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Abstract

Museums have widely embraced virtual exhibits. However, relatively little attention is paid to
how sound may create a more engaging experience for audiences. To begin addressing this
lacuna, we conducted an online experiment to explore how sound influences the interest
level, emotional response, and engagement of individuals who view objects within a virtual
exhibit. As part of this experiment, we designed a set of different soundscapes, which we
presented to participants who viewed museum objects virtually. We then asked participants
to report their felt affect and level of engagement with the exhibits. Our results show that
soundscapes customized to exhibited objects significantly enhance audience engagement.
We also found that more engaged audience members were more likely to want to learn addi-
tional information about the object(s) they viewed and to continue viewing these objects for
longer periods of time. Taken together, our findings suggest that virtual museum exhibits
can improve visitor engagement through forms of customized soundscape design.

Introduction

For the past several years, virtual exhibits [VEs] have proliferated. Broadly defined, these con-
sist of virtual exhibition spaces that complement, augment, or otherwise enhance museum
experiences through personalization, interactivity, and related augmented content [1, 2]. In
some cases, VEs assume the footprint of physical museums already in existence—one reason
for which the term “virtual museums” has sometimes been used [1, 3]. In most cases, however,
VEs contain a subset of objects from a museum’s collection, thereby supplementing the dis-
plays in physical spaces. VEs also may operate as online-only display sites, replacing bricks-
and-mortar exhibition spaces altogether.

VEs have proliferated for various reasons: for example, the widespread efforts by museums
to use web-based technologies for attracting larger, more diverse publics, and global initiatives
such as Google Arts, which functions as an aggregator of museum and heritage sites’ virtual
tours [3]. More recently, COVID-19 provided a further catalyst, since VEs became one of the
main platforms for visiting museums during lockdown [4]. While often substantially different
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in their scope, pedagogical information, and degrees of interactivity, VEs draw heavily on 3D
modelling techniques, Virtual Reality Modeling Language [VRML] and X3D.

At present, most VEs tend to display objects without any accompanying sounds—a ten-
dency we discovered after conducting a preliminary survey of several hundred such exhibits in
China, Japan, the United States, and the United Kingdom. Nevertheless, one emerging feature
of VEs is their incorporation of sound: for instance, in the form of background music, object
descriptions, narrated tours, or ambient noises.

On its own, the small but growing array of efforts to incorporate sound into VEs is not
entirely surprising. After all, audio guides have a long tradition within the physical spaces of
museums, so it stands to reason that VEs would adopt a similar approach for conveying peda-
gogical information, particularly as such exhibits become more sophisticated. Additionally,
numerous curators and other museum professionals are by now keenly aware that sound may
enrich a spectator’s experience of artworks and other forms of cultural heritage. This is sug-
gested by the many audio augmented-reality systems that have found their way into museums,
sculpture parks, and sites of cultural heritage, largely through pre-recorded narratives and
soundscapes that dynamically respond to a visitor’s location and/or the objects being viewed.
In such contexts, sound has the potential to create a more individualized experience for specta-
tors by adapting to their “goals, preferences, knowledge, and interests,” as Andreas Zimmer-
mann and Andreas Lorenz have persuasively shown [5]. It also may provide a catalyst both for
acquiring knowledge and for evoking “personal memories associated with a museum artifact,”
as Laurence Cliffe et al. recently revealed [6]. That all said, relatively little existing scholarship
has addressed the ways in which sound design shapes the experiences of audiences within VEs.
For example, how do different types of soundscapes alter a visitor’s experience on a quantita-
tive level, say by affecting the length of time spent viewing or otherwise engaging with the
exhibited objects? And how do soundscapes shape a spectator’s experience on a qualitative
level: for instance, by influencing one’s emotional responses to a VE or interest level in acquir-
ing further knowledge about the objects on display?

To begin addressing such questions, we conducted a series of online experiments with 97
adult participants to explore how soundscapes may shape an audience’s experiences in VEs.
To briefly clarify our use of the term “soundscapes,” we refer to “acoustic environment(s]. . .
perceived or experienced and/or understood by a person or people, in context” as defined in
[7]. In the case of our experiments, “in context” refers to the context that visitors would likely
associate with a given object on display: for example, its art historical and/or cultural context,
or even the context of a physical museum space, the environment where such objects tradition-
ally have been displayed and encountered. Our core hypothesis driving these experiments was
that the pairing of soundscapes with objects viewed in a VE enhances audience engagement.
However, because we also assumed that not all sounds would have the same effect, we sought
to use the experiments to better understand how different types of soundscapes shape audience
engagement levels in different ways.

Methods

Overview

Participants were presented with a series of six 3D models of individual objects, each of which
was paired with a particular soundscape. These pairings were pseudo-randomized across par-
ticipants, and at least one pairing included a “no sound” condition to act as a control. After
encountering each 3D model-soundscape pair, participants were asked to report their current
felt affect, engagement, and sense of presence, and to reflect on how these were affected by the
model-soundscape pairing.
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Object selection and soundscape design

The 3D models were randomly selected for each participant from a pool of 13 artifacts, all of
which came from the British Museum’s collection of freely downloadable models on Sketchfab
(https://sketchfab.com/britishmuseum). While the Museum’s collection of Sketchfab models
spans over 200 objects, we selected the 13 artifacts for our experiment to ensure diversity
across genre, historical period, material, size, and shape. We also selected objects for which we
could gather additional pedagogical information (e.g., about the object’s maker and social-
political context). A complete list of our selected objects, including their download links, may
be found in the supporting information (S1 Table). For each object included in the experi-
ment, we prepared text roughly consistent in length (circa 150 words) that had three levels of
pedagogical information: i) a general overview of the object; ii) details about the maker; and
iii) details about the socio-political context in which the object was created. To accompany
each 3D model, we created four categories of soundscapes in the spirit of affective soundscape
creation. Such soundscapes are not meant to convey a specific perceptual feature of the object
in question but, rather, to induce specific affective responses in participants—much like the
way sound is employed as an emotional-response enhancement tool in multimodal contexts
like film sound, videogame sound, or sound walks [8-10].

Our first category of soundscape involved “real-world” sounds, which were produced by
editing together sounds from the public-domain BBC sound-effects library, originally
recorded on location in various museum locations. These sounds are largely like those one
might hear in the foyer of a museum or a relatively quiet gallery space: for instance, rustles,
light chatter, long echoing footsteps, or other such incidental noises.

For our second category of soundscape, our approach was inspired by the special effects or
“Foley” world of film and video games, in which soundscapes are developed to enhance the
image without necessarily being realistic [11]. Along these lines, we created soundtracks with
sound effects inspired by the individual objects on display, even if these sounds were not
intended to convey a strong sense of the literal naturalistic representation of the object or its
context (for example, an ancient gourd might be accompanied by the sounds of an outdoor
environment and of occasionally flowing water).

For our final two categories of soundscapes, we borrowed from the world of computer
music. The first category was of soundscapes made using generative sound synthesis—some-
what like the ambient sounds in the tradition of sound artists such as Brian Eno [12]. The sec-
ond category was a sonic collage in the tradition of musique concrete [13], which combined
sound effects from the International Affective Database of Sounds (IADS) [14], a repository of
sound samples that have been pre-rated in terms of which discrete emotional responses they
evoke in listeners.

A complete soundscape for each artefact was then created in each of these four categories.
Additionally, we produced discrete voiceover recordings of the three levels of pedagogical
information described above. These recordings, which featured the voice from one of our male
researchers, were made using a close microphone technique. We did this to create a sonic qual-
ity that most participants would be familiar with, namely a “radio DJ” effect. These recordings
could be selected by participants independently during the experiment, regardless of which
specific soundscapes they encountered.

Online experiment design

Our online experiment contained a set of six trials. Two different types of trial were used. Trial
type A presented an object-soundscape pair to the participant for 30s, after which the partici-
pants were asked to report their current affect (their felt emotions, rated in terms of valence
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and arousal [15]) and level of engagement with the object-soundscape pairing. In trial type B
the object-soundscape pairing was also presented for 30s, after which participants were given
the option to hear more information about the object they were shown.

The objects were presented on screen using the Three]S [16] and JPsych [17] toolboxes for
Javascript. Participants were able to rotate the object in 3 dimensions, pan the camera around
the object, and zoom into or out of the object using either the computer mouse or touchscreen
controls depending on their device. Participants were given detailed instructions on how to
control their view of the 3D object before the start of the experiment.

During the additional information section within trial type B, the object remained on
screen and participants were still able to interact with it. However, the soundscape was not
played to participants. Instead, a pre-recorded audio file was played to participants containing
additional information about the object (details on how this pre-recorded audio file was pre-
pared appear above).

Three additional layers of audio information were available to participants and played
sequentially in response to yes/no options that asked participants whether they wanted to hear
extra information. Each additional information segment lasted approximately 30s and con-
tained information about the construction, history, and cultural relevance of the objects.

This additional information was structured as follows. At the start of the section, partici-
pants were presented with the option “Would you like to learn more about this object?” with a
yes/no response. This prompt was repeated after each information recording was played, and
participant responses (yes or no) were recorded. Thus, our measured behavioral response
from participants was a numerical score indicating how much information they requested for
each trial from 0 (no information) to 3 (all three audio information recordings). Finally, in all
trial types, participants were asked to complete a set of questions in which they rated both
their own level of engagement with, and affective response to, the presented object-soundscape
pairings.

The time course of an individual trial is illustrated in Fig 1.

At the end of each trial, participants were asked to report their current felt affect and
engagement with the object-soundscape pairings. Standard psychology test batteries were used
for this. Specifically, we used the Self-Assessment Manikins (SAM) [18, 19], Likert Scales (LS)
[20], and a modified version of the Presence Questionnaire (PQ) [21].

Participants were first asked to report their felt affect (emotion) on the valence and arousal
scales using the self-assessment manikin [18]. These questions were presented in random
order. They were then asked to report their level of engagement with the object-soundscape
pairings using a subset of the measuring presence questionnaire [21], which were also pre-
sented in random order. The complete set of questions we presented to participants are listed
in Table 1.

Participant recruitment and ethics

This project was reviewed on behalf of the University of Essex Ethics Committee before receiv-
ing approval (reference number: ETH1920-1530).

To recruit a broad cross-section of the public we made our experiments available to all with
only a small number of exclusion criteria. Specifically, we restricted our participants to individ-
uals who were at least 18 years old with normal or corrected-to-normal hearing and vision.

We ran the experiment online, hosted on the University of Essex web server. Participants
were recruited via a combination of “LabintheWild,” social media advertisements, and
email. “Labinthewild” is an online experiment platform for recruiting participants, via a com-
bination of social media and web adverts, to behavioral research studies with self-selected,
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Fig 1. Timing of events within the two types of trial used in the experiment. Trial type A (top plot) presents soundscapes and objects for 30s before
asking participants to report their felt affect and engagement. Trial type B (bottom plot) also presents the objects and soundscapes for 30s before asking
the participants if they want more information and then asking participants to report their felt affect and engagement.

https://doi.org/10.1371/journal.pone.0269370.9001

Table 1. The question bank presented to participants after each trial.

No. Type Question text Possible answers
1 | SAM valence “How bored / excited did you feel as you viewed the object?” Discrete: 7 levels (1 = bored, 7 = excited)
2 | SAM arousal “How unpleasant / pleasant did you feel as you viewed the object?” Discrete: 7 levels (1 = unpleasant, 7 = pleasant)
3 | Engagement Q1 “How much did the auditory aspects of the display involve you?” Discrete: 7 levels (1 = not at all, 7 = completely)
4 | Engagement Q2 “To what extent did you find the object visual features engaging?” Discrete: 7 levels (1 = not at all, 7 = completely)
5 | Engagement Q3 “Did the audio or silence add to your experience of the object?” Discrete: 7 levels (1 = not at all, 7 = completely)
6 | Engagement Q4 “How aware were you of events occurring in the real world around you?” Discrete: 7 levels (1 = not at all, 7 = completely)
7 | Engagement Q5 “How engaged did you feel with the object and its accompanying audio content?” Discrete: 7 levels (1 = not at all, 7 = completely)
8 | More information | “Would you like to hear more about this object?” Discrete: 4 levels (0 = no information, 4 = all
information)

9 | Open ended “Can you describe how what you heard (audio or silence) effected your experience of Open ended text

question the object (optional)?”

https://doi.org/10.1371/journal.pone.0269370.t001
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uncompensated web samples [22]. We also advertised the experiment via the Facebook page of
the University of Essex’s Research and Enterprise Office. Additionally, we sent email messages
to recruit further participants.

Analysis

We first pre-processed the dataset to remove participants who did not appear to correctly
engage with the experiment. Here, a lack of correct engagement is defined as those participants
who gave the same answer to each question over all 6 trials. We then used a multivariate linear
regression analysis pipeline to determine if there were any significant relationships between
either the soundscapes or objects presented to participants and the responses that they pro-
vided to the affect or engagement questions.

We used a linear regression model to measure the fit of the soundscape type and object to
each of the participant responses. This allowed us to evaluate the effect of changing the sounds-
cape or the object presented to participants on their felt affect, level of engagement, or whether
they requested additional information about the object.

Specifically, we used a set of linear models to measure how well the independent variables
(participant responses) predicted the dependent variables (either soundscape type or object).
The dependent and independent variables are listed in Table 2.

We also note that our 5 engagement questions (questions 3-7 in Table 1) are likely to be
highly correlated with one another. Therefore, we attempt to translate the set of answers given
to these questions in order to optimally capture participant engagement, while minimising
redundancy between the questions. Specifically, we treat the answers given by participants to
the 5 engagement questions as a 5 x N matrix (where N denotes the number of trials completed
by participants). We then used principle component analysis (PCA) to identify a projection of
this matrix in order to better capture the variance in the responses given by participants to the
engagement questions [23].

PCA allowed us to identify a translation matrix that translated the set of participant answers
for the 5 engagement questions into a set of 5 principal components, which were sorted in
order of decreasing variance. We then repeated the linear regression analysis described above
for each of these principal components.

Post-hoc testing (paired t-tests) was then used to investigate all significant effects found via
our regression analysis. This allowed us to investigate which individual soundscapes and/or
objects produced the observed significant responses.

We also investigated how changes in the soundscape affects a participant’s desire to hear
more information about the paired object. First, we repeated our linear regression analysis, as
described above, with the dependent variable “information requested.” This was defined as I €
[0, 1, 2, 3], where I is a natural number that can take the value 0 (no information requested), 1
(first information recording requested), 2 (first and second information recordings requested),
or 3 (all three information recordings requested).

Second, we measured the Pearson correlation coefficient between the value of I and the
responses given by participants to each of the other affect and engagement questions listed in

Table 2. Variables used with the linear model.

Dependent variables Independent variables
Soundscape type Affect: Valence, Arousal
Object Engagement questions (x5)

Information requested (trial type B)
https://doi.org/10.1371/journal.pone.0269370.t002
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Table 1. This allowed us to measure whether a relationship exists between the participant’s
responses to the object-soundscape pairing and their level of interest in learning about the
object.

Finally, we analyzed the open-ended questions to understand how sound types affect
engagement with the objects. We used inductive reasoning to identify themes and patterns
emerging from the analysis and how these resonate with the results of the quantitative analysis.
The process, which is probably the most common qualitative analysis in social and behavioral
sciences research [24], consisted of reading through all textual data, identifying themes, coding
those themes, and then interpreting the structure and content of the themes to gain insights
into people’s feelings and thoughts about how each type of sound shaped one’s overall experi-
ence and engagement with and interpretation of the artifacts. Inductive coding was done by
hand (i.e., no qualitative research software was used for this analysis). This allowed us to iden-
tify recommendations for further studies.

Results
Data

A total of 97 individuals with normal or corrected-to-normal hearing and vision were
recruited to participate in our experiments via a combination of an online experiment plat-
form for conducting behavioral research studies (labinthewild) and email-based
advertisements.

Pre-processing

A total of 3 participants (approx. 3% of the dataset) were found to be giving the same responses
to all questions asked of them. Subsequently, they were removed from the dataset prior to fur-
ther analysis.

Participant responses

We first investigated the affect of types of soundscape and objects on affect and engagement
levels. We used linear regression to model the relationships between objects, soundscape types,
and participant responses. We then used the resulting estimated model parameters to estimate
the affect of object types and soundscapes on participant responses.

We did not find any significant effects of either soundscape type or object on affect (ques-
tions 1 and 2 in Table 1, p > 0.05).

For the engagement questions (questions 3-7 in Table 1), there was a significant relation-
ship between both “object type” and “soundscape,” and the answers that participants gave to
“Engagement Q4” (soundscape: #(561) = 3.268, p = 0.001, object: #(561) = 2.487, p = 0.033) and
“Engagement Q5” (soundscape: £(561) = 3.645, p < 0.001). Note, we used the weighted z-
method to correct for multiple comparisons [25, 26].

We then used post-hoc testing to investigate which soundscapes and objects cause these sig-
nificant differences. Fig 2 illustrates the effect of individual “soundscape types” on the answers
that participants gave to “Engagement Q4.”

Based on our analysis, we found that object-inspired soundscapes and synthesized sound-
scapes were significantly more engaging than either silence or the IADS-based soundscape.
Furthermore, the synthesized soundscape was significantly more engaging than the real
museum soundscape. There also was an apparent increase in engagement because of the
object-inspired soundscape compared to the real museum soundscape. However, this was
non-significant.
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Fig 2. The effect of “object type” on the answers participants gave to “Engagement Q4”.
https://doi.org/10.1371/journal.pone.0269370.9002

Fig 3 illustrates the effect of the 3D object shown to participants on their answers to engage-
ment question 4.

There is an apparent separation of the 3D objects into two broad engagement levels. We
checked this by performing k-means clustering on the mean responses given by participants to
each object type with k = 2. This resulted in two groupings of objects by engagement level.
These groupings are listed in Table 3.

Fig 4 illustrates the effect of soundscape types on answers that participants gave to “Engage-
ment Q5.” From these results, we can discern that IADS, object soundscapes, and synthesized
sounds appear to have a stronger affect on study participants than either silence or real
museum soundscapes.

Engagement

To accommodate the high levels of correlation between each of the engagement questions, we
used PCA to further investigate the effects of soundscape and object on engagement.

PCA provided us with a projection that ranked the 5 different dimensions of engagement
(i.e., its principal components) in order of variance. We then investigated whether each princi-
pal component significantly differed in value for the different types of soundscapes. To do this,
we repeated the linear regression analysis from above with the same independent variables
(soundscape type and object) and the new dependent variables defined by each of the principal
components.

The results indicate that a significant relationship exists between the soundscapes and
object types for principal component 1 (PC1) (soundscape: #(561) = 3.033, p = 0.002) and PC4
(soundscape: #(561) = —3.011, p = 0.039). After correcting for multiple comparisons via the
weighted z-method, we can conclude that PC1 and PC4 demonstrate a statistically significant
relationship with the soundscapes presented to participants.
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Fig 3. Distributions of answers given by participants to engagement question 4.

https://doi.org/10.1371/journal.pone.0269370.9003

We then investigated the relationships between PC1 and PC4 and the individual engage-
ment questions. This allowed us to understand what aspects of participant engagement each of
the principal components capture.

Table 4 lists the relationships between each individual engagement question and PC1. PC1
is positively correlated with questions about how the audio (the soundscape) contributed to
engagement with the object. This effectively means that positive PC1 values mean that the
soundscape made participants more engaged with the object.

Table 5 lists the relationships between the engagement questions and PC4. These relation-
ships suggest that PC4 positively correlates with comparisons between audio and silence con-
ditions and negatively correlates with measures of the auditory aspects of the display. It should
be noted that the third question, which positively correlates with PC4, asked participants if
audio or silence added to the experience. However, because this question did not specify

Table 3. Groups of objects identified by engagement level.

Group 1 (more engaging)

Group 2 (less engaging)

Statue of A’a

Sekhmet

Bust of Livia

Parthenon Frieze

Thomas Becket ampulla

Mayan Lintel

Xiuhcoatl stone figure

Virgin Mary statue

Queen from Lewis chessmen

Hao Hakananaia

Jennings dog

Conall Cael bell

Somali gourd

https://doi.org/10.1371/journal.pone.0269370.t003
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Fig 4. The effect of soundscape types on responses given to Engagement Q5.

https://doi.org/10.1371/journal.pone.0269370.9004

Table 4. Relationships between each engagement question and PC1. “R” denotes the Pearson correlation between
each question and PC1, while “contribution” denotes the % of relative contribution of each individual question to the

principal component.

Engagement question R contribution
“How aware were you of events occurring in the real world around you?” 0.204 5.931
“To what extent did you find the object’s visual features engaging?” 0.581 16.927
“Did the audio or silence add to your experience of the object?” 0.904 26.311
“How engaged did you feel with the object and its accompanying audio content?” 0.867 25.229
“How much did the auditory aspects of the display involve you?” 0.879 25.602

https://doi.org/10.1371/journal.pone.0269370.1004

whether a participant was referring to audio or silence, a positive response could indicate that
either of the two added to the experience of the exhibited objects.

Given the negative correlations between PC4 and the other questions more specifically
focused on the audio aspects of the exhibit, it is reasonable to conclude that PC4 measures the

Table 5. Relationships between each engagement question and PC4. R denotes the Pearson correlation between each
question and PC4, while contribution denotes the % of relative contribution of each individual question to PC4.

Engagement question R contribution
“How aware were you of events occurring in the real world around you?” -0.012 1.176
“To what extent did you find the object’s visual features engaging?” 0.036 4.025
“Did the audio or silence add to your experience of the object?” 0.385 42.628
“How engaged did you feel with the object and its accompanying audio content?” -0.182 20.190
“How much did the auditory aspects of the display involve you?” -0.289 31.979
https://doi.org/10.1371/journal.pone.0269370.t005
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Fig 5. The distributions of values of principal component 1 across the different soundscapes.

https://doi.org/10.1371/journal.pone.0269370.g005

effect of silence on engagement. That is, more positive PC4 values indicate that silence added
to a participant’s engagement with the objects.

To investigate the effects of each type of soundscape on participant engagement, we investi-
gated how the values of PC1 and PC4 change with different types of soundscape.

Fig 5 shows the distributions of values of PC1 across the different soundscapes. Upon
inspecting the distributions of these values, we can see that object inspired sounds are more
engaging than silence and real museum sounds. Additionally, synthesized sound is more
engaging than real museum sounds, IADS sounds, and silence. Real museum sounds and
silence are also considerably less engaging than the other types of soundscape. Finally, of the
other types of soundscape (IADS, object inspired, and synthesized), synthesized sound is more
engaging than IADS, but otherwise there are no significant differences between these sounds-
cape types.

Fig 6 shows the distribution of values of PC4 across the different soundscapes. Here, we see
that PC4 is significantly larger in the silence condition than in either the real museum sounds-
cape or synthesized soundscape conditions. This result makes sense given that PC4 negatively
correlates with the influence of silence on engagement.

Effects of object groups

Based on responses to question four (“How engaged did you feel with the object and its accom-
panying audio content?”), participants tended to group objects into two broad groups. As
noted earlier, the first group included objects that participants deemed more interesting, while
the second group comprised objects considered less interesting (see Table 3). As a result, we
investigated whether soundscapes have a different affect on engagement with objects from the
two groups. To this end, we fitted a linear regression model to each engagement question
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Fig 6. Distribution of PC4 across different types of soundscape.
https://doi.org/10.1371/journal.pone.0269370.9006

using the subset of responses that participants gave when viewing objects within each sub-
group of objects.

The results indicate that soundscapes have a significant affect on engagement question 5
when we consider the “less interesting” object group (¢4 - 218) = 1.607, p = 0.030), but not
when we consider the “more interesting” group (p > 0.05). In other words, when participants
are not particularly interested in an object, varying the soundscape can increase their reported
engagement level. However, varying the soundscape does not significantly improve or other-
wise change engagement if a participant already considers the object interesting.

Effect of soundscapes on the desire to learn

To test the relationship between engagement levels and a participant’s likelihood to request
further pedagogical information about the exhibited objects, we calculated the Pearson’s corre-
lation coefficient between answers to each affect/engagement question and whether partici-
pants asked for additional information.

We repeated this analysis twice: once for all trials in which participants had the option to
ask for further information, and again for trials in which participants had the option to ask for
more information and then took this opportunity at least once. This allowed us to zero in on
two key issues:

1. Does engagement with an object influence a participant’s likelihood to ask for more infor-
mation about that object?

2. If participants are inclined to ask for more information about an object, do engagement lev-
els shape how much further information they are likely to request?
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Table 6. Engagement’s effect on the desire to receive further information about an object.

Correlation with More information (Q8)

All information trials One or more level requested
Ryas = s64) P Rear=157) P
Valence 0.253 <0.001 0.190 0.017
Arousal 0.157 <0.001 0.127 0.114
Engagement Q1 -0.011 0.786 0.131 0.102
Engagement Q2 0.105 0.012 0.088 0.273
Engagement Q3 0.109 0.009 0.152 0.057
Engagement Q4 0.116 0.006 0.177 0.026
Engagement Q5 0.130 0.002 0.170 0.033

Statistically significant results (p < 0.05) are indicated in bold.

https://doi.org/10.1371/journal.pone.0269370.t006

The results are shown in Table 6. Significance levels (p-values) have been corrected for mul-
tiple comparisons via the weighted z-method.

From these results, we see that significant correlations exist between requests for more
information and valence, arousal, and engagement questions Q2-Q5 when we consider all tri-
als of type B. In the sub-group of trials for which participants requested to hear at least one
recording of information about the object, significant correlations also exist between requests
for further information and valence, “engagement Q4,” and “engagement Q5.”

All these statistically significant correlations are positive. This suggests that as participants
report increased valence (happier emotion) or more engagement they are likelier to ask for
more information.

Qualitative analysis of open-ended answers

The qualitative analysis of the open-ended answers helps to nuance findings from our quanti-
tative analysis, particularly in relation to the effects of individual soundscapes. We should clar-
ify that only 45 out of the total of 97 participants answered the open-ended questions. The
qualitative analysis reinforces our previous observations that IADS, object-inspired, and
synthetized soundscape categories were more engaging than silence and the museum sounds-
cape category—albeit, surprisingly, not always in a positive way.

For example, 20 out of the 37 total participants who engaged with synthetized sound
described it as “unsettling,” “creepy,” “disturbing,” “inappropriate” or the like. Similarly, 18
out of the 28 participants who listened to the IADS soundscape defined it “annoying” and “dis-
ruptive.” In one case, the study participant even reported that the synthesized soundscape
made him feel that the object was a “fake.” Another participant stated that the synthesized
sound was “offensive” to the object (i.e., the Statue of A’a). Interestingly, one participant
noticed how the music was unsettling and that this feeling made them focus on the head of the
object (Queen from the Lewis Chessmen) more than any other details, since the head was “the
most unsettling part of the object.” These remarks suggest that sounds may prompt some spec-
tators to think about a soundscape’s possible connections with an object, even when deemed
disrupting or unsettling.

This idea is reinforced by the analysis of participant responses in relation to object-inspired
soundscapes. Thirteen out of the total of 40 participants who engaged with this type of sound
thought that it either “matched” with the object or helped them to think about information
and alternative narratives associated with the object. This is particularly evident when an
object-inspired soundscape is associated with the Conall Bell and the Virgin Mary Statue, as
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the following two passages clarify: 1: “Object [i.e., bell] and music shared the sacred aura. This
enriched my experience”; 2: “The sound really helps to contextualize this object in a church.”

Finally, the qualitative analysis suggests that while sound triggered the study participants to
think about connections with the object’s meanings, narratives, and original contexts, in the
absence of sound spectators might focus more on visual and material details of the objects
under analysis. Eight participants among the 45 participants providing qualitative feedback
noticed such connections. But two remarks that instantiate this tendency read as follows: 1. “I
could have spent even more time to focus on the fine details of the object in silence. Silence
enables [one] to focus on details” (about the Mayan Lintel); 2. “I had more time to look at the
object and think about answers that were mainly related to the qualities of the objects rather
than the object in association with music” (about the Statue of Livia).

Discussion

Our findings support the hypothesis that the pairing of soundscapes with objects displayed in
a VE can effect audience engagement. The analysis of our results also suggests that three types
of soundscape in particular increased participant engagement with the VE objects. Namely,
object-inspired soundscapes, IADS, and synthetized soundscapes increased engagement and
participant’s reported valence more than either silence or the real museum soundscapes. These
findings are broadly consistent with our initial hypothesis that targeted soundscapes would
facilitate greater engagement with the objects on display.

Previous work has demonstrated that presenting pleasant soundscapes in a real museum
context has a positive effect on audience engagement and knowledge gain [27]. However, little
work to date has explored how different soundscapes can be structured to optimize engage-
ment in a museum context. Our research therefore provides some first steps in suggesting how
soundscapes might be designed for optimal audience engagement.

That said, our findings also refined our hypothesis by revealing that a participant’s level of
interest in the displayed object(s) correlates with their engagement level, and that a partici-
pant’s reported valence and arousal also correlate positively with engagement. Taken together,
these two findings suggest that VEs may be able to increase engagement levels by pairing
objects with soundscapes, particularly in cases when the objects are likely to be perceived as
“less interesting”. Furthermore, we found that “happier” participants, as defined by their
reported valence, are more likely to request further pedagogical information about the objects
on display. In other words, the pairing of objects with soundscapes increases engagement,
which, in turn, heightens the possibility that the individual will want to learn more about the
objects.

Responses to soundscapes depend on a participant’s perception of the displayed object’s
context, which, in this experiment, could be either the virtual exhibition space or the history of
the object itself. Nevertheless, it is striking that synthesized soundscapes were associated with
higher engagement levels than the real museum soundscapes, IADS soundscapes, and silence.
This suggests that the use of creative “sound design” processes may be more useful in generat-
ing higher engagement levels than attempting to recreate an accurate museum sound-world—
a finding that recalls the so-called Foley effect of using non-realistic sounds in films and video
games. Indeed, bespoke sound design may be a time-consuming and ultimately costly process.
Yet it is also possible that, in the future, the automated design of soundscapes might offer a
useful solution, especially when creating soundscapes in the object-inspired category.

Any attempt to use sound to increase engagement levels, however, also demands that we
develop a far more granular understanding of how soundscapes function in VEs. After all, our
qualitative data reveals that sound does not simply trigger higher engagement rates or changes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269370  August 24, 2022 14/17


https://doi.org/10.1371/journal.pone.0269370

PLOS ONE

Sonic enhancement of virtual exhibits

in valence and/or arousal, as if a participant were a passive vessel. Instead, a participant often
attempts to decode the relationship between an object and its soundscape (including sound-
scapes that are not from the object-inspired category). Additionally, although some partici-
pants reported higher engagement levels when they perceived objects accompanied by certain
soundscapes, others reported being annoyed by the soundscape, even to the point of casting
doubt about the authenticity of the objects on display. Given such findings, some degree of
customization may be preferable for individual spectators, depending on their preferences.
Alternatively, a responsive sound system that dynamically responds to individual participants
reactions may be beneficial: for example, by harnessing the power of behavioral or physiologi-
cal measures of audience engagement as a control signal.

It may prove to be the case that different groups of spectators respond to soundscapes dif-
ferently. For example, individuals of different ages and from different cultural backgrounds
are known to produce different affective responses to music [28, 29] and may be likely to also
produce different affective responses to paired objects and soundscapes. However, an investi-
gation of these effects is outside the scope of our present study. Furthermore, individual’s per-
sonal levels of interest to particular objects, as well as their previous experiences, may
influence how they respond to individual objects. Unfortunately, we did not gather this per-
sonal information from participants, which prevents a more detailed investigation on these
points in our present study.

Our findings also raise more complex questions for exploration in future studies. For
instance, assuming silence encourages greater focus on an object’s specific visual features and
physical details, might some alternation between sounds and silence help to further optimize
engagement while reducing a participant’s negative reactions to the sounds and, by extension,
to the objects themselves? Additionally, assuming sound provides one means to shape a specta-
tor’s valence, then how might user-defined soundscapes productively disrupt the implicit con-
trol of a spectator’s thoughts and experiences? Ultimately, our results demonstrate the
potential for soundscapes to enhance engagement within a VE and have potential applications
in a wide range of contexts, for example both in real and virtual exhibits.
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