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Abstract. In the plastic injection moulding plant, at the operator’s position at the
machine, the noise was measured in situ before and after the acoustic insulation lining
of the parts of the machine to determine whether the intervention has an impact on
reducing occupational noise exposure. As the work environment is variable (different
modes of operation of the machine and other machines in the plant), a model of the
contribution of the noise sources to the measured noise was made, and based on the
model, the effect of the intervention was predicted.
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1. INTRODUCTION

In one plastic injection moulding plant, there was a desire to reduce the noise emitted
by the machines and equipment through subsequent interventions on the machines.

When considering industrial noise reduction, before implementing engineering or
administrative measures to control noise, it is necessary to define the problem regarding
the persons affected by the exposure, the type and location of noise sources, and the
appropriate criteria for assessing the severity of the situation [1]. Although every noise
control problem must be examined individually, there are three separate components which
should always be considered, namely the source, the propagation path, and the receiver
(worker) [2]. Acoustical treatment may be applied to any or all of these components [3]
with the general order of precedence being as listed, i.e., the most satisfactory solution
usually results from noise reduction at or near the source [1,3,4]. That hierarchy of control
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measures also corresponds to the representation of applied noise control techniques in case
studies presented in the literature [5,6,7].

In this case, the noise source has been pointed out before any noise survey prior to the
selection of control measures, and technique to reduce the noise — acoustic lining of the
machine parts was selected as the most practical solution. As one of the techniques to
reduce the generation of airborne and structure borne noise in machines, acoustical lining
[8] in enclosures requires a carefully balanced combination of absorbing, damping, and
insulating materials incorporated to prevent high reverberant sound levels within the
enclosure from degrading the overall insulating properties [1].

The idea was to measure the noise before the intervention on one such machine and
after and compare the measured noise levels in order to see if it makes sense to carry out
such interventions on other machines as well. Such a comparison would make sense for
ideally the same test conditions before and after, e.g. the same mode of operation of all
machines. It would be best if all the machines were running at full capacity.

The measurements were carried out as part of the testing of the working environment
[9]. However, the test conditions in working environment testing in practice are usually
such that there is limited test time and little or no possibility of influencing the operating
mode. While the impact on plant operation by the examiner’s influence would result in
production downtime, scrap production, and additional time to restart and full production,
the test is usually carried out under the conditions of the current operation of the production
plant found at the time of the test.

Here it was the case, as will be shown in detail, that the machines in the first trial were
operating in one mode, in the post-intervention trial in another, with little to no possibility
of influence on the operation of the machines by the examiner.

In the first test, the machines in the hall worked each in its own mode with the
possibility of turning off the tested machine, when two measurements were performed. In
the second, the machines worked in a different mode from the first without the possibility
of influence, when the third measurement was performed.

Since, due to the impossibility of controlling the parameters, it is not a standard
experimental design, in order to draw conclusions, the starting point is the model of the
contribution to noise in the working environment from individual sources and the mode of
operation of the sources. It will also be necessary to analyse the contributions and introduce
additional assumptions about the impact of individual contributions. A model is only as
good as the assumptions on which it is based, and the conclusions and applicability of the
model are limited by the validity of the assumptions.

2. TEST CONDITIONS AND RESULTS

There are 24 injection moulding machines in the facility. The situation plan is given in
Fig. 1.

The machine on which the intervention was performed is the M-6 machine. In the first
test (before intervention), neighbouring machine M-5 was operating, neighbouring machine
M-4 was not operating, and machine M-6 was operating idle (first measurement). A
measurement was also performed after turning off the M-6 machine (second measurement).
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Fig. 1 Situational plan of a plant.

In the second test (after intervention), neighbouring machine M-4 was operating,
neighbouring machine M-5 was not operating, and machine M-6 was operating at full
capacity (third measurement).

Measurements were made according to 1SO 9612 [10] with the microphone positioned
at the locations of the worker’s head during normal performance of the job or task for
standing worker: 1.55 m £ 0.075 m above the ground on which the worker is standing.

Fig. 2 shows a sketch of the position of the measuring point in relation to the M-6
machine and neighboring machines, and Fig. 3 shows a photograph of the position of the

measuring point.
M-4 M-6 M-5
l lx l

Fig. 2 Sketch of the position of the measuring point

Fig. 3 A photograph of the position of the measuring point
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In the first test (before intervention), the measured noise level was 80.6 dB (first
measurement). In the second measurement, the measured level was 78.7 dB. In the second
test (after intervention), the measured level was 84.8 dB (third measurement). It is noticeable
that the noise level measured after the intervention is significantly higher than the level
measured before the intervention.

As mentioned above, it would be ideal if the tests were carried out in the same operating
conditions of the technological capacities, in the full capacity of the machine on which the
intervention was carried out, with the same mode of operation of the other machines in the
hall. Since the working conditions during the tests before and after differ greatly, in order
to be able to draw relevant conclusions from the test results about the possible effect of the
intervention on the machine on noise reduction, it is necessary to start from the contribution
model of noise sources in the workspace.

3. A MODEL OF THE CONTRIBUTION OF NOISE SOURCES TO THE MEASURED NOISE
IN THE WORKSPACE

In making the model, we start from several observations and initial assumptions.

Since the measuring point is between machines M-5 and M-6 and machine M-4 is much
further away from the measuring point than machine M-5 (see Fig. 2), the noise
contribution from machine M-5 at the measuring point is greater than the contribution from
machine M-4.

Starting from the model of the sum of noise contributions at the measuring point, the
noise can be expressed as the sum of the contributions from machine M-6, denoted here as
L(m-6)paeg, Machine M-5, denoted Lm-sypaeq and, since M-4 is further from the measuring
point, the sum of contributions from machine M-4 and the other machines in the hall,
denoted Lg)pacqg.

L= L(M—6)pAeq f (+)L(M—5)pAeq f (+)L(E)pAeq{ (1)

Here i stands for i-th measurement (i = 1, 2, 3, for the first, second and third
measurement), j stands for test (j = B for the test before intervention and j = A for the test
after the intervention). The addition sign in bracket stays not for arithmetic addition but for
the logarithmic addition of sound pressure levels from multiple noise sources [11].

Thus, for all three measurements, we can express the measured equivalent levels via
components.

L, = L(M—é)pAeqf(+)L(M—5)pAeqf(+)L(E)pAeqlf 2
L, = L(M—S)pAeqi("')L(E)pAeqf (3)
Ly = L(M—G)pAeq:(+)L(E)pAeq: (4)

The components Lov.s) from Eg. (3) and Lou-s) from Eqg. (4) are missing because M-6
and M-5 do not operate during the corresponding measurements (see 2. above).
The Egs. (2), (3) and (4) can be reformulated as follows.

Ly = Lar-6); (F)Lar-5)(H)Lg) ©
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Ly = Liy—sy(+)Lg) (6)
Ly = L(M—6)ﬁ(+)L(M—4+E) (7)

From the Egs. (5) and (6) indexes are omitted because L-s5) and L are the same while
the operating conditions of contributing equipment are the same. In Eq. (5) with index | the
idle operating mode of M-6 is marked, and in Eq. (7) with index F the full capacity
operating mode of M-6 is marked. With M-4+E in Lg component in Eq. (7) the
contribution of M-4 is pointed out while it does not contribute to the noise in Egs. (5) and
(6).

Graphic printout for the measurements is given in Fig. 4 (first measurement), Fig. 5
(second measurement), and Fig. 6 (third measurement). The parameters shown in the
graphic are A-weighted equivalent continuous sound pressure level Lareq, C-weighted peak
sound pressure level Lcpeak, A-weighted impulse equivalent continuous sound pressure
level Laieq, and A-weighted minimum sound pressure level Larmin [12].

strt L Hicpea teq Hiarmin

- Ch, P1(A, Fast) Ch1, P2(C) Chl, P3 (A, Impuise) Chi, P1(A, Fast)
Main cursor 23/03/2021 10:26:20.600 - 80,08 92,5d8 80,648 79608
Inside bocks 23/03/2021 10:26:10000  0001:00.000 81,0dB Wi B2 7708

Fig. 4 Graphic printout of the noise level during the first measurement (The calibration
factor is —0.4 dB)

1032:00 103205 10:32:10 105215 103220 05225 103230 03235 105240 103245 105250

sart Duation  MiAFeq Wicpeak  Mialeq []

Info - - ChL,PL(A,Fast) Ch1,P2(C) Cnt,P3 (A, Impulse) Ch, P1 (A, Fast)
Main cursor  23/03/2021 10:32:56.000 - 80808 93808 83108 80,

Inside blocks 23/03/2021 10:31:56.000  00:01:00.000 79,108 9108 82208 738

Fig. 5 Graphic printout of the noise level during the second measurement (The calibration
factor is —0.4 dB)

L can be estimated from the second measurement as the minimum sound level
measured during the measurement period, Lagmin. The assumption is that now when the
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neighbouring machine M-5 is the quietest, the noise contribution from the other machines
comes to the fore. Itis 72.9 dB (the Larmin value from Fig. 5, minus the calibration factor).

From Eqg. (6) noise contribution from M-5, Lw-s) can be determined as the difference
of the measured noise in the second measurement, L, (78.7 dB, the Lareq Value from Fig.
5, minus the calibration factor), and L as in the previous step determined.

Ly-sy = L,(—) L (8)

Again, the difference is the value that, when added to the known value of L) using the
logarithmic addition of sound pressure levels, equals the known value of L,. Thus, for the
noise contribution from M-5, Lv.s) we get 77.4 dB.

From Eq. (5) noise contribution from M-6 (when idle, before the intervention), La-6)5,
can be determined as the difference of the measured noise in the first measurement, L,
(80.6 dB, the Lareq value from Fig. 4, minus the calibration factor), and the sum of noise
contributions from M-5, Lou-5) and the rest of the machines and equipment, L as in the
previous steps determined.

L(M—6)IB = Li(){Lw—sy ()L } €)

Once again, the difference is the value that, when added by means of logarithmic
addition of sound pressure levels to the known values of L and Lgws), equals the known
value of L;. Thus for the noise contribution from M-6 (when idle), L)%, we get 76.1 dB.

Now we will introduce an additional assumption, which is that the noise of the machine
operating at full capacity consists of the superimposed operating noise and the idle noise,
so that the idle noise can be found in the minimum measured in the measurement interval
(see Fig. 7).

urm o,

o 28, - 8274 5 s 8268
Inside blocks 24/02/2022 12:14:28.000  00:01:00.000 85,38 104808 87,948 nI®

Fig. 6 Graphic printout of the noise level during the third measurement (The calibration
factor is —0.5 dB)

Thus the noise contribution from M-6 (when idle, after the intervention), Lou-¢)™, equals
the difference of the minimum sound level measured during the measurement period
(77.8 dB, the Laemin Value from Fig. 6, minus the calibration factor) and the contribution
from M-4 and the rest of the machines and equipment, Lv-s+g).

L(M—e);‘1 = Lyapmin (=) Lm-a+E) (10)

Here again, the difference implies logarithmic subtraction [11].
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Now we need to evaluate the contribution of M-4 to the contribution of the rest of the
machines and equipment, Lou-4+g). If neglected and taken L) for Liv-a+g):

L(M—4—+E) = L(E) (11

From Eq. (10) we get for the contribution of M-6 (when idle) 76.1 dB.

However, considering that it is the closest neighbour and the biggest source of noise in
the environment when M-5 not operating, if we assume its contribution is at least equal to
the contribution of other machines and equipment

Liy-s+r) = Ly (H)Lg) (12)
From Eq. (10) we get for the contribution of M-6 (when idle) 73.3 dB.

150 f

Fig. 7 Statistical distribution of the noise level for the third and first measurements.
A machine operating at full capacity can be viewed as consisting of superimposed
operating noise (shaded part) and idle noise

4. EVALUATION OF THE EFFECTIVENESS OF THE INTERVENTION ON THE MACHINE
TO REDUCE OCCUPATIONAL NOISE EXPOSURE

4.1. Assessment of noise level reduction of the equivalent noise level

Based on the model, the noise contribution of M-6 (when operating idle), La-2, of
76.1 dB was estimated from the measured noise value at the measuring point before the
intervention of the acoustic insulation of the machine.

From the calculated value of the noise at the measuring point after the intervention of
the acoustic insulation of the machine, based on the model, the noise contribution of M-6
(when operating idle) Lou-6)1, was estimated between 73.3 and 76.1 dB.

It was established that the noise level originating from the machine (when operating
idle) will be reduced from the initial 76 dB by an amount of 0 — 2.5 dB after the intervention
of acoustic insulation of the machine.

4.2. Assessment of noise level reduction in a specific frequency domain

Let's try to establish from the frequency analysis of the measurement results at which
of single octave bands, assuming that it works, the acoustic insulation intervention works.
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To compare noise levels by octave bands coming from the M-6 machine before and
after intervention on the machine we use the model of components contribution (Egs. (5),
(6), and (7)).

From Egs. (5) and (6), for the noise component coming from M-6 before the
intervention, may be seen to be obtained by subtracting the Eq. (6) from Eq. (5)

Li(-)L, = L(M—G)f (13)

While considering the octave bands, Eq. (13) may be rewritten as

. i
(L (Lo} = {Lu-6)"} (14)
where i =1, ..., 9 stays for octave bands 31.5; 63; ... 8000 Hz.

That is, Eq. (14) represents 9 equations for corresponding single octave bands.

To find the contribution of M-6 (operating idle) after intervention, we rely on the
machine idling model (that is, Eq. (10)) and Eq. (7). Considering contribution of the rest
of the machines and equipment by Eg. (11) and L estimated from the second
measurement as the minimum sound level measured during the measurement period, Lagmin
as considered above, we find that wanted contribution is subtraction of the minimum sound
level measured during the second measurement period, Laagmin, from the minimum sound
level measured during the third measurement period, Lsarmin (Se€ Egs. (6) and (7)):

L3 apmin (=) L2 armin = L(M—ﬁ);q (15)

While considering the octave bands, Eq. (15) may be rewritten as

, i
{Lsarmin(F)Loapmin}" = {L(M—6);4} : (16)
where i =1, ..., 9 stays for octave bands 31,5; 63; ... 8000 Hz.

That is. Eq. (16) represents 9 equations for corresponding single octave bands.

Noise levels by octave bands coming from the M-6 machine before the intervention
calculated by Eq. (14) (when adding by means of logarithmic addition of sound pressure
levels) are given in Tab. 1.

Table 1 Noise levels by octave bands coming from the M-6 machine before the intervention

Octave band [Hz] 315 63 125 250 500 1000 2000 4000 8000
Noise level [dB] 17.8 32 443 611 743 702 672 626 59

Noise levels by octave bands coming from the M-6 machine (operating idle) after the
intervention are given in Tab. 2. The values for the octaves are obtained as the equivalent
levels for the seven minimum values during the measurement period. This is done in order
to preserve the minimum equivalent value calculated from the octaves. Namely the
minimum octave values are expected to be reached at different moments of time, so the
equivalent value calculated from the octave minimums would be below the true equivalent
minimum value. Values thus obtained calculated by Eq. (16) (when adding by means of
logarithmic addition of sound pressure levels) are given in Tab. 2.
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Table 2 Noise levels by octave bands coming from the M-6 modelled idle operating machine
after the intervention

Octave band [Hz] 315 63 125 250 500 1000 2000 4000 8000
Noise level [dB] 387 458 583 651 721 740 726 709 65.7

By comparing the octave band values from Tabs. 1 and 2, it may be seen that at the
500 Hz octave, the level decreased by 2.2 dB.

If we calculate the equivalent levels for situations before and after the intervention from
the octave band sound levels modelled in this way [13], we see that the total level of noise
coming from the machine when operating idle is 76.7 dB before the intervention and 79 dB
after the intervention, which would mean that the machine is noisier than before, which
was shown not to be the case. That is, in the model, we overestimated the contribution of
the M-5 operation compared to the noise coming from the other machines.

If we do not compensate for the noise of M-5 but assume instead that the contribution
of all machines in the environment is the same for the measurement as well before and after
the intervention

Ly-a+5) = Lm-5y(H)Lg) (17)
contribution of M-6 (operating idle) after the intervention is
Laapmin(—)Ly = L(M—G)IA (18)

While considering the octave bands, Eq. (18) may be rewritten as

, 4 i
Laarmin (L2} = {Lau-6)"} (19)
where i =1, ..., 9 stays for octave bands 31.5; 63; ... 8000 Hz.
Thus obtained noise levels by octave bands coming from the M-6 machine (operating
idle) after the intervention are given in Tab. 3.

Table 3 Noise levels by octave bands coming from the M-6 modelled idle operating machine
after the intervention when the contributions of noise from other machines in the hall
were taken as equal in the situations before and after the intervention

Octave band [Hz] 315 63 125 250 500 1000 2000 4000 8000
Noise level [dB] 384 392 577 575 681 69.2 638 58.2 59

By comparing the octave band levels from Tabs. 1 and 3, it may be seen that at the
500 Hz octave, the level has decreased by 6.2 dB. If we calculate the equivalent level from
octave band sound levels [13], 73.0 dB is obtained, which corresponds to the calculated
maximum expected reduction of the noise contribution of M-6 (see 4.1.). Figure 8 shows a
graphic representation of the data from Tabs. 1 — 3.

If we now look at the octave spectrum before the intervention (Tab. 1), we see that the
machine is the noisiest at the level of 500 Hz, where the acoustic insulation according to
the model proves to be the most effective (values in column 500 in Tabs. 2 and 3). If we
calculate the equivalent level from the octave band sound levels from Tab. 1 with the
determined reduction of 2.2 - 6.2 dB for the octave level of 500 Hz, we get the equivalent
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level of 75.5 - 74.2 dB, which corresponds to a total reduction of noise from the machine
by 1.1-25dB.

[dE] Noise levels by octave bands [dB] Noise levels by octave bands

o After intarvention, model 1 0 Ater Intervention, model2

0 | 0
10 100 1000 10000 [Hz) 10 100 1000 10000 [Hz]

Fig. 8 Models of octave band levels of noise from the M-6 operating idle modelled before
and after the intervention. In the first one (on the left), the contribution of M-5 is
considered separately from background noise, and in the other as a part of it.

The trend of reduction at higher frequencies (Tabs. 1 and 3 and Fig. 8 on the right)
corresponds to the predicted selection of technique to reduce the noise. Namely, since the
absorption coefficient of absorbent lining is generally highest at high frequencies, the high-
frequency components of any noise will suffer the highest attenuation [4]. The obtained
increase at low frequencies may be a reflection of the inadequacy of the approximations
for that range or an unaccounted external source, but due to the A-weighting of the
equivalent level, it does not significantly affect the overall results. If we compare the noise
level reduction obtained in this way with typical values for insulating wrapping [3], we see
that it is at best twice less than expected (5 - 10 dB according to ISO 11690-2). The reasons
can be found in the noise reduction technique itself (see considerations in 1.), as well as in
possible defects in the insulating layer, e.g. for enclosures with leak ratios of 10 %, the
expected reduction of A-weighted emission sound pressure levels is limited to 10 dB [4]
and, accordingly, for larger leaks, lower limitations are to be expected.

4.3. Consideration of the impact of the intervention on the machine on noise
reduction at full capacity operation mode and of the subsequent interventions
on all machines in the workplace

When considering full capacity operation mode, there are two issues. First, there is no
data on the noise of the machine in full operating mode before the intervention, and second,
as already discussed in 3. (see Fig. 7) machine noise is modelled as consisting of
superimposed operating noise and idle noise. Looking at its construction, the machine
consists of a physically separated drive part and a working part, while the acoustic
insulation was performed on its drive part. With this in mind, the noise from the machine
at full capacity before the intervention can be modelled as the sum of the idle noise before
the intervention and the working part component after the intervention, assuming that the
intervention does not affect the noise from the working part. When calculated like this, a
2.5 dB idle noise reduction yields a corresponding noise reduction at a full capacity of
0.3 dB. The reasons for such a result can be found in the following. First, in the very
construction of the machine, i.e. separation of the working part from the driving part,
whereby intervention is performed only on the working part. Secondly, due to the fact that
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the procedure was not followed during the selection of control measures (see considerations
in 1.), and third, in the model limitation, a model developed on the basis of a very limited set
of tests and assumptions that gives good predictions in one domain (predictions of insulating
acoustic properties at idle) is extended in application (to predictions of properties at full
operation).

This poor result of the impact of the intervention on the machine on noise reduction at
full capacity operation mode, even if it turns out to be a good prediction, is not necessarily
bad for the overall result of noise reduction in the workplace. Namely, the accumulative
impact of performing such an intervention on other machines in the workspace could
contribute to a cumulative reduction of background noise (in the model marked with Lg).
Then, any intervention of this type on the working part of the machine without prior proper
evaluation would be inappropriate [4,5,6]. Measures taken in practice on working parts of
injection moulding machines are measures of specific interventions on the design (source
control by design [4]). If additional appropriate measures were taken on the working parts
to the extent that they would be effective, in conjunction with the performed measures of
the acoustical lining of drive parts, they could contribute to a significant reduction of noise
in the working environment.

5. CONCLUSION

Based on the results of measuring occupational noise in the production plant of plastic
injection moulding and the model developed for this purpose, it has been shown that the
contribution of noise from the machine operating idle to the noise in the work environment
had been reduced by 0 to 2.5 dB by the intervention of performing acoustic insulation - the
lining of the machine parts. Also, the effect of noise reduction in the frequency domain in
which the machine is the noisiest (in the 500 Hz octave band) was determined, in amounts
of 2.2 to 6.2 dB, which corresponds to a total reduction in the noise level of the machine
by 1.1 to 2.5 dB. When considering the impact of the intervention on noise reduction at full
capacity operation mode and the reduction of noise at the workplace in general, under the
condition of carrying out such interventions on other machines in the workplace as well as
additional adequate noise control measures on the working parts of the machines, all the
measures taken in conjunction could lead to to a significant reduction of noise in the
working environment.
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