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Abstract:



Background: Although noise is one of the leading work-related health risk factors for teachers, many nursery schools lack sufficient noise reduction measures. Methods: This intervention study evaluated the noise exposure of nursery school teachers when dropping DUPLO toy bricks into storage cases. Sound analyses of the impact included assessment of the maximum sound pressure level (LAFmax) as well as frequency analyses with 1/3 octave band filter. For the purpose of standardization, a customized gadget was developed. Recordings were performed in 11 cases of different materials and designs to assess the impact on sound level reduction. Thereby, the acoustic effects of three damping materials (foam rubber, carpet, and PU-foam) were investigated. Results: The lowest LAFmax was measured in cases consisting of “metal grid” (90.71 dB) or of a woven willow “basket” (91.61 dB), whereas a case of “aluminium” (103.34 dB) generated the highest impact LAFmax. The frequency analyses determined especially low LAFmax in the frequency bands between 80 and 2500 Hz in cases designs “metal grid” and “basket”. The insertion of PU-foam achieved the most significant attenuation of LAFmax (−13.88 dB) and, in the frequency analyses, the best sound damping. Conclusion: The dropping of DUPLO bricks in cases contributes to the high noise level in nursery schools, but measured LAFmax show no evidence for the danger of acute hearing loss. However, continuous exposure may lead to functional impairment of the hair cells and trigger stress reactions. We recommend noise reduction by utilizing cases of woven “basket” with an insert of PU-foam.






Keywords:


nursery schools; noise intervention measures; sound analyses; occupational health








1. Introduction


Nursery schools are among the fields of work, which record the largest increase of noise-induced effects on health [1]. Noise-induced hearing impairment is the only recognized noise related occupational disease [2,3,4] and represents 42.3% of the most common in Germany [5,6]. Furthermore, noise is one of the strongest work-related stress factors for teachers in nursery schools [6,7]. Based on occupational studies, noise was subjectively assessed as distressing by the teachers [8,9] and up to 82% of the teachers reported to feel burdened by noise [10]. Interviews with teachers concerning negative working conditions and stress factors showed that noise (73%) is the third strongest occupational risk [10]. Some objective noise measurements in nursery schools showed maximum equivalent sound pressure levels over 8 h (Leq8h) of up to 90 dB (A) in particular for the supervision of children in playing sections [11,12,13]. The average Leq8h in nursery schools is in the range of medium intensity of 60–85 dB [1,8,9,14,15], which can typically trigger extra-auditory effects. Often-complained adverse health effects are increasing psychological strain of noise-induced stress, vocal load, masking, and higher frequency of errors [8,16].



Noise annoyance is a common effect of noise with high sound levels. Eysel-Gosepath et al. reported that annoyance in preschool is dependent on several additional parameters. The stress level is, for example, less for older teachers and full-time employees, which indicates that there is a subjective rating [17]. The study of Sjodin et al. pointed out that there is no significant correlation between the subjective noise annoyance and the objective noise measurement [8]. The level of annoyance is not only influenced by the sound pressure level but also by physical characteristics, such as the frequency spectrum, the duration of exposure, or tonal and impulse components [18]. Sounds with low frequencies are reported to cause stronger annoyance reactions, especially when including impulse tones or vibrations [19].



However, not only a high Leq8h throughout a working day is critical for health, but also short sound pressure level peaks contribute to the noise hazard. Despite the fact that most average Leq8h are under the threshold of hearing impairment, teachers often complain of tinnitus or acute hearing loss [15,20]. The peak values of individual measurements in nursery schools were up to 113–117 dB (A)[17] and occurred particularly in free playing sections [17,21]. Peak values of more than 130 dB (A) may cause an acute acoustic trauma. Sound events with levels of higher loudness and sudden occurrence represent stress factors in particular, as they may lead to startle responses, distraction, and annoyance [22]. Such unpredictable and uncontrollable impulse noise events present a greater burden since there is no opportunity for the individual to prepare for the impact. They further involve the hazard that the attention of the current activity is directed to the noise source [23,24,25]. This deflection, in turn, increases the risk potential and elevates frequency errors, which is particularly dangerous in child care.



One of these intense noise events in nursery schools is the situation of dropping DUPLO toy bricks (LEGO, Billund, Denmark) into storage cases at the end of a playing section. The impacts of the bricks on the bottom of the case do generate very intense noise emissions. The aim of the current study is the investigation of measures for effective noise reduction during this action, which can be achieved with minimal effort. It is hypothesized that the design of storage cases is responsible for the intensity of the impact noise and depends on the applied material. Furthermore, specific analyses should investigate whether the intensity of the dropping noise can potentially induce hearing loss and whether a specific modification of a case by incorporating different damping materials can significantly reduce noise emission.




2. Method


2.1. Material


The noise measurements were performed with DUPLO toy bricks of the box LEGO DUPLO 6176—the basic building blocks for children aged 1½ to 5 years. For recording reproducible results the same number and kind of bricks were used for each test execution. Five different bricks that fit into two hands were selected. One 4 × 8 brick, two 2 × 4 bricks, and one 2 × 2 brick were chosen (Figure 1B).


Figure 1. Experimental setup and damping materials: (A) self-constructed setup; (B) arrangement of selected DUPLO bricks; (C) PU foam; (D) carpet; and (E) foam rubber.
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The material of the selected storage cases were aluminium, willow (basket), steel (metal grid), polypropylen (plastic blue, plastic transparent, plastic with rolls, plastic white, laundry basket), beech (timber), cardboard and cardboard covered by tissue (tissue) (Figure 2). Three different damping materials were chosen to assess noise reduction and fixed to the bottom and the walls of the cases. The foam is composed of polyurethane (PU) with a height of 3 cm (Figure 1C). The height of carpet (Figure 1D) is approximately 1 cm and foam rubber, which consisted of ethylenvinylacetate, of a thickness of 0.4 cm (Figure 1E).


Figure 2. Storage cases of different materials and designs investigated by sound analyses.
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The sound pressure level meter XL2 (NTi Audio, Schaan, Liechtenstein) with the integrated microphone M2210 to standard DIN EN 61672 was used for measurement. The microphone was positioned by means of standardization at a height of 82 cm to represent the ear height of a woman in a heel seat. According to ISO 1996-1, for analysing single sound events the maximum sound pressure level (LAFmax) was used.




2.2. Principle of Test


For each storage case 25 measurements of the LAFmax were performed under equivalent conditions. For the evaluation of the damping materials the inlays were implemented into the three cases with the highest LAFmax. To assess the most effective combination for noise reduction the case with the second-lowest LAFmax (due to lower standard deviation) was tested with the most effective damping material. For the purpose of frequency analyses, five additional measurements of each case and combination were recorded.




2.3. Setting


This experimental setup is designed to provide statistical accuracy. A method to mimic the operation of dropping DUPLO toy bricks into storage cases with the highest reproducibility was developed. The measurements were performed in an anechoic chamber. The experiment was designed to simulate a typical situation in nursery schools. It was assumed that a teacher kneels in a heel seat and drops toy bricks into a storage case with two hands. A defined drop height was realized by a gadget created of a wooden trapdoor surrounded by a frame. At one side the frame was loosely attached by ropes, at the opposite side an electric magnet was arranged. By deactivating the magnet, the wood panel hinges down. For adjusting the height, the frame was fixed with ropes to a tripod. The selected height was based on the assumption that a teacher is filling the storage case just above the cases upper edge. For standardization a fixed value of 41 cm was chosen (Figure 1A). Initially, the toy bricks were positioned in a specific order at a defined position (Figure 1B). A person outside the room disables the magnet via a remote control.




2.4. Statistical Methods


All statistical analyses and graphics of the LAFmax measurement were done by GraphPad Prism® Version 6.0 (GraphPad Software, San Diego, CA, USA). To evaluate the average LAFmax, the mean values and the standard deviation (SD) were calculated. The tests for normal distribution were done by using a histogram and two statistical tests, the Shapiro Wilk test and D’Agostino-Pearson K2 omnibus test. The results showed a normal distribution. For analysing statistical significance, one-way ANOVA was used. The independent variable was chosen to be LAFmax. Afterwards, the Tukey post hoc test with a significance level of 5% was conducted, which analyses group differences between paired means by pairwise multiple comparisons. The p-value were chosen as non-significant: p-value > 0.05, significant: p-value ≤ 0.05, high significant: p-value < 0.01, highly significant: p-value < 0.001. To determine the best damping material, a paired sample t-test was applied. By means of the F-test, the normal distributed results were tested for homogeneity of variance. Since there was no equality of variance the comparison of the mean values were performed by a Welch corrected t-test with a significance level of 5% [26].




2.5. Frequency Analysis


To cover the entire frequency range of the human hearing, the frequency analysis was performed in a range of 25 Hz–16,000 Hz. The sound was dispersed by a noise 1/3 octave filter and evaluated afterwards.



Normalization: By means of an audio processing tool (WavePad Audio Editor, Greenwood Village, CO, USA) the audio signals were normalised so as the largest peak amplitude of each signal was equal to the floating point value of one. Next, for comparison purposes, the LAFmax of each signal was then used to scale the normalized, digitized audio signal.



The frequency analyses of the normalised and scaled signals were performed and graphed by program MATLAB (Version R2011a, 7.1 MathWorks, Ismaning, Germany). The average 1/3 octave band frequency spectrum of three measurements for each noise signal case condition was calculated by a program written with MATLAB.





3. Results


3.1. Analyses of Sound Pressure Level


The LAFmax analyses of the 11 different storage cases showed a range between 90.71 dB and 103.34 dB.



The highest LAFmax were radiated by cases made of “aluminium” with 103.34 dB and “timber” with 101.17 dB. The lowest LAFmax were measured in cases made of “basket” and “metal grid” with LAFmax of 91.61 dB and 90.71 dB (Table 1).



For further analyses, results were arranged in descending order, as well as summarized in four averaged noise level classes (Figure 3A). In the first class, a LAFmax over 100 dB was reached. The next group contained the four cases made of plastic with similar noise levels (LAFmax difference in between 2.49 dB). With 99.55 dB the case “plastic blue” showed the highest value in this group. In descending order, the cases “plastic with wheels”, “plastic white”, and slightly below “plastic transparent” follow. Class 3 was composed of the case “tissue”, the “laundry basket” case, and “cardboard” case (range 0.88 dB).


Figure 3. (A) LEGO Duplo toy brick dropping noise level measurements (LAFmax) of different storage cases (n = 11), arranged in descending order and in groups of similar LAFmax; and (B) band pass (1/3 octave band width) frequency analyses of the noise level measurements.
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The ANOVA analyses showed that only six comparisons showed no significant results, which concerned, particularly, the arrangements within classes 2–4 (Table 1). The most significant differences were present by comparing the two cases with highest noise level, “aluminium” and “timber”, with the lowest noise level cases, “basket” and “metal grid” (reduction of the LAFmax between 9.56 dB and 12.64 dB).




3.2. Sound Pressure Analyses of the Damping Materials


The capability of damping materials to reduce noise depending on the design of the storage case was analysed (Table 2). Hereby the most distinct attenuation was shown by the insertion of PU foam (−13.88 dB (A) case “timber”) and carpet (−12.00 dB (A) case “aluminium”).



Table 2. Acoustic effects of different damping materials applied to storage cases “aluminium”, “timber”, “plastic blue”, and “basket”. Statistical significance analyses were performed with n = 25 and using a paired sample t-test with Welch correction.







	
Storage Case

	
Mean (dB)

	
SD (dB)

	
Reduction of LAFmax (dB)

	
p-Value






	
aluminium

	
103.34

	
0.80

	

	




	
+ damping material:

	

	

	

	




	
  foam rubber

	
98.44

	
1.45

	
4.90

	
<0.0001




	
  carpet

	
91.34

	
2.00

	
12.00

	
<0.0001




	
  PU-foam

	
92.22

	
2.00

	
11.12

	
<0.0001




	
Timber

	
101.17

	
0.82

	

	




	
+ damping material:

	

	

	

	




	
  foam rubber

	
98.80

	
1.49

	
2.37

	
<0.001




	
  carpet

	
92.11

	
3.23

	
9.06

	
<0.001




	
  PU-foam

	
87.29

	
2.33

	
13.88

	
<0.001




	
plastic blue

	
99.55

	
1.27

	

	




	
+ damping material:

	

	

	

	




	
  foam rubber

	
99.52

	
1.65

	
0.03

	
>0.999




	
  carpet

	
91.33

	
1.91

	
8.22

	
<0.001




	
  PU-foam

	
88.03

	
2.02

	
11.52

	
<0.001




	
basket

	
91.61

	
0.25

	

	




	
+ damping material:

	

	

	

	




	
  PU-foam

	
89.75

	
0.43

	
1.86

	
0.0023










The LAFmax measurements obtained with the case “aluminium” compared to the attenuated combination showed that foam rubber achieved the smallest noise level reduction (4.90 dB). A distinct higher damping was present by applying inlays of carpet or PU foam, whereby the reduction obtained by carpet inlays was most effective. These damping materials decreased the sound pressure level by an average of 11 dB–12 dB, respectively (Figure 4A).


Figure 4. LEGO Duplo toy brick dropping noise level (LAFmax) measured in different storage cases. (A) “aluminium”; (B) “timber”; and (C) “plastic blue”, with different insert damping materials; lower row: as (A)–(C), but arranged to compare the efficacy of different insert damping materials (D) foam rubber; (E) carpet; and (F) PU foam.
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The analyses of the damping effects of the three materials applied to the case “timber” showed likewise varying attenuation effects. Foam rubber inlays reached only a slight LAFmax reduction of 2.37 dB, whereas inlays of carpet could achieve a distinct reduction of 9.06 dB. The strongest damping effect (13.88 dB) was observed by insertion of the PU foam inlay. The difference between these damping materials was highly significant (p < 0.001) (Figure 4B).



The investigation of inlay related damping effects with the case “plastic blue” identified a very slight reduction of 0.03 dB by foam rubber material which was not significant. For the insert of carpet, a strong attenuation of 8.22 dB could be determined. An even higher reduction of 11.52 dB was related to the application of PU -foam inserts. The analyses of the impact of carpet and PU-foam on noise level reduction acquired highly significant results compared to the undamped case and to the application of foam rubber inserts (p < 0.001). In addition, noise level reduction obtained by application of PU foam is highly significantly stronger compared to carpet insert (Figure 4C).



The analysis of inlay damping effects confirmed for the case “basket” with insert of PU foam a highly significant reduction (1.86 dB) compared to the reference measurement.




3.3. Efficacy of the Damping Materials


The damping effect of the different inserts was depending on the case type/material. Foam rubber reached different grades of damping. Applied to the case “plastic blue”, no reduction of LAFmax was achieved, whereas applications to “timber” (−2.37 dB) and “aluminium” (−4.90 dB) cases revealed more effective attenuation (Figure 4D).



The analyses of the ameliorating impact of inlays consisting of carpet material evaluated a distinct attenuation in all cases. This was most pronounced in the case made of “aluminium” (damping effect 12.00 dB). Applied to cases “timber” and “plastic blue” a smaller damping effect was present (9.06 dB and 8.22 dB) (Figure 4E).



The inlay consisting of PU foam was added additionally to the storage case “basket” (the second-lowest storage case; for testing the most effective combination). It showed the strongest damping effect (13.88 dB) applied to the case “timber”. Noise reduction was slightly smaller with application to cases “aluminium” and “plastic blue” (11.13 dB and 11.52 dB, respectively). The smallest damping effect was observed with the application of PU-foam to the case “basket” (1.91 dB). This small damping effect is related to the comparably soft noise level of the basket already shown without damping material (Figure 4F).




3.4. Frequency Analysis


The comparison of the 1/3 octave filter output level showed the most pronounced differences between all tested case conditions in the low and mid frequencies below 2000 Hz (Figure 3B). In the mid frequencies between 250 Hz and 4000 Hz the highest sound pressure levels were present.



In the range between 80 Hz and 2500 Hz the differences in terms of filter output level in case conditions “basket”, “metal grid”, and “laundry basket” were remarkable. Whereas the sound pressure level of all other cases tend to be increased towards the lower end of the frequency range. The spectrum of cases “basket” and “metal grid” initially showed a strong attenuation. The sound pressure levels measured in these two cases were up to 30 dB weaker compared to the 1/3 octave band filtered levels of the eight other cases. To a lesser extent (−10 dB) this did also apply to the case “laundry basket”.




3.5. Frequency Analysis: Efficacy of the Damping Materials


Over the entire frequency spectrum of all three tested cases the insertion of foam rubber accomplished only a slight reduction of the band filtered amplitude. The distinct attenuation was achieved by insertion of PU foam and carpet inlay.



The frequency-specific analyses of the noise generated with case condition “aluminium” indicated that all tested damping materials caused a reduction of the sound pressure amplitudes predominantly in the mid and high frequencies (Figure 5A). Across the whole spectrum a stronger damping effect was achieved by the insertion of carpet and PU foam inlays, especially up to 2500 Hz. In the range above 2500 Hz the damping effect was smaller for all materials.


Figure 5. Band-filtered LEGO Duplo toy brick dropping noise spectra measured in different storage cases. (A) “aluminium”; (B) ”timber”; (C) “plastic blue”; and (D) “basket”. Impact of different insert damping materials (foam rubber, carpet, PU foam).
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For case condition “timber” the most distinct damping effect covering the complete spectrum was achieved by insertion of PU foam. The damping effect was most pronounced in the mid frequencies between 160 Hz and 2500 Hz. Up to 80 Hz and above 2500 Hz the attenuation obtained with carpet and PU foam inlays differed only slightly and the spectra were nearly identical (Figure 5B).



In case condition “plastic blue” the highest damping effect was observed covering the whole spectrum by insertion of PU foam inlays. This damping effect was particularly pronounced in the mid frequencies between 200 Hz and 1000 Hz. Within the low frequencies up to 160 Hz, as well as in the high frequencies above 2500 Hz, the damping effect obtained with carpet and PU foam inlays was slightly varying but showed a similar trend (Figure 5C).



In case condition “basket” the insert of PU foam enabled a frequency independent attenuation on an approximately 10 dB lower level compared to the other case conditions (Figure 5D). The comparison of the damping effect of PU foam inserted into case “basket” with “aluminium”, “timber”, and “blue plastic” revealed a less pronounced attenuation in the mid frequencies.





4. Discussion


When inserting Duplo bricks into storage cases many different physical effects have an influence on the LAFmax. The insertion process itself, the dropping height of the blocks, or the material properties of the Duplo are examples of important factors. For standardization, a height of 41 cm was chosen to avoid an alteration of the kinetic energy of the bricks. However, one of the most dominant effects on the LAFmax is the box design and its acoustic properties. It is the focus of this publication to analyse the influence of common box designs on the noise annoyance of nursery school teachers and how common shock-absorbing materials can contribute to a LAFmax reduction. To delimit the effect of the box design from other factors a standardized method for the insertion process with a fixed dropping height of the Duplo bricks was developed.



The results of the LAFmax measurements revealed that the process of dropping DUPLO toy bricks into storage cases contribute to the high noise levels in nursery schools. However, the noise level determined in the present study were not in the range of the observed maximum values of up to 117 dB (A) [17]. The analyses showed noise levels in the range of 90.71 dB for the storage case “metal grid” to 103.34 dB for the case condition “aluminium”. The extent of the noise emission depends on the material and construction of the storage case. The material properties are crucial for the intensity of the structure-borne noise or airborne noise of the interacting parts. The internal damping of materials describes the heat loss which arises due to friction at the atomic and molecular level under mechanical stress. This depends on the dissipation factor η [27]. For plastics, the dissipation factor of η = 10−1 is markedly higher compared to wood and aluminium, with η = 10−2 or η = 7 × 10−5. The storage cases “laundry basket”, “basket”, and “metal grid” present perforated walls and differ structurally from the other cases. As a consequence, the spreading of the structure-borne sound is impeded and less material exists for airborne sound stimulation. This may explain that the cases made of steel “metal grid” has the lowest noise emission despite the low dissipation factor of η = 10−4.



Cases made of plastic generated equivalent sound pressure levels so that the effects of slight design differences are small compared to the impact related to the construction material. Furthermore, the amount of noise emission observed in cases made of plastic differs highly or is highly significant from those cases made of materials such as timber, aluminium, basket, tissue, and cardboard.



Several studies on noise reduction measures in nursery schools investigated the impact of more quiet toys and damped tables, and demonstrated a remarkable noise damping effect as reflected by LEq8h reduction up to 10 dB (A) [1,28]. To our knowledge, only one single study in a nursery school measured the LAFmax of dropping DUPLO toy bricks out of a case on a stone floor where a LAFmax of 109 dB (A) and on a wooden floor a LAFmax of 102 dB (A) was reported [17]. Compared to the damping effect of 7 dB related to the floor construction, the replacement of the case “aluminium” by that of a basket or metal grid shows a higher damping effect of up to 12.64 dB.



Concerning the potential harmful effects of the LAFmax noise levels measured in the present study, the impulse noise generated by dropping DUPLO toy bricks into different cases was within the range where energetic damage of the inner hair cell cilia can occur due to metabolic overload independent from the type of material and construction of the case. Furthermore, the exposure of sound pressure levels of 100 dB (A) for 10–20 min elevates the risk of disturbance of the microcirculation in the inner ear [29,30,31]. Following the usage of cases of class 1, “aluminium” and “timber” elevates the risk of hearing impairment in an equivalent exposure time. As a consequence the replacement of a storage case from class 1 by one of class 4 has a positive effect on prevention and may reduce the risk of possible hazards. Although the reported LAFmax in nursery schools is as high as 117 dB, this noise level is not within the damaging range of exposures for acute hearing impairment. However, almost 50% of teachers complain of hearing deficiency and tinnitus[14,15]. Thus, it could be assumed that a risk of hearing impairment is also due to permanent exposure to short sound events, even if the exposure action level of 137 dB (C) for impulse noise is not exceeded. Therefore, dropping of DUPLO toy bricks into cases could potentially contribute to the noise-related inner ear hazard.



In addition to the sound pressure level and the duration of exposure, the spectral composition of sound events is also potentially related to damage of the auditory system. With noise consisting of high energy in the higher frequencies, the risk for temporary threshold shift is elevating. High noise levels with predominant frequencies at around 4000 Hz is associated with aural impairment [18]. In the further progression the noise-related impairment spreads first to the high and then to the mid frequencies between 500 Hz and 2000 Hz [32]. In the range between 80 Hz and 2000 Hz, the case conditions “metal grid”, “basket”, and especially the case “laundry basket”, showed the lowest sound pressure level and, therefore, have a favourable effect on preventing the hair cell cilia in this frequency range from damage. However, in all cases, maximum noise levels were present between 2000 Hz and 4000 Hz, the maximum of the sensitivity range, indicating a possible interference in this susceptible area.



The most common extra-aural effect of noise is annoyance [16]. Studies which compared the degree of high sound pressure to the level of annoyance showed that there is no distinct relation between the reduction of noise and decreased annoyance. As a consequence there are other factors like pulse characteristics which are contributing to the level of annoyance. The impact of DUPLO toy bricks on hard surfaces presents noise events with high peak sound pressure levels and sudden onset, which contributes to an increased risk of hearing damage [22,33]. It has been shown that a decrease of at least 4 dB is required to achieve a significant change in terms of the degree of annoyance [34]. A study of airport noise revealed that changes of less than 3 dB were not perceived by the neighbourhood [35]. Since, in this study, a significant reduction of the sound pressure level of about 12.71 dB was measured between the loudest and quietest case condition, a reduction in noise annoyance for this sound event can be assumed. As the loudest case conditions of each class differ by 4 dB LAFmax, already the replacement of a case by one belonging to a class of lower noise emission level allows a noticeable noise reduction. Furthermore, since the differential threshold between two sound pressure levels is 1 dB, even the noise reduction between the lowest and the second-lowest storage case might be perceivable [36]. Chronic effects caused by possible stress reactions could, therefore, be restrained. Frequency analyses evaluated that the highest amplitudes of all tested case conditions mainly occurred in the mid to high frequencies of 200 Hz–4000 Hz. This is consistent with the fact that high-frequency components are typical for an acoustic excitation due to a sudden impact with short pulse duration. The cases “laundry basket”, “metal grid”, and “basket” showed the lowest amplitudes over the whole spectrum. Most noteworthy are the low and mid frequencies from 80 Hz to 2500 Hz. While the remaining cases recorded increasing values in this range, these three cases showed decreased amplitudes. The special construction of the two cases with perforated walls (“metal grid” and “basket”) could be causative for the similar frequency characteristic. This effect is, to a lesser extent, also observable for the “laundry basket” due to the greater openings in the walls.



In nursery schools prevalent frequencies of 50 Hz–150 Hz and 500 Hz–4000 Hz were measured [11,37,38]. The presence of two prevalent frequency ranges has been attributed to the material of the device, the use of toys and the amount of children’s voices. The frequency measurements of this study showed the highest amplitudes mainly in the mid to high frequencies of 200 Hz–4000 Hz. The dropping of DUPLO toy bricks in storage cases could, therefore, contribute to the prevalent frequencies in nursery schools.



For an effective noise reduction, the acoustic impacts of three damping materials were additionally tested. The easiest and most effective way to reduce noise is the application of materials that mitigate against the impact due to its soft, malleable, and resilient structure and, therefore, reduce the induction of oscillation and noise emission. Decisive is a high dissipation factor and a low stiffness, which are present in foams and carpets. The most distinct attenuation was shown by the insertion of PU foam and carpet inlays into the cases. The damping effect differed only slightly depending on the case material.



The frequency analyses revealed for PU foam the best sound dampening characteristics over the whole spectrum for all cases. Attenuation was particularly achieved in the mid frequencies between 160 Hz and 2500 Hz. Since the main language area is located in this attenuated range this may contribute to reduce interference in the understanding of speech. Over the whole spectrum the attenuation effect of carpet was less than the attenuation of PU foam but was slightly varying between the three tested cases. For the foam rubber only a slight reduction in the entire frequency range could be analysed in all cases.



The analysis also indicates that the construction of the cases is less important when they are modified by either foam rubber or PU foam inlays. When applying the same materials the different storage cases showed nearly the same sound pressure level. This finding is of practical interest because a suitable damping material as PU foam could attenuate any storage cases and, therefore, many preschools would not need to purchase new ones.



Nevertheless, for the most effective noise reduction the case “basket” with an insert made of PU foam is recommended.



Due to the experimental design only the LAFmax of the first dropping of the DUPLO toy bricks into the empty case was investigated. Even though this first drop is commonly the noisiest, this experiment only reflects a snapshot of the whole filling procedure. With an increasing number of bricks in the case, the influence of the bricks itself rises and the acoustical properties of the case do have a reduced influence. Thus, for a detailed evaluation the complete filling of the case could be measured. A further variable is whether a DUPLO brick first encounters another brick before hitting the bottom of the case; but this is rare and random. Therefore, the number of repetitions should be high in order to minimize this effect. For this, a test set-up had to be re-established. To investigate the variation related to random effects, 25 repeated measurements were carried out for each case condition. However, based on the results of the standard deviations, it has to be recognized that a SD of 2.19 dB is quite high with respect to the absolute values of the cases. To increase the validity a greater number of repeated measurements of possibly 50 is recommended. Further studies should evaluate other possibilities of noise reduction for this action; for example, the production of DUPLO bricks which generate lower sound pressure levels.




5. Conclusions


When dropping DUPLO toy bricks into different cases, the highest LAFmax was measured for the case made of “aluminium” with 103.34 dB, and the lowest LAFmax for the cases manufactured of “basket” and “metal grid”, with LAFmax of 91.61 dB and 90.71 dB. Frequency analyses evaluated the highest amplitudes for all tested case conditions mainly in the mid to high frequencies of 200 Hz–4000 Hz. Concerning the potential harmful effects, the measured LAFmax showed no evidence for the danger of acute hearing loss. Although LAFmax produced in real-life conditions could be higher than the levels measured in this study. However, the measured impact noise sound levels are in a range where the risk of hearing impairment in an equivalent exposure time is increased, especially for the loudest storage cases “aluminium” and “timber”. As a consequence, the replacement of a storage case of class 1 by one of class 4 may reduce this risk. Frequency analyses evaluated for the cases condition “metal grid” and “basket” the lowest LAFmax over the entire 1/3 octave band spectrum. Remarkably small amplitudes were present in the low and mid frequency range from 80 Hz to 2500 Hz. These effects are, on the one hand, due to the resilient material which impeded the excitation of structure-borne noise and, on the other hand, to their permeable walls, which reduce early reflections of sound pressure.



The most distinct attenuation of the LAFmax was shown by the insertion of PU foam and carpet into the cases, which depended just slightly on the case design.



Over the whole spectrum the frequency analyses revealed, for PU foam, the best sound dampening. Attenuation was particularly achieved in the mid frequencies between 160 Hz and 2500 Hz. Since the main language area is located in this range, this may have a favourable impact on speech intelligibility and reduces the strain in this sensitive range of the hearing.



For the purpose of a highly-significant noise reduction when inserting DUPLO toy bricks a case, a resilient material with permeable walls is recommended due to its favorable impact on sound emission. Furthermore, for achieving an effective attenuation with minimal effort, an inlay of PU foam should be applied.
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Table 1. Descriptive and statistical data of LAFmax noise level measurements when dropping DUPLO toy bricks. Eleven different storage cases are arranged in classes of decreasing order. Statistical significance analyses were performed with one-way ANOVA and following Tukey post hoc test. It was iteratively done for each basket with its adjacent case in the decreasing LAFmax order. Calculation of SD was performed with n = 25 and Bessel’s correction.
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