still able to penetrate. Similarly, semi-aural devices 

seal only at the entrance to the auditory canal. As mentioned earlier, this design 

causes a noticeable distortion of speech due to the occlusion effect. 

The occlusion effect is the enhanced transmission efficiency of bone- 

conducted energy for frequencies below 2000 Hz that is observable whenever the 

ear is plugged or covered. The net effect of this condition is a muffling or 

dampening of high-frequency sounds (especially speech) by low-frequency 

energy transmitted via bone conduction (the effect of low-frequency sounds on 

high-frequency sound will also be discussed in the section on masking). 

Wearers report that they do not like the sound of their voice, which may appear 

louder and more “bassy” (Casali, Lam, and Epps, 1987). The occlusion effect 

decreases when the protector is further inserted into the auditory canal or a 

larger volume is created around the ear (Berger, 1986). Therefore, earplugs 

produce a less noticeable occlusion effect, while the extent of the effect produced 

by earmuffs depends on the volume of the earcups (effect decreases as volume 

increases). When only the entrance to the canal is sealed (as with semi-aural 

devices), the occlusion effect is maximized. 

Measures of HPD Effectiveness 

The standard method for HPD effectiveness measurement is a real-ear at 

threshold (REAT) test for third-octave band noises centered at 125, 250, 500, 

1000, 2000, 4000, 6000, and 8000 Hz (per ANSI S3.19-1974). A variation on this 
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procedure is to use pure-tones rather than third-octave band noises. This is done 

because the equipment needed for pure-tone presentation is less expensive. 

Two objective measures of HPD effectiveness are insertion loss and noise 

reduction. Each requires the use of a miniature microphone inserted into the ear 

canal. Both measures gauge the sound pressure level under the protector in the 

auditory canal. The insertion loss measure sequentially compares the sound 

level in the canal with and without the protector, while the noise reduction 

measure simultaneously compares the occluded canal measurement to the sound 

pressure level outside the protector. These measures differ by a function known 

as the transfer function of the open ear (TFOE), which takes into account the 

separation of the two microphones used in noise reduction measurement and the 

resonance of the outer ear. These factors must be taken into account to correct 

the noise reduction measure so that it equals the insertion loss measure. 

The above measures apply to conventional hearing protectors only. 

Currently, there is no standard procedure for measuring the attenuation of 

amplitude-sensitive hearing protectors. This void poses a significant problem 

for consumers who wish to purchase this type of protector, as well as for 

researchers who wish to compare their results with those of earlier studies or to 

the attenuation of conventional HPDs. 

Passive Amplitude-Sensitive Hearing Protectors 

The purpose of amplitude-sensitive devices is to avoid the problems of 

overprotection and signal masking in low to moderate sound levels and still 
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provide adequate protection against extremely high noise. This is accomplished 

in passive amplitude-sensitive (PAS) devices by porting the earplug or muff and 

adding an amplitude-sensitive element. Generally, this is a diaphragm, valve, or 

an orifice that shuts off in response or provides increased resistance to high 

pressure sound waves, thereby reducing the sound transmitted to the ear. This 

concept is not new; it was studied by Allen in 1960 and a PAS, valve-type 

earplug called the “Gundefender” has been used for over 20 years (Mosko and 

Fletcher, 1971). The process by which passive amplitude-sensitive performance 

is typically accomplished is described below. 

The acoustic resistance (r) of a material is equal to the acoustic pressure 

across it divided by the particle velocity through it (Allen and Berger, 1990). At 

low pressure levels where streamlined airflow dominates, there is a proportional 

relationship between the acoustic pressure and the particle velocity. Therefore, 

the acoustic resistance (here termed the linear component, r,) remains constant 

regardless of sound level. At this level, most amplitude-sensitive devices 

provide little or no attenuation below 1000 Hz, increasing to 30 dB in some cases 

in the higher frequencies (Berger, 1986). Ata certain sound pressure level (Lp 7, 

defined by the size and shape of the orifice), turbulent airflow dominates and 

the acoustic pressure becomes proportional to the square of the particle velocity. 

Here, the acoustic resistance becomes amplitude-sensitive (proportional to the 

square root of the pressure) and the orifice hinders sound waves from passing 
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through to the ear. In most devices of this kind, the shift from linear to 

amplitude-sensitive performance occurs at about 110 - 120 dB (at best, 

depending on the type of material used and the size and shape of the orifice). 

Beyond this level, there is an increase in attenuation of approximately 1 dB per 2 

- 4 dB increase in sound level (Berger, 1986). This transition is shown in Figure 6 

in terms of insertion loss for a hypothesized device. 

As mentioned earlier, the point at which this transitions occurs is 

dependent on the design of the orifice. If a fine, fibrous material is used for the 

orifice, Lp 7 will be 150 dB or higher, which is impractical for an amplitude- 

sensitive HPD (Allen and Berger, 1990). The amplitude-sensitive characteristics 

are also influenced by the shape of the orifice. A round hole tends to attenuate 

more with increasing frequency. Rectangular slits do not have this tendency due 

to the decreased mass reactance associated with their shape. Furthermore, using 

razor-edged instead of blunt apertures reduces the effective mass of oscillating 

air in an orifice. This, in turn, decreases the extent by which higher frequencies 

are more attenuated than low frequencies. 

Passive amplitude-sensitive earplugs 

In most cases, amplitude-sensitive hearing protectors build on an existing 

earplug or muff. In the former, a sharp-edged, round orifice was inserted into 

the central web of a V-51R earplug in the early sixties (Allen and Berger, 1990). 
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The amplitude-sensitive shift occurred at approximately 110 dB (Forrest and 

Coles, 1970). These modified plugs were later field tested and wearers reported 

improved ability to hear commands and little or no reduction in close range 

gunshot protection, using the measure of temporary threshold shift reduction 

(Forrest and Coles, 1970). As a result, wearers reported a preference for the 

amplitude-sensitive devices. However, the temporary threshold shift procedure 

may have affected the subjects’ hearing, rendering the results invalid. 

The plugs tested by Forrest and Coles (1970) were later marketed 

commercially as the “Gundefender” or “Gunfender” earplug. Mosko and 

Fletcher (1971) conducted temporary threshold shift (TTS) reduction and speech 

intelligibility tests on the Gundefender and its non-amplitude-sensitive 

predecessor, the V-51R earplug. Subjects were exposed to 4 or 6 rounds of M-14 

fire (depending on how many were required to produce a threshold shift) and 

their TTS was measured. This was done to subjects with no protection, the 

Gundefender, and the V-51R. Results showed that both plugs resulted in 

significantly lower TTSs than the no protection condition but there was no 

statistical difference between the plugs’ performance. Thus, the Gundefenders 

offered protection commensurate with unmodified plugs against the impulsive 

noise in this test. 

The speech intelligibility test was a Modified Rhyme Test presented in 70 

and 100 dB simulated aircraft noise and a no noise condition (70 dB signal). In 
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addition, each of the noise conditions had a 0 and a +4 dB S/N ratio condition. 

Results for these tests showed that wearers of the Gundefender performed 

significantly better than those with the V-51R or no HPD in both S/N levels of 

the 70 dB noise condition. However, the Gundefender wearers performed 

significantly worse in both S/N levels of the 100 dB noise condition than those 

with no protection and those with the V-51R. This is an unusual result, as noise 

levels of this magnitude have been shown to produce performance decrements 

in those without protection due to distortion in the cochlea. Therefore, wearers 

of the V-51R should have performed better than wearers of the Gundefender, 

but Gundefender wearers (who were protected to some degree) should have 

performed better than unprotected listeners. Finally, wearers of the 

Gundefender and those with no HPD both performed significantly better in the 

no noise condition than those with the V-51R. These results substantiated the 

Gundefender’s ability to improve communications in low noise levels over 

conventional earplugs. 

Amplitude-sensitive earmuffs 

Allen and Berger (1990) found applying the amplitude-sensitive concept 

to an earmuff slightly more complicated. Because of the circumaural nature of 

earmuffs, an opening with an amplitude-sensitive element was not effective. 

Specifically, the cup volume (and the accompanying foam lining) absorbed most 
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of the sound passed by an orifice, so that the earmuffs retained the high 

attenuation of the HPD over most of the speech-frequency region (Allen and 

Berger, 1990). Changes in orifice design were not able to remedy this problem. 

Therefore, they added a duct connected to the port with the amplitude-sensitive 

element. The duct terminated in a resilient flange and earpad that was intended 

to touch the pinna enough to aid in the transmission of sound waves. In 

addition to eliminating the problem that the cup volume created, the researchers 

stated that this design also controlled and extended the useful frequency range 

beyond 4000 Hz. 

The final production performance of this amplitude-sensitive earmuff, the 

EAR Ultra 9000, is best discussed at levels above and below its Lp 7 (120 dB). 

Above 120 dB, the attenuation increases by approximately 5 dB for every 10 dB 

increase in ambient sound level. At sound pressure levels of 120 dB and below, 

it offers approximately 25 dB attenuation in the range from 400 to 8000 Hz. 

Thus, the authors report that it would provide adequate protection for a worker 

exposed to a time weighted average of 93 dBA over an 8 hour workday. In 

addition to its amplitude-sensitive properties, the Ultra 9000 has the advantage 

of attenuating fairly equally across frequency (i.e. it provides “flat” attenuation). 

Therefore, it does not change the spectral content of the incoming sound to the 

extent that conventional HPDs do. This often gives wearers the impression that 

the device is not attenuating because they do not have the sensation of being 

occluded that they may have experienced with other HPDs. Because of its 

unique attenuating characteristics, the EAR Ultra 9000 was used as the PAS 
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HPD used in this study. A cut-away view of the Ultra 9000 is shown in Figure 

7. 

Electronic Amplitude-Sensitive Hearing Protectors 

Electronic amplitude-sensitive (EAS) hearing protectors have generally 

the same purpose as PAS protectors but approach it in a different manner. 

Earplug versions of this type of HPD are under development, but not yet 

available, so all discussions of EAS protectors will concern earmuffs. 

Using one or two microphones on the outside(s) of the earcups, sound is 

transmitted to an earphone speaker via an electronic circuit and limiting 

amplifier (Casali, 1992; Berger, 1991). The circuit is designed to pass only a 

selected band of sound, usually the critical speech band of approximately 1000 - 

4000 Hz. The amplifier maintains earphone output such that an earcup sound 

level of 85 dBA is not exceeded. If the ambient sound level reaches 115 - 120 dB, 

the electronics cut off and the device continues to work as a passive hearing 

protector (Casali, 1992). 

Casali (1992) and Berger (1991) have identified several characteristics that 

differentiate electronic, amplitude-sensitive hearing protectors. One is whether 

both earphones are fed by a single microphone (diotic) or each earphone is fed 

by its own microphone (dichotic). The latter approach offers improved 

capabilities in sound source localization (Noble, Murray, and Waugh, 1990). The 

level at which the protector ceases to transmit sound to the ear through the 

circuitry (and the sharpness of this cutoff) is another factor that is important in 

deciding which EAS protector to use. The sound transmitted via the earphones 

31



  
Figure 7. Cut-away view of the EAR Ultra 9000 earmuff (from Allen and Berger, 

1990). 
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should not subject the wearer to a hazard when combined with noise that passes 

through the protector. In addition, impulsive noises require the full attenuating 

capabilities of the protector, so the time required to sense an impending hazard 

and stop transmitting sound is critical. 

The sound quality, affected by the frequency response and bandwidth, 

S/N ratio, and the distortion present in the limiter circuit, is another crucial 

parameter of EAS devices. Berger (1991) reports that many of these protectors 

are only useful (for normal-hearing listeners) in intermittent noise because of the 

distortion present in high, steady-state noise. This noise masks the lower 

intensity signals that the wearer is trying to hear (Killion, 1976). 

Other factors that influence user hearing acuity while using electronic, 

amplitude-sensitive hearing protectors are (Casali, 1992; Berger, 1991): 

e system response delay, 

e sensitivity to wind noise, 

available amplification, and 

battery life/rechargeability. 

Maxwell, et al. (1987), tested three commercially available EAS protectors 

and one of their own design for potential use by Navy Landing Signal Officers. 

This flight deck officer is responsible for coordinating takeoffs and landings on 

carriers and is allowed to not wear hearing protection in order to hear all 

auditory cues necessary to perform the task. However, full exposure to the noise 

levels on the flight deck (continuous 110 to 120 dB with intermittent peaks above 

this level) represents a significant hearing hazard. Thus, electronic, amplitude- 
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sensitive hearing protectors were investigated as a possible solution for this 

application. 

The researchers collected data on insertion loss using miniature 

microphones in real-ears (IL-MIRE), real-ear attenuation at threshold (REAT), 

and speech intelligibility (SI) on the four protectors. They were the: (A) David 

Clark ANC, (B) Audi-Con Model 10, (C) British Cosmocord, and (D) an 

experimental HPD custom-made by Robertson and Maxwell (Williams, 1993). 

The IL-MIRE measure was collected using manikins and human subjects to 

verify manufacturers ratings for the devices’ cutoff levels. For the first two of 

the four protectors (A and B), the cutoff levels were well below manufacturers’ 

ratings (approximately 70 and 75 dB, respectively, versus 85 dB). The other two 

devices (C and D) cut off at approximately 85 dB. Cutoff curves are shown in 

Figure 8. The solid line represents the authors’ target attenuation pattern (35 dB 

attenuation with electronics off, desired cut off point at 85 dB), while the dotted 

or dashed lines represent the characteristics of the EAS earmuffs investigated. 

Overall attenuation levels for the four earmuffs (in the passive mode) were in the 

range of 30 to 35 dB. 

Unfortunately, data for the last two measures, REAT and speech 

intelligibility, were only collected on earmuffs A and B. This seems odd, given 

that device D was their own design and most closely resembled their desired 

characteristics for this application. In any case, the REAT data for devices A and 

B are shown in Figure 9, along with their standard deviations. The authors 

noted that these results corresponded well to the IL-MIRE data for these two
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devices, shown in Figure 10. Also note in Figure 10 that for device A, as incident 

level increased from 85 to 110 dB, IL-MIRE increased with a human subject, while 

TL-MIRE decreased for the manikin. Although the changes are relatively small, 

two facts suggest that there were inaccuracies in this portion of data collection: 

(1) this result occurred for device A and not device B and (2) most differences 

between human and manikin measurement suggest the opposite reaction (higher 

manikin IL-MIRE due to lack of bone conduction, leakage at the HPD/skin seal, 

etc.) (Berger, 1992). Considering that REAT data are normally accepted as the 

most accurate since they take into account bone conduction and other processes 

intrinsic to human subjects, the differences between the IL-MIRE results and 

those obtained using REAT for device A were most likely artifacts in the IL- 

MIRE data. 

The speech intelligibility tests were conducted using The Tri-Word 

Modified Rhyme Test in four levels of simulated aircraft noise (60, 70, 80, and 90 

dB) and a two S/N ratios (0 and +4 dB). The results are shown in Figure 11. 

They indicated that, in most cases, intelligibility performance was best without 

any hearing protection. However, in two conditions (60 and 90 dB with a 0S/N 

ratio) the scores obtained using device A were higher than the unoccluded 

condition and device B. These results are similar to those found by Mosko and 

Fletcher (1971) with the PAS earplug, the Gundefender. Unfortunately, this 

study did not compare EAS protectors against PAS or conventional HPDs. 

One study that has made this comparison was an investigation of gunshot 

noise levels using microphones at the ear of subjects wearing conventional and 

amplitude-sensitive earmuffs (Price, Walles, and Ward, 1990). In this 

experiment, four conventional earmuffs and four amplitude-sensitive 
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Figure 11. Speech intelligibility data for devices A and B from Maxwell, et al., 1987. 

39



earmuffs (3 electronic, and the EAR 9000) were tested under gunshots from five 

guns (3 handguns, 2 shotguns, all muffs not exposed to all guns). In addition, a 

KEMAR manikin was placed close to the marksmen to measure the 

comparability of this type of measurement. However, measurements were made 

on the marksmen and the KEMAR sequentially, not simultaneously. The 

handgun measurements were taken in indoor ranges, while the shotguns were 

fired outdoors. 

The data for this experiment are shown in Table 2. Numbers separated by 

a “/” indicate measurements from marksmen (using a noise reduction 

measurement procedure) and on the KEMAR manikin. Numbers in parentheses 

are the peak SPL reduction for marksman and KEMAR. The authors discuss the 

data with respect to European Community Directive 86/188/ EEC, which states 

that workers shall not be exposed to instantaneous peak SPLs greater than 140 

dB (unweighted). Using this as a criterion, they noted that all the conventional 

muffs met this requirement, but all measurements made on the amplitude- 

sensitive muffs did not. This is especially true in the case of the EAR 9000, 

although it is pointed out that this muff was designed not for high attenuation 

but instead to be amplitude-sensitive and to provide relatively flat attenuation 

across frequency. However, in several of the cases where levels over 140 dB 

were found, a subsequent measurement obtained after a refitting of the earmuff 

found a much lower level. Taking this into account, it is probable that the other 

three muffs (but not the EAR 9000) are able to meet the 140 dB criteria. 
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TABLE 2 

Data of Sound Pressure Levels (and Attenuation) Under the Earmuffs of 
Marksmen/KEMAR (Price, Walles, and Ward, 1990). 

  

  

  

  

Handgun 44 Magnum .22 Browning 38 Smith and 

Wesson 

Peak SPL (avg.) 157/152 144/136 159/159 

Conventional 

earmuff 

Bilsom Viking 135/128 (22/23) 115/105 (36/33) 131/135 (28/25) 

Racal Sonogard 138 /-- (18/--) 

Peltor H7A 131/131 (26/28) 

Racal Sonomuff 129/125 (30/25) 

Amplitude- 

sensitive earmuff 

Bilsom Impact 130/128 (28/25) 119/114 (22/20) 131/138 (28/22) 

Ceotronics 135/131 (21/22) 112/-- 33/--) 132/139 (20/17) 

Peltor Tactical 

EAR Ultra 9000 150/140 (8/14) 143/125 (16/11) 139/143 (20/17) 

Shotgun 12 Bore 410 

Peak SPL (avg.) 153/157 149/154 

Conventional 

earmuff 

Bilsom Viking 134/-- (20/--) --/134 (--/21) 

Racal Sonogard 138/132 (15/25) 129/-- (20/--) 

Peltor H7A 

Racal Sonomuff 

Amplitude-sensitive 

earmuff 

Bilsom Impact 132/142 (22/15) 124/-- (26/--) 

Ceotronics 134/140 (20/17) --/131 (--/21) 

Peltor Tactical 129/129 (25/28) . 

EAR Ultra 9000 141/144 (12/13) 138/136 (12/19) 
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The primary application of amplitude-sensitive hearing protectors has 

been said to be for intermittent high intensity noise such as gunshots. This study 

examined this scenario, but found these devices to be somewhat lacking. Given 

the apparent fitting problems, the lack of simultaneous measurements for 

marksman and KEMAR, and the problems with getting KEMAR adjacent to the 

marksman, a replication of this study could offer valuable information. 

A study by Damongeot, Kusy, and Pfeiffer (1991) proposed and tested a 

procedure to measure the level-dependent attenuation of electronic, amplitude- 

sensitive earmuffs. This procedure consisted of measuring the attenuation 

provided by the protectors on an acoustical test fixture (ATF) with the protector 

in its active mode (L,), on a human subject in the passive mode (Lp), and on an 

ATF in the passive mode (L,,). They then developed a formula to relate these 

measurements. Beginning with equations for the perceived level in real-ear (L,) 

L, = 10log(10 9-1 - AL;p)+10 9-1AL)) (1) 

and the level at the ATF microphone (L,), they rewrote the latter of these and 

L, = 10log(10 9.10 - ALap)+10 9-1fL)) (2) 

10 O1RL) = 100-1L, - 10 0.1(L- ALgp) (3) 

substituted (3) into (1). This resulted in equation (4) below. They then reasoned 

L. = 10log(10 0-1 - ALyp) + 100-1Lq - 10 0-1(L- AL ap) (4) 

that using attenuation values instead of noise levels (using the definitions below) 

AL.=L-L, 

AL,=L-L, 

and substituting accordingly, the corrected ATF attenuation (L,.) would be: 

AL, = L - 10log (10 01 - ALg)+10 O-1(L- ALyp)-10 O-1(L- ALap)) (5) 
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Using this method, the researchers were able to contrast microphone in 

real-ear (MIRE) measurements with corrected measurements made on an ATF. 

The experiment tested five electronic, amplitude-sensitive earmuffs: the Bercau 

1000 and 2000, the Optac Opticom Electronic, and the Peltor Tactical 6 and 7. 

The gain control of the first three of these protectors was set by the 

manufacturers. The Peltor devices had volume controls, which were set by 

listeners at a position that gave the subjective impression of unity gain for low 

level, broadband noise. Signals consisted of octave bands of pink noise centered 

at 125, 250, 500, 1000, 2000, 4000, and 8000 Hz at levels of 60 - 110 dB depending 

on frequency (100 and 110 dB signals not tested above 2000 Hz). 

Differences between averaged MIRE and corrected ATF measurements 

across the five earmuffs were no greater than 4.5 dB across all signal levels. 

Above 85 dB, the accuracy of the model increased and differences between the 

two measures were no greater than 2.4 dB. Standard deviations were higher (up 

to 6.6 dB), which reflected differences between the individual protectors. Thus, 

the model performed well for the particular signals and HPDs used. As an 

example, Figure 12 shows the attenuation values measured on the Peltor Tactical 

7 by the different procedures. 

Additional studies on amplitude-sensitive hearing protectors exist and 

will be discussed in the section on the effect of hearing protection on signal 

detection. The current research on amplitude-sensitive hearing protectors shows 

potential advantages over standard HPDs in speech intelligibility tasks. 

However, there are few studies that have investigated signal detection across 

conventional, passive, and electronic amplitude-sensitive hearing protectors. 

The current study addressed this current void in the research literature. 
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HEARING PROTECTOR COMFORT AND ACCEPTABILITY 

In addition to signal detection ability with the different HPDs under 

study, this experiment also addressed the issues of comfort and acceptability. 

This section will briefly review the reasons for studying these constructs, the 

methods used, and the results from selected studies in this field. 

Importance 

In addition to being important from an ethical standpoint (i.e., employers 

should be concerned about not causing discomfort to their workers as a result of 

work activities or safety equipment), comfort and acceptability have a significant 

impact on the amount of protection afforded by an HPD (Casali, Lam, and Epps, 

1987; Casali and Grenell, 1990; Casali, 1992b). For example, if discomfort causes 

an employee to remove his or her HPD for only 30 min out of an 8 hr workday, 

its original NRR of 20 dB would be effectively reduced to 15 dB (Casali, 1992b). 

Thus, even short periods of non-use will substantially reduce the protection 

received. 

With respect to acceptability, it is important to discern whether the use of 

unconventional HPDs, such as amplitude-sensitive protectors, have an effect on 

comfort or acceptability as compared to their conventional counterparts. For 

example, HPDs with a relatively “flat” attenuation profile (such as the EAR 

Ultra 9000) are sometimes rated higher in acceptability because the occlusion 

effect is reduced. However, the amplitude-sensitive nature of this protector has 

not been assessed with respect to the acceptability parameter. Likewise, one 

might expect that the ability to hear speech better over noise (as is advertised 
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with EAS HPDs) would increase the acceptability of a device. Conversely, the 

potential distorting effects of EAS HPDs may reduce the devices’ acceptability. 

Unfortunately, none of these factors had been investigated until the present 

study. 

Measures and Procedures Used to Assess Comfort and Acceptability 

Because information on comfort and acceptability must be obtained from 

subjects’ reports, subjective measures are most often used to collect the data. 

Casali (1992b) indicated that there are three factors that must be considered in 

the collection of comfort/acceptability data: 

e the rater must be given adequate experience with the device before being 

asked to rate it (a single condition or set of blocks is not sufficient) 

e comfort measurements made in an experiment are not necessarily 

generalizable to real-world use 

e comfort measurements must be made using psychometrically-designed 

measures 

Three procedures were suggested as appropriate comfort/ acceptability data 

collection techniques: rating scales, order of merit (ranking), and magnitude 

estimation (Casali, 1992b). Because of the availability of well-researched 

instruments and their ease and quickness of administration, rating scales were 

used in this study. Examples of rating scales for comfort and acceptability are 

shown in Figure 13 (a and b), respectively. Each dimension (e.g., item - painless- 

-painful) of the scales can be given a value from 1 to 7, going from the left to the 

right. The dimensions were varied in their correspondence to the primary 
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Painless 

Uncomfortable 

No Uncomfortable Pressure 

Intolerable 

Tight 
Not Bothersome 

Soft 

Cold 

Smooth 

Cumbersome 

Balanced Fit 

Non-Irritating 

Easy to apply 
Unacceptable 

Bulky 
Stable (on your head) 

Good 
Unattractive 

Rugged 
Difficult to adjust 

Usable 
Feeling of Complete Isolation 

Flexible 
Shallow 

(b) 

Painful 

Comfortable 

Uncomfortable Pressure 

Tolerable 

Loose 

Bothersome 

Hard 

Hot 

Rough 
Not Cumbersome 

Unbalanced Fit 

Irritating * 

+ 
* 

& 
e
e
 he 
F
 

* 
* 

Difficult to apply 
Acceptable * 
Compact 
Unstable (on your head) 
Bad * 
Attractive 
Delicate 
Easy to adjust 
Unusable 
No Feeling of Isolation 
Rigid 
Deep 

* 
+ 

* 
& 

Figure 13. An example of an HPD comfort rating scale (a) and an HPD acceptability 
rating scale (b) (from Casali and Grenell, 1990). An asterisk denotes a 
dimension that was sufficiently related to the primary dimension to be 
included in the CI or AI (see next page). 
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dimension (uncomfortable--comfortable or unacceptable--acceptable) in terms of 

increasing comfort or acceptability with increasing rating. This was done to 

minimize guessing and halo rating (marking all items consistently with the 

primary dimension). The dimensions were corrected for direction prior to 

analysis. Subjects’ responses on each step of the scale were correlated back to the 

primary dimension. Those dimensions whose correlations with the primary 

dimension were above a preselected criteria (statistically significant at p < 0.05 

and |r,| > 0.45 for Casali, 1992b; p < 0.05 and |r,| > 0.25 for Casali and Grenell, 

1990) were included in a single variable called the comfort or acceptability 

index, CI or AI, respectively. For each subject and protector, a CI and AI was 

constructed of the linear sum of the ratings of the dimensions that met the 

inclusion criteria. These indices were then subjected to an analysis of variance in 

Casali (1992b); nonparametric analyses were used in Casali and Grenell (1990). 

Casali (1992b) found significant effects on comfort for HPD fitting 

procedure (subject-fit versus trained-fit, lower comfort for trained-fit), wearing- 

time (decreased comfort with time), and for different HPDs. Casali and Grenell 

(1990) found that substantially increased clamping force/average cushion 

pressure resulted in significantly decreased comfort and acceptability, but when 

force/ pressure increased only slightly, comfort and acceptability did not change. 

There were no rated differences between foam-filled and fluid-filled cushions. 

There was a force/ pressure by wearing- time interaction such that higher-force 

muffs became more uncomfortable over time but the lowest-force muff did not 

exhibit this trend. 

To save time, only the dimensions that were found to be highly correlated 

with the primary dimension were used in this study. Therefore, there was a 10- 
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dimension comfort rating scale and a 5-dimension acceptability rating scale. 

Correlations between dimensions for each scale were performed to verify 

inclusion into the comfort and acceptability indexes. The Rating Exercise, 

including both comfort and acceptability scales, can be found on page 121. 

49



AUDITORY ALARMS 

It is possible to classify auditory warning signals based upon their 

characteristics in three categories: intensity, spectral content, and temporal 

pattern (Wilkins and Martin, 1978). Intensity refers to the amplitude level of the 

signal’s presentation. The spectral content of a signal consists of the set of 

frequencies, and their relative intensities, that make up the signal. Temporal 

pattern is a time-based parameter which describes the cyclical or pulsating 

pattern, or the duty-cycle of the signal. For example, it has been found that a 

warbling signal is effective for discrimination (Deatherage, 1972; and Mudd, 

1961). This consists of discrete alternations between two frequencies (spectral 

content), preferably 1 - 3 per second (temporal pattern). The desired amplitude 

of the signal often depends on the ambient noise conditions. 

Adams and Trucks (1972) tested eight warning signals (“wail”, “yelp”, 

“yeow”’, and other intermittent horns) in five different ambient noise conditions. 

They found that the “yeow” and “beep” signals resulted in the shortest reaction 

times. The former of these is a descending change in frequency from 800 to 100 

Hz every 1.4s. The latter is a horn at 425 Hz, 0.7 s on, 0.6s off. Another general 

finding of the study was that reaction time decreased as intensity increased. 

This result should be weighed with the results of Van der Molen and 

Keuss (1979), who found that the reaction time versus intensity relationship 

changed with the nature of the reaction. For simple reaction time measures, the 

above relationship held true: increasing intensity decreased reaction time. 

However, for choice reaction time (where the subject must decide the 

appropriate action based on the signal), an increase in intensity resulted in 
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decreased reaction time until it caused a startle response and then a lag in 

reaction. Thus, when the subject must make a decision between two actions, 

increased intensity can be a detriment. With an alarm that uses gradually 

increasing intensity or some other form of signal modulation to increase 

perceived urgency, this effect is reduced. 

Patterson (1972) suggested that pulse rate (or temporal pattern) was the 

preferred way to code urgency or priority of a warning signal. It avoided using 

high intensity or rapid onset time and therefore decreased the chance of a startle 

response. It is also easier to change or design the temporal pattern such that it is 

easily discriminable from any naturally occurring sound in the environment. 

This is an important requirement for the use of auditory warning signals 

(Deatherage, 1972; Mudd, 1961). 

Haas (1993) studied the perceived urgency and detection time of signals 

in a broadband noise and the effect of varying three different facets of temporal 

patterning: pulse format, time between pulses, and pulse level. Pulse format, 

the progression pattern of a single pulse, was varied three ways. Four 

frequencies (500, 1000, 2000, and 3000 Hz) were presented simultaneously or 

sequentially, or a 500 Hz pure-tone carrier was frequency-modulated by a 

positive sawtooth function to travel from 500 to 3000 Hz in one pulse duration. 

Time between pulses varied between 0, 150, and 300 ms. Pulse level was the 

RMS sound pressure level of the pulse in dBC measure at the subject's ear. 

There were two levels of this variable: 65 and 79 dBC SPL. Pulse duration was 

held constant at 350 ms; each signal consisted of eight pulses. The broadband 

background noise was a pink noise set at 68 dBC. Data were collected on 

perceived urgency (free-modulus magnitude estimation ratings and paired- 
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comparison rankings) and subject reaction time (simple). Significant main 

effects were found for all independent variables. Perceived urgency increased 

with increased pulse level and decreased time between pulses. Detection time 

decreased with increased perceived urgency (in terms of either pulse level or 

time between pulses). The sequential signal was also rated least urgent and had 

the longest detection times. 

Standards Concerning Auditory Alarms 

There are numerous standards that apply to the characteristics of warning 

signals. However, few of them state requirements for all facets of auditory 

alarms. Most state an intensity level and then suggest that the other parameters 

of the alarm be designed based on its intended purpose and such that it is 

different from ambient noise and other alarms being used. A brief overview of 

the major standards’ requirements follows. 

International Standards Organization (ISO) 7731-1986 is the only alarm 

standard to state requirements for all alarm characteristics. In addition, it is the 

only one to consider the possibility of workers’ hearing loss or the wearing of 

hearing protection. It states that the intensity of alarms shall exceed the A- 

weighted level of ambient noise (broadband) by 15 dB or more with a minimum 

intensity of 65 dB. If octave band analysis is used, the requirement is for the 

signal to exceed the masked threshold by 10 dB or more in one of the octaves 

specified. Using third-octave band analysis, this amount rises to 13 dB in any 

one of the third-octave bands specified. The spectral content of alarms shall be 

within the range of 300 to 3000 Hz. In addition, the alarm should also have 

“enough energy” below 1500 Hz to be detected by those wearing hearing 
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protection or with hearing loss. This requirement is too vague, given the 

variability in HPD attenuation patterns (and individual hearing loss) and the 

relative unreliability of manufacturer's ratings (which would probably be used 

to determine what constituted “enough energy”). It would be preferable to 

propose a method whereby a percentage of the NRR @ 1000 Hz would be taken 

(based, for example on Casali and Park, 1990) and 15 dB added to this value to 

determine an acceptable alarm level. The standard states that alarms in a pulsed 

format are preferred, with a repetition frequency of 0.2 to 5 Hz. Pulses that 

increase or decrease in frequency are also allowable. The warning signal must 

be clearly audible for a minimum of 2s and no two alarms shall have the same 

pulse duration and frequency in the work area. ISO 7731 also requires that the 

signal be 100% recognizable and discriminable. To test this, it introduces a 

procedure whereby 10 listeners are presented the signal without warning during 

a worst case situation (high ambient noise and, possibly, additional signals). 

These individuals must be representative of the user population in terms of age 

and hearing loss and they may be wearing hearing protection if the situation 

demands. 

Military Standard 1472C covers the parameters of intensity and spectral 

content, and considers other possible situations that might affect signal detection 

(DoD, 1981). It states that there must be a 20 dB signal-to-noise (S/N) ratio in at 

least one octave band between 200 and 5000 Hz at the position of the intended 

receiver. The warning signal must fall within the range of 200 to 5000 Hz, but 

300 to 3000 Hz is preferred. For distances over 300 meters, frequencies under 

1000 Hz are required; to diffract around obstacles, frequencies under 500 Hz 

must be used. The standard states that pulsed signals may improve 
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discrimination and that the duration of the signal should depend on the specific 

acoustic environment of the intended receiver. It also states that amplitude 

should be limited so as not to startle workers and the signal must be presented 

in both ears of personnel wearing earphones on both ears. 

Society of Automotive Engineers standard J994b (1978) for automotive 

backup alarms requires signals to be within the range of 700 to 2800 Hz, 

presented in cycles of 1 to 2 per second with a 50% duty cycle. Intensity 

depends on the specific alarm (five types are mentioned), but ranges from 77 to 

112 dB. 

The National Fire Protection Agency (NFPA) has standards for local 

protective signaling systems (72A-1979) and household fire warning equipment 

(74-1978). NFPA 72A states that the signals should be 15 dB above the ambient 

noise level or 5 dB above the maximum sound level sustained for more than 

60s(if the sound level varies). The recommended fire alarm evacuation signal is 

0.5-15s0n, 0.5s off, 0.5-15 0n, 0.5s off, 0.5- 15s on, 2.5s off. This should be 

repeated no less than 3 minutes. NFPA 74 recommends a minimum intensity of 

85 dBA. This was derived by using a target signal level of 15 dB over ambient 

noise (assuming a smoke detector beyond the closed door of a bedroom in which 

there is a 55 dBA noise level due to an air conditioner or humidifier). 

Underwriters Laboratories (UL) has written two standards on audible 

signal appliances (UL 464-1978) and household burglar-alarm system units (UL 

1023-1981). The first of these states that signals shall be no less than 75 dBA, 

with an “on” period of 0.5 s and a 50% duty cycle. The second standard 

requires intensities of 85 dBA or greater, alarms capable of durations of at least 4 

min, and distinctiveness from other signals.



THE MASKING OF SIGNALS IN NOISE 

The process whereby listeners detect signals in noise has been 

characterized as auditory filtering (Patterson and Green, 1978). This concept 

assumes that the listener tries to detect only those frequencies in a narrow band 

around the signal and disregards all other information. Thus, the signal power 

at threshold is proportional to the noise power; the signal is just detectable when 

the signal power is equal to the total noise power coming through the filter. For 

suprathreshold signals of relatively long duration (over 100 ms), this is 

mathematically expressed by the formula: 

Ps = k(f)No (6) 

where Pg is the threshold signal power, Ng is the spectrum power of the noise, 

and k(f) is a constant that depends on frequency. [Threshold is an increasing 

function of frequency when noise level is held constant (Fletcher, 1953; Green, 

McKey, and Licklider, 1959; and Hawkins and Stevens, 1950)]. As bandwidth of 

the filter increases with the center frequency, k(f) is the width of this band. This 

method, called the critical ratio method, is used to estimate width of the critical 

band. 

The first test of this concept was performed by Fletcher in 1940. After 

determining the threshold of a 1000 Hz tone in fairly loud, broadband noise, he 

decreased the power of the noise by narrowing its bandwidth and keeping the 
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original noise level only in a 500 Hz bandwidth around 1000 Hz. However, this 

new noise resulted in the same 1000 Hz threshold as the broader, more powerful 

noise. Therefore, Fletcher continued to narrow the noise band until a decrease in 

threshold for the 1000 Hz tone was found. He found that below the change in 

bandwidth where threshold decreases, signal threshold varies linearly with the 

width of the noise band, therefore validating the relationship stated earlier. 

A variety of experiments have replicated (or slightly modified) Fletcher's 

study, and their results support his findings (Patterson and Green, 1987). 

Patterson has further studied the auditory filter. In an experiment using low 

pass and high pass filtered noises to study the lower and upper halves of the 

filter, he has found that filters at 500, 1000, 2000, 4000, and 8000 Hz have the 

following properties: 

e increasing filter bandwidth with frequency 

e increasing center frequency to bandwidth ratios with 

center frequency 

e nearly symmetrical filters around the center frequency on a linear 

frequency scale 

e attenuation rose sharply at the edges of the filter 

When the presence of one sound decreases the audibility of another, 

auditory masking has occurred (Zwislocki, 1978). The increased level at which 

the masked sound is detected is called the masked threshold. Sounds or signals, 
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usually pure tones or speech, can be partially or totally masked by different 

types of noise: pure tones, narrow band noise, and broadband noise. 

Masking by Pure Tones 

Wegel and Lane (1924) performed the classic study on pure tone signal 

masking. They used sinusoids at 200, 400, 800, 1200, 2400, and 3500 Hz to mask 

various sinusoids above and below each masker. Masker levels were varied in 

20 dB steps and thresholds were found for each signal under each masker and 

level combination. For low masking levels, threshold data were roughly 

symmetrical around the area of the masker. The exception was at (or very near 

to) the frequency of the masker, where simultaneous presentation of the signal 

and masker produced a phenomena called “beats” (See Figure 14). These are 

intermittent pulses created by the interaction of tones close in frequency. The 

beats were easier to detect, hence the lower threshold when the signal tone was 

near the frequency of the masker tone. This effect increased with increasing 

amplitude. In addition, at higher masking levels, thresholds of frequencies 

above the masker were increased. For example, in Figure 14, the masker was at 

1200 Hz and the signal was at 1200 Hz. The highest solid curve (both tones 

heard) represents the masker at 80 dB. This curve shows the increased 

thresholds at frequencies above the masker for the higher level of masking noise. 

While the masked threshold of the signal increased fairly linearly with increased 

masker levels, frequencies above the masker increased at a much more rapid 

rate. In addition, this figure shows the presence of additional tones 
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harmonically related to the masker as well as combination tones that interfered 

with the signal detection task. 

Masking by Narrow Band Noise 

Egan and Hake (1950) performed a study on the effects of narrow band 

noise on signal detection. They used a random noise centered at 410 Hz witha 

bandwidth of 90 Hz to mask a variety of signal frequencies at different sound 

levels. Their results support Wegel and Lane’s with respect to the upward 

spread of masking (into frequencies above the center frequency of the masker), 

but the narrow band noise did not mask to the degree that the pure tone masker 

did. In addition, their data show the absence of the beats phenomenon found 

with a pure tone masker. 

Zwicker and Sharf (1965) also investigated narrow band masking. They 

used a narrow band noise centered at 1000 Hz at levels from 20 - 110 dB SPL in 

steps of 10 dB. Thresholds for a 1000 Hz signal rose linearly, but thresholds for 

frequencies above 1000 Hz rose nonlinearly (see Figure 15). For example, ata 

masking level of 60 dB, the thresholds for 1000 and 2000 Hz were 55 and 20 dB, 

respectively. However, at a masking level of 100 dB (40 dB greater), the 1000 Hz 

threshold rose 40 dB to 95 dB, while the 2000 Hz threshold rose 60 dB to 80 dB. 

This again supported the results of Wegel and Lane. 

Masking by Broadband Noise 

Hawkins and Stevens (1950) performed the classic experiment in this area 

when they investigated the masking of pure tones by a broadband white noise 
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(approximately uniform spectral power). They varied the noise level from -10 to 

60 dB in 10 dB steps and determined thresholds for 16 frequencies from 100 to 

9000 Hz. Using a method of adjustment procedure, the thresholds were 

recorded for all combinations of noise level and signal frequency. Their results 

indicated that masking produced by white noise was directly proportional to the 

level of the noise. This disagreed with previous results of Bell Telephone 

Laboratories, whose researchers found that masking rose faster than increases in 

noise level (Patterson and Green, 1978). 

Another extensive study of the masking effects of broadband noise was 

performed by Fidell, Pearsons, and Bennett (1974). They conducted two 

experiments with a variety of noise and signal conditions. The first of these 

experiments had two tests. Test 1 used three types of wide band random noise, 

spectrally shaped to resemble daytime jungle noise, nighttime jungle noise, and 

suburban noise. They used 12 signals in this test: 4 tones (two triangular waves 

and 2 pure tones), 6 narrow band noises (1/3 octave with center frequencies at 

500, 2000 (2), and 5000 Hz), and 2 broadband noises (simulated “sailplane” and 

light powered aircraft). Test 2 used only the simulated daytime jungle noise and 

14 signals, 10 of which were from test 1 (or combinations thereof) and 4 recorded 

aircraft flyovers. 

The procedure for both tests was the same. They used a computer based 

adaptive technique called Parameter Estimation by Sequential Testing (PEST). 

This system modified presentation levels (trial by trial) until criterion level 

performance was achieved. A 75% correct detection level was used. On each 

trial of the two-interval, forced-choice procedure, the observer was required to 

pick one of 2 intervals (4 s each) as the one that contained the signal. Feedback 
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was given immediately and the tests were conducted in an approximate free- 

field in an anechoic chamber. 

Results for test 1 indicated that performance at the 75% criterion level was 

within + 4 dB of that predicted by the theory of signal detection. Best fit of the 

predicted to observed values assumed that the observers’ efficiency was 0.4 with 

respect to an ideal observer, which is consistent with other studies. These results 

indicated the applicability and increased accuracy of signal detection theory over 

critical band type techniques discussed earlier. 

Test 2 looked at the detectability of complex signals. Two detection 

schemes were investigated: the statistical summation rule and the d’j,, rule. 

The former states that overall detectability is the square root of the sum of the 

squared individual detectabilities. The latter states that overall detectability is 

governed by the observer’s sensitivity to the single most detectable part of a 

complex signal. Average deviation of data from the two rules was -1.66 dB and - 

0.33 dB for the statistical summation and d’ 9, rules, respectively. Therefore, 

d’ max predicted observers’ performance significantly better (t=4.2, df=13, 

p<0.01). 

The second experiment performed by Fidell, et al. (1974), tested the same 

procedures for applicability to quasi-realistic listening conditions. Subjects 

performed a vigilance task in constant recorded daytime jungle noise using the 

same signals from experiment 1. Signals were presented between 4 and 100 s 

apart (another condition extended this period up to 385 s). Correct detection 

levels of 25, 50, and 75% were estimated by the PEST procedure, and the signals 

were presented at these levels. In addition, subjects were penalized $0.05 for 

each false alarm from a $1 bonus for each session. Results for this experiment 
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again showed the ability of signal detection theory to predict detection 

performance accurately. The d’y,,, method was again used and found to 

accurately predict performance. Thus, subjects were listing for the most 

detectable part of the stimulus instead of summing stimulus information. 

The authors concluded that the theory of signal detection works well for 

signals in realistic noise environments and that detection of signals is based on 

the S/N ratio in the 1/3 octave band to which human sensitivity is highest (from 

the d’ qx results). This study lends credence to the choice of signal detection as 

the experimental procedure for the proposed study. Following is a more 

detailed discussion of basic signal detection theory. 
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SIGNAL DETECTION THEORY 

The Theory of Signal Detection (TSD), first investigated by Tanner and 

Swets (1954), incorporates expectancy and payoff influences on detection 

behavior. Its main tenet is that signals are detected against a background of 

activity (noise), which is assumed to vary randomly and may be internal 

(sensory noise in the brain) or external (machinery, etc.). Observers must first 

make an observation (x) and then decide if it came from the noise (N) or signal 

plus noise (SN) distribution (Figure 16a). If the signal is weak, this decision is 

difficult, resulting in many errors. The more overlap or similarity in the N and 

signal (S) distributions, the more errors (note the greater number of false alarms 

and misses in Figure 16b). High noise may be mistaken for a signal and weak 

signals may be mistaken for noise. 

The likelihood ratio of x (J(x) = ordinate of SN/ ordinate of N) provides 

subjects with the basis for deciding if x came from N or SN (See Figure 16). 

Where the distributions cross, the likelihood ratio is 1, therefore x could have 

resulted from N or SN equally. Observations to the left and right of this point 

are more likely to have come from N or SN, respectively. 

The possible outcomes of a signal detection task are shown in Table 3. As 

stated before, TSD takes into account observer's expectations and payoffs. It 

proposes that the observer operates by a decision rule, where he or she sets a 

criterion level (6) for responding. Given the numbers in this matrix of Table 3, 

the subject's criterion level can be determined. If an observation is greater than 

or equal to B, the observer responds that it came from the SN distribution. 

Conversely, observations below B are said to come from the N distribution. 
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TABLE 3 

Possible Outcomes of a Signal Detection Task 

  

No Signal 
  

Response Signal 

Yes Hit 

No Miss 

False Alarm 

Correct Rejection 
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Another important measure included in TSD is the sensitivity of the 

observer, or the resolution of the sensory system, d’. Sensitivity is said to be 

independent of the response criterion. It is quantified by the degree of 

separation between the noise and signal distributions in standard deviation units 

(given the standard deviations of these two distributions are equal). Factors that 

cause d’ to decrease are increased noise (external or internal), distinctiveness of 

the signal, and the ability of the subject to remember the characteristics of the 

signal (Sanders and McCormick, 1987). However, if memory aids are supplied 

to the subject, d’ increases. 

Expectations factor into the signal detection task when the subject is 

aware of the probability of the signal being presented (e.g. if the experimenter 

informs the subject the proportion of trials that the signal will be presented out 

of the total number of trials). Knowing the chances of a signal being present, the 

observer will move his or her B to a point that will try to optimize the number of 

hits. For example, if there is a low probability of the signal being present, the 

observer will (or should) set a high criterion level because signals are rare 

events. 

Payoffs similarly influence the observer, but can override expectations. If 

there are certain rewards or penalties for hits and misses, the observer will adopt 

a criterion level in accordance with these. For example, if rewards are high for 

hits and there are no penalties for misses, the observer will likely respond “yes” 

every time to maximize rewards even if the given probability of a signal is low. 

However, if penalties for misses are also high, the observer will adopt a much 

more stringent criterion level. Observers rarely fully optimize their responses 
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given very high or very low likelihoods or payoffs. More often, they are 

conservative and do not reap their greatest possible rewards. 

Calculations for B and d’ are given below. Equation (6) may also be 

stated as the quotient of one minus the false alarm rate (this result converted to a 

z-score) and one minus the hit rate (also converted to a z-score). Equation (7) 

relates the means of the signal plus noise and noise distributions to the standard 

deviation of the noise distribution to determine the resolution of the sensory 

system, or d’. 

_ ordinate of the SN distribution at criterion level 
  (7) 
ordinate of the N distribution at criterion level 

d'= Ma- Mn (8) 

On 

Receiver-Operating Characteristic (ROC) Curve 

The ROC curve shows the relationship between the probability of 

reporting yes when the stimulus is present (hit) and yes when it is absent (false 

alarm). Each point represents data obtained under a specific probability of 

signal, p(s). Each curve represents data obtained for a stimulus of fixed 

intensity. ROC curves are therefore a way to show the effects of a non-sensory 

factor on performance in the detection task. Increased stimulus intensity makes 

the curve arch higher, decreases in intensity make the curve approach the 45 
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degree line. ROC curves show the influence of observers’ expectations and their 

relationship to performance. 

The preceding been only a brief overview of the theory of signal 

detection. For more detail on this subject, please see Green and Swets (1967). 
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THE EFFECT OF WEARING HEARING PROTECTION ON THE 

DETECTION OF SIGNALS IN NOISE 

As has been discussed, warning signals, machinery sounds, and verbal 

communication are all affected by the presence of noise. If the noise is 

sufficiently severe, the use of personal hearing protection is necessary and this 

also affects the aforementioned processes. There remains a prevalent feeling of 

workers in industry that the use of HPDs adversely affects signal detection 

(Wilkins and Martin, 1987). In an informal study by Karmy and Coles (1976), 

approximately 60% of 80 workers who were surveyed indicated that they felt 

HPDs reduced their ability to hear signals. Another study supported these 

results (Herberg, 1984). Ina survey of 210 workers in the metal-working, 

mining, and textile industries, resistance to the use of hearing protection was 

also due to: an intolerance for the isolation experienced while wearing HPDs; a 

subjective tolerance for noise (and lack of concern about its effects); and overall 

concern about the effects of attenuation on work and communications. 

As a result, there is often significant resistance to the use of HPDs in the 

workplace. However, many empirical studies have shown HPDs to either have 

no effect or a small positive effect on signal detection for normal listeners. These 

results will now be discussed. Unless otherwise noted, all HPDs are 

conventional, passive devices. 

Acton (1967) discussed one of the first articles on the effects of HPDs on 

signal detection in noise by Kryter (1946). In this study, V-51R earplugs were 

worn in “engine room” noise while performing a speech intelligibility test. 

Kryter found that below 80 dB, the use of the V-51Rs degraded speech scores but 
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that above this level, performance increased. It was hypothesized that this was 

due to reducing distortion in the hearing process. This theory, cochlear 

distortion, is found throughout the literature on this topic, although the levels at 

which wearing HPDs becomes advantageous differ from study to study. For 

example, another study that Acton discussed was by Michael (1965), who found 

the level to be 88 dB with fluid-sealed earmuffs in white noise. 

Wilkins and Martin (1987) discussed a study by Houston and Walker 

(1949), where the recognition of several signals in high noise (120 dB SPL) was 

tested while wearing a flying helmet and while unoccluded. Here, the mean 

error rate was higher in the unoccluded condition (3.6%) than the helmet 

condition (0.2%), showing a performance improvement for wearing a helmet. 

Michael, Saperstein, and Prout (1973), also referenced by Wilkins and 

Martin (1987), investigated the detection of complex signals in mines called 

“roof talk”. These signals give warning to impending cave-ins and are therefore 

critical. Studies (not described) showed that the difference between meaningful 

“roof talk” and other similar but unimportant signals is the rate of pulses 

emitted at the coal face. Therefore, Michael, et al. (1973), studied subjects’ ability 

to recognize the difference between three conditions with and without hearing 

protection (earmuffs). The three conditions (fast pulse, slow pulse, and no roof 

talk), were presented in 80, 90, and 100 dB noise. At best, discrimination was 

86%. For normal listeners, the use of earmuff did not affect their discrimination. 

However, the authors then simulated noise induced hearing loss in the 

presentation and found significant decrements in the performance at 80 dB noise 

using earmuffs. The 90 and 100 dB noise conditions were not analyzable due to 
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chance response rates (i.e., approximately 33%, given the three response 

categories). 

Forshaw (1977) performed two experiments to assess the effect of 

earmuffs on the detection of pure tone signals in noise. The noises used were a 

continuous spectrum engine room noise set at 88 dBA (exp. 1) and the most 

intense spectral components of the engine room noise at 59 - 81 dBA (depending 

on frequency, exp. 2). He used a two-interval, forced-choice method with the 

signals presented for 0.25 s on, 0.5 s pause, 0.25 s on, 2.75 s pause. Feedback was 

given immediately for correct responses only. The signal levels were varied 

according to the PEST procedure described earlier (Fidell, et al., 1974) to attain 

an 80% correct detection rate. His results indicated that in a pure tone in 

continuous noise detection task, normal hearing listeners wearing earmuffs were 

not handicapped. However, individuals with hearing loss had difficulties if the 

earmuff reduced the signal level below their threshold. He also stated that 

levels below 80 dB caused a problem for wearers of earmuffs, but that protectors 

were not required at this level anyway. 

Smith and Lacroix (1978) conducted similar experiments with three 

conditions: unoccluded, earplug (V-51R), and earmuff (Wilson Sound Barrier 

and David Clark 9 AN/2 in exp. 2). They tested the presentation of signals that 

were coincident or spatially separated from the noise source. In these 

experiments, pulsed pure tones from 250 - 4000 Hz were presented in 75 (exp. 1) 

and 91 (exp. 2) dBA noise, under coincident and spatially separated conditions. 

In experiment 1, the Wilson earmuffs led to a threshold increase of 2.4 dB, while 

the V-51R earplugs did not alter performance. The same pattern was found in 
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experiment 2, with an additional 6 dB required for wearers of the David Clark 

earmuffs and no performance decrement found for wearers of the earplugs. 

The effect of earplugs and earmuffs on pitch discrimination in noise was 

investigated by Kerivan in 1979. This study was motivated by concerns that 

submarine engine room operators were not wearing hearing protection due to 

expected signal detection impairment. For their jobs, the ability to detect 

relatively slight acoustic cues was important for problem identification and 

subsequent trouble shooting. Therefore, Kerivan presented one octave nominal 

bandwidths centered at 500 and 2000 Hz in typical submarine engine noise (70 

dB) and tested subjects for their ability to discriminate these signals from narrow 

band signals centered 10% away at 550 and 2200 Hz. He presented the signals 

for one s, separated by 42s pauses at S/N ratios of 0, -3, and -6 dB. The 

conditions investigated included electronically-simulated earplug (V-51R) and 

earmuff (David Clark 9 AN/2) attenuation characteristics superimposed on the 

noise and signal and an unoccluded condition. Results indicated that 

performance was significantly reduced by the simulated wearing of an HPD, 

and more so for the earmuff than the earplug. However, these results should 

have been expected from the relatively low ambient noise conditions (not 

requiring an HPD) and the low S/N ratios used. In addition, the simulation of 

HPD effects may have introduced an inaccuracy if manufacturer’s rated 

attenuation values were used, since these tend to be overly optimistic (Casali 

and Park, 1990). 

Lazarus (1979) also showed a performance decrement for subjects 

wearing earmuffs. This study tested detection of five noise bands (per-octave 

slopes ranging from -12 to +12 dB) in 85 dBA broadband noise. The results were 
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also supported by Wittman and Lazarus (1980) with subjects trying to detect the 

“typhoon” warning signal at levels of 76 - 96 dBA in 85 - 105 dBA noise. (The 

typhoon signal is used to warn rail track workers against approaching trains.) 

Subjects performed better with earplugs but worse with earmuffs. In 1980, 

Lazarus discussed the effects of hearing protectors on the perception of acoustic 

signals. He pointed out that the spectral content of acoustic information is 

altered by hearing protectors because of their nonlinear attenuation with respect 

to frequency. He also suggested that earmuffs have a tendency to affect the 

temporal pattern of signals as a result of resonance between the cushion and the 

head. However, no data are offered to support this effect and it is doubtful that 

it would occur except at very high sound levels. 

Suter (1989) referenced Levin (1980), who used recorded mining noises at 

levels above 90 dB to determine pure tone thresholds with and without HPDs. 

He found equal or improved performance for the HPD condition (plug or muff 

not specified). In addition, subjects’ performance was more consistent while 

wearing HPDs. 

Abel, Kunov, Pichora-Fuller, and Alberti (1983) looked at the signal 

detection performance of subjects with and without hearing protection (“high 

attenuation” foam plug). The test stimuli were one-third octave band signals 

centered at 1000 and 3000 Hz. The noise, mill house and rock drilling noise to 

investigate both steady state and impulsive noise environments, was presented 

at 84 dBA and there was also a no noise condition. Both noises had significant 

energy at low frequencies. A two-interval, forced-choice method was employed 

and the stimuli were presented via earphones. Their results showed that, for 
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normal listeners, a 3 - 6 dB decrease in thresholds with the earplug was 

measured for the 3000 Hz signal but no change for the 1000 Hz signal. 

Coleman, et al. (1984), have also studied the signal detection in noise task. 

In their experiment, they used swept Békésy audiometry in a semi-reverberant 

chamber to represent the conditions of a mining environment. The background 

noise was taped mining noise, which had considerable energy in the low 

frequencies, presented at 92 dBA. Four protection conditions were investigated: 

unoccluded, headband earmuffs, helmet-mounted earmuffs, and compressible 

foam earplugs. Twenty seven mine workers, representative by age (no 

discussion of NIHL history was given), participated in the experiment. The 

data were analyzed over the total range of frequencies tested, from 500 to 3000 

Hz, and also from 0.5 - 1 kHz, 1 - 2 kHz, and 2-3 kHz. The results indicated 

that for the entire range, the helmet mounted protector produced significantly 

higher thresholds (1.4 dB). For the range 0.5 - 1 kHz, both earmuffs significantly 

increased thresholds (2.4 for helmet mounted and 1.4 dB for the headband 

mounted earmuffs, respectively). In the range of 1 - 3 kHz, only intersubject 

variance was significantly different; no differences were found between hearing 

protector conditions. In addition, all tests failed to show significant differences 

between the earplug and the unoccluded conditions. 

Wilde and Humes (1987) used the auditory brain stem response (ABR) to 

measure the attenuation of conventional and amplitude-sensitive earplugs. The 

devices investigated were the North Comfit (conventional) and the Sonic II and 

Noise Braker (amplitude-sensitive). Each subject was also tested unoccluded. 

Subjects were presented a 4000 Hz impulsive tone 11.3 times per s, with a rise 

and fall time of 1 ms each and a 2 ms plateau. The level of the stimulus was 
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started at 97, 107, 117, or 127 dB peak equivalent SPL and was subsequently 

lowered in 10 dB steps until an ABR threshold value was obtained. Their results 

indicated that the Comfit attenuated equally over the initial stimulus intensity 

range (approx. 30 dB), while attenuation for the two amplitude-sensitive plugs 

increased almost linearly with respect to initial sound level. Analysis of the data 

indicated that the amplitude-sensitive elements in these plugs did not 

significantly increase the attenuation until 117 dB, which agreed with other 

studies of amplitude-sensitive devices. However, the method of presenting such 

high initial sound levels to the ear may have tainted the results of this study if 

the subjects obtained a temporary threshold shift from the stimulus presentation. 

A before and after audiogram would have answered this question, but this was 

not performed. 

Wilkins and Martin (1977, 1981, 1984, 1985, 1987) have performed many 

experiments to investigate the effects of hearing protection on the detection of 

signals in noise. They characterize this process as having three stages: 

audibility, attention demand, and recognition. Audibility simply involves 

detecting the signal. The attention demand of the signal is its ability to gain the 

attention of a listener even when the signal is not expected. To the extent that 

this is achieved, the recognition of the signal will determine whether the listener 

takes whatever action is appropriate. 

In their review of the literature (eleven studies) on HPDs and signal 

detection, Wilkins and Martin (1987) found only two that indicated negative 

effects. Both of these studies had found increased thresholds for earmuffs in 

low-frequency biased noise. It was their contention that the bias toward 

increased attenuation of the high frequencies for these protectors allowed the 
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low frequencies to permeate the muffs and allow masking of the signal. In 

general, hearing protectors should reduce the intensity of the signal and the 

noise equally, preserving the S/N ratio, and hence not affect the signal detection 

task. If the noise level is above a certain point where distortion starts to occur in 

the ear, the attenuation of an HPD should theoretically reduce overall levels, 

concomitantly reducing cochlear distortion, and improve signal detection 

performance. 

In their first experiment, Wilkins and Martin (1977), examined the effect 

of wearing earplugs and earmuffs on signal detection in quiet and noise. They 

used two levels of broadband noise at 75 and 95 dBC. Test signals consisted of a 

bell and siren, presented in pulses of 1-3. The signal and noise were 

presented over loudspeakers in an anechoic room and thresholds were 

determined by a method similar to manual audiometry in 2 dB steps. The 

hearing protectors used were the Amplivox Sonogard earmuffs and the V-51R 

earplugs. They also used an unoccluded and electronically-simulated earmuff 

condition where a one-third octave band spectrum shaper was used to simulate 

the mean attenuation of the Amplivox Sonogard earmuffs. This was done to see 

if the attenuation of the muff was responsible for any performance effects or if 

some other factor was responsible (no specific factor was hypothesized). 

However, as discussed earlier, if manufacturer’s ratings were used for these 

mean values, the data resulting from this condition would be somewhat 

inaccurate. Results indicated that there was a 3.4 dB improvement (average) for 

all occluded conditions in 95 dBC noise. There were no significant differences in 

75 dBC noise.



In their second experiment, Wilkins and Martin (1981), used a similar 

procedure. The task was the detection of a siren signal in quiet and a 75 dB 

broadband noise. At its highest level, the S/N ratio was 5 dB at 2000 Hz. It was 

also assessed at four levels below this in intervals of 5 dB. For this experimental 

setup, they did not find any effects for subjects wearing earmuffs as opposed to 

those who did not. 

Most of the later experiments by Wilkins and Martin employed a different 

procedure. Subjects were tested both in quiet and in noise for their performance 

on a signal detection task. Normally, the researchers were interested in the 

detection of an intentional warning signal (e.g., a horn) and some other 

meaningful but incidental sound, such as a machine noise that might signal a 

potential problem. In addition, other machine signals were presented to 

represent a variety of sounds that would be present in a manufacturing 

environment. Finally, subjects were tested in two conditions of detection. In 

one, they listened for the signal deliberately when its occurrence was 

forewarned, in the other, they listened for the signal without warning while 

performing a loading task (a video game). 

In their third experiment, Wilkins and Martin (1984) used this paradigm 

to investigate the detectability and attentional demand of a siren (the intentional 

signal) and a grinder noise (the incidental signal) in 75 dBC broadband noise. 

Three other signals (a diesel engine, a lathe, and a drill) occurred at random 

intervals with the first two signals. Subjects were reinforced for both correct 

detections and performance on the loading task. It was found that the less 

distinctive grinder sound had a lower attentional demand (higher threshold 

when unexpected) than the intentional siren signal. Also, there was no 
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difference between the recognition response rate (when the signals were 

forewarned and listened for deliberately) and the effective response rate (when 

the signals were presented without warning and the subjects also performed a 

loading task). The wearing of hearing protection did not influence the detection 

or recognition of any of the signals. 

The fourth experiment by Wilkins and Martin (1985) was an investigation 

of the results of the previous study. It attempted to explain the decreased 

sensitivity to the less distinct incidental noise of the grinder. The authors 

hypothesized that this result was due to insufficient contrast with either the 

other machine sounds or the background noise, or both. This possibility was 

explored by presenting three tones at 800, 2000, and 5000 Hz and a narrow band 

noise centered at 2000 Hz. The 2000 Hz tone and narrow band noise served as 

the test signals. Although both the contrast with the ambient noise, Cy, and the 

contrast with the other sounds, Cs, were found to be important, the authors felt 

that C, was the more important factor. A small reduction in the effectiveness of 

the warning sounds was found when earmuffs were worn. This was most likely 

due to the attenuation of the signal. The authors noted that this result re- 

emphasized the importance of keeping the signal at a level at least 15 dB above 

the ambient noise. 

Wilkins (1984) also conducted a field study that investigated the 

previously discussed variables in an actual manufacturing environment. It 

employed the same design as the previous two experiments. An intentional 

warning sound, a horn, was presented without warning between 10 and 50 

seconds apart during actual work tasks (metal pressing operations). A second 

signal, a clinking sound meant to act as a potential indication of equipment 
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problems, was one of four other meaningful but incidental signals. The use of 

hearing protection was a factor, as well as the age and hearing level of the 30 

subjects. Hearing protectors used were EAR earplugs and Bilsom down 

earplugs, and Bilsom Yellow, Silenta Bel, and Racal Ultramuff earmuffs. Results 

indicated that neither hearing loss nor the use of hearing protection affected 

detection of the intentional horn warning signal. However, the clinking signal 

was perceived significantly less often by both hearing-impaired and hearing- 

protected workers. The decrease in response rate for this signal was more than 

double the decrement observed in the previous experiment for the grinder 

signal. The authors hypothesized that this was a result of the attenuation of the 

protectors interacting with the greater difficulty in recognizing incidental 

warning sounds. 

In a review of their own and other experiments in this area, Wilkins and 

Martin (1987) summarized the results as follows. In most cases, hearing 

protectors did not decrease and, in some cases, improved signal detection. 

However, based on the literature, situations that present potential signal 

detection problems for wearers of HPDs include: 

° where noise is predominately low-frequency and protector 

attenuation is biased toward high frequencies, 

¢ when HPDs are worn in quiet or intermittent noise or wearers move 

in and out of noisy areas, 
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¢ intermittent use of HPDs in noise (resulting in temporary threshold 

shift) may interact with HPD attenuation to decrease sensitivity to 

signals, 

¢ and when workers have existing noise-induced hearing loss. 

Best, Coleman, Graveling, Simpson, and Talbot (1989) extended the focus 

of a previous study on communications in noisy environments (Coleman, et al., 

1984) to select or develop an improved hearing protector for mining 

environments. They found earlier that the combination of predominately low- 

frequency noise in mines and the wearing of conventional HPDs, which are 

often high-frequency biased, had undesirable effects on signal detectability. 

Thus, a desirable HPD characteristic for this application was a relatively flat 

attenuation profile across frequency. Specifically, their previous study 

suggested that 15 - 18 dB across the range of 250 - 6000 Hz could be most 

desirable. In addition, it was decided that whatever produced the flat frequency 

response (passive or active elements) should be present in both earcups. This 

study examined HPDs that might fit these requirements. 

They identified the potential methods of achieving these characteristics as 

passive, electronic, and active noise reduction HPDs. From these alternatives, 

they felt that the passive type HPD would be the most suitable design for the 

mining environment. This conclusion was based on the added complications 

which could accompany an electronic device. A prototype of the EAR Ultra 9000 

was obtained to assess its capabilities with respect to this application. In 

addition, an EAS earmuff made by the Institute of Sound and Vibration Research 

(ISVR) was selected for its effective and reliable performance record. ISVR was 
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also enlisted to modify its product to have a more flat attenuation across 

frequency. After several modifications, the device did not meet the 

specifications of the authors, but was still included. The attenuation of the EAR 

9000 conformed closely to the specification of both the manufacturer and the 

authors. However, it did attenuate somewhat more that desired from 500 - 3000 

Hz (approximately 24 dB). | 

The authors assessed signal detectability with the two above HPDs and 

two others common in the mining industry (identified only as the “Super”, a 

high-attenuation muff, and the “Thetford”, a low-attenuation muff). They used 

a computerized “Signal Design Window” procedure developed by Coleman, et 

al. (1984). It assesses the effects of three parameters (noise, HPDs, and hearing 

level) on the thresholds of different signals in terms of intensity and frequency. 

The result of this test is a signal range that extends from the minimum effective 

to a maximum to avoid startle. The authors postulated that the ideal signal 

would be in between these extremes and would be centered in the range of 500 

and 3000 Hz. 

Their results indicated that for those with normal hearing in high noise 

(greater than 90 dBA), all four protectors had a beneficial impact on the signal 

detection task compared with an unoccluded condition. The authors postulated 

that this was due to the reduction in nonlinear growth of masking provided by 

the HPDs. In high noise with poor hearing, the two amplitude-sensitive muffs 

produced equal or better performance, while the two conventional muffs yielded 

performance decrements. In low noise levels (lower than 70 dBA) with good 

hearing, all but the ISVR protector (which showed slight improvements) had no 

effect on signal detectability. In low noise and poor hearing conditions, all but 
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the ISVR had adverse effects on signal detection. Thus, the ISVR protector 

showed improvements in all categories tested and the EAR 9000 showed 

improvements in all but the low noise, poor hearing condition. 

After these laboratory tests, field tests were conducted on the EAR 9000 

and the ISVR electronic protectors. The EAR muff was given to underground 

locomotive drivers and the ISVR was given to surface coal preparation plant 

operators. Both were given to experienced hearing protection wearers who had 

reported having difficulty hearing auditory signals. 

The seven locomotive drivers who were issued the EAR 9000 were 

exposed to noise levels between 94 and 98 dBA. Five of them reported improved 

ability to hear signals, but three felt the EARs might not be providing sufficient 

attenuation. Reports of insufficient attenuation are not uncommon with flat 

response HPDs because the usual feeling of occlusion is not as pronounced. 

Without the spectral distortion of conventional HPDs, the wearer does not feel 

like they are wearing protection (Coleman, et al., 1984; Casali, 1992). The 

workers also gave other comments related to comfort issues, most resulting from 

mounting the earcups on a helmet. In addition, all wearers reported that the 

protectors felt bulky. 

The four coal preparation plant operatives given the ISVR protectors were 

exposed to lower noise levels, but all reported increased signal audibility over 

the conventional protectors they had used previously. One worker reported 

attenuation effects similar to the EAR 9000. There were fewer comfort-related 

problems with the ISVRs, but most workers did mention some discomfort. 

It should be noted that giving these protectors to workers who had 

reported previous signal detection difficulties may have confounded these 
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results. The reaction of workers to attention paid by management, often referred 

to as the Hawthorne effect, could have biased the workers to report improved 

signal detection. In addition, the authors did not assess the workers’ hearing 

levels, which could have confounded the results. However, given that the field 

test results supported the laboratory results and the workers were candid when 

citing comfort related problems, the potential of confounding is fairly minimal. 

During the study, the authors also had the chance to review several other 

electronic, amplitude-sensitive devices. They were: the Peltor Tactical, the 

Optac Opticom Electronic, the DAC, and the Bilsom Impact. Their features and 

characteristics are listed in Table 4. 

Abel, Krever, Giguere, and Alberti (1991) measured the signal detection 

and speech perception of subjects wearing conventional, PAS, and EAS 

earmuffs. They used the EAR Ultra 9000 and the Bilsom 2390 amplitude- 

sensitive earmuffs and their conventional siblings, the EAR 3000 and the Bilsom 

2315. In addition, an unoccluded condition was investigated. [It should be 

noted that the EAR 9000 and 3000 are not directly comparable due to the large 

difference in cup volume. However, at the time of the Abel, et al. study's 

publication, a directly comparable EAR muff was not available, although this is 

not discussed by the authors. The experiment reported herein remedied this 

potential problem by using a new EAR muff, the 2000, which is directly 

comparable to the 9000.] Manufacturer’s attenuation ratings are shown in Figure 

17, with the electronics of the Bilsom 2390 off. The gain of the electronic, 

amplitude-sensitive muff, the Bilsom 2390, was set and left at5 dB. Two 

ambient noise conditions, quiet and a 75 dB SPL noise were used. The noise was 

recorded cable swagger noise, which was low-frequency biased and impulsive



TABLE 4 

Other Electronic Amplitude-Sensitive Muffs Reviewed by Best, et al., 1989 

  

  

Device Power Source Weight Attenuation 

Peltor Tactical 9v battery ina 282g + 15-18 dBA across freq., much 

(dichotic) separate power 100g higher above 1 kHz. 17 dB @90 

pack. on/off and pwr dBA, negligible @ 72 dBA 

volume provided pack 

Optac Opticom 1.2v battery in cup 257g  10.2dBA @ 90 dBA, very biased 

Electric (diotic) on/off and volume towards high freq., too much attn. 

at low noise 

DAC (diotic) 9v battery in cup, 242g  <10 dB below 250 Hz and at 6000 

on/off and volume Hz (w/electronics on), good 

amplitude-sensitive response 

Bilsom Impact 1.2vbatteryincup, 280g -3to6dB from 0.5-4kHz@ 90 

(diotic) on/off and volume dBA ambient 
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Figure 17. Manufacturers’ attenuation ratings for the devices used by Abel, et al., 1991. 
EI = EAR 3000. ED = EAR 9000. BI = Bilsom 2315. BD = Bilsom 2390. 
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with a repetition rate of 20 pulses per second (subjectively similar to riveting 

noise). 

The signal detection task consisted of pulsed third-octave band noises, 

centered at 500, 1000, 2000, and 4000 Hz, presented using a modified Békésy 

tracking task. Measurements were made in quiet and noise in a semi- 

reverberant chamber; the signals and noise were produced by loudspeakers. 

Initial attenuation results indicated relatively close agreement with the 

manufacturer's specifications for the EAR muffs (no greater than 6 dB), but 

larger discrepancies for the Bilsom muffs (between 10 and 14 dB). 

The results for the signal detection task in quiet and noise are shown in 

Figures 18 and 19, respectively. In quiet, the EAR 3000 provided significantly 

more attenuation at all frequencies than all other muffs. In contrast, the Bilsom 

2390 provided significantly less attenuation than the others. However, this 

result was expected, as the electronics were left on. In noise, analyses indicated 

that there was no significant adverse effect of wearing the earmuffs on signal 

detection performance. The EAR 9000 and the Bilsom 2315 (non amplitude- 

sensitive) offered small performance improvements for the task. Surprisingly, 

the Bilsom 2390 resulted in significantly worse performance at 4000 Hz (by 5 

dB). The authors did not speculate concerning this result, however, it could 

have resulted from amplification of the noise or distortion byproducts of the 

amplifier/earphone system. Berger (1991) warned of this possibility, although 

no actual example was cited. This result would tend to support his hypothesis. 

Speech perception was tested using consonant identification (FAAF test) 

and word identification (SPIN list) tasks. In noise, the Bilsom 2390 performed 

significantly worse than unoccluded for the initial consonant score (7% lower on 
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Figure 18. Signal detection results in quiet for the devices used by Abel, et al., 1991. 
EI = EAR 3000. ED = EAR 9000. BI = Bilsom 2315. BD = Bilsom 2390. 
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Figure 19. Signal detection results in noise for the devices used by Abel, et al., 1991. 
EI = EAR 3000. ED = EAR 9000. BI = Bilsom 2315. BD = Bilsom 2390. 
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the first part of the FAAF test). Overall consonant detection was also 

significantly worse for the Bilsom 2390 (5% lower). The other three muffs were 

not significantly different from the unoccluded condition. The word 

identification test was split into the two conditions of high and low context, 

depending on the predictability of the last word from the context. For the low 

context condition in quiet, the Bilsom 2390 significantly outperformed the 

conventional earmuffs and was better (though not significantly) from the EAR 

9000. In the high context in noise test, the results were the opposite; the Bilsom 

2390 performed significantly worse than all other muffs. There were no 

significant differences in either of the other two conditions (high context, no 

noise and low context, high noise). 

Overall, the study indicated that there were few differences between the 

earmuffs. The EAR Ultra 9000 amplitude-sensitive muff and the Bilsom 2315 

conventional muff provided some advantages over conventional earmuffs at 500 

Hz and the Bilsom 2390 performed significantly worse at 4000 Hz. In addition, 

the initial consonant score for the 2390 in noise was significantly worse than the 

other three muffs. These results are somewhat biased by the fact that the 

researchers used a moderately low noise of 75 dB. At this level, protection is not 

needed for hearing loss prevention, and as a consequence, like in many other 

studies, the researchers found detrimental effects of HPD use. In addition, the 

noise was biased toward the low frequencies, which has been shown to degrade 

earmuff performance in signal detection and speech intelligibility tasks (Wilkins 

and Martin, 1987). A replication of this experiment in higher noise levels might 

result in different conclusions. In addition, pilot testing for the present study 

revealed that the amplification of energy in the speech region by electronic muffs 
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while in noise produces an annoying background hiss in the muff. It is probable 

that actual wearers of this type of device would reduce the amplifier gain setting 

to a point where this noise was low or even inaudible. The study described 

herein used a different method to set the gain control and three different noise 

levels to see if the results of the Abel, et al., work was specific to the conditions 

tested. 
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LITERATURE SUMMARY: FACTORS IN SIGNAL DETECTION WITH 

HEARING PROTECTION 

Several psychoacoustic trends in signal detection while using hearing 

protection can be deduced from the preceding literature review. For the 

purposes of the proposed study, these fall in three categories: noise effects, 

signal effects, and hearing protector effects. The following sections will briefly 

summarize the results presented above. 

Noise and HPD Effects 

Two characteristics of noise have an effect on signal detection: its level or 

intensity and its spectral content. With regard to the former, Mosko and Fletcher 

(1970) showed that although the presence of noise does degrade speech 

intelligibility, lower and higher levels of noise (70 and 100 dB) produce the same 

performance decrement. The important factor in this experiment was the S/N 

ratio at each noise level. However, most studies have shown that beyond levels 

of about 85 dB, noise can create substantial distortion effects that impair the 

signal detection process, especially for signals above the masking noise center 

frequency. Wegel and Lane (1924) found this to be true with pure tone maskers 

for frequencies above the masking tone; Zwicker and Scharf (1965) observed the 

same trend with narrow band noise. The same trend applies to broadband noise 

when there is considerable energy at the low frequencies (Wilkins and Martin, 

1987). 

When these effects are combined with the use of hearing protection, the 

attenuation of the protector can either assist or further degrade detection 
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performance. Table 5 summarizes the effects of hearing protectors, given 

ambient noise levels, for the experiments cited in the previous section. 

Thus, performance changed between 75 and 90 dBA, depending on the 

particular type of hearing protector and the spectrum of the noise (although this 

is not shown in Table 5). Overall, earplugs were found only to improve signal 

detection ability, whereas earmuffs sometimes showed performance decrements. 

This effect is probably due to the tendency mentioned earlier of earmuffs to pass 

more low-frequency energy and mask higher frequency signals. Because 

earplugs perform better at low frequencies, this trend is not found with their 

use. Therefore, to represent a worse case signal detection scenario, earmuffs 

were used because they are more likely to identify potential problems. This was 

especially important in this study since the noise usually present in mines is low- 

frequency biased. 

Signal Effects 

The literature on warning signals indicates that they should be presented 

at least 15 dB above the ambient noise, in the range of humans’ highest 

sensitivity, and spectrally and temporally different from sounds also occurring 

in the environment. The standards that were discussed refined these 

specifications, but few considered the use of hearing protection, which is quite 

common in industrial noise environments. 

High-frequency signals, upward masked by low-frequency noise, pose 

potential signal detection problems when users wear hearing protection if 

signals are not presented at sufficient levels. In some cases, lower frequencies 

were recommended when hearing protection, or other obstacles, were expected 
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TABLE 5 

Effects of HPDs on Signal Detection in Noise 

  

  

Researcher/(s) Noise HPD Effect on Signal Detection 

Kryter, 1946 80 dB earplug improvement above 80 dB, 

decrement below 

Michael, 1965 88 dB earmuff improvement above 88 dB, 

decrement below 

Houston & Walker, 120 dB SPL aircraft helmet improvement at this level over 

1949 unprotected 

Michael, Saperstein, & 80 dB earmuff no effect above 80 dB 

Prout, 1973 

Forshaw, 1977 88 and 59- earmuff no effect over 85 dB in 

81 dB broadband, 80 dB in tones 

Smith & Lacroix, 1978 75, 87, and 91 earmuff and decrement with earmuffs, no 

dBA earplug effect with earplugs 

Kerivan, 1979 70 dB simulated muff decrement for simulated muff 

& plug and plug, more so for the muff 

Lazarus, 1979 85 dBA earmuff performance decrement 
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TABLE 5 (continued) 

Effects of HPDs on signal detection in noise. 

  

  

Researcher(s) Noise HPD Effect on Signal Detection 

Wittmann & Lazarus, 85-105 dBA earmuff and decrement with earmuffs, 

1980 earplug improvement with earplugs 

Levin, 1980 over 90 dBA unknown no change or improvement 

Abel, et al., 1983 84 dBA earplug improvement for 3 kHz signal, no 

change for 1 kHz 

Coleman, et al., 1984 92 dBA helmet and decrement for both earmuffs, no 

headband effect for earplug 

muffs, plug 

Wilkins & Martin, 1977. 75 and 95 dBC earmuff and 

earplug 

Wilkins & Martin, 1981 75 dBC earmuff and 

and 1984 earplug 

Best, et al., 1989 above 90 dBA earmuff and 

earplug 

Abel, et al., 1991 75 dB SPL earmuff 

improvement for all HPDs at 95, 

no change at 75 

no HPD effect 

improvement for all HPDs above 

90 dBA 

improvement or no change 
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to hinder detection. To continue with the idea of a worst case scenario, it might 

make sense (for research purposes) to use a signal that has the greatest 

possibility of being masked, thereby producing the most difficult detection task 

likely to occur in industry. However, a worst case scenario might also be the one 

where the most important warning signal is presented, since its detection, or lack 

thereof, could have the most severe consequences. The alarm used in the present 

study was both well masked by background noise and critical to detect, as lack of 

detection in the workplace could result in a fatality. In addition, the signal is 

also common in industry, which lends generalizability to the results. 
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RESEARCH AIMS 

Based on the special features in their designs, it seems that amplitude- 

sensitive protectors would offer a viable alternative to conventional hearing 

protectors for certain applications. Although several studies have been 

conducted on these protectors, results have been mixed and there are 

methodological limitations which restrict the conclusions that can be drawn. 

These limitations include: restricted noise levels, noise types that were specific 

to a particular industry, lack of proper conventional muff comparison models, 

methodology that did not directly assess the effect of different protectors on 

masked signal threshold, and arbitrary setting of the gain control for electronic 

amplitude-sensitive muffs. 

These issues motivated an experiment to investigate these areas and 

determine the signal detection advantages, if any, of using amplitude-sensitive 

hearing protectors, as compared to conventional protectors, in a realistic warning 

signal detection task that would provide a reasonable simulation of those found 

in a mining environment. The EAR 9000 and Peltor T7-SR were chosen for 

testing because they were the newest examples of passive and electronic 

amplitude-sensitive protectors, respectively, at the time the study commenced. 

The EAR 2000 and Peltor H7A conventional earmuffs were used because they 

share all their components with the 9000 and T7-SR, respectively, except for the 

amplitude-sensitive elements. The earcups of the conventional earmuffs were of 

identical occluded volume (under the earmuff shell) to those of the amplitude- 

sensitive earmuffs. However, with the inclusions of the extra components in 
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each amplitude-sensitive earmuffs’ earcups, the effective volume was reduced 

substantially. 

The signal and noise used in the experiment provided a realistic, generic 

simulation of the working environment present in mines. A digitized back-up 

alarm (Caterpillar Part #3T-1815), often used on mining and other evacuation 

equipment, was selected as the experimental stimulus. Because the noise level in 

mines varies and due to the experimental need to ascertain the muffs’ 

amplitude-sensitive effects, three noise levels (75, 85, and 95 dBA) were used to 

represent potential noise conditions where hearing protection might be used and 

have an effect on the detection of signals. Pink (flat by octaves) noise was used 

because of its broadband nature, and therefore, spectral similarity to noise found 

in mines and a variety of other industrial settings. Thus, reasonable consistency 

with the mining environment was maintained while allowing the results to be 

generalized to other industrial scenarios. 

A modified Hughson-Westlake procedure was used to directly measure 

subjects’ masked back-up alarm thresholds and the gain control on the Peltor T7- 

SR was set by each subject for each noise level to account for how the earphone 

volume might be set by an actual worker. These volume settings were measured 

objectively to directly assess the effect of the gain circuitry on noise exposure. 

The comfort and acceptability of the muffs were investigated via questionnaire, 

and estimates of earmuff attenuation were made using REAT tests at 500 and 

1000 Hz. 
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EXPERIMENTAL METHOD AND DESIGN 

Facilities and Instrumentation 

All experimentation was conducted at Virginia Polytechnic Institute and 

State University in the Auditory Systems Laboratory, which is accredited by 

NIST-NVLAP. The laboratory contains a reverberant test chamber, an anechoic 

test chamber, and various audio equipment and computers to control the 

presentation of noise and aural signals. In addition, closed-circuit television and 

an active intercom system facilitate effective monitoring of and communication 

with subjects. 

Both chambers were used in this experiment. In order to check for 

possible temporary threshold shifts in the subjects over the multiple 

experimental sessions and during a single session, a pre- and post-exposure 

audiogram was performed at 1000 and 4000 Hz, using a Beltone 114 clinical 

pure-tone audiometer. These frequencies were tested because they were the two 

most likely to show decrements due to the noise and signal exposures. This 

procedure was conducted in the anechoic chamber because of its extremely quiet 

conditions [less than 10 dB from 250 to 8000 Hz (Casali, 1988)] and to minimize 

reconfiguration of the reverberant test chamber and equipment used for the 

masked threshold signal detection task. The majority of testing was conducted 

in the reverberant chamber, an Industrial Acoustics audiometric test booth, 

which has been extensively modified to enhance its reverberant and sound 

transmission loss characteristics. A detailed description of these modifications 

and the chamber’s properties may be found in Casali and Robinson (1990); 

dimensions and octave-band ambient noise levels at the subject’s head are given



in Tables 6 and 7, respectively. 

For this experiment, the reverberant chamber was configured to present a 

diffuse noise environment with two loudspeakers (Infinity RS6b) positioned in 

two corners of the chamber (see Figure 20 for location). They were oriented such 

that the chamber met the requirements of ANSI 3.19-1974 for diffusivity within a 

random incidence field (ANSI, 1974). In addition, two loudspeakers, an Infinity 

RS9b and a Klipsch K-57-K midrange horn, were used to present signals to the 

subjects. The RS9b was used to present pure tones at 500 and 1000 Hz to test the 

fit of the protectors. Casali and Park (1990) have shown that these two 

frequencies provide a reasonable prediction of broadband attenuation. The 

Klipsch horn was used to present the experimental signal (to be discussed in 

more detail later). 

The experiment to ascertain masked back-up alarm thresholds was 

conducted manually using a Apple Macintosh Ici to generate the test signal and 

a Beltone 2000 audiometer to control the signal’s amplitude in 5 dB steps (using 

its attenuator dial). Figure 21 shows the signal and noise systems. The former 

included the above components as well as the Adcom GFA-545 II amplifier and 

GFP-555 II preamplifier, an Adcom OCTAVE equalizer, and a Ross third-octave 

equalizer used to amplify and equalize the signal, which was output through the 

Klipsch horn. A Scott 458A amplifier was used with the Infinity RS9b to present 

tones for the earmuff fit/attenuation tests. The noise system was completely 

separate and included an NAD 2200 amplifier and 1020B preamplifier, a 

Yamaha GE-60 Natural Sound Graphic Equalizer (pink noise source), and the 

two Infinity RS6b speakers. 
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TABLE 6 

Dimensions of the Reverberant Chamber (in inches) (Casali and Robinson, 1992). 

  

  

Dimension Interior Exterior 

Length 110.00 120.00 

Width 74.25 83.25 

Height 92.50 103.75 

Volume 437.21 ft 599.81 ft? 
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TABLE 7 

Octave-Band Ambient Noise Levels in the Reverberant Chamber (Casali and 

  

  

Robinson, 1992) 

Frequency Octave-Band Ambient Noise Level, dB 

125 20.0 

250 14.0 

500 6.5 

1000 4.5 

2000 2.7 

4000 5.1 

8000 8.1 
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Noise Seaker #1 
® Infinity RS6b 

  

30 in 

Head Center Position 

(subject facing 20 in 
  

speaker # 1) 

38 in 

Signal Speakers: 

Infinity RS9b (bottom) 4   Klipsch K - 57 - K (top) 

Noise Speaker #2 

Infinity RS6b 

  

  

Figure 20. Layout of the reverberant chamber. 
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Scott 458A 
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Adcom GFA-545 II 
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Ross Equalizer NAD 2200 
Amplifier 

(pink noise) I 
dcom OCTAVE Equalizer 

Adcom GFP-555 II 
Preamp 

NAD 1020B oO 

Preamp I 

Yamaha GE - 60 
Beltone 2000 Natural Sound Equalizer [0     

(pink noise source)     
  

Macintosh Ici 

(backup alarm source) 

Figure 21. Signal and noise systems for the experiment, left and right, respectively. (I - 
input path, O - output path). 
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Sound measurement instrumentation used in calibrating these systems 

included the Larson-Davis (L-D) 3100D RTA spectrum analyzer, L-D 800B 

spectrum analyzer, L-D 900B preamplifier, L-D 825-10 preamplifier, and the L-D 

2940 ¥2-in microphone for initial calibration and for monitoring sound pressure 

levels during experimental sessions. These components were also used to 

measure reverberation time and the levels at six positions about the head center. 

An AKG C414B-ULS dual diaphragm microphone was used to measure 

diffusivity in the reverberant room, establishing that the diffusivity met the 

random incidence sound field requirements of ANSI $3.19-1974 for real-ear 

testing of hearing protector attenuation. 

Daily calibration procedures for signal and noise systems 

On each day of the experiment, the two L-D 2540 %2-in microphones (one 

positioned on a stand, the other in KEMAR) were calibrated to a standard 1000 

Hz source (Quest Model QC-20) of 93.8 dB, measured on the L-D 3100D. The 

signal system was then calibrated to a standard mid-level in the signal dynamic 

range (70 dBA as read on the L-D 3100D in Lmax mode using a 1/32 sec time 

constant) using the volume knob on the Adcom GFA-545 II. This measurement 

was taken of a series of exactly five “on” periods of the signal as controlled by 

the computer. The attenuator dial on the Beltone 2000 was left at 60 dB for this 

calibration, so that 60 dB on the Beltone corresponded to an Lmax of 70 dBA 

within the reverberant chamber. This was necessary because the attenuator dial 

of the 2000 is limited to 85 dB — potentially an insufficient level for signal 

presentation in the 95 dBA noise condition. Using this calibration convention, a 

95 dBA signal level in the chamber (or 0 S/N ratio in 95 dBA noise) was 
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achievable. Once the signal was calibrated, the noise system was set to the level 

required for the first experimental session (75, 85, or 95 dBA) using the volume 

knob on the NAD 2200 and 30 second Leg measurements on the L-D 3100D. The 

noise levels were reset as required using this procedure. In addition, the signal 

level was periodically checked throughout the day for drifts in the 

amplifier/loudspeaker system’s performance. 

Experimental Design 

The signal detection experiment was run as a four-factor, mixed-factors 

design. A Latin Square design was used to counterbalance the experiment so 

that subjects did not receive the experimental conditions in the same order (the 

order of treatment conditions is given in Table 8). A diagram of this design with 

subject assignment is shown in Figure 22. 

Independent variable: Hearing protection device 

Four hearing protectors, all circumaural in design, were used in this 

experiment. Two were amplitude-sensitive devices and the other two were their 

conventional counterparts. The Peltor T7-SR represented the category of 

“active” amplitude-sensitive earmuffs (see Figure 23). It is equipped with two 

microphones, one feeding each earcup speaker earphone, and a volume/ gain 

control to govern the amount of amplification on the transmitted passband. 

Peltor literature indicates that up to 25 dB of amplification is possible, to a 

maximum earcup level of 82 dBA, the point at which the amplifier circuitry 

shuts down and the device works only passively. In addition, the circuitry is 
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TABLE 8 

Latin Square Presentation of Treatment Conditions for Subjects 1-12 (S1-S12) 
(a = noise level, 3 levels; b = hearing protector, 4 levels) 

  

Sl 

52 

53 

S5 

S6 

S7 

S9 

S10 

S11 

S12   

1 

aby 

ajb 

a3b4 

a b3 

a3b3 

ayb4 

a3b 

a7b1 

a3by 

ab 

ab, 

a2b3 

2 

ajb 

a,b3 

ajby 

aybq4 

a3b4 

ajby 

a3b3 

a7b 

a3b2 

a2b3 

a3by 

ab, 

3 

a b3 

ayb4 

ajb 

aby 

ayby 

a2b 

a3b4 

ab3 

a3b3 

ayb4 

a3b9 

a3b} 

4 

ayb4 

a2by 

ayb3 

a2b2 

ajb2 

a2b3 

ayby 

agb4 

a3bq4 

a3b} 

a3b3 

a3b2 

5 

apby 

a2b 

ayb4 

a2b3 

ab3 

a2b4 

ajb9 

a3by 

aby 

a3b2 

a3bq4 

a3b3 

Treatment Order 

6 

a2b 

a2b3 

ajb] 

anb4 

ayb4 

a3by 

ajb3 

a3b 

ajb9 

a3b3 

aby 

a3b4 

7 

a2b3 

a7b4 

ajb 

a3by 

aby 

a3b2 

ayb4 

a3b3 

azb3 

a3bq4 

ajb 

ajbj 

8 

agb4 

a3b] 

a2b3 

a3b2 

agb 

a3b3 

ab} 

a3b4 

ayb4 

ab} 

ab3 

ab 

9 

a3b1 

a3b 

agb4 

a3b3 

ajb3 

a3b4 

a2b2 

ajby 

ab} 

ayb2 

aybq4 

ajb3 

10 

a3b2 

a3b3 

a3bj 

a3bq4 

aab4 

aby 

a2b3 

ayb 

a2b9 

ayb3 

agby 

ayb4 

11 

a3b3 

a3b4 

a3b 

aby 

a3by 

ajb2 

agb4 

a b3 

ab3 

ayb4 

a7b 

a?bj 

12 

a3bq4 

ayby 

a3b3 

ajb2 

a3b 

ayb3 

a3by 

ab 

ab, 

ab} 

a7b3 

a7b9 
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Figure 22. Experimental design for the signal detection study. 
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Figure 23. The Peltor T7-SR electronic amplitude-sensitive earmuff. (Foam insert 

removed in right earcup to show electronics.) 
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capable of rapidly suppressing the amplifier if an intense sound is detected. 

Peltor literature indicates that this “automatic gain system” (hereafter AGS) 

feature is capable of reacting in less than 2 ms. The electronic circuitry for each 

earcup is independent (with the exception of the single volume control) and fed 

via separate microphones, so the AGS circuitry shuts down amplification 

dependent on the location incidence of the sound. Power for the T7-SR’s 

electronics is provided by a 9V battery stored in the left earcup, which is rated 

for approximately 50 hours of operation. (This battery was replaced on a weekly 

basis during the experiment.) Because of the electronics in the earcups, the T7- 

SR had the least volume of the four earmuffs (29 ml). A final feature of the T7-SR 

is an input for communications circuitry, with a cord provided for patching into 

a transmitter / receiver. 

The conventional counterpart to the T7-SR, the H7A (Figure 24), shares 

the earshell and cushion design features of its sibling but has several key 

features of its own. Because it does not have electronics housed in the earcups, 

the occluded volume of the H7A (228 ml) is much greater than the T7-SR. For 

the same reason (in addition to the lack of a battery), it is also lighter. Although 

it was somewhat expected that the T7-SR would be rated highly on the 

acceptability scale (for its technological features and novelty), the H7A was 

expected to fare well also, due to its low weight, large cup volume, and soft 

earcup cushions. 

Because it is currently the only PAS earmuff available, the E-A-R Ultra 

9000 was also selected for testing. As discussed earlier, the 9000’s cup shells are 

ported and ducted to allow transmission of some sound, which is passed 

through the protector to foam pads that rest on the ears (see Figure 25). The 
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Figure 24. The Peltor H7A conventional muff. 
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ducts also feature a passive, amplitude-sensitive diaphragm that impedes the 

flow of high intensity (and therefore turbulent) sound waves, thereby providing 

the effect of a closed duct when high SPLs are incident. At sound levels below 

the amplitude-sensitive transition level of approximately 110 - 120 dBA (Berger, 

1986), the earmuff provides a moderate amount of attenuation (approximately 

15-20 dB) that is roughly flat across frequency. The levels (110 - 120 dBA) 

required for the amplitude-sensitivity to take effect were not present in this 

study. Therefore, the performance of the 9000 earmuff in the loudest noise level 

(95 dBA), where it might not sound to the wearer like it is protecting adequately, 

was of particular interest. Also, unlike other earmuffs, the wearer's ears are in 

direct contact with the ear pads internal to the 9000; therefore, the effect of this 

design on the comfort and acceptability of the device was of particular interest. 

However, the device’s nearly flat attenuation profile with respect to frequency 

was expected to have a positive effect on these ratings, since it should provide a 

more natural-sounding aural experience. Therefore, the subjective issues 

assessed in this experiment were particularly salient for the 9000. 

As discussed earlier, Abel, et al., compared the 9000 to the EAR 3000 to 

evaluate its amplitude-sensitive character against a conventional protector. 

However, due to the differences in cup design and volume of the 9000 and 3000, 

this investigation of the amplitude-sensitivity effects was somewhat confounded. 
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Since the E-A-R 2000 (currently not commercially available but loaned by E. 

Berger of Cabot) is essentially the 9000 without ports or ear pads, this protector 

was chosen for its conventional counterpart (see Figure 26). The volumes of the 

EAR 9000 and 2000 were measured to be 172 and 159 ml, respectively. 

Independent variable: Noise level 

Pink noise, generally defined as having equal energy in each octave band, 

was used in the experiment. This choice was made because its broadband 

spectrum was generically representative of many industrial environments, it is 

the laboratory “standard” noise of choice, and it provided a potentially effective 

masker for the signal due to direct frequency overlap as well as the upward 

frequency-spread of masking possible with this broadband spectrum at high 

levels. Three levels of noise were used in the experiment: 75, 85, and 95 dBA. 

The low noise level (75 dBA) was used for two reasons: to simulate periods of 

relative quiet in an intermittent noise environment and to allow for examination 

of hearing protectors in ambient noise conditions where conventional protectors 

have been found to be detrimental to aural detection. These are important issues 

because: 1) the special amplitude-sensitive protectors are promoted as being less 

intrusive than conventional devices in low noise and, 2) mining environments 

are characterized as having intermittent or variable noise. In the quiet periods of 
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Figure 26. The EAR 2000 conventional earmuff. 
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intermittent noise, the attenuation provided by conventional protectors may lead 

workers to take them off. Therefore, the amplitude-sensitive protectors would 

offer a major advantage should they prove to be more appropriate for this type 

of environment. 

The middle noise level, 85 dBA was chosen because it is near the 

crossover point where HPDs provide either advantages or disadvantages in 

signal detection (Wilkins and Martin, 1987). (Also, this is the OSHA 8-hour 

time-weighted average (TWA) action level at which HPDs must be supplied to 

exposed workers.) Although the exact level at which this crossover occurs is not 

of interest here, the information gained by testing this noise level will aid in 

identifying the trend in attenuation and signal detection ability that can be 

expected with these protectors over a range of ambient noise. 

The high noise level, 95 dBA, was chosen to represent an intense 

industrial exposure where hearing protection is mandatory, and double 

protection (muff over plug) is often recommended. Although this level is below 

the 110 - 120 dBA normally necessary to obtain the maximum attenuation 

performance from a passive amplitude-sensitive device, it was felt that this level 

would be sufficient to test the attenuating properties of the HPDs under study. 

In addition, because of the uncertainty over the actual attenuation values which 

were to be provided to the subjects by the various earmuffs, it was felt that this 

level represented a prudent maximum at which subjects would not be 
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endangered for the exposure duration of approximately 50 minutes in each 

experimental session. 

Independent variable: Gender 

Subjects were split equally between males and females 

Independent variable: Experience level 

Subjects were also split equally between “experienced” and 

“inexperienced”. The experience levels were defined as follows: subjects were 

deemed experienced if they met the requirements for hearing protector testing in 

the Auditory Systems Laboratory; subjects were deemed inexperienced if they 

had never participated in hearing or hearing protector-related research. Among 

other qualifications, hearing protector testing requires that individuals 

participate in a minimum of six threshold tracking sessions, consisting of 

computer-monitored tracking of nine frequencies. Although this testing is done 

in quiet with third-octave test frequencies, the task itself (listening for signals 

and responding with a button press) was believed to be similar enough to carry 

over to the experimental task. In addition, most of the “experienced” subjects 

had participated in several hearing protector testing experiments following their 

initial training. 
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Human subjects 

Twelve subjects participated in the experiment as paid volunteers. All 

subjects were screened for normal hearing, defined as pure tone thresholds of 25 

dB HL or less at test frequencies (125, 250, 500, 1000, 2000, 4000, and 8000 Hz). 

In addition, all subjects were given a brief otological examination to ensure they 

had no visually-detectable preexisting conditions (perforated eardrum, excess 

earwax, etc.) that might affect their aural performance. 

Test signal 

The signal used in this study was recorded from a Caterpillar backup 

alarm unit (Part # 3T-1815) often used on both light and heavy equipment. Its 

spectrum levels at its highest output level [112 dBA, vs. 107 (medium) and 100 

dBA (low)* ], as measured in the anechoic chamber, are shown in Figure 27. The 

signal was digitized onto the Apple Macintosh Ici computer and reproduced 

using Sound Edit Pro software. It was spectrally shaped using the equalizers 

described earlier for accurate representation in the experimental chamber. 

The primary consideration for choosing this alarm as the test signal was 

its common use in many industrial settings. The alarm is used not only on 

mining and industrial equipment, but also on school buses, garbage trucks, and 

a variety of other non-industrial vehicles, so the task of detecting it is common 

both on and off the job site. 

As discussed previously, for the experimental sessions, the alarm was 

calibrated to a level 10 dBA (as measured by the Larson-Davis 3100) above the 

dB level shown on the Beltone 2000 control panel to allow greater range (since 

  

* The two higher levels of the backup alarm unit correspond to Types A and B, respectively, of 
the ANSI/SAE standard on backup alarm devices (J994B-1978), discussed in the section on 
auditory alarms. 
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Figure 27. Third-octave levels of the back-up alarm signal. 
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the attenuator dial on this device only allows up to 85 dB). The presentation 

system was turned on at least one hour prior to testing to allow the audio 

components to warm up and stabilize. 

Dependent variable: Masked threshold 

The primary dependent variable for this experiment was the average 

masked threshold of the back-up alarm signal in dBA. This was computed for 

each subject over ten trials for each hearing protector and noise level 

combination. Again, this was obtained using a Hughson-Westlake manual 

audiometry procedure, accomplished with the Beltone 2000 attenuator, which is 

detented in 5 dB steps. Levels were verified in dBA via measurement in the test 

room. 

Dependent variable: Comfort/Acceptability rating 

After each experimental condition, subjects filled out a rating form on the 

earmuff worn in the condition. Therefore, each subject rated each earmuff three 

times (once for each noise level). The questionnaire was derived from a previous 

work (see Casali and Grenell, 1990) and is shown in Figure 28. 

Dependent variable: Peltor T7-SR gain control measurements 

Setting the volume control on the T7-SR was a pivotal issue in this study. 

There were several reasons for the importance placed on this facet of the 
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RATING EXERCISE 

Please rate the hearing protector you have just worn on the following scales: 

Painless 

Uncomfortable 

No Uncomfortable Pressure 

Intolerable 

Tight 

Not Bothersome 

Soft 

Smooth 

Cumbersome 

Non-lrritating 
Easy to apply 

Unacceptable 

Good 

Unattractive 

Difficult to adjust 
Usable 

Feeling of Complete Isolation 

Flexible 

Painful 

Comfortable 

Uncomfortable Pressure 

Tolerable 

Loose 

Bothersome 

Hard 

Rough 
Not Cumbersome 
Irritating 
Difficult to apply 

Acceptable 

Bad 

Attractive 

Easy to adjust 

Unusable 

No Feeling of Isolation 

Rigid 

Figure 28. The comfort and acceptability rating exercise form (after Casali and 
Grenell, 1990). 
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experiment, but chief among them was the expectation that different individuals 

would set the control differently and that this trend would interact with the 

ambient noise level. This expectation arose from experimenter experience with 

the device and from discussions with the manufacturer, Peltor AB. The 

possibility that these effects existed precluded using a predetermined gain level 

for all subjects and conditions, as done in most other previous studies. 

Therefore, it was felt that some systematic method for setting the control should 

be devised and that the effect of the gain setting be measurable. 

Initially, it was felt that since the gain circuit's primary task is to amplify 

sounds of a speech frequency range, speech should be presented in the three 

noise levels and the subjects instructed to set the gain for adequate 

understanding. The level of the speech stimulus outside the muff would be 

chosen based on the ambient noise level and the expected voice level of a human 

speaker in this environment. However, initial testing suggested that the 

circuitry’s amplification of noise in the speech band was directly masking the 

speech stimulus and the subjects found that no amplification (gain off) was as 

good or better than any other gain setting. The identical result was found for 

other types of nonverbal signals presented in the same noise levels. However, 

the belief that setting the device in noise was critical (since this was how it was 

intended to be used) suggested that retaining the noise and dropping the speech 

stimulus in the gain control setting task was the necessary approach. In 

addition, because it could be argued that a worker in noise would turn down the 

gain to a point where the noise no longer produced annoyance, subjects were 

instructed to set the gain control to where the noise was just not noticeable 

coming through the earcup loudspeakers. This condition represented a scenario 
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where the gain circuitry was neither providing a masking noise nor being shut 

off entirely. 

The issue of measurement of the selected gain control setting was 

addressed by using the KEMAR manikin in the three noise levels to measure the 

noise level under the muff with the gain at the level set by the subject and with 

the gain off. In addition, measurements were taken of the overall dBA and dBC 

levels and at 1000 Hz to thoroughly measure the effect of the gain on noise 

exposure as well as the degree of consistency with which users set the control. 

The presentation of noise levels in the gain control setting portion of the initial 

session was also counterbalanced; the ordering is given in Table 9. 

Experimental Procedures 

Initial session 

The initial session consisted of the aforementioned brief otological 

inspection and screening for normal hearing using the standard audiometric 

procedure. Specifically, pure-tone headphone thresholds were determined at 

125, 250, 500, 1000, 2000, 4000, and 8000 Hz using a modified Hughson-Westlake 

procedure in the anechoic chamber. In addition, 1000 and 4000 Hz were retested 

for each ear as further practice for the subjects. [As the experimental task 

(threshold determination) was essentially the same as the screening task, this test 

served as the training for each subject.] Pure tone test signals were presented via 

the Beltone 114 clinical audiometer. All subjects who applied to participate 

qualified. 

123



TABLE 9 

Counterbalancing of the Noise Levels in the Gain Control Setting Procedure for 
Subjects 1 - 12 (S1-S12) 

  

  

Subject Noise 1 Noise 2 Noise 3 

Sl 79 85 95 

S2 85 95 79 

S3 95 79 85 

S4 79 95 85 

S5 85 79 95 

S6 95 85 79 

S7 79 85 95 

S8 85 95 75 

S9 95 79 85 

S10 79 95 85 

S11 85 79 95 

S12 95 85 79     
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After the initial screening, the subject set the gain control on the Peltor T7- 

SR for each of the noise levels. Measurements were made in the particular noise 

condition after each setting using the KEMAR manikin, a L-D Model 800 

preamplifier, a L-D Model 2540 %-in microphone, and the L-D 3100 spectrum 

analyzer. 

Experimental session 

For each subject, there were six experimental sessions, each occurring on a 

different day. Each session began with an abbreviated audiogram at 1000 and 

4000 Hz in the anechoic room using the Beltone 114 to check for any temporary 

threshold shift from exposures outside the study. [During the experiment, only 

two standard threshold shifts (STSs, defined as a 10 dB elevation of hearing 

threshold between the “before” and “after” measurement) were found. Both 

instances occurred with the same subject, whose threshold increased from a 

“before” level of - 5 dB to an “after” level of +5 dB. After an additional five 

minute recovery period, the subject was retested and the threshold decreased to 

the “before” level or 5 dB above.] 

After these initial tests, baseline REAT tests for the earmuff 

fit/attenuation tests were conducted in the reverberant room using the Beltone 

2000. Here, as in the threshold tests, a modified Hughson-Westlake procedure 

was employed. Subjects were seated in the reverberant room, given two minutes 

to acclimate to the quiet conditions, and presented with pulsed pure-tone signals 

at 500 and 1000 Hz to which they responded with a button push. After the 

baseline was determined, the subject was fitted with the earmuff to be used in 

that session. Careful attention was paid to remove all hair from under the 
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cushion seal to achieve the earmuffs’ maximal attenuation performance on that 

subject. Occluded REAT tests were then conducted at 500 and 1000 Hz to ensure 

that the earmuff’s attenuation was within 25% of its rated value and previously 

measured values for the same device. Previous experimentation on the 

performance of earmuffs with respect to their laboratory attenuation ratings 

indicated that they may provide as little as 50% of their rated attenuation, 

especially when the subject fits the device or he or she is engaged in tasks that 

require movement (Casali and Park, 1990). Based on this, it was felt that 75% of 

the rated attenuation was as much as the devices in this experiment could 

reasonably be expected to provide, since very little movement (if any) was 

present and the experimenter fit the devices. If the measured attenuation was 

not within 25% of the rated value for that device, the subject was removed from 

the chamber, refitted, and retested. 

After verifying the fit, the experimenter checked that the noise and signal 

were calibrated to the correct level and the experimental session began. 

Applying the aforementioned modified Hughson-Westlake procedure, 10 

masked back-up alarm thresholds were obtained for each subject (using a single 

fit), using each earmuff in each noise condition. Ten trials were used because 

pre-testing revealed that using more trials could result in fatigue and decreased 

attention. In addition, given that standard hearing protector attenuation tests 

use three thresholds to determine an occluded threshold at a given frequency, it 

was felt that ten trial thresholds would provide reasonable resolution of the 

subjects’ average masked threshold. A threshold was defined by a subject 

responding to the signal two out of three (or three out of five if the two of three 

were not met) consecutive trials at the same signal level. If a subject did not 
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meet this criterion within five trials, the next threshold was started and an 

additional threshold was obtained (so that the average threshold was always 

computed across ten thresholds). For data analysis purposes, each observation 

was taken to be the arithmetic mean of the 10 trials per subject for each earmuff 

in each noise level. In addition, after each condition, the subject was asked to fill 

out a brief rating exercise on the protector tested with respect to the noise level 

experienced. 

In addition to the above procedures, further steps were required when the 

electronic amplitude-sensitive muff was tested. Each time that the T7-SR was 

used, the subject set the gain control for the noise level being tested just after the 

passive attenuation test. Then, after the experimental trials and the rating 

exercise, the T7-SR was removed (without the gain control or ambient noise 

being readjusted) and placed on KEMAR for the gain setting measurements. 
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RESULTS - SECONDARY ISSUES 

Practice or Learning Effect on Thresholds 

To determine whether subjects’ mean threshold for each condition was 

affected by cumulative practice in the experimental task, an analysis was 

conducted on the standard deviation of subjects’ average masked back-up alarm 

thresholds (made up of ten trials each) for each condition. The standard 

deviation was used because, unlike the masked threshold, it is not directly 

influenced by increases in noise level. Using the Latin Square design that 

governed the order of treatments for the experiment, the standard deviations 

were analyzed using an analysis of variance (ANOVA) with order and treatment 

as the two factors. (These were tested with an error term that included the 

subject effect and all interactions.) The treatment and order numbers were 

arbitrarily based on the first subject’s treatment order (i.e., because the first 

subject received the EAR 2000 in 75 dBA noise first, this combination became 

treatment #1 for all subjects). An ANOVA summary table for this analysis 

appears in Table 10. Neither the order nor the treatment variable were 

significant (p > 0.05). Therefore, it was assumed that subjects’ threshold 

variability did not vary significantly from the beginning of the experiment to the 

end or for any particular treatment combination over another. 

To examine whether subjects varied more under a particular earmuff or 

for a given noise level, the above analysis was repeated using earmuff and noise 

level instead of order and treatment. The ANOVA summary table for this 

analysis appears in Table 11. In this case, the noise level was found to 

significantly affect subjects’ threshold variability (F(2,22) = 4.44; p = 0.0240) 
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TABLE 10 

ANOVA Summary Table for the Variability Analysis with Order and Treatment 

  

  

Source df MS F p 

Order (O) 11 1.7028 1.57 0.1162 

Treatment (T) 11 1.6615 1.53 0.1287 

Error 121 1.0848 

Total 143 
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TABLE 11 

ANOVA Summary Table for the Threshold Variability Analysis with Earmuff 

  

  

  

and Noise Level 

Source df MS F p G-G p 

Between-Subjects 

Subjects (S) 11 2.366 

Within-Subjects 

Earmuff (E) 3 0.464 0.508 0.6795 0.6174 

ExsS 33 0.914 

Noise Level (NL) 2 6.046 4.439 0.0240 0.0257 

NLxS 22 1.362 

Ex NL 6 0.799 0.826 0.5543 0.5079 

ExNLxS 66 0.967 

Total 143 
  

Geisser-Greenhouse Correction Epsilons 
  

Source of Variance 

E 

NL 

Ex NL 

G-G Epsilon 

0.701 

0.962 
0.611 
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although the earmuff and earmuff by noise level factors did not. A Newman- 

Keuls Sequential Range Test (using NL x S as the error term) indicated that only 

the 85 dBA and 95 dBA noise levels were significantly different from each other 

(see Table 12). However, although the Newman-Keuls Test indicated that the 

variance at 95 dBA was significantly higher than at 85 dBA, the magnitude of the 

mean standard deviation at 95 dBA was very small (1.881). Differences between 

the 75 dBA condition and the 85 and 95 dBA conditions were not significant. 

The mean standard deviations for the three noise levels are shown in Figure 29 

with 95% confidence intervals’. 

  

“In this figure, as in all figures in this report that illustrate a single effect, the mean is represented 
by a black square and a 95% confidence interval is shown as a line through the mean with 
dashes at the ends. Unless otherwise noted, this confidence interval was computed using a z 
distribution. 
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TABLE 12 

Newman-Keuls Test Results for the Noise Level Main Effect on the Mean 

Masked Back-Up Alarm Threshold Standard Deviation 

  

  

85 dBA 75 dBA 95 dBA CD 
Means 1.177 1.612 1.881 at p < 0.05 

79 dBA - 0.435 0.704* 0.603 

85 dBA - 0.269 0.496 

  

* Difference is significant at p < 0.05. 
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Figure 29. Mean standard deviation in masked back-up alarm threshold by noise level. 
(Bars around the mean indicate 95% confidence intervals; means with 

the same letters are not significantly different at p < 0.05.) 
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RESULTS AND DISCUSSION - PRIMARY ISSUES 

Main Experimental Analysis 

Masked back-up alarm threshold statistics 

Table 13 provides arithmetic mean and standard deviation data in dBA 

for each hearing protector and noise level condition. The values represent the 

mean of 12 subjects. For each subject in each condition, a mean of ten trials was 

obtained to constitute the mean value for that subject. 

Each masked threshold value in Table 13 represents the overall level of 

the backup alarm signal across the range of frequencies shown in Figure 27 (p. 

118). Masked threshold were taken in dBA in the experiment by calibrating the 

signal level to a certain dBA level within the chamber. By converting the 

original measured signal band levels (in dB) to dBA, using a standard 

conversion constant for each band, and determining the overall level of the 

original measured signal in both dB and dBA, a conversion factor of -0.5 (dBA to 

dB) was obtained. At first, this appeared unusual, as the dBA weighting scheme 

deweights most frequencies compared to dB, which applies no weighting. 

However, the dBA weighting scheme either does not reduce greatly or amplifies 

frequencies from 800 to 6300 Hz. Because the most prominent frequency bands 

in the spectral makeup of the back-up alarm were from 1000 to 3100 Hz, the dBA 
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weighting scheme increased the numerical dBA value of the masked thresholds 

slightly as compared to dB linear. 

Overall analysis 

A mixed-factors ANOVA was used to analyze the main effects of gender, 

experience level, hearing protector, noise level, and all interactions thereof. 

Because this experimental design contained within-subject variables (earmuff 

and noise level), it was necessary to guard against violation of the assumption of 

sphericity or homogeneity of covariance among the repeated measures. 

Violations of this assumption can induce a positive bias in the ANOVA. 

Therefore, Geisser-Greenhouse ¢ corrections (Vasey and Thayer, 1987) were used 

to protect against violations of the sphericity assumption by determining the 

adjusted degrees of freedom. These new degrees of freedom result in increased 

p-values for the within-subjects sources in the ANOVA. 

The dependent variable of the signal detection analysis was the mean 

masked back-up alarm threshold in dBA for each condition. The ANOVA 

summary table for this design appears in Table 14. Only the noise level (NL) 

main effect was found to significantly affect masked threshold (F(2,16) = 348.79; 

G-G p = 0.0001). Evaluation of this main effect with a Newman-Keuls procedure 

indicated that all 
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TABLE 13 

Mean Masked Back-Up Alarm Thresholds (and Standard Deviations) in dBA 
(top table) and dB Linear (bottom table) by Earmuff and Noise Level 

  

  

  

  

  

Noise Level 

Earmuff 79 dBA 85 dBA 95 dBA 

EAR 2000 61.83 (3.36) 72.98 (3.87) 83.88 (1.93) 

EAR 9000 61.04 (3.86) 71.21 (3.39) 80.79 (1.70) 

Peltor H7A 62.71 (3.81) 74.00 (3.61) 82.38 (2.12) 

Peltor T7-SR 61.08 (3.53) 72.96 (3.29) 82.17 (3.60) 

Noise Level 

Earmuff 75 dBA 85 dBA 95 dBA 

EAR 2000 61.33 72.08 83.38 

EAR 9000 60.54 70.71 80.29 

Peltor H7A 62.21 73.090 81.88 

Peltor T7-SR 60.58 72.46 81.67 
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TABLE 14 

ANOVA Summary Table for the Main Experimental Analysis 

  

  

  

Source df MS F p G-Gp 

Between-Subjects 
Gender (G) 1 79.507 2.353 0.1636 
Experience Level (EL) 1 29.340 0.868 0.3787 
Gx EL 1 10.028 0.297 0.6008 
Subjects (S/G EL) 8 33.788 

Within-Subjects 
Earmuff (E) 3 29.060 2.016 0.1385 0.1712 
ExG 3 3.345 0.232 0.8731 0.7743 
Ex EL 3 16.400 1.138 0.3538 0.3421 
ExGxEL 3 7.069 0.490 0.6922 0.6037 
ExS/G EL 24 14.413 
Noise Level (NL) 2 5112.481 348.785 0.0001 0.0001 
NLxG 2 29.387 2.005 0.1671 0.1711 
NL x EL 2 5.033 0.343 0.7145 0.7000 
NL x Gx EL 2 4.189 0.286 0.7552 0.7403 
NL x S/G EL 16 14.658 
Ex NL 6 6.611 1.598 0.1683 0.2072 
ExNLxG 6 3.920 0.947 0.4705 0.4423 
Ex NLx EL 6 7.829 1.892 0.1014 0.1462 
Ex NLxGxEL 6 1.536 0.371 0.8935 0.8037 
Ex NLxS/G EL 48 4.137 

Total 143 
  

Geisser-Greenhouse Correction Epsilons 
  

Source of Variance 

E 

NL 

Ex NL 

G-G Epsilon 

0.603 

0.931 
0.585 
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noise levels were significantly different from each other (see Table 15). 

Furthermore, the data indicate that masked back-up alarm threshold increased 

nearly linearly with noise level and that the S/N required for detection was 

approximately -12 to -13 dBA. Figure 30 illustrates the noise level effect. 

Although not significant, there were apparent patterns of changes in 

masked back-up alarm threshold for the different hearing protectors. Of 

particular interest are the means for the hearing protector main effect (G-G p = 

0.1712) and the hearing protector by noise level interaction (G-G p = 0.2072), 

shown in Figures 31 and 32. The finding that these effects were not significant 

will be discussed in greater detail next. 

Discussion - Main Experimental Analysis 

Because earmuffs were not found to significantly affect masked threshold, 

a power analysis was conducted using the actual experimental differences to 

determine the potential of the experiment to identify a significant result. This 

analysis would show whether simply using more subjects would likely have 

made a difference in the results. However, it was necessary to compute the 

power for each noise level, as masked threshold varied proportionally across the 

three levels and this would have contaminated an “overall” analysis. 
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TABLE 15 

Newman-Keuls Test Results of the Noise Level Main Effect on Mean Masked 

  

  

Back-Up Alarm Threshold 

75 dBA 85 dBA 95 dBA CD 
Means 61.67 72.69 82.30 at p < 0.01 

75 dBA - 11.02* 20.63* 2.695 

85 dBA - 9.61* 2.298 

  

* Difference is significant at p < 0.01. 
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Essentially, a power analysis examines the differences in the means of the 

individual treatment levels (the four earmuffs) with respect to the overall mean 

of the treatments and the variance across the experiment (or in this case, within a 

single noise level). A statistic is computed based on these values and looked up 

on a diagram for a given n, a, and df of the error term of the effect in order to 

determine power. The results of this experiment revealed increasing differences 

between the earmuff means as noise level increased. Therefore, power also 

increased from approximately 0.2 at 75 dBA to 0.3 at 85 dBA and 0.53 at 95 dBA. 

Keppel (1991) suggests that a power of 0.8 is “reasonable and realistic’”.” The 

power analysis was rerun using n=16, 20, 24, and 40 to determine if, with the 

experimental differences found in this experiment, more subjects would have 

increased power to the point where a significant result might have been found. 

The results indicated that in the 95 dBA condition with 24 subjects, power 

would have been in the desired range. However, even with n=40, power would 

not have been in the desirable range for the 75 or 85 dBA conditions. This 

suggests that there were no differences in the signal detection performance of the 

earmuffs, assuming additional subjects would not have altered the treatment 

means. 

Although it is stressed that there were no significant results, two 

interesting patterns may be noticed in the earmuff data. Across and within all 

  

* This maintains a type II to type I error ratio of 4:1 (0.8 vs. 0.2), which Keppel indicates is 
generally thought to be acceptable, given the relative importance of the two errors (Keppel, 
1991). In addition, increasing from a power of 0.8 to 0.9 requires considerably more subjects. 
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noise levels, the EAR 9000 consistently ranked as having the lowest mean 

masked thresholds, followed by the Peltor T7-SR in all but one case (85 dBA, 

where the T7-SR was third). Thus, at least on an ordinal scale, the amplitude- 

sensitive protectors consistently out-performed their conventional counterparts 

in the detection task. However, the extent of the operational advantage was 

small, on the order of about 3 dBA maximum reduction in masked back-up 

alarm threshold, which occurred for the 9000 vs. the 2000 at the 95 dBA noise 

level. 

It is also interesting that no disadvantages were found for the Peltor T7- 

SR. Previous reviews and experimental papers have identified the amplifier 

circuit in EAS devices as a source of noise that hampers subjects’ detection skills. 

That such a performance decrement was not found in this study may suggest 

that the extra procedures introduced to set the gain control in a realistic fashion 

reduced the potential of this problem. 

The significant main effect of noise level was expected, as signal-to-noise 

ratio is a primary factor in signal detection. As noise increases, an increase in 

signal level is required to trigger detection. The proportional nature of this 

relationship was evident in the linear increase in signal level required at the two 

higher noise levels. 

Comfort and Acceptability Analysis 

Comfort and acceptability statistics 

Data from the questionnaires were first evaluated with Spearman rank 

correlations to identify items significantly related to the central hypothetical 

constructs of comfort and acceptability. Correlations revealed that eight out of 
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the original nine comfort items and four out of seven acceptability items related 

significantly back to comfort and acceptability, respectively. All items and their 

Spearman rank correlation coefficients (to the central variables of comfort and 

acceptability) may be found in Table 16. In this table, all correlations are shown 

to be positive using the appropriate adjectives from the rating scale items (e.g., 

painless is shown instead of painful, as the lack of pain correlated positively to 

the central hypothetical construct of comfort). 

Data reduction and analysis 

The items described above were used to construct comfort and 

acceptability indices for each subject, earmuff, and rating opportunity. These 

indices were defined as the linear sum of the comfort (or acceptability) items 

plus the items that correlated significantly (at p < 0.05) and above 0.25 to each. 

Thus, the comfort index (CI) was the sum of nine items and the acceptability 

index (AI) the sum of five items. (Possible scores for the CI and AI ranged from 

9 to 63 and 5 to 35, respectively.) The CI and AI values were then subjected to a 

Friedman Rank Sum Test. This test indicated that there was no significant effect 

for earmuff on either the comfort or acceptability scores, indicating no 

preference among devices. For illustration purposes, the mean CI and AI for 

each muff are shown in Figures 33 and 34 with 95% confidence intervals for 

each. 
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TABLE 16 

Spearman Rank Correlation Coefficients for the Rating Scale Variables with 
Comfort Ratings and Acceptability Ratings* 

  

  

Comfort Acceptability 

Variable Correlation Variable Correlation 

Painless 0.607 Easy to apply 0.422 

No Uncomfortable Pressure 0.598 Good 0.790 

Tolerable 0.740 Attractive 0.123ns 

Loose 0.0777s Easy to adjust 0.226 

Not Bothersome 0.678 Usable 0.706 

Soft 0.486 No Feeling of Isolation 0.168 

Smooth 0.526 Flexible 0.271 

Not Cumbersome 0.546 

Non-Irritating 0.719 
  

* Only items having a significant correlation at p < 0.05 that correlated at 0.25 or 
above were include in further analyses. 

s Correlation not statistically-significant at p < 0.05. 
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significantly different at p < 0.05) 
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indicate 95% confidence intervals; means with the same letters are not 

significantly different at p < 0.05) 
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Discussion - Comfort and Acceptability Analysis 

Initially, it was expected that the amplitude-sensitive devices would score 

highly on the comfort and acceptability questionnaires due to their features, 

novelty, and potential for improving the user’s listening experience. Several 

subjects commented that they liked one muff over another, and occasionally 

noise level appeared to be an influential factor, based on anecdotal comments. 

However, analysis on the rating data did not show any statistically-significant 

results. 
There could be several explanations for these results. Although each 

earmuff was rated three times (once on each noise level), each was worn about 

only 30 minutes before the rating exercise. As has been discussed in previous 

studies (e.g., Casali, 1992b), insufficient wearing time can seriously bias the 

outcome of subjective comfort assessment. The noise exposure could also have 

had an effect on these ratings, either due to level or noise type (i.e., intermittent 

or impulsive noise may have produced different results). Finally, the number of 

rating exercises that subjects were asked to complete (twelve) may have induced 

a “halo” effect whereby subjects began rating all the earmuffs similarly. 

One variable previously found to correlate at or above 0.25 to comfort 

(tightness) and three variables previously found to correlate at or above 0.25 to 

acceptability (attractiveness, ease of adjustability, and feeling of isolation) did 

not do so in this analysis (Casali and Grenell, 1990). These four items were 

subjected to a chi-square (7) analysis to examine their distributions and the 
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extent to which subjects rated them an equal number of times across the seven 

response categories. The chi-square analysis indicated that the observed 

frequency of responses significantly deviated from the expected frequency for all 

four items. The results appear in Table 17 and a plot of the observed frequencies 

for the four items is shown in Figure 35. It is evident that most of the subjects’ 

responses fell in only a few categories for each item. This indicates that these 

measures were often rated the same, regardless of how comfort or acceptability 

was rated, hence the low correlations. 

Peltor T7-SR Gain Control Analysis 

As previously indicated, three measures (1000 Hz, overall dBA, and 

overall dBC) were taken of the noise level underneath the T7-SR to quantify the 

effect of the gain control on noise exposure. However, it would be expected that 

these three measures would be highly correlated due to their interrelated nature, 

i.e., all three depend on the noise level in one or more frequency bands. As 

broadband levels were increased from 75 dBA to 95 dBA, corresponding 

increases in the dB level at 1000 Hz, the dBA level, and the dBC level would be 

expected. Asa result of this interrelationship, standard analyses of variance on 

each dependent variable were not appropriate (Finkelman, Wolf, and Friend, 

1977). Individual ANOVAs would ignore the inter-correlated nature of the 
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TABLE 17 

Chi-Square Values for the Non-Significant Items in the Comfort/ Acceptability 

  

  

Questionnaire’ 

Item Chi Square Value Probability 
Tightness 63.3750 9.26E-12 
Attractiveness 133.3750 2.90E-26 

Ease of Adjustability 108.1944 4.87E-21 
Feeling of Isolation 107.4167 7.08E-21 
  

  

* The “E” denotes scientific notation, i.e. 1.00 E -4 is equivalent to 0.0001. 
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dependent variables and inflate the actual alpha level (indicate significance 

when there is none), decrease the experimental power of the tests (miss 

significant effects that are distributed across the dependent variables), and lose 

information regarding interdependence of the variables. 

Therefore, the appropriate first step in these analyses was a multivariate 

analysis of variance (MANOVA) to determine the aggregate effect of each 

independent variable on the set of dependent variables (Finkelman, et al., 1977). 

Then individual ANOVAs were performed on each dependent variable to 

further determine any significant differences among levels of each independent 

variable on each dependent measure. However, having done this, only the 

effects found significant in the MANOVA were appropriate for subsequent 

consideration in the ANOVAs. 

Data collected on the T7-SR were analyzed to quantify the effect of the 

gain control as a function of noise level (NL), trial (T, since two measurements 

were made for each subject for each noise level, one during the initial session 

and one during the experimental sessions), and the gain control status (GS, on or 

off). The data were analyzed in two ways. In one set of analyses, a difference 

variable, DELTA, was created as the difference between each measurement with 

the gain on and off. In the other set of analyses, the gain control status (GS) was 

investigated as an independent variable with the two levels of “on” and “off”. 
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Multivariate analyses of variance (MANOVAs) were conducted on each data set 

to determine if significant effects were manifested in the set of the three 

dependent variables of 1000 Hz, dBA, and dBC. The Wilks’ Lambda criterion 

was determined, from which an F-approximation was computed, along with 

appropriate degrees of freedom, to test for significant effects. The MANOVA 

performed on the DELTA data set did not identify any significant factors (with 

the exception of one complex three-way interaction that was beyond the scope of 

this report), so the remainder of the gain control analysis concerns only the GS 

data set. A MANOVA summary table for this analysis is given in Appendix D. 

In the MANOVA on this data set, NL and GS were both found to 

significantly influence the composite of the three dependent variables (NL: 

F(6,28) = 34.618; p = 0.0001; GS: F(3,6) = 34.195; p = 0.0004). [In addition, two 

complex four-way interactions were found significant, but these will not be 

discussed further in this report.] Therefore, 1000 Hz, dBA and dBC were 

analyzed separately with the variables from the preceding analysis. 

For the analysis on the level at 1000 Hz, significant effects included NL 

(F(2,16) = 447.015; G-G p = 0.0001) and GS (F(1,8) = 149.085; G-G p = 0.0001). 

Figures 35 and 36 illustrate these effects and the sources of variance in the design 

appear in Table 17. A Newman-Keuls test was carried out on the noise level 

effect and indicated that all noise levels were significantly different from each 

other (see Table 18). 
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The analysis on the dBA level also revealed significant effects for NL 

(F(2,16) = 355.702; G-G p = 0.0001), and GS (F(1,8) = 41.819; G-G p = 0.0002). The 

complete ANOVA summary table for the dBA analysis appears in Table 19 and 

Figures 37 and 38 illustrate these effects with their 95% confidence intervals. A 

Newman-Keuls test was carried out on the noise level effect and, as in the 1000 

Hz analysis, it indicated that all noise levels were significantly different from 

each other (see Table 20). 

The ANOVA on the dBC level (Table 21) indicated that only the NL 

variable was significant (F(2,16) = 190.186; G-G p = 0.0001). A Newman-Keuls 

test was carried out on the NL variable and indicated that all noise levels were 

significantly different from each other (see Table 22). Figure 39 illustrates the 

NL effect with 95% confidence intervals. In the ANOVA, GS was not found 

significant; mean values for dBC level with the gain on and off were 81.5 and 

81.2 dBC, respectively. 
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TABLE 18 

ANOVA Summary Table for the Gain Control Analysis at 1000 Hz 
  

  

Source df MSs F p G-G p 

Between-Subjects 
Gender (G) 1 57.507 3.279 0.1078 
Experience Level (EL) 1 18.204 1.038 0.3381 
Gx EL 1 1.102 0.063 0.8084 
Subjects (S/G EL) 8 17.540 

Within-Subjects 
Noise Level (NL) 2 4180.400 447.015 0.0001 0.0001 
NLxG 2 2.581 0.276 0.7623 0.6556 
NL x EL 2 2.210 0.236 0.7922 0.6835 
NLx Gx EL 2 19.075 2.040 0.1625 0.1857 
NL x S/G EL 16 9.352 
Trial (T) 1 2.668 0.236 0.6399 0.6399 
TxG 1 12.840 1.138 0.3173 0.3173 
Tx EL 1 27.738 2.458 0.1556 0.1556 
Tx Gx EL 1 1.480 0.131 0.7266 0.7266 
TxS/GEL 8 11.286 
Gain Status (GS) 1 789.610 149.085 0.0001 0.0001 
GSxG 1 14.063 2.655 0.1419 0.1419 
GS x EL 1 0.071 0.013 0.9106 0.9106 
GS x G x EL 1 35.800 6.759 0.0316 0.0316 
GS x S/G EL 8 5.296 
NL x T 2 2.238 0.184 0.8334 0.7745 
NLxTxG 2 5.861 0.483 0.6258 0.5773 
NL x T x EL 2 14.236 1.173 0.3348 0.3270 
NLxTxGx EL 2 0.237 0.020 0.9807 0.9563 
NL x T x S/G EL 16 12.140 
NL x GS 2 15.994 4.713 0.0246 0.0319 
NLxGSxG 2 4.839 1.426 0.2693 0.2707 
NL x GS x EL 2 2.883 0.849 0.4461 0.4327 
NL x GS x Gx EL 2 10.773 3.174 0.0690 0.0794 
NL x GS x S/G EL 16 3.394 
Tx GS 1 6.084 0.994 0.3479 0.3479 
TxGSxG 1 0.422 0.069 0.7994 0.7994 
Tx GS x EL 1 0.054 0.009 0.9272 0.9272 
TxGSxGx EL 1 21.934 3.584 0.0950 0.0950 
T x GS x S/G EL 8 6.120 
NL x Tx GS 2 0.302 0.152 0.8599 0.8398 
NLxTxGSxG 2 7.818 3.943 0.0405 0.0464 
NL x T x GS x EL 2 0.664 0.335 0.7203 0.6997 
NL x Tx GS x Gx EL 2 10.251 5.171 0.0185 0.0226 
NL x T x GS x S/G EL 16 1.982 

Total 143 
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TABLE 18 (Continued) 

Geisser-Greenhouse Correction Epsilons 
  

  

Source of Variance G-G Epsilon 
NL 0.607 

T 1.000 

GS 1.000 

NL x T 0.757 

NL x GS 0.858 

Tx GS 1.000 

NL x T x GS 0.903 
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TABLE 19 

Newman-Keuls Test Results on the Noise Level Main Effect on the 1000 Hz 

Measurement Means 

  

  

79 dBA 85 dBA 95 dBA CD 
Means 39.93 45.20 54.59 at p < 0.01 

79 dBA - 9.27* 18.66* 2.16 

85 dBA - 9.39% 1.86 

  

* Difference is significant at p < 0.01. 
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the same letter are not significantly different at p < 0.05.) 
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TABLE 20 

ANOVA Summary Table for the Gain Control Analysis on dBA Level 
  

  

Source df MS F p G-G p 

Between-Subjects 
Gender (G) 1 54.760 1.655 0.2342 
Experience Level (EL) 1 1.778 0.054 0.8225 
Gx EL 1 19.654 0.594 0.4630 

Subjects (S/G EL) 8 33.079 

Within-Subjects 
Noise Level (NL) 2 4221.848 355.702 0.0001 0.0001 
NLxG 2 8.941 0.753 0.4868 0.4646 
NL x EL 2 2.242 0.189 0.8297 0.7871 
NL x Gx EL 2 38.431 3.238 0.0660 0.0796 

NL x S/G EL 16 11.869 
Trial (T) 1 303.340 10.171 0.0128 0.0128 
TxG 1 3.674 0.123 0.7347 0.7347 
Tx EL 1 5.840 0.196 0.6698 0.6698 
TxGxEL 1 6.502 0.218 0.6530 0.6530 
TxS/GEL 8 29.823 

Gain Status (GS) 1 20.854 41.819 0.0002 0.0002 
GSxG 1 0.010 0.020 0.8909 0.8909 
GS x EL 1 0.250 0.501 0.4990 0.4990 
GS x Gx EL 1 1.778 3.565 0.0957 0.0957 
GS x S/G EL 8 0.499 

NL x T 2 18.218 0.824 0.4565 0.4435 
NLxTxG 2 0.009 0.0004 0.9996 0.9990 
NL x T x EL 2 39.845 1.802 0.1969 0.2029 
NL x Tx Gx EL 2 23.963 1.084 0.3619 0.3565 
NL x T x S/G EL 16 22.112 
NL x GS 2 0.441 1.308 0.2976 0.2905 

NLxGSxG 2 1.008 2.989 0.0789 0.1131 
NL x GS x EL 2 0.503 1.491 0.2549 0.2586 
NL x GS x Gx EL 2 0.621 1.842 0.1905 0.2090 
NL x GS x S/G EL 16 0.337 
Tx GS 1 1.562 3.748 0.0889 0.0889 
TxGSxG 1 0.667 1.600 0.2415 0.2415 

Tx GSx EL 1 0.667 1.600 0.2415 0.2415 
Tx GSxGxEL 1 0.034 0.081 0.7837 0.7837 
Tx GS xS/GEL 8 0.417 
NL x T x GS 2 0.323 1.414 0.2719 0.2733 
NLxTxGSxG 2 0.097 0.424 0.6616 0.6170 
NL x T x GS x EL 2 0.329 1.437 0.2667 0.2687 
NL x Tx GS x Gx EL 2 0.114 0.501 0.6154 0.5750 
NL x T x GS x S/G EL 16 0.229 

Total 143 
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TABLE 20 (Continued) 

Geisser-Greenhouse Correction Epsilons 
  

  

Source of Variance G-G Epsilon 
NL 0.816 
T 1.000 

GS 1.000 

NLxT 0.869 

NL x GS 0.591 

T x GS 1.000 

NL x Tx GS 0.789 
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TABLE 21 

Newman-Keuls Test Results on the Noise Level Main Effect on dBA 

Measurement Means 

  

  

79 dBA 85 dBA 95 dBA CD 
Means 57.93 67.46 76.08 at p < 0.01 

79 dBA - 9.93* 18.55* 0.949 

85 dBA - 8.62* 0.818 

  

* Difference is significant at p < 0.01. 
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Figure 38. Mean measured earphone dBA level for each noise level. (Bars around the 
mean indicate 95% confidence intervals; means with the same letter are 

not significantly different at p < 0.05.) 

164



70 + A 
69 + 

67 + 

65 7 

63 + 

62 7 

61 + 

M
e
a
s
u
r
e
d
 
d
B
A
 

Le
ve
l 

    
On Off 

Gain Status 

Figure 39. Mean measured earphone dBA level with the gain control on and off. (Bars 
around the mean indicate 95% confidence intervals; means with the 
same letter are not significantly different at p < 0.05.) 
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TABLE 22 

ANOVA Summary Table for the Gain Control Analysis on dBC Level 
  

  

Source df MS F p G-G p 

Between-Subjects 

Gender (G) 1 133.981 2.779 0.1341 

Experience Level (EL) 1 0.370 0.008 0.9323 

Gx EL 1 93.283 1.935 0.2017 

Subjects (S/G EL) 8 48.207 

Within-Subjects 

Noise Level (NL) 2 4197.163 190.186 0.0001 0.0001 

NLxG 2 13.563 0.615 0.5531 0.5369 

NL x EL 2 10.035 0.455 0.6426 0.6220 

NLxGxEL 2 75.547 3.423 0.0579 0.0653 

NL x S/G EL 16 22.069 

Trial (T) 1 481.437 6.090 0.0388 0.0388 

TxG 1 34.320 0.434 0.5285 0.5285 

Tx EL 1 10.081 0.128 0.7303 0.7303 

TxGxEL 1 10.187 0.129 0.7289 0.7289 

TxS/G EL 8 79.057 

Gain Status (GS) 1 2.976 0.478 0.5090 0.5090 

GSxG 1 1.120 0.180 0.6827 0.6827 

GS x EL 1 6.292 1.010 0.3443 0.3443 

GS x Gx EL 1 4.306 0.691 0.4299 0.4299 

GS x S/G EL 8 6.229 

NLxT 2 46.580 1.133 0.3467 0.3348 

NLxTxG 2 9.862 0.240 0.7895 0.7172 

NL x T x EL 2 41.426 1.007 0.3872 0.3681 

NLx TxGx EL 2 75.427 1.834 0.1918 0.2052 

NL x Tx S/G EL 16 41.122 

NL x GS 2 2.456 0.414 0.6677 0.5780 

NLxGSxG 2 10.864 1.833 0.1920 0.2091 

NL x GS x EL 2 7.525 1.270 0.3078 0.2994. 

NL x GS x Gx EL 2 5.416 0.914 0.4210 0.3848 

NL x GS x S/G EL 16 5.927 

TxGS 1 9.050 1.411 0.2690 0.2690 

TxGSxG 1 2.918 0.455 0.5190 0.5190 

Tx GSx EL 1 10.617 1.655 0.2342 0.2342 

TxGSxGx EL 1 1.266 0.197 0.6687 0.6687 

Tx GSxS/GEL 8 6.414 

NL x T x GS 2 7.094 1.191 0.3296 0.3150 

NLxTxGSxG 2 5.539 0.930 0.4150 0.3785 

NL x T x GS x EL 2 1.298 0.218 0.8066 0.6974 

NLx TxGSxGx EL 2 9.623 1.615 0.2296 0.2392 

NL x T x GS x S/G EL 16 5.958 

Total 143 
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TABLE 22 (Continued) 

Geisser-Greenhouse Correction Epsilons 

  

Source of Variance G-G Epsilon 
NL 0.893 
T 1.000 

GS 1.000 

NLxT 0.714 

NL x GS 0.622 

Tx GS 1.000 

NL x T x GS 0.607 

  

167



TABLE 23 

Newman-Keuls Test Results on the Noise Level Main Effect on dBC 

Measurement Means 

  

  

79 dBA 85 dBA 95 dBA CD 
Means 71.83 81.72 90.53 at p < 0.01 

75 dBA - 9.892* 18.70* 3.249 

85 dBA - 8.81* 2.802 

  

* Difference is significant at p < 0.01. 
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Figure 40. Mean measured earphone dBC level at each noise level. (Bars around the 
mean indicate 95% confidence intervals; means with the same letters 

are not significantly different at p < 0.05.) 
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Peltor T7-SR gain control noise dose contribution 

Noise dose calculations were performed on the mean dBA levels (with the 

gain on and off) for each noise level across subject and trial. For the purpose of 

these calculations, the mean values were assumed to be TWAs over an eight 

hour day. Figure 40 displays the doses for each noise level. These values 

indicate that although the gain does have a positive effect on the dose, the 

resulting dose is still well below the OSHA allowable level of 100% for even the 

95 dBA noise level. Therefore, under the methodology employed in this 

experiment, the effect of the gain on noise exposure is negligible and the earmuff 

provides adequate protection at even the highest noise level when properly fit. 

Discussion - Peltor T7-SR Gain Control Analysis 

Throughout these analyses, a consistent source of variance has been the 

noise level variable used in the experiment. It was found to significantly affect 

the masked back-up alarm threshold, as well as the measured level under the 

T7-SR [across the three dependent variables and each dependent variable 

separately (1000 Hz, dBA, and dBC)]. As stated earlier, it was expected that the 

noise level would affect all these variables. However, the consistency and 

linearity of this effect provide evidence that the noise levels remained properly 

calibrated throughout the experiment. 
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Figure 41. Eight-hour OSHA noise dose by noise level and gain status.” 

  

" Although noise dose is shown above for 75, 85, and 95 dBA, only noises at and above 
an 80 dBA threshold are included in OSHA’s eight-hour noise dose computation. 
Therefore, if a worker is exposed to a steady noise source of 75 dBA for eight hours, his 
or her eight-hour noise dose, as defined by OSHA, would still be zero. 
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As would be expected, another source of variance that was found to 

significantly relate to the measured level in the gain control analyses was the 

gain status (GS). In all but the dBC analysis, the measured level with the gain on 

was significantly higher than the level with the gain off. The significant effect at 

1000 Hz indicates that the gain should have amplified the signal level, as most of 

the signal’s energy was in the 1000 Hz region. However, the increase in dBA 

level under the muff probably offset any potential advantage at 1000 Hz by 

returning the signal-to-noise ratio to a level without the gain. That the dBC level 

was not affected by the gain status is attributable to the relatively flat weighting 

used in this measure, compared to the dBA measure, which is weighted as the 

human ear responds at moderate sound levels. As the dBA weighting scheme 

emphasizes frequencies that are also amplified by the T7-SR, the gain control 

naturally makes more of a difference in this measure. Similarly, 1000 Hz 

probably falls in the gain circuitry’s region of amplification, thereby significantly 

affecting measured values in this band. 

It is also possible, but only speculative based on these data, that the 

automatic gain control feature of the T7-SR acted to suppress the somewhat 

impulsive signal used in this study, hence removing any improvement that 

amplification at 1000 Hz may have provided. Additional testing of this feature 

without any background noise is needed to empirically determine its effect on 

signals. However, it should also be noted that although there was no 
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improvement in signal detection performance, the T7-SR did not produce a 

decrement in performance either. This is important, as previous studies have 

generally shown adverse effects of electronic earmuffs at some frequencies. The 

absence of this finding may be due to special characteristics of the T7-SR, 

procedures used in this study for setting the gain control, or some interaction of 

the signal and noise types. 

Discussion - Earmuff Attenuation 

Procedures used to check the fit also allowed estimates of attenuation to 

be made for the four earmuffs under study at 500 and 1000 Hz. Mean values for 

the two frequencies for males and females are given in Table 23. A MANOVA 

was also conducted for the data from both frequencies (see Appendix E). Results 

indicated significant effects for both MUFF (F(6,58) = 29.29; p = 0.0001) and 

GENDER (F(2,9) = 6.45; p = 0.0183). To look at each frequency, two ANOVAs 

were conducted (see Tables 24 and 26 for the ANOVA summary tables for 500 

and 1000 Hz, respectively). The results for 500 Hz indicated both MUFF and 

GENDER were again significant (MUFF: F(3,30) = 33.26; G-G p = 0.0001); 

GENDER: (F(1,10) = 14.14; p = 0.0037). At 1000 Hz, only MUFF was significant 

(F(3,30) = 55.47; G-G p = 0.0001). Newman-Keuls tests were conducted on these 

effects; results are given in Tables 25 and 27 for 500 and 1000 Hz, respectively. 

173



TABLE 24 

Mean Earmuff Attenuation (and Standard Deviations) in dB by Frequency and 

  

  

Gender 

500 Hz 1000 Hz 

Earmuff Males Females Males Females 

EAR 2000 26.7 (4.7) 20.6 (3.8) 35.3 (1.6) 36.1 (6.5) 

EAR 9000 21.1 (1.4) 17.2 (4.2) 22.0 (1.3) 19.2 (1.4) 

Peltor H7A 31.7 (1.8) 27.0 (3.4) 35.3 (4.5) 34.2 (4.1) 

Peltor T7-SR 30.0 (2.8) _ 25.0 (2.6) 33.3 (2.6) 32.2 (3.6) 
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TABLE 25 

ANOVA Summary Table for the Earmuff Attenuation Analysis at 500 Hz 

  

Source df MS F P G-G p 

  

Between-Subjects 
  

Gender (G) 1 291.659 14.189 0.0037 

Subjects (S/G) 10 20.556 

Within-Subjects 

Earmuff (E) 3 242.788 33.264 0.0001 0.0001 

ExG 3 2.519 0.345 0.7929 0.7230 

ExS/G 30 7.299 

47 

Total 
  

Geisser-Greenhouse Correction Epsilons 
  

Source of Variance G-G Epsilon 

NL 0.703 
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TABLE 26 

Newman-Keuls Test Results on the Earmuff Main Effect on Attenuation Means 

at 500 Hz 

  

  

EAR EAR Peltor Peltor 

9000 2000 T7-SR H7A CD CD 

Means 19.17 23.61 27.50 29,31 atp<0.05 atp<0.01 

EAR 9000 - 4.44* 8.33** 10.14** 3.84 4.80 

EAR 2000 - 3.89* 5.60** 3.48 4.45 

Peltor T7-SR - 1.80* 2.89 3.89 

  

** Difference is significant at p < 0.01. 
* Difference is significant at p < 0.05. 
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Figure 42. Mean attenuation by earmuff at 500 Hz (bars around the mean indicate 
95% confidence intervals; means labeled with the same letter are not 

significantly different at p < 0.05.) 
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Figure 43. Mean attenuation by gender at 500 Hz (bars around the mean indicate 
95% confidence intervals; means labeled with the same letter are not 

significantly different at p < 0.05.) 

178



TABLE 27 

ANOVA Summary Table for the Earmuff Attenuation Analysis at 1000 Hz 

  

  

  

Source df MS F p G-G p 

Between-Subjects 

Gender (G) 1 13.021 0.643 0.4411 

Subjects (S/G) 10 20.236 

Within-Subjects 

Earmuff (E) 3 592.498 55.469 0.0001 0.0001 

ExG 3 6.541 0.612 0.6123 0.5348 

ExS/G 30 10.682 

47 

Total 
  

Geisser-Greenhouse Correction Epsilons 
  

Source of Variance G-G Epsilon 

NL 0.593 
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TABLE 28 

Newman-Keuls Test Results on the Earmuff Main Effect on Attenuation Means 

  

  

at 1000 Hz 

EAR EAR Peltor Peltor 

9000 2000 T7-SR H7A CD CD 

Means 20.56 32.78 34.72 35.70 atp<0.05 atp<0.01 

EAR 9000 - 12.22* 14.16** 15.14** 3.84 4.80 

EAR 2000 - 1.94 2.92 3.48 4.45 

Peltor T7-SR - 0.98 2.89 3.89 

  

** Difference is significant at p < 0.01. 
* Difference is significant at p < 0.05. 
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Figure 44. Mean attenuation by earmuff at 1000 Hz (bars around the mean indicate 
95% confidence intervals; means labeled with the same letter are not 

significantly different at p < 0.05.) 
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The estimates of attenuation found in this experiment are consistent with 

expected values for these devices. Differences between the earmuffs were 

expected due to substantial differences in design (porting and ducting, occluded 

volume, cushion design, mass, headband compression force, etc.). This was 

particularly evident for the EAR 9000, a moderate, nearly flat attenuation device. 

It was found to attenuate the least among the four earmuffs and almost equally 

between 500 and 1000 Hz. In comparison, the EAR 2000, its conventional 

counterpart, increased in attenuation substantially from 500 to 1000 Hz. The 

Peltor earmuffs performed similarly, with the T7-SR attenuating slightly less 

than the conventional H7A. 

The lower attenuation for females at 500 Hz was not surprising, as fitting 

is more difficult with longer hair, leaks in and around the hair allowed lower 

frequencies to penetrate more easily. Also, females’ smaller head breadths result 

in less cushion compression under the muffs’ earcups. The same result was not 

found at 1000 Hz and at least three principal reasons may provide some 

explanation: 

e female head breadths are generally smaller; therefore, earmuff 

compression against the head is less 

e earmuffs are less effective at lower frequencies than at high 

frequencies 
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e lower frequency sound waves are omnidirectional, and therefore 

more able to go around obstacles than higher frequency sound 

waves 

Thus, the difference in head breadth combined with the other two factors 

perhaps resulted in lower attenuation for females at 500 Hz, but not at 1000 Hz. 

However, it should be recognized that the attenuation tests in this study were 

not intended to provide an NRR or comparable figure; rather, they were simply 

performed to ensure that a good and consistent fit had been obtained. 

Additional Discussion - EAR Ultra 9000 
  

Although the special features of the EAR 9000 which afford increasing 

attenuation at very high sound levels (e.g., for gunfire) were not directly tested 

as the gain control was with the Peltor T7-SR, its use in this experiment 

produced several interesting results. In particular, the consistency with which 

subjects were able to obtain lower masked back-up alarm thresholds is 

important. This margin, though not statistically-significant, is an empirical 

example of the potential of PAS devices in signal detection tasks. The moderate 

level (about 15 -20 dB across frequency on average, Allen and Berger, 1990) of 

attenuation provided by this device and its flat attenuation profile with respect 

to frequency (supported by the attenuation tests in this experiment) may have 

been factors in this result. The 9000 also carries with it the advantages of lower 
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weight, increased dependability, less maintenance (all due to the lack of 

electronic circuitry), and, of course, lower cost. These inherent characteristics, 

combined with the performance found in this experiment, suggest that further 

testing and development of the 9000 are likely to yield important results for 

signal detection in noise tasks. 
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CONCLUSIONS 

Implications for Amplitude-Sensitive Device Use 

Based on the results of this study, the amplitude-sensitive earmuffs did 

not offer statistically-significant signal detection advantages over their 

conventional counterparts. Therefore, it would appear that the extra costs 

required in purchasing and maintaining these devices are probably not justified 

by their performance, at least for the type of signal detection task of this study. 

However, the mean masked back-up alarm thresholds with the EAR 9000 ranked 

consistently below the other three earmuffs, particularly in the higher noise 

levels. Differences ranged up to 3 dB in the 95 dBA condition compared to the 

EAR 2000, a small, but certainly measurable difference. Although not 

significant, this may represent a practical advantage to workers wearing the 

9000. In circumstances with an approaching hazard, such as a vehicle backing 

up, an advantage in detection of a few dB may mean that the worker hears a 

back-up alarm or other signal sooner and is more able to avoid the hazard. Of 

course, further testing with different signals and noise types is needed to verify 

these potential advantages. 

The results for the Peltor T7-SR suggest that the attention paid to the issue 

of gain control setting may have been important in preventing signal detection 

performance decrements for this device. However, a greater understanding of 
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how workers use this device in actual work settings needs to be ascertained to 

better predict where its strengths might lie. Field research may be the only way 

to accomplish this with certainty. 

Implications for Amplitude-Sensitive Device Testing 

The unique nature of amplitude-sensitive hearing protectors offers great 

opportunities for research but also some challenging methodological questions 

to researchers. Obtaining masked thresholds is a direct way of measuring the 

effect of a device on signal detection in noise, but exactly how this is done may 

substantially affect the results. For example, as greater increments are used for 

increasing and decreasing the stimulus, less resolution will be achieved in 

defining the threshold. However, very small increments make it very difficult 

for subjects to be consistent within a fixed number of ascending and descending 

trials. In addition, the type of stimulus will affect the outcome. For realism, an 

actual recorded warning signal was used in this study to simulate a working 

environment, but third-octave signals have also been used in other studies. A 

sufficient range of the latter may help to identify specific signal areas where an 

amplitude-sensitive earmuff shows advantages, but is less generalizable to 

specific work situations where third-octave signals are not found. These are 

examples of questions that must be carefully considered within the context of the 

research objectives to determine the appropriate methodology for testing. 

186



RECOMMENDATIONS FOR FUTURE RESEARCH 

Technological development in amplitude-sensitive hearing protection is 

still young and the next five to ten years will undoubtedly supply the market 

with more sophisticated and advanced products. In addition, the variety and 

prevalence of working conditions that require hearing protection will continue 

to stimulate new operational requirements and research questions. The 

following issues are likely to be among those addressed. 

The effect of hearing impairment on signal detection with hearing protection 

has traditionally been a hotly debated issue, due to the obvious workplace 

safety and employability issues. Research should be performed to assess the 

utility of amplitude-sensitive devices for this population of workers. 

More research on the use of electronic amplitude-sensitive earmuffs should 

be performed to better address the methodological questions of gain control 

setting, and its effects on signal detection and noise exposure. 

Because only two amplitude-sensitive protectors were tested in this study, 

future research will need to compare new protectors to determine if 

advancements in design and production afford better performance. 

An effort to test as many variations of noise and signal conditions should be 

undertaken so that performance assessments may be extended to several 

different scenarios. 
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e Earmuff manufacturers should pursue modifications in design, such as 

adjustable compression force and cushions that more fully conform to the 

side of the head. These improvements would also almost certainly improve 

attenuation performance, particularly for female users. 
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Description of the Signal Detection Experiment 

Experimental Protocol 

The purpose of this experiment is to determine the relative advantages and/or 

disadvantages of passive and electronic amplitude-sensitive earmuffs over conventional 

earmuffs in a signal detection in noise task. The amplitude-sensitive protectors are designed to 

increase attenuation with increases in ambient sound levels, thereby providing less attenuation 

when unneeded and more when it is required. These characteristics suggest that amplitude- 

sensitive protectors might offer advantages in signal detection in lower or intermittent noise 

environments. 

The experiment will involve an initial session (about 1.5 to 2 hours) and six experimental 

sessions (about 1.5 hours each). The initial session will include hearing screening for subject 

eligibility, experimental task training, and gain control setting for the electronic amplitude- 

sensitive earmuffs. In the initial session, potential subjects will be given verbal and written 

descriptions of the experiment, an informed consent form, and a questionnaire concerning the 

individual's noise exposure history, use of hearing protectors, and English language fluency. If 

the individual agrees to participate, the experimenter will examine his or her outer ear with a 

Welch Allyn otoscope (a device with a lamp and magnifying lens to look into the ear canal). If 

no blockage or lesion problems are found, the subject's hearing will be tested via a pure-tone 

audiogram with a Beltone pure-tone audiometer in an audiometric testing booth. This 

procedure involves presenting a pulsed pure-tone over earphones to the subject, who indicates 

when the tone is heard by pressing a hand-held response switch. The tones are presented at 

very low levels to obtain the subject's auditory threshold at nine frequencies. Therefore, at no 

time will loud tones be presented over the earphones. If the subject's hearing is within the 

desired parameters, the session will continue with a description of the equipment, procedures 

used in the experiment, and a demonstration of the experimental task. If the subject is willing to 

participate, he or she will sign the consent form (attached) and then begin the training period. 

Although the experimental task will involve the detection of a backup alarm in noise while 

wearing hearing protection, the essence of the task is similar to the audiogram. Therefore, it is 

only necessary to verify the subject's ability to acquire a consistent threshold. Thus, two 

additional thresholds will be obtained at two of the test frequencies used in the audiogram and 

the results of the audiogram plus these two additional frequencies will represent the training for 

the experimental task. 
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After completing the audiogram and training, the subject will be led into the test 

chamber where his or her unoccluded threshold will be obtained for 500 and 1000 Hz. Then, he 

or she will be fitted with the electronic earmuff hearing protectors and the thresholds at 500 and 

1000 Hz will be obtained again. For the electronic protector, this measurement will be taken 

with the electronics turned off. The measured attenuation (difference between occluded and 

unoccluded thresholds) will be compared against the protector's rated value to ensure that a 

good fit has been obtained. Next, the subject must set his or her preferred gain control 

(listening) level for each noise level of the experiment (75, 85, and 95 dBA) and a quiet condition 

(the open area of the laboratory with only room noise, ~ 50 dBA). This will be done by 

presenting a speech stimulus over a loudspeaker simultaneously with the pink noise so that the 

subject may adjust the gain control to “the most comfortable listening level needed to maintain 

adequate understanding.” The speech stimulus will be set to a level where the speech peaks 

(outside the hearing protector) are 5 dB above the broadband level of the noise (i.e., at 80, 90, 

100, and 55 dBA). After the subject has set the preferred listening level, thresholds at 500 and 

1000 Hz will be retaken and several measurements will be taken using an acoustical test figure 

so that the gain control may be reset to the subject's preferred listening level later in the 

experiment and an attenuation reference will be available for the preferred gain setting. The 

gain control for the listening level is factory-limited so that dangerous amplification levels 

cannot be dialed in by the subject. 

Each experimental session will start and end with an abbreviated audiogram at 1000 

and 4000 Hz to check for any temporary threshold shift from a source earlier that day or from 

the test procedure. In addition, after each condition, the subject will be asked to fill out a brief 

rating exercise on the protector tested with respect to the noise condition experienced. The 

rating exercise will assess both the subjective comfort and acceptability associated with the 

protector/noise combination just experienced. After the audiogram is complete, the subject will 

be led back into the test chamber, where his or her unoccluded and occluded thresholds at 500 

and 1000 Hz will be determined. The difference between occluded and unoccluded will be 

taken as the attenuation of the protector, and will be checked against previous values for that 

protector to ensure a consistent fit has been obtained. In the case of the electronic earmuff, the 

gain control will be reset to the subject's preferred level and its resultant attenuation will be 

checked against that obtained in the initial session. Once a proper fit has been established, the 

experimental blocks will begin. 

Each condition of the experiment will require the subject to indicate when a warning 

signal is heard while wearing hearing protection in noise. The signal will be presented just as 
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the tones were in the audiogram; they will be presented initially below threshold and then 

gradually increased (in 2 dB increments) until the subject indicates that the signal is heard. Then 

the signal will be decreased (in 4 dB increments) until it is not heard. A threshold will be 

defined as each time the subject indicates that the signal is heard as its intensity is increasing. 

Approximately fifteen of these thresholds will be obtained for each condition (each pair of noise 

level and hearing protector). The experimental sessions are expected to take approximately 1.5 

hours, including pre- and post-test audiograms, protector fitting, threshold data collection, and 

the rating exercise. 

The hearing protectors to be used in the experiment will be both conventional and 

amplitude-sensitive earmuffs. All protectors will have a rated attenuation of 10 dB or more. 

Three noise levels will be used: 75 dBA, 85 dBA, and 95 dBA. For the 1.5 hour experimental 

sessions, the noise will be on for about 75 minutes [15 thresholds/condition x 2 conditions x 2.5 

minutes/threshold]. Regulations of the Occupational Safety and Health Administration (OSHA: 

Code of Federal Regulations, Title 29, Ch XVII, Part 1910, March 8, 1983) allow workers to be 

exposed to 95 dBA noise levels for a total of 240 minutes/day, 5 days a week. For the 85 dBA 

noise level, OSHA allows exposure for 16 hours/day, 5 days a week. At the 75 dBA level, 

unlimited time exposure is allowed. Therefore, in the worst case noise condition in this 

experiment, subjects will be exposed at about one-third of the OSHA allowable exposure. In 

addition, the subject in this experiment will always be wearing earmuffs during the 

experimental sessions. At no time will loud sounds be presented when the subject_is not 

wearing earmuffs. 

When all the experimental sessions have been completed, the subject will be thanked for 

his or her participation and paid $5.00 per hour for the experimental sessions. If, for any reason, 

the subject does not complete all the experimental sessions, he or she will be excused and paid 

for the time he or she has contributed in the experiment. 
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Outline of an Experimental Session 

1. Welcome the subject and ask if he or she is suffering from any temporary condition that 
might affect his or her performance (cold, tinnitus, headache, etc.). 

2. Seat the subject in the test booth and conduct an abbreviated pure-tone audiogram at 1000 
and 4000 Hz. 

3. Bring the subject out of the booth and re-familiarize him or her with the experimental 
procedure. 

4. Lead the subject into the experimental chamber and test his or her unoccluded thresholds at 
500 and 1000 Hz. 

5. Remove the subject from the chamber and fit him or her with earmuffs. 

6.) If the earmuff being tested is the electronic amplitude-sensitive protector, reset the gain 
control to the level previously set by the subject in the initial session. 

7. Seat the subject in the experimental chamber and obtain an attenuation measurement using a 
real-ear attenuation test at 500 and 1000 Hz. If the attenuation (difference between unoccluded 
and occluded thresholds) is within 25% of the rated attenuation for that earmuff (or the 
previously measured attenuation for the electronic amplitude-sensitive earmuff with its gain set 
to the predetermined level), continue with the experimental session. If the attenuation is not 
within 25%, remove the subject from the chamber, refit the earmuffs, and repeat this step. 

8. Play the signal for the subject to re-familiarize him or her with its sound and briefly review 
the instructions for the experimental task. 

9. Begin the first experimental condition. During the condition, monitor the subject via closed 
circuit television, his or her responses on the audiometer, and talk to him or her (if necessary) 
using the 2-way intercom. 

10. After fifteen thresholds have been obtained, remove the subject from the test chamber. He 
or she has now finished one condition of the experiment. Remove the earmuffs and administer 
the post-condition questionnaire. 

11. Repeat steps 4 through 9 with the next earmuff. Then, administer the second post-condition 
questionnaire. 

12. Seat the subject in the test booth and conduct the post-session audiogram at 1000 and 4000 
Hz to verify that he or she has not received a temporary threshold shift (TTS). If TTS is 
exhibited, continue testing the subject's hearing at 10 minute intervals until the shift has 
subsided. 

13. Thank the subject for his or her participation and schedule the next session. 
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SUBJECT'S INFORMED CONSENT 

AUDITORY SYSTEMS LABORATORY-VA TECH 
(AUDIOMETRY AND SIGNAL DETECTION EXPERIMENT) 

OVERVIEW 

Purpose. The purpose of the study is to determine how well people can hear auditory alarms 
and warnings when in a noisy area while they are wearing hearing protectors. The study will 
consist of an initial session (which will include hearing screening, a brief training session, and a 
procedure to set your preferred volume level on the electronic amplitude-sensitive earmuffs), 
followed by a signal detection experiment. In the screening test, your right and left ear hearing 
will be tested with very quiet tones played through a set of headphones. Then, if qualified, you 
may also participate in a research experiment designed to investigate your ability to hear alarm 
and warning sounds in different levels of noise with several different types of hearing 
protectors. 

Procedures. In the hearing test, your hearing will be tested with very quiet pulsating tones 
played through a set of earphones. You will have to be very attentive and listen carefully for 
these tones. You will be asked to depress the button on the hand switch and hold it down 
whenever you can hear the tone and release it when you do not hear the tone. The tones will 
be very faint and you will have to listen very carefully to hear them. Training for the 
experiment will be very similar to the screening test, but only at two of the screening test 
frequencies. The gain control setting procedure will require you to set a volume control on the 
electronic earmuff to a level that is comfortable when speech is played with noise in the 
chamber. This volume adjustment will be done for each noise level of the experiment (and a 
quiet condition) to approximate how an actual consumer/worker would use this protector. The 
settings you decide on will be used when the electronic earmuff is tested later in the experiment. 
The experiment itself will require you to listen for a warning signal against a background of 
noise while wearing hearing protection. The experimental conditions will differ by the level of 
the noise and the type of hearing protector used. The task itself will be identical to the screening 
test. You must listen closely for the warning signal and press the response switch when you 
hear it and release it when you do not. There will be six sessions of approximately 1.5 hours 
each that you will be asked to attend. 

  

Safeguards. During the experimental sessions, you will always be wearing a hearing protector 
when the noises and signals are played. The noise may seem loud, but while it is on you will 
always be wearing a hearing protection earmuff which reduces the noise level at your ear. Even 
without the earmuff on, the noise exposure for the loudest sound level is only about one-third 
that allowed by OSHA over an 8-hour day for workers in industry. Therefore, there is minimal 
risk to your hearing compared to the OSHA limits allowed over a lifetime of work. The test will 
be conducted in a sound-proof booth with the experimenter sitting outside. The door to the 
booth will be shut but not locked; either you may open it from the inside or the experimenter 
may open it from the outside. There is also an intercom system through which you may 
communicate with the experimenter by simply talking. (There are no buttons to push.) There is 
no risk to your well-being posed by the hearing tests and, as stated above, the noise exposures 
are well within accepted standards for damage risk. Also, realize that the tests are not designed 

to assess or diagnose any physiological or anatomical hearing disorders. The tests will only be 
used to determine your hearing ability today. As an additional safeguard, a short hearing test 
will be administered at the beginning and end of each experimental session to ensure that you 
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have not experienced a temporary threshold shift (temporary loss of hearing sensitivity) as a 
result of the test procedure. 

Wearing of Protection. The experimenter will always fit the protector on you, but your feedback 
is important so that the best possible fit can be obtained. The protectors are intended to provide 
a snug fit so that noise will be blocked. Therefore, they may seem tight around your ears. Some 
minor discomfort may result from the tight fit, but the protectors will not harm you in any 
permanent way. 

Measurements and Instruments. Several physical size measurements may also be obtained as 
part of the study. These will include dimensional measurements of the ear and head width, 

obtained with simple rulers, calipers, and an ear gauge. A standard clinical otoscope will be 
used to check your ears for wax and other ear canal problems, such as skin irritation. In 
addition, your thresholds at 500 and 1000 Hz will be obtained both with and without the 

earmuff being tested to check the attenuation of that earmuff before each experimental 
condition. This procedure ensures that the earmuff has been well fit and is yielding a consistent 
level of protection across the experimental sessions. None of these screening procedures pose 
any risk to your well-being or cause any pain. If you desire, the experimenter will show you the 
measurement instruments at this time. 

BENEFITS/COMPENSATION 

You will receive payment of $5.00 per hour for the time you spend in the training session and 
the experimental sessions. The audiometric test is for screening purposes only, to determine if 
you qualify for the other tests. No payment is associated with the audiometric test and it is not 
to be considered as a clinical diagnosis of your hearing. The payment benefit for the six 
experimental sessions is not made for the purpose of enticing you to participate, but to provide 
compensation for your time. 

SUBJECTS RIGHTS 

As a participant in this experiment, you have certain rights, as stated below. The purpose of this 
sheet is to describe these rights to you and to obtain your written consent to participate. 

1) Freedom to Withdraw: You have the right to discontinue participating in the 
study at any time for any reason without loss of benefits by simply informing a 
member of the research team. The team would appreciate your completion of all six 
sessions so that the data set will be complete. 

2) Data Anonymity and Confidentiality: You have the right to inspect your data 
set and to withdraw it from the experiment if you feel that you should. In general, 
data are processed and analyzed after all subjects have completed the experiment. 
Subsequently, your data will be kept confidential by the research team. No one else 
will see your individual data with your name. 

3) Information Concerning Results: Your have the right to be informed as to the 
general results of the experiment. If you wish to receive a summary of the results, 
include your address (three months hence) with your signature on the last page of 
this form. If, after receiving the summary you would then like further information, 
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please contact the Auditory Systems Laboratory and a more detailed report will be 
made available to you. To avoid biasing other potential subjects, you are 
requested not to discuss the study with anyone until six months from now. 

4) Questions: You may ask questions of the research team at any time prior to 
data collection. All questions will be answered to your satisfaction subject only to 
the constraint that an answer will not pre-bias the outcome of the study. If bias 
would occur, with your permission an answer will be delayed until after data 
collection, at which time a full answer will be given. 

APPROVAL OF RESEARCH 

This research project has been approved, as required, by the Institutional Review Board for 
projects involving human subjects at Virginia Polytechnic Institute and State University, and is 
conducted under the auspices of the Department of Industrial and Systems Engineering. 

SUBJECT'S RESPONSIBILITIES 

As indicated by my signature below, I know of no reason I cannot or should not participate in 
this project. I have read the “Description of the Signal Detection Experiment, Experimental 
Protocol” and the “Subject's Informed Consent, Auditory Systems Laboratory - VA Tech 
(Audiometry and Signal Detection Experiment)” and I understand the nature and conditions of 
the research and my rights as a participant. I have had all my questions answered. I hereby 
acknowledge the above and consent to participate, with the understanding that I may 
discontinue participation at any time if I choose to do so, without penalty, being paid only for 
the portion of time that I spend in the study. I agree to abide by the rules of the project as stated 
herein; in this regard, I will refrain from exposures to loud noise or music during the periods 
that I am a subject in the study. 

SUBJECT'S PERMISSION 

Before you sign this form, please make sure that you understand, to your complete satisfaction, 
the nature of the study and your rights as a participant. If you have any questions, please ask 
them of the experimenter at this time. Then if you decide to participate, please sign your name 
below and provide your phone number so that you may be contacted for scheduling. 

Subject's Signature 

Subject's Printed Name 

Date 

Phone 

Witness Signature 

Witness Printed Name 
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SUBJECT'S RESPONSIBILITIES (DUPLICATE) 

As indicated by my signature below, I know of no reason I cannot or should not participate in 
this project. I have read the “Description of the Signal Detection Experiment Experimental 
Protocol” and the “Subject's Informed Consent, Auditory Systems Laboratory - VA Tech 
(Audiometry and Signal Detection Experiment)” and I understand the nature and conditions of 
the research and my rights as a participant. I have had all my questions answered. | hereby 
acknowledge the above and consent to participate, with the understanding that I may 
discontinue participation at any time if I choose to do so, without penalty, being paid only for 
the portion of time that I spend in the study. I agree to abide by the rules of the project as stated 
herein; in this regard, I will refrain from exposures to loud noise or music during the periods 
that I am a subject in the study. 

SUBJECT'S PERMISSION 

Before you sign this form, please make sure that you understand, to your complete satisfaction, 
the nature of the study and your rights as a participant. If you have any questions, please ask 
them of the experimenter at this time. Then if you decide to participate, please sign your name 
below and provide your phone number so that you may be contacted for scheduling. 

  

Subject's Signature 

Subject's Printed Name 
  

Date 
  

Phone 
  

  

Witness Signature 

Witness Printed Name 
  

RESEARCH CONTACTS 

The research team for this experiment consists of Bill Wright, an M.S. student in ISE, and Dr. 

John G. Casali, Director of the Auditory Systems Laboratory. They may be reached at the 
following address and phone number: 

Auditory Systems Laboratory (703) 231-9086 
Room 538 Whittemore Hall 
VPI&SU, Blacksburg, VA 24061 

Bill Wright (Home) (703) 552-8331 
Bill Wright (Office) (703) 231-9086 

In addition, if you have detailed questions regarding your rights as a participant in University 
research, you may contact the following individual: 

Dr. Ernie Stout (703) 231-5283 
Chairman, University Institutional Review Board 

301 Burruss Hall, VPI&SU, Blacksburg, VA 24061 

(PLEASE TEAR OFF AND KEEP THIS PAGE FOR FUTURE REFERENCE.) 
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APPENDIX C 

Gain Control Analysis MANOVA Summary Table 
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MANOVA Summary Table for the Gain Control Analysis with the Gain Status Variable 
  

  

  

Source dv dfH dfE U F p 

Between-Subjects 
Gender (G) 3 3 6 0.399 3.016 0.116 

Experience Level (EL) 3 3 6 0.876 0.283 0.836 
Gx EL 3 3 6 0.532 1.762 0.254 
Subjects (S/G EL) 3 8 

Within-Subjects 
Noise Level (NL) 3 6 28 0.014 34.618 0.0001 

NLxG 3 6 8628 0.891 0.277 0.943 
NL x EL 3 6 28 0.762 0.679 0.668 

NL x Gx EL 3 6 28 0.665 1.054 0.413 
NL x S/G EL 
Trial (T) 3 3 6 0.418 2.781 0.132 
TxG 3 3 6 0.800 0.501 0.695 
Tx EL 3 3 6 0.728 0.747 0.563 

Tx Gx EL 3 3 6 0.924 0.164 0.917 
T x S/G EL 
Gain Status (GS) 3 3, 6 0.055 34.195 0.0004 
GSxG 3 3 6 0.611 1.271 0.366 
GS x EL 3 3 6 0.712 0.808 0.534 

GS x Gx EL 3 3 6 0.467 2.285 0.179 
GS x S/G EL 
NL x T 3 6 28 0.836 0.439 0.847 

NLxTxG 3 6 28 0.679 0.999 0.446 
NL x Tx EL 3 6 28 0.556 1.592 0.186 

NL x Tx Gx EL 3 6 8628 0.542 1.672 0.165 
NL x TxS/GEL 
NL x GS 3 6 28 0.604 1.340 0.273 
NLxGSxG 3 6 28 0.577 1.479 0.222 
NL x GS x EL 3 6 28 0.719 0.838 0.551 
NL x GSxGx EL 3 6 28 0.575 1.489 0.218 
NL x GS x S/G EL 
Tx GS 3 3 6 0.430 2.649 0.143 
TxGSxG 3 3 6 0.814 0.456 0.723 
T x GS x EL 3 3 6 0.650 1.078 0.427 

Tx GSx Gx EL 3 3 6 0.631 1.169 0.397 
T x GS x S/G EL 
NL x T x GS 3 6 28 0.576 1.483 0.220 
NLxTxGSxG 3 6 28 0.368 3.024 0.021 
NL x T x GS x EL 3 6 28 0.509 1.876 0.120 
NLxTxGSxGx EL 3 12 28 0.542 1.672 0.165 
NL x T x GS x S/G EL 

where: dv = number of dependent measure U = Wilk’s likelihood ratio statistic 
dfH = degrees of freedom for treatment effect pp = significance of approx. F 
dfE = degrees of freedom for error effect 

* Denominators used for each source of variance in the U tests appear as the second term in each 
grouping in the table 
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APPENDIX D 

Earmuff Attenuation Analysis MANOVA Summary Table 
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MANOVA Summary Table for the Earmuff Attenuation Analysis at 500 and 1000 Hz* 
  

  

  

Source dv dfH_ dfE u F p- 

Between-Subjects 

Gender (G) 2 2 9 0.0411 6.451 0.018 

Subjects (S/G) 2 10 

Within-Subjects 

Earmuff (E) 2 6 58 0.062 29.289 0.0001 

ExG 2 6 58 0.877 0.658 0.683 

ExS/G_ 2 

where: dv = number of dependent measure U = Wilk’s likelihood ratio statistic 

dfH = degrees of freedom for treatment effect —_p = significance of approx. F 
dfE = degrees of freedom for error effect 

* Denominators used for each source of variance in the U tests appear as the second term in each 
grouping in the table 
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WILLIAM H. WRIGHT 
11832 Federalist Way, #12 
Fairfax, VA 22030-7801 

(703) 631-8934 
e-mail: william_wright@smtplink.sra.com 

Clon A. thieglif 
EDUCATION 

B.S. (Psychology), Virginia Polytechnic Institute and State University, 1991 

M.S. (Industrial and Systems Engineering: Human Factors Option), Virginia 

Polytechnic Institute and State University, completion in December, 1994 

EXPERIENCE 

Systems Research and Applications, Arlington, VA, January 1994 to present. 

Associate Member of the Professional Staff, Software Development Group. 

e Participated in the DISO Logistics Workshop to develop activity and data 

models for the DISA Corporate Information Management effort. 

e Worked on the FAA Office of Information Technology (AIT) Business 

Process Reinginneering Project. Developed a high-level enterprise 

activity model using existing documentation and through workshops. 

Produced a detailed process model of the FAA’s “Directives” process — a 

system of producing, approving, and disseminating formal guidance — 

and a SIMPROCESS© simulation model to graphically demonstrate the 

current process and assist in the design of a replacement. 

e Currently working on the DoD Personnel Data Model Project to 

standardize data elements concerning personnel. Also designing an 

application in Microsoft Access© to maintain analysis and data model 

metadata. 
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Virginia Polytechnic Institute and State University, Blacksburg, VA, 1993 - 

1994. Research Assistant. 

Designed and conducted a thesis experiment to determine signal 

detection advantages or disadvantages involved with the use of 

amplitude-sensitive hearing protectors. Approximately 200 hours of pilot 

testing and data collection were conducted. 

Designed and conducted an experiment to collect ear impressions and 

measurements of over 500 subjects. Subjects were obtained across three 

ethnic groups and both sexes. 

Conducted an experiment to assess the effect of ambient illumination 

ratings of perceived image quality. 

Coducted an experiment to assess the effectiveness of different hearing 

protection devices with mentally challenged individuals ina 

manufacturing environment. 

Center for Naval Analyses, Alexandria, VA, May - August, 1991 and 1992. 

Research Intern, Research Analysis Department. 

Performed a literature review and analyzed historical data on access to 

medical care to determine common metrics used to measure this facet of 

health care and identify trends in existing data. At the end of the first 

period, Mr. Wright gave a briefing to the CO (andmedical staff) of Naval 

Hospital, Portsmouth on the results of his analysis. The results were also 

presented in the CNA Research Memorandum titled "Access to Military 

Medical Care in the Portsmouth Catchment Area". 

Analyzed job performance data collected as part of the Marine Corps Job 

Performance Measurement Project. The primary objective of this analysis 

was to determine if any systematic bias existed in this process as a 

function of race, gender, or any combination of the two. The results were 
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published ina CNA Research Memorandum titled "Reliability of 

Mechanical Maintenance Performance Measures". 

Virginia Power, Woodbridge, VA, August - December, 1988, May - August, 

1989, Customer Service Representative (through Cooperative Education Program 

at Virginia Polytechnic Institute and State University). 

° Interacted with Virginia Power staff, including management, operations, 

and contractors, to respond to customer's requirements. This involved 

surveying existing electrical facilities, designing modifications to meet the 

customer's needs, and producing mechanical drawings and computer 

materiel models to indicate project requirements to operations. 

TECHNICAL SKILLS 

SOFTWARE: SAS, MS-DOS and Macintosh operating systems, Microsoft 

Windows, Word, Excel, Powerpoint, Lotus, Word Perfect, 

Design/IDEF, IE: Advantage, and various computer 

graphics packages. 

HARDWARE: IBM compatible PCs 

LANGUAGES: FORTRAN, BASIC 

HONORS AND AWARDS 

Member of Psi Chi, the National Psychology Honor Society, and Alpha Pi Mu, 

the National Industrial Engineering Honor Society. 

SECURITY CLEARANCES 

Secret 
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