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This investigation was undertaken primarily to examine the possibility of hearing damage from industrial
ultrasonic equipment. In the factory concerned, ultrasonic washers and drills were used at a number of
different locations, and girls working 12 ft (3.6 m.) away from one bank of three small washers complained
of unpleasant subjective effects which included fatigue, persistent headaches, nausea, and tinnitus.
As personnel working in the vicinity of similar washers in other parts of the factory did not complain of

these effects, it seemed possible that the noise had been transmitted along a column of air in a bank of dry-
boxes. Enclosure of these washers by a sliding screen of Perspex had completely abated the trouble.
Sound pressure level measurements taken in the positions occupied by the operators indicated that,

when these effects occur, they are probably caused by high sound levels at the upper audio-frequencies
present with the ultrasonic noise, and this was supported by a limited laboratory investigation.
Audiometric investigation showed that hearing damage due to noise from these industrial ultrasonic
devices is unlikely. However, extrapolations of currently accepted hearing damage risk criteria may be
valid in predicting the occurrence of these subjective effects.

Ultrasonic devices are now widely employed in
industry for a variety of processes including drilling,
washing, welding plastics, and mixing liquids, and
sources of airborne ultrasonic energy are also used
for rodent control. Ultrasound is defined as sound
at frequencies above those audible to man, and it is
assumed that most normal adults cannot hear sounds
at frequencies above i6 to i8 kc/s. Relatively low
ultrasonic frequencies are generally employed for
mechanical reasons (Rosenberg, I965), and most of
the machines encountered in this study operated at
20 kc/s with the exception of two small laboratory
washers which employed i6 kc/s. (Although these
are referred to as ultrasonic washers, i6 kc/s is, in
fact, in the normal audible range.) Cleaning is done
in aqueous solutions and drilling uses an aqueous
suspension of abrasive powder, and both these
operations are accompanied by the phenomenon of
'cavitation'. This is thought to involve the formation
of bubbles of gas previously held in solution around
nuclei, for example the abrasive particles in suspen-
sion or objects being cleaned. The bubbles grow
until they reach a resonant size when they oscillate
with an increasing amplitude until they implode.
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This process is accompanied by the generation of
high levels of random noise in the upper part of the
audible frequency spectrum (Hughes, I965).

Ultrasonic frequencies used in medicine for cell
destruction are generally in the range of I tO 5
Mc/s and are not within the scope of the present
investigation.
When jet aircraft were introduced, the term

'ultrasonic sickness' was coined (Davis, I948;
Parrack, I952) to cover a complex of symptoms
which included excessive fatigue, headache, nausea,
vomiting, etc., exhibited by personnel working in
their vicinity. Allen, Frings, and Rudnick (I948)
observed a loss of the sense of equilibrium or slight
dizziness on exposure to intense (i6o to i65 dB),
high-frequency, audible sound, and unsteadiness
and dizziness have been reported (Dickson and
Watson, 1959; Dickson and Chadwick, I95I) in
personnel exposed without ear defenders and at close
range to the noise from the air intake of jet engines.
The latter authors suggest that this might be due to
vestibular disturbances caused by intense acoustic
stimulation. In any case, published analyses of jet
engine noise show that radiated airborne ultrasound
is not present at significant intensities. As ultrasonic
frequencies are rapidly absorbed by air, intense
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ultrasound would only be encountered in regions
where approach was normally barred by safety
considerations (Guignard, I965).

Davis, Parrack, and Eldredge (I949) had stated
that there was no evidence that airborne ultrasonics
themselves constituted a hazard to the hearing, and,
in general, high intensities of audible noise were
potentially more hazardous. Parrack (1952) con-
cluded that there was no hazard from laboratory
sources of airborne ultrasonic frequencies, but
Crawford (I955) reported that the original laboratory
workers had suffered unusual fatigue, loss of
equilibrium, nausea, and headaches which persisted
after the exposure had ceased, and 'some loss of
hearing in the upper audible frequencies' although
this was not substantiated by audiometry and was
probably a purely subjective observation.

Skillern (I965) attempted to correlate subjective
effects, which included headaches, nausea, fatigue,
and even auditory pain, with the levels found in the
vicinity of industrial ultrasonic machines and
concluded that the ear was sensitive to a narrow
band of frequencies centred on 25 kc/s. Parrack
(I966) reported temporary threshold shifts only at
subharmonics as a result of five-minute exposures
to discrete frequencies in the range 17 to 37 kc/s at
levels of 148 to 154 dB. Recovery from these shifts
was rapid and no residual permanent threshold
shifts were observed. No subjective effects as a
result of these exposures were mentioned.
The present investigation was undertaken at the

instigation of one of us (M.B.C.) to examine the
possibility of hearing damage from industrial
ultrasonic equipment. In the factory concerned,
ultrasonic washers and drills were used at a number
of different locations. One group of girls, working
on a line of dry-boxes some 12 ft (3-6 m.) from a
bank of three small washers, complained of fatigue,
headaches, nausea, and tinnitus, but enclosure of
these washers had completely relieved the symp-
toms. This was essentially a three-part investigation.
First, the sound fields in the positions normally
occupied by the operators were measured and the
levels were compared with the subjective effects
already mentioned. Secondly, the exposed personnel
were examined audiometrically before and after
exposure, it being assumed that any potential
hearing hazard would produce a temporary thresh-
old shift during a working day. Although there was
no apparent theoretical reason why hearing damage
should occur due to exposure to the frequencies
encountered, some high-frequency hearing loss
had been mentioned in the literature, and, in
view of the symptoms of tinnitus, it was con-
sidered worth while to investigate this possibility.

Finally, the subjective data were further con-
firmed under controlled laboratory conditions by
exposing three subjects to a range of frequencies
above i6 kc/s at sound pressure levels up to I13 dB.

Noise Measurement

The sound pressure levels were measured, at
positions normally occupied by the machine
operator's head, using a Bruel and Kjaer i-in.
condenser microphone (type 4I35) coupled to a
spectrometer (type 2I12). This enabled a one-third
octave band analysis to be made up to, and including,
the band centred on 40 kc/s. Detailed measure-
ments were not made below 6-3 kc/s as the overall
sound pressure level throughout the plant was of
the order of 8o dB(A), and this is below the level
normally taken as the hearing damage risk criterion
(Acton, I967).

Subjective Effects

Although I2 machines were involved, they may
be conveniently considered in three groups:
(i) drills operating at 20 kc/s; (2) small laboratory
washers operating at i6 kc/s (with an ultrasonic
harmonic at 32 kc/s); and (3) washers operating at
20 kc/s.

Six ultrasonic drills operating at 20 kc/s were in
use, and these were grouped in pairs. The levels
measured at the operating positions for these pairs
of machines are shown in Figure i. No complaints
were volunteered by the operators of the drills, who
were all men, but the authors themselves experi-
enced a persistent ringing in the head and an
unpleasant sensation of 'fullness' of the ears from
the noise which was clearly audible yet not very
loud, but they were not exposed for sufficiently long
periods for the other symptoms to become manifest.
Two small laboratory-type washers were also in

use operating at a frequency of i6 kc/s, with an
ultrasonic harmonic at 32 kc/s. Although no actual
complaints were volunteered by the women
operators of these washers, the authors experienced
a piercing, almost painful whistle, and the general
subjective effects, although not persistent, were
rather more unpleasant than those experienced in
the vicinity of the drills and larger washers. An
average of the readings taken at the operating
position for these washers is shown as the dotted
line in Figure 2.
The final group of machines to be considered

consisted of a bank of washers operating under an
extractor hood. The mean of readings taken at
positions normally occupied by the operator is
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FIG. I. One-third octave band analyses of noise from
ultrasonic drills.
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FIG. 2. One-third octave band analyses of noise from
ultrasonic washers.

FIG. 3. Enclosure around ultrasonic washers.
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shown as the solid line in Figure 2. The operators
of these machines, who were predominantly
women, complained of fatigue, headaches, tinnitus,
and nausea, the headaches persisting for several
hours after exposure had ceased. The authors
themselves experienced the same subjective effects
as occurred in the vicinity of the drills, but to a
somewhat greater degree.
The noise was also transmitted along a column of

air in a bank of dry-boxes, one end of which was
situated near the ultrasonic source. Personnel work-
ing at the far end of the boxes complained of
similar symptoms.
The group of larger washers which caused the

greatest subjective effects was housed under an
extraction hood and was conveniently situated to
make enclosure possible. Because of the corrosive
nature of the fumes evolved during the washing
process, the choice of materials was very limited,
and the enclosure, shown in Fig. 3, was constructed
from poly-vinyl chloride and Perspex, with stainless
steel runners on the outside of the enclosure for the
doors. The enclosure was far from perfectly sealed
but nevertheless attenuated the noise sufficiently to
abate all unpleasant subjective effects. The attenu-
ation achieved is shown in Figure 4.
The enclosure could possibly have been made

air-tight with a corresponding improvement in
attenuation, but it would then have been necessary
to provide relief ventilation for the extraction
system. As the subjective effects were no longer

troublesome in the vicinity of the washers or at the
end of the bank of dry-boxes, it was decided to
leave matters as they were.

Audiometric Investigation

It can be assumed that if a noise exposure is not
severe enough to cause a temporary threshold shift,
then it cannot produce permanent threshold shift
(Ward, Glorig, and Sklar, I959). The temporary
threshold shift gradually recovers and, for most
practical purposes, the recovery is complete after
48 hours, although further recovery has been
measured over periods of two weeks (Atherley, I964)
and after six weeks (Knight and Coles, I965, I966).
Furthermore, there is evidence to suggest that the
temporary threshold shift at 4 kc/s, occurring after
one day's exposure, is indicative of the maximum
permanent threshold shift which may occur after
IO years' repeated exposure to the same noise
(Glorig, Ward, and Nixon, I96I). The maximum
extent of possible eventual hearing damage can
therefore be estimated by measuring the difference
between hearing thresholds taken before and after
a day's exposure to the noise in question. As
recovery from temporary threshold shift in most
industrial situations is known to take longer than
i6 hours, it is preferable that these audiograms are
done on a Monday after the relative freedom from
noise over the week-end.
Where a discrete frequency or narrow band of
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FIG. 4. One-third octave band analyses of noise from ultrasonic washers before and after enclosure.

FIG. 5. Subjective laboratory tests with the Galton whistle.
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noise is concerned, the hearing damage usually
occurs at a frequency from about one-half to one
octave above the damaging frequency (Theilgaard,
I949; Davis, Morgan, Hawkins, Galambos, and
Smith, I950). However, for most types of industrial
noise the frequency spectrum is sufficiently broad-
band for the greatest loss to occur in the region most
susceptible to damage, namely about 4 kc/s. As the
fundamental frequencies at which the machines
under consideration operate are i6 kc/s and 20 kc/s,
there is little reason why measurable damage should
occur from these frequencies, as even half an octave
higher than i6 kc/s is beyond the range of the
human ear. However, in view of the loss of hearing
in the upper audible frequencies reported by
Crawford (I955), it was considered worth while to
test for temporary threshold shifts in the frequency
range of 2 tO I2 kc/s. The audio-frequency
temporary threshold shifts at sub-harmonics from
exposure to ultrasonic tones reported by Parrack
(I966) add further support to this consideration.
As there was no portable audiometer available

with test frequencies of up to I2 kc/s, it was neces-
sary to use the apparatus described below. The
output from a Dawe audio-frequency signal
generator (type 44oB) was fed into an amplifier via
a mains-operated exponential switch. The expon-
ential switch enabled the signal to be interrupted
without producing transients or clicks in the
headphones which would give the subjects cues to
the presentation of the test tone. The amplifier
output was connected to an Amplivox speech
audiometer attachment, which essentially consists
of a monitoring meter and an attenuator with 5 dB
steps. A pair ofTDH-39 earphones with MX-4IAR
cushions was connected to the output of the speech
audiometer attachment. The frequency output of
the signal generator was continuously checked with
a Racal digital frequency meter (type SA520). The
combined apparatus thus functioned as an audio-
meter with an additional frequency check.
The acoustic output of the earphones was checked

at all frequencies used in the audiometric test
procedure before and after each period of use with
a Bruel and Kjaer artificial ear (type 4152) fitted
with a N.B.S. type 9-A coupler and connected to a
Briiel and Kjaer audio-frequency spectrometer
(type 2II2). The output of the earphones was thus
known, and all audiograms were referable to the
British Standard 'Threshold for pure-tone listening'
(B.S. 2497, I954) up tO io kc/s, using Whittle and
Robinson's data (I96I) for application to TDH-39
earphones on a type 9-A coupler. The frequency
response of TDH-39 earphones is known to be
irregular at higher frequencies and, for this reason,

the frequency was carefully set for each test
(threshold determination or calibration check)
against the digital frequency meter. The standard
deviation of the acoustic output of the apparatus
(including calibration errors) over the six-week
period of the investigation was less than ±o-3 dB
up to and including 4 kc/s and less than t I *5 dB at
frequencies of 6 kc/s and above. These figures were
considered more than satisfactory for a field
investigation.
The audiograms were taken in a small, totally

enclosed examination room with an acoustically
treated ceiling in the factory Medical Centre. The
octave band pressure levels in this room were
checked and in the test range (2 to 12 kc/s) were
found to be below the maximum levels allowable if
the background noise in the corresponding octave
band is not to mask test tones of -I0 dB re
threshold (Taylor, Burns, and Mair, I964).
The apparatus was arranged so that the subject

was unable to observe the operation of the switch or
the movement of the monitoring meter. The
audiometric technique was essentially that described
by Hinchciffe and Littler (I958) except that the
initial test frequency in each ear was 2 kc/s and
progressed to higher frequencies. The mean of the
descending and ascending thresholds was taken as
the subject's true threshold.

Audiometric Results

In all, i8 subjects were tested, but five ears were
excluded on account of otological abnormalities
leaving a total of 3I ears in I6 subjects.

In view of the great variation in susceptibility to
damage from noise exposure between individual
subjects, it was considered more meaningful to
consider differences in individual audiograms taken
before and after the day's exposure. Atherley and
Fordyce (I963) reported an investigation of the
reliability of repeated threshold measurements on
a group of medical students, using an audiometer
with 5 dB steps. The magnitude of change in
individual threshold shifts which would be con-
sidered statistically significant was calculated, and
at the i% level of significance this was I0 dB at
2 and 3 kc/s, and I7-5 dB at 4, 6, and 8 k/cs. A total
of I3 threshold shifts at particular frequencies equal
or exceed these figures (assuming a I7-5 dB shift to
be significant at I0 and I2 kc/s also), but these shifts
which represent only some 6% of the total are
distributed among five frequencies in I0 ears and
include two negative values, i.e., the hearing had
apparently improved.

30I
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TABLE
AuDiomETRmic RESULTS

Hearing Level (dB re B.S. 2497) Temporary Threshold Shift (dB)
Subject Ear~
No. 2 3 4 6 8 10 12 2 3 4 6 8 1O 12

kc/s kc/s kc/s kc/s kc/s kc/s kc/s kc/s kc/s kc/s kc/s kcfs kc/s kc/s

Subjects exposed to bank of washers
284 R -2-5 5 -110 -10o 0 -2-5 0 0 0 0 -15 I7'5 20

L 0 -2-5 -10 -10o -2-5 -10O 0 0 0 0 0 5 15
285 R I2'5 -5 30 20 I0 10 0 0 0 -10 -75 -5 -10

L I75 -7.5 75 20 30 75 -5 0 0 -5 -10o -5 -2-5
286 R -2-5 5 7-5 -10O -5 -I0 0 -5 -15 0 0 5 0

L -2-5 -2-5 12 5 -10 -10 -10 0 10 -15 0 20 -5 0

287 R 75 75 40 25 10 10 110 2-5 -5 75 15 75 12-5
L 10 27-5 40 40 17,5 22-5 0 5 2-5 110 110 -110 75

288 R Ear excluded
L 75 75 12-5 -10 -10o -5 -5 0 0 5 0 2-5 -15

292 R -2-5 -5 -110 -10o 0 -2-5 0 0 0 5 2-5 0 2-5
L -10o -7-5 -10O -10o -10 -10 0 0 0 0 5 -10 -5

293 R -i0 -5 5 22-5 25 10 4.) 0 10 0 -2-5 12-5 10 10

L -10o 20 32'5 55 42'5 12'5 I 0 0 0 -5 20 5 10

Subjects exposed to small laboratory-type washers
298 R -10o -5 -10o -1 -10I -10 -5 -7.5 7.5 10o 0 -25

L -10o -7-5 -10 10 10 10 -2-5 -10o 0 -2-5 20 0 0

299 R -10o -5 -10o -10o 2-5 -10O 0 0 0 0 5 0 5
L -10o -7T5 -110 -17o5 75 0 0 0 0 -5 2-5 0

Subjects exposed to drills
289 R 17.5 30 45 27'5 32'5 42-5 4: 0 0 0 2-5 -10 -20 -15

L 7.5 I7.5 I75 10 15 7-5 0 0 -5 0 -2-5 -5 0

290 R I0 25 20 225 20 50 0 5 5 5 0 5 2-5
L 5 I7.5 10 15 12-5 7.T5 0 5 2-5 2-5 0 2-5 0

291 R 32'5 29-0 30 30 52'5 37.5 5 5 7.5 5 5 Q 5
L 37.5 27-5 32'5 30 25 32'5 0 5 2-5 5 7.5 0 2-5

295 R 22-5 30 45 50 40 22-5 10 0 0 0 -5 -2-5 -5
L 22-5 32'5 57.5 47.5 42'5 I7.5 -5 5 -5 2-5 2-5 -5 -5

296 R -17.o5 0 I7.5 27'5 I2'5 20 2-5 0 5 0 0 0

L -10o 20 I2-5 15 22-5 2-5 0 2-5 0 0 -10o 0 - 7.5-
297 R -10o -5 5 5 -110 -10 0 0 0 2-5 0 0 2-5

L -10 2-5 2-5 2-5 -10O -10o 5 5 5 0 10 0 0

300 R I75 -5 -10o 5 2-5 -2-5 -5 10 10 10 2-5 2-5 10

L I7'5 -7T5 -10o 2-5 15 -10o -2-5 0 -5 -2-5 7.5 10 0

Level of significant temporary threshold shift (Atherley and Fordyce, 1963) I0 I0 I7.5 I75 17.5 (17-5) (I7'5)

Note: Negative temporary threshold shifts indicate apparent improvements in hearing and probably arise due to random errors in the thresholP
determinations.

Because of this scatter, the statistical uncertainty
at io and 12 kc/s, and the greater scatter to be
expected from an industrial population as compared
with medical students, they have been treated as
random occurrences and no significance has been
attached to them. The audiometric results are
summarized in the Table.
As mentioned earlier, the apparatus was calibrated

to the British Standard threshold for normal
hearing (B.S. 2497, 1954) uP to io kc/s, and the

audiograms of all subjects were checked for perm-
anent threshold shifts. No threshold shifts
attributable to noise were found except in subjects
with previous noise exposures in other employment.
Unfortunately, all the operators of the drills were
older men who had had previous noisy military
service, and therefore no significance could be
attached to their audiograms in assessing the
possibility of threshold shift from the present
exposure. The non-noise-exposed female subjects
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were found to have hearing thresholds that were
normal for their age (Hinchciffe, I959).

Subjective Laboratory Experiments

Three subjects were exposed to noise maximal in
the i6 to 40 kc/s range produced by a Galton whistle
under controlled laboratory conditions. The
fundamental frequency of this device was controlled
by adjusting the volume of the cavity of the whistle
with a screwed piston. Two of the subjects with
normal hearing experienced the same subjective
effect of 'fullness' in the ears followed by a headache
as occurred from the washers and drills in the
factory, but the other subject, who was unable to
hear a i6 kc/s pure-tone, remained unaffected.

One-third octave band analyses of these levels
were obtained at a subject's ear with the measuring
equipment described earlier, and these are shown in
Figure 5. The only marked difference between
spectra which produced subjective effects and those
which did not occurred at i6 kc/s, and the transition
appeared to occur between sound pressure levels of
76 dB and 78 dB; the former did not produce
effects whereas the latter did.

Discussion

The various subjective effects were observed in
persons exposed to high levels of upper audio-
frequency noise produced as a by-product of
industrial processes using ultrasonics. When the
high audio-frequency noise from the larger washers
was attenuated by I7 to I9 dB, but the fundamental
ultrasonic frequency of 20 kc/s was attenuated only
by IO dB (Fig. 4), these effects were completely
abated. A machine operating at i6 kc/s, but without
any intense low-ultrasonic frequencies in the noise
(small washer, Fig. i), also produced these effects.
Furthermore, the laboratory experiments (Fig. 5)
show that whereas a level of IOI dB at 20 kc/s
(inaudible) produced no subjective effects, a level of
78 dB at i6 kc/s produced effects in two subjects to
whom it was audible. This seems to indicate,
contrary to what has been claimed previously
(Skillern, I965), that the high-frequency audible
noise was, in fact, responsible for these subjective
effects.

In the factory, women were affected more than
men, but as the men were generally older and all had
high-tone hearing losses probably due to both
presbycusis and previous noise exposure, no
significance is attached to this difference. No
permanent threshold shifts were found which could
not be attributed to previous noise exposures, and
this confirms Parrack's (I966) findings that ultra-

sonic frequencies did not cause permanent damage.
Neither were any significant temporary threshold
shifts found due to exposure to the levels measured,
although Crawford (I955) had reported high
frequency losses and Parrack (I966) losses at sub-
harmonics after exposure to much higher levels.

Taking the spectra which gave no subjective
effects (Figs 4 and 5) and calculating the octave
band pressure level centred on i6 kc/s from the
one-third octave band pressure levels at I2-5 kc/s
and i6 kc/s (assuming the level at 20 kc/s to be
inaudible) gives a figure of 78 to 79 dB. If several
recent hearing damage risk criteria (for example,
Glorig et al., I96I; Kryter, I963; and Kryter,
Ward, Miller, and Eldredge, I966) are extrapolated
to higher frequencies, the octave band pressure
levels at i6 kc/s would be of this order. Although
hearing damage was not measured, subjective
effects were observed above this level, and it appears
that the extrapolated damage risk criteria levels
may be appropriate as a criterion for subjective
effects.

Re-examination of Skillern's (I965) data, in the
light of accepted damage risk criteria and the results
of this investigation, shows that all frequency
spectra he quoted as producing subjective effects
were above the 78 to 79 dB level at i6 kc/s, and the
two which produced 'no comments' were below it.
This has been taken as further evidence for the
theory advanced for a subjective effects criterion,
and for the hypothesis that the high levels of audible
noise are responsible for all the subjective effects,
and not the ultrasonic frequencies themselves as
had often been stated.

The authors wish to thank the management of
Mullard Ltd. for permission to conduct this investigation
and to publish the results; and also Messrs. T. J. Brown
and E. G. Wright, of Henry Simon Ltd., for making
available the Galton whistle used in the laboratory
experiments. Thanks are also due to Surgeon Com-
mander R. R. A. Coles (I.S.V.R. and R.N.M.S.) for
constructive criticism at various stages of this investi-
gation, to the staff of the Medical Centre at Mullard's
Millbrook Factory, Southampton for assistance with the
audiometry, and finally to the subjects who took part in
the investigation. Financial support to the Institute
from the Medical Research Council is gratefully
acknowledged (grant no. 965/268/C).
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