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Abstract

The main goal of this study is to get a clearer view on sound pressure levels (SPL) in a NICU
setting. To do this, a setup is built for measuring the relation between sounds in the NICU and
the SPL sensed by the neonate inside the incubator.

The first goal of this study is to calibrate an audio recording device in such a way that it can be
used as an SPL meter. In the study an accuracy of ±1 dBA for the measurement of the SPL has
been achieved.

Furthermore, the physics concerning the propagation of sound waves has been measured and
attempted to explain. A theory to compute sound waves is presented and compared to measured
data. The computed SPLs showed great similarities with the measured SPLs.

The attenuation of the SPL by the incubator’s exterior was determined to vary from 8 to 30
dBA. The attenuation was determined to be frequency dependent. 600 Hz tones proved to be
attenuated the most. A possible explanation for this is that 600 Hz is the resonant frequency of
the incubator’s exterior.

It was also determined that the SPLs inside the incubator can have differences up to at least 30
dBA (the SPL at one position minus the SPL at another position), depending on the generated
sound frequency. This result indicates that it is far from reliable to assume the SPL at one location
inside the incubator, by measuring the SPL at another position.

Even though the main part of this study concluded that SPLs are dependent on many factors, still
an indication of the SPL difference, at the position of the neonate and just outside the incubator
was obtained. Found was that for speech, the average SPL difference (1 second of measuring) was
13 to 16 dBA. For peak levels (0.125 seconds of measuring) the SPL difference was 18 dBA. For
alarms the average SPL difference was 6.1 dBA for a blue alarm, 6.1 to 10.1 dBA for a yellow
alarm and 14.7 dBA for a red alarm. For peak levels the SPL difference was 6.6 dBA for a blue
alarm, 9.8 to 11.0 dBA for a yellow alarm and 11.8 dBA for a red alarm. These results can be used
to get an indication of the SPL at the position of the neonate when it is only allowed to measure
the SPL outside the incubator.
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Chapter 1

Introduction

A Neonatal Intensive Care Unit (NICU) is a hospital department for neonates who need intensive
care after birth. These neonates are monitored closely to check their vital signs. Each time a
potentially critical situation occurs an alarm sounds. Due to this monitoring, noise pollution
occurs. Noise is speculated to have adverse effects on infant physiologic stability and future
neurodevelopment. Loud transient noise has already shown to cause physiological changes, such
as increased heart rate, increased blood pressure, increased respiratory rate and decreased oxygen
saturation. Such changes increase the likelihood of subsequent apnoea and bradycardia episodes
[1].

Studies on the sound pressure levels (SPL) in a NICU have been performed previously. Gurudutt
Joshi* and Nayan Tada (2016) [2] concluded that the noise levels in a NICU were much higher
than the standard recommended level of 45 dBA, and morning shifts were the noisiest. In their
study they measured a minimum SPL of 51 dB, an average of 72 dB and a maximum of 92 dB in
NICU rooms. Paul E. Marik et al. (2012) [3] concluded that the SPL within a modern incubator
may reach levels that are harmful to the neonate. In the study an average of 53 dBA was measured
inside the incubator, with all equipment turned off. With all equipment on, the SPL increased
to 68 dBA. Nancy Lawsom et al. (2010) [4] concluded high-intensity equipment alarms to be
disturbing patients’ sleep, but critical in a medical emergency. They found that the mean sound
level inside a patient’s room was generally less than 45 dBA, but peak levels were greater than 85
dBC. F. Fernández Zacaŕıas Zacaŕıas et al. (2017) [5] studied three different incubator types and
concluded that the incubators, when exposed to SPLs of 53.5-58 dB, reduced noise by 5.2-10.4 dB
at the location of the ears of a neonate. Robertson and Vos (1999) concluded the attenuation of
sound (outside minus inside the incubator) was 15 to 18 dBA.

The goal of the experiments described in this report is to get a clearer understanding of the
SPLs within a NICU setting. The main goal is to determine the SPLs which a neonate inside an
incubator experiences. A multitude of experiments are conducted in order to draw a well balanced
conclusion. This report consists out of experiments used to:

• Calibrate a sound recording device (Zoom H5) to conduct dBA measurements, as most SPL
measuring devices are too big to place next to a neonate.

• Determine how the SPL varies as a function of the distance from the source.

• Determine how much the SPL is attenuated by the incubator’s exterior.

• Determine the SPL differences inside the incubator.

• Determine the SPL difference between the SPL at the location of the neonate and the SPL
outside the incubator for relevant sound sources.
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CHAPTER 1. INTRODUCTION

This report starts with chapter 2 where the essential theory is provided to explain the obtained
results. In chapter 3 the methods for obtaining measurement data are explained. Chapter 4
provides the results originating from the measured data. From the results conclusions are drawn
which are stated in chapter 5 and discussed in chapter 6.
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Chapter 2

Theory

2.1 Sound

Sound is the audible change of air pressure. Sound, in its essence, can best be described as a
longitudinal wave propagating through a medium. At a fixed position this changing pressure can
be perceived as a transverse wave representing the change of pressure over time. The period of
such a transverse wave is called the frequency, the frequency is noted in Hertz (Hz). The frequency
differences can be detected as a change in pitch by the human ear.

The most common way of expressing the sound pressure level (SPL) is in terms of decibels (dB).
The SPL can be determined using the following equation:

SPL(dB) = 10Log10(
Imeasured

Iref
) + SPLref , (2.1)

where Imeasured is the measured intensity, Iref is a reference intensity and SPLref is the corres-
ponding reference SPL.

SPL meters attempt to display the loudness of the pressure differences caused by sound waves.
Not all sound frequencies are perceived with the same loudness by the human ear. Because of this,
SPL meters are often corrected by an A-weighting, thus displaying the A-weighted decibels (dBA).
Literature often refers to SPLs as dB, in which decibels are often corrected by a C-weighting (dBC).
The C-weighting filters severely reduce the SPLs of frequencies outside the audible frequency range.

Audio recording devices on the other hand measure pressure differences, relative to the atmospheric
pressure, and express these differences as a voltage amplitude. Voltage amplitude V scales with
the square root of the intensity I. To determine the SPL using voltage amplitudes, the following
equation can be used1 [6]:

SPL(dB) = 20Log10(
Vmeasured

VRef
) + SPLref . (2.2)

2.2 A-Weighting

The Brüel & Kjaer Precision Sound Level Meter Type 2232, which will be used later on, measures
an A-weighted sound level (dBA). The applied A-weighting converts the SPL in dB, to an SPL

1Equation 2.7 also holds for weighted sound signals.

Observational study on acoustic pressure in the NICU 3



CHAPTER 2. THEORY

as it is perceived by the human ear, thus giving a better indication of how loud the sound is
to a human listener. Figure 2.1 represents the weighting which is applied to the absolute dB
measurements as a function of the sound frequency (Hz).

Figure 2.1: Nominal A-weighting characterisic.

The weighting shown in figure 2.1 corrects decibels dB to A-weighted decibels dBA in the following
way:

SPL(dBA) = SPL(dB) +Wa(f), (2.3)

which depends on the frequency f . The A-weighting value Wa(f) is determined using the following
equation:

Wa(f) = 20Log10[
1.2589049 ∗ 121942f4

(f2 + 20.62)
√
f2 + 107.72

√
f2 + 737.92(f2 + 121942)

][7]. (2.4)

2.3 Propagation of sound

Sound propagates in the radial direction. The sound intensity I obeys the inverse square law. To
calculate the sound intensity at a specific distance from its source the following equation holds:

I =
Psource

4πr2
[8], (2.5)

where Psource is the power generated by the source and r is the radial distance form the source.
To determine the sound intensity I at a specific position, while the intensity at another position
is known, the following equation is applied:

I =
Irefr

2
ref

r2
. (2.6)
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CHAPTER 2. THEORY

Finally, to determine the general SPL reduction over a distance, equation 2.2, equation 2.6 and
the theory explained in section 2.1 are combined, resulting in2:

SPL(dB) = SPLref − |20Log(
rref
r

)|. (2.7)

2.4 Wave interference

Sound can interact with objects. It can be reflected, diffracted and absorbed. Due to the collision
of the incoming sound wave and the reflected sound wave, a certain phenomenon occurs. This
phenomenon is known as wave interference. To best show this phenomenon the sound waves are
computed as transverse waves, with the voltage amplitude V on the y-axis and time t on the
x-axis. The incoming wave is computed as follows:

Wavein =
A

r1 − ps
sin(2πft− k(r1 − ps), (2.8)

where A is an arbitrary amplitude, r1 is the radial distance from the source, ps is the position of
the sound source (e.g. speaker), f is the frequency of the sound wave and k is the wavenumber.
The wavenumber k is defined as:

k =
2π

λ
, (2.9)

where λ is defined as:
λ =

vsound
f

, (2.10)

where vsound is the speed of sound through air, which is approximated to be 343 m s-1 [9].

The reflected sound wave is interpreted as a second sound source, computed in the following way:

Wavereflected =
AR

(pob − ps)(pob − ps − r1)
sin(2πf(t− (

pob − ps
vs

) + k(r1 − pob)), (2.11)

where pob is the position of the object and R is its reflection coefficient. R is a value representing
how much of the incoming sound wave is reflected.

A snapshot of the incoming and reflected sound wave separately, assuming ps = 0 m, pob = 2 m
and R = 0.45 (which is indefinite), is shown in figure 2.2. In figure 2.3 the combination of the
incoming and the reflected wave is shown.

Figure 2.2: Snapshot of the incoming (blue) and the reflected (yellow) sound wave with normalised
amplitudes. f is set at 400 Hz and R at 0.45.

2Equation 2.7 also holds for weighted sound signals.

Observational study on acoustic pressure in the NICU 5



CHAPTER 2. THEORY

Figure 2.3: Snapshot of the combination of the incoming and the reflected sound wave. f is set
at 400 Hz and R at 0.45.

Sound Level Meters do not display voltage amplitudes, but the root mean square (RMS) of the
voltage amplitude, converted to decibels (often corrected with an A-weighting). For conversion of
the voltage amplitude to RMS values (in Volts) the following equation is used:

RMS(V ) =

√
1

st

∫ t0+st

t0

(Wavein +Wavereflected)2dt, (2.12)

where st is the sampling time and t0 is the timepoint at which the measurement is started. To
convert RMS(V) to RMS values in decibels the following equation is used:

RMS(dB) = 20Log10[
RMS(V )

Vref
] + SPLref , (2.13)

where Vref is a reference voltage corresponding to a certain reference SPLref . These values are
undetermined. SPL values in literature are generally the RMS values in dB or dBA. From now
on, the RMS(dB) and RMS(dBA) values are noted as SPL(dB) and SPL(dBA), respectively. To
convert SPL(dB) to SPL(dBA) equation 2.3 is used. Since Vref and SPLref are undetermined, it
does not make a difference to display SPL values in terms of decibels or A-weighted decibels, as
they only differ in the SPLref value. A snapshot of the SPL(dBA) values, with st = 1 s, is shown
in figure 2.4.

6 Observational study on acoustic pressure in the NICU



CHAPTER 2. THEORY

Figure 2.4: SPLs between sound source (e.g. speaker) and reflective object (e.g. incubator). f is
set at 400 Hz and R at 0.45.
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Chapter 3

Experimental Setup

3.1 Devices

• The Bruel & Kjaer 2232 Precision Sound Level Meter (B&K PSLM), displayed in figure
3.1a, is used for accurate SPL measurements. The B&K PLSM measures the SPL equalized
with an A-weighting. The B&K PSLM can be put in SLOW and FAST mode. In SLOW
mode the analog display shows the RMS of the previous second. On FAST mode it shows
the maximum RMS of the past 8 measurements, all of length 0.125 seconds [10]. The B&K
PSLM has a type 1 precision [10], meaning that it has a tolerance of ± 0.7 dB [11].

• The Zoom H5, displayed in figure 3.1b, is used for audio recording. The Zoom H5 can connect
to up to 4 microphones. The microphones connected on top of the Zoom H5 are MICL and
MICR. MIC1 and MIC2 are external microphones. MIC1 and MIC2 are omnidirectional
and will be used in the forthcoming measurements, because of their small size. The Zoom
H5 has a sensitivity knob, which has not been adjusted throughout the whole study.

• A monitor speaker, displayed in figure 3.1c, is used to generate tones. The speaker can
generate tones ranging from 200 Hz to more than 2000 Hz.

(a) The B&K PSLM (b) The Zoom H5 (c) The monitor speaker

Figure 3.1: Photos of the used devices.

8 Observational study on acoustic pressure in the NICU



CHAPTER 3. EXPERIMENTAL SETUP

3.2 Software

• All the recorded audio is analysed using AUDACITY. In AUDACITY the wav. files, created
by the recordings of the Zoom H5, are analysed. To obtain A-weighted RMS values, the
audio is equalized with an A-weight equalizer.

• XML Notepad 2007 is used to create custom equalizers, which can be imported in AUDA-
CITY and applied to the sound recordings.

• ORIGIN is used to analyse the raw data. Origin allows to create plots and apply fits.

• MATHEMATICA is used to compute equations and animations.

• SPECTROVIEW is an app which allows to record sound and display its spectrogram.

3.3 Calibration

Figure 3.2 displays the set-up which is used for the calibration of the external microphones. The
external microphones, MIC1 and MIC2, are placed directly on the side of the microphone of the
B&K PSLM.

The B&K PSLM is put in SLOW mode and the Zoom H5 is put in ‘record’ mode. The speaker
generates tones with a range of frequencies at different volumes. The corresponding SPL values
displayed by the B&K PSLM are noted. The recordings are imported in AUDACITY, where the
A-weighting equalizer is applied. AUDACITY allows to calculate RMS values over certain periods.
The RMS values are plotted against the measured SPL by the B&K PSLM. The results are shown
in figure 3.3a and 3.3b for MIC1 and MIC2 respectively.

(a) Schematic set-up of the calibration (top view). (b) Real-life set-up of the calibration.

Figure 3.2: Set-up of the calibration

Observational study on acoustic pressure in the NICU 9



CHAPTER 3. EXPERIMENTAL SETUP

(a) MIC1 (b) MIC2

Figure 3.3: Calculated RMS versus the measured SPL for MIC1 and MIC2.

Figures 3.3a and 3.3b show that, for each frequency, the determined RMS values differ a constant
amount from the SPL values measured by the B&K PSLM. This constant amount is called the in-
tersection. To eliminate the differences in intersections for specific frequencies, a response equalizer
for MIC1 and MIC2 is made using XML Notepad 2007. Figure 3.4 and figure 3.5 show the response
equalizers. The deviation from the 0 dB line is the deviation from the average intersection.

Figure 3.4: Response equalizer for MIC1 in Audacity.

Figure 3.5: Response equalizer for MIC2 in Audacity.

The conversion formulas for the audio recordings, equalized with the A-weight equalizer and the
inverse of the response equalizer are:

10 Observational study on acoustic pressure in the NICU



CHAPTER 3. EXPERIMENTAL SETUP

SPLMIC1(dBA) = 1.0234 ∗RMS + 101.4 (3.1)

and
SPLMIC2(dBA) = 1.0323 ∗RMS + 103.8, (3.2)

for MIC1 and MIC2 respectively. The prefactor is determined using the average of the inverse
of the slopes of the linear fits shown in figures 3.3a and 3.3b, and the additional constant is the
average of the intersections.

To obtain the accuracy of the described method, the same set-up as shown in figure 3.2 is used.
Tones at random frequencies and volumes are generated. The SPL measured by the B&K PSLM
and the determined SPL (using AUDACITY) are compared, in which the differences are set as
an error. The amount of measurements with a certain error are plotted in figure A.1a and figure
A.1a. By fitting a Gaussian through the data the standard error of the SPL values for MIC1 and
MIC2 are determined to be ±0.6 dBA and ±0.9 dBA, respectively. Together with the tolerance
of ±0.7 dBA of the B&K PSLM (see: section 3.1) this results in a tolerance of ±1 dBA for MIC1
and ±2 dBA for MIC2. To give an indication of the accuracy of the determined SPL values, the
determined SPL values (using AUDACITY) are plotted against the measured SPL (by the B&K
PSLM). The results are shown in figures 3.6a and 3.6b. Through the data, a line is drawn with
a slope of 1 and an intersect through the origin (Note: in the ideal situation the measured data
points are on this line).

(a) MIC1 (b) MIC2

Figure 3.6: The determined SPL values (using AUDACITY) plotted against the measured SPL
values by the B&K PSLM for MIC1 and MIC2. A line is drawn through the data with a slope of
1 and an intersect through the origin.

3.4 Alarm frequencies

The set-ups described in the coming sections are used to mimic sounds occurring in clinical practise.
First it has to be determined what frequencies typically occur. Through literature it is determined
that the relevant sound sources are talking people and the alarms generated by monitors [12]. The
frequency range of speech is found to range from 85 to 180 Hz for adult males and from 165 to
255 Hz for adult females [13]. The frequency range of an adult female has been checked using the
app SPECTROVIEW. Figure 3.7 shows the spectrogram of female speech followed by an alarm.
The female speech is recorded from Time(seconds) = 2 to Time(seconds) = 6.

Observational study on acoustic pressure in the NICU 11
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Figure 3.7: Spectogram of the recording of female speech and an alarm.

Figure 3.7 shows a rise in SPL around 190 Hz, which is within the frequency range of an adult
female found in literature. The rise in SPL around 380 Hz and 570 Hz are the first and second
harmonic of the produced frequency. Harmonics are multiplications of the main frequency.

The other main sound source is from the alarms generated by monitors [12]. A simple experiment
is conducted, where the sound of different alarms are recorded. In AUDACITY the function “Plot
spectrum” allows to indicate what the frequency of the sound signal is. The spectra of the different
alarms are plotted in figures A.4a, A.4b and A.4c, the results are put in table 3.1. Figure A.4a and
figure A.4b show clear indications of peaks. Figure A.4c shows a large bump in the low frequencies
and a peak at 2879 Hz. The bump at the lower frequency can be explained by the frequent pulse
of the alarm, the program will pick this up as low frequency sound, however it is not. The peak
at 2879 Hz is the first harmonic of the generated signal and should thus be neglected.

Table 3.1: Main Frequencies of different alarms

Alarm type Frequency (Hz)
Blue 480
Yellow 481
Red 958

The frequencies displayed in table 3.1 indicate that the forthcoming experiments should have tones
generated up to 1000 Hz.

3.5 Measurment plan

3.5.1 Experiment 1: SPL distance relationship

Figure 3.8 displays the set-up which is used to determine how the SPL varies as a function of the
distance from the speaker. The radial position of MIC1 is varied between the speaker and the
incubator.

12 Observational study on acoustic pressure in the NICU



CHAPTER 3. EXPERIMENTAL SETUP

(a) Schematic set-up of Experiment 1 (top view). (b) Real-life set-up of Experiment 1.

Figure 3.8: Set-up of Experiment 1.

A continuous tone at a fixed volume and frequency is generated by the speaker positioned at ps =
0 m. The incubator’s left exterior is positioned at pob = 2 m. The position (r1) of the microphone
is varied. The generated tones have a frequency ranging from 200 Hz to 1000 Hz

3.5.2 Experiment 2: Attenuation

Figure 3.9 displays the set-up which is used to determine the attenuation caused by the exterior
of the incubator.

(a) Schematic set-up of Experiment 2 (top view). (b) Real-life set-up of Experiment 2.

Figure 3.9: Set-up of Experiment 2. In figure 3.9b the speaker is placed outside the picture
boundary.

To get an indication of the SPL reduction, due to the presence of the incubator, MIC1 is placed 5
cm in front of the left exterior of the incubator and MIC2 is placed 5 cm behind the left exterior. A
continues tone at a fixed frequency is generated by the speaker at varying volumes. The generated
tones have a frequency ranging from 200 Hz to 1000 Hz.
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CHAPTER 3. EXPERIMENTAL SETUP

3.5.3 Experiment 3: SPL distribution profile

The set-ups displayed in figures 3.10 and 3.11 are used to determine the SPL differences inside
the incubator.

Experiment 3a

The set-up displayed in figure 3.10 is used to determine how the SPL at one location differs from
the SPL measured at location B2. The speaker is positioned at ps = 0 m and the incubator’s left
exterior at pob = 0.5 m. In addition a ‘snuggle’ is placed in the middle of the incubator. Inside the
snuggle the Zoom H5 is placed. Snuggles are placed on this position in most real-life situations.
The Zoom H5 is placed in the snuggle to imitate the presence of a neonate. A picture of the Zoom
H5 in the snuggle can be found in figure B.1.

(a) Schematic set-up of Experiment 3a (top view). (b) Real-life set-up of Experiment 3a.

Figure 3.10: Set-up of Experiment 3a.

Experiment 3b

The set-up displayed in figure 3.11 is used to measure the SPL as a function of the radial distance
r2 from the middle of the left exterior of the incubator. Again the speaker is positioned at ps =
0 m and the incubator’s left exterior at pob = 0.5 m. The snuggle and Zoom H5 are placed in the
middle of the incubator.

(a) Schematic set-up of Experiment 3b (top view). (b) Real-life set-up of Experiment 3b.

Figure 3.11: Set-up of Experiment 3b. In figure 3.11b the Zoom H5 is accidentally excluded from
picture.
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3.5.4 Experiment 4: Alarms and speech

The experiments previously described are needed to determine certain acoustic properties of the
incubator. However, as stated in the introduction, the goal is to get a clearer understanding of the
SPLs experienced by a neonate. These SPL peaks mostly come from talking people and alarms
[12]. In this experiment the set-up as shown in figure 3.12 is used. MIC1, which is placed on
top of the incubator, gives an indication of the SPL received by the people standing nearby the
incubator and MIC 2 of the SPL received by the neonate. Underneath MIC1 a blanket is placed in
an attempt to cancel the sound reflection underneath the microphone. This experiment is meant
to be able to get an estimation of the SPL at the neonate’s ear by measuring the SPL outside the
incubator. Figure 3.12b shows how this is done.

(a) Schematic set-up of Experiment 4 (top view). (b) Real-life set-up of Experiment 4.

Figure 3.12: Set-up of Experiment 4. MIC1 is placed on top of the incubator. In figure 3.12a the
axis’ are included to indicate the position of the microphones and monitor. The positive z axis is
directed upward (out of the paper). In figure 3.12b the monitor is placed outside picture boundary

In the defined coordinate system MIC1 is positioned at (x, y, z) = (0, 0, 0) m, MIC2 at (x, y, z) =
(0, 0, 0.4) m and the monitor at (x, y, z) = (−1.3,−1.1, 3.5) m. The following data will be obtained:
The average (1 minute of measuring) and peak (0.125 seconds of measuring) SPL, caused by speech
and the average and peak SPL caused the alarms generated by the monitor.

Observational study on acoustic pressure in the NICU 15



Chapter 4

Results and discussion

4.1 Experiment 1: SPL distance relationship

The SPL is measured with MIC1 at position r1 between the speaker and the incubator. The
measured data and the expected result, using the theory of section 2.4, are plotted. The plots
are shown in figure 4.1 and A.2. The measurements are performed using the method explained in
section 4.1.

(a) Measured SPL with tone generated at 300 Hz.
(b) Computed SPL with f set at 300 Hz and R at
0.2.

(c) Measured SPL with tone generated at 500 Hz.
(d) Computed SPL with f set at 500 Hz and R at
0.3.
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CHAPTER 4. RESULTS AND DISCUSSION

(e) Measured SPL with tone generated at 800 Hz.
(f) Computed SPL with f set at 800 Hz and R at
0.3.

Figure 4.1: Comparison of measured SPL values versus the computed SPL values.

The measured SPL values and computed SPL values show similarities and differences. The simil-
arities and differences are discussed in Table 4.1. The following aspects are considered: the general
decline, the height of the maxima and minima, the position of maxima and minima, the rising
effect near the speaker and the incubator. When the result is similar it is marked by the symbol
S, when the result is significantly different it is marked by a D.

Table 4.1: Discussion on the similarities and differences of the computed versus the measured SPL
values.

Generated tone (Hz)
Aspects 200 300 400 500 600 800 1000
Estimated R value 0.05 0.2 0.5 0.3 0.5 0.3 0.1
General of decline S S S S N S S
Height of maxima and
minima

N S S N N N S

Position of maxima and
minima

N S N S N S S

The rising effect near the
speaker r1<0.5 m and the
incubator r1>1.9 m

S S S S S S S

In general the computed version returns an excellent indication of the general SPL decline and
the rising effect near the speaker and the incubator. Mostly, also the positions and height of the
maxima and minima are similar. However, some maxima seem te be flattened. The differences
are possibly occurring because of other interfering waves, as the sound waves will not only interact
with the incubator, but also with the walls of the room or other placed objects.

4.2 Experiment 2: Attenuation

The SPL attenuation caused by the exterior of the incubator is measured using the method de-
scribed in section 3.5.2. The results are shown in figure 4.2.

Observational study on acoustic pressure in the NICU 17



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.2: Difference in SPL in- and outside the incubator (attenuation), for different generated
tones, as a function of the measured SPL on the outside of the incubator.

The results shown in figure 4.2 indicate that most frequencies have a converging attenuation value.
The 200 Hz tone seems out of place. The values of the convergance of the attenuation values are
plotted in figure 4.3.

Figure 4.3: Difference in SPL in- and outside the incubator (attenuation) for different generated
tones as a function of the received SPL on the outside of the incubator.

The plot shown in figure 4.3 indicates that, disregarding the attenuation of a 200 Hz tone, the 600
Hz tone is reduced in SPL the most. This might be explained by the exterior of the incubator co-
resonating with the incoming sound wave. It is thought that when the frequency of the incoming
sound wave approaches the resonant frequency of the plate, more of the incoming sound intensity
is reflected. This explanation requires more thought to draw a significant conclusion. What can be
concluded is that the SPL attenuation by the incubator’s exterior is heavily frequency dependent.
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CHAPTER 4. RESULTS AND DISCUSSION

4.3 Experiment 3: SPL distribution profile

The results shown in figure 4.4 and A.3 are obtained using the method as explained in section
3.5.3. The plots on the left side of figure 4.4 and A.3 show the measured SPL value as a function
of the distance from the incubator’s left exterior r2. The plots on the right side of figure 4.4 and
A.3 indicate how the measured SPL differs from the SPL at position B2. The description of the
locations can be found in section 3.5.3. In both experiments the speaker is placed at a 50 cm
distance from the left exterior of the incubator.

(a) 300 Hz (b) 300 Hz

(c) 500 Hz (d) 500 Hz
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CHAPTER 4. RESULTS AND DISCUSSION

(e) 800 Hz (f) 800 Hz

Figure 4.4: The SPL inside the incubator with varying r2 (left side) and the SPL difference with
respect to the SPL at position B2 (right side).

The plots shown in figure 4.4 and A.3 indicate that the SPL inside the incubator can vary up to
30 dBA (highest SPL minus lowest SPL). The 200, 600 and 1000 Hz tones show some indication
of homogeniouty. At these frequencies the biggest difference in SPL (highest SPL minus lowest
SPL) is about 8 dBA. The results of this experiment indicate that, when measuring the SPL in
a real NICU setting, if a microphone is placed at significant distance from the neonate’s ear, the
measurements will have no significance.

4.4 Experiment 4: Alarms and speech

In this experiment sound is generated by speech and monitor alarms. The SPL received at standing
positions and in the middle of the incubator is measured using the method explained in section
3.5.4. The results are shown in tables 4.2 to 4.5. The Yellow alarm consists of 2 distinct volumes
and is thus split into Yellow1 and Yellow2.

Table 4.2: Average SPL generated by monitor alarms.

Alarm type Outside SPL (dBA) Inside SPL (dBA) SPL difference (dBA)
Blue 39.0 32.9 6.1
Yellow1 38.8 32.7 6.1
Yellow2 45.6 35.5 10.1
Red 69.9 55.2 14.7

Table 4.3: Peak SPL generated by monitor alarms.

Alarm type Outside SPL (dBA) Inside SPL (dBA) SPL difference (dBA)
Blue 43.9 37.3 6.6
Yellow1 46.0 36.2 9.8
Yellow2 52.0 41.0 11.0
Red 73.2 61.4 11.8

The results shown in table 4.2 and 4.3 indicate that the SPL, caused by monitor alarms, on the
position of the ears of the neonate is significantly lower than the SPL just outside the incubator.
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However, with the results shown in section 4.3 it is not out of the question for this result to be
heavily position dependent.

Table 4.4: Average SPL generated by speech.

Outside SPL (dBA) Inside SPL (dBA) SPL difference (dBA)
60-66 46-49 13-16

Table 4.5: Peak SPL generated by speech.

Outside SPL (dBA) Inside SPL (dBA) SPL difference (dBA)
80 62 18

The results shown in tables 4.4 and 4.5 indicate that the SPL on the position of the ears of
a neonate is significantly lower than the SPL just outside the incubator. On average reducing
the SPL, caused by speech, by 13 to 16 dBA and reducing peak levels by 18 dBA. The average
attenuation of 13 to 16 dBA overlaps with the 15 to 18 dBA attenuation found in literature [14].
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Chapter 5

Conclusions

This research aimed to get a clearer view on the behaviour of sound within a NICU. The first
main question was whether it is possible to use an audio recording device to measure an A-weighed
SPL. With the suggested method SPLs can be measured with an accuracy of up to ±1 dBA.

The second question was whether it is possible to determine how the SPL varies as a function
of the distance from the sound source. The results of this experiment are disputable, but the
computed sound waves gave considerably similar results. What can be concluded from this is that
sound wave interference is significant, causing differences up to 10 dBA from the approximations
without wave interference.

The third question was how much the incubator attenuates the SPL. It is found that the SPL
difference (SPL 5 cm in front of the incubator’s exterior minus the SPL 5 cm behind the incubator’s
exterior) varied from 8 to 30 dBA, depending on the sound frequency. A tone with a frequency of
600 Hz was attenuated the most. The 200 Hz tone is neglected because of its odd behaviour.

The fourth question was how the SPL inhomogeneity behaved inside the incubator. Here was
found that the SPL inside the incubator could differ up to 30 dBA depending on the location.
This result indicates that it is far from reliable to assume the SPL at one position by measuring
the SPL at another position.

The fifth and final question was how the SPL, coming from ordinary sources like speech and
alarms, differed for the position of the neonate’s ear from the SPL just outside the incubator.
The experiment has been done to get an indication of the SPL at the position of the neonate
by measuring the SPL outside the incubator. On average the incubator attenuated speech 13 to
16 dBA and peak levels 18 dBA. For alarms the average SPL difference was 6.1 dBA for a blue
alarm, 6.1 to 10.1 dBA for a yellow alarm and 14.7 dBA for a red alarm. For peak levels the SPL
difference was 6.6 dBA for a blue alarm, 9.8 to 11.0 dBA for a yellow alarm and 11.8 dBA for a
red alarm.
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Chapter 6

Discussion and further research

Possibly the biggest question coming in to this research was whether it is possible to calibrate
a sound recording device to measure SPLs. This was succeeded up to an accuracy of ±1 dBA.
The accuracy of this calibration is possibly endless as the response of the microphone can be
determined more accurately by generating tones at more different frequencies.

It was determined that sound does not propagate in a simple manner. The effect of wave inter-
ference proved significant. Due to this issue not many significant conclusions could be drawn.
In order to draw more significant conclusions the computed wave signal should be extended to
include any object it can reflect on. This process requires more thought. The computing of sound
waves inside the incubator might be troubling.

The attenuation caused by the exterior of the incubator seemed to converge for rising SPLs, ex-
cept for tones generated at 200 Hz. What is interesting is that these attenuation constants do not
overlap with the SPL differences found in the alarm and speech attenuation experiments. This
especially proves that the SPL (inside the incubator) at one location does not tell anything about
the SPL at another. In further research it should be possible to determine expected attenuation
values. It is speculated that using the ’stifness’ of a material the resonance frequency can be
determined. The resonance frequency (or natural frequency) is the frequency at which the incub-
ator’s exterior naturally tends to oscillate. When the generated tone has a similar frequency as
the resonance frequency of the incubator’s exterior, it is expected to maximally reflect.

The average difference of the SPL, caused by speech, in the middle of the incubator and just
outside the incubator, was determined to be 13 to 16 dBA. This overlaps with the 15 to 18 dBA
found in literature. However due to the large SPL differences inside the incubator, it is disputable
whether this result is significant.

This research has shown that sound recording devices can be used as SPL meters and can thus
be implemented in a real NICU setting. Much more research is yet to be done on how sound
propagates within a NICU room.

It is speculated that lots of improvement of the attenuation of the incubator can be achieved by
taking a closer look at its shape. A change in shape could result in less SPL differences inside the
incubator. Also a closer look at the placement of the neonate could result in much improvements.
As has been shown that there are large SPL differences inside the incubator, it might be possible
to determine the optimal position were the SPL is generally the lowest.

The study also reports that the attenuation of the SPL is dependent on the incoming sound
frequency. Taking a closer look at the frequencies of the alarms, and determine whether the atten-
uation at these frequencies is optimal, could improve the general SPLs received by the neonate.
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Appendix A

Figures

A.1 Calibration

(a) MIC1 (b) MIC2

Figure A.1: Histogram representing an amount of determined SPL values (count) with a certain
difference (error) from the measured SPL by the B&K PSLM. A Gaussian is fitted to obtain a
standard error of 0.6 and a mean shift of 0.1 for MIC1 and a standard error of 0.9 and a mean
shift of 0.3 for MIC2.
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APPENDIX A. FIGURES

A.2 Experiment 1: SPL distance relationship

(a) Measured SPL with tone generated at 200 Hz.
(b) Computed SPL with f set at 200 Hz and R at
0.05.

(c) Measured SPL with tone generated at 400 Hz.
(d) Computed SPL with f set at 400 Hz and R at
0.5.

(e) Measured SPL with tone generated at 600 Hz.
(f) Computed SPL with f set at 600 Hz and R at
0.3.
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(g) Measured SPL with tone generated at 1000 Hz.
(h) Computed SPL with f set at 1000 Hz and R at
0.3.

Figure A.2: Comparison of measured SPL values versus the computed SPL values.
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A.3 Experiment 3: SPL distribution

(a) 200 Hz (b) 200 Hz

(c) 400 Hz (d) 400 Hz

(e) 600 Hz (f) 600 Hz
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(g) 1000 Hz (h) 1000 Hz

Figure A.3: The SPL inside the incubator with varying r2 (left side) and the SPL difference per
position with respect to position B2 (right side).
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A.4 Spectra

(a) Blue Alarm (b) Yellow Alarm

(c) Red Alarm

Figure A.4: The spectra of different alarms.
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Appendix B

Photos

Figure B.1: The Zoom H5 placed in the snuggle.
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