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(ABSTRACT) 

«- 

Identical experiments were conducted between two acoustical-testing 

laboratories to determine the inter-laboratory differences of using two different hearing 

protection device (HPD) fitting procedures for testing the real-ear attenuation at threshold 

(REAT) of a popular vinyl foam earplug and a multi-sized premolded PVC single-flanged 

earplug. The first fitting procedure tested in the experiment is included in the revision of 

the American National Standards Institute (ANSI) standard $12.6-1984 by the ANSI 

Working Group ANSI S12/WG11, Field Effectiveness and Physical Characteristics of 

Hearing Protectors. This fitting procedure, “subject fit,” is intended to estimate “...the 

attenuation obtained in the top 10-20% of today’s industrial and military hearing 

conservation programs, i.e. the attenuation that should be obtained by an informed and 

motivated work force” (ANSI $12.6-199X, Draft 1.4, p. 4). The subject-fit procedure 

employs HPD-naive subjects, minimizes experimenter involvement, enforces subject- 

selection controls, and requires subjects to fit the HPD with reasonable comfort using only 

the manufacturer’s fitting instructions. The subject-fit method differs from the second 

procedure tested in this investigation, experimenter fit, in both procedure and objective. In



the ANSI S3.19-1974 “experimenter-fit” method, which is the procedure currently required 

by the Environmental Protection Agency (EPA) for the testing and labeling of HPDs (EPA, 

1990), the experimenter fits the HPD to the subject (comfort is not a consideration) to 

determine the optimum attenuation of the HPD. The development of the subject-fit protocol 

was motivated by the large discrepancy between the attenuation achieved in the field and 

that claimed by manufacturers of HPDs using experimenter fit from ANSI S3.19-1974. 

Some experts have developed schemes to derate manufacturers’ laboratory data to 

approximate attenuation typically achieved in the field. 

In addition to investigating the differences between the two fitting protocols, other 

factors relevant to the revision of ANSI S12.6-1984 were studied: subject and 

experimenter gender effects, ear canal size effects, inter-laboratory differences, and the 

number of replications and subjects needed for REAT tests. 

Results indicated that the subject-fit method provided statistically significantly less 

attenuation than the experimenter-fit method. Subject-fit tended to overestimate in-field 

attenuation, but not by as much as experimenter-fit. No consistent subject-gender effects 

were found in the analysis. Experimenter gender did not have a significant effect on 

subject-fit foam-earplug attenuation. The lack of significant trial effects indicated that the 

goodness of fit did not change for either fitting condition or across trials. Ear canal size 

and attenuation effects were documented with mixed results.
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INTRODUCTION 

Background 

The sense of hearing, as are all human sensory functions, is worth protecting and 

preserving. Among other things, hearing helps us to perceive and localize sound, produce 

and understand speech, enjoy music, and appreciate the environmental sounds around us. 

While the technological age has introduced many wonderful and exciting creations, these 

same blessings have introduced machines and devices that emit loud and potentially 

damaging noises that are many times louder than usually encountered in nature. For 

example, the industrial workplace is one setting where many Americans’ hearing and 

subsequent quality of life is threatened by exposure to damaging levels of noise. Daily, 

workers in manufacturing, transportation, mining, construction, agriculture, and the 

military, to name a few, are at risk for noise-induced hearing loss (NIHL) from exposure to 

noise levels greater than 85 dBA. As hard as it is to believe, Americans, perhaps 

unknowingly, subject themselves to harmful noise exposures in their leisure activities, too, 

such as monster-truck competitions (Casali, 1990), rock concerts (Toufexis, Canall, and 

Hallahan, 1988), and car-stereo competitions (Berger, 1991). Of the approximately 28 

million people in this country who are afflicted with a hearing loss, 10 million of those 

losses are partially attributable to loud noise exposure (NIH, 1990). Whether it be apathy 

or naiveté, the result is that “America has become the land of battered eardrums” (Brown, 

1992, p. 16). 

To understand how hearing can become damaged by loud noise, it is important to 

understand the anatomy of the ear (Figure 1) and how it functions. Briefly, the ear works 
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Figure 1. Anatomy of the ear (adapted from Goldstein, 1989).



by a complex series of transformations that convert sound (acoustical energy) into neural 

impulses which are carried to the brain. If the ear is exposed to too much energy (too much 

noise), it can be damaged. Two types of injury can be done by excessive noise: acoustic 

trauma and NIHL (NIH, 1990). Acoustic trauma can occur when the ear is exposed to a 

high-intensity sound of short duration, such as an explosion. Acoustic trauma can damage 

any part of the ear but usually it is the organ of Corti, a delicate sensory structure of the 

inner ear, which is damaged (NIH, 1990). The other and more common type of injury 

which results from prolonged noise exposure is NIHL. A temporary hearing loss called a 

temporary threshold shift (TTS) can be caused by fatiguing the sensory structure of the 

inner ear with excessive noise. Regularly inducing TTSs with frequent and constant 

exposures to noise will progressively destroy sensory cells and cause permanent NIHL. 

Because NIHL happens very slowly over a long period of time, its progressive destruction 

is hard to detect usually until it is too late. In addition, NIHL is irreversible and irreparable 

by current medicines or surgeries and hearing aids offer minimal, if any, help. 

In addition to damaging hearing, noise also adversely affects the human body by 

taking its toll in psychological and physiological ways. Psychologically, it has been shown 

that noise startles (when the onset is sudden), affects the quality of sleep, causes over- 

sensitivity to other irritants, decreases worker productivity and product quality, and 

increases employee absenteeism (Lipscomb, 1988). Physiologically, the body reacts to 

loud noise with a startle response, blood vessel constriction, muscle tightening and blood 

pressure changes (Lipscomb, 1988). 

Recognizing the harmful effects of excessive noise in the workplace, the 

Occupational Safety and Health Administration (OSHA) has promulgated standards to 

protect the worker by reducing noise exposure (OSHA, 1983). OSHA requires that a 

hearing conservation program be implemented when employees are exposed to time-



weighted average (TWA) noise levels of 85 decibels A-weighted (dBA), or a 50% dose, 

also called the “action” exposure level. In addition, OSHA requires the use of 

administrative or engineering techniques to reduce the noise exposures to employees with 

exposure levels exceeding an eight-hour 90 dBA TWA, termed the “criterion” level 

(OSHA, 1983). (See Figure 2 for a systems approach to noise control.) If these 

techniques fail to control the intensity or duration of the noise such that the noise exposure 

still exceeds an eight-hour TWA of 90 dBA or equivalent, the employer is required to 

provide hearing protection devices (HPDs) to employees. HPDs are either worn in or over 

the ears to block excessive noise from entering the ear canal and reaching the eardrum. For 

employees who already have NIHL, hearing protection devices must be worn if the TWA 

is 85 dBA. Engineering control is the ideal method for reducing noise in the workplace 

because it directly targets the source and/or the path of the noise. However, engineering 

controls are also the least popular method of reducing noise since they are often perceived 

as too costly, too time-consuming, and or too difficult to implement. Thus, companies 

~ more often correct a noise problem at the recipient through the use of HPDs because of 

their low cost, and because the protection gained from them can be high when used 

properly. 

In addition, OSHA also requires employers to institute an annual HPD training 

program for workers exposed to an 85 dBA TWA. The OSHA regulations do not specify 

that the training program be of any specified length or detail. The result of this lack of 

specificity may be that HPD training programs can be conducted by instructors who are not 

competent to give complete and accurate explanations of the importance of wearing hearing 

protection and their proper fitting techniques. Therefore, despite wearing hearing 

protection, workers may still be underprotected from excessive noise because of their 

limited understanding of the devices.
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Additionally, the worker may be underprotected from noise because of the many 

factors that compromise and degrade the effectiveness of HPDs. These include, among 

other things, hair, beards and eyeglass frames for earmuffs, movement, little or no training 

in fitting, ear canal size, HPD size selection, worker motivation, alteration or sabotage of 

HPDs, and deterioration of HPDs. 

Underprotection may also occur because of the way in which HPDs are tested and 

rated. The government agency responsible for the enforcement of the labeling of HPDs is 

the Environmental Protection Agency (EPA). The EPA requires that every device marketed 

as an HPD be tested and display its Noise Reduction Rating (NRR) on the packaging in 

which it is sold (EPA, 1990) (See Figure 3). The NRR is a single-number noise reduction 

factor in dB which is used to estimate the amount of protection afforded by an HPD and 

thus the noise exposure of the wearer. NRRs typically range from 0 to about 30 with low . 

NRRs indicating low attenuation and high NRRs indicating high attenuation. (Attenuation 

does not have a precise acoustical definition when it refers to HPDs although it is widely 

used. A dictionary definition of attenuation is “to lessen the amount, force, or value of: 

weaken” (Merriam-Webster, 1993, p. 72). When attenuation refers to HPDs, it differs 

from its actual acoustical definition of “the reduction in sound pressure level in decibels as 

one moves further and further from a noise source” (Ostergaard, 1986, p. 27). What HPD 

attenuation refers to is more precisely termed insertion loss (“the difference in sound 

pressure level at a fixed measuring location before and after a noise control method has 

been applied to the noise source” (Ostergaard, 1986, p. 26) or noise reduction (the 

difference between the sound pressure levels measured at two locations, one on either side 

of a noise control device (i.e., an enclosure or a barrier)” (Ostergaard, 1986, p. 26)). 

When the term “attenuation” is used herein, it will refer to the insertion loss and/or noise 

reduction afforded by an HPD.) Currently, the EPA requires that the values used to 

calculate the NRR be determined by using the American National Standards Institute 
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(ANSD) Standard S3.19-1974, “Method for the Measurement of Real-Ear Protection of 

Hearing Protectors and Physical Attenuation of Earmuffs” (ANSI, 1974). Presently, 

although a newer ANSI standard for HPD testing exists, ANSI S12.6-1984, the EPA still 

requires that the 1974 standard be used for HPD testing. 

The method used to measure how much hearing protectors reduce noise and to 

subsequently calculate the NRR, is the same one specified for use by ANSI S3.19-1974 

and ANSI S12.6-1984: the real-ear attenuation at threshold (REAT) protocol. REAT 

testing consists of determining, through a psychophysical audiometric procedure, the 

minimum level of sound that a subject can detect while alternately wearing an HPD 

(occluded threshold) and not wearing an HPD (open or unoccluded threshold). The 

difference between the two conditions, that is, the threshold shift, is taken to be the 

attenuation of the product. To compute the NRR for a product, the threshold shifts from 

ten subjects tested three times each needs to be measured. 

The practical usefulness of the NRR has been criticized because the procedures 

used in the laboratory to obtain an HPD’s NRR lack the validity to reflect NRRs attainable 

in what is popularly termed the “real world” or the “field”. (For the purpose of this thesis, 

the terms “real world” and “field” or “in-field” will be used synonymously.) Figure 4 

shows quite clearly that manufacturer’s reports of their products’ NRRs are much larger 

than the NRRs obtained by researchers who have conducted field studies of HPD use. 

This large discrepancy exists, in large part, because the EPA specifies that manufac.urers of 

HPDs may only use “experimenter (best) fit” found in ANSI S3.19-1974 to test and rate 

their HPDs. 

- The experimenter-fit technique used to determine the labeled NRR of an HPD does 

not approximate the real-world performance of HPDs because the laboratory procedures 

used do not reflect real-world conditions or actual usage procedures for the devices. For 

example, under experimenter fit, a knowledgeable, practiced experimenter fits a protector to 
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the subject for “optimum protector performance,” not for comfort as a user in the real world 

would do. In addition, subjects are trained in detecting a good or bad fit of the protector, 

and they wear brand-new HPDs for only short periods of time while remaining virtually 

motionless. The standard also allows for the dismissal of subjects for whom an “‘adequate 

fit’ cannot be obtained, based on a visual determination. In short, the way HPDs are tested 

in the laboratory is very different from how they are actually used in the field. 

Casali and Park (1991a) point out several reasons why laboratory-based NRRs that 

are unrealistically high should be a concern. First, consumers choosing HPDs often use 

the NRR as one of the most heavily-weighted criteria in a purchasing decision between 

several different HPDs. If factors such as comfort or compatibility with the environment 

are ignored when purchasing HPDs, the result may be that workers will readjust their 

HPDs often to increase comfort, or worse yet, refuse to wear them at all. Second, 

consumers of HPDs often are unaware that experts suggest derating the NRR to reflect 

probable real-world attenuation. Consumers may also be unaware that the labeled NRR is 

an estimate of the product’s optimal performance. This lack of information may give the 

consumer a false sense of security because they believe that any HPD can afford adequate 

protection in any noise environment encountered. Third, because the market success of an 

HPD depends on a high NRR and low cost, manufacturers often compete against each 

other to achieve the highest NRRs. Because outliers increase the standard deviation and 

decrease the NRR, manufacturers may be tempted to replace outliers (which ts not allowed 

by current testing regulations) with more favorable results from repeated testing. Fourth, 

with today’s society becoming increasingly litigious, advertised NRRs that overestimate the 

actual protection afforded in the real world will bring more lawsuits against employers and 

HPD manufacturers by employees with hearing losses. 

There have been several suggestions made on how to derate the advertised NRR in 

order for laboratory data to more accurately reflect the real-world performance of an HPD. 
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OSHA has recommended the following procedures to field enforcement personnel for 

determining HPD adequacy: “When analyzing the attenuation a personal hearing protector 

may afford a noise-exposed employee in an actual work environment, the hearing protector 

shall be evaluated as follows: ...2) To adjust for the lack of attainment of the laboratory- 

based noise reduction calculated according to Appendix B [laboratory rating] estimating 

techniques, apply a safety factor of 50%; that is, divide the calculated laboratory-based 

attenuation by two” (OSHA, 1990, p. 4-5). Berger (1983a) suggested reducing the NRR 

by 10 dB as a prudent measure before subtracting it from the measured C-weighted sound 

level of the noise. Based on a study by Behar (1985), Behar and Desormeaux (1986) 

suggested that the manufacturer’s NRR be derated by 15 dB to better approximate field 

attenuation. More recently, it has been suggested that “for any derating scheme to provide 

utility across devises, it must comprise percentage or proportional correction factors rather | 

than a constant dB amount for all protectors” (Casali and Park, 1991a). Berger (1992) 

illustrated this point in reporting that the attenuation values for earplugs in the field average 

approximately only 25% of manufacturer’s reported data; for earmuffs, field values 

average about 60% of manufacturer’s laboratory values. Therefore, since the NRR of an 

HPD is device-dependent, it has been suggested that the derating method should also be 

device-dependent to avoid over- or under-penalizing a device unfairly. 

Derating schemes are evidence that problems of validity exist in the current 

standard. Engineers (especially human factors engineers) are well-acquainted with the fact 

that it is preferable to design something properly and proactively from the start, not to add 

retroactive repairs at the finish when a problem or error is uncovered. The human factors 

engineer is especially interested in the problem of the laboratory versus field NRR because 

it involves topics relevant to optimizing the interface between humans and technology: 

training, instructions, and anthropometric fit between person and product. 
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A valid laboratory experiment usually attempts to accurately estimate or predict 

some phenomenon in the real world. The experimenter-fit method required by the EPA 

falls short of this goal. It has been shown to produce NRRs which are unrealistically high 

and seldom, if ever, seen in the real world as uncovered by field or real-world experiments 

conducted in actual workplaces. Because the consumer heavily depends on the NRR in 

making a purchasing decision between HPDs, manufacturers have an obligation to portray 

the performance of their product accurately. For example, automobile manufacturers report 

not only the optimal highway gas mileage but the more typical city gas mileage. Schemes 

to derate the NRR of each type of HPD are simply a “band-aid approach” and are not the 

answer. Efforts should be concentrated at correcting the fitting protocol in the ANSI 

standard so that, by design, it accurately portrays protection in the real world with a single 

number without the need for a derating scheme. In a consensus statement on NIHL, the 

National Institutes of Health (NIH) declared future research to prevent NIHL should 

include the “development of repeatable laboratory procedures that incorporate behavioral 

tests to yield realistic estimates of hearing protector attenuation performance that are 

accepted for device labeling purposes” (NIH, 1990). A new standard and fitting protocol 

for product labeling purposes that more accurately portrays HPD field attenuation will 

protect: industry from worker’s compensation losses, manufacturers of HPDs from 

lawsuits, and users’ hearing. 

Issues in the Proposed Study 

The main focus of this research was to investigate whether real-world attenuation 

can be estimated in the laboratory by using a new HPD fitting technique proposed in a 

revision of American National Standards Institute (ANSI) standard $12.6-1984 by the 

ANSI Working Group ANSI S12/WG11, Field Effectiveness and Physical Characteristics 
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of Hearing Protectors. In fact, the draft standard includes two fitting techniques but the 

one of greatest interest and relevance here was the “‘subject-fit method”. In this method, 

subjects with little or no HPD experience fit themselves with the hearing protector using 

only the fitting instructions provided on the package by the manufacturer. The aim of using 

subjects who are “naive” or “novice” with respect to the use of HPDs is to more closely 

estimate field attenuation. The second fitting technique proposed by the working group in 

Draft 1.4 of the revision of ANSI S12.6-1984 is the “experimenter-supervised-fit method.” 

This method, where subjects practice fitting the HPD with experimenter guidance and 

advice to get a “best” fit, is intended to approximate the HPD performance under ideal 

conditions. 

Because the experimenter-fit method in ANSI S3.19-1974 has been criticized for its 

objective of estimating optimum achievable attenuation, a second major objective of this 

study was to investigate whether subject fit provides estimates of attenuation that are 

statistically significantly different from experimenter fit. 

A third important objective of this study was to determine whether the proposed 

subject-fit method can reduce inter-laboratory variability. Not only is it difficult to 

reproduce manufacturer’s NRRs in the field, but it is also difficult to reproduce NRRs and 

spectral attenuation data in other labs for the same HPD even when experimental protocols 

are identical (See Figure 5) (Berger, Kerivan, and Mintz, 1982). 

One factor that has been blamed for poor inter-laboratory reproducibility is 

experimenter variability. Because human subjects are used for REAT tests, “an 

experimenter interacting with human subjects also may lead to variability in test data since 

the experimenter can dramatically influence the results by how s/he selects, trains, 

supervises, motivates, and fits the subjects” (Berger, 1992, p. 41). Using the subject-fit 

method hopefully will eliminate the effects of experimenter training and motivation to 

achieve greater inter-laboratory agreement and greater agreement with field performance. 
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The amount of inter-laboratory agreement was determined in this study from comparing the 

results from the Virginia Tech Auditory Systems Laboratory (hereafter referred to as VPI 

throughout) to another laboratory that used the identical procedures and experimental 

design. Results were compared from the parallel and concurrent study conducted at the 

Hearing Protector Laboratory of the Bioacoustics and Occupational Vibration Section 

(hereafter referred to as BOVS throughout), Division of Biomedical Science, National 

Institute for Occupational Safety and Health (NIOSH), in Cincinnati, Ohio. 

Poor inter-laboratory reproducibility of NRRs can also be attributed to subject 

variability. The NRR calculation requires three trials from each of only ten subjects who 

are selected in no particular manner that would ensure their representativeness of the target 

population of users (Berger, 1985). Due to the high subject variability inherent in a sample 

size of only ten subjects, it is unlikely that the true mean attenuation of the population can 

be accurately estimated. 

Good agreement between the two laboratories would be indicative of the validity of 

the proposed draft standard subject-fit method in reducing experimenter and subject 

variability. The results from both laboratories were also compared to field studies to 

determine the validity of the subject-fit method to estimate real-world attenuation. 

The amount of training an HPD user receives greatly influences the degree of 

accurate fit and the consequent attenuating properties of the HPD. For instance, Casali and 

Epps (1986) found that the level of insertion-instruction of earplugs greatly influenced the 

earplug noise-attenuation effectiveness. The study described herein investigated the 

attenuation achieved by subjects who were novice HPD users. 

Also at issue in this study was whether the three attenuation values gathered from 

the three trials for each subject differed in any significant way. Explanations for increased 

attenuation between the first and third trials could include practice effects in signal- 

responding (increased reaction time), practice effects in fitting the protector (improved 
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motor coordination and skill), increased user familiarity level with the protector, and 

chance. Explanations for decreases in attenuation between the trials could include chance, 

fatigue, and lack of motivation to respond quickly to the stimulus noise or a lack of 

motivation to properly fit the HPD. Depending on the direction of the differences between 

trials, there could be implications for changing the number of trials required of each subject 

for REAT testing. 

Some experimenters have encountered differences between the sexes with regard to 

achieved attenuation (Abel, Alberti, and Rokas, 1988; Casali, Lam, and Epps 1986). 

Others have not encountered this (Robinson, 1991). While Robinson (1991) found no 

consistent effect of gender, he did discover that attenuation afforded by earplugs was 

highly correlated with ear canal size at frequencies from 2000 to 8000 Hz. This study will 

also explore the gender-attenuation relationship and the ear canal-attenuation relationship. 

HEARING PROTECTION DEVICES (HPDS) 

“One of the strange facts of life is that people, while they are equipped with eyelids, 

do not have ear lids. Unless they are deaf, they have no escape from the sounds which 

others make” (Trueblood, 1983, p. 2). While Trueblood made an interesting observation, 

his statement is not entirely true: as mentioned earlier, unwanted noise can be controlled at 

the source, the path, or the receiver. The most common approach to control excessive and 

potentially dangerous noise is to reduce it at the receiver using HPDs. Hearing protection 

devices are either worn in the ear or over the ear to prevent noise from entering the ear canal 

and reaching the eardrum. Because of their relative low cost and high availability, typically 

three types of HPDs are distributed for use by noise-exposed employees in industry: 
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earmuffs, canal caps, and earplugs. Figure 6 illustrates the three HPD types discussed as 

well as other HPD types. 

Earmuffs 

Earmuffs are circumaural devices that are designed to encircle and cup the ears. A 

typical earmuff will entirely enclose the ears by means of two earcups which are lined along 

the edges with foam- or fluid-filled cushions. The cushions create a seal against the skin to 

prevent the entrance of air, and consequently, noise. In addition, the cups are usually lined 

on the inside with acoustical foam or similar material which primarily absorbs and to some 

extent blocks sound energy. A hemispherically-shaped headband joins the two earcups 

together and provides tension to stabilize the muff and to seal the cups around the ears. 

The headband of earmuffs is typically worn over-the-head but some earmuffs permit the 

muff to be worn in behind-the-head or under-the-chin locations. 

Semi-aural Devices 

Canal caps are a semi-aural device. Canal caps also go by the names of semi-insert 

devices and concha-seated devices. (The concha is the largest and deepest concavity of the 

external ear or pinna.) A canal cap consists of a flexible and lightweight headband with 

pods or tips attached at the ends. The tips are usually in the shape of a cone, a mushroom, 

or a hollow bullet and can be made from a variety of materials such as foam, silicone, 

vinyl, or wrapped silicone. Depending on the type and shape of the tip, it can be worn at 

the entrance of the external ear canal, or in some cases it partially enters the external ear 

canal. In either case, the tip blocks the air conduction path and seals the canal. 
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Earplugs 

Earplugs were the only types of HPDs tested in this study, thus a more detailed 

discussion of earplugs is warranted and follows. 

Earplugs are inserted into the ear canal to create a seal with the walls of the ear 

canal. This creates a barrier between the eardrum and impinging acoustical energy. 

Earplugs come in a variety of colors, shapes, sizes, and compositions. They can be made 

of any number of materials: vinyl, rubber, foam, wax, mineral fiber, spun glass, and 

silicone. Because earplugs usually require user manipulation to insert and sometimes 

preparation before insertion, there is a greater difference between field and laboratory 

NRRs for earplugs than earmuffs, for instance, which are generally easier to fit than 

earplugs. There are three different types of earplugs: custom-molded, premolded, and 

user-molded. 

Custom-molded earplugs. Custom-molded earplugs are created by taking 

| impressions of a person’s ears and canals. The impressions are made by a trained 

individual who either creates the finished earplug himself or herself or sends it back to the 

manufacturer for finishing. The skill of the person taking the impression is important 

because it can affect the fit and consequent performance of the custom-molded earplug 

(Padilla, 1976). The custom-molded earplug fits into the external canal to form an 

acoustical seal. It also fits into the concha and pinna to hold the earplug firmly in place. 

Because the finished earplug correctly fits only the individual from whom the impression 

was taken, employees may be more motivated to wear them and misinsertion is less likely 

to occur (Berger, 1986b). 

Premolded earplugs. Premolded earplugs are mass-produced by manufacturers 

from soft rubbers, vinyls, or silicones. Unlike a user-molded insert, a premolded earplug 

is made to be inserted directly into the ear canal without any forming or molding of its 
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shape. The appearance of these earplugs is of a small cylinder with flanges that flare from 

the sides. Some premolded earplugs have no flanges, while others may have one to five 

flanges. The purpose of the flexible and soft flanges is to create a pneumatic seal with the 

walls of the ear canal. 

Because an airtight seal is intended with premolded earplugs, rapid removal of the 

earplug may create suction which could cause pain and damage to the eardrum. Users 

should be careful to avoid creating a sudden pressure change by removing the earplug with 

a slow side-to-side rocking or twisting motion. This method slowly breaks the seal little by 

little instead of all at once. 

Another problem associated with the use of premolded earplugs is that they come in 

multiple sizes with varying diameters which allows for user error in the proper size 

selection. This range of sizes of plugs is necessary to accommodate the range of sizes of 

ear canals between individuals and sometimes even within an individual. Selection of the 

proper earplug size is crucial in providing adequate comfort and protection from noise: an 

undersized earplug is comfortable but usually less effective against noise while an 

oversized earplug is uncomfortable but usually more effective. Improper sizing can be 

avoided by the use of a device which measures the size of the ear canal to estimate earplug 

size—an ear gauge (which goes by the brand name of Eargage™). 

User-molded earplugs. Before the development of special compounds, cotton 

was acommon material for molding or shaping into an earplug to reduce noise. However, 

because of its porosity and inability to obtain a good seal, it is a poor material for earplugs 

(Berger, 1983b). Cotton impregnated with wax is better than cotton alone but can be 

somewhat messy and difficult to shape. Although this configuration is still available today, 

earplug performance has improved by the development of man-made materials such as 

spun fiberglass or down, silicone putty and especially slow-recovery vinyl and 

polyurethane foams. 
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Unlike custom-molded earplugs which fit only one individual, or premolded 

earplugs which give the individual a choice of sizes, user-molded earplugs take a “one size 

fits all” approach which sometimes fails to fit some users. Because there is only one size, 

employers who distribute user-molded plugs for use are relieved of the worry of proper 

earplug size selection and of the need to stock a variety of sizes. 

While variations exist, many user-molded earplugs are cylindrically shaped and flat 

at both ends. The plugs may be loose or attached to one another (“corded”) with a plastic 

or fiber cord. Generally, user-molded earplugs are first prepared for fitting by 

simultaneously compressing and rolling the earplug between the thumb and forefinger until 

a thin, uncreased cylinder is obtained. The user should reach the hand that is opposite the 

ear being fitted with the earplug over his head to grasp‘that ear. The ear should be pulled 

outward and upward. This technique, called a “pinna pull,” helps to straighten out the 

canal and make it larger and thus easier to insert the earplug, regardless of type. The 

earplug is then inserted into the canal and held in place to prevent outward slippage until it 

re-expands. Full expansion of the user-molded earplug to where it touches the canal walls 

and seals the canal may take five minutes or longer, depending on the chemical formulation 

of the plug. Users should wait for full expansion before entering a high-noise 

environment. A foam earplug is inserted to an ideal depth when the outside end of the 

earplug almost lays flush with the tragus. (The tragus is the prominence at the external 

opening of ear.) Also important to note is that the user’s hands be clean prior to rolling and 

insertion. This rule of thumb suggests against the use of user-molded earplugs in certain 

environments where dirt, grime and dust are a problem (Berger, 1986b). 
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THE NOISE REDUCTION RATING (NRR) 

Hearing protector manufacturers are required by the Environmental Protection 

Agency to label their products with the mean and standard deviations of the attenuation 

values at each of the nine third-octave test bands along with a noise reduction rating (NRR) 

(EPA, 1990). (The standard deviations at each frequency are an indication of the variability 

present across subjects and replications.) The NRR is the most common single-number 

rating in use today (Berger, 1986) and is the only one allowed by the EPA for product 

labeling purposes. The NRR provides the consumer with a simplified, single-number 

broadband measure of the overall attenuation afforded by the HPD in decibels. The 

advantage of the NRR is that it requires few calculations to predict the effectiveness of an 

HPD and does not require that expensive test equipment be used to measure the sound 

pressure level (SPL) at the worksite. NRRs may range from 0 to 30 dB. 

The NRR is calculated from the real-ear mean attenuation and standard deviations 

measured according to ANSI S3.19-1974. A sample calculation is presented in Table 1. 

In calculating the NRR, the mean attenuation values are reduced by subtracting two 

standard deviations. Such a reduction is intended to estimate the level of protection that 

98% of users can achieve if they are well-represented by the test population and if they 

wear the HPDs in the same manner as the subjects did in the test of the HPD. NRRs 

calculated using a two standard-deviation correction are denoted as NRRog. Using only a 

one standard-deviation correction is denoted as NRRg4, which is the level of protection 

afforded to 84% of the users under the same constraints as mentioned before. Although the 

standard-deviation correction is often mistakenly taken to be an estimate of the field 

performance of an HPD, Berger (1986) explains that the standard-deviation correction is 

not a correction to laboratory data to estimate real-world performance; rather, it simply 

adjusts the mean laboratory data to reflect the attenuation achieved by 84% or 98% of the 
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TABLE 1 

Sample Method of Computation of the Noise Reduction Ratio (NRR) (from 
Berger, 1986) 

  

Method of Computation of the NRR 
  

Octave Band Center 
Frequency (Hz) 125 250 500 1000 2000 4000 8000 dB(xX)4 
  

1. Assumed sound 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
pressure levels 

. C-weighting -0.2 0.0 0.0 00 -02 -08 -3.0 
correction 

. C-weighted sound 99.8 100.0 100.0 100.0 99.8 99.2 97.0 108.0 
levels [step 1 + [dBC} 
step 2] 

. A-weighting -16.1 86 -3.2 0.0 +1.2 41.0  -1.1 
correction 

. A-weighted sound 83.9 91.4 96.8 100.0 101.2 101.0 98.9 
levels [step 1 + 
step 4] 

Typical premolded 27.4 26.6 27.5 27.0 32.0 46.08 44.2¢ 
earpiug 
attenuation 

Standard devia- 7.8 8.4 9.4 6.8 8.8 7.38 12.88 
tion x 2 

Estimated protected 64.3 73.2 78.7 79.8 78.0 62.3 67.5 84.2 
A-weighted sound [dBA] 
levels [step 5 - 
step 6 + step 7] 

NRR = step 3 - step 8 - 3° 
NRR = 108.0 - 84.2 -3 = 20.8 dB 

  

The NRR represents the attenuation that will 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. 

A Logarithmic sum of 7 octave band levels in arow. This is a C-weighted sound level for step 3 
and an A-weighted sound level for step 8. 

Arithmetic average of 3150 and 4000 Hz data. 

Arithmetic average of 6300 and 8000 Hz data. 

The 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. 
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laboratory subjects. Berger (1983a) has also argued that since real-world data produce 

realistic standard deviations, computations of the NRR for real-world data should utilize a 

one- (NRRgq) instead of a two-standard-deviation correction (NRRo9g). The NRRos is the 

rating that the EPA requires to appear on the HPD manufacturer’s packaging. 

To use the NRR, it should be directly subtracted from C-weighted dB measures of 

ambient noise to get an estimate of the protected noise level that an HPD user experiences in 

the given level of noise, like so: (Workplace TWA in dBC) — NRR = Protected TWA in 

dBA. However, the NRR must first be reduced by 7 dB before subtracting it from A- 

weighted sound levels: (Workplace TWA in dBA) — (NRR — 7) = Protected TWA in dBA. 

The 7-dB reduction acts as a safety factor to account for large differences in C- and A- 

weighted sound levels (Berger, 1986). The 7-dB safety factor is not to be confused with 

the negative 3-dB spectral uncertainty safety factor included in the calculation of the NRR 

itself which is intended to protect against overestimating HPD protection. 

REAL-EAR ATTENUATION AT THRESHOLD METHOD 

While many techniques have been devised to test the attenuation of HPDs, the most 

commonly used method has been the real-ear attenuation at threshold (REAT) method. 

In 1957, the first American National Standards Institute (ANSI) standard appeared for 

measuring the REAT of hearing protectors. Although the standard was first released as 

ASA Z24.22-1957 under ANSI’s former name, the American Standards Association 

(ASA), to minimize confusion standard ASA Z24.22-1957 will be referred to as its more 

commonly referred to name of ANSI Z24.22-1957 (ANSI, 1957). The REAT technique 

first introduced in ANSI Z24.22-1957 was retained for use in subsequent standards that 

replaced it, namely ANSI S3.19-1974 and ANSI S12.6-1984. 
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Real-ear attenuation at threshold testing involves measuring a human subject’s 

hearing threshold without an HPD (open or unoccluded threshold) and the hearing 

threshold while wearing an HPD (closed or occluded threshold). The difference between 

the two measurements, the threshold shift, is taken to be the attenuation, or noise 

reduction, of the device. Except for ANSI Z24.22-1957 which used pure-tone stimuli, all 

ANSI standards that followed use one-third octave bands of noise to test the subjects’ 

unoccluded and occluded thresholds three times apiece at nine center frequencies: 125, 

250, 500, 1000, 2000, 3150, 4000, 6300, and 8000 Hz. All ANSI standards to date have 

required a minimum of three trials (a trial consisting of pair of occluded and unoccluded 

thresholds) for ten subjects. 

CHANGES IN ANSI STANDARD FITTING PROCEDURES 

The American National Standards Institute (ANSJ) has issued three real-ear 

attenuation at threshold standards which describe the experimental method for testing 

HPDs: ANSI Z24.22-1957, ANSI S3.19-1974, and ANSI $12.6-1984. Depending on 

the standard, each revision has introduced changes to, among other things, acceptable test 

room characteristics, test stimuli, allowable ambient noise, subject exclusion criteria, jaw 

and head movement after fitting, and sound sources (Berger, 1985). However, the most 

significant changes in the standards as they relate to this thesis have been to the procedures 

used to fit subjects with HPDs and to subject selection. Each of the standards since ANSI 

Z24.22-1957 has introduced revised or new techniques for HPD fitting, as does the 

Version 1.4 of the ANSI S12/WG11 draft standard. 

ANSI Z24.22-1957 had no specific name for the fitting procedure contained in it 

but the procedure consisted of the listener donning the hearing protection device him/herself 

while in the test chair and in the presence of a fitting noise. The experimenter was to 
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ensure a proper size selection of the hearing protector and to “indoctrinate” the listeners to 

fit the HPD according to the manufacturer’s instructions. After fitting the HPD, it was 

manipulated by the subject so that the fitting noise was reduced as much as possible. The 

subject was also to produce jaw movements by vigorously saying “ah” and “ee” alternately 

ten times and to move the head from side to side ten times. As for subject selection, this 

was to be done at random unless a best estimate of the attenuation was desired whereby the 

experimenter was allowed to select subjects to whom the hearing protectors fit well. 

A significantly revised ANSI Z24.22-1957 was the basis for the standard that 

followed it, ANSI S3.19-1974. Introduced in 1974, ANSI S3.19-1974 is the standard that 

the EPA still requires manufacturers to use for HPD testing and product labeling even 

though a newer standard, ANSI $12.6-1984, has been-introduced. The newer standard 

has never been adopted by the EPA into the Code of Federal Regulations for product 

labeling probably because of the expense and extreme difficulty of revising the rule. ANSI 

S3.19-1974 set forth two fitting procedures for measuring occluded thresholds: “subject 

(average) fit” or “experimenter (best) fit” (ANSI, 1974). The subject-fit procedure of 

ANSI S3.19-1974 is similar to ANSI Z24.22-1957 in that it requires the subject to don the 

HPD using both the experimenter’s “precise instructions” and the instructions supplied by 

the manufacturer in order to manipulate the HPD in the presence of a fitting noise to 

minimize noise. The subject-fit procedure of ANSI S3.19-1974 has been largely ignored 

since the EPA requires the experimenter-fit procedure for HPD testing. Experimenter fit is 

configured to yield the optimum attenuation of the HPD. In this procedure the subject fits 

him/herself with the HPD (according to the previously-mentioned subject-fit procedures) 

and the experimenter checks the fit and acoustic seal. The standard provides that “when he 

deems necessary, the experimenter shall reinsert earplugs and readjust other protectors to a 

‘best’ fit prior to testing but not after the test has begun” (ANSI, 1974, p. 5). Qualified 

subjects may be excluded from the final results if an “adequate fit” cannot be achieved but 
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they cannot be excluded for achieving poor attenuation. Excluded subjects must be 

reported but no detail is provided as to the extent of this report. 

A new standard, ANSI S12.6-1984, was introduced in 1984 but was never adopted 

by the EPA as the standard required to test and label HPDs. ANSI S12.6-1984 eliminated 

the two fitting procedures of the previous standard and replaced them with a single fitting 

procedure, “experimenter-supervised-fit.” The experimenter selects the proper size HPD, 

and gives the listener “precise instructions and practice on fitting the hearing protectors, in 

accordance with instructions from the manufacturer” (ANSI, 1984, p. 5). The subject then 

manipulates the HPD to minimize the sound of a fitting noise that is presented. If after 

checking the fit and seal of the HPD the experimenter determines they are inadequate, s/he 

may tell the subject to reinstall the HPD. However, only the subject and not the 

experimenter may refit the HPD to obtain an optimal fit and only before audiometric data 

collection begins. The same subject exclusion criteria of ANSI S3.19-1974 also apply to 

this standard. From the outset, ANSI $12.6-1984 cautions that “the methodology is 

intended to yield optimum performance values which may not usually be obtained under 

field conditions” (ANSI, 1984, p. 1). 

ANSI standards are subject to revision every five years. In 1988, the ANSI 

Working Group $12/WG11, Field Effectiveness and Physical Characteristics of Hearing 

Protectors, was established and began work to consider the development of a new 

standard, essentially providing a major revision of ANSI S12.6-1984. It should be noted 

that two of members of the committee overseeing this Master’s thesis, Dr. John G. Casali 

and Dr. John Franks, are also ANSI Working Group $12/WG1 1 committee members. 

The draft standard (ANSI S12.6-199X, Draft 1.4, 1994) retains the “experimenter- 

supervised-fit” of ANSI S12.6-1984 essentially unchanged, however a new fitting 

procedure called “subject-fit” is introduced in the draft standard. While the subject fit of 

ANSI S3.19-1974 and the subject fit of the draft standard are alike in name, they differ in 
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that the latter keeps experimenter involvement to a minimum. The experimenter is only 

allowed to hand the HPD in its packaging to the subject and to instruct him/her (reading 

verbatim from the standard) to fit the HPD, with reasonable comfort, according to the 

manufacturer’s written instructions. No supplemental instruction, practice, or fitting noise 

is to be supplied by the experimenter. Subjects that are used in the subject-fit procedure 

must have sufficient literacy and visual acuity to read the instructions on the package. 

However, the single most important subject selection criteria for the subject-fit procedure is 

that listeners must be naive or inexperienced in regard to the use of hearing protection. The 

experimenter assesses the subject’s knowledge and experience of HPDs with a set of 

questions from the standard that will be presented later herein. 

Depending on the standard, past standards have outlined certain criteria on which 

subjects must qualify in terms of maximum and minimum hearing sensitivity, variability of 

open threshold of audibility, and inability to obtain an adequate fit. The draft standard 

increases the list of criteria to qualify subjects. The draft standard adds a statement 

requiring the gerider of the test population to meet a 50-50 + 10% mix. Also, subjects may 

not be systematically selected with respect to their head, ear, or ear canal sizes and shapes. 

Although it is as yet undecided, $12/WG11 may make revisions to the draft standard which 

increase the minimum number of subjects to 20 or 24 and decrease the number of trials to 

one or two (ANSI S12.6-199X, Draft 1.4, p. 25). 

Both ANSI S12.6-1984 and its revision caution that “the attenuation data will be 

valid only to the extent that the users wear the devices in the same manner as the test 

subjects” (ANSI S12.6-199X, Draft 1.4, p. 4). While this is true, the subject-fit protocol 

is intended to be valid only as far as being compared to “...the attenuation obtained in the 

top 10-20% of today’s industrial and military hearing conservation programs, i.e. the 

attenuation that should be obtained by an informed and motivated work force” (ANSI 

S12.6-199X, Draft 1.4, p. 4). 
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Some knowledge of ANSI standards for HPD testing is needed to understand the 

problem of why laboratory estimations of HPD performance are poor indicators of actual 

attenuation achieved in the field. In order to fully appreciate this problem, it is also 

necessary to comprehend the pathways by which the ear is able to detect sound while 

wearing or not wearing an HPD. 

SOUND PATHWAYS TO THE EAR 

Sound Pathways to the Unoccluded Ear 

The sensation of sound is produced by sound energy vibrating the hair cells of the 

cochlea in the inner ear by means of two paths: the air conduction path and the bone 

conduction path. 

Air conduction occurs when sound energy travels down the ear canal to the eardrum 

_ which in turn transmits the energy in sequence to the tiny middle ear bones and finally to 

the cochlea and its hair cells. The hair cells vibrate and generate electrical impulses to the 

brain which are perceived as sound (Berger, 1980). 

In bone conduction, sound travels directly through the skull and/or ear canal walls. 

This also vibrates the eardrum, the middle ear bones, the cochlea and the hair cells but 

without traveling through the ear canal first. 

Because of the poor relative transmission properties of the skull as compared to air, 

the threshold of bone conduction is on the order of 40-50 dB higher than that of air 

conduction for some frequencies. 
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Sound Pathways to the Occluded Ear 

(This section of the thesis is based largely on information summarized from Berger 

(1986).) The testing of HPDs by the REAT method is based upon the fact that even while 

wearing an HPD, sound energy can still reach the ear and be detected or even be harmful. 

Figure 7 illustrates the four paths by which this can occur: air leaks, vibration of the HPD, 

transmission of sound through the material of the HPD, and the bone conduction path. The 

paths by which sound can be detected in an occluded ear with an earplug or an earmuff are 

illustrated respectively by Figures 8 and 9. 

Air leaks that result from an incomplete seal of the HPD are a major cause of poor 

attenuation. Earplugs and canal caps must make complete contact along the entire 

circumference of the ear canal in order to create a good acoustical seal against noise. 

Likewise, the cushions of an earmuff must completely enclose the ears without any gaps or 

leaks. 

A second explanation of how sound reaches the occluded ear is that acoustical 

energy can cause an HPD to vibrate. A vibrating earplug will move back and forth like a 

piston in the ear canal due to the flexibility of the ear canal flesh. This causes an earplug to 

become a sound source itself. Movement of an earplug inhibits the low frequency 

attenuation at 125 Hz of premolded earplugs by 30 dB and foam earplugs by 40 dB 

(Berger, 1986). In addition, the earcups of an earmuff can vibrate against the head and 

create noise. The movement of the earcups is determined by the flexibility of the muff 

cushion and the flesh beneath it, the air volume under the cup, and the compression of the 

headband. For an earmuff, the limit of attenuation at 125 Hz is 25 dB. 

Third, sound can reach the occluded ear by being transmitted right through the 

material of the HPD and exciting the eardrum by the bone or air conduction path, or both. 
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Figure 7. Generalized block diagram of the four primary sound pathways to the occluded 
ear (adapted from Berger, 1986). 
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Figure 8. Sound pathways with an earplug (from Berger, 1986) 
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Figure 9. Sound pathways with an earmuff (from Berger, 1986) 
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While some materials (rubber or polyurethane foam) make better sound barriers than others 

(cotton or glassdown), no material makes a perfect sound barrier. 

Bone conduction is the fourth way in which sound can reach the occluded ear. 

HPDs block the air conduction path but can do nothing to prevent sound from passing 

through the bone and tissue in the head. Therefore, the maximum attenuation possible for 

an HPD is about 60 dB when the ears are completely occluded, and it is bone conduction 

that sets this limit. 

In conclusion, even the best-designed HPD will not prevent sound from being 

transmitted to the ear. Of the four previously mentioned reasons for this, HPD vibration, 

material transmission, and bone conduction are simply inherent problems of HPDs which 

generally cannot be controlled by the user. However, air leaks can definitely be controlled 

by the user. One potential reason why laboratory and real-world measurements of HPD 

performance vary greatly is that the experimenter is more careful to avoid air leaks than the 

real-world user. Other factors that affect real-world HPD performance will be discussed 

further. 

FACTORS AFFECTING REAL-WORLD HPD PERFORMANCE 

Overview 

Attenuation measured in the laboratory using the ANSI S3.19-1974 standard is so 

very different from attenuation measured in the real world for a number of reasons, but 

perhaps the most important factor is that the experimenter, by fitting the HPD to the 

subject, is able to control and sometimes altogether eliminate those factors that reduce HPD 

performance in the real world. In other words, there is poor correspondence between the 

laboratory procedure and what happens in the real world. In actuality, many of the factors 
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that affect real-world HPD performance boil down to fit: according to the standard in use 

(ANSI $3.19-1974) an experimenter in a laboratory may fit and refit the HPD until a “best 

fit” is obtained. I[t is generally accepted that a real-world user does not invest as much time 

or care in the fitting process. In fact, because a worker may have to wear an HPD all day, 

s/he will typically adjust an HPD for comfort not for maximum attenuation (Wilson, 

Solanky, Gage, 1981). This is in contrast to subjects in a laboratory who are tightly fit for 

maximum attenuation but need only endure the discomfort for short periods of time. 

Air Leaks 

It bears repeating that the fit of the HPD is compromised by air leaks that prevent 

the formation of an acoustical seal. Air leaks may result from poor fitting. The lack of an 

acoustical seal from air leaks allows sound energy to be transmitted to the ear by the air 

conduction path. The earmuff is especially susceptible to the problem of air leaks in 

subjects who have pronounced anatomical facial features. Air leaks frequently occur in 

earmuffs at the jawline and/or at the temple of the head. Wearing earmuffs over glasses, 

heavy beards or whiskers, and hair all can create air leaks and reduce the attenuation of an 

earmuff. For earplugs, air leaks are commonly caused by improper or shallow insertion of 

the earplug or creasing of a rolled-down user-formed foam earplug. 

Level of User Instruction/Training 

Real-world attenuation is surpassed by laboratory attenuation because in the field 

users have to fit themselves, either with no instruction or the manufacturer’s instructions 

which may be brief and lacking in detail or even lacking altogether. An experimenter also 

has the advantage over the real-world user of being able to see the progress of the fitting 

35



process. A user cannot see him/herself nor is s/he likely to have the aid of a mirror while 

fitting the HPD. In addition, an experimenter has had practice and instruction in proper 

fitting technique while a field user may not have had much of either. In many hearing 

conservation programs, HPD users do not have much, if any, training in the proper fitting 

of HPDs. 

Size Selection 

Berger (1988a) estimates that 2 to 10% of the population will require a different size 

of premolded earplug for each ear. Aid in the selection of the proper sized premolded 

earplug can be accomplished by the use of a special device that measures canal size, an 

Eargage™, The Eargage™ Earplug Sizing Device, made by Cabot Safety Corporation (and. 

formerly made by American Optical), is a device which consists of five handles with a 

different size plastic sphere ranging from 7.6 mm to 11.4 mm attached to the end of the 

handle. The use of this device will be explained in more detail later (see Figure 20). 

Briefly, different-sized spheres are placed into the ear canal until a sphere which seems to 

conform to the size of the ear canal is found. That size sphere, ranging from extra-small to 

extra-large, corresponds to the size (or one size larger) of the premolded earplug that the 

user should use in that ear. Unfortunately, unless an HPD user is made aware and has 

access to an Eargage™, improper sizing of premolded plugs is acommon mistake. User- 

molded and custom-molded earplugs are usually not prone to the effect of size selection 

since, respectively, they are designed to expand to fit any size ear canal and they are 

designed for only one person. 

A word about the reliability and validity of the measurements yielded from the 

Eargage™ Earplug Sizing Device is worth mentioning here. In an unpublished large-scale 

ear canal anthropometry study, researchers concluded that the Eargage™ “...is a reliable 
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tool that can be trusted to provide repeatable results from different trained users, as long as 

those users are properly instructed and practiced” (Thomas, Wright, and Casali, 1993, p. 

11). However, the researchers questioned the validity of the Eargage™ earplug-sizing tool 

saying, “ ...the circular shape of the Eargage™ has a potential for distorting the 

predominantly elliptical ear canal. Although the Eargage™ may be useful as a fitting tool 

for selecting sizes of multi-sized earplugs, such as the V-51R, it is not adequate for 

anthropometric classification applications” (Thomas, Wright, and Casali, 1993, p. 11). 

Discomfort 

The large discrepancy between laboratory and real-world attenuation values can be 

attributed in large part to comfort. Unfortunately, comfort of the HPD is not given as much 

weight as the NRR in selecting an HPD even though comfort usually decides the workers’ 

acceptance and use of the device. The best HPD in the world is of no value if workers 

refuse to wear it or if they fit it improperly in order to achieve a more comfortable fit. 

Because the experimenter-fit protocol of ANSI S3.19-1974 is designed for 

optimum attenuation, comfort is a consideration that is conspicuously missing from the 

standard. In the laboratory, the experimenter fits the subject with the device with optimum 

attenuation rather than comfort in mind. The result is that earplugs, for example, may be 

inserted more deeply than usually seen in the real world to achieve high attenuation. The 

laboratory subject need only endure this deep fit for short periods at a time. On the other 

hand, workers in the real world who must wear earplugs for several hours at a time would 

not usually insert them as deeply or as uncomfortably. In fact, according to Royster and 

Holder (1982) the discomfort of wearing HPDs was the most commonly-reported 

complaint about HPDs. In addition, workers will adjust their HPDs for comfort rather than 
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maximum attenuation (Wilson, Solanky, and Gage, 1981). Scales for subjectively 

measuring HPD comfort have been developed and validated (Casali, 1992b). 

Comfort is a very important criterion because removing an HPD to relieve the ears 

of pain reduces the protection of the HPD (Else, 1973). For example, if an HPD with an 

NRR of 25 dB is not worn for just 15 minutes during an 8-hour noise exposure to give the 

ears a break, then the time corrected NRR would only be 20 dB (Berger, 1986). This is 

illustrated in Figure 10. An interesting paradox sometimes occurs whereby users with 

high-NRR, low-comfort HPDs will show more hearing loss than users with moderate- 

NRR, high-comfort HPDs. The explanation for this discrepancy is, of course, that a low- 

comfort HPD is unlikely to be worn which effectively reduces both its NRR and the 

protection afforded to the user. Discomfort can be the result of poorly-sized or inserted 

earplugs, deteriorated HPDs that have rough or hard edges or surfaces, earmuff headbands 

that are too tight, and the use of earmuffs in hot working climates (Nixon and Berger, 

1991). Workers who make modifications to HPDs in an attempt to increase the comfort of 

the device (e.g., trimming premolded earplug flanges, stretching earmuff headbands to 

reduce compression on the head, or cutting foam plugs in half) risk compromising the 

performance of the HPD (Gasaway, 1984). 

Inadequate Fitting 

A trained experimenter is proficient and highly practiced at fitting HPDs to subjects 

to obtain the highest attenuation. A user in the real world is not nearly as versed in the 

nuances of fitting HPDs, such as looking for air leaks from a poor seal. (In fact, even 

skilled experimenters sometimes have difficulty obtaining the attenuation that manufacturers 

report: Abel, Alberti, and Rokas (1988) came up 18 dB short of manufacturer’s 

specifications for two insert HPDs even using though they used experimenter-fit 
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Figure 10. Time-corrected NRR as a function of wearing time using OSHA 5-dB trading 

relationship (adapted from Berger, 1986). 
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procedures.) This difference in knowledge contributes to the discrepancy between real- 

world and laboratory attenuation (not to mention the fact that probably no user fits HPDs as 

tightly and perhaps uncomfortably as experimenters). In fact, the fitting of an HPD has 

been called as “the most critical aspect of an REAT evaluation” (Berger, 1985, p. 2). 

A properly-inserted foam earplug must be placed well into the ear canal such that 

the end of the earplug that seals the canal and is flush with or slightly inside the tragus. An 

earplug that protrudes into the concha probably is not making a good seal and is not taking 

advantage of the full length of the earplug to block noise. A more deeply-inserted earplug 

improves attenuation, especially for lower frequencies (Berger, 1983b) and reduces the 

user’s perceived change in voice and body sounds, a phenomenon called the occlusion 

effect. Berger (1989) was able to vary the attenuation of earplugs by as much as 15 dB 

simply by either using a standard insertion or a partial or poor insertion of the earplugs. In 

contrast to the experimenter who deeply inserts the earplug in the laboratory, real-world 

users are probably afraid of inserting an earplug too deeply for fear of damaging the 

eardrum or “losing” the earplug in the ear canal. 

Length of Wearing Time 

The attenuation of an HPD can be affected by the length of time that it is worn. 

Because subjects in a laboratory are only required to wear HPDs for short periods of time 

and subjects do not move around very much, the HPDs do not get a chance to be disturbed 

very much as they are in the real world. Kasden and D’ Aniello (1978) hypothesized that 

the internal pressure of the ear slowly forces an earplug outward. (The authors’ hypothesis 

that it was the so-called “the internal pressure of the ear” that forced out the earplug over 

time is faulty — the pressure inside the ear canal should remain the same as that outside the 

ear canal unless the user changes altitude.) Normal activity after just two hours has also 
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been found to adversely affect the attenuation for a mineral-down earplug (Krutt and 

Mazor, 1980). However, since there were no control-group subjects for this study who 

were not allowed to engage in movement, it is difficult to separate whether the effect was 

due to movement or to normal slippage of the earplug out of the ear canal. 

Movement 

The fit and attenuation of earplugs may also be compromised by strenuous physical 

activity (Casali and Park, 1990) or even from light physical activity such as office or 

laboratory work (Berger, 1981; Krutt and Mazor, 1980). Temporomandibular movement 

of the jaw from talking or chewing can loosen the HPD‘and affect the fit and attenuation of 

muffs and plugs (Casali and Park, 1990; Cluff, 1989). 

Presence of Fitting Noise 

ANSI S3.19-1974 requires that a white noise be presented to the subject in order 

for him/her to gauge the quality of the fit. In the real world, users of HPDs do not have the 

advantage of a constant fitting noise to fit their HPDs except for background noise or their 

own voices. The results of different research studies are mixed as to whether the presence 

of a fitting noise helps the user of HPDs to determine if a good or bad fit has been 

achieved. While investigations of fitting noise by Casali and Epps (1986) and Berger 

(1981) offer some proof of the usefulness of fitting noise to increase attenuation, the latest 

research of fitting noise by Richards (1991) indicates otherwise. Richards’ experiment 

yielded no significant fitting noise main effect nor interaction with any other variable. This 

led Richards to conclude that the extra time and effort of presenting a fitting noise are 

unjustified. 
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Condition of Protector 

The improper care and maintenance of HPDs is a real-world factor that reduces 

attenuation that is controlled for in the laboratory. A hearing protector experiment will 

usually use new, unused HPDs which subjects will only wear for about a maximum of 30 

minutes. ANSI $3.19-1974 requires that a minimum of two individual units of a hearing 

protector be used in an HPD test; however, usually a fresh pair of earplugs is used for 

each replication of a REAT evaluation test. In the real world, HPDs in use may be old and 

become deteriorated. Workers may, in some cases, rewash and reuse the same earplugs 

for days, even weeks. Earmuff cushions crack and need replacing because of contact with 

sweat, cosmetics, skin oils, and substances in the workplace (Berger, 1986). Also, 

earmuff headbands tend to lose the tension that keeps the earcups firmly pressed against the 

head. It has been demonstrated that lower attenuation results from lower headband 

compression, particularly at low frequencies (Casali and Grenell, 1989; Flugrath and 

Wolfe, 1971). 

Modifications to the HPD 

Workers in the real world introduce another effect that the laboratory experiment 

controls: modification of the HPD. Motivations for modifying the HPD differ. Some 

modifications are made to increase comfort: drilling holes in earmuffs to ventilate the 

muffs, trimming flanges on premolded plugs, stretching the headband of muffs or canal 

caps to reduce pressure, and snipping the ends of custom-molded earplugs (Gasaway, 

1984). Employees may also modify HPDs to make them more attractive, or personalized, 

such as drilling holes in earmuff cups in an initial pattern. Still other modifications may be 
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made to partially defeat the noise-reducing ability of the HPD in order to be able to hear 

better. 

Motivation 

The motivation of the user to fit the HPD can affect the noise-reducing performance 

of the device. A better fit of an HPD is usually achieved in the laboratory because the 

motivation of the subject in fitting the HPD is eliminated in the experimenter-fit protocol 

when the experimenter fits the HPD to the subject. Workers may not fit HPDs properly 

because they cornplain that it is too time-consuming, too hard to monitor the sounds of the 

machinery, too hard to communicate, and others complain of the occlusion effect 

(amplification of physiological noise) that is produced. 

Subjects used in experiments to test and rate HPDs are paid participants who need 

only endure the HPD for a short period of time. Thus, the subject is more motivated and 

has more incentive to endure the discomfort of a tightly fit HPD than a worker in the real 

world. 

Many of the factors that degrade real-world performance of HPDs could be 

controlled in industry by a successful hearing conservation program which includes careful 

monitoring, training, and education of employees. While it is unlikely that an effective 

hearing conservation program can make the real-world attenuation of HPDs match those 

suggested by manufacturers, it can reduce noise exposure through proper HPD use to 

levels considered safe for hearing (Edwards and Green, 1986), in all but the most severe 

noise environments. 

All of the aforementioned conditions, in any number or combinations, act to 

degrade the real-world performance of HPDs. Numerous investigations have been made of 
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these factors which confirm that the attenuation of HPDs as tested in the laboratory are a 

poor estimate of the attenuation achieved in the real world. 

FIELD INVESTIGATIONS OF REAL-WORLD HPD PERFORMANCE 

Overview 

For nearly twenty years, researchers have been reporting studies establishing the 

discrepancy between values obtained from optimum-fit procedures for testing HPDs and 

values obtained from the real-world or field use of HPDs. The studies generally reach the 

same conclusion but each has approached the problem with varying techniques. The first 

main difference between investigations of HPD performance in the real world is whether 

the study was conducted with more field-like conditions or more laboratory-like conditions. 

Attempting to assess real-world attenuation in a laboratory seems contradictory, but it can 

be valid with proper protocols. Defining what exactly constitutes a field or laboratory 

study becomes very difficult in that some investigations possess both laboratory and field 

characteristics. 

Field investigations into the reliability of manufacturer’s reported NRRs of HPDs 

generally fall into four categories: 1. unscheduled testing of the real-ear attenuation at 

threshold of workers taken directly from their jobs with their HPDs fitted earlier by 

themselves, 2. scheduled testing of the real-ear attenuation at threshold of workers asked to 

bring their own HPDs from work to fit to themselves for immediate testing, 3. testing of 

the differences between the noise levels inside and outside an earmuff using microphones 

and dosimeters (a physical microphone rather than a psychophysical approach), and 4. 

determining the presence of temporary threshold shifts in workers who use HPDs after an



eight-hour occupational exposure to hazardous levels of noise (an audiometric effect-of- 

exposure approach). 

A review of studies under each of the four categories will be presented next 

I. Studies of Unannounced Testing of Employees Taken from Workplace 

The most valid and readily generalizable field studies measure real-world 

attenuation by removing workers, who have fit themselves with their HPDs prior to 

starting or during the workday, from the workplace unannounced and at random. (Fleming 

(1980) calls this type of testing “‘candid’’.) These workers are then taken to a mobile: 

audiometric van for testing. Between the time that the subject is taken to the time that s/he 

is tested, the subject is carefully watched to prevent adjustment of the HPD. The original 

fit is preserved so that the attenuation measured is believed to be the same as that received 

under actual working conditions. 

One of the first studies of real-world attenuation was conducted twenty or so years 

ago by Regan (1975) as a doctoral dissertation. Regan’s experiment established the 

experimental protocol for “true” field studies that were to follow which used unannounced 

testing of employees. Regan tested 32 male subjects from a steel stamping plant who had 

at least two years experience with the HPDs tested. Using a mobile audiometric van, four 

HPDs were tested: a user-formed soft sponge earplug, a rubber premolded earplug, 

custom-fitted earplugs, and a circumaural earmuff. Subjects were taken from the 

workplace (unannounced and at random) four times during a two-week period twice each 

week and tested according to ANSI Z24.22-1957. The results indicated that the attenuation 

provided to the worker was significantly less than the manufacturer’s data by as much as 

20 dB and commonly by 10 dB. 
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Padilla (1976) conducted a study of noise-exposed factory workers with 10 years 

experience using HPDs with either V-51R premolded earplugs or custom-molded earplugs 

made especially for the study. Attenuation was measured only at 500 Hz using pure tones 

and an experimental earphone-based earmuff testing device for determining the attenuation 

of earplugs. This experimental earmuff method was compared against the conventional 

ANSI Z224.22-1957 method for testing real-ear attenuation of earplugs and the means did 

not differ by more than 2 dB at any frequency. While Padilla’s study included some 

subjects who participated in a reference laboratory study, most subjects in the study had 

true field fits of their HPDs when tested. Field-tested subjects were taken from the 

workplace without prior notice and tested without adjustment of the original HPD fit. 

Laboratory-tested subjects were brought to the laboratory where they were told to fit their 

earplugs, with the aid of a white noise, as they normally would on the job. For the V-51R . 

earplug, the mean attenuation in the laboratory test, 17 dB, was significantly different than 

the mean attenuation in the field test, 8 dB (p = 0.001). The same result did not hold true 

for the custom-molded plugs (p = 0.07) probably because there are fewer variables 

involved in fitting a custom earplug, especially if it is properly molded for the user’s ear. 

Apparently, at least for the V-51R earplug, subjects are more motivated to fit their earplugs 

better in the laboratory where they know they will soon be tested and only for a short 

while. This indicates that laboratory tests where subjects fit themselves as they would at 

work are not valid indicators of the actual use of the devices in the field. (Padilla’s results 

are in contradiction to Fleming’s (1980) comparisons of “candid” (unannounced field-test) 

and “scheduled” (laboratory-test) tests which show no significant difference between the 

two test results on average.) 

Also of interest in the Padilla study is that the overall mean attenuation of the two 

plugs combined for 443 subjects at 500 Hz was 12 dB with a standard deviation of 8.01 

dB. The mean attenuation recorded for 183 sets of field-tested V-51R plugs was 8 dB with 
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a standard deviation of 9.14 dB. However, at the time, according to studies at another 

government laboratory, the V-51R earplug could optimally achieve a mean attenuation of 

25 dB with a standard deviation of 5 dB at 500 Hz. For custom-molded earplugs, the State 

of California “1973 Average Attenuation for Acceptable Ear Protectors,” claimed 31 dB 

attenuation at 500 Hz. Despite this, of the 230 sets of custom-molded earplugs tested in the 

field, only 12 of the 230 sets managed to achieve the 30 dB level. Padilla’s conclusion was 

that the earplugs did not offer significant protection against the noise-exposure levels 

(which were unspecified by the author) at the industrial facility tested. The inadequacy of 

the earplugs was supported by a study of hearing losses among the workers exposed. 

Crawford and Nozza (1981) used a mobile audiometric van to test the attenuation of 

three types of earplugs used by 87 production workers from four manufacturing plants. In 

this study, subjects knew only that they would be tested over a one-week period but did not 

know which day, which hour, or how many times. Three earplug types were tested: 

custom - ..olded earplugs, premolded earplugs, and user-molded foam earplugs. Subjects 

were tested with the earplug that they routinely wore each day. Subjects’ hearing 

thresholds were tested with circumaural headphones that delivered third-octave band center 

frequencies presented in the following order: 500, 1000, 2000, 3150, 4000, 6300, 8000, 

250 Hz. The attenuation for six of the eight test frequencies for the custom-molded plugs 

was roughly half that of the manufacturer’s values. The same result occurred for the 

premolded earplug for all eight test frequencies. The user-molded earplug fared the best 

with mean attenuation at 2000 Hz and above roughly equaling manufacturer’s measured 

values. However, standard deviations for both the user-molded earplug and the custom- 

molded earplug were two to three times higher than manufacturer’s reported values. 

The National Institute for Occupational Safety and Health (NIOSH) conducted two 

large field studies in 1977 and 1981 to determine the actual attenuation among different 

earplugs as worn by industrial workers in the workplace. The first field study (Edwards, 
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Hauser, Moiseev, Broderson, Green, 1978) used an audiometric van and earphone 

loudspeakers placed under a large earmuff to test the real-ear attenuation at threshold of 168 

workers at six Kentucky industrial sites. Testing was unannounced and at random and 

performed at nine test frequencies ranging from 125 to 8000 Hz with 500 Hz repeated 

once. Included in this first study were two premolded earplugs (rubber twin-flanged and 

V-51R designs) and user-molded “Swedish” or acoustic wool without a pre-formed 

shroud. Workers were found to be receiving noise reduction from a low of about 6 dB at 

125 Hz to a high of approximately 20 dB at 3150 Hz. Comparisons of the results of this 

field study to manufacturer’s reported data revealed that the average worker was receiving 

only 33 to 54% of the reported maximum attenuation of the earplugs. 

In the second NIOSH study (Edwards, Broderson, Green, and Lempert, 1983) 

conducted in 1981, the same audiometric van and experimental procedure were used to test 

280 workers in 10 industrial facilities in 8 states. The same Kentucky plant and some of 

the same employees from the 1977 study were also included in the 1981 study as a control 

to show consistency. The second study included only the user-molded acoustic wool plug 

from the 1977 study and introduced three different earplugs: user-molded expandable 

acoustic foam, custom-molded, and acoustic wool with a pre-formed plastic shroud. 

Average attenuation in the second study ranged from 9 dB at 125 Hz to 29 dB at 3150 Hz. 

Average field protection, depending on the type of earplug, ranged from 40 to 70% of the 

laboratory established values in the study. Standard deviations of the field attenuation of 

the test frequencies were two times as large as those obtained by manufacturer’s laboratory- 

derived values. Based on the large discrepancy found between laboratory and field 

attenuation values, the authors suggested a derating factor for laboratory values to 

approximate field attenuation more accurately. The authors, however, did not specify 

exactly what this derating factor should be. Summarizing the results of the two NIOSH 
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studies, Lempert and Edwards (1983) concluded that half of the workers in the two studies 

received less than half the maximum potential attenuation of the earplugs. 

In a related study, two of the authors from the NIOSH field studies conducted a 

third study at two DuPont plants with a hearing conservation program (HCP) that was said 

to have met or exceeded the 1983 Hearing Conservation Amendment (HCA) requirements 

(Edwards and Green, 1986). The authors then compared the field performances of 

expandable foam earplugs for the DuPont plants and four plants in the NIOSH studies. 

Results indicated that the average NRRgq (15.2 dB) from the two DuPont plants was 6.8 

dB greater than the average NRRgg (8.4 dB) of the four NIOSH plants. Effective dBA 

levels under the earplug for the two DuPont plants were calculated to be 71.7 and 72.7 

dBA which adequately protect the worker. The effectiveness of the company’s HCP 

underscores the necessity of employee education and training in order for the performance 

of HPDs in the field to more closely resemble optimum laboratory values. 

Hachey and Roberts (1983) tested the field attenuation of HPDs as fit by production 

_ workers who were taken unannounced and without manipulation of the original fit of the 

HPD. The four types of HPDs tested were an earmuff, a foam insert, a Swedish wool 

earplug, and a custom-molded earplug. As expected, the authors noted “dramatic 

differences” between the measured field values and reported laboratory values. 

Smoorenburg, Raa, and Mimpen (1986) tested the field-fit of 48 Dutch Air Force 

service men who had received earplug insertion training three months prior to threshold 

difference testing. No additional training was given to the men before the testing; in fact, 

they were not even aware that they were to be tested. Results included only 92 ears and 

only one HPD, a twin-flanged premolded earplug. The median attenuation values of the 

plugs were 3 dB at 500 Hz and 23 dB at 3000 Hz. Mean values were approximately 4.5 

dB higher than median values. In 25% of the ears for 500 Hz, no attenuation was recorded 

and in 5% of the ears at 3000 Hz, there was only 3 dB or less attenuation. The authors 
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pointed out that only by subtracting two standard deviations from the laboratory value will 

the median real-world value match the laboratory value. 

Another field study was conducted as a dissertation by Fleming (1980). His study 

was summarized in a paper by Berger (1983a) that combined and reviewed 10 field studies 

with a total number of subjects equaling 1551. Even though the primary objective of 

Fleming’s study was to investigate the effectiveness of a new procedure to field test 

earplugs, it investigated the effectiveness of HPDs as fit in the field. He compared candid 

and scheduled results from his study and found no significant differences between them. 

Fleming tested nine subjects with the V-51R premolded earplug and thirteen subjects with 

the MSA Accu-Fit. As summarized by Berger (1983a), the NRRgg calculated with one 

standard deviation (the attenuation afforded to 84% of users) was 7 dB for the V-51R and 4 

dB for the MSA Accu-Fit. The labeled NRRog given by the manufacturer for these two 

devices was 23 and 14 dB, respectively. 

Casali and Park (1991b) conducted a field study where noise-exposed workers 

were taken from their jobs (while wearing their HPDs) and transported to a nearby 

laboratory for REAT testing according to ANSI S3.19-1974. Forty noise-exposed 

workers wore one of four HPDs (E-A-R foam earplug, premolded earplug, earmuff, and a 

canal cap) on the job, with the assigned HPD being different from the one they had 

currently used. Two different fitting conditions, subject fit and trained fit, were evaluated. 

Initially, in the subject-fit condition, workers were told to fit the HPD according to the 

manufacturer’s instructions and nothing else. Then, after three weeks of using the HPD on 

the job, the experimenter trained subjects to fit the HPD optimally (trained-fit condition). 

The subject-fit condition was intended to realistically portray attenuation in the field. 

Across HPDs, the trained-fit condition provided 4 to 7 dB more attenuation and smaller 

standard deviations than the subject-fit condition. The effect of trained-fit was most 

pronounced for the two types of earplugs but was negligible for the canal cap and earmuff. 
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However, trained-fit NRRs were substantially lower than manufacturer’s NRRs with 

differences ranging from 8 to 16 dB. Subject-fit NRRs differed from manufacturer’ s 

NRRs by a low of 14 dB for the muff (11.0 dB subject-fit NRR and 25 dB manufacturer’s 

NRR) to an astonishing high of 36 dB (-7.4 dB subject-fit NRR and 29 dB manufacturer’s 

NRR) for the E-A-R foam earplug. The results indicated that the differences between 

laboratory and field NRRs are greater for some HPDs than for others, and that even 

training subjects in proper fit did not approach manufacturer’s data. Therefore, the authors 

suggested that uniform derating of HPDs that have been proposed (Berger, 1986; OSHA, 

1983) may over- or underpenalize different types of HPDs. 

Pfieffer (1992) conducted a field study using six German industries to test the field 

attenuation of three earplugs (E-A-R foam and two glass-down) and four earmuffs. 

Presumably Pfieffer’s study was conducted candidly by taking workers unannounced of 

the work floor, however, specific methods of the study were not mentioned. The author 

expected greater agreement between laboratory and field values than U.S. data since all 

- West German hearing protectors are type-approved models by the government and include 

instructions for use. In addition, the hearing protection program of the country includes 

various requirements to ensure the proper use of HPDs. The researcher’s expectation was 

not met; differences between laboratory and field attenuation were approximately the same 

for this study as other international studies. Field results from the study were compared to 

laboratory results that use ISO 4869-1:1990. Mean differences between field and 

laboratory were 13.3 dB for the E-A-R earplug and 5.9 and 8.7 dB for the two glass down 

plugs. Less discrepancy existed between laboratory and field results for the earmuffs with 

a mean difference of only 4.5 dB and a range of differences of 2.3 to 5.7 dB. 
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2. Studies of Scheduled Testing of Employees Fitting Own HPD 

Other investigations of the real world and laboratory discrepancy have attempted to 

replicate, in a laboratory, the fitting of HPDs as performed in the field. In this type of 

study, actual workers who have HPD experience are brought to a laboratory and are asked 

to fit HPDs (usually their own but sometimes provided) to themselves for real-ear at 

threshold attenuation testing. (Fleming (1980), as mentioned earlier, calls this type of 

testing “scheduled”.) While the values obtained from these studies still uncover a 

discrepancy between real-world and field values, the validity of these types of experiments 

is not as great as actual field studies where subjects fit themselves with HPDs without 

knowledge of future immediate testing. Because subjects are being watched by the 

experimenter in a laboratory study, subjects may, in an attempt to meet the perceived 

expectations of the experimenter, fit the HPDs better than they usually would on the job. 

Thus, even though the results from these types of studies are also significantly discrepant 

from manufacturer’s data, it is questionable whether a “true field fit” is being obtained with 

this method. However, these studies do have the advantage that the workers’ own HPD is 

usually used regardless of its condition. 

Alberti, Riko, Abel, and Kristensen (1979) asked 88 workers to bring their own 

hearing protectors from work and to fit the HPDs themselves in the same manner that they 

would wear them at work. Four types of HPDs were tested: E-A-R user-molded vinyl 

foam earplugs, custom-molded earplugs, Willson Sound Silencer earplugs, and assorted 

earmuffs, some of which were attached to hardhats. Open and occluded hearing thresholds 

were determined only once per subject in a “sound-proof” booth using eight narrow-band 

noises centered at the frequencies 125, 250, 500, 1000, 2000, 3000, 4000, and 6000 Hz. 

Custom-molded earplug attenuation scores fell mostly between 0 and 15 dB. For the E-A- 

R and Willson earplugs, half gave 20 dB or more attenuation at 1000 Hz. Overall, the 
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mean attenuation and standard deviations for all the HPDs were, respectively, considerably 

less and more than manufacturer’s reported values. The authors blamed the low attenuation 

values of the muffs on poor headband force, air leaks along the cushion due to hair and 

eyeglasses interference, and poor muff maintenance. Poor earplug performance was 

blamed on inadequate insertion of the earplug into the ear and not holding in sponge plugs 

while they expanded. 

Abel, Alberti, and Riko (1982) measured the field attenuation of ten HPDs (six 

models of plugs, four models of muffs) used by 347 workmen who had 5 to 20 years 

experience working in potentially hazardous levels of noise. For the REAT tests conducted 

in a “sound-proof” booth, subjects were asked to fit themselves, without any assistance, 

using their own protectors brought from work. For eatplugs, the Willson Sound Silencer 

provided the greatest attenuation followed closely by the E-A-R and Decidamp earplugs 

nearly tied for second. At 125 Hz, the four models of earmuffs gave only 5 to 10 dB 

attenuation. An analysis of four frequencies revealed the distribution of attenuation scores 

to be widely distributed between 0 and 45 dB. The authors identified fitting and 

maintenance of the HPD as factors contributing to the relatively low average attenuation 

score as compared to the reported data from manufacturers. The authors note that in their 

clinic, attenuation increased by approximately 7 or 8 dB across frequencies when fit by the 

audiologist rather than by the worker. Even with the audiologists’ fit of the HPDs, the 

authors note that the laboratory values were still 3 to 4 dB lower than the manufacturer’s 

data across all frequencies. 

Behar (1985) tested the attenuation of several HPDs at three Canadian electrical 

generating plants using audiometric booths. In all, 177 subjects were tested of which 

89.2% had one or more years experience with HPDs. The HPDs tested included one muff, 

two cap-mounted muffs, one semi-aural device and three earplugs, of which one was the 

E-A-R earplug. Subjects were tested using a procedure similar to ANSI S3.19-1974 and 
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only six frequencies of third-octave bands were used: 250, 500, 1000, 2000, 4000, and 

8000 Hz. Subjects who wore muffs on the job brought their muffs with them and fitted 

them in the way that they were accustomed. Disposable earplugs were provided to subjects 

who regularly wore them on the job. The wearing of safety or prescription glasses was 

allowed during testing. Results of the experiment again demonstrated that the NRRs 

manufacturers report are higher than field NRRs with differences in this study ranging 

from 5 to 25 dB. Differences of manufacturer and field NRRs were greatest for earplugs, 

21.8 dB, and least for earmuffs, 5 dB. Presumably these differences were due to earplugs 

requiring more fitting skill than earmuffs. For the E-A-R earplug, NRRs of 4 and 7 dB 

were measured at two plants, which vary greatly with the manufacturer’s NRR of 29. The 

authors report that for their investigation, the NRR was on average 14.9 dB lower than the 

manufacturer’s value. Based on these results, Behar and Desormeaux (1986) suggest that 

the manufacturer’s NRR be derated by 15 dB to better approximate field attenuation. 

In an unpublished study, Berger and Kieper (1991) asked 51 noise-exposed (TWA 

approximately 88 dBA) production employees of a purportedly well-run hearing 

conservation program to fit themselves as they would on the job with either an E-A-R vinyl 

foam earplug (N=22) or an UltraFit triple-flanged premolded earplug (N=29). Results 

from the study were compared to a previous study (Berger, 1988b) in the same laboratory 

(N=100) that used primarily naive subjects who fit the earplug using only the 

manufacturer’s instructions (termed a “laboratory simulation”). For the E-A-R earplug, the 

NRRgg of the subject-fit (with instructions) laboratory simulation study, 21 dB, compared 

well with the NRRgg of the production employee study, 20 dB. The NRRg4 for both 

studies was considerably higher than the NRRg4 for 13 combined previous real-world 

studies of the E-A-R earplug (many of which are in the literature review in this thesis), 13 

dB. The premolded earplug had an NRRgq of approximately 3 dB which was considerably 

less than what the laboratory simulation would have predicted, 13 dB, and less than the 
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NRRgg of 7 dB when averaged across all available field studies. The authors’ conclusion, 

based on the similarity between the results of the two laboratory studies, was that the 

subject-fit with instructions fitting procedure (laboratory simulation) may give reasonable 

estimates of how a foam earplug is worn in a good hearing conservation program. The 

authors indicated that the same conclusion about the laboratory simulation procedure could 

not be drawn for the premolded earplug. 

Méndez, Salazar and Bontti (1992) conducted a study along the same lines as 

Berger and Kieper (1991) in that the 30 subjects tested were actual industrial workers who 

brought their own HPDs to fit themselves without assistance immediately before testing. 

Conducted in Argentina, the tests used a national standard with strong similarities to ANSI 

S3.19-1974. The HPDs tested were two silicone plugs, a premolded earplug, a muff and a 

mineral-fiber down earplug. These authors also noted significant differences of attenuation 

between their field data and manufacturer’s data. Better HPD maintenance and training of 

employees was stressed by the authors to improve the performance of the devices. 

3. Studies of Dosimeter Microphones Placed Inside and Outside Earmuffs 

Another approach to determine real-world attenuation of HPDs was taken by Goff 

and Blank (1982). They used mini-microphone and dosimeter technology to establish the 

noise reduction achieved by earmuffs under actual working conditions where the worker 

went about his (subjects were all males) normal duties. Sound levels were measured 

simultaneously by placing one microphone under the worker’s earmuff and the other on the 

worker’s shoulder. Five different models of earmuffs, all worn in the behind-the-head 

position, were tested at various mines. The authors determined that laboratory values of 

noise reduction were considerably higher than the actual noise reduction achieved under the 
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muffs in actual working conditions. In fact, for all tests in underground mines, levels 

inside the earmuffs were at or above 90 dBA. 

The miniature microphone under muff approach was also used in a Swedish study 

that measured real-world attenuation in a shipyard (Erlandsson, Hakanson, Ivarsson, and 

Nilsson, 1983). The reduction in noise dose (converted to a TWA reduction in dBA) at the 

ear for a test person with short hair, careful fitting of a fresh earmuff, and no helmet or 

breathing mask was 23.1 dBA. This attenuation agrees with the manufacturer’s data for 

most earmuffs. However, another test was conducted that replicated real-world conditions 

by using old helmet-adapted earmuffs, a breathing mask, and subject donning of the 

devices. In the second case, dose reduction in TWA at the ear under the muffs measured 

only 8 dBA. 

Likewise, Chung, Hardie, and Gannon (1983) tested the performance of 

circumaural earmuffs in the field by using dosimeters and miniature microphones. There 

were 101 subjects from 18 different plants in the study. Seventeen different models of 

~ helmet-mounted or headband earmuffs were tested without regard to the condition of the 

muff. Workers were exposed to steady state noises on their jobs with the TWA of the 

noise exposure period ranging from 86 to 108 dBA, with a mean TWA of 98.6 dBA. The 

investigators rated or recorded the physical condition of the subject (long hair, safety 

glasses, and cap or turban), and the fit, age, and condition of the earmuffs. One-way 

analysis of variance revealed only significant results for the fit of earmuffs (p < 0.01). 

Clearly, the better earmuffs are fit, the better attenuation produced. Physical conditions 

significantly influenced attenuation only at the p =0.1 level. Results indicated that the 101 

muffs tested had an average attenuation of 20.3 dB with a standard deviation of 6.5 dB and 

a range of attenuation of 2.5 to 37.3 dB. The investigators called the relatively high mean 

average attenuation “quite impressive”; however, they called for improvements to hearing 
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conservation programs based on the fact that 27 of the 101 workers in the study had noise 

exposures exceeding 85 dBA in one or more ears even with hearing protection. 

Pekkarinen (1987) measured noise levels inside and outside the earmuffs of 238 

Finnish workers at 21 industrial plants and found the mean attenuation of the selected 

earmuffs to be 17 dB (range: 12 to 23 dB) as worn by the worker on the job. Noise levels 

outside and inside the earmuffs averaged 93 dB and 76 dB respectively. Only 10% of 

workers were exposed with protection to equivalent noise levels greater than 85 dBA. 

4. Studies of Temporary Threshold Shift Measurements 

A different and often overlooked approach to estimate the real-world performance 

of HPDs has been suggested by L. H. Royster and colleagues. In two studies (Royster, 

1979; Royster, 1980) Royster measured the open threshold hearing levels of workers at 

the beginning and end of three eight-hour workshifts. Open threshold testing was done in 

order to detect temporary threshold shifts (TTS) that may have resulted from the 

inadequacy of the HPD to reduce noise to safe levels. Because real-world TTS studies 

focus on the TTS of the worker him/herself rather than on the attenuation of the HPD itself, 

they do not fit the mold of the typical field HPD studies previously discussed. However, 

the TTS studies are relevant to the investigation of the field and laboratory discrepancy in 

that the message is the same: hearing protectors in the field do not nearly afford the 

protection indicated by carefully controlled laboratory tests. 

In the first of Royster’s studies (Royster, 1979), the effectiveness of the E-A-R 

user-molded vinyl-foam earplug, premolded Hear-Guard V-51R, and Sigma earplugs was 

studied. Workers were exposed on the job to an A-weighted Le, of about 95.5 dB. 

Workers using the Hear-Guard and Sigma earplugs were found to incur significant daily 

shifts in their hearing levels. E-A-R users did not exhibit a significant TTS. The second 
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study (Royster, 1980) by Royster evaluated the TTSs of workers using the E-A-R earplug 

and the V-51R. The users of the V-51R exhibited significant shifts in their hearing 

threshold levels as compared to their initial audiogram. The V-51R users also exhibited 

significantly greater shifts than workers wearing the E-A-R earplug. Royster (Royster, 

1982, p. S53) points out that “the effectiveness of HPDs in preventing on-the-job 

temporary thresholds has been established to be significantly less than would be predicted 

using laboratory-generated data.” 

Royster, Royster, and Cecich (1984) conducted a TTS study in an industrial facility 

with a TWA of 107 dB and found significant TTSs at the end of each workday for the E-A- 

R and Com-fit earplug users at 500-4000 Hz and 1000-2000 Hz, respectively. Earmuff 

users displayed TTS at 500 Hz. The Com-fit and earmuff users showed significant 

changes in annual audiograms, while users of the E-A-R earplug did not. 

LABORATORY INVESTIGATIONS OF REAL-WORLD HPD 

PERFORMANCE 

Overview 

In contrast to the field research discussed to this point, other researchers have 

chosen to explore the real-world and laboratory discrepancy by simulating the independent 

variables that affect real-world HPD performance in the laboratory with carefully controlled 

studies. Laboratory studies may singly or in combination simulate real-world factors that 

affect real-world HPD performance and or they may incorporate modified fitting 

procedures in order to achieve an estimate of real-world performance. Laboratory 

investigations of real-world HPD performance generally fall into two categories: 1. studies 

isolating one or more real-world factors and, 2. studies of fitting procedures. 
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I. Studies Isolating One or More Real-World Factors 

One such factor thought to degrade real-world hearing protector attenuation is the 

effect of wearing time. Kasden and D’ Aniello (1978) hypothesized that the “internal 

pressure of the ear” pushed out insert-type hearing protectors over extended periods of 

time. The authors, who were experienced audiologists, served as the only subjects to test 

the effect of three hours wearing time of a V-51R and custom-molded earplug. Each 

earplug was tested twenty times per subject using the standard ANSI Z24.22-1957. First, 

an initial unoccluded threshold was measured, then earplugs were inserted, and an 

occluded hearing threshold measurement was measured. Three hours passed wherein the 

authors engaged in vaguely defined “normal activities”. With the earplugs still in, the two 

subjects’ occluded thresholds were once again measured. Decreases of attenuation for the 

V-51R ranged from | to 17 dB depending on frequency. Significant differences between 

initial and final attenuation values were found for the V-51R earplug (p < 0.01), indicating 

that time had adversely affected the attenuation of the earplug. Significant differences were 

not reported for the custom-molded earplug. Because of its resistance to time effects, the 

authors felt that the extra cost and time required to make custom-molded plugs was 

justified. The author’s explanation for the shifting of the earplug in the ear was surely due 

to the subjects’ movements rather than to the “internal pressure of the ear.”” As mentioned 

earlier, the pressure inside the ear canal should remain the same as that outside the ear canal 

unless the user changes altitude. This study has also been criticized because the authors 

themselves acted as subjects and because the sample size was exceptionally small. 

Additional criticisms of the experimental methodology, sample size and subject selection, 

statistics, and overall validity of this study were made by Nixon (1979b). While Kasden 

and D’ Aniello’s study was one of the first of its kind, it is very vulnerable to scrutiny. 
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Krutt and Mazor (1980) conducted a study similar to Kasden and D’ Aniello’s. 

Krutt and Mazor’s study differed in that a user-molded foam earplug (E-A-R earplug) and a 

mineral fiber down earplug were tested on a larger sample size of 20 for only a two-hour 

wearing period. Each subject was tested on different days for each of the two plugs. For 

two hours, subjects engaged in what the authors called “normal activity, excluding eating.” 

Apparently, the subjects were allowed to walk around. The sequence of threshold testing 

for this study and standard used were identical to Kasden and D’ Aniello’s. Decreases in 

attenuation occurred at every frequency for the mineral down earplug with significant 

decreases occurring at 125, 250, 500, and 1000 Hz. Interestingly, for the polymer foam 

earplug, attenuation increased or remained the same for all frequencies. Significant 

increases for the E-A-R plug occurred at 125, 250, 1000, 4000, and 8000 Hz. 

Hypothetically, the increase in attenuation for the foam plugs occurred because inadequate 

time was allowed for the plugs to fully expand between insertion and initial testing (Berger, 

1981). 

In a single paper, Berger (1981) reported the results of two experiments that 

investigated real-world factors that decrease HPD performance. Experiment A was directed 

at determining the importance of correct sizing and fitting procedures for a premolded 

earplug (V-51R) which comes in five sizes. Experiment B, like the two previously 

mentioned studies in this section, investigated the effect of wearing time on attenuation. In 

both experiments, subjects fit their own earplugs. In Experiment A, a device used to 

measure the size of ear canals, an Eargage™, was used to select sizes of earplug that would 

properly seal the individual ears of ten subjects. Subjects were tested with the proper size, 

one size smaller, and one size larger than the proper size. The larger size yielded no 

significant differences than the proper size. However, the smaller size significantly 

reduced attenuation for 6 of the 10 subjects and it also had the effect of decreasing the NRR 

from 14.4 to -2.4 dB. (This result is especially enlightening when one considers that 
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workers will sometimes choose an earplug that is one size too small because of its greater 

comfort (Royster and Royster, 1985).) In addition, the results of Experiment A show that 

the use of a fitting noise can significantly increase the NRR (in this case from 8.5 to 14.4 

dB). Richards’ (1991) research later did not support that fitting noise increases (improves) 

attenuation, which was discussed earlier. 

For Experiment B of the Berger (1981) study, the effect of wearing time was 

addressed for three earplugs: V-51R earplug, the E-A-R foam earplug, and a fiberglass 

down with sheath earplug. During the three-hour earplug wearing period, the ten 

secretarial and laboratory workers included in the study were allowed to engage in normal 

activities. Chewing gum, eating a full meal, or touching the plugs were prohibited 

activities but subjects were allowed to snack. Subjects were each tested four times instead 

of the usual three as per ANSI S3.19-1974. For the V-51R earplug, attenuation dropped 

by an average 5 dB over all frequencies and the NRR dropped by 12 dB. The fiberglass 

down earplug showed a significant decrease of attenuation at all frequencies with an 

~ average loss of 7 dB across frequency and an NRR reduction of 15 dB. The foam earplug 

showed no significant change in attenuation or standard deviation. 

Wilson, Solanky, and Gage (1981) tested the real-world effectiveness of earmuffs 

in the laboratory by fitting muffs (liquid-filled, foam-filled, and hardhat-attached) in 

various ways based on previous field observations of misuse. Conditions tested were: 

initial-fit for comfort by subject (no intervening hair, no glasses, no fitting noise) and 

maximum-attenuation fit (intervening hair, fitting noise used, intervening hood or hat 

introduced). Maximum-attenuation fit produced significantly lower attenuation than 

manufacturer’s values for all muffs at 500, 1000, and 2000 Hz (p < 0.05). Because 

subjects fit the muff for comfort and were checked for air leaks and hair interference in the 

initial-fit condition, it approximated the best fit obtainable in the field. However, the 

importance of a fitting noise was underscored in that the attenuation under the maximum-fit 
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condition was higher at all frequencies than the initial-fit and significantly higher at 500, 

3000 and 4000 Hz. Compared to maximum-fit, wearing muffs over hair or over a hat or 

hood produced significant reductions in attenuation at all frequencies except at 2000 and 

8000 Hz for hair and 6000 and 8000 for hat/hood. 

Nixon and Knoblach (1974) examined the loss of attenuation of different earmuffs 

due to the effect of wearing various eyeglass frames. To minimize the effect of acoustic 

leaks introduced by the eyeglasses, the authors suggest the use of a foam insert or pad at 

the point where the earmuff cushion and the eyeglass temple meet. Such a correction 

showed a slight increase in average attenuation at all frequencies tested for all earmuff- 

eyeglass combinations as compared to combinations without a foam insert. 

In addition to other effects, Savich (1981) also investigated the effect of eyeglass 

use on muff attenuation. He used microphones placed inside and outside the muff to 

measure transmission loss. Using two subjects and eleven models of muffs, the author 

discovered that attenuation decreased with the use of glasses and their adapters. This 

contradicts the previously discussed results of Nixon and Knoblach (1974). In the 

experiment, it was also demonstrated that most muffs gave less attenuation than claimed by 

manufacturers. Savich also examined the effect of neck movements on attenuation but 

found no significant change. A significant effect on attenuation was found, however, for 

the amount of hair trapped between the earmuff cushion and the head. 

Abel and Rokas (1986) investigated the effects of a one to one-and-a-half hour 

wearing time and eating (i.e., jaw movement) on the attenuation of three earplugs (E-A-R 

vinyl foam, premolded double flange, encapsulated glass fiber) when subjects were 

allowed to eat lunch. Eating a meal ensured head and jaw movements thought to cause the 

earplug to loosen or slip. Each subject tested each earplug on different days. For three of 

the twelve subjects, the glass fiber earplug fell out of the ear before a final measurement 

was taken. Results were thus based on the remaining nine subjects. Thresholds were 
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measured only at 500 and 3150 Hz. For the three plugs attenuation decreased, on average, 

from 34 to 27 dB. The E-A-R foam earplug showed the least effect of wearing time with a 

decrease of about 2 dB, while the glass fiber earplug showed an approximate 10 dB 

decrease for the nine remaining subjects. Like other studies, this study showed that 

decreases in attenuation due to time depend on the specific hearing protection device, the 

length of time worn, and the activity during the period. 

Casali and Epps (1986) investigated how the attenuation of five “universal fit” 

earplugs (wax, premolded two-flanged, E-A-R foam, ear down with sheath, single-flanged 

cone-shaped) was affected by five different levels of insertion instructions. Ten subjects 

were assigned to each of five levels: no instruction, no instruction with auditory feedback, 

manufacturer’s package instructions only, detailed written and pictorial instructions, and 

face-to-face modeled instruction with training. All subjects were tested with each of five 

earplugs in a balanced manner but were exposed to only one level of insertion instruction to 

avoid training and practice effects. The interaction between earplugs and instruction was 

significant (p < 0.001) demonstrating that the type of insertion instruction strategy had a 

major influence on the attenuation produced by the different earplugs. Model instruction 

resulted in the highest attenuation which tripled values for the wax earplug (compared to no 

instructions) and doubled attenuation for the premolded earplug (compared to the package 

and no instruction conditions). The E-A-R earplug proved to be the most sensitive to the 

various instruction levels — modeled instructions resulted in attenuation values close or 

equal to the manufacturer’s specifications. 

Casali and Lam (1986) conducted a sister study to the Casali and Epps (1986) 

study, testing the effect of the identical five levels of instruction for the HPD categories of 

earmuffs and canal caps. Fifty subjects, having no facial hair and wearing no eyeglasses or 

ear jewelry, were used. Results indicated no significant differences between instructions 

by model, detailed, noise feedback, and package instructions. However, there was a 
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significant difference between having any type of instructional techniques and having no 

instruction (p < 0.001). That is, any type of instruction significantly increased the earmuff 

or earcap attenuation. Apparently, the sister studies reveal that attenuation is more 

dependent on different instructional levels for earplugs than for earmuffs and earcaps. 

In order to study the effects of jaw movement on the attenuation of five earplugs 

(three foam, one triple-flanged, one glass-fiber with plastic case), Cluff (1989) measured 

the thresholds of 23 subjects before and after a 30 minute period of chewing gum at the rate 

of one jaw stroke per second. The experimenter supervised and visually inspected 

subjects’ fitting of the earplugs. Jaw movement affected the three foam plugs by an 

average decrease of only 0.3 dB while the other plugs had an average decrease of 6.1 dB. 

In fact, occluded thresholds for two of the foam plugs increased which raised questions 

whether adequate expansion time was allowed before the experimental task. The glass- 

fiber earplug used in this study showed a decrease in performance of 8 dB after chewing 

which is similar to the decrease Abel and Rokas (1986) showed (10 dB) in their jaw 

movement study using the identical earplug. It must be noted, however, that for the Abel 

and Rokas (1986) study, three of the plastic-encased glass down plugs fell out completely. 

Casali and Grenell (1989) studied the effect of bodily movement on the attenuation 

of earmuffs using a simulated work-task of light assembly which elicited non-strenuous 

movements. The work activity had the effect of significantly reducing the average muff 

attenuation (p = 0.0002) but only at 125 Hz and by only 1.5 dB. The authors suggested 

that future studies track the attenuation of different HPDs over time with different levels of 

physical activity. 

Casali and Park (1990) investigated the effects of wearing time, movement, and 

fitting conditions on attenuation as part of a two-year research program. The results of the 

different fitting conditions studied will be discussed in the following section on studies of 

fitting procedures. Here, the results of the effects of wearing time and movement will be 
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discussed. Attenuation measurements were taken before movement and after one and two 

hours of activity which consisted of a high-movement work activity and vigorous 

temporomandibular movement of the jaw produced by chewing gum or eating a snack and 

forced vocal effort. Forty subjects participated and four HPDs were investigated: a 

premolded triple-flanged earplug, a user-molded foam earplug (E-A-R), an earmuff, and a 

combination of user-molded foam earplug and earmuff. Changes in attenuation due to 

movement were device-dependent, however, the E-A-R foam earplug was the only device 

showing no significant change in attenuation over time. The triple-flanged earplug was the 

device showed the largest drop in average attenuation, 4 dB, due to jaw and body 

movement. For the premolded earplug, muff, and muff-earplug combination movement 

activity caused up to a 6-dB significant reduction in frequency-specific attenuation over 

time. 

Lucero and Johnson (1993) studied the effect of creasing foam earplugs on earplug 

attenuation using 18 subjects. (The creasing experiment is only a footnote to the larger 

study on fitting performed by the authors to be discussed later.) A creased foam earplug 

decreased attenuation consistently across frequencies (as compared with uncreased foam 

plugs from the larger study in the same laboratory) with the largest decrease occurring at 

125 Hz by about 13 dB. Creasing the plugs had the effect of approximating real-world 

data at 2000 and 3150 Hz while at other frequencies (6300 and 8000 Hz) the creased plugs 

outperformed even the manufacturer’s labeled data by about 6 dB. The authors 

hypothesized that the creasing effect may have depended on the ear canal size: creased 

foam plugs may have room enough to expand in larger ear canals so that the crease 

disappears. 
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2. Studies of Fitting Procedures 

Still other laboratory studies investigate how well different fitting procedures 

approximate real-world attenuation data. These studies incorporate a fitting procedure 

condition where novice or naive HPD users fit themselves with the HPD and experimenter 

intrusion is minimized. (Studies that test naive subjects in a laboratory setting have, 

naturally, been categorized here as laboratory studies. However, studies in which 

industrial employee-subjects with HPD experience fit the HPDs to themselves like they 

would on the job are treated here as field or quasi-real-world studies. Even though testing 

occurs in a laboratory, these studies are categorized as such because of their predominant 

real-world-like qualities.) In studies of naive-subject-fit type, the subjects are asked to fit 

themselves with the HPDs using only the instructions on the HPD package. These studies 

are attempting to replicate the manner in which some workers are incompletely “trained” to 

use HPDs in the real world. 

The National Acoustic Laboratories (NAL) in Australia (1979, cited in Berger, 

1982 ) used laboratory procedures that modeled real-world fitting conditions to investigate 

how HPDs might be used under actual conditions. In fact, the fitting procedure used by 

the NAL to test HPDs is similar to the procedure proposed by the working committee 

ANSI S12/WG11: subjects were given only the manufacturers’ instructions to fit the 

HPDs with little experimenter supervision or intrusion. The fitting procedure resulted in 

mean attenuation data that were slightly higher than (range approximately 0.5 to 4 dB), but 

a reasonable approximation of the data from the field study by Regan (1975). NAL studies 

have resulted in lower mean attenuation and higher standard deviations than reported by 

U.S. manufacturers. 

Martin (1982) explored the differences in attenuation between two fitting 

approaches: experimenter fit where the experimenter selects and fits the earplug in the 
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subject’s ear canal, and subject fit where the subject is required to select and fit the earplug 

him/herself using the manufacturer’s directions and a reasonable level of comfort. In the 

latter procedure, an experimenter checks for gross errors in fit. A “prefabricated plastic 

earplug” of unspecified type was used. Also unspecified was the sample size. Martin 

found that the mean attenuation for the experimenter-fit procedure designed for optimum 

fit, exceeded those of the subject-fit procedure by an average 7.2 dB across frequencies 

with differences ranging from 1.2 to 10.3 dB. Martin called the subject-fit procedure “a 

good compromise between practical realism and experimental accuracy” and “a realistic 

measure of the protection likely to be afforded to a worker who follows a reasonable fitting 

procedure at the workplace” (Martin, 1982, p. 276). 

Berger (1982) examined the effect of two levels of fitting procedure. In the first 

level (subject fit), subjects were required to fit themselves with an E-A-R foam earplug 

using only a set of detailed instructions and drawings that described proper roll down and 

insertion of the earplug. The second level, experimenter fit of the earplug to the subjects, 

necessarily followed the first because of possible learning effects that may have been 

introduced. Sixty-five subjects were tested of which 45% had never used an HPD and the 

remaining subjects had some (28%) or regular experience (28%) with HPDs. At 

frequencies of 1000 Hz and below, subject-fit attenuation was significantly less than 

experimenter-fit attenuation, in some cases by as much as 10 dB. Further analysis revealed 

that the attenuation values of the 18 subjects who regularly used HPDs were within 1.5 dB 

of the values of the 37 less-experienced subjects. This study points to the need for proper 

insertion procedures to maximize attenuation. 

Goldstein (1983) investigated the attenuation provided by a Sigma Engineering 

premolded triple-flange earplug when the user had no earplug fitting instructions or training 

which often occurs among U.S. Army personnel. Results of the study indicated that a lack 

of training reduces the attenuation claimed by the manufacturer by 5 dB at most 
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frequencies. In addition, the attenuation was more variable for the subject-fit group than 

for the experimenter-fit group tested. The author called for adequate instructions and 

training to ensure optimal performance of the device. 

Berger (1988b) developed a laboratory procedure to approximate the attenuation 

that is potentially achievable in the better hearing conservation programs. The aim of the 

study was specific in that it did not attempt to approximate the average field performance of 

HPDs. The laboratory procedure consisted of having a majority of naive subjects (half had 

never worn HPDs and most had never been in an HPD experiment) fit themselves with the 

HPDs after reading the manufacturer’s printed instructions. For all HPDs in the study (E- 

A-R foam earplug, premolded three-flanged earplug, and earmuff) and at every frequency, 

this subject-fit procedure resulted in attenuation values that were above average real-world 

results but below “typical laboratory data” that used an experimenter-supervised-fit 

procedure. Fifty subjects were used for the premolded earplug and the earmuff; one- 

hundred subjects were used for the foam earplug. The large sample populations were used 

to determine what sample sizes may be needed future similar tests in order to achieve 

certain levels of precision. 

Casali and Park (Casali and Park, 1990; Casali and Park, 1991b) devised a two- 

year research program that included laboratory and field studies to investigate if laboratory 

procedures could reasonably estimate field attenuation. The laboratory study (Casali and 

Park, 1990), included several of the factors that affect real-world performance of HPDs: 

wearing time, movement, and fitting conditions. The effects of wearing time and 

movement were already discussed in the previous section. Subjects either fit the HPDs to 

themselves using only manufacturers instructions (subject fit) or fit the HPD after 

interactive and extensive face-to-face training on how to fit the HPD (trained fit). All forty 

subjects tested were naive (less than one use per six months on average) users of HPDs. 

Four HPDs were investigated: a premolded triple-flanged earplug, a user-molded foam 
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earplug (E-A-R), an earmuff, and a combination of user-molded foam earplug and earmuff. 

Trained fit resulted in significantly (p < 0.01) higher attenuation than subject fit for all 

frequencies except 6300 Hz with the largest differences in attenuation occurring at 

frequencies of 1000 Hz and below. Significant differences in attenuation were revealed 

between fitting procedures for all HPD conditions, except for earmuffs, which once again 

demonstrated the resiliency of earmuffs to fitting procedure or training. From pre- to post- 

movement task, greater decreases in attenuation were noted for the subject-fit condition 

(3.2 dB) than for the trained-fit condition (1.5 dB). 

Having completed the laboratory study, Casali and Park (1991b) conducted the 

complementary field investigation (which was discussed earlier in the section on real-world 

studies). The field study retained the same two earplug and earmuff brands from the 

laboratory study, dropped the muff-earplug combination, and introduced a canal cap. The 

field study also retained the fitting procedure independent variable with the same levels, 

subject fit and trained fit. For the subject-fit condition, subjects were given an HPD and 

told to wear it on the job for a three-week period, the fitting of which they would have to 

determine themselves from the manufacturer’s on-package instructions. This subject-fit 

field test was representative of a poor hearing conservation program where workers have 

no training and must rely on the manufacturer’s instructions to fit the HPD. At the end of 

the three weeks, the experimenter demonstrated the fitting of the HPD using the 

manufacturer’s instructions and also gave feedback on the subjects’ practice fittings (trained 

fit). To determine practice and experience effects, the independent variable period of use 

was included by measuring HPD performance once a week for three weeks. For each 

fitting condition, the forty subjects were taken three times from their workplaces for testing 

(while still wearing their HPDs) at the same laboratory used for the laboratory study. 

As in the laboratory study, the field study trained-fit procedure provided greater 

attenuation (4 to 7 dB across HPDs depending on frequency) and smaller standard 
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deviations than subject fit with manufacturer’s instructions. Results from the field and 

laboratory studies were compared to determine if the laboratory procedures could 

realistically estimate field performance. Comparisons of mean data across frequency 

showed that attenuation of the foam earplug for the post-task laboratory measurements 

overestimated field measurements by an average of 8.3 dB and 5.7 dB for the subject-fit 

and trained-fit procedures respectively. Neither lab-subject-fit nor lab-trained-fit proved to 

be a good predictor of subject-fit field attenuation for the foam earplug. For the premolded 

earplug, laboratory attenuation values measured after two hours of movement were higher 

than field attenuation by an average of 10 dB for the subject-fit condition and 6 dB for the 

trained fit conditions. For the premolded earplug the laboratory-subject-fit condition agreed 

well with field-trained fit. For the earmuff, there was no significant difference between 

laboratory and field attenuation values when subject-fit was the fitting procedure. 

However, for trained-fit the laboratory and field results were discrepant at three 

frequencies. For both fitting procedures, the mean attenuation differences between the lab 

and field protocols were less than | dB, therefore lab results were better predictors of field 

protection for the earmuff than for either earplug tested. NRRggs using trained fit were 8 to 

16 dB lower than manufacturers’ labeled NRRs. NRRgas using subject fit were 14 to 36 

dB lower than manufacturers’ labeled NRRs. The earplugs showed the largest 

discrepancies between field and manufacturer’s NRRs whereas the earmuff showed the 

smallest discrepancies. The authors concluded from the results of their two-year endeavor 

that laboratory simulation data cannot accurately predict the real-world performance of 

HPDs and that schemes that uniformly derate all HPDs may over- or under-penalize HPDs. 

Berger, Royster, Casali, Merry, Mozo, and Royster (1990) coordinated a pilot 

study to test two fitting protocols proposed by the working group ANSI S12/WG11. The 

protocols, which are based on ANSI S12.6-1984 (ANSI, 1984), were developed to obtain 

laboratory estimates of the hearing protector attenuation obtainable in the better hearing 
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conservation programs of military and industry. Two earplugs were evaluated at four 

laboratories, each using ten subjects naive in the use of HPDs. Results indicated that the 

naive-subject-fit protocol in the laboratory gave attenuation values comparable to real-world 

studies. The second fitting protocol evaluated was “informed-user fit” in which the subject 

was shown how to insert the devices properly. This protocol resulted in significantly 

higher attenuation values than subject-fit, but showed no significant improvement in the 

reproducibility of inter-laboratory data. Thus, the subject-fit protocol was chosen for 

testing in a full-scale inter-laboratory comparison because it appeared to produce acceptable 

reproducibility, minimized experimenter influence, and had the potential of providing 

reasonable estimates of the real-world performance of HPDs, at least for the better-run 

programs. (The experiment discussed in this thesis is part of that full-scale inter-laboratory 

comparison.) 

Results of the full-scale $12/WG11 inter-laboratory study are summarized by 

Berger (1992). In the full-scale study, 24 naive (novice) subjects were tested using both 

- subject-fit and informed-user-fit protocols. The former protocol uses only the 

manufacturers’ written instructions while the latter relies on experimenter training in HPD 

fitting. HPDs tested were a V-51R premolded earplug, an EP-100 earplug, an E-A-R foam 

earplug, and an earmuff. To investigate the necessity of using only naive subjects as 

proposed by the working group, 20 experienced members (1.3 to 12.3 years service in 20 

to 200+ REAT tests) from a panel of regular laboratory test subjects were also evaluated. 

The author then compared these tests (naive-subject fit, informed-subject fit, and 

experienced-subject fit) to average real-world data and the manufacturer’s reported data. 

Graphing the five conditions for the earplugs revealed that attenuation generally increased 

in the order of real world, naive-subject-fit, experienced-subject fit, informed-user fit, and 

labeled manufacturer’s values. Apparently, real-world data were most closely 

approximated by the naive-subject-fit protocol for all three earplugs. Not surprisingly, the 
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largest standard deviations were produced by the real-world data and the smallest by the 

manufacturer’s data. Because the experienced-subject fit condition produced higher 

attenuation than real-world data and the naive-subject-fit protocol, it was decided that using 

experienced subjects would not give the best estimate of real-world HPD performance. 

Differences in earmuff attenuation between the conditions were less striking for the earmuff 

than for the earplugs 

Lucero and Johnson (1993) performed a study using a type of trained-fit protocol 

that had interesting results. For their study, the authors instructed 130 young military 

volunteers in the use of E-A-R foam plugs, stressing the importance of evenly rolling and 

compressing the plugs properly to achieve a small size for insertion and especially to avoid 

creasing. For their study, while their standard deviations were most like those from real- 

world studies, the mean attenuation data exceeded the manufacturer’s labeled data at 125, 

3150, 4000, 6300, and 8000 Hz with differences of about 1, 6, 8, and 7 dB, respectively. 

Attenuation higher than manufacturer’s data at 6300 and 8000 Hz were attributed to using a 

field muff apparatus which reduces sound transmission to the bone conduction pathway. 

INVESTIGATIONS OF A SUBJECT GENDER EFFECT ON HPD 

PERFORMANCE 

The possibility that gender may affect the measured attenuation of an HPD has 

raised concern over the ways that HPDs are evaluated. Previous ANSI standards have 

included no requirements on the ratio of the gender of subjects used for REAT testing and 

rating of an HPD. However, the draft standard (ANSI S12.6-198X, Draft 1.4) proposes a 

50-50 + 10% split between the sexes of the subjects tested. Requiring a gender-balanced 

sample could affect REAT testing and NRR values because a diversity of subjects having a 

72



range of anthropometric qualities (e.g., ear canal size, bitragion breadth, etc.) would be 

represented rather than a homogenous subject sample. 

Abel, Alberti and Rokas (1988) used an experimenter-fit procedure to test a total of 

160 subjects of which twenty of each gender were assigned to either an E-A-R foam 

earplug (one size only), an encapsulated glass fiber earplug (one size only), a double- 

flanged premolded earplug (two sizes), or a V-51R earplug (five sizes). Gender was 

shown to have a significant effect on the attenuation of the plugs with men receiving 

significantly more attenuation than women at 1000 Hz (7 dB) for the E-A-R earplug and at 

6300 Hz (9.9 dB) for the glass down and E-A-R plugs. Overall, for the one-sized 

earplugs, males received from 2.5 to 9.9 dB more attenuation than females. For the two- 

sized earplug, females scored higher mean attenuation values than males at all five of the 

frequencies tested. Male attenuation exceeded female attenuation by 2 dB only at 6300 Hz | 

for the five-sized V-51R. Attenuation was related to the size of the protector used, but only 

at 500 Hz with the two-sized earplug in which small-size users achieved an average of 6 dB 

more attenuation. 

Casali and Epps (1986) reported significant gender effects (p = 0.01) including a 

gender main effect, an earplug-by-gender interaction, and a test frequency-by-gender 

interaction. However, among the five earplugs tested (two premolded, glass down, foam, 

and waxed-cotton), males achieved significantly higher attenuation only for the waxed- 

cotton earplug (p <0.05). Further analysis of the frequency-by-gender interaction 

revealed that males achieved significantly higher noise reduction (about 4.5 dB) at all test 

frequencies (p < 0.05). The significance of the attenuation differences between males and 

females could not be attributed to gender differences in hearing thresholds as indicated by 

further analysis (p = 0.95). Casali and Lam (1986) hypothesized two explanations for 

why men achieved greater attenuation with the wax earplug: 1. men generally have 

stronger hands which are needed to mold the waxed-cotton earplug prior to insertion, and 
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2. women generally have smaller ear canals which may not be able to accommodate a full- 

sized wax earplug easily. 

A non-significant gender effect (p = 0.77) reported by Casali and Lam (1986) 

indicated that there were no overall differences in attenuation between men and women for 

the earmuff or canal cap and instruction levels they tested. However, significant 

interactions of gender-by-frequency and gender-by-frequency by HPD were reported. The 

latter was not analyzed and analysis of the former revealed that only at the 4000 Hz test 

frequency did the HPDs provide higher attenuation for males than females. A separate 

analysis indicated that no significant differences existed between the genders in their 

baseline hearing abilities (p > 0.86). 

Using different configurations of earmuffs for their study, Casali and Grenell 

(1989) found no effect of gender on attenuation. They, like Casali and Lam (1986), also 

observed a significant interaction of gender with test frequency. However, across test 

frequencies, significance was revealed at only two frequencies and in opposite directions 

with men scoring higher attenuation at 500 Hz and women scoring higher attenuation at 

4000 Hz differences. No explanation for these isolated results could be formulated. 

In his experiment, Robinson (1991) found no consistent gender effects; however, 

he did find that ear canal size is highly negatively correlated with achieved attenuation for 

the combined data of the three earplugs tested, one of which was the Hear-Guard V-51R. 

In an unpublished large-scale ear canal anthropometry study which used caliper- 

based measurements of subjects’ canals taken from custom-molded ear impressions, 

Thomas, Wright, and Casali (1993) found that males had ear canals of significantly greater 

height and breadth than females. It is probably this anthropometric difference which 

explains the differences in attenuation rather than strictly a difference between the sexes. 

In conclusion, the relationship between gender and attenuation has been 

documented inconsistently and without convincing results. Further studies are warranted 
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to determine whether gender indeed causes significant differences in attenuation, or 

whether some other confounding variable, such as ear canal size, is the true cause. 

INVESTIGATIONS OF AN EXPERIMENTER GENDER EFFECT ON HPD 

PERFORMANCE 

Several psychological studies in the literature have demonstrated that the gender of 

the experimenter may affect the performance or response of the subject in an experimental 

task. 

The effect of experimenter gender on HPD fitting performance and subsequent 

attenuation was first revealed at the BOVS laboratory as an interaction between earplug 

type, gender of the experimenter, and fitting protocol. Franks (Franks, personal 

communication, September 13,1994) described that the attenuation achieved by subjects, 

regardless of their gender, improved for an E-A-R foam earplug over successive trials 

when the experimenter was male and the fitting method was subject fit. This same 

interaction did not hold for experimenter-fit. In addition, this improvement in attenuation 

over trials was not found for a V-51R premolded plug regardless of whether the 

experimenter was male or female either for the subject- or experimenter-fit protocol. 

INVESTIGATIONS OF A TRIAL EFFECT ON HPD PERFORMANCE 

This thesis also addresses the issue of potential attenuation differences between the 

three trials for the same subject across two testing protocols, naive-subject fit and 

experimenter-fit. That is, this thesis is interested in the within-subject trial-to-trial 

variability in attenuation for each of the two testing protocols. Within-subject variability 
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arises from, among other things, the uncertainty of determining hearing threshold level and 

the differences between the goodness of fit of the hearing protector from trial-to-trial. 

Robinson (1991) found a lack of significant trial effect from the first to third trials. 

He concluded, at least for subjects who are very experienced in REAT tests, that no 

practice effect had occurred over the three trials. 

Brinkmann and Richter (1986) found that the mean attenuation using ISO 4869 for 

the subgroup of experienced listeners was lower (and closer to measured miniature 

microphone attenuation measurements) at frequencies below 250 Hz than for the subgroup 

of inexperienced listeners. Within the group of inexperienced listeners the attenuation was 

lower for the third measurement than the first. The authors reasoned that the ability to 

detect a test signal in the presence of masking noise (in this case, of physiological origin) 

can be increased with experience. Brinkmann and Richter also measured the attenuation 

achieved with an earmuff of groups of 6, 10, and 15 subjects who were tested once or 

three times. Lower standard deviations resulted when more subjects were tested once than 

when fewer subjects were tested three times. | 

Park and Casali (1991) found no significant differences (p > 0.05) between two 

occluded thresholds or between two unoccluded thresholds at any of nine test frequencies 

for subjects who had practiced the psychophysical procedure used to evaluate their 

thresholds. 

INVESTIGATIONS OF FITTING PROTOCOL VARIABILITY 

This thesis is also interested in the overall variability between fitting protocols. The 

standard deviations calculated from the 30 data points at each frequency resulting from a 

typical REAT test of 10 subjects with 3 replications per subject is an indication of the 

variability in attenuation across subjects and replications. 

76



When Berger (1982) compared the results from subject-fit (45% subjects naive) and 

experimenter-fit protocols using the E-A-R earplug, he found large differences in 

attenuation below 2000 Hz; however, the standard deviations for subject-fit were equal to 

or slightly larger than experimenter-fit standard deviations by about only 1 dB. 

Berger (1988b) observed higher standard deviations for the E-A-R foam earplug for 

subject-fit (half of subjects naive) protocol than for experimenter-fit (called “typical lab” in 

his experiment)protocol. However, for a triple-flanged premolded earplug, even larger 

standard deviations were reported for the subject-fit protocol than for the experimenter- 

supervised-fit protocol. 

Berger (1992) reported larger standard deviations (range 3-11 dB) for subject-fit 

protocol than experimenter-fit labeled standard deviations for three types of earplugs with 

the largest standard deviations occurring for the V-51R (probably due to improper sizing by 

the subject) and smallest for E-A-R plugs. Park and Casali (1991) also found larger 

standard deviations resulting from subject-fit than for experimenter-fit (manufacturer’s 

data) protocols. 

INVESTIGATIONS OF INTER-LABORATORY VARIABILITY 

Because an identical parallel study is being conducted at another laboratory, this 

thesis is interested in what the ISO calls “reproducibility”: “tests performed in different 

laboratories, which implies different operators and different equipment” (ISO 5725-1981, 

1981, p. 407). In addition, the calibration of the equipment and the environment (i.e. 

temperature, humidity, etc.) are factors that vary in reproducibility studies. In a case where 

human subjects are tested, the subjects, too, shall vary between laboratories. 

ISO 4869-1 (1990) contains within it the results of two studies that measured 

reproducibility. In the first study, the reproducibility of using two different sets of 16 
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subjects under the same test conditions in the same laboratory was measured. For 

earmuffs, variability ranged from a low of 2 dB (250 to 4000 Hz) to a high of 3.5 dB 

(>4000 Hz). For earplugs, variability ranged from 4 dB (250-8000 Hz) to 5 dB (<250 

Hz). In addition, the reproducibility between different laboratories was measured. For 

earmuffs, variability ranged from 4.5 dB (<250 Hz) to 6.5 Hz (>4000 Hz) while for 

earplugs it ranged from 6.5 dB (250-8000 Hz) to 8 dB (<250 Hz). All figures are reported 

at a probability level of 95%. What this means is error is to be expected when comparing 

results from an inter-laboratory study. 

The Environmental Protection Agency (EPA) initiated an investigation of inter- 

laboratory variability which included four HPDs (E-A-R foam, V-51R, earmuff, and semi- 

aural device) to be tested at eight laboratories (Berger, Kerivan, and Mintz, 1982). 

Significant inter-laboratory variation was reported in the form of highly discrepant mean 

attenuation, standard deviations, and resultant NRRs (see Figure 4). Although a 

standardized experimenter-supervised type of fitting procedure was used for all 

laboratories, ambiguous language within the description was thought to contribute to some 

of the variation. Overall, since labs could be roughly rank-ordered by their NRRs across 

HPDs, it was suggested that a systematic bias in testing had occurred. As an example of 

the difference between labs, the NRRs for the earmuff and the E-A-R earplug ranged, 

respectively, from -3.9 to 23.3 dB and 21.7 to 34.3 dB. Had the EPA conducted an EPA 

compliance audit test (a reliability test of the NRR of the HPD performed by a laboratory of 

the EPA’s choice) on any of the four HPDs at seven of the eight laboratories tested, all four 

HPDs would have failed and required to have been relabeled. 

Four laboratories participated in the pilot-test of the draft standard of a modified 

ANSI $12.6-1984 in which two earplugs were assessed (Berger, Royster, Casali, Merry, 

Mozo, Royster, 1990). The authors wrote, “the indications are that a subject-fit protocol, 
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in which experimenter-fit is minimized, yields the best estimates of real-world attenuation, 

and still provides acceptable reproducibility” (Berger et al., 1990, p. S11). 

INVESTIGATIONS OF SAMPLE SIZE FOR HPD TESTING AND NRR 

STABILITY 

ANSI $3.19-1974 and ANSI $12.6-1984 each require three measurements each of 

the occluded and unoccluded hearing thresholds of a minimum of 10 subjects. ANSI 

Z24,.22-1957 also required the testing of a minimum of 10 subjects. In addition, in its 

1981 standard for HPD attenuation testing, the International Organization for 

Standardization (ISO) also required 10 subjects (ISO 4869-1981(E), 1981). Brinkmann 

and Richter (1986) suggested that the ISO minimum number of subjects at the time, 10, be 

increased to 15 to 20 subjects on the basis of an experiment showing that between-subject 

variability was greater than within-subject variability. However, ISO 4869-1 (1990), 

which canceled and replaced the previous standard, increased the minimum number of 

subjects to 16. Berger (1983c) found that because of the small sample size typically used 

to develop NRRs, a single subject’s data can have a large impact on the resultant NRR. 

Because REAT testing to determine the NRR of an HPD requires money and time, 

researchers would like to know what is the fewest number of subjects needed to obtain the 

“true,” “absolute,” or “stable” estimate of the HPD’s NRR. As a result of their study, 

Berger and Kerivan (1981) suggested that using more than 10 subjects may be desirable to 

determine absolute NRRs for hearing protectors. In their study, 92 subjects, 

approximately half of whom had never worn an HPD prior to the study, were tested with 

E-A-R earplugs using a type of subject-fit protocol followed by ANSI S3.19-1974 

experimenter-fit protocol. A group of 10 subjects showing the best attenuation was 

selected to generate the highest attainable NRR which was 30.0 dB for subject fit and 35.1 
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dB for experimenter fit. Using a group of 10 subjects showing the poorest attenuation 

resulted in NRRs of 12.5 dB for subject fit and 17.6 dB for experimenter fit. Apparently, 

selecting the “right” subjects is crucial to obtaining the highest possible NRR . 

In addition, Berger and Kerivan (1981) drew ten sets of ten subjects (random 

selection with replacement) from the 92-subject data set and calculated NRRs for each 

subject. Since only one occluded and one unoccluded trial was conducted per subject, the 

standard deviation used to compute the NRR was equal to zero. By using the mean and 

standard deviation for the group of individual NRRs, the 95% confidence limits on the 10- 

subject NRRs were calculated to be +3.4 dB for subject fit and +2.7 dB for experimenter 

fit. In order to reduce the 95% confidence limits to +2 dB at the 95% confidence limit, the 

authors calculated that it would require testing 29 subjects for subject fit and 18 subjects for 

experimenter fit. The +2 dB they used was the tolerable error for the confidence interval. 

The +2 dB error used by Berger and Kerivan (1981) was consistent with Berger’s (1993) 

assertion that differences in the NRR of less than 3 dB or even 4- to 5-dB changes have no 

practical importance for three reasons: 1) large within- and between-laboratory variability 

2) the inability of NRRs to properly rank order HPD performance 3) the inability of 

NRRs to accurately predict absolute attenuation. 

Berger, Lindgren, and Kieper (1993) also pursued the problem of the “true” 

laboratory NRR. The data they used were exclusively experimenter-fit data. Their first 

solution used the same approach as Berger and Kerivan (1981): find the NRR for each 

individual (using a zero standard deviation since only one occluded and one unoccluded 

trial was taken), then use the mean and standard deviation of all the individual NRRs to 

find the number of subjects required for 95% confidence limits with +2 dB tolerable error. 

The required number of subjects was 10 for a “well-fitting earmuff,” 20 for the E-A-R 

foam earplug, 45 for a premolded earplug, and 100 for a semi-aural HPD. With only 10 

subjects, the 95% confidence limit was +2 dB for a “well-fitting earmuff,” +3 dB for the 
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E-A-R foam earplug, +5 dB for a premolded earplug, and +7 dB for a semi-aural HPD. 

The results clearly indicate that 10-subject tests use too few subjects to gain a reasonably 

precise estimate of the NRR even when using experimenter-fit data with low within- and 

between-subject variability. 

Berger, Lindgren, and Kieper (1993) also investigated NRR stability by using a 

computer program which calculated all possible combinations of 10 subjects drawn from a 

20-subject parent sample (attenuation measured three times per subject) in order to compute 

all possible resultant NRRs. Even when strict outlier-removal procedures were applied to 

the parent sample, this second procedure for investigating NRR stability also showed how 

the NRR of a 10-subject sample can vary depending on which 10 subjects are selected. 

RESEARCH OBJECTIVES 

From the previous discussion of factors affecting HPDs, it can be concluded that 

there are unresolved issues in REAT testing that require further investigation. The research 

described herein was undertaken in an attempt to answer some of the unresolved issues in 

HPD testing. The objectives of this research were as follows: 

1) To determine the difference in attenuation achieved when testing earplugs using 

ANSI S3.19-1974 experimenter-fit protocol and the ANSI $12.6 draft standard naive- 

subject-fit protocol. In addition, this research was concerned with which fitting protocol 

produced results with the lowest variability. 

2) To determine if the naive subject-fit protocol proposed by ANSI $12/WG11 can 

realistically approximate the noise reduction in the field. This will be accomplished by 

comparing laboratory subject-fit data from this thesis to field-study data from previous 

studies. 

81



3) To determine if significant within-subject trial-to-trial variability exists, or 

alternatively if subjects can consistently report their thresholds and attain consistent trial-to- 

trial fit with earplugs. 

4) To determine if there is a difference between the noise reduction achieved by 

men and women, and if so, determine if the type of earplug has a significant effect. Also, 

determine if ear canal size may account for such a difference. 

5) To determine if the gender of the experimenter has an effect on the attenuation 

achieved by subjects. 

6) To determine how many subjects are needed in REAT testing to achieve a 

reliable estimate of the attenuation of an earplug. 

7) To determine how much variability exists between two different laboratories 

when using standardized instructions and minimal experimenter involvement. 

Briefly, the experiment that was conducted at the VPI laboratory to reach these 

objectives tested a total of 52 hearing-protector-naive male and female participants using 

both the ANSI S3.19-1974 experimenter-fit (optimum attenuation) fitting protocol and the 

ANSI S12.6-199X, Draft 1.4 standard’s naive-subject-fit protocol. In addition to real-ear 

at threshold testing, anthropometric measurements of all subjects were taken. In order to 

determine whether the use of identical testing procedures would result in similar results, the 

BOVS laboratory conducted the identical study using 50 hearing-protector-naive male and 

female participants. One-half of all the participants from each laboratory (split evenly 

between the two sexes) were tested with either a user-formed vinyl! foam earplug (E-A-R 

earplug) or a multi-sized premolded earplug with a single flange available in five sizes 

(Hear-Guard V-51R). A comparison of the fitting protocols as tested in the experiment are 

given in Table 2. 
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TABLE 2 

Comparison of Fitting Protocols Tested in this Thesis 
  

Standard 

Purpose of Standard 

Fitting Protocol 

Objective 

Apparatus tested 

Who sizes, fits HPD? 

Fitting time allowed 

Accommodation time 

Comfort consideration 

Subject criteria 

Subject gender criteria 

Experimenter involvement 

ANSI S3.19-1974 

$3.19 is EPA-required for 
product labeling 

experimenter-fit 

optimum attenuation 

HPD only 

HPD sized, can be fit by 

experimenter after checking seal 

unlimited fitting time 

unlimited 

comfort not mentioned 

experienced subject, unlimited 
sessions 

no gender requirements 

experimenter control is left open 
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ANSI $12/WG11 Draft 1.4 

field-estimation protocol, also 
retains an alternative “optimum 
fit" protocol 

subject-fit (naive subjects) 

achievable attenuation in a 
well-run (top 20%) hearing 
conservation program 

HPD and manufacturer's 
instructions tested as a system 

HPDs sized, fit by subject using 
only manufacturer's instructions 

5 minute maximum 

2 minute maximum 

fit with a "reasonable degree of 
comfort" 

naive subject, 1 session only 

50/50 + 10% gender balance 

explicit verbatim instructions to 
subject 

 



EXPERIMENTAL FACILITIES AND APPARATUSES 

Overview 

Two separate experimental facilities ran duplicate hearing protector studies 

concurrently and in parallel with each other. One facility was the Auditory Systems 

Laboratory within the Department of Industrial and Systems Engineering at the Virginia 

Polytechnic Institute and State University (VPI) in Blacksburg, Virginia. This laboratory is 

the only university facility to be fully accredited by the National Institute of Standards and 

Technology, National Voluntary Laboratory Accreditation Program (NVLAP) for 

Acoustical Testing Services in accordance with ANSI S3.19-1974 and ANSI S12.6-1984. 

The other facility was the Hearing Protector Laboratory of the Bioacoustics and 

Occupational Vibration Section (BOVS), Physical Agents Effects Branch, Division of 

Biomedical Science, National Institute for Occupational Safety and Health (NIOSH) in 

Cincinnati, Ohio. 

BOVS Testing Facility 

Testing performed at the BOVS laboratory was conducted in a semi-reverberant 

sound room which met the specifications of ANSI $12.6-1984. Three appropriately 

directed loudspeakers created a quasi-diffuse sound field. Ambient noise levels were 

actually lower by at least 4 dB than those required by ANSI S12.6-1984. Pink noise was 

generated by a General Radio 1382 random-noise generator and filtered into one-third 

octave bands by a Hewlett-Packard 8056A filter set. The one-third octave bands were fed 

through a Wilsonics cosine switch and a digital attenuator to an Altec 9440A amplifier. 
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Signal level, presentation, and response recording was controlled by a custom-written 

computer program run on an IBM-PC. 

VPI Anechoic Chamber 

The Auditory Systems Laboratory (itself a sound-isolated area) has within it an 

Eckel anechoic chamber which meets the requirements of ANSI S12.6-1984. The chamber 

provided a quiet environment suitable for screening the hearing of potential subjects with 

pure-tone audiometry. The inner walls of the room have a 22-inch deep foam wedge 

treatment and an acoustically transparent grating lays above the bottom wedges on the 

floor. The ambient noise levels, physical characteristics, and complete documentation of 

the anechoic chamber can be found in Casali (1992a). 

VPI Reverberant Chamber 

Hearing protection device attenuation testing for all conditions of the experiment at 

VPI was conducted in a reverberant chamber meeting all requirements for testing under 

ANSI S3.19-1974 (Casali and Robinson, 1990). The reverberant chamber is a modified 

Industrial Acoustics Corporation (IAC) test booth. To achieve a reverberant sound field, 

the carpet was removed which exposed the bare sheet-metal floor, and the walls and ceiling 

were lined with one sheet of 0.5-in thick gypsum board covered by a sheet of 0.25-in thick 

hard-tempered, painted masonite which provides a highly reflective interior surface. The 

panels of the room are constructed with double steel walls with four inches of acoustical 

fiberglass insulation between the walls. Ambient noise levels, reverberation times, and 

interior and exterior dimensions of the reverberant chamber can be found in Casali and 

Robinson (1990). 
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VPI HPD Test Facility 

The Auditory Systems Laboratory has within it all the instrumentation necessary to 

conduct a full HPD attenuation test in a reverberant sound field in accordance with ANSI 

S3.19-1974. A Norwegian Electronics Type 828 Test System generated the test signals 

required by ANSI S3.19-1974 (one-third octave bands of noise centered at 125, 250, 500, 

1000, 2000, 3150, 4000, 6300, and 8000 Hz) . The 828 can also generate a pink or white 

noise to assist the subject in fitting the HPD. All audiogram presentation, recording, and 

storage was controlled by a dedicated computer (IBM PS/2 Model 70 computer) which 

eliminated the subjectivity inherent in audiogram scoring by hand. The responses of 

subjects were recorded by a QuickBasic program and printed on an Epson LX-800 dot- 

matrix printer. A video camera and closed-circuit television were used to ensure that 

subjects did not readjust the protector once testing began. The test signals were presented 

to subjects through three loudspeakers, one firing in each of the three room planes, creating 

a diffuse, random-incidence sound field within the reverberant chamber. 

VPI facility calibration All equipment used to support HPD-testing in the 

reverberant chamber at VPI was calibrated at the start of each day after an equipment warm- 

up period of 30 minutes. 

A Larson-Davis (L-D) 800-B precision sound level meter and one-third-octave 

analyzer (ANSI Type 1), L-D model 2540 half-inch microphone, L-D 900B preamplifier, 

and L-D RC 20 remote microphone cable were all calibrated at the beginning of each day 

using a Quest QC-20 acoustic calibrator. The Quest QC-20 (which emits a 93.8 dB 1000 

Hz pure tone) was turned on and placed snugly over the end of the microphone. SPL 

deviations on the L-D 800B which were greater than + 0.2 dB were corrected. 

In addition, loudspeakers were equalized at the beginning of each day and before 

each new subject. First, the spectrum analyzer microphone and preamplifier were placed at 
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the subject-head location using an AKG microphone stand. (The precise location of 

subject-head center was determined using a reference plumb bob which hung down from 

the ceiling for calibration and could be put away on a ceiling hook when not in use.) Next, 

the reverberant chamber door was closed and the software loudspeaker-equalization 

sequence was initiated. By using the sound level displayed by the 800-B at 1000 Hz 

(which was generated by the Norwegian Electronics Type 828 Test System), the in- 

chamber sound levels generated by each loudspeaker could be increased or decreased to 

match the appropriate sound levels displayed on the computer screen. A stored minimum 

audible field (MAF) curve setting was used for the experiment. 

EXPERIMENTAL DESIGN AND METHOD 

Hearing Protection Devices Tested 

Earplugs were the only class of HPD tested in this experiment. One was a user- 

molded, foam earplug and the other was a PVC premolded single-flange earplug. These 

particular earplugs were selected because of the large amount of data that already exist in 

the literature on their field and laboratory performance. They were also selected because of 

their popularity of use in industrial and military settings. 

The user-molded foam earplug selected for this experiment was the Classic™ 

earplug (manufactured by Cabot Safety Corporation, E-A-R Division). This earplug was 

formerly known by the manufacturer and in the literature alike simply as the E-A-R® 

earplug. For the purposes of consistency with past literature, the Classic earplug will 

simply be referred to herein as the E-A-R earplug. This earplug is a cylindrical, vinyl 

(PVC), slow-recovery yellow foam device (Figure 11). It is intended to be slowly rolled 

and compressed into a small diameter cylinder and then quickly inserted into the ear canal. 
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The earplug must be given at least two to two-and-one-half minutes to expand fully and 

make a seal with the canal walls (ANSI S12.6-199X, Draft 1.4, p. 28). This earplug is 

sold in only one size that fits most ear canals. The manufacturer currently advertises an 

NRR of 29 dB. The NRR of the E-A-R earplug had been as high as 35 dB in the past. 

Under the subject-fit fitting protocol of the draft standard, the instructions are 

considered to be an integral part of the HPD product. Thus, despite the findings of Casali 

and Epps (1986) who found that the attenuation achieved by an earplug was directly 

proportional to the amount of instruction and training given to the user, the manufacturer of 

the E-A-R has abbreviated the fitting instructions provided to the user on the individual 

packages of earplugs. For the sake of comparison and for the reader’s benefit, both the old 

and new instructions as printed on the individual packaging of each E-A-R earplug are 

presented here. (Actual-size old individual-packaging instructions plus pictograms can be 

found in Figure 12.) Each of the three steps of the written instructions for the E-A-R 

earplug is illustrated to the side with a small pictogram. The old written instructions for the 

E-A-R plug read as follows (To conserve space, the backslash (/) will be used to denote a 

new paragraph in the following presentations of the manufacturer’s instructions): 

1. With clean hands slowly roll and compress Plug into a very thin, crease-free cylinder/ 2. 

While compressed insert Plug well into ear canal. Fitting is easier if outer ear is pulled outwards 

and upwards during insertion/ 3. With fingertip, hold Plug in place until it begins to expand and 

block noise. 

The new written instructions and pictograms printed on the packaging of each 

E-A-R earplug are presented in Figure 13. The new pictograms are essentially the same as 

the old pictograms except for slight revisions. The new written instructions, however, are 

substantially abbreviated and read simply: 
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1. Roll/ 2. Insert/ 3. Hold. 

The reader should note from inspecting Figures 12 and 13 that the manufacturer has 

substituted the more descriptive text and larger pictograms from the old instructions with a 

trivia question in the new instructions. 

The written instructions for fitting the E-A-R earplug as they read on the master 

dispenser are: (Actual-size instructions and pictograms from the master dispenser can be 

found in Figure 14; bold type has been preserved.) 

Instructions For Use / For maximum effectiveness, E-A-R Plugs must be properly inserted 

and worn. / Hands and plugs should be clean prior to use. / 1. Slowly roll and compress the plug 

into a very thin, crease-free cylinder. (Do not worry about hurting the plug—it is designed to be 

tightly compressed.) / 2. While compressed, insert the plug well into the ear canal. Fitting the 

plug is easier if the outer ear is pulled outwards and upwards during insertion (See Figure 3.) / 3. 

With the fingertip, hold the plug in place until it begins to expand and block the noise. / Quality 

of fit may be estimated by observation, as illustrated in Figures 4 and 5./ Earplug fit can be 

tested in the presence of nose by alternately covering and uncovering the ears with tightly pressed 

hands. With properly fitted plugs the noise levels should seem nearly the same whether or not the 

ears are covered. 

The fitting steps that are described on the master dispenser box are also 

accompanied by illustrative pictograms. Obviously, the written directions and pictograms, 
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Figure 11. The E-A-R vinyl foam earplug manufactured by Cabot Safety Corporation. 
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Fi gure 12. Old insertion instructions as printed on the individual packaging of each E-A-R 
earplug (actual size). 
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E-A-R earplug (actual size). 
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Figure 14. Insertion instructions for fitting the E-A-R earplug on the master dispenser 

package (actual size) 
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for lack of space, are poorer and less complete on the actual package of the E-A-R earplug 

than on the dispenser from which it is taken. This is especially true for the new individual 

packaging than for the old packaging. Considering that in the real world the master 

dispenser box and the individual packages of earplugs are often separated, so abbreviating 

the fitting instructions on the package is questionable practice. 

The premolded earplug used in this study was the Hear-Guard® V-51R 

manufactured by Cabot Safety Corporation and shown in Figure 15. The V-51R is one of 

the oldest models of earplugs commercially available. It is a single-flanged earplug made 

of PVC and is available in five sizes (Extra Small, Small, Medium, Large, and Extra 

Large). The manufacturer advertises an NRR of 15. It is interesting to note, however, that 

before the original manufacturer of the Hear-Guard, American Optical Corporation (AO), 

was acquired by Cabot Safety, it advertised an NRR of 24 dB. 

The manufacturer provides instructions for sizing and fitting the Hear-Guard V-51R 

on a rectangular master dispenser box which holds 12 pairs of same-size earplugs in it. 

When looking at the front of the box, the fitting and sizing instructions appear on the left 

and rear sides of the box, respectively, and are shown in actual size in Figure 16a and 16b, 

respectively. The left side of the master dispenser provides the sizing instructions and read 

as follows (bold type, underlining, and italics have been preserved): 

Sizing Instructions/ Select an appropriate size to begin trial fitting, by either visually 

observing the ear canal, or using the Eargage™ earplug sizing device./ Those dispensing the plugs 

should be easily able to detect gross errors in sizing. Plugs that are much too small will tend to 

fall into the canal, their depth of insertion being limited only by the fitter’s finger and not the 

plugs itself. Plugs that are much too large will either not enter the canal at all, or will not 

penetrate far enough to allow the base of the tab to rest against the flesh directly to the rear of the 

ear canal./ A plug which appear to make contact with the interior wall of the ear canal without 
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Figure 15. The premolded single-flanged V-51R Hear-Guard® manufactured by Cabot 

Safety Corporation available in five sizes (from left to right: extra-small, 

small, medium, large, extra-large) 
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Figure 16. (a) Sizing instructions on left side of Hear-Guard V-51R box (actual size) 

(b) Insertion instructions on rear of Hear-Guard V-51R box (actual size) 
(c) Additional instructions on right side of V-51R box (actual size) 
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appreciable stretching the tissues, and which is well seated, is a good size to begin wearing. Both 

comfort and noise reduction must be considered in the size-selection process./ Different sizes may 

be required for each ear. In this case, corded plugs are not recommended since they are only 

available with two plugs of the same size attached to the connecting cord./ A properly sized and 

fitted Hear-Guard will cause a plugged or blocked-up feeling and give rise to the occlusion effect. 

See EARIog #19, Tips for Fitting Hearing Protectors, for additional information. 

On the rear of the box, insertion instructions and two pictograms are provided (see 

Figure 16b). The written instructions are as follows (bold type has been preserved): 

Insertion/ 1. Insert the plug with the tab held between thumb and forefinger. (See Figs. 1 and 

2) 2. During insertion, reach behind head with opposite hand to pull ear outward and upward./ 

3. To properly seal the plug, press on its middle with forefinger while slightly rotating it in the 

can until the tab is at the back of the ear, a seal is made, and the greatest noise reduction is 

obtained./ Removal/ Remove slowly with twisting motion to gradually break the seal. 

In addition, on the right side of the box, the following instructions appear (See 

Figure 16c; bold type has been preserved): 

Sizing/ Trained personnel should assist in the sizing process. Different sized plugs may be 

required for each ear. Refer to the detailed sizing instructions which are printed on each box of 

Hear-Guard ear plugs./ Care and Cleaning/ Plugs should be routinely washed with mild soap 

and warm water. Replace plugs if they shrink, harden, or crack. 

Each pair of Hear-Guard V-51R earplugs is contained in a small rectangular plastic 

box. The small box is color coded according to the size of earplug contained within it. 
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Earplug sizes and their corresponding box colors are: extra small, yellow; small, blue; 

medium, red; large, green; and extra-large, gray. A small piece of paper (hereafter 

referred to as a leaflet) bearing additional fitting and sizing instructions is attached by a 

string to each of the small plastic boxes. The outside of leaflet bears NRR and spectral 

frequency distribution information. The inside of the leaflet provides instructions for using 

the Hear-Guard V-51R and is shown in actual size in Figure 17. They are as follows (bold 

type is preserved): 

HEAR-GUARD™ EARPLUGS/ INSERTION/ 1. Insert the plug with the tab held 

between thumb and forefinger. (See Figs. 1 and 2)/ 2. During insertion, reach behind head with 

opposite hand to pull ear outward and upward./ 3. To properly seat the plug, press on its middle 

with forefinger while slightly rotating it in the canal until the tab is at the back of the ear, a seal is 

made, and the greatest noise reduction is obtained./ REMOVAL/ Remove slowly with 

twisting motion to gradually break the seal./ SIZING/ Refer to the detailed sizing instructions 

which are printed on each box of plugs./ CARE AND CLEANING/ Plugs should be 

routinely washed with mild soap and warm water. When dry, store in case. Replace plugs if they 

shrink, harden, or crack. 

It is interesting to note that when sold under the American Optical name, Hear- 

Guard instructions were printed in raised letters from the plastic on the inside of the earplug 

box (on the lid to be exact). The old instructions read: 

Hold insert by tab. Reach with other hand behind head and pull ear up and back. Place the insert 

into the ear so that tab is at back. Turn insert until seal is made. 

The preceding instructions were accompanied by a pictogram on the other half of 

the plastic box of a person pulling the ear back with the opposite hand and inserting the 
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HEAR-GUARD® EARPLUGS 

INSERTION 

1. Insert the plug with the tab held between 

thumb and forefinger. (See Figs. 1 and 2) 

2. During insertion, reach behind head with oppo- 

site hand to pull ear outward and upward. 

3. To property seat the plug, press on its middle with 

forefinger while slightly rotating it in the canal until 

the tab is at the back of the ear, a seal ls made, and 

the greatest noise reduction is obtained. 

REMOVAL 

Remove slowly with twisting motion to 

gradually break the seal. 

SIZING : 
Refer to the detailed sizing instructions which are 

printed on each box of piugs. 

CARE AND CLEANING 
Plugs should be routinely washed with mild soap and 

warm water. When dry, store in case. Replace plugs 

if they shrink, harden, or crack. 

C cCABsor SAFETY CORPORATION 
90 Mechanic Street, Southbridge, MA 01550 
$457 West 79th Street. Indianapolls, IN 46268 

Figure 17. Fitting instructions for V-51R on individual package insert leaflet (actual size) 
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earplug while holding it by its tab. Printed into the bottom of the box are instructions on 

how to clean the earplugs. From a human factors perspective, it was wise for the 

manufacturer to discontinue printing the instructions into the earplug container. This was 

wise because the contrast between the letters and background is higher on paper than on 

plastic. The higher contrast improves the legibility of the instructions. 

On the other hand, the leaflet is more likely to be lost or discarded and not kept with 

the earplugs. However, since the earplug box has a keychain on it, it is likely that the user 

will keep the box to store the earplugs in and in so doing keeps the instructions (printed on 

the box) with the earplugs. 

As a footnote, it is interesting to mention that for the E-A-R earplug, the 

manufacturer has substantially reduced the detail and length of instructions accompanying 

the product. On the other hand, for the Hear-Guard the same manufacturer has 

substantially increased the detail and length of the instructions. One might hypothesize that 

the difficulty in sizing the V-51R plug warrants more detailed and complete instructions. 

Subjects 

Subjects for the VPI part of the experiment were recruited from the local 

Blacksburg/Virginia Tech area. For both the screening process and the actual experiment, 

subjects were paid $6.00/hr for their voluntary participation, which was obtained via 

Institutional Review Board-approved informed-consent procedures. Overall, 52 subjects 

who were naive in regard to the use and fitting of HPDs (per ANSI S12.6-199X, Draft 

1.4, pp. 29-30) were used in the VPI half of the experiment. An experimental session with 

one subject typically lasted two and one-half hours. 

A note about subjects’ racial descent is added here because it has a bearing on a 

person’s anthropometry (in this case ear canal size is the anthropometric measure of 
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specific interest). In the VPI study, forty-six subjects were of European descent, four were 

of African descent, and two were of Asian decent. More will be said in the Discussion 

section about subject anthropometry and specifically ear canal size and achieved 

attenuation. 

A set of 26 subjects (13 males and 13 females) was tested with the E-A-R foam 

earplug. A different set of 26 subjects (13 males and 13 females) was tested with the Cabot 

Safety Hear-Guard V-51R earplug. The mean age of VPI subjects was 23.9 years with a 

range of 18 to 38 years. The mean age of VPI males and females was 22.4 and 25.4 years, 

respectively. The mean age of VPI subjects tested with the E-A-R plug and the Hear- 

Guard V-51R earplug was 25.5 and 22.3 years, respectively. The VPI laboratory tested 

subjects with either the E-A-R or V-51R randomly so as to avoid experimenter practice 

effects of testing half the subjects with one earplug first and then testing the other half of 

the subjects with the other earplug next. The BOVS laboratory participating in this parallel 

study chose to test subjects with the E-A-R earplug first and then to test subjects with the 

V-S1R next. | 

The BOVS laboratory exposed 25 subjects to the E-A-R earplug which was 

comprised of 12 males and 13 females, all of whom had air-conduction pure-tone 

audiometric thresholds of 25 dB or less. (The original design of the VPI half of the 

experiment called for VPI to use 25 subjects for the E-A-R but it was decided to use 26 

subjects instead in order to divide the subjects equally by gender and to achieve a balanced 

experimental design among the VPI half of the experiment.) The mean age of BOVS E-A- 

R subjects was 27.8 years with a range of 19 to 50 years. The mean age of BOVS males 

and females was 24.0 and 31.2 years, respectively. 

Subjects were fully screened and qualified according to procedures set forth in the 

VPI Hearing Protection Research and Testing Facility Operating Policies and Procedures 

Manual (Mauney, Robinson, and Casali, 1993), and the draft standard (ANSI S12.6- 
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199X, Draft 1.4, Section 5). Screening and qualification procedures are completely 

described in the Subject Screening and Experience Leveling section of this thesis. 

Experimental Design 

Independent variables. The independent variables tested in this experiment 

were Fitting Condition (Fit), Laboratory (Lab), Subject Gender (SubGen), Experimenter 

Gender (ExprGen), and Trial (Trial). Earplug Type or HPD could have been included as 

an independent variable in this experiment, but was not since it has already been well 

supported by several studies and HPD test data that different earplugs differ significantly in 

their spectral noise reduction capabilities. However, subjects were divided equally among 

the two levels of the between-subjects factor Earplug Type (E-A-R and Hear-Guard V- 

51R). That is, subjects were tested with only one type of earplug throughout the entire 

experimental session. 

Three separate experimental designs were employed in the experiment because not 

all independent variables were included in every analysis of variance (ANOVA). The first 

experimental design included the factors of Fit, Lab, SubGen, and Trial in a four-way 2 x 2 

x 2 x 3 mixed-factor design to test the E-A-R data. See Figure 18 for the experimental 

design matrix. The second experimental design included the factors of Fit, SubGen, and 

Trial in a three-way 2 x 2 x 3 mixed-factor design to test the V-51R data. The Lab variable 

was not included since the V-51R data for the BOVS lab were unavailable. The third 

experimental design included the factors of Fit, SubGen, ExprGen, and Trial in a four-way 

2x 2x2x3 mixed-factor design to test the E-A-R subject-fit data for experimenter gender 

effects. 

Fitting condition (Fit) was a within-subjects (repeated measures) independent 

variable with two levels (subject fit per ANSI S12.6-199X, Draft 1.4 and experimenter fit 
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per ANSI S3.19-1974). Subjects underwent three trial pairs consisting of an occluded and 

an unoccluded threshold test for each of the fitting condition levels in the order of subject fit 

followed by experimenter fit. The experimenters knew a priori that the two levels of fitting 

condition would be compared for statistically significant differences which may or may not 

have introduced an experimenter bias. This bias could have been avoided either by 

conducting an experiment in which neither the experimenter nor subject was aware of the 

purpose of the experiment (“double-blind experiment’’) or by having separate experimenters 

for each fitting condition. Both options are not very desirable—the former option is not 

very practical and the latter option introduces another source of variability (i.e., another 

experimenter). 

Subject Gender (SubGen) was a between-subjects variable with the levels of Male 

and Female. An equal number of males and females (13) were assigned to each earplug for 

the VPI laboratory. The BOVS laboratory chose to assign 12 males and 13 females to each 

earplug. 

Trial (T) is the third independent variable. Rather than use the mean attenuation of 

all three trials, Trial was included in the experiment as a separate independent variable since 

subjects must undergo three trial pairs per fitting condition. The levels of this variable are 

Trial 1, Trial 2, and Trial 3. 

Except for subjects, which is a random-effects variable, all of the aforementioned 

independent variables were modeled as fixed-effect (manipulated) variables. The Lab 

factor was considered to be a fixed factor since the selection of the levels of Lab factor 

(BOVS and VPI) was determined by a systematic, non-random procedure. Although 

constraints prevented from doing so, it would have been preferable to have modeled Lab as 

a random factor so that direct conclusions could be made about how the procedures used in 

the inter-laboratory experiment would work in other laboratories. 
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Experimenter gender factor. The factor of Experimenter Gender (ExprGen) 

was also included in a special separate ANOVA at the request of the BOVS laboratory. Ina 

previous study, the BOVS laboratory claimed that a significant Experimenter Gender x Fit 

x Trial interaction appeared with only the E-A-R earplug (Franks, personal 

communication). Further analysis of the interaction revealed that attenuation improved after 

each successive trial in subject-fit protocol for subjects tested by a male experimenter only. 

BOVS personnel asked VPI personnel to conduct an experimenter-gender investigation to 

investigate whether the phenomenon carried over to other labs or not. 

Therefore, in order to investigate the effects of experimenter gender on the 

attenuation of an earplug, the male experimenter at VPI trained a then-undergraduate female 

student to give instructions and direct subjects in the fitting of the E-A-R earplug exactly as 

the male experimenter would. The female experimenter condition was introduced only for | 

the E-A-R and only during subject-fit. At the BOVS lab in Cincinnati, Ohio, there was also 

one male and one female experimenter. Both the female experimenter at VPI and BOVS 

tested 6 males and 7 females each. The VPI male experimenter tested 7 males and 6 

females and the BOVS male experimenter tested 6 males and 6 females. Because of 

experimental-design problems, the number of subjects tested was not balanced. 

Blocking. Gender was used as a blocking variable such that 13 male and 13 

female subjects were assigned to each earplug condition for the VPI lab. Hearing threshold 

level was rejected as a blocking variable since the stringency of the screening process 

precluded uneven or biased subject assignment based on hearing threshold levels. 

Dependent measures. The dependent measures were the attenuation and 

standard deviation (in dB) for each subject at each of the nine one-third octave test bands 

for each of the three trial pairs. Trial pairs consisted of one occluded and one unoccluded 

trial. Attenuation values were calculated by subtracting the occluded threshold level from 

the unoccluded threshold level at each frequency for each trial. The Noise Reduction 
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Rating (NRR) in dB was calculated for each earplug using different combinations of 

sample sizes, fitting protocols, gender of subjects, and trials. In addition to the NRRog, 

the NRRg, was also calculated for each combination. 

In addition, ear canal size, as well as other anthropometric measures of the head and 

ears, were taken and are described in more detail elsewhere. 

SUBJECT SCREENING AND EXPERIENCE LEVELING 

Pre-screening Procedures 

Subjects were recruited for the experiment from the local Blacksburg/VPI area by 

means of signs advertising a hearing experiment. Interested volunteers were directed to call 

the experimenter at which time he described the nature of the screening tests and of the 

experiment. The subject was also asked several pre-screening questions which follow: 

1. How old are you? 

2. Is English your first language? 

3. Instructions for the devices we will be testing are often written in small print, and therefore 

ability to read small print is a requirement in this study. Will you be able to read small print 

without difficulty? 

3. Have you ever received individualized instruction in the use of hearing protectors? 

4, Have you worn hearing protectors within the past two years, because you were exposed to 

noise as part of your occupation? 

5. Have you ever participated in an experiment designed to measure hearing protector noise 

reduction? 
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6. How many times have you worn earplugs or earmuffs within the last month and within the last 

year? Include in your estimate any use of earplugs for sleeping or swimming. 

Question 1 was asked to ensure all participants were of legal age, 18 years old, to 

give informed consent to participate in the experiment. The rationale behind Question 2 

was that subjects needed to be able to read the manufacturer’s written instructions in the 

subject-fit condition in order to fit the HPD. It was decided that subjects should be native 

English speakers (English as their first language) in order to avoid judgments on subjects’ 

levels of fluency and to avoid confounding the experiment with level of mastery of English. 

Questions 3 through 6 were required by the draft standard (ANSI $12.6-199X, Draft 1.4) 

in Section 9.1.3. The remaining questions were designed to assess the experience level of 

the subjects in regard to HPD use, fitting, and testing. These final four questions ensured 

all subjects included in the subject-fit procedure were naive or novice to the use of hearing 

protection in accordance with the draft standard. If the subject passed the pre-screening, 

then a time and date were set for the screening at the Auditory Systems Laboratory. 

Screening Procedures 

The screening session served the purpose of ensuring that a group of subjects was 

readily available for the final experiment, qualified for ANSI testing according to the draft 

standard, and experience-leveled in regard to HPD testing procedures. 

Informed consent. Subjects were welcomed and asked to read a standard 

subject’s informed consent form used by the laboratory (Appendix A). Before proceeding, 

the experimenter asked if there were any questions. All answers to questions were 

carefully worded so as not to bias the final outcome of the experiment. At that point, if the 

subject still wished to participate, s/he was asked to sign and date the consent form. 
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Health inventory. Next, subjects were asked several questions to assess factors 

which might exclude them from the experiment such as otopathological history, tinnitus, 

excessive ear wax, cold or allergy symptoms, noisy hobbies, recent excessive noise 

exposure, etc. 

Next, the experimenter performed an otoscopic exam on the subject. Subjects were 

dismissed if the exam revealed problems such as occluding wax, ear canal irritation or 

infection, eardrum perforations or scar tissue, foreign matter, blood in the ear canal, 

abnormalities of the ear due to birth defects or surgery, or any other unusual observations. 

Health inventory results were recorded on a form similar to Appendix B. 

Pure-tone audiometric exam. Next, the experimenter explained that the 

subject would be placed in the anechoic chamber for a hearing test. The experimenter, 

reiterating the instructions in the informed consent form, told the subject that earphones 

would be placed on his or ears and that he or she should keep still so that he or she could 

hear quiet beeping tones presented through the earphones. The subject was monitored by 

- the experimenter at all times by means of a television monitor and headphones at the 

experimenter’s station which were connected, respectively, to a video camera and to a live 

microphone inside the anechoic chamber. The subject was led to the chamber, invited to 

take a seat, and the headphones were fit to the subject. Before leaving the chamber, the 

experimenter handed the silent push-button response switch to the subject and reiterated 

that the switch should be pressed and held only for the duration that beeping tones are 

heard. A practice trial at 1000 Hz was given to the subject before the complete audiogram 

to ensure that the subject understood the instructions. If the subject did not have any 

questions at this point, the audiometric assessment commenced. 

A Beltone 114 pure-tone audiometer with Telephonics TDH 50 supra-aural 

earphones was used for the pure-tone audiometry assessment. The experimenter played a 

pulsed, pure-tone signal for five pulses. Thresholds were determined using a modified 
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Hughson-Westlake (Morrill, 1986) psychophysical procedure and the nine pure-tone 

frequencies tested were 125, 250, 500, 1000, 2000, 3000, 4000, 6000, and 8000 Hz. 

Final thresholds at the nine frequencies were determined first for the right ear followed by 

the left ear. Final thresholds were recorded on a pure-tone audiometric screening form 

(Appendix C). 

After the audiogram was completed, the subject was dismissed if, for either ear, his 

or her hearing threshold level (HTL) for the frequencies of 125, 250, 500 and 1000 Hz 

exceeded 10 dBHL and or if his or her hearing threshold level for the frequencies of 2000, 

3000, 4000, 6000, and 8000 exceeded 20 dBHL. 

Open threshold variability test. The reverberant chamber and HPD test 

system are fully configured to screen and test subjects with the required stimuli in 

accordance with ANSI S3.19-1974. This was discussed earlier in some detail. 

After a short break, the subject was moved to the reverberant chamber and given an 

open threshold variability test. This test, required by ANSI S3.19-1974, assesses whether 

the subject can reliably and consistently report his or her open threshold of audibility levels. 

In automatic mode, the test system is capable of presenting signals that permit the use of the 

Békésy threshold tracking method (Békésy, 1947). For this method, the subject was led to 

the reverberant chamber and asked to take a seat. The experimenter explained that the test 

stimuli in this test sound, not exactly like beeping, but like “ssh-ssh-ssh” or “sst-sst-sst.” 

The subject was handed a silent response push-button switch and told to immediately press 

and hold the switch when these sounds were heard and to immediately let go of the switch 

when the sound could no longer be heard. The system automatically decreased the test 

signal by 5 dB/s when the button was pushed and it increased the signal at the same rate 

when it was released. This procedure was repeated for each one-third octave band signal 

until the criteria for threshold determination were met, whereupon the system moved to the 

next test band. A trial consisted of one-third-octave band-filtered noise centered at 125, 
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250, 500, 1000, 2000, 3150, 4000, 6300, 8000, and 125 Hz and pulsed at 2 Hz. The 125 

Hz test band was repeated after all test bands had been presented as a reliability check. 

Head positioning and accommodation periods were adhered to in accordance with ANSI 

S3.19-1974. 

Subjects were tested for a minimum of three trials. If a subject demonstrated less 

than a range of 6 dB in trial-to-trial variability over three trials, then he or she was accepted 

into the experiment as a qualified and screened subject, and then paid and dismissed. 

Subjects who demonstrated larger amounts of variability practiced until the trial-to-trial 

variability over three consecutive trials was 6 dB or less, at which point they were accepted 

into the experiment. Subjects who exhibited unacceptable variability after repeated trials (a 

maximum of five) were dismissed as candidates and paid for their time. 

Because ANSI S3.19-1974 does not specify any criterion for threshold 

determination, those of ANSI $12.6-1984 were used. ANSI S12.6-1984 requires 

excursions (time between button press and release) that are greater than 3 dB and less than 

20 dB. The peak of an excursion may not be below the valley of another excursion. In the 

VPI test protocol, excursions not meeting these criteria must be repeated until four 

consecutive, acceptable excursions are produced (not including the first excursion after a 

change of frequency which is ignored). The average of the midpoints of the four 

excursions is the final threshold for that test band. These criteria for number and 

consecutive nature of acceptable excursions exceed those of the testing standard. 
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EXPERIMENTAL SESSION PROCEDURE 

Overview 

After the screening, qualified and experience-leveled subjects were called back to 

the Auditory Systems Laboratory to participate in the experimental session. The session 

for every subject was identical and began with three trial-pairs under the subject-fit 

condition (per ANSI S12/WG11 ANSI 12.6-199X, Draft 1.4), which was followed by the 

three trial-pairs under the experimenter-fit condition (per ANSI $3.19-1974). In order not 

to contaminate the subjects’ naive or novice status, the subject-fit condition preceded the 

experimenter-fit condition. The novice status of subjects was also preserved by testing 

subjects with only one type of earplug throughout the experimental session. As in the 

screening process, the criterion for threshold determination of ANSI $12.6-1984 was used 

for the REAT tests. 

Pre-experiment Tasks 

Subjects were greeted and asked to read an informed consent form and a detailed 

description of the experiment (Appendix D). The subjects’ questions, if any, were 

answered with enough detail to allow them to give informed consent but not to bias the 

experiment. Next, the experimenter asked the same questions from the screening process 

to assess the subjects’ health history. Luckily, none of the subjects had to be rescheduled 

because of problems such as recent excessive noise exposure, tinnitus, severe cold or 

allergy symptoms, recent auditory illness, etc. 

The experimenter then performed an otoscopic exam on both of the subject’s ears to 

determine if the subject had developed a recent condition since the screening which may 
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have affected his or her hearing or ability to wear an earplug. The ears were also inspected 

for signs of ear infection or irritation. The findings of the exam were recorded on the 

Subject Data Sheet (Appendix E). 

Subjects were also be given a tympanic examination (tympanogram) to determine if 

the tympanic membrane (eardrum) was intact and not damaged. A normal tympanogram 

was defined as middle ear pressure > 100 daPa and < +50 daPa, static compliance > 0.2 

daPa and < 1.5 daPa, and ear canal volume > 0.6 cc and < 2.5 cc. 

Several anthropometric measurements of the subject were also taken. These 

measurements included bitragion breadth (the breadth of the head as measured from the 

anterior base of the right tragus to the anterior base of the left tragus, Figure 19a), head 

height/tragion to top of head (the distance from the anterior base of the tragus to the level of 

the top of the head, Figure 19b), left and right ear height or length (the maximum length of 

the ear as measured along the long axis, Figure 19c), left and right ear width or breadth (the 

breadth of the ear measured perpendicular to its long axis, Figure 19d), and left and right 

ear protrusion (the horizontal distance from the bony eminence directly behind the ear to the 

most lateral protrusion of the ear, Figure 19e) (NASA, 1978). As will be discussed later, 

the size of each of the ear canals was also measured. 

At this point, the subject was asked to remove any eyeglasses, ear jewelry, hats, or 

other head adornments that might have interfered with the ability of the earplug to make an 

acoustical seal. Based on the experimenter’s judgment, the subject was also asked to 

remove wristwatches or any other accessories which may have created noise and masked 

the test signals. 

The subject was then led to the reverberant room and briefed on overall procedures 

and the threshold tracking method he or she practiced during the screening. The door was 

shut and an accommodation period of two minutes passed during which the subject and 

experimenter did not speak and no signals were presented. After the accommodation 
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Figure 19. Anthropometric measurements taken of the head and ears (a) bitragion breadth 

(b) head height/tragion to top of head (c) ear height or length (d) ear width or 
breadth (e) ear protrusion (from NASA, 1978) 
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period, the subject practiced threshold tracking one-third octave bands centered at 125, 

250, 500, 1000, and 2000 Hz to reacquaint himself or herself with the method he or she 

used in the screening. The experimenter monitored the practice excursions and gave 

subjects more practice and instruction if deemed necessary. For the experimental sessions, 

the same reverberant chamber and accompanying instrumentation used in the screening for 

the open threshold variability test were also used for the REAT tests. 

Subject-Fit Condition per S12/WGII, ANSI S12.6-199X, Draft 1.4 

After threshold tracking practice, the experiment began. The subject performed a 

complete unoccluded trial consisting of one-third band-filtered noise (pulsed at 2 Hz) 

centered at nine frequencies: 125, 250, 500, 1000, 2000, 3150, 4000, 6300, and 8000 

Hz. The 125 Hz test band was repeated after the nine test bands were presented as a 

reliability check. (Although the 3150 and 6300 Hz test signals are required by ANSI 

S3.19-1974 but not by the draft standard, they were presented in the subject-fit condition in 

order to maintain continuity with the experimenter-fit condition that followed.) The results 

of this initial unoccluded trial were compared to the subject’s unoccluded trial from the 

screening to check for a temporary threshold shift that the subject may have incurred. Ifa 

10 dB increase in threshold at a practiced frequency was detected, the subject would have 

been dismissed, rescheduled, and requested to avoid excessive noise until the next 

scheduled experimental session. However, there was no temporary threshold shift detected 

for any of the 52 subjects. 

After the unoccluded trial, the subject was handed the E-A-R foam earplugs in their 

individual packaging. The experimenter read the following subject-fit directions aloud 

while the subject followed the identical text (laserprinted 24-point Times font) printed on a 

sheet of 8.5” by 11” paper and sheathed in a protective clear plastic cover: 
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The purpose of this test is to estimate the noise reduction that you would be likely to obtain while 

wearing this hearing protector in a noisy environment. Please read the instructions and fit and 

adjust the hearing protector to the best of your ability, consistent with a reasonable degree of. 

comfort. Jam not allowed to assist you in that process (S12/WG11 ANSI 12.6-199X, Draft 1.4, 

p. 32). 

The subject was advised of and shown the location of any and all forms of the 

manufacturer’s instructions. For the E-A-R earplug, the subject was shown the very brief 

instructions which appear on the back of the packaging of the individual pairs of earplugs 

(the so-called “pillow packs”) as well as the very detailed instructions which appear on the 

side of the master dispenser box which dispenses the individual pillow-pack pairs of E-A-R 

earplugs. For the Hear-Guard V-51R, the subject was shown the fitting and sizing 

instructions which appear on three sides of the master-dispenser box. The master- 

dispenser box itself holds 12 pairs of V-51R earplugs of a single size and attached to these 

by a String is a small leaflet bearing fitting instructions. Subjects tested with the Hear- 

Guard V-51R were notified of the small-leaflet instructions. The experimenters in no way 

verbally or physically assisted the subject and no fitting noise was provided. 

The procedures for earplugs that come in multiple sizes (such as the V-51R) 

involved an additional step whereby the subject decided which size of the protector was 

best for his or her ear canals. At the same time that the subject was handed the 

manufacturer’s written instructions, one pair of each of the five sizes available were placed 

in front of the subject on a table. After the subject finished reading the manufacturer’s 

instructions, the experimenter read the following subject-fit directions aloud while the 

subject followed along with his/her own copy of directions. The directions were 
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laserprinted (24-point Times font) on a sheet of 8.5” by 11” paper and sheathed in a 

protective plastic cover: 

Please try these protectors on to find the size that is best for you. This may be different for each 

of your ears. Begin by trying a middle or regular size and then based on the looseness or tightness 

of the fit, and any guidance provided in the manufacturer’s instructions, proceed to larger or smaller 

sizes as needed (S12/WG11 ANSI 12.6-199X, Draft 1.4, p. 33). 

In selecting the proper size, the experimenters did not provide any physical or verbal 

assistance to the subject. Nor did the experimenter provide a fitting noise or use attenuation 

measurements to assist the subject in selecting the proper size. 

One other difference in procedures between the two plugs tested is that for the E-A- 

R earplug, a new pair was handed to the subject for each occluded threshold test. This is 

because the open-cell foam becomes soiled with handling and the recovery characteristics 

of the plug change with temperature, which increases due to contact with the flesh. On the 

other hand, for the V-51R earplug the subject was required to fit and wear the exact same 

two plugs chosen at the beginning in the same ears for all three occluded threshold tests. 

Except for the exceptions already noted, the procedures for testing either earplug 

were identical from this point hence. The subject was allowed five minutes to read and fit 

the earplugs in both ears. (The experimenter occupied himself with a task and did not 

watch the experimenter in order not to make the subject self-conscious of fitting the earplug 

and in order not to inadvertently give cues as to whether the plug was being fit properly.) 

After four minutes, the experimenter instructed the subject to fit the earplug as best he or 

she could in the next minute. Then the subject was directed to remove the earplugs and to 

follow the experimenter into the reverberant chamber and take a seat. The experimenter 

handed the subject the laserprinted (24-point Times font) occluded-test directions on a sheet 
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of 8.5” by 11” paper sheathed in a protective plastic cover. The following directions were 

read aloud by the experimenter while the subject followed along: 

After I leave the chamber, please put on the hearing protector in the way you have just practiced. 

Refer to the manufacturer’s instructions as needed. Once you indicate that you have completed 

fitting the protector, the test will begin, and you may not touch or adjust the protector until you 

are asked to remove it at the end of the test. If the device falls out of your ear during the test, 

please signal me. Throughout the test I will be able to observe you through the window using the 

TV camera (S12/WG11 ANSI 12.6-199X, Draft 1.4, p. 35). 

The experimenter then left the reverberant chamber and closed the door. The experimenter 

was not present while the subject fit the earplug nor did he or she provide any explanation 

or assistance, including fitting noise. Again, the subject was given a maximum of five 

minutes to fit the earplugs. 

For the V-51R earplug, occluded threshold testing began immediately after the 

subject indicated he or she had fit both ears. However, for the E-A-R earplug, occluded 

threshold testing began two minutes after the subject indicated that he or she had fit both 

ears. The draft standard provides a two to two-and-one-half minute exception for all 

devices that require time to slowly expand to fit the ear canal (as in the case of the E-A-R 

earplug) or conform to the circumaural regions (as in the case of earmuffs). 

The subject performed a complete occluded trial consisting of pulsed one-third 

octave-band filtered noise stimuli centered at the same nine frequencies as the unoccluded 

trial plus the 125 Hz reliability check. During the occluded trials, the data were accepted 

regardless of the quality of fit of the earplug, whether it shifted or loosened in the canal, or 

if it broke its acoustic seal, all of which occurred as reported by subjects. 
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According to the S12/WG11 draft standard, in the case of an earplug falling 

completely out of the ear, the experimenter was to stop the test, enter the chamber, hand the 

subject the earplugs and instructions, and ask him or her to refit the device. If the earplug 

fell out again, the subject was dismissed, and paid for his or her time. The dismissed 

subject, who was to be replaced by another screened and qualified subject, was to be 

reported in the final results but not used in the final analysis of the data. Although some 

subjects reported earplugs shifting during testing, no earplugs fell out of any subject’s ears 

during testing thus no subjects were dismissed. 

The subject then performed two more unoccluded (U) threshold tests and two more 

occluded (O) threshold tests in the following order: U-O (trial pair 1), U-O (trial pair 2), 

U-O (trial pair 3). (In order to counterbalance the ordering of the threshold tests, one-half 

of all subjects were tested in the UO-UO-UO order and the other half were tested in the 

OQU-OU-OU order.) The subject was reminded that he or she could review the 

manufacturer’s written instructions before each of the second and third occluded threshold 

tests; however, the experimenters, again, did not offer any verbal or physical assistance. 

For all six threshold tests, the subject remained in the reverberant room. However, the 

subject was offered rest breaks between trial pairs in order to maintain alertness as 

necessary. 

After all six threshold tests were conducted, the subject was given a ten-minute 

break before the experimenter-fit condition began. The subject was allowed to exit the 

reverberant room and leave the laboratory temporarily but he or she was instructed not to 

engage in any activities that could cause a temporary threshold shift (e.g., entering noisy 

areas, listening to a personal music headset, etc.). 
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Experimenter-Fit Condition per ANSI S3.19-1974 

Upon the subject’s return to the laboratory, the experimenter-fit condition 

commenced. The EPA specifies that the experimenter-fit fitting protocol from ANSI 

S3.19-1974 is to be used if REAT measurements are used to calculate the NRR of a 

hearing protection device. Experimenter fit is the fitting protocol used to yield the optimum 

or best attenuation data which appear as the manufacturer’s labeled attenuation data on the 

packaging of an HPD. 

In the experimenter-fit condition, the same subjects were tested with the same type 

of earplug as in the subject-fit condition, with three occluded and three unoccluded 

threshold tests in the following order: U-O (trial pair 1), U-O (trial pair 2), U-O (trial pair 

3). According to the ANSI S3.19-1974 experimenter-fit protocol, the unoccluded 

threshold determination preceded an occluded trial. 

For the Hear-Guard V-51R earplug, the experimenter discarded the plugs from the 

subject-fit condition and chose a new earplug in the proper size for each of the subject’s ear 

canals. The size of earplug chosen was based on what resulted in a “best” fit (i-e., an 

acoustical seal) by asking subjects questions about the quality of the fit, for example, its 

tightness, whether leaks could be detected, and whether noise reduction was equal in both 

ears. No fitting noises, attenuation measurements, or measurement devices were used to 

select the size. 

The experimenter explained to the subject that this new condition was designed to 

obtain an estimate of the maximum attenuation that could be achievable in a noisy 

environment. The subject was led to the reverberant room for a five-minute 

accommodation period during which no signals were presented and no talking occurred. 

Eyeglasses, hats, ear jewelry, etc. were not allowed in this condition either. After five 

minutes, the unoccluded hearing threshold was tested in the same manner as the previous 
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fitting condition. For the occluded conditions, the experimenter personally fit the earplug 

in the subject’s ears as many times as necessary and with no time limit to assure a good fit, 

an acoustic seal, and optimum attenuation. The subject was instructed on how to use the 

70 dB white noise presented to him or her to help determine if the experimenter obtained an 

optimum fit. 

During the occluded trials, the data were accepted regardless of the quality of fit of 

the earplug, whether it shifted or loosened in the canal, or if it broke its acoustic seal. Only 

in the case of an earplug falling completely out of the ear was the experimenter allowed to 

stop the test, but this never occurred. (If it had occurred, the experimenter was to refit the 

subject with the earplug for a retest.) This procedure was in accordance with ANSI S3.19- 

1974 which requires that subjects be retained despite reporting small amounts of 

attenuation. It was anticipated that those subjects for whom the experimenter cannot obtain . 

an adequate fit would be replaced and noted in the final results. However, there were no 

cases where the experimenter felt that at least an adequate fit was not achieved. 

For the E-A-R earplug, a two-minute period was allowed after insertion and before 

threshold testing to allow the plugs to expand and create a seal with the ear canal walls. 

The subject remained in the reverberant room for the duration of the six hearing 

threshold tests. However, the subject was offered rest breaks between trial pairs in order 

to maintain alertness as necessary. 

Ear Canal Measurements 

After the experimenter-fit condition, the experimenter measured the size of each of 

the subject’s ear canals using the Eargage™ Earplug Sizing Device from Cabot Safety 

Corporation (Figure 20). This device consists of five plastic spheres with diameters 

ranging from 7.6 mm to 11.4 mm. To use this device, the experimenter began with a 
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Figure 20. EarGage™ earplug sizing device from Cabot Safety Corporation 
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medium-sized ball and inserted it into the ear canal. During this insertion the pinna was 

pulled up and out to straighten the canal. After releasing the ear, the correctly-sized ball 

was the one in which: the tab of the gauge lay on the concha floor; the subject felt suction 

from pumping the sphere in and out slightly; and the ear canal conformed around the sphere 

without leaks. Each ear canal measurement was recorded as XS (extra small), S (small), M 

(medium), L (large), or XL (extra large). 

Ear canal size measurements were taken after and not before the hearing threshold 

tests for a very good reason. Measuring the ear canals involves achieving a snug fit and an 

acoustic seal between the ear canal and the measuring sphere — information which could 

be used by the otherwise HPD-naive users to fit the HPDs to themselves more proficiently 

than they otherwise might have done. 

After all ear canal measurements were taken, the subject was fully debriefed on the 

purpose of the experiment and the subject’s questions about the experiment were answered. 

The subject was paid for his or her participation in the experiment, thanked, and dismissed. 

OVERVIEW OF DATA REDUCTION AND ANALYSIS TECHNIQUES 

Analysis of Variance (ANOVA) 

To determine the significance of the main effects and interactions of the independent 

variables Fitting Condition (Fit), Laboratory (Lab), Subject Gender (SubGen), and Trial 

(Trial), separate 2 x 2 x 2 x 3 analysis of variance (ANOVA) techniques were used to 

analyze the frequency-specific attenuation data obtained for the E-A-R earplug. Due to the 

use of nine frequencies, there were nine resultant ANOVAs. 

Since only V-51R data were available from the VPI lab and not from the BOVS lab, 

only the frequency-specific attenuation data from VPI were analyzed using a 2 x 2 x 3 
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ANOVA for the factors of SubGen, Fit, and Trial. Because lab had only one level in this 

case, it was omitted as a factor in these ANOVAs. 

An entirely separate set of 2 x 2 x 2 x 3 ANOVA was conducted with the factors of 

Lab, SubGen, Experimenter Gender (ExprGen), and Trial which is discussed later. 

Using Type III sums of squares, separate ANOVAs were conducted for each of the 

third-octave test band center frequencies (hereafter simply referred to as “frequency’”). An 

ANOVA was conducted for each frequency for ease of interpretation of results and 

especially since it is already well established that an HPD offers different amounts of 

attenuation at different frequencies. In addition, attenuation data for each of the earplugs 

were analyzed separately in order not to unnecessarily complicate the analyses since it is 

also already well established that different HPDs offer different amounts of attenuation for 

reasons other than the ones investigated in this experiment. 

An a priori decision was made that if a significant main effect or interaction 

appeared at five or more of nine test frequencies, then it was considered to be of practical 

| importance and warranted subsequent testing to determine the locus of significance using 

simple effects F-tests. (It was decided that main effects or interactions were of practical 

importance if they appeared at a minimum of five of nine test frequencies since five is a 

number greater than half of the frequencies and is the preponderant quantity or share.) 

Effects for which significance was present at less than five frequencies were considered to 

have occurred by random variation and were considered to be not very meaningful or 

interpretable. (As it turned out, in only two cases was significance present at five or more 

frequencies: the Fit factor for the E-A-R earplug and the Fit factor for the V-51R.) 

For within-subject variables, a Greenhouse-Geisser correction was applied to 

protect for violations of sphericity and to make the necessary adjustments to the degrees of 

freedom in the F-ratios (Greenhouse and Geisser, 1959). All p-values reported for within- 

subject main effects or interactions in this thesis are Greenhouse-Geisser-corrected. In 

123



addition, the Hunyh-Feldt adjusted probability levels are reported in the complete ANOVA 

summary tables which appear in Appendices F, G, and H only for the sake of comparison 

and are not used in the results or discussion of this thesis. The Hunyh-Feldt estimate is 

liberal in that it overestimates epsilon and leads to tests which may reject the null hypothesis 

even though it is true (type 1 error), especially when the sample size is small. The 

Greenhouse-Geisser estimate of epsilon tends to be conservative. That is, it underestimates 

the true value of epsilon, resulting in tests which may not reject the null hypothesis even 

though it is not true (type 2 error). In the ANOVA summary tables that appear in the 

appendices, Greenhouse-Geisser is abbreviated as “G-G” and Hunyh-Feldt is abbreviated 

as “H-P’”. 

Effects which resulted in p-values < 0.05 were considered to be significant. 

Correlational Analyses 

Ana priori decision was made to correlate HPD attenuation with ear canal size by 

calculation of Pearson product-moment correlation coefficients (r). For each fitting 

protocol, the three attenuation figures were averaged. Eargage™ ear canal sizes were 

coded 1, 2, 3, 4, and 5 for extra-small, small, medium, large, and extra-large, respectively. 

The two coded ear canal sizes per subject were averaged to arrive at an arithmetic mean 

canal size per subject. Correlation coefficients were calculated to determine if a linear 

association existed between ear canal size and mean attenuation at each frequency. 

In order to investigate whether a relationship between ear canal size and gender 

existed, a point biserial correlation was run incorporating the data from all VPI subjects. 

The point biserial correlation is used to determine if a linear association exists between a 

continuous variable and a dichotomous variable. It should be noted that the point biserial 

correlation was used (for lack of a known more appropriate test of correlation) despite the 
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fact that the Eargage™ ear canal measurements are not true continuous data, but rather 

interval data. Males and females were coded | and 0, respectively, and the Eargage™ sizes 

were coded 1, 2, 3, 4, and 5 for extra-small, small, medium, large, and extra-large, 

respectively. Coded ear canal sizes were averaged per subject and the point biserial 

correlation was run. 

Finally, a post-hoc correlation analysis was run to determine the strength of the 

relationship between the size of the Hear-Guard V-51R chosen by the subject (for subject 

fit) or by the experimenter (for experimenter fit) and the size of the subjects’ ear canals as 

measured by the Eargage™ Earplug Sizing Device. In addition, a correlation was run 

between subject-selected- and experimenter-selected-earplug sizes to determine the extent of 

the agreement between the earplug size selected. As pteviously described, V-51R subjects’ 

ear canal sizes were coded and averaged per subject as were the Hear-Guard earplug sizes. - 

Because the earplug and ear canal size data are interval data, it was appropriate to calculate 

the Pearson product-moment correlation coefficients. 

Noise Reduction Rating (NRR) 

For each earplug and fitting protocol tested, noise reduction ratings (NRRs) were 

calculated for both laboratories and earplugs using a variety of combinations of genders, 

number of subjects, and trials. The estimate of the level of protection afforded to 98% of 

users, the NRRog, was calculated. The NRRog is calculated with a two standard-deviation 

correction and is the rating that the EPA requires that manufacturers place on HPD 

packaging. Also calculated was the NRRgg which is calculated with a one standard- 

deviation correction and is an estimate of the level of protection afforded to 84% of HPD 

users. NRRgg is often calculated as an estimate of the field performance of an HPD. 
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Only one statistical analysis was performed on the NRR values to determine optimal 

sample size for REAT tests and is explained in the following section. 

Analysis for Determining Optimum Subject Sample Size for REAT Tests 

Confidence limit approach. An investigation was carried out to determine the 

ideal sample size to be used in real-ear attenuation at threshold tests. A limited amount of 

previous research has focused on determining the minimum number of subjects needed to 

arrive at a “true” or “stable” estimate of the NRR (Berger and Kerivan, 1981; Berger, 

Lindgren, and Kieper, 1993). Rather than use an NRR approach to investigate optimal 

sample size, this thesis focused on determining the minimum number of subjects needed to 

arrive at a “true” or “stable” estimate of HPD attenuation at each test frequency within a 

specified error. 

The motivation for using attenuation data rather than NRRs was based on an 

assertion that “...the NRR is an intricate combination of the nine OB [octave-band] values 

which are transformed using logarithms and antilogarithms, and in which the final number 

also includes subtractive SD [standard-deviation] corrections. The authors of this paper 

have been unable to analytically derive, or find published in the literature, a suitable 

expression from which to compute the precision of the resultant NRR” (Berger, Lindgren, 

and Kieper, 1993, p. 5). The implication of their assertion is that the NRR is of 

questionable reliability and validity after pooling data across frequencies and repeatedly 

subjecting the data to mathematical manipulations. 

A confidence-limit method was used similar to that used by Berger and Kerivan 

(1981) and Berger, Lindgren, and Kieper (1993). In order to arrive at the sample standard 

deviation (s), the mean of each subject’s three attenuation values was computed first, and 

then the standard deviation of the 26 (VPI) or 25 (BOVS) subjects’ trial means was 
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computed. The sample size was of sufficient size to use s as an estimate of the population 

standard deviation (6) and to use s to replace o in the formula to follow. This method of 

averaging the three trials for each subject collapsed the within-subject variability into a 

single mean-attenuation figure for each subject. The standard deviation of the subjects’ trial 

means was indicative of the variability of the attenuation achieved between subjects. The 

decision to calculate the sample standard deviation in this manner was based on the 

knowledge that between-subject variability is greater than within-subject variability in 

REAT testing (Brinkmann and Richter, 1986). Because between-subject variability 

accounts for a larger amount of the total variability in attenuation values, it should be given 

the most weight in determining the appropriate sample sizes needed to accurately estimate 

the true population means of HPD attenuation. Evidence of low trial-to-trial variability 

which appears elsewhere in this thesis also justified the collapsing of the within-subject 

data to obtain a single estimate of a subject’s attenuation. 

Rather than use the previously described method (dubbed Alternative 1) to calculate 

the sample standard deviation as an estimate of the population variance, two other 

alternative approaches could have been chosen instead. Alternative 2 would have been to 

compute a standard deviation from all trials across all subjects. Alternative 2 would have 

been an estimate of the variability of attenuation across all subjects and trials or replications 

(i.e., including both within- and between-subject variability). (The way that standard 

deviations are calculated for each frequency for use in calculating the NRR is exactly the 

same as Alternative 2.) Alternative 3 would have been to compute the standard deviation of 

the three trials for each subject and then to average these standard deviations. Alternative 3 

would have been an estimate of the average within-subject variability. 

Since small sample sizes of 26 and 25 subjects were tested for each earplug at VPI 

and BOVS, respectively, an assumption was made that the population from which 

sampling was done roughly had the shape of a normal distribution. Therefore, since n was 
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less than 30, confidence intervals were based on the t distribution, a continuous distribution 

which is in many respects very similar to the standard normal distribution. 

The confidence-limit method in this thesis was used to arrive at an estimate of the 

sample size needed to estimate the population mean (|) of attenuation at each frequency. 

The previously-described between-subject-weighted sample standard deviation was used as 

an estimate of the population standard deviation (0) and substituted into the formula (Ott 
22 

and Mendenhall, 1985): n = a where the value of t depends on the degree of 

confidence required for the confidence interval and E is the specified amount of tolerable 

error. 

(The derivation of the preceding equation is described thusly: The standard error of 

the sampling distribution for the sample mean X is 0;=0/ Jn. To estimate the population 

mean pl using a confidence interval of the form X +E where E is the tolerable error and is 

specified, one must solve the equation to; = E for n.) 

The preceding formula was used to estimate the sample size needed to estimate the 

population mean of attenuation at each of the nine test frequencies for each fitting protocol. 

The computed values of n were rounded up to the next integer. The test frequency with the 

largest required n was taken to be the minimum number of subjects that are needed in 

REAT testing to estimate the population mean of attenuation at each frequency. Because 

that frequency was assumed to be the most difficult frequency to obtain an accurate estimate 

of attenuation, testing should occur for that many subjects at every frequency for that 

device. (A different worst-case approach could have been taken whereby midrange 

frequencies would be the frequencies used as the minimum number of subjects that are 

needed in REAT testing to estimate the population mean of attenuation at each frequency. 

The assumption for using this alternative approach is that midrange frequencies are more 

critical in determining the protected level of a hearing protector.) 
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This approach was used to find the sample size required at each frequency for 

various combinations of 90%, 95%, or 99% confidence levels with tolerable error E 

varying between | and 6 dB (in increments of 1 dB) for the VPI lab and the BOVS lab. 

For example, if a confidence interval was specified of the form X + 1dB, then E = 1 dB. 

An a priori decision was made that the most useful sample size estimates were those 

derived from the 90% confidence level and £ = 2 dB tolerable error (i.e., the confidence 

interval was specified of the form X +2 dB). Atone time, the 95% confidence limit had 

been chosen since it is the limit conventionally used in behavioral research. Instead, the 

90% confidence level was chosen since it bore similarities to an already familiar calculation, 

the NRRgq. The NRRgy is the minimum attenuation that approximately 84% of users of an 

HPD actually achieve. A 90% confidence limit is interpreted to be the percentage of 

intervals which will contain the true population mean in repeated sampling. That is, 10% 

of all possible samples would give intervals that fail to include the true population mean 

because it lies outside the confidence interval. Obviously, the similarities between the 

NRRgg and a 90% confidence level are somewhat strained, but some rationalization had to 

be made over which confidence level to choose since past confidence limit approaches 

investigating sample size arbitrarily selected a confidence limit. 

(Another approach was later considered as an alternative to the previously described 

approach where the test frequency with the largest n is taken to be the minimum number of 

subjects needed to estimate the population mean. In the alternative approach, rather than 

allow the test frequency with the highest SD to be the sole determinant of the sample size 

needed to estimate the true population mean (i.e., the test frequency with the highest 7), the 

SDs at all nine test frequencies are averaged first before using the confidence limit approach 

to estimate the number of subjects. This alternative approach prevents an atypically high 

SD at one frequency from over-inflating the number of subjects needed to estimate the 

population attenuation mean. The results of both approaches are discussed later.) 
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Stein’s double sampling plan. Stein’s double sampling plan (hereafter 

SDSP) for confidence intervals of a prescribed length (Stein, 1945) was also used to 

determine an ideal sample size needed for REAT testing. SDSP is a method of determining 

how much additional data are needed to reduce the confidence limits to a prescribed length. 

In contrast to the previously described confidence limit approach in which the attenuation at 

each frequency was used, NRRs were the data used for the SDSP approach. 
2.2 

oc/2) 5 

n-| 

2 

4( 
Stein’s double sampling plan is stated in the formula y g2 ng = 

where N is an integer and 0 < Ng - ng < 1, = total length of the confidence interval 

(accuracy), and s = sample standard deviation. 

NRRs were computed for each of the first ten sbjects tested with the E-A-R 

earplug and the first ten subjects tested with the Hear-Guard V-51R earplug. The SDSP is . 

a method of determining how many samples are required to make an estimate of the 

population mean. Therefore, with an eye toward parsimonious sampling, NRRs were 

calculated only for the first 10 subjects as though only they were tested and not a total 26 

subjects. Only VPI data were analyzed. The standard deviation of the ten NRRs was 

calculated and applied to SDSP formula for confidence levels of 90%, 95%, and 99%. 

Tolerances were varied for each confidence level and set at +1 dB, +2 dB, and +3 dB, so ¢ 

(total length of the confidence interval (accuracy)) = 2, = 4, and £= 6, respectively. In 

order to compare sample size estimates derived from the confidence limit approach and 

from the SDSP approach, a decision was made to focus on SDSP sample size estimates 

derived from the 90% confidence level and é= 4 dB. 

Now that the analysis procedures have been specified, the discussion will now turn 

to the results of the analyses of the data. 
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RESULTS 

Analysis of E-A-R Earplug Data by ANOVA 

To determine the significance of the main effects and interactions of the independent 

variables Fitting Condition (Fit), Laboratory (Lab), Subject Gender (SubGen), and Trial 

(Trial), separate four-way 2 x 2 x 2 x 3 mixed-factor analysis of variance (ANOVA) 

techniques were used to analyze the frequency-specific attenuation data obtained for the 

E-A-R earplug. 

The complete ANOVA summary tables for the nine frequency-specific analyses 

performed on the combined E-A-R data from both labs are shown in Appendix F. These 

results are briefly summarized in Table 3, which lists p-values (Greenhouse-Geisser 

corrected for within-subject variables) for the significant (p < 0.05) main effects and 

interactions by one-third octave test band center frequencies (simply referred to as 

“frequency” in the tables to follow). Table 4 contains the mean frequency-specific 

attenuation data (in dB) for each earplug by fitting protocol and also includes the 

manufacturer’s spectral attenuation data. The E-A-R Fit x Lab interaction data from Table 4 

are plotted graphically in Figure 21. 

Main effects. Statistically significant (p < 0.05) main effects of Fit were present 

for the E-A-R earplug at all nine frequencies from 125 through 8000 Hz (F 2 19.740, p < 

0.0001). Fit is the only variable for either earplug tested for which significant main effects 

or interactions were present at all nine frequencies. For all nine frequencies, experimenter- 

fit attenuation was significantly higher than subject-fit attenuation from a minimum 

difference of 3.1 dB at 4000 Hz to a maximum difference of 14.7 dB at 500 Hz. The 

combined laboratory data for each fitting protocol (Fit main effect) are plotted in Figure 22. 
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TABLE 3 

Summary of ANOVA Greenhouse-Geisser Corrected p-values for Significant Effects and 
Interactions for E-A-R Earplug (from Tables F-1 through F-9 in Appendix F) 

  

Frequency (Hz) 
  

Source of Variance 

LAB 

SUBGEN 

FIT 

TRIAL 

LAB x SUBGEN 

FIT x LAB 

FIT x SUBGEN 

TRIAL x LAB 

TRIAL x GENDER 

FIT x TRIAL 

FIT x LAB x SUBGEN 

TRIAL x LAB x SUBGEN 

FIT x TRIAL x LAB 

FIT x TRIAL x SUBGEN 

FIT x TRIAL x LAB x SUBGEN 

125. 250 500 1000 2000 3150 4000 6300 8000 
  

0.0493 0.0409 0.0329 

  

0.0031 

  

0.0001 0.0001/0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
  

0.0436 0.0238 
  

0.0380 0.0278 
  

0.0087 
  

  

  

0.0286 

  

  

  

0.0374 

  

0.0416 
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TABLE 4 

Mean (Standard Deviation) Frequency-Specific Attenuation for Earplugs by Fitting 
Protocol (in dB) 

  

E-A-R_ Foam_ Plug 

Manufacturer’s Data 

Both Labs 

Subject Fit 

Experimenter Fit 

VPI alone 

Subject Fit 

Experimenter Fit 

’ BOVS alone 

Subject Fit 

Experimenter Fit 

Hear-Guard V-51R 

Manufacturer’s Data 

VPI 

Subject Fit 

Experimenter Fit 

  

Frequency (Hz) 

425 «62500 5300 1000 2000 3150 §9=—4000 6300 8000 

37.4 40.9 448 438 363 419 426 46.1 47.3 

(5.7) (5.0) (3.3) (3.6) (49) (3.0) @.1) (3.5) (2.7) 

21.5 22.4 245 25.8 31.7 39.7 408 41.0 40.1 

(8.2) (7.9) (86) (69) (48) (5.5) (5.7) (7.3) (7.9) 

30.1 35.0 39.22 37.9 32.9 433 43.9 452 46.1 

(7.9) (77) (7.2) (5.9) (4.7) (3.6) (3.2) (3.9) (4.6) 

21.8 225 25.3 26.7 32.6 404 42.1 42.3 41.0 

(7.2) (7.6) (7.3) (62) (45) (49) (48) (6.0) (7.0) 

27.7 33.4 39.5 38.1 366 440 443 460 46.4 

(7.5) (8.1) (1D (2) (36) 86) G1) G7) (44) 

21.1 22.2 23.7 248 30.8 39.0 39.5 39.7 39.2 

(9.3) (83) (9.8) (7.5) (48) (60) (63) (81) (8.8) 

32.6 366 38.9 37.7 35.1 425 43.5 445 45.8 

(7.5) (7.0) (63) (5.6) (34) (34) ©@.2) (4.0) (4.7) 

26.3 25.55 25.9 26.2 29.1 34.7 33.8 39.2 42.0 

(7.9) (7.5) (66) (6.0) (4.3) (62) (60) (64) (6.1) 

15.6 15.5 15.6 18.7 266 29.9 25.8 21.3 22.1 

(8.8) (9.0) (83) (85) (7.2) (65) (5.7) (9.0) (10.3) 

18.5 18.1 17.9 20.7 29.8 31.7 285 27.4 27.2 

(7.1) (6.7) (6.1) (5.7) (5.3) (56) (5.9) (9.6) (9.5) 
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Figure 21. Plot of the Fit x Lab interaction for the E-A-R earplug. 

(Statistically significant (p < 0.05) frequencies: 125 Hz.) 

Manufacturer’s data were excluded from statistical analyses. 
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Figure 22. Plot of the Fit main effect for the E-A-R earplug. (Statistically 

significant (p < 0.05) frequencies: 125-8000 Hz.) 

Manufacturer’s data were excluded from statistical analyses. 
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Main effects of Lab (Figure 23) were present at 2000 (F = 4.073, p = 0.0493), 

4000 (F = 4.421, p = 0.0409), and 6300 Hz (F = 4.831, p = 0.0329). For all three 

frequencies, the attenuation measured at the VPI lab was higher than the attenuation 

measured at the BOVS lab with a range of differences from 1.7 dB at 2000 and 4000 Hz to 

2.1 dB at 6300 Hz. 

For Trial, significant main effects (Figure 24) were present only at 500 (F = 3.277, 

p = 0.0436) and 1000 Hz (F = 3.914, p = 0.0238). Coincidentally, for those two 

frequencies, the trials which resulted in the lowest and highest attenuation were both the 

first and third trials, respectively. The differences between the first and third trials were 

1.7 dB at 500 Hz and 1.4 dB at 1000 Hz. 

Statistically significant main effects were also found for SubGen (Figure 25) but 

only at 2000 Hz (F = 9.721, p = 0.0031). Average male attenuation was 2.6 dB higher 

than average female attenuation at this frequency. 

Only Fit met the a priori criteria that a significant effect was of practical importance 

only if significance was present at five or more frequencies. However, since Fit had only 

two levels, no further tests were needed to further explore the locus of significance. 

Interactions. Statistically significant (p < 0.05) two-way interactions were 

present for Lab x SubGen at 4000 Hz (F = 4.557, p = 0.0380) and 6300 Hz (F = 5.154, p 

= 0.0278), Fit x Lab at 125 Hz (F = 7.487, p = 0.0087) (See Figure 21), and Trial x 

Gender at 500 Hz (F = 3.742, p = 0.0286). Statistically significant (p < 0.05) three-way 

interactions were present for Trial x Lab x SubGen at 1000 Hz (F = 3.422, p = 0.0374) 

and Fit x Trial x Lab at 8000 Hz (F = 3.300, p = 0.0416). 

None of the interactions for the E-A-R earplug met the a priori decision that effects 

were of practical importance only if significance was present at five or more frequencies. 
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Figure 23. Plot of the Lab main effect for the E-A-R earplug. (Statistically 

significant (p < 0.05) frequencies: 2000, 4000, and 6300 Hz.) 

Manufacturer’s data were excluded from statistical analyses. 
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Figure 24. Plot of the Trial main effect for the E-A-R earplug. 

(Statistically significant (p < 0.05) frequencies: 500 and 1000 Hz.) 

Manufacturer’s data were excluded from statistical analyses. 
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Figure 25. Plot of the SubGen main effect for the E-A-R earplug. 

(Statistically significant (p < 0.05) frequencies: 2000 Hz.) 

Manufacturer’s data were excluded from statistical analyses. 
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Analysis of V-5IR Earplug Data by ANOVA 

Since V-51R data were available only from the VPI lab and not from the BOVS lab, 

those data were analyzed using a 2 x 2 x 3 ANOVA for the factors of Fit, SubGen, and 

Trial, (since Lab had only one level in this case, it was omitted as a factor in this ANOVA). 

The complete ANOVA summary tables for the nine frequency-specific analyses 

performed on the Hear-Guard V-51R data from the VPI lab are shown in Appendix G. 

These results are briefly summarized in Table 5, which lists p-values (Greenhouse-Geisser 

corrected for within-subject variables) for the significant (p < 0.05) main effects and 

interactions by frequency. Table 4 contains the mean frequency-specific attenuation data 

(in dB) for each earplug by fitting protocol. . 

Main effects. Statistically significant (p < 0.05) main effects of Fit were present - 

at frequencies from 2000 through 8000 Hz (F 2 4.536, p < 0.0436). For these five 

frequencies, experimenter-fit attenuation was significantly higher than subject-fit 

attenuation from a minimum difference of 1.8 dB at 3150 Hz to a maximum difference of 

6.1 dB at 6300 Hz. The data of Table 5 are plotted graphically for the V-51R Hear-Guard 

in Figure 26. 

Main effects of SubGen and Trial were not statistically significant at any frequency. 

Interactions. The two-way interaction of Trial x SubGen was statistically 

significant at 3150 (F = 4.562, p = 0.0182) and 4000 Hz (F = 3.340, p = 0.0446). The 

three-way interaction of Fit x Trial x SubGen was statistically significant at 2000 Hz (F = 

3.642, p = 0.0354). 
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TABLE 5 

Summary of ANOVA Greenhouse-Geisser Corrected p-values for Significant Effects and 
Interactions for V-51R Hear-Guard Earplug at VPI Lab (from Tables G-1 through G-9 in 
Appendix G) 

  

  

  

  

  

  

  

  

  

  

Frequency (Hz) 

Source of Variance 125 250 500 1000 2000 3150 4000 6300 8000 

SUBGEN 

FIT 0.0095) 0.0436 |0.0088 | 0.0012 |0.0084 

TRIAL 

FIT x SUBGEN 

TRIAL x SUBGEN 0.0182 |0.0446 

FIT x TRIAL 

FIT x TRIAL x SUBGEN 0.0354                       
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Figure 26. Plot of the Fit main effect for the Hear-Guard V-51R earplug. 

(Statistically significant (p < 0.05) frequencies: 2000-8000 Hz.) 

Manufacturer’s data were excluded from statistical analyses. 
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Analysis of Experimenter-Gender Effects by ANOVA 

Separate 2 x 2 x 2x 3 ANOVAs were conducted on the E-A-R subject fit data for 

each of the nine test frequencies for the factors of Lab, SubGen, and ExprGen and Trial. 

Because the analyses were performed only on the subject-fit data, the Fit factor was not 

included in the ANOVAs. The complete ANOVA summary tables for the nine frequency- 

specific analyses performed on the subject-fit E-A-R data from both labs are shown in 

Appendix H. A summary of Greenhouse-Geisser corrected p-values for significant effects 

and interactions is given in Table 6. 

Main effects. Statistically significant (p < 0.05) main effects of Trial were 

present at 500 Hz (F = 3.580, p = 0.0374) and 1000 Hz (F = 4.014, p = 0.0257). For 

both frequencies, the difference between the first and third trials was 2.3 dB. 

A significant main effect of Subject Gender was present at 2000 Hz (F = 4.711, p= 

0.0355). Male attenuation was greater than female attenuation by 2.4 dB. 

No significant main effect of Experimenter Gender was present at any of the nine 

test frequencies. 

Interactions. The only statistically significant interaction of either Subject 

Gender or Experimenter Gender was a Trial x ExprGen interaction at 2000 Hz (F = 3.260, 

p = 0.0470). Male and female attenuation differed between Trial 1 by 2.1 dB; Trial 2 by 

0.6 dB, and Trial 3 by 0.4 dB. 

Fitting Protocol and Earplug Variability 

The standard deviations of attenuation at each frequency were examined for 

differences between subject and experimenter fit. The standard deviation gives an 

indication of the variability in attenuation across subjects and trials. The standard 
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TABLE 6 

Summary of Greenhouse-Geisser Corrected p-values for Significant Effects and 
Interactions for Subject-and-Experimenter-Gender ANOVA (Subject Fit and E-A-R 

_ Earplug Data Only) (from Tables H-1 through H-9 in Appendix H) 

  

Frequency (Hz) 
  

Source of Variance 125 250 500 1000 2000 3150 4000 6300 8000 
  

LAB 
  

SUBGEN 0.0355 
  

EXPRGEN 
  

TRIAL 0.0374 |0.0257 

  

LAB x SUBGEN 
  

LAB x EXPRGEN 
  

SUBGEN x EXPRGEN 
  

TRIAL x LAB 
  

TRIAL x SUBGEN 
  

TRIAL x EXPRGEN 0.0470 
  

LAB x SUBGEN x EXPRGEN 
  

TRIAL x LAB x SUBGEN 
  

TRIAL x LAB x EXPRGEN 
  

TRIAL x SUBGEN x EXPRGEN 
  

TRIAL x LAB x SUBGEN x 
EXPRGEN                     
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deviations (SD) for each frequency, fit, and lab are given in Table 7 as are the average SD 

across each condition.. Since no statistical analyses were conducted on the SD data, any SD 

differences between fitting protocols or labs are not necessarily statistically significant 

differences. 

When comparing subject- and experimenter-fit data for the E-A-R in the VPI lab, 

the averages of the standard deviations were 6.2 dB and 5.4 dB respectively. Subject-fit 

SDs were greater than experimenter-fit SDs at frequencies from 2000 Hz and above. For 

the BOVS lab, the average E-A-R subject-fit SD of 7.7 dB was 2.7 dB larger than the 

average experimenter-fit SD of 5.0 dB. For the E-A-R BOVS data, SDs were larger for 

subject fit than for experimenter fit at all nine test frequencies. 

For the Hear-Guard V-51R, experimenter-fit SDs were larger than subject-fit SDs 

at only two frequencies, 4000 and 6300 Hz. The average of the subject-fit SDs was larger - 

than that of the experimenter-fit SDs by 1.3 dB. 

Differences in variability between the two tested earplugs occurred. Standard 

deviations under subject fit at the VPI lab for the V-51R were larger at every frequency than 

for the subject-fit VPI E-A-R SDs by 1.9 dB on the average. The average experimenter-fit 

SDs were larger for the V-51R than the E-A-R as well by 1.4 dB. 

Consistently, the subject-fit data provided higher average SDs than experimenter-fit 

data in all cases, and the manufacturer’s SD provided the lowest SD. 

Subject Anthropometry Analyses 

Analysis of ear canal and earplug size. Only ear canal data for VPI 

subjects are included in the following results. 

The sizes of ear canals (as measured by the Cabot Safety Eargage™ Earplug Sizing 

Device) of all subjects in the VPI experiment are graphed in Figure 27 and in Table 8 they 
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TABLE 7 

Frequency-Specific Standard Deviations (SD) and SD Averages for Earplugs by Fitting 
Protocol (in dB) 

  

Manufacturer’s Data 

Both Labs 

Subject Fit 

Experimenter Fit 

VPI alone 

Subject Fit 

Experimenter Fit 

BOVS alone 

Subject Fit 

Experimenter Fit 

Hear-Guard V-51R 

Manufacturer’s Data 

VPI 

Subject Fit 

Experimenter Fit 

Frequency (Hz) 
  

5.7 

8.2 

7.9 

7.2 

7.5 

9.3 

7.5 

7.9 

8.8 

7.1 

5.0 

7.9 

7.7 

7.6 

8.1 

8.3 

7.0 

7.5 

9.0 

6.7 

500 

3.3 

8.6 

7.2 

7.3 

8.1 

9.8 

6.3 

6.6 

8.3 

6.1 

1000 2000 3150 4000 6300 8000 

3.6 

6.9 

5.9 

6.2 

6.2 

7.5 

5.6 

6.0 

8.5 

5.7 

4.9 

4.8 

4.7 

4.5 

3.6 

4.8 - 

3.4 

4.3 

7.2 

5.3 

3.0 

5.5 

3.6 

4.9 

3.6 

6.0 

3.4 

6.2 

6.5 

5.6 

3.1 

3.7 

3.2 

4.8 

3.1 

6.3 

3.2 

6.0 

5.7 

5.9 

3.5 

7.3 

3.9 

6.0 

3.7 

8.1 

4.0 

6.4 

9.0 

9.6 

2.7 

7.9 

4.6 

7.0 

4.4 

8.8 

4.7 

6.1 

10.3 

9.5   

Avg. 

3.9 

7.0 

5.4 

6.2 

5.4 

7.7 

5.0 

6.3 

8.1 

6.8 
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TABLE 8 

Eargage™-Measured Ear Canal Sizes for VPI Subjects by Gender and Earplug 

  

E-A-R Subjects V-51R Subjects 

  

  

            

Males Females Totals Males Females Totals Grand Total 

XS 0 4 4 0 3 3 7 

S 7 7 14 4 9 13 27 

M 8 5 13 11 10 21 34 

L 7 5 12 7 2 9 21 

XL 4 5 9 4 2 6 15 
  

147 

 



35 

30 

25 

Freq. 20 
of 
Sizes 

15 

10 

    
XS Ss M L XL 

EarGage™- Measured Ear Canal Sizes 

Figure 27. Frequency distribution of Eargage™-measured ear canal sizes for all VPI 
subjects 
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are separated by gender and earplug worn. The range of ear canal sizes appears to be rather 

evenly matched between each earplug. No ear canal of any male subject in the experiment 

was measured to be extra-small. From the data, a typical male ear canal may be said to be 

medium or perhaps large in size while a typical female ear canal may be small or medium. 

From Figure 27 one may observe that ear canal sizes, as measured by the Cabot Safety 

Eargage™, tend to be somewhat normally distributed. 

Table 9 gives the number of each size of V-51R earplugs chosen by subjects or the 

experimenter (depending on fitting protocol) separated by gender. 

Bear in mind that ear canal sizes were measured after the experiment was completed 

so as not to bias the subjects’ or experimenter’s choice of Hear-Guard V-51R earplug size. 

A post-hoc correlation analysis was run to determine the strength of the relationship 

between the size of the Hear-Guard V-51R chosen by the subject (for subject fit) or by the 

experimenter (for experimenter fit) and the size of the subjects’ ear canals as measured by 

the Eargage™ Earplug Sizing Device. The Pearson product-moment correlation coefficient 

for the relationship between subject-selected earplug size and ear canal size was significant 

(r = 0.558) at the p < 0.05 level. For experimenter-selected earplug size and ear canal size 

was also significant (r = 0.746). The correlation between subject- and experimenter- 

selected earplug size was significant as well (r = 0.428). The significance of the correlation 

coefficients was determined by a significance test in which all of the calculated t-values 

(respectively, t = 3.294, t = 5,488, t = 2.320) exceeded the critical tabled t-value of 2.064 

(t (24) = 2.064, p < 0.05). 

Correlating ear canal size and attenuation. Pearson product-moment 

correlation coefficients (r) were calculated to determine if a linear association existed 

between ear canal size and mean attenuation of each frequency. These are given for the E- 

A-R earplug and Hear-Guard V-51R in Tables 10 and 11, respectively. Data for each 

earplug were treated separately since it was unknown if any relationship which might exist 
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TABLE 9 

Hear-Guard V-51R Earplug Sizes for VPI Subjects by Gender and Fitting Protocol 

  

  

  

            

Subject Fit ExperimenterFit 

Males Females Totals Males Females Totals Grand Total 

XS 2 0 2 0 0 0 2 

S 0 4 4 0 3 3 7 

M 6 14 20 0 6 6 26 

L 6 4 10 8 8 16 26 

XL 12 4 16 18 9 27 43 
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would hold for both earplugs. In addition to the correlation coefficient, the tables include 

the calculated t-value for testing the null hypothesis that the population correlation 

coefficient (p, of which r is an estimate) is zero. In Tables 10 and 11, the correlation 

coefficients are significant only for those calculated t-values that exceed the critical tabled t- 

value of 2.064 (t (24) = 2.064, p < 0.05). 

For the E-A-R earplug, significant (p < 0.05) negative correlations were obtained at 

125, 250, and 1000 Hz (r = -0.461, -0.466 and -0.537 respectively) for experimenter fit 

only. The negative correlations indicate an inverse linear relationship in which attenuation 

decreased as ear canal size increased. 

Conversely, significant positive correlations for the V-51R Hear-Guard were 

obtained at the higher frequencies of 6300 and 8000 Hz (r = 0.461 and 0.689, respectively) 

for experimenter fit. This indicates that attenuation increased as ear canal size increased. A 

significant negative correlation appeared for the V-51R for subject fit as well at 4000 Hz (r 

= -0.409). 

Correlating gender and ear canal size. In order to investigate whether a 

relationship existed between ear canal size and gender, a point biserial correlation was run 

for all VPI subjects. The resulting point biserial correlation coefficient of 0.244 was not 

significant (t(50) = 1.779, p > 0.05) at the t-tabled level of 2.01. For VPI subjects no 

measurable relationship between gender and ear canal size existed. 

Noise Reduction Ratings of Test Earplugs 

For each earplug and fitting protocol tested, noise reduction ratings (NRRs) were 

calculated for both laboratories using a variety of combinations of genders, number of 

subjects, and trials. These NRRs for the E-A-R are shown in Table 12, and the NRRs for 

the Hear-Guard V-51R are shown in Table 13. The estimate of the level of protection 
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TABLE 10 

Pearson Product-Moment Correlation Coefficients for Relating Attenuation 
Achieved Using E-A-R Earplug to Ear Canal Size 

  

    

    

Subject Fit Experimenter Fit 

Pearson Product- Pearson Product- 
Frequency Moment Correlation Moment Correlation 

(Hz) Coefficient (r) t Coefficient (r) t 

125 -0.227 1.142 * -0.461 * 2.547 

250 -0,252 1.277 * -0.466 * 2.578 

500 -0.054 0.263 -0.374 1.974 

1000 -0.120 0.592 . * -0.537 * 3.117 

2000 -0.022 0.109 -0.222 1.114 

3150 -0.184 0.919 -0.130 0.644 

4000 -0.086 0.424 -0.352 1.840 

6300 -0.116 0.572 0.079 0.387 

8000 0.068 0.332 0.044 0.214 

Pearson product-moment correlation coefficients and accompanying calculated t-values bearing 
asterisks (*) indicate significance by exceeding f-critical (t (24) = 2.064, p < 0.05). 
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TABLE 11 

Pearson Product-Moment Correlation Coefficients for Relating Attenuation 
Achieved Using HearGuard® V-51R to Ear Canal Size 

  

    

    

Subject Fit Experimenter Fit 

Pearson Product- Pearson Product- 
Frequency Moment Correlation Moment Correlation 

(Hz) Coefficient (r) t Coefficient (r) t 

125 -0.115 0.569 0.153 0.761 

250 -0.315 1.625 0.115 0.566 

500 -0.353 1.848 ~-0.174 0.864 

1000 -0.295 1.513 -0.196 0.980 

2000 0.226 1.139 0.084 0.411 

3150 -0.385 2.041 -0.170 0.846 

4000 * -0.409 * 2.1960.042 0.206 

6300 0.147 0.727 -* 0.461 * 2.548 

8000 0.268 1.361 * 0.689 * 4.663 

Pearson product-moment correlation coefficients and accompanying calculated t-values bearing 
asterisks (*) indicate significance by exceeding f-critical (t (24) = 2.064, p < 0.05). 
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TABLE 12 

Noise Reduction Ratings for Various Combinations of Lab, Fit, Gender and Trials for the 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

E-A-R 

Lab Fitting Gender | No. of [| Trials | Exact [Rounded] Exact Rounded 
Protocol Included | Subjects | Included | NRRog | NRRog | NRRgq | NRRga4 

VPI Subject Fit* M, F 26 12,3] 14.3 14 21.0 21 

VPI Subject Fit* M 13 1,2,3 | 15.2 15 22.1 22 

VPI Subject Fit* F 13 12,3 | 13.4 13 20.0 20 

VPI Subject Fit* M, F 26 1 14.1 14 20.5 20 

VPI Subject Fit* M, F 26 2 12.5 12 20.2 20 

VPI Subject Fit* M, F 26 3 16.0 16 22.4 22 

VPI Experimenter Fitt | M,F 26 12,3 | 246 25 31.0 31 

VPI Experimenter Fit} M 13 12,3 | 25.1 25 31.9 32 

VPI Experimenter Fitt F 13 1,2,3 |] 24.0 24 30.2 30 

VPI Experimenter Fitt | M ,F 26 1 25.0 25 31.1 31 

VPI Experimenter Fitt | M, F 26 2 23.7 24 30.6 31 

VPI Experimenter Fitt {| M, F 26 3 24.8 25 31.2 31 

BOVS Subject Fit* M, F 25 1, 2,3 9.3 9 17.9 18 

BOVS Subject Fit* M 12 1, 2,3 7.0 7 16.3 16 

BOVS Subject Fit* F 13 12,3 |] 11.9 12 19.6 20 

BOVS Subject Fit* M, F 25 1 5.9 6 15.8 16 

BOVS - Subject Fit* M, F 25 2 10.2 10 18.1 18 

BOVS Subject Fit* M, F 25 3 11.9 12 19.9 20 

BOVS | Experimenter Fitt | M,F 25 1,2,3 | 26.5 26 31.5 31 

BOVS | Experimenter Fitt M 12 1,2,3 | 28.7 29 33.0 33 

BOVS | Experimenter Fitt F 13 1,2,3 | 24.5 25 30.2 30 

BOVS | Experimenter Fitt | M ,F 25 1 27.3 27 32.0 32 

BOVS | Experimenter Fitt | M, F 25 2 26.2 26 31.5 31 

BOVS | Experimenter Fitt | M, F 25 3 25.4 25 30.9 31 
  

    * Subject Fit with naive subjects as proposed by ANSI $12/WG11 

t+ Experimenter Fit per ANSI S3.19-1974     
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TABLE 13 

Noise Reduction Ratings for Various Combinations of Lab, Fit, Gender and Trials for the 
Hear-Guard V-51IR 

  

  

  

  

  

  

  

  

  

  

  

  

                  

Lab Fitting Gender | No. of | Trials | Exact [Rounded] Exact [Rounded 
Protocol Included | Subjects | Included |] NRRog |] NRRog | NRRg4 | NRReg4 

VPI Subject Fit* M, F 26 1, 2,3 1.6 2 10.2 10 

VPI Subject Fit* M 13 1,2,3 | -0.5 0 8.5 8 

VPI Subject Fit* F 13 1, 2,3 4.0 4 12.1 12 

VPI Subject Fit* M, F 26 i 1.2 l 9.8 10 

VPI Subject Fit* M, F 26 2 3.0 3 11.0 11 

VPI Subject Fit* M, F 26 3 0.1 0 9.6 10 

VPI Experimenter Fitt | M,F 26 1, 2,3 8.3 8 15.0 15 

VPI Experimenter Fitt M 13 1, 2,3 8.8 9 15.5 15 

VPI Experimenter Fitt F 13 1, 2,3 7.7 8 14.6 15 

VPI Experimenter Fitt | M ,F 26 1 9.4 9 15.8 16 

VPI Experimenter Fitt | M, F 26 2 8.4 8 15.1 15 

VPI Experimenter Fitt | M, F 26 3 6.6 7 13.9 14 
  

    * Subject Fit with naive subjects as proposed by ANSI S12/WG11 

+ Experimenter Fit per ANSI S3.19-1974     
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afforded to 98% of users, the NRRog, was calculated. The NRRog is calculated with a two 

standard-deviation correction and is the rating that the EPA requires that manufacturers 

place on HPD packaging. (Unless specifically noted, references to the NRRog will be 

referred to simply as the NRR.) Also calculated was the NRRgq which is calculated with a 

one standard-deviation correction and is an estimate of the level of protection afforded to 

84% of HPD users. Berger (1983a) has argued that since real-world data produce realistic 

standard deviations, computations of the NRR should utilize a one- (NRRgq) instead of a 

two-standard-deviation correction (NRRog). For any NRR which ends in a decimal of < 

0.5 dB, the EPA requires that it be rounded down to the nearest whole number. If an NRR 

ends in > 0.5 dB then it is rounded up to the nearest whole number. Tables 12 and 13 give 

both rounded and unrounded NRRs to allow for easier comparisons. 

For all 26 subjects tested with the E-A-R earplug in the VPI lab, the NRR was 14.3 

dB for subject fit and 24.6 dB for experimenter fit. For all 25 subjects tested with the E-A- 

R in the BOVS lab, the NRRs were 9.3 dB for subject fit and 26.5 dB for experimenter fit. 

The E-A-R earplug experimenter-fit protocol NRRs for the VPI and BOVS 

laboratory (24.6 and 26.5 dB, respectively) are lower than the manufacturer’s labeled NRR 

of 29 dB. The manufacturer’s labeled NRR for this product was once as high as 35 dB. 

The E-A-R subject-fit NRR at the VPI lab of 14.3 dB is less than one-half of the 

manufacturer’s labeled NRR of 29 dB and the BOVS subject-fit NRR of 9.3 dB is less 

than one-third of the manufacturer’s labeled NRR. 

For the 26 subjects tested with the Hear-Guard V-51R earplug in the VPI lab, the 

NRR was 1.6 dB for subject fit and 8.3 dB for experimenter fit. The manufacturer’s 

labeled NRR is 15 dB and was once as high as 24 dB in the history of this product. The 

subject-fit and experimenter-fit NRRs are respectively, 7.5 and 1.9 times smaller than the 

manufacturer’s labeled NRR. 

156



The BOVS lab had not tested the V-51R earplug at the time of the preparation of 

this thesis. 

Investigating Ideal Sample Size for REAT Testing 

Using confidence limits to investigate ideal sample size. An 

investigation was carried out to determine the ideal sample size to be used in real-ear 

attenuation at threshold tests using a previously-described confidence-limit approach. 

This approach was used to find the sample size () required at each frequency for 

various combinations of 90%, 95%, or 99% confidence limits with tolerable error E 

varying between | through 6 dB for the VPI lab data (E-A-R Earplug, Tables 14 and 15; V- 

51R earplug, Tables 16 and 17) and the BOVS lab data (E-A-R Earplug, Tables 18 and 

19). Ana priori decision was made that the most reasonable sample size estimates were 

those derived from the 90% confidence limit and 2 dB tolerable error (£). That is, the 

confidence interval was specified to be of the form X + 2¢B. 

The test frequency with the largest m (rounded up to the next integer) was taken to 

be the minimum number of subjects that is needed in REAT testing to estimate the 

population mean, i, of attenuation at each frequency. That frequency was the most 

difficult frequency to obtain an accurate estimate of the HPD attenuation for that specific 

HPD. 

The tables show that the number of subjects needed to predict the population mean 

of attenuation within a tolerable error E of 2 dB with 90% confidence for the E-A-R earplug 

for the subject-fit protocol was estimated to be between 27 (VPI lab at 500 Hz) and 61 

(BOVS at 500 Hz). For the E-A-R earplug for experimenter fit, the estimated number of 

subjects needed is between 32 (BOVS lab at 125 Hz) and 37 (VPI lab at 250 Hz). 
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TABLE 14 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for Subject Fit 
at VPI Lab Using Trial 1-3 Data* 
  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 
  

Sample std dev, s 5.54 5.95 6.07 486 3.88 3.97 3.72 465 5.92 
(Estimate of 0) 

Sample Sizes (n) 

90% CL, E = 1 dB 89.4 1033 1076 690 440 459 404 63.2 102.4 
  

90% CL, E=2 dB 22.4 25.8 26.9 17.3 11.0 11.5 10.1 15.8 25.6 
  

90% CL, E=3 dB 9.9 11.5 12.0 7.7 4.9 5.1 4.5 7.0 11.4 

90% CL, E=4 dB 5.6 6.5 6.7 4.3 2.8 2.9 2.5 3.9 6.4 

90% CL, E=5 dB 3.6 4.1 4.3 2.8 1.8 1.8 1.6 2.5 4.1 

90% CL, E=6 dB 2.5 2.9 3.0 1.9 1.2 1.3 L.1 1.8 2.8 
  

95% CL, E=1dB 130.1 150.3 1565 1004 640 668 588 91.9 149.0 

95% CL, E=2 dB 32.5 37.6 39.1 25.1 16.0 16.7 14.7) 23.0 37.2 

95% CL, E=3 dB 14.5 16.7 17.4 11.2 7.1 7.4 6.5 10.2 16.6 

95% CL, E=4dB 8.1 9.4 9.8 6.3 4.0 4.2 3.7 5.7 9.3 

95% CL, E=5 dB 5.2 6.0 6.3 4.0 2.6 2.7 2.4 3.7 6.0 

95% CL, E=6 dB 3.6 4.2 4.3 2.8 1.8 1.9 1.6 2.6 4.1 
  

99% CL, E=1dB 238.1 275.0 286.4 183.8 117.2 122.3) 107.6 168.3 272.7 

99% CL, E=2 dB 59.5 68.8 716 460 293 306 269 42.1 68.2 

99% CL, E=3 dB 26.5 306 31.8 20.4 13.0 13.6 12.0 18.7 30.3   99% CL, E=4dB 14.9 17.2 17.9 11.5 7.3 7.6 6.7 10.5 17.0 

99% CL, E=5 dB 9.5 11.0 11.5 7.4 4.7 4.9 4.3 6.7 10.9 

99% CL, E=6dB 6.6 7.6 8.0 5.1 3.3 3.4 3.0 4.7 7.6 

  

* CL- Confidence Level 
E- Tolerable error in dB 
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TABLE 15 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for 
Experimenter Fit at VPI Lab Using Trial 1-3 Data* 
  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 

Sample std dev, s 6.04 7.08 6.78 5.20 3.14 3.12 2.63 3.30 4.19 
(Estimate of o) _ 

  

Sample Sizes (7) 

90% CL, E=1dB 106.6 146.3 134.3 78.9 28.8 28.3 20.1 31.7 51.3 

| 90% CL, E=2 dB 26.6 36.6 33.6 19.7 7.2 7.1 5.0 7.9 12.8] 
  

  

  

90% CL, E=3 dB 11.8 16.3 14.9 8.8 3.2 3.1 2.2 3.5 5.7 

90% CL, E= 4 dB 6.7 9.1 8.4 4.9 1.8 1.8 1.3 2.0 3.2 

90% CL, E=5 dB 4.3 5.9 5.4 3.2 1.2 1.1 0.8 1.3 2.1 

90% CL, E= 6 dB 3.0 4.1 3.7 2.2 0.8 0.8 0.6 0.9 1.4 

95% CL, E=1dB 155.1 2129 1953 1148 41.9 41.2 29.33 462 74.6 

95% CL, E=2 dB 38.8 53.2 48.8 28.7 10.5 10.3 7.3 11.5 18.7 

95% CL, E=3 dB 17.2 23.7 21.7 12.8 4.7 4.6 3.3 5.1 8.3 

95% CL, E=4dB 9.7 13.3 12.2 7.2 2.6 2.6 1.8 2.9 4.7 

95% CL, E=5 dB 6.2 8.5 7.8 4.6 1.7 1.6 1.2 1.8 3.0 

95% CL, E=6 dB 4.3 5.9 5.4 3.2 1.2 1.1 0.8 1.3 2.1 
  

99% CL, E=1dB 283.8 389.6 357.5 210.1 76.7 %75.4 535 845 136.6 

99% CL, E=2 dB 71.0 97.4 89.4 52.5 19.2 18.9 13.4 21.1 34.1 

99% CL, E=3 dB 31.5 43.3 39.7 23.3 8.5 8.4 5.9 9.4 15.2 

99% CL, E=4dB 17.7 244 22.3 13.1 4.8 4.7 3.3 5.3 8.5 

99% CL, E=5 dB 11.4. 15.6 14.3 8.4 3.1 3.0 2.1 3.4 5.5 

99% CL, E=6dB 7.9 10.8 9.9 5.8 2.1 2.1 1.5 2.3 3.8   
  

*CL- Confidence Level 

E- Tolerable error in dB 
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TABLE 16 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for Hear-Guard V-51R Earplug for 
Subject Fit at VPI Lab Using Trial 1-3 Data* 

  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 
  

Sample std dev, s 7.50 7.88 7.47 7.76 6.44 5.85 4.99 8.40 9.54 
(Estimate of 6) _ 

Sample Sizes (1) 

90% CL, E=1dB 164.1 181.3 162.6 175.5 121.1 99.7 72.7 205.8 265.4 
  

90% CL, E=2 dB 410 453 406 43.9 303 24.9 18.2 51.5 66.4 
  

90% CL, E=3 dB 18.2 20.1 18.1 19.5 13.5 11.1 8.1 22.9 29.5 

90% CL, E= 4 dB 10.3 11.3 10.2 11.0 7.6 6.2 4.5 12.9 16.6 

90% CL, E=5 dB 6.6 7.3 6.5 7.0 4.8 4.0 2.9 8.2 10.6 

90% CL, E=6dB 4.6 5.0 4.5 4.9 3.4 2.8 2.0 5.7 7.4 
  

95% CL, E= 1 dB 238.7 263.7 236.5 255.3 176.2 145.1 105.8 299.4 386.1 

95% CL, E=2 dB 59.7 3965.9 = 59.1 63.8 44.1 36.3 264 749 96.5 

95% CL, E=3 dB 26.5 29.3 26.3 28.4 19.6 16.1 11.8 33.3 42.9 

95% CL, E= 4 dB 14.9 16.5 14.8 16.0 11.0 9.1 6.6 18.7 24.1 

95% CL, E=5 dB 9.5 10.5 9.5 10.2 7.0 5.8 4.2 12.0 15.4 

95% CL, E=6dB 6.6 7.3 6.6 7.1 4.9 4.0 2.9 8.3 10.7 
  

99% CL, E= 1 dB 437.0 482.7 432.9 467.3 322.5 265.5 193.6 548.0 706.7 

99% CL, E=2 dB 109.2 120.7 108.2 1168 806 664 484 137.0 176.7 

99% CL, E=3 dB 48.6 53.6 48.1 51.9 35.8 29.5 21.5 60.9 78.5 

99% CL, E= 4 dB 27.3 30.2 27.1 29.2 20.2 16.6 12.1 34.3 44.2 

99% CL, E=5 dB 17.5 19.3 17.3 18.7 12.9 10.6 7.7 21.9 28.3 

99% CL, E = 6 dB 12.1 13.4 12.0 13.0 9.0 7.4 5.4 15.2 19.6   
  

* CL- Confidence Level 
E- Tolerable error in dB 
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TABLE 17 

Sample Sizes (7) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for Hear-Guard V-51R for 
Experimenter Fit at VPI Lab Using Trial 1-3 Data* 
  

  

  

  

  

  

  

  

Frequency in Hz 125 250 500 1000 =2000 3150 4000 6300 8000 

Sample std dev, s 5.65 6.73 4.93 4.61 4.24 4.69 5.00 8.83 8.80 
(Estimate of 6) _ 

Sample Sizes (7) 

90% CL, E= 1 dB 93.1 132.3 71.0 62.0 52.5 64.3 72.9 227.3 226.1 

90% CL, E=2 dB 23.3 33.1 17.8 15.5 13.1 16.1 18.2 56.8 56.5] 

90% CL, E=3 dB 10.3 14.7 7.9 6.9 5.8 7.1 8.1 25.3 25.1 

90% CL, E=4dB 5.8 8.3 4.4 3.9 3.3 4.0 4.6 14.2 14.1 

90% CL, E=5dB 3.7 5.3 2.8 2.5 2.1 2.6 2.9 9.1 9.0 

90% CL, E=6dB 2.6 3.7 2.0 1.7 1.5 1.8 2.0 6.3 6.3 

95% CL, E=1dB 135.4 192.4 103.3 90.3 76.3 93.5 106.1 330.7 328.8 

95% CL, E=2 dB 33.8 48.1 25.8 22.6 19.1 23.4 26.5 82.7 82.2 

95% CL, E=3 dB 15.0 21.4 11.5 10.0 8.5 10.4 11.8 36.7 36.5 

95% CL, E=4dB 8.5 12.0 6.5 5.6 4.8 5.8 6.6 20.7 20.6 

95% CL, E=5 dB 5.4 7.7 4.1 3.6 3.1 3.7 4.2 (13.2 13.2 

95% CL, E= 6 dB 3.8 5.3 2.9 2.5 2.1 2.6 2.9 9.2 9.1 

99% CL, E= 1 dB 247.8 352.2 189.1 165.2 139.7 171.1 194.1 605.3 601.9 

99% CL, E=2 dB 62.0 88.0 47.3 41.3 34.9 42.8 48.5 151.3 150.5 

99% CL, E=3 dB 27.5 39.1 21.0 18.4 15.5 19.0 21.6 67.3 66.9 

99% CL, E=4 dB 15.5 22.0 11.8 10.3 8.7 10.7 12.1 37.8 37.6 

99% CL, E=5 dB 9.9 14.1 7.6 6.6 5.6 6.8 7.8 24.2 24.1 

99% CL, E=6dB 6.9 9.8 5.3 4.6 3.9 4.8 5.4 16.8 16.7 

  

*CL- Confidence Level 
E- Tolerable error in dB 
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TABLE 18 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for Subject Fit 
at BOVS Lab Using Trial 1-3 Data* 

  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 

Sample std dev, s 8.14 7.24 9.10 6.75 408 498 5.37 7.27 7.93 
(Estimate of 6) 

  

Sample Sizes (7) 

90% CL, E= 1 dB 193.9 153.5 242.4 133.4 48.7 72.7 84.4 154.6 184.1 

| 90% CL, £=2dB 48.5 38.4 60.6 33.4 12.2 18.2 21.1 38.6 46.0) 

90% CL, E=3 dB 21.5 17.1 26.9 14.8 5.4 8.1 9.4 17.2 20.5 

90% CL, E=4dB 12.1 9.6 15.1 8.3 3.0 4.5 5.3 9.7 11.5 

90% CL, E=5 dB 7.8 6.1 9.7 5.3 1.9 2.9 3.4 6.2 7.4 

90% CL, E=6dB 5.4 4,3 6.7 3.7 1.4 2.0 2.3 4.3 5.1 

95% CL, E= 1 dB 282.2) 223.4 352.7 194.2 70.9 105.8 122.8 224.9 267.9 

95% CL, E=2 dB 70.6 55.9 88.2 48.5 17.7 26.4 30.7 56.2 67.0 

95% CL, E=3 dB 31.4 24.8 39.2 21.6 7.9 11.8 13.6 25.0 29.8 

  

  

  

95% CL, E=4 dB 17.6 14.0 22.0 12.1 4.4 6.6 7.7 14.1 16.7 

95% CL, E=5 dB 11.3 8.9 14.1 7.8 2.8 4.2 4.9 9.0 10.7 

95% CL, E= 6 dB 7.8 6.2 9.8 5.4 2.0 2.9 3.4 6.2 7.4 
  

99% CL, E= 1 dB 518.3 410.3 647.7 3566 130.2 194.2 225.5 413.0 491.9 

99% CL, E=2 dB 129.6 102.6 161.9 89.1 3255 48.6 56.4 103.3 123.0 

99% CL, E=3 dB 57.6 45.6 72.0 39.6 145 216 25.1 459 54.7 

99% CL, E=4 dB 32.4 25.6 405 22.3 8.1 12.1 14.1 25.8 30.7 

99% CL, E=5 dB 20.7 16.4 25.9 14.3 5.2 7.8 9.0 16.5 19.7 

99% CL, E=6 dB 14.4 11.4 18.0 9.9 3.6 5.4 6.3 11.5 13.7   
  

* CL - Confidence Level 
E- Tolerable error in dB 
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TABLE 19 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for 
Experimenter Fit at BOVS Lab Using Trial 1-3 Data* 
  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 

Sample std dev, s 6.61 6.34 5.79 5.21 2.68 2.55 2.28 3.33 4.10 
(Estimate of 0) 

  

Sample Sizes (n) 

90% CL, E= 1 dB 128.0 117.6 98.2 79.5 21.0 19.0 15.2 32.4 49.1 

| 90% CL, E=2 dB 32.0 29.4 24.5 19.9 5.3 4.7 3.8 8.1 12.3] 

5.5 

  

  

90% CL, E = 3 dB 14.2 13.1 10.9 8.8 2.3 2.1 1.7 3.6 . 

90% CL, E=4 dB 8.0 7.4 6.1 5.0 1.3 1.2 1.0 2.0 3.1 

90% CL, E=5 dB 3.1 4.7 3.9 3.2 0.8 0.8 0.6 1.3 2.0 

90% CL, E = 6 dB 3.6 3.3 2.7 2.2 0.6 0.5 0.4 0.9 1.4 
  

95% CL, E= 1 dB 186.3 171.1 142.9 115.7 30.6 27.6 22.1 47.2 71.5 

95% CL, E=2 dB 46.6 42.8 35.7 28.9 7.6 6.9 5.5 11.8 17.9 

95% CL, E=3 dB 20.7 19.0 15.9 12.9 3.4 3.1 2.5 5.2 7.9 

95% CL, E=4dB 11.6 10.7 8.9 7.2 1.9 1.7 1.4 2.9 4.5 

95% CL, E=5 dB 7.5 6.8 5.7 4.6 1.2 1.1 0.9 1.9 2.9 

95% CL, E= 6 dB 5.2 4.8 4.0 3.2 0.8 0.8 0.6 1.3 2.0 
  

99% CL, E= 1 dB 342.2 314.3 262.4 212.4 56.1 50.7 406 866 131.2 

99% CL, E=2 dB 85.5 786 65.6 53.1 14.0 12.7 10.2. 21.7 = 32.8 

99% CL, E=3 dB 38.0 349 29.2 23.6 6.2 5.6 4.5 9.6 14.6 

99% CL, E=4 dB 21.4 19.6 16.4 13.3 3.5 3.2 2.5 5.4 8.2 

99% CL, E=5 dB 13.7 12.6 10.5 8.5 2.2 2.0 1.6 3.5 5.2 

99% CL, E=6 dB 9.5 8.7 7.3 5.9 1.6 1.4 1.1 2.4 3.6   
  

*CL- Confidence Level 

E- Tolerable error in dB 
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The tables also show that the minimum number of subjects needed for the V-51R 

earplug is estimated to be 67 (8000 Hz) for subject fit and 57 (6300 Hz) for experimenter 

fit. 

As indicated by the confidence limit method using a tolerable error of E = 2 dB, the 

range of sample sizes (27-67) needed to predict the population mean are much greater than 

what is currently required. These large sample sizes were generated despite the tolerable 

error and confidence levels not being especially stringent. Using such large sample sizes is 

nearly unfeasible because of the costs and time associated with recruiting, qualifying, and 

testing such large numbers of subjects. 

As an alternative approach to allowing the test frequency with the highest SD to be 

the sole determinant of the sample size needed to estimate the true population mean (i.e., 

the test frequency with the highest n), an entirely separate calculation first averaged the SDs 

at all nine test frequencies before using the confidence limit approach to estimate the 

number of subjects. This resulted in a single estimate of the number of subjects needed 

across all frequencies and prevented an atypically high SD at one frequency from 

overinflating the number of subjects needed to estimate the population attenuation mean. 

The results of this alternative approach are given in Table 20. Using the 90% confidence 

limit and E = 2, the subject sample sizes needed to estimate the true population mean of 

attenuation for subject-fit E-A-R are 18 (VPI) and 34 (BOVS); for experimenter-fit E-A-R, 

16 (VPI) and 14 (BOVS). For the Hear-Guard the number of subjects needed are 39 

(subject fit) and 26 (experimenter). The results of this alternative approach are only briefly 

discussed later since the approach which uses the frequency with the highest 7 is the 

preferred approach since it estimates the minimum number of subjects needed for all 

frequencies based on the frequency which has the highest variability and requires the most 

subjects to estimate the true population mean of attenuation. 
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TABLE 20 

Sample Sizes as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation using an Average SD across Test Frequencies for Both 
HPDs and Labs* 

  

  

  

  

  

  

  

  

Lab- VPI- VPI- VPI- VPI- BOVS- BOVS- 
HPD- EAR- EAR- Hear-Guard- Hear-Guard- EAR- EAR- 
Fit SF EF SF EF SF EF 

Sample std dev, s 5.0 4.6 7.3 5.9 6.8 4,3 
(Estimate of 0) | 

90% CL, E= 1dB 71.6 62.0 156.1 103.1 133.9 54.6 

90% CL, E=2 dB 17.9 15.5 39.0 25.8 33.5 13.7 

90% CL, E=3 dB 8.0 6.9 17.3 11.5 14.9 6.1 

90% CL, E= 4 dB 4.5 3.9 9.8 6.4 8.4 3.4 

90% CL, E=5 dB 2.9 2.5 6.2 4.1 5.4 2.2 

90% CL, E=6dB 2.0 1.7 4.3 2.9 3.7 1.5 

95% CL, E= 1 dB 104.1 90.2 227.0 149.9 194.8 79.5 

95% CL, E=2 dB 26.0 22.5 56.8 37.5 48.7 19.9 

95% CL, E= 3 dB 11.6 10.0 25.2 16.7 21.6 8.8 

95% CL, E=4dB 6.5 5.6 14.2 9.4 12.2 5.0 

95% CL, E=5 dB 4.2 3.6 9.1 6.0 7.8 3.2 

95% CL, E=6 dB 2.9 2.5 6.3 4.2 5.4 2.2 

99% CL, E= 1 dB 190.5 165.1 — 415.5 274.4 357.7 146.0 

99% CL, E=2 dB 47.6 41.3 103.9 68.6 89.4 36.5 

99% CL, E=3 dB 21.2 18.3 46.2 30.5 39.7 16.2 

99% CL, E= 4 dB 11.9 10.3 26.0 17.1 22.4 9.1 

99% CL, E=5 dB 7.6 6.6 16.6 11.0 14.3 5.8 

99% CL, E=6 dB 5.3 4.6 11.5 7.6 9.9 4.1 

  

*CL- Confidence Level 
E- Tolerable error in dB 
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Sample size analysis using Stein’s double sampling plan. Stein’s 

double sampling plan (hereafter SDSP) for confidence intervals of a prescribed length 

(Stein, 1945) was also used to determine an ideal sample size needed for REAT testing. 

SDSP is a method of determining how much additional data are needed to reduce the 

confidence limits. In contrast to the previous confidence limit approach in which the 

attenuation at each frequency was used, NRRog and NRRggs were the data used for the 

SDSP approach. 

NRRs were computed for each of the first ten subjects tested with the E-A-R 

earplug and the first ten subjects tested with the V-51R earplug. The SDSP is a method of 

determining how many samples are required to make an estimate of the population mean. 

Therefore, with an eye toward parsimonious sampling, NRRs were calculated only for the 

first 10 subjects as though only they were tested and not the total of 26 subjects. Only VPI 

data were analyzed. The standard deviation of the ten NRRs was calculated and used in 

SDSP formula with tolerances set at +1 dB, +2 dB, and +3 dB, sot=2, ¢=4, and l= 6, 

respectively (see Tables 21 and 22) for confidence levels of 90%, 95%, and 99%. 

Using SDSP for a 90% confidence interval, rounded estimates of the sample size 

needed to accurately estimate the NRRog within +2 dB (¢= 4) based on the NRRogs of the 

first 10 subjects for the E-A-R earplug were 20 subjects for subject fit and 38 subjects for 

experimenter fit. For the Hear-Guard V-51R, the figures were 77 and 54 subjects, 

respectively. 
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TABLE 21 

Sample Sizes Required for a Stable Noise Reduction Rating Using Stein’s Double 
Sampling Plan and First Ten E-A-R Subjects’ NRRs 

  

    

      

   

Subject Fit Experimenter Fit 

        

    
    

NRRog | NRRgq | NRRog | NRRgq 

viation 

Sample Sizes (”) 

  

* CL- Confidence Limit 
£- Length of the Confidence Interval 
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TABLE 22 

Sample Sizes Required for a Stable Noise Reduction Rating Using Stein’s Double 
Sampling Plan and First Ten Hear-Guard V-51R Subjects’ NRRs 

  

   
Subject Fit Experimenter Fit    

   

  

NRRog | NRRg4 | NRRog | NRRgq     
   

  

   

  

ubject 

ubject 

    

yect 

   
      u t 

ubject 
ubject 
u 
ubject 

    
   

    

    

   

   

   

    
viation 

  

    Sample Sizes (7) 

  

* CL- Confidence Limit 
£- Length of the Confidence Interval 
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DISCUSSION 

Effects of Fit on Measured Attenuation 

To briefly review the protocol, the experiment described herein investigated 

attenuation differences between two fitting protocols, naive-subject fit and experimenter fit, 

with two earplugs, the E-A-R foam earplug and the Hear-Guard V-51R multi-sized 

premolded earplug. In subject fit, subjects who knew little or nothing about hearing 

protectors fit themselves with earplugs after brief directions from the experimenter, one 

practice fit, and after reading the instructions supplied by the manufacturer of the earplug. 

Subjects tested with the Hear-Guard V-51R also had the additional task of choosing the 

correct size earplug for their ears. The subject fit himself/herself three separate times for a 

REAT evaluation with each fit. After the subject-fit condition, the experienced 

experimenter fit the subject with the earplug and another three REAT test were conducted. 

Results indicated that for both the E-A-R earplug and the Hear-Guard V-51R 

Statistically significant attenuation differences between the two fitting protocols existed. 

However, the fitting protocol differences were not consistent across devices types. For the 

E-A-R, significantly higher differences (from 3.1 to 14.7 dB) in attenuation were measured 

for experimenter fit than for subject fit at all frequencies from 125 to 8000 Hz. For the 

Hear-Guard V-51R the significant differences (from 1.8 dB to 6.1 dB) between fitting 

conditions existed only at frequencies of 2000 Hz to 8000 Hz. A plausible explanation for 

why the frequencies from 125 through 1000 Hz were statistically nonsignificant for the V- 

51R is that these earplugs did not reduce noise at the lower frequencies very effectively. 

Therefore, the experimenter’s slightly better ability to fit the subjects with the device was 

revealed to be statistically significant at higher frequencies only where HPD attenuation was 

more effective. 

169



Apparently, using the manufacturer’s instructions is not enough for naive subjects 

to fit themselves as well as can an experienced experimenter. This indicates that there is 

knowledge that the experimenter possesses and uses to achieve optimal hearing protector 

attenuation which does not appear on the manufacturer’s instructions. For example, the 

experimenter knows the following information which the instructions do not explicitly 

mention: the importance of getting a tight fit, a good acoustic seal, and just how deep to 

insert the earplug within the ear canal. Of course, what the experimenter considers an 

optimal fit may likely be uncomfortable and possibly slightly painful for the subject. 

For the E-A-R combined-lab data, not only are the experimenter-fit attenuation data 

significantly greater than subject-fit attenuation data, but the manufacturer’s reported 

attenuation data are greater than the experimenter-fit data at every frequency except 3150 

and 4000 Hz. At these two frequencies the experimenter-fit data were respectively 1.4 and 

1.3 dB greater than the manufacturer’s average attenuation data. The maximum difference 

between the experimenter-fit data and the manufacturer’s data was 7.3 dB at 125 Hz. 

_ Despite the experimenters’ (VPI and BOVS) efforts to achieve attenuation comparable to 

the manufacturer’s, the experimenters exceeded the manufacturer’s data at only two 

frequencies and came within 3 dB at only two other frequencies, 6300 and 8000 Hz. 

The experimenter-fit results confirm the findings of other experiments which show 

that the E-A-R earplug can effectively protect a user’s hearing (in this case by an NRR of 

25 or 26 dB) when fit for optimal attenuation. However, the subject-fit results attest to the 

inadequacy of the manufacturer’s own instructions to provide attenuation comparable to 

that advertised by the manufacturer. Given the E-A-R’s history of rather poor real-world 

performance, one would think that the manufacturer of the E-A-R earplug would provide 

explicit and detailed instructions on the individual HPD containers. However, as illustrated 

by Figures 12 and 13, the manufacturer has actually reduced the specificity of the 

instructions, reducing them to three pictograms and three one-word commands. It could be 
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argued that the instructions that appear on the dispenser box which dispenses the individual 

HPD containers has rather detailed fitting instructions on the side. However, frequently the 

dispenser and the individual HPDs are separated in everyday industrial use and workers 

lose the benefit of reading these detailed instructions. The improvement of real-world 

attenuation is more likely to occur if manufacturers improve and increase, not decrease, 

fitting instructions. Then again, one could argue that the instructions were shortened to 

increase the likelihood that subjects would take the time to read the instructions. 

Similarly for the Hear-Guard V-51R, the manufacturer’s attenuation data were 

greater than experimenter-fit data at every frequency except for 2000 Hz where 

experimenter-fit data exceeded manufacturer’s data by a mere 0.7 dB. At 8000 Hz, the 

manufacturer’s data exceeded the experimenter-fit data by 14.8 dB which was the 

maximum difference. Despite using the experimenter-fit protocol for testing the V-51R, the 

experimenter-fit data exceeded the manufacturer’s data only at one frequency and came 

within 3 dB of reaching it at 3150 Hz. | 

The difference between the two fitting protocols tested in this thesis is in agreement 

with other published studies in this area which show that the experimenter-fit fitting 

condition results in significantly higher attenuation than the subject-fit condition (Berger, 

1982; Berger, 1988b; Martin, 1982). 

The results in this thesis are also in agreement with prior studies which show that 

experimenters usually fall short of replicating manufacturer’s labeled attenuation data even 

when the optimum-fit experimenter-fit condition is used (Berger, Kerivan, and Mintz, 

1982). 
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Fitting Protocol and Earplug Variability 

This thesis was also interested in whether attenuation data for subject fit were more 

variable (i.e., resulted in higher standard deviations) than that of experimenter-fit 

attenuation data. The standard deviations calculated from the 30 data points at each 

frequency resulting from a typical REAT test of 10 subjects with 3 replications per subject 

are an indication of the variability in attenuation across subjects and replications. 

The average E-A-R subject-fit SD of 6.2 dB was 0.8 dB larger than the average 

experimenter-fit SD of 5.4 dB for both VPI laboratory. Similarly for the BOVS laboratory, 

the average E-A-R subject-fit SD of 7.7 dB was 2.7 dB larger than the average 

experimenter-fit SD of 5.0 dB. For the V-51R at VPI; the average subject-fit SD of 8.1 dB 

was 1.3 dB greater than the average experimenter-fit SD of 6.8 dB. 

Experimenter-fit SDs are smaller than subject-fit SDs because a single experimenter 

will fit subjects more consistently across replications and across subjects than will multiple 

people fitting themselves over replications. In other words, experimenter-fit data are lower 

in both within- and between-subject variability than subject-fit data. 

The SDs for the V-51R were larger than those for the E-A-R for both subject- and 

experimenter-fit protocols in this thesis. The reason for the variability in attenuation 

between the two earplugs is presumably due to the greater difficulties in properly using the 

V-51R (i.e., choosing the proper size and or achieving an adequate acoustic seal) than with 

the E-A-R earplug. The fitting of the E-A-R earplug is typically easier (on the condition 

that fitting instructions are available) because it is single sized and because the foam 

expands to canal size. 

Apparently, subject fit provides greater SDs and greater variability in attenuation 

across subjects and replications than does experimenter fit. This is in agreement with 

previous studies, namely studies by Berger (1982) and Berger (1988b). In addition, the 
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results which indicate that larger SDs can be expected for the V-51R than for the E-A-R 

when using subject fit are in agreement with Berger (1992). 

Subject-Fit Protocol’s Predictive Ability of Real-World Attenuation 

A major objective of the inter-laboratory study was to determine if the subject-fit 

procedure that used naive subjects and minimized experimenter involvement realized results 

that are a good laboratory approximation of the real-world performance of earplugs. In 

order to be valuable, the laboratory-based subject-fit protocol should predict with 

reasonable accuracy the field performance of HPDs in better hearing protection programs. 

The studies discussed in this section are summarized in Table 23 for user-formed 

foam earplugs (such as the E-A-R) and Table 24 for the V-51R earplug. 

Berger and Kieper (1991) reported that the average NRRgg of 13 published real- 

world studies (most of which were summarized in the literature review in this thesis and are 

discussed again below) for the E-A-R was 13 dB. | 

The naive-subject fitting protocol as tested in this thesis with the E-A-R earplug 

yielded NRRogs and NRRggs of 9.3 and 17.9 dB respectively for BOVS and 14.3 dB and 

21.0 for VPI. These NRRs are compared with past field studies involving the E-A-R in 

order to gauge the accuracy of the lab naive-subject-fit fitting protocol to predict field HPD 

protection. 

Casali and Park’s (1991b) REAT unannounced-and-random-testing field study 

found that subjects who fit the previously unfamiliar-to-them E-A-R earplug using only the 

manufacturer’s instructions (subject-fit condition) realized an NRRog of -7.4 dB and an 

NRRgg of 5.6 dB. This subject-fit field test was representative of a poor hearing 

conservation program where workers have little or no training and must rely on the 

manufacturer’s on-package instructions to fit the HPD. The same subjects realized an 
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TABLE 23 

Summary of Real-World Studies of User-Formed Foam (E-A-R or Decidamp) 
Earplugs (Partially Adapted from Berger (1983a)), Compared to Laboratory Study 
Herein 

  

  

Test Test Number of NRR9s NRRs84 
Report Type Subjects (dB) (dB) 

This research - VPI lab, subject fit 3 26 14.3 21.0 

This research - BOVS lab, subject fit 3 25 9.3 17.9 

Casali and Park (1991b) 4 NA -7.4 5.6 

Berger and Kieper (1991) A 1,2 553 NA 13 

Berger and Kieper (1991) 8 2 22 NA 20 

Crawford and Nozza (1981) 1 58 NA 19 

Abel, Alberti, and Riko (1982) 2 24 NA 9 
2 55 NA 9 

Lempert and Edwards (1983) 1 56 NA 5 
1 56 NA 12 

Hachey and Roberts (1983) 1 31 NA 

Edwards and Green (1986) 
DuPont Plant I 8 | 1 28 NA 17.0 

DuPont Plant I 8 1 28 NA 13.4 
NIOSH Plant II 1 NA NA 13.1 
NIOSH Plant VIII 1 NA NA 9.9 
NIOSH Plant VI 1 NA NA 4.0 
NIOSH Plant VII 1 NA NA 6.6 

Behar (1985) 2 18 4 NA 
2 24 7 NA 

KEY: 

NA - Data not available 
1 - Field study: REAT of employees taken from work place without notification while wearing HPD. 
2 - Field study: REAT of employees reporting to test clinic and fitting their HPD as normally wom at 
work. 
3 - Laboratory study: REAT with naive subjects fitting earplug with manufacturer’s instructions 

and minimized experimenter involvement per subject fit of ANSI $2.16 Revision, Draft 1.4. 
4 - Field study: REAT of employees given unfamiliar HPD and its instructions and told to wear at 

work. Testing occurred randomly without notification. Essentially a field subject-fit procedure. 
  

A - Summary of 13 published field studies with user-formed vinyl foam earplug. 

B - Study conducted of a purportedly well-run hearing conservation program 

C - NRRs estimated from measured dBA noise reduction or from attenuation data at only 500 or 1000 Hz. 
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TABLE 24 

Summary of Real-World Studies of V-51R Earplugs (Partially Adapted from 
Berger (1983a)), Compared to Laboratory Study Herein 
  

  

Test Test Number of NRRog NRRgq 
Report Type Subjects (dB) (dB) 

This research - VPI lab, subject fit 3 26 1.6 10.2 

Fleming (1980) l 9 NA 7 

Padilla (1976) © 1 183 NA -1 

Edwards, Broderson, 1 84 NA 1 

Green, and Lempert (1983) © 

Abel, Alberti, and Riko (1982) 2 20 NA 2 

KEY: 

NA - Data not available 
1 - Field study: REAT of employees taken from work place without notification while wearing HPD. 
2 - Field study: REAT of employees reporting to test clinic and fitting their HPD as normally worn at 

work, 
3 - Laboratory study: REAT with naive subjects fitting earplug with manufacturer’s instructions 

and minimized experimenter involvement per subject fit of ANSI S2.16 Revision, Draft 1.4. 
  

' C-NRRs estimated from measured dBA noise reduction or from attenuation data at only 500 or 1000 Hz. 
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NRRog of 15.2 dB and an NRRgy, of 23.3 dB when experimenter-provided feedback and a 

70 dBA pink-noise (trained-fit condition) were provided to the subject in the second half of 

the experiment. It is very interesting to compare the performance of the subject-fit protocol 

as tested in the field in Casali and Park (199b) (NRRog of -7.4 dB and NRRg, of 5.6 dB) 

and in this laboratory study (NRRog of 9.3 dB and NRRg, of 17.9 dB for BOVS; 14.3 

and 21.0 dB, respectively, for VPI). Evidently a laboratory setting, where the 

experimenter watches and waits for the subject to fit the earplug, creates greater motivation 

to skillfully fit the earplug than does the field setting. The laboratory subject does a better 

job than a field subject at fitting earplugs because in the laboratory the subject may feel self- 

conscious from the experimenter watching and waiting for the subject to fit the earplugs. 

Therefore the lab subject, who is often well paid for his participation, has more incentive 

and motivation to please the experimenter by more thoroughly fitting the earplugs. 

As reported by Berger (1983a), Crawford and Nozza’s (1981) REAT field study of 

workers pulled from the workplace still wearing user-molded foam earplugs (E-A-R or 

equivalent Decidamp brand) reported an NRRgg of 19 dB. This 58-subject study compares 

quite nicely to the laboratory subject-fit NRRg4 of 17.9 dB (BOVS) and 21.0 dB (VPD. 

Also, using data reported by Berger (1983a), the NRRg4 of other field studies of 

workers pulled from the workplace while wearing E-A-R or equivalent Decidamp user- 

formed foam earplugs do not compare as well to the results in this thesis as Crawford and 

Nozza’s (1981) results: 5 dB (N = 56) and 12 dB (N = 56) (Lempert and Edwards, 1983), 

and 9 dB (N = 31) (Hachey and Roberts, 1983). 

Also as reported by Berger (1983a), Abel, Alberti, and Riko’s (1982) study of 

workers who were asked to fit themselves with their own foam earplugs as they would 

normally wear them yielded an NRRg, of 9 dB (N = 24) and 9 dB (N = 55). 
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Edwards and Green (1986) tested subjects without notification who were wearing 

expandable foam earplugs in two DuPont plants which had a hearing conservation program 

(HCP) that was said to have met or exceeded the 1983 Hearing Conservation Amendment 

(HCA) requirements. The NRRggs in the two plants were 17.0 dB and 13.4 dB. These 

results were better than the NRRggs achieved by four plants tested by NIOSH in a previous 

study in which Edwards and Green were experimenters (Edwards, Broderson, Green, and 

Lempert, 1983). The workers of those four NIOSH plants achieved NRRggs of 13.1, 9.9, 

4.0, and 6.6 dB. Apparently the naive-subject fitting protocol as tested in this thesis 

somewhat overestimated the real-world attenuation of the E-A-R in a better hearing 

protection program such as DuPont’s. 

Behar (1985) scheduled workers to fit HPDs as they would on the job. At two 

plants workers achieved NRRogs of 4 and 7 dB for the E-A-R earplug. Caution is due 

when comparing Behar’s study since only six of the ANSI S3.19-1974-required nine test 

frequencies were tested, and ambient noise was above standard limits. 

Berger and Kieper (1991) asked 22 production employees of a purportedly well-run 

hearing conservation program to fit themselves as they would on the job with an E-A-R 

vinyl foam earplug. The resultant NRRg, of the unpublished production-employee study 

was 20 dB. This compares favorably with the subject-fit NRRg4 of 21.0 dB reported by 

the VPI lab in this thesis and the NRRgg of 17.9 dB by the BOVS lab. Berger and 

Kieper’s (1991) field-study NRRgq of 20 dB compared well with a laboratory simulation 

(primarily-naive-subject fitting protocol using only manufacturer’s instructions) NRRgq of 

21 dB as reported in Berger (1988b). 

For the Hear-Guard V-51R tested in this thesis, the VPI lab reported a subject-fit 

NRRgg of 10.2 and a subject-fit NRRog of 1.6. For the V-51R (which could include any 

brand of V-51R, not only the Hear-Guard) Berger (1983a) summarized the results of four 

REAT studies of employees pulled from the workplace while wearing the V-51R and 
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reported the NRRgys: 7 dB (Fleming, 1980), -1 dB (Padilla, 1976), 1 dB (Edwards, 

Hauser, Moiseev, Broderson, and Green, 1978), and 2 dB (Abel, Alberti, and Riko, 

1982). The NRRgg of the Fleming and Padilla studies were estimated from measured dBA 

noise reduction or from attenuation data at only 500 or 1000 Hz. It appears that the 

laboratory-based subject-fit protocol reported in this thesis is a very optimistic estimate of 

the in-field attenuation provided by the V-51R. 

Overall, the laboratory-based subject-fit fitting protocol as proposed by ANSI 

S12/WG11 substantially overestimates the actual attenuation achieved in actual field studies 

reported to date. Even when compared to field studies of plants which claim to have good 

hearing conservation programs in place (e.g., Berger and Kieper, 1991; Edwards and 

Green, 1986), the proposed naive-subject-fit protocol still tends to overestimate the field 

performance of HPDs in those settings. However, it is reasonable to assume that the 

subject-fit protocol is valid only as far as being compared to “...the attenuation obtained in 

the top 10-20% of today’s industrial and military hearing conservation programs, 1.e. the 

attenuation that should be obtained by an informed and motivated work force” (ANSI 

$12.6-199X, Draft 1.4, p. 4). 

Inter-laboratory Variability (VPI vs. BOVS) 

The following discussion of laboratory differences is based only on the E-A-R data 

since they were the only data available for both laboratories. 

Significance for the Lab main effect was present at 2000 (F = 4.073, p = 0.0493), 

4000 (F = 4.421, p = 0.0409), and 6300 Hz (F = 4.831, p = 0.0329) in which VPI 

attenuation was higher in all cases with a maximum difference of 2.1 dB at 6300 Hz. A 
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significant two-way interaction of Fit x Lab was present only at 125 Hz (F = 7.487, p= 

0.0087). 

Based on the weak effects under either the main effect of lab or the interaction 

between lab and fitting protocol, it appears that the subject-fit fitting protocol was 

reasonably reproducible from the VPI lab to the BOVS lab for the E-A-R data. The same 

conclusion is also true for the experimenter-fit protocol although that is not of primary 

interest here. Therefore, the present experiment is in agreement with the pilot study of 

subject-fit fitting protocol reported by Berger, Royster, Casali, Merry, Mozo, and Royster 

(1990) which concluded that inter-laboratory agreement for the subject-fit protocol was 

within acceptable limits. However, since no experimenter independent variable was 

analyzed, the lack of consistent effects between the laboratories cannot be attributed 

specifically either to the between-laboratory or between-experimenter differences (or to 

between-equipment differences, for that matter). Regardless, these will be called 

laboratory differences with the understanding that the differences cannot be attributed to 

specific factors. 

The reproducibility of the results between the VPI and BOVS laboratories can be 

exemplified by the following: VPI subject-fit attenuation was greater (but not significantly 

greater) at every frequency than BOVS subject-fit attenuation by an average difference of 

merely 1.6 dB. These differences are extremely small (not practically significant) and 

perhaps in part due to the fact that the VPI test system measures and reports hearing 

thresholds to the tenth of a decibel while the BOVS test system does not. The standard 

deviations of the subject-fit attenuation at each frequency were an average of 1.5 dB larger 

at all frequencies for the BOVS lab than for the VPI lab. Although these standard deviation 

differences were relatively small, even small differences in standard deviations may affect 

the size of the NRR—more so than small differences in attenuation—as discussed below. 
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Overall, the variability of the average attenuation and standard deviations between the two 

laboratories is very low. 

Another observation concerning the NRR and inter-laboratory agreement merits 

discussion. Based solely on the observation that the calculated subject-fit NRRs between 

the two laboratories seem to be more discrepant than the experimenter-fit NRRs (see Table 

12 and 13), one might conclude that the experimenter-fit fitting protocol is the more 

reproducible protocol between the two laboratories. For example, the E-A-R NRRs for the 

VPI lab for subject-fit are somewhat larger than those for the BOVS lab. Examples of this 

are: the overall E-A-R NRR is 14 for VPI and 9 for BOVS; for VPI males the NRR is 15, 

for BOVS males it is 7; VPI females, 13, and for BOVS females it is 12; for VPI Trials 1, 

2, and 3 the NRRs are 14, 12, and 16 while the respective NRRs for BOVS are 6, 10, and 

12. By comparison, the experimenter-fit NRRs between the two labs seem to be less 

discrepant: the overall E-A-R NRR is 25 for VPI and 26 for BOVS; for VPI males the 

NRR is 25, for BOVS males it is 29; VPI females, 24, and for BOVS females it is 25; for 

_ VPI Trials 1, 2, and 3 the NRRs are 25, 24, and 25 while the respective NRRs for BOVS 

are 27, 26, and 25. 

It would appear from the above NRR discrepancies between the two labs that the 

experimenter-fit protocol gives results that can be more accurately reproduced by another 

lab than subject fit. However, analysis of the mean attenuation and standard deviation data 

for each fitting protocol for each lab explains why the NRRs are discrepant. The VPI 

subject-fit mean attenuation at each frequency is an average of 1.6 dB higher than that of 

the BOVS lab. In addition, the VPI subject-fit standard deviations are an average of 1.5 dB 

lower at each frequency than BOVS standard deviations. This combination of the VPI lab 

having just slightly higher mean attenuations and slightly lower standard deviations for 

subject fit is the reason why the subject-fit NRRs for VPI are larger than those for BOVS. 

On the other hand, for experimenter-fit the BOVS lab mean attenuation is just an average of 
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0.1 dB higher than VPI at each frequency and the VPI standard deviations were just 0.4 dB 

higher than BOVS standard deviations. This illustrates a major problem with the NRR—it 

is so highly driven by the standard deviation that just slightly larger standard deviations 

have large effects on the NRR. 

A judgment on the reliability of a fitting protocol should be based on statistical 

analyses of the actual data rather than on comparisons of the NRR. Turning briefly to the 

E-A-R ANOVA it can be concluded that both fitting protocols produce reproducible results 

between the two labs since the Fit x Lab interaction is significant at only 125 Hz (F = 

7.487, p = 0.0087). 

In conclusion, the naive subject-fit protocol which employed standardized 

instructions and minimal experimenter involvement was adequately reproducible from the 

BOVS lab to the VPI lab. By using standardized procedures, factors such as experimenter 

demeanor, equipment differences, and subject differences were controlled which otherwise 

may have resulted in significant variability between the laboratories. More laboratories and 

other hearing protection devices would have to be tested to ensure that the reproducibility of 

the naive subject-fit protocol found between the VPI and BOVS lab for the E-A-R holds for 

other labs and hearing protection devices as well. 

Effects of Trial on Measured Attenuation 

Significant trial effects that were found for the E-A-R earplug were not consistent. 

Trial was significant at only 500 (F = 3.277, p = 0.0436) and 1000 Hz (F = 3.914, p= 

0.0238). The trials which resulted in the lowest and highest attenuation were both the first 

and third trials, respectively. The differences between the first and third trials were 1.7 dB 

at 500 Hz and 1.4 dB at 1000 Hz. The Trial factor was present in one two- and two three- 
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way significant interactions for the E-A-R but these occurred at only one frequency per 

interaction. 

Significant trial effects present for the V-51R were also inconsistent. No main 

effect of trial was present at any frequency. The two-way interaction of Trial x SubGen 

was Statistically significant at 3150 (F = 4.562, p = 0.0182) and 4000 Hz (F = 3.340, p= 

0.0446). The three-way interaction of Fit x Trial x SubGen was statistically significant at 

2000 Hz (F = 3.642, p = 0.0354). 

The lack of a consistent trial effect indicates that there was no significant change in 

attenuation from trial to trial (i.e., low within-subject trial-to-trial variability). Clearly, trial- 

to-trial attenuation did not improve due to practice effects in signal-responding (increased 

reaction time), practice effects in fitting the protector (improved motor coordination and 

skill), and increased user familiarity level with the protector. By the same token, trial-to- 

trial attenuation did not degrade due to the factors of fatigue, lack of motivation to respond 

quickly to the stimulus sound, or a lack of motivation to properly fit the HPD. 

For the subject fit fitting protocol, the lack of a consistent Trial x Fit interaction 

points to a lack of a strong practice effect of fitting over the three trials for subjects. 

Subjects fit themselves in a way which resulted in nonsignificant differences in attenuation 

from trial to trial. Apparently, in order for trial-to-trial attenuation to improve, more is 

needed than just the manufacturer’s fitting instructions, a pre-trial practice fit, and three 

testing sessions. It is likely that subjects need additional training or knowledge, such as 

that which the experimenter had, to reach the levels of attenuation achieved by the 

experimenter. 

For the experimenter fit fitting protocol, the lack of a consistent Trial x Fit 

interaction suggests two points: 1) the experimenter neither significantly improved or 

degraded the quality of fit achieved on subjects from trial to trial, 2) subjects had enough 
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practice prior to the experimental trials so that the trial-to-trail attenuation was only 

minimally affected by the uncertainty of determining subjects’ hearing threshold levels. 

The low within-subject variability present for both fitting protocols tested indicates 

that three pairs of threshold tests are probably not necessary to achieve an estimate of the 

subject’s “true” achieved attenuation with an HPD. However, further analysis is warranted 

to determine whether there are significant differences between the attenuation data from the 

first trial to the mean of the attenuation data from all three trials. If there are no significant 

differences between using all three trial attenuation data compared to using just one (i.e., 

the first trial) trial attenuation data, then indeed a conclusion can be made that subjects only 

need to perform one trial (one occluded and one unoccluded hearing threshold level 

determinations) rather than three trials. On the other hand, if there are significant 

differences between Trial 1 attenuation data and the mean of Trials 1—3 attenuation data, 

then the previous conclusion of using only one trial in REAT testing is insupportable. 

Such an analysis was performed using a previously described confidence-interval approach 

which was previously used to determine optimum sample size for REAT testing. Optimum 

sample sizes were computed using Trial 1 attenuation data and the means of Trial 1-3 

attenuation data. The resultant sample sizes for each Lab-Earplug-Fitting Protocol 

condition were compared using paired t-tests to determine if there were significant 

differences between sample sizes. (Tables 14-19 and Tables 25-30 give sample size 

estimations using the mean of Trials 1~3 attenuation data and Trial | data alone, 

respectively. Table 31 compares the sample size data using paired t-tests.) For every 

condition and at almost every test frequency, estimates of optimum sample size were larger 

using Trial 1 attenuation data than sample size estimates using the mean attenuation data of 

Trials 1-3. Sample sizes for the Trials 1-3 data ranged from 27 to 67 for subject fit and 32 

to 57 for experimenter fit. Sample sizes for the Trial 1 data ranged from 34 to 95 for 
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TABLE 25 

Sample Sizes (1) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for Subject Fit 
at VPI Lab Using Trial 1 Data* 
  

Frequency in Hz 125 250 500 1000 =2000 3150 4000 6300 8000 
  

Sample std dev, s 6.18 644 673 649 390 555 3.99 612 6.85 
(Estimate of o) 

Sample Sizes (n) 

90% CL, E= 1 dB 111.3) 120.9 132.3. 122.77 444 900 465 109.3 137.1 
  

90% CL, E=2 dB 27.8 30.2 33.1 30.7 11.1 22.5 11.6 27.3 34.3| 
  

90% CL, E=3 dB 12.4 13.4 14.7 13.6 4.9 10.0 5.2 12.1 15.2 

90% CL, E= 4 dB 7.0 7.6 8.3 7.7 2.8 5.6 2.9 6.8 8.6 

90% CL, E=5 dB 4.5 4.8 5.3 4.9 1.8 3.6 1.9 4.4 5.5 

90% CL, E = 6 dB 3.1 3.4 3.7 3.4 1.2 2.5 1.3 3.0 3.8 
  

95% CL, E= 1 dB 161.9 175.9 192.4 1785 646 130.9 67.7 159.1 199.4 

95% CL, E= 2 dB 40.5 440 48.1 44.6 16.2 32.7 16.9 39.8 49.8 

95% CL, E=3 dB 18.0 19.5 21.4 19.8 7.2 14.5 7.5 17.7) 9 22.2 

95% CL, E=4 dB 10.1 11.0 12.0 11.2 4.0 8.2 4.2 9.9 12.5 

95% CL, E=5 dB 6.5 7.0 7.7 7.1 2.6 3.2 2.7 6.4 8.0 

95% CL, E= 6 dB 4.5 4.9 5.3 5.0 1.8 3.6 1.9 4.4 5.5 
  

99% CL, E= 1dB 296.3 322.0 352.2 326.8 1183 239.6 123.9 291.1 364.9 

99% CL, E=2 dB 74.1 80.5 88.0 81.7 296 599 31.0 72.8 91.2 

99% CL, E=3 dB 32.9 35.8 39.1 36.3 13.1 26.6 13.8 32.3 40.5 

99% CL, E=4dB 18.5 20.1 22.0 20.4 7.4 15.0 7.7 18.2 22.8 

99% CL, E=5 dB 11.9. 12.9 14.1 13.1 4.7 9.6 5.0 11.6 14.6 

99% CL, E=6 dB 8.2 8.9 9.8 9.1 3.3 6.7 3.4 8.1 10.1   
  

* CL - Confidence Level 

E- Tolerable error in dB 
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TABLE 26 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for 
Experimenter Fit at VPI Lab Using Trial 1 Data* 
  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 
  

Sample std dev, s 7.52 8.02 7.65 5.51 4.01 3.97 3.06 3.65 4.31 
(Estimate of o) 

Sample Sizes (7) 

90% CL, E= 1 dB 165.1 187.6 170.6 88.6 47.0 45.9 27.4 38.9 54.1 
  

90% CL, E=2 dB 413 469 426 22.2 11.8 11.5 6.8 9.7 13.5| 
  

  

90% CL, E=3 dB 18.3 20.8 19.0 9.8 5.2 3.1 3.0 4.3 6.0 

90% CL, E = 4 dB 10.3 11.7 10.7 3.5 2.9 2.9 1.7 2.4 3.4 

90% CL, E=5 dB 6.6 7.5 6.8 3.5 1.9 1.8 1.1 1.6 2.2 

90% CL, E=6dB 4.6 5.2 4.7 2.5 1.3 1.3 0.8 1.1 1.5 

95% CL, E= 1 dB 240.2) 272.9 248.1 1289 684 668 39.8 566 78.7 

95% CL, E=2 dB 60.0 68.2 62.0 32.2 17.1 16.7 10.0 14.2 19.7 

95% CL, E=3 dB 26.7 30.3 27.6 14.3 7.6 74 4.4 6.3 8.7 

95% CL, E=4 dB 15.0 17.1 15.5 8.1 4.3 4.2 2.5 3.5 4.9 

95% CL, E= 5 dB 9.6 10.9 9.9 5.2 2.7 2.7 1.6 2.3 3.1 

95% CL, E= 6 dB 6.7 7.6 6.9 3.6 1.9 1.9 1.1 1.6 2.2 
  

99% CL, E= 1 dB 439.6 499.5 454.2 236.0 125.2 122.2 72.9 103.7 144.1 

99% CL, E=2 dB 109.9 1249 1135 59.0 31.3 30.6 18.2 25.9 36.0 

99% CL, E=3 dB 48.8 55.5 505 26.2 13.9 13.6 8.1 11.5 16.0 

99% CL, E=4dB 27.55 31.2 28.4 14.8 7.8 7.6 4.6 6.5 9.0 

99% CL, E=5 dB 17.6 20.0 18.2 9.4 5.0 4.9 2.9 4.1 5.8 

99% CL, E= 6 dB 12.2 13.9 12.6 6.6 3.5 3.4 2.0 2.9 4.0   
  

*CL- Confidence Level 

E- Tolerable error in dB 
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TABLE 27 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for Hear-Guard V-51R Earplug for 
Subject Fit at VPI Lab Using Trial 1 Data* 

  

Frequency in Hz 125 250 500 1000 =2000 3150 4000 6300 8000 

Sample std dev, s 9.80 9.44 7.71 8.72 7.14 6.65 5.50 9.14 9.83 
(Estimate of 0) 

  

Sample Sizes (n) 

90% CL, E=1dB 280.4 260.0 173.5 222.1 148.8 129.2 88.1 243.7 281.8 

| 90% CL, E=2 dB 70.1 65.0 43.4 55.5 37.2 32.3 22.0 60.9 70.5| 

90% CL, E=3 dB 31.2 28.9 19.3 24.7 16.5 14.4 9.8 27.1 31.3 

  

  

90% CL, E=4dB 17.5 16.3 10.8 13.9 9.3 8.1 5.5 15.2 17.6 

90% CL, E=5 dB 11.2 10.4 6.9 8.9 6.0 5.2 3.5 9.7 11.3 

90% CL, E= 6 dB 7.8 7.2 4.8 6.2 4.1 3.6 2.4 6.8 7.8 
  

95% CL, E= 1 dB 407.9 378.2 252.4 323.0 2165 187.9 128.2 354.5 410.0 

95% CL, E=2 dB 102.0 946 63.1 80.8 54.1 47.0 32.1 88.6 102.5 

95% CL, E=3 dB 453 42.0 280 35.9 24.1 20.9 14.2 394 45.6 

95% CL, E= 4 dB 25.5 23.6 15.8 20.2 13.5 11.7 8.0 22.2 25.6 

95% CL, E=5 dB 16.3 15.1 10.1 12.9 8.7 7.5 5.1 .14.2 16.4 

95% CL, E=6 dB 11.3 10.5 7.0 9.0 6.0 5.2 3.6 9.8 11.4 

99% CL, E= 1 dB 746.6 692.3 462.0 591.3 396.3 343.9 234.7 648.9 750.4 

99% CL, E=2 dB 186.7 173.8 115.5 147.8 99.1 86.0 58.7 162.2 187.6 

99% CL, E=3 dB 83.0 769 51.33 65.7 440 38.2 26.1 72.1 83.4 

99% CL, E= 4 dB 46.7 43.3 289 37.0 248 21.5 14.7 40.6 46.9 

99% CL, E=5 dB 29.9 27.7 18.5 23.7 15.9 13.8 9.4 26.0 30.0 

99% CL, E=6dB 20.7 19.2 12.8 16.4 11.0 9.6 6.5 18.0 20.8 

  

  
  

* CL- Confidence Level 

E- Tolerable error in dB 
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TABLE 28 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for Hear-Guard V-51R for 
Experimenter Fit at VPI Lab Using Trial 1 Data* 

  

Frequency in Hz 125 250 500 1000 2000 3150 4000 6300 8000 
  

Sample std dev, s 6.45 6.75 5.15 4.80 5.84 4.92 5.90 9.68 9.35 
(Estimate of 6) 

Sample Sizes (n) 

90% CL, E= 1 dB 121.4 132.8 77.3 67.1 99.7 70.8 101.6 273.4 255.1 
  

90% CL, E=2 dB 30.4 33.2 19.3 16.8 24.9 17.7 25.4 68.3 63.8) 
  

90% CL, E=3 dB 13.5 14.8 8.6 7.5 11.1 7.9 11.3 30.4 28.3 

90% CL, E=4 dB 7.6 8.3 4.8 4.2 6.2 4.4 6.3 17.1 15.9 

90% CL, E=5 dB 4.9 5.3 3.1 2.7 4.0 2.8 4.1 10.9 10.2 

90% CL, E = 6 dB 3.4 3.7 2.1 1.9 2.8 2.0 2.8 7.6 7.1 
  

95% CL, E= 1 dB 176.7 193.1 112.4 97.7) 145.0 102.9 147.8 397.7 371.1 

95% CL, E=2 dB 44.2 48.3 28.1 24.4 362 25.7 369 994 92.8 

95% CL, E=3 dB 19.6 21.5 12.5 10.9 16.1 11.4 16.4 442 41.2 

95% CL, E=4 dB 11.0 12.1 7.0 6.1 9.1 6.4 9.2 24.9 23.2 

95% CL, E=5 dB 7.1 77 4.5 3.9 5.8 4.1 5.9 15.9 14.8 

95% CL, E = 6 dB 4.9 5.4 3.1 2.7 4.0 2.9 4.1 11.0 10.3 
  

99% CL, E=1dB 323.4 353.5 205.8 178.8 265.3 1884 270.4 727.9 679.2 

99% CL, E=2 dB 80.8 884 514 44.7 66.3 47.1 67.6 182.0 169.8 

99% CL, E=3 dB 35.9 39.3 22.9 19.9 29.5 20.9 30.0 80.9 75.5 

99% CL, E=4 dB 20.2 22.1 12.9 11.2 16.6 11.8 16.9 45.5 42.4 

99% CL, E=5 dB 12.9 14.1 8.2 7.2 10.6 7.5 10.8 29.1 27.2 

99% CL, E=6dB 9.0 9.8 3.7 5.0 7.4 5.2 7.5 20.2 18.9   
  

* CL - Confidence Level 

E- Tolerable error in dB 
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TABLE 29 

Sample Sizes (n) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for Subject Fit 
at BOVS Lab Using Trial 1 Data* 
  

Frequency in Hz 125 250 500 1000 = 2000 3150 4000 6300 8000 
  

Sample std dev, s 10.26 9.09 11.36 820 664 7.26 7.65 9.47 9.60 
_ (Estimate of o) 

Sample Sizes (n) 

90% CL, E= 1 dB 308.0 241.8 378.0 197.0 129.2 154.4 171.1 262.6 270.0 
  

90% CL, E=2 dB 77.0 60.5 945 49.2 32.3 386 428 656 67.5 
  

90% CL, E=3 dB 34.2 269 42.0 21.9 14.4 17.2 19.0 29.2 30.0 

90% CL, E=4 dB 19.3 15.1 23.6 12.3 8.1 9.7 10.7 16.4 16.9 

90% CL, E=5 dB 12.3 9.7 15.1 7.9 5.2 6.2 6.8 10.5 10.8 

90% CL, E=6 dB 8.6 6.7 10.5 5.5 3.6 4.3 4.8 7.3 7.5 
  

95% CL, E= 1 dB 448.2 351.9 550.1 286.6 188.1 224.7 249.0 382.1 392.9 

95% CL, E=2 dB 112.1 88.0 137.5 71.7 47.0 562 62.3 95.5 98.2 

95% CL, E=3 dB 49.8 39.1 61.1 31.8 20.9 250 27.7 42.5 43.7 

95% CL, E=4 dB 28.0 22.0 34.4 17.9 11.8 1440 156 23.9 24.6 

95% CL, E=5 dB 17.9 14.1 22.0 11.5 7.5 9.0 10.0 15.3 15.7 

95% CL, E=6 dB 12.5 9.8 15.3 8.0 5.2 6.2 6.9 10.6 10.9 
  

99% CL, E=1dB 823.1 646.2 1010.2 526.3 345.4 412.7 457.3 701.6 721.5 

99% CL, E=2 dB 205.8 161.66 252.5 131.6 86.3 103.2 114.3 175.4 180.4 

99% CL, E=3 dB 91.5 71.8 812.2 585 384 45.9 508 78.0 80.2 

99% CL, E=4dB 51.4 40.4 63.1 32.9 21.66 25.8 286 43.9 45.1 

99% CL, E=5 dB 32.9 25.8 404 21.1 13.8 16.5 18.3 28.1 28.9 

99% CL, E=6dB 22.9 18.0 28.1 14.6 9.6 11.5 12.7 19.5 20.0   
  

*CL- Confidence Level 
E- Tolerable error in dB 
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TABLE 30 

Sample Sizes (7) as Predicted by Confidence Limit Approach Required to Predict the 
Population Mean of Attenuation at Each Test Frequency for E-A-R Earplug for 
Experimenter Fit at BOVS Lab Using Trial 1 Data* 

  

Frequency in Hz 125 250 500 1000 = 2000 3150 4000 6300 8000 
  

Sample std dev, s 7.16 6.60 5.76 4.78 3.44 3.86 2.88 3.31 4.30 
(Estimate of 0) 

Sample Sizes (n) 

90% CL, E= 1 dB 150.2. 127.6 97.0 66.8 34.7 43.6 24.3 32.1 54.2 
  

90% CL, E=2 dB 37.5 31.9 24.2 16.7 8.7 10.9 6.1 8.0 13.4 
  

90% CL, E=3 dB 16.7 14.2 10.8 7.4 3.9 4.8 2.7 3.6 6.0 

90% CL, E=4 dB 9.4 8.0 6.1 4.2 2.2 2.7 1.5 2.0 3.4 

90% CL, E=5 dB 6.0 3.1 3.9 2.7 1.4 1.7 1.0 1.3 2.2 

90% CL, E = 6 dB 4.2 3.5 2.7 1.9 1.0 1.2 0.7 0.9 1.5 
  

95% CL, E= 1 dB 218.5 185.7 141.1 97.33 505 63.5 35.3 46.7 78.9 

95% CL, E=2 dB 54.6 464 35.3 24.3 12.6 15.9 8.8 11.7 19.7 

95% CL, E=3 dB 24.3 20.6 15.7 10.8 5.6 7.1 3.9 5.2 8.8 

95% CL, E= 4 dB 13.7 11.6 8.8 6.1 3.2 4.0 2.2 2.9 4.9 

95% CL, E=5 dB 8.7 7.4 5.6 3.9 2.0 2.5 1.4 1.9 3.2 

95% CL, E=6 dB 6.1 5.2 3.9 2.7 1.4 1.8 1.0 1.3 2.2 
  

99% CL, E= 1 dB 401.3 341.0 259.2 1786 92.7 1165 649 85.7 144.9 

99% CL, E=2 dB 100.3 85.3 648 44.7 23.2 29.1 16.2 21.4 36.2 

99% CL, E= 3 dB 446 37.9 28.8 19.8 10.3 12.9 7.2 9.5 16.1 

99% CL, E= 4 dB 25.1 21.3 16.2 11.2 5.8 7.3 4.1 5.4 9.1 

99% CL, E=5 dB 16.1 13.6 10.4 71 3.7 4.7 2.6 3.4 5.8 

99% CL, E=6dB 11.1 9.5 7.2 5.0 2.6 3.2 1.8 2.4 4.0   
  

* CL- Confidence Level 

E- Tolerable error in dB 
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TABLE 31 

Paired t-Tests Results of Sample-Size Data (90% Confidence Level; 2 dB Error) Generated 
from Trial 1 and the Mean of Trial 1-3 Attenuation Data 

VPI/E-A-R/Subject Fit 
Sample Sizes (n) at Each Frequency in Hz 

125 250 500 1000 2000 3150 4000 6300 8000 
Trial 1 Data 27.8 30.2 33.1 30.7 11.1 22.5 11.6 27.3 34.3 
Trial 1, 2, 3 Data 22.4 25.8 269 17.3 11.0 11.5 10.1 15.8 25.6 

t: 4.539 t-critical: 2.306 p-value: 0.002 

  

VPI/E-A-R/Experimenter Fit 
ample Sizes (n) at Each Frequency in Hz 

125 250 500 1000 2000 3150 4000 6300 8000 
Trial 1 Data 41.3 469 426 22.2 11.8 11.5 68 9.7 13.5 
Trial 1, 2, 3 Data 26.6 366 33.6 19.7 7.2 7.1 50 79 12.8 

t: 3.494 t-critical: 2.306 p-value: 0.008 

  

VPI/V-51R/Subject Fit 
Sample Sizes (nm) at Each Frequency in Hz 

125 0 500 1000 2000 3150 4000 6300 8000 
Trial 1 Data 70.1 65.0 43.4 55.5 37.2 32.3 22.0 60.9 70.5 
Trial 1, 2,3 Data 41.0 45.3 406 43.9 30.3 24.9 18.2 51.5 66.4 

t: 3.645 t-critical: 2.306 p-value: 0.007 

:
   

  

VPI/V-51R/Experimenter Fit 
Sample Sizes (n) at Each Frequency in Hz 

125 250 500 1000 2000 3150 4000 6300 8000 

  

Trial 1 Data 30.4 33.2 19.33 168 24.9 17.7 25.4 68.3 63.8 
Trial 1, 2, 3 Data 23.3 33.1 17.8 15.5 13.1 16.1 18.2 56.8 56.5 

t: 3.647 t-critical: 2.306 p-value: 0.007 

BOVS/E-A-R/Subject Fit 
Sample Sizes (n) at Each Frequency in Hz 

125 250 500 1000 2000 3150 4000 6300 8000 
Trial 1 Data 77.0 60.55 94.5 49.2 32.3 38.6 42.8 65.6 67.5 
Trial 1, 2, 3 Data 48.5 38.4 60.6 33.4 12.2 18.2 21.1 38.6 46.0 

t: 12.979 t-critical: 2.306 p-value: 0.001 

    

  

BOVS/E-A-R/Experimenter Fit 
ample Sizes (nm) at Each Frequency in H 

125 250 500 1000 2000 3150 4000 6300 8000 
Trial 1 Data 37.5 31.9 24.2 16.7 8.7 109 6.1 80 13.6 
Trial 1, 2, 3 Data 32.0 29.4 245 199 5.3 4.7 3.8 8.1 12.3 

t: 2.000 t-critical: 2.306 p-value: 0.081 
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subject fit and 38 to 69 for experimenter fit (See Table 31). These differences were 

significant for all Lab-Earplug-Fitting Protocol conditions except for 

BOVS/E-A-R/Experimenter Fit. Despite a lack of a Trial main effect, the implication of this 

paired f-test analysis is that since a significantly greater number of subjects is required for 

single-trial testing, apparently Trial 1 data cannot be directly substituted for Trials 1-3 data 

without increasing the sample size in order to estimate the true population mean of 

attenuation for an earplug. (A caution is warranted here: Trial 1 data probably produced 

larger estimates of sample size because the sample standard deviation from the data from 

Trials 1-3 was already well “smoothed” since two averaging operations were already 

performed on the data (i.e., one average was of each subject’s three trials and the other 

average was of all subjects’ trial averages). Therefore, the Trial 1 data did not have the 

benefit of this “smoothing” and included more extreme data.) 

No significant Trial x Fit interaction was present at any frequency for either earplug 

despite the fact that NRR comparisons seem to indicate an interaction. For example, for the 

E-A-R subject-fit condition, the respective NRRs for Trials 1, 2, and 3 subject-fit are 14, 

12 and 16 while for the BOVS the comparable numbers are 6, 10, and 12 dB. The 

experimenter-fit NRRs for Trials 1, 2, and 3 are less discrepant trial to trial: for VPI they 

are 25, 24, and 25 dB and for BOVS they are 27, 26, and 25. For the V-51R the NRRs 

are somewhat different: 1,3, and 0 dB for each trial for subject fit and 9, 8, and 7 dB for 

experimenter fit. Again, the point is made that was made in the section “Inter-laboratory 

Variability”: comparing NRR data can be misleading because the NRR is so highly driven 

by small differences in the standard deviations. 
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Effects of Subject Gender on Measured Attenuation 

For the E-A-R earplug and for the V-51R earplug alike, significant effects of gender 

on achieved attenuation were not consistent and were seemingly due to random variation. 

For the E-A-R earplug, statistically significant main effects were found for Subject Gender 

but only at 2000 Hz (F = 9.721, p = 0.0031). Average male attenuation was 2.6 dB higher 

than average female attenuation at this frequency. Statistically significant (p < 0.05) two- 

way interactions were present for Lab x SubGen at 4000 Hz (F = 4.557, p = 0.0380) and 

6300 Hz (F = 5.154, p = 0.0278), and Trial x Gender at 500 Hz (F = 3.742, p = 0.0286). 

Statistically significant (p < 0.05) three-way interactions were present for Trial x Lab x 

SubGen at 1000 Hz (F = 3.422, p = 0.0374) and Fit x Trial x SubGen at 8000 Hz (F = 

3.300, p = 0.0416). 

For the V-51R earplug, the main effect of subject gender was not significant at any 

frequency. The only significant interactions involving subject gender were a two-way 

interaction of Trial x SubGen at 3150 (F = 4.562, p = 0.0182) and 4000 Hz (F = 3.340, p 

= 0.0446) and a three-way interaction of Fit x Trial x SubGen at 2000 Hz (F = 3.642, p= 

0.0354). 

Apparently, the gender of a subject does not interact with any of the factors of 

interest studied in the present experiment and may not be an important factor in determining 

the attenuation achieved with earplugs. This experiment is in agreement with the findings 

of previous experiments involving earplugs as the test HPD (Casali and Grenell, 1989; 

Casali and Lam, 1986; Robinson, 1991). 

On the basis of the lack of significant differences in attenuation between the sexes, 

the draft standard (ANSI S12.6-199X, Draft 1.4) proposal of a 50-50 + 10% split between 

the gender of test subjects may not be especially relevant to earplug testing. Nonetheless, 
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a gender-balanced subject sample and disallowing the systematic selection of subjects 

because of anthropometric criteria is probably still a good idea since some evidence points 

to relationships between gender and ear canal size, and ear canal size and attenuation as will 

be discussed later. The gender-balance requirement is also justified because the attributes 

of the laboratory test subjects should reflect the true HPD-user population, thus a roughly 

equal division of the sexes should be used. In addition, the balanced-sexes requirement 

may be relevant to earmuff or earcap testing in that bizygomatic width, which is larger in 

males, may affect the compression of the device and the change the resultant attenuation. 

Many times females also tend to have longer hair which makes it more difficult to create a 

good acoustic seal with an earmuff. 

NRRs calculated for each gender revealed no consistent trend as to which gender 

produced the greater NRR. The largest NRR difference appeared between the BOVS 

subject-fit males (7 dB) and females (12 dB) for the E-A-R earplug. Four-decibel 

differences appeared for the E-A-R experimenter-fit protocol for both the VPI and BOVS 

labs in which males had higher NRRs in both cases. A four-decibel difference also existed 

for the VPI V-51R subject-fit condition in which females had a higher NRR than males. 

Effects of Experimenter Gender on Measured Attenuation 

The ExprGen x Trial interaction that occurred at the BOVS laboratory in a previous 

experiment was not replicated in the present experiment. In a previous experiment at 

BOVS, attenuation significantly improved after each successive trial only for subjects tested 

by a male experimenter, only in subject-fit, and only for the E-A-R. No explanation could 

be formulated for this effect, but BOVS personnel requested that the VPI lab attempt to 

replicate it. In the analyses conducted herein, the closest replication of this result was a 

statistically significant interaction of Trial x ExprGen at 2000 Hz (F = 3.260, p = 0.0470). 
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No significant main effect of Experimenter Gender was present at any of the nine test 

frequencies either. The BOVS phenomenon may have occurred due to random variation 

since the phenomenon did not reoccur in the present experiment for either lab. The 

alternative explanation for the BOVS phenomenon is that either the male experimenter at 

BOVS did indeed treat subjects differently than the female experimenter, or that subjects 

reacted differently to the otherwise equal experimenters simply because of their gender. 

Regardless of how the phenomenon occurred at BOVS, until a future experiment indicates 

otherwise, the gender of the experimenter conducting a REAT test has no effect on the 

attenuation achieved by subjects. 

Despite no significant effects appearing in the experimenter-gender investigation, it 

must be mentioned that the execution of the investigation of the effect of experimenter 

gender on attenuation was not experimentally rigorous. By presenting the experimenter- 

gender factor for only the E-A-R and only for subject fit produced an experiment which 

ignored the possibility of the effect occurring elsewhere. The experiment lost some of its 

objectivity in that it was specifically designed to replicate only what was already previously 

found at the sponsor’s request. It is not considered rigorous scientific method to attempt to 

prove the alternative hypothesis rather than disprove the null hypothesis. In addition, 

because the experimenters were not “blind” to the probable experimenter-gender effect, 

their expectations could have created a self-fulfilling prophecy. 

In order to create a more rigorous experimental design, the female experimenter 

should have supervised subjects’ REAT testing for all conditions of the experiment (i.e., 

the V-51R earplug as well as experimenter fit). Also, ideally experimenters should have 

been blind to the reason for two experimenters. Because of the ineffective design, if the 

interaction that had occurred before in the BOVS study had occurred again in this research, 

it would be unclear whether the same effect would have occurred for the E-A-R earplug for 

experimenter fit and whether the same effect would have occurred for the V-51R for either 
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fitting protocol. Regardless, even if the experimenter-gender effect were confirmed to 

transfer to another laboratory, it is not clear how it would be useful to improve or change 

ANSI standard fitting protocols. In addition, explanations for the occurrence of the 

phenomenon would be mere speculation and conjecture. 

Fortunately, the gender of the experimenter had no significant effect for either 

laboratory on achieved attenuation. If there were a significant effect of experimenter gender 

on subjects’ attenuation, then those subjects who had been exposed to the female 

experimenter would have had to have been removed from the analysis. Their removal 

would have been necessary since those subject-fit E-A-R subjects would have been 

arbitrarily exposed to a treatment that experimenter-fit E-A-R subjects were not exposed to 

which affects the outcome of the experiment. The analysis of fit would have been affected 

by this confounding factor. 

Ear Canal Size Discussion 

The various ear canal sizes of the subjects in the VPI experiment appeared to be 

normally distributed (as seen in Figure 27) which is not surprising considering that 

anthropometric measurements are usually normally distributed. 

As mentioned before, the majority of subjects (46 of 52) tested at the VPI 

laboratory were of European descent. This is worth noting because in an unpublished 

large-scale study of ear canal measurements, Thomas, Wright and Casali (1993) found that 

the concha canal height for people of European descent was significantly larger than that of 

Asian-descent peoples which in turn was significantly larger than that of African-descent 

peoples. Because of the geographic location of the VPI study and the homogeneity of the 

racial descent (i.e., primarily Caucasian) of those who volunteered for testing, the study 

could have been biased by failing to balance the experimental design by ear canal sizes. 
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Evidence presented in this thesis and elsewhere suggests that ear canal size may be a factor 

which affects the attenuation achieved by subjects. 

As an example of how racial descent predicts anthropometry, the most frequently 

occurring Eargage™ sizes in the VPI study for European-descent men (Medium, Large, 

and Small, in that order ) and women (Small and Medium [and a three way tie of the other 

three sizes], in that order) was exactly the same for the ear anthropometry study by 

Thomas, Wright and Casali (1993). 

Earplug Size Selection Discussion 

Concerning the issue of whether subjects used two same-size earplugs or two 

different-size V-51Rs, from the data it was apparent that subjects were more reluctant to 

choose a different-sized earplug for each ear for subject fit (only 2 of 26 subjects or 7.7%) 

than was the experimenter (7 of 26 subjects or 26.9%) for experimenter fit. This is 

probably due to the fact that people perceive their bodily features to be perfectly 

symmetrical while this is simply not true in many instances. 

Another interesting observation can be made concerning earplug size selection. 

When subject-fit earplug selections are compared with experimenter-fit earplug selections, 

it is clear that subjects tend to choose an earplug size which is smaller than the 

experimenter’s selection. As an example of this, of the 26 ear canals of males in 

experimenter fit, the experimenter chose 0 extra-small, 0 small, 0 medium, 8 large, and 18 

extra-large V-51R earplugs. Subjects chose to fit themselves with earplugs in the 

following frequencies of sizes respectively: 2, 0, 6, 6, and 12. Apparently the 

experimenter, very cognizant of the need to achieve a snug acoustic seal to achieve optimal 

attenuation, was inclined to use the two largest sizes. On the other hand, subjects chose an 

earplug that afforded the most comfort rather than the most attenuation when instructed to 
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choose an earplug for use in a “noisy environment” and “consistent with a reasonable 

degree of comfort.” 

Earplug size selection can vary widely even for the same subject depending on who 

does the selection. An anecdote illustrates this point. Only two extra-small earplugs were 

used in the entire experiment and that was by the same male subject in the subject-fit 

protocol. Interestingly, while this subject chose an extra-small earplug to seal the ear deep 

in the narrow part of the canal, the experimenter chose an extra-large earplug to seal the ear 

at the wide entrance of the canal. Incidentally, the overall average attenuation was 8.9 dB 

greater for subject fit than experimenter fit for this one subject. 

The post-hoc correlation analyses revealed significant Pearson product-moment 

correlation coefficients between earplug size and ear canal size. A positive linear 

relationship was found between subject-selected earplug size and ear canal size (r = 0.558). 

A positive linear relationship was found between experimenter-selected earplug size and ear 

canal size (r = 0.746) as well. The positive correlations indicated that even though earplug 

size selection was done prior to canal sizing, subjects and experimenters could estimate the 

correct earplug size for an ear canal relatively well even without an Eargage™4—which is 

good news for the typical Hear-Guard user who probably does not have access to an 

Eargage™. However, the greater strength of association for the experimenter-selected 

earplug size and ear canal size correlation indicated that although subjects were able to 

choose the proper size well, the experimenter chose it better. 

The correlation between subject- and experimenter-selected earplug size was 

Statistically significant as well (r = 0.428). Statistically speaking, the correlation was 

significant, however, the magnitude or size of a correlation of 0.428 is not very compelling 

in terms of practical significance. Therefore, while the relationship between subject- and 

experimenter-selected earplug size was statistically significant (which indicates that the 
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experimenter and the subjects agreed relatively well on the earplug size used) it was not 

especially strong or practically significant. 

Relationship between Gender and Ear Canal Size 

For VPI subjects, no relationship existed between ear canal size and gender. The 

point biserial correlation coefficient of 0.244 was not significant (1(50) = 1.779, p > 0.05) 

at the t-tabled level of 2.01. This result indicates that for this small sample, the person’s 

sex had no relationship to the size of his or her ear canals. 

This result contradicts an unpublished large-scale ear canal anthropometry study 

(Thomas, Wright, Casali, 1993) in which the researchers found that males had ear canals 

of significantly greater height and breadth than females. Failure to find a gender and ear 

canal size correlation in this thesis was not surprising considering that Thomas, Wright and 

Casali took their ear canal measurements from custom-molded impressions of the ear canal 

instead of from the less precise Eargage™. It is also not surprising that no correlation was 

present between ear canal size and gender in this thesis since Thomas, Wright, and Casali 

(1993) concluded from their study that the Eargage™ is inadequate (imprecise) for 

anthropometric classification applications based on comparisons of Eargage™ and custom- 

mold measurement data. They hypothesized that the circular shape of the Eargage™ 

potentially distorts the predominantly elliptical shape of the ear canal. 

It was therefore assumed that the use of an Eargage™ Earplug Sizing Device in this 

research was not precise enough to uncover the relationship found previously. An 

alternative is that for the specific group of subjects tested in this research there was truly no 

relationship between the two factors. An additional alternative explanation is that the 

results of the study done by Thomas, et al. occurred by chance such that no relationship 

between gender and ear canal size truly exists. 
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Effects of the Correlation between Ear Canal Size and Attenuation 

For the E-A-R earplug, significant negative correlations (r = -0.461, -0.466 and - 

0.537) between attenuation and ear canal size were found at lower frequencies (125, 250, 

and 1000 Hz respectively) for experimenter-fit protocol. Intuitively, it makes sense that the 

correlations for the E-A-R should be negative: the E-A-R earplug is available in only one 

size, therefore attenuation should increase with smaller ear canals because a more complete 

seal is made. For some reason, perhaps because the foam was less compressed and less 

dense in a larger ear canal, the E-A-R earplug was not as effective at sealing a large ear 

canal as it was at sealing a smaller ear canal. Perhaps also a larger ear canal allows a 

greater opportunity for leaks to occur along where the earplug touches the ear canal. 

Alternatively, if positive (rather than negative) correlations had existed between attenuation 

and ear canal size, this effect could have been explained by an “intuitive” argument — a 

small canal size offers less chance of a deep insertion. 

For the V-51R Hear-Guard, two significant positive correlations (r = 0.461 at 

6300 Hz and 7 = 0.689 at 8000 Hz) were present for experimenter fit. Therefore, for 

experimenter fit at frequencies of 6300 and 8000 Hz, one can expect attenuation to increase 

as ear Canal size increases, and vice versa. The positive direction of the relationship may be 

explained by the tendency of the experimenter to use a larger rather than a smaller size 

earplug when in doubt. The positive relationship might also be explained by the fact that 

smaller ear canals were simply harder to fit because it was more difficult to grasp and 

manipulate the smaller earplugs which in turn prevented obtaining an optimal acoustic seal. 

While five significant correlations appeared between the two earplugs for 

experimenter fit, only one significant correlation appeared in the subject-fit protocol: a 

negative correlation (r = -0.409) at 4000 Hz for the Hear-Guard V-51R. Fewer significant 
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correlations appeared in the subject-fit condition perhaps because all naive subjects, 

regardless of ear canal size, fit the earplugs to themselves so poorly that ear canal size was 

not a factor in affecting the attenuation achieved. 

In a study by Robinson (1991), significant Pearson product-moment correlation 

coefficients for the pooled data of three earplugs (a triple-flanged pre-molded single-sized 

earplug, a V-51R, and a premolded foam earplug) were all negative correlations at 2000 Hz 

and below. 

No explanation can be given as for why the significant correlations in the study 

described herein appeared at the higher frequencies for the Hear-Guard V-51R and at the 

lower frequencies for the E-A-R. 

The correlations do suggest a relationship, although inconsistent, between ear canal 

size and attenuation achieved. However, these correlations are not strong enough to 

warrant the development of a regression equation to predict the attenuation achievable. The 

largest absolute value of any correlation coefficient (r) obtained was 0.689 (obtained for V- 

_ 51R experimenter fit at 8000 Hz). Since 7 (coefficient of determination) gives an 

indication of the total variability of y (attenuation) that can be accounted for by x (ear canal 

size), only about 47% of the variability can be explained by ear canal size. 

Because males tend to have ear canals that have significantly more height and 

breadth than women (Thomas, Wright, and Casali, 1993), and because this thesis and 

other experiments (Berger, Lindgren, and Kieper, 1993; Robinson, 1991) seem to indicate 

a relationship between ear canal size and attenuation, the ANSI Working Group $12/W11’s 

proposal of the requirements of a 50-50 + 10% balance between the sexes and disallowing 

the systematic selection of subjects with respect to their head, ear, or ear canal sizes is 

prudent and sound in order to move toward a fair and representative sample of a typical- 

user population. 
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Noise Reduction Ratings Discussion 

Berger (1993, p. 9) recommends that “changes in the NRR of less than 

approximately 2-3 dB should not be regarded as having any practical importance, and even 

4- to 5-dB changes are of questionable significance unless closely-controlled data are being 

compared (Berger, 1988b). “Closely-controlled data” mean for example, “a paired 

comparison of two HPDs tested on the same subjects, in the same test session, in the same 

facility”. The data resulting from the experiment described herein may be considered to be 

closely-controlled data, both in terms of making within- and between-laboratory 

comparisons between HPDs. 

(In the following discussion, unless otherwise specified, references to “the NRR” 

refer to the NRRog.) For all 26 subjects tested with the E-A-R earplug in the VPI lab, the 

NRR was 14.3 dB for subject fit and 24.6 dB for experimenter fit. (These figures compare 

quite well to the results of Berger and Kerivan’s (1981) 92-subject study: zero-standard- 

deviation NRRs of 14.1 and 24.8 dB were found for the respective fitting protocols.) For 

the BOVS lab, the NRRs were 9.3 dB for subject fit and 26.5 dB for experimenter fit. A 

discussion concerning using the NRR to make decisions on the inter-laboratory 

reproducibility of a fitting protocol appears in a previous section, “Inter-laboratory 

Variability”. 

As anticipated, all combinations of NRRs calculated for the subject-fit protocol are 

consistently lower than matching NRRs for the experimenter-fit protocol. This reinforces 

the need for subject education, practice, and especially, well-written and precise 

manufacturer’s instructions if inexperienced HPD users are to achieve attenuation rivaling 

that of experimenter fit. 

The E-A-R earplug experimenter-fit NRRs for the VPI and BOVS laboratory (24.6 

and 26.5 dB, respectively) are lower than the manufacturer’s labeled NRR of 29 dB. This 
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is not surprising considering that manufacturer NRRs are often unreproducible by other 

researchers and laboratories even when fitting for optimum attenuation (Berger, Kerivan, 

and Mintz, 1982). However, this inability by either laboratory to achieve the 

manufacturer’s labeled NRR by only a few dB is surprising considering that the NRR for 

the E-A-R earplug was once labeled as high as 35 dB in the history of the product. 

The E-A-R subject-fit NRR at the VPI lab of 14.3 dB is less than one-half of the 

manufacturer’s labeled NRR of 29 dB. The BOVS subject-fit NRR of 9.3 dB is less than 

one-third of the manufacturer’s labeled NRR. It is interesting to compare these laboratory 

NRRs to 1) OSHA’s (OSHA, 1990) recommendation to divide the manufacturer’s NRR by 

two, 2) Berger’s (Berger, 1983a) suggestion to reduce the NRR by 10 dB as a prudent 

measure before subtracting it from the measured C-wefghted sound level of the noise, 3) 

Berger’s (Berger, 1992) report that the attenuation values for earplugs in the field average 

approximately only 25% of manufacturer’s reported data, and 4) Behar and Desormeaux’s 

(1986) suggestion that the manufacturer’s NRR be derated by 15 dB to better approximate 

field attenuation. 

For all 26 subjects tested with the Hear-Guard V-51R earplug in the VPI lab, the 

NRR was 1.6 for subject fit and 8.3 dB for experimenter fit. The manufacturer’s labeled 

NRR is 15 dB and was once as high as 24 dB in the history of this product. Quite a 

discrepancy exists between the manufacturer’s labeled NRR of 15 dB and the subject fit 

NRR of 1.6 or 2 dB. The discrepancy exists even for the experimenter-fit NRR of 8.3 or 8 

dB compared to the manufacturer’s labeled NRR of 15 dB. This inability of both the 

subject- and experimenter-fit protocols to even come close to the manufacturer’s labeled 

NRR is attributed to the difficulties of choosing an appropriately sized V-51R earplug, 

fitting it properly, and making a good acoustic seal. The experimenter-fit NRR for the E- 

A-R earplug is closer (for both labs) to the manufacturer’s NRR because the E-A-R suffers 

from fewer of the previously described difficulties. 
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In the case of the Hear-Guard V-51R earplug (which carries a manufacturer’s 

advertised NRR of 15 dB), it is quite alarming to consider that uninitiated users of HPDs 

may achieve an NRR of 2 dB with the subject-fit protocol. It is even more alarming to 

consider that this product once had an NRR of 24 dB. This poor performance of the 

earplug-instructions-user interface occurred despite the subjects’ reading of the complete 

manufacturer’s fitting instructions and the experimenter’s directions to fit the hearing 

protector as though about to enter a noisy environment. These results underscore the 

importance of qualified training, education, practice, and explicit and well-written HPD 

instructions. 

Subject-fit NRRs that are much lower than the manufacturer’s NRRs are a concern 

since—unless users fit earplugs in an optimal way—they are not afforded the protection 

(i.e., NRR) that the manufacturer advertises. While damage to hearing depends on many 

factors such as the intensity, duration, spectrum, and temporal pattern of the noise, HPDs 

are often used to lower the intensity of the noise at the receiver to a level where hearing 

damage is presumed to be minimized. Therefore, a hypothetical user who dons an E-A-R 

earplug in a 126 dBA TWA noise environment and expects to achieve a manufacturer- 

labeled NRR of 29 dB and a subsequent 8-hour noise level considered acceptable by 

OSHA (i.e., 90 dBA TWA) is probably underestimating his risk. This user unknowingly 

risks hearing damage since—according to the results reported for the VPI lab in this 

thesis—98% of subjects who fit their own E-A-R earplugs achieve an NRR of 14 dB. 

Consequently, the user who had expected to reduce the TWA from 126 dBA to 90 dBA 

really may really only reduce the TWA to 105 dBA. The seriousness of subject-fit NRRs 

that are considerably lower than what manufacturers advertise is underscored by 

considering what OSHA’s 5-dB trading relation really means—every 5 dBA increase 

represents a doubling of sound energy level. In addition, a halving of permissible 

exposure time is needed to equal the noise dose at the previous level. Therefore, the 
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hypothetical user in the previous example is exposed to eight times more sound energy than 

he anticipated (i.e., 105 dBA TWA vs. 90 dBA TWA) and he should only be exposed 

“safely” for one hour to a 105 dBA TWA, not eight hours as he had anticipated. 

However, not too much importance should be placed on the large difference 

between subject-fit attenuation and manufacturer’s labeled attenuation. After all, these were 

novice users of HPDs who were tested. No person can be expected to perform 

exceptionally well at a task with which they have little or no experience and may be doing 

for the first time. In addition, these subjects were instructed to “...fit and adjust the hearing 

protector to the best of your ability, consistent with a reasonable degree of comfort.” It is 

reasonable to assume that subjects fit the earplugs for comfort rather than for maximum 

attenuation because that is exactly what they were told to do by the experimenter. In 

addition, subjects could have been hesitant about inserting earplugs because all their lives 

people are cautioned never to put anything into their ears. As a result, some subjects 

shallowly inserted the earplugs which resulted in poor attenuation. 

The large differences between the subject-fit, experimenter-fit, and manufacturer’s 

data illustrate that one of the worst things supervisors in industry could do would be to 

hand workers the earplugs and the manufacturer’s on-package instructions without giving 

them a training and education session and even perhaps modeling how to fit the HPD and 

giving assistance. (A training session in which the proper insertion technique for an HPD 

is modeled face-to-face with the user and reviewed in detail has been shown to result in the 

highest attenuation of any insertion instruction strategy (Casali and Epps, 1986).) 

Inexperienced individuals who use HPDs and the accompanying instructions in a 

recreational or home setting also are at risk of believing that they are achieving adequate 

protection from noise while in fact they are not. 
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Ideal Sample Size for REAT Testing of HPDs 

Confidence limit approach. The results from using confidence limits showed 

that the minimum number of subjects needed to estimate the population mean of attenuation 

(within +2 dB (E = 2) at a confidence level of 90%) when using subject fit with the E-A-R 

is somewhere between 27 (VPI lab at 500 Hz) to 61 (BOVS at 500 Hz) subjects. For the 

E-A-R earplug under the experimenter-fit condition, the number of subjects needed was 

estimated to be between 32 (BOVS lab at 125 Hz) and 37 (VPI lab at 250 Hz). For the V- 

51R (VPI data only), the results reflect that the minimum number of subjects needed is 

estimated to be 67 (8000 Hz) for subject fit and 57 (6300 Hz) for experimenter fit. 

As an alternative approach to allowing the test frequency with the highest SD to be 

the sole determinant of the sample size needed to estimate the true population mean (i.e., 

the test frequency with the highest 7), an entirely separate calculation first averaged the SDs 

at all nine test frequencies before using the confidence limit approach to estimate the 

“number of subjects. This resulted in a single estimate of the number of subjects needed 

across all frequencies and prevented an atypically high SD at one frequency from 

overinflating the number of subjects needed to estimate the population attenuation mean. 

The results of this alternative approach are given in Table 20. Using the 90% confidence 

limit and E = 2, the subject sample sizes needed to estimate the true population mean of 

attenuation for subject-fit E-A-R are 18 (VPI) and 34 (BOVS); for experimenter-fit E-A-R, 

16 (VPI) and 14 (BOVS). For the Hear-Guard the number of subjects needed are 39 

(subject fit) and 26 (experimenter). For the Hear-Guard and for the E-A-R (BOVS only), 

the number of subjects needed for subject fit was greater than the number needed for 

experimenter fit. The opposite was true for the VPI lab—more subjects were needed for 

experimenter fit (37) than for subject fit (27). 
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One confidence-limit approach used the frequency with the highest n as the number 

of subjects needed to estimate the true population mean. Another confidence-limit approach 

that was described used the average SD of all frequencies in order to estimate the number of 

subjects needed to estimate the true population mean of attenuation. The latter approach 

resulted in estimates of the subject sample size that were 33% to 59% lower than those of 

the former approach. The estimates of sample size were lower for the latter approach since 

the SD (the estimate of the population variance) was averaged across frequencies. The 

discussion of this alternative approach will not be pursued any further since the approach 

which uses the frequency with the highest n is the preferred approach. The highest-n 

approach is preferred because it estimates the minimum number of subjects needed for all 

test frequencies of a REAT test based on the one test frequency which has the highest 

variability and requires the most subjects to estimate the true population mean of 

attenuation. 

The estimates calculated in this thesis of the sample size needed to estimate the 

population mean of attenuation achieved are considerably larger than the minimum of 10 

subjects as set forth by the requirements in both ANSI S3.19-1974 and ANSI $12.6-1984. 

In fact, the minimum sample size calculated in this thesis is even larger than the minimum 

number of subjects, 16, needed for REAT testing as required by ISO 4869-1 (1990). 

The results in this thesis can be compared to those published in other research. 

Manipulating zero-standard-deviation-NRR results, Berger and Kerivan (1981) found that 

to reduce the 95% confidence limits to +2 dB would require 18 subjects for experimenter fit 

and 29 subjects for subject fit using the E-A-R. Berger, Lindgren, and Kieper (1993) 

estimated that 20 subjects are needed for the E-A-R and 45 are needed for a premolded 

earplug by using zero-standard-deviation-NRR results from experimenter-fit data, 

estimated for 95% confidence limits with +2 dB tolerable error. Based on their experiment 
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which showed that between-subject variability was greater than within-subject variability, 

Brinkmann and Richter (1986) suggested sample sizes of 15 to 20 subjects. 

In all cases, the minimum estimated sample sizes for subject fit were larger than 

those needed for experimenter fit. This is due to experimenter-fit data being lower in both 

within- and between-subject variability (i.e., lower standard deviations) than subject-fit 

data. This is explained by the fact that a single experimenter will fit subjects more 

consistently across trials and across subjects than will multiple people fitting themselves 

over all trials. 

The test frequency with the highest number of subjects needed to estimate the 

population mean of attenuation was, surprisingly, different for each earplug. For the 

E-A-R earplug, the highest sample sizes were present at lower frequencies (125-500 Hz) 

whereas for the V-51R earplug the highest sample sizes were at the highest frequencies 

(6300 and 8000 Hz). This seems to indicate between-subject variability is greatest for the 

E-A-R at lower frequencies and greatest for the V-51R at higher frequencies. No 

explanation can be given as to why this occurred. 

Differences exist between the two ideal sample sizes recommended by each lab for 

each fit. For E-A-R subject-fit, the VPI results indicate that 27 subjects should be tested 

while the BOVS results indicated that 61 subjects should be tested. E-A-R experimenter-fit 

differences of ideal sample size were not as large: the BOVS data indicate 32 while the VPI 

data indicate 37. The discrepancies arise from a confidence limit formula which is highly 

driven by the standard deviation. Apparently for the E-A-R-subject-fit condition, the 

subjects tested in the BOVS lab exhibited more between-subject variability than VPI 

subjects. On the other hand, for the E-A-R experimenter-fit condition VPI subjects 

exhibited more between-subject variability than BOVS subjects. 
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Larger subject sample sizes are recommended for the V-51R than for the E-A-R for 

both fitting protocols. Subjects seem to be able to fit the E-A-R in a less variable way than 

the V-51R, probably partly explained by the fact that size selection is not needed for the 

E-A-R leaving less room for error. Again, because the confidence limit formula is highly 

driven by the standard deviation, more subjects are needed to reach statistical certainty for 

the higher-standard-deviation V-51R than for the lower-standard-deviation E-A-R. 

Apparently, as indicated by using the criteria of 90% confidence limits with E = 2 

dB (ie., X +2 dB), testing a ten-subject sample as required by either ANSI S3.19-1974 

or ANSI S12.6-1984 requirements is too small to accurately predict the “true” attenuation 

of an earplug. The minimum number of subjects required should be raised to in excess of 

30 subjects. 

Stein’s double sampling plan. Using Stein’s double sampling plan on VPI 

data, in order to estimate the mean attenuation for the E-A-R earplug to within a confidence- 

interval length +2 dB (¢= 4) would require approximately 20 subjects for subject fit and 38 

subjects for experimenter fit. For the Hear-Guard V-51R, the necessary number of 

subjects needed would be 77 subjects for subject fit and 54 subjects for experimenter fit. 

Estimates of the sample size needed to estimate the mean attenuation within a 

specified confidence interval were mixed. For the E-A-R earplug and subject fit, the 

estimated sample size was higher when using the confidence-limit approach than when 

using SDSP—the opposite was true for E-A-R experimenter fit. For the Hear-Guard, 

confidence-limit approach estimates of sample size were lower for subject fit than for SDSP 

whereas the opposite was true for Hear-Guard experimenter fit. However, what was 

consistent between the two sample-size estimation procedures was that all estimated sample 

sizes were consistently higher for the Hear-Guard than for the E-A-R. 

Comparing the two approaches for estimating ideal sample sizes for REAT testing 

used in this study, the confidence limit approach is preferred to Stein’s Double Sampling 
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Plan. The reasons are that the former approach used attenuation values (rather than highly- 

manipulated and uneasily-compared NRRs) and the former approach used data based on 25 

or 26 subjects (depending on the laboratory) rather than 10 subjects as was the case with 

SDSP. 

CONCLUSIONS 

Based on the results of this study, several conclusions relevant to the development 

of the revision of ANSI S12.6-1984 were drawn. 

As anticipated, the subject-fit fitting protocol, which requires naive-to-HPD-use 

subjects and minimizes experimenter interaction, as proposed by ANSI Working Group 

$12/WG11 in their revision of ANSI S12.6-1984 was indeed significantly different from 

the experimenter-fit fitting protocol of ANSI 3.19-1974 currently required by the EPA for 

product labeling purposes. For both earplugs, significantly greater attenuation was 

achieved during the experimenter-fit protocol than the subject-fit protocol. This conclusion 

was especially true for the Cabot Safety E-A-R user-formed vinyl foam earplug, where 

significantly greater attenuation was achieved for experimenter fit data at all nine test 

frequencies, than for the Cabot Safety premolded multi-sized Hear-Guard V-51R for which 

experimenter-fit attenuation was significantly greater only at frequencies from 2000 Hz to 

8000 Hz. The striking difference between subject-fit and experimenter-fit attenuation 

points to the need for improved manufacturer’s fitting instructions and for hearing 

conservation programs which rigorously educate, train, and motivate workers to 

proficiently fit their HPDs in order to protect their hearing adequately. 

The other difference revealed by this experiment between the two tested fitting 

protocols was that subject-fit attenuation data were more variable than experimenter-fit 

attenuation data. The variability in attenuation across subjects and replications was greater 
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for subject fit than for experimenter fit as indicated by the sizes of the standard deviations 

for each fitting protocol. 

There are everyday practical (non-research) implications of the differences between 

the tested fitting protocols. Based on the calculated NRRs, if HPD users fit the earplugs in 

the same way as the experimenter-fit protocol in this experiment, HPD users may obtain 

very good noise reduction with the E-A-R (NRR of 25 or 26 dB) and rather mediocre noise 

reduction with the V-51R (NRR of 8 dB). However, it is more likely that HPD users will 

fit themselves similar to or, more likely, worse than a subject-fit manner because of lack of 

training, comfort, motivation, time, and other considerations. In this case, HPD users will 

achieve fair to good attenuation with the E-A-R (NRR of 9 or 14 dB) and very little or no 

attenuation with the V-51R (NRR of 2 dB). It can be stated with confidence that HPD 

users will not achieve the attenuation that the HPD manufacturer advertises on the 

packaging of its earplugs. 

Whether the subject-fit protocol accurately approximates the attenuation achievable 

_ in the field or real world is disputable and depends largely on which real-world study is 

being compared. Comparisons of the results of this research to real-world studies indicate 

that the naive-subject-fit protocol tends to overestimate the attenuation in the real-world. 

The new proposed fitting protocol even overestimates the protection afforded to users in 

factories reportedly having good hearing conservation programs. Despite this, it is 

reasonable to assume that the subject-fit protocol can estimate “...the attenuation obtained in 

the top 10-20% of today’s industrial and military hearing conservation programs, i.e. the 

attenuation that should be obtained by an informed and motivated work force” (ANSI 

S12.6-199X, Draft 1.4, p. 4). Decidedly, what is indisputable is that the naive-subject-fit 

method of testing HPDs provides attenuation data and NRRs that are more comparable to 

real-world attenuation than the EPA’s presently-used method, experimenter fit from ANSI 

S3.19-1974. The subject-fit method is more representative of the real world in that it 
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includes factors and uses procedures that imitate how HPDs may be used in the real-world: 

fitting the HPD using only the manufacturer’s instructions, fitting the HPD for comfort, 

minimizing intervention by an outside party, lack of or minimal subject training or 

knowledge, and requiring subjects to make their own earplug size selection. 

The lack of any consistent laboratory-difference effects for the E-A-R earplug, 

either in the form of a main effect or in an interaction with fitting protocol, indicated that 

laboratory differences were successfully minimized by the standardized experimenter 

in~.cuctions and test subject selection controls as required by the proposed naive-subject fit 

protocol. The results from the VPI lab were reproducible to the BOVS lab and were in 

very good agreement. Indeed, laboratory differences were also minimized by the ANSI 

3.19-1974 experimenter-fit protocol in this experiment. 

As currently required for REAT tests by ANSI 3.19-1974, the attenuation of an 

HPD must be measured three times for each subject. The lack of a Trial main effect for 

both the subject-fit and experimenter-fit fitting protocols in this experiment suggested that 

three replications are unnecessary because there are no significant differences between the 

attenuation achieved from trial to trial. Regardless of whether the fitting was done by the 

subject or the experimenter, the trial-to-trial variability was not significantly different to 

justify replication. Evidently, with each replication subjects and experimenters fit the 

earplugs in the same way as before, neither significantly improving nor degrading the 

quality of fit with each replication. The lack of trial effects indicates that the attenuation 

was not significantly affected by practice effects, the uncertainty of determining hearing 

threshold levels, fitting differences, fatigue, and fitting motivation or test-signal responding 

motivation. However, results from a previously described paired t-test (see Table 31) 

indicated that when using a confidence limit approach to approximate the minimum number 

of subjects needed to estimate the population mean of attenuation (within +2 dB (E = 2) ata 

confidence level of 90%) significantly greater sample sizes are needed when using only 

211



Trial | data as opposed to using the mean of Trials 1-3 data. Simply stated, if only one 

trial (rather than the currently mandated three trials) were conducted for a REAT test then a 

greater sample size would be needed than if three trials were conducted. 

Subject gender alone does not appear to have a significant impact on the attenuation 

achieved for either earplug or either fitting condition. In a similar vein, neither does the 

gender of the experimenter have a significant effect on the attenuation achieved for each 

replication of attenuation testing when subjects fit themselves with the E-A-R earplug. 

For the present experiment, no correlation was found between ear canal size and 

gender. This contradicted the results of a previous experiment (Thomas, Wright, Casali, 

1993) which employed a larger sample size and more precise measuring methods that 

incorporated custom-molded ear impressions. However, it is possible that the results of 

the Thomas, et al. study could have occurred simply due to chance and not to any true 

relationship between ear canal size and gender. 

A relationship between ear canal size and attenuation was documented in this thesis. 

However, the relationship was inconsistent: five of the six significant correlations 

appeared between the two earplugs for experimenter fit and three frequency-specific 

significant negative correlations were present at lower frequencies for the E-A-R whereas 

two significant positive correlations were present at higher frequencies for the V-51R. 

Because gender seems to determine ear canal size, and ear canal size has an effect (although 

inconsistently demonstrated) attenuation, it is justly cautious of ANSI Working Group 

S12/W11 in its revision of ANSI 12.6-1984 to require a 50-50 + 10% balance between the 

sexes and to disallow the systematic selection of subjects with respect to their head, ear, or 

ear canal sizes. 

A ten-subject sample is inadequate for REAT testing was clearly indicated from 

using a confidence-limit approach to determine how many subjects are needed to reach a 

certain statistical confidence about the data. The sample size required to attain an estimate 

212



of the true population mean of an earplug’s attenuation differed by earplug and fitting 

protocol. Estimates differed because the standard deviations of the attenuation data differed 

in each case and consequently affected the highly standard-deviation-driven confidence- 

limit method employed. In general, estimates of the sample size required to reach a certain 

Statistical confidence (90% confidence within +2 dB) about the data were larger for the 

V-51R than for the E-A-R. Larger sample sizes were estimated to be required for 

experimenter fit for the E-A-R while the opposite finding occurred for the Hear-Guard 

V-51R. The sample size ranged from 27 to 67 for subject fit and 32 to 57 for experimenter 

fit. A ten-subject minimum sample as required by ANSI S3.19-1974 or ANSI S12.6-1984 

requirements is much too small (by at least a factor of three) to accurately predict the “true” 

attenuation of an earplug using a 90% confidence limit with a tolerable error of +2 dB. In 

addition, any proposed decrease in the number of trials (replications) required for REAT 

testing would increase the sample size needed to estimate the true population mean of an 

HPD’s attenuation (e.g., the sample size ranged from 34 to 95 for subject fit and 38 to 69 

for experimenter fit) (See Table 31). | 

The final recommendations of this thesis to improve ANSI-standardized REAT tests 

of hearing protectors are as follows. As shown by manipulating the number of trials within 

an optimum sample-size investigation, any decrease in the number of trials in a REAT test 

(e.g., only one trial instead of three) will significantly increase the sample size needed to 

estimate the true population mean of attenuation for an earplug as compared to using three 

trials. Therefore, when Berger, Lindgren, and Kieper (1993, p. 10) queried, “Should 

subjects be tested fewer times, such as 20 subjects x 1 measurements per subject,” the 

answer is “no.” However, according to the sample-size investigations conducted in this 

thesis, the minimum sample size needed for REAT testing should be increased, at least to 

approximately 30 subjects when using three trials. Surely, increasing the current minimum 

sample size from 10 to 30 will be unpopular since it would require more time and money to 
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test subjects. Increased effort would also be required to find and qualify 30 naive subjects 

each time an HPD is to be tested. However, the true population mean of attenuation would 

more likely be estimated by using a larger sample size with three replications. 

RECOMMENDATIONS FOR FURTHER WORK 

Continued research investigating the ability of the subject-fit method to estimate the 

attenuation attainable in better-run hearing conservation programs seems warranted. Future 

studies should attempt to replicate the results for the same earplugs tested in this inter- 

laboratory investigation and should also include more different types of earplugs. In 

addition, other laboratories should be included in future experiments, and other types of 

HPDs such as earmuffs and canal caps should be included as well. 

Perhaps other statistical methods should be employed to corroborate the results 

arrived at in this thesis and resolve how many subjects should be included in REAT tests. 

Further work needs to be done on determining the relationship between ear canal 

size and attenuation attained since the results in this thesis were different for each earplug. 

CONCLUDING REMARKS 

Creating a new laboratory-based fitting procedure in order that a manufacturer’s 

labeled NRR more closely matches its actual real-world performance is a good start to end 

the discrepancy between the two figures and to do away with derating schemes. Of course, 

to better estimate actual in-field HPD performance not only is a more realistic fitting 

procedure needed but improvements also need to be made in the training and education of 

HPD users, manufacturer’s instructions, and management and motivation techniques. 

However, probably most important, the responsibility and oversight of testing HPDs 
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probably should cease to be held by those with the most vested interest — the HPD 

manufacturers themselves. Because purchasers of HPDs often naively and inappropriately 

base purchasing decisions heavily on the product with the highest NRR, manufacturers 

compete with one another to achieve the highest NRRs. NRR competition is evidenced by 

HPD product advertising which usually promotes the NRR of the product most heavily, 

often saying little about comfort or usability. Companies may perform repeated attenuation 

tests in order to remove the outliers and find the combination of ten subjects with the 

highest attenuation and lowest standard deviations which result in the highest NRR. If the 

system of rating HPDs is to become completely (or at least, more) impartial and fair, the 

first step to take would be to keep the “fox from guarding the chicken coop,” so to speak. 

A single government agency should be responsible for the testing and rating of HPDs 

rather than the HPD manufacturers themselves. For example, the gas mileage figures that 

appear on new-car price stickers are determined by tests conducted by the EPA, not the car 

manufacturers themselves. Similarly, perhaps only independent, accredited laboratories 

- should conduct the testing of HPDs for EPA product labeling purposes. 

The experiment discussed in this thesis and the new fitting protocol suggested by 

S$12/WGI11 have only scratched the surface of remedying how to create better agreement 

between the protection afforded by hearing protectors in the real-world and in the 

laboratory. The resolution of this problem may take many years and the cooperation of 

standards committees, industry, and government. 
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 
DEPARTMENT OF INDUSTRIAL AND SYSTEMS ENGINEERING (ISE) 

AUDITORY SYSTEMS LABORATORY 

Informed Consent for Participants of Investigative Projects 

Title of Project: Audiometry and/or Hearing Protection Device Attenuation Test 

Principal Investigator: Graduate Students in ISE 

Faculty Advisor: Dr. J. G. Casali, Professor, ISE 

I. THE PURPOSE OF THIS RESEARCH 

You are invited to 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. 

Il. PROCEDURES 

The procedures to be used in this research are as follows. If you wish to become a 
participant after reading the description of the study, then sign this form. First, you will be 
screened to determine if you qualify for the experiment. Screening consists of several 
assessment tests and a hearing test. To begin with, you will be asked several questions to 
assess your general health and the health of your ears. Then you will be given an 
examination in which the experimenter will look into your ears using an otoscope to 
determine the health of your ears. Next, your right and left ear hearing will be tested with 
very quiet tones played through a set of headphones. 

Then, if you qualify after the screening hearing test, you may also participate in a 
research experiment which will investigate your hearing ability while wearing or not 
wearing hearing protectors. In both conditions of this second type of test of your hearing, 
you will listen to very quiet pulsating tones, but in this test they will be played through a set 
of loudspeakers. 

For the two types of hearing tests in the screening and the experiment, 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 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 
carefully to hear them. 

No loud or harmful sounds will ever occur during the study. The hearing tests 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 or health 
assessments. Also, realize that they are not designed to assess or diagnose any 
physiological or anatomical hearing disorders. The assessments and tests will only be used 
to determine your ability to participate in the experiment today. 

The purpose of this experiment is to test the optimal attenuation (i.e., noise 
reduction) capabilities of several hearing protectors, including earplugs, earmuffs, and ear 
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canal caps. During the course of the study, you will be asked to wear several protectors 
which will either be fit by you or the experimenter. 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 in 
any way harm you. 

Several physical measurements may also be obtained as part of the study. These 
will include dimensional measurements such as ear and head width, obtained with simple 
rulers, calipers and an ear gauge. None of the previously-mentioned health tests and 
measurements pose any risk to your well-being or cause any pain. (You should also know 
that the instruments are sanitized prior to each new subject.) You may ask to see and 
examine these instruments as well as the test system at this time if you wish. 

Ili. BENEFITS OF THIS RESEARCH 

Your participation in this experiment will provide information that will be used to 
develop a rating of how well noise is blocked by the particular hearing protection device 
tested. 

No guarantee of benefits has been made to encourage you to participate. You may 
also receive a summary of the results of this research when completed. Please leave or 
send a self-addressed envelope if you are interested in the summary. To avoid biasing 
other potential participants, you are requested not to discuss the study with anyone until six 
months from now. 

IV. EXTENT OF ANONYMITY AND CONFIDENTIALITY 

The results of this study will be kept strictly confidential. At no time will the 
researchers release the results of the study to anyone other than the individuals working on 

_ the project without your written consent. The information you provide will have your 
name removed and only a participant number will identify you during analyses and any 
written reports of the research. 

V. COMPENSATION 

For participation in this experiment, you will receive $6.00 for each hour that you 
participate. 

VI. FREEDOM TO WITHDRAW 

You are free to withdraw from this study at any time without penalty. If you 
choose to withdraw, you will be compensated for the portion of time you have spent in the 
study. There may also be certain circumstances under which the investigator may 
determine that you should not continue as a participant of this project. These include, but 
are not limited to, unforeseen health-related difficulties, inability to perform the task, and 
unforeseen danger to the participant, experimenter, or equipment. 

VII. APPROVAL OF RESEARCH 

This research project has been approved, as required, by the Institutional Review 
Board for projects involving human participants at Virginia Polytechnic Institute and State 
University, and by the Department of Industrial and Systems Engineering. 
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VIII. PARTICIPANT’S RESPONSIBILITIES 

I know of no reason why I cannot participate in this study. I have the following 
responsibilities: 

- To listen attentively to the sounds during the hearing tests and to press and 
release the button with relative accuracy and to follow instructions to the best of 
my ability. 

- To notify the experimenter at any time about discomfort or desire to discontinue 
participation. 

  

Signature of Participant 

IX. PARTICIPANT’S PERMISSION 
Before you sign the two signature pages of 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 the experimenter at this time. Then if 
you decide to participate, please sign your name on this page and the following pages. 

231



Experimenter Copy of Participant’s Signature Page 

[ have read a description of this study and understand the nature of the research and 
my rights as a participant. I hereby consent to participate, with the understanding that I 
may discontinue participation at any time if I choose to do so, being paid only for the 
portion of the time that I spend in the study. 

Signature 
  

Printed Name 

Date 

  

  

Witness 
  

Printed Name 

Date 

  

  

The research team for this experiment includes Master’s students in Industrial and Systems 
Engineering, and Dr. John G. Casali, Director of the Auditory Systems Laboratory. They 
may be contacted 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 
Chair, University Institutional Review Board for 

Research Involving Human Subjects 
301 Burruss Hall 
VPI & SU 
Blacksburg, VA 24061 
(703) 231-5283 
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Participant’s Signature Page 

I have read a description of this study and understand the nature of the research and 
my rights as a participant. I hereby consent to participate, with the understanding that I 
may discontinue participation at any time if I choose to do so, being paid only for the 
portion of the time that I spend in the study. 

Signature 
  

Printed Name 

Date 

  

  

Witness 
  

Printed Name 

Date 

  

  

The research team for this experiment includes Master’s students in Industrial and Systems 
Engineering, and Dr. John G. Casali, Director of the Auditory Systems Laboratory. They 
may be contacted 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 
Chair, University Institutional Review Board for 

Research Involving Human Subjects 
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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Subject Audiological Health Screening Form 
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SUBJECT SCREENING FORM 

Otoscopic Data 

Occluding Wax?: 
  

Ear canal irritation?: 
  

Unusual canal characteristics?: 
  

Eardrum perforations?: 
  

Eardrum scar tissue?: 
  

Foreign matter?: 
  

Subject Self-Report Data 

Tinnitus or head noises: 
  

Otopathological history: 
  

  

Occupation: 

_ Noisy hobbies: 
  

HPD experience: 
  

Other: 
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APPENDIX C 

Subject Pure-Tone Audiometric Screening Form 
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Subject: 

Pure-Tone Audiometric Tests for Normal Hearing 

SUBJECT SCREENING FORM 

  

Phone: 
  

Frequency 
Hz 

125 

250 

500 

1000 

2000 

3000 

4000 

6000 

8000 

Frequency 
Hz 

125 

250 

500 

1000 

2000 

3000 

4000 

6000 

8000 

t-1 

t-1 t-2 

Screening Date: 

Right Ear 

t-3 

Left 

t-3 

Ear 

Age: 

t-5 

t-5 

Gender: 

Qualify? 

t-6 

t-6 

final 
threshold 

final 
threshold
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Subject Informed Consent Form for Experiment 
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 

Informed Consent for Participants of Investigative Projects 

Title of Project: Hearing Protection Device (HPD) Fitting Procedure Experiment 

Principal Investigator: Mark G. Mears, M. S. Candidate 

Faculty Advisor: Dr. J. G. Casali, Professor, ISE 

I. THE PURPOSE OF THIS RESEARCH 

You are invited to participate in a study which will investigate the differences in 
noise reduction between two methods of fitting earplugs for testing. 

II. PROCEDURES 

The procedures to be used in this research are as follows. If you wish to become a 
participant after reading the description of the study, then sign this form. Before we start 
the actual experiment, you will be asked several questions to assess your general health and 
the health of your ears. Next, you will be given an examination in which the experimenter 
will look into your ears using an otoscope to determine the health of your ears. Then you 
will be given a tympanogram. In this exam, a soft device placed against the rim of the ear 
canal and a small puff of air is sent down the canal. This exam detects any perforations in 
the eardrum that may be unidentifiable by visual inspection. After that, the experimenter 
will take some measurements of your head and ears for information purposes. The 
measurements to be taken will be the width of your head, the width of your ears, the height 
of your ears, how far your ears extend out from your head, and the height of your head. 
Later, after the experiment is finished, the size of your ear canals will be measured for 
information purposes with a device that will be placed against the rim of your ear canal. 
None of the previously mentioned health tests and measurements pose any risk to your 
well-being or cause any pain. (You should also know that the instruments are cleaned prior 
to each new subject.) You may ask to see and examine these instruments as well as the test 
system at this time if you wish. 

Please realize that the previously-mentioned tests or hearing test that you previously 
participated in are not designed to assess or diagnose any physiological or anatomical 
hearing problems. They are only used to determine your ability to participate in the 
experiment today. 

The purpose of this experiment is to test the attenuation (i.e., noise reduction) 
capabilities of earplugs. During the course of the actual experiment, your hearing will be 
tested with and without earplugs in your ears. At times, you will be asked to fit the 
earplugs on yourself, while at other times the experimenter will fit the earplugs to you. The 
earplugs are intended to block noise, therefore, they may cause minor discomfort in your 
ears but this will not in any way harm you. 

The hearing tests will take place 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.) 

239



For the hearing tests with and without earplugs, you will be tested in the same 
manner as the second part of the screening you already previously participated in: with 
very quiet pulsing sounds that come from three loudspeakers in the room. Also recall that 
you were asked to keep your mouth closed and to sit still behind a head-positioning device 
that hung from the ceiling. You must be very attentive and listen carefully for the pulsing 
sounds. When you hear the pulsing sounds, press and hold down the button 
on the hand switch and keep it pressed. The sound will fade away until you 
can no longer hear it, at which time you should let go of the button. This 
sequence will be repeated several times per trial. Remember to keep the button pressed for 
as long as you hear the pulsing sounds. The button should be released any time you do not 
hear the pulsing sounds. You should not anticipate the signal arriving or leaving by, 
respectively, pressing too early or releasing too early. By the same token, you should not 
wait too long after you hear or do not hear the sounds to press or release the button. Your 
reaction time is important. Please be aware that no loud or harmful sounds will ever occur 
during the study. 

You will be given a 10 minute break in-between the first and second halves of the 
experiment. From start to finish, this experiment will take approximately 2 - 1/2 hours. 

  

Ill. BENEFITS OF THIS RESEARCH 

Your participation in this experiment will provide information that will be helpful in 
developing new ways to test and rate hearing protection devices, such as earplugs and 
earmuffs. It is expected that the results of this study will lead to a method of testing and 
rating hearing protectors that is more realistic and has the safety of the consumer in mind. 

No guarantee of benefits has been made to encourage you to participate. You may 
also receive a summary of the results of this research when completed. Please leave or 
send a self-addressed envelope if you are interested in the summary. To avoid biasing 

_ other potential participants, you are requested not to discuss the study with anyone until six 
months from now. 

IV. EXTENT OF ANONYMITY AND CONFIDENTIALITY 

The results of this study will be kept strictly confidential. At no time will the 
researchers release the results of the study to anyone other than the individuals working on 
the project without your written consent. The information you provide will have your 
name removed and only a participant number will identify you during analyses and any 
written reports of the research. 

V. COMPENSATION 

For participation in this experiment, you will receive $6.00 for each hour that you 
participate, for an expected total of $15.00. 

VI. FREEDOM TO WITHDRAW 

You are free to withdraw from this study at any time without penalty. If you 
choose to withdraw, you will be compensated for the portion of time you have spent in the 
study. There may also be certain circumstances under which the investigator may 
determine that you should not continue as a participant of this project. These include, but 
are not limited to, unforeseen health-related difficulties, inability to perform the task, and 
unforeseen danger to the participant, experimenter, or equipment. 
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Vil. APPROVAL OF RESEARCH 

This research project has been approved, as required, by the Institutional Review 
Board for projects involving human participants at Virginia Polytechnic Institute and State 
University, and by the Department of Industrial and Systems Engineering. 

VOI. PARTICIPANT’S RESPONSIBILITIES 

I know of no reason why I cannot participate in this study. I have the following 
responsibilities: 

- To listen attentively to the sounds during the hearing tests and to press and 
release the button with relative accuracy and to follow instructions to the best of 
my ability. 

- To notify the experimenter at any time about discomfort or desire to discontinue 
participation. 

  

Signature of Participant 

IX. PARTICIPANT’S PERMISSION 
Before you sign the two signature pages of 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 the experimenter at this time. Then if 
you decide to participate, please sign your name on this page and the following pages. 
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Experimenter Copy of Participant’s Signature Page 

I have read a description of this study and understand the nature of the research and 
my rights as a participant. I hereby consent to participate, with the understanding that I 
may discontinue participation at any time if I choose to do so, being paid only for the 
portion of the time that I spend in the study. 

Signature 
  

Printed Name 

Date 

  

  

Witness 
  

Printed Name 

Date 

  

  

The research team for this experiment includes Mark G. Mears, a Master’s student in 
Industrial and Systems Engineering, and Dr. John G. Casali, Director of the Auditory 
Systems Laboratory. They may be contacted 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 
Chair, University Institutional Review Board for 

Research Involving Human Subjects 
301 Burruss Hall 
VPI & SU 
Blacksburg, VA 24061 
(703) 231-5283 
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Participant’s Signature Page 

I have read a description of this study and understand the nature of the research and 
my rights as a participant. I hereby consent to participate, with the understanding that I 
may discontinue participation at any time if I choose to do so, being paid only for the 
portion of the time that I spend in the study. 

Signature 
  

Printed Name 

Date 

  

  

Witness 
  

Printed Name 

Date 

  

  

The research team for this experiment includes Mark G. Mears, a Master’s student in 
Industrial and Systems Engineering, and Dr. John G. Casali, Director of the Auditory 
Systems Laboratory. They may be contacted 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 
Chair, University Institutional Review Board for 

Research Involving Human Subjects 
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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SUBJECT DATA COLLECTION SHEET 

Experimenter. Date: 
Subject# Age: 

Subject Gender. M F Exp’ter Gender. M F Order. QU-OU-OU UO-UO-UO 

Subject Self-Report Data: 
Tinnitus or head noises? 
  

  

Otopathological history? 

Occupation? 
  

HPD experience? 
  

Otoscopic Examination: 

  

Eardrum perforation? 

Eardrum scar tissue? 
  

Unusual canal characteristics? 
  

Impacted cerumen? 
  

Other? 

Tympanometry (normal values in parenthesis): 

  

Middle ear pressure (> -100 daPa and < +50 daPa): 

Ear canal volume (> 0.6 cc and < 2.5 cc) [C1]: 

{Maximum Compliance/Peak point of deflection [C2]}: 

Static compliance (> 0.2 daPa and < 1.5 daPa) [CX=C2-C1]: 

Anthropometry : 
Bitragion Breadth (cm): Head Height (in): 

Ear Height (mm): R L Ear Width (mm): 

Ear Protrusion (mm): R L Ear Canal Size: 

Plug: E-A-R Foam 

V-51R 
Subject Fit Right: XS S M L XL 

Cold or allergies? 

Recent noise exposure? 

Noisy hobbies? 

Other? 

Blood? 

Foreign matter? 

Ear canal irritation? 

Foreign matter? 

Other? 

RR lL _ 

RR lL. 

R_ TL 

RR. L. 

RL 

R 

Left: XS SM L XL 
  

Experimenter Fit Right: XS S M L XL 
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TABLE F-1 

ANOVA Summary Table for E-A-R Earplug at 125 Hz 
  

  

Source df Ss MS F p G-G H-F 

Lab 1 338.333 338.333 1.844 .1810 
SubGen 1 53.443 53.443 291 .5920 
Lab x SubGen 1 56.489 56.489 .308 .5816 
Subject(Group) 47 8623.756 183.484 
Fit 1 5899.533 5899.533 71.827 .0001 0001 .0001 
Fit x Lab 1 614.962 614.962 7.487 .0087 .0087 .0087 
Fit x SubGen 1 69.487 69.487 .846 .3624 3624 .3624 
Fit x Lab x SubGen 1 298.943 298.943 3.640 .0625 0625 .0625 
Fit x Subject(Group) 47 3860.363 82.135 

Trial 2 35.733 17.867 .670 5143 5122 = .5143 
Trial x Lab 2 78.142 39.071 1.465 .2364 .2366 .2364 
Trial x SubGen 2 76.844 38.422 1.440 .2420 .2422 §.2420 
Trial x Lab x SubGen 2 80.136 40.068 1.502 .2280 .2282 .2280 

Trial x Subject(Group) 94 2507.603 26.677 
Fit x Trial 2 27.530 13.765 .438 .6467 .6435 .6467 
Fit x Trial x Lab 2 43.603 21.802 .694 .5023 5001 .5023 
Fit x Trial x SubGen 2 18.686 9.343 .297 7435 7400 = =.7435 
Fit x Trial x Lab x SubGen 2 49.951 24.975 795 .4548 4530 .4548 
Fit x Trial x Subject(Group) 94 2954.468 31.431 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-2 

ANOVA Summary Table for E-A-R Earplug at 250 Hz 
  

  

Source df ss MS F p G-G H-F 

Lab 1 156.544 156.544 .802 3751 
SubGen 1 14.643 14.643 .075 .7854 
Lab x SubGen 1 6.276 6.276 .032 .8585 
Subject(Group) 47 9174.969 195.212 
Fit 1 12285.440 12285.440 157.815 .0001 .0001 .0001 
Fit x Lab 1 243.188 243.188 3.124 .0836 .0836 .0836 
Fit x SubGen 1 31.717 31.717 .407 .5264 5264 .5264 
Fit x Lab x SubGen 1 202.416 202.416 2.600 .1135 1135 = .1135 
Fit x Subject(Group) 47 3658.819 77.847 

Trial 2 87.667 43.833 1.605 .2063 .2083 .2063 
Trial x Lab 2 22.123 11.061 .405 .6680 .6510 .6680 
Trial x SubGen 2 40.939 20.469 .750 .4753 4652 = .4753 
Trial x Lab x SubGen 2 23.468 11.734 .430 .6519 6353 .6519 
Trial x Subject(Group} 94 2566.469 27.303 
Fit x Trial 2 45.162 22.581 1.010 .3681 .3673 .3681 
Fit x Trial x Lab 2 69.983 34.991 1.565 .2144 2147 .2144 
Fit x Trial x SubGen 2 30.434 15.217 .681 .5087 5069 .5087 
Fit x Trial x Lab x SubGen 2 131.202 65.601 2.935 .0580 .0588 .0580 
Fit x Trial x Subject(Group) 94 2101.152 22.353 

NOTES: . 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-viaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-3 

ANOVA Summary Table for E-A-R Earplug at 500 Hz 
  

  

Source df ss MS _F p G-G H-F 

Lab 1 88.326 88.326 .399 5305 
SubGen 1 66.812 66.812 .302 5852 
Lab x SubGen 1 1.401 1.401 .006 9369 
Subject(Group) 47 10397.032 221.213 
Fit 1 16641.979 16641.979 204.699 .0001 .0001 .0001 
Fit x Lab 1 22.405 22.405 .276 .6021 .6021 .6021 
Fit x SubGen 1 109.177 109.177 1.343 2524 2524 = .2524 
Fit x Lab x SubGen 1 203.001 203.001 2.497 1208 .1208 .1208 
Fit x Subject(Group) 47 3821.092 81.300 
Trial 2 151.872 75.936 3.277 .0421 .0436 .0421 
Trial x Lab 2 1.385 .692 .030 .9706 .9679 .9706 
Trial x SubGen 2 173.409 86.705 3.742 0273 .0286 .0273 
Trial x Lab x SubGen 2 61.372 30.686 1.324 2709 .2707 ~=.2709 
Trial x Subject(Group) 94 2178.060 23.171 
Fit x Trial 2 28.611 14.305 .765 4682 .4679 .4682 
Fit x Trial x Lab 2 4.240 2.120 .113 8929 .8924 .8929 
Fit x Trial x SubGen 2 62.747 31.374 1.678 1923 .1924 .1923 
Fit x Trial x Lab x SubGen 2 69.581 34.790 1.860 1613 1614 .1613 
Fit x Trial x Subject(Group) 94 1757.820 18.700 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 

_F - Fvilaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-4 

ANOVA Summary Table for E-A-R Earplug at 1000 Hz 
  

  
source df ss MS — p G-G H-F 

Lab 1 95.304 95.304 .763 3870 
SubGen 1 65.990 65.990 .528 4710 
Lab x SubGen 1 76.629 76.629 .613 4375 
Subject(Group) 47 5873.751 124.973 
Fit 1 11342.833 11342.833 185.163 .0001 .0001 .0001 
Fit x Lab 1 50.408 50.408 .823 .3690 .3690 .3690 
Fit x SubGen 1 45.445 45.445 .742 .3934 3934 .3934 
Fit x Lab x SubGen 1 98.485 98.485 1.608 2111 2111 .2111 
Fit x Subject(Group) 47 2879.155 61.259 
Trial 2 104.412 52.206 3.914 0233 .0238 .0233 
Trial x Lab 2 5.855 2.927 .219 .8034 .8004 .8034 
Trial x SubGen 2 10.271 5.135 .385 .6815 .6787 .6815 
Trial x Lab x SubGen 2 91.294 45.647 3.422 .0368 .0374 .0368 
Trial x Subject(Group) 94 1253.831 13.339 
Fit x Trial 2 49.116 24.558 1.385 .2554 .2555 .2554 
Fit x Trial x Lab 2 22.428 11.214 .632 .5336 5272 .5336 
Fit x Trial x SubGen 2 25.375 12.688 715 .4916 .4861 .4916 
Fit x Trial x Lab x SubGen 2 24.601 12.301 .694 .5023 .4966 .5023 
Fit x Trial x Subject(Group) 94 1666.855 17.733 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fviaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-5 

ANOVA Summary Table for E-A-R Earplug at 2000 Hz 
  

  

Source df ss MS F p G-G H-F 

Lab 1 204.814 204.814 4.073 .0493 
SubGen 1 488.862 488.862 9.721 .0031 
Lab x SubGen 1 80.385 80.385 1.599 .2123 
Subject(Group) 47 2363.523 50.288 
Fit 1 1315.635 1315.635 96.057 .0001 .0001 .0001 
Fit x Lab 1 3.200 3.200 .234 .6311 6311  .6311 
Fit x SubGen 1 1.621 1.621 .118 .7323 .7323 =.7323 
Fit x Lab x SubGen 1 .134 134 .010 .9217 9217 .9217 
Fit x Subject(Group) 47 643.733 13.696 

Trial 2 4.914 2.457 .334 .7166 .6984 .7166 
Trial x Lab 2 28.808 14.404 1.960 .1465 1506 .1465 
Trial x SubGen 2 17.219 8.610 1.172 3143 3117 = 3143 
Trial x Lab x SubGen 2 16.959 8.480 1.154 .3198 3169 .3198 
Trial x Subject(Group) 94 690.729 7.348 
Fit x Trial 2 39.346 19.673 2.592 .0802 .0867 .0809 
Fit x Trial x Lab 2 14.795 7.397 .975 .3811 .3736 .3803 
Fit x Trial x SubGen 2 4.793 2.397 ~ 316 .7300 .7061 = .7275 
Fit x Trial x Lab x SubGen 2 17.838 8.919 1.175 .3133 3099 §.3130 
Fit x Trial x Subject(Group) 94 713.467 7.590 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fvilaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-6 

ANOVA Summary Table for E-A-R Earplug at 3150 Hz 
  

  

Source df $s mS) _F p G-G H-E 

Lab 1 170.623 170.623 2.556 1166 
SubGen 1 4.650 4.650 .070 .7930 
Lab x SubGen 1 94.313 94.313 1.413 .2406 
Subject(Group) a7 3137.528 66.756 
Fit ‘ 983.971 983.971 51.174 0001 0001 .0001 
Fit x Lab 1 313 313 .016 .8990 8990 .8990 
Fit x SubGen 1 21.534 21.534 1.120 .2953 2953 .2953 
Fit x Lab x SubGen 1 .529 .529 .028 .8689 8689 .8689 
Fit x Subject(Group) 47 903.717 19.228 
Trial 2 23.741 11.871 1.184 .3105 .3089 = §=.3105 
Trial x Lab 2 .151 .076 .008 £9925 9905 .9925 
Trial x SubGen 2 12.558 6.279 .627 .5367 5284 .5367 
Trial x Lab x SubGen 2 13.534 6.767 .675 5115 5039 .5115 
Trial x Subject(Group) 94 942.116 10.023 
Fit x Trial 2 8.440 4.220 .342 .7109 .6923 .7109 
Fit x Trial x Lab 2 5.910 2.955 .240 .7872 .7681 = .7872 
Fit x Trial x SubGen 2 6.679 3.339 .271 .7632 7441 ~=.7632 
Fit x Trial x Lab x SubGen 2 8.066 4.033 .327 7217 7029 =.7217 
Fit x Trial x Subject(Group) 94 1158.252 12.322 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-viaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-7 

ANOVA Summary Table for E-A-R Earplug at 4000 Hz 
  

  

Source df Ss _MS F p G-G H-E 

Lab 1 216.113 216.113 4.421 .0409 
SubGen 1 10.360 10.360 212 .6474 
Lab x SubGen 1 222.753 222.753 4.557 .0380 
Subject(Group) 47 2297 .500 48.883 
Fit 1 745.383 745.383 24.530 .0001 .0001 .0001 
Fit x Lab 1 63.168 63.168 2.079 .1560 .1560 .1560 
Fit x SubGen 1 39.414 39.414 1.297 .2605 .2605 .2605 
Fit x Lab x SubGen 1 5.289 5.289 .174 .6784 .6784 .6784 
Fit x Subject(Group) 47 1428.189 30.387 

Trial 2 9.768 4.884 .420 .6584 .6415 .6584 
Trial x Lab 2 34.045 17.022 1.463 .2367 .2375 .2367 
Trial x SubGen 2 29.176 14.588 1.254 .2901 .2886 .2901 
Trial x Lab x SubGen 2 10.415 5.208 .448 .6405 .6241 .6405 
Trial x Subject(Group) 94 1093.483 11.633 
Fit x Trial 2 10.197 5.099 489 .6145 6128 .6145 
Fit x Trial x Lab 2 31.903 15.952 1.531 2216 .2218 .2216 
Fit x Trial x SubGen 2 63.206 31.603 3.034  .0529 .0534 .0529 
Fit x Trial x Lab x SubGen 2 5.986 2.993 .287 .7509 .7489 .7509 

Fit x Trial x Subject(Group) 94 979.182 10.417 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F-Fvlaue — 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE F-8 

ANOVA Summary Table for E-A-R Earplug at 6300 Hz 

  

  
Source df _SS MS F p G-G H-F 

Lab 1 339.795 339.795 4.831 .0329 
SubGen 1 1.388 1.388 .020 .8889 
Lab x SubGen 1 362.471 362.471 5.154 .0278 
Subject(Group) 47  3305.687 70.334 
Fit 1 1373.296 1373.296 19.740 .0001 0001 .0001 
Fit x Lab 1 30.498 30.498 .438 5111 5111 5111 
Fit x SubGen 1 40.346 40.346 .580 .4501 .4501 .4501 
Fit x Lab x SubGen 1 60.278 60.278 .866 .3567 3567 3567 
Fit x Subject(Group) 47 3269.729 69.569 

Trial 2 28.276 14.138 1.060 .3507 3481 3507 
Trial x Lab 2 15.767 7,884 591 .5559 5475 _—«.5559 
Trial x SubGen 2 18.876 9.438 .707 .4956 4888  .4956 
Trial x Lab x SubGen 2 6.079 3.039 .228 .7967 7854 7967 
Trial x Subject(Group) 94 1254.269 13.343 
Fit x Trial 2 93.566 46.783 3.060 .0516 .0520 .0516 
Fit x Trial x Lab 2 19.567 9.784 .640 5296 .5284 .5296 
Fit x Trial x SubGen 2 24.894 12.447 .814 .4461 4452 .4461 
Fit x Trial x Lab x SubGen 2 5.600 2.800 .183 .8329 .8313 8329 
Fit x Trial x Subject(Group) 94 1436.913 15.286 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 

_MS - mean square 
F - F-vlaue 
Dp - p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Felat correction 
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TABLE F-9 

ANOVA Summary Table for E-A-R Earplug at 8000 Hz 
  

  

Source df _SS MS F pp GG H-F 

Lab 1 114.590 114.590 .840 .3639 
SubGen 1 1.022 1.022 .007 .9314 
Lab x SubGen 1 295.996 295.996 2.171 .1473 
Subject(Group) 47 6407.816 136.337 

Fit 1 2798.459 2798.459 45.560 .0001 0001 .0001 
Fit x Lab 1 33.628 33.628 .547 .4630 .4630 4630 
Fit x SubGen 1 70.730 70.730 1.152 .2887 2887 2887 
Fit x Lab x SubGen 1 26.282 26.282 .428 .5162 5162 5162 
Fit x Subject(Group) 47 2886.925 61.424 
Trial 2 30.007 15.003 1.187 .3096 3094 .3096 
Trial x Lab 2 2.314 1.157 .092 .9126 9116 .9126 
Trial x SubGen 2 6.954 3.477 .275 .7601 7588 ~=.7601 
Trial x Lab x SubGen 2 2.706 1.353 .107 .8986 8975  .8986 
Trial x Subject(Group) 94 1187.809 12.636 
Fit x Trial 2 69.398 34.699 2.217 .1146 1150 1146 
Fit x Trial x Lab 2 103.283 51.641 3.300 .0412 .0416 .0412 
Fit x Trial x SubGen 2 18.234 9.117 .583 .5604 §593 5604 
Fit x Trial x Lab x SubGen 2 18.980 9.490 .606 5474 5463 5474 
Fit x Trial x Subject(Group) 94 1470.990 15.649 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feladt correction 
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APPENDIX G 

ANOVA Summary Tables for Hear-Guard V-51R for VPI Lab 
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TABLE G-1 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 125 Hz 
  

  

Source _df ss Ms F p G-G H-F 

SubGen 1 1.641 1.641 .010 .9228 
Subject(Group) 24 4105.409 171.059 
Fit 1 332.063 332.063 3.515 .0730 .0730 .0730 
Fit x SubGen 1 237.787 237.787 2.517 .1257 1257 =.1257 
Fit x Subject(Group) 24 2267.461 94.478 
Trial 2 43.670 21.835 .847 .4348 .4319  .4348 
Trial x SubGen 2 24.302 12.151 .472 .6269 .6211 .6269 
Trial x Subject(Group) 48 1236.752 25.766 
Fit x Trial 2 61.927 30.963 .845 .4360 .4141 .4238 
Fit x Trial x SubGen 2 129.422 64.711 1.765 .1821 .1898 .1868 
Fit x Trial x Subject(Group) 48 1759.702 36.660 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-2 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 250 Hz 
  

  

Source df ss MS FF p G-G HE 

SubGen 1 19.816 19.816 .110 .7433 
Subject(Group) 24 4332.906 180.538 
Fit 1 258.466 258.466 2.757 .1099 1099 .1099 
Fit x SubGen 1 113.391 113.391 1.209 .2824 .2824 .2824 

Fit x Subject(Group) 24 2250.120 93.755 
Trial 2 20.543 10.272 .361 .6989 .6726 .6960 
Trial x SubGen 2 57.333 28.667 1.007 .3727 3651 .3719 
Trial x Subject(Group) 48 1365.820 28.455 
Fit x Trial 2 24.337 12.169 .420 .6593 6327 .6547 
Fit x Trial x SubGen 2 132.759 66.379 2.292 .1120 .1197 .1134 

Fit x Trial x Subject(Group) . 48 1390.048 28.959 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-3 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 500 Hz 
  

  

Source _df ss MS _F p G-G H-E 

SubGen 1 120.842 120.842 .720 .4045 
Subject(Group) 24 4027.472 167.811 

Fit 1 215.848 215.848 2.999 .0962 0962 .0962 
Fit x SubGen 1 129.439 129.439 1.798 .1925 .1925 .1925 

Fit x Subject(Group) 24 1727.375 71.974 
Trial 2 6.999 3.499 .166 .8474 .8269 .8474 
Trial x SubGen 2 95.446 47.723 2.267 .1147 1204 = .1147 
Trial x Subject(Group) 48 1010.656 21.055 
Fit x Trial 2 .045 .022 .001 .9989 9975 .9987 
Fit x Trial x SubGen 2 45.106 22.553 1.133 .3305 3254 .3296 
Fit x Trial x Subject(Group) 48 955.483 19.906 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vilaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-4 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 1000 Hz 
  

  

Source df ss MS F p G-G H-F 

SubGen 1 155.800 155.800 .863 .3621 
Subject(Group) 24 4330.954 180.456 
Fit 1 151.434 151.434 2.477 .1286 1286 §=.1286 
Fit x SubGen 1 153.014 153.014 2.502 .1268 1268 .1268 
Fit x Subject(Group) 24 1467.500 61.146 
Trial 2 6.695 3.347 .179 .8366 .8234 .8366 
Trial x SubGen 2 20.902 10.451 .559 -5755 5649 .5755 
Trial x Subject(Group) 48 897.540 18.699 
Fit x Trial 2 44.629 22.314 1.116 .3360 3304 .3349 
Fit x Trial x SubGen 2 25.374 12.687 .634 .5346 5144 ~=.5306 
Fit x Trial x Subject(Group) 48 959.894 19.998 

260



TABLE G-5 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 2000 Hz 
  

  

Source df $s MS F p G-G H-F 

SubGen 1 63.591 63.591 .480 -4950 
Subject(Group) 24 3178.550 132.440 
Fit 1 396.166 396.166 7.958 .0095 .0095 .0095 
Fit x SubGen 1 26.586 26.586 .534 .4720 .4720  .4720 
Fit x Subject(Group) 24 1194.781 49.783 

Trial 2 16.803 8.401 .624 .5402 .5401 .5402 
Trial x SubGen 2 42.568 21.284 1.580 .2164 2164 .2164 
Trial x Subject(Group) 48 646.429 13.467 
Fit x Trial 2 1.597 .799 .049 .9522 .9479 .9522 
Fit x Trial x SubGen 2 118.712 59.356 3.642 .0337 .0354 .0337 
Fit x Trial x Subject(Group) 48 782.338 16.299 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-6 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 3150 Hz 
  

  

Source df SS MS —_ p G-G H-F 

SubGen 1 243.250 243.250 1.841 .1874 
Subject(Group) 24 3170.357 132.098 
Fit 1 131.083 131.083 4.536 .0436 .0436 .0436 
Fit x SubGen 1 109.001 109.001 3.772 .0640 .0640 .0640 

Fit x Subject(Group) 24 693.596 28.900 
Trial 2 .470 .235 .018 .9822 .9764 .9822 

Trial x SubGen 2 119.262 59.631 4.562 .0154 .0182 .0154 
Trial x Subject(Group) 48 627.468 13.072 
Fit x Trial 2 4.679 2.339 .187 .8302 .7781 .8000 
Fit x Trial x SubGen 2 43.847 21.923 1.750 .1846 .1924 .1896 
Fit x Trial x Subject(Group) 48 601.154 12.524 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-7 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 4000 Hz 
  

  

Source df_ ss. MS F p G-G H-F 

SubGen 1 54.021 54.021 .457 .5053 
Subject(Group) 24 2833.988 118.083 
Fit 1 285.932 285.932 8.136 .0088 .0088 .0088 
Fit x SubGen 1 12.637 12.637 .360 5543 5543 .5543 
Fit x Subject(Group) 24 843.281 35.137 

Trial 2 26.603 13.302 1.109 .3382 3376 .3382 
Trial x SubGen 2 80.110 40.055 3.340 .0439 .0446 .0439 
Trial x Subject(Group) 48 575.706 11.994 
Fit x Trial 2 4.515 2.258 .144 .8666 8432  .8660 
Fit x Trial x SubGen 2 3.993 1.996 .127 .8810 8585  .8804 
Fit x Trial x Subject(Group) 48 754.352 15.716 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-8 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 6300 Hz 
  

  

Source __df ss MS F __p G-G H-F 

SubGen 1 7.151 7.151 .020 .8881 
Subject(Group) 24 8487.343 353.639 
Fit 1 1451.190 1451.190 13.610 .0012 .0012 .0012 
Fit x SubGen 1 82.433 82.433 773 .3880 .3880 .3880 

Fit x Subject(Group) 24 2558.957 106.623 
Trial 2 16.888 8.444 .363 .6975 .6559 .6774 

Trial x SubGen 2 40.054 20.027 .861 .4292 .4108 .4204 
Trial x Subject(Group) 48 1116.661 23.264 
Fit x Trial 2 2.087 1.043 .051 .9502 9484 .9502 
Fit x Trial x SubGen 2 28.704 14.352 .703 .4999 .4980 .4999 
Fit x Trial x Subject(Group) 48 979.359 20.403 

NOTES: 

Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE G-9 

ANOVA Summary Table for Hear-Guard V-51R Earplug at 8000 Hz 
  

  

Source df ss MS EF p G-G H-F 

SubGen 1 .142 .142 3.561E-4 .9851 
Subject(Group) 24 9542.673 397.611 
Fit 1 991.570 991.570 8.234 .0084 .0084 .0084 
Fit x SubGen 1 202.874 202.874 1.685 .2066 .2066 .2066 
Fit x Subject(Group) 24 2890.157 120.423 
Trial 2 24.494 12.247 .434 .6505 .6403 .6505 
Trial x SubGen 2 21.878 10.939 .388 .6808 .6701 .6808 
Trial x Subject(Group) 48 1354.938 28.228 
Fit x Trial 2 10.462 5.231 .255 .7759 .7628 .7759 
Fit x Trial x SubGen 2 59.913 29.957 1.460 .2423 2429 = .2.423 
Fit x Trial x Subject(Group) 48 984.568 20.512 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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APPENDIX H 

ANOVA Summary Tables for Experimenter-Gender 

Effect for E-A-R Subject Fit Data 
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TABLE H-1 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 125 Hz 
  

  
Source df ss MS Fo p G-G HF 

Lab 1 21.794 21.794 .146 .7039 
SubGen 1 3.744E-5 3.744E-5 2.515E-7 .9996 
ExprGen 1 255.842 255.842 1.719 .1968 
Lab x SubGen 1 300.036 300.036 2.016 .1629 
Lab x ExprGen 1 78.471 78.471 527 4717 
SubGen x ExprGen 1 11.415 11.415 .077 .7832 
Lab x SubGen x ExprGen 1 20.845 20.845 -140 .7101 
Subject(Group) 43 6400.358 148.846 

Trial 2 58.583 29.291 1.007 3695 .3682 .3695 
Trial x Lab 2 82.154 41.077 1.412 .2491 .2493 .2491 
Trial x SubGen 2 16.313 8.157 .280 .7561 .7514 .7561 
Trial x ExprGen 2 169.774 84.887 2.919 .0594 .0606 .0594 
Trial x Lab x SubGen 2 108.206 54.103 1.860 1618 .1628 .1618 
Trial x Lab x ExprGen 2 44.447 22.224 .764 .4689 .4663 .4689 
Trial x SubGen x ExprGen 2 88.433 44.217 1.520 2244 .2248 .2244 
Trial x Lab x SubGen x ExprGen 2 172.084 86.042 2.959 .0572 .0584 .0572 
Trial x Subject(Group) 86 2501.077 29.082 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of Squares 
MS - mean square 
F - Fvilaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-2 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 250 Hz 
  

  

Source df Ss MS F p G-G H-F 

Lab 1 4.482 4.482 .032 .8589 
SubGen 1 518 518 .004 .9518 
ExprGen 1 198.797 198.797 1.419 .2400 

Lab x SubGen 1 148.610 148.610 1.061 .3087 
Lab x ExprGen 1 3.588 3.588 .026 .8736 
SubGen x ExprGen 1 15.507 15.507 111 .7409 
Lab x SubGen x ExprGen 1 58.532 58.532 .418 5214 
Subject(Group) 43 6022.460 140.057 
Trial 2 107.685 53.843 1.864 1613 .1644 .1613 
Trial x Lab 2 38.849 19.425 .672 5131 .5029 = .5131 

Trial x SubGen 2 60.204 30.102 1.042 3571 = .3532 = .3571 
Trial x ExprGen 2 138.832 69.416 2.403 .0965 .1007 .0965 
Trial x Lab x SubGen 2 53.151 26.575 .920 4024 .3966 .4024 
Trial x Lab x ExprGen 2 37.987 18.993 .658 5207 .5103 .5207 
Trial x SubGen x ExprGen 2 144.459 72.229 2.500 .0880 .0923 .0880 
Trial x Lab x SubGen x ExprGen 2 19.751 9.876 342 7114 6959 .7114 
Trial x Subject(Group) 86 2484.207 28.886 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of Squares 
MS - mean square 
F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-3 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 

  

  

Data at 500 Hz 

Source df ss MS F _p G-G H-F 

Lab 1 103.857 103.857 535 4683 
SubGen 1 1.695 1.695 .009 9260 
ExprGen 1 137.718 137.718 .710 4041 
Lab x SubGen 1 115.857 115.857 597 .4439 
Lab x ExprGen 1 88.554 88.554 457 .5029 
Gender x ExprGen 1 26.039 26.039 .134 7159 
Lab x SubGen x ExprGen 1 24.320 24.320 .125 .7250 
Subject(Group) 43 8341.292 193.984 
Trial 2 155.574 77.787 3.580 0321 .0374 .0321 
Trial x Lab 2 1.215 .607 .028 9724 .9619 .9724 
Trial x SubGen 2 31.899 15.950 734 4829 .4688 .4829 
Trial x ExprGen 2 90.386 45.193 2.080 1312 .1870 .1312 
Trial x Lab x SubGen 2 83.350 41.675 1.918 1531 .1582 .1531 
Trial x Lab x ExprGen 2 52.466 26.233 1.207 3040 .3011 .3040 
Trial x SubGen x ExprGen 2 77.095 38.547 1.774 1758 .1799 .1758 
Trial x Lab x SubGen x ExprGen 2 51.496 25.748 1.185 3107 .3074 .3107 
Trial x Subject(Group) 86 1868.534 21.727 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 

.F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-4 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 1000 Hz 

  

  
source df Ss MS E p G-G H-F 

Lab 1 142.147 142.147 1.275 .2651 
SubGen 1 1.189 1.189 .011 .9182 
ExprGen 1 37.481 37.481 .336 5651 

Lab x SubGen 1 172.760 172.760 1.549 .2200 
Lab x ExprGen 1 25.753 25.753 .231 6332 
SubGen x ExprGen 1 9.040 9.040 .081 7772 
Lab x SubGen x ExprGen 1 18.480 18.480 .166 6859 
Subject(Group) 43 4794.309 111.496 
Trial 2 147.580 73.790 4.014 0216 .0257 .0216 
Trial x Lab 2 9.074 4.537 .247 .7819 .7584 .7819 
Trial x SubGen 2 .853 .426 .023 9771 .9683 .9771 
Trial x ExprGen 2 103.158 51.579 2.806 .0660 .0722 .0660 

Trial x Lab x SubGen 2 31.823 15.911 865 4245 .4146 .4245 
Trial x Lab x ExprGen 2 45.398 22.699 1.235 .2960 .2938 .2960 
Trial x SubGen x ExprGen 2 54.631 27.315 1.486 .2321 .2333 8.2321 
Trial x Lab x SubGen x ExprGen 2 18.630 9.315 .507 .6043 .5850 .6043 
Trial x Subject(Group) 86 1581.049 18.384 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - Fviaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-5 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 

  

  

Data at 2000 Hz 

Source df ss _MS _F __p G-G H-F 

Lab 1 138.985 138.985 2.977 .0916 
SubGen 1 219.968 219.968 4.711 .0355 
ExprGen 1 10.965 10.965 235 .6304 
Lab x SubGen 1 39.871 39.871 .854 .3606 
Lab x ExprGen 1 26.340 26.340 564 .4567 
SubGen x ExprGen 1 4.087 4.087 .088 .7688 
Lab x SubGen x ExprGen 1 15.642 15.642 .335 5657 
Subject(Group) 43 2007.602 46.688 

Trial 2 15.701 7.850 .840 4353 .4280 .4353 
Trial x Lab 2 19.534 9.767 1.045 3562 .3522 .3562 
Trial x SubGen 2 6.578 3.289 352 7044 .6887 .7044 
Trial x ExprGen 2 60.961 30.480 3.260 0432 .0470 .0432 
Trial x Lab x SubGen 2 22.164 11.082 1.185 3106 .3085 .3106 
Trial x Lab x ExprGen 2 21.018 10.509 1.124 3297 .3268 .3297 
Trial x SubGen x ExprGen 2 13.998 6.999 .749 .4761 .4671 ~=.4761 
Trial x Lab x SubGen x ExprGen 2 8.874 4.437 475 .6237 .6097 .6237 
Trial x Subject(Group) 86 803.996 9.349 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-6 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 3150 Hz 
  

  

Source df _SS __MS F p G-G__H-F 

Lab 1 76.746 76.746 1.161 .2873 
SubGen 1 1.543 1.543 .023 .8793 
ExprGen 1 61.432 61.432 .929 .3405 
Lab x SubGen 1 42.621 42.621 .645 .4264 
Lab x ExprGen 1 1.604 1.604 .024 .8769 
SubGen x ExprGen 1 14.196 14.196 215 .6454 
Lab x SubGen x ExprGen 1 3.974 3.974 .060 .8075 
Subject(Group) 43 2842.747 66.110 
Trial 2 27.426 13.713 .894 .4128 .4062 .4128 
Trial x Lab 2 1.316 .658 .043 .9580 .9491 .9580 
Trial x SubGen 2 13.524 6.762 441 6449 .6298 .6449 
Trial x ExprGen 2 60.623 30.312 1.976 1448 .1486 .1448 
Trial x Lab x SubGen 2 1.365 .682 .044 9565 .9474 .9565 
Trial x Lab x ExprGen 2 52.599 26.300 1.715 .1861 .1887 .1861 
Trial x SubGen x ExprGen 2 43.453 21.727 1.416 2482 .2486 .2482 
Trial x Lab x SubGen x ExprGen 2 4.823 2.411 .157 8548 .8390 .8548 
Trial x Subject(Group) 86 = 1319.142 15.339 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-viaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-7 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 4000 Hz 
  

  

Source df ss MS E p G-G H-E 

Lab 1 259.338 259.338 3.813 .0574 
SubGen 1 3.487 3.487 .051 .8219 
ExprGen 1 31.192 31.192 .459 5019 
Lab x SubGen 1 146.588 146.588 2.155 .1493 
Lab x ExprGen 1 5.729 5.729 .084 .7730 
SubGen x ExprGen 1 .944 .944 .014 .9068 
Lab x SubGen x ExprGen 1 .036 .036 .001 .9819 
Subject(Group) 43 2924.410 68.010 

Trial 2 15.502 7.751 473 .6246 .6065 .6246 
Trial x Lab 2 7.634 3.817 .233 7926 .7716 .7926 
Trial x SubGen 2 89.298 44.649 2.726 0711 .0768 .0711 
Trial x ExprGen 2 19.052 9.526 582 5612 .§456 5612 
Trial x Lab x SubGen 2 12.963 6.482 .396 .6744 .6548 .6744 
Trial x Lab x ExprGen 2 31.952 15.976 .975 3812 .3746 .3812 
Trial x SubGen x ExprGen 2 38.105 19.053 1.163 3173 = .3142 8.3173 
Trial x Lab x SubGen x ExprGen 2 37.988 18.994 1.160 3185 .3153 .3185 
Trial x Subject(Group) 86 1408.605 16.379 

NOTES: 

Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-viaue 
D- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-8 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 6300 Hz 
  

  
Source df ss MS _- __p G-G_ HF 

Lab 1 271.659 271.659 2.404 .1283 
SubGen 1 12.257 12.257 .108 .7435 
ExprGen 1 57.692 57.692 511 .4788 
Lab x SubGen 1 376.147 376.147 3.329 .0750 
Lab x ExprGen 1 .400 .400 .004 .9528 
SubGen x ExprGen 1 20.533 20.533 .182 .6720 
Lab x SubGen x ExprGen 1 123.650 123.650 1.094 .3014 
Subject(Group) 43 4858.987 113.000 

Trial 2 107.195 53.597 2.467 .0908 .0925 .0908 
Trial x Lab 2 26.547 13.273 611 5452 .5409 .5452 
Trial x SubGen 2 41.347 20.674 951 3902 .3882 .3902 
Trial x ExprGen 2 47.763 23.881 1.099 .3378 .3366 .3378 
Trial x Lab x SubGen 2 10.124 5.062 .233 7927 .7866 .7927 
Trial x Lab x ExprGen 2 46.514 23.257 1.070 3474 3461 3474 
Trial x SubGen x ExprGen 2 91.305 45.653 2.101 1286 .1301 .1286 
Trial x Lab x SubGen x ExprGen 2 58.941 29.471 1.356 .2631 .2630 .2631 
Trial x Subject(Group) 86 1868.589 21.728 

NOTES: 

Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 

.F - Fvlaue 
p- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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TABLE H-9 

Subject-and-Experimenter-Gender ANOVA Summary Table for Subject-Fit E-A-R Earplug 
Data at 8000 Hz 
  

  

Source __df Ss __MS F_ p G-G H-F 

Lab 1 119.655 119.655 774 .3838 
SubGen 1 44.071 44.071 .285 .5961 
ExprGen 1 11.333 11.333 .073 .7878 
Lab x SubGen 1 272.709 272.709 1.765 .1911 
Lab x ExprGen 1 43.520 43.520 .282 .5984 
SubGen x ExprGen 1 14.605 14.605 .095 .7600 
Lab x SubGen x ExprGen 1 154.484 154.484 1.000 .3230 
Subject(Group) 43 6645.314 154.542 
Trial 2 98.329 49.164 2.178 1195 .1196 .1195 
Trial x Lab 2 33.117 16.559 734 .4832 .4831 .4832 
Trial x SubGen 2 11.040 5.520 245 7836 .7834 .7836 
Trial x ExprGen 2 53.608 26.804 1.187 3100 .3100 .3100 
Trial x Lab x SubGen 2 4.434 2.217 .098 9066 .9064 .9066 
Trial x Lab x ExprGen 2 29.153 14.577 .646 5268 .5267 .5268 
Trial x SubGen x ExprGen 2 22.975 11.488 .509 .6030 .6028 .6030 
Trial x Lab x SubGen x ExprGen 2 95.496 47.748 2.115 1269 .1269 .1269 
Trial x Subject(Group) 86 1941.437 22.575 

NOTES: 
Significant effects (p < 0.05) are in boldface 
df - degrees of freedom 
SS - sum of squares 
MS - mean square 
F - F-vlaue 
P- p-value 
G-G - Greenhouse-Geisser correction 
H-F - Hunyh-Feldt correction 
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