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Structured abstract: 

Objective: This paper proposes a comprehensive literature review of past works addressing 

Hearing Protection Devices (HPDs) comfort with the aim of identifying the main sources 

of variability in comfort evaluation. Design: Literature review. Study samples: Documents 

were hand searched and Internet searched using ‘PubMed’, ‘Web of Science’, ‘Google 

Scholar’, ‘ProQuest Dissertations and Theses Professional’, ‘Scopus’ or ‘Google’ search 

engines. While comfort constructs and measurement methods are reviewed for both 
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earplugs and earmuff HPD types, results and analyses are provided for earplugs only. 

Results: The literature shows that the multiple sources of the perceived comfort 

measurement variability are related to the complexity of the concept of comfort and to the 

various physical and psychosocial characteristics of the triad 

‘Environment/Person/Earplug’ which differ from one study to the other. Conclusions: 

Considering the current state of knowledge and in order to decrease comfort measurements 

variability, it is advised to (i) use a multidimensional construct of comfort and derive a 

comfort index for each comfort dimensions, (ii) use exhaustive and valid questionnaires, 

(iii) quantify as much as triad characteristics as possible and use them as independent or 

control variables, and (iv) assess the quality of the earplug fitting and the attenuation 

efficiency. 

Keywords: Earplug, hearing protection device, comfort, measurement variability, 
literature review. 

Word count: 7155 

List of acronyms:  

CI: Comfort Index 
FAES: Field Attenuation Estimation System 
HPD: Hearing Protection Device 
HLPP: Hearing Loss Prevention Program 
NIOSH: National Institute for Occupational Safety and Health 
NRR: Noise Reduction Rating  
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1. Introduction  

Hearing Protection Devices (HPDs) are commonly provided to workers to reduce their 

noise exposures and to protect them from Noise Induced Hearing Loss (NHIL). Their main 

function is characterized by the noise reduction they provide (quantified in north America 

by the Noise Reduction Rating NRR labeled on the HPD packaging) and whose minimum 

value should be targeted according to the surrounding noise level [1]. It is also well known 

that comfort aspects should not be overlooked since an HPD perceived as uncomfortable 

will not be used correctly or consistently and will rapidly become ineffective [2]. 

(Dis)comfort aspects should thus be understood and ideally related to the characteristics of 

the HPD, of the user and of his/her work environment. This would allow manufacturers to 

design more effective HPDs and safety professionals to propose workers with more adapted 

HPDs to them and their work environment. To this perspective, numerous field and 

laboratory studies investigated HPD comfort during the last 40 years as summarized in a 

recent literature review proposed by Doutres et al. [3]. The latter literature review shows 

that the numerous existing studies on HPD comfort differ on multiple factors: the construct 

of HPD comfort (see definition of ‘construct’ in [3]), the test methods and protocols, the 

type of HPDs and the test environments. Finally, a wide variability of HPD comfort 

measurements is pointed out which hampers (i) the comparisons of results across studies, 

(ii) the ranking of comfort attributes and (iii) the identification of HPD design 

improvements to target specifically the comfort aspects.  

With the aim of proposing a comprehensive view of HPD comfort (and ultimately reducing 

the measurement variability induced by the various concepts and constructs of HPD 

comfort found in the literature), Doutres et al. [3] already proposed an holistic construct of 
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comfort largely inspired by the one developed for clothes by Branson and Sweeney [4]. 

HPD comfort is a multidimensional construct composed of four dimensions: (1) the 

‘physical’ dimension which is related to the user perception resulting from biomechanical 

and thermal interactions; (2) the ‘acoustical’ dimension which is related to the modification 

of the perception of both external and internal noises; (3) the ‘functional’ dimension which 

corresponds to the practical acceptability of HPDs and refers to the usability, efficiency 

and usefulness concepts; (4) the ‘psychological’ dimension, which refers to the well-being 

and the satisfaction of the user. In sum, HPD comfort is defined as a global perception 

characterising the balance between these four dimensions associated with the relationship 

between the user and his/her HPD in a given work environment. Branson and Sweeney [4] 

also further develop the concept of ‘triad’ (originally conceptualized by Fourt and Hollies 

[5]) constituted of the three ‘environment/person/clothing’ components having “physical 

and social-psychological dimensions that potentially influence physiological and/or 

perceptual responses and the subsequent comfort judgement for an individual in a given 

context” [4,p.100]. In the context of the present work, the triad comprises the work 

environment, the person (the HPD user) and the HPD. Physical and psychosocial 

dimensions of each triad component can be described by multiple intrinsic characteristics 

which can influence HPD comfort and thus help explaining the comfort measurement 

variability observed in the literature review of [3] (see Table 1). 

This paper aims at summarising the possible sources of variability related (1) to the 

construct of comfort itself, (2) to its measurement methodology and (3) to the multiple triad 

characteristics which have been identified as potentially affecting comfort perception and 

thus evaluation. A better understanding of these characteristics will improve measurement 
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methods and data analysis and, ultimately, enable to design more comfortable HPDs 

adapted to the user and his/her work environment. 

2. Effect of the construct on comfort evaluation 

The use of self-reported questionnaires to measure a subjective concept such as comfort 

implies several issues which can increase variability.  

A first issue is related to the construct of comfort itself. Having different construct from 

one researcher to another inevitably leads to dispersions in the evaluation of comfort. For 

example, the Comfort Index (CI) indicator originally proposed by Epps and Casali [6] 

(which reached consensus), is usually calculated from the sum or from the average of all 

measured comfort attributes (referred to as Specific Comfort Level (SCL) in [3]), or of only 

the ones significantly associated to the main comfort construct. Consequently, the CI (as it 

is defined and generally calculated) depends on the construct itself and is specific to each 

study, which makes it difficult to compare results of different studies.  

A second issue is related to the complexity of the comfort concept for which attributes may 

be probing more than one dimension. Participants’ strategies can then be very variable and 

based on compromises. According to Brown-Rothwell [7], this elicits a selective response 

by the participants and enhance comfort measurement variability.  

A third issue is related to the interpretation of the items. For instance, Casali et al. [8] 

mention the difficulty to know how the participant will interpret the antonyms used for 

their bipolar scales. This aspect is especially important for the ‘comfortable 

/uncomfortable’ scale used to assess the overall comfort in most studies [3]. Brown-

Rothwell [7] explicitly incriminates the participant misinterpretation of questionnaire items 
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(due to ambiguity in the wording) as a potential source of variability of comfort 

measurements. Furthermore, Park and Casali [9] developed a questionnaire by mixing two 

existing questionnaires specifically dedicated to earplugs or earmuffs. Some attributes 

(e.g., ‘comfortable pressure/no comfortable pressure’) initially proposed for earmuffs are 

then evaluated for earplugs, which can add confusion and blur in participants’ responses. 

In order to avoid this kind of problems, a specific questionnaire can be dedicated to each 

type of protector (earmuff or earplug) [6,8,10] or the distinction should be explicitly stated 

for problematic items [11]. This issue can also be related to the cognitive dissonance [12] 

that can be experienced by HPD users/participants in case of divergences between their 

feelings/thoughts/beliefs about the concept of comfort and the researchers’ construct of 

comfort. For instance, a HPD user should experience negative emotions answering 

questions about ‘maintaining in position’, because for him/her, the comfort refers only to 

the notion of ‘physical pain’. This can lead to misinterpretations for both (1) the overall 

dimension of comfort and (2) the attributes belonging to the various comfort dimensions 

(measured through questionnaire items). To limit participants’ negative emotions and 

misinterpretations it is important to assess perceived comfort using validated 

questionnaires.  

However, the development of a valid questionnaire which will enable to measure all 

attributes belonging to multiple dimensions requires rigorous procedures that takes into 

account the environmental, sociocultural and linguistic context of the research [13,14]. 

Furthermore, because of the cost associated to on site studies and the limited time available 

for the workers to participate in such research studies, HPD comfort questionnaires are 

often short and may be inadequate for assessing such a complex and multi-dimensional 
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concept. Nevertheless, if one currently wants to progress in the understanding of the HPD 

comfort, this will require to include the greatest possible number of attributes belonging to 

the various comfort dimensions. As a concluding example of the importance of a global 

approach, one can cite the ‘occlusion effect’ [15]. Although this is deemed to be a 

significant discomfort attribute hampering communication for both listener and talker 

[2,8,16], few studies incorporate dedicated items in their questionnaires. It is therefore very 

difficult to estimate its contribution to comfort in general.  

3. Effect of the ‘Environment/Person/Earplug’ triad characteristics on comfort 

evaluation 

This section presents the main intrinsic characteristics of the 

‘Environment/Person/Earplug’ triad (see Table 1) expected to have a significant impact on 

earplug comfort for both field and laboratory studies, as well as to be important sources of 

comfort measurement variability. Some triad characteristics can be assessed through 

questionnaires (e.g. age, experience with HPD use). Other can be objectively measured 

with the help of specific sensors (e.g., air temperature, ambient noise characteristics). 

However, only few are usually considered as variables in subsequent statistical analyses. 

This finally hinders the identification of the triad characteristics affecting comfort despite 

the fact that this would make it possible to generalize the results and to help 

selecting/offering the most adapted HPD considering the user and his/her working 

environment. 
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3.1.  Environment 

According to the dictionary definition of environment, the environment of participants 

involved in a HPD comfort study is all the circumstances, people, things, and events around 

them that influence their comfort perception. This triad component can then be described 

by multiple characteristics divided into physical or psychosocial dimensions and the 

following are discussed more in details since they emerged from the literature on earplug 

comfort: (1) the environmental conditions, (2) the acoustical environment, (3) the physical 

workload and (4) the implementation time of a hearing loss prevention program (HLPP). 

Prior to that, the two typical test environments (field or laboratory) used for comfort studies 

are briefly discussed. 

3.1.1. Field vs. laboratory test environments 

Field studies can be carried out in very different work environments. Comfort perception, 

and consequently its measurement, can then vary significantly [17]. Usually, field studies 

involving several participants do not specify the environment characteristics. This 

limitation can most probably be attributed to organisational difficulties (how to ensure that 

people are exposed to the same conditions) and to the important cost (time, money) of field 

studies. Thus, it is very difficult to have a sufficient number of participants per environment 

characteristics (e.g., same air temperature, acoustical environment, physical and mental 

workload). A sample big enough is however necessary to perform accurate statistical 

analyses. To the authors’ knowledge, to date, only few field studies provide these analyses 

by including objective measurements of the environment as independent or control 

variables [10,17,18].  
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Laboratory studies are, a priori, more easily achievable, less expensive, more reproducible 

and thus more adapted to HPDs manufacturers during the design phase. Thus, comfort 

evaluations are often carried out in laboratory. However, conditions leading to realistic 

comfort measurements (as if they were carried out in the field) are not known yet (e.g. 

realism of the working environment, cognitive tasks to be performed, acoustical conditions, 

etc.). In an attempt to confront HPD comfort perceived in the laboratory and in the 

workplace, Park and Casali [9] make comfort laboratory measurements for naïve HPD 

users and for workers (daily HPD users) extracted from their workplace. Important 

differences (through the CI) are found between the two groups and the authors mention 

that “it may be infeasible to devise a reliable short-term laboratory test which realistically 

estimates field HPD comfort” [9,p.151]. Possible sources explaining these discrepancies 

observed by Park and Casali [9] are presented and discussed in the present paper. 

3.1.2. Environmental conditions 

The workplace can be characterized by multiple environmental conditions such as air 

temperature, relative humidity, atmospheric pressure and air quality (dust). However, these 

properties are rarely measured and their effect on the assessment of HPD comfort has never 

been studied directly. Park and Casali [9] nevertheless suspect that the ‘convenience’ test 

results (questionnaire of the third group, see [3]) could be greatly modified if environmental 

conditions were studied as independent or control variables. They then specify that the 

effect of environmental factors deserves to be investigated in future studies on HPDs 

comfort. Indeed, as mentioned by many authors [2,11,19,20], environmental conditions are 

known to influence HPD comfort (e.g. earplug are preferred in hot environment and 
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earmuff in cold environment). Arezes et al. [11] observe that, for HPD users working in a 

hot environment, the ‘ability to dissipate heat’ and ‘ability to absorb perspiration’ are 

important attributes of comfort perception (ranked 3rd and 5th out of 9, respectively). They 

also precise that “this priority order would, certainly, be different” [11,p.7] if their study 

was carried out in a cold environment. 

3.1.3. Acoustical environment 

The workplace acoustical environment is usually composed of ambient noise associated 

with useful sounds such as warning or broadcasting signals, machinery sounds (providing 

information about the quality of the manufacturing process or the machine health) and 

coworkers’ speech. All differ in their intensity, frequency and temporal characteristics. 

Moreover, acoustical environments obviously differ significantly from one field study to 

another. This may partly explain why acoustical comfort attributes are either considered as 

important [10,18,19,21] or non-important [11,22,23] contributors to the perceived overall 

comfort. However, the relationship between the acoustical environment characteristics and 

the overall comfort has rarely been studied directly. A few field studies mention the global 

equivalent sound pressure level 𝐿𝑒𝑞 of the ambient noise for each participant or group of 

participants and include this characteristic as an independent variable [10,18]. As a first 

example, Sweetland [10] selects workers from a single company exposed to 15 different 

acoustical environments. Next, he divides them into two categories: those operating in a 

‘quiet’ (for 𝐿𝑒𝑞<90 dB(A)) or ‘noisy’ (for 𝐿𝑒𝑞> 90 dB(A)) environment. He then analyzes 

the effect of these two modalities on a ‘total interference’ comfort score computed from 

the scores of four attributes related to the acoustical dimension of comfort (i.e., ‘difficulty 
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in hearing the warning signals’, ‘difficulty in hearing the messages broadcasted by the 

company’, ‘difficulty in man-man communication’ and ‘difficulty in analyzing the 

performance of the machine via the noise it emits’). For the two studied earplugs, 

Sweetland shows that the ‘total interference’ score depends on the acoustical environment, 

the quiet one implying more acoustical discomfort. As a second example, Gonçalves et al. 

[18] measure the HPD comfort in three units from a lumbering company having different 

acoustical properties (each unit is characterized by its minimum and maximum measured 

noise level). For the tested premolded earplug, the mean overall comfort was better in the 

highest noise level unit and authors presume a cause and effect relationship. As a 

confirmation of the potential impact of the acoustical environment on the perceived 

comfort, the National Institute for Occupational Safety and Health (NIOSH) team mentions 

that their field study should have dissociated workstations subjected to continuous or 

impulse noise [24]. Indeed, they suspect a greater acoustic discomfort (related to the feeling 

of under-protection) for workers exposed to an impulsive sound environment and wearing 

custom earplugs which have, in this study, a lower acoustic attenuation level than the usual 

earplugs worn by these workers (see also section 3.2.3).    

One can note that most of laboratory studies employ the term ‘comfort’ for designating 

subjective perceptions related to the mechanical contact between the HPD and the body 

[3]. Thus, the associated tests are mostly carried out in quiet environments (i.e., the 

participant are not exposed to an artificial occupational noise), which then artificially 

distinguish between the physical and acoustic dimensions of comfort. To the authors’ 

knowledge, only two laboratory studies on HPD comfort are carried out in a noisy 
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environment [7,25] but its effect is not investigated: only one noise is used and its 

characteristics remain the same during the entire experiment.  

In fact, laboratory studies, which analyze rigorously the interactions between the acoustical 

environment, the wearer hearing condition and the HPD, focus on the awareness of sounds 

in the surrounding environment (e.g., speech intelligibility, sound localization, warning 

signals perception) [26–33] but do not approach the acoustical or the global comforts 

associated to the HPD use. The latter studies investigate the effect of the HPD by scoring 

speech recognition, noise source localization or warning signals detection in masking 

noise. Early intelligibility experiments on normal-hearing individuals [26,30,31] partly 

confirm the findings of Sweetland (1983) regarding acoustical comfort: HPDs hamper 

speech intelligibility for background noise below a certain level (around 80 dB in [30] and 

88 dB in [26]) and enhance it above this level. Intelligibility improvement in high noise 

level is attributed to a release from cochlear overload [2] whereas the degradation in low 

noise levels is due to the fact that the noise level under the HPD is sufficiently low so that 

a greater amount of speech cues are attenuated below audibility. Using the speech 

recognition model developed by Giguère et al.[29], Giguère and Berger [34] show that the 

recognition of a shouted speech by a normal-hearing individual immerged in a loud noise 

environment (of 95–96 dB(A)) is always improved by the HPD. This positive effect is 

independent of the surrounding noise spectrum or of the HPD attenuation function. 

Likewise, Giguère and Berger [35] show that the sound detection thresholds in noise for 

normal-hearing individuals is hardly affected by use of HPDs, even for a low-frequency 

ambient noise. These conclusions differ in the case of an individual with hearing loss (as 

discussed in section 3.2.4). Regarding other characteristics of both the ambient noise and 
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the useful sounds, laboratory studies on situational awareness drawn other interesting 

conclusions that should be kept in mind during comfort field studies since they can also 

participate to measurement variability: (1) the (useful) signal to (ambient) noise ratio 

should be quantified since it enhances useful sounds awareness when is it increased, (2) 

the temporal characteristics of the noise should be quantified since modulated background 

noise can increase intelligibility for normal-hearing individuals [27,36]. Finally, it is worth 

noting that the positive effect of HPD on speech intelligibility (observed in laboratory 

studies) is not reflected in field comfort studies. This could be linked to the fact that 

researchers are more regularly asking about the absence of discomfort than about the 

presence of comfort. 

3.1.4. Physical workload  

Work activities can also affect the perceived comfort. It can be characterized by many 

factors (e.g., type of work, work duration, physical load, mental load, necessity to wear 

other personal protective equipment) but only the effect of the physical workload on HPD 

comfort has been investigated so far. To the authors’ knowledge, the only study 

investigating this effect is performed in laboratory environment by Park and Casali [9]. In 

their study, the effect of the physical workload on HPD comfort is evaluated with the help 

of naïve HPD users before and after two movement modalities: jaw movement (participants 

read at loud, chew gum and eat snacks during 30 minutes) and activity movement 

(participants use a work simulator and perform highly kinematic movements during 

another 30 minutes). It is worth mentioning that, in their study, the CI is built from 4 

attributes of the physical and functional dimensions of comfort and thus more likely 
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characterizes a physical-functional comfort. For the two tested earplugs (one premolded 

and one roll-down foam), they show that the physical-functional comfort and the overall 

perception were not noticeably affected by jaw or activity movements. They also precise 

that this conclusion may have been different if environmental stressors had been added 

(e.g., increased heat). In other studies, Casali and Park [37,38] show that, depending on the 

earplug type, highly dynamic, kinematic workloads may decrease the quality of the fit and 

generate attenuation loss. The workload (and most probably other characteristics of the 

work environment) could thus affect attributes of the acoustical dimension of comfort as 

well as other dimensions (see section 4Effect of earplug fitting and attenuation).  

3.1.5. Hearing loss prevention program  

It is known that HLPP should include proper training to HPD use/fit since it is associated 

to a considerable improvement of earplug attenuation efficiency [39,40] (see section 4). 

Gonçalves et al. [18] investigates HPD comfort in three units from a lumbering company 

which differ in their HLPP implementation time (from 1 year to 6 years). The unit with the 

longer HLPP implementation time is found to be the one for which the workers (i) give the 

most importance to the aspects of the HPDs (e.g., attenuation, pressure texture) and (ii) 

better evaluate the overall comfort provided by earplugs. 

 

3.2.  Person 

The following characteristics can be found in the literature to differentiate HPD users on 

their perception of comfort: (1) outer ear morphology, (2) gender and age, (3) experience 

with HPD use and (4) hearing condition.  
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3.2.1. Outer ear morphology  

The morphology of outer ear is so unique that personal identification could be assessed 

from the various curves and dimensions of the pinna [41,42]. An important inter-individual 

variation in earcanal size and shape is also reported in multiple studies [43–45]. Wheeler 

and Glorig [45] mention that the mean diameter of the earcanal ranges between 8 and 12 

mm (they detail this dimension variability citing the work of Cunningham and Robinson 

[46]). They also bring up the important variability observed on the position of the tragus 

relatively to the earcanal entrance and the possible negative impact on both earplug 

insertion and mechanical pressure exerted by the earplug if the tragus extends too far 

backwards over the canal opening. 

The large inter-individual variations in earcanal size and shape may logically lead to a large 

variability in the earcanal/earplug interactions (e.g., normal and shear stress, skin 

deformation). Thus, while the difference in earcanal morphology can be considered as a 

possible source of (dis)comfort measurement variability, it has never been investigated 

directly. Indeed, measuring such anatomic properties is not straightforward and can 

increase significantly the complexity and cost of comfort studies. To our knowledge, only 

one comfort study [47] assesses some earcanal properties: the equivalent diameter of the 

earcanal entrance using the EargageTM tool [48] and the equivalent earcanal volume using 

a tympanometer. They found no relations between the two properties and thus advise to 

use the EargageTM tool only as a complementary tool for selecting the correct earplug. 

Furthermore, these earcanal properties are not used to analyze comfort and attenuation 

results. In future comfort studies, other characterization methods such as scans of 
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participants’ physical earmold impressions or digital ear scanning [49,50] could be used to 

have a more precise description of participants’ earcanal morphology and relate it to 

comfort. 

3.2.2. Gender and age 

Multiple studies about outer ear morphology report that male and female are not equal 

regarding the earcanal properties [51–53]. Yu et al. show that “the average height and width 

of earcanal openings, and the average depth of the first bend for men are generally longer, 

wider and deeper than those for women”[52,p.50]. Darkner et al. also state that “males in 

general are more prone to deformation of the ear and canal” [53,p.807]. 

The gender of participants is in fact usually reported in comfort studies but rarely used as 

an independent variable. Most of the participants of the studies included in this review were 

men, which made the comparison more difficult or rare. Nevertheless, Bockstael et al. 

notice that male evaluate the fit to be better than female participants do [54] but find no 

significant differences in speech recognition [27]. Bjorn et al. [55] do not observe any 

gender effect in earplug use habits among U.S. navy flight deck crews. The relationship 

between gender and perceived comfort therefore remains unknown at this stage of 

knowledge. Further studies should take into account the gender variability to assess if 

differences exist between men and women. 

Based on the information available in the studies considered in this review, participants 

were aged between 18 and 72, and the mean age was 31. As mentioned by Spomer et al., 

“age may influence HPD preferences and hearing sensitivity, but this was not assessed” 

[56,p.368]. Future studies should include the age-groups variability (e.g., young vs senior 
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participants) in order to describe the relationship between age and the experience with HPD 

use, taking into account the outer ear morphology and the hearing condition. For instance, 

differences could help to define specific HLPP targeting workers exposed to noise 

following their age and career stages.  

3.2.3. Experience with HPD use 

The experience with HPD use is usually investigated from the two following modalities: 

(1) naïve participants who do not work in a noisy environment and do not use HPD in their 

work or leisure, and (2) non-naïve participants who work in a noisy environment, do 

usually use HPD and who have to wear their usual or different HPDs during the experiment.  

For long-term non-naïve users, a bias can be introduced in favor of (or against) a specific 

HPD [8]. This bias can be significant [57] but can hardly be avoided in field studies. In 

order to eliminate this bias, most laboratory studies involve only naïve participants [6–

8,25,47,58]. While reducing the complexity and costs of the experimental procedure, this 

also may introduce a bias related to the lack of familiarity with HPDs. A few studies involve 

naïve and non-naïve participants [7,9,10,23,25] and all show significant differences. In 

general, non-naïve users are “more discerning and tend to produce more extreme ratings, 

in both the most favourable and most unfavourable directions”[7,p.66][18,23]. Non-naïve 

users are also reported to give more importance to HPD characteristics, to have a better 

knowledge of the HPDs and thus to provide more detailed and technical opinion on HPD 

characteristics [18,23]. Regarding the functional dimension of comfort, the laboratory 

study of Park and Casali [9] shows that naïve participants tend to find protectors more 

comfortable than non-naïve participants do. Regarding the acoustical dimension, 
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Sweetland [10] observes that the participant's experience with HPDs use can influence the 

‘total interference’ score (see section 3.1.3): the greater the experience, the lower the 

associated discomfort. He thus notes greater discomfort for naïve participants, particularly 

when exposed to low noise levels. Davis et al. [57] observe that some workers who tested 

custom moulded earplugs complained about an insufficient attenuation (despite fit-test 

evidence of the contrary). Authors assume that it could be due to the fact that these workers 

“have become habituated to being overprotected” [57,p.D128]. Comparing speech 

intelligibility score between a group of non-naïve participants (workers used to HPDs and 

noisy environments and with a moderate noise-induced hearing-loss) and a control group 

of naïve participants (university staff familiar with listening to speech audiometric material 

and having normal audiograms), Acton [59] points out that, despite their moderate hearing 

loss, the non-naïve group outperforms the naïve one for a speech to noise ratio of -5 dB. 

He attributes this to a conditioning process on initial noise exposure and mention that 

“'getting used to the noise', is, in fact, a significant factor in speech intelligibility against a 

background noise” [59,p.553]. These participants were then doubly accustomed: 

accustomed to wearing HPD and accustomed to operating in a noisy acoustic environment. 

Both naïve and non-naïve participants involved in comfort studies are usually asked to 

wear new earplugs (i.e., unknown to them). All field and laboratory studies are thus 

confronted to two important points conceptually divided here into two chronological 

periods: (i) a short-term period (beginning just after the earplug insertion) where the 

participant begin to feel discomfort and (ii) a mid-term period where habituation may occur 

(if the test protocol is sufficiently long for this to happen, see below). These two periods 

are part of the process of gaining experience in a given earplug and the comfort perceived 
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during these periods is also affected by the general experience with HPD use (naïve vs. 

non-naïve users). 

As mentioned above, the short-term period corresponds to the period where the participant 

is just given a new HPD and start feeling discomforts. Park and Casali [9] show that for 

naïve participants, the perceived (physical-functional) comfort is stable during the 2 hours 

of use in the laboratory (which is not the case for earmuffs). In their field study, Hsu et al. 

[21] ask the participants to assess the moment from which they begin to feel discomfort. 

The survey shows that 48.4% of respondents feel discomfort after 1 hour; and only 25.0% 

did not feel discomfort after more than 2 hours. Bockstael et al. [19] also report that most 

of the participants of their field study quickly perceived discomforts. This short-term period 

is thus suspected to be a source of inter-individual variability which reduces the ability to 

compare results across studies and especially for 1 or 2 hours short-term comfort laboratory 

protocols. It is thus recommended that the minimum wear time in laboratory studies 

exceeds this short-term period. Furthermore, according to the proposed multidimensional 

construct of HPD comfort [3], there could be different short-term period for physical, 

acoustical, functional and psychological dimensions.  

A mid-term habituation, also referred to as acclimatization, is also pointed out in the 

literature and particularly for attributes of the acoustical dimension of comfort. While 

investigating the evolution of the ‘total interference’ score (see section 3.1.3) as a function 

of time for naïve and non-naïve participants involved in an 8 weeks test campaign, 

Sweetland [10] notices that the acoustic discomfort decreases with time for both types of 

participant but in a much more important way for the naïve ones. Both then end up feeling 
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similar acoustical discomfort. Brown-Rothwell [7] investigates HPD comfort in the 

laboratory with naïve participants involved in five experimental sessions. Like Sweetland, 

he observes an improvement in the perceived ‘ease of communication’ as the experiment 

progresses, thus suggesting a significant learning effect. In the case of trumpet players, 

Killion [60] also mentions a certain acclimatization time (only a few weeks) necessary to 

adapt themselves to loudness and timbre changes due to earplug wearing. A duration of 

several months are also reported for musicians or hearing aid users to be able to get 

accustomed to their in-ear device [61,62]. In the same vein, an acclimatization time to adapt 

to physical discomforts is largely accepted in the literature but not very documented. Behar, 

Segu and Russo [63] mention that some earplugs may appear uncomfortable when just 

inserted, then become forgotten by users. Stork and Gateway [64] (citing [65]) state that an 

earplug worn for the first time is perceived as uncomfortable (even if well inserted) and 

becomes comfortable when worn routinely (see also sec. 11.2.4 in the standard CSA Z94.2-

14 [1]). Contrarily, while measuring a compound of the physical and functional comfort 

dimensions (with their CI) for non-naïve participants involved in a 6 weeks test campaign 

and wearing one-size-fits-most earplugs (roll-down foam or premolded earplugs), Park and 

Casali [9] do not observe any influence of the duration of use. Although it is known from 

field observations that a certain period is necessary to accommodate to custom earplugs 

[57,66,67], it has not been investigated in comfort studies so far. In the literature, this period 

is mostly related to functional and physical attributes of comfort (e.g., insertion, mechanical 

pressure) and can take “an average of 6 days with a maximum of 60 days” for deep-

moulded earplugs [67,p.11]. The literature thus indicates that comfort studies on earplugs 

should be performed over extended period of time. 
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3.2.4. Hearing condition  

As for the acoustical environment, the hearing condition is expected to mainly affect the 

attributes of the acoustical dimension of comfort. But in fact, very few comfort studies 

carried out in the field mention it for each participant or group of participants and analyze 

its characteristics as independent variables. Gonçalves et al. [18] observe that workers with 

altered audiograms are more likely to negatively evaluate the use of HPD with regard to 

‘aural communication easiness’. Svensson et al. [68] note that the ‘difficulty in hearing 

useful noise’ is more common for normal hearing workers and workers with high-

frequency hearing loss than those with other types of hearing loss (citing the work of [69] 

on chemically induced hearing loss). 

Studies rigorously analyzing the interactions between the hearing acuity of the user, the 

HPD properties and the acoustical environment are mainly interested in the awareness of 

sounds in a surrounding environment (e.g., speech intelligibility, sound localization, 

warning signals perception) [28,29,32,33]. Contrary to normal-hearing individual (already 

covered in the section 3.1.3), Giguère and Berger [34] confirm that HPD use decreases the 

speech recognition for hearing impaired individuals since audible speech cues fall below 

the hearing threshold. They show that this decrement is worsen for (1) ambient noises 

having important low frequency content and (2) HPDs providing important attenuation or 

high attenuation slope. For hearing-impaired individuals, important and useful sounds from 

the acoustical environment can be inaudible or masked due to the combination of (1) the 

severity of hearing loss, (2) the attenuation properties of the HPD and (3) the spectral 

content of the ambient noise. 
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The hearing acuity of workers is mostly quantified through an audiogram which (i) 

measures the minimal sound pressure required for pure-tone detection and (ii) partly 

quantifies hair cell damage. Recent studies on the animal auditory system demonstrate that 

noise can also damage the synaptic connections between hair cells and cochlear neurons 

without affecting threshold detection [70–72]. This cochlear synaptopathy-driven 

functional deficit, also known as ‘hidden hearing loss’, is suspected to impair speech 

understanding in noisy environments. Speech-in-noise testing could thus be recommended 

in future comfort studies in addition to audiograms to have a more complete objective 

measurement of participants’ hearing acuity [34,71].  

3.3.  Earplug 

A large variety of earplugs can be found on the market. They essentially differ from their 

shape, material, texture and color. Most earplugs tested in comfort studies are from the 

three following families: “Roll-down foam” earplugs (made of compressible foam), 

“Premolded” earplugs (made of a semi-rigid rod covered with one or several flexible 

flanges) and “Custom moulded” earplugs (usually made from earcanal molds) [2,3]. The 

following general characteristics are associated to more (physically) comfortable earplugs 

in [8]: softer, more rounded, smoother, slightly looser, slightly shallower and less painful. 

The various comfort/discomfort attributes commonly attributed to the three 

aforementioned earplug families are now presented.  

Roll-down foam earplugs are commonly found difficult to insert [7–9,11,47,56] and to 

provide too much attenuation [11,56]. They are also found to have a good maintaining in 

position [7,9] and able to disseminate heat in [11]. Comfort provided by this type of earplug 
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is notably sensitive to the fitting procedure [9] (see section 4). From a psychosocial 

perspective, roll-down foam earplugs are found ‘attractive’ and ‘acceptable’ by users in 

[9].  

Premolded earplugs with silicone flanges provide important physical discomforts [18] 

(more than other types of earplugs in [6,8]). However, they are found easy to insert [18] 

(easier to be inserted than other types of earplugs in [8,9,47,56]).  

Custom moulded earplugs are preferred to one-size-fits-most earplugs in [67,73]. They are 

also preferred by workers wearing earplugs over a long period in [19,67]. This type of 

earplugs (when equipped with acoustic filters) is also preferred by some musicians 

“because of their frequency independent attenuation, better fit, and better protection” 

[74,p.163]. However, other musicians in the same study “found the fitting of the custom 

moulded earplugs more time consuming” (p.163) (compared to disposable earplugs) and 

“reported that the custom moulded earplugs changed the perceived sound quality, were 

warm and sweaty” (p.163) and attenuate more than the disposable earplugs. Custom 

moulded earplugs are also found physically uncomfortable in [7]. This discomfort is 

attributed to the used silicone which “was not adequately flexible to cope with the 

displacement of the ear canal and tragus produced by jaw movements” [7,p.83].  

4. Effect of earplug fitting and attenuation on comfort evaluation 

The two characteristics discussed here (i.e. the earplug fitting and its attenuation) result 

from the complex combination of the ‘Environment/Person/Earplug’ triad components and 

thus can be affected by characteristics belonging to all of them.  
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The earplug fit is here conceptually divided into two chronological phases which can be 

affected by different triad characteristics. The first phase occurs prior to any interaction 

between the earplug and the earcanal, and may affect the fit quality because of various triad 

characteristics such as (1) the application of a HLPP (including or not a training for proper 

HPD use) or the necessity to insert/remove regularly the HPD during work, (2) the person’s 

previous experience with HPDs or his/her hand dexterity and (3) the earplug material and 

design (e.g., difficulty in rolling or improper expansion time for roll-down foam earplugs, 

the presence or the absence of stem, corded or uncorded earplug) or the quality of the 

instructions provided by the manufacturer. The second phase occurs once the earplug is 

positioned inside the earcanal (the interaction is effective). The quality of the fit and its 

stability with time are then affected by multiple triad characteristics such as (1) the work 

activities, the physical load (involving body, head or jaw movements), the ambient 

temperature or the necessity to wear other personal protective equipment which may 

interact with the earplug, (2) the size, shape, hairiness or flexibility of the earcanal or the 

propensity to generate ear wax or sweating and (3) the earplug material and design (e.g., 

softness, weight, texture). 

The quality of the fit is rarely reported from comfort studies most probably because of the 

complex evaluation of the earplug/earcanal interaction properties. Nevertheless, at first 

sight, the fitting procedure is associated to the training provided (or not) to the user. Two 

types of fitting procedure are usually investigated: (1) fit by the participant himself “using 

only the manufacturer's package instructions without any experimenter intervention or 

guidance” [9,p.156] (usually referred to as “subject-fit” condition) and/or (2) fit by the 

participant himself with prior training provided by the experimenter (usually referred to as 
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“trained-fit” condition). The subject-fit procedure is preferred to simulate common practice 

[9,11,58]. Park and Casali [9] show that the fitting procedure mostly impacts the comfort 

rating of a roll-down foam earplug (which is not the case for the tested premolded earplug). 

For this earplug, the subject-fit procedure is associated with a greater physical comfort 

most probably because “the earplugs were inserted more deeply in the trained-fit condition 

and elicited more (physical) discomfort as a result” [9,p.161]. On the contrary, this earplug 

is found to be more difficult to insert, to present a propensity to loosen (functional 

dimension) and to become less attractive (psychological dimension) to experienced users 

when asked to follow the trained-fit procedure. While measuring comfort (through the CI 

based on the questionnaire of [8]) and attenuation for normal-hearing naïve participants 

wearing roll-down foam or formable earplugs and using the subject-fit condition, Byrne et 

al. find that “the subject’s ability to correctly seat the earplug was the source of much of 

the variability” [58,p.91].  

As mentioned previously, the quality of the fit is usually assessed indirectly from the fitting 

procedure (subject fit versus trained fit) but more direct method could also be considered. 

The most practical one (in terms of time and cost) is based on a simple visual inspection 

that can be made by another person [2,75]. However, this technique is not accurate and 

could only be applied to roll-down foam earplugs for which the insertion depth strongly 

influences the resulting attenuation [2,76]. Visual cues are much more difficult for other 

families such as premolded or push-to-fit foams earplugs for which the coupling between 

the earplug and the earcanal is internal. Visible part of the earplug (e.g., the stem) may then 

not provide sufficient information about the fitting quality. For the later earplug families, 

Berger and Voix [2] provide fitting tips to be performed by the wearer (e.g., ‘the pump 
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test’). A more robust technique, recently standardized in the [77], is based on fit-testing 

systems technically referred to as Field Attenuation Estimation Systems (FAES). These 

systems assess the achieved attenuation and thus indirectly estimate the quality of the 

acoustic seal or ‘acoustical fit’. FAES systems are promising tools to train workers for 

proper earplug insertion or to check the quality of the acoustical fit during the work shift  

[75,78,79]. However, it is worth noting that a ‘good’ fit may not be similar for every 

comfort dimensions. According to the multidimensional construct of HPD comfort 

proposed by Doutres et al. [3], there could be different optimum fits for acoustical,  

physical, functional and psychological dimensions. As evidence of these competing 

behaviors, Byrne et al. observe that (physical) “comfort and attenuation are inversely 

related for the naïve subjects (and the two types of [tested] earplugs) evaluated in [their] 

study” [58,p.91]. This observation confirms results from previous comfort studies for 

which the comfort was evaluated as a function of the type of fit (subject-fit versus trained 

fit) [9,80]: comfort was found to be greater in the case of the subject-fit condition although 

it was also associated to a poorer earplug attenuation efficiency. 

Due to the high variability of the human earcanal morphology (see section 3.2.1) and of 

earplug fitting, the attenuation provided by a given earplug is subjected to an important 

measurement dispersion as commented in the extensive literature on this topic [76,81–83]. 

This inter-individual variability, inherent to the calculation of the attenuation efficiency, is 

even reported by [1] as a limit to a reliable prediction of the level of exposure under the 

HPD. This could then influence the inter-individual variability in perceived (dis)comfort 

of attributes belonging to the acoustical dimension of comfort. Viallet et al. [84] show, via 

numerical finite element analysis, that this variability could be attributed to acoustic 
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leakage around the earplug for low frequencies (f <1kHz) and by the inter-individual 

variability of the earcanal geometry for medium and high frequencies (1 kHz < f < 5 kHz). 

According to the section 3.2.4, the effect of this variability could impact the evaluation of 

the acoustical comfort attributes, mostly for hearing-impaired individuals for which the 

situational awareness is more impacted by the HPD attenuation characteristics (global 

attenuation and attenuation slope) [34,35]. HPD attenuation should thus ideally be 

quantified in comfort studies, e.g. using FAES systems according to [77]. 

5. Conclusion 

In light of this literature review dedicated to earplug comfort, multiple sources of 

measurement variability have been presented. Some are related to the diversity of 

researchers’ construct of comfort and to the possible divergence between these constructs 

and participants’ own concepts of comfort. Other sources of variability can be attributed to 

the multiple characteristics of the ‘Environment/Person/Earplug’ triad which differ from 

one study to the other. In order to improve our understanding of perceived HPD comfort 

and to reduce comfort measurement variability, it is thus advised (i) to use the 

multidimensional construct of comfort proposed by Doutres et al. [3] and derive a comfort 

index for each dimensions (i.e., physical, acoustical, functional, and psychological) as well 

as an overall comfort index, (ii) to use exhaustive and valid questionnaires in order to grasp 

the complexity of this multidimensional construct, (iii) to quantify as much triad 

characteristics as possible and to use them as independent or control variables to identify 

the most significant ones, (iv) to assess the quality of the earplug fitting and the attenuation 

efficiency, even for field studies.  
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Tables 
Table 1: Characteristics of the triad ‘Environment/Person/Earplug’ expected to have a 

significant impact on HPD comfort by field and laboratory studies. Characteristics are 

divided into physical or psychosocial dimensions.  

 
Component 
of the triad Dimension Characteristics  

Environment Physical Environmental conditions: air temperature, relative humidity, 
atmospheric pressure, air quality (dust). 
Acoustical environment: global level, spectral and temporal 
characteristics of the workplace noise and of the useful sounds 
(speech, warning signals, machinery sounds), talker-listener 
distance, alarm-listener distance. 

Psychosocial Physical workload. 
Implementation time of HLPPs. 

Person Physical  Outer ear morphology: size and shape of the earcanal, position of 
the tragus. 
Hearing condition: audiogram, speech-in-noise testing. 

Psychosocial  Biological: gender and age. 
Experience with HPD use: naïve or non-naïve HPD users. 

Earplug Physical Shape, softness, weight, texture, embedded technology (presence of 
acoustic filters, active Vs passive). 

Psychosocial Attractiveness of the product (ex, custom molded, active products), 
quality of the instructions for proper fit. 
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