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Abstract:

Objective: This paper presents a comprehensive literature review of past works addressing
Hearing Protection Devices (HPD) comfort and to put them into perspective regarding a
proposed holistic multidimensional construct of HPD comfort. 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 earplugs and earmuff types, results and analyses are provided for the

earplug type only. Results: This paper proposed a multidimensional construct of HPD
comfort based on four dimensions: physical, functional, acoustical and psychological. Seen
through the prism of the proposed holistic construct of HPD comfort, the main comfort
attributes of earplugs have been identified for each comfort dimension. Conclusions: The
observed lack of consensus on the definition of HPD comfort in the scientific community
makes it difficult to prioritize the importance of comfort attributes yet necessary for future

design of comfortable earplugs.
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Introduction

Hearing Protection Devices (HPDs), such as earplugs or earmuffs, are widely used means
for reducing the noise exposure. However, this noise control solution is sometimes
considered to insufficiently protect the workers from noise induced hearing loss
(Groenewold et al. 2014). The main reasons explaining this apparent non-efficiency are
also well known (Berger and Voix 2018): the protectors are not worn at all or not worn
consistently and/or correctly. Field studies report that between 3% and 74% of workers
exposed to high noise level never use HPDs even if they are provided by employers as
mandated by law (Arezes and Miguel 2005a; Arezes and Miguel 2005b; Davis and Sieber
2002; Hong, Lusk, and Ronis 2005; McCullagh, Ronis, and Lusk 2010; Tak, Davis, and
Calvert 2009; Tantranont and Codchanak 2017). For workers wearing HPDs, multiple field
studies found a low level of HPD use ranging between 20% and 50% of the time exposed
to high noise levels (Abel et al. 1985; Arezes and Miguel 2005a; Arezes and Miguel 2005b;
Edelson et al. 2009; Lusk, Kerr, and Kauffman 1998; Melamed, Rabinowitz, and Green
1994; Melamed et al. 1996; Neitzel and Seixas 2005; Seixas et al. 2011). Insufficient
wearing time has important consequences on the effective protection of exposed workers,
with HPD efficiency decreasing rapidly if not worn during all the exposure time (Canadian
Centre for Occupational Health and Safety 2017). An improper wearing of HPDs can also
affect their efficiency. A poor fit between the HPD and the body (inside the earcanal for
earplugs and over the ear for earmuffs) creates acoustic leaks affecting HPD efficiency. In
order to account for this effect when selecting the HPD, the National Institute for
Occupational Safety and Health (NIOSH) recommends estimating the effective attenuation
of the protector directly on site when the worker tries and fits different HPDs (Berger et al.
2011) or to decrease the labeled Noise Reduction Rating (NRR) (Canadian Centre for
Occupational Health and Safety 2017; Canadian Standards Association 2014). It is thus
essential to consistently and correctly use the HPD since the provided protection falls very
quickly when it is removed intermittently and/or not worn properly (Arezes and Miguel
2005b; Arezes and Miguel 2006; Berger and VVoix 2018).



Factors causing HPD bad use or non-use are various. Numerous studies (beyond the scope
of this paper) investigate them thoroughly based on field subjective test campaigns and
behavioral models. Their goal is to identify the main factors affecting HPD use and to
develop effective interventions to promote HPD use. To no one’s surprise, comfort is found
to be a strong factor influencing HPD use (Bockstael, De Bruyne, and Vinck 2011; Costa
and Arezes 2013; Cramer et al. 2017; Edelson et al. 2009; Hong, Chin, and Ronis 2013;
Kushnir et al. 2006; McCullagh et al. 2016; Morata et al. 2001; Patel et al. 2001; Reddy et
al. 2012; M. R. Stephenson 2009; M. R. Stephenson et al. 2011; Svensson et al. 2004) and
numerous authors conclude that the promotion of HPD use should be based, among others,
on the removal of barriers of use, for example, by offering workers more comfortable HPDs
(Arezes and Miguel 2005a; Bockstael, De Bruyne, and Vinck 2011; Bockstael et al. 2012;
Canetto 2009; Groenewold et al. 2014; Hong, Chin, and Ronis 2013; Melamed et al. 1996;
Svensson et al. 2004). However, this leads to the following questions: (i) How is comfort
defined in the framework of HPD use?; (ii) How is HPD comfort evaluated?; (iii) What are
the identified sources of (dis)comfort associated with the use of an HPD? The present
literature review aims at summarizing how these questions are usually approached. The
first two questions are tackled for HPDs in general (earmuff and earplug types). The
various constructs of HPD comfort found in the literature leads us to propose a more
holistic multidimensional construct based on four dimensions: physical, functional,
acoustical and psychological. The last question is then dealt with in a last section through

the prism of the proposed HPD comfort construct while focusing on earplugs.

Concepts and constructs of HPD comfort

In this paper, the definitions of “concept” and “construct” are taken from Branson and
Sweeney (1991): concept is an abstraction formed by generalizations from particulars (a
mental image, idea), and construct is a concept deliberately invented for scientific
purposes, that can be operationalized for measurement in a given study.

Concepts and constructs found in the literature

In the literature dedicated to HPD, the word “comfort” is generally employed to designate

all aspects related to the mechanical contact between the HPD and the outer ear for earplugs



or the circumaural and pinna for earmuffs (called “touch related non-acoustical” aspects in
(Bockstael et al. 2012)) leading to physical sensations which may prevent a correct and
consistent HPD use (Abel 2008; Behar and Desormeaux 1986; Behar and Jackson 1987,
Bhattacharya, Tripathi, and Kashyap 1993; Bockstael, De Bruyne, and Vinck 2011;
Bockstael, Keppler, and Botteldooren 2015; Broughton 1995; Byrne et al. 2011; Canetto
2009; Casali et al. 1987; Damongeot 1977; Damongeot et al. 1982; Du, Homma, and
Saunders 2008; Edelson et al. 2009; Epps and Casali 1985; Flugrath and Tuberville 1972;
Grenell 1988; Groenewold et al. 2014; Ivergard and McK. Nicholl 1976; Ivarsson,
Toremalm, and Brihl 1990; Kusy 1991; Kusy 1996; Mauney and Casali 1990; Melamed
et al. 1996; Morata et al. 2001; Mozo, Murphy, and Ribera 1995; Park and Casali 1991,
Patel et al. 2001; Samelli et al. 2018; Smith, Monaco, and Lusk 2014; Spomer et al. 2017;
M. R. Stephenson 2009; C. M. Stephenson and Stephenson 2011; M. R. Stephenson et al.
2011; Stork and Gasaway 1977; Sweetland 1983; Tantranont and Codchanak 2017
Tisserand and Krawsky 1972; Tufts et al. 2011; Wheeler and Glorig 1956; Zwislocki
1958). The construct of comfort is thus characterized by one or multiple attributes related
to user perception resulting from mechanical and thermal interactions: e.g., “mechanical
pressure” exerted by the HPD on the body, “pain”, “irritation”, “friction”, “weight”, “size”,
“temperature”, “heating and sweating” of the skin induced by mechanical contact.
Depending on the studies, this construct of comfort also accounts for functional aspects of
the HPD and characterized by one or multiple attributes such as: “ease of insertion, “ease

of fit”, “stability” (maintain in position), “ease of removal”.

Because of this restricted construct of comfort, some authors also interested in
understanding HPD non-use investigate additional constructs such as “general comfort”,
“preference”, “general preference”, “acceptance”, “wearability”, “general wearability” or
“convenience” (Casali et al. 1987; Epps and Casali 1985; Flugrath and Tuberville 1972;
Grenell 1988; Park and Casali 1991; Sweetland 1983; Stork and Gasaway 1977; Samelli et
al. 2018; Brown-Rothwell 1986) which accounts for more attributes related to functional
aspects (e.g., “ease of insertion”, “ease of use”, “stability””) and/or psychological aspects
(e.g., “acceptability”, “attractiveness™) (Grenell 1988; Park and Casali 1991). It is worth

noting that, even among studies sharing this construct of comfort (restricted to mechanical



aspects), confusion and ambiguity may arise since the attributes characterizing it can vary.
For example, some attributes may specifically be not included (e.g., “ease of insertion” in
(Casali etal. 1987; Du, Homma, and Saunders 2008; Epps and Casali 1985; Park and Casali
1991), “stability” in (Du, Homma, and Saunders 2008; Park and Casali 1991)) or in most
cases, the researchers mention which attributes are accounted for in their construct but not
those which are not and why. The observed lack of consensus on the definition of comfort
in the scientific community may generate a bias in its assessment. Furthermore, one can
also easily extrapolate and assume another possible bias if the participant’s own concept of
comfort is different from the construct proposed by the research team. Casali et al. (1987)
mention the incompleteness of the construct of comfort (restricted to mechanical aspects
in their works) which is probably too restrictive for subjective HPD assessment. Indeed,
Bockstael et al. (2012) confirm that the concept of comfort as perceived by workers is
mainly controlled by mechanical aspects but that acoustical ones can also play a significant
role. The acoustical aspects are usually related to the perception of external noises and
characterized by attributes such as “speech intelligibility”, “capacity in hearing useful

signals” or “capacity in hearing warning signals”.

Only few studies consider the HPD comfort in a more holistic perspective (Arezes,
Abelenda, and Braga 2008; Brown-Rothwell 1986; Goncalves et al. 2015; Hsu et al. 2004;
Lhuede 1980). Hsu et al. (2004) consider acoustical and non-acoustical comfort attributes
such as: “having difficulties in conversation”, “feeling itchy”, “acoustic change”, “interfere
with work”, “discomfort due to hard contact part”. Brown-Rothwell (1986) investigates
HPD global comfort based on four dimensions: “convenience”, ‘“comfort”,
“communication” and “appearance”. Comfort is thus used at the same time as a construct
(also characterized by the word “acceptance” in their work and others) and as one of its
dimension. More particularly, the construct of comfort proposed by the author is composed
of three different dimensions: the “sensation”, referring to physical attributes, the
“satisfaction” concerning psychological attributes and the “tolerance” including compound
attributes. Psychological comfort is rarely considered in the studies focused on HPDs
comfort. It can nevertheless be found in (Nordin 1968) (cited in (Ivergard and McK.
Nicholl 1976; Tourigny 1980)) and (Brown-Rothwell 1986) but the lack of information



about this dimension and its definition prevent any specific analysis. However, Terroir et
al. (2017) mention that this construct of “psychological comfort” refers to the well-being
of the HPD user and cannot be a priori ignored, since it is an integral part of the concept

of comfort and how it is perceived and evaluated.

Finally, it is worth mentioning that the construct of comfort used by the researchers
depends on the final goal of the in-ear or over-ear device. Indeed, in the case of hearing
aids, the sound quality is one of the most important factors to overall satisfaction and
(dis)comfort is partly or completely characterized by acoustical attributes such as the
“occlusion effect” and “acoustic feedback” (Branda 2012; French-Saint George and Barr-
Hamilton 1978; Furstenberg, Gordon, and Baccaro 1988; Mackenzie, Browning, and
McClymont 1989). In the same way, acoustical attributes are included in the construct of
comfort in studies dealing with hearing protectors dedicated to musicians (Bernier 2013)
or workers for which spatial acoustic information is of upmost importance and should not

be altered (e.g., military or law enforcement) (Brown et al. 2015; Ribera et al. 1995).

It has been shown that a wide variety of comfort constructs, more or less complete and thus
requiring more or less constructs for understanding HPD non-use, can be found in the
literature depending on the research team performing the comfort analysis and the type of
HPD investigated. Unfortunately, this could hinder the combination and analysis of data
coming out from different studies and thus the proposal of interesting outcomes on HPD
comfort for research and occupational health practice. To reach this goal, a holistic

construct of comfort for HPDs should be proposed and find consensus.

Indeed, due to its subjective nature and to the large number of factors that can be taken into
account, the definition of comfort is a complex task and has been debated for many years
(Davis 2008; Kolcaba and Kolcaba 1991; Kuijt-Evers et al. 2004; Pearson 2009). Comfort
can be related to various attributes, but still remains difficult to define and characterize with
objective measures since it is, beyond dispute, feelings and emotions that are subjective in
nature (De Looze, Kuijt-Evers, and Van DieéN 2003). As an example of this complexity,
Branson and Sweeney (1991) propose an interesting definition related to the comfort of

clothes (also cited in (Davis 2008)): a state of satisfaction indicating physiological,



psychological and physical balance among a person, his/her clothes and his/her
environment. This sums up quite well the interactions that may exist between the user,

his/her equipment and his/her environment in a more general way.

Proposed construct of HPD comfort

In this paper, we propose a holistic construct of comfort for HPDs (and more generally for
all types of “ear devices” : in-ear, on-ear and over-the-ear devices) adapted from the
definition of comfort of Branson and Sweeney (1991). The word comfort is thus used as a
global perception characterizing a balance between the physical, functional, acoustical, and
psychological factors associated with the relationship between the user and his/her HPD in
a context of specified use (here, a given work environment). The proposed construct for
HPD comfort is multidimensional and includes the following four dimensions: (1) the
“physical” dimension related to the user perception resulting from biomechanical and
thermal interactions; (2) the “functional” dimension, which corresponds to the practical
acceptability of HPDs that refers to the usability, efficiency and usefulness of the HPD; (3)
the “acoustical” dimension related to the modification of the perception of both external
and internal noises; (4) the “psychological” dimension, which refers to the well-being of
the user (assessed for example through trust, habituation and satisfaction). Acoustics being
a branch of physics, attributes belonging to the acoustical dimension should rigorously be
included in the physical one. However, because of the great importance of the acoustical
dimension for HPDs (but also for all types of ear devices in general), the authors decided

deliberately to separate the two and put a special emphasis on acoustical comfort attributes.

In the two following sections, past works on the evaluation of HPD comfort seen through
the prism of the proposed multidimensional construct of comfort are reviewed. Even if this
paper focuses on earplugs, important research methodologies on earmuff comfort are also

presented in the following section.



Evaluation of HPD comfort

Methods and test protocol

Numerous studies have been carried out in the past in order to quantify the comfort of
HPDs as well as the preferences of the users associated with the wearing of HPDs (earplugs
and earmuffs) (Arezes, Abelenda, and Braga 2008; Arezes and Miguel 2002; Baker, Lee,
and Mayfield 2010; Behar, Segu, and Russo 2014; Behar and Desormeaux 1986; Behar
and Jackson 1987; Bhattacharya, Tripathi, and Kashyap 1993; Bockstael et al. 2012;
Brown-Rothwell 1986; Byrne et al. 2011; Casali 1992; Casali et al. 1987; Casali and Lam
1986; Casali and Park 1990; Damongeot 1977; Damongeot et al. 1982; Davis 2008; Davis
et al. 2011; Davis and Shaw 2016; Gerges 2012; Grenell 1988; Hsu et al. 2004; Ivarsson,
Toremalm, and Briihl 1990; Ivergard and McK. Nicholl 1976; Kusy 1991; Mozo, Murphy,
and Ribera 1995; Murphy et al. 2007; Norris et al. 2011; Park and Casali 1991; Schulz et
al. 1983; C. M. Stephenson and Stephenson 2011; Sviech et al. 2013; Sweetland 1983;
Tisserand and Krawsky 1972; Zwislocki 1958). All these studies obtain data from self-
report questionnaires assessing human perceptions, attitudes, feelings and beliefs. These
studies can nevertheless be differentiated by: (i) the proposed construct of HPD comfort,
(i) the test environment (in laboratory or on site), (iii) the type and number of HPDs
investigated, (iv) the wearing time, (v) the experience of participant with HPD use, (vi) the
number of participants, (vii) the test protocol, (viii) the questionnaires and type of rating
scales, (ix) the comfort attributes investigated and conclusions about the most important
ones and (x) the construction of an indicator of the global perception of comfort. The last
three items are detailed in the next sub-sections while the first ones will be covered in a

forthcoming paper.

Questionnaires

Questionnaires are used to assess the characteristics of the participants wearing HPDs (e.g.,
age, sex), of their work environment (e.g., perceived noise level, time of exposure) and the
importance of comfort attributes associated with the wearing of HPDs. From the literature
review, it is possible to identify three groups of questionnaires depending on the phase of

the research at which they are administered.



The first group of questionnaires is administered at the beginning of the test campaign and
allows for assessing basic information about the participants, their work environment (for
field measurements) and their relation to the HPDs. These characteristics are also referred
to as modifying factors in studies interested in modeling workers’ behavior toward HPD
use (Hong, Chin, and Ronis 2013; Lusk et al. 1994; Lusk, Ronis, and Hogan 1997). Some
examples of these modifying factors requested in existing questionnaires are: participants’
age, sex, educational level and daily experience with the wearing of earplug (e.g.,
preference between earmuffs or earplugs, average wearing time) (Du, Homma, and
Saunders 2008; Hsu et al. 2004; Laitinen and Poulsen 2008; Sviech et al. 2013; Sweetland
1983), perceived usefulness and good understanding of the instructions provided by the
manufacturers about how the HPD should be worn (lvergard and McK. Nicholl 1976),
number of years working in the company and number or years participating in the hearing
preservation program offered by the company (Goncalves et al. 2015), beliefs and attitudes
about work in noise and the wearing of HPDs (Davis and Shaw 2016) (the NIOSH
reference questionnaire is provided in Appendix 1 of ref. (C. M. Stephenson and
Stephenson 2011)) and finally possible noisy recreations and the use of over-the-counter
drugs (Davis et al. 2011). In order to complete the description of the HPD user and his/her
work environment, two measurements are also commonly performed: audiometry tests and
global noise level measurement at the workplace (in dB(A)). Even if many modifying
factors can be identified from the literature, each comfort study measures few of them.
However, the data stemmed from these questionnaires are useful to conduct statistical
analyses and identify which modifying factors may significantly impact the perceived

comfort.

The second group of questionnaires is distributed during or after the wearing of the tested
HPD to evaluate the attributes of perceived comfort and/or the HPD design factors that
might influence the perceived comfort. These questionnaires usually measure the HPD
wearer’s opinions/feelings through rating scales such as unipolar Likert-type scales
(Brown-Rothwell 1986; Du, Homma, and Saunders 2008; Hsu et al. 2004), bipolar scales
(Behar and Desormeaux 1986; Casali et al. 1987; Epps and Casali 1985; Park and Casali
1991) or both (Sweetland 1983; Goncalves et al. 2015). Even if it is based on a restricted
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construct of comfort, a questionnaire developed by Park and Casali (1991; 1992) generates
consensus and is used as is or slightly modified in many studies (Arezes and Miguel 2001,
Arezes and Miguel 2002; Byrne et al. 2011; Davis et al. 2011; Davis and Shaw 2016;
Samelli et al. 2018; Sviech et al. 2013). This questionnaire, developed for both earplugs
and earmuffs, uses 13 bipolar adjectival scales for assessing both attributes of the physical
and functional comfort dimensions (e.g., “no uncomfortable pressure/uncomfortable
pressure”, “tight/loose”) and design factors of the HPDs affecting these comfort attributes
(e.g., “soft/hard”, “smooth/rough™). It also includes a scale “uncomfortable/comfortable”
used to measure the participants’ global perception of HPD comfort and identify the HPD
attributes associated with comfort (see next sub-section). This scale is thus referred to as
the “central scale” in (Arezes and Miguel 2002). It is worth noting that this questionnaire
is the combination of two previous questionnaires designed specifically for earplugs (Epps
and Casali 1985) and earmuffs (Casali et al. 1987). The derived questionnaire thus contains
descriptors that were previously proposed for earmuffs only (and thus potentially not
adapted to earplugs) and does not contain some indicators originally developed for the
earplug questionnaire (e.g. “shallow/deep”, “expanded/contracted”). Regarding the rating
scales, there is no consensus in the literature on the preferred scales (unipolar or bipolar)
to be adopted according to the HPD aspect to be measured. Regarding the length of the
questionnaire, the literature shows that short questionnaires (from 5 to 14 questions) are
usually preferred; which could be due to practical reasons (especially for field studies).
However, Brown-Rothwell (1986) mention that longer questionnaire increases its

reliability by canceling out random errors on particular items.

The third group of questionnaires is offered to participants at the end of the test campaign
(i.e., once all the HPDs selected for the study have been tested) and is intended to reflect
their overall experience. They are mainly used to rank the tested HPDs, the HPD
characteristics or the comfort attributes in order of preference (Arezes, Abelenda, and
Braga 2008; Brown-Rothwell 1986; Casali et al. 1987; Du, Homma, and Saunders 2008;
Epps and Casali 1985; Ivergard and Nicholl 1976; Park and Casali 1991). This group of
questionnaires is not used or little used in studies on the assessment of the comfort of HPDs,

which are generally limited to the first two groups.
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Determination of the main attributes

In all aforementioned studies based on rating scales, the responses obtained on each of the
psychometric scales (e.g., bipolar, Likert) are then converted into numerical scores. In this
paper, the score corresponding to the measured attribute is called a Specific Comfort Level
(SCL) and the result of a main scale (e.g., the “comfortable/uncomfortable” central bipolar
scale in (Casali et al. 1987; Epps and Casali 1985; Park and Casali 1991)) is called the
Overall Comfort Level (OCL).

Two methods are mainly used in the literature to identify, for a given HPD, whether an
attribute is significantly associated with perceived overall comfort: (1) calculating the
percentage of participants who identified this attribute as a source of discomfort (Arezes,
Abelenda, and Braga 2008; Brown-Rothwell 1986; Hsu et al. 2004) or (2) by statistically
analyzing the degree of correlation between the SCL (= average score given to the
measured attribute by all participants) of each attribute and the OCL (= average score given
to the main “comfortable/uncomfortable” scale by all participants) (Casali et al. 1987; Epps
and Casali 1985; Park and Casali 1991). Other works also identify the attributes showing
significant variations between the different tested HPDs through statistical analyses
(Arezes, Abelenda, and Braga 2008; Brown-Rothwell 1986).

Quantification of the global subjective perception: a global index

Multiple authors propose to compute a humerical value to quantify the overall subjective
perception relative to the use of a given HPD. This value or index is generally computed
from the combination of several SCLs. To the best of our knowledge, Sweetland (1983) is
the first to carry out this exercise of summing the SCL to give an overall preferred rank
order of wearability. For each of the nine tested HPDs, Sweetland calculates a SCL for
each of the six proposed dimensions (i.e., “attenuation”, “interference”, “pressure”,
“convenience”, “acceptance” and “comfort”) and then a global wearability score by adding

only four of the intermediate categories (i.e., “pressure”,

convenience”, “acceptance” and
“comfort”). Sweetland uses both types of levels (intermediate and global) to classify and
analyze HPD performance. Later Brown-Rothwell (1986) also proposes a global index,

called index of acceptance, computed as the mean value of two other indices: a convenience
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index calculated as the mean score obtained for three attributes (i.e., “insertion”, “stability”
and “intrusion”) and a comfort index calculated as the mean score obtained for five
attributes (i.e., “sensation”, “satisfaction”, “tolerance”, “voice level” and “appeal’’). Behar
and Desormeaux (1986) and Behar and Jackson (1987) also propose a global comfort score
calculated as a weighted sum of the score obtained for the different items of their
questionnaire. Other authors suggest a Comfort Index referred to as Cl (Casali et al. 1987,
Epps and Casali 1985; Park and Casali 1991) and calculated as the unweighted sum of the
OCL and of the SCL which are significantly correlated to the OCL (see previous sub-
section). Not using attributes weakly correlated to the OCL in the calculation of the ClI is
justified by the fact that these attributes can be considered in practice as not significant
(Park and Casali 1991). The CI proposed by Epps and Casali (1985) appears to reach
consensus and is subsequently used as is or slightly modified in (Arezes and Miguel 2002;
Byrne et al. 2011; Davis et al. 2011; Murphy et al. 2007; Sviech et al. 2013). Note that, this
ClI only accounts for attributes of the physical and functional dimensions of comfort and
its constitutive comfort attributes vary across studies.

Main comfort attributes of earplugs

This section is dedicated to earplug-type HPDs. The different earplug families are first
presented. Then, the results of studies evaluating comfort through SCL and OCL and thus
making it possible to identify the main comfort attributes are presented for each of the
proposed 4 comfort dimensions. Global comfort indices (such as CI) are not discussed in
the following since their construction varies across studies which hinders comparative

analysis.

Earplugs

Earplugs are the most commonly used HPDs in the workplace (source: 3M Europe;
numbers in North America are not available). However, the level of protection provided by
earplugs is known to be less reliable than the one provided by earmuff because of the
greater difficulty in properly positioning this type of HPD. Earplugs are therefore generally

recommended for use over long periods of time unlike earmuffs that can more easily be
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removed and reinstalled without damaging their attenuation performance by improper

repositioning.

There is a large variety of earplugs available in the marketplace that differ in shape,
material, texture and design. Until now, earplugs have been characterized only by the sound
attenuation they provide through an objective indicator referred to as Noise Reduction
Rating (NRR). NRR is measured in a laboratory environment in conformance with the
standard ANSI S12.6 (American National Standard 2016). Because perceived comfort also
depends on earplug characteristics, the following paragraph briefly recalls the six main
earplug families as defined by Berger and Voix (2018). “Roll-down foam” earplugs are
made of compressible foam. They are generally cylindrical (or bullet shaped) and of a
diameter greater than the diameter of the “medium” auditory canal of human beings (often
given between 7 mm and 9 mm in the literature). The earplug is compressed between the
fingers and then inserted into the earcanal (Berger 2001). It then tends to progressively
recover its initial shape thus providing the acoustic sealing when making contact with the
earcanal skin. It is worth noting that roll-down foam earplugs can be found in various
shapes and sizes (diameter or length). Standard CSA Z94.2 (Canadian Standards
Association 2014) stresses the importance in selecting adequate earplug size taking into
account (physical) comfort aspects. “Premolded” earplugs are made of a semi-rigid rod,
facilitating insertion, which is covered with one or several flexible flanges. The latter create
the acoustic sealing when deformed by the earcanal walls. “Push-to-fit foam” earplugs are
also made of a semi-rigid rod but this time covered with a dome of foam similar to that
used in roll-down foam earplugs. “Semi-insert” earplugs are made of soft tips (generally
of conical shape) attached to a headband. “Custom molded” earplugs are usually made
from earcanal impressions. Softness and sound attenuation of these earplugs can be
controlled respectively by the choice of material (e.g., soft silicone or acrylic) and acoustic
filter selected according to the noise level of the work environment. Finally, “Formable”
earplugs are made from malleable materials such as silicone putty or wax covered by
cotton. The latter is not frequently used on the field and thus rarely investigated in the HPD

comfort literature.
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Physical dimension of comfort

With respect to the physical comfort dimension, the main attributes emerging from comfort
studies are: “pain”, “static mechanical pressure” and “irritation” (attribute related to
earplug texture) (Arezes, Abelenda, and Braga 2008; Bockstael et al. 2012; Brown-
Rothwell 1986; Casali et al. 1987; Epps and Casali 1985; Goncalves et al. 2015; Hsu et al.
2004; Laitinen and Poulsen 2008; Park and Casali 1991; Sviech et al. 2013). Gerges and
Casali (2007) mention that the mechanical pressure exerted by the HPD (earplugs and
earmuffs) on the skin and the soft tissues and bones it covers is probably the most direct
cause of discomfort. This source of discomfort is mentioned in a large number of
publications (ex. (Casali et al. 1987; Santoni and Fiorini 2010; Wheeler and Glorig 1956;
Zwislocki 1958)). The static mechanical pressure (SMP) is a characteristic of the
tribological system “earcanal/earplug” and is therefore related to the properties of both
components (e.g., geometry, stiffness). Excessive SMP exerted on the earcanal walls
causes ischemia of the skin and results in pain (Wheeler and Glorig 1956). The studies by
Casali et al. (1987) and Park and Casali (1991) show that the generic attribute “pain” is
strongly correlated with their construct of overall comfort. An important aspect of the
mechanical discomfort associated to the SMP is also related with the movement of the
lower jaw (due to speaking, eating, swallowing, yawning, chewing...) (Darkner, Larsen,
and Paulsen 2007; Wheeler and Glorig 1956). Indeed, jaw movement leads to a significant
deformation of the tragus and earcanal (Darkner, Larsen, and Paulsen 2007). Flexible
earplugs can thus be favored compared to more rigid ones (such as customs) in order to
limit discomfort related to SMP (Brown-Rothwell 1986; Wheeler and Glorig 1956);

especially for users having to talk during their work.

Finally, irritation of the earcanal is mentioned in (Anon. 1982; Arezes, Abelenda, and
Braga 2008; Bhattacharya, Tripathi, and Kashyap 1993; Casali et al. 1987; Davis 2008;
Hsu et al. 2004; Ivarsson, Toremalm, and Brihl 1990; Sweetland 1983) and pain during
withdrawal in (Casali et al. 1987). Brown-Rothwell (1986) (citing (Chow, Juvinall, and
Cockrell 1976)) mention that friction between the skin and the earplug material is due to
an “interface shear” resulting from an angled distortion of the skin tissue tending to collapse

the fine blood capillaries. Irritation can logically be related to the texture of the earplugs
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(Arezes, Abelenda, and Braga 2008). It is also related to other earplug design factors
associated with thermal comfort (included in the physical dimension of comfort in this
paper) such as “ability for heat dispersing” and *ability for perspiration absorption”.
Indeed, irritation may occur if the HPD does not have the ability to absorb humidity
(Arezes, Abelenda, and Braga 2008). It is worth mentioning that Arezes, Abelenda and
Braga (2008) also found that the last two HPD factors are considered of great importance

for participants working in hot environments.

The mechanical discomforts (associated to SMP or friction) perceived by an individual can
be partly due to the difference in shape or in diameter between his/her earcanal and the
earplug. Both differences are particularly true for one-size-fits-all earplugs having
universal sizes (such as premolded and push-to-fit-foam earplugs and some roll-down foam
earplugs), the shape and diameter of which must adapt to those of the earcanal. Wheeler
and Glorig (1956) assume that the (physical) discomfort is more likely to be due to the
pressure exerted on the first bend in the canal by the distal end of the protector. This has
been confirmed in (Tufts, Chen, and Marshall 2013) for some wearers of custom molded
earplugs who found them comfortable when the portion that lay beyond the second bend
was removed. To elaborate further this point, Wheeler and Glorig mention that the first
third of the earcanal (mostly constituted of soft tissues and cartilage) is rather flexible due
to its structure and that the deformation of the elliptical cross-section of the earcanal in
order to comply with the earplug shape will not generate mechanical discomfort. On the
contrary, Yu et al. (2015) while observing a 40% difference between height and width of
earcanal opening advise to replace cylindrical earplugs by earplugs with elliptical cross-
section shape. This statement seems to be confirmed by Brown-Rothwell (1986)
observations following average answers to its descriptive question where the participant is
invited to indicate on a schematic of the ear (pinna, canal entrance and earcanal) the
locations of greatest perceived physical discomfort. Indeed, it is shown that the earcanal
entrance is the least comfortable region for all tested earplugs. It is worth noting that these
conclusions are either qualitative based on researcher assumptions (Wheeler and Glorig
1956; Yu et al. 2015), or quantitative but based on participant perception (Brown-Rothwell

1986). Quantitative analyses that are more rigorous would require images of open and
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occluded earcanals in order to have a more precise knowledge of the earplug position
within the earcanal and objective quantification of the earcanal deformation. This type of
analysis are currently under investigation by Benacchio et al. (2016; 2017; 2018) using

medical imaging strategies.

Functional dimension of comfort

With respect to the functional dimension of comfort, the main attributes emerging from

” 13 ” [1]

comfort studies are: “insertion”, “annoyance”,

7 13

unhandy”, “stability” (maintaining in
position) and “intrusion” (inhibit head movement) (Arezes, Abelenda, and Braga 2008;
Bockstael et al. 2012; Brown-Rothwell 1986; Coles and Rice 1966; Davis 2008; Gongalves
et al. 2015; Hsu et al. 2004; Park and Casali 1991; Samelli et al. 2018; Sweetland 1983;
Laitinen and Poulsen 2008). The hygienic aspect is sometimes mentioned (Acton 1977;
Davillerd 2001; Sweetland 1983), the roll-down foam earplugs being particularly easily
contaminated and perceived as such.

In a study by Coles and Rice (1966), the earplug considered to be the least comfortable is
described as the least easy to insert and having a tendency to fall (but allowing better
intelligibility, which highlights the trade-offs that may exist when evaluating comfort).
Concerning the maintaining in position, Sweetland (1983) insisted that it can be an
important factor in the estimation of comfort (confirming conclusion of ref. (Coles and
Rice 1966)), especially in difficult working conditions (e.g., physical, hot environment).
As for the convenience of installation, the maintaining in position will be linked as much
to the geometry as to the chosen material or to the working conditions (e.g., humidity and
heat). It is interesting to note that in Park and Casali study (Park and Casali 1991), the
bothersome and cumbersome attributes are significantly correlated with the concept of
discomfort, which means a priori that, for the participants involved in this study, the

functional dimension of comfort is an integral part of their concept of comfort.

However, other studies tend to relativize the importance of some functional attributes on
perceived comfort (Arezes, Abelenda, and Braga 2008; Arezes and Miguel 2002; Brown-
Rothwell 1986; Sviech et al. 2013). For example, “difficulty to perform tasks” (Arezes,
Abelenda, and Braga 2008) and “convenience” (Brown-Rothwell 1986) are found to be the
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attributes the least correlated to perceived comfort. Two scale descriptors of the functional
dimension of comfort “complicated/simple” and “easy to put/difficult to put” added to the
questionnaire of Park and Casali by Arezes and Miguel (2002) and Sviech et al. (2013) are
not significantly correlated with global comfort (assessed via OCL). Also, and contrary to
the observations of Coles and Rice mentioned above, Casali et al. (1987) show that “ease
of insertion” and perceived comfort do not always go hand in hand. This last observation
could stem from the fact that Casali et al. (1987) (also in (Epps and Casali 1985))
differentiate the constructs of comfort and general preference indirectly indicating to the
participant that comfort can be reduced to its physical dimension (rather associated with
pain), thus excluding functional factors. This puts into perspective the importance of the
questionnaire writing and the ability to convey the researchers’ own construct of comfort

through the chosen questions and the correlations between them.

Acoustical dimension of comfort

Unlike the two aforementioned comfort dimensions, the acoustical dimension can be more
complex to analyse since HPD can provide not only acoustical discomfort but also comfort
(considering a priori that only discomforts can be provided by HPD for both the physical
and functional comfort dimensions). Indeed, HPD is known to reduce noise annoyance
(Melamed et al. 1996; Melamed, Rabinowitz, and Green 1994) and to slightly improve
ability of normal hearing individuals to hear useful signals (e.g., speech, danger signals) in
high-noise level environments (Berger and Voix 2018; Berger 1990; Giguere et al. 2010).
On the contrary, HPDs can deteriorate communication (hearing and speech) and increase
difficulty in hearing useful machinery noise and warning signals (known as significant
factors preventing HPD use and correct use) for some individuals and especially those with
hearing loss (Berger 1990; Berger 2003; Gigueére et al. 2010). These aspects are generally
associated with overprotection (Canadian Standards Association 2014) (see sec. 9.8) and
to avoid it, the Canadian standard recommends not to decrease in-ear sound pressure levels
below 70 dB(A). Despite their importance, the aforementioned attributes of the acoustical
comfort dimension are generally not accounted for in the studies dedicated to HPD comfort,
the later being usually defined only by its physical and functional dimensions. There is
consensus in the literature that physical comfort and sound attenuation associated with the
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protector should be investigated concurrently (Byrne et al. 2011; Davis and Shaw 2016;
Samelli et al. 2018). Indeed, to be effective, an earplug must exert sufficient pressure
against the circumference of the earcanal wall to form a tight seal. The anatomy of the outer
ear can thus impact the quality of the acoustic seal. For example, Wheeler and Glorig
(1956) assume that users with a tragus extending too far backwards over the canal opening
may exert a pressure on the earplug, forcing it backward and outward and displacing it
enough to produce an acoustic leak.

Multiple studies on HPD comfort accounting for attributes of the acoustical dimension
show that this dimension affects significantly the overall comfort (Bockstael et al. 2012;
Brown-Rothwell 1986; Gongalves et al. 2015; Hsu et al. 2004). For example, Hsu et al.
(2004) show that the attribute “having difficulties in conversations” is the one pointed out
by workers as the main reason of perceived discomfort (just before the attribute “sense of
oppression” belonging in their work to the physical dimension of comfort but which could
also be included in the psychological dimension proposed in this paper). Gongalves et al.
(2015) show that “HPD noise attenuation” and “oral communication possibility” are the
most important aspects considered by the participants. However, other studies tend to
relativize the importance of some acoustical attributes on perceived comfort (Arezes,
Abelenda, and Braga 2008; Davis 2008; Ivarsson, Toremalm, and Briihl 1990). For
example, Davis (2008) mentions that experienced HPD users preferred to be overprotected
(i.e., hearing protection which reduced the noise exposure level to < 70 dBA) in spite of
sacrificing verbal communication. lvarsson Toremalm and Briihl (1990) find only a minor
impact of the intelligibility on reported comfort. Arezes Abelenda and Braga (2008) find
that “attenuation” and “intelligibility” are only placed 6™ in the ranking of importance of
comfort attributes. The correlation between HPD attenuation (quantified by the personal
attenuation rating) and HPD preference is not direct however and multiple studies lead to
different observations: no correlation is found in (Samelli et al. 2018) and HPD preference

decreases with HPD attenuation in (Byrne et al. 2011).

Finally, although the “occlusion effect” attribute is deemed to be a significant discomfort

attribute for earplugs wearers such as workers (Berger and VVoix 2018; Casali et al. 1987),
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musicians (Bernier 2013; Killion 2012; Laitinen and Poulsen 2008) or hearing aids wearers
(Branda 2012; Conrad and Rout 2013; French-Saint George and Barr-Hamilton 1978;
Furstenberg, Gordon, and Baccaro 1988; Killion, Wilber, and Gudmundsen 1988; Kochkin
2000; Mackenzie, Browning, and McClymont 1989), few HPD comfort studies incorporate
questions about this effect in their questionnaires and it is therefore very difficult to
estimate its contribution to overall comfort in general. Brown-Rothwell (1986) measures
an item on the voice level (item: “I find it difficult to judge how loudly to speak to others”)
and relates it to the degree of occlusion experienced and thus to the possible occlusion
effect. The perceived occlusion effect (Hsu et al. 2004; Laitinen and Poulsen 2008; Samelli
et al. 2018; Santoni and Fiorini 2010) is an attribute difficult to isolate because it could be
revealed through various attributes measured in comfort questionnaires such as “feeling of
oppression” (which can also be related to the psychological dimension), “blocked ear” or
even “sound attenuation”. In parallel, the question of the correct understanding of the term
“occlusion” can also be raised and emphasizes again the importance of a well-written
questionnaire but also in accordance with the profile of the participants. It is worth noting
that the vast majority of studies on the relationship between comfort and perceived
occlusion deal with hearing aids (Alworth et al. 2010). The perceived occlusion is
evaluated from perception tests of the quality of one's own voice (by reading sentences
displayed on a screen aloud while wearing the hearing aid) or listening tests of external
voices (Conrad and Rout 2013). Examples of attributes used to judge the quality of the

voice are “boomy”, “hollow”, “resonant”, “sounds like talking in a barrel”.

Psychological dimension of comfort

As mentioned previously, attributes of the psychological dimension of comfort can rarely
be found in the literature related to HPD comfort. Based on Ergonomics and Psychology
literature, Terroir, Doutres and Sgard (2017) report several attributes belonging to this
comfort dimension: e.g., habituation, protection feeling, isolation feeling. Therefore,
“Feeling of isolation” is an attribute of the reference questionnaire of Park and Casali
(1991) that could be associated to this dimension. However, comfort studies based on
Casali et al.” questionnaires show that it is never significantly correlated with the global
dimension of comfort OCL (Arezes and Miguel 2002; Casali 1992; Davis and Shaw 2016;
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Park and Casali 1991; Sviech et al. 2013) and thus never used in the CI calculation. As
mentioned previously, Brown-Rothwell (1986) proposes a comfort dimension composed
of 3 different sub-dimensions: the “sensation” sub-dimension composed of physical
attributes (i.e., “pushing my ears”, “make my ears sore” and “make my ear ache”), the
“satisfaction” sub-dimension composed of psychological attributes (i.e., “very
comfortable” which is in fact extremely general, “find pleasant” and “find relaxing”) and
the “tolerance” sub-dimension composed of compound attributes (i.e., “happy to wear” and
“got used to”). Brown-Rothwell does not rank these attributes by order of importance but
shows that the comfort dimension he proposes and its sub-dimensions allow differentiating
significantly the tested earplugs. Thus, he demonstrates a subtle, yet important, difference
between the psychological ““sensation” of comfort and the perceived “’satisfaction” and
particularly for the custom earplug which has a high rating for the comfort “sensation” but

a low rating on the satisfaction sub-dimension.

Conclusion

The word comfort, in the framework of HPD use, is generally employed for designating
subjective perceptions related to the mechanical contact between the HPD and the body.
Even if this concept is shared by users, it seems simplistic and ambiguous since other
aspects (e.g., acoustical, functional and psychological) play their role in the global
perception of comfort (as well as modifying factors) and affect the correct and consistent
use of HPDs. In the light of the observations obtained from this literature review, this paper
proposed a multidimensional construct of HPD comfort based on four dimensions. Seen
through the prism of this holistic construct, the main comfort attributes of earplugs have

been identified for the following comfort dimensions:

e Physical: “pain”, “static mechanical pressure” and “irritation”.

e Functional: “insertion”, “annoyance”, “unhandy”, “stability” (maintaining in
position) and “intrusion” (inhibit head movement).

e Acoustical: “having difficulties in conversations” (hearing and speech) and “having

difficulties in hearing useful sounds” (machinery noise and warning signals).
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e Psychological: "acceptability”, "pleasant”, "relaxing"”, "happy to wear", "got used"
to". Unfortunately, attributes of this comfort dimension can rarely be found in the
literature related to HPD comfort. Only a few studies mention their importance and
even show these attributes can allow for differentiating significantly different
earplugs models.

This literature review shows that quantifiable differences are observed in the perceived
comfort provided by earplugs. However, due to the subjective nature of comfort, a wide
variety of comfort constructs and measurement methods can be found. It is then difficult
(1) to compare the results of the assessment of the comfort available in the literature and
(i) rank the comfort attributes in any order of importance. A future literature review will
be oriented towards the analysis of the main factors affecting HPD comfort assessment
(e.g, construct of comfort, characteristics of the measurement environment and of the
participants). A better understanding of these factors is necessary in order to improve
measurement methods, data analysis and ultimately, for designing more comfortable HPDs

adapted to the wearer and his/her work environment.
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