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(ABSTRACT) 

An experiment was conducted to determine the effects of different acoustic 

characteristics of the testing environment on the measured attenuation of hearing 

protection devices (HPDs) when using a standard real-ear attenuation at threshold 

(REAT) protocol. In the experiment, three earmuffs and three earplugs were tested in 

two diffuse sound fields implemented in two different sound environments with different 

loudspeaker configurations. In the first case, the testing environment was reverberant, 

with frequency-specific reverberation time characteristics as specified in ANSI $3.19- 

1974, "Method for the Measurement of Real-Ear Protection of Hearing Protectors and 

Physical Attenuation of Earmuffs" and with three loudspeakers, one in each principal 

plane of the room. In the other case, a diffuse sound field was established within an 

anechoic chamber (free-field), as permitted by ANSI S12.6-1984 "Method for the 

Measurement of the Real-Ear Attenuation of Hearing Protectors" using four 

loudspeakers, one at each vertex of a tetrahedron with the subject's head center position at 

the centroid. Each of the environments met the requirements of the applicable ANSI 

standard as well as the requirements of standards adopted by several foreign countries. 

The experimental design allowed a direct comparison of the testing environments 

(reverberant vs. free-field) permitted by the two aforementioned ANSI standards. Results 

indicate that for both earmuffs and earplugs, the environment in which a REAT



evaluation is performed has a statistically significant impact on the results of the 

evaluation. These results have implications for ongoing standards development efforts 

not only in the United States, but also abroad, since the testing environments investigated 

in this research are either required or allowed by several international standards. These 

international standards include: International Standard ISO 4869-1981, Canadian 

Standard CSA Z94.2-M 1984, British Standard BSI 5108:1983, and Swedish Standard SS 

882151 (1981). The impact of outlier dismissal on the results of REAT tests of HPDs 

was also investigated and found to have minimal impact on the results obtained in this 

experiment. However, this result is most likely case specific and it is doubted that any 

generalizations can be made concerning outlier tests and their impact on HPD 

evaluations. As a side issue, it was also determined that ear canal size is highly correlated 

with attenuation achieved using premolded earplugs with attenuation decreasing with 

increasing ear canal size. No consistent gender effects were found in the analysis, 

indicating that gender alone may not be an important factor in determining how much 

attenuation can be obtained with a given HPD. Finally, the lack of a significant trial 

effect points to the absence of a strong practice effect over the three trials of a REAT 

evaluation, at least for subjects who are highly practiced in the REAT procedures.
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INTRODUCTION 

Of the 28 million people in the United States who suffer some form of hearing 

loss, approximately 10 million can attribute their hearing loss to exposure to loud sounds 

(NIH, 1990). It is estimated that as many as 9 million American workers are exposed to 

noise levels exceeding 85 dBA per 8-hour workday (EPA, 1981). The Occupational 

Health and Safety Administration (OSHA) has regulations in place which are meant to 

minimize the damage caused by excessive occupational noise exposure (OSHA, 1989). 

These regulations specify exposure limits based on the sound pressure level (SPL) and 

duration of the noise, and also specify hearing conservation strategies required of both the 

employer and the employee when noise exposures exceed predetermined limits. The 

most popular of the three types of protective measures recognized by OSHA is the use of 

hearing protection devices (HPDs). HPDs are required to be supplied to employees 

whose exposures exceed a time weighted average (TWA) of 85 dBA per 8-hour workday, 

and are required to be worn when exposures exceed a TWA of 90 dBA per 8-hour 

workday. Although HPDs are sometimes considered an expedient solution to be used 

only until engineering controls can be implemented to lower the noise level, they are 

many times used as the permanent, long-term solution. 

Although federal regulations require the issuance and wearing of HPDs in high 

noise environments, the problem is more complicated than just selecting one or more 

HPDs from the various models available and distributing them to those persons exposed 

to excessive occupational noise. The effectiveness of the HPD must be considered as 

well as the environment in which it is to be used. The most common method of 

determining the attenuation of HPDs is to measure the real-ear attenuation at threshold 

(REAT) of the device using human subjects (Berger and Kerivan, 1983). REAT testing, 

for product attenuation labeling purposes (EPA, 1985), involves determining the



unoccluded (open-ear) and the occluded (wearing the HPD) threshold of ten or more 

audiometrically qualified subjects using the protector. The difference between the two 

thresholds is a measure of the attenuation of the protector. 

There are currently two standards approved by both the American National 

Standards Institute (ANSI) and the Acoustical Society of America (ASA) which can be 

used to determine the real-ear attenuation of hearing protection devices (HPDs). These 

two standards are ANSI $3.19-1974 (ASA STD 1-1975), "Method for the Measurement 

of Real-Ear Protection of Hearing Protectors and Physical Attenuation of Earmuffs” 

(ANSI, 1974) and ANSI $12.6-1984 (ASA STD 55-1984), "Method for the Measurement 

of the Real-Ear Attenuation of Hearing Protectors" (ANSI, 1984). Although neither 

standard sets minimum acceptable criteria for HPDs nor specifies any means for HPD 

certification or approval (Berger, 1985a), the Environmental Protection Agency (EPA) 

does specifically require that ANSI $3.19-1974 be used for product labeling purposes 

(EPA, 1985). Although the two standards differ slightly in many respects, as will be 

discussed at length in a forthcoming section, the primary difference between the two 

standards concerns the type of sound field in the test space and the methods used in 

fitting the HPDs on the test subjects. Concerning the sound fields allowed in the test 

space, ANSI S3.19-1974 specifies that testing be conducted in a random-incidence 

reverberant sound field (with a minimum of one loudspeaker per room plane and a 

reverberation time between 0.5 and 1.6 s) while ANSI $12.6-1984 allows (but does not 

require) testing to be accomplished in an anechoic (free-field) sound field (specifying 

only that the reverberation time be less than 1.6 s, requiring random-incidence, and 

leaving the number of loudspeakers unspecified). 

The point at issue is whether or not the sound field characteristics of the testing 

environment affect the attenuation measured for a given HPD. A second, related point



concerns whether or not there might be an interaction between HPD type (earmuffs vs. 

earplugs) and the sound field such that the measured attenuation for one type of HPD 

would vary with the sound field, but that measured attenuation for the other HPD types 

would not vary with the sound field. These issues were addressed in the experiment 

described herein. 

Some researchers (Abel, Alberti, and Rokas, 1988; Casali, Lam, and Epps, 1986) 

have suggested that the gender of the subject may have an effect on the attenuation 

provided by some earplugs, the sizing and fit of which are highly dependent on ear canal 

size. However, gender related anatomical features can also affect the fit of other types of 

HPDs in addition to earplugs. The size and shape of the ear canal opening can affect the 

fit of semi-aural devices as well as earplugs. Also, since the seal of an earmuff's earcup 

cushions are highly dependent upon the force exerted by the earmuff's headband, persons 

with small or narrow heads would likely obtain a poorer seal than individuals with larger 

heads. At issue is whether or not the results of the two previous studies can be duplicated 

with different types of HPDs and whether or not there may be an interaction with the 

sound field in which the tests are conducted. These questions were also addressed in the 

experiment. 

As will be discussed later, both standards prohibit the elimination of subjects due 

to low attenuation results but do allow elimination of subjects for which a "good" fit 

cannot be obtained. However, neither standard gives any guidance in determining when a 

poor fit has been obtained. If one were to use a standard statistical test for outhers, such 

as the Dixon test (Natrella, 1963), to determine when the fit was less than adequate, how 

would the results of the experiment be affected? This issue was also addressed.



SOUND, HEARING, AND THE AUDITORY EFFECTS OF NOISE 

Sound and Noise 

Sound can be defined as a physical disturbance propagated through an elastic 

medium which can be detected by the human ear (Harris, 1979; Lord, Gatley, and 

Evensen, 1980). Noise is usually considered to be "unwanted sound” whose intensity 

varies randomly over time (Kryter, 1985). While these definitions are consistent with the 

ANSI definitions (ANSI, 1960; 1973), and allow one to distinguish between the two for 

scientific or engineering purposes, they are indistinguishable as far as their potential for 

doing damage to the human hearing mechanism is concerned. Therefore, for purposes of 

this proposal, no distinction will be made between sound and noise, and the two terms 

will be used interchangeably. 

Sound may also be classified as either safe or harmful. Harmful noise is that 

which will cause a permanent hearing loss after exposure, whether that exposure is 

momentary (less than a second for each impulse of an intense impulsive noise) or 

prolonged (decades in some instances). When considering prolonged exposure to steady 

noise, some disagreement exists as to what the cutoff level is between safe and harmful 

noise. Some researchers consider exposures at an 8-hour time weighted average (TWA) 

above 70 to 75 dBA potentially harmful depending on individual sensitivity (Tonndorf ; 

von Gierke, and Ward; 1979). Others do not consider exposures below a TWA (based on 

an 8-hour exposure) of 85 dBA to be harmful. The Occupational Safety and Health 

Administration considers exposures of 85 dBA potentially harmful since they require 

establishment of a hearing conservation program when workers' TWA exceeds 85 dBA 

(OSHA, 1989). Harmful noise must not be confused with annoying noise. A particular



noise may be annoying or irritating, but not at all harmful (e.g., a dripping faucet). On 

the other hand, a noise may be very harmful, but may not be considered annoying by 

many individuals (e.g., some rock concerts). 

Anatomy and Physiology of the Ear 

The ear, Figure 1, is a complex sensory organ composed of many parts. The three 

major anatomical subdivisions of the ear are the outer ear, the middle ear, and the inner 

ear. Each of these subdivisions serves a different function in the process of converting 

the acoustical energy in the air into bio-electrical impulses for transmission to the brain. 

Outer ear. The outer ear is composed of the pinna and the auditory canal. These 

structures serve the dual purposes of modification of the incoming sound energy and 

protection of the delicate structures of the middle and inner ear (Goldstein, 1989; Ward, 

1986a). The pinna, normally referred to as the "ear", is the cartilaginous structure located 

on the side of the head. It collects and modifies the incoming sound waves, funnelling 

them into the ear canal. Due to its shape, some frequencies of the incoming sounds are 

amplified, while others are attenuated (Ward, 1986a). The auditory canal is a tubular 

canal about 3 cm long leading to the tympanic membrane (eardrum). With a resonant 

frequency of about 3,400 Hz (varying slightly among individuals), the auditory canal also 

modifies incoming sound waves, causing the frequencies between approximately 2,000 

and 5,000 Hz to be amplified by as much as 10 to 15 dB, thus making the ear more 

sensitive to sounds in this frequency range (Goldstein, 1989; Ward, 1986a). It is partially 

for this reason that noises in this frequency range are the most hazardous to hearing 

(Ward, 1986a), and that permanent hearing loss is often first discovered as an elevated
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threshold at 4000 Hz (Ward, 1986b). The length of the auditory canal helps maintain the 

tympanic membrane and the middle ear at a constant temperature, and the ear wax 

collects fine particulate matter before it reaches the ear drum as well as serving as an 

efficient insect repellent (Goldstein, 1989). Excess wax and any trapped foreign matter 

trapped therein flows out of the ear canal through jaw movement such as occurs when 

talking or chewing (Carmen, 1977). 

Middle ear. The middle ear is a cavity with a volume of approximately 2 cc 

which contains 3 bones (ossicles) and is bounded on one side by the tympanic membrane 

and on the other side by the oval window of the cochlea. The tympanic membrane 

separates the outer ear from the middle ear and is the first step in the process of 

converting the pressure variations in the air to mechanical vibrations which are later 

converted to nerve impulses. Pressure waves traveling down the auditory canal strike the 

eardrum and cause it to vibrate at the same frequency as the pressure wave striking it. As 

the tympanic membrane vibrates, the vibrations are passed on to the three bones inside 

the middle ear: the malleus (hammer), the incus (anvil), and the stapes (stirrup); and are 

then transmitted to the oval window. The malleus is attached to the tympanic membrane, 

the stapes is attached to the oval window, and the incus is situated between the two and 

acts as a lever to amplify the vibrations reaching it. Due to the shape and arrangement of 

the three bones and the size difference between the tympanic membrane and the oval 

window (the eardrum is 17 times larger than the oval window), the vibrations of the 

tympanic membrane are amplified by a factor of between 22 and 100 before they reach 

the oval window. This amplification is necessary due to the differences in the acoustic 

impedance of the air in the outer ear and the liquid (perilymph) in the inner ear



(Goldstein, 1989; Ward, 1986a). If this amplification did not take place, only about 

1/1000th of the acoustical energy in the original air pressure wave would be transmitted 

to the inner ear (Ward, 1986a). 

The middle ear also contains two muscles, the tensor tympani and the stapedius, 

which are attached to the malleus and the stapes respectively. The stapedius muscle 

serves as the ear's self-defense mechanism against excessive sounds. When activated 

either by vocalization or a loud noise, it places the stapes in tension which serves to 

reduce the low frequency (below 500 Hz) vibrations reaching the oval window. Although 

capable of providing some degree of protection against high-intensity noise, the stapedius 

reflex fatigues over time causing the degree of protection to decrease as the noise 

exposure increases. Also, since the muscle requires approximately 0.10 s to fully 

contract, only limited protection against impulsive noise is possible (Ward, 1986a). The 

tensor tympani, although often associated with noise (Ward, 1986a; Kryter, 1985), is not 

activated by acoustical stimulation, but rather is associated with the startle response 

(Haughton, 1980). 

Inner ear. The inner ear is composed of the cochlea and the auditory nerve. 

When the stapes vibrates the oval window, the vibrations are transmitted to the liquid 

(perilymph) inside the cochlea, which, in turn, causes the basilar membrane to vibrate. 

Situated on top of the basilar membrane is the organ of Corti, Figure 2. The two primary 

components of the organ of Corti are the hair cells and the tectorial membrane. As the 

basilar membrane vibrates, the cilia are deformed by the relative motion of the basilar 

membrane and the tectorial membrane. Deformation of the cilia causes the hair cells to 

fire a bio-electrical impulse to the auditory nerve fibers, and these signals are then



     

  

Scala media <4 

    

   

    

   
   

  

  

  

Scala veo. 
vestibuli eS 

Organ of Rey 

. , Corti fe So) 

Reissner's membrane A . ros 

Tectorial 

membrane S 
Cilia 

Inner 4 a Aes Outer hair }<4 
hair ce <e 0 ar 

celle 

  

  

   
     

  

Basilar 

Auditory nerve membrane 

fibers Scala tympani 

Figure 2. Cross-section of the organ of Corti. (from Goldstein, 1989)



transmitted to the brain via the auditory nerve. Detailed discussions of the mechanism for 

conversion of vibratory energy to nerve impulses and construction of the cochlea and its 

internal structure appear in Goldstein (1989) and Ward (1986a). 

Auditory Pathways 

Normally, the sensation of hearing is caused by airborne pressure waves which 

travel down the auditory canal and impinge upon the tympanic membrane causing it to 

vibrate. These vibrations are then conducted via the structures of the middle ear to the 

inner ear where they are converted to nerve impulses and transmitted to the brain. This is 

the air conduction pathway. However, another sound path is also available: that of bone 

conduction. In bone conduction, vibrations are conducted through the bones and tissues 

directly to the middle and/or inner ear, causing the structures in these locations to vibrate. 

These vibrations are converted to nerve impulses just as the vibrations which arrived via 

air conduction. The stimuli for bone conduction may be internal or external to the body 

(Gales, 1979). Bone conduction is responsible for the perceived difference in one's voice 

when listening to oneself on tape, the resonance of one's voice when wearing an HPD, 

and for the ability to hear one's own heartbeat when in a very quiet environment or when 

wearing an HPD. 

Auditory Dysfunctions 

Conductive hearing loss. Conductive hearing loss is associated with physical 

damage to one or more of the structures of the middle or inner ear, or blockage of the 

sound conduction pathways of the outer ear. The most common causes of conductive 
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hearing lose are otitis media, an inflammation or infection of the middle ear, and 

otosclerosis, a softening of the bones of the middle ear (Newby, 1979). However, a 

ruptured or severely scarred eardrum, excessive wax buildup in the auditory canal, or 

damaged or dislocated ossicles (bones) in the middle ear are also examples of conductive 

hearing loss. Hearing loss of this type is usually associated with disease or a single 

traumatic incident such as a blow to the head and is often reversible with proper treatment 

and/or surgery. Hearing aids also may offer relief for the victims of permanent 

conductive hearing loss. Occupationally-related conductive hearing loss, while it does 

occur, is not common (Ward, 1986a). 

Sensory neural hearing loss. Sensory neural hearing loss is associated with 

permanent damage to the delicate structures of the inner ear (1.e., the basilar membrane, 

the cilia, etc.), to the auditory nerve, or to the higher neural auditory pathways up to and 

including the brain. As implied above, sensory hearing loss is irreversible. 

Noise-induced sensory hearing loss may occur in either of two ways. The first of 

these is "acoustic trauma". Acoustic trauma refers to a single exposure to a high-intensity 

acoustic event which causes permanent physical damage to the sensory structures of the 

inner ear, such as complete separation of the tectorial membrane from the cilia, or tearing 

of the inner structure of the cochlea. The second and more common means of inducing 

sensory damage is prolonged exposure to moderate or loud noise. Exposures of this type 

cause the structures of the inner ear to fatigue. Anatomical characteristics of such fatigue 

might include swelling or twisting of the cilia or a reduction in the enzyme level in the 

cochlear fluid (Ward, 1986a). Perceptually, these changes might be characterized by 

tinnitus (a ringing in the ears) or a raised auditory threshold. If not given sufficient time 

11



to recover, the structures of the inner ear continue to degenerate until permanent damage 

occurs. Sensory hearing loss is the most common form of occupationally-related hearing 

loss (NIH, 1990). 

Temporary and permanent threshold shift. As stated earlier, overexposure to 

noise sufficient to cause fatigue of the sensory structures of the inner ear is often 

characterized by a raised auditory threshold or temporary threshold shift (TTS). The 

degree of TTS suffered as a result of noise exposure depends upon many factors: the 

spectral characteristics and SPL of the noise, the temporal pattern of the exposure, as well 

as the age, health, and noise exposure history of the exposed individual (Melnick, 1979). 

As the name implies, TTS is reversible if sufficient time is allowed for the fatigued 

structures to recover. 

Permanent threshold shift (PTS) caused by exposure to noise (as opposed to PTS 

due to other etiologies) is often referred to as noise-induced permanent threshold shift 

(NIPTS). Many attempts have been made to develop models which could be used to 

predict PTS from a measured TTS, but even the most successful attempts are complicated 

and difficult to use (Ward, 1986b). In a recent consensus statement published by the 

National Institutes of Health (NIH), the following statement was made: "Although TTS 

and PTS are correlated, the relation is not strong enough to use TTS to predict the 

magnitude of permanent hearing loss." (NIH, 1990, p.8). However, some general 

statements can be made regarding the relationship between TTS and PTS. If exposure to 

a noise sufficient to cause TTS is repeated regularly over a sufficiently long period of 

time, a permanent threshold shift will result. And, if sufficient time is not allowed 

between exposures for the fatigued structures of the inner ear to completely recover, PTS 

occurrence will be accelerated (Suter, 1986). If, on the other hand, no TTS is 

experienced then it is likely that no noise induced PTS will occur (Morrill, 1986). 
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HEARING PROTECTION 

Prevalence of Industrial Noise 

Occupational noise exposure is the most common cause of noise induced hearing 

loss (NIH, 1990). In 1981, it was estimated that as many as 9 million workers were 

exposed to occupational noise levels exceeding a time weighted average (TWA) of 85 

dBA for an 8-hour day (EPA, 1981). Exposures of this magnitude are sufficient to cause 

permanent hearing loss if repeated over a period of years (NIH, 1990). As alarming as 

these statistics are, they do not take into account those individuals who are noise exposed 

in non-occupational pursuits or as members of the armed forces. It is estimated that as 

many as 20 million Americans are regularly exposed to noise levels sufficient to cause 

permanent hearing loss (NIH, 1990). Clearly, proactive countermeasures must be taken 

to preserve the hearing of noise exposed individuals. 

Systems Approach to Noise Control 

The best and most useful means of controlling occupational noise exposure is by 

means of the systems approach. The systems approach to noise control involves the 

control of noise through engineering controls, administrative controls, and finally through 

the use of HPDs. Through the systems approach, noise 1s controlled at all points along 

the SOURCE -- PATH -- RECEIVER noise flow pathway. This approach is diagrammed 

in Figure 3. 
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Engineering controls are often said to be a preferred means of noise control 

because they are a "passive" rather than "active" countermeasure. Examples of 

engineering controls are the specification and purchase of quiet machinery, replacement 

of existing machinery with quieter equipment, and the installation of noise barriers, 

absorptive materials, and/or machinery enclosures. However, these methods are costly 

and are not always technically feasible. When engineering controls are inadequate, too 

expensive, or infeasible, administrative controls are sometimes put into effect. 

Administrative controls may take the form of rotating workers in noisy environments so 

that no worker is exposed to levels exceeding those specified in the law and/or institution 

of certain facets of a hearing conservation program. Worker rotation, however, has the 

disadvantage of taking what might be a large hearing loss experienced by a few 

individuals and spreading it out so that many individuals experience a more moderate 

hearing loss. 

Although considered by many to be an interim solution until engineering controls 

can be put into place, HPDs are often the long-term solution of choice in industry. The 

Occupational Safety and Health Administration (1989) requires that workers exposed to 

an 8-hour time weighted average (TWA) of 85 dBA (a 50% dose) be given a choice of at 

least two HPDs, but the employee is not required to wear the HPD unless he/she exhibits 

a Standard Threshold Shift (STS) as defined below. OSHA also requires that an effective 

hearing conservation program be instituted when employee exposures reach this "action 

level" of 85 dBA TWA. A hearing conservation program instituted under this 

requirement is to include (in addition to the issuance of HPDs to the affected employees) 

noise exposure monitoring, notification of the employee as to the noise levels to which he 

or she is exposed, audiometric testing of affected employees, institution of an employee 

training program, and finally the maintenance of adequate records documenting the 

15



hearing conservation program. When an employee's 8-hour TWA exceeds 90 dBA (a 

100% dose), or when evidence of a Standard Threshold Shift [STS, defined by OSHA 

(1989) as "...a change in hearing threshold relative to the baseline audiogram of an 

average of 10 dB or more at 2000, 3000, and 4000 Hz in either ear."| is found, the 

employee is required to wear an HPD so that exposure is reduced to less than the 90 dBA 

TWA (below 85 dBA if the employee has experienced a STS). 

One disadvantage to the use of HPDs 1s that of monitoring employee compliance. 

Itis very difficult for an employer to insure that each employee is not only wearing his or 

her HPD, but also wearing it properly so that it is providing the proper degree of 

protection. 

Hearing Protection Device Types 

Hearing protectors can be divided into several general categories: earplugs 

(including premolded, user-molded, and custom-molded designs), earmuffs (circumaural 

devices that completely surround the ear), semi-aurals (devices that seal the opening of 

the ear canal, but do not cover the ear), and helmets (which enclose the entire head). 

Examples of some of these devices are shown in Figure 4. A final category is composed 

of those devices that attenuate sound in a nonlinear fashion. These devices include both 

the amplitude-sensitive devices whose attenuation characteristics depend on the SPL of 

the noise as well as those devices designed to attenuate sounds only within certain 

bandwidths while allowing other frequencies to pass unattenuated, or even amplifying 

certain frequencies. Each of these categories will be discussed briefly. 
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Earplugs 

Earplugs are of three general types: premolded, user-molded, or custom-molded. 

Regardless of type, earplugs are meant to be inserted into the ear canal to block the air 

conduction pathway. In general, earplugs are less affected by the wearing of eyeglasses 

or other items of safety equipment. However, proper sizing and fitting of the plug to the 

user and proper insertion technique are critical to obtaining a good seal with any earplug 

(Casali and Epps, 1986; Nixon, 1979). 

Premolded earplugs. Premolded earplugs are generally formed from soft rubber, 

vinyl, or silicone compounds. Premolded plugs usually have one or more flanges around 

their circumference to aid in sealing the ear canal, and some premolded plugs are 

available in multiple sizes to fit a wider range of ear canals. As mentioned earlier, proper 

fitting is essential to obtaining a good seal with a premolded earplug. Some individuals 

may require a different size device for each ear, while others may not even be able to 

obtain a seal due to the shape and/or size of their ear canals. Although the ear canal is 

generally elliptical in cross-section, some individuals have ear canal openings resembling 

elongated slits. This makes fitting premolded earplugs difficult, if not impossible. 

Premolded earplugs are also susceptible to modification by the wearer to make the device 

more comfortable. Modifications include such practices as trimming the flanges or 

puncturing internal air pockets, thus causing the device to collapse when inserted. | 

Finally, premolded plugs tend to loosen over time and must be reinserted periodically to 

maintain a tight seal (Casali and Park, 1990a). 
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User-molded earplugs. User-molded or user-formed earplugs are usually made 

from materials such as spun fiberglass (ear down), waxed cotton, or vinyl or polyurethane 

foams. Although these devices generally have a shorter useful lifetime than the 

premolded earplugs, they are usually cheaper, and are, with some exceptions, intended as 

a one-size-fits-all type of protector. These devices form a seal with the ear canal by 

assuming the shape of the ear canal. Therefore, variations in the size and shape of an 

individual's ear canal are less of a problem with user-molded plugs than with premolded 

plugs (Berger, 1986a). 

Custom-molded earplugs. This type of device is, as the name implies, custom- 

made to fit a single individual. The general procedure for the manufacture of a custom- 

molded plug is to first make impressions of the ear canals of the person who will be using 

the device. These impressions are then used as a model for the manufacture of the 

earplugs. Although these devices do not have the same problems associated with sizing 

and fit as do premolded or user-molded plugs, the skill of the person that makes the 

impressions of the ear canals from which the plugs are eventually made is of the utmost 

importance. If the initial impressions are not made properly, the resulting earplugs will 

not perform as they should. 

Earmuffs 

Earmuffs are circumaural devices that consist of earcups that completely enclose 

the ear and fit snugly against the side of the head, and a headband that is attached to each 

of the earcups. The function of the headband is to hold the earcups in place and to 

provide the necessary force to press the cushions of the earcups against the side of the 

head. In lieu of a headband, some devices are attached to a hard hat via a spring loaded 
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assembly. These devices block the air conduction sound pathway by way of the 

cushioned seal of the earcups against the side of the head. Although earmuff fit is not 

affected by variations in ear canal shape and size, it is very much affected by head size, 

jaw shape and movement (Casali and Park, 1990a), hair type and length, beards, 

eyeglasses, and items of safety equipment worn on or about the head. Earmuffs are a 

good choice for intermittent use, but their use for extended periods can cause discomfort 

for the user. As with premolded earplugs, earmuffs are commonly modified by the user 

in such a way as to compromise the protection afforded by the device. A common 

modification involves drilling holes in the earcups in an effort to enhance 

communications, personalize the device, or to promote air circulation (Gasaway, 1984). 

Semi-aurals 

Semi-aural devices seal the opening of the ear canal, but are not inserted into the 

ear canal like an earplug (at least not as deeply). These devices are equipped with a small 

headband to hold them in place. This headband also allows the device to be stored 

around the neck when not in use. Attenuation performance of semi-aural devices is 

generally not as good as most earplugs or earmuffs, and their use is recommended only 

for intermittent exposures. They do, however, have the advantage over earmuffs in that 

they are generally unaffected by the wearing of eyeglasses and other pieces of safety- 

related headgear. 

20



Helmets 

In instances where extremely loud sounds are prevalent and the bone conduction 

pathway is significant in the conduction of sound to the inner ear, it becomes necessary to 

enclose the entire head in a helmet to limit the acoustical energy reaching the head. 

These types of devices are rare in industry, but are sometimes used by the military 

(Paakkonen, Vienamo, Jarvinen, and Hamaldinen, 1991). 

Frequency-Selective and Amplitude-Sensitive Devices 

Hearing protectors are available that will selectively attenuate some frequencies 

while letting others pass unaffected or even amplifying certain frequencies. An example 

might be a protector that passes the critical part of the speech bandwidth (about 1000- 

4000 Hz), but attenuates all frequencies outside this range. Other protectors are available 

that respond to impulsive noise, such as explosions or gunshots, but let low-level sounds 

pass relatively unattenuated. These devices may be classified as either active (i.e., they 

use electronic means to selectively filter out undesired sounds) or passive (1.e., 

mechanical valves or orifices are used to interrupt an incoming pressure wave). Devices 

of this type are of limited use in the typical industrial environment since common 

industrial noise does not usually contain the type of high level impulsive energy 

necessary to activate the special features of the protectors. Furthermore, steady-state 

noise levels may be too high for the passive attenuation of such protectors to be effective. 

In addition, the standard REAT test procedures are ineffective in determining the 
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attenuation of such devices (Berger, 1986a). In fact, both of the current ANSI standards 

specifically state that they should not be used to measure the attenuation of amplitude- 

sensitive devices (ANSI, 1974; 1984). 

Physical Performance of HPDs 

The occluded ear can receive acoustical energy through four different pathways: 

air leaks, HPD vibration, HPD material transmission, and bone conduction (Berger, 

1986a; Nixon, 1979). These paths are shown schematically in Figure 5 and illustrated in 

Figures 6 and 7 for earplugs and earmuffs, respectively. Each of these pathways is 

briefly discussed below. 

Air leaks. Air leaks occur when the HPD does not make an airtight seal with the 

ear canal or the side of the head. Over a broad frequency range, air leaks can reduce HPD 

attenuation by as much as 5 to 15 dB (Nixon, 1979). 

HPD vibration. When acoustical energy impinges upon an HPD, it will vibrate if 

the sound has sufficient energy. These vibrations will cause a corresponding 

compression and rarefaction of the air behind the HPD. The end result is a limit to the 

low frequency attenuation possible from the protector. This limiting attenuation (at 125 

Hz) is approximately 25 dB for earmuffs, 30 dB for premolded earplugs, and 40 dB for 

foam earplugs (Berger, 1986a). 

Material transmission. The materials from which HPDs are manufactured are 

not perfect sound barriers. All HPDs will conduct some small amount of sound and 

transmit this sound to the various body structures in contact with the HPD. This sound 

path significantly reduces the high frequency (above 1000 Hz) attenuation possible from 

earmuffs (Berger, 1986a). 
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Figure 5. Schematic representation of sound paths of the 
occluded ear. (from Berger, 1986a) 
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Figure 6. Illustration of the sound paths for earplugs. 
(from Berger, 1986a) 
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Figure 7. Illustration of the sound paths for earmuffs. 

(from Berger, 1986a) 
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Bone conduction. Even if a "perfect" HPD existed which totally eliminated the 

three sound transmission pathways discussed above, the maximum possible attenuation 

which the HPD provides would still be limited by the bone conduction threshold of the 

human head. This limit, on average, is estimated to be approximately 50 dB, but it varies 

from less than 40 dB to almost 70 dB across frequency (Berger, 1983a). Thus, sounds 

reaching the ear by bone conduction are approximately 50 dB below the level passed via 

the normal air conduction pathway (Berger, 1986a). 
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HPD ATTENUATION MEASUREMENT TECHNIQUES 

In general, two methods may be employed to determine the attenuation provided 

by HPDs. These methods may be classified as either objective or subjective. Objective 

methods involve the direct measurement of the noise reduction characteristics of HPDs 

by using microphones. One such method involves mounting an HPD (usually an 

earmuff) on a test fixture with microphones placed both inside and outside of the earcup. 

The noise reduction of the device is determined by simultaneously measuring the SPL at 

both microphone locations when the device is exposed to a broadband noise. One may 

also measure the insertion loss using a single microphone by first measuring the SPL at 

the test fixture without the HPD in place, and then again after positioning the HPD on the 

fixture. ANSI S3.19-1974 contains a procedure and specifies the critical design features 

of a test fixture for use in performing objective tests with earmuffs. However, use of the 

off method is restricted to "design," "quality control,” and "other various attenuation 

performance specification purposes." (ANSI, 1974, p. 1). 

Subjective methods, by definition, rely on psychophysical results obtained by 

using human subjects and determining the detectability of test signals with the subject in 

both the unoccluded (open-ear) and occluded (wearing the HPD) states. (Use of the term 

"subjective" for psychophysical measurement appears to be characteristic of acousticians. 

Many behavioral scientists reserve this term for opinion or rating scale metrics, and 

consider certain psychophysical metrics to be "objective".) Sixteen different objective 

and subjective methods are discussed at length by Berger (1986b). One subjective 

method (REAT - Real-Ear Attenuation at Threshold) has become standard in several 

countries and is specified in two American standards (ANSI S3.19-1974 and ANSI 

$12.6- 1984), one international standard ISO 4869-19817.SO, 1981), as well as Canadian 
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Standard Z94.2-M1984 (CSA, 1984), British Standard BSI 5108 (BSI, 1983), and 

Swedish Standard SS 88 21 51(SIS, 1981). REAT involves determining the unoccluded 

(open-ear) and the occluded (wearing the HPD) threshold of one or more subjects for an 

HPD. The attenuation of the HPD is the difference between these two thresholds. 

Although REAT tests are performed at very low SPLs, they are believed to be 

valid estimations of the attenuation performance of HPDs for high level noise 

environments (Berger, 1986b; ANSI, 1984). When results of REAT evaluations are 

compared to the results of tests performed using above-threshold techniques, close 

agreement is found between the two procedures. (Berger, 1986b). 
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TEST STANDARDS COMPARISON 

As mentioned previously, there are currently two standards (ANSI 3.19-1974, and 

ANSI S12.6-1984) in the United States governing the measurement of the real-ear 

attenuation of hearing protectors. Although ANSI no longer recognizes the former as a 

valid standard, it remains active since the EPA requires it be used in all HPD testing 

performed for product labeling purposes. In the discussion that follows, each of these 

standards will be discussed in light of their similarities and differences. 

History 

ANSI S3.19-1974 was developed as a revision of another ANSI REAT standard, 

ANSI Z24.22-1957 "Method for the Measurement of Real-Ear Attenuation of Ear 

Protectors at Threshold" (ANSI, 1957). The 1957 standard specified an anechoic test 

chamber and the use of a single loudspeaker pointed directly at the subject to present pure 

tone stimuli for the threshold tests. Revision was considered necessary since it was felt 

that pure tones and a directional sound field were not representative of the environment in 

which HPDs were used. In addition, it was shown that the attenuation values obtained for 

earmuffs varied by as much as 15 dB as the angle of incidence of the sound was varied 

(Berger, 1979). The 1974 standard specified a diffuse sound field and third-octave bands 

of noise rather than pure tones. In 1979, the Environmental Protection Agency (EPA) 

adopted product labeling regulations specifying ANSI S3.19 -1974 be used in generating 

the HPD attenuation data. Although data gathered using Z24.22-1957 were allowed to be 

used, all protectors displaying the old data were required to be retested with the newer 

standard within one year of adoption of the regulations as law (EPA, 1985). 
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In 1984, a new standard was issued as a revision to the 1974 standard. However, 

this new standard was never incorporated into the law, and today, both ANSI S3.19-1974 

and ANSI $12.6-1984 remain in effect although the former is not formally recognized as 

a current standard by ANSI. No mention could be found in the literature as to why the 

newer standard has not been adopted by the EPA, but both Berger (1986a) and the NIH 

(1990) cite the 1982 elimination of the EPA's Office of Noise Abatement and Control, 

which may have had an impact on the activity in this area. Finally, no empirical 

comparison of the two standards could be found in the literature, only a brief discussion 

by Berger (1985a) pointing out the most obvious similarities and differences between 

them. What follows 1s a detailed requirement-by-requirement comparison of the two 

standards. The discussion is summarized in Table 1]. 

Purpose and Application 

Each standard states explicitly that its purpose is to measure the real-ear 

attenuation at threshold of standard hearing protection devices as well as communication 

devices, helmets, pressure suits, safety helmets, and earplugs worn in combination with 

earmuffs. However, ANSI S3.19-1974 does provide a method for objective testing of 

earmuffs. This portion of the specification was not included with ANSI $12.6-1984 since 

it was felt by the standards committee that this type of test procedure deserved a separate 

standard (Berger, 1985a). 
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TABLE 1 

Comparison of ANSI S3.19-1974 and ANSI S12.6-1984 

REQUIREMENT 

Purpose/Application 

Intended Use of Obtained Data 

Physical Requirements: 

Ambient Noise Limits @ 125, 
250, 500, 1000, 2000, 4000, and 
8000 Hz. 

Test Sounds 

Signal Pulse Rate 

Reverberation Time (T¢) 

6-Position Sound Field 

Uniformity 

Sound Field Directionality 

Noise Gencrator 

ANSI S3.19-1974 

REAT testing of HPDs. Also 
includes an objective procedure 
to test earmuffs. 

If "optimum" performance 
desired, "Experimenter-Fit" 

required. 

24, 18, 16, 16, 14, 9, 30 dB 

1/3 Octave Band Noise @ C.F.s 
of 125, 250, 500, 1000, 2000, 
3150, 4000, 6300, and 8000 Hz. 
Also requires testing at 1/3 OBs 
adjacent to test bands where 
small or negative attenuation is 
measured. 

Once per s; 50% duty cycle. 

O5s<Tey< 16s 

+ 6 dB Front-Back @ 10cm 
+6dB Up-Down © 15cm 

+2 dB Right-Left @ 15cm 

Requires testing at all test bands 
using a figure-eight (cosine) 
mic. (= 10 dB front-to-side 

rejection) and allows a 
maximum variation of 3 to 6 dB 
(dependent on mic. used) 

between the avg. SPL in each of 
the 3 principal planes. 

White noise — Uniform to within 

+? dB from 50 Hz to 10 kHz 

when measured with | Hz filter. 
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ANSI S12.6-1984 

Same, except objective test was 
dropped. 

"Optimum" performance. 

28, 18, 14, 14, 8, 9, 20 dB 

1/3 Octave Band Noise @ C.F.s 
of 125, 250, 500, 1000, 2000, 
3150, 4000, 6300, and 8000 Hz. 

No requirements to test at 
adjacent 1/3 OBs. 

Twice per s; 50% duty cycle. 

Te <1.6s 

+6dB Front-Back @ 15cm 

+6dB Up—Down @ 15cm 
+ 2dB Right—Left @ 15cm 

Requires testing at freq. = 500 
Hz. Allows cardioid mic. (= 10 

dB front-to-back rejection) or 
figure-eight (cosine) mic. (='10 
dB front-to-side rejection) and 
allows maximum variation of 3 
to 6 dB (dependent on mic. 
used). Not clear how variation 

to be determined (see text). 

Pink or white noise. No 
quantified uniformity 
requirement.



TABLE 1 (continued) 

Comparison of ANSI $3.19-1974 and ANSI $12.6-1984 

REQUIREMENT 

Third-Octave Filter Set 

Attenuator Lineanty 

Subject Controlled Attenuators 

Pulsed Signal Waveform 

Loudspeakers 

Head-Positioning Device 

Distortion 

Earmuff Force Measuring Device 

Listeners: 

Pure Tone Thresholds 

ANSI S3.19-1974 

Meet all Requirements for Class 
IH filters in ANSI S1.11-1960 
and be discretely selectable. 

90 dB dynamic range, 2.5 dB 
steps. Allowable departures 
from linearity not quantified. 

Must meet attenuator linearity 
requirements. 

0.02 s < Rise Time < 0.108 

0.005 s < Fall Time < 0.10s 

Minimum of 3 required (1 in 
each of the 3 principal planes of 
the test space). Dynamic range 
from 10 dB below to 70 dB 
above open threshold of 
audibility. 

Required (Plumb bob 
acceptable). 

THD < 5%, Spectra of each 1/3 

octave test band must meet 

requirements of S1.11-1960. 

Required — Includes sample 
design. 

@ Freq < 1000 Hz; HL < 10 dB 
@ Freq > 1000 Hz; HL < 20 dB 
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ANSI S12.6-1984 

Same 

Same, but quantifies allowable 

departures from linearity to 3% 
of step or 1.0 dB, whichever is 

smaller. 

Not included. 

0.02 s < Rise Time < 0.05 s 
0.02 s < Fall Time < 0.05 s 
Smooth wavetorm, 20 dB 

dynamic range 0.15 s on-time, 
0.20 s repetition rate. 

Any number. Dynamic range 
from 10 dB below to 60 dB 
above open threshold of 
audibility. 

Same 

Same, but quantifies 
conformance criteria (-5 dB at 

adjacent 1/3 OBs, -30 dB one or 
more octaves from the center 
frequency). 

Required 

-10 dB < HL < 20 dB for all 
frequencies. No subject can be 
used whose pure tone threshold 
is 8 dB or more below the 
ambient noise level in the test 
space.



TABLE 1! (continued) 

Comparison of ANSI $3.19-1974 and ANSI S$12.6-1984 

REQUIREMENT 

Open Threshold Variability 

Subject Dismissal 

Procedures: 

Informed Consent 

Seated Position 

Audiometric Technique 

Procedure 

Fitting 

Number of Protectors Tested 

ANSI S3.19-1974 

6 dB max at test bands from 250 

to 4000 Hz. 

Only subjects for whom a good 
fit cannot be obtained (acoustic 

criterion not allowed). 

Required 

Subject's head must be 
maintained ina "fixed" position. 

Any suitable psychophysical or 
audiometric technique allowed. 
Same technique required for 
both occluded and unoccluded 
trials. 

3 pairs of occluded—unoccluded 
tests on each of at least 10 
subjects. 

Experimenter-fit or Subject-fit. 
White noise used to check fit. 

At least 2 units for a set of 10 

tests. 
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ANSI 8$12.6-1984 

5 dB max at all test bands. 

Same 

Required 

Same 

Same, but also includes 
instructions for scoring 
automatic audiograms. 

Same 

Experimenter-supervised fit. 
Pink or white noise used to 

check fit. 

Same, with additional 

requirement that each subject 
use the same unit for all three 

trials.



Intended Use of Obtained Data 

ANSI S12.6-1984 states explicitly that the standard is meant to obtain "optimum" 

results, both to improve repeatability and to provide a means of rank ordering HPDs. On 

the other hand, $3.19-1974 allows the use of two methods for fitting of HPDs to subjects, 

"Subject Fit" and "Experimenter Fit"; the latter method is intended to result in "optimum" 

performance and is required by the EPA (1985) for use in obtaining data for HPD 

labeling purposes. 

Physical Requirements 

Ambient noise. Both standards contain maximum ambient noise requirements, 

measured in one octave wide test bands centered at 125, 250, 500, 1000, 2000, 4000, and 

8000 Hz, which the test space must meet. However, the maximum SPL in each of these 

test bands does vary between the two standards with ANSI $12.6-1984 being more 

stringent at four of the seven test bands and less stringent at one test band. The standards 

are the same at only two of the seven test bands. The ambient noise requirements for 

each standard were given in Table 1. Both standards require that a means be provided to 

allow the subject to signal the experimenter if extraneous noise interferes with the test. 

Test sounds. Each standard requires that third-octave bands of noise be used as 

the test stimulus with center frequencies of 125, 250, 500, 1000, 2000, 3150, 4000, 6300, 

and 8000 Hz. ANSI S3.19-1974 has the additional requirement that when small or 

negative attenuation is measured at any test band, measurements must also be obtained at 

the third-octave bands adjacent to those bands where poor attenuation was obtained. 
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Signal pulse rate. This requirement differs between the two standards. ANSI 

S3.19-1974 requires that the test sounds be pulsed at a rate not to exceed one pulse per 

second (1 Hz) with a 50% duty cycle. On the other hand, ANSI $12.6-1984 requires a 

pulse rate of at least two pulses per second (2 Hz) with a 50% duty cycle. The one pulse 

per second requirement of $3.19-1974 can create a problem during a test since this rate 

closely coincides with the normal resting heart rate of between 50 and 70 beats per 

minute (Kroemer, Kroemer, and Kroemer-Elbert, 1986), which is a major source of 

physiological noise, especially when in the occluded state (Anderson and Whittle, 1971). 

This ts quite possibly the reason that the signal pulse rate was changed when the new 

standard was written. Finally, the newest audiometer standard (ANSI, 1989) specifies 

that test signals used in manual and automatic audiometers be pulsed at either 2 or 2.5 

Hz, the same pulse rate required by $12.6-1984. 

Reverberation time. The two standards also differ in the requirement concerning 

allowable reverberation time. Reverberation time (T¢) is defined as the time necessary 

for the root mean square (RMS) SPL within a space to drop 60 dB after the sound source 

is terminated (ANSI, 1960). ANSI S3.19-1974 requires that the reverberation time in the 

test space be between 0.5 s and 1.6 s. ANSI S12.6-1984, on the other hand, requires only 

that the reverberation time in the test space be less than 1.6 s. This requirement allows 

different sound fields to exist in the test spaces for the two standards. The moderately 

long reverberation times required by S3.19-1974 demand the use of a reverberant room to 

achieve a diffuse, non-directional sound field. However, the $12.6-1984 wording allows 

the use of an anechoic room, which actually represents a free-field (free from edge 

effects) environment to exist in the test space. It is interesting to note, however, that any 

room which meets the 1974 standard would also meet the 1984 standard as far as the 

reverberation time requirement is concerned. 
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Six-position sound field uniformity. Both standards require that the sound field 

measured at six positions (front-back, left-right, and up-down) about the subject's head 

center location be uniform to within + 6 dB (+ 2 dB left-to-right variation), but the 

distance from the head center position to the six test positions varies slightly between the 

two standards. ANSI $12.6-1984 specifies that all six test positions be a distance of 15 

cm (5.9 in) from the subject's head center position, while $3.19-1974 requires that the 

front-to-back positions be only 10 cm (3.9 in) from the head center position, while all 

other positions must be 15 cm (5.9 in) from the head center position. The practical 

significance of this is that the new standard requires a uniform sound field over a slightly 

larger volume of space and therefore allows the subject slightly more variation in head 

position. The new standard is judged to be the more stringent standard because it 

requires a uniform sound field over a larger volume of space. 

Sound field directionality. Here again the two standards differ slightly. ANSI 

S3.19-1974 requires that the sound field in the test space be measured (at the head center 

position) at each of the test band center frequencies using a directional microphone with a 

figure-eight (cosine) pickup pattern (minimum of 10 dB front-to-side rejection at each 

test band center frequency) which is rotated through 360° (at a constant rate of 6°/s or in 

discrete 15° increments) in each of the three principal axes of the test space. The 

maximum allowed variation between the mean SPL for any two of the three axes can be 

no more than 3 to 6 dB (depending on the front-to-side rejection characteristics of the 

microphone used in the test). ANSI $12.6-1984 requires a similar test (but only at test 

bands with center frequencies of 500 Hz or higher), but allows the use of a microphone 

with either a cardioid pickup pattern (with a minimum of 10 dB front-to-back rejection) 

or a figure-eight (cosine) pickup pattern (with a minimum 10 dB front-to-side rejection) 

and does not state explicitly how the variation between axes is to be calculated. For 

36



instance, the specification could be interpreted to mean the maximum variation is allowed 

within a single axis, that the variation is between the minimum and maximum SPLs 

obtained for any two axes, or it could even be interpreted to mean the difference between 

the axis means as stated in $3.19-1974. 

Noise generator. ANSI $3.19-1974 requires that the signal source be capable of 

generating a uniform (+ 2 dB when measured with a 1 Hz wide filter) white noise (flat by 

frequency) test signal over the bandwidth from 50 Hz to 10 kHz. Although $12.6-1984 

requires a "uniform" white or pink noise signal spectrum, no numerical requirements are 

mentioned in the requirement. Therefore, S3.19-1974 would have to be considered the 

more stringent requirement with regard to the noise generator. | 

Third-octave filter set. Both standards specify that the third-octave filter sets 

used in the test signal presentation system meet the requirements for Class III filters 

established by ANSI $1.11-1960 "American Standard Specification for Octave, Half- 

Octave, and Third-Octave Band Filter Sets” (ANSI, 1960b) and that the filters be 

discretely selectable. ANSI $3.19-1974 has the additional requirement that the filters 

must allow for direct access to the band outputs prior to summing. It is judged, however, 

that no significant difference exists between these two requirements. 

Attenuator linearity. Both standards require that the attenuators used in the signal 

presentation system have a dynamic range of at least 90 dB and that they be calibrated in 

steps of no more than 2.5 dB. In addition, both standards require that the output be | 

calibrated and any measured departures from linearity be applied to the data if the 

requirement is not met. However, ANSI S12.6-1984 specifies quantitatively the 

maximum departures from linearity which the attenuators may exhibit (3% of the 

difference between successive steps or 1.0 dB, whichever is smaller) to determine if the 

attenuators meet the standard, while $3.19-1974 does not quantify the requirement. 
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Subject controlled attenuators. ANSI S3.19-1974 requires that attenuator 

networks which are controlled manually by the subject meet the linearity requirements 

discussed above. $12.6-1984 does not include this provision, nor does it make any 

mention of attenuator networks which may be controlled manually by the subject. It must 

be assumed that the attenuator linearity requirements apply to all possible types of 

attenuators which may be implemented, whether experimenter or subject controlled. 

Waveform requirement for signal pulses. Both standards specify rise and fall 

times for the pulsed test signal. The rise time (measured from -20 dB to -1 dB, 

referenced to full on) allowed by $3.19-1974 is between 0.02 s and 0.10 s, whereas 

S12.6-1984 requires that the signal rise time be between 0.02 s and 0.05 s. As can be 

seen, the newer standard is slightly more stringent in this respect. Likewise, signal fall 

times (measured from -1 dB to -20 dB, referenced to full on) required by $3.19-1974 are 

between 0.005 s and 0.10 s; those of $12.6-1984 are between 0.02 s and 0.05 s, again 

slightly more stringent than the older standard. In addition to the slight change in 

allowed rise and fall times, the newer standard also specifies that the waveform vary 

smoothly and without discontinuities, have a minimum on-duration of 0.150 s, anda 

nominal repetition rate of 0.2 s Finally, the newer standard also specifies that the pulsed 

signal vary by at least 20 dB from "on" to "off" in the pulse train. These later 

requirements are not contained in $3.19-1974 (although the minimum 20 dB range is 

implied by the requirement that the on and off times be measured from -20 to -1 dB, 

referenced to full on). 

Loudspeakers. ANSI S3.19-1974 requires at least three loudspeakers be used to 

achieve the desired sound field. At least one loudspeaker is required to be mounted in 

each of the three principal planes of the test space and no loudspeaker may be oriented 

directly toward the subject (minimum 5° off axis required). Finally, the loudspeakers are 
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required to provide a SPL in each test band that can be varied from 10 dB below to 70 dB 

above the open threshold of audibility. ANSI $12.6-1984 does not specify a minimum or 

maximum number of loudspeakers, just that the loudspeakers used must be capable of 

providing a SPL that can be varied from 10 dB below to 60 dB above the open threshold 

of audibility. This dynamic range is 10 dB less than that specified by the old standard. 

Finally, $12.6-1984 also does not make any stipulations as to where the loudspeakers 

may (or may not) be directed. (In the case of an anechoic room, the loudspeakers must be 

directed toward the subject due to the directionality of the sound field.) As with 

reverberation time, a test space which meets the old standard should also be capable of 

meeting the requirements of the new standard, but not vice-versa. 

Head positioning device. Both standards require the use of a plumb bob type of 

device to help the subject maintain a constant head position during a test and to insure 

that all subjects maintain the same head position. Head rest devices are not acceptable. 

Distortion. Both standards require that the sound presentation system have a total 

harmonic distortion (THD) of less than 5%. In addition, each standard specifies a 

spectral profile tolerance for each of the nine test bands when the system is operated at 

maximum volume. However, the details of the profile requirements differ. ANSI S3.19- 

1974 specifies that for each third-octave test band, the SPLs measured in the adjacent 

third-octave bands be consistent with the filter characteristics of Class III filters specified 

in ANSI $1.11-1960. It is left up to the individual experimenter to decide how to 20 

about determining compliance. However, ANSI $12.6-1984 quantifies the minimum 

drop required in each of the adjacent third-octave bands. (SPLs in adjacent 1/3 OBs are 

to be 5 dB down, while SPLs in 1/3 OBs one or more octaves from the center frequency 

of the test band are to be 30 dB down). The requirements are the same, but the newer 

standard specifies a standard means to determine compliance. 
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Earmuff force measurement device. Each standard requires that a device be 

available to measure the force exerted by earmuffs when the earcups are separated by a 

distance of 14.35 cm (5.65 in). The only difference between the two standards 1s that the 

older standard actually provides a sample design of an acceptable device as a guide to 

anyone fabricating such a device. 

Listeners 

Pure tone thresholds. Both standards require that any subject used have hearing 

within a specified range when measured with a pure tone audiometer. However, S3.19- 

1974 requires that subjects have a lower threshold (better hearing) at frequencies at or 

below 1000 Hz than does S12.6-1984. In addition, $12.6-1984 does not allow use of 

subjects with extremely acute hearing. The requirements of S3.19-19774 state that 

subjects must have a hearing threshold level no higher than 10 dB up to 1000 Hz and a 

threshold level no higher than 20 dB at frequencies greater than 1000 Hz. In contrast, 

5 12.6-1984 requires that the hearing threshold level of any subject be no better than -10 

dB and no worse than 20 dB at all test frequencies. Finally, S12.6-1984 also contains the 

additional requirement that no subject may be used whose threshold is 8 dB or more 

below the ambient noise level in the test space. This requirement is not contained in the 

older standard. 

Open threshold variability. Both standards specify a maximum amount of 

variability any subject may demonstrate in three successive open threshold (unoccluded) 

trials in the sound field, but the range allowed by each standard differs. ANSI S3.19- 

1974 allows a subject's threshold to vary over a range of 6 dB at any test band from 250 

to 4000 Hz. $12.6-1984 allows only a 5 dB range and requires variability to be checked



at all nine test bands. Neither standard makes any mention of when the variability 

measurements are to be made. For instance, variability might be tested just once for each 

subject as part of the screening procedure, or it might be checked before each test in 

which a subject is involved. 

Subject dismissal. Both standards state explicitly that any subject meeting all of 

the requirements and for whom a good fit can be obtained may not be dismissed for poor 

attenuation results. However, both standards allow subjects to be dismissed if a good fit 

cannot be obtained. The difficult question is: How does one determine if the subject has 

a "good" fit? It could be argued that the only true way of determining this is to test the 

subject with the device and use one or more standard statistical tests for outliers on the 

data, and subsequently retest, or replace the subject if the data fail the test. Neither 

standard contains any guidelines for determining goodness-of-fit for HPDs. 

Test Procedures 

Informed consent. Both standards require that all subjects be completely 

informed regarding the purposes and procedures of the test. 

Seated position. Both standards require subjects to be seated in such a way as to 

maintain their heads in a single "fixed" position. 

Audiometric technique. Both standards allow the use of any "suitable" 

psychophysical or audiometric technique. However, $12.6-1984 specifies a standard 

method for scoring automatic audiograms in determining thresholds. 

Procedure. Both standards require three occluded (O) and three unoccluded (U) 

trials for each of at least ten subjects. Each pair of occluded and unoccluded trials are to 

be repeated 1n an alternating fashion (1.e., O-U/U-O/O-U). 
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HPD fitting. This is an important area where the two standards differ 

considerably, and this difference could easily contribute to different attenuation data 

being reported from the use of the two standards. ANSI S3.19-1974 allows two classes 

of fit to be used: subject-fit or experimenter-fit. Subject-fit requires that the test subject 

fit the protector after receiving instructions from the experimenter. After fitting the 

protector, a white noise, termed "fitting noise", with a SPL of between 60 and 70 dB is 

required so that the subject can adjust the protector until the noise is minimized. Under 

the subject-fit condition, the experimenter cannot touch the subject to adjust the protector 

nor may the subject adjust the protector after the test has begun. Experimenter-fit 

stipulates that the experimenter may fit the protector to the subject to achieve the "best" 

possible fit when "optimum" performance is desired. The experimenter-fit procedure is 

required by the EPA (1985) for obtaining attenuation values to be used in product 

labeling. 

ANSI S12.6-1984 specifies only one fitting condition, that of experimenter- 

supervised fit. Experimenter-supervised fit requires the subject to fit the protector 

according to the instructions of the experimenter, but allows the experimenter to inspect 

the fit of the device and to require the subject to adjust the fit until the "best" fit possible 

is obtained. However, the experimenter is not allowed to physically perform the fitting as 

is allowed under $3.19-1974. A 60 to 70 dB pink or white fitting noise is used by the 

subject to check the fit of the protector. Again, the protector may not be adjusted after 

the test begins. 

The effect of eliminating the two fitting categories of S3.19-1974 and using only 

one type of fitting condition should be twofold. First, it should eliminate any problems 

with comparing data obtained using two different fitting techniques. Secondly, it may 
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reduce the attenuation values obtained with some HPDs since subjects will typically not 

be as experienced in fitting HPDs as will the experimenter. 

Number of protectors required. Both standards require that at least two 

individual units of the protector under test be available, but $12.6-1984 also requires that 

each subject will use only one protector during his or her three trials. No guidelines are 

given for protectors which are not designed to be reused (i.e., disposable earplugs). 

The remaining requirements deal with reporting and presenting data, and the 

necessary data to be reported are essentially the same for both standards. In addition, 

those requirements have nothing to do with how the tests are conducted; therefore, they 

will not be discussed here. 

Testing Standards Comparison Summary 

Few of the differences between the two standards should have any effect on the 

results of a REAT test of HPD attenuation. For the most part, the changes made to the 

1974 standard did little except strengthen some requirements, clearly delineate others so 

as to avoid misinterpretations, and eliminate unnecessary requirements. However, a few 

changes were made which could affect the results of REAT testing. 

The most obvious of these is the change to the HPD fitting procedure. The 

experimenter-supervised fit required by $12.6-1984 is meant to provide an indication of 

the optimum attenuation possible for a given HPD, not to be representative of real-world 

performance. However, the experimenter-fit required by S3.19-1974 is also meant to 

provide optimum results. Since it is likely that subjects will generally be less experienced 

in fitting HPDs than the experimenter, the attenuation results obtained using the 
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experimenter-supervised fit condition of $12.6-1984 will likely be lower than those 

obtained using the experimenter-fit condition of S3.19-1974, all other things being equal. 

The signal pulse rate could also have an effect on the attenuation results. If the 

1 Hz pulsed test stimulus of $3.19-1974 were actually masked by physiological noise due 

to the lowering of the bone conduction threshold in the occluded condition, it would have 

the effect of artificially inflating the measured attenuation of HPDs at the lower test bands 

(below approximately 500 or 1000 Hz). Masking of the pulsed test signal would likely 

occur only in the occluded condition since bone conduction 1s enhanced when the ear 

canal is blocked. 

The specification of a standard method for scoring automatic audiograms may 

also impact the results obtained with the newer standard. One researcher (Berger, 1985a) 

believes that the result of this added requirement may be that interlaboratory variations 

will be reduced due to the removal of experimenter bias from the scoring process. 

However, exact psychophysical procedures and some of the automatic audiogram scoring 

criteria remain unspecified. Therefore, considerable potential still exists for 

interlaboratory differences, such as those due to scoring biases in estimating the midpoint 

of the excursions. 

Finally, the sound field itself must be considered. It was stated earlier that the 

elimination of the lower limit on the reverberation time requirement in the 1984 standard 

allowed the use of a free-field test environment with virtually zero reverberation. It may 

be that this type of sound field could affect the results of attenuation tests. However, this 

would only be the case if an anechoic room were used as the test space. Use of an 

anechoic test chamber would eliminate what Whittle and Robinson (1977) feel to be the 

two major disadvantages associated with a reverberant room. These disadvantages are: 

1) the slow decay of stimulus sounds may result in difficulty of psychophysical



determination of threshold, and 2) any noise inside the environment is likely to be very 

distracting. Either of these factors could influence the results of a REAT test. 

If a room were constructed which met the more stringent requirements of both 

standards, it would be possible to have a single room certified to test under both 

standards. If this were the case, then there should be no difference in measured 

attenuation, regardless of the standard used, as long as the procedures were consistent. 

Taking this one step further, if two rooms were constructed so that they utilized the same 

or identical signal presentation hardware and differed only in the sound field in which the 

subjects were placed, then any difference in attenuation would most likely be attributable 

to the difference in the sound field. This is exactly the arrangement available in the VPI 

Auditory Systems Laboratory. This issue will be explored in more detail in a subsequent 

section. 
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ESTIMATING HPD ATTENUATION AND THE NOISE REDUCTION RATING 

Once an HPD has been tested and its attenuation at each of the test bands is 

known, the problem remains to estimate its effectiveness in the real-world and determine 

what protector is best suited for what environments. Several methods are 

available, but only the Noise Reduction Rating (NRR) is allowed to be used for product 

labeling purposes (EPA, 1985) in the United States. 

The NRR is a single number rating used to predict the performance of an HPD. In 

calculating an NRR, a steady 100 dB pink (flat by octaves) notse 1s assumed. A 

C-weighting correction is then applied to give a C-weighted spectra followed by an 

A-weighting correction. (The C — A correction is used in an effort to account for the fact 

that low frequency performance of HPDs decrease at approximately the same rate as the 

difference between the C and A weightings). The spectral attenuation of the device being 

rated is then subtracted from the A-weighted spectra. Next, a two standard deviation 

correction is applied to predict the protection level achievable by 98% of the user 

population. The resulting estimated spectral A-weighted protection level is then summed 

logarithmically. Finally, the logarithmic sum of the A-weighted levels is subtracted from 

the logarithmic sum of the C-weighted noise spectra and a3 dB spectral uncertainty 

factor is then subtracted to give the NRR. The spectral uncertainty factor is an attempt to 

protect against overestimating the protection afforded by the device (Berger, 1986a). A 

sample calculation of an NRR is illustrated in Table 2. An advantage of the NRR is that 

it requires few calculations in order to predict the effectiveness of a given HPD, and does 

not require that expensive test equipment be used to measure the SPL at the worksite. All 

that is required is adBA or dBC measurement of the noise from which the NRR can be 

subtracted. The NRR is the most common single number rating in use today (Berger,



1986a). To apply the NRR, one would subtract it from the C-weighted SPL of the 

worksite to obtain the A-weighted protection afforded by the protector. If the C-weighted 

SPL is not available, the A-weighted SPL may be used, but it is first necessary to reduce 

the NRR by 7 before subtracting it from the A-weighted SPL. The NRR is the single 

number rating which the EPA requires all HPD manufacturers use for labeling purposes 

(EPA, 1985), along with mean and standard deviation attenuation values at each of the 

nine third-octave test bands. 

The NRR assumes that the noise spectra to which the worker is exposed will be 

fairly flat. If this is not the case, then it is quite possible that the worker may be either 

under- or overprotected, depending on whether the noise is composed of predominantly 

low or high frequencies respectively. However, under- or overprotection will also depend 

on the choice of HPD. For example, an earmuff and an earplug may have exactly the 

same NRR (say 21) but the earplug will likely provide much more protection at low 

frequencies than the earmuff. 
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TABLE 2 

NRR Calculation (from Berger, 1986a with modification) 

  

Octave Band Center 

Frequency (Hz) 125 250 500 1000 2000 4000 8000 dB(X)* 
  

1. Assumed sound 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

pressure levels 

2. C-weighting -0.2 0.0 0.0 0.0 8 6 -0.2 -0.8 ~3.0 

correction 

3. C-weighted sound 99.8 100.0 100.0 100.0 99.8 99.2 97.0 107.9 

levels [step 1 - [dBC] 
step 2] 

4. A-weighting -16.1 -8.6 -3.2 0.0 +1.2 +1.0 -1.1 

correction 

5. A-weighted sound 83.9 914 968 1000 1012 101.0 98.9 

levels [step 1 - 

step 4] 

6. Typical premolded 27.4 266 27.5 27.0 32.0 46.0" 44.2% 

earplug 

attenuation 

7. Standard devia- 7.8 8.4 9.4 6.8 8.8 7.3% 12.86 

tion x 2 

8. Estimated protected 64.3 73.2 787 798 780 62.3 67.5 84.2 

A-weighted sound [dBA] 

levels [step 5 - 

step 6 + step 7] 

9. NRR = step 3 - step 8 - 3” 
NRR = 107.9 —- 84.2 - 3 = 20.7 dB 
  

The NRR represents the attenuation that wil! be obtained by 98% of the users in typical 

industrial noise environments, assuming they wear the device in the same manner as 

did the test subjects, and assuming they are accurately represented by the test 

subjects. 

‘Logarithmic sum of 7 octave band levels in the row. This is a C-weighted sound level 

tor step 3 and an A-weighted sound level for step 8. See Chapter 2 for method of 

computation. 

* Arithmetic average of 3150 and 4000 Hz data. 

“Arithmetic average of 6300 and 8000 Hz data. 

’T he 3-dB spectral uncertainty factor is to protect against overestimates of the HPD's 

noise reduction that could arise from potential differences between the assumed 

spectrum and that of the user's actual exposure.



REAL WORLD PERFORMANCE OF HEARING PROTECTION DEVICES 

Although the NRR and other similar measures are easy to implement and are 

accurate predictors of laboratory performance of HPDs, they are not necessarily accurate 

predictors of the field performance of HPDs. Numerous studies (Berger, 1980; Berger, 

1983b; Behar, 1985; Casali and Park, 1990a; Casali and Park, 1991; Casali and Park, in 

press) have shown that the NRR overestimates the degree of protection afforded in the 

field. The reasons for this are many and include such things as poor fit, discomfort, 

improper care and maintenance, intentional abuse and/or modifications, and dynamic 

working conditions which may shake the HPD loose. To better estimate the real world 

performance of HPDs, it has been suggested that the NRR be derated before subtracting it 

from the C-weighted SPL to determine HPD effectiveness. Berger (1983b, 1986a) 

recommends subtracting 10 dB from the NRR before subtracting it from the C-weighted 

SPL at the worksite. OSHA, in field inspection guidelines, recommends the NRR be 

reduced by 50% when comparing the adequacy of hearing protectors to that of 

engineering and administrative controls (OSHA, 1983). Other researchers (Casali and 

Park, 1991) suggest a proportional derating of the NRR would be more representative of 

the real world performance of HPDs. In this scheme, the NRRs for different types of 

devices (premolded earplugs, user-molded earplugs, earmuffs, etc.) would be derated 

differently, based on the results of field performance evaluations. 
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FACTORS AFFECTING HPD ATTENUATION 

Although the factors affecting the field performance of HPDs are extremely 

important, they are not the subject of this thesis. The experiment described herein was 

concerned with what factors affect the attenuation of HPDs when they are tested in the 

laboratory using the current ANSI REAT-based standards. Factors which may influence 

the results of such tests include the sound field in the test space, the type of protector 

being tested (in an interaction with one or more of the other factors), the gender of the 

subjects, the hearing level of the subjects, the anatomical characteristics of the subjects, 

the amount of prior experience each subject has with REAT tests, and the number of 

subjects actually tested. Each of these factors will be briefly discussed along with the 

effect, or possible effect each could have on the results of REAT tests. 

Sound Field 

A diffuse sound field is defined as a region having uniform energy density and for 

which the direction of sound propagation is wholly random (ANSI, 1973). A free-field, 

on the other hand is defined as a homogeneous, isotropic medium free from boundaries 

(ANSI, 1960). The main difference between the two sound fields is that one (the free- 

field) is free from the effects of boundaries. In practice, a diffuse sound field exists in, or 

is closely approximated by, a reverberant room; whereas a free-field can be closely 

approximated in an anechoic room. Berger (1981) has shown that the minimum audible 

field (MAF) varies with the type of sound field (diffuse vs. free-field). At frequencies at 

or below 1000 Hz, hearing threshold levels were 2.6 to 7.1 dB higher when measured in a 

diffuse sound field than in a free sound field. If the MAF varies with the sound field



type, then the normal open threshold as measured in REAT tests should also vary with 

the sound field type. If this 1s the case, the attenuation measured for HPDs in the two 

types of sound fields might differ unless the occluded thresholds are also affected, and in 

the same manner. However, since the occluded MAF represents an elevation of the 

unoccluded MAF, an effect of this kind is not expected. 

Another way in which HPD attenuation could be affected by the test environment 

has to do with the manner in which the sound fields are created in the test chambers. The 

diffuse sound field in the reverberant room is created by sound waves being reflected 

from the walls, floor, and ceiling so that the waves reaching the subject's head center 

position arrive in a completely random, non-directional manner. In an anechoic chamber, 

reflection of sound waves from the interior surfaces of the chamber does not occur, by 

design. Thus, to create a uniform, non-directional (diffuse) sound field about the 

subject's head center position in an anechoic room, it is necessary to use multiple 

loudspeakers directed at the subject's head center location. In the VPI facility, this is 

accomplished through the use of four frequency-response matched loudspeakers, each 

located at a vertex of an imaginary tetrahedron so that the immission axis of each 

loudspeaker is oriented directly at the subject's head center position (Casali, 1988). 

However, as required by ANSI $12.6-1984, verification of the sound field uniformity and 

non-directionality is performed with the subject and chair absent from the test space. 

With a subject (and chair) present, the diffuse nature of the sound field could be | 

destroyed, and a directional sound field created. Since attenuation values obtained with 

earmuffs were shown to vary with sound incidence angle when measured under ANSI 

Z24.22-1957 (Berger, 1979), it might be that attenuation values for earmuffs could be 

similarly affected under ANSI S12.6-1984. This effect would not likely exist in the 

reverberant test space due to the non-directional characteristics of the sound field. 
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Lindgren (personal communication, January 2, 1991) agrees that the presence of a subject 

will most likely destroy (or at least affect) the diffuse nature of the sound field within the 

anechoic chamber, but that the number and positioning of the loudspeakers should insure 

that no difference in attenuation will be found between the two environments. 

ANSI S3.19-1974 requires that HPD testing be conducted in a reverberant 

(diffuse field) environment, while ANSI $12.6-1984, allows the use of a free-field 

environment. As mentioned earlier, if two such rooms were available and could share the 

same signal generation hardware, while at the same time meeting all of the specifications 

for the two ANSI REAT standards, the perfect opportunity would be available to 

determine if the type of sound field had an effect on the attenuation of HPDs. Just such a 

situation exists in the VPI Auditory Systems Laboratory. The laboratory contains one 

anechoic test facility already acoustically-verified (Casali, 1988) to test under $12.6- 

1984, and a second reverberant test facility has been added and acoustically-verified 

(Casali and Robinson, 1990) to test under S3.19-1974. 

Subject Gender 

Another factor which may affect measured attenuation of HPDs is the gender of 

the subjects used in the REAT tests, as suggested by the results of two small scale 

studies. Casali, Lam, and Epps (1986) and Abel, Alberti, and Rokas (1988) found a | 

significant gender effect in REAT testing of earplugs. Casali, et al. (1986) found that 

males achieved better attenuation across five different earplugs than did females, but no 

differences occurred for the other types of HPDs tested. The study included tests of 

earplugs, semi-aurals, and earmuffs and utilized the ANSI Z24.22-1957 test procedures. 
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Similar results were reported by Abel, et al. (1988) in a study of four earplugs using a 

non-standard REAT procedure in which test stimuli were presented over supra-aural 

earphones. 

The most likely explanation for these effects 1s that they are due to anatomical 

differences in the size and shape of the females’ ear canals and/or differences in bone 

conduction sensitivity. 

Hearing Level 

The hearing threshold level of test subjects can also influence the results of HPD 

REAT tests. Berger (1985b) conducted a series of experiments to determine if REAT 

was a function of hearing level (HL). His findings indicate that for normal subjects (HL 

< 20 dB), measured HPD attenuation at high frequencies (6300 and 8000 Hz) increases 

with decreasing HL (better hearing) for HPDs with attenuation high enough to approach 

the bone conduction limit. The effect was not as strong for subjects with elevated 

thresholds (HL > 30 dB). 

Anatomical Considerations 

The anatomy of the ear (including the pinna and ear canal), the shape of the head, 

and the type and thickness of the hair can all influence the quality of the fit obtainable 

with various types of HPDs and thus the measured attenuation of the protectors. Persons 

with very small or oddly-shaped ear canals are extremely difficult to fit with earplugs. 

Even with a "normal" ear canal, if the wrong size earplug is fitted, the effectiveness of the 

earplug can be compromised. And, as mentioned earlier for gender effects, the size of the 
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ear canal may be the fundamental reason for the poorer attenuation results obtained for 

women wearing earplugs. Persons with prominent cheekbones or extremely large pinna 

may be impossible to fit with earmuffs (Gasaway, 1984). Even something as innocuous 

as thick hair or a stiff beard can make it very difficult to attain a quality seal with 

earmuffs. A proper fit is critical to maximizing the effectiveness of any HPD, and the 

anatomical features of the user should be considered when fitting the device. 

Subject Selection 

Almost all HPD testing in the United States 1s conducted by repeating the test 3 

times with each of 10 subjects. This convention is mentioned in both of the current ANSI 

REAT standards as a minimum. However, since the NRR calculation uses a correction 

factor of two standard deviations, any change in the magnitude of the standard deviation 

would have an impact on the numerical value of the NRR. It would be interesting to 

compare the attenuation results of REAT tests which utilized 2 repetitions of 15 subjects 

and/or single tests of 30 subjects to a standard test where 10 subjects were tested 3 times. 

In all cases, the total number of observations are the same. 

A somewhat related area deals with the amount of prior experience the subjects 

have in REAT testing. The preliminary results of a study of a new REAT testing protocol 

(Berger, Royster, Casali, Merry, Mozo, Royster, 1990) indicate that experienced subjects 

consistently achieved higher attenuation scores than did novice subjects, but this result 

was based on a small subject sample with only two earplugs and utilizing a subject-fit 

procedure.



RESEARCH OBJECTIVES 

As evidenced by the preceding discussion, many factors can influence the 

attenuation results obtained for HPDs as measured in the laboratory. The research 

described herein was undertaken in an attempt to answer some of the questions 

surrounding these factors. The following objectives were addressed: 

1) To determine what effects, if any, the nature of the sound field has on HPD 

attenuation as measured in the laboratory, and if the effects are consistent across protector 

types or if there is a sound field — protector type interaction. 

2) To determine if the gender differences suggested by two previous small-scale 

studies could be duplicated in both sound fields, and if so, if the effect is restricted only to 

earplugs as suggested by the previous studies. In addition, an attempt was made to 

correlate attenuation with ear canal size (for earplugs) and bitragus breadth (for 

earmuffs). 

3) To determine what effect the use of statistical tests for outliers as an indicant of 

goodness-of-fit of the HPD has on the REAT data obtained under the standard test 

protocols and on the ultimate computations of the NRR for the HPD. 

Other important variables which were not investigated in the experiment 

described herein include subject hearing level and the number of subjects per experiment. 

The number of subjects per test was not varied because to do so would have required 

increasing the size of the experiment by as much as 300%. Neither sufficient funds nor 

time was available to conduct an experiment of that size. Likewise, the effect of hearing 

level was not investigated due to the additional constraints it would place on subject 

selection. Finally, anatomical characteristics were considered, but only in a post-hoc 

analysis (i.e., correlation of attenuation with selected anatomical features). Any attempt 
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to block for such variables as ear canal size would have been unwieldy and would have 

precluded random assignment of subjects. 

The results of this study should provide valuable input to the continuing effort to 

standardize REAT test procedures and standards development efforts being carried out 

under the auspices of the American National Standards Institute (ANSI) and the 

International Standards Organization (ISO).



EXPERIMENTAL DESIGN AND METHOD 

HPD Selection 

A total of six HPDs (three devices for each of two types: premolded earplugs and 

earmuffs) were tested in the experiment. Premolded earplugs and earmuffs were chosen 

as the two types of HPDs because they represent the majority of HPDs used in industrial 

settings, and they are also the types of devices used most often in HPD research. 

Premolded earplugs. The three premolded earplugs selected for this experiment 

were the EP-100, Figure 8 (manufactured by Willson Safety Products, Inc.), the Hear- 

Guard V51R, Figure 9 (manufactured by American Optical, a division of Cabot Safety 

Corporation), and the Quiet, Figure 10 (manufactured by Howard Leight Industries). The 

EP-100 earplug was chosen because it is representative of the class of multi-flanged 

devices (it has two flanges). It is available in two sizes. The Hear-Guard V51R isa 

single flanged earplug available in five sizes (Extra Small, Small, Medium, Large, and 

Extra Large). It was thought that if the gender differences shown 1n other research with 

different earplugs were due to anatomical characteristics, then the use of devices 

available in multiple sizes would eliminate those differences. Finally, the Quiet was 

chosen because of its unique shape, unlike that of any other premolded device available. 

For the EP-100 and the Hear-Guard V51R, both of which are made of rubber or 

silicone materials, each subject had his or her own pair of earplugs which were used for 

all trials in each environment. For the foam-based Quiet, however, a different pair was 

used in each trial and for each environment. This was due to the fact that the 

manufacturer sells the earplug as a "disposable" device. 
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Figure 8. Willson EP-100 earplug.



  
Figure 9. American Optical Hear-Guard V51R earplug, in 5 sizes. 
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Figure 10. Howard Leight Quiet earplug.



Earmuffs. The three earmuffs selected for the experiment were the Hear-Guard 

Model 1720, Figure 11 (manufactured by American Optical, a division of Cabot Safety 

Corp.) and two devices manufactured by Peltor, Inc.; the H9A and the H7A, shown in 

Figures 12 and 13. The Model 1720 earmuff was chosen because during preliminary 

fitting tests it was found to be a difficult device with which to obtain a good fit on some 

subjects and it was thought that if leaks in the earcup cushion-to-head seal were 

responsible for any differences found between experimental conditions, then this earmuff 

would be most likely to show such differences. The two Peltor earmuffs were chosen so 

as to have two devices whose only obvious design difference was earcup volume. 

Two pair of each earmuff were used in the experiment. The devices were rotated 

by trial such that both pair would be used in any set of three trials. 

Subjects 

For each type of HPD tested, five males and five females were recruited from the 

Blacksburg/Virginia Tech area to serve as paid volunteer subjects. The same ten subjects 

were used to test all of the devices within a given type of HPD. For the second type of 

HPD tested, ten new subjects were recruited. A total of 20 subjects (10 males and 10 

females), ranging in age from 21 to 33 years participated in the experiment. 

61



  
Figure 11. American Optical Hear-Guard Model 1720 earmuff. 
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Figure 12. Peltor H9A earmuff. 
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Figure 13. Peltor H7A earmuff.



Each subject was required to meet certain minimum otological and audiometric 

standards before being accepted as a participant in the experiment. No subject was 

accepted who suffered from otopathic disorders such as excessive ear wax, tinnitus, or 

any other condition which might interfere with the experiment. Such conditions were 

determined via a brief otoscopic examination and an interview of the candidate subject. 

In addition, each subject was required to possess normal hearing as specified in paragraph 

3.2.1 of ANSI S3.19-1974 (pure-tone hearing threshold level no higher than 10 dBHL at 

frequencies up to 1000 Hz, and no higher than 20 dBHL at frequencies above 1000 Hz). 

Only subjects experienced in tracking their hearing thresholds were used in the 

experiment. The minimum acceptable level of experience required was six unoccluded 

trials in the test space at the usual nine third-octave test bands (with center frequencies at 

125, 250, 500, 1000, 2000, 3150, 4000, 6300, and 8000 Hz) using the Békésy threshold 

tracking method (Gescheider, 1985, described in a later section) with the variability on 

the last three trials no greater than 6 dB at the frequencies from 250 to 4000 Hz. Subjects 

were experience-leveled as necessary (after first passing the hearing level requirements) 

by undergoing a series of at least six successive unoccluded trials in the test space. These 

unoccluded trials were continued (up to a maximum of 10 trials) until the subject's 

variability on the last three trials was no more than 6 dB. The term "variability" 1s used 

in both ANSI standards to denote the range over which the subject's hearing threshold 

level may vary. Thus, an individual's hearing threshold level at any test band from 250 to 

4000 Hz may not vary over a range of more than 6 dB on the last three (of at least 6) open 

thresholds (in the test space) if the individual is to qualify as a subject in the experiment. 

These variability requirements are consistent with those of paragraph 3.2.2 of ANSI 

S3.19-1974. 
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Prior to the screening procedures, each potential participant was asked to read a 

brief description of the experiment [reproduced in Appendices A (for earplugs) and B (for 

earmuffs)|, the subject's rights were explained, and any questions were answered. The 

subject was then asked to read and sign an informed consent form (reproduced in 

Appendix C). Screening included asking the subject about his or her otological history, 

an otoscopic examination of the outer ear, measurement of ear canal size and bitragus 

breadth, and a pure-tone audiometric examination using the Houghton-Westlake (Morrill, 

1984) procedure. Experience-leveling procedures, if necessary, were also carried out 

during the screening session. 

Experimental Facilities and Instrumentation 

All experimentation was conducted in the Auditory Systems Laboratory on the 

Virginia Tech campus. This laboratory contains two audiometric test chambers modified 

specifically for conducting REAT testing of HPDs, an integrated HPD signal presentation 

and measurement system controlled by an IBM PS/2 computer, a Beltone 114 clinical 

pure-tone audiometer, and closed-circuit television (CCTV) systems. In addition, a 

variety of audio equipment is available, as are several laboratory grade microphones and 

sound measurement instruments. The laboratory itself is an acoustically isolated area 

(Sound Transmission Class 47) so as to maintain a quiet environment for testing | 

purposes. 

Anechoic chamber. The booth used to test under ANSI $12.6-1984 is a modified 

Eckel Corporation anechoic chamber, Figure 14. This chamber is of double wall steel 

construction with 3 in of fiberglass acoustic insulation sandwiched between the inner and 

outer skins. Acoustic foam wedges line the six inner surfaces of the chamber to provide a



low frequency cutoff of approximately 125 Hz, and an acoustically-transparent expanded- 

metal grating located above the bottom wedges serves as a floor. The interior and 

exterior dimensions of the anechoic chamber are given in Table 3. The entire chamber is 

supported by 6 Hz vibration isolators to limit the structural-borne vibration reaching the 

test space. Ambient noise levels inside the test space, measured at the subject's head 

center position, are shown in Table 4. 

Although free-field conditions are approximated within an anechoic chamber, a 

diffuse sound field is achieved within the HPD test chamber described above by 

positioning four 2-way loudspeakers at the vertices of an imaginary tetrahedron and 

directing the immission axis of each loudspeaker toward the subject's head center position 

located at the centriod of the tetrahedron. The resulting diffuse sound field meets all of 

the requirements of ANSI $12.6-1984. Calibration of this test chamber to meet the 

requirements of $12.6-1984 was last carried out in 1988, and is described in detail by 

Casali (1988). The interior of the anechoic is shown in Figure 15. The foam wedges and 

all four loudspeakers are plainly visible. 
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Figure 14. Anechoic HPD test chamber.



TABLE 3 

Anechoic HPD Test Chamber Dimensions 
(all dimensions in inches) 

  

Interior Exterior 
Dimensions* Dimensions 

Length 91 144 

Width 114.5 168 

Height 85 138 

  

* Measured between wedge tips. 
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TABLE 4 

Ambient Noise Levels in the Anechoic HPD Test Chamber 

  

      

Permissible Measured 
Ambient Ambient 

OB Center, Hz OB Level, dB* OB Level, dB** 

125 28 23.3 

250 18 5.5 

500 14 5.7 

1000 14 7.5 

2000 8 5.6 

4000 9 7.3 

8000 20 9.3 

  

*As per Table I, ANSI S12.6-1984. 

**From Casali (1988). 
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Figure 15. Interior view of the anechoic HPD test chamber. 
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Reverberant chamber. The booth used for testing under the conditions specified 

in $3.19-1974 is an extensively modified Industrial Acoustics Corporation (IAC) 

audiometric test booth, Figure 16. This chamber is also of double wall steel construction, 

but has approximately 4 in of fiberglass acoustic insulation sandwiched between the inner 

and outer skins. In order to achieve a reverberant sound field within the test space, the 

walls and ceiling were lined with one sheet of 0.5 in thick gypsum board, on top of which 

was placed one sheet of 0.25 in thick hard-tempered masonite. In addition, the carpet was 

removed to expose the bare sheet-metal floor. The interior and exterior dimensions of the 

modified JAC test booth are given in Table 5, and ambient noise levels measured at the 

subject's head center position are shown in Table 6. In addition to serving as the test 

chamber for half of the experimental conditions, the reverberant chamber was also used 

for all of the screening audiometry tests. 

The sound field within the reverberant room is created by orienting each of three 

2-way loudspeakers to a different principal plane of the room. One loudspeaker is 

located horizontally (parallel to the floor-ceiling plane) with its immission axis directed 

toward the ceiling. The second loudspeaker is located parallel to and faces the back wall 

of the room, and the third loudspeaker is located parallel to the side wall and faces the 

opposite wall. The resulting sound field meets all the requirements set forth in ANSI 

S3.19-1974. An interior view or the reverberant test space is shown in Figure 17. All 

three speakers are visible in the figure. 
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Figure 16. Reverberant HPD test chamber. 
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TABLE 5 

Reverberant HPD Test Chamber Dimensions 
(all dimensions in inches) 

  

Interior Exterior 
Dimensions Dimensions 

Length 110 120 

Width 74.25 83.25 

Height 92.5 103.75 
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TABLE 6 

Ambient Noise Levels in the Reverberant HPD Test Chamber 

  

      

Permissible Measured 
Ambient Ambient 

OB Center, Hz OB Level, dB* OB Level, dB** 

125 24 20 

250 18 14 

500 16 6.5 

1000 16 4.5 

2000 14 2.7 

4000 9 5.1 

8000 30 8.1 

  

*As per Table 1, ANSI S3.19-1974. 

**From Casali and Robinson (1990). 
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Figure 17. Interior view of the reverberant HPD test chamber. 
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Reverberant room calibration. As a precursor activity to this research effort, the 

author and Dr. Casali configured and acoustically-verified the facility described above to 

the requirements of ANSI 83.19-1974. These activities took place during the three- 

month period from September through November, 1990. A detailed description of the 

reverberant HPD test facility and the tests performed to verify that the facility does 

indeed meet the requirements of ANSI S3.19-1974 can be found in Casali and Robinson 

(1990). 

HPD test system. Presentation of third-octave bands of noise (centered at 125, 

250, 500, 1000, 2000, 3150, 4000, 6300, and 8000 Hz) to either room is controlled by a 

Norwegian Electronics type 828 computer-controlled integrated HPD test system 

interfaced to an IBM PS/2 Model 70 microcomputer. The 828 system utilizes four 

separate channels with each channel having its own 4-watt power amplifier, noise 

generator, filter set, attenuator network, and loudspeaker. Uncorrelated 1/3 octave band 

noise signals supply each channel and the sound field presentation occurs through four 

non-coherent loudspeaker sources in the anechoic facility and three non-coherent sources 

in the reverberant facility. 

Audiograms may be obtained in either manual or automatic mode. The automatic 

mode of operation was used exclusively for the experiment described herein. In the 

automatic mode, the Békésy threshold tracking method (Gescheider, 1985) is used to 

obtain the occluded and unoccluded audiograms. In thts method, the subject controls the 

stimulus intensity by way of a silent push-button response switch. At each test 

frequency, the stimulus is initially presented at a level chosen by the experimenter and 

immediately begins to increase at a rate of 5 dB/s. When the subject detects the test 

signal, he or she presses the response switch, causing the signal intensity to decrease at 

the same 5 dB/s rate. The subject continues to press the switch until the test signal can no 
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longer be detected, at which time the switch is released. Once the switch is released, the 

signal intensity again begins to increase. This process is continued until an acceptable 

trace is obtained. (Acceptance criteria for audiogram traces are covered in more detail in 

the discussion of the experimental procedures.) This procedure is repeated for each of the 

nine third-octave test bands. 

An IBM PS/2 Model 70 microcomputer is used to control all the functions of the 

828 system and to store all resulting threshold and attenuation data. This computer is 

configured with a 25 MHz processor, 9 megabytes (MB) of random access memory 

(RAM), a 100 MB hard disk, two floppy disk drives, and a color monitor. This system 

provides more than adequate processing speed and storage capabilities to operate the 828 

efficiently. Data from each experimental run are saved to disk and printed on an Epson 

LX-800 dot-matrix printer. 

Support instrumentation. \n addition to the 828 integrated HPD test system just 

described, additional items of support equipment are utilized during HPD attenuation 

testing. A Beltone Model 114 clinical pure-tone audiometer is used in conjunction with a 

set of TDH 50 earphones to determine the pure-tone hearing threshold level of all 

subjects during the screening process. This audiometer is wired such that it can present 

test stimuli in either test chamber. A Larson-Davis (L-D) Model AE100 artificial ear, and 

an ACO Model 7023 one-inch microphone are available for audiometer calibration. An 

intercom system is used to allow the experimenter and the test subject to communicate 

with one another during the course of an experimental session when necessary. The 

intercom system is wired to both test rooms and utilizes a "hot" subject microphone so 

that the subject is not required to depress a push-to-talk switch to communicate with the 

experimenter. Closed-circuit television (CCTV) systems (one for each test chamber) are 
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available to visually monitor the subject during an experimental trial. This is necessary 

since the test protocol requires that the subject maintain a constant head position and not 

touch or adjust the HPD during a test. 

Available sound measurement instrumentation includes an L-D Model 800B 

precision sound level meter and an L-D Model 3100 real-time spectrum analyzer. These 

devices are used in conjunction with one or more of the following preamplifiers and/or 

microphones: an L-D Model 900B preamplifier, an L-D Model 825-10 preamplifier, an 

L-D Model 2540 half-inch microphone, an ACO Model 7023 one-inch microphone, and 

an AKG C414B-ULS dual diaphragm microphone. These instruments are used to 

calibrate the system at the beginning of the day and to monitor the SPLs within the test 

Space during an experiment. 

Experimental Design 

The experimental design used in this research effort was a four-factor partial 

hierarchical design illustrated in Figure 18. 
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Figure 18. Experimental design for the hierarchical design. 
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Independent variables. The four independent variables in this design were 

hearing protector type (TYP), hearing protector design nested within hearing protector 

type (HPD/TYP), sound field (SF), and gender (G). Sound field (SF) was a within- 

subject variable with two levels (reverberant and anechoic). The two levels of sound 

field represented the sound field conditions within the two test rooms. Hearing protector 

type (TYP) was a between-subjects variable with two levels (premolded earplugs and 

earmuffs). Hearing protector design nested within hearing protector type - HPD/TYP 

was a within-subject variable with three levels representing the three devices of each type 

tested. In addition, since three trials were conducted during each session, trials (T) was 

included in the analysis as a fifth independent variable rather than use the mean 

attenuation of the three trials. All of the independent variables mentioned above were 

fixed-effect (manipulated) variables with the exception of subjects, which was a random 

effects variable. 

Since TYP was a between-subject variable while HPD/TYP was within-subject, it 

was known that many of the interactions would be confounded, requiring a residual error 

term be used in the overall analysis. This would not have been the case if TYP and 

HPD/TY P had both been either within- or between-subject variables. It was not possible, 

however to use the more elegant designs. The research described herein was conducted 

within the context of a larger research effort which imposed certain constraints upon the 

design. If a completely between-subject design had been used, it would have required 

that a unique set of ten subjects be used for each of the devices tested. Doing so would 

have been contrary to the requirements of the larger research effort to use the same 

subjects for as many of the devices within a type as possible. This was in addition to the 

difficulty which would have been encountered in trying to find 60 subjects with the 

necessary qualifications. It would also not have been practical to design the experiment 
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such that TYP was within-subject. To do so would have required what was believed to 

be an excessive number of sessions for each subject. All things considered, it was 

thought best to use two groups of subjects and leave TYP as a between-subject variable. 

However, because of the aforementioned problems associated with the analysis of 

the partial hierarchical design, it was decided to analyze the data as if it were from two 

separate three-factor within-subject designs, illustrated by the top three rows and bottom 

three rows of Figure 18, before proceeding with the analysis of the larger design. Again, 

trials (T) was used as a fourth factor in both cases. 

Balancing. The order in which devices within a type were presented to the 

subjects was accomplished by random assignment. Latin and Youden Squares were 

considered, but rejected, since the number of protectors tested did not allow their use. 

Balancing the presentation order of the protectors was carried out in light of the larger 

study of which this research was a subset. For instance, in the larger study, there were 

eight premolded earplugs tested in the reverberant environment in the first set of tests. 

The presentation order of the eight earplugs for each subject was determined by random 

assignment. The presentation order of the three devices also tested in the anechoic room 

for this study was also randomized, but with the condition that the devices common to 

both rooms not be presented in the same order in both rooms. The order of sound field 

presentation was also balanced with half of the subjects tested first in the reverberant 

sound field and half tested first in the diffuse sound field within the anechoic chamber. 

Blocking. Gender was used as a blocking variable such that five subjects in each 

condition were female and five were male. 
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Dependent measures. The dependent measure was the attenuation (in dB) for 

each subject for each of three trials at each of the nine test bands. The attenuation values 

were obtained by subtracting the unoccluded hearing threshold level from the occluded 

hearing threshold level at each test frequency for each of the three trial pairs. In addition, 

an NRR, was calculated for each device tested in each environment, as per the EPA 

(1985) procedures. 

Experimental Procedure 

Screening and leveling procedure. Subject screening consisted not only of 

determining if the prospective participant qualified as an experimental subject but also 

included experience-leveling of novice subjects. Pure-tone thresholds were obtained 

(using the Beltone 114 audiometer) from and otoscopic examinations were performed on 

all subjects, experienced and novice alike. Although screening audiograms could be 

obtained in either of the two test booths since the stimulus tones were presented over 

headphones, the reverberant room was used exclusively for such purposes. 

Experience-leveling was performed for all novice subjects and those experienced 

subjects whose most recent HPD testing experience occurred more than 12 months prior 

to screening. All experience-leveling procedures were performed in the reverberant 

sound field. Procedures which were followed during the screening process are siven 

below. The procedures outlined are those used with novice subjects. Experienced 

subjects underwent a slightly shorter process since they did not require experience- 

leveling. 

Each prospective subject was first welcomed and asked if they suffered from 

chronic (or were then suffering from temporary) otological problems (tinnitus, excessive 
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If no such problems existed, the subject was given and asked to read the description of 

the experiment (reproduced in Appendices A and B) and the consent form (reproduced in 

Appendix C). The experimenter answered any questions the subject had, and the subject 

was then asked to sign the consent form if he or she had no reservations concerning the 

experiment. 

After the subject signed the consent form, the experimenter made a visual 

otoscopic examination of the subject's pinna, ear canals, and eardrums for any signs of 

permanent or temporary injury, or conditions which would disqualify the subject. The 

subject was then led into the test booth, and the subject's pure-tone hearing threshold 

level was determined. If the subject met the pure-tone hearing threshold requirements, 

the subject was informed of that fact and the screening process was continued. Tf the 

subject did not meet the hearing requirements set forth in ANSI S3.19-1974, the subject 

was advised of this fact and dismissed. 

Upon completion of the audiogram, several anthropometric measurements were 

made on the subject. These measures included ear canal size, ear length, ear breadth, 

bitragus breadth, and head height (measured from the anterior base of the tragus to the top 

of the head). Finally, the subject was led into the reverberant room, and the experience 

leveling procedure was carried out (if necessary). As mentioned previously, a minimum 

of six open thresholds were performed, the last three of which could not vary over a range 

of more than 6 dB at any test band from 250 to 4000 Hz. Upon completing all! of the 

screening tests, the subject was paid for participation in the screening session and 

scheduled for his or her first experimental session. 

Experimental session procedure. Each subject was required to attend two 

experimental sessions for each of the HPD designs within a particular HPD type, in 

addition to the screening session for a total of six sessions. In addition, a few subjects



were required to repeat a session as a result of the Dixon test (Natrella, 1963) for outliers. 

Both the original and retest data were obtained and analyzed. Each experimental session 

consisted of three occluded and three unoccluded thresholds as specified by both ANSI 

standards (ANSI, 19774; 1984). 

Experimenter-fit, as specified in $3.19-1974 (ANSI, 1974), was used for all tests, 

including those conducted in the test environment meeting the requirements of ANSI 

$12.6-1984. Doing so eliminated possible confounding of the results caused by a fit 

main effect which has been shown to exist by previous researchers (Casali and Park, 

1990a). In addition, experimenter-fit procedures have been demonstrated to provide less 

variability across multiple placements of a single HPD than subject-fit procedures 

(Berger, 1982). The general procedure for each experimental session is given below. 

The subject was welcomed and asked if he or she was suffering from any 

temporary condition (tinnitus, head cold, TTS, etc.) which would adversely affect the 

results of the experiment. If such circumstances were found to exist, the subject was 

rescheduled. If no such circumstances existed, the experimental session was begun. 

If the initial threshold to be determined was unoccluded (open-ear), the subject 

was led into the appropriate test booth, seated in the proper position, and allowed five 

minutes to become acclimated to the testing environment. If the initial threshold was to 

be occluded (wearing an HPD), the subject was first fitted with the HPD outside the test 

booth, then led into the booth and seated in the proper position. Once seated in the test 

booth, the occluded subject was exposed to a 75 dBA white noise and asked if the noise 

was reduced equally in both ears. (This noise was used strictly as a source of acoustic 

feedback for use in fitting the HPDs.) Any adjustments to the HPD fit were performed by 

the experimenter; the subject was not allowed to adjust the HPD at any time. Once an 
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adequate fit had been obtained and no further adjustments were required, the subject was 

allowed five minutes of silence in the test space before the test was begun. All 

subsequent trials after the first were preceded by two minutes of silence. 

Before each trial, just after the subject was seated in the test space, the subject was 

instructed as to the procedures which would be followed for that trial. The instructions 

differed slightly depending on whether the trial was to be unoccluded (Table 7) or 

occluded (Table 8). 

Each test was conducted using the Békésy threshold tracking method (Gescheider, 

1985) described earlier. The nine third-octave test bands were presented in order from 

125 Hz to 8000 Hz, with a return to 125 Hz as a check of reliability. Criteria used for 

scoring audiograms were those specified in ANSI $12.6-1984 (criteria from S12.6-1984 

were used since $3.19-1974 contain no such criteria). A trace was considered acceptable 

if there were at least six (eight were used in this experiment) reversals (ignoring the first 

reversal after a change in frequency), if no peak was lower than any valley, and if the 

range of any excursion (peak to valley difference) was at least 3 dB but no greater than 20 

dB (ANSI, 1984). The computer-scored mean value of the trace excursions was taken as 

the subject's hearing threshold level at any given frequency. 

Experimental trials were started in either the occluded or the unoccluded 

condition, but each pair of occluded and unoccluded trials were alternated (i.e., O-U/U- 

O/O-U) as required by S3.19-1974. For each occluded-unoccluded pair, the attenuation 

of the HPD was calculated at each of the nine third-octave test bands. 

After the subject had undergone a set of three occluded and three unoccluded 

trials, he or she was scheduled for the next experimental session (as necessary). Subjects 

were paid after they had completed all of the experimental conditions.



TABLE 7 

Instructions for an Unoccluded Threshold 

  

Before we start, we will give you 2 (or 5) minutes of quiet for you to acclimate to the 

environment. At the end of the 2 (or 5) minutes we will start the test. 

Remember that once the test starts, you must keep your head as still as possible with your nose 

(or forehead in the case of the anechoic chamber) within about | in of the plumb bob. If the 

plumb bob starts to move around during the test, you may reach up and steady it, but don't 

move your head to follow it. Keep your head as still as possible during the test. 

Remember, the test signals are going to be very faint. Concentrate and listen intently for them, 

press and hold the response switch just as soon as you think you can just hear the test signals, 

release the switch as soon as you think you can't hear them any more. 

Do you have any questions? 
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TABLE 8 

Instructions for an Occluded Threshold 

  

The first thing we will dois check the fit of the protector with white noise. When the noise is 

turned on, listen to see if you think the noise is equally loud in both ears. (If earplugs were 

being tested, the subject was instructed to alternately cover each ear to see if the noise was 

equally loud in both ears.) If you are not satisfied with the fit, let me know and I will come in 

and adjust the protector. If the noise is equal in both ears and you are satisfied with the fit, 

we will give you 2 (or 5) minutes of quiet for you to acclimate to the environment. At the 

end of the 2 (or 5) minutes we will start the test. 

Please do not touch or adjust the protector for any reason. If it becomes too uncomfortable let me 

know. 

Remember that once the test starts, you must keep your head as still as possible with your nose 

(or forehead in the case of the anechoic chamber) within about | in of the plumb bob. If the 

plumb bob starts to move around during the test, you may reach up and steady it, but don't 

move your head to follow it. Keep your head as still as possible during the test. 

Remember, the test signals are going to be very faint. Concentrate and listen intently for them, 

press and hold the response switch just as soon as you think you can just hear the test signals, 

release the switch as soon as you think you can't hear them any more. 

Do you have any questions? 

 



RESULTS 

Data Reduction and Analysis 

Analysis of variance (ANOVA) techniques were used to analyze the spectral 

(frequency-specific) attenuation values obtained during the course of the experiment to 

determine the significance of the main effects and interactions of the independent 

variables. Of particular importance were the main effect of sound field (SF), the 

interaction of SF and hearing protector (HPD), the main effect of the blocking variable 

(gender, G), and the interaction of gender with HPD. The main effect of trials (T) was of 

interest to determine if attenuation differed significantly from trial to trial. An a priori 

decision was made to correlate HPD attenuation with ear canal size (for earplugs) or with 

bitragus breadth (for earmuffs) by calculation of a Pearson product-moment correlation 

coefficient (Hays, 1988), a parametric procedure, and a Spearman rank correlation 

coefficient (Siegel and Castellan, 1988), a nonparametric procedure. All analyses were 

conducted on the data both with and without subject retest or replacement due to the use 

of the outlier tests (explained in the next section) to determine the effect of subject 

retest/replacement on the results. Finally, as stated previously, due to the necessity to use 

a residual error term in the hierarchical design, the earplug and earmuff data were 

analyzed separately before being combined and analyzed together. 

ANOVA and associated post-hoc analyses on the independent variable are 

presented first, followed by the correlational analyses on the anthropometric measures. In 

the discussions, figures, and tables which follow, the term "frequency" refers to the third- 

octave test band center frequency. 
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Outlier Test Procedures 

After all the data for a particular device had been collected, the Dixon test (Natrella, 

1963) for outliers was applied to determine if all subjects had an adequate fit. If any 

subject's mean attenuation at two or more frequencies, or the average of all frequencies 

failed the Dixon test (at 95% confidence, 2-tailed), the subject was considered to be 

incapable of obtaining a good fit with the protector and was replaced by another subject. 

The Dixon test was also applied to the subject's range of attenuation values. If the 

subject's range of attenuation values at two or more frequencies, or the range averaged 

over all frequencies failed the Dixon test (again at 95% confidence, 2-tailed), he or she 

was retested with the protector. If the subject's data failed the Dixon test a second time, 

the subject was replaced. The use of the Dixon test for outliers was a requirement of the 

project sponsor and is part of an EPA-approved REAT protocol (Lindgren and Kieper, 

1989). 

In the discussions which follow, results of the analyses carried out before any 

subject retests will be covered in detail first. Then, discussions of the analyses conducted 

on the data analyzed after subject retests will be presented, but only in terms of how the 

results differ from those obtained in the prior analyses. 

Analysis of Earplug Data — Before Subject Retest 

The ANOVA summary tables for the nine frequency-specific within-subject 

analyses performed on the earplug data before subject retests are shown in Appendix E. 

These results are briefly summarized in Table 9, which lists p-values for the significant 

effects and interactions by frequency. Table 10 contains the mean frequency-specific 

attenuation data for each device in each sound field. 
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TABLE 9 

Summary of ANOVA p-values for Significant Effects and 
Interactions for Earplugs, Before Subject Retest (from Tables E-1 
through E-9) 

  

  

HPD 

SF 

HPD x T 

HPD xG 

Frequency (Hz) 

  

  

  

  

  

Source of Variance 125. 250 500 1000 2000 3150 4000 6300 8000 

0.0410 | 0.0156 0.0005 | 0.0010 0.0285 

0.0065 | 0.0117 | 0.0039 

0.0292 0.0397 

0.0339 

0.0054 HPD x G xT                   
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TABLE 10 

Mean (Standard Deviation) Frequency-Specific Attenuation for 
Earplugs by Sound Field (in dB) 

  

Frequency (Hz) 

125 250 500 1000 2000 3150 4000 6300 8000 

EP-100 

Reverberant 25.4 276 279 268 33.0 41.1 42.2 Al. 41.0 

(4.0) (5.1) (7.1) (5.0) (67) (54) (59) (7.6) (69) 

Anechoic 244 241 26.0 246 ©9306 0 ©=—393 373 38.4 38.1 
(8.9) (9.7) (10.1) (7.3) (7.5) (8.0) (93) (9.7) (7.7) 

Hear-Guard V51R 

Reverberant 267 275 274 279 326 368 361 40 426 
(68) (74) (82) (56) (66) (57) (63) (67) (4) 

Anechoic 269 268 275 264 306 349 333 £410 °& 41.0 
(before retest) (7.0) (69) (65) (49) (60) (48) (7.1) (7.9) (58) 

Anechoic 266 268 273 2763 306 346 330 410 414 
(after retest) (7.1) (68) (67) (49) (59) (54) (7.6) (7.3) (5.5) 

Quiet 

Reverberant 23.0 22.9 23.5 24.4 31.6 42.4 43.4 45.8 45.5 
(7.1) (83) (86) (60) (61) (7.0) (75) (5.1) (44) 

Anechoic 238 230 234 236 289 396 417 460 443 
(93) (93) (88) (66) (7.7) (66) (7.2) (54) (47) 
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Interactions. Statistically significant (p < 0.05) two- and three-way interactions 

included HPD x T at 250 (F = 3.09, p = 0.0292) and 2000 Hz (F = 2.85, p = 0.0397), 

HPD x G at 3150 (F = 4.21, p = 0.0339) and 4000 Hz (F = 4.66, p = 0.0254), and HPD x 

G x T at 4000 Hz (F = 4.50, p = 0.0054). For each significant interaction, simple-effect 

F-tests were carried out to determine the nature of the interaction. However, it was 

decided a priori that the simple main effects of HPD would not be investigated since 

differences between protectors are known to exist and depend on so many factors other 

than the ones represented in this experiment that the effects could not easily be explained. 

The HPD x G x T interaction was first analyzed by determining for which trial(s) 

the HPD x G two-way interaction was significant. This was considered appropriate since 

the trial variable (T) did not appear in any of the lower order (two-way) interactions at 

4000 Hz. Results of this first series of tests showed the HPD x G two-way interaction to 

be significant at each of the three trials (for trial 1: F = 4.49, p = 0.0192; for trial 2: F = 

27.87, p < 0.0001; for trial 3: F = 20.32, p < 0.0001). The analysis was continued by 

performing simple-effect F-tests on the HPD * G interactions to determine if simple main 

effects of gender were present for each protector in each trial. These analyses showed 

that for trial 1, only the EP-100 showed a significant simple main effect of gender 

whereas all three earplugs exhibited a gender effect for trials 2 and 3. Regarding the 

gender effect, males showed slightly /ower attenuation than females with both the EP-100 

(3.7 dB in trial 1, 3.7 dB in trial 2, and 3.4 dB in trial 3) and the Hear-Guard V5IR | 

(3.4 dB in trial 2 and 5.6 dB in trial 3) while males exhibited higher attenuation than 

females with the Quiet (8.9 dB in trial 2 and 5.9 dB in trial 3). The simple-effect F-tests 

are summarized in Table 11. 
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TABLE 11 

Summary of the Simple-effect F-tests for Gender in the HPD x G x T 
3-way Interaction at 4000 Hz 
  

TRIAL 1 TRIAL 2 TRIAL 3 

EP-100 F=734 p=0.0108 F=737 p=00106 F=637 p=0.0167 

Males < Females Males < Females Males < Females 

Means (dB) 37.1 < 40.8 38.7 < 42.4 38.1< 41.5 

Hear-Guard V51R Not Significant F=6.11 p=0.0189 F= 16.96 p=0.0003 

Males < Females Males < Females 

Means (dB) 33.9 < 373 31.3 < 36.9 

Quiet Not Significant F = 42.87 p<0.0001 F=19.03 p=0.0001 

Males > Females Males > Females 

Means (dB) 47.1 > 38.2 45.8 > 39.9 
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The HPD x G x T three-way interaction was also analyzed by examining the T x 

G interaction across earplugs. Results showed the T x G two-way interaction to be 

significant for both the Hear-Guard V51R (F = 3.80, p = 0.0331) and the Quiet (F = 6.39, 

p = 0.0046) earplugs. The data were then analyzed to determine if a simple main effect 

of trials existed for males and/or females for either of these devices. Trials were found to 

be significant only for males and only for the Quiet earplug (F' = 4.30, p = 0.0222). 

Results of the Bonferroni t-test indicated that the attenuation measured in the second trial 

(47.1 dB) was significantly higher than that measured in the first trial (43.2 dB), but not 

significantly different than that measured in the third trial (45.8 dB). 

The HPD x G interactions at 3150 and 4000 Hz were analyzed by conducting 

simple-effect F-tests to determine how the simple main effect of gender differed across 

the three earplugs. At 3150 Hz, the simple-effect F-tests were unable to show a simple 

main effect of gender for any of the earplugs. The interaction could therefore have been 

due to differences in the simple main effect of hearing protector across gender, rather 

than to the existence of a gender simple main effect or differences in the simple main 

effects of gender across hearing protectors. As stated previously, it was decided before 

the analyses were begun that simple-effect F-tests would not be carried out in the HPD 

direction. At 4000 Hz, the simple-effect F-tests revealed the presence of a simple main 

effect of gender only for the Quiet earplug (F = 5.48, p = 0.0325) with higher attenuation 

measured for males than for females (45.3 dB vs. 39.7 dB) even though each device 

exhibited a gender effect for at least two trials as mentioned earlier. 

For the HPD x T interactions at 500 and 2000 Hz, simple-effect F-tests were 

conducted to determine the presence of a simple main effect of trials for each protector. 

At both frequencies, a simple main effect of trials was present only for the Quiet earplug 

(F = 3.69, p = 0.0362 at 500 Hz; F = 3.31, p = 0.0494 at 2000 Hz). In both instances, the 

95



Bonferroni t-test was unable to show a significant difference between any two tnals. This 

does not mean that there was not a difference, only that the post-hoc test was not sensitive 

to a difference. 

Main effects. Statistically significant (p < 0.05) main effects of sound field (SF) 

were present at 2000 (F = 13.28, p = 0.0065), 3150 (F = 10.57, p = 0.0117), and 4000 Hz 

(F = 16.09, p = 0.0039). In all three cases, the attenuation measured in the reverberant 

environment was significantly higher than that measured in the artificially diffuse sound 

field established within the anechoic room. The differences ranged from a maximum of 

3.2 dB at 4000 Hz to a minimum of 2.2 dB at 3150 Hz. Since there were no interactions 

involving the SF variable, the main effects of this factor are unconfounded. The data are 

plotted in Figure 19. Although data at all frequencies are shown, statistically significant 

differences occurred only at 2000, 3150, and 4000 Hz. In the figure, means at a given 

frequency which are labeled with different letters are significantly different from one 

another. 

Main effects of hearing protector (HPD) were present at 250 (F = 3.92, p= 

0.0410), 500 (F = 5.46, p = 0.0156), 3150 (F = 12.52, p = 0.0005), 4000 (F = 11.01, p= 

0.0010), and 8000 Hz (F = 4.48, p = 0.0285). Post-hoc paired comparisons were carried 

out using Bonferroni t-tests. The results are shown in Figure 20. Although shown on the 

figure, the HPD main effects at 500, 3150, and 4000 Hz are confounded by disordinal 

interactions with trials (at 500 Hz) or gender (at 3150 and 4000 Hz), so the HPD main 

effect cannot be interpreted independently of trials or gender at those frequencies.
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Figure 19. Plot of the SF main effect for earplugs (before subject retest).



St
d.

 
De

v.
 
(d

B)
 

At
te

nu
at

io
n 

(d
B)

 

  S 

  

  

  

      

  

  

      
  

0 

e——e EP-100 

] &——-4_ Hear-Guard V5IR 

10 4 “——x Quiet 

20 4 
B B 

30 — 

| B 
AB 

40 - 

J aan 
A A A 

50 | I [I | ! T | " l 
125 250 500 1000 2000 3150 6300 

4000 8000 
Frequency (Hz) 

Figure 20. Plot of the HPD main effect for earplugs (before subject retest). 

98 

 



Outlier test results. Results of the Dixon test indicated that one subject (a 24 year 

old male) was required to be retested with the Hear-Guard V51R in the anechoic room. 

This subject's range of attenuations failed the Dixon test ( p < 0.05, two-tailed, critical 

ratio = 0.551) at 6300 and 8000 Hz with ranges of 19.7 (Dixon ratio = 0.749) and 12.0 dB 

(Dixon ratio = 0.561) respectively. Although there were several instances where a 

subject's data failed the Dixon test at selected frequencies for the other test conditions, no 

other retests were necessary because the a priori retest criteria described previously was 

not violated. In addition, it was not necessary to replace a subject due to the Dixon test 

criteria. 

Analysis of Earplug Data — After Subject Retest 

There were very few differences between the analysis conducted after retesting 

the subject and that carried out before retesting the subject. This was expected since there 

was only one subject retested in only one condition. For the most part, the levels of 

significance (p-values) differed slightly for the significant effects and interactions, but 

their nature did not change. The frequency-specific ANOVA summary tables appear in 

Appendix F. A summary of these tables appear in Table 12. Simple-effect F-tests 

conducted on the data revealed results similar to those discussed earlier. 

One two-way interaction that had not been significant in the earlier analysis 

became significant after the subject was retested. That was an HPD x T interaction at 

125 Hz (F = 2.73, p = 0.0463). (This interaction had an F-ratio of 2.64 and a p-value of 

0.0515 before the subject was retested.) Simple-effect F-tests revealed that the



TABLE 12 

Summary of ANOVA p-values for Significant Effects and 
Interactions for Earplugs, After Subject Retest (from Tables F-1] 

  

  

  

  

  

  

  

  

through F-9). 

Frequency (Hz) 

Source of Variance 125 250 500 1000 2000 3150 4000 6300 8000 

HPD 0.0400 | 0.0171 0.0005 | 0.0009 0.0301 

SF 0.0071 | 0.0113 | 0.0041 

HPD xT 0.0463 0.0193 0.0214 

HPD xG 0.0325 

HPD xGxT 0.0062                   
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Hear-Guard V51R earplug showed a simple main effect of trials at 125 Hz (F = 3.56, 

p = 9.0403). The nature of the effect was such that the attenuation measured in the third 

trial was significantly greater than the attenuation measured in the first trial. 

Analysis of Earmuff Data — Before Subject Retest 

The ANOVA summary tables for the nine frequency-specific within-subject 

analyses performed on the earmuff data before any subject retests are contained in 

Appendix G. Table 13 contains a summary of the p-values for the significant main 

effects and interactions at each test band. Table 14 contains the mean frequency-specific 

attenuation data for each device in each sound field. 

Interactions. Statistically significant two-, three-, and four-way interactions 

included SF x HPD x G x T at 4000 Hz (F = 3.60, p = 0.0156), SF x HPD x G at 4000 

Hz (F = 3.69, p = 0.0480), HPD x G x T at 1000 Hz (F = 2.77, p = 0.0437), SF x HPD at 

3150 (F = 5.59, p = 0.0144) and 4000 Hz (F = 15.65, p = 0.0002), HPD x G at 4000 Hz 

(F = 10.47, p = 0.0012), T x G at 250 Hz (F = 3.72, p = 0.0472), and SF x T at 250 Hz (F 

= 8.03, p = 0.0038). As was done with the earplug data, simple-effect F-tests were 

carried out to determine the nature of each significant interaction. 

The SF x HPD x G x T interaction was analyzed by first determining for which 

trial(s) the SF x HPD * G three-way interaction was significant. This was done since the 

trial variable was not involved in any of the lower order interactions at 4000 Hz. It was 

determined that the three-way interaction was significant only for trial 1 (fF = 7.01, p= 

0.0030). The analysis was continued by examining the significance of the HPD x G 

interaction across the two sound fields. The results showed the HPD * G interaction to 
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TABLE 13 

Summary of ANOVA p-values for Significant Effects and 
Interactions for Earmuffs, Before Subject Retest (from Tables G-1 
through G-9) 

  

Source of Variance 

HPD 

SF 

TXxG 

SF xT 

SF x HPD 

SF x HPD xG 

HPD xG 

HPD x G xT 

SF x HPD x G x T 

Frequency (Hz) 

  

  

  

  

  

  

  

  

    

125. 250 500 1000 2000 3150 4000 6300 8000 

0.0001_{ 0.0001 | 0.0001 | 0.0166 | 0.0204 | 0.0037 | 0.0001 | 0.0001 

0.0064 | 0.0011 | 0.0128 0.0105 

0.0472 

0,0038 

0.0144 | 0.0002 

0.0480 

0.0012 

0.0437 

0.0156                   
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TABLE 14 

Mean (Standard Deviation) Frequency-Specific Attenuation for 
Earmuffs by Sound Field (in dB) 

  

Hear-Guard 

Reverberant 
(before retest) 

Reverberant 
(after retest) 

Anechoic 

H9A 

Reverberant 

(before retest) 

Reverberant 
(after retest) 

Anechoic 

H7A 

Reverberant 

Anechoic 

  

        

Frequency (Hz) 

125 250 500 1000 2000 3150 4000 6300 8000 

10.4 17.8 28.0 37.2 37.0 36.7 38.4 413 41.0 

(3.6) (29) (24) (7) (28) (G3) (26) (3.5) (3.5) 

10.4 18.3 27.9 37.6 36.9 36.8 38.4 41.7 41.5 

(3.3) (2.3) (2.3) (3.3) (2.8) (3.2) (2.2 (3.1) (2.7) 

11.9 20.1 30.3 393 373 34.3 36.5 41.4 39.2 

(2.5) (2.7) (2.2 (2.6) (3.6) (3.4) (2.9) (3.5) (3.0) 

9.1 15.1 263 37.9 36.4 33.2 34.0 36.4 38.7 

229) (7) (@4 (28) @3) (24 G60) (1) (20) 

8.8 146 26.2 38.1 36.5 33.2 343 37.1 39.1 

(3.3) (2.0) (2.7) (3.0) (2.8) (2.4) (2.6) (2.8) (2.2 

10.1 15.9 278 39.4 36.5 33.7 35.0 37.5 39.4 

(2.5) (26) (19) (26) (41) (27) (2) (0) (28) 

13.3 20.3 32.5 38.4 374 35.9 36.6 33.5 40.1 

(2.1) (2.6) (2.4) (3.9) (2.6) (2.5) (1.8) (2.7) (1.9) 

14.6 22.5 33.7 40.8 38.1 34.9 34.9 34.7 39,3 

(2.6) (2.7) (2.2 (2.5) (4.5) (2.4) (2.8) (2.7) (2.7) 
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have been significant only in the anechoic environment (F = 9.82, p = 0.0005). Simple- 

effect F-tests revealed that in the anechoic room, for trial 1, a simple main effect of 

eender existed for both the Hear-Guard and H9A earmuffs ( F = 13.80, p = 0.0008 and , 

F = 4.91, p = 0.0339 respectively) but not for the H7A earmuff. For the Hear-Guard, 

lower attenuation was measured for females (33.4 vs. 38.3 dB), but for the H9A, higher 

attenuation was measured for females (35.2 vs. 32.3 dB). 

The SF x HPD x G x T interaction was also analyzed by determining if the SF x 

HPD interaction differed across gender in trial 1. It was determined that the SF x HPD 

interaction was significant only for females (F' = 9.43, p = 0.0006). Simple-effect F-tests 

revealed that a simple main effect of SF existed for the Hear-Guard and H9A earmuffs 

( F = 13.80, p = 0.0008 and , F = 5.81, p = 0.0218 respectively), but not for the H7A 

earmuff. For the Hear-Guard earmuff, the attenuation measured in the reverberant room 

was higher than that measured in the anechoic room (38.3 vs. 33.4 dB); but for the H9A 

earmuff, higher attenuation was measured in the anechoic room (35.2 vs. 32.0 dB). 

The SF x HPD x G interaction at 4000 Hz was analyzed first by determining the 

significance of the HPD x G interaction across sound fields. The HPD x G interaction 

was found to be significant only in the anechoic room (F = 18.67, p < 0.0001). In this 

case, it was determined that a gender simple main effect existed only for the H9A earmuff 

(F = 41.34, p < 0.0001) such that females achieved significantly higher attenuation than 

males (37.0 vs. 33.0 dB). The SF x HPD x G interaction was also analyzed by examining 

the significance of the SF x HPD interaction across gender. The SF x HPD interaction 

was found to be significant only for females (F = 17.27, p = 0.0001). Simple-effect F- 

tests revealed that the Hear-Guard and H9A earmuffs showed simple main effects of 

sound field ( F = 7.06, p = 0.0172 and , F = 23.18, p = 0.0002 respectively). For the 
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Hear-Guard, higher attenuation was measured in the reverberant room (37.6 vs. 36.1 dB) 

while for the H9A, significantly higher attenuation was measured in the anechoic room 

(37.0 vs. 34.2 dB). 

The HPD x G x T interaction at 1000 Hz was first analyzed by determining the 

significance of the HPD x G interaction for each trial. The HPD x G interaction was 

found to be significant only for trial 1 (F = 4.61, p = 0.0174). Continued analysis 

revealed that only the H9A exhibited a significant simple main effect of gender (F = 9.36, 

p = 0.0045) with higher attenuation measured for females than for males (39.8 vs. 37.2 

dB). The analysis was also carried out to determine the significance of the T x G 

interaction for each earmuff. Results indicated that although the T x G interaction was 

significant for the H9A earmuff (F = 4.17, p = 0.0245), neither males nor females 

exhibited a simple main effect of trials. 

The SF x HPD interactions at 3150 and 4000 Hz were analyzed by examining the 

simple main effect of sound field across HPDs. At 3150 Hz, only the Hear-Guard 

earmuff showed a simple main effect of sound field (F = 14.92, p = 0.0014) with 

significantly higher attenuation measured in the reverberant room (36.7 vs. 34.3 dB). At 

4000 Hz, both the Hear-Guard and the H7A exhibited simple main effects of sound field 

(F = 22.40, p = 0.0002 and F = 17.16, p = 0.0008 respectively). In both cases, the 

attenuation measured in the reverberant room was significantly higher than that measured 

in the anechoic room (with differences of 1.9 and 1.7 dB respectively). The SF x HPD 

interactions are plotted in Figures 21 and 22. In the figures, means at a given frequency 

labeled with different letters are significantly different from each other. Even though the 

data are plotted at all nine test bands, it should be kept in mind that significant simple 

matin effects of sound field exist only at 3150 and 4000 Hz. 
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Figure 21. Plot of the SF x HPD interaction for the Hear-Guard earmuff 
(before subject retests). 
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Analysis of the HPD x G interaction at 4000 Hz revealed simple main effects of 

gender for both the Hear-Guard and H9A earmuffs (F = 4.68, p = 0.0459 and F = 17.35, 

p = 0.0007 respectively). For the Hear-Guard, males exhibited higher attenuation than 

females (38.0 vs. 36.9 dB), but for the H9A, females exhibited higher attenuation than 

males (35.6 vs. 33.4 dB). 

Analysis of the T x G interaction at 250 Hz revealed a significant simple main 

effect of trials for males (F = 5.95, p = 0.0117) such that the attenuation measured in the 

third trial was significantly higher than that measured in the first trial (19.1 vs. 17.5 dB). 

In analyzing the SF x T interaction at 250 Hz, it was determined that a significant 

simple main effect of trials existed in both the reverberant and the anechoic rooms 

(F = 5.27, p= 0.0174, and F = 5.91, p = 0.0120 respectively). Further analysis using the 

Bonferroni t-test revealed that in the reverberant room, the attenuation measured in the 

second trial was significantly hi gher than that measured in the third trial (18.7 vs. 17.2 

dB) while in the anechoic room, the attenuation measured on the third trial was 

significantly higher than that measured in the first trial (20.5 vs. 18.8 dB). 

Main effects. Statistically significant main effects of sound field were evident at 

250 (F = 13.39, p = 0.0064), 500 (F = 24.68, p = 0.0011), 1000 (F = 10.19, p = 0.0128), 

and 3150 Hz (F = 11.02, p= 0.0105). At 250, 500, and 1000 Hz, the attenuation 

measured in the reverberant room was significantly less than that measured in the 

anechoic room (differences were 1.7 dB at 250 and 500 Hz and 2.0 dB at 1000 Hz). At 

3150 Hz however, the attenuation measured in the reverberant room was significantly 

higher (1.0 dB) than was measured in the anechoic room. The SF main effects are plotted 

in Figure 23. Again, means at a given frequency labeled with different letters are 

significantly different from each other. Also, although attenuation is plotted at all test 

bands, significant differences exist only at 250, 500, 1000, and 3150 Hz. The SF main 
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effect at 3150 cannot be interpreted independently of hearing protector since the analysis 

of the SF x HPD interaction discussed earlier revealed that a simple main effect of sound 

field existed only for the Hear-Guard earmuff. However, the existence of the SF x T 

interaction at 250 Hz does not confound interpretation of the SF main effect at that 

frequency since the interaction is ordinal with respect to sound field, as shown in Figure 

24. 

Main effects of hearing protector were present at all frequencies except 8000 Hz. 

Post-hoc paired comparisons were carried out using Bonferroni t-tests. The results are 

shown in Figure 25. However, the HPD main effects at 1000, 3150, and 4000 Hz are 

confounded due to the presence of two-, three-, or four way interactions at those 

frequencies. 

Outlier test results. Results of the Dixon test indicated that two subjects were 

required to be retested. One subject (a 24 year old male) was required to be retested with 

the H9A earmuff in the reverberant room. This subject's range of attenuations failed the 

Dixon test ( p < 0.05, two-tailed, critical ratio = 0.551) at 1000 and 2000 Hz with ranges 

of 10.5 (Dixon ratio = 0.720) and 13.9 dB (Dixon ratio = 0.704) respectively. The second 

subject (a 33 year old female) was required to be retested with the Hear-Guard earmuff 

(also in the reverberant room) when her range of attenuations failed the Dixon test at 500 

and 2000 Hz with ranges of 9.1 (Dixon ratio = 0.672) and 9.8 dB (Dixon ratio = 0.607) 

respectively. No other retests were required. 
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Figure 23. Plot of the SF main effect for earmuffs (before subject retests). 
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Analysis of Earmuff Data — After Subject Retest 

The ANOVA summary tables for the nine frequency-specific analyses performed 

on the earmuff data after subject retests are included in Appendix H. A summary of the 

significant main effects and interactions is presented in Table 15. Several differences in 

the results of the analysis performed after the subject retests and that performed before 

the subject retests were readily apparent. The T < G interaction at 250 Hz and the HPD x 

G x T interaction at 1000 Hz which were significant in the original analysis were not 

significant when the data were analyzed after retesting the two aforementioned subjects. 

Also, several additional interactions and one main effect which were not present in the 

original analysis became significant after the retests. The interactions which became 

significant included SF x HPD x G x T at 125 Hz (F = 3.34, p = 0.0214), HPD x G at 125 

Hz (F = 3.66, p = 0.0492), and SF x HPD at 8000 Hz (F = 4.20, p = 0.0341). The single 

new significant main effect was a main effect of sound field (SF) at 8000 Hz (F = 7.44, 

p = 90.0259). Finally, after post-hoc analyses were completed, some variation in the 

nature of the interactions and main effects which were common to both data sets was 

noticed. 

The SF x HPD x G x T four-way interaction at 125 Hz was analyzed by first 

determining for which trial(s) the SF x HPD x G three-way interaction was significant. 

Results indicated that the three-way interaction was significant only for trial 2 (F = 5.23, 

p= 0.0108). The next step involved investigating the HPD x G interaction across the two 

environments. Results showed the HPD x G interaction to be significant only in the 

reverberant room (F = 7.53, p = 0.0021). Simple-effect /-tests revealed that both the 

Hear-Guard and H7A earmuffs demonstrated a significant simple main effect of gender in 
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TABLE 15 

Summary of ANOVA p-values for Significant Effects and 
Interactions for Earmuffs, After Subject Retest (from Tables H-1 
through H-9) 

  

Source of Variance 

HPD 

SF 

TxG 

SF xT 

SF x HPD 

SF x HPD x G 

HPD xG 

HPD x G xT 

SF x HPD x G x T 

  

  

  

  

  

  

  

  

  

    

Frequency (Hz) 

125 250 500 1000 2000 3150 4000 6300 8000 

0.0001 | 0.0001 | 0.0001 | 0.0443 | 0.0231 | 0.0043 | 0.0001 | 0.0001 

0.0122 | 0.0006 | 0.0177 0.0100 0.0259 

0.0216 

0.0113 | 0.0016 0.0341 

0.0379 

0.0492 0.0068 

0.0214 0.0007                 
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the reverberant room for trial 2. Females achieved higher attenuation than males (12.8 vs. 

8.4 dB) with the Hear-Guard, but males achieved higher attenuation than females (14.4 

vs. 11.7 dB) with the H7A earmuff. In addition to examining the HPD x G interaction 

across sound fields, the SF x HPD interaction was examined across gender for trial 2. 

The analysis revealed the SF x HPD interaction to be significant only for females 

(F = 3.86, p = 0.0315), with a significant simple main effect of sound field (F = 4.72, 

Pp = 0.0374) shown only for the H7A earmuff such that the attenuation measured in the 

anechoic room was higher than that measured in the reverberant room (14.5 vs. 11.7 dB). 

Upon examination of the HPD x G interaction at 125 Hz, it was determined that 

only the H7A earmuff exhibited a significant simple main effect of gender ( F = 4.79, 

p = 0.0438) with significantly higher attenuation measured for males than for females 

(14.8 vs. 13.1 dB). Analysis of the SF x HPD interaction at 8000 Hz revealed that only 

the Hear-Guard earmuff demonstrated a significant simple main effect of sound field with 

the attenuation measured in the reverberant room significantly higher than that measured 

in the anechoic room (41.5 vs. 39.2 dB). 

The single new simple main effect was a main effect of SF at 8000 Hz. In this 

instance, higher attenuation was measured in the reverberant room than was measured in 

the anechoic room (40.2 vs. 39.3 dB). However, this main effect is confounded by the 

SF x HPD interaction and cannot be interpreted independently of it. 

As mentioned earlier, several of the significant interactions and main effects 

which were common to both analyses changed their nature slightly after the subject 

retests. These interactions/main effects included the SF x HPD x G x T four-way 

interaction at 4000 Hz, the SF x T interaction at 250 Hz, the HPD ~* G interaction at 4000 

Hz, and the HPD main effect at 1000 Hz. 
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When the SF x HPD x G x T interaction at 4000 Hz was analyzed after the 

subject retest, it was discovered that the SF x HPD x G three-way interaction was 

significant not only for trial 1, but also for trial 3. Further analysis of the interaction 

revealed the nature of the interaction for trial 1 to be unchanged from the previous 

analysis. Analysis of the significance in trial 3 followed the same procedures used in 

examining the significance in trial 1. The HPD x G interaction was found to be 

significant only in the anechoic room (F = 10.14, p = 0.0004) with a simple main effect 

of gender found only for the H9A earmuff such that females achieved higher attenuation 

than males (38.3 vs. 33.4 dB). In examining the SF x HPD interaction across gender, the 

interaction was found to be significant only for females (F = 7.55, p = 0.0021). Both the 

H9A and the H7A earmuffs showed simple main effects of sound field (F = 10.41, 

p = 0.0029, and F = 5.01, p = 0.0322). For the H9A earmuff, the attenuation measured in 

the anechoic room was higher than that measured in the reverberant room (38.3 vs. 34.6 

dB), but the trend reversed for the H7A earmuff with the higher attenuation measured in 

the reverberant room (36.4 vs. 33.9 dB). 

For the HPD x G interaction at 4000 Hz, simple-effect F-tests failed to show a 

simple main effect of gender for the Hear-Guard earmuff as was the case before the 

subject retests, despite the fact that the mean attenuations for both males and females 

were unchanged (38.0 dB for males and 36.9 dB for females). For the SF x T interaction 

at 250 Hz, the Bonferroni t-test failed to show a difference between any two trials in the 

reverberant room despite a significant simple main effect of trials for that condition. 

Finally, despite the fact that the analysis indicated a main effect of HPD at 1000 Hz, the 

Bonferroni t-test was unable to show a significant difference in attenuation between any 

two protectors. 
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Although it would have been possible to plot graphs to illustrate the additional 

interaction (SF x HPD at 8000 Hz) and main effect (SF at 8000 Hz), the means changed 

so little from the previous case that the graphs would have been visually indistinguishable 

from one another. The maximum difference between the means of the sound field 

conditions was 0.5 dB at 6300 Hz (the difference was 0.3 dB at 8000 Hz where the new 

SF main effect occurred). The maximum before—after difference in the mean attenuation 

for either of the retested devices was 0.3 dB averaged across environments (i.e. as in a 

main effect of HPD) and 0.7 dB (the H9A at 6300 Hz) when considering only the 

reverberant room condition (i.e. as in a SF X HPD interaction). 

Analysis of Combined Data — Before Subject Retest 

Upon completion of the analysis of the individual earplug and earmuff data, the 

two data sets were combined and analyzed as the hierarchical design illustrated in Figure 

18. The ANOVA summary tables for the nine frequency-specific analyses conducted on 

the data set before subject retests appear in Appendix I. These tables are summarized in 

Table 16. 

Interactions. Statistically significant (p < 0.05) interactions included SF x TYP at 

250 (F = 5.56, p = 0.0190), 1000 (F = 10.95, p = 0.0011), and 2000 Hz (F = 5.84, 

p=0.0163); HPD(TYP) x G at 3150 (F =3.11, p = 0.0157), 4000 (F = 7.17, p= 0.0001), 

and 6300 Hz (F = 2.54, p = 0.0402); and G x TYP at 2000 Hz (F = 6.11, p = 0.0140). 

Simple-effect F-tests were conducted on the interactions to determine their nature. 

The SF x TYP interactions were analyzed by determining the significance of the 

SF variable across TYP. At 250 Hz, no simple main effect of SF was found. At 1000 

Hz, a simple main effect of sound field was found for earmuffs (F = 7.36, p = 0.0071) 
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TABLE 16 

Summary of ANOVA p-values for Significant Main Effects and 
Interactions for the Combined Hierarchical Design, Before Subject 
Retest (from Tables I- through I-9) 

  

Frequency (Hz) 

  
  

  

  

  

  

  

  

Source of Variance 125 250 500 1000 2000 3150 4000 6300 8000 

TYP 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 _| 0.0001 | 0.0001 | 0.0001 

HPD(TYP) 0.0001 | 0.0001 | 0.0001 | 0.0076 0.0001 | 0.0001 | 0.0001 _| 0.0001 

SF 0.0046 | 0.0007 0.0089 

G 0.0001 0.0083 

SF x TYP 0.0190 0.0011 | 0.0163 

Gx TYP 0.0140 

HPD(TYP) x G 0.0157 | 0.0001 | 0.0402                   
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with higher attenuation measured in the anechoic room (39.8 dB) than in the reverberant 

room (37.8 dB). At 2000 Hz, a simple main effect of sound field was found for earplugs 

(F = 8.73, p = 0.0034) with higher attenuation measured in the reverberant room (32.4 

dB) than in the anechoic room (30.0 dB). Plots of the SF x TYP interactions for earplugs 

and earmuffs would have appeared identical to the plots presented in Figures 19 and 23 

with the exceptions that simple main effects of SF would exist only at 2000 Hz for 

earplugs and at 1000 Hz for earmuffs. 

Analysis of the G x TYP interaction was simply a matter of examining the simple 

main effect of gender for each TYP. Results indicated that both earplugs and earmuffs 

demonstrated a simple main effect of gender at 2000 Hz (F = 38.36, p < 0.0001 for 

earplugs and F = 7.28, p = 0.0074 for earmuffs). In both cases, the attenuation measured 

for females was lower than the attenuation measured for males. The gender differences 

were 2.2 dB for earmuffs and 5.0 dB for earplugs. 

The HPD(TYP) xX G interactions at 3150, 4000, and 6300 Hz were analyzed by 

first determining for which type of hearing protector (earplugs or earmuffs) a significant 

HPD x G interaction existed. Then, where the HPD x G interaction was significant, the 

gender simple main effect for each of the protectors within that type was determined. 

Results of the first level of analysis revealed the HPD x G interaction to be significant for 

earplugs at all three frequencies (F = 5.93, p = 0.0030 at 3150 Hz; F = 12.91, p < 0.0001 

at 4000 Hz; and F = 4.77, p = 0.0091 at 6300 Hz), but not to be significant for earmuffs at 

any frequency. At 3150 Hz the gender simple main effect was significant for both the 

Hear-Guard V51R and the Quiet, at 4000 Hz the gender simple main effect was 

significant for all three devices, and at 6300 Hz the gender simple main effect was 

significant only for the Quiet. Regardless of frequency, in cases involving the EP-100 or 

the Hear-Guard V51R earplugs, the attenuation measured for females was significantly 
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higher than that measured for males. The trend was reversed for the Quiet however, with 

higher attenuation measured for males than for females at all three frequencies. The data 

are summarized in Table 17. 

Main Effects. Statistically significant main effects of gender were present at 

2000 (F = 39.54, p = 0.0001) and 8000 Hz (F = 7.06, p = 0.0083). In both cases, females 

were found to have obtained significantly less attenuation than males (3.6 dB at 2000 Hz 

and 1.3 dB at 8000 Hz). Significant sound field main effects were present at 3150 

(F = 8.17, p = 0.0046), 4000 (F = 11.74, p = 0.0007), and 8000 Hz (F = 6.93, p= 

0.0089). The SF main effects are plotted in Figure 26. At all three frequencies, the 

attenuation measured in the reverberant room was higher than that measured in the 

anechoic room, with differences ranging from 1.3 dB at 8000 Hz to 2.0 dB at 4000 Hz. 

Significant main effects of hearing protector within type were present at all test 

bands except 2000 Hz. Although considered a main effect, it was first necessary to 

determine if a simple main effect of HPD existed for either or both types of protectors 

before the nature of the effect could be determined. It was determined that for earmuffs, 

there was not a significant simple main effect of HPD at 1000, 3150 or 8000 Hz, but a 

simple main effect of HPD was present for earplugs at all eight test bands at which the 

HPD(TYP) effect was significant. If plotted, these effects would appear identical to the 

plots presented in Figures 20 and 25 for earplugs and earmuffs respectively, with the 

exceptions that main effects would be present as discussed above. Finally, si gnificant 

main effects of TYP were present at all nine test bands. These results are plotted in 

Figure 27. 
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TABLE 17 

Summary of the Simple-effect F-tests for Gender in the HPD(TYP) x G 
Interaction at 3150, 4000, and 6300 Hz for the Combined Hierarchical 
Design (Before Subject Retest). 

  

3150 Hz 4000 Hz 6300 Hz 

EP-100 Not Significant F=6.23 p=0.0131 Not Significant 

Males < Females 

Means (dB) 38.0 < 41.6 

Hear-Guard V5IR F=3.91 p=0.0488 F=4.59 p=0.0189 Not Significant 

Males < Females Males < Females 

Means (dB) 34.5 < 37.1 33.1 < 36.2 

Quiet F=6.12 p<0.0139 F=15.19 p<0.0001 F= 14.34 p=0.0002 

Males > Females Males > Females Males > Females 

Means (dB) 42.6 > 39.4 45.3 > 39.7 48.7 > 43.1 
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Figure 26. Plot of SF Main Effect for the hierarchical design 
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Outlier test results. Results of the Dixon test for outliers were discussed earlier, 

so specifics will not be mentioned again here. However, it should be remembered that 

one subject was retested in the anechoic room with the Hear-Guard V51R earplug, and 

two subjects were retested in the reverberant room with different earmuffs; one with the 

Hear-Guard and one with the H9A. 

Analysis of Combined Data — After Subject Retest 

There were few differences in the results of the analysis conducted on the data set 

after the subject retests and the analysis conducted before the subject retest. However, 

one new significant interaction was present, one new main effect was present, and a 

simple main effect of sound field (within an interaction common to both analyses) which 

had not originally been significant became significant . The nine frequency-specific 

ANOVA summary tables for the analysis carried out after retesting the aforementioned 

subjects are contained in Appendix J. A summary of these tables appears in Table 18. 

The two-way interaction which became significant after the subject retests was a 

G x TYP interaction at 8000 Hz (F = 4.13, p = 0.0052). Results of the simple-effect F- 

tests revealed that a simple main effect of gender existed for earplugs (F = 7.35, 

p = 0.0071) but not for earmuffs. The nature of this effect was such that females 

achieved higher attenuation than males (41.0 vs. 39.6 dB). 

A main effect of gender was present at 6300 Hz (F = 4.27, p = 0.0396) which had 

not been significant before the subject retests. As with the gender main effects at 2000 

and 8000 Hz, females were found to have achieved significantly higher attenuation than 

males (40.6 vs. 39.4 dB). 
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TABLE 18 

Summary of ANOVA p-values for Significant Main Effects and 
Interactions for the Combined Hierarchical Design, After Subject 
Retests (from Tables J-1 through J-9) 

  

Frequency (Hz) 

  
  

  

  

  

  

  

  

Source of Variance 125 250 500 1000 2000 3150 4000 6300 8000 

TYP 0.0001 | 0.0001 {| 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 

HPD(TYP) 0.0001 | 0.0001 | 0.0001 | 0.0111 0.0001 | 0.0001 | 0.0001 | 0.0001 

SF 0.0031} 0.0004 0.0052 

G 0.0001 0.0396 | 0.0046 

SF x TYP 0.0189 0.0016 | 0.0155 

G x TYP 0.0143 0.0429 

HPD(TYP) x G 0.0123 | 0.0001 | 0.0493                   
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There was also a simple main effect of SF (F = 4.12, p = 0.0433) for females 

within the SF x TYP interaction at 1000 Hz which was found to have become significant 

after retesting subjects. (This simple effect had an F-ratio of 3.87 and a p-value of 0.0501 

before the retests.) The nature of this simple main effect was such that the attenuation 

measured in the reverberant room was significantly greater than that measured in the 

anechoic room (26.3 vs. 24.8 dB). 

For all other interactions and main effects which were common to both analyses, 

the nature of the effects and interactions were unchanged after the retests were conducted. 

The only differences were small changes in the F-ratios and p-values. 

Correlating Subject Anthropometry and Attenuation 

In addition to the statistical analysis of the attenuation data discussed above, an 

effort was made to determine if ear canal size could be correlated to attenuation achieved 

with earplugs, and if bitragus breadth (bizygomatic width) could be correlated with 

attenuation achieved with earmuffs. Two types of correlation coefficients were 

calculated in each case. A Pearson product-moment correlation coefficient was 

calculated to determine if a linear association existed between attenuation and the 

anthropometric measure in question. In addition, a Spearman rank-order correlation 

coefficient was calculated to determine if the relationship was monotonic in nature (Ott, 

1984). 

In performing the analysis, data from each room were treated separately since it 

was unknown if any relationship which might exist would hold for both rooms. Also, in 

the cases where a subject was tested twice, data from both tests were included. Finally, 
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although it would have been possible to perform the correlations for each device 

separately, it was decided to perform the calculations using the data from all three devices 

of a type since the interest was in a relationship which would hold across devices, not in a 

relationship which holds for only a single device. 

The Pearson product-moment correlation coefficients (r) for earplugs and 

earmuffs in each room are given in Tables 19 and 20. In addition to the correlation 

coefficient, the tables also list the p-value for testing the null hypothesis that the 

population correlation coefficient (p, of which r is an estimator) is zero (Myers, 1990). 

For earplugs, significant (p < 0.05) correlations were obtained at all frequencies at or 

below 2000 Hz in both the reverberant room and in the anechoic room. In the reverberant 

room, an additional significant correlation was obtained at 8000 Hz. In all cases, the 

coefficients were negative, indicating an inverse linear relationship. That is, the 

attenuation decreased as ear canal size increased. The results for earmuffs were not as 

pronounced as those for earplugs. In the reverberant room, significant correlations were 

found only at three frequencies (250, 1000, and 2000 Hz), while significant correlations 

were found at only two frequencies (125 and 2000 Hz) in the anechoic room. In the 

reverberant room, the results indicate an inverse relationship (decreasing attenuation with 

increasing head width) at 250 and 1000 Hz, but a positive relationship (increasing 

attenuation with increasing head width) was indicated at 2000 Hz. In the anechoic room, 

the relationship was positive at both 125 and 2000 Hz. | 

The Spearman rank-order correlation coefficients are shown in Tables 21 and 22. 

The null hypothesis in this case is that no association exists between ear canal size and 

attenuation (Siegel and Castellan, 1988). For earplugs, the pattern of significance for the 

Spearman coefficients was similar to that observed for the Pearson coefficients. 
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Significant results were obtained at all frequencies through 2000 Hz and at 8000 Hz in 

both environments. At each frequency the coefficients were negative, indicating an 

inverse relationship. The results were less straightforward for earmuffs. Significant 

results were obtained only at 250, 2000, and 8000 Hz in the reverberant room, and only at 

125, 2000, and 4000 Hz in the anechoic room. The significant relationships found in the 

anechoic room were all positive, whereas only two of the three relationships found in the 

reverberant room were positive. 

Noise Reduction Ratings 

For each device in each room, a noise reduction rating (NRR) was calculated. 

These NRRs are shown in Table 23. For a device that was involved in a subject retest, 

both a before and an after NRR are shown. Although the Environmental Protection 

Agency (EPA) requires that an NRR be rounded to a whole number, rounding down at 

0.5 (EPA, 1985), the NRRs shown in the table are carried out to the tenths place for easier 

comparisons. 

As can be seen, the NRRs do differ between the different test conditions. For 

earmuffs, the NRRs calculated from the data obtained in the anechoic room are 

consistently higher (from 0.5 to 2.5 dB) than those calculated from the data obtained in 

the reverberant room. For earplugs, the NRRs calculated for the anechoic condition are 

lower for the the EP-100 and the Quiet (by 7.3 dB and 1.8 dB respectively) and slightly 

higher (0.8 dB) for the Hear-Guard V51R. 
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In the experiment described herein, retesting subjects had little impact on the 

NRR for any of the retested devices. However, as will be discussed later, this is not 

always the case. The maximum change in the NRR for any of the retested devices was 

just 0.9 dB. Although one might expect the NRR to increase after retesting one or more 

subjects as a result of the Dixon test due to reduction of both within- and between-subject 

variability, the results show that the NRR actually decreased in two of the three cases, 

and increased in only one. 
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TABLE 19 

Pearson Product-Moment Correlation Correlation Coefficients for Relating 
Attenuation Achieved Using Earplugs to Ear Canal Size 

  

Frequency 

(Hz) 

125 

250 

500 

1000 

2000 

3150 

6300 

8000 

Reverberant Room 
  

Pearson Product- 

Moment Correlation 

Coefficient (r) 

-0.326 

-0.418 

-0.248 

0.105 

0.050 

0.064 

-0,232 

0.0112 

0.0064 

0.0017 

0.0001 

0.0183 

0.3242 

0.6397 

0.5459 

0.0277 

Anechoic Room 
  

Pearson Product- 

Moment Correlation 

Coefficient (r) 

-0.317 

-0.378 

-0.347 

-0.483 

-0.234 

0.015 

-0.007 

0.005 

-0.136 

0.0020 

0.0002 

0.0007 

0.0001 

0.0241 

0.8828 

0.9495 

0.9590 

0.1937 

 



TABLE 20 

Pearson Product-Moment Correlation Correlation Coefficients for Relating 
Attenuation Achieved Using Earmuffs to Bitragus Breadth 

  

Frequency 

(Hz) 

125 

250 

500 

1000 

2000 

3150 

6300 

8000 

Reverberant Room 
  

Pearson Product- 

Moment Correlation 

Coefficient (r) 

-0.148 

-0,231 

-0,055 

-0.219 

0.230 

-0.038 

0.064 

0.022 

0.183 

0.1487 

0.0237 

0.5917 

0.0322 

0.0241 

0.7108 

0.5337 

0.8311 

0.0747 

Anechoic Room 
  

Pearson Product- 

Moment Correlation 

Coefficient (r) 

0.223 

0.038 

0.120 

0.084 

0.226 

0.157 

-0.191 

0.182 

0.063 

0.0349 

0.7206 

0.2617 

0.4329 

0.0324 

0.1404 

0.0718 

0.0857 

0.5540 
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TABLE 21 

Spearman Rank-Order Correlation Correlation Coefficients for Relating 
Attenuation Achieved Using Earplugs to Ear Canal Size 

  

Frequency 

(Hz) 

125 

250 

500 

1000 

2000 

3150 

6300 

8000 

Reverberant Room Anechoic Room 
    

Spearman Rank- 
Order Correlation 

Coefficient 

-0.222 
ow lane at 

-0.231 

-0.259 

-0.454 

-0.312 

0.102 

0.083 

0.025 

-0.264 

0.0356 

0.0285 

0.0136 

0.0001 

0.0028 

0.3395 

0.4358 

0.8179 

0.0119 

Spearman Rank- 
Order Correlation 

Coefficient 

-0.341 

-0.386 

-0.340 

-0.557 

-0.353 

0.054 

0.0008 

0.0001 

0.0008 

0.0001 

0.0005 

0.6065 

0.6449 

0.6329 

0.0427 
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TABLE 22 

Spearman Rank-Order Correlation Correlation Coefficients for Relating 
Attenuation Achieved Using Earmuffs to Bitragus Breadth 

  

Frequency 

(Hz) 

125 

250 

500 

1000 

2000 

3150 

6300 

8000 

Reverberant Room Anechoic Room 
    

Spearman Rank- 
Order Correlation 

Coefficient 

-0.118 

-0.220 

-0.049 

-0.119 

0.237 

-0.051 

0.092 

0.2542 

0.0310 

0.6346 

0.0655 

0.0200 

0.6223 

0.3733 

0.9024 

0.0328 

Spearman Rank- 
Order Correlation 

Coefficient 

0.209 

0.069 

0.146 

0.158 

-0.208 

0.179 

0.145 

p 

0.0484 

0.5176 

0.1691 

0.2249 

0.0249 

0.1359 

0.0497 

0.0910 

0.1717 
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TABLE 23 

Noise Reduction Ratings (in dB)* 

  

    

Reverberant Room Anechoic Room 

Before After Before After 
Hearing Protector Retest Retest Retest Retest 

Earplugs 

EP-100 17.0 — 9.7 — 

Hear-Guard V51R 15.5 — 16.3 16.0 

Quiet 11.4 — 9.6 — 

Earmuffs 

Hear-Guard 20.8 21.7 23.3 — 

H9A 20.3 19.5 20.8 — 

H7A 24.5 — 25.0 — 

  

* Calculated as per EPA (1985), but rounded only to tenths place to allow higher 
resolution of comparison. 
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DISCUSSION 

The Impact of Subject Retests 

There were few differences in the various analyses between the results obtained 

before retesting subjects and those obtained after retesting subjects. This is not surprising 

given the small number of retests that were necessary. If the number of retests required 

had been greater (1.e., if one or more subjects had been required to be retested on each 

device in each of the rooms), the results might have differed more. Although the results 

of the experiment failed to show drastic differences in the various analyses conducted 

before and after subject retest, this would not always be the case. It has been the personal 

experience of the author while performing routine HPD tests for product labeling 

purposes that outlier data can have a significant impact on the NRR calculation. In one 

instance, a semi-aural device was tested and an NRR of 12 was calculated. After 

performing the Dixon test, it was determined that one subject's attenuation data were so 

much lower than that of the other subjects, that 1t was necessary to replace the outlier 

subject. After subject replacement, an NRR of 22 was obtained for the device. This case 

illustrates the point quite well that outlier dismissal can sometimes have a dramatic 

impact on the data. 

The intent of the Dixon test is to ensure that all samples are drawn from the same 

population. If outliers are discovered, and the observations discarded, replaced, etc., then 

the result should be to reduce the variance of the sample, thus increasing the power 

(1 — B) of any statistical tests performed on the data. In each of the analyses performed in 

this experiment, additional significant effects were found after retesting subjects, as 

would be expected if the above statement were true. However, there were also some 
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instances where a previously significant result was no longer present after the retests. In 

these cases, it is likely that the variances increased at those frequencies, but not so much 

that the data would fail the Dixon criteria. 

The analyses conducted on the data obtained after the subject retests were 

intended only to investigate the effect that subject retests had on the analyses themselves. 

It was decided a priori to base conclusions only on the original data obtained prior to any 

retests. This decision was made in the belief that outlier data can often give insight into 

the experiment and that outlier data should only be discarded for cause (Neter, 

Wasserman, and Kutner, 1985). Therefore, the following discussions will be limited to 

the results obtained from analysis of the onginal data set, before any subject retest were 

performed. 

Correlations 

Pearson product-moment correlation coefficients. The inverse relationship 

found between ear canal size and attenuation measured with earplugs was the type of 

relationship expected, if a relationship indeed existed. Therefore, at frequencies of 2000 

Hz and below (and possibly at 8000 Hz also), one can expect attenuation to decrease as 

ear canal size increases, at least for the sample of earplugs tested. This effect could be 

the result of a given earplug's inability to seal a larger ear canal as effectively as it would 

a smaller ear canal, or that a larger ear canal provides a greater opportunity for leaks 

around the periphery of the earplug than does a smaller ear canal. These suppositions are 

speculative, but they do illustrate how difficult it is to determine the nature of the 

relationship responsible for the significant results. One possible explanation for the lack 

of any correlation between attenuation and ear canal size at the test bands centered around 
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3150, 4000, and 6300 Hz is that attenuation at those frequencies may have been limited 

by the subjects’ bone conduction thresholds. 

For earmuffs, a positive relationship between attenuation and bitragus breadth 

would be expected since intuitively, one would predict that a wider head should lead to 

the earcup cushions pressing with greater force against the side of the head, thereby 

achieving a better seal and leading to higher attenuation. However, other factors such as 

headband adjustment, earcup adjustment, and cushion compression force may also affect 

the results. For instance, an adjustable headband (or an improperly adjusted headband) 

might allow the earcups to be separated to such an extent that the pressure against the side 

of the head is actually less when the earmuff is fitted to a subject with a large head than 

would be the case if the same earmuff were fitted to a small headed subject. Also, a 

wider head might cause the earcup cushions to lift away from the skin (or press with less 

force) at the bottom of the earcup, especially if the headband is not large enough or is 

improperly adjusted. Factors such as these make interpreting the correlations difficult, if 

not impossible when considering earmuffs. 

In the case of either earplugs or earmuffs, although the correlations were 

significant enough to suggest a relationship between the anthropometric measures and the 

attenuation measured for the devices, they are not sufficiently strong to warrant 

developing a regression equation to predict attenuation achievable with a particular type 

of device using a single anthropometric measure. The largest absolute value of any of the 

correlation coefficients (r) obtained was 0.483 (obtained for earplugs at 1000 Hz in the 

anechoic room). Since r2 gives an indication of the total variability of y (attenuation) that 

can be accounted for by x (ear canal size or bitragus breadth, as appropriate) (Myers, 

1990), one can see that even in the best case, only about 23% of the variability in 

attenuation can be explained by a subject's anthropometry. Other factors, in addition to 
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the two anthropometric measures considered here, must play a part in determining how 

much attenuation a given subject can obtain with a given HPD. These factors may 

include ear canal shape and/or sensitivity or hair type (long — short, curly — straight, fine 

— coarse, etc.). The proper course of action would be to investigate these other factors in 

conjunction with those discussed herein and develop a prediction model that can account 

for a more sizable percentage of the variation in attenuation. 

Spearman rank-order correlation coefficients. The Spearman coefficient, unlike 

the Pearson coefficient, is not meant to assess the linear relationship between two 

variables, but is rather an indication of whether the rank order of the two variables are 

associated, independent of a linear relationship. In other words, it is intended to 

determine the monotonicity of the association, if an association is present. 

For the earplug data, a monotonically decreasing relationship was found at 

frequencies of 2000 Hz and below and at 8000 Hz in both rooms. Again, this was the 

type of relationship expected. For the earmuff data, the results were again inconsistent, 

with both positive and negative correlations found in the reverberant room, but only 

positive relationships found in the anechoic room. Only at 2000 Hz were the data 

consistent across rooms. As was the case with the Pearson coefficients discussed earlier, 

other factors could have confounded the results for earmuffs and caused the inconsistent 

findings. Another possibility is that some room factor existed which was responsible for 

the inconsistencies in the earmuff results. 

Combined Hierarchical Design vs. Separate Analyses on Earmuffs and Earplugs 

Before discussing the results of the various analyses and their implications in 

HPD attenuation testing and standards development, it is necessary to address the 
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question of which set of results to base the discussion upon. In other words, it is 

necessary to decide if the discussion will be based upon the results of the separate 

analyses of the earplug and earmuff data or upon the results of the single analysis 

performed on the combined data set. If it had been possible to conduct the experiment 

either as completely between- or as completely within-subject, it is believed that the 

hierarchical design would have been most appropriate. However, doing so was not 

possible. Finally, the decision to use one method over another had to be made on sound 

statistical principles rather than on experimental results. 

The individual analyses lent themselves to analysis of all main effects and 

interactions using the appropriate error term for each effect. This was not the case with 

the hierarchical design. In the hierarchical design, it was necessary to use a single 

residual error term to test all of the effects and interactions. This residual error term 

contained the error variances of all the confounded error terms that would have existed 

had the design been completely within-subject. This should have the effect of finding 

fewer significant effects and interactions than actually exist (1.e., more type II errors). It 

was therefore decided to base the subsequent discussions on the results from the separate 

analyses. However, it is also strongly felt that had it been possible to conduct this 

experiment as a wholly within- or between-subject design, the hierarchical design would 

have been the most appropriate design to use. As stated previously, all discussions are 

based on the results of the analyses performed before any subject retests. 

Effects of Gender and Trials on Measured Attenuation 

Gender and trial effects were present only in the form of interactions with each 

other and the HPD and SF variables. The results did not seem to indicate the presence of 
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systematic gender differences, either across devices or for a particular device. Where 

gender differences did occur, the difference may not have been due to gender alone or 

even at all, but rather to some other factor(s) not accounted for by the experiment. Such 

factors may have included differences in ear canal sensitivity or shape (as opposed to 

size), or even a hesitancy (albeit an unconscious one) on the part of the experimenter to 

fit a particular device as deeply on one subject as he would on another, due either to the 

gender of the subject or to previous experiences with that subject. 

The only consistent trial effects were the simple main effects of trial present for 

the Quiet earplug at 500 and 2000 Hz. Although the nature of the effects were the same 

at both frequencies, they are confounded by the fact that for this device, a different pair of 

earplugs were used for each trial. The other trial interactions showed no obvious pattern 

and may have been due to normal difference in fit from trial to trial, or to interactions 

with variables not under experimental control. It is believed that no systematic trial effect 

existed. 

Effects of Sound Field on Measured Attenuation 

Results indicate that for both earplugs and earmuffs, significant differences in the 

attenuation measured in the two environments do exist. However, the differences were 

not consistent across device types. For earplugs, significantly higher attenuation was 

measured in the reverberant environment (from 2.2 to 3.2 dB) at 2000, 3150 and 4000 

Hz. The sound field main effects were unconfounded by significant interactions with the 

SF variable. For earmuffs, the anechoic environment was found to produce higher 

attenuation (from 1.7 to 2.0 dB) across all three devices at low frequencies (from 250 to 

1000 Hz). At high frequencies (3150 and 4000 Hz), room differences for earmuffs were 
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not only found to be device specific, but also to be in the opposite direction than the 

differences noticed at low frequencies, with higher attenuation being measured in the 

reverberant environment (ranging from 1.7 to 2.4 dB). Except at 4000 Hz, the effects 

were unconfounded by the presence of significant interactions involving sound field. 

These results appear to indicate that the results of REAT evaluations conducted 

under the two standards are not directly comparable, either for earplugs or earmuffs if 

different testing environments are used. In addition, since ANSI $12.6-1984, ISO 4869- 

1981, and SS 882151 (1981) allow either a reverberant room or an anechoic room, results 

of REAT evaluations conducted under these standards are also not directly comparable 

unless the evaluations are conducted in similar environments. 

It is not known why the main effects of sound field for earplugs and earmuffs 

were in opposite directions. The existence of sound field differences for earmuffs with 

lower attenuation measured in the reverberant room at low frequencies was expected. 

These differences could have been due to very small leaks between the subject's head and 

the earcup cushion. Such leaks would have been more evident in the reverberant room 

(where the noise persists for longer periods). However, no sound field differences were 

expected for earplugs. 

It was mentioned earlier that the variances in the earplug data were considerably 

higher than those in the earmuff data. To some degree, this was expected since it is much 

more difficult to visually ascertain quality of fit with earplugs. However, this should not 

affect the interpretation of the significant main effect of sound field. The effect of large 

variances should be to mask significant effects (lead to more type IJ errors), rather than 

find significance where none exists (a type I error). Any factor which could create 

consistent differences of constant direction such as those found in earplug data would 
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have been systematic (i.e., must have affected everyone the same way). No such 

systematic factors are known to have existed. 

For earmuffs, the fact that main effects of sound field were present only at low 

frequencies (1000 Hz and below) while HPD x SF interactions were predominate at 

higher frequencies indicates that the sound field effect at high frequencies may depend on 

some design feature of the earmuff. Such features may include the material from which 

the earcup is constructed, the shape of the earcup (e.g., smooth vs. faceted), the material 

from which the earcup cushion is constructed, the resilience of the cushion, the width of 

the cushion, the occluded volume, etc. On the other hand, the low frequency effect would 

appear to be device independent. For earplugs, the absence of any significant HPD x SF 

interactions would seem to indicate that the sound field effect is device independent. Of 

course, these statements are made on the assumption that the devices used in the 

experiment were representative of their general types. If such is not the case, then these 

statements may not be justified. 

Although the differences noted between sound fields were quite small (ranging 

from 2.2 to 3.2 dB for earplugs and from 1.7 to 2.4 dB for earmuffs) they are nonetheless 

statistically significant differences and cannot be ignored. However, one must ask the 

question as to whether or not the differences are practically significant. To answer that 

question, one must consider the use to which one intends to put the resulting data. If the 

purpose is standards development, technically-oriented research, product development, or 

product labeling, then statistically significant differences such as those found herein are 

important. Even small differences can confound the results of HPD testing and preclude 

direct comparison of attenuation results. If, on the other hand, one wishes only to get an 

estimate of how well a particular device performs on a specific individual, then small 

differences may have little if any impact on the end results. However, even in a practical 
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sense, 3 dB can have considerable significance. If one were to apply the equal-energy 

principle to an employee's noise exposure, a 3 dB difference in HPD attenuation could 

either halve or double the employee's allowed time-of-exposure in a given noise 

environment. 

One may also compare the attenuation for each device as measured in each of the 

experimental conditions to the HPD manufacturer's spectral attenuation which appears on 

the product labels. These plots appear in Figures 28 through 33. By law (EPA, 1985), 

the manufacturer's data were obtained using ANSI S3.19-1974. As can be seen, for each 

protector there are several frequencies at which the difference between the manufacturer's 

data and the experimental data from the reverberant room (also $3.19 data) are 

considerably larger than the differences between the reverberant and the anechoic data. 

This would seem to indicate that interlaboratory differences may be significantly larger 

than intralaboratory differences. 

The noise reduction ratings (NRRs) for each device in each of the test rooms may 

also be compared to each other and to the manufacturer's labeled NRR for that device. 

These comparisons are shown in Figure 34. For four of the six devices tested, the NRRs 

for each of the experimental conditions differ by only 1 dB. For only one of the devices 

(the EP-100 earplug) does a difference of more than 2 dB exist between experimental 

conditions. However, the differences between the manufacturer's reported NRR and the 

NRR measured in the reverberant environment range from 0 to 15 dB, with the largest 

discrepancies existing for earplugs. Since all testing was performed as specified by 

theappropriate standard (but using the experimenter-fit procedure specified by ANSI 

S3.19-1974 in both conditions), one would have expected closer agreement with the 

manufacturer's data. 
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Figure 28. Spectral attenuation by sound field for the EP-100 earplug, 
including manufacturer's data. 
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Figure 29. Spectral attenuation by sound field for the Hear-Guard V51R 
earplug, including manufacturer's data.
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Figure 30. Spectral attenuation by sound field for the Quiet earplug, 
including manufacturer's data. 
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Figure 31. Spectral attenuation by sound field for the Hear-Guard earmuff, 
including manufacturer's data. 
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Figure 32. Spectral attenuation by sound field for the Peltor H9A earmuff, 
including manufacturer's data. 
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Figure 33. Spectral attenuation by sound field for the Peltor H7A earmuff, 
including manufacturer's data. 
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However, due to possible differences among test laboratories in regard to 

interpretation or implementation of the standards and the inherent test-retest instability of 

the small 10-subject samples required by the standards, differences in the NRRs are not 

surprising. For instance, both standards contain only minimal requirements concerning 

screening or training of subjects. It is quite possible for a laboratory to screen potential 

subjects on the basis of attenuation achieved with one or more HPDs, selecting only those 

subjects whose performance falls within a narrow range in order to reduce the sample 

standard deviations. It is also quite possible for a laboratory to use only highly trained 

subjects in performing REAT evaluations. In addition, subjects could be screened on the 

basis of anthropometry. For testing earplugs, a laboratory might accept only those 

subjects with ear canals which fall into a narrow size range, or with whom a visibly 

perfect fit can be obtained. Subjects with oddly shaped or "sensitive" ear canals, which 

preclude obtaining a "deep" fit might be rejected. For testing earmuffs, a laboratory 

might reject individuals with prominent cheekbones, stiff or coarse hair (including facial 

hair), a strong jawline, or a bitragus breadth outside some narrow range. Any of these 

factors should lead to smaller standard deviations and higher attenuations, and therefore 

higher NRRs. 

Finally, because statistically significant differences were obtained between the 

two sound field realization techniques, any future REAT test standard should specify one 

method or the other, but should not allow both. The choice of which technique to | 

standardize should be made on the basis of which environment produces the most 

consistent results, both within and between laboratories. 
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Effects of HPD on Measured Attenuation 

It is common knowledge that earplugs and earmuffs have different attenuation 

characteristics and that different designs of a given type of protector also have different 

attenuation characteristics. It was therefore not surprising to have found significant HPD 

main effects for both earplugs and earmuffs. Normally, it would not be possible to 

discuss these differences. However, in this experiment, two of the earmuffs used (the 

Peltor H9A and H7A) were as close to being identical as possible except that the H7A 

had a larger earcup volume (239.2 vs. 172.0 ml) At all frequencies except 6300 Hz, the 

large volume earmuff produced higher attenuation than did the small volume earmuff (as 

can be seen in Figure 25). The differences were statistically significant at all frequencies 

except 1000 and 8000 Hz. These results would seein to provide limited evidence that 

earcup volume is a manipulable design feature which influences earmuff attenuation. At 

least at low frequencies, this result is in general agreement with the the data reported by 

Berger (1986a, p. 336) in which attenuation data from 16 different earmuffs were 

compared. 
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CONCLUSIONS 

Based on the results of this study, it appears that the environment in which REAT 

evaluations of HPDs are conducted has a small, yet highly significant impact on the 

results of the evaluation. The nature of the effect is such that if earmuffs are tested in a 

reverberant environment (as required by ANSI $3.19-1974 and CSA Z94.2-M1984, and 

permitted by ANSI S12.6-1984, ISO 4869-1981, and SS 882151) the attenuation 

measured at frequencies below 1000 Hz may be less than the attenuation which would be 

measured if the test were performed in a diffuse field established within an anechoic 

chamber [as permitted by ANSI $12.6-1984, ISO 4869-1981, and SS 882151 and 

required by BSI] 5108 (1983)]. For earplugs, the differences may be reversed with higher 

attenuation measured in the reverberant environment. In addition, the effect seems to be 

restricted to the middle of the frequency range (2000 to 4000 Hz). Although the 

differences observed in the attenuation measured between the two environments are 

statistically sigmificant, they seem to be smaller than the interlaboratory differences 

present when similar environments are used to evaluate HPDs. 

Attenuation afforded by earplugs appears to be highly correlated with the wearers 

ear canal size at frequencies through 2000 Hz and at 8000 Hz. The nature of the 

correlation is such that individuals with larger ear canals should realize less attenuation 

than individuals with smaller ear canals, at least with the earplugs tested in this study. 

However, the relationship is not so strong as to allow ear canal size alone to be used as a 

predictor of attenuation which may be obtained by a given individual using earplugs. 

Although correlations between attenuation and bitragus breadth exist for earmuffs, they 

are not as consistent as the correlations which exist for earplugs. 
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Lack of any consistent gender effects, either in the form of a main effect or in an 

interaction with hearing protector seems to indicate that gender alone may not be an 

important factor in determining how well a specific HPD will perform on an individual. 

What sometimes appears to be a gender effect may actually be due to other factors, such 

ear canal size or hair length. 

In a similar vein, the lack of any main effect of trial seems to indicate that there is 

no strong trial-to-trial practice effect, at least for subjects experienced in REAT testing 

procedures. 

Earcup volume appears to be an important factor in the attenuation afforded by 

earmuffs, with larger volumes resulting in higher attenuation at lower frequencies, all 

other things being equal. However, there exists some disagreement among studies as to 

the effect of volume at high frequencies. 

Finally, although in this study there were only minor differences in the attenuation 

results from the analyses performed before and after retesting subjects as a result of the 

outlier tests, itis known that this is not always the case. It appears therefore that the 

impact of outlier testing is case specific, and no generalizable conclusions can be drawn 

from these results. 
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RECOMMENDATIONS FOR FURTHER WORK 

Continued research investigating the room differences found in this study seems 

to be warranted. Future studies should not only attempt replication of these results across 

a broader selection of both earplugs and earmuffs, but should also include other types of 

devices such as user-formed and custom molded earplugs and semi-aural devices. 

Investigations should also be aimed at determining the cause for the reversal in the 

direction of the sound field main effect for earplugs and earmuffs. 

A side issue which was not addressed in this experiment, but which should be 

investigated in future studies is whether the variability of the subjects in tracking their 

thresholds is greater in one environment than in the other. With such small differences 

demonstrated in the attenuation means obtained between rooms, a decision as to which 

environment to base future standards on may be based upon which room can provide the 

most consistent results (1.e., smaller standard deviations). 

In addition to efforts to further define how differences in the testing environment 

can impact the results of HPD REAT evaluations, future studies should also attempt to 

determine what factors lead to the seemingly large interlaboratory differences in REAT 

evaluations. One factor which has not yet been investigated is how the experimenter 

influences the results. This issue could be addressed by having two experimenters 

perform separate tests on the same devices in the same laboratory using the same 

subjects. 
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PRE-EXPERIMENTAL QUESTIONNAIRE 

Subject: Age: Sex: 
    

1) Have you ever worn a hearing protector device at work, home, or elsewhere? 

Yes No 
  

If yes, how recent was the experience? 

  

  

How frequently did you use the device? 

  

  

What type of protector(s) did you use? (Please be as specific as possible, include 

brand name and model if known.) 

  

  

  

2) Have you ever participated in an experiment which involved testing of hearing 

protection devices? (This does not include other hearing related experiments or 

audiometric testing for medical purposes). 

Yes No 
  

If yes, how many experiments on hearing protection devices have you been involved in 

and when did you last participate in such an experiment? 

Number of experiments: 

Date of last participation: 
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3) Do you have any of the following problems? 

Tinnitus (ringing in the ears) 

Excessive ear wax 

Allergies which effect your hearing 

Other (Please Specify) 
  

  

4) Have you ever had excessive ear wax removed by a physician? 

Yes No 
  

If yes, how recent was the last treatment? 

Date: 
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Description of Experiment for Earmuffs 

This experiment is designed to investigate the attenuation (protective 

effectiveness) of hearing protection devices (HPDs) as measured in the laboratory. In the 

portion of the experiment in which you will be taking part, 5 earmuffs and one set of 

earplugs will be tested. 

You will attend one initial screening session and at least 15 experimental sessions. 

Depending on the results of post-hoc (after data collection) statistical tests, it may be 

necessary to retest you on one or more of the devices in one or both test spaces. A total 

of six devices are to be tested in the reverberant environment, three of which will be 

tested three times. However, three of the devices will also be tested in the anechoic 

environment. Therefore, there will be a minimum of 15 sessions. The maximum 

number of sessions that will be required of you is 23. Itis highly unlikely, however, that 

it will be necessary for anyone to take part in 23 sessions. In the event that retesting is 

required, you will be contacted by the experimenter to schedule the additional session(s). 

You will be paid $6.00 per hour for each experimental session. The money will be paid 

to you at the end of the 15th session. 

The screening session will consist of your being asked questions (or alternatively, 

filling out a questionnaire) concerning your hearing and past experience with hearing 

protection devices; being presented with an informed consent form; having your outer 

ears visually examined; having your ear canal size, ear size, (height and width), and your 

bitragus breadth (distance between your ears) measured; undergoing the administration of 

a hearing test; and if necessary, participating in an experience leveling procedure which 

consists of conducting at least six open-ear threshold measurements in the reverberant test 

space. The entire screening session is expected to take approximately one hour to 
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complete. If you qualify on the hearing test (which will be conducted first), you will 

proceed with the remainder of the screening session and will be paid for the session. 

Each experimental session will consist of conducting a total of six hearing 

thresholds in one of the two test spaces. Three of the thresholds will be in the unoccluded 

(open-ear) condition and three will be in the occluded (wearing HPD) condition. In all 

cases in which an HPD is worn, the device will be fitted by the experimenter. While 

wearing the HPD, you are asked to refrain from touching or adjusting the device and not 

to talk or otherwise move your jaw unnecessarily. No risk is posed by the experiment 

except the possibility of fatigue due to the length of the experimental session and perhaps 

some minor discomfort because of the tight fit of the protectors, but the devices will not 

harm you in any permanent way. You will be given opportunities to rest, if you desire, 

between experimental sessions. 
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Description of Experiment 
for 

Premolded Earplugs 

This experiment is designed to investigate the attenuation (protective 

effectiveness) of hearing protection devices (HPDs) as measured in the laboratory. In the 

portion of the experiment in which you will be taking part, 8 premolded earplugs will be 

tested. 

You will attend 1 initial screening session and at least 11 experimental sessions. 

Depending on the results of post-hoc (after data collection) statistical tests, it may be 

necessary to retest you on one or more of the devices in one or both test spaces. A total 

of eight devices are to be tested in the reverberant environment. However, three of the 

devices will also be tested in the anechoic environment. (You will be shown each of 

these rooms). Therefore, there will be a minimum of 11 sessions. The maximum 

number of sessions that will be required of you is 22. This number represents being 

tested in the original 11 test conditions and then being retested in all! of the test 

conditions. It is highly unlikely, however, that it will be necessary to retest anyone in all 

11 conditions. In the event that retesting is required, you will be contacted by the 

experimenter to schedule the additional session(s). You will be paid $6.00 per hour for 

each experimental session. The money will be paid to you at the end of the 11th session. 

The screening session will consist of your being asked questions (or alternatively, 

filling out a questionnaire) concerning your hearing and past experience with hearing 

protection devices; being presented with an informed consent form; having your outer 

ears visually examined; having your ear canal size, ear size, (height and width), and your 

bitragus breadth (distance between your ears) measured; undergoing the administration of 

a hearing test; and if necessary, participating in an experience leveling procedure which 

consists of conducting at least six open-ear threshold measurements in the reverberant test 
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space. The entire screening session is expected to take approximately one hour to 

complete. If you qualify on the hearing test (which will be conducted first), you will 

proceed with the remainder of the screening session and will be paid for the session. 

Each experimental session will consist of conducting a total of six hearing 

thresholds in one of the two test spaces. Three of the thresholds will be in the unoccluded 

(open-ear) condition and three will be in the occluded (wearing HPD) condition. In all 

cases in which an HPD is worn, the deice will be fitted by the experimenter. While 

wearing the HPD, you are asked to refrain from touching or adjusting the device and not 

to talk or otherwise move your jaw unnecessarily. No risk is posed by the experiment 

except the possibility of fatigue due to the length of the experimental session and perhaps 

some minor discomfort because of the tight fit of the protectors, but the devices will not 

harm you in any permanent way. You will be given opportunities to rest, if you desire, 

between experimental trials. 
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SUBJECT'S INFORMED CONSENT 

AUDITORY SYSTEMS LABORATORY-VA TECH 
(AUDIOMETRY AND/OR HEARING PROTECTION DEVICE ATTENUATION TEST) 

First, 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 hearing ability in two conditions: 1) while 
wearing a hearing protector, and 2) while your ears are uncovered. In both conditions 
your hearing will be tested with very quiet pulsating tones played through a set of 
loudspeakers. You will have to be very attentive and listen carefully for these tones. 
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 a tone. The tones will be very faint and 
you will have to listen very carefully to hear them. 

No loud or harmful sounds will ever occur during the study. 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 these hearing tests. Also, realize that 
they 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. 

The purpose of the study is to determine the optimal attenuation (i.e., noise 
reduction) capabilities of several hearing protectors, including earplugs, earmuffs, and 
ear canal caps. You will be asked to wear several protectors during the course of the 
study. You will either fit the protectors on yourself with the experimenter's supervision, 
or alternatively, the experimenter may fit the protectors on you. The protectors are 
intended to provide a snug fit so that noise will be blocked. Therefore, they may seem 
tight in or around your ears. Some minor discomfort may result from the tight fit, but the 
protectors will not harm you in any permanent way. 

Several physical measurements may also be obtained as a part of the study. 
These will include dimensional measurements of the ear and head width, obtained with 
simple rulers, calipers, and an ear gauge. Your middle ear pressure will be checked 
using a clinical tympanogram, a simple, noninvasive procedure to determine if the 
pressure is within a normal range. 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. 

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) You have the right to discontinue participating in the study at any time for any 
reason by simply informing a member of the research team. 

2) You have the right to inspect your data 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 

173



kept confidential by the research team. No one else will see your individual 
data with your name. 

3) You 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, 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) 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. 

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. 
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| have read a description of this study and understand the nature of the research 
and my rights as a participant. | hereby consent to participate, with the understanding 
that | may discontinue participation at any time if | choose to do so, being paid only for 
the portion of time that | spend in the study. 

Signature 
  

Printed Name 
  

Date 
  

Phone 
  

REMEMBER, you are supposed to press the button (and keep it pressed) 
whenever you hear the tone and release it when you do not hear the tone. 
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The research team for this experiment consists of Gary Robinson and Dan 
Mauney, graduate students 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 
Room 538 Whittemore Hall 
VPI&SU 
Blacksburg, VA 24061 
(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 
Chairman, University Human Subjects Committee 
301 Burruss Hall 
VPI&SU 
Blacksburg, VA 24061 
(703) 231-5283 

(PLEASE TEAR OFF AND KEEP THIS PAGE FOR FUTURE REFERENCE.) 
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TABLE E-1 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 125 Hz 

  

Source df SS F P 

  

Between-Subjects 

Gender (G) 1 126.1694 0.22 0.6487 

Subjects S(G) 8 4507.1040 

Within-Subject 

Hearing Protector (HPD) 2 348.2694 2.16 0.1482 

HPD xG 2 239.4574 1.48 0.2567 

HPD x S(G) 16 1292.3287 

Sound Field (SF) 1 0.2801 0.01 0.9348 

SFxG 1 39.2934 1.00 0.3467 

SF x S(G) 8 314.5293 

SF x HPD 2 26.0674 0.28 0.7628 

SF x HPD xG 2 16.9501 0.18 0.8377 

SF x HPD x S(G) 16 757.3980 

Trials (T) 2 3.1781 0.07 0.9329 

TxG 2 8.8854 0.20 0.8247 

T x S(G) 16 364.3987 

HPD x T 4 145.7962 2.64 0.0515 

HPD x G xT 4 92.4942 1.68 0.1794 

HPD x T x S(G) 32 441.0107 

SF x T 2 18.5034 0.45 0.6443 

SF x G x T 2 13.5854 0.33 0.7225 

SF x T x S(G) 16 327.5867 

SF x HPD x T 4 46.8676 0.56 0.6947 

SF x HPD x G xT 4 53.8056 0.64 0.6375 

SFxHPDxTxS(G) 32 671.9880 

Totals 179 9855.9472 
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TABLE E-2 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 250 Hz 

  

  

179 

Source df SS F P 

Between-Subjects 

Gender (G) 1 17.1742 0.02 0.8870 

Subjects S(G) 8 6382.1178 

Within-Subject 

Hearing Protector (HPD) 2 550.8670 3.92 0.0410 

HPD xG 2 165.2814 1.18 0.3334 

HPD x S(G) 16 1122.9816 

Sound Field (SF) 1 81.3389 2.69 0.1399 

SFxG 1 45.2002 1.49 0.2566 

SF x S(G) 8 242.2453 

SF x HPD 2 103.0921 1.41 0.2719 

SF x HPD xG 2 35.1714 0.48 0.6259 

SF x HPD x S(G) 16 583.1620 

Trials (T) 2 7.1040 0.24 0.7924 

TxG 2 8.4498 0.28 0.7588 

T x S(G) 16 240.7462 

HPD x T 4 148.3180 2.26 0.0844 

HPD x G x T 4 90.6976 1.38 0.2622 

HPD x T x S(G) 32 524.9844 

SF x T 2 12.6804 0.23 0.7938 

SF x G xT 2 10.4004 0.19 0.8270 

SF x T x S(G) 16 432.9480 

SF x HPD x T 4 15.5736 0.16 0.9576 

SF xX HPD xG xT 4 29.0949 0.30 0.8780 

SF x HPD x T x S(G) 32 784.9027 

Totals 179 11634.532



TABLE E-3 

ANOVA Summary Table for Earplugs, Before Subject Retest, at SOO Hz 

  

  

180 

Source df SS F Pp 

Between-Subjects 

Gender (G) ] 46.4109 0.05 0.8263 

Subjects S(G) 8 7218.7449 

Within-Subject 

Hearing Protector (HPD) 2 566.2084 5.46 0.0156 

HPD xG 2 220.6458 2.13 0.1517 

HPD x S(G) 16 830.0891 

Sound Field (SF) 1 18.3042 0.53 0.4881 

SF xG 1 34.1476 0.99 0.3499 

SF x S(G) 8 277.2049 

SF x HPD 2 34.7804 0.34 0.7183 

SF x HPD x G 2 41.8151 0.41 0.6729 

SF x HPD x S(G) 16 823.7611 

Trials (T) 2 17.0141 0.67 0.5249 

TXxG 2 36.9141 1.46 0.2624 

T x S(G) 16 202.7851 

HPD x T 4 263.1969 3.09 0.0292 

HPD x G x T 4 133.6762 1.57 0.2059 

HPD x T x S(G) 32 680.7769 

SF x T 2 34.3968 0.87 0.4374 

SF x G xT 2 3.8048 0.10 0.9087 

SF x T x S(G) 16 315.8451 

SF x HPD x T 4 31.6236 0.33 0.8533 

SF x HPD x G xT 4 26.1536 0.28 0.8914 

SFxHPDxTxS(G) 32 758.3729 

Totals 179 12616.6725



TABLE E-4 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 1000 Hz 

  

  

181 

Source df SS F P 

Between-Subjects 

Gender (G) 1 2.3805 0.01 0.9382 

Subjects S(G) 8 2976.5676 

Within-Subject 

Hearing Protector (HPD) 2 298.2510 3.22 0.0666 

HPD xG 2 160.4470 1.73 0.2080 

HPD x S(G) 16 739.9064 

Sound Field (SF) ] 96.6534 4.06 0.0787 

SFxG | 1.2334 0.05 0.8257 

SF x S(G) 8 190.4827 

SF x HPD 2 15.3634 0.26 0.7710 

SF x HPD xG 2 54.6314 0.94 0.4111 

SF x HPD x S(G) 16 464.9140 

Trials (T) 2 4.9990 0.18 0.8376 

TxG 2 3.0503 0.11 0.8971 

T x S(G) 16 223.1884 

HPD x T 4 21.3380 0.44 0.7806 

HPD x G x T 4 106.9127 2.19 0.0923 

HPD x T x S(G) 32 390.2916 

SF xT 2 26.5201 0.78 0.4766 

SFxGXxT 2 12.7781 0.37 0.6938 

SF x T x S(G) 16 273.2640 

SF x HPD x T 4 23.1316 0.41 0.7982 

SF x HPD x G x T 4 27.3676 0.49 0.7443 

SFxHPDxTxS(G) 32 448.4653 

Totals 179 562.1375



TABLE E-5 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 2000 Hz 

  

  

182 

Source df SS F P 

Between-Subjects 

Gender (G) 1 1124.0002 2.18 0.1776 

Subjects S(G) 8 4115.6289 

Within-Subject 

Hearing Protector (HPD) 2 83.9523 0.78 0.4760 

HPD xG 2 97.8568 0.91 0.4236 

HPD x S(G) 16 863.443 1 

Sound Field (SF) 1 255.8509 13.28 0.0065 

SFxG 1 16.9280 0.88 0.3759 

SF x S(G) 8 154.0911 

SF x HPD 2 2.8008 0.06 0.9400 

SF x HPD x G 2 5.6910 0.13 0.8824 

SF x HPD x S(G) 16 360.9916 

Trials (T) 2 6.1843 0.16 0.8570 

TxXG 2 8.9621 0.23 0.8003 

T x S(G) 16 317.4458 

HPD x T 4 85.5583 2.85 0.0397 

HPD x G xT 4 67.5099 2.25 0.0857 

HPD x T x S(G) 32 240.1562 

SF x T 2 8.6281 0.27 0.7703 

SF xG xT 2 17.7543 0.55 0.5898 

SF x T x S(G) 16 260.2342 

SF x HPD x T 4 29.2832 0.90 0.4734 

SF x HPD x G xT 4 3.7357 0.12 0.9762 

SF x HPD xTxS(G) 32 259.2211 

Totals 15 B385.9079"



TABLE E-6 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 3150 Hz 

  

  

183 

Source df SS F Pp 

Between-Subjects 

Gender (G) 1 8.1494 0.02 0.9003 

Subjects S(G) 8 3896.8 107 

Within-Subject 

Hearing Protector (HPD) 2 920.5493 12.52 0.0005 

HPD xG 2 309.6458 4.21 0.0339 

HPD x S(G) 16 588.1827 

Sound Field (SF) 1 201.6125 10.57 0.0117 

SF XG 1 14.3934 0.75 0.4104 

SF x S(G) 8 152.6347 

SF x HPD 2 8.4693 0.21 0.8130 

SF x HPD xG 2 47.3604 1.17 0.3347 

SF x HPD x S(G) 16 323.0080 

Trials (T) 2 18.0743 0.50 0.6182 

TxG 2 6.5001 0.18 0.8384 

T x S(G) 16 291.7367 

HPD x T 4 34.6733 0.61 0.6576 

HPD x G x T 4 122.2662 2.15 0.0967 

HPD x T x S(G) 32 453.9060 

SF x T 2 10.5863 0.27 0.7674 

SF xGxT 2 3.0801 0.08 0.9250 

SF x T x S(G) 16 314.5580 

SF x HPD x T 4 25.5153 0.58 0.6763 

SF x HPD x G x T 4 35,3376 0.81 0.5286 

SF x HPD x T x S(G) 32 349.3593 

Totals 179 8136.4094



TABLE E-7 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 4000 Hz 

  

  

184 

Source df SS F Pp 

Between-Subjects 

Gender (G) 1 5.6889 0.01 0.9239 

Subjects S(G) 8 4682.0542 

Within-Subject 

Hearing Protector (HPD) 2 1893.9514 11.01 0.0010 

HPD xG 2 801.7574 4.66 0.0254 

HPD x S(G) 16 1375.8478 

Sound Field (SF) 1 445.5680 16.09 0.0039 

SFxG ] 37.1736 1.34 0.2800 

SF x S(G) 8 221.5462 

SF x HPD 2 77.0890 1.17 0.3347 

SF x HPD x G 2 47.2941 0.72 0.5020 

SF x HPD x S(G) 16 525.7224 

Tnials (T) 2 38.3608 1.53 0.2456 

TxG 2 22.2048 0.89 0.4307 

T x S(G) 16 199.9544 

HPD x T 4 19.1349 0.52 0.7207 

HPD x G xT 4 165.0269 4.50 0.0054 

HPD x T x S(G) 32 293.6716 

SF xT 2 1.2630 0.03 0.9661 

SF x G xT 2 2.6154 0.07 0.9312 

SF x T x S(G) 16 292.3038 

SF x HPD x T 4 77.7780 1.54 0.2150 

SF x HPD x G xT 4 55.5829 1.10 0.3741 

SFxHPDxTxS(G) 32 404.7836 

Totals 179 11686.373



TABLE E-8 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 6300 Hz 

  

  

185 

Source df SS F P 

Between-Subjects 

Gender (G) 1 163.4014 0.41 0.5416 

Subjects S(G) 8 3215.9487 

Within-Subject 

Hearing Protector (HPD) 2 1196.0301 3.49 0.0552 

HPD xG 2 316.0741 0.92 0.4176 

HPD x S(G) 16 2740.3713 

Sound Field (SF) 1 59.5125 2.64 0.1431 

SF xG 1 4.8347 0.21 0.6559 

SF x S(G) 8 180.6233 

SF x HPD 2 61.3523 0.77 0.4813 

SF x HPD x G 2 149.9034 1.87 0.1862 

SF x HPD x S(G) 16 641.0020 

Tnials (T) 2 38.0068 0.90 0.4257 

TxG 2 31.1788 0.74 0.4930 

T x S(G) 16 337.3600 

HPD x T 4 38.2252 0.60 0.6623 

HPD x G x T 4 17.2592 0.27 0.8933 

HPD x T x S(G) 32 506.0300 

SF x T 2 2.2443 0.11 0.8924 

SF x G xT 2 0.9781 0.05 0.9514 

SF x T x S(G) 16 156.5853 

SF x HPD x T 4 83.5023 1.48 0.2312 

SF x HPD x G x T 4 19.1572 0.34 0.8491 

SFxHPDxTxS(G) 32 451.1393 

Totals 179 10410.7200



TABLE E-9 

ANOVA Summary Table for Earplugs, Before Subject Retest, at 8000 Hz 

  

  

186 

Source df SS F Pp 

Between-Subjects 

Gender (G) 1 212.7694 1.01 0.3438 

Subjects S(G) 8 1681.4940 

Within-Subject 

Hearing Protector (HPD) 2 871.3543 4.48 0.0285 

HPD xG 2 161.3754 0.83 0.4540 

HPD x S(G) 16 1555.3080 

Sound Field (SF) 1 160.7445 4.87 0.0583 

SFxG 1 18.8827 0.57 0.4710 

SF x S(G) 8 263.9344 

SF x HPD 2 26.1243 0.43 0.6552 

SF x HPD xG 2 74.0308 1.23 0.3184 

SF x HPD x S(G) 16 481.3249 

Trials (T) 2 2.9640 0.11 0.8990 

TxG 2 28.8271 1.04 0.3753 

T x S(G) 16 221.1667 

HPD x T 4 64.6667 1.54 0.2145 

HPD x G x T 4 54.0416 1.29 0.2960 

HPD x T x S(G) 32 336.1273 

SFXT 2 5.1613 0.32 0.7334 

SF x G XT 2 6.4431 0.39 0.6803 

SF x T x S(G) 16 130.6089 

SF x HPD xT 4 52.8633 1.82 0.1502 

SF x HPD x G x T 4 12.2489 0.42 0.7925 

SFxHPDxTxS(G) 32 232.9678 

Totals 179 6655.4294
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TABLE F-1 

ANOVA Summary Table for Earplugs, After Subject Retest, at 125 Hz 

  

Source df SS F P 

  

Between-Subjects 

188 

Gender (G) 1 113.9236 0.20 0.6675 

Subjects S(G) 8 4583 .5540 

Within-Subject 

Hearing Protector (HPD) 2 322.4361 1.97 0.1715 

HPD xG 2 241.7908 1.48 0.2574 

HPD x S(G) 16 1307.8287 

Sound Field (SF) 1 1.1842 0.03 0.8686 

SFxG 1 32.5976 0.80 0.3964 

SF x S(G) 8 324.7793 

SF x HPD 2 25.1508 0.27 0.763 1 

SF x HPD x G 2 23.6334 0.26 0.7755 

SF x HPD x S(G) 16 731.7980 

Tnials (T) 2 3.8581 0.09 0.9182 

TxG 2 9.0141 0.20 0.8205 

T x S(G) 16 359.9133 

HPD x T 4 151.3522 2.73 0.0463 

HPD xG xT 4 90.0336 1.62 0.1925 

HPD x T x S(G) 32 443.7920 

SF xT 2 16.9481 0.41 0.6682 

SFxGxT 2 13.4974 0.33 0.7242 

SF x T x S(G) 16 327.8600 

SF x HPD x T 4 44.8629 0.54 0.7090 

SF x HPD x G x T 4 56.2616 0.67 0.6147 

SFxHPDxTxS(G) 32 667.4667 

Totals 179 9893 5365



TABLE F-2 

ANOVA Summary Table for Earplugs, After Subject Retest, at 250 Hz 

  

Source df SS  #&F Pp 

  

Between-Subjects 

189 

Gender (G) 1 18.1134 0.02 0.8837 

Subjects S(G) 8 6358.6044 

Within-Subject 

Hearing Protector (HPD) 2 556.3720 3.96 0.0400 

HPD xG 2 164.7698 1.17 0.3346 

HPD x S(G) 16 1123.5049 

Sound Field (SF) 1 79.3347 2.64 0.1427 

SF xG 1 46.7161 1.56 0.2476 

SF x S(G) 8 240.2587 

SF x HPD 2 104.0138 1.42 0.2709 

SF x HPD x G 2 34.363 1 0.47 0.6341 

SF x HPD x S(G) 16 586.4987 

Trials (T) 2 9.3310 0.31 0.7379 

TxG 2 9.6581 0.32 0.7302 

T x S(G) 16 240.9176 

HPD x T 4 155.3000 2.39 0.0710 

HPD x G x T 4 90.0382 1.39 0.2601 

HPD x T x S(G) 32 518.8051 

SF xX T 2 10.2021 0.19 0.8322 

SF xG xT 2 10.7981 0.20 0.8234 

SF x T x S(G) 16 439.2487 

SF x HPD x T 4 15.7369 0.16 0.9568 

SF x HPD x G x T 4 29.7342 0.30 0.8737 

SFX HPD xTxS(G) 32 784.8900 

Totals 7 = 16273006



TABLE F-3 

ANOVA Summary Table for Earplugs, After Subject Retest, at 500 Hz 

  

  

Source df SS F Pp 

Between-Subjects 

Gender (G) 1 50.4561 0.06 0.8197 

Subjects S(G) 8 7276.8809 

Within-Subject 

Hearing Protector (HPD) 2 554.6861 5.30 0.0171 

HPD xG 2 218.6741 2.09 0.1561 

HPD x S(G) 16 836.953 1 

Sound Field (SF) ] 20.8761 0.60 0.4597 

SFxG 1 30.8347 0.89 0.3729 

SF x S(G) 8 276.9276 

SF x HPD 2 32.0721 0.32 0.7328 

SF x HPD x G 2 41.1694 0.41 0.6723 

SF x HPD x S(G) 16 809.2184 

Trials (T) 2 13.0271 0.50 0.6183 

TxG 2 42.1738 1.60 0.2318 

T x S(G) 16 210.3224 

HPD x T 4 285.1329 3.43 0.0193 

HPD x G x T 4 127.0196 1.53 0.2179 

HPD x T x S(G) 32 665.6276 

SF x T 2 30.5098 0.78 0.4746 

SFXGxT 2 6.5924 0.17 0.8462 

SF x T x S(G) 16 312.5211 

SF x HPD x T 4 29.7616 0.32 0.8656 

SF xX HPD x G x T 4 33.4909 0.35 0.8387 

SF x HPD x T x x S(G) 32 755.1209 

Totals 179 12660.0490 
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TABLE F-4 

ANOVA Summary Table for Earplugs, After Subject Retest, at 1000 Hz 

  

Source df SS F Pp 

  

Between-Subjects 

19] 

Gender (G) 1 1.5867 0.004 0.9497 

Subjects S(G) 8 2996.5978 

Within-Subject 

Hearing Protector (HPD) 2 286.7454 3.10 0.0731 

HPD xG 2 159.7841 1.72 0.2098 

HPD x S(G) 16 741.1816 

Sound Field (SF) l 102.3027 4,38 0.0697 

SFxG 1 0.6845 0.03 0.8683 

SF x S(G) 8 186.9022 

SF x HPD 2 15.6548 0.27 0.7663 

SF x HPD xG 2 55.7503 0.96 0.4025 

SF x HPD x S(G) 16 462.7438 

Trials (T) 2 5.9441 0.22 0.8055 

TxG 2 2.7581 0.10 0.9038 

T x S(G) 16 216.8689 

HPD x T 4 26.9956 0.56 0.6907 

HPD x G xT 4 105.4916 2.20 0.0909 

HPD x T x S(G) 32 383.1018 

SF x T 2 25.5348 0.76 0.4833 

SF x G xT 2 11.8243 0.35 0.7083 

SF x T x S(G) 16 268.363 1 

SF x HPD x T 4 23.4662 0.42 0.7942 

SF x HPD x G xT 4 31.1693 0.56 0.6965 

SF x HPD xTxS(G) 32 448.8689 

Totals 179 6560.3206



TABLE F-5 

ANOVA Summary Table for Earplugs, After Subject Retest, at 2000 Hz 

  

Source df SS F P 

  

Between-Subjects 

192 

Gender (G) 1 1132.5125 2.20 0.1762 

Subjects S(G) 8 4117.0569 

Within-Subject 

Hearing Protector (HPD) 2 85.3048 0.79 0.4709 

HPD xG 2 98.1363 0.91 0.4229 

HPD x S(G) 16 864.0778 

Sound Field (SF) 1 251.8134 12.89 0.0071 

SFxG 1 17.9867 0.92 0.3654 

SF x S(G) 8 156.2671 

SF x HPD 2 3.3334 0.07 0.9293 

SF x HPD x G 2 5.0601 0.11 0.8950 

SF x HPD x S(G) 16 362.2609 

Trials (T) 2 3.0364 0.08 0.9207 

TxG 2 13.6480 0.37 0.6944 

T x S(G) 16 292.5844 

HPD x T 4 99.4729 3.34 0.0214 

HPD x G x T 4 62.2587 2.09 0.1048 

HPD x T x S(G) 32 237.9729 

SF xT 2 4.7898 0.16 0.8550 

SF x G xT 2 13.7984 0.45 0.6425 

SF x T x S(G) 16 242.1529 

SF x HPD x T 4 22.5469 0.66 0.6247 

SF x HPD x G xT 4 6.7442 0.20 0.9380 

SFxHPDxTxS(G) 32 273.5511 

Totals 179 8366.3365



TABLE F-6 

ANOVA Summary Table for Earplugs, After Subject Retest, at 3150 Hz 

  

Source df SS F Pp 

  

Between-Subjects 

193 

Gender (G) 1 12.6405 0.03 0.8771 

Subjects S(G) 8 3967.9373 

Within-Subject 

Hearing Protector (HPD) 2 980.9391 12.66 0.0005 

HPD xG 2 331.1613 4.28 0.0325 

HPD x S(G) 16 619.7040 

Sound Field (SF) 1 222.0001 10.71 0.0113 

SFxG 1 20.2005 0.97 0.3524 

SF x S(G) 8 165.8156 

SF x HPD 2 6.6938 0.17 0.8487 

SF x HPD xG 2 53.8360 1.33 0.2915 

SF x HPD x S(G) 16 323.1124 

Tnals (T) 2 18.7214 0.52 0.6037 

TxXG 2 7.2030 0.20 0.8204 

T x S(G) 16 287.4633 

HPD x T 4 35.0162 0.61 0.6592 

HPD x G x T 4 122.3727 2.13 0.1002 

HPD x T x S(G) 32 460.0933 

SF x T 2 11.4741 0.29 0.7509 

SF xG xT 2 2.6490 0.07 0.9352 

SF x T x S(G) 16 314.7758 

SF x HPD x T 4 24.2636 0.56 0.6956 

SF x HPD x G x T 4 35.0360 0.80 0.5319 

SFxHPDxTxS(G) 32 348.6982 

Totals 179 837 1.8072



TABLE F-7 

ANOVA Summary Table for Earplugs, After Subject Retest, at 4000 Hz 

  

Source df SS F Pp 

  

Between-Subjects 

194 

Gender (G) 1 8.9334 0.01 0.9058 

Subjects S(G) 8 4785.8422 

Within-Subject 

Hearing Protector (HPD) 2 1964.3854 11.31 0.0009 

HPD x G 2 824.5814 4.75 0.0240 

HPD x S(G) 16 1389.2398 

Sound Field (SF) ] 471.4205 15.81 0.0041 

SFxG 1 44.9001 1.51 0.2546 

SF x S(G) 8 238.5022 

SF x HPD 2 75.5770 1.09 0.3586 

SF x HPD x G 2 52.2441 0.76 0.4855 

SF x HPD x S(G) 16 552.6144 

Trials (T) 2 41.0991 1.68 0.2170 

TxG 2 23.3364 0.96 0.4054 

T x S(G) 16 195.3011 

HPD x T 4 18.7816 0.52 0.7224 

HPD x G xT 4 158.4102 4.38 0.0062 

HPD x T x S(G) 32 289.5749 

SF x T 2 1.4013 0.04 0.9620 

SF x G XT 2 2.8538 0.08 0.9242 

SF x T x S(G) 16 288.3438 

SF x HPD x T 4 77.2347 1.54 0.2148 

SF x HPD x G xT 4 59.1096 1.18 0.3395 

SFxHPDxTxS(G) 32 401.7336 

Totals 179 11965.4206



TABLE F-8 

ANOVA Summary Table for Earplugs, After Subject Retest, at 6300 Hz 

  

Source df SS &F P 

  

Between-Subjects 

195 

Gender (G) 1 167.4276 0.42 0.5351 

Subjects S(G) 8 3189.9927 

Within-Subject 

Hearing Protector (HPD) 2 1192.2804 3.47 0.0558 

HPD x G 2 311.4004 0.91 0.4234 

HPD x S(G) 16 2745.5513 

Sound Field (SF) 1 57.1220 2.62 0.1439 

SFxG 1 5.5476 0.25 0.6273 

SF x S(G) 8 174.1460 

SF x HPD 2 61.7373 0.80 0.4675 

SF x HPD xG 2 145.8271 1.88 0.1842 

SF x HPD x S(G) 16 619.1433 

Tnials (T) 2 56.3204 1.51 0.2518 

TxXG 2 23.7764 0.64 0.5426 

T x S(G) 16 299.3520 

HPD x T 4 51.1796 1.01 0.4161 

HPD x G x T 4 12.6756 0.25 0.9072 

HPD x T x S(G) 32 404.7860 

SF x T 2 0.0853 0.004. 0.9958 

SF x G XT 2 2.7204 0.13 0.8747 

SF x T x S(G) 16 161.2520 

SF x HPD x T 4 54.6113 1.03 0.4049 

SF x HPD X G xT 4 17.3829 0.33 0.8563 

SF x HPD x T x S(G) 32 422.5047 

Totals 179 10176.8223



TABLE F-9 

ANOVA Summary Table for Earplugs, After Subject Retest, at 8000 Hz 

  

Source df SS  &#F P 
  

Between-Subjects 

196 

Gender (G) 1 243.3694 1.18 0.3091 

Subjects S(G) 8 1650.5767 

Within-Subject 

Hearing Protector (HPD) 2 864.8414 4.38 0.0305 

HPD xG 2 141.0208 0.71 0.5049 

HPD x S(G) 16 1581.4200 

Sound Field (SF) ] 136.0681 3.69 0.0912 

SFxG 1 28.7201 0.78 0.4035 

SF x S(G) 8 295.3958 

SF x HPD 2 32.6674 0.58 0.5687 

SF x HPD xG 2 60.3854 1.08 0.3628 

SF x HPD x S(G) 16 446.8716 

Trials (T) 2 3.5054 0.14 0.868 1 

TXG 2 20.7641 0.85 0.4476 

T x S(G) 16 196.4460 

_HPDxT 4 62.9116 1.54 0.2137 

HPD x G xT 4 42.8362 1.05 0.3971 

HPD x T x S(G) 32 326.4033 

SF x T 2 9.0321 0.53 0.5986 

SF xG xT 2 3.8508 0.23 0.8002 

SF x T x S(G) 16 136.3216 

SF x HPD x T 4 37.9889 1.39 0.2608 

SF x HPD x G x T 4 14.3682 0.52 0.7185 

SFxXHPDxTxS(G) 32 219.2251 

Totals 179 6554.9900
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TABLE G-1 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 125 Hz 

  

  

198 

Source df SS F P 

Between-Subjects 

Gender (G) 1 0.6601 0.03 0.8647 

Subjects S(G) 8 170.5838 

Within-Subject 

Hearing Protector (HPD) 2 587.6413 30.69 0.0001 

HPD xG 2 58.883 | 3.07 0.0741 

HPD x S(G) 16 153.1922 

Sound Field (SF) 1 68.0805 4.14 0.0762 

SF xG 1 21.1494 1.29 0.2894 

SF x S(G) 8 131.4140 

SF x HPD 2 2.4573 0.15 0.8614 

SF x HPD x G 2 2.3524 0.14 0.8668 

SF x HPD ~x S(G) 16 130.4980 

Trials (T) 2 3.3063 0.50 0.6148 

TXxXG 2 11.3781 1.73 0.2095 

T x S(G) 16 52.7356 

HPD x T 4 19.2223 0.62 0.6517 

HPD x G xT 4 7.7452 0.25 0.9077 

HPD x T x S(G) 32 248.1624 

SF x T 2 4.0210 0.36 0.7002 

SF xG xT 2 8.4288 0.76 0.4821 

SF x T x S(G) 16 88.2680 

SF x HPD x T 4 8.7777 0.50 0.7374 

SF x HPD x G xT 4 46.8859 2.66 0.0506 

SFxHPDxTxS(G) 32 141.0620 

Totals 179 1966.9054



TABLE G-2 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 250 Hz 

  

  

Source df SS F P 

Between-Subjects 

Gender (G) ] 6.0134 0.39 0.5520 

Subjects S(G) 8 124.8433 

Within-Subject 

Hearing Protector (HPD) 2 1054.1010 55.01 0.0001 

HPD xG 2 17.2768 0.90 0.4255 

HPD x S(G) 16 153.2867 

Sound Field (SF) 1 139.9205 13.39 0.0064 

SF xG 1 11.0014 1.05 0.3349 

SF x S(G) 8 83.5864 

SF x HPD 2 22.4023 2.03 0.1642 

SF x HPD xG 2 7.2208 0.65 0.5337 

SF x HPD x S(G) 16 88.4236 

Trials (T) 2 23.4990 3.31 0.0625 

TxG 2 26.3741 3.72 0.0472 

T x S(G) 16 56.7447 

HPD x T 4 7.7080 0.27 0.8939 

HPD x G x T 4 2.7802 0.10 0.9823 

HPD x T x S(G) 32 226.7973 

SF x T 2 60.0263 8.03 0.0038 

SF xG xT 2 25.1774 3.37 0.0601 

SF x T x S(G) 16 59.7696 

SF x HPD x T 4 10.2373 0.56 0.6919 

SF x HPD x G xT 4 11.5109 0.63 0.6434 

SF x HPD x T x S(G) 32 145.7484 

Totals 179 2364.4494 
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TABLE G-3 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 500 Hz 

  

  

200 

Source df SS F p 

Between-Subjects 

Gender (G) 1 15.0801 0.70 0.4273 

Subjects S(G) 8 172.5327 

Within-Subject 

Hearing Protector (HPD) 2 1121.3923 114.69 0.0001 

HPD xG 2 7.1181 0.73 0.4982 

HPD x S(G) 16 78.2240 

Sound Field (SF) 1 124.8334 24.68 0.0011 

SFxG 1 2.3805 0.47 0.5121 

SF x S(G) 8 40.4633 

SF x HPD 2 8.3754 2.33 0.1291 

SF x HPD x G 2 5.3643 1.49 0.2541 

SF x HPD x S(G) 16 28.7213 

Trials (T) 2 6.4943 0.52 0.6023 

TxG 2 5.7694 0.46 0.6364 

T x S(G) 16 99.2773 

HPD xT 4 26.8143 1.73 0.1667 

HPD x G xT 4 14.6839 0.95 0.4481 

HPD x T x S(G) 32 123.6640 

SF xT 2 2.9274 0.32 0.7316 

SF xG xT 2 2.9830 0.32 0.7274 

SF x T x S(G) 16 73.4973 

SF x HPD xT 4 6.2312 0.37 0.8277 

SF x HPD x G xT 4 29.9497 1.78 0.1568 

SF x HPD x T x S(G) 32 134.4680 

Totals 179 2131.2452



TABLE G-4 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 1000 Hz 
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Source df SS fF Pp 

Between-Subjects 

Gender (G) 1 0.2000 0.002 0.9615 

Subjects S(G) 8 645.6980 

Within-Subject 

Hearing Protector (HPD) 2 56.0748 5.35 0.0166 

HPD xG 2 8.5043 0.81 0.4615 

HPD x S(G) 16 83.7887 

Sound Field (SF) ] 183.6180 10.19 0.0128 

SFxG 1 18.0500 1.00 0.3462 

SF x S(G) 8 144.1753 

SF x HPD 2 8.2703 0.67 0.5271 

SF x HPD xG 2 7.3990 0.60 0.5625 

SF x HPD x S(G) 16 99.2340 

Tnials (T) 2 0.8674 0.05 0.9522 

TxG 2 19.9083 1.13 0.3479 

T x S(G) 16 141.1253 

HPD x T 4 2.6492 0.20 0.9390 

HPD x G x T 4 37.6343 2.77 0.0437 

HPD x T x S(G) 32 108.5120 

SF x T 2 3.6423 0.35 0.7103 

SF x G xT 2 11.2303 1.08 0.3638 

SF x T x S(G) 16 83.3640 

SF x HPD x T 4 21.6983 0.99 0.4245 

SF x HPD x G x T 4 6.2337 0.29 0.8850 

SFxHPDxTxS(G) 32 174.4747 

Totals 179 1866.3522



TABLE G-5 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 2000 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) 1 213.4222 1.93 0.2018 

Subjects S(G) 8 882.9376 

Within-Subject 

Hearing Protector (HPD) 2 50.7018 5.02 0.0204 

HPD xG 2 2.8804 0.29 0.7557 

HPD x S(G) 16 80.851 1 

Sound Field (SF) 1 6.2720 0.27 0.6186 

SFxG 1 0.7736 0.03 0.8602 

SF x S(G) 8 187.0900 

SF x HPD 2 2.9640 0.23 0.7994 

SF x HPD x G 2 27.2764 2.09 0.1562 

SF x HPD x S(G) 16 104.4307 

Trials (T) 2 4.7374 0.22 0.8032 

TxG 2 2.2634 0.11 0.8999 

T x S(G) 16 170.5558 

HPD x T 4 3.6716 0.13 0.9720 

HPD xG xT 4 5.9909 0.21 0.9335 

HPD x T x S(G) 32 233.3376 

SF x T 2 4.4530 0.58 0.5714 

SF xGxT 2 0.2808 0.04 0.9642 

SF x T x S(G) 16 61.4607 

SF x HPD x T 4 12.4240 0.68 0.6132 

SF x HPD x G x T 4 48.2522 2.63 0.0527 

SF x HPD x T x S(G) 32 146.9127 

Totals 179 2253.9399



TABLE G-6 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 3150 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) ] 32.9389 1.98 0.1971 

Subjects S(G) 8 133.1267 

Within-Subject 

Hearing Protector (HPD) 2 156.1641 8.08 0.0037 

HPD xG 2 15.3368 0.79 0.4691 

HPD x S(G) 16 154.5247 

Sound Field (SF) 1 41.6642 11.02 0.0105 

SFxG 1 5.9042 1.56 0.2468 

SF x S(G) 8 30.2471 

SF x HPD 2 62.2648 5.59 0.0144 

SF x HPD x G 2 25.0374 2.25 0.1378 

SF x HPD x S(G) 16 89.0589 

Tnials (T) 2 4.4591 0.20 0.8222 

TxG 2 3.3204 0.15 0.8640 

T x S(G) 16 180.0027 

HPD x T 4 16.0182 0.65 0.6284 

HPD x G x T 4 25.0689 1.02 0.4101 

HPD x T x S(G) 32 195.9640 

SF x T 2 4.8538 0.25 0.7849 

SF xG xT 2 10.3098 0.52 0.6029 

SF x T x S(G) 16 157.9142 

SF x HPD x T 4 58.1442 2.26 0.0844 

SF x HPD x G xT 4 57.0096 2.22 0.0894 

SFxHPDxTxS(G) 32 205.8018 

Totals 179 1665. 1345



TABLE G-7 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 4000 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) ] 4.7369 0.66 0.4402 

Subjects S(G) 8 57.4496 

Within-Subject 

Hearing Protector (HPD) 2 263.8821 31.16 0.0001 

HPD xG 2 88.7048 10.47 0.0012 

HPD x S(G) 16 67.7598 

Sound Field (SF) 1 34.6722 3.67 0.0918 

SFxG 1 35.9120 3.80 0.0872 

SF x S(G) 8 75.6469 

SF x HPD 2 77.5308 15.65 0.0002 

SF xX HPD xG 2 18.2903 3.69 0.0480 

SF x HPD x S(G) 16 39.6344 

Trials (T) 2 36.2538 2.57 0.1079 

TxG 2 21.3458 1.51 0.2505 

T x S(G) 16 112.9871 

HPD x T 4 12.2982 0.27 0.8936 

HPD x G XT 4 49.8276 1.10 0.3.720 

HPD x T x S(G) 32 361.3176 

SF x T 2 17.7084 1.61 0.2303 

SF x G x T 2 23.1693 2.11 0.1538 

SF x T x S(G) 16 87.8844 

SF x HPD x T 4 6.9496 0.39 0.8144 

SF x HPD x G xX T 4 64.2233 3.60 0.0156 

SF x HPD x T x S(G) 32 142.6682 

Totals 179 1700.853 1



TABLE G-8 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 6300 Hz 

  

Source df SS F P 

  

Between-Subjects 

Gender (G) 1 9.2480 0.40 0.5441 

Subjects S(G) 8 184.3400 

Within-Subject 

Hearing Protector (HPD) 2 1592.8360 98.46 0.0001 

HPD xG 2 20.1240 1.24 0.3147 

HPD x S(G) 16 129.4233 

Sound Field (SF) 1 32.0889 2.32 0.1662 

SFxG 1 1.5680 0.11 0.7450 

SF x S(G) 8 110.6676 

SF x HPD 2 10.7871 0.52 0.6040 

SF x HPD xG 2 29.9320 1.44 0.2651 

SF x HPD x S(G) 16 165.8264 

Trials (T) 2 6.7413 0.30 0.7437 

TxG 2 0.9693 0.04 0.9577 

T x S(G) 16 178.8060 

HPD x T 4 28.9647 1.47 0.2330 

HPD x G x T 4 19.6227 1.00 0.4224 

HPD x T x S(G) 32 157.1327 

SF xT 2 23.4858 1.89 0.1839 

SF xG xT 2 3.6280 0.29 0.7511 

SF x T x S(G) 16 99.6184 

SF x HPD x T 4 19.0342 0.54 0.7084 

SF x HPD x G x T 4 38.1100 1.08 0.3835 

SFx HPD xTxS(G) 32 282.6936 

Totals 179 3 145.6480 
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TABLE G-9 

ANOVA Summary Table for Earmuffs, Before Subject Retest, at 8000 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) 1 6.8056 0.32 0.5854 

Subjects S(G) 8 168.5591 

Within-Subject 

Hearing Protector (HPD) 2 35.0334 2.34 0.1289 

HPD xG 2 27.0834 1.81 0.1963 

HPD x S(G) 16 120.0076 

Sound Field (SF) 1 18.9476 4.36 0.0703 

SFxG 1 1.4222 0.33 0.5832 

SF x S(G) 8 34.7969 

SF x HPD 2 49.7714 3.27 0.0647 

SF xX HPD xG 2 2.4974 0.16 0.8503 

SF x HPD x S(G) 16 121.9511 

Trials (T) 2 2.4088 0.14 0.8736 

TxG 2 0.1101 0.01 0.9938 

T x S(G) 16 141.4589 

HPD x T 4 36.0932 0.99 0.4289 

HPD x G x T 4 22.9059 0.63 0.6473 

HPD x T x S(G) 32 292.6864 

SF xT 2 6.5481 0.50 0.6181 

SF xGxT 2 9.1348 0.69 0.5150 

SF x T x S(G) 16 105.6304 

SF x HPD x T 4 12.3199 0.69 0.6014 

SF x HPD XG x T 4 7.1686 0.40 0.8043 

SF x HPD x T x S(G) 32 141.9416 

Totals 179 1365.2824



APPENDIX H 

ANOVA Summary Tables for Earmuffs 

(After Subject Retest) 
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TABLE H-1 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 125 Hz 

  

Source df SS F Pp 

  

Between-Subjects 

208 

Gender (G) 1 0.0056 0.0002 0.9880 

Subjects S(G) 8 183.2802 

Within-Subject 

Hearing Protector (HPD) 2 629.7934 34.38 0.0001 

HPD xG 2 66.9808 3.66 0.0492 

HPD x S(G) 16 146.5691 

Sound Field (SF) 1 80.2669 3.72 0.0898 

SF xG 1 30.0942 1.40 0.2714 

SF x S(G) 8 172.5189 

SF x HPD 2 0.2948 0.02 0.9809 

SF x HPD xG 2 5.6368 0.37 0.6965 

SF x HPD x S(G) 16 121.8918 

Tnials (T) 2 0.5388 0.11 0.8968 

TxG 2 8.4168 1.71 0.2119 

T x S(G) 16 39.3178 

HPD x T 4 17.6896 0.67 0.6150 

HPD x G xT 4 3.5649 0.14 0.9679 

HPD x T x S(G) 32 210.0289 

SF x T 2 0.6988 0.05 0.9497 

SF x G x T 2 7.2861 0.54 0.5928 

SF x T x S(G) 16 107.8751 

SF x HPD x T 4 15.2056 0.89 0.4814 

SF x HPD x G x T 4 57.1289 3.34 0.0214 

SFxHPDxTxS(G) 32 136.7422 

Totals 179 204 1.8260



TABLE H-2 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 250 Hz 

  

Source df SS F p 

  

Between-Subjects 

209 

Gender (G) 1 21.5627 1.32 0.283 1 

Subjects S(G) 8 130.2940 

Within-Subject 

Hearing Protector (HPD) 2 1165.3748 91.69 0.0001 

HPD xG 2 7.2941 0.57 0.5745 

HPD x S(G) 16 101.6800 

Sound Field (SF) ] 141.6894. 10.39 0.0122 

SF xG 1 30.3401 2.23 0.1741 

SF x S(G) 8 109.0700 

SF x HPD 2 6.7908 0.56 0.5825 

SF x HPD x G 2 1.3448 0.11 0.8959 

SF x HPD x S(G) 16 97.1600 

Trials (T) 2 21.0008 3.22 0.0669 

TxG 2 16.3034 2.50 0.1137 

T x S(G) 16 52.1980 

HPD x T 4 6.4452 0.23 0.9175 

HPD xG xT 4 8.2272 0.30 0.8771 

HPD x T x S(G) 32 220.9220 

SF xT 2 48.0308 4.92 0.0216 

SF XG xT 2 18.2921 1.87 0.1857 

SF x T x S(G) 16 78.1060 

SF x HPD x T 4 5.0266 0.39 0.8159 

SF x HPD x G x T 4 4.9006 0.38 0.8227 

SFxHPDxTxS(G) 32 103.7540 

Totals 179 2395.8074



TABLE H-3 

ANOVA Summary Table for Earmuffs, After Subject Retest, at SOO Hz 

  

Source df SS F P 

  

Between-Subjects 

210 

Gender (G) ] 15.8420 0.66 0.4394 

Subjects S(G) 8 191.4802 

Within-Subject 

Hearing Protector (HPD) 2 1145.7810 116.35 0.0001 

HPD xG 2 5.6903 0.58 0.5724 

HPD x S(G) 16 78.783 1 

Sound Field (SF) 1 138.6889 29.62 0.0006 

SFxG ] 2.0909 0.45 0.5228 

SF x S(G) 8 37.4558 

SF x HPD 2 10.8168 3.14 0.0707 

SF x HPD x G 2 4.1448 1.20 0.3258 

SF x HPD x S(G) 16 27.5462 

Trials (T) 2 9.4403 0.78 0.4760 

TxG 2 2.3410 0.19 0.8265 

T x S(G) 16 07.0864 

HPD x T 4 14.6047 0.96 0.4441 

HPD x G x T 4 13.6627 0.90 0.4779 

HPD x T x S(G) 32 122.0282 

SF x T 2 1.4554 0.14 0.8742 

SF x G xT 2 2.2188 0.21 0.8155 

SF x T x S(G) 16 85.9069 

SF x HPD xT 4 3.3109 0.17 0.9503 

SF x HPD x G xT 4 37.7996 1.98 0.1208 

SF x HPD x T x S(G) 32 152.445] 

Totals 179 2200.6200



TABLE H-4 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 1000 Hz 
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Source df SS F Pp 

Between-Subjects 

Gender (G) 1 0.7220 0.01 0.9223 

Subjects S(G) 8 570.4013 

Within-Subject 

Hearing Protector (HPD) 2 43.1954 3.81 0.0443 

HPD xG 2 3.8803 0.34 0.7151 

HPD x S(G) 16 90.6453 

Sound Field (SF) 1 153.4580 8.86 0.0177 

SFxG 1 21.6320 1.25 0.2962 

SF x S(G) 8 138.5400 

SF x HPD 2 11.0643 1.17 0.3356 

SF x HPD xG 2 3.6790 0.39 0.6839 

SF x HPD x S(G) 16 75.6533 

Trials (T) 2 3.0001 0.17 0.8425 

TxG 2 27.2430 1.57 0.2378 

T x S(G) 16 138.5147 

HPD x T 4 1.1636 0.07 0.9915 

HPD x G xT 4 29.1547 1.66 0.1824 

HPD x T x S(G) 32 140.1007 

SF XT 2 1.6823 0.15 0.8641 

SF xG xT 2 6.3443 0.56 0.5841 

SF x T x S(G) 16 91.2667 

SF x HPD x T 4 21.3973 0.85 0.5057 

SF x HPD x G XT 4 11.8627 0.47 0.7574 

SF x HPD x T x S(G) 32 201.9900 

Totals 179 1786.5910



TABLE H-5 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 2000 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) 1 222.0001 1.98 0.1967 

Subjects S(G) 8 895.6656 

Within-Subject 

Hearing Protector (HPD) 2 49.7014 4.81 0.023 1 

HPD xG 2 2.0441 0.20 0.8224 

HPD x S(G) 16 82.6211 

Sound Field (SF) I 7.0805 0.32 0.5876 

SFxG 1 0.3467 0.02 0.9036 

SF x S(G) 8 177.4700 

SF x HPD 2 3.1750 0.23 0.7949 

SF x HPD xG 2 30.0888 2.21 0.1424 

SF x HPD x S(G) 16 109.0607 

Trials (T) 2 0.8001 0.05 0.9527 

TXxG 2 3.1608 0.19 0.8273 

T x S(G) 16 131.7958 

HPD x T 4 6.5129 0.23 0.9211 

HPD xG xT 4 3.3476 0.12 0.9756 

HPD x T x S(G) 32 229.2996 

SF x T 2 9.9023 1.39 0.2787 

SEFxGxT 2 1.3034 0.18 0.8350 

SF x T x S(G) 16 57.1820 

SF x HPD x T 4 8.2187 0.63 0.6429 

SF x HPD x G X T 4 26.6116 2.05 0.1111 

SF x HPD x T x S(G) 32 103.9453 

Totals 179 2161.3341



TABLE H-6 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 3150 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) 1 30.5869 1.95 0.1999 

Subjects S(G) 8 125.3400 

Within-Subject 

Hearing Protector (HPD) 2 159.2574 7.83 0.0043 

HPD xG 2 14.4008 0.71 0.5076 

HPD x S(G) 16 162.7940 

Sound Field (SF) 1 46.0056 11.26 0.0100 

SFxG 1 6.9620 1.70 0.2280 

SF x S(G) 8 32.6791 

SF x HPD 2 66.2034 6.01 0.0113 

SF x HPD x G 2 28.3263 2.57 0.1076 

SF x HPD x S(G) 16 88.1602 

Trials (T) 2 3.4791 0.14 0.8694 

TXG 2 3.2084 0.13 0.8788 

T x S(G) 16 197.1013 

HPD x T 4 12.6082 0.54 0.7067 

HPD x G x T 4 25.6449 1.10 0.3733 

HPD x T x S(G) 32 186.4547 

SF x T 2 2.9684 0.15 0.8643 

SF x G XT 2 4.3480 0.22 0.8084 

SF x T x S(G) 16 161.4036 

SF x HPD x T 4 55.0436 2.29 0.0810 

SF x HPD x G x T 4 42.0847 1.75 0.1628 

SFxHPDxTxS(G) 32 192.095] 

Totals 179 1647.1557



TABLE H-7 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 4000 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) 1 2.8376 0.43 0.5317 

Subjects S(G) 8 53.1449 

Within-Subject 

Hearing Protector (HPD) 2 246.2430 23.28 0.0001 

HPD xG 2 73.3048 6.93 0.0068 

HPD x S(G) 16 84.6044 

Sound Field (SF) 1 42.8269 3.70 0.0906 

SF xG 1 42.0500 3.63 0.0931 

SF x S(G) 8 92.6187 

SF x HPD 2 65.0054 9.90 0.0016 

SF x HPD x G 2 26.5330 4.04 0.0379 

SF x HPD x S(G) 16 52.5093 

Trials (T) 2 26.3823 2.21 0.1420 

TxG 2 12.6288 1.06 0.3702 

T x S(G) 16 95.4878 

HPD x T 4 29.7907 0.89 0.4797 

HPD x G xT 4 28.6629 0.86 0.4991 

HPD x T x S(G) 32 267.0109 

SF x T 2 8.0408 0.75 0.4904 

SF xG xT 2 30.5503 2.83 0.0885 

SF x T x S(G) 16 86.3 100 

SF x HPD x T 4 9.3269 0.72 0.5816 

SF x HPD x G x T 4 81.2507 6.31 0.0007 

SF x HPD x T x S(G) 32 102.9580 

Totals 1 15600781



TABLE H-8 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 6300 Hz 
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Source df SS F P 

Between-Subjects 

Gender (G) 1 13.9445 0.76 0.4078 

Subjects S(G) 8 146.1800 

Within-Subject 

Hearing Protector (HPD) 2 1678.0230 63.09 0.0001 

HPD xG 2 2.3530 0.09 0.9158 

HPD x S(G) 16 212.7773 

Sound Field (SF) 1 8.7561 0.49 0.5040 

SFxG 1 0.3125 0.02 0.898 1 

SF x S(G) 8 143.1276 

SF x HPD 2 17.4554 1.33 0.2926 

SF x HPD xG 2 6.9370 0.53 0.5998 

SF x HPD x S(G) 16 105.1364 

Trials (T) 2 12.1090 0.49 0.6225 

TxG 2 1.6743 0.07 0.9350 

T x S(G) 16 198.3433 

HPD x T 4 24.2720 1.20 0.3291 

HPD x G x T 4 18.6607 0.92 0.4621 

HPD x T x S(G) 32 161.5473 

SF x T 2 19.7041 2.15 0.1490 

SF xGxT 2 5.1730 0.56 0.5797 

SF x T x S(G) 16 73.3451 

SF x HPD x T 4 30.6049 0.79 0.5384 

SF x HPD x G x T 4 50.0180 1.30 0.2923 

SF x HPD x T x S(G) 32 308.6949 

Totals 179 3239.1494



TABLE H-9 

ANOVA Summary Table for Earmuffs, After Subject Retest, at 8000 Hz 
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Source df SS F Pp 

Between-Subjects 

Gender (G) ] 6.8836 0.45 0.5221 

Subjects S(G) 8 122.8967 

Within-Subject 

Hearing Protector (HPD) 2 34.2568 2.16 0.1475 

HPD xG 2 8.0534 0.51 0.6109 

HPD x S(G) 16 126.7420 

Sound Field (SF) 1 39.5742 7.44 0.0259 

SF xG 1 1.4580 0.27 0.6147 

SF x S(G) 8 42.5322 

SF x HPD 2 49.4721 4.20 0.0341 

SF x HPD x G 2 13.4843 1.15 0.3427 

SF x HPD x S(G) 16 94.1291 

Trials (T) 2 1.5114 0.09 0.9155 

TxG 2 0.7301 0.04 0.9581 

T x S(G) 16 136.2473 

HPD x T 4 34.9166 1.07 0.3853 

HPD x G x T 4 20.1819 0.62 0.6508 

HPD x T x S(G) 32 259.9560 

SF x T 2 8.2881 0.72 0.503 1 

SF XG xT 2 12.4063 1.07 0.3651 

SF x T x S(G) 16 92.4278 

SF x HPD x T 4 9.0466 0.52 0.7181 

SF x HPD x G x T 4 7.3803 0.43 0.7871 

SFxHPDxTxS(G) 32 137.8809 

Totals 179 1260.4557



APPENDIX I 

ANOVA Summary Tables for Combined Hierarchical Design 

(Before Subject Retest) 
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TABLE I-1 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 125 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 16316.214 479.88 0.0001 

Gender (G) l 72.540 2.13 0.1452 

HPD within Type [HPD(TYP)] 4 935.911 6.88 0.0001 

Sound Field (SF) l 29.814 0.88 0.3498 

GxTYP l 54.289 1.60 0.2074 

SF x TYP 1 38.547 1.13 0.2879 

HPD(TYP) x G 4 298.341 2.19 0.0698 

SF x HPD(TY P) 4 28.525 0.21 0.9329 

SFxG ! 59.049 1.74 0.1886 

SFxTYPxG 1 1.394 0.04 0.8397 

SF x HPD(TYP x G 4 19.303 0.14 0.9664 

Trials (T) 2 1.009 0.01 0.9853 

T x TYP 2 5.476 0.08 0.9227 

TXG 2 7.430 0.11 0.8965 

T x SF 2 4.683 0.07 0.9335 

T X HPD(TYP) 8 165.019 0.61 0.7721 

TXxTYPxG 2 12.833 0.19 0.8281 

Tx SF x TYP 2 17.841 0.26 0.7694 

T x HPD(TYP) x G 8 100.239 0.37 0.9366 

T x SF x HPD(TYP) 8 55.645 0.20 0.9900 

TXSFxG 2 1.268 0.02 0.9815 

TxXSFxTYPxXG 2 20.746 0.31 0.7373 

T x SF x HPD(TYP) x G 8 100.691 0.37 0.9358 

RESIDUAL (Error Term) 288 9792.260 

Totals 359 28139.067



TABLE I-2 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 250 Hz 
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Source df SS F Pp 

source 
Hearing Protector Type (TY P) 1 4010.0063 102.63 0.0001 

Gender (G) l 1.4314 0.04 0.8484 

HPD within Type [HPD(TYP)] 4 1604.9680 10.27 0.0001 

Sound Field (SF) 1 3.9480 0.10 0.7508 

GxTYP 1 21.7562 0.56 0.4562 

SF x TYP 1 217.3114 5.56 0.0190 

HPD(TYP) x G 4 182.5582 1.17 0.3251 

SF x HPD(TYP) 4 125.4944 0.80 0.5241 

SFxG 1 50.4002 1.29 0.2570 

SFxTYPxG 1 5.8014 0.15 0.7003 

SF x HPD(TYP) x G 4 42.3922 0.27 0.8964 

Trials (T) 2 20.9535 0.27 0.7650 

Tx TYP 2 9.6495 0.12 0.8839 

TxG 2 15.3384 0.20 0.8219 

T x SF 2 12.2611 0.16 0.8549 

T x HPD(TYP) 8 156.0260 0.50 0.8565 

TxTYPxG 2 19.4855 0.25 0.7795 

TxSFx TYP 2 60.4457 0.77 0.4624 

T x HPD(TYP) x G 8 93.4778 0.30 0.9659 

T x SF x HPD(TYP) 8 25.8109 0.08 0.9996 

TxSFxG 2 29.5935 0.38 0.6851 

TxXSFxTYPxG 2 5.9844 0.08 0.9263 

T x SF xX HPD(TYP) x G 8 40.6058 0.13 0.9979 

RESIDUAL (Error Term) 288 11253.2880 

Totals 359 18008.9878



TABLE I-3 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 500 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TYP) ] 1336.7214 32.46 0.0001 

Gender (G) 1 4.2903 0.10 0.7471 

HPD within Type [HPD(TY P)] 4 1687.6008 10.25 0.0001 

Sound Field (SF) | 23.7674 0.58 0.4480 

G x TYP l 57.2007 1.39 0.2395 

SF x TYP ] 119.3702 2.90 0.0897 

HPD(TYP) x G 4 227.7639 1.38 0.2399 

SF x HPD(TYP) 4 43.1559 0.26 0.9021 

SFxG ] 27.2800 0.66 0.4163 

SFxTYPxG ] 9.2480 0.22 0.6359 

SF x HPD(TYP) x G 4 47.1794 0.29 0.8867 

Trials (T) 2 4.6391 0.06 0.9452 

T x TYP 2 18.8694 0.23 0.7954 

TxG 2 28.6565 0.35 0.7064 

T x SF 2 18.7541 0.23 0.7965 

T x HPD(TYP) 8 290.0112 0.88 0.5333 

TxTYPxG 2 14.0271 0.17 0.8435 

T x SF x TYP 2 18.5702 0.23 0.7983 

T X HPD(TYP) x G 8 148.3601 0.45 0.8898 

T x SF x HPD(TYP) 8 37.8548 0.11 0.9987 

TxSFxG 2 2.5011 0.03 0.9701 

TxXSFxTYPxG 2 4.2867 0.05 0.9493 

T x SF x HPD(TYP) x G 8 56.1032 0.17 0.9946 

RESIDUAL (Error Term) 288 11858.4280 

Totals 359 16084.6395



TABLE I-4 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 1000 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 15746.347 630.95 0.0001 

Gender (G) 1 0.600 0.02 0.8769 

HPD within Type [HPD(TYP)] 4 354.326 3.55 0.0076 

Sound Field (SF) 1 6.917 0.28 0.5990 

GxTYP 1 1.980 0.08 0.7784 

SF x TYP ] 273.355 10.95 0.0011 

HPD(TYP) x G 4 168.951 1.69 0.1518 

SF x HPD(TY P) 4 23.634 0.24 0.9175 

SFxG ] 14.360 0.58 0.4487 

SFxTYPxG 1 4.923 0.20 0.6573 

SF x HPD(TYP) x G 4 62.030 0.62 0.6476 

Tnals (T) 2 4.975 0.10 0.9052 

T x TYP 2 0.891 0.02 0.9823 

TxG 2 3.903 0.08 0.9248 

T X SF 2 15.544 0.31 0.7326 

T x HPD(TYP) 8 23.987 0.12 0.9984 

TxTYPxG 2 19.055 0.38 0.6830 

T x SF x TYP 2 14.618 0.29 0.7463 

T X HPD(TYP) xG 8 144.547 0.72 0.6703 

T X SF x HPD(TYP) 8 44.830 0.22 0.9863 

TxXSFxG 2 2.826 0.06 0.9450 

TXSFXxTYPxG 2 21.182 0.42 0.6546 

T x SF xX HPD(TYP) x G 8 33.601 0.17 0.9948 

RESIDUAL (Error Term) 288 7187.452 

Totals 359 24174.834,



TABLE I-5 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 2000 Hz 
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Source df SS F P 

Source 

Hearing Protector Type (TY P) 1 3141.1654 107.20 0.0001 

Gender (G) j 1158.4934 39.54 0.0001 

HPD within Type [HPD(TY P)] 4 134.6541 1.15 0.3337 

Sound Field (SF) 1 91.0028 3.11 0.0791 

G x TYP 1 178.9290 6.11 0.0140 

SF x TYP 1 171.1201 5.84 0.0163 

HPD(TYP) x G 4 100.7372 0.86 0.4887 

SF x HPD(TYP) 4 5.7648 0.05 0.9954 

SFxG ] 12.4694 0.43 0.5147 

SFxTYPxG 1 5.2321 0.18 0.6729 

SF x HPD(TYP) x G 4 32.9674 0.28 0.8900 

Trials (T) 2 2.2084 0.04 0.9630 

Tx TYP 2 8.7134 0.15 0.8619 

TXG 2 7.1691 0.12 0.8849 

T x SF 2 0.3694 0.01 0.9937 

T xX HPD(TYP) 8 89.2299 0.38 0.9305 

Tx TYPxG 2 4.0565 0.07 0.9331 

T xSFx TYP 2 12.7117 0.22 0.8051 

T x HPD(TYP) xG 8 73.5008 0.31 0.9606 

T x SF x HPD(TYP) 8 41.7072 0.18 0.9937 

TxSFxG 2 7.5127 0.13 0.8797 

TXxXSFxTYPxG 2 10.5224 0.18 0.8357 

T X SF x HPD(TYP) x G 8 51.9879 0.22 0.9869 

RESIDUAL (Error Term) 288 8438.3013 

Totals 359 13781.0131



TABLE I-6 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 3150 Hz 
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Source df SS F P 

Source 

Hearing Protector Type (TY P) 1 1590.5414 60.94 0.0001 

Gender (G) 1 4.1603 0.16 0.6900 

HPD within Type [HPD(TY P)] 4 1076.7134 10.31 0.0001 

Sound Field (SF) ] 213.2900 8.17 0.0046 

GxTYP 1 36.9280 1.41 0.2352 

SF x TYP 1 29.9867 1.15 0.2847 

HPD(TYP) x G 4 324.9826 3.11 0.0157 

SF x HPD(TY P) 4 70.7341 0.68 0.6080 

SFxG ] 0.9303 0.04 0.8504 

SF x TYPxG 1 19.3674 0.74 0.3897 

SF x HPD(TYP) x G 4 72.3979 0.69 0.5970 

Trials (T) 2 15.4724 0.30 0.7437 

Tx TYP 2 7.0611 0.14 0.8735 

TXG 2 6.9382 0.13 0.8756 

T x SF 2 0.9411 0.02 0.9821 

T x HPD(TYP) 8 50.6916 0.24 0.9823 

TxTYPxXG 2 2.8824 0.06 0.9463 

TxSFxTYP 2 14.499] 0.28 0.7577 

T X HPD(TYP) x G 8 147.3351 0.71 0.6866 

T x SF x HPD(TYP) 8 83.6596 0.40 0.9198 

TXxXSFxXG 2 4.0982 0.08 0.9245 

TxXSFxTYPxG 2 9.2917 0.18 0.8370 

T x SF x HPD(TYP) x G 8 92.3471 0.44 0.8950 

RESIDUAL (Error Term) 288 7516.8360 

Totals 359 11392.0857



TABLE I-7 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 4000 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 864.9000 27.86 0.0001 

Gender (G) 1 10.4040 0.34 0.563 | 

HPD within Type [HPD(TYP)] 4 2157.8336 17.38 0.0001 

Sound Field (SF) 1 364.4134 11.74 0.0007 

GxTYP 1 0.0218 0.0007 0.9789 

SF x TYP 1 115.8268 3.73 0.0544 

HPD(TYP) x G 4 890.4622 7.47 0.0001 

SF x HPD(TYP) 4 154.6198 1.25 0.2920 

SF x G 1 73.0801 2.35 0.1261 

SF x TYP*G 1 0.0054 0.0002 0.9894 

SF x HPD(TYP) x G 4 65.5844 0.53 0.7152 

Trials (T) 2 74.5644 1.20 0.3024 

Tx TYP 2 0.0502 0.0008 0.9992 

TXxG 2 7.2062 0.12 0.8905 

T x SF 2 5.4777 0.09 0.9156 

T x HPD(TYP) 8 31.4331 0.13 0.9981 

TxTYPxG 2 36.3444 0.59 0.5576 

TxSFx TYP 2 13.4937 0.22 0.8048 

T xX HPD(TYP) x G 8 214.8544 0.87 0.5464 

T x SF x HPD(TYP) 8 84.7276 0.34 0.9494 

TXSFxG 2 6.1931 0.10 0.9051 

TxSFxTYPxG 2 19.5917 0.32 0.7297 

T x SF x HPD(TYP) x G 8 119.8062 0.48 0.8684 

RESIDUAL (Error Term) 288 8941.2320 

Totals 359 14252.1262



TABLE I-8 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 6300 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) ] 2145.7367 64.79 0.0001 

Gender (G) | 125.1980 3.78 0.0528 

HPD within Type [HPD(TY P)] 4 2788.8661 21.05 0.0001 

Sound Field (SF) 1 2.1007 0.06 0.8013 

GxTYP 1 47.4514 1.43 0.2323 

SF x TYP J 89.5007 2.70 0.1013 

HPD(TYP) x G 4 336.1981 2.54 0.0402 

SF x HPD(TYP) 4 72.1394 0.54 0.703 1 

SFxG l 5.9547 0.18 0.6719 

SFxTYPxG 1 0.4480 0.01 0.9075 

SF x HPD(TYP) x G 4 179.8354 1.36 0.2488 

Trials (T) 2 10.3287 0.16 0.8557 

T x TYP 2 34.4194 0.52 0.5953 

TXG 2 21.4204 0.32 0.7239 

T XSF 2 6.6027 0.10 0.9051 

T x HPD(TYP) 8 67.1899 0.25 0.9797 

Tx TYPxG 2 10.7277 0.16 0.8505 

T xSFx TYP 2 19.1274 0.29 0.7494 

T x HPD(TYP) x G 8 36.8819 0.14 0.9973 

T x SF x HPD(TYP) 8 102.5366 0.39 0.9272 

TXSFxG 2 3.0437 0.05 0.9551 

TxXSFxTYPxG 2 1.5624 0.02 0.9767 

T xX SF X HPD(TYP) xG 8 57.2672 0.22 0.9879 

RESIDUAL (Error Term) 288 9537.5680 

Totals 359 15702.1052



TABLE I-9 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 8000 Hz 
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Source df SS F P 

Source 

Hearing Protector Type (TY P) 1 549.3280 26.24 0.0001 

Gender (G) ] 147.8403 7.06 0.0083 

HPD within Type [HPD(TY P)] 4 906.3878 10.82 0.0001 

Sound Field (SF) 1 145.0340 6.93 0.0089 

GxTYP ] 71.7347 3.43 0.0652 

SF x TYP 1 34.6580 1.66 0.1993 

HPD(TYP) x G 4 188.4589 2.25 0.0638 

SF x HPD(TYP) 4 75.8958 0.91 0.4606 

SFxG | 4.9703 0.24 0.6265 

SFxTYPxG 1 15.3347 0.73 0.3928 

SF x HPD(TYP) x G 4 76.5282 0.91 0.4562 

Trials (T) 2 2.9904 0.07 0.9311 

Tx TYP 2 2.3824 0.06 0.9447 

TxG 2 16.2482 0.39 0.6788 

T XSF 2 11.5737 0.28 0.7587 

T X HPD(TYP) 8 100.7599 0.60 0.7764 

Tx TYPxG 2 12.689] 0.30 0.7388 

TxSFx TYP 2 0.1357 0.003 0.9968 

T X HPD(TYP) x G 8 76.9474 0.46 0.8840 

T x SF x HPD(TYP) 8 65.1832 0.39 0.9260 

TXSFxG 2 1.7702 0.04 0.9586 

TxSFxTYPxG 2 13.8077 0.33 0.7194 

T x SF X HPD(TYP) x G 8 19.4174 0.12 0.9986 

RESIDUAL (Error Term) 288 6029.9640 

Totals 359 ~ 8570.0400



APPENDIX J 

ANOVA Summary Tables for Combined Hierarchical Design 

(After Subject Retest) 

227



TABLE J-1 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 125 Hz 
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Source df SS F p 

Source 

Hearing Protector Type (TY P) 1 16343.154 477.11 0.0001 

Gender (G) ] 56.169 1.64 0.2014 

HPD within Type [HPD(TY P)] 4 952.230 6.95 0.0001 

Sound Field (SF) J 30.976 0.90 0.3424 

GxTYP 1 57.760 1.69 0.1951 

SF x TYP 1 50.475 1.47 0.2258 

HPD(TYP) x G 4 308.772 2.25 0.0635 

SF x HPD(TYP) 4 25.446 0.19 0.9457 

SFxG 1 62.667 1.83 0.1773 

SF x TYP xG 1 0.025 0.0007 0.9785 

SF x HPD(TYP) x G 4 29.270 0.21 0.9308 

Trials (T) 2 1.769 0.03 0.9745 

Tx TYP 2 2.628 0.04 0.9624 

TXG 2 6.145 0.09 0.9142 

T x SF 2 5.833 0.09 0.9184 

T x HPD(TYP) 8 169.042 0.62 0.7636 

TXTYPXG 2 11.286 0.16 0.8482 

TxSFxTYP 2 11.814 0.17 0.8417 

T x HPD(TYP) x G 8 93.598 0.34 0.9492 

T x SF x HPD(TYP) 8 60.068 0.22 0.9874 

TXSFxG 2 0.663 0.01 0.9904 

TxSFXxXTYPxG 2 20.121 0.29 0.7457 

T x SF x HPD(TYP) x G 8 113.390 0.41 0.9123 

RESIDUAL (Error Term) 288 9865.216 

Totals 359 28278.517



TABLE J-2 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 250 Hz 
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Source df SS F P 

Source 

Hearing Protector Type (TY P) 1 4026.7111 103.67 0.0001 

Gender (G) 1 0.0751 0.002 0.9650 

HPD within Type [HPD(TYP)] 4 1721.7468 11.08 0.0001 

Sound Field (SF) 1 4.4890 0.12 0.7341 

GxTYP l 39.6010 1.02 0.3135 

SF x TYP 1 216.5351 5.58 0.0189 

HPD(TYP) x G 4 172.0639 1.11 0.3532 

SF x HPD(TYP) 4 110.8046 0.71 0.5835 

SFxG ] 76.1760 1.96 0.1625 

SF x TYPxG 1 0.8801 0.02 0.8805 

SF x HPD(TYP) x G 4 35.7079 0.23 0.9215 

Trials (T) 2 23.0967 0.30 0.7430 

Tx TYP 2 7.2351 0.09 0.9111 

TXG 2 10.1511 0.13 0.8776 

T x SF 2 9.7062 0.12 0.8826 

T x HPD(TYP) 8 161.7452 0.52 0.8408 

Tx TYPxG 2 15.8105 0.20 0.8160 

TxSFx TYP 2 48.5267 0.62 0.5361 

T x HPD(TYP) x G 8 98.2654 0.32 0.9596 

T x SF x HPD(TYP) 8 20.7634 0.07 0.9998 

TXSFxG 2 26.0745 0.34 0.7151 

TxXSFxTYPxG 2 3.0157 0.04 0.9619 

T x SF x HPD(TYP) xG 8 34.6348 0.11 0.9988 

RESIDUAL (Error Term) 288 11185.9120 

Totals 359 18049.7279



TABLE J-3 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 500 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) ] 1320.5840 31.86 0.0001 

Gender (G) 1 4.8767 0.12 0.7318 

HPD within Type [HPD(TY P)] 4 1700.4671 10.26 0.0001 

Sound Field (SF) 1 25.9747 0.63 0.4292 

GxTYP 1 61.4214 1.48 0.2245 

SF x TYP 1 133.5902 3.22 0.0736 

HPD(TY P) x G 4 224.3644 1.35 0.2503 

SF x HPD(TYP) 4 42.8889 0.26 0.9042 

SFxG l 24.4922 0.59 0.4427 

SFX TYPxG ] 8.4334 0.20 0.6523 

SF x HPD(TYP) x G 4 45.3142 0.27 0.8951 

Trials (T) 2 7.0117 0.08 0.9189 

T x TYP 2 15.4557 0.19 0.8300 

TxXG 2 24.1677 0.29 0.7473 

T x SF 2 13.2091 0.16 0.8528 

T x HPD(TYP) 8 299.7376 0.90 0.5134 

TxTYPxG 2 20.3471 0.25 0.7825 

T x SF x TYP 2 18.7562 0.23 0.7976 

T x HPD(TYP) x G 8 140.6822 0.42 0.9061 

T x SF x HPD(TYP) 8 33.0724 0.10 0.9992 

TXSFxG 2 6.1562 0.07 0.9284 

TxSFxTYPxG 2 2.6551 0.03 0.9685 

T x SF x HPD(TYP) x G 8 71.2904 0.22 0.9881 

RESIDUAL (Error Term) 288 11936.3040 

Totals 359 16181.2526



TABLE J-4 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 1000 Hz 
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Source df SS F P 

Source 

Hearing Protector Type (TY P) 1 16004.000 644.48 0.0001 

Gender (G) 1 0.084 0.003 0.9537 

HPD within Type [HPD(TYP)] 4 329.94] 3.32 0.0111 

Sound Field (SF) ] 2.584 0.10 0.7472 

GxTYP J 2.225 0.09 0.7649 

SF x TYP | 253.177 10.20 0.0016 

HPD(TY P) x G 4 163.664 1.65 0.1623 

SF x HPD(TYP) 4 26.719 0.27 0.8978 

SFxG 1 15.006 0.60 0.4376 

SFxTYPxG 1 7.310 0.29 0.5878 

SF x HPD(TYP) x G 4 59.429 0.60 0.6641 

Trials (T) 2 6.812 0.14 0.8719 

Tx TYP 2 2.133 0.04 0.9580 

TXxXG 2 7.084 0.14 0.8671 

T x SF 2 8.440 0.17 0.8438 

T x HPD(TYP) 8 28.159 0.14 0.9972 

TxTYPxG 2 22.918 0.46 0.6308 

T xSFx TYP 2 18.777 0.38 0.6855 

T x HPD(TYP) x G 8 134.646 0.68 0.7111 

T x SF x HPD(TYP) 8 44.864 0.23 0.9860 

TXxSFxG 2 2.305 0.05 0.9547 

Tx SFxTYPxG 2 15.864 0.32 0.7268 

T x SF x HPD(TYP) x G 8 43.032 0.22 0.9878 

RESIDUAL (Error Term) 288 7151.740 

Totals 359 24350.912



TABLE J-5 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 2000 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 3118.7560 107.79 0.0001 

Gender (G) 1 1178.6721 40.74 0.0001 

HPD within Type [HPD(TYP)] 4 135.0062 1.17 0.3257 

Sound Field (SF) l 87.2218 3.01 0.0836 

GxTYP l 175.8404 6.08 0.0143 

SF x TYP ] 171.6721 5.93 0.0155 

HPD(TYP) x G 4 100.1804 0.87 0.4850 

SF x HPD(TYP) 4 6.5084 0.06 0.9941 

SFxG 1 11.6640 0.40 0.5260 

SF x TYPxG 1 6.6694 0.23 0.6315 

SF x HPD(TYP) x G 4 35.1489 0.30 0.8754 

Trials (T) 2 0.3894 0.01 0.9933 

Tx TYP 2 3.4472 0.06 0.9422 

TXxXG 2 13.4037 0.23 0.7934 

T XSF 2 2.2854 0.04 0.9613 

T x HPD(TYP) 8 105.9858 0.46 0.8850 

TxTYPxG 2 3.4051 0.06 0.9429 

T XSF x TYP 2 12.4067 0.21 0.8072 

T x HPD(TYP) xG 8 65.6062 0.28 0.9711 

T x SF x HPD(TYP) 8 30.7656 0.13 0.9977 

TXSFxG 2 5.7202 0.10 0.9059 

TxSFxTYPxG 2 9.3517 0.16 0.8509 

T X SF xX HPD(TYP) x G 8 33.3558 0.14 0.9970 

RESIDUAL (Error Term) 288 8332.9640 

Totals 359 13646.4265



TABLE J-6 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 3150 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) ] 1533.0567 57.84 0.0001 

Gender (G) ] 1.9507 0.07 0.7864 

HPD within Type [HPD(TYP)] 4 1140.1966 10.75 0.0001 

Sound Field (SF) 1 235.0634 8.87 0.003 1 

GxTYP 1 41.2767 1.56 0.2131 

SF x TYP l 32.9423 1.24 0.2659 

HPD(TYP) x G 4 345.5621 3.26 0.0123 

SF x HPD(TYP) 4 72.8972 0.69 0.6011 

SFxG 1 1.7223 0.06 0.7990 

SFxTYPxG 1 25.4402 0.96 0.3281 

SF x HPD(TYP) x G 4 82.1623 0.77 0.5422 

Trials (T) 2 11.6165 0.22 0.8033 

Tx TYP 2 10.5841 0.20 0.8191 

TxG 2 9.7487 0.18 0.8321 

Tx SF 2 1.3861 0.03 0.9742 

T x HPD(TYP) 8 47.6244 0.22 0.9863 

Tx TYPxG 2 0.6627 0.01 0.9876 

Tx SFx TYP 2 13.0565 0.25 0.7819 

T x HPD(TYP) x G 8 148.0176 0.70 0.6932 

T x SF x HPD(TYP) 8 79.307) 0.37 0.9339 

TXSFxG 2 2.8385 0.05 0.9479 

Tx SFxTYPxG 2 4.1585 0.08 0.9246 

T X SF x HPD(TYP) x G 8 77.1207 0.36 0.9390 

RESIDUAL (Error Term) 288 7633 .6280 

Totals 359 11552.0199



TABLE J-7 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 4000 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 813.3034 26.10 0.0001 

Gender (G) | 10.9203 0.35 0.5544 

HPD within Type [HPD(TYP)] 4 22 10.6284 17.73 0.0001 

Sound Field (SF) 1 399.2134 12.81 0.0004 

GxTYP 1 0.8507 0.03 0.8689 

SF x TYP 1 115.0340 3.69 0.0557 

HPD(TYP) x G 4 897.8862 7.20 0.0001 

SF x HPD(TYP) 4 140.5824 1.13 0.3436 

SFxG ] 86.9267 2.79 0.0960 

SFxTYPxG 1 0.0234 0.0008 0.9782 

SF x HPD(TYP) x G 4 78.7771 0.63 0.6401 

Trials (T) 2 65.8427 1.06 0.3491 

Tx TYP 2 1.6387 0.03 0.9741 

TxG 2 2.3812 0.04 0.9625 

T x SF 2 3.2157 0.05 0.9497 

T x HPD(TYP) 8 48.5722 0.19 0.9915 

TX TYPxG 2 33.5841 0.54 0.5840 

TX SFX TYP 2 6.2264 0.10 0.9050 

T Xx HPD(TYP) xG 8 187.0731 0.75 0.6470 

T x SF x HPD(TYP) 8 86.5616 0.35 0.9467 

TXSFxG 2 9.6751 0.16 0.8563 

TXSFXxXTYPxG 2 23.729] 0.38 0.6837 

T x SF x HPD(TYP) xG 8 140.3602 0.56 0.8079 

RESIDUAL (Error Term) 288 8975.7960 

Totals 359 14338.8021



TABLE J-8 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 6300 Hz 

  

  

235 

Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 198 1.9947 60.95 0.0001 

Gender (G) 1 139.0047 4.27 0.0396 

HPD within Type [HPD(TYP)] 4 2870.3034 22.07 0.0001 

Sound Field (SF) 1 10.5747 0.33 0.5690 

GxTYP 1 42.3674 1.30 0.2547 

SF x TYP 1 55.3034 1.70 0.1933 

HPD(TYP) x G 4 313.7534 2.41 0.0493 

SF x HPD(TYP) 4 79.1928 0.61 0.6566 

SFxG 1 4.2467 0.13 0.7181 

SFxTYPxG ] 1.6134 0.05 0.8239 

SF x HPD(TYP) x G 4 152.7641 1.17 0.3222 

Trials (T) 2 20.1034 0.31 0.7344 

Tx TYP 2 48.3261 0.74 0.4766 

TXG 2 18.8604 0.29 0.7485 

T x SF 2 9.4494 0.15 0.8648 

T x HPD(TYP) 8 75.4516 0.29 0.9690 

TXTYPxG 2 6.5904 0.10 0.9037 

T XSF x TYP 2 10.3401 0.16 0.853 1 

T x HPD(TYP) x G 8 31.3362 0.12 0.9984 

T x SF x HPD(TYP) 8 85.2162 0.33 0.9551 

TxSFxG 2 0.9991 0.02 0.9848 

TxSFxTYPxG 2 6.8944 0.11 0.8995 

T x SF x HPD(TYP) x G 8 67.4009 0.26 0.9782 

RESIDUAL (Error Term) 288 9365.8800 

Totals 359 15397.9669



TABLE J-9 

ANOVA Summary Table for Combined Hierarchical Design, Before 
Subject Retest, at 8000 Hz 
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Source df SS F P 

Source 
Hearing Protector Type (TY P) 1 519.1203 25.49 0.0001 

Gender (G) 1 166.0563 8.15 0.0046 

HPD within Type [HPD(TYP)] 4 899.0982 11.04 0.0001 

Sound Field (SF) 1 161.2023 7.92 0.0052 

GxTYP 1 84.1967 4.13 0.0429 

SF x TYP 1 14.4400 0.71 0.4005 

HPD(TYP) x G 4 149.0742 1.83 0.1231 

SF x HPD(TYP) 4 82.1396 1.01 0.4034 

SFxG J 8.6180 0.42 0.5159 

SFxTYPxG 1 21.5600 1.06 0.3044 

SF x HPD(TYP) x G 4 73.8698 0.91 0.4603 

Trials (T) 2 0.6882 0.02 0.9832 

Tx TYP 2 4.3287 0.11 0.8992 

TxG 2 14.5327 0.36 0.7002 

T X SF 2 15.2507 0.37 0.6880 

T x HPD(TYP) 8 97.8281 0.60 0.7773 

TXxXTYPxG 2 6.9616 0.17 0.8430 

TxSFxTYP 2 2.0696 0.05 0.9505 

T x HPD(TYP) x G 8 63.0181 0.39 0.9273 

T x SF x HPD(TYP) 8 47.0354 0.29 0.9694 

TxSFxG 2 4.6516 0.11 0.8921 

TxXSFxTYPxG 2 11.6056 0.28 0.7523 

T x SF x HPD(TYP) x G 8 21.7486 0.13 0.9977 

RESIDUAL (Error Term) 288 5865.4720 

Totals 359 ~ 8334.5663
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