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type/headband compression configurations. For each headband compres-
sion category, the headband with the mean compression force value
(across cushion type) which was closest to the mean for the entire
category was used. Contact pressure was then computed as the ratio of
compression force (N) to contact area (cm?) and converted to Pascals
(Pa = N/m2). The headband compression force, contact area, and com~
puted contact pressure assoclated with each earmuff configuration are
presented in Table 7.

Subject work-related activity independent variable. During each

session, while the subject wore the appropriate earmuff configuration,
attenuation values and subjective comfort/acceptability ratings were
obtained both prior-to and following completion of a simulated work
task. The task was designed to lead the subjects through a variety of
controlled and time-paced head and body movements similar to those
which might be necessary in a light (low-exertion) industrial assembly
or sérting task at a sit-stand workstation, including walking,
talking, reaching, bending, twisting, sitting, and standing. The
workstation for completing the experimental task 1s 1llustrated in
Figure 10 and dimensioned in Figure 11. A description of the
simulated work task follows. |

The subject began the task seated 1in an armless chair while
wearing the earmuff as it had been fit for the pre—-activity attenu-
ation test. The chair was located directly in front of a table and
four bins were positioned around the subject. Bins A and B were

placed on the floor, even with the back of the subject's chair, and
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Table 7

Headband compression force, contact area, and contact pressure for
each earmuff configuration.

Mean
Headband Contact
Headband Cushion Compression Contact Pressure
Compression Type Force (N) Area (cm?) (Pa = N/m2)
High Liquid 24,44 27.95 8,743
High Foam 24 .44 28.62 8,540
Medium Liquid 16,13 27.94 5,773
Medium Foam 16.13 27.87 5,787
Low Liquid 14.44 27,03 5,342

Low Foam 14.44 27.57 5,237
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Figure 10. Experimental task workstation.
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30.5 em (12.0 in), to the left and right, respectively, from the
center of the chair, Bin C was located on the front edge of the
table, to the subject's left, 15.2 em (6.0 in) beyond the measured
reach of each subject. Bin D was placed 15.2 cm (6.0 in) beyond each
subject's tabletop reach to the right, and 12.7 cm (5.0 in) from the
front edge of the table. Shelves, divided into ten slots, numbered
three through twelve, were centered on the tabletop In front of the
subject, 25.4 em (10.0 in) beyond his/her forward reach.

The following procedure was used prior to each data collection
session to estimate the reach envelope of each subject, thereby
determining the placement of the tabletop bins and shelves. The
subject was seated upright with back resting against the chair, in
front of the workstation table. The subject was directed to reach
simultaneously, with outstretched arms and fingers, to either side,
placing his/her two hands along the front edge of the tabletop. Bins
C and D were then placed the appropriate distance (15.2 cm) beyond the
subject's reach. Next, the subject slid his/her hands in a circular
arc along the tabletop, to a point directly 1in front of the torso,
from which the distance to the tabletop shelves was measured.

Bins A, B, and C contained stacks of four 7.6 x 12.7 cm (3.0 x
5.0 in) index cards, each numbered 1, 2, 3, or 4, while Bin D held
paper clips. For the simulated work task, the subject was instructed
to reach into Bins A, B, and C in succession, pulling one index card
from each; call out (verbalize) the number on each card; add the three

numbers together and speak the total; clip the cards together with a
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paperclip from Bin D; and according to the sum of the three cards,
place the stack into the appropriate shelf division. When the initial
supply of four cards in Bins A, B, and C was exhausted, the subject
was required to stand up and walk across the room to retrieve three
more stacks of four index cards each, to be placed in Bins A, B, and
C. The additional index cards were spread out on a table which was
positioned approximately 4.6 m (15.0 ft) from the subject's chair.
The seated portion of the task was then repeated with the second set
of index cards. The task was repeated until 120 cards had been
sorted. This required the seated portion of the task to be completed
40 times and involved nine trips across the room to retrieve cards.

While performing the task, the subject heard recorded aﬁditory
cues which were presented via a tape deck and 1loudspeaker system,
separate from the equipment used during the attenuation tests. The
recorded auditory cues, which were presented at 80-85 dBA (supra-
threshold for occluded listeners), consisted of a male-voiced "now"
spoken at the rate of once every three seconds. The subject was
instructed to coordinate his/her work activity movements with the
auditory cues so that a constant pace was maintained among subjects
and across experimental sessions.

Interspersed between the auditory pacing cues were 19 simple
queries (also presented at 80-85 dBA so that the voice level under the
protector was at approximately normal conversational level) to which
the subject responded with short or one-word answers. These queries

are listed in Table 8. Each query was preceded by the word "question”
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Table 8

Nineteen short answer questlons and instructions presented to the
subjects during completion of the simulated work task.

Time into Task , Question/Instruction
(minutes:seconds)

0:36 What color shirt are you wearing?
1:21 What is your social security number?
2:03 How old are you?

2:45 What color hair do you have?

3:24 Please count out loud from 1 to 9.
4:00 * On a scale from 1 to 7, with 1 beling

uncomfortable and 7 being comfortable,
how does the earmuff feel to you right now?

4:51 What is your phone number?

5:33 What is your first name?

6:15 When is your birthday?

6:57 What is your last name?

7:33 What year were you born?

8:00 * On a scale from 1 to 7, with 1 being

uncomfortable and 7 being comfortable,
how does the earmuff feel to you right now?

8:48 Are you a graduate student or an undergraduate?
9:33 What is your major?

10:15 What color pants are you wearing?

10:57 What is your middle name?

11:33 What color eyes do you have?

12:00 * On a scale from 1l to 7, with 1 being

uncomfortable and 7 being comfortable,.
how does the earmuff feel to you right now?
12:51 What state are you from?

Note: Each query was preceded by the word "Question" to prompt the
subject to listen.

* These questions were included to obtain verbal comfort ratings
during the task.
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to alert the subject. The subject was instructed to stop, regardless
of where in the sequence of task activities he/she was, listen to the
question, provide the appropriate response, and wait until the
auditory pacing cues resumed before continuing the task. With the
exception of the three questions pertaining to the earmuff's comfort,
these questions and instructions, as well as the requirement of
verbalizing the numbers and sums of the Index cards, were solely
intended to elicit jaw and head movement from the subject while
wearing the earmuffs. The subject's responses were not recorded or
used as a means of rewarding or judging performance. In addition to
eliciting verbal responses, the three questions which asked the sub-
ject to rate the comfort of the device provided data which were
utilized in the analysis of earmuff comfort.

Since the pre- and post—activity attenuation measurements and
comfort/acceptability ratings were recorded at two separate intervals
during the experimental session, wearing time was also a factor which
was embedded within the work-related activity factor. In all subse-
quent discussions, this combined influence is referred to simply as
the subject's work-related activity.

Test frequency independent variable. As specified by ANSI S12,6-

1984, this within-subject factor consisted of the nine one-third
octave test bands centered at frequencies of 125, 250, 500, 1000,
2000, 3150, 4000, 6300, and 8000 Hz which were used in the earmuff
attenuation tests. To simplify discussion, these one—-third octave

test bands will subsequently be referred to by their center frequency.
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Presentation of the taped signals began at 125 Hz and 1increased in
order through the spectrum,

Each subject attended four sessions which were spaced at least
one day apart. The initial session served to qualify the subject for
participation. The three remaining sessions were used for the

collection of experimental data.

Experimental Protocol for Session I: Subject Screening

Each potential subject first completed a pre—experimental ques-
tionnaire (Appendix A) to evaluate his/her qualificafions for partici-
pating in the experiment. The experimental procedures were described
to the subject who read and signed an informed consent document (Ap-
pendix B). Questions were answered by the experimenter, providing the
answers would not bias the results of the experiment.

Qualified subjects wishing to participate had their hearing eval-
uated by means of an audiometric test issued in accordance with ANSI
§3.21-1978 (Methods for manual pure-tone audiometry). Left and right
ear hearing thresholds were determined at pure-tone frequencies of
125, 250, 500, 1000, 2000, 4000, and 8000 Hz. For each ear, the ave-
rage of three consecutive ascending thresholds, determined at each
frequency, constituted the mean estimate of hearing threshold at that
frequency. Each trial in the ascending series consisted of five com-
plete on-off tomne cycles. Audibility was assumed when the subject
responded on or before the fourth tome. As specified by ANSI S12.6-

1984, subjects were accepted 1f their mean threshold level, for each
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ear, was no better than =10 dB and no worse than 20 dB at all

frequencies.

Experimental Protocol for Sessions II, III, and IV: Data Collection

Attenuation measurement. Throughout all three data collection

sessions attended by each subject, frequency-specific attenuation of
the earmuffs was measured by means of the real-ear attenuation at
threshold (REAT) procedure. In the REAT procedure, the subject's
hearing threshold is determined at all test frequencies, for both the
occluded and unoccluded conditiomns. For each frequency, the diffe-
rence between the occluded and unoccluded thresholds is used as a mea-
sure of the earmuff's attenuation. The assumption of this procedure
is that the amount of attenuation at each frequency will remain linear
as sound pressure levels increase from threshold. As discussed in the
literature review, research has shown this assumption to be valid.

Introduction and review of instructions. The procedure followed

in all data collection sessions was identical and is outlined in Table
9. The subject began each session by reading three sets of instruc-
tions addressing the experimental task (Appendix C), the earmuff
attenuation tests (Appendix D), and the completion of the bipolar
rating scales used to assess earmuff comfort and acceptability
(Appendix E). In the first data collection session, the written
experimental task instructions were supplemented by the experimenter's
demonstration of the task. The subject was practiced in the work-

related activity task until it was fully understood. At this time,
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Table 9

Chronological summary of data collection procedure (experimental
sessions II, III, and IV).

Event
Number Event/Measurement

1. Subject introduction/initiation.
2., Review of written instructiouns.
3. Unoccluded threshold practice trial at nine test frequencies.

4. 1Initial determination of subject's unoccluded threshold at nine
test frequencies.

5. Experimenter-supervised earmuff fit. (Time at which proper fit
was obtained is considered time (t) = 0).

6. Initial determination of subject's occluded threshold at nine
test frequencles.

7. 1Initial subjective earmuff comfort/acceptability rating
(beginning at (t) = 25 minutes).

8. Performance of experimental task/activity
(beginning at (t) = 30 minutes).

9. Second determination of subject's occluded threshold (beginning
at (t) = 50 minutes).

10. Second subjective earmuff comfort/acceptability rating
(beginning at (t) = 1 hour and 15 minutes).

11. Removal of earmuff.

12. Break period.

13. Second determination of subject's unoccluded threshold.
14, Re-fit of earmuff (experimenter—supervised).

15, Determination of subject's re-~fit occluded threshold.

16. Subject's importance ratings of bipolar adjective scales (final
experimental session only).

17. Subject debriefing and payment.
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the subject was instructed to ask any questions, thus eliminating the
need for extraneous talking once data collection began.

Initial (pre-task) earmuff attenuation determination and comfort/

acceptability ratings. After being seated in the test chamber, the

subject was presented with verbal instructions concerning the pro-
cedures used to determine his/her unoccluded and occluded thresholds.
Next, the subject was given an unoccluded practice test at all test
frequencies to familiarize him/her with the psychophysical procedures.
The subject's unoccluded thresholds were then determined as follows.
In each data collection session, all occluded and unoccluded
thresholds were determined for each of the nine test frequencies using
a form of the psychophysical method of 1limits. Pulsed, one-third
octave test signals were presented in descending intensity of comnstant
1 dB increments to the seated subject. The subject was instructed to
sit motionless, facing straight ahead, with mouth closed, and to
listen attentively. The aforementioned visual reference pendulum was
provided to aid in maintaining proper head position. The pre-recorded
test signal was initiated at a sound level above the listener's thres-
hold (predetermined) and was decreased in 1 dB steps. When the sub-
ject was unable to detect the signal, he/she signaled the experimenter
via the pushbutton control. Each occluded and unoccluded assessment
consisted of three such descending trials at each test frequency.
Following determination of the initial unoccluded threshold, the
subject donned the assigned earmuff. As specified by ANSI S$12.6-1984,

an “experimenter-supervised” fitting procedure was used. Thus, the
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experimenter carefully instructed the subject in the proper fitting
technique, but the earmuff was actually applied by the subject. The
experimenter then checked the fit of the device and, 1if necessary,
requested that the subject re-fit the device. As a result, the
obtalned fit was one achieved by the subject, guided by close experi-
menter supervision. Next, a 70 dBA white noise was introduced to the
chamber and the subject was instructed to slightly adjust the protec-
tor to eliminate as much noise as possible. The experimenter then re-
checked the earmuff fit and the fitting process was repeated, if
necessary. Once a proper fit was obtained, the subject was reminded
not to touch, adjust, or remove the earmuff, and to avoid all unneces-
sary speech and movement until otherwise instructed. The exact time
at which proper fit was achieved was noted, so that subsequent events
in the experiment could be conducted at predetermined intervals.
Control over the timing of events in the experiment was important
since prolonged wearing time, in addition to subject activity, was
hypothesized to be an influence on attenuation, user comfort, and ear-
muff acceptability. The subject's 1initial occluded thresholds were
then determined, using the same method of limits protocol as for the
unoccluded test. For each frequency, the difference between the
initial occluded and unoccluded thresholds was used as a measure of
the initial (pre-task) attenuation provided by the protector.
Following the initial occluded threshold test, the still-occluded
subject was escorted to the chair at the experimental workstation.

Twenty-five minutes after the earmuff fit was first obtained (and
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shortly following the pre-task occluded test), the subject provided
initial (pre~task) responses to a series of bipolar adjective rating
scales (Appendices F and G) designed to assess the user comfort and
acceptability associated with the earmuffs. Prior to completing the
rating scales, the subject reviewed the written rating scale instruc-
tions previously seen at the start of the data collection session
(Appendix E).

Per formance of experimental task. Following completion of the

initial comfort/acceptability ratings and 30 minutes after the
original fitting, the occluded subject began the simulated work task
previously described. Prior to beginning the task, the subject was
encouraged to review the written task instructions (Appendix C). In
addition, an outlined vérsion of the task instructions (Appendix H)
was permanently taped to the experimental workstation tabletop, in
case reference to the Instructions was needed while performing the
task. Twenty minutes were allowed for completion of the experimental
task, which the subjects generally finished within 16 minutes. Sub~
jects completed the task at slightly variable times due to small dif-
ferences 1in the number and length of their pauses, rather than
differences in their movements, which were paced and controlled. All
excess time was spent while seated quietly. Throughout the task, the
subject continued to wear the earmuff as originally fit and was pro-
hibited from touching or adjusting the device.

Second (post-task) earmuff attenuation assessment and comfort/

acceptability ratings. After the simulated work task concluded, and
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exactly 50 minutes from the original earmuff fitting, the subject's
second occluded threshold was determined. Thus, 50 minutes separated
the start of the first pre-task occluded trial and the first post-
task occluded trial. As previously stated, this wearing period was an
embedded factor within the work-related activity independent variable.
Following this occluded test and 75 minutes after the original earmuff
fitting, the subject completed a second set of comfort/acceptability
ratings. Once again, while providing ratings, the subject was
encouraged to review fhe written rating scale instructions. The ear-
muff was then removed. Until this point, the subject had worn the
earmuff as it had been originally fit, without touching or adjusting
the device. In addition, the subject's movement and speech had been
limited to that elicited by the work task, which was highly controlled
and paced.

Following a short break, a second unoccluded threshold assessment

‘was made. As before, the difference between the second (post-task)
occluded and wunoccluded thresholds at each frequency constituted a
measure of the earmuff's post—activity attenuation.

Finally, the earmuff was re-fit according to the experimenter—
supervised procedure and a single final occluded threshold determi-
nation was made. These data were compared against the mean of the
three pre-task occluded trials to ascertain whether any differences in
attenuation had been introduced due to practice, fatigue, or the vary-

ing order of presentation of the occluded and unoccluded trials. The



130

mean thresholds across frequency of the pre-task occluded and post-
task re-fit occluded threshold assessments were compared with a t-
test. Since this comparison revealed mno significant differences,
t(142) = 0.3242, p = 0.7463, the pre-task values were used in the sub-
sequent analyses of earmuff attenuation,

The post—-task re~fit occluded trial was the finalkevent in the
first two data collection sessions, after which the subject was
debriefed. However, at this point 1in the third data collection
session, the subject exited the test chamber and returned to the
experimental workstation, Next, according to the instructions shown
in Appendix I, the subject rated each of the bipolar scales which had
been used throughout the study as being "very Iimportant”, "moderately
important”, or as having "little or no 1importance” for expressing

general feelings about a pair of earmuffs. The subject was then

debriefed, paid for participation, and dismissed.



RESULTS AND DISCUSSION: ATTENUATION DATA

Primary Attenuation Analysis: Frequency-Specific Attenuation Data

The objectives of the primary attenuation analysis were
threefold: (1) to determine the effects of the different levels of
headband compression and earcup cushion type on the frequency-specific
attenuation capabilities of earmuffs; (2) to determine the influence
of work-related movement over a prolonged wearing period on earmuff
attenuation; and (3) to evaluate the ability of the different earmuff
design configurations to maintain theilr frequency-specific attenuation
effectiveness across perlods of activity. Of secondary concern was
the effect of gender blocking on achieved attenuation, both prior-to
and following the subject's activities.

Data reduction. Using the REAT procedure, the difference in dB

(unweighted) between the mean of three occluded thresholds and the
mean of three unoccluded thresholds was computed for each subject, at
each test frequency. This value was defined as the mean attenuation,
at a given frequency, of the earmuff and was used as the dependent
measure in the subsequent data analyses.

Overall frequency-specific  ANOVA. First, a mixed-factors

analysis of variance (ANOVA) was performed on the mean attenuation
data (Table 10). Statistically significant (p < 0.05) differences
were found for the headband compression (H), subject work-related
activity (A), and test frequency (F) main effects, but not for cushion

type (C) and gender (G). The FxC, FxG, HxF, HxFxC and AxF

131
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Table 10

ANOVA summary table for attenuation in dB by test frequency.

Source df SS F P
Between-Subjects
Cushion Type (C) 1 4,38 0.03 0.8630
Gender (G) 1 0.99 0.01 0.9346
Cx6G 1 4.68 0.03 0.8584
Subjects S/GC 20 2869.44
Within-Subject

Headband Compression (H) 2 660.03 17.72 0.0001
HxC 2 30.08 0.81 0.4530
HxG 2 54.00 1.45 0.2466
HxCxG 2 10.84 0.29 0.7490
H x S/CG 40 744,75

Work-Related Activity (A) 1 78.05 20.23 0.0002
AxC 1 0.31 0.08 0.7814
AxG 1 0.97 0.25 0.6224
AxCxG 1 0.00 0.00 0.9843
A x S/CG 20 77.16

Frequency (F) 8 87143.08 633.93 0.0001
FxC 8 1043.65 7.59 0.0001
FxG 8 342.01 2.49 0.0143
FxCxG 8 209.39 1.52 0.1529
F x S/CG 160 2749 .28

Hx A 2 4.36 0.68 0.5127
HxAxC 2 1.32 0.21 0.8152
HxAXG 2 5.18 0.81 0.4531
HxAxCxG 2 12.31 1.92 0.1600
H x A x S/CG 40 128.28

HxF 16 356.92 4.89 0.0001
HxFxC 16 278.47 3.81 0.0001
HxFx6G 16 80.73 1.11 0.3480
HxFxCxG 16 86.26 1.18 0.2808
HxF x S/CG 320 1459.87
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Table 10 (continued)

ANOVA summary table for attenuation in dB by test frequency.

Source df SS F P
AXF 8 52.95 3.87 0.0003
AxFxcC 8 8.46 0.62 0.7622
AxFxG 8 9.32 0.68 0.7079
AxFxCxG 8 16.56 1.21 0.2967
A X F x S/CG 160 273.86

HxAXxTF 16 34,98 1.48 0.1043
HxAxFxC 16 33.68 1.43 0.1269
HxAxFxG 16 13.04 0.55 0.9171
HxAxFxCxG 16 13.54 0.57 0.9031
HxAXxPFx S/GC 320 472,11

- Total 1295 99365.29
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interactions were also found to be significant. The overall ANOVA
yielded extremely small F values for the C and G main effects, leading
to suspicion concerning the homogeneity of variance assumption of the
ANOVA procedure. Further scrutiny of this assumption was performed
via Hartley's Fpay test conducted with an error rate of 0.05. These
tests revealed, for both the C and G effects, that their associated
variance was 1Indeed homogeneous between variable levels. Thus, the
assumption of homogeneity of variance was satisfied, and the ANOVA
analyses continued.

A brief discussion of all main effects and significant inter-
actions follows. Due to the difficulty in interpreting a three-way
interaction, the significant HxFxC 1interaction is discussed 1in the
context of the individual HxF and FxC two-way interactions.

Headband compression—by-frequency interaction. This significant

interaction effect demonstrated that the mean attenuation (collapsed
across work-related activity and cushion type) associated with each of
the headbands varied across test frequencies. Since HPDs are typ~
ically nonlineér in their attenuation across frequency, the objective
of further analysis of this interaction was to distinguish between the
attenuation values associated with the three headbands at each indi-
vidual frequency. In view of this goal, the data at each test fre-
quency were subjected to a Fisher Test (Keppel, 1982), conducted with
an error rate of 0.01. As shown in Table 11, significant differences
were revealed at 125, 250, and 8000 Hz, where the high compression

headband offered significantly greater mean attenuation than either
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Table 11

Mean attenuation (in dB) for each level of headband compression,
cushion type, and work-related activity at each of nine test
frequencies (Breakdown of the HxF, FxC, AxF, and FxG interaction
effects).*

125 Hz 250 Hz
Headband Compression Headband Compression
High 17.6 A High 19.7 A
Medium 14,5 B Medium 17.4 B
Low 13.7 B Low 16.9 B
Cushion Type Cushion Type
Foam 16.1 A Liquid 18.4 A
Liquid 14,5 B Foam 17.6 A
Work-Related Activity Work-Related Activity
Pre~Activity 16.0 A Pre~Activity 18.4 A
Post-Activity 14.6 B Post-Activity 17.6 A
Gender Gender
Female 15.4 A 4 Female 18.1 A
Male 15.2 A Male 17.9 A

(continued on next page)

* Means (in dB) with the same letter are not significantly different
at p < 0.01. Specific statistical tests applied and statistical
levels achieved are discussed in the text.
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Table 11 (continued)

Mean attenuation (in dB) for each level of headband compression,
cushion type, and work-related activity at each of nine test
frequencies (Breakdown of the HxF, FxC, AxF, and FxG interaction
effects).*

500 Hz 1000 Hz
Headband Compression Headband Compression
High 26.5 A High 32.8 A
Medium 25.4 A B Medium 32.2 A
Low 25.0 B Low 31.2 A
Cushion Type Cushion Type
Liquid 27.6 A Liquid 33.1 A
Foam 23.6 B Foam 31.0 B
Work~Related Activity Work-Related Activity
Pre-Activity 25.9 A Pre-Activity 32.2 A
Post-Activity 25.3 A Post—-Activity 32.0 A
Gender Gender
Female 26.5 A Female 32.6 A
Male 24.7 B Male 31.5 A

(continued on next page)

* Means (in dB) with the same letter are not significantly different
at p < 0.0l. Specific statistical tests applied and statistical
levels achieved are discussed in the text.
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Table 11 (continued)

Mean attenuation (in dB) for each level of headband compression,
cushion type, and work-related activity at each of nine test
frequencies (Breakdown of the HxF, FxC, AxF, and FxG interaction
effects).*

2000 Hz

Headband Compression

3150 Hz

Headband Compression

Medium 33.6 A High 39.2 A
Low 33.4 A Med{ium 38.3 A
High 33.1 A Low 38.1 A

Cushion Type

Foam

33.7 A
Liquid 33.0 A

Work-Related Activity

Pre-Activity 33.6 A
Post-Activity 33.1 A

Cushion Type

Foam 39.2 A
Liquid 37.9 A

Work-Related Activity

Pre-Activity 38.6 A
Post—-Activity 38.5 A

Gender Gender
Female 33.6 A Female 38.6 A
Male 33.2 A Male 38.5 A

(continued on next page)

at p < 0.01.

* Means (in dB) with the same letter are not significantly different
Specific statistical tests applied and statistical
levels achieved are discussed in the text.
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Table 11 (continued)

Mean attenuation (in dB) for each level of headband compression,
cushion type, and work-related activity at each of nine test
frequencies (Breakdown of the HxF, FxC, AxF, and FxG interaction
effects).*

4000 Hz 6300 Hz

Headband Compression Headband Compression

High 39.8 A High 37.1 A
Medium 39.8 A Medium 35.8 A
Low 33.0 A Low 35.8 A
Cushion Type Cushion Type

Foam 40,0 A Liquid 36.3 A
Liquid 39.1 A Foam 36.2 A

Work-Related Activity

Pre-Activity 39.7 A
Post-Activity 39.3 A

Gender
Male 40.3 A
Female 38.8

Work-Related Activity

Pre~Activity 36.2 A
Post-Activity 36.2 A

Gender
Female 36.3 A
Male 36.2 A

(continued on next page)

* Means (in dB) with the same letter are not significantly different
at p < 0.01. Specific statistical tests applied and statistical
levels achieved are discussed in the text.
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Table 11 {(continued)

Mean attenuation (in dB) for each level of headband compression,
cushion type, and work-related activity at each of nine test
frequencies (Breakdown of the HxF, FxC, AxF, and FxG interaction
effects).*

8000 Hz

Headband Compression

High 34.4 A
Medium 32.3 B
Low 32.0 B

Cushion Type

Foam 33.6 A
Liquid 32.2 A

.

Work-Related Activity

Pre-Activity 33.0 A
Post-Activity 32.8 A

Gender
Male 33.7 A
Female 32.1 A

* Means (in dB) with the same letter are not significantly different
at p < 0.01. Specific statistical tests applied and statistical
levels achieved are discussed in the text.
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medium or low compression headband, and at 500 Hz, where the mean
attenuation associated with the high compression headband was greater
than with the low compression headband. At no frequency was a signif-
icant difference between the medium and low compression headbands
demonstrated, possibly due to the relatively small force difference
(1.69 N) between them, as compared with the difference between the
high compression force and the low force (10.00 N) or between the high
and medium forces (8.31 N). These results are shown graphically in
Figure 12.

With the exception at 8000 Hz, the findiné of significant effects
of headband compression force at frequencies below 1000 Hz was
expected. This is due to the fact that 1low frequency attenuation is
highly dependent on the elimination of air leaks, which would best be
accomplished with a higher compression headband. For a given earcup
cushion, a higher compression headband compresses the cushion against
the side of the head to a greater degree than a lower compression
model. As a result, the cushion is forced to conform more to, and fit
more snugly over, the prominent surfaces of the head surrcunding the
pinna, and a more airtight seal is obtained.

In general, the data seem to indicate that, while the amount of
headband compression significantly affects attenuation, particularly
at low frequencies, small variations in compression force are not
likely to result in great differences in noise protection. However,
more data are needed before this relationship is fully understood and

prior to recommendation of critical compression values. In
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particular, this study investigated only three compression forces, one
of which was probably near the upper limit of tolerance for extended
wearing perlods. Results on lower compression forces are also needed,
as well as on forces which 1lie between the medium and high values
included in this study. Furthermore, the interaction between compres-
slon force and cushion deformation against the head, which determines
the distribution of pressure around the pinna (or perhaps peak
pressure loads on certain spots), requires further study. A review of
these issues may be found in Berger and Mitchell (1987).

Headband compression main effect. The effect of headband com~

pression on an earmuff's mean attenuation across frequency was highly
significant (Table 10), providing empirical support for discussions
provided elsewhere (e.g., Berger, 1986; Zwislocki, 1957). Because all
possible comparisons were of interest, data were subjected to a
Newman-Keuls (N-K) Sequential Range Test, at p < 0.05, to 1isolate the
differences between levels of headband compression. The mean attenua-
tion associated with each headband (collapsed across work-related
activity and frequency) and the results of the N-K test are shown in
Table 12. The high compression headband offered significantly greater
noise attenuation than either the medium or low compression models.
(It should be noted that a difference of over 1 dB is practically sig-
nificant in HPD design, as well as being statistically significant
with this relatively small subject sample.) No difference was found
between the mean attenuation values associated with the two lower com~

pression headbands. The relatively small difference 1in compression
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Table 12

Results of Newman-Keuls test for the headband compression main effect
(mean attenuation data).*

alpha level = 0.05 df = 40 MS = 18.62 n = 432
. Mean (dB) Headband Compression
31.15 High A
29.93 Medium B
29.45 Low B

* Means (linear average of attenuation in dB) with the same letter are
not significantly different at p < 0.05.
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force between the medium and low compression headbands, as compared
with the difference between the high and medium compression head-
bands, 1is again the probable explanation for these findings. 0Of
course, these results should be considered in light of' the frequency-
specific interaction with compression force previously discussed.

Frequency-by-cushion type interactiom. The overall ANOVA (Table

10) also indicated a significant FxC interaction, demonstrating that
the mean attenuation values assoclated with each cushion type varied
across test frequency. Again, since differences across frequency were
expected, additional analysis was aimed at 1locating differences
between the mean attenuations associated with the two cushion types at
each of the nine test frequencies (Table 11). Bonferroni t-tests were
selected to accomplish these nine pairwise comparisons to offer pro-
tection from the inflafed error rate problem associated with making
many multiple comparisons. A family-wise error rate of nine percent
was selected, resulting in a per-comparison error rate of 0.01l.
Differences were found at 125 Hz, where the foam cushion offered_sig—
nificantly greater attenuation (p < 0.001), and at 500 and 1000 Hz,
where the 1liquid-filled cushion offered significantly more noise
reduction (p < 0.001), as depicted in Figure 13. Existing literature
has 1dentified no overall difference between the attenuation offered
by liquid and foam cushions, although in a very general sense, liquid
cushions are often said to perform slightly better at 1low frequencies
and foam cushions slightly better at high frequencies (e.g., Berger,

1986).
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Cushion type main effect. Despite the fact that frequency-

specific attenuation differences were found between cushion types,
when the data were collapsed across frequency, there was no mean dif-
ference (p > 0.05) found between foam— and liquid-filled cushions in
the overall ANOVA (Table 10). Frequency-averaged attenuation means
for the 1iquid and foam cushions are shown in Table 13.

Subject work-related activity-by-frequency interaction. The

overall ANOVA revealed a significant effect of task activity on
frequency-specific attenuation (Table 10). To 1isolate differences
between the pre- and post-activity attenuation Qalues on a .by-
frequency basis, rather than between frequencies, pairwise comparisons
were again conducted at each frequency using Bonferroni t-tests, the
results of which are shown in Table 11. A family-wise error rate of 9
percent was selected, resulting in a per-comparison error rate of
0.01. The frequency-specific pre- and post-activity attenuation
means are depicted in Figure 14. The only frequency at which there
was a statistically significant loss in attenuation between pre- and
post-task conditions was 125 Hz. At the other eight test frequencies,
there were no significant differences between attenuation values
recorded before and after the task, although there was a very slight
dB reduction trend appearing in the mean attenuations at all fre-
quencies except 6300 Hz. However, in the overall sense it must be
concluded that for the earmuffs tested, the subject's work-related
activity had 1little effect on attenuation, except at the Ilowest

frequency.



147

Table 13

Mean attenuation results (in dB) for the cushion type, work-related
activity, and gender main effects,*

Mean Cushion Type
30.24 Liquid A -
30.12 Foam A

Mean Work-Related Activity
30.42 Pre-Activity A
29.93 Post-Activity B
Mean Gender

30.21 Female A

30.15 Male A

* Means (linear average of attenuation in dB) with the same letter are
not significantly different at p < 0.05.
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The fact that low frequency attenuation was reduced by the-sub-
ject's physical activities was expected. Subject head and body move-
ments probably caused the earmuff to shift slightly, creating small
air leaks (which are known to be most detrimental to 1low frequency
attenuation) between the sealing cushion and the side of the head.
These results hint that perhaps more strenuous and kinetic activity
would cause greater reductions in attenuation, particularly at low
frequencies.

Subject work-related activity main effect. The effect of the

subject's work-related activities on attenuation was highly sig-
nificant (Table 10), but of course restricted to the interaction with
frequency. Mean attenuation values obtained prior to performing the
simulated work task were, on average, one~half dB higher than those
obtained 50 minutes later, following completion of the task (Table
13). The fact that such a small numerical dB decrease between pre-
and post—task attenuation values was found to be highly significant
indicates the consistent presence of this effect across subjects and
across earmuff design configurations. Of course, the subject activity
main effect is confounded by the extended length of time that the ear-
muffs were worn and any influence that wearing time might have on
achieved attenuation. However, these two influences are practically
inseparable.

Gender—by~-frequency interaction. This significant 1interaction

(Table 10) indicated that noise attenuation obtained by males and

females differed across test frequencies. As in the analyses of the
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FxC and AxF interactions, Bonferroni t-tests were employed to identify
gender differences at each test frequency, using a per—-comparison er-
ror rate of 0.01l. The mean attenuation by gender for each frequency
and the results of these comparisons appear in Table 11, and the in-
teraction 1s plotted in Figure 15, The Bonferronl scrutiny of this
interaction revealed differences at only two test frequencles:
females received greater protection than males at 500 Hz and the
genders reversed at 4000 Hz. Though these differences are
statistically significant, 1in a practical sense the differences are
negligible. There is no clear-cut explanation for this effect, and it
has no straightforward implication for earmuff design.

Gender main effect. As would be expected from the slight

frequency-specific differences, the gender main effect on attenuation
was not significant (Table 10), indicating that the overall attenu-
ation offered by the earmuffs did not differ between males and
females. Therefore, it is clear, at least on the basis of this small
random sample, that earmuffs can be anthropometrically sized and
adjustable to provide equivaient protection for males and females.

The mean attenuation by gender is presented in Table 13,

Test frequency main effect. A highly significant effect on
attenuation was demonstrated for the 1/3 octave-band test frequency
(Table 10). Of course this result was expected, since 1t is commonly
known that hearing protectors offer varying amounts of attenuation

(i.e., are not linear) across frequencies.
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Headband compression-by-frequency-by-cushion type interaction.

The overall ANOVA revealed a significant effect of the earmuff's head-
band compression/cushion type configuration on frequency-specific
attenuation (Table 10). Since HPDs typically offer nonlinear attenu-
ation across frequencies and the HxC two-way interaction was nonsig-
nificant, no further analysis was performed on the HXFxC three-way
interaction. For descriptive purposes, the mean frequency-specific dB
attenuation values for each earmuff configuration are shown 1in Table

14.

Secondary Attenuation Analysis: WNoise Reduction Rating Data

Despite the fact that many other factors require consideration
(e.g., fit, comfort, durability, user acceptance), judgements and com—
parisons of HPDs are often made primarily on the basis of laboratory-
obtained attenuation data. As previously described, these frequency-
specific data are collapsed into a single number rating of a protec-
tor's attenuation capabilities, the Environmental Protection Agency
noise reduction rating (NRR). Single number ratings, such as the NRR,
simplify the use of laboratory-obtained attenuation data 1in making
comparisons and computing an employee's noise exposure while wearing
an HPD (and therefore determining compliance with OSHA noise exposure
regulations). The NRR 1is the difference between the overall C-
weighted sound level of a flat-by-octaves mnoise spectrum and the A-
weighted sound level under the hearing protector, reduced by a 2 stan~

dard deviation attenuation reduction factor and a 3 dB safefy factor.



Table 14

Mean attenuation results (in dB)

each of nine test frequencies.
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for each earmuff configuration at

Earmuff

Configuration Test Frequency

(Headband

Compression/

Cushion Type) 125 250 500 1000 2000 3150 4000 6300 8000
High/Foam 19.0 19.6 24.3 30.4 33.9 40.3 41.1 37.2 34.8
Medium/Foam 15.0 16.8 23.4 31.6 33.5 39.0 39.6 35.2 32.9
Low/Foam 14,4 16.6 23.1 31.1 33.7 38.2 39.3 36.2 33.3
High/Liquid 16,2 19.8 28.7 35.2 32.3 38.2 38.5 37.1 34.1
Medium/Liquid 14.1 18,1 27.3 32.8 33.7 37.7 39.9 36.4 31.8
Low/Liquid 13.1 17.3 26.9 31.3 33.0 37.9 38.8 35.4 30.7
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Refer to the section entitled "HPD Attenuation Data: Presentation and
Use"” in the 1literature review for more information concerning the
NRR.

The NRR is of considerable practical importance to manufacturers,
purchasers, and users of earmuffs and it greatly (perhaps overly)
simplifies the interpretation of frequency-specific attenuation data.
Therefore, it was desirable to investigate the effects of the inde-
pendent varlables on earmuff attenuation using the obtained NRR
values, or using similar single number attenuation ratings, as the
dependent measure.

NRR calculation. NRR values were computed for each of the twelve

combinations of headband compression, cushion type, and work-related
activity, as reported in Table 15. Each NRR was computed from the
frequency-specific data collected on 12 subjects (6 males, 6 females),
with three occluded and three unoccluded trials for each, resulting in
36 attenuation trials in all. Three trials on each of a minimum of 10
subjects are required for HPD testing as per ANSI S12.6-1984. 1In com-
puting the NRR, it was necessary to arbitrarily match the first pre-
activity unoccluded trial with the first pre-activity occluded trial,
the second pre-actiﬁity unoccluded trial with the second pre-activity
occluded trial, and so on, to provide a measure of the attenuation
associated with each trial. All NRR calculations were performed using
a customdesigned software program for the IBM personal computer.

NRR data trends. By collapsing attenuation data across subjects

and across the nine test frequencies to compute the NRR, only one
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Table 15

NRR values for each of the twelve earmuff configuration/work-related
activity combinations,

Work-Related

Headband Compression Cushion Type Activity NRR
High Liquid Pre- 24,06
High Liquid Post- 22,96
Medium Liquid Pre- 23.19
Medium Liquid Post- 22.57
Low Liquid Pre- 22,28
Low Liquid Post—- 21.83
High Foam Pre- 22.05
High Foam Post- 21.79
Medium , Foam Pre- 20.06
Medium Foam Post- 20.30
Low Foam Pre- 21.17

Low Foam Post-. 21.12
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value (observation) remained in each cell of the reduced experimental
design. This precluded any further statistical analysis of the NRR
data. However, several observations may be drawn from Table 15.
First, with the sole exception of the medium compression headband/ foam
cushion combination, all earmuffs exhibited a trend in NRR reduction
between the pre- and post—activity conditions, corroborating the
frequency-specific results. Second, as would be expected based on the
frequency-specific results, earmuffs incorporating the high compres-
sion headband displayed a trend towards higher pre-activity NRR values
than the medium or low compression models, for both foam and liquid
cushions. Finally, for each headband compression force/work-related
activity combination, liquid cushions displayed a trend towards higher
NRR values than the foam cushilons. This observation 1s contrary to
what would be expected based on the finding of no overall difference
between the two cushion types in the frequency-specific attenuation
analysis.

Data reduction. To conduct statistical analyses on the effects

of headband compression, cushion type, work-related activity, and
gender blocking on a single number attenuation rating, a modified NRR
measure was devised so that multiple observations per cell could be
retained for ANOVA purposes. This modified NRR was calculated for
each subject in each experimental cell and was arbitrarily termed the
"subject NRR" (SNRR). The SNRR differed from the NRR only in that it
did not include the two standard deviation or the 3 dB safety attenu-

ation reductions. The SNRR values (one for each subject) served as
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the dependent measure in the secondary attenuation analysis, with
twelve values per experimental cell. Of course, the SNRR was calcu-
lated only to simplify the frequency-specific attenuation data into
one value; it is not a substitute for the standard NRR.

Overall SNRR ANOVA,. The SNRR data were first subjected to a

mixed- factors ANOVA procedure (Table 16). Statistical significance (p
< 0.05) was revealed only for the main effects of headband compres—
sion and work-related activity. The main effects of cushion type and
gender were shown to be nonsignificant, as were all two- and three-
way 1interactions. This result cleafly illustrates the need for

frequency-specific analyses, as described previously. In comparing

the SNRR and frequency-specific data, it is clear that broadband
single-number measures of attenuation may mask true differences
attributable to the independent variables.

Headband compression main effect. To 1identify differences

between the mean SNRR values assoclated with each headband compression
level, the SNRR data were subjected to a N-K test (Table 17). As with
the linear mean (across frequency) attenuation analyses presented
earlier, the high compression headband resulted in significantly
higher SNRR values than either the medium or low compression models.

Subject work-related activity main effect. The effect of the

subject's work-related activities, a within-subject variable, on SNRR
values was also significant (Table 16), though the actual dB
differences were small (0.71 dB), as shown in Table 18. This result

corroborates the effect of work-related activity on linear mean
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Table 16

ANOVA summary table for the attenuation measure of subject noise
reduction ratings (SNRR).

Source df SS F P
Between Subjects
Cushion Type (C) 1 44,88 3.91 0.0619
Gender (G) 1 13.92 1.21 0.2838
Cx@G 1 1.87 0.16 0.6907
Subjects S/CG 20 229.53
Within-Subject

Headband Compression (H) 2 85.55 24,65 0.0001
HxC 2 2.23 0.64 0.5311
HxG 2 8.27 2.38 0.1052
HxCxG 2 0.88 0.25 0.7777
H x S/CG 40 69.40

Work-Related Activity (A) 1 18.60 26.82 0.0001
AXxC 1 0.48 0.69 0.4144
A xG 1 0.08 0.12 0.7350
AxCxG 1 0.00 0.01 0.9425
A x S/CG 20 13.87

HxA 2 0.28 0.35 0.7055
HxAxC 2 0.18 0.22 0.8009
HxAXG 2 1.09 1.37 0.2665
HxAxCxG 2 0.60 0.75 0.4804
H x A x §/CG 0 15.96

Total 143 507 .67
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Table 17

Results of the Newman-Keuls test for the headband compression main
effect (SNRR data).*

alpha level = 0.05 df = 40 MS = 1.73 n = 438
Mean SNRR Headband Compression
30.84 High A
29.49 Medium B
29.02 Low B

* Means (mean SNRR values in dB) with the same letter are not
significantly different at p < 0.05.



Table 18

Mean SNRR results by level of cushion type, work-related activity, and

gender main effects.,*

160

Mean SNRR

30.34
29.23

Mean SNRR

30.14
29.43

Mean SNRR

30.10
29.47

Cushion Type

Liquid A
Foam A

Work-Related Activity

Pre-Activity A
Post-Activity B

Gender

Female A
Male A

* Means (mean SNRR values in dB) with the same letter are not
significantly different at p < 0.05.
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attenuation previously discussed.

Cushion type and gender block main effects. Neither of these

effects ylelded significance in the SNRR ANOVA (Table 16). The mean
SNRR values associated with each cushion type (collapsed across work-
related activity and headband compression) and each gender appear in
Table 18. These SNRR results reaffirm the findings of nonsignificant
cushion-type and gender main effects on linear mean attenuation dis-

cussed previously.

Discussion of Attenuation Results

Two of the three primary objectives of the attenuation aspect of
this study were clearly satisfied. The first objective, to determine
the effect of the work-related influence of physical activity over a
prolonged period‘of use on earmuff attenuation, was met. A signifi-
cant reduction in achieved attenuation was found between pre~task and
post-task measurements, but only at low frequencies. In addition,
differences in attenuation due to variations in headband ;ompression
were found, with the high compression headband exhibiting the highest
attenuation, particularly at 1low frequencies, as hypothesized.
Although isolated frequency-specific differences were revealed, no
overall difference in attenuation occurred between foam and liquid
cushions 1n either the frequency-specific or the SNRR attenuation
analysis. However, a third objective related to this aspect of the
study, to ascertain the relationship between the investigated design

attributes and the earmuff's susceptibility to losses in attenuation



162

due to the work-related factors, was unfulfilled. This was due to the
lack of any significant interaction between the work-related activity
factor and the earmuff design wvariables. The ensuing discussion
focuses on the attenuation results of the study as they pertain to
these objectives. Suggestions for further research are reserved for
future sections.

Effect of work—-related factors on earmuff attenuation. Exami-

nation of the results of this aspect of the study (e.g., Figure 14)
indicates that work-related activity can be expected to significantly
reduce the amount of attenuation achieved with earmuffs, particularly
at low frequencies, due to the air leakage created. It should be
noted that the activities and movements required to complete the simu-—
lated work task were not highly violent or strenuous. Recall that the
activities elicited by the task were Iintended to be representative of
what might be required of workers employed in a repetitive 1light as-
sembly or sorting job. 1In addition, longer periods of continuous ear-
muff use than the 1.25 hours utilized in this study do occur 1in some
industrial settings. Therefore, while the influence of the prolonged
wearing period and simulated work activities on attenuation appears to
be numerically small, its importance should not be underestimated. 1In
addition to 1its statistical significance with this relatively small
sample, the effect has practical significance with regard to indus—
trial HPD performance, As the results indicate, the greatest effect
of these work-related influences on attenuation was found at 1low fre-

quencies. This is presumably attributable to the user's physical
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activities causing the earmuff to shift, which may create air leaks
between the earcup cushion and the side of the head (which maximally
degrade low frequency attenuation), or enlarge any pre-existing air
leaks.

It 1s possible that the conformity betwéen the earcup cushions
and the user's skin 1improved over the period of use, This would
enable the earmuff to nearly maintain its attenuation effectiveness
and is a possible explanation for the relatively small change in
attenuation Dbetween pre- and post-task conditioms. The improvement
in conformity could have resulted due to factors such as £he thermal
effects of the user's body on the viscosity of the fluid cushions and
on the compliance of the vinyl cushion covers, and 1ncreased compres-
sion of the skin and subcutaneous layers of the user's head during the
wearing period.

The effect of wearing time and work-related activities 1s most
likely task~ and job-specifiec. As a result, workers employed in
positions requiring considerably longer earmuff use and/or greater
physical exertion (such as heavy lifting, brisk walking, or extensive
talking) could be expected to experience larger reductions in attenu-
ation than those described herein. This is due to the fact that the
increased levels of these work-related influences will 1likely cause
the earmuff to shift to a greater degree, resulting 1In 1larger air
leaks and therefore lower protection.

Furthermore, the effect of the work-related factors on an ear—

muff's actual effectiveness may be compounded 1if the device 1is poorly
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maintained or improperly worn. For example, an earmuff which is worn
over eyeglasses or with a welding hood may be more likely to shift on
the head during use, and therefore more susceptible to 1influence from
these work-related factors. Given the abundance of improper HPD
fitting techniques which are common in industrial use (Alberti et al.,
1979; Wilson et al., 1981), this potenti;l problem deserves careful
consideration.

Effect of headband compression and cushion type on attenuation.

As expected, 1it was demonstrated that headband compression force
directly influences earmuff attenuation, particularly at low fre-
quenciles. In both the frequency-specific and SNRR attenuation
analyses, the high compression headband was associated with greater
attenuation than either the low or medium compression models, while
the attenuation associated with the low and medium compression head-
bands did not significantly differ. The greater attenuation realized
with the high compression headband 1is likely attributable to 1its
improved ability to compress the cushion, thus forming a more airtight
seal against the surface of the user's head. The elimination of air
leaks from the earmuff's seal is critical, especlally to 1its noise
attenuating effectiveness at low frequencies. Indeed, with the excep-
tion of 8000 Hz, it was at 1low frequencies that differences between
the mean attenuation associated with the headbands surfaced. These
results coincide with the fact that large differences existed between
the high compression force and the low or medium forces (differences

of 10.00 N and 8.31 N, respectively), while the difference between the



165

two lower forces (1.69 N) was comparatively small. Thus, based on the
results of this study, it appears that small increments in compression
force, at 1least in the range above some "critical" level, may not
greatly increase achieved attenuation, though further study is clearly
warranted. Therefore, unless extreme nolse 1levels mandate maximal
protection, the benefits of slightly higher compression forces should
be weighed against the possible negative influence that this attribute
may have on user comfort and acceptability. Although earmuffs are
manufactured as wuniversal-fit devices, variability in head sizes
(height and width) and shapes often leads to differences in the amount
of compression force exerted by a single earmuff. For a given head-
band, the larger (wider) the individual's head, the greater the actual
compression force which will be exerted against the head. Thus, an
individual's head dimensions and the headband compression force are
concomitant influences on attenuation, as well as on user comfort.

While frequency-specific attenuation differences were found
between foam and 1iquid cushions, cushion type did not significantly
influence broadband attenuation. Based on these results, the choice
between foam and liquid cushions appears to be a matter of personal
preference and 1is somewhat dependent on such non-attenuation factors
as comfort, acceptability, and compatibility with the environment of
use.

Earmuff design and susceptibility to work-related factors.

Interestingly, there were no significant interactions between the ear-

muff design attributes under investigation and the work-related
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activity factor. Thus, it was not possible, on the basis of these
data alone, to distinguish between the different earmuff attributes as
to which made an earmuff more or less susceptible to losses in attenu-
ation due to prolonged wearing time and user activities. It has been
hypothesized that a higher compression headband would improve an
earmuff's ability to avoid shifting on the head and alleviate the
creation of air leaks which might result from the user's head and body
movements. This being a plausible assumption, perhaps the experi-
mental task in this study was not sufficiently taxing and therefore
did not elicit a "critical” 1level of movement or exertion. Further
investigation of the relationship between earmuff design and influence

from work-related factors is needed.



RESULTS AND DISCUSSION: COMFORT/ACCEPTABILITY DATA

Primary Comfort and Acceptability Analysis: Bipolar Rating Scale Data

Analysis of the comfort and acceptability bipolar rating scale
data was conducted with three primary objectives in mind: (1) to
determine which particular bipolar scales were representative of the
subject's perceptions of earmuff comfort and acceptability and should
therefore be incorporated into single-number measures of these subjec-
tive qualities; (2) to investigate the effects of different levels of
headband compression force and cushion type on user comfort and ear—
muff acceptability; and (3) to determine the influence of work-related
movement over an extended wearing period on subjective feelings of
comfort and acceptability. Two additional analyses were also con-
ducted to satisfy three secondary objectives: (1) to ascertain which
bipolar rating scales were considered most important by the subjects
for expressing their general feelings about a pair of earmuffs; (2) to
track any changes in the subject's perceptions of earmuff comfort over
three different intervals during completion of the simulated work
task; and (3) to compare the subject's written and verbal responses to
the UNCOMFORTABLE/COMFORTABLE bipolar rating scale.

Data reduction. Subject responses to the 26 bipolar rating

scales (Appendices F and G) were coded into numerical values ranging
from one to seven, with the value of one being arbitrarily assigned to
the first response interval and increasing by a value of one per

interval, in left-to-right fashion. Since earmuff comfort was a major

167
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hypothetical construct under investigation, the ratings on all scales
which were intended to represent factors associated with user comfort
were individually correlated with the ratings on the UNCOMFORTABLE/
COMFORTABLE scale. As in the studies conducted by Casali et al.
(1987), the rationale was that any scale displaying a high degree of
correlation with the UNCOMFORTABLE/COMFORTABLE scale might be evoking
the subject's feelings of comfort. Similarly, scales which were aimed
at perceptions associated with earmuff acceptability were correlated
with the UNACCEPTABLE/ACCEPTABLE scale. The nonparametric Spearman
rank correlation coefficient was utilized, due to the ordinal nature
of the bipolar rating scale data.

Twelve comfort-related bipolar scales (Appendix F) were corre-
lated with the UNCOMFORTABLE/COMFORTABLE scale. All significantly
correlated (p < 0.05) scales which, in addition, yielded an absolute
value Spearman correlation coefficient, rg, greater than or equal to
0.25 were incorporated into the Comfort Index (CI). The CI served as
a single-number rating of earmuff comfort. As shown in Table 19, ten
of the twelve comfort-related scales met these criteria and were
included, along with the UNCOMFORTABLE/COMFORTABLE scale, into the CI.

Prior to computing the CI, it was necessary to equate the direc-

tionality of each of the included bipolar scales. For each scale,

this was accomplished by assigning the value of one to the end of the

bipolar scale which correlated most highly with the "comfortable” end

of the UNCOMFORTABLE/COMFORTABLE scale, and seven to the "uncomfor-

table” end of the scale. The CI was then calculated as the numerical
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Table 19

Spearman rank correlation coefficients (rg) for twelve bipolar
descriptive scales with the UNCOMFORTABLE/COMFORTABLE scale.

Bipolar Scale* Ig P
Soft/Hard -0.57 0.0001 =%
Balanced Fit/Unbalanced Fit | -0.16 0.0556
Cumbersome/Not Cumbersome 0.56 0.0001 #=*
Nonirritating/Irritating -0.85 0.0001 =**
Heavy/Light 0.55 0.0001 =**
Tight/Loose 0.70 0.0001 ==
Cold/Hot -0.05 0.5210
Not Bothersome/Bothersome -0.86 0.0001 =#+%
Painful/Painless 0.86 0.0001 =**
No Uncomfortable Pressure/ -0.86 0.0001 =*%
Uncomfortable Pressure

Smooth/Rough -0.31 0.0001 **
Intolerable/Tolerable , 0.80 0.0001 #*%*

% In each scale, the response interval most closely associated

with the first descriptive adjective in the bipolar pair was coded

as a 1 and the response interval most closely associated with the
second descriptive adjective was coded as a 7. The direction was
arbitrary, but its specification is necessary here to allow
interpretation of the sign on the rg correlation with the
UNCOMFORTABLE/COMFORTABLE scale.

** Denotes scales incorporated into the Comfort Index. Criteria for
inclusion were |rg| > 0.25 and p < 0.05.
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sum of the equally weighted coded responses to these eleven bipolar
scales. One CI value was computed for each subject wearing each head-
band compression/cushion type configuration, both prior—-to and follow-
ing completion of the simulated work task. Thus, each experimental
cell contained twelve CI values which served as the dependent measure
in the subsequent comfort analyses. Since each rating scale consisted
of coded responses ranging from one to seven, the CI value for each
subject under each experimental condition could range from 11 (most
comfortable) to 77 (least comfortable).

In addition to the CI scales, a separate set of twelve
acceptability-related bipolar scales (Appendix G) were correlated with
the UNACCEPTABLE/ACCEPTABLE scale. Criteria 1identical to those
imposed to select scales for the CI were wused to designate
acceptability-related scales to be included in the Acceptability Index
(AI), which served as a single~-number metric of earmuff acceptability.
As shown in Table 20, seven of the twelve acceptability-related scales
met these criteria and were Incorporated, along with the

UNACCEPTABLE/ACCEPTABLE scale, into the AI. As in the derivation of

the CI, it was necessary to equate the directionality of each of the

included bipolar scales, prior to computing the AI. For each scale,

this was accomplished by assigning the value of one to the end of the

bipolar scale which correlated most highly with the “"acceptable” end

of the UNACCEPTABLE/ACCEPTABLE scale, and seven to the "unacceptable"”

end of the scale. The AI was then computed as the sum of the coded

responses to these eight bipolar scales, for each subject under each
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Table 20

Spearman rank correlation coefficients QES) for twelve bipolar
descriptive scales with the UNACCEPTABLE/ACCEPTABLE scale.

Bipolar Scale* Ig P
Easy to Apply/Difficult to Apply -0.24 0.0037
Worthless/Valuable 0.63 0.0001 *%
Bulky/Compact 0.22 0.0096
Stable (on your head)/Unstable -0.17 0.0436
(on your head)
Good/Bad -0.72 0.0001 =*%
Unattractive/Attractive 0.31 0.0002 #=%
Rugged/Delicate ~-0.01 0.8631
Difficult to Adjust/Easy to Adjust 0.30 0.0003 #*
Usable/Unusable ~-0.64 0.0001 =**
Feeling of Complete Isolation/ 0.25 0.0023 **
No Feeling of Isolation
Flexible/Rigid -0.36 0.0001 =*+%
Shallow/Deep 0.02 0.8526

* In each scale, the response interval most closely associated
with the first descriptive adjective in the bipolar pair was coded
as a 1 and the response interval most closely associated with the
second descriptive adjective was coded as a 7,
arbitrary, but its specification is necessary here to allow
interpretation of the sign on the rg correlation with the

UNACCEPTABLE/ACCEPTABLE scale.

*% Denotes scales incorporated into the Acceptability Index.

for inclusion were [rg| > 0.25 and p < 0.05.

The direction was

Criteria
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experimental condition. Thus, each experimental cell contained twelve
Al values which were used as the dependent measure in . the subsequent
acceptabllity analyses. Since each bipolar scale had coded responses
ranging from one to seven, the possible range of AI values for each
subject in each experimental cell was from 8 (most acceptable) to 56
(least acceptable).

Data analysis, User comfort (measured by the CI) and earmuff

acceptability (measured by the AI) were treated independently and
analyzed separately from one another. Attention was focused on the
main effects‘of headband compression force, cushion material, and the
subject's work-related physical activities on the single-number com-
fort and acceptability measures. Due to difficulty in interpretation,
potential two—- and three-way interactions between these factors were
not explored. Furthermore, the ordinal nature of the rating scale
data required the use of nonparametric statistical procedures to con-
duct the comfort and acceptability analyses. However, since no single
test was appropriate for analysis of all effects, several nonpara-
metric tests were used. The analyses and results associated with each
of the main effects follow.

Despite the fact that comfort/acceptability data analyses were
performed strictly with nonparametric statistical procedures, mean
response data are presented in the tables associated with these

analyses. These mean data are included for descriptive purposes only

and to enable relative comparisons between experimental conditions on

a common basis, as well as comparisons with the range of possible CI




173

and AI values. (Rank sums, of course, are less descriptive in this
regard.) Conclusions regarding these mean data should be made
judiciously since the bipolar scales 1likely yleld an ordinal, not
interval, metric.

Headband compression main effect on comfort/acceptability. The

influence of headband compression force on an earmuff's comfort and
acceptability ratings was investigated by means of the chi-square
large sample approximation of the Friedman one-way block design
(Hollander and Wolfe, 1973). As in the attenuation analyses, the
high, medium, and low compression headbands represented the three
levels of headband compression force, while subjects constituted the
blocking factor (24 levels). For each subject, the CI values were
summed across pre-task and post-task conditions to provide one comfort
rating per headband compression force. The same calculations were
per formed for the AI values to provide one acceptability rating per
headband compression condition. These values served as the dependent
measures in the subsequent analyses. Since the sums of the comfort
and acceptability ratings which were provided 25 and 75 minutes after
the initial earmuff fitting were used as the dependent measures, wear-
ing time posed a botential influence on these results which could not
be distinguished in the analyses.

The effect of headband compression force on an earmuff's CI
rating was highly significant, S(2) = 34.17, p < 0.001. Multiple com-
parisons based on Friedman rank sums (Hollander and Wolfe, 1973) ;ere
conducted to identify specific differences between the CI values asso-

ciated with the three compression forces. As shown in Table 21, the
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Table 21

Results of the Friedman rank sum comparisons for the headband
compression main effect (Comfort Index data).

Mean CI Response® Rank Sum Headband Compression**
56,7 % 71 High A
44.4 39.5 Medium B
41.1 33.5 Low B

* Mean response data are included for descriptive purposes only. The

range of possible CI values was from 11 (most comfortable) to 77
(least comfortable).

%% Rank sums with the same letter are not significantly different at
p < 0.05. Specific statistical levels achieved are discussed in
the text. A low rank sum indicates a more "comfortable" earmuff.
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data revealed that earmuffs incorporating the High compression head-
band were rated significantly less comfortable (p < 0.0001) than those
using either the low or medium compression headbands. No significant
difference (p > 0.05) between the CI values associated with medium and
low compression earmuffs was demonstrated.

Headband compression also had a significant effect on earmuff AI
ratings, S(2) = 12.46, p < 0.01. Multiple comparisons, once again
based on Friedman rank sums, were conducted to locate differences
between the AI values associated with the three headband compression
forces. The results of these multiple comparisons are shown in Table
22. As with the CI analysis, the data revealed that earmuffs formed
with the high compression headband were given significantly higher
ratings (indicating 1lower acceptability) than those incorporating
either the low (p < 0.01) or medium (p < 0.05) compression headbands.
The two lower compression headbands did not significantly differ
(p > 0.05) in terms of AI ratings.

Cushion type main effect on comfort/acceptabiilty. The influence

of earcup cushion material on an earmuff's CI and AI ratings was
investigated by means of the Mann-Whitney U test for two independent
samples. Differences between the CI and AI ratings associated with
foam and 1liquid cushions (a between-subjects factor) were evaluated
separately under each headband compression condition. This was neces~
sary since the Mann-Whitney U test requires independence between
trials, as well as between groups. This requirement would not have

been satisfied had each of the subject's three trials, one associated
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Table 22

Results of the Friedman rank sum comparisons for the headband
compression main effect (Acceptability Index data).

Mean AI Response® Rank Sum Headband Compression*¥*
30.3 61.5 High A
25.6 43.5 Medium B
25.4 39.0 Low B

* Mean response data are included for descriptive purposes only. The

range of possible AI values was from 8 (most acceptable) to 56
(least acceptable).

%% Rank sums with the same letter are not significantly different at
P < 0.05. Specific statistical levels achieved are discussed in
the text. A low rank sum indicates a more "acceptable” earmuff.
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with each headband compression, been included in the same test. Thus,
three separate comparisons were made, one under each headband compres-
sion condition, based on 24 single number ratings, one rating for each
of the twelve subjects 1In each cushion type group. Since there was no
pre—established basis for suspecting that one cushion type would be
more “"comfortable” or more "acceptable” than the other type, two-
tailed comparisons were indicated. Again, since the sums of the pre-
and post-task comfort and acceptability ratings were used as the
dependent measures in these analyses, wearing time posed a potential
influence on these results which was not discernible in the analyses.

The data demonstrated no significant difference between the CI
ratings assoclated with foam and liquid cushions when they were worn
in combination with the high compression headband [U(n] = np = 12) =
49.5, p > 0.10)]. As shown in Table 23, identical results were
obtained with both the medium compression [U(n; = np = 12) = 58.0, p >
0.10] and low compression [U(nj = ny = 12) = 68.5, p > 0.10] head-
bands. It is interesting to note that, although no significant dif-
ferences were found, foam cushions received lower rank sums than
liquid cushions under the influence of each headband compression.
Therefore, since lower rank sums indicate a more “comfortable” ear-
muff, it appears as though a possible trend towards finding foam
cushions slightly more “comfortable" than 1liquid cushions was
revealed.

Similarly, no significant influence of cushion type on AI ratings

was found under the high compression [U(n; = np = 12) = 41.0,
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Table 23

Results of the Mann-Whitney U test for the cushion type main effect
under each headband compression condition (Comfort Index data).

High Compression Headband

Mean CI Response¥* Rank Sum Cushion Type%*
53.2 127.5 Foam A
60.7 172.5 Liquid A

Medium Compression Headband

Mean CI Response* Rank Sum Cushion Type*¥*
42.9 136.0 Foam A
46.0 164.0 Liquid A

Low Compression Headband

Mean CI Response%* Rank Sum Cushion Type¥*
40.8 146.5 Foam A
41.5 153.5 Liquid A

* Mean response data are included for descriptive purposes only. The
range of possible CI values was from 11 (most comfortable) to 77
(least comfortable).

*% Rank sums with the same letter are not significantly different at
p < 0.05. Specific statistical levels achieved are discussed in
the text. A low rank sum indicates a more "comfortable"” earmuff.
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P < 0.05), medium compression [U(n; = np = 12) = 39.5, p > 0.05], or

low compression [U(nj = np = 12) 53.0, p > 0.10] headband con-
ditions. As shown 1in Table 24, foam cushions were again associated
with consistently lower rank sums (indicating higher acceptance) than
liquid cushions under each headband condition, although no significant

differences were found.

Work-related activity main effect on comfort/acceptability. The

influence of this within-subject factor on an earmuff's CI and AL
ratings was investigated with the Wilcoxon matched-pairs signed-ranks
test (Siegel, 1956). Since all subjects experienced both levels of
this factor, the pre-activity ratings for each subject were matched
with his/her own post-activity ratings. As in the analyses of the
effeét of cushion type on comfort and acceptability, differences
between pre~ and post—-activity ratings were evaluated separately
under each headband compression. This 1s Dbecause the Wilcoxon
matched-pairs signed-ranks test assumes independence between trials,
which would not have existed had each of the subject's three trials,
one associated with each headband, been 1included in the same test.
Thus, pre—- and post-task comparisons were made under each headband
compression force condition, based on 24 matched pairs of single
number ratings, one for each of the 24 subjects. One~tailed compari-
sons were made, since it had been hypothesized that perceived comfort
and acceptability would decrease due to the combined effect of
the subject's work-related activities and prolonged earmuff use. This

degradation in comfort and acceptability would be evidenced by a
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Table 24 -

Results of the Mann~Whitney U test for the cushion type main effect
under each headband compression condition (Acceptability Index data).

High Compression Headband

Mean CI Response¥* Rank Sum Cushion Typé**
27.5 119.,0 Foam A
33.0 181.0 Liquid A

Medium Compression Headband

Mean CI Response¥* Rank Sum Cushion Type#%¥%
23.5 117.5 Foam A
27.8 182.5 Liquid A

Low Compression Héadband

Mean CI Respomnse* Rank Sum Cushion Type**
24.3 131.0 Foam A
26.6 169.0 Liquid A

* Mean response data are included for descriptive purposes only. The
range of possible AI values was from 8 (most acceptable) to 56
(least acceptable).

*% Rank sums with the same letter are not significantly different at
p < 0.05. Specific statistical levels achieved are discussed in
the text. A low rank sum Iindicates a more "acceptable” earmuff.
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numerical increase in CI and AI ratings between pre-~ and post-~
activity conditionms.

As shown in Table 25, the data revealed a significant influence
of the work-related activity factor on the comfort ratings of earmuffs
formed with high [T(23) = 49.5, p < 0.01] and medium [T(22) = 60, p <
0.05] compression headbands. As hypothesized, this effect was demon-
strated by a numerical increase between pre- and post-activity CI
values. No significant difference was demonstrated between the CI
ratings obtained prior-to and following completion of the experimental
task for earmuffs with 1ow' compression headbands, T(24) = 108.5, p >
0.10.

The data demonstrated a significant effect of the work-related
factors on the AI ratings for high compression earmuffs,‘z(Zl) = 42.0,
p < 0.01 (Table 26). Again, this result was manifested as a numerical
increase in AI values between pre- and post—activity conditioms,
indicating lower user acceptance following the simulated work task.
However, the data falled to demonstrate any significant effect of the
work-related factors on the AI ratings associated with medium [T(21) =
111.5, p > 0.10] or low [T(20) = 95.0, p > 0.10] compression

earmuffs.

Discussion of Bipolar Rating Scale Results

Each of the objectives of the primary analysis of earmuff comfort
and acceptability was satisfied. First, single number metrics of per-

ceived comfort (the Comfort Index, CI) and earmuff acceptability (the
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Table 25

Results of the Wilcoxon matched-pairs signed-ranks test for the work-
related activity main effect under each headband compression condition
(Comfort Index data).

Sum of like-signed ranks
(pre-activity minus

Headband Mean post—-activity CI Work-Related
Compression CI Response® difference)** Activity¥¥¥

High 54.8 Positive 49.5 Pre—Activity A
58.5 Negative  226.5 Post—~Activity B

Medium 42,2 Positive 60.0 Pre-Activity A
46.7 Negative 193.0 Post-Activity B

Low 39.9 Positive 108.5 Pre-Activity A

42.4 Negative 191.5 Post—-Activity A

* Mean response data are included for descriptive purposes only.
The range of possible CI values was from 11 (most comfortable) to
77 (least comfortable).

%% The greater the difference between the sums of positive and
negative like-signed ranks, the greater the disparity in CI
values. Positive rank sums which are smaller than negative rank
sums Iindicate greater pre—activity comfort than post-activity
comfort.

*%% Work-related activity conditions with the same letter are not
significantly different at p < 0.05. Specific statistical levels
achieved are discussed in the text.
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Table 26

Results of the Wilcoxon matched-pairs signed-ranks test for the work-—
related activity main effect under each headband compression condition
(Acceptability Index data). ’

Sum of like-signed ranks
(pre~activity minus

Headband Mean post-activity CI Work—Related
Compression CI Response® difference)** Activity*¥¥

High 29.1 Positive 42.0 Pre—-Activity A
31.5 Negative 189.0 Post—-Activity B

Medium 25.4 Positive 111.5 Pre-Activity A

25.8 Negative 119.5 Post-Activity A

Low 25.2 Positive 95.0 Pre—-Activity A

25.6 Negative 115.0 Post-Activity A

% Mean response data are included for descriptive purposes only.
The range of possible AI values was from 8 (most acceptable) to 56
(least acceptable).

*% The greater the difference between the sums of positive and
negative like-signed ranks, the greater the disparity in Al
values. Positive rank sums which are smaller than negative rank
sums indicate greater pre-activity acceptability than
post—activity acceptability.

**% Work-related activity conditions with the same letter are not
significantly different at p < 0.05. Specific statistical levels
achieved are discussed in the text.
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Acceptability Index, AI) were derived from a series of bipolar rating
scales using selection criteria, This was accomplished by correlating
the coded responses to each scale with the responses to either the
UNCOMFORTABLE/COMFORTABLE or UNACCEPTABLE/ACCEPTABLE scale, depending
on which subjective quality the scale was intended to represent. The
selection criteria wultimately resulted in the selection of eleven
comfort-related scales and eight acceptability-related scales for
incorporation into the CI and AI measures, respectively. Headband
compression force was found to significantly influence both wuser com-
fort and acceptability, with the high compression earmuffs rated as
least comfortable and least acceptable. No significant differences
were revealed between the CI and AI ratings assoclated with foam- and
liquid-filled cushions. Finally, the combined work-related influence
of physical activity and prolonged wear significantly degraded both
user acceptance and perceived comfort, but not across all levels of
headband compression force. In general, the degradation was particu-
larly pronounced for the high and medium compression earmuffs. The
ensuing discussion focuses on these results as they relate to the
objectives of this research.

Effect of earmuff design attributes on perceived comfort and

acceptability. As hypothesized, the results of this research revealed

that headband compression force directly influences both perceived
comfort and user acceptance of circumaural hearing protectors. Not
surprisingly, earmuffs with the high compression headband were associ-

ated with both greater discomfort and poorer user acceptance than
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those with the medium or 1low compression models. Earmuffs incorpo-
rating the two lower compression headbands were found not to signifi-
cantly differ with respect to rated comfort or acceptability. As with
the differences 1In achieved attenuation between headbands which were
previously discussed, this 1s likely due to the small difference
(1.69 N) between the two lower compression forces, as compared to the
difference (8.31 N) between the high and medium, and the difference
(10.00 N) between the high and low compression forces. Of course, the
contact pressure against the user's head, which is due to the inter-
action between the headband compression force and the deformation of
the earcup cushions, may be more important in determining general com-
fort and acceptability than the overall compression force (e.g., Acton
et al., 1976). However, the difference between the mean contact
preésure (across cushion type) associated with the two lower compres-—
sion headbands (485.5 Pa) 1is also relatively small compared to the
mean pressure difference (2861.5 Pa) between the high and medium, and
the mean pressure difference (3347.0 Pa) between the high and low com—
pression headbands. These findings indicate that, although headband
compression force and application pressure significantly influence
earmuff wearability, small variations 1in these quantities are not
likely to greatly alter the wuser's perceptions of comfort and
acceptability.

The force (and pressure) which was exerted against the sides of
the user's head by the high compression earmuffs proved to be'too
great to allow the devices to be worn comfortably for the required

length of time. Some subjects expressed the opinion that the earmuffs
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became quite uncomfortable, particularly during the later stages of
the experimental session. The most common complaint concerning the
high compression protectors 1Involved extreme pressure against the
sides of the head. For some subjects, this even resulted in a feeling
of impaired or restricted blood circulation in the faclal regions
surrounding the auricle, as evidenced by comments made to the
experimenter.

The significantly poorer acceptability ratings received by the
high compression earmuffs are perhaps a reflection of the subjects'
impressions concerning the general wearability and usability of these
devices, particularly for longer periods of use. Since some of the
scales included in the AI concerned dimensions along which the ear-
muffs did not actually differ (e.g., adjustability, appearance), it is
likely that the poor acceptability of the high compression earmuffs
is, at least partially, due to the spillover or "halo effect” of the
subjects' perceptions of the comfort associated with these devices.

No differences were demonstrated between the subjective comfort
and acceptability ratings associated with foam- and liquid-filled
cushions, regardless of which headband was used. When viewed in light
of the data presented in Table 7, which reveal that the contact
pressures associated with the foam and liquid cushions were quite
similar, this result 1is not surprising. The 1liquid cushion was
associated with 203 Pa more contact pressure than the foam cushion
under the influence of the high compression headband, and 105 Pa more

pressure with the 1low compression headband, while the foam cushion
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exerted 14 Pa more contact pressure than the liquid cushion under the
influence of the medium compression headband. As previously des—
cribed, this contact or application pressure 1s the result of the
interaction between the headband compression force and the deformation
of the earcup cushion against the head, the latter of which is largely
dependent on the compliancy of the cushion. Under the influence of a
given headband, the higher the cushion compliance, the greater the
cushion compression. Therefore, highly compliant cushions distribute
the compression force over a greater surface area of the head, effec-
tively reducing the average contéct pressure.- The head surface area
over which the compression force is distributed, and therefore contact
pressure, is also dependent on the size (width and circumference) of
the sealing cushion.

The uniformity with which the compression force 1is distributed is
also partially determined by the compliancy of the cushions. Cushions
which are not compliant enough to adapt to the local contours of the
head will distribute the compression force unevenly, resulting in the
buildup of high pressure areas on the more prominent surfaces of the
head.

The minimal differences between the contact pressures assoclated
with the foam and liquid cushions indicate that the two cushion types
are approximately equally compliant. Thus, it may be presumed that
the foam and liquid cushions were comparable in their adaptation to
the local contours of the subject's head and in their ability to umi-
formly distribute application force around the circumference of the

sealing cushion. The amount of contact pressure and i1ts even



188

distribution around the earcup cushion have been widely purported to
be a determining factor of earmuff comfort and acceptability (e.g.,
Acton et al.,, 1976; Berger and Mitchell, 1987; Casali et al., 1987).
Since these 1mportant characteristics were essentially identical
between the foam— and 1liquid-filled cushions, the subjects were
unable to distinguish between’the comfort and acceptability associated
with them.

In 1light of the 1lack of a significant difference between the
attenuation achieved with the cushlons included in this study, these
comfort/acceptability results provide further evidence that the choice
between foam- and 1liquid-filled cushions is primarily a matter of
personal preference. The generalizability of this result 1is, of
course, limited to earmuff components similar to those investigated in
this research. Furthermore, other factors, such as compatibility with
the environment of use, must be considered.

In addition to the headband compression force and the size and
the compliancy of the earcup cushions, application pressure and its
distribution around the circumaural regions of the head is also deter-
mined by the attachment of the earcup to the headband. This earcup-
headband coupling system determines the abillity of the earcup to
rotate about its point of attachment, which is necessary to allow the
earmuff to accommodate differently shaped heads. Of these parameters,
only compression force varied considerably between earmuff configu-
rations in this study. The width and circumference of the foam and
liquid cushions were identical. The similarity in the measured con-

tact areas associated with the two cushiom types, under each headband
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compression force, indicates that their compliance is quite similar.
Furthermore, the design of all earcups and headbands was ldentical
(with the exception of compression force), so the earcup-headband
attachment was constant across earmuffs. Therefore, all earmuffs were
comparably able to uniformly distribute their assoclated compression
forces, and these parameters should not have contributed to
differences in average or local contact pressures between the various
earmuff configurations. As a result, it 1is not possible, with the
earmuff components utilized in this study, to distinguish between the
effects of compression force and contact pressure on perceived comfort
or acceptability.

Based on these results, 1t appears that while headband compres-
sion force and application pressure significantly affect earmuff com—
fort and acceptability, small variations in these physical quantities
are not likely to result in large differences in perceived comfort or
acceptability. However, more data are needed before these relation-
ships may be fully defined and the critical values of compression
force and application pressure may be recommended. In particular,
data on lower compression forces (and pressures), as well as on forces
which lie between the medium and high forces included in this study,
are essential.

Finally, although not included as a design wvariable 1in this
study, some subjects complained of discomfort caused by pressure
exerted against the crown of their heads by the top portion of the
headband. The headbands were made of molded plastic and were not

padded in the area where contact with the top of the head 1is made,
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although some other earmuff models are. The relationship between this
design feature and wearability deserves further consideration. Since
this aspect of the design was constant between earmuffs, the results
of the study were not compromised.

Effect of work-related factors on perceived comfort and accep-

tability. As expected, the combined work-related influence of wearing
time and the user's physical activities directly affected perceived
earmuff comfort and acceptability, but not under all headband compres-
sion conditions. The greatest effect of these factors was found for
high compression earmuffs, as both the comfort and acceptability of
these protectors were significantly degraded between pre—  and post—
activity conditionms. For medium compression protectors, only the
measure of perceived comfort was influenced by the work-related
factors, while no reduction iIn perceived comfort or acceptability
occurred with low compression earmuffs, When viewed 1in light of the
small (though statistically significant) effect of the work-related
factors on achieved attenuation, these results hint that the degra-
dation in perceived comfort and acceptability between pre- and post-
task ratings was probably attributable more to the length of wearing
time separating the two ratings than to physical shifting of the ear-
muffs during the simulated work task. Had the earmuffs shifted on the
subject's head enough to significantly alter his/her comfort and
acceptability ratings, a greater reduction in achieved attenuation
between pre- and post-task conditions would likely have occurred as
well. Furthermore, the result that the higher compression earmuffs

demonstrated greater reductions in perceived comfort and acceptability
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than the lower compression models also indicates that earmuff shifting
did not lead to the degradations in these measures. This is based on
the assumption that a higher compression headband would better enable
an earmuff to maintain its placement on the head during physical
activity. This assumption was not substantiated in the previously
discussed attenuation analyses, perhaps because the physical
activities required to complete the simulated work task were not
strenuous enough to cause any of the earmuffs to shift considerably,
regardless of thelr headband compression.

The most likely explanation for the reduction in perceived com-
fort and acceptability is that the high compression earmuffs became
increasingly uncomfortable and, as a result, unacceptable during the
fifty minutes which separated the pre- and post-task ratings.
Similarly, although the effect was not as promnounced, the medium com-
pression earmuffs and their associated application pressure also
became increasiﬁgly uncomfortable over the period between ratings,
while their acceptability did not significantly degrade. For many
subjects, the pressure exerted by these earmuffs was probably becoming
unbearable during the latter part of the 75-minute period in which the
protector was worn.

Interestingly, the magnitude of effect of the work-related fac-
tors on perceived comfort differed between the medium and low com-
pression earmuffs, despite the comparable headband force and appli-
cation pressure assoclated with them. Contrary to what was indicated

by previous findings, these results demonstrate that even relatively
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small increases 1n compression force and application pressure will
lead to an increase in an earmuff's susceptibility to degradations in

perceived comfort over prolonged wearing periods. Therefore, it may

generally be concluded that, .for long periods of earmuff wuse, the
benefits of the added attenuation achieved with higher compression
headbands must be carefully weighed against the negative influence
that increased compression force and application pressure may have on
the overall wearability characteristics of the earmuff.

Although the work-related factors of the user's physical
activities and extended earmuff use can never be removed from the
workplace, these findings are of considerable practical importance for
several reasomns. First, the demonstrated effect of the work-related
factors occurred over a period of use 1lasting 1.25 hours. It is
likely that longer periods of earmuff use, which are common in many
industrial settings, would result in greater reductions 1In perceived
comfort and acceptability. Second, the reductions in perceived com-
fort and acceptability which were found in this study, as previously
discussed, probably did not result from the shifting of the protector
on the user's head during physical movements. Earmuff users employed
in positions requiring greater physical exertion than was required by
the work task in this study (such as heavy lifting, rapid head rota-
tions, and brisk walking) may experience HPD shifting. Since such
' repositioning of the earmuff may lead to more drastic reductions in
comfort and acceptability over time, this possibility requires further

evaluation. Finally, earmuffs which are worn improperly, poorly
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maintained, or worn in‘ combination with other headgear, such as eye-
glasses or helmets, may suffer greater degradations 1n wearability
over time, Since poor maintenance and poor fitting habits abound in
industrial earmuff use (Alberti et al., 1979; Wilson et al., 1981),
this possibility is of great consequence to Iin-workplace earmuff

effectiveness.

Bipolar Scale Importance Ratings

At the completion of the third and final data collection session,
each subject was provided a stack of 26 index cards. Appearing on
each card was one of the bipolar adjective rating scales used through-
out the study. According to the written instructions in Appendix I,
the subjects grouped the bipolar scales into three categories: those

which they felt were very important for expressing their general feel-

ings about a pair of earmuffs, those which they considered moderately

important, and those which they felt had little or noc importance.

(This grouping was performed by sorting the index cards into three
stacks.) Responses were tabulated and the results for the 24 subjects
are shown in Table 27. 1In addition, the mean rating response for each
bipolar scale is presented, based on a point weighting of one for each
"little or no importance” rating, two for each "moderately important"”
response, and three for each "very important™ rating. Thus a higher
mean rating response indicates greater perceived importance. Based on
these mean ratings, the bipolar scales were ranked in order of

decreasing importance, as shown in Table 27.
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Table 27

Subject-provided importance ratings for the twenty-six bipolar
adjective scales used to rate the earmuffs.

Number of Responses for
Each Importance Rating

Mean of
Subject Overall
Bipolar Little/No Moderately Very Rating Importance

Descriptive Scale Importance Important Important Responses Ranking
(Value=1) (Value=2) (Value=3)

Painful/Painless 0 0 24 3.00 1

Uncomfortable/ 0 1 23 2.96 2(Tie)
Comfortable

Nonirritating/ 0 1 23 2.96 2
Irritating

No Uncomfortable 0 3 21 2.88 4
Pressure/
Uncomfortable
Pressure

Intolerable/ 0 5 19 2.80 5
Tolerable

Tight/Loose 1 5 18 2.71 6

Not Bothersome/ 1 6 17 2.67 7
Bothersome

Stable on the 1 9 14 2.55 8
Head/Unstable
on the Head

Usable/Unusable 0 13 11 2.46 9

Balanced Fit/ 1 12 11 2.42 10
Unbalanced Fit

Easy to Apply/ 1 13 10 2.38 11
Difficult

to Apply



Table 27 (continued)

Subject-provided importance ratings for the twenty-six bipolar
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adjective scales used to rate the earmuffs.

Number of Responses for

Each Importance Rating

Mean of
Subject Overall
Bipolar Little/No Moderately Very Rating Importance
Descriptive Scale Importance Important Important Respomnses Ranking
(Value=1) (Value=2) (Value=3)
Unacceptable/ 3 10 11 2,33 12
Acceptable
Heavy/Light 2 14 8 2.25 13
Cumbersome/ 2 15 7 2.21 14(Tie)
Not Cumbersome
Difficult to 1 17 6 2.21 14
Adjust/Easy
to Adjust
Worthless/ 9 8 7 1.92 16
Valuable
Soft/Hard 8 12 4 1.84 17
Feeling of 9 11 4 1.79 18(Tie)
Complete
Isolation/
No Feeling of
Isolation
Flexible/Rigid 7 15 2 1.79 18
Bulky/Compact 6 18 0 1.75 20
Good/Bad 11 11 2 1.63 21
Smooth/Rough 14 7 3 1.55 22
Rugged/Delicate 13 9 2 1.54 23
Cold/Hot 17 7 0 1.29 24
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Table 27 (continued)

Subject-provided importance ratings for the twenty-six bipolar
adjective scales used to rate the earmuffs.

Number of Responses for
Each Importance Rating

Mean of
Subject Overall
Bipolar Little/No Moderately Very Rating Importance

Descriptive Scale Importance Important Important Responses Ranking
(Value=1) (Value=2) (Value=3)

Unattractive/ 20 4 0 1.17 25(Tie)
Attractive

Shallow/Deep 20 4 0 1.17 25
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Several observations may be made based on the results of the sub-
jects' importance ratings. The bipolar scale judged most important
was PAINFUL/PAINLESS, which was given a "very important” rating by all
subjects. The other most highly rated bipolar scales 1included the
following (in decreasing order of importance): UNCOMFORTABLE/ COMFOR~-
TABLE and NONIRRITATING/IRRITATING (tied for second), NO UNCOMFORTABLE
PRESSURE/UNCOMFORTABLE PRESSURE, INTOLERABLE/TOLERABLE, and TIGHT/
LOOSE. Interestingly, the seven most highly rated scales, in terms of
importance, were from the set of bipolar scales used to assess earmuff
comfort, as opposed to those used to assess acceptability. This
result provides evidence for the criticality of user comfort 1in form-
ing a person's general impressions of an earmuff, thereby influencing
its overall wearability and effectiveness, The acceptability-related
scale rated as most important was STABLE ON THE HEAD/UNSTABLE ON THE
HEAD, followed 1in decreasing order o importance by the USABLE/
UNUSABLE, EASY TO APPLY/DIFFICULT TO APPLY, UNACCEPTABLE/ACCEPTABLE,
and DIFFICULT TO ADJUST/EASY TO ADJUST scales.

The relationship between the importance ratings and the incor-
poration of scales into the CI and Al measures should be noted. The
six comfort-related scales rated as most important (with the exception
of UNCOMFORTABLE/COMFORTABLE) were also the six scales most highly
correlated with the UNCOMFORTABLE/COMFORTABLE scale. The only
comfort-related dimensions not Included in the CI were BALANCED
FIT/UNBALANCED FIT and COLD/HOT which were rated as-the seventh and

twelfth most important  comfort-related scales, respectively.
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Therefore, it would appear that the CI was generally successful in
tapping the subjects' most important feelings concerning earmuff
comfort.

The very close agreement between the Importance ratings and the
inclusion of comfort-related scales into the CI did not surface for
the inclusion of acceptability-related scales into the AIL. The STABLE
ON THE HEAD/UNSTABLE ON THE HEAD scale, although rated as the most
important acceptability-related scale (eighth overall) had the tenth
highest correlation with the UNACCEPTABLE/ACCEPTABLE scale (-0.17),
and was not included in the AIL. The most likely explanation for this
result 1is that, while the subjects considered the STABLE ON THE
HEAD/UNSTABLE ON THE HEAD bipolar scale important for expressing their
general feelings about a pair of earmuffs, this scale represented a
characteristic which the various earmuff configurations did not differ
with respect to. Thus, although the stability of an earmuff on the
head is very important to a user's general Impressions of the device,
perhaps the simulated work task was not strenuous enough to cause any
of the earmuffs to shift considerably on the subjects' heads. This is
further evidenced by the relatively small reductions in achieved
attenuation between pre~task and post-task conditioms. As a result,
stability ratings remained fairly constant between experimental condi-
tions and did not correlate well with acceptability ratings, which did
change across experimental conditions.

Similarly, the EASY TO APPLY/DIFFICULT TO APPLY scale, which was

rated as the third most important acceptability-related scale, was not
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incorporated in the AI due to its 1low correlation (~0.24) with the
UNACCEPTABLE/ACCEPTABLE scale. Since the overall design of each ear-
muff (with the exception of the headband compression force and cushion
type variables) and the same amount of application instruction/assis-
tance was provided during each experimental session, the earmuffs did
not actually differ with respect to ease of application, Therefore,
although the EASY TO APPLY/DIFFICULT TO APPLY scale was considered
important by the subjects, ratings on this dimension were steady
across conditions and again did not reflect changes 1n acceptability
which might have appeared due to other factors. This rationale could
also explain the exclusion of the BALANCED FIT/UNBALANCED . FIT scale
from the CI, despite its being rated as fairly important.

It was felt that the importance ratings were not precise enough
to provide a basis for weighting the user comfort and acceptability
scales in this research. However, the information to be gleaned from
these results 1is of considerable practical utility to future research
efforts related to earmuff comfort and user acceptance. For example,
these results could be used for guidance in selecting scale dimensions
to be included in metrics such as the CI and AI, to ald 1in developing
additional subjective measures of user comfort and acceptance, and
with further development, to provide a basis for weighting responses

to subjective ratings.
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Verbal Comfort Ratings

During performance of the simulated work task, the subject was
asked to verbally rate the comfort associated with his/her earmuff,
as 1t felt at particular points in time. Three separate verbal com-
fort ratings were recorded: at four, eight, and twelve minutes after
the beginning of the work task. At these times, the subject was pre-
sented with the following question via the tape deck and loudspeaker
system: "On a scale from one to seven, with one being uncomfortable
and seven being comfortable, how does the earmuff feel to you right
now"? Subject responses were recorded by the experimenter. Analysis
of the verbal comfort ratings was carried out with two primary objec-
tives in mind: (1) to track, over time, any changes in the subject's
perceptions of comfort which may have occurred during completion of
the simulated work task, and (2) to compare the subject's verbal com
fort ratings with the written responses to the UNCOMFORTABLE/COMFOR-
TABLE bipolar rating scale.

To track changes in the subject's verbal ratings over time, dif-
ferences between the ratings obtained four, eight, and twelve minutes
into the simulated work task‘ were Investigated by means of the chi-
square large sample approximation of the nonparametric Friedman one-
way block design (Hollander and Wolfe, 1973). As before, differences
between the three verbal ratings were investigated separately under
each headband compression. This was necessary to maintain indepen-

dence between trials, which would not have existed had the ratings
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from each of the subject's three trials (one associated with each
headband) been included in the same Friedman test. Subjects served as
the blocking factor with 24 levels.

Under each headband condition, the effect of time on the verbal
comfort rating was highly nonsignificant. Thus, no differences were
found between the ratings recorded four, eight, and twelve minutes
into the experimental task. For the high compression headband, the
result of the Friedman test was §(2) =0.17, p > 0.90. Similar
results were also found for the medium compression [s(2) = 1.26, »p>
0.50] and low compression [S(2) = 0.08, p > 0.95] headbands. The rank
sums associated with each verbal rating, as well as the results of
these comparisons are shown in Table 28.

The subject's verbal comfort ratings were also compared with the
written responses to the UNCOMFORTABLE/COMFORTABLE scale. In this
analysis, the influence of time was eliminated by comparing the mean
of the three verbal ratings with the mean of the pre- and post-
activity written ratings. Two-tailed comparisons were made, based on
the large sample normal approximation of the Wilcoxon matched-pairs
signed-ranks test for two related samples (Hollander and Wolfe, 1973;
Siegel, 1956). Once again, each subject served as his/her own match
and comparisons were made separately under each headband condition to
maintain independence between trials. For each headband compression,
the results of this comparison are shown in Table 29, With the high
compression headband, the effect of rating mode on the comfort rating

was found to be very highly significant, T(23) = 1.0, z = -4.17, p <
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Table 28

Results of the Friedman rank sum comparisons for the verbal responses
to the UNCOMFORTABLE/COMFORTABLE scale obtained after four, eight, and
twelve minutes of the simulated work task, under each headband
compression condition.*

Mean

Headband Response Time into task when
Compression Rating** Rank Sum rating was obtained#%%

High 4.4 45.5 12 minutes A

4.4 48.5 8 minutes A

4.5 50.0 4 minutes LA

Medium 3.0 45.0 12 minutes A

3.2 48.0 4 minutes A

3.3 - 51.0 8 minutes A

Low 3.0 47 .0 4 minutes A

3.0 48.0 12 minutes A

3.0 49.0 8 minutes A

%%

*k¥%

To maintain consistency with previously presented tables and
discussions, the directionality of the verbal UNCOMFORTABLE/
COMFORTABLE scale was reversed. Thus, the response interval at
the "comfortable” end of the scale was assigned a value of 1 and
the response interval at the "uncomfortable” end of the scale was
assigned a value of 7.

Mean response data are included for descriptive purposes only.
The range of possible comfort rating values was from 1 (most
comfortable) to 7 (least comfortable).

Rank sums with the same letter are not significantly different at
p < 0.05. Specific statistical levels achieved are discussed in
the text., A low rank sum indicates a more “comfortable"”

earmuff.
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Table 29

Results of the Wilcoxon matched-pairs signed-ranks comparisons for the
verbal and written responses to the UNCOMFORTABLE/COMFORTABLE scale,
under each headband compression condition.*

Sum of like-signed
ranks (verbal minus

Headband Mean Rating written response Rating

Compression Response¥* difference) ¥¥*x Mode*#¥¥*

High 4.4 positive 1.0 verbal A
5.7 negative  275.0 written B

Medium 3.2 positive 9.5 verbal A
4.3 negative 243.5 written B

Low 3.0 positive 20.5 verbal A
4.0 negative  232.5 written B

* To maintain consistency with previously presented tables and
discussions, the directionality of the verbal UNCOMFORTABLE/
COMFORTABLE scale was reversed. Thus, the response interval at
the "comfortable"” end of the scale was assigned a value of 1 and
the response interval at the "uncomfortable” end of the scale
was assigned a value of 7,

*% Mean response data are included for descriptive purposes only.
The range of possible comfort rating values was from 1 (most
comfortable) to 7 (least comfortable).

*%% The greater the difference between the sums of positive and
negative like~-signed ranks, the greater the disparity im comfort
rating responses. Positive rank sums which are smaller than
negative rank sums indicate greater comfort associated with
verbal ratings than written ratings.

*%%% Rating modes with the same letter are not significantly
different at p < 0.05. Specific statistical levels achieved are
discussed in the text.
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0.0001, with subjects rating the earmuffs as more comfortable in their
verbal ratings. While wearing the high compression headband, 22 of
the 24 subjects gave lower verbal (indicating greater comfort) than
written comfort ratings and one subject gave equal verbal and written
ratings. Only one subject gave 1lower mean written than verbal
ratings, with the numerical difference between these two means being
the smallest of all 23 untied pairs. Although not as extreme, similar
results were found with the medium compression [T(22) = 9.5, z =
-3.80, p < 0.001] and low compression [T(22) = 20.5, z = -3.47, p<
0.001] headbands. Under each headb;nd compression, the subjects’
verbal ratings indicated greater user comfort than did the written
responses to the UNCOMFORTABLE/COMFORTABLE scale.

Two possible explanations for the discrepancy between verbal and
written ratings merit discussion. The first possibility is that
simply asking the subject to rate the earmuffs with the
UNCOMFORTABLE/COMFORTABLE scale does not result in a measure which is
sensitive enough to accurately represent all aspects of user comfort,
The correlation analysis which was performed on the written rating
scales to comstruct the CI 1indicated that several earmuff features
contributed directly to the subject's perceptions of comfort. When
providing his/her written ratings, the subject was allowed enough time
for retrospection concerning these features. However, when rating the
earmuffs instantaneously, as did the subject when providing verbal
ratings, this retrospection was not possible, Thus, what resulted was

an insensitive, unidimensional measure of earmuff comfort which was
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unable to detect changes 1in the subject's perception of comfort over
time, and led to the difference between the verbal and written
ratings. When viewed in this vein, these results support the use of
multidimensional written measures of earmuff comfort, such as the CI,
which are obtained near the end of a wearing period, as opposed to
simply asking the userfwhether or not the device iIs comfortable.

A second possible explanation for the results of the verbal rat-
ings analysis concerns the amount of attention which the subject was
able to focus on the earmuff's comfort. The written ratings were per-
formed by the subject, who was seated and able to concentrate on the
discomfort experienced. However, in the verbal rating procedure, the
subject uttered ratings while 1in the busy process of completing the
simulated work task. As a result, the subject was not able to devote
full attention to rating the earmuff and may have been distracted from
the discomfort posed by the device. This would account for the
ratings of greater comfort which were given verbally, as well as the

absence of a reduction in verbal comfort ratings over the time

interval in which the experimental task was completed.



SUMMARY AND RECOMMENDATIONS FOR FUTURE RESEARCH

When viewed in combination, the results of the attenuation and
comfort/acceptability aspects of this research provide a clear illus-
tration of the tradeoff between attenuation and wearability which
exists 1in earmuff design. The delicate balance between HPD attenu-
ation and wuser comfort has been previously identified by a host of
existing 1literature (e.g., Berger, 1980b; Savich, 1981). In this
study, increased headband compression force was found to improve the
attenuation capabilities of the earmuffs but was also 1linked to
greater discomfort and poorer user acceptance. The results of this
study also indicate that moderate increases in headband compression
force do not greatly affect attenuation, user comfort, or accept-
ability. Nonetheless, more data are needed, as the relationship of
compression force (or alternatively cushion pressure) to noise protec-
tion and wearability has not been fully established. In particular,
data which pertain to a range of compression force values which lie
between the high and medium forces investigated in this study, and
forces which lie below the low compression force, are needed.

Although frequency—speéific attenuation differences were
revealed, foam and 1liquid-filled earcup cushions offered similar
broadband noise protection and were alsoc rated equally in terms of
user comfort and acceptability. However, this study investigated only
two specific cushion models. Variations within the general foam and

liquid cushion classifications, such as open-cell versus closed-cell
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foam cushions, and changes in the type or viscosity of the 1liquid in
fluid-filled cushions, may lead to differences in achieved attenuation
and subjective perceptions of comfort and acceptability. Thus, this
design attribute also warrants further research. In addition, the
influence of additional earmuff design attributes (e.g., headband
padding and cushion area) on attenuation, user comfort, and accep-
tability requires further study. In general, the benefits of design
changes which are introduced to 1increase an earmuff's noise attenu-
ating capabilities must be carefully weighed against the negative
influence which these changes may have on the wearability character-
istics of the device. The importance of this recommendation cannot be
overemphasized since, as previously discussed, the wearability of an
HPD determines 1its actual in~-workplace effectiveness by directly
influencing the amount of time and the manner in which it is worn.

The results of this study also demonstrate a significant effect
of work-related activity on achieved attenuation, particularly at low
frequencies. Although the reduction in attenuation between pre~ and
post-task conditions appears numerically small, the importance of this
effect should not be ignored. The fact that such a small numerical
difference was found to be highly significant with this small subject
sample 1is a testimony to the consistency with which this effect
occurred, despite the relatively low level of exertion required by the
simulated work task. Thus, workers who are employed in more
physically demanding positions and/or who must wear their earmuffs for

longer than the 1.25-hour period required in this research, may be
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expected to experlence greater reductions 1in noise protection. The
subject's work-related activity was also found to degrade both user
comfort and acceptability for the earmuffs with higher compression
headbands. As outlined in earlier discussions, the effect of this
factor on achieved attenuation is likely due to the slight shifting of
the protector during the subject's physical movement, while the
influence on user comfort and acceptability 1is probably due more to
the length of time the earmuff was worn. The prolonged wearing period
was an embedded influence within the subject work-related activity
factor, although the effects of physical movement and wearing time are
practically inseparable in actual in-workplace use.

Further research Investigating the effects of work-related
physical movement and prolonged wearing time on earmuff attenuation,
user comfort, and acceptability is alsoc needed. In particular, the
influence of different 1levels of physical activity, ranging from the
relativeiy light activities utilized in the present study to strenuous
activities (such as brisk walking, continuous talking, and heavy
lifting), need to be examined. A "no movement” condition should be
included so that the effects of wearing time and physical activities
on achieved attenuation and wearability can be distinguished from one
another. In addition, since longer periods of earmuff use than the
1.25 hours required in this study are common in industrial HPD use,
their effect should be 1investigated., With longer wearing periods,
attenuation and wearability measures could be obtained at several

intervals to track the influence of different lengths of time and
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varying amounts of physical activity, perhaps leading to a better
understanding of the critical levels of these factors. Finally, while
the isolated effects of wearing time and physical activity on noise
reduction, comfort, and acceptability need to be determined, evalu-
ation of these effects in combination with other attenuation and com
fort influences may also provide useful information. For instance, an
improperly donned or poorly maintained earmuff may be more susceptible
to degradations in attenuation and general wearability due to work-
related influences than one which is worn and maintained correctly.
The relationship between earmuff design attributes and suscep—
tibility to reductions in achleved attenuation due to work-related
influences also needs to be further explored. Although no interaction
was found between the subject's physical activities and the design
attributes included in this study, this result may not be duplicated
with more strenuous activity, longer wearing periods, different head-
band compression forces, or other earcup cushion models. The
relationship between physical activity and attenuation losses should
also be investigated for additional earmuff design attributes (e.g.,
weight and earcup volume), as well as for different HPD types, such as
inserts and ear canal caps. Furthermore, the effects of other work-
related influences, such as poor maintenance and improper
application/insertion, on achieved attenuation, user comfort, and
acceptability need to be ascertained so that the 1in-workplace

performance of HPDs may be more accurately determined.
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Through the continued application of effective human factors
research, those variables which influence HPD wearability and in-
workplace attenuation may be better understood. Thus, hearing pro-
tector design and implementation will ultimately benefit, resulting in
enhanced hearing conservation programs and a potential reduction in

the tragic 1incidence of mnoise-induced hearing loss among industrial

workers.
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Pre-Experimental Questionnaire

Name

Phone

Age

Sex

Have you ever worn a hearing protection device at work, home, or
elsewhere?

Yes No

If your response to question 1 was "yes," what was your reason for

wearing the hearing protection device?

Have you ever participated in an experiment which involved hearing
testing or the testing of hearing protection devices? This does
not include audiometric testing for medical purposes.

Yes No

Do you suffer from any of the following hearing disorders?
Tinnitus (Ringing in the ears)
Excessive ear wax
Allergies which affect your hearing

Other (please specify)
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SUBJECT'S INFORMED CONSENT

AUDITORY SYSTEMS LABORATORY-VA TECH
(HEARING PROTECTION DEVICE ATTENUATION TEST)

The purpose of this experiment 1is to 1investigate your hearing
ability in two conditions: 1) while wearing a hearing protector (ear-
muff) and 2) while your ears are uncovered. Your hearing will be
tested with very quiet pulsating tones played through a set of loud-
speakers. You will have to listen very carefully for these tones.
The tones will begin at a level which you can easily hear and
gradually decrease in loudness. . Just as soon as you can no longer
hear the pulsating tone, briefly depress the button on the hand
switch, then release the button. The process will be repeated.

No loud or harmful sounds will ever occur during the study. The
test will be conducted in a sound-proof booth with the experimenter
sitting outside. The door to the booth will be shut but not locked;
either you may open it from the inside or the experimenter may open it
from the outside. There is also an intercom system through which you
may communicate with the experimenter by simply talking. (There are
no buttons to push.)

There 1s no risk to your well-being posed by these hearing tests.
Also, realize that they are not designed to assess or diagnose any
physiological or anatomical hearing disorders. The test will only be
used to determine your hearing ability today.

As a participant in this experiment, you have certain rights, as
stated below. The purpose of this sheet is tc describe these rights
to you and to obtain your written consent to participate.

1) You have the right to discontinue participating in the study at
any time for any reason by simply informing a member of the
research team.,

2) You have the right to inspect your data and to withdraw it from
the experiment if you feel that you should. In general, data are
processed and analyzed after all subjects have completed the
experiment. Subsequently, all the data are treated anonymously
and confidentially. Therefore, if you wish to withdraw your data,
you must do so immediately after your participation i1s completed,
otherwise your name cannot be associated with your data.
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3) You have the right to be informed as to the general results of the
experiment. If you wish to receive a summary of the results,
include your address (three months hence) with your signature on
the last page of this form. If, after receiving the summary, you
would then 1like further information, please contact the Auditory
Systems Laboratory and a full report will be made available to
you: To avoid bilasing other potential subjects, you are requested
not to discuss the study with anyone until six months from now.

4) You may ask questions of the research team at any time prior to
data collection. All questions will be answered to your satis-
faction subject only to the constraint that an answer will not
prebias the outcome of the study. If bias would occur, with your
permission an answer will be delayed until after data collection,
at which time a full answer will be given.

Before you sign this form, please make sure that you understand,
to your complete satisfaction, the nature of the study and your rights
as a participant. If you have any questions, please ask them of the
experimenter at this time. Then if you decide to participate, please
sign your name below and provide your phone number so that you may be
contacted for scheduling.

I have read a description of this study and understand the nature
of the research and my rights as a participant. I hereby comsent to
participate, with the understanding that I may discontinue partici-
pation at any time if I choose to do so, being paid only for the
portion of time that I spend in the study.

Signature

Printed Name

Date

Phone
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The research team for this experiment consists of Mr. James
Grenell, a graduate student in IEOR, and Dr. John G. <Casall, Director
of the Auditory Systems Laboratory. They may be reached at the
following address and phone number:

Auditory Systems Laboratory
Room 538 Whittemore Hall
VPI&SU Blacksburg, VA 24061
(703) 961-7962

In addition, if you have detailed questions regarding your rights
as a participant in University research, you may contact the following
individual:

Mr. Charles Waring

Chairman, University Human Subjects Committee
301 Burruss Hall

VPI&SU

Blacksburg, VA 24061

(703) 961-5283

(PLEASE TEAR OFF AND KEEP THIS PAGE FOR FUTURE REFERENCE.)
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SUBJECT INSTRUCTIONS - EXPERIMENTAL TASK

During this experimental session you will be asked to com-
plete the simple task which is described below. After you
have read these instructions, performance of the task will
be demonstrated by the experimenter. If at that time, the
task remains unclear to you, please ask for further explana-
tion prior to the beginning of this experimental session.

You will be seated in a chair which is located directly in
front of a table upon which a set of shelves is placed. The
shelves are divided into ten sections numbered 3 through 12.
Two containers (A and B) will be located on the floor to your
left and right, respectively, and two containers (C and D)
will be similarly placed on the table top. Containers A, B
and C will each hold four index cards which are individually
numbered 1 through 4, while container D will hold paperclips.

You will be required to reach into containers A, B and C (in
that order), removing one card at a time from each, and
calling out (in a normal voice) the number which is printed
on each card. Then you will add the three numbers, call out
the sum, and with a paperclip obtained from container D, clip
the cards together. Finally, the stack of three cards must
be placed (not thrown) in the appropriate shelf section ac-
cording to the sum of the three numbers. This process will
continue until the four cards in containers A, B and C have
been removed. At this time you will be required to stand up,
walk across the room, and retrieve three additional stacks
of four index cards each to be placed in containers A, B and
C. You will then be reseated and continue the task. This
process will be repeated until all cards have been brought
across the room and sorted. A brief outline of these in-
structions will be taped to the table directly in front of
your chair, should you forget them during completion of the
task. »

As you are completing this task you will be presented with
taped auditory cues to pace your movements. Try to follow
this pacing as closely as possible. In addition to the
auditory cues, the tape will present you with several short,
simple questions or instructions at various times during the
task. For example, you may be asked to state your name or
to count out loud to seven. When these questions are pre-
sented, simply stop where you are and answer out loud (in
your normal speaking voice). When the auditory cues begin
again, resume the task at the same point where you left off.
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Some important points to remember during completion of the
above task include:

1.

Your chair, the four containers, and the shelves are lo-
cated in fixed positions and should not be moved, except
by the experimenter;

Please PLACE the index cards into their appropriate
places (do not throw them);

Auditory signals will be provided to pace your movements
and your completion of the task. You will not be judged,
scored, or rewarded according to your speed. Therefore,
please attempt to maintain, as closely as possible, the
pace which is established by these signals;

Please avoid any additional speech or head and body
movements beyond those necessary for completing the task;

Please avoid striking or bumping the earmuffs against the
side of the table or your chair; and most importantly,

DO NOT TOUCH OR ADJUST YOUR EARMUFFS UNTIL YOU ARE IN-
STRUCTED TO DO SO BY THE EXPERIMENTER.

The experimenter will now demonstrate this task. If,
following this demonstration, you still do not fully un-
derstand these instructions, please take the time to ask
questions before the beginning of the experimental ses-
sion.
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SUBJECT INSTRUCTIONS - ATTENUATION TESTS

Throughout this experimental session your hearing will be
tested several times both while you are wearing earmuffs
(occluded) and without the earmuffs in place (unoccluded).
During these tests you will be listening for a series of
pulsed tones which will be presented through four loudspeak-
ers at several different "pitches" ranging from a low bass
pitch to a high treble pitch. At each pitch, the pulsed tones
will begin at a level which is loud enough for you to hear.
The loudness of the tones will be decreased with each suc-
cessive tone, eventually reaching a level at which you will
no longer hear them. AS SOON AS you can no longer hear the
tones, press the subject response button for about one sec-
ond. Then prepare to listen for the next set of tones. The
pitch (frequency) of the tones will increase with each trial.

There are several important points to remember during these
hearing tests including:

1. Hats, eyeglasses, earrings, etc. may interfere with the
results of these hearing tests and should be removed
prior to the start of the experimental session. Chewing
gum and candy should be discarded.

2. Throughout these tests, you should remain seated with an
upright posture, facing straight ahead with your mouth
closed. Pay close attention and concentrate on hearing
the pulsed tones.

3. The experimenter will explain the fitting procedure and
will work with you to properly fit the earmuffs. To ob-
tain the desired fit, your cooperation and honesty is
needed.

4. ONCE THE EARMUFFS HAVE BEEN FIT, DO NOT ADJUST, TOUCH,
OR REFIT THEM UNTIL THE EXPERIMENTER INSTRUCTS YOU TO DO
SO!
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General Instructions for Hearing Protection Device Rating Scales

Throughout this experimental session you will be wearing earmuffs

designed for hearing protection in noisy industrial environments. At

two times during this session you will be asked to judge (or give your

impressions concerning) the earmuffs using a

rating scales.

on the basis of how the earmuffs feel TO YOU,

series

of descriptive

While rating the earmuffs, please make your judgements

at the point

in time

that you are providing the ratings.

Here is an example of how to use the rating scales:

If your impressions about how

the earmuffs

feel while wearing

them are VERY CLOSELY RELATED to one end of the scale, you should
place your check-mark as follows:
LIGHT X : : : : : : HEAVY
or
LIGHT : : : : : : X HEAVY
If your impressions about how the earmuffs feel while wearing

them are QUITE CLOSELY RELATED to one end of the scale (but not
extremely), you should place your check-mark as follows:
LIGHT X : : : : : HEAVY
or
LIGHT : : : : s X : HEAVY
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If your impressions about how the earmuffs feel while wearing
them are ONLY SLIGHTLY RELATED to one end of the scale (but are not

really neutral), then you should check as follows:

LIGHT : : X : : : HEAVY
or
LIGHT : : X : HEAVY

The direction toward which you check, of course, depends upon
which of the two ends of the scale seem most characteristic of the

earmuffs you are wearing, as they feel to you AT THAT POINT IN TIME.

If your impressions about how the earmuffs feel while wearing
them are NEUTRAL between the ends of the scale, or if you consider the
scale to be COMPLETELY IRRELEVANT, then you should place your check-

mark in the middle space as follows:

HEAVY

.o
.
»
.
[
.

LIGHT :

Note that the LIGHT/HEAVY scale item is just one example of those
that you will be given. There are actually 26 different scales on

which you will provide your ratings.
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IMPORTANT
1. Place your check-marks {(or X-marks) IN THE MIDDLE OF SPACES, not
on the boundaries:

This Not This

»~

LIGHT i X : : HEAVY

2. Be sure to check every scale —-DO NOT OMIT ANY SCALES.

3. Never put more than one check-mark on a single scale,.

4. 1IMPORTANT: Do not look back and forth through the rating scales.

MAKE EACH SCALE ITEM A  SEPARATE AND INDEPENDENT JUDGEMENT.

5. Work at fairly high speed through these ratings. Do not worry or
puzzle over individual items. It is your FIRST IMPRESSIONS, the
IMMEDIATE, ACCURATE FEELINGS about the earmuffs, that are needed.
On the other hand, please do not be careless, because your ACTUAL

and HONEST FEELINGS are necessary.
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While you are wearing the earmuff, please rate it on the follow-
ing descriptive scales, Remember not to touch or adjust your earmuff
during this phase of the experiment. Carefully read the adjectives at
the ends of each scale before making your rating. Be sure to make

your ratings based on how the earmuff feels to you right now, as you

are wearing it at this point in time. Give your 1immediate feelings
about the earmuff and do not base your judgements on any prior
ratings you may have been asked to give. Also, try to make your
rating on each descriptive scale independent of the other scales which
are présented on the following page. Finally, complete the scales in
the order in which they are presented, without looking back and forth

through the items.



SOFT

BALANCED FIT
CUMBERSOME
NONIRRITATING
HEAVY

TIGHT
UﬁCOMFORTABLE
COLD

NOT BOTHERSOME
PAINFUL

NO UNCOMFORT-
ABLE PRESSURE

SMOOTH

INTOLERABLE
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HARD
UNBALANCEDvFIT
NOT CUMBERSOME
IRRITATING
LIGHT

LOOSE
COMFORTABLE
HOT

BOTHERSOME
PAINLESS

UNCOMFORTABLE
PRESSURE

_ROUGH

TOLERABLE
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While you are wearing the earmuff, please provide your ratings on
the following descriptive scales. Remember not to touch or adjust
your earmuff during this phase of the experiment. Carefully read the
adjectives at the ends of each scale before making your rating. Be

sure to make your ratings based on your attitudes and impressiomns

about the earmuff itself and its design features as they are at this

point in time. Give your immediate feelings about the earmuff and do
not base your judgements on any prior ratings you may have been asked
to give. Also, try to make vyour rating on each descriptive scale
independent of the other scales which ére presented on the following
page. Finally, complete the scales in the order 1in which they are

presented, without looking back and forth through the items.



EASY TO APPLY
WORTHLESS
UNACCEPTABLE
BULKY

STABLE

(ON YOUR HEAD)
GOOD
UNATTRACTIVE
RUGGED
DIFFICULT TO
ADJUST

USABLE
FEELING OF
COMPLETE ISOLATION

FLEXIBLE

SHALLOW
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DIFFICULT

TO APPLY
VALUABLE
ACCEPTABLE
COMPACT
UNSTABLE

(ON YOUR HEAD)
BAD
ATTRACTIVE
DELICATE

EASY TO
ADJUST
UNUSABLE

NO FEELING OF
ISOLATION

RIGID

DEEP
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OUTLINED INSTRUCTIONS - EXPERIMENTAL TASK

Remove a (one) card from container A and call out (in

normal speaking voice) the number on the card;
Remove one card from B and call out the number:
Remove one card from C and call out the number;
Add the numbers from A, B and C and call out the sum;
Remove one paperclip from D and paperclip the cards;

PLACE the stack of cards in the appropriate shelf sec-

tion;

When containers A, B and C are empty, obtain more cards

from across the room and continue.
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SUBJECT INSTRUCTIONS
DESCRIPTIVE SCALE IMPORTANCE RATINGS

Now that you have completed the three experimental sessions,
we would like you to indicate the importance of each of the
26 descriptive scales used in this study to your general
feelings about a pair of earmuffs. You will be given a stack
of index cards upon which the descriptive scales have been
typed. Please separate these cards into three groups; those
which you feel are VERY IMPORTANT to your general feelings
about a pair of earmuffs, those which you feel are MODERATELY
IMPORTANT to your general feelings about a pair of earmuffs,
and those which you feel have LITTLE OR NO IMPORTANCE in de-
termining your general feelings about a pair of earmuffs.

*kkkNOTE ** %
There DO NOT have to be an equal number of cards in each
category. Please judge each card separately.
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