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ABSTRACT

In the present study, the emotional reactions to commonly occurring neighbour’s sounds in
wooden dwellings were investigated. Listening tests were performed to assess the relationship
between affective ratings and physiological parameters in distinct acoustics scenarios.
Experimental work was carried out in an audiometric booth with a low background noise
level. A series of impact and airborne sounds were presented through headphones and
subwoofer, while the picture of a living room was shown on a monitor. The impact sound
sources were an adult walking and a child running recorded in a laboratory equipped with
several floor configurations. Two airborne sounds were selected, a lively conversation and a
piece of classical piano music, and digitally filtered to resemble good, medium and poor sound
insulation performances of vertical partitions. The experiment consisted of two sessions: in
the first session, the sound sources were presented individually, while in the second one, pairs
of impact and airborne sources were presented. In both sessions, affective ratings were
assessed using a nine-point SAM (Self-Assessment Manikin) scale for arousal and valence. In
addition, facial electromyography (f-EMG) was monitored throughout the experiment.
Findings showed that increasing sound pressure level of footsteps and conversations caused
an increase of arousal and a decrease of valence. Furthermore, affective ratings indicated that
neighbour sounds activated the defensive motivational circuit which mediates the reactions to
threat. It was observed that activity in the Corrugator Supercilii muscle group increased and
activity in the Zygomaticus Major muscle group decreased when listening to impact and
airborne sounds.

1. INTRODUCTION

Emotions are central to the life regulating processes of living creatures [1-3]. They can be
regarded as bio regulatory reactions that aim at promoting, directly or indirectly, the sort of
physiological states that secure not just survival, but survival regulated into the range that is



identified with well-being [4]. These reactions subsequently trigger other responses including
complex socially oriented ones that involve specific facial expressions [5-7]. Emotional competent
stimuli causing chemical and neural responses surround us every day and may involve all of our
senses. With regard to acoustic stimuli, a wide body of research investigating emotional reactions
evoked by music exists [8-11]. However, few studies have been focusing on the emotional impact
of everyday life sounds.

The majority of previous studies referred to the urban soundscape and examined how the role of
emotions can help in defining the perception of sound quality [12-14]. Others in the environmental
noise field also investigated emotions elicited by noise caused by road traffic and construction sites
[15, 16]. Indoor soundscape was rarely taken into account even though indoor noise such as noise
from a neighbour is a common cause of annoyance and its effect is a major source of emotional
responses in urban environments [17-21]. Furthermore, the growing demands for sustainable
buildings promoting lightweight constructions and the use of raw and locally sourced material such
as wood, generated new living scenarios and indoor soundscapes which need to be investigated.
Wooden residential buildings, in fact, are poorer in impact and airborne sound insulation
performances than heavyweight buildings; thus, sustainable construction trend might lead to
uncomfortable acoustics conditions for dwellers.

Several studies have examined the emotional reactions to footstep sounds in buildings. Recently,
Park et al. used lexicon to investigate the emotions evoked by footsteps noise in residential
buildings, showing how these are significantly affected by noise levels and how noise sensitivity
and attitude toward neighbour moderated emotional responses [22]. The emotional responses to
various types of stimuli have been frequently assessed by using the Self-Assessment Manikin
(SAM) [23, 24]. A series of studies have adopted the SAM to investigate affective reactions to
acoustic stimuli. Affective reactions to acoustic stimuli were firstly assessed to identify emotional
reactions to naturally occurring sounds such as screams and a bird singing [25]. Tajadura-Jiménez
et al. then highlighted how auditory stimuli are capable of inducing emotional reactions and how
these do not depend solely on the physical properties of the sounds but also on the meaning ascribed
to it by the listener [26]. Furthermore, the investigation of emotional impact of sounds showed to be
adequate in understanding the embodied auditory perception, underlying how unpleasant sounds
can evoke more intense emotional responses when compared to neural or pleasant ones [27]. As the
emotional states emerging during exposure to auditory stimuli may be registered by means of facial
reactions [28, 29], in this research the acquisition of facial electromyography (f-EMG) was also
included. More specifically, the activity in the Zygomaticus Major Muscle and Corrugator
Supercilii muscles groups was recorded as is been shown that positive stimuli evoke increased
zygomatic activity (smiling), whereas negative emotional stimuli spontaneously elicit increased
Corrugator muscle activity (frowning) [30-32]. The assessment of noise sensitivity was also
included by using a 35-items questionnaire developed by Schutte et al. [33] as this trait is been
shown to influence the subjective experience of unwanted sounds in our homes [34-36].

2. METHODOLOGY
2.1 Participants

Participants were recruited after the study was ethically approved by the School of the Arts
Committee on Research Ethics, University of Liverpool. Forty-one adults with self-reported normal



hearing took part in the experiment. The participants aged between 20 and 40 (median= 28 and
std=4.4).

2.2 Experimental design

The experiment took place in an audiometric booth with a low background noise level.
Participants were sitting on a chair and asked to answer the questionnaire on a monitor. The stimuli
were presented through headphones (DT 770 Pro) and a subwoofer (SONAB System 9 CSW-
71000) which was placed in front of the participants. Sound above 63 Hz was presented via the
headphones, while low-frequency sounds below 63 Hz were presented via the subwoofer. White
noise (NC 25) was presented through headphones throughout the experiment as ambient noise in the
living room. The experiment was composed of four sessions (i.e. three combined sounds sessions
and one single sound session). There were breaks between sessions to avoid excessive fatigue and
loss of concentration. In the single sound session, each of the impact and airborne noise sources was
presented for 15 minutes, while in the remaining sessions, the impact noise combined with airborne
noise sources were presented for 21 minutes each. All sound sources and sessions were randomised
across participants to avoid order effects. Each session consisted of the repetition of the following
40 s sequence: 10 s of baseline with a presentation of the black screen; 20 s of sound stimulus
(single or combined sources) together with a picture of a living room on the screen; the final 10 s
for answering questions on the monitor. During the experiments, participants were asked to imagine
being relaxing in their own homes. Before the starting of the listening test, noise sensitivity was
assessed using NoiSeQ questionnaire [33].

2.3 Sound stimuli

The sound stimuli were both impact and airborne sounds which are commonly heard from
neighboring units in wooden residential dwellings. The impact sound sources were recorded in a
laboratory equipped with different wooden floor configurations at the University of Applied
Science of Rosenheim. The different floor configurations were a timber joist slab with a chipboard
panel on top (i.e. basic floor) with and without a floating floor, a suspended ceiling, and the two
solutions installed together. All the configurations were also altered by adding or removing a carpet
tiles finish. The recordings were made using a binaural head representing a person sitting on a sofa
in the receiving room. The impact sources were two different kind of footsteps: an adult walking
(1.65m, 50 kg) and a child running (1.12m, 22 kg and 1.05m, 17 kg). Both the adult and children
wore socks during the recordings. Sound pressure levels (Larmax) Of the adult walking with two
different speeds (‘normal’ at 1.8 Hz and ‘fast’ at 2.2 Hz) ranged from 30 to 55 dB across the floor
configurations. The child running recordings showed a narrower variation of noise level between 35
and 50 dB (Larmax). All the sound stimuli chosen for the listening tests showed slightly different
frequency characteristics as they were recorded from different configurations. The airborne sources
were a lively conversation and a piece of classical piano music. Both clips were digitally filtered
using Adobe Audition to resemble lightweight partitions with different sound insulation
performances (Rw=52, 43, and 33 dB). For the simulated partition with Ry=52 dB, the noise levels
(Laeg) were 24 dB and 25 dB, respectively for conversation and music. The levels of them were 29
dB for the partition resembled an average performance (Rw=43 dB) for both clips, while, for the
poor partitions with Rw=33 dB, the levels were 42 dB and 44 dB, respectively for conversation and
music. The frequency characteristics of all the sound stimuli are presented in [37].



2.4 Emotions appraisal through Self-Assessment Manikin (SAM)

The nine-point Self-Assessment Manikin (SAM) scale was used in the current study to directly
measure emotional response elicited by the sound stimuli in terms of arousal and valence. As shown
in Fig. 1, the arousal scale ranges from a calm figure to an excited one, while the valence scale
shows SAM smiling at right end and unhappiness at the other. Before the listening test, participants
were invited to familiarise with the use of the SAM pictographic scales through a short explanation
and a training session of approximately five minutes.
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Figure 1 Self-assessment manikin (SAM) scales used for assessment of arousal (top scale) and
valence (second scale).

2.5 Facial EMG measurement

To investigate physiological responses to the sound stimuli, f-EMG activities in the Corrugator
Supercilii and Zygomaticus Major muscle groups were monitored throughout the experiment with
four mm standard silver/silver chloride electrodes. Sensors were placed on the left side of the face
as the right brain hemisphere is predominantly involved in spontaneous emotional reactions
(contralateral motor control) [38]. In order to improve the quality of the f-EMG signals, the
participant’s skin was prepared using a gentle rubbing skin preparation gel in the areas where the
sensors were placed. The impedance level of the skin was examined to be low enough for the
signals collection (< 5k€Q) before the start of each listening test. The signals were acquired and
transmitted through a shielded cable to Biopac amplifiers (Biopac Systems, Inc., Santa Barbara,
CA), where signals were amplified 5,000%. Signals were digitised at 1000 Hz, then recorded and
displayed on a laboratory computer using AcgKnowledge software interface. Data were then
visually inspected offline to detect artifacts and subjected to a square-root transformation. EMG
reactivity was measured as the mean percentage change between activity during the 6 s stimulus
period and the 1 s immediately before stimulus presentation [39].

3. RESULTS AND DISCUSSIONS
3.1 Affective ratings

Fig. 2 a shows the affective ratings of the single sounds in a two-dimensional space defined by
arousal and valence. The grey colour represents the ratings of the adult walking at normal and fast
pace with a range of Larmax from 30 to 55 dB. The affective ratings were not significantly
influenced by the pace of the walker. The sound pressure level instead greatly affected the affective
judgments. The arousal ratings were between 1.95 + 1.01 and 3.20 £ 1.85 on the nine-scale for the
footsteps recorded from the floors with good sound insulation performance by installing a floating
floor and suspended ceiling (Larmax=30-35 dB). The ratings then increased up to 7.08 = 1.97 when



the footsteps were recorded through the basic structure with Larmax=55 dB. Similarly, the valence
assessments were influenced by the sound pressure level of the footsteps: for 30-35 dB, the ratings
were between 5.51 + 1.34 and 4.40 + 1.63 (neutral) and for 55 dB, the ratings were of 1.93 £ 1.05
(unhappy). Similar results were found from the affective reactions to child running with a shorter
range of noise level. The arousal and valence ratings significantly increased and decreased,
respectively with the increase of the sound pressure level. The ratings of the airborne sources
(conversation and music) presented two different tendencies across their sound pressure levels and
thus, across the sound insulation performance of the vertical partitions. For the conversation
through different partitions, the arousal increased from 2.37 + 1.43 to 5.51 + 1.93 and the valence
decreased from 5.24 + 1.43 to 3.00 = 1.48 , while the sound pressure level (Laeg) changed from 24
dB to 42 dB. The results imply that the perceived speech intelligibility of the conversation clip may
affect the affective judgments. However, the average ratings of the music clip were not much
changed with a variation of sound pressure level even though the standard deviations increased,
especially for arousal judgments. The arousal ratings were between 2.22 + 6.07 and 3.07 + 5.28,
while the valence ratings also showed a limited change, varying from 5.28 + 2.06 and 6.08 + 1.54.
This may be because the music clip (i.e. a classical piano piece) was quite pleasant to participants.
Therefore, this result does not represent the affective reactions to the vast variety of music which
could be annoying to the residents living in a lightweight residential building. The previous study
also reported that annoyance of different music sounds (rap, house or pop) transmitted from vertical
partitions with different sound insulation performances greatly varied [40].
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Figure 2 a) Affective ratings of the sound stimuli. The ratings in black represent the affective
ratings of natural occurring sounds [25] and footsteps approaching and receding [27]; b) Affective
ratings of the single and combined noise sources with appetitive and defensive motivational
circuits.

Fig. 2 a also showed the affective ratings of different sounds reported in previous studies;
naturally occurring sounds such as the ones from bird singing, roller coaster, tick of the clock, and
baby crying [25] and footsteps approaching and receding [27]. In terms of arousal, most footstep
sounds used in the present study were less exciting than a roller coaster and baby cry sounds.



However, with the increasing of the sound pressure level, the arousal ratings became comparable to
those of the cardinal singing at 30-35 dB, the clock tick at 40-45 dB, and the roller coaster sound at
55 dB. Similarly, the valence ratings varied with the sound pressure level; the ratings were similar
to the natural sound from cows at 30 dB and the ratings at 50 dB corresponded to the rating of a
baby crying. The valence ratings of the footsteps approaching and receding presented with an
intensity ramp passing from 68 to 86 dB (Laeq) [27] were similar to those of the adult walking at 35-
40 dB in the present study (Larmax). It is remarkable to notice that the “Walking” sound has
normative valence and arousal ratings of 4.15 £+ 1.28 and 5.43 £ 1.9, respectively and is classified as
neutral in the International Affective Digitalised Sounds (IADS) [41]. However, the walking sounds
above mentioned were not from neighbouring units but presented as if happening in the same space
where the listener was; thus, those sounds are difficoult to compare with the footstep sounds of the
current study. In the future, more different types of sounds such as dropping of objects, moving of
furniture, and appliances would be helpful to extend the affective ratings of neighbor noise in
residential buildings.

Fig. 2 b presents the affective ratings of the sound sources heard singularly or in combinations
between footstep and airborne sounds with indication of appetitive and defensive motivation
circuits. It was proposed that two overlapping neural circuits have evolved in the brain of complex
animals: the appetitive motivation organises response to stimuli promoting survival (e.g., food),
while the defensive motivation mediates reaction to threat (e.g., natural disaster) [42]. The ratings of
the floor impact noise and conversation mostly overlap with the defensive motivation circuit. This
indicates that those sounds activate the defensive motivational circuit which mediates reactions to
threat. On the other hand, the music clips activated the appetitive motivation circuit.

3.2 Effects of noise sensitivity on affective ratings
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Figure 3 arousal and valence ratings of adult walking and child running across the low and high
noise sensitive groups (* p<0.05).

The self-reported noise sensitivity of the participants ranged from 28 up to 76 (median=58 and
std=11.4). The participants whose scores were below the median value were classified into the low
noise sensitivity group, while those with the score above the median value were identified as the
high noise sensitivity group. Fig. 3 shows the affective ratings of the single footstep sounds across
the low and high noise sensitivity groups. Overall, the difference between the two clusters becomes
more significant when the sound pressure level in the receiving room is above 45-50 dB,
corresponding to the basic floor with or without a 5mm carpet finish. In contrast, the influence of
the noise sensitivity on the affective ratings was not significant when the noise levels are less than
45 dB with a floating floor or a suspended ceiling. The significance of the differences between high
and low noise sensitive groups was compared using t-tests. For the adult walking, both arousal and



valence ratings were significantly different for the two groups at 50 and 55 dB (p<0.05). For the
child running, two significant differences in the arousal were found at 45 and 50 dB (p<0.05), while
the valence had one significant difference at 50 dB. Similarly, the differences between the high and
low noise sensitive groups tended to significant above 50 dB for the footstep sounds combined with
conversation or music. However, no significant difference was found in the arousal and valence
ratings of the airborne sources despite their variation in sound pressure level.

3.3 f-EMG responses
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Figure 4 a) f-EMG responses of Corrugator Supercilii and Zygomaticus Major muscle groups to
footsteps, conversation and music; b) f-EMG responses of Corrugator Supercilii and Zygomaticus
Major muscle groups to single and combined sound sources (*p<0.05, **p<0.01).

Fig. 4 a shows the mean percentage changes of activity in the Corrugator Supercilii and
Zygomaticus major muscle groups in response to single footstep and airborne sound sources. On
average, Corrugator activity increased and Zygomaticus activity decreased for both impact and
airborne sounds. Specifically, listening to footsteps sounds (adult walking and child running) and
conversation increased the Corrugator activity by 0.2% and 0.22%, respectively. Increased activity
in the Corrugator muscle is generally caused by unpleasant and negative stimuli [38]. The results of
the Corrugator validate the hypothesis that footsteps sounds may generate negative emotional
reactions. However, an increased Corrugator response does not necessarily reflect a negative
emotional response, because the Corrugator muscle is active not only in emotional expressions such
as fear, anger, and sadness but even in non-emotional gestures. Thus, activity in the Corrugator
muscle could be connected to lowering or rising of the brows, with the biological function of
decrease or increase the visual input [43]. In the future, including further recordings from several
muscle regions would be helpful to interpret the change of Corrugator muscle more specifically. As
presented in fig. 4 a, the activity in the Zygomaticus major muscle group decreased by 0.22% for
the footstep sounds, whereas hearing conversation and music did not lead a significant change in
Zygomaticus major muscle. On average, footstep sounds generated larger changes than airborne
sounds; however, the differences in the activity of the two muscle groups were not statistically
significant and great variation was found between the two different airborne sources presented.



The responses to the combined sound sources are presented in fig. 4 b with the responses to
single footstep sounds as a reference. The responses to the combined noise sources were similar to
those of the single sounds by showing increasing Corrugator muscle and decreasing Zygomaticus
Major muscle. More specifically, listening to the footstep sounds in combinations with conversation
or music led to increases of Corrugator muscle activity by 0.12% and 0.14%, respectively. These
changes were slightly lower than the change after exposure to the footstep sounds alone. However,
the differences in the activity of the Corrugator between the single and combined noise sources
were not statistically different. Similarly, adding airborne sources to the footstep sounds reduced the
changes in the Zygomaticus Major muscle activity. Statistical analysis shows that those changes
were significantly different for adding conversation (p<0.05) and music (p<0.01). This may suggest
that the single presence of footstep sounds causes the largest activation of the Corrugator and the
largest de-activation of the Zygomaticus. Besides, the addition of airborne sources to footstep
sounds seems to reduce the reactions in both the facial muscle groups.

3.4 Effect of noise sensitivity on f-EMG responses
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Figure 5 Influence of noise sensitivity on f-EMG responses listening to footsteps for Corrugator and
Zygomaticus muscle groups.

The effect of noise sensitivity on the changes in Corrugator and Zygomaticus muscles are shown
in Fig. 5. The responses of the low noise sensitivity group were consistently larger than those of the
high noise sensitivity group for both the adult walking and the child running. However, no
statistically significant difference was found in f-EMG responses between two sensitivity groups.
Similar results were obtained also with the responses of the conversation and music clips, indicating
insignificant differences between the noise sensitivity groups.

4. CONCLUSIONS

The present study measured the participants’ affective ratings to single and combined sound
sources commonly heard in wooden residential dwellings in terms of arousal and valence. The
participants’ f-EMG responses to sound stimuli were also monitored. It was found that listening to
footsteps and conversation caused an increase in arousal and a decrease in valence as the sound
pressure level increased. It was also observed that neighbour sounds activated the defensive



motivational circuit underlying emotional expression mediating reactions to threat. The differences
in affective ratings between the high and low noise sensitivity groups were statistically significant
when the participants were exposed to the footstep sound transmitted through a poor performing
floor (i.e, 50-55 dB in terms of Larmax). The activities in the Corrugator Supercilii muscle group the
Zygomaticus Major Muscle group increased and decreased, respectively after the exposures to
impact and airborne sources from neighbors. A statistically significant difference in the activation
of the Zygomaticus was found between single footstep sound and combined sound sources.
Moreover, the low-noise sensitivity group showed larger changes in both muscle groups than the
high-noise sensitivity group; but the differences between them were not statistically significant.
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