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The aim of the study was to assess the hearing threshold levels (HTLs) in employees exposed to noise
generated by low-frequency ultrasonic technological equipment in comparison with the HTLs of workers
exposed to audible noise at the similar A-weighted equivalent-continuous sound pressure level.
The study includes measurements of ultrasonic and audible noise at workplaces and hearing tests,

i.e. conventional pure-tone audiometry and extended high-frequency audiometry. The study group com-
prised 90 workers, aged 41.4±10.0 years (mean±SD), exposed for 17.3±9.8 years to noise generated by
ultrasonic devices at mean daily noise exposure level (〈LEX,8h〉) of 80.6±2.9 dB. The reference group con-
sists of 156 subjects, exposed to industrial noise (without ultrasonic components) at similar A-weighted
equivalent-continuous sound pressure level (〈LEX,8h〉 = 81.8±2.7 dB), adjusted according to age (39.8±7.7
years), gender and job seniority (14.0±7.0 years). This group was selected from database collected in the
Nofer Institute of Occupational Medicine. Audiometric hearing threshold levels in the frequency range of
0.5–6 kHz were similar in both groups, but in the frequency range of 8–12.5 kHz they were higher in the
group of employees exposed to ultrasonic noise.
The findings suggest that differences in the hearing threshold (at high frequencies) in analyzed groups

may be due to differences in spectral composition of noise and show the need to continue the undertaken
studies.
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1. Introduction

Ultrasound is acoustic vibrations with frequen-
cies above 16 kHz. Depending on the frequency, there
are different methods for their generation, their uses
and mechanisms of influence on living organisms vary,
which implies division into low-frequency ultrasound
(below 100 kHz) and high-frequency ultrasound (above
100 kHz). Low-frequency ultrasound (below 40 kHz)
propagating in air and high-frequency audible sounds
(above 10 kHz) are referred to as ultrasonic noise
(Pawlaczyk-Łuszczyńska et al., 2001a).
There is a constant interest in the application

of technologies based on low-frequency ultrasound in
medicine and industry. Furthermore, there are many
machines unintentionally generating noise in the fre-
quency range 10–40 kHz.
The study of ultrasonic noise impact (low-frequen-

cy airborne ultrasound) on the human body began

in the 40s and 50s together with the introduction
of industrial devices using ultrasonic energy of low
frequencies. In those times research reported com-
plaints such as headaches and dizziness, excessive fa-
tigue and weakness, nausea, vomiting, feeling of full-
ness in the ears and impaired neuromuscular coordina-
tion reported by the personnel operating such devices.
During that period, a group of the aforementioned clin-
ical symptoms of autonomic dysfunction was described
as “ultrasonic disease”. However, the term is no longer
in use.
Generally, interest in the impact of low-frequency

ultrasonic noise lasted almost to the mid-80s. Later
much less attention was paid to this issue (Acton,
Hill, 1977; Grzesik, Pluta, 1983; 1986; Pawla-
czyk-Łuszczyńska et al., 2001a). A review of cur-
rent state of knowledge on the influence of ultra-
sonic noise on humans has been recently presented by
Smagowska and Pawlaczyk-Łuszczyńska (2013).
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The first proposals of occupational exposure lim-
its for ultrasonic noise were prepared by individual re-
searchers at the turn of the 60s and 70s (Acton, Hill,
1977). They were based on two fundamental assump-
tions. First of all – high-frequency audible components
(10–20 kHz) can cause nuisance, tinnitus, headaches,
fatigue and nausea. Secondly – the high-level ultra-
sonic component (above 20 kHz) may cause hearing
damage. Thus, the limit values were set at such a level
which would prevent any subjective or auditory ef-
fects in any exposed individuals (Acton, Hill, 1977),
(Pawlaczyk-Łuszczyńska et al., 2001a).
So far the European Union has not established spe-

cial regulations on ultrasonic noise (low-frequency air-
borne ultrasound), though for more than twenty years
protection against the negative effects of occupational
exposure to noise has been one of the priority actions
in the field of safety, hygiene and health in the work-
place. Such rules are applied in some European coun-
tries e.g. Sweden as well as in the US, Canada, Russia
and Japan (Lawton, 2001) (see Fig. 1). Recommenda-
tions for methods of measuring ultrasonic noise include
international standard ISO 9612:1997.

Fig. 1. The ranges of values of the maximum permissible
levels applied in different countries (gray bars show ranges
of sound pressure level) and the Polish maximum admissi-
ble intensity (PMAI) values. Lf,max is a maximum sound
pressure level in the 1/3-octave frequency bands (dotted
line) and Lf,eq,8h is an equivalent-continuous sound pres-
sure level normalized to nominal 8-hour working day in

one-third-octave frequency bands (solid line).

In Poland, the first proposals of hygienic standards
on ultrasonic noise were prepared in the late 70s, but
ultrasonic noise was introduced to the list of the harm-
ful hazards in the work environment with maximum
admissible intensity (MAI) values in 1989, while Polish
Standard (PN-86/N-01321) was developed in 1986. In
2001, the MAI values on ultrasonic noise were amended
and those changes are still valid (Ordinance by the
Minister of Labor and Social Policy, 2014) (see Fig. 1).
The aim of this study was to assess the hearing

status of employees exposed to noise generated by low-
frequency ultrasonic technological equipment in com-
parison with the hearing status of workers exposed to

audible noise at the similar A-weighted sound pressure
level and hearing status in appropriate non-exposed to
noise population.

2. Study design

2.1. Noise exposure

In order to identify workplaces with exposure to au-
dible and ultrasonic noise, the measurements of a) the
equivalent-continuous A-weighted sound pressure le-
vel (SPL), b) maximum A-weighted SPL, c) peak C-
weighted SPL, d) equivalent-continuous and maximum
SPLs in 1/3-octave bands in the frequency range from
0.020 to 40 kHz, were carried out. These measure-
ments were performed taking into account the mea-
surement procedure for ultrasonic noise (Pawlaczyk-
Łuszczyńska et al., 2001b) and recommendation of
the Polish Standards (PN-N-01307:1994 and PN-EN
ISO 9612:2011) on the assessment of occupational ex-
posure to (audible) noise. Generally, the noise mea-
surements were performed in 12 various factories.

2.2. Hearing status

Usually, due to the specificity of technological pro-
cesses and work organization, it is not possible to find
workers who were exposed exclusively to ultrasonic
noise. Thus, the study group comprised 90 workers ex-
posed both to ultrasonic noise and audible noise.
The majority of examined work posts (48 from

70) were located in four factories where ultrasonic
welders and welding automats were used. Thus, hear-
ing tests and questionnaire surveys were carried out
among workers of these factories.
Their hearing status was examined using pure-tone

audiometry (0.5–8 kHz) and extended high-frequency
(EHF) audiometry in the frequency range of up to
16 kHz. Hearing thresholds for the conventional fre-
quencies (0.5 to 8 kHz) were obtained using clini-
cal audiometer (Audio 4002, Videomed Smart So-
lution, Poland) and supra-aural headphones with
sound-excluding earcups (Holmco P-81, Holmberg
GMBH&CO. KG Electroacoustik, Germany). Pure-
tone hearing thresholds at EHFs were determined us-
ing the same audiometer with the Sennheiser HDA
200 earphones (Sennheiser Co, Germany) with sound-
excluding earcups. Hearing tests were carried out in
quiet rooms where the background noise did not ex-
ceed 30 dB(A).
Additionally, all workers were interviewed using

a questionnaire developed by the authors of this arti-
cle to collect information on their age, education, and
work history as well as past and present exposure to
ultrasonic and audible noise.
The individual exposure to ultrasonic noise and the

audible noise in the course of occupational activity was
determined based on the questionnaire data and noise
measurement results.
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The individual exposure to ultrasonic noise was
characterized by the equivalent-continuous sound pres-
sure levels normalized to nominal 8-hour working day
in 1/3-octave frequency bands (Lf,eq,8h in dB) ex-
pressed as an energy mean of ultrasonic noise expo-
sures at different work posts where subjects worked
in current workplaces. The audible noise was charac-
terized by noise exposure level normalized to nominal
8-hour working day averaged over the whole period
of exposure to noise (〈LEX,8h〉). To obtain more accu-
rate assessment of exposure to audible noise, the work
stands without exposure to ultrasonic noise were also
taken into account.
Additional measure useful for selection of reference

group was a total noise immission level LIM (calcu-
lated using the following formula: LIM = 〈LEX,8h〉 +
10 · log(T/T0), where T is the length of exposure in
years and T0 is a period of one year).
The reference group consisted of 156 subjects ex-

posed to industrial noise (without ultrasonic compo-
nents) adjusted according to age, gender, internship
and averaged daily noise exposure level (〈LEX,8h〉).
This group was selected from database collected in the
Nofer Institute of Occupational Medicine. The afore-
said database contained the results of previous research
on the hearing status in people occupationally exposed
to noise, including audiometric hearing threshold levels
up to 16 kHz. Data on subjects’ age, gender and expo-
sure to noise were used to select an appropriate re-
ference group. Characteristics of the study and the
reference group are summarized in Table 1.

Table 1. Characteristics of the study and the reference
groups (〈LEX,8h〉 is the noise exposure level normalized to
nominal 8-hour working day averaged by whole period of
exposure to noise and LIM is the total noise imission level).

Study group
exposed
to ultrasonic
and audible noise

Reference
group exposed
to audible
noise

Mean ± standard deviation

Age [years] 41.9±10.0 39.8±7.7

Length of work [years] 17.3±9.8 14.0±7.3

LEX,8h [dB] 80.6±2.9 81.8±2.7

LIM [dB] 92.1±15.3 92.5±10.4

Furthermore, distributions of hearing threshold lev-
els in appropriate non-noise exposed population were
calculated up to 8 kHz according to PN-EN ISO
7029:2004, while median values above 8 kHz – accord-
ing to (Jilek et al., 2014).

3. Results

3.1. Noise exposure

The noise measurements in our study involved 70
work posts in 12 factories. About 500 samples of ul-

trasonic noise and 280 samples of audible noise were
collected. The results of SPL measurements at all ex-
amined work posts are presented in Tables 2–3 and
Fig 2. Generally, the exceeding of the PMAI values for
the ultrasonic noise was found in approx. 35% of cases,
and for the audible noise in about 23% of cases.
Figure 3 presents sound pressure levels in 1/3-

octave bands (in the frequency range from 10 to
40 kHz) generated by welders from selected four facto-
ries, while Table 4 shows noise exposure levels LEX,8h

in workers’ under study (from these factories).

Fig. 2. Frequency spectrum of the audible noise at all exam-
ined work posts with low-frequency ultrasonic technologi-
cal equipment. Bars show ranges between 10th percentiles
and medians (marked in dark gray) or medians and 90th
percentiles (marked in light gray) of the statistical distribu-
tion of sound pressure levels at 1/3 octave frequency bands.
Black lines present Polish maximum admissible intensity
values (PMAI) for ultrasonic noise (in the frequency range
of 10–20 kHz) and audible noise (LEX,8h = 85 dB).

Fig. 3. Sound pressure level of the ultrasonic noise gen-
erated by the ultrasonic welding devices. Data concerns
four factories where hearing tests and questionnaire sur-
veys were performed. Bars show ranges between maximums
and medians (marked in dark gray) or medians and mini-
mums (marked in light gray) of the statistical distribution
of sound pressure levels in the 1/3-octave frequency bands.
Black line shows Polish maximum admissible intensity val-
ues of the equivalent-continuous sound pressure levels nor-
malized to nominal 8-hour working day in 1/3-octave fre-

quency bands (Lf,eq,8h (PMAI)).



202 Archives of Acoustics – Volume 42, Number 2, 2017

Table 2. The equivalent-continuous sound pressure levels (SPLs) normalized to nominal 8-hour working day and the
maximum SPLs of ultrasonic noise generated by different low-frequencies ultrasonic technological equipment categorized
into groups with respect to operating frequency. SPLs exceeding the Polish maximum admissible intensity values(PMAI)

are marked in bold. Results concern all examined work posts.

Median of the equivalent-continuous normalized to nominal 8-hour working day/maximum sound pressure levels
normalized to nominal 8-hour working day in 1/3-octave frequency bands, Lf,eq,8h/Lf,max [dB]

1/3-octave frequency bands, f [kHz] 10 12.5 16 20 25 31.5 40

Ultrasonic cutters/20 kHz 54.5/68.4 55.6/68.7 74.1/87.0 93.2/106.4 75.5/89.0 57.7/70.6 70.9/84.7

Other devices∗/25 kHz 60.7/83.5 61.2/82.7 60.8/89,5 60.6/83.0 62.5/84.1 62.0/83.6 61.1/82.0

Other devices∗/31.5 kHz 68.5/79.2 69.5/80.3 70.8/80.6 72.6/83.6 74.0/87.9 74.2/92.5 71.3/82.7

Washers/20 kHz 53.6/61.0 51.1/57.8 69.9/76.4 76.1/83.7 55.0/61.6 48.4/55.2 53.5/58.1

Washers/31.5 kHz 55.4/67.4 63.0/70.3 70.4/83.3 64.2/77.4 68.4/78.8 89.0/99.7 72.8/87.4

Washers/40 kHz 49.3/63.8 50.5/65.2 57.8/72.1 67.6/81.1 56.1/70.3 67.7/83.1 86.2/101.6

Welders∗∗/20 kHz 65.4/75.9 64.5/74.9 77.0/88.4 94.6/106.6 72.9/89.0 67.3/84.0 78.3/95.4

Welders∗∗/31.5 kHz 65.2/71.0 63.8/71.8 66.0/80.6 68.0/81.4 77.9/93.3 102.5/119.1 99.9/116.0

Welders∗∗/40 kHz 63.5/74.5 63.2/73.1 64.7/74.2 78.7/87.4 64.2/80.6 79.9/97.4 100.3/118.8

Machines for textiles processing 67.1/77.7 74.7/82.9 93.4/101.5 110.5/120.5 91.9/102.9 78.7/88.5 94.9/104.9

Polish (PMAI) values; Lf,eq,8h/Lf,max 80/100 80/100 80/100 90/110 105/125 110/130 110/130
∗ pest repellers, washers, ultrasonic cutters and scissors,
∗∗ welders and welding automats.

Table 3. Summary results of noise measurements at all
examined work posts together with Polish maximum ad-
missible intensity (PMAI) values for audible noise accord-
ing to the Ordinance by the Minister of Labour and So-
cial Policy (2014). (LCpeak, LAmax, LAeq are C-weighted
peak, A-weighted maximum and A-weighted equivalent-
continuous sound pressure levels, LEX,8h is noise exposure
level normalized to a nominal 8-hour working day).

Sound pressure level [dB] LCpeak LAmax LAeq

Minimum 80.6 64.0 62.6

Median 104.8 84.6 78.0

90th Percentile 112.0 101.5 96.1

Maximum 117.9 107.3 104.0

PMAI values 135.0 115.0 LEX,8h = 85

Table 4. Noise exposure level normalized to a nominal
8-hour working day averaged by the whole period of expo-
sure to noise (〈LEX,8h〉) at work posts occupied by workers
who were exposed to ultrasonic and audible noise. Data

concerns only study group.

Sources of ultrasonic and audible noise 〈LEX,8h〉

[dB]

Welding automats 80.8

Welding automats and carving presses 1st 80.7

Welding automats and carving presses 2nd 81.1

Welders and carving presses 80.1

Welders and welding automats 80.4

Welders, extruders and other devices gene-
rating audible noise

80.8

Ultrasonic machines for textiles processing 86.4

3.2. Hearing status

The results of pure-tone audiometry and extended-
high frequency audiometry (Figs. 4 and 5) of employ-
ees from the study group (exposed to ultrasonic and
audible noise) were compared to the hearing thresh-
olds of employees from the reference group (exposed
to audible noise). Medians of hearing thresholds in the
frequency range 0.5–6 kHz were similar in both groups,
but in the frequency range 8–14 kHz medians of hear-
ing thresholds were higher (worse) in the study group
than in the reference group. The differences were sta-
tistically significant at 8 and 12.5 kHz (Student t-test
or U Mann-Whitney as necessary with the assumed
significance level p = 0.05).

Fig. 4. Hearing thresholds in study group (exposed to ultra-
sonic and audible noise – marked in black) and reference
group (exposed exclusively to audible noise – marked in
gray). Percentiles of hearing threshold level distributions
at different audiometric frequencies are marked with trian-
gles or squares (50th), bars (25th and 75th) and whiskers

(10th and 90th).
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Fig. 5. Hearing threshold in study group (exposed to ultra-
sonic and audible noise – marked in black) and reference
group (exposed exclusively to audible noise – marked in
gray). Percentiles of hearing threshold distribution at dif-
ferent audiometric frequencies are marked with triangles or
squares (50th) and whiskers (10th and 90th). Percentiles of
statistical distribution of hearing thresholds in appropri-
ate non-exposed to noise population, according to PN-EN
ISO 7029:2004 and approximation according to Jilek et al.
(2014) at frequencies above 8 kHz where marked with dot-
ted line for 50th percentile and with dashed lines for 10th

and 90th percentiles.

4. Discussion

Investigated low-frequency ultrasonic technologi-
cal equipment was designed for various purposes, and
therefore the ultrasonic noise generated by it had dif-
ferent sound pressure levels and different spectral com-
position. Work posts equipped with various types of
ultrasonic welding devices were the most common and
in these workplaces the ultrasonic noise levels were the
highest.
In this study the hearing threshold levels in op-

erators of welding devices were compared to both
reference group exposed to audible noise (at simi-
lar A-weighted equivalent-continuous sound pressu-
re level) and non-exposed populations according to
PN-EN ISO 7029:2004 and (Jilek et al., 2014).
It should be noted that for selection of the reference

group, the assessment of noise exposure of individual
employees is important. When assessing the noise ex-
posure level normalized to nominal 8-hour working day
averaged over the whole period of employment, there
is a problem connected with information on details of
employment in conditions of exposure to noise in the
course of earlier employment. Additionally, a lack of
detailed information on the use of personal hearing
protection devices may affect the outcome.
Workers involved in this study were exposed to au-

dible noise at relatively low levels, i.e. at 〈LEX,8h〉 =
80.6 dB in case of group exposed to ultrasonic and au-
dible noise, and 〈LEX,8h〉 = 81.8 dB in case of reference
group (Table 1). Therefore, relative small permanent
hearing threshold shifts were found up to 6 kHz in both

groups. Furthermore, in this frequency range hearing
thresholds in both groups were similar (Fig. 4). At
8 kHz hearing thresholds in the group exposed to audi-
ble noise were similar to those in the non-exposed pop-
ulation according to PN-EN ISO 7029:2004 (Fig. 5).
Similar effect can be seen at 10–11.2 kHz. This may be
related to the fact that at high frequencies, age-related
adverse auditory effects predominate over those which
were induced by audible noise (e.g. Macca et al.,
2015).
Hearing thresholds in the group exposed to ul-

trasonic and audible noise at higher frequencies were
higher (statistically significant differences at 8 and
12.5 kHz) and there is a systematic increase in the
threshold of hearing of people exposed to audible and
ultrasonic noise which can be seen at high-frequencies
above 8 kHz (Fig. 4). Even at 9 kHz, the shape of dis-
tribution suggests that mean threshold level of this
group is also higher.
Similar values of hearing thresholds at 16 kHz in

both groups are due to age. With age, the upper range
of audible frequencies decreases and in people around
the age of 40, it is about 15.5–16 kHz. Lawton (2001)
shows that only 10% of the 40 year old population can
hear sounds at frequencies higher than 15 kHz.
The similarity of hearing threshold at 14 kHz in

group exposed to ultrasonic and audible noise and ap-
proximation by Jilek et al. (2014) may be associated
with the selection of study group. This approximation
was based on data from group comprising compara-
ble numbers of women and men. The ratio of num-
ber of women to number of men was 1.2, while in our
study group this ratio was equal to 2. The approxima-
tion in the Fig. 5 does not depend on gender at ex-
tended high frequencies. Jilek et al. (2014) reported
that many participants of their study had a significant
4 kHz notch which shows that they had been exposed
to noise. This, in turn, means that their study group
was not selected from highly screened population.
Ahmed et al. (2001) and Somma et al. (2008) sug-

gested that hearing at high frequency might be more
sensitive to adverse noise-induced effects, particularly
for younger groups. However, due to the given age and
similar exposure to audible noise in both groups,
and additional exposure to ultrasonic noise present
only in one of them, it seems that additional exposure
to ultrasonic noise is the reason for this difference. Sim-
ilar results were obtained in previous studies. Grzesik
and Pluta (1983, 1986) observed additional hearing
loss at range of 14 to 17 kHz in workers exposed to
ultrasonic noise in comparison to workers exposed
to audible noise, which might have been caused by
different frequency characteristic of noise. It seemed
that the higher the hearing frequency, the higher the
susceptibility to high-frequency noise.
The study presented by Macca et al. (2015)

showed statistically greater hearing deterioration at



204 Archives of Acoustics – Volume 42, Number 2, 2017

high frequencies (10 to 14 kHz) in group exposed to
ultrasonic noise in comparison to group exposed to au-
dible noise. This difference increases with age and pe-
riod of work in exposure.

5. Conclusions

Hearing status of workers exposed to ultrasonic
noise and audible noise is worse than hearing status
of workers exposed exclusively to audible noise of sim-
ilar A-weighted sound pressure levels.
Audiometric hearing thresholds in the frequency

range 0.5–6 kHz were similar in the study and refer-
ence groups, but in the frequency range of 8–12 kHz
were higher (worse) in the group of employees exposed
to noise generated by the low-frequencies ultrasonic
welding devices.
The preliminary analysis of the results of hear-

ing research in both groups suggests that differences
in hearing thresholds (at extended high frequencies) in
the compared groups may result from differences in the
spectral composition of the noise and support the need
for further research.
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