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Abstract
Quality of Experience (QoE) is inextricably linked to the user experience of multimedia
computing and, although QoE has been explored in relation to other types of multimedia
devices, thus far its applicability to wearables has remained largely ignored. Given the
proliferation of wearable devices and their growing use to augment and complement the
multimedia user experience, the need for a set of QoE guidelines becomes imperative.
This study meets that need and puts forward a set of guidelines tailored exclusively
towards wearables’ QoE. Accordingly, an extensive experimental investigation has been
undertaken to see how wearables impact users’ QoE in multiple sensorial media
(mulsemedia) context. Based on the exploratory study, the findings have shown that
the haptic vest (KOR-FX) enhanced user QoE to a certain extent. In terms of adoption,
participants reported they would generally incorporate the heart rate (HR) monitor
wristband (Mio Go) into their daily lives as opposed to the haptic vest. Other findings
revealed that human factors play a part in user’s attitudes towards wearables and
predominantly age was the major influencing factor. Moreover, the participants’ HR
varied throughout the experiments, suggesting an enhanced level of engagement whilst
viewing the multimedia video clips. Furthermore, the results suggest that there is a
potential future for wearables, if the QoE is a positive one and if the design of such
devices are appealing as well as unobtrusive.
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1 Introduction

Technology has had a significant impact across the world and especially the way in which
people communicate with one another. There are many technology innovations that have
developed rapidly over the years and multimedia is no exception to this. Whilst digital
multimedia appeared over two decades ago, constant innovations in respect of communication
infrastructure access devices, as well as multimedia rendering and production have meant that
multimedia technology has remained at the forefront of innovation. Given the importance of
end users in the acceptance and adoption of technology, the term Quality of Experience (QoE)
was initially introduced in the late 90s. QoE refers to the “degree of delight or annoyance of
applications or services” [12]. Although, there has been research done on QoE there is a gap
that exists and that is with ‘wearables’. Wearables have known an increasingly popularity of
late, becoming progressively affordable and offering a variety of options to the contemporary
user. However, user experience is key as far as the adoption of modern technology and
adapting QoE to wearables is long overdue, especially as wearable devices branch out into
multimedia consumption and multi-sensorial interaction.

Wearable technologies’ most evident manifestation is through computerized gadgets that
can be worn on or underneath garments. They encompass a plethora of devices, such as
watches, fitness trackers, glasses, headsets, clothing, jewellery, and are used in many fields,
e.g., gaming, military, healthcare, education, entertainment, and leisure [49]. When it comes
down to acceptance, however, users tend to be reluctant to do so, due to privacy and security
concerns [19, 65]. The most critical element of technology adoption is getting users to change
their habits and precious few studies have discussed the acceptability of wearable devices.
Researchers such as Spagnolli et al. [99] have pointed out that there are issues such as privacy
concerns and comfort that lead users to being reluctant to use wearable devices in real contexts.
Moreover, as mentioned by Buenaflor and Kim [14], due to social acceptance, not many users
take to wearable computers; besides, human factor and technological considerations impact
users in accepting technology. QoE research so far has not dealt with wearable devices - apart
from a single study by Hupont et al. [41] as wearables have been mostly in the development
phase. However, some are now commercially available and have progressively gained notable
attention from users as well as markets.

1.1 Challenges

Wearable technologies are not always accepted due to people’s views and opinions which are
always changing, and this is a challenge but, finding out how they feel in wearing the
wearables is something that could aid developers in improving upon their designs or func-
tionalities to meet their needs. To this end, many factors are perceived as being influential in
accepting wearables. For instance, Ariyatum et al. [6] highlighted that the physical appearance
of a wearable plays a key role when it comes to acceptance. Moreover, the wearable device
should fit the user’s personality and lifestyle, and indeed the device’s usability, functionality
and price are also crucial factors when it comes to the device’s acceptance. Similarly, Bodine
and Gemperle [9] claim that the acceptance of wearables is based on perceptions of comfort
and functionality; and that these dimensions should be considered by the developers early in
the development phase. However, developers tend to not always involve users in the early
development stage and test wearables in iterations, which ultimately causes problems when it
comes to using a device regularly and acceptance of the device [58].
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Users’ involvement is critical, as their experience confirms the success or failure of a product
[44]. Accordingly, Stickel et al. [104] and Hassenzahl [38] have pointed out that user satisfaction
is an important feature that determines whether the product has met a user’s expectation. From this
review of related work, it becomes clear that the potential of using wearable devices to enhance
user QoE of viewingmultimedia content has largely been ignored by the literature. In this context,
a deeper understanding of user QoE is what inevitably would close the gap between designers and
developers, helping them understand what users need and want from the product.

1.2 Quality of experience

There are many definitions for ‘quality’ that have been proposed in the literature. For instance,
Parasuraman et al. [81], have said of quality that it is an indescribable and diverse concept,
whilst Martens and Martens [60] have defined ‘quality’ as an individual’s judgement or
perception of an outcome that could be from either a product or service [12]. As well as
‘quality’ in the ICT environment, ‘experience’ has become obvious, as they both have a
distinct meaning. Experience is defined as an individual’s interaction with a service or system
and their perception of events that occur [12]. Event is defined in the literature as a place where
something imperative happens that is organized by someone. This includes the location and
the time the event will occur and involves observations [12].

The term QoE was introduced in various white papers [12, 73, 92] and there are different
definitions that have been proposed in the literature that share a similar meaning. The concept of
QoE is based on understanding human behaviour/attitudes, as well as users’ needs, perceptions
and acceptance of products. The international telecommunication union (ITU) defines QoE as
“the overall acceptability of an application or service, as perceived subjectively by the end-
user” [46]. As defined here the ITU addresses that QoE includes the complete end-to-end
system effects (client, terminal, network, services infrastructure, etc.), where overall accept-
ability may be influenced by user expectations and context. According to Kim and Choi [97]
and Staelens et al. [103], this definition of QoE is user-centric and is particularly relevant for
multimedia streaming type of services that are linked to quality of service (QoS) which includes
Internet-based Protocol Television (IPTV), Video on Demand (VoD), streaming media and
broadband data services. Similarly, Li-yuan et al. [56], define QoE: “The function of quality of
experience (QoE) evaluation includes two aspects: to monitor the experience of user on-line,
then to control and justify the service based on the QoE to ensure that the quality of service can
highly meet the requirements of the user”. This definition of QoE is also associated with the
QoS concept as it assesses how the end user perceives the value of the service.

In contrast Laghari et al. [54], define QoE as a blueprint encapsulating experiences and
human objective, subjective, hedonic and aesthetic needs focusing upon a person and their
interaction towards technology. According to them, understanding human desires requires
incorporating cognitive science, engineering science, social psychology, and economics. This
definition is different compared to the one proposed by the ITU that explicitly refers to QoE as
a subjective measure whereas objective human factors are considered equally as important in
this definition. Zapater and Bressan, [118] define QoE as “the characteristics of sensations,
perceptions and views of people about a particular service or product; these characteristics
can be good, fair or bad”. Sensation and perception are an area in psychology and this
definition emphasizes these two characteristics that will determine the user’s QoE. In relation
to this definition Rodriguez et al. [88] have stated that other criteria such as human cognitive
process, sensory processing and psychological approaches would complement the perceived
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quality of multimedia services. Although, the term QoE has various definitions, it all depends
on the context it is used. For our research we applied a recent (working) definition from the
Qualinet paper- “QoE is the degree of delight or annoyance of the user of an application or
service. It results from the fulfillment of his or her expectations with respect to the utility and /
or enjoyment of the application or service in the light of the user’s personality and current
state” [12]. Here QoE is defined entirely from the user’s perspective- “…the degree of delight
or annoyance of the user…” and includes a hedonic component as well “…utility and/or
enjoyment…”. Furthermore, ‘application’ refers to- “A software and/or hardware that enables
usage and interaction by a user for a given purpose. Such purpose may include entertainment
or information retrieval, or other” [12]. We used this definition of QoE because it is relevant
to an exceptionally large array of application fields. Also, it is the most common and well-
established definition used by researchers for different scenarios. This definition was deemed
appropriate to use as we wanted to demonstrate the relevance of QoE concept with wearables
and its applicability in a mulsemedia context.

1.3 Motivation

Wearables have revolutionized the technological landscape and lifestyle of individuals. Whilst the
popularity and growth of the wearables market has been undeniable, this is not to say that the sector
is without its problems. There are many issues and challenges that have arisen, and the most
addressed were design, privacy, data security and cost [2, 42, 43, 66, 78, 79, 83, 85, 113]. Although
researchers and experts have been increasingly discussing the problems associated with consumer
acceptance of wearable devices and identified to some extent the underlying influencing factors,
there is, however, a lack of studies centered around measuring the users’ QoE of wearable devices,
notwithstanding the fact that both domains are of importance in the ICT sector. To this end, some
recent studies [26, 75–77, 109] have started exploring the issue, with only a single [17] looking at
wearables in a multisensory and healthcare context. The main contribution of this work is to fill this
existing gap, discovering user attitudes and acuities aligned with the interactivity associated with
wearables. To this end, clear viewswill be evident throughmeasuringQoE associatedwithwearable
devices in mulsemedia context by employing olfaction and haptic effects. Also, we will delve into
the human factors to see whether they impact user QoEwithmulsemedia in relation to wearables. In
addition, a set of guidelines will be formulized to evaluate user QoE of wearables. The use of the
guidelines will assist researchers or developers to examine QoE better for existing and future
innovations linked to wearable devices.

Accordingly, the structure of this paper is as follows: Section 2 reviews related work, after
which Section 3 explains human factors. Section 4 details the experimental methodology
employed in our study. Results are then analyzed and discussed in Sections 5, 6, 7, 8 and 9.
Section 10 summarizes the results, whilst Section 11 introduces a set of guidelines in relation
to evaluating QoE with wearables. Section 12 discusses the limitations of this study. Lastly,
conclusions are drawn in Section 13.

2 Related work

With the recent rapid development in technologies underpinning smart and wearable devices
human senses beyond the audio-visual can now be included in digital applications. These new
multisensory technologies are now more affordable and accessible for all people, hence
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including other senses such as smell, and touch is an increasingly realistic proposition which
has the potential to enhance a user’s QoE. Accordingly, there have been a proliferation of
studies exploring user QoE of mulsemedia applications incorporating non-traditional media
types such as haptics [47], gustatory [72], olfactory [30, 31, 67] or indeed, a combination
thereof, such as haptic and olfactory [40].

QoE has been comprehensively investigated in and considered to be a very important aspect of
multiple sensorial media (mulsemedia) [115], with several potential application areas being
identified. For example, Nakamoto et al. [71] applied olfaction in a gaming context with results
showing an increased QoE. In terms of multisensory interaction and design many studies have
demonstrated that using this phenomenon in practice has brought many benefits. Accordingly,
Hancock et al. [36] used a multisensory concept in their study and found it improved the
performance of visual searches and reduced the amount on mental workload. Covaci et al. [20]
proposed a multisensorial educational game named Fragrance Channel and looked at how the
learning engagement, performance and QoE can be improved with olfactory stimulation. The
findings highlighted that the multisensory setups in educational games engage users and can
increase the performance as well as the learning process. Speaking of education, Zou et al. used
mulsemedia in Technology Enhanced Learning (TEL) to improve the learning process and
experience. The authors developed a testbed to play video content enhanced with olfaction, haptic
and airflow effects. The results showed that most users are open to (TEL) as it would increase their
learning experience to a great extent [121]. Gustavo proposed a model named ‘Multisensorial
Electronic Books’ combining enhanced e-books with mulsemedia to improve the readers learning
process and the QoE. The author also developed a prototype that integrated olfactory, auditory
and haptic effects. The prototype was a notable success and opened avenues for future research
[35]. Also, in the context of learning e-books enriched with mulsemedia content have shown
positive results as seen in several studies [1, 10, 55, 91]. It is fair to say that multisensory digital
learning experiences that involve olfaction can enhance the users’ QoE. Additionally, the benefit
of olfactory media to enrich QoE has also been proven in several other studies [29, 48, 69, 107,
116, 117]. All these studies strengthen the belief that multisensory integration in a digital context
will enhance QoE when using interactive systems. Although QoE has been studied with
mulsemedia this has been without looking at the cross sensorial interaction. Nonetheless, over
the last decade, there has been incipient work which has started to explore crossmodal corre-
spondences between olfactory and visual stimuli. We shall now turn our attention to these.

2.1 Crossmodal correspondences

Crossmodal correspondences have been addressed mainly in the field of cognitive science and this
phenomenon is defined as “a tendency for a sensory feature, or attribute, in one modality, either
physically present ormerely imagined, to bematched (or associated)with a sensory feature in another
sensory modality” [82, 101, 102]. Experiencing a stimulus in a sensory modality is often associated
with experiences in another sensory dimension (e.g., pitch in audition and brightness in vision).
Crossmodal correspondences between audition and vision have long been explored and extensively
documented [59]. However, researchers have shifted towards mapping olfaction and vision- an area
that had not been studied before. There are few studies that have mapped more than one sensory
modality as Gilbert et al. [32] provided one of the first examples of olfactory-visual correspondences,
showing that there are strong correlations between odours and colours. Accordingly, bergamot smell
was associatedwith yellow, cinnamonwith red, pinewith green, etc.Other studies investigated various
smells associated with colours as seen in the works of [51, 57, 90, 105]. Specifically, Gilbert et al. [32]
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presented a study on colour odour linkages that showed that blue colour matches lilial scent, yellow
colour- bergamot scent, red colour- cinnamon scent and so forth. Part of thesematches are illustrated in
(Table 1). Correspondingly, Kemp and Gilbert [51], found that strong smells were found to be
associatedwith darker colours. Other studies focused on the shape - colour correspondences and found
that odours of pepper and lemon are significantly relatedwith the angular shape,whereas the odours of
raspberry and vanilla are relevantly linked with round shapes [37].

Crossmodal correspondences were documented between several pairs of sensory modalities
such as: vision and touch [98], audition and touch [114], flavours and sounds [21], flavours
and vision [27]. Even though the focus of this study is on wearables, we decided to incorporate
different smells that were crossmodally matched with the six video clips to enhance user QoE
and to explore the user experience of wearables in such a context. To this end we designed an
experiment to explore whether the cross-modally mapped multisensorial effects (olfaction and
auto-generated haptic) from visual features of videos enhance the users’ QoE see (Table 2).
We hypothesize that considering crossmodal mappings whilst creating mulsemedia systems
could lead to more immersive and effective experiences for the users.

2.2 Human factors

Numerous studies in the multimedia field have shown that human factors such as age, gender
and personal interests influence user QoE [95, 119, 120]. Scott et al. [96] investigated the
influence of personality and cultural traits on the perception of multimedia quality. They
reported that human factors play an important role in perceptual media quality as well as user
enjoyment. Although, these studies are in the context of multimedia applications, very little

Table 1 Snapshots from the six videos used during the experiment with their themes, dominant visual cues and
the conditions for the EG in each case. The CG experienced only visual content, without olfactory, auditory or
vibrotactile content

Video Snapshot Description Video Snapshot Description

V1 Theme.Beach

Visual cue. Color: Blue

EG. Olfactory: Lilial

CG. Only visual content

V2 Theme.Dallol in 

Ethiopia

Visualcue.Color:Yellow

EG. Olfactory: Bergamot

CG. Only visual content

V3 Theme. Solar eclipse

Visual cue. Brightness:

Low

EG. Olfactory: Lavender 

(low intensity)

CG. Only visual content

V4 Theme. Sunrise upon the 

arctic

Visual cue. Brightness:

High

EG. Olfactory: Lavender

(high intensity)

CG. Only visual content

V5 Theme. Skyscrapers

Visualcue.Shape:

Angular

EG. Olfactory: Lemon

CG. Only visual content

V6 Theme.Bouncing balls

Visual cue. Shape: Round

EG. Olfactory: Raspberry

CG. Only visual content
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research has been done on human factors in perceptual mulsemedia quality apart from a single
study by Murray et al. [68]. They investigated how age and gender influence users’ perception
of the temporal boundaries within which they perceive olfactory data and video to be
synchronized. Moreover, whilst there has been previous work on mulsemedia QoE discussed
in Section 2, there is a paucity of research that has looked at the influence of human factors on
wearables QoE, and this adds an extra dimension to our investigation.

3 Methodology

The experiments we designed are aimed to investigate the potential influence of using
crossmodal mulsemedia correspondences concepts on user QoE with wearables. More specif-
ically, we used s videos characterized by dominant visual features: colour (blue, yellow),
brightness (low, high), and shape (round, angular). Participants viewed these videos enhanced
with crossmodally matching smells while wearing a haptic vest and a heart rate (HR) monitor
wristband. We chose to use the vibrotactile display because literature has shown that partic-
ipants exhibit an increased emotional response to media with haptic enhancement [86].

3.1 Sampling

Convenience sampling is a non-probability strategy we used to recruit participants because we
had limited resources to reward people in participating in our experiments which were quite
lengthy in time (30–40 min). This Convenience sampling is defined as “a type of
nonprobability or non-random sampling where members of the target population that meet
certain practical criteria, such as easy accessibility, geographical proximity, availability at a
given time, or the willingness to participate are included for the purpose of the study” [24].
We chose to use convenience sampling as it was relevant to our studies because it is a quick
and easy method to recruit participants in short space of time. We reached out to people who
were available from both Brunel University, Department of Computer Science and University
of West London, School of Computing and Engineering via email and word of mouth. The
participants gave informed consent and could withdraw at any time without giving a reason,
and that they were not compensated for taking part in the experiments. The data was
anonymized and strictly kept confidential.

3.2 Participants

The sample size of our experiment is based on a study by Brunnström and Barkowsky [11].
These authors have emphasized that in QoE experiments planning the sample size depends

Table 2 Stimuli assortments and wearables for the two groups

Group Olfactory Wearables

G1
Experimental

Group

All videos- V1- Lilial, V2-Bergamot,
V3-Clear lavender, V4- Lavender, V5- Lemon,

V6- Raspberry

Haptic vest and HR monitor wristband

G2
Control Group

All videos- No smell Haptic vest without effects present and
HR monitor wristband
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upon the statistical significance testing one will use for their study. They have also highlighted
that the sample size depends upon the test design an experimenter undertakes for their study
which could be either within-subject design or between-subject design. In this experiment we
decided to use between-subject design to see if there is statistically significant difference
between two unrelated groups. A study by Brunnström and Barkowsky [11] have observed
that for between-subject design a significance difference of alpha 0.05 can be found with a
sample size of 24 subjects. Their study has proved that small sample size can be used as long
as it meets the significance level. We recruited 24 participants (14 males and 10 females) who
were randomly allocated into two groups: an experimental group (EG) with 18 participants and
a control one (CG) with 6 participants. The crossmodally matched smells and wearables of the
two groups can be seen in (Table 2). The Participants were aged between 18 and 41+ years and
came from various nationalities and educational backgrounds. The gender and age of the
participants were roughly matched across in the experiment. All participants spoke English
and self-reported as being computer literate.

3.3 Wearable devices

Two distinct types of wearable devices were used in our experiments see (Fig.1). The first was a
KOR-FX gaming haptic vest. This device was chosen for this study because a user can get engaged
with what they are seeing on the screen, enabling them to have an immersive experience. Also, the
haptic vest connects to the audio coming from any media content such as movies or games [53].
Applying the KOR-FX device in the experiment would provide different perceptions from users,
because the vest has sensors that are meant to immerse the user and enhance the sense of reality as
well as giving a better experience overall. The second device used in our study was a wearable HR
monitor band ‘Mio Go’ [33]. The Mio Go wearable band was chosen because it would help in
monitoring the HR of a participant, especially seeing how fast or slow the heart beats for each video
clip in relation to the haptic vest’s vibrations. Mio Go has received positive reviews online from
people who have purchased this product and use it regularly [39].

3.3.1 Other devices

Exhalia- the Exhalia device diffuses scents through cartridges from each of its four small fans.
The cartridges contain scented polymer through which air is blown (through four built-in-
fans). The SBi4 can store up to four interchangeable scent cartridges at a time, but we used a
single slot in our experiments to prevent the mixing of scents [25].

3.4 Video clips

The video clips were associated with six scents: bergamot, lilial, clear lavender (low intensity),
lavender (high intensity), lemon and raspberry. The accompanying olfactory content was
modified in line with principles of olfactory-visual crossmodal correspondences that were
previously discussed in the literature. The video with dominant blue images (V1) was watched
with lilial odor, while the one dominantly yellow (V2) with the bergamot odor [32]. In V3,
where brightness was considered the dominant visual cue, low intensity lavender odor was
delivered concurrently to the users, while in V4, where the brightness was high, the olfactory
content of high intensity lavender, was employed [32]. Finally, V5, the video displaying
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angular shapes, was matched with lemon odor, whilst V6, where the dominant shape was
round, was delivered with a raspberry odor [37, 100].

Participants watched 6 multimedia video clips each of 120 s duration. The view area was
1000 × 700 pixels. The resolution for each video clip was 1366 × 768 pixels and the frame
rate 30 frames per second. The original sound was generated from the original video content.
The clips were chosen based on visual features: colour, shape, spatial relations, and texture.
These clips were chosen because they are based on natural scenes and contain low level
information that would offer a more interactive and engaging experience.

3.5 Experimental preamble

Our experiment was focused on the cross-modal correspondence between olfactory and haptic
effects, and their impact on user QoE. The experiment was carried out in a noiseless laboratory
and lasted for approximately 40 min for each participant to complete. The Exhalia SBi4 device
was placed at 0.5 m in front of the participant, letting him/her to detect the smell in 2.7–3.2 s
[70]. All participants were explained the procedure and tasks involved in this experiment.
Participants were seated behind a table, facing the 15.6-in. Lenovo Windows 10 laptop screen.
Each participant was then provided with headphones (iShine), a haptic vest to wear (KOR-FX)
and HR monitor wristband (Mio Go) as shown in (Fig. 1). When participants confirmed that
wearing the haptic vest and HR monitor wristband were comfortable as well as being satisfied
with the whole setup, they then continued to view the video clips. The experiment was
approved by the Ethical Committee of Brunel University.

3.6 Experimental process

The experiment involved 6 video clips that were accompanied by olfactory and vibrotactile
contents. Videos were viewed in a random order so that order effects were minimized.
Olfactory content was emitted using Exhalia’s SBi4 four built-in-fans blowing through
cartridges that contain scented polymer balls. A program employing Exhalia’s Java-based
SDK was used to emit olfactory content throughout the duration of the video clips.

Fig. 1 Experimental setup. The users were wearing: (1) i-Shine headphone (https://www.ishine-trade.com), (2)
the KOR-FX haptic vest (http://www.korfx.com/) (3) Mio Link (https://www.mioglobal.com/) (4) olfactory
effects were diffused using Exhalia (https://www.exhalia.com/)
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Accordingly, scents were emitted for 10s at 30s intervals throughout the video clip (i.e.,
starting at 0 s, 30s, 60s, and 90s). When the Exhalia SBi4 was not emitting scents, the scent’s
lingering effect ensured that it was still noticeable for the next 20s, after which the SBi4’s fans
were switched back on to emit for the next 10s. Alongside odours, vibrotactile effects were
provided throughout the whole duration of the clips, vibrating according to the associated
audio soundtrack. After each video clip, participants were asked to complete a subjective
questionnaire with a set of 7 questions in relation to QoE, designed to capture users’ views and
their overall experience of this experiment see (Table 3). Each question was answered on a 5-
point Likert scale with positive questions anchored at one end with “strongly agree” and with
“strongly disagree” at the other end. These questions were developed based on the SUS,
widely used amongst researchers and by a variety of industries [8]. Once the experiment was
over, participants were further asked to complete paper questionnaires that featured SUS see
(Tables 4 and 5) and UEQ based questions (Table 6) [93].

4 Analysis of self-reported QoE

We decided to investigate whether wearing a haptic vest with cross-modally mapped olfaction
is more effective in enhancing user QoE. We tested the following hypothesis:

– Users will have a positive experience whilst viewing multimedia with olfactory and
haptic vest effects.

We used IBM SPSS software to run our statistical analysis. To check the effect that device
type (haptic vest) has on QoE, we performed an independent sample t-test with group as
independent variable and the responses to the 7 self-reported QoE questions as the dependent
variables. A significance level of 0.05 was adopted for the analysis. and the results are
presented in (Tables 7 and 8). Before analysing the data, we converted the scores of each
negatively phrased question (Q3 and Q4) to the equivalent score associated with a positively
phrased counterpart. As previously stated, participants self-reported the QoE by answering 7
Likert scale questions. The null hypothesis is that any differences in QoE between the CG and
EG happen by chance.

In Q1, there were no statistically significant results between the EG and the CG for all 6 video
clips. This means that the participants’ responses do not differ significantly, as the haptic effects
which were automatically generated out of the content-original sound have contributed to the
enjoyment. Throughout most of the video clips for Q2 there were statistically significant results
between the EG and the CG, with the only exception being video clip 2. This suggests that
participants in the EG have noticed the relevance of the haptic effect for these respective videos
(1, 3, 4, 5 and 6), whereas in the CG the participants did not notice any effects. This is because no

Table 3 Online self-reported QoE questions

Q1: I enjoyed watching the video clip whilst wearing a Haptic Vest.
Q2: The Haptic Vest effects were relevant to the video clip I was watching.
Q3: The vibration was distracting.
Q4: The vibration was annoying.
Q5: The Haptic Vest effects enhanced the sense of reality whilst watching the video clip.
Q6: The Haptic Vest effects enhanced my viewing experience.
Q7: Overall, I enjoyed the multisensorial experience.
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smell and effects were present in this group. On a positive note, in Q3 there were insignificant
differences between both groups (EG and CG) revealing that the haptic vest effects were not
distractive but rather pleasant. The same can be said for Q4 also showing insignificant differences as
the haptic effects were generally not perceived annoying. In Q5 there were statistically significant
differences between the EG and theCG in video clip 3 (p = .007), video clip 5 (p = .002) and video
clip 6 (p = .007). This indicates that these clips made a positive impact enhancing the sense of
reality for some participants in the EG however, the same does not apply for the CG who scored a
higher mean across these video clips. In respect of Q6 there were statistically significant results in
both EG and CG for video clips 1, 3, 5 and 6. In the EG the participants found the haptic vest
enhanced their viewing experience to a certain extent, whereas in the CG some participants had a
negative view and disagreed, whilst others had a neutral response. Lastly, in Q7 there were
insignificant results in both the EG and CG implying that overall, the participants’ enjoyed the
multisensorial experience. The results confirm the hypothesis as the use of olfaction and haptic
effects enhanced the users QoE as seen in the EG.

5 Analysis of post questionnaires

We compare results obtained after experiencing mulsemedia interaction in the presence and
absence of olfactory, haptic vest feedback from users’ and HR monitor wristband. We tested
the following hypothesis:

– Users exposed to haptic effects and olfaction would incorporate wearable devices into
their daily lives

Accordingly, an independent sample t-test was used to compare the responses obtained from
the end of experiment paper questionnaires for the EG and the CG. The null hypothesis is that
any differences in users’ attitudes to wearable devices between the EG and CG happen by
chance. The results are displayed in (Table 9). In respect of Q1, there were insignificant results
between the EG and the CG. This implies that both groups found the haptic vest comfortable to
wear. In Q2, insignificant results were found between both groups, (EG and CG). This

Table 4 End of experiment questionnaire

Q1: The Haptic Vest is comfortable to wear.
Q2: I found the Haptic Vest bulky to wear.
Q3: The Haptic Vest starts to heat up after wearing it for a long time.
Q4: I found that the Haptic Vest has a range of functions that are well incorporated.
Q5: I would be confident wearing the Haptic Vest in public.
Q6: I would wear the Haptic Vest at work.
Q7: I would wear the Haptic Vest in my leisure time.

Table 5 End of experiment questionnaire HR monitor wristband

Q1: Do you think Mio Go (wearable band) is a comfortable device to wear?
Q2: I think the activities available on the Mio Go band are helpful.
Q3: I would be confident wearing the HR monitor wrist band in public.
Q4: I would wear the HR monitor wrist band at work.
Q5: I would wear the HR monitor wrist band in my leisure time.
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suggests that both groups did not find the haptic vest bulky to wear. There were also
insignificant results in Q3, as both the EG and CG did not find the haptic vest heat up in
the duration of viewing the video clips. In Q4, there were statistically significant results (p =
.036) amongst the EG and the CG, as participants’ responses show that not all of them agreed
that the functions within the haptic vest were well incorporated. Mostly the EG participants
have a positive attitude (M = 2.38) and found the functions very useful. In Q5 there were
statistically significant results (p = .035). The participants responses in the EG were neutral
(M = 3.44) implying that they would not mind wearing the haptic vest in public as opposed to
the CG who were less keen (M = 4.50) this could be due to its appearance (design). Similar
results were shown in Q6 as there were significant differences (p = .028). In the EG
participants would consider wearing the haptic vest at work (M = 3.50) than the CG who

Table 6 User experience questionnaire (UEQ)

1 obstructive o o o o o o o Supportive Pragmatic
2 complicated o o o o o o o Easy
3 inefficient o o o o o o o Efficient
4 confusing o o o o o o o Clear
5 boring o o o o o o o Exciting Hedonic
6 not interesting o o o o o o o Interesting
7 conventional o o o o o o o Inventive
8 usual o o o o o o o leading edge

Table 7 Independent sample T-test self-reported QoE

Video Clip 1 Video Clip 2 Video Clip 3 Video Clip 4 Video Clip 5 Video Clip 6

Q1 (EG) M: 2.76
Std: 1.09
(CG) M: 2.66
Std: 1.21

(EG) M: 2.72
Std: 1.01
(CG) M: 2.66
Std: 1.21

(EG) M: 2.37
Std: 1.25
(CG) M: 3.00
Std: 1.54

(EG) M: 2.33
Std: .970
(CG) M: 2.83
Std: 1.32

(EG) M: 2.50
Std: 1.09
(CG) M: 2.83
Std: 1.32

(EG) M: 2.38
Std: .978
(CG) M: 3.00
Std: 1.26

Q2 (EG) M: 2.77
Std: 1.00
(CG) M: 4.00
Std:1.09

(EG) M: 3.05
Std: 1.05
(CG) M: 3.66
Std: .816

(EG) M: 2.41
Std: 1.32
(CG) M: 4.33
Std: .816

(EG) M: 2.83
Std: 1.15
(CG) M: 4.16
Std: .983

(EG) M: 2.27
Std: 1.01
(CG) M: 4.16
Std: .752

(EG) M: 2.88
Std: 1.02
(CG) M: 4.00
Std: .894

Q3 (EG) M: 2.83
Std: 1.04
(CG) M: 3.66
Std: .816

(EG) M: 2.88
Std: 1.02
(CG) M: 3.83
Std: .983

(EG) M: 3.37
Std: 1.31
(CG) M: 3.83
Std: .983

(EG) M: 3.22
Std: 1.26
(CG) M: 3.66
Std: .816

(EG) M: 3.17
Std: 1.07
(CG) M: 3.66
Std: .816

(EG) M: 3.35
Std: 1.11
(CG) M: 3.50
Std: .836

Q4 (EG) M: 2.88
Std: 1.23
(CG) M: 3.50
Std: .836

(EG) M: 3.05
Std: 1.16
(CG) M: 3.83
Std: .983

(EG) M: 3.52
Std: 1.28
(CG) M: 3.83
Std: .983

(EG) M: 3.38
Std: 1.19
(CG) M: 3.50
Std: 1.04

(EG) M: 3.33
Std: .970
(CG) M: 3.50
Std: 1.04

(EG) M: 3.50
Std: 1.09
(CG) M: 3.50
Std: 1.04

Q5 (EG) M: 2.82
Std: 1.07
(CG) M: 3.66
Std: .816

(EG) M: 3.05
Std: .899
(CG) M: 3.83
Std: .983

(EG) M: 2.47
Std: 1.12
(CG) M: 4.00
Std: .894

(EG) M: 3.22
Std: 1.11
(CG) M: 4.00
Std: .894

(EG) M: 2.44
Std: .855
(CG) M: 3.83
Std: .752

(EG) M: 2.88
Std: .963
(CG) M: 4.16
Std: .752

Q6 (EG) M: 2.23
Std: 1.03
(CG) M: 3.66
Std: .516

(EG) M: 3.27
Std: .826
(CG) M: 3.83
Std: .983

(EG) M: 1.82
Std: .727
(CG) M: 4.00
Std: .632

(EG) M: 3.38
Std: 1.09
(CG) M: 3.83
Std: .983

(EG) M: 1.94
Std: .872
(CG) M: 4.00
Std: .632

(EG) M: 1.94
Std: .747
(CG) M: 3.66
Std: 1.03

Q7 (EG) M: 2.23
Std: 1.03
(CG) M: 3.50
Std: .836

(EG) M: 3.11
Std: .758
(CG) M: 3.83
Std: .983

(EG) M: 1.82
Std: .727
(CG) M: 3.66
Std: 1.03

(EG) M: 2.22
Std: .942
(CG) M: 3.50
Std: .836

(EG) M: 1.94
Std: .872
(CG) M: 3.33
Std: .816

(EG) M: 1.94
Std: .747
(CG) M: 3.83
Std: 1.16
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disagreed (M = 4.50). With that being said there were statistically significant differences
between the EG and CG in Q7 (p = .029). These results suggest that the haptic vest would be
worn by participants in their leisure time in the EG (M = 2.72) than the CG (M = 3.83). In
terms of the HR monitor wristband, the results reveal that for Q1 there were no differences in
responses across both groups (EG and CG). This implies that the users were pleased to wear
the Mio Go wristband, which was deemed very comfortable to wear. In the case of Q2 there
were also no significant differences in results as both groups agree that the HR device is
helpful in terms of the activities it offers. For Q3, Q4 and Q5 there were insignificant results
showing that participants’ in both the EG and the CG prefer wearing the HR device in public,
work and leisure time as opposed to the haptic vest. This could be because the HR device is
discreet, small and can be concealed. Overall, this device has received positive feedback from
users and would be worn in the future. Overall, the results confirm the hypothesis as most
users who were exposed to the haptic effects and olfaction (EG) would adopt both of the
wearable devices into their daily lives but the same cannot be said for the CG who were keener
on adopting the HR monitor wristband than the haptic vest. This could be because there were
no haptic vest effects present in this group.

6 Human factor results

In order to understand if age, gender and education (human factors studied in our work)
influence a user’s satisfaction and enjoyment of mulsemedia applications we analysed the
impact of each on the individual items of the self-reported QoE questionnaire. We wanted to
test the following hypothesis:

Table 8 Descriptive statistics haptic vest

Video Clip 1 Video Clip 2 Video Clip 3 Video Clip 4 Video Clip 5 Video Clip 6

Q1 F: .085
t value: .184
p value: .856

F: .427
t value: .111
p value: .913

F: .949
t value: −.977
p value: .340

F: 2.591
t value: −.988
p value: .329

F: 1.100
t value: −.612
p value: .547

F: .557
t value: −1.234
p value: .230

Q2 F: .617
t value: −2.530
p value: .019

F: .067
t value: −1.288
p value: .211

F: 2.593
t value: −3.307
p value: .003

F: .257
t value: −2.538
p value: .019

F: .686
t value: −4.157
p value: .000

F: 1.213
t value: −2.369
p value: .027

Q3 F: .413
t value: −1.775
p value: .090

F: .005
t value: −1.976
p value: .061

F: .669
t value: −.774
p value: .448

F: 1.125
t value: −.801
p value: .431

F: .852
t value: −1.013
p value: .323

F: .950
t value: −.293
p value: .772

Q4 F: 1.449
t value: −1.124
p value: .273

F: .162
t value: −1.468
p value: .156

F: .374
t value: −.526
p value: .604

F: .128
t value: −.203
p value: .841

F: .008
t value: −.358
p value: .724

F: .040
t value: .000
p value: 1.000

Q5 F: .852
t value: −1.743
p value: .096

F: .093
t value: −1.733
p value: .091

F: 1.516
t value: −2.998
p value: .007

F: .813
t value: −1.544
p value: .137

F: .608
t value: −3.536
p value: .002

F: 1.168
t value: −2.947
p value: .007

Q6 F: 3.673
t value: .563
p value: .004

F: .254
t value: −1.363
p value: .187

F: 1.411
t value: −6.491
p value: .000

F: 1.234
t value: −.882
p value: .387

F: 1.217
t value: −5.291
p value: .000

F: .861
t value: −4.407
p value: .000

Q7 F: .709
t value: −2.692
p value: .014

F: .006
t value: −1.880
p value: .073

F: .812
t value: −4.787
p value: .000

F: .419
t value: −2.947
p value: .007

F: .021
t value: −3.425
p value: .002

F: 1.798
t value: −4.598
p value: .000
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– Age, gender and education will influence the users’ QoE with wearables in a
mulsemedia context

To this end, we undertook an Analysis of Variance (ANOVA) test with age, gender and
education as independent variables and the user QoE responses as dependent variables. The
results of this analysis are shown in (Table 10) and the descriptive statistics are displayed in
(Table 11). The null hypothesis tested is that QoE differences determined by age, gender and
education groups happen by chance. ANOVA revealed a highly significant main effect of age
(p = .000), gender (p = .020) and education (p = .002) for Q1. Apart from the age group (31–
35), most of the age groups enjoyed watching the videos whilst wearing the haptic vest,
especially 18–21 and 26–30 years old (M = 2.28; M = 1.58). Moreover, the male participants
(M = 2.49) enjoyed wearing the haptic vest slightly more than the females (M = 2.73). The
education category shows that the PhD students (M = 2.30) agreed with the Q1 statement
more than the undergraduate and postgraduate students. Across the board the participant’s
responses were positive, showing that the haptic vest was well received. In respect of Q2, there
were no significant results for gender and education apart from age (p = .000). Most age
groups (18–21, 22–25 and 41+) found the haptic effects relevant to the video clips they
viewed, especially the younger generation.

With regard to the questions about the vibration of the vest, the ANOVA revealed
statistically significant results of age and education in Q3 (p = .003; p = .001) and in Q4
(p = .001; p = .001). For both Q3 and Q4 the younger generation aged (22–25 and 26–30)
found the haptic vest rather distracting as well as annoying. The postgraduate students’
responses were neutral in Q3 (M = 3.00) however, in Q4 the students agreed (M = 2.96)

Table 9 End of experiment results

Haptic vest Group Mean Std. F T p value

Q1 EG
CG

2.11
2.66

1.07
.516

1.905 −1.203 .242

Q2 EG
CG

4.27
4.00

.669

.894
.334 .811 .426

Q3 EG
CG

4.00
4.16

1.08
.752

1.627 −.347 .732

Q4 EG
CG

2.38
3.33

.978

.516
2.820 −2.239 .036

Q5 EG
CG

3.44
4.50

1.09
.547

4.136 −2.242 .035

Q6 EG
CG

3.50
4.50

.985

.547
2.750 −2.345 .028

Q7 EG
CG

2.72
3.83

1.07
.752

1.319 −2.334 .029

HR monitor wristband Group Mean Std. F T p value
Q1 EG

CG
1.66
1.83

.594

.752
.063 −.558 .583

Q2 EG
CG

2.11
2.50

.582

.836
1.921 −1.270 .217

Q3 EG
CG

2.22
2.66

.942
1.03

.020 −.978 .339

Q4 EG
CG

2.22
2.66

1.00
.816

.467 −.978 .339

Q5 EG
CG

2.16
2.16

1.04
.983

.070 .000 1.000
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that the haptic vest was annoying. For Q5, there were no differences amongst gender and
education only age revealed statistically significant results (p = .000). Two age groups (18–21
and 41+) have similar mean values (M = 2.68; M = 2.79) as they considered that the haptic
vest employed enhanced their sense of reality whilst watching the video clips. The results in
Q6 are significantly determined by age (p = .001). This implies that majority of the age groups
(18–21, 22–25, 26–30 and 41+) felt that the haptic vest effects enhanced their viewing
experience. Lastly, in Q7 the results show that age (p = .000) has statistically significant
results. This denotes that almost all participants enjoyed the multisensorial experience apart
from the age groups (31–35 and 36–40) years old. It appears that the younger generation (18–
21 years old) had a slightly higher mean (M = 2.10), indicating that overall, they had an
optimistic outlook of mulsemedia that influenced their experience. Overall, these results have
shown that the human factors influenced users QoE therefore this confirms our hypothesis.

7 Analysis of HR

As a physiological metric, we employed Mio Go HR monitor wristband to carry out objective
measurement. The HR of each participant was collected at the rate of one reading per second
and measured in BPM. We collected 120 HR readings for 6 video clips. The HR readings for
both group (EG and CG) varied with the means for each video illustrated in (Fig. 2). In order to
understand whether there are any differences in the HR between the two groups (EG and CG),
we tested the following hypothesis:

– The users HR will not be the same in the EG and CG

We undertook an independent samples t-test to test our hypothesis, the results of which are shown in
(Table 12). The results demonstrate a statistically significant difference in the HR between the two
groups for all the videos. We observed a tendency for a higher HR in the EG for the whole duration
of the videos andwe can refute the null hypothesis that the difference inHR between the two groups
happens by chance. This indicates that the two groups experienced a different mood in the two
setups: (i) the one using crossmodally matching smell, haptic vest and HR monitor wristband (EG)
and (ii) the one where only HRmonitor wristband was provided as no smell and haptic effects were
present in the CG. Themost significant differences in HR appear for video clips 1 and 6. This shows
that these video clips considerably changed the user’s mood especially in the EG scoring a high HR
when compared to the CG. This could be due because of the content or the two setups. The results

Table 10 ANOVA results (Demographics)

Age Gender Education

F Sig. F Sig. F Sig.

Q1 15.622 .000 5.559 .020 6.699 .002
Q2 16.553 .000 2.306 .131 2.471 .089
Q3 3.743 .003 .071 .790 7.748 .001
Q4 4.335 .001 2.876 .092 8.010 .001
Q5 10.316 .000 3.091 .081 .457 .634
Q6 4.221 .001 2.406 .123 1.656 .195
Q7 6.618 .000 3.344 .070 1.295 .278
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have revealed that the users HR between the two groups was not the same it was different, and this
confirms our hypothesis.

8 UEQ analysis

The UEQ short version was used in our study because we wanted to learn about the attitudes of
users towards the two wearable computing devices (haptic vest and HR monitor wristband)
employed in our study. The UEQ consists of 8 items (Table 6) recording two elements,
respectively pragmatic and hedonic quality. At the end of the experiment participants from
both groups (EG and CG) judged the two wearables. We used the short UEQ data analysis tool
in Microsoft Excel developed by Schrepp, [93] to measure the reliability of the 8 items. The
tool reports the mean, standard deviation, confidence intervals and Cronbach Alpha which are
detailed in the following sections.

8.1 Cronbach alpha

Cronbach alpha is the most commonly used measure of reliability and has become widespread
in the literature [22]. Cronbach’s alpha provides a measure of internal consistency of a test and
generally ranges in value from 0 to 1. Internal consistency assesses the inter-correlations
between items that should all measure the same construct [106]. A widely accepted value of
Cronbach’s alpha is generally 0.70 which reflects good reliability [34, 61, 74]. We used
Cronbach Alpha because there are multiple Likert-type questions in the UEQ that form a scale
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Fig. 2 Average HR for all the video clips

Table 12 HR independent sample t-test

Video Sig (2- tailed) Mean difference Std. error difference 95% confidence interval

Lower Upper

V1 .000 19.125 .415 18.305 19.945
V2 .000 11.850 .245 11.366 12.334
V3 .000 13.042 .245 12.559 13.524
V4 .000 14.642 .365 13.922 15.361
V5 .000 12.692 .192 12.313 13.070
V6 .000 16.375 .268 15.847 16.903
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and we wanted to determine whether the scale is reliable. The results revealed that the
consistency of the pragmatic quality and hedonic quality scales was reasonably high, as the
Cronbach, alpha values exceeded the threshold of 0.70. Accordingly, the corresponding
Cronbach alpha values were 0.77 (pragmatic quality) and 0.81 (hedonic quality) for the haptic
vest in the EG. The Cronbach alpha values for the CG were 0.73 (pragmatic quality) and 0.72
(hedonic quality). In terms of the HR monitor wristband the results show that the Cronbach
alpha for pragmatic quality was 0.78 and for hedonic quality 0.73 for the EG. In the CG the
values were 0.77 for pragmatic quality and 0.74 for the hedonic quality. This concludes that
the results reported here indicate there is internal consistency associated to the 8 items as the
reliability of the questionnaire is sufficiently high and participant’s attitudes towards wearables
were generally positive.

Schrepp [93] has designed the tool that rescales the data from seven-stage (7-point
Likert scale) to the range − 3 to +3 and calculates the scale values for pragmatic and
hedonic quality per person. Accordingly, −3 represents the most negative answer (hor-
ribly bad), 0 a neutral answer, and + 3 the most positive answer (extremely good). Also,
the scale means are interpreted with values between −0.8 and 0.8 that signify a neutral
evaluation of the equivalent scale. The values that represent a negative evaluation are <
−0.8 and the values that represent a positive evaluation are >0.8 [35]. The results in the
EG have shown the mean values are above the threshold of >0.8 for both pragmatic
(0.94) and hedonic (1.01) quality of the haptic vest. The mean per item has positive
values apart from item 1 (M = 0.38) and item 8 (M = 0.72) that had a lower mean. This
suggests that some participants found the haptic vest quite obstructive to wear and did
not find the device as a leading edge. Also, most of the participants’ responses were
average and their outlook on the haptic vest leaned slightly more towards hedonic
implying that they found the wearable device fun and exciting to wear. However, there
were two items (2 and 4) in the pragmatic quality that stood out and have highly positive
mean indicating that participants deemed the haptic vest to be clear and easy to use. The
mean values in the CG displayed (1.00) for pragmatic quality items and (1.12) for the
hedonic quality items. The mean values per item were generally positive and partici-
pant’s responses were similar across the board for both pragmatic and hedonic qualities.
However, item 7 in the hedonic quality scored a higher mean as participants found the
haptic vest inventive. These results can be seen in (Fig. 3).

In terms of the HR monitor wristband the results unveiled mean values of (1.54) for
pragmatic and (1.47) for hedonic quality in the EG. The mean per item were more positive
than the haptic vest as shown in (Fig. 4). Items 1, 2, 3, 6 and 8 have high positive mean this
shows that the participants’ found the device supportive, easy, efficient, interesting and leading
edge. Overall, more items had a greater mean in respect of the pragmatic quality as participants
found the HR monitor wristband very useful to wear in terms of its functionalities. The mean
scores of pragmatic and hedonic quality were very close and participants found the device
appealing. The mean values were also above the threshold in the CG for both pragmatic (1.33)
and hedonic quality (1.62). The mean values per item were all positive, participants impres-
sions towards HR monitor wristband leaned more on the hedonic quality items. Items 7 and 8
had a higher mean with the same value (M = 1.83) as participants found the wearable device
inventive and leading edge. However, from the pragmatic quality item 1 had a very high mean
(M = 2.00) suggesting that participants found the device rather supportive see (Fig. 4).
Furthermore, the confidence intervals of our values are provided in (Tables 13, 14, 15 and 16).
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9 Discussion

From the self-reported questionnaire, the findings from the independent sample t-test conveyed
that there was a significant difference in the user responses between both the EG and CG.
Participants who wore the haptic vest with effects (EG) found the wearable device effective in
its utility, as employing mulsemedia did enhance users’ QoE. However, participants in the CG
were not enthused when viewing the video clips as they did not get much out of the device
(haptic vest) because the effects were not present in this group. As regards to the end of
experiment paper questionnaires, the responses to the SUS questions revealed that the users’
responses in the EG were neutral towards the haptic vest as compared to the CG where
participants had a rather negative attitude. On the bright side, both groups were satisfied in
wearing the HR monitor wristband and would incorporate the device into their daily lives. The
implications of these findings suggest that the participants in both (EG and CG) were keener in
adopting the HR monitor wristband than haptic vest into their daily lives and it could be
because of the design. As previous literature [4, 5, 13, 64, 80, 84] have shown that design
issues create a barrier for user adoption. Regarding the HR monitor wristband this type of
device is well-known amongst people as they are well acquainted with it as opposed to the
haptic vest. HR monitor wristbands are very popular in the health and fitness market [62].
However, not many people are aware of a haptic vest as it is less known so this could be
another reason why users may have been hesitant in adopting this device.

The literature so far has looked at human factors in multimedia as many studies [95, 119,
120] have found that human factors influence user QoE. However, not much research has been
done exploring the impact of human factors in mulsemedia. Indeed, only one study [68] has
examined human factors with mulsemedia, and not in respect of wearables. To the best of our
knowledge human factors have not been considered before for QoE with wearables in
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Fig. 3 Mean values for the haptic vest (Blue bar is for pragmatic items and Yellow bar is for hedonic items)
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Fig. 4 Mean values for the HR monitor wristband (Blue bar is for pragmatic items and Yellow bar is for hedonic
items)
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mulsemedia context. We explored a subset of human factors such as age, gender and
education. The human factor results showed that all three demographics (age, gender and
education) have an influence in users’ QoE with wearable devices. However, age and
education were the two influencing factors that impacted the users’ responses the most. These
findings confirm the work of [68, 95, 119, 120] who found age, gender and personal interests
influences users QoE. Our study has shown that human factors are important to consider when
evaluating QoE with wearables as one can gain substantial insights.

Lastly, the UEQ part of the questionnaire has revealed that the EG and the CG participants
responses leaned slightly more towards the hedonic quality for most of the items regarding the
haptic vest. For the HR monitor wristband, the EG leaned more on the pragmatic qualities
whereas the CG scored higher in the hedonic qualities. These results imply that participant’s
impressions towards the wearables were mostly linked to the hedonic quality items. The
participants found the wearable devices fun, original, interesting, and engaging.

The results have conveyed that there were mixed views towards the two wearables
employed in this study. However, majority of participants prefer the HR monitor wristband
in terms of its practicality as opposed to the haptic vest. In summary, it appears from the results
that the users from the EG enjoyed wearing the haptic vest and that it enhanced their overall

Table 13 Confidence interval haptic vest EG

Confidence interval (p=0.05) per item
Item Mean Std. Dev. N Confidence Confidence interval
1 0.389 1.685 18 0.779 −0.390 1.167
2 1.167 1.724 18 0.796 0.370 1.963
3 0.944 1.626 18 0.751 0.193 1.696
4 1.278 1.227 18 0.567 0.711 1.845
5 1.000 1.455 18 0.672 0.328 1.672
6 1.222 1.665 18 0.769 0.453 1.991
7 1.111 1.641 18 0.758 0.353 1.869
8 0.722 1.809 18 0.836 −0.113 1.558
Confidence intervals (p=0.05) per scale
Scale Mean Std. Dev. N Confidence Confidence Interval
Pragmatic 0.944 1.226 18 0.567 0.378 1.511
Hedonic 1.014 1.310 18 0.605 0.409 1.619
Overall 0.979 1.028 18 0.475 0.504 1.454

Table 14 Confidence interval HR monitor wristband EG

Confidence interval (p=0.05) per item
Item Mean Std. Dev. N Confidence Confidence interval
1 1.833 1.200 18 0.555 1.279 2.388
2 1.556 1.199 18 0.554 1.002 2.110
3 1.611 1.539 18 0.711 0.900 2.322
4 1.167 1.757 18 0.812 0.355 1.979
5 1.222 1.166 18 0.539 0.684 1.761
6 1.778 1.665 18 0.769 1.009 2.547
7 1.333 1.372 18 0.634 0.700 1.967
8 1.556 1.504 18 0.695 0.861 2.250
Confidence intervals (p=0.05) per scale
Scale Mean Std. Dev. N Confidence Confidence Interval
Pragmatic 1.542 1.119 18 0.517 1.025 2.059
Hedonic 1.472 1.064 18 0.491 0.981 1.964
Overall 1.507 0.631 18 0.291 1.216 1.798
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experience as compared to the CG. This could be due to the use of olfaction as well as the
content itself.

10 Guidelines

There are guidelines that have been presented for wearables in the literature mostly
related to design aspects. Few guidelines exist to assist developers and designers in
creating accessible wearables. Of these, worthy of mention are those of Wentzel et al.
[111] and Wentzel and Geest [110], who created a set of design guidelines for accessible
wearables that cater to the needs of people with a disability. They evaluated the
guidelines with developers, researchers, and visually impaired people. Burak and Özcan
[16], extracted generalisable design guidelines from their research about how to design
wearables and movement-based gameplay for tabletop role playing experience. From
their results, they evaluated design implications from players related to game design and
accordingly designed a new gaming system (WEARPG) that incorporates arm-worn
devices and movement-based gameplay in tabletop role playing experience. By testing

Table 15 Confidence interval haptic vest CG

Confidence interval (p=0.05) per item
Item Mean Std. Dev. N Confidence Confidence interval
1 1.000 2.530 6 2.024 −1.024 3.024
2 1.167 1.941 6 1.553 −0.386 2.720
3 1.000 2.000 6 1.600 −0.600 2.600
4 0.833 1.472 6 1.178 −0.344 2.011
5 0.833 2.041 6 1.633 −0.800 2.467
6 0.833 1.722 6 1.378 −0.545 2.212
7 1.667 1.966 6 1.573 0.093 3.240
8 1.167 2.229 6 1.783 −0.617 2.950
Confidence intervals (p=0.05) per scale
Scale Mean Std. Dev. N Confidence Confidence Interval
Pragmatic 1.000 1.517 6 1.213 −0.213 2.213
Hedonic 1.125 1.506 6 1.205 −0.080 2.330
Overall 1.063 0.907 6 0.726 0.336 1.789

Table 16 Confidence interval HR monitor wristband CG

Confidence interval (p=0.05) per item
Item Mean Std. Dev. N Confidence Confidence interval
1 2.000 2.000 6 1.600 0.400 3.600
2 1.167 1.472 6 1.178 −0.011 2.344
3 1.167 2.483 6 1.987 −0.820 3.154
4 1.000 2.280 6 1.825 −0.825 2.825
5 1.167 2.041 6 1.633 −0.467 2.800
6 1.667 1.366 6 1.093 0.573 2.760
7 1.833 1.169 6 0.935 0.898 2.769
8 1.833 1.169 6 0.935 0.898 2.769
Confidence intervals (p=0.05) per scale
Scale Mean Std. Dev. N Confidence Confidence Interval
Pragmatic 1.333 1.586 6 1.269 0.064 2.603
Hedonic 1.625 1.115 6 0.892 0.733 2.517
Overall 1.479 0.691 6 0.553 0.926 2.032
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their new system amongst users, new design guidelines were identified enabling the
authors to improve the system before developing a prototype. Accordingly, they de-
signed and implemented an arm-worn device and a tangible device. The use of wearables
and movement-based gameplay increased player’s immersion experiences. Much earlier,
Gemperle et al. [28], examined dynamic wearability and proposed design guidelines
insisting that unobtrusive placement is an important consideration as well as keeping
aesthetics in mind. Overall, though, not many guidelines have been presented in relation
to wearables. Moreover, to the best of our knowledge there is no single study that has put
forward a set of guidelines in evaluating QoE with wearables in multimedia and
mulsemedia contexts. This is especially even more surprising, given the importance of
QoE to the user multimedia experience.

The work presented in this paper is grounded on an experimental QoE study designed
to understand users’ attitudes and behaviour towards wearable devices. The set of
guidelines are meant to be used to inform developers and researchers in evaluating user
QoE for wearable devices. From the quantitative findings, we have derived a set of
guidelines that provide a foundation upon which to provide insight and direction to
developers when developing wearable devices suitable for use and capable of satisfying
users’ needs see (Table 17).

10.1 Guideline 1: Ensure the device can be affixed sturdily on the body

If the device is to be affixed to the body, it is important that it is secured on properly making a
user feel comfortable. When attaching the devices on a user’s body one must leave room for
movement. Users should be able to move around contentedly without feeling uneasy therefore
the fitting should be not too tight/loose and a confirmation from the user is crucially important.
In respect of our study, we assisted the participants in putting on the haptic vest and strapped
the HR monitor wristband either on their left or right wrist based on their preference. This may
have contributed to most participants reporting that they found the two wearable devices
comfortable and enjoyed wearing them. From a design point of view Rutter [89], has
deliberated that the design of a wearable device is good when it fits perfectly with the user’s
body. In our studies both wearables were fitted properly on the user’s body to ensure comfort
as well as users’ getting the upmost experience as if the fitting is loose or not attached suitably
this could lead to a negative user QoE.

Table 17 Guidelines

The guidelines are as follows:

1 Ensure the device can be affixed sturdily on the body.
2 Facilitate adjustable seating considering height, armrest and backrest to ensure user comfort.
3 Ensure a user is positioned correctly when facing the computer screen.
4 Perform experiments in a quiet environment with minimal distraction.
5 Display cross-modally mapped multimedia content
6 Incorporate human factors (age, gender and education).
7 Include insights of hedonic and pragmatic qualities of wearables.
8 Design subjective usability questionnaires aligned with the device type.
9 Utilise objective QoE measures (e.g. HR).
10 Stimulate unobtrusive/ subtle wearable device and use.
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10.2 Guideline 2: Facilitate adjustable seating considering height, armrest,
and backrest to ensure user comfort

Adjusting the chair in terms of its height, to be not too high/low is important. We encourage to
correct a user’s sitting posture to avoid them encountering any physical pains especially if a
user is to be seated for over 30 min. We recommend using a chair that has the ability of
adjusting the seat height, armrest and back rest, as this will provide a comfortable and relaxing
sitting position. As mentioned by Ayoub [7] and Allie and Kokat [3] the right chair height is
when a user’s feet are flat on the floor. It is vital to be mindful of the importance of good
posture as making sure users sit up straight can boost their self-confidence and mood [94]. In
our study, we correspondingly adjusted the chair’s height, arm rest and backrest until the users
were satisfied. A study by Murray et al. [70] highlights that comfort is crucial when carrying
out an experiment on olfaction-based mulsemedia QoE. The authors have found that getting
the height as well as a user’s posture intact leads to unbiased results.

10.3 Guideline 3: Ensure a user is positioned correctly when facing the computer
screen

One must ensure that a user is positioned correctly when facing the computer screen, bearing
in mind the distance should be not too close or far from the desk. In the case of our study, we
checked and adjusted accordingly the monitor screen as well keeping a good distance between
a user and the desktop computer. As suggested by Chandra et al. [18] and Woo et al. [112], the
screen monitor should be positioned in the centre in front of user’s eyes to avoid neck and
shoulder pain. Also, the screen’s height should meet the level of the user’s eyes for instance, a
short person cannot have his/her screen in the same position as a tall person. Moreover, the
monitor viewing distance should be arm’s length away when a user is sitting in their chair. To
minimize eyestrain a user must not be positioned too close or too far from the screen. Whilst
this guideline is well known for desktop-based computers, it is reassuring to know that it also
applies to when users are looking at the screen whilst having wearables on them. Specifically,
in our experiment users were exposed to multimedia video clips whilst wearing two wearable
devices; therefore, it was important that users were positioned correctly to ensure their viewing
experience was not affected.

10.4 Guideline 4: Perform experiments in a quiet environment with minimal
distraction

Experiments should take place in a quiet room where there are no distractions that keep users’
from maintaining focus and productivity. We conducted our experiment in a noiseless and
spacious room, where the walls were white. As recommended by Murray et al. [70], and ISO
standard [45], when performing olfactory evaluations, the walls in the rooms should be matt-
off-white to minimize the effects of synesthesia.

10.5 Guideline 5: Display cross-modally mapped multimedia content

Multimedia videos should accentuate the core content to enhance users’ QoE. Our videos were
crossmodally matched to certain objects, colours and smells. However, some videos were
better perceived than others. The results conveyed in our study showed that participants in both
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EG and CG enjoyed watching all 6 video clips in response to Q1 as shown in (Table 7). This
could be because olfaction was employed, or that haptic effects may have attracted the users’
attention when viewing the video clips. Specifically, 4 of the video clips (blue, dark, angular
and round) made a great impact with participants in the EG who reported that the haptic vest
enhanced sense of reality as well as their viewing experience (Table 7: Q5 and Q6).

10.6 Guideline 6: Incorporate human factors (age, gender and education)

Given the impact that human factors have on QoE with wearable devices, it is essential to
incorporate various dimensions of human factors (e.g. age, gender, education) into any QoE
evaluation for wearables. As highlighted in the Qualinet paper, one of the influencing factors
of QoE is human that relate to a user [12]. As defined by Kohn et al. [52]: “Human factors
examine the relationship between human beings and systems with which they interact”.

Based on our initial findings human factors play an important role as age was predomi-
nantly the influencing factor. Also, education had a significant impact on the users’ QoE. In
the context of this guideline, Scott et al. [95, 96] have previously explored the influence of
human factors on perception of multimedia quality, perceived video quality and enjoyment.
From their results they found that human factors such as personality and cultural traits play a
key role and influence users’ responses especially in the way enjoyment and perceived quality
are rated. Additionally, Zhu et al. [119] explored user factors in video QoE. They found that
gender and cultural background have a significant impact on users QoE as females were more
involved in the viewing experience of the videos than males. The cultural background results
were shown to have impacted QoE ratings as Asian participants rated their QoE much higher
than Western participants. Although we only explored a subset of human factors in our work, it
is perfectly plausible that other factors such as personality and culture should also be
considered in evaluating QoE with wearable devices, and it is left to future research to confirm
this hypothesis.

10.7 Guideline 7: Include insights of hedonic and pragmatic qualities of wearables

In our work, we explored considerations of hedonic and pragmatic qualities of wearables using
a UEQ questionnaire designed by Schrepp et al. [93]. The UEQ questionnaire is based on self-
reported measures to assess the user’s experience when using a technical product regarding
hedonic and pragmatic product qualities. We incorporated the UEQ questionnaire for our
second study. Participants interacted with two different wearable devices and the responses
from the EG to the haptic vest leaned more towards the hedonic qualities as they found the
device fun and exciting to wear. However, there were some pragmatic qualities found in the
responses as the haptic vest was perceived to be clear and easy to use. In the CG participants
responses were similar between hedonic and pragmatic quality items. However, item 7
received a high score as participants found the haptic vest inventive.

In terms of the HR monitor wristband both hedonic and pragmatic qualities of the device
were well received by the participants in both groups (EG and CG). However, the EG leaned
slightly more towards pragmatic quality items whereas the CG leaned towards the hedonic
quality items. Resulting from their work on perceived qualities of smart wearables
Karahanoğlu and Erbuğ [50] have found that hedonic qualities are essential as well as
pragmatic qualities. Merčun and Žumer [63], have commented that both hedonic and prag-
matic qualities combined would lead to either positive or negative emotions and guide the
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acceptance of the product. In our work, we have found that these recommendations are also
applicable when it comes to enhancing the QoE associated with the two wearable devices
employed in our study.

10.8 Guideline 8: Design subjective usability questionnaires aligned with the device
type

Subjective measures are usually carried out in the format of questionnaires; it is important
therefore that the questions are designed carefully and are aligned with the device type.
Typically, keep the questions clear and concise, so that they can be answered easily by the
user. Using simple language is recommended as it will help users understand the questions and
inform them the goals of our experiments. Having questionnaires aligned with the particular
device type is one of the things we did in our study. Also, having clear, unambiguous
questions is one of the principles of good questionnaire design [15].

10.9 Guideline 9: Utilise objective measures (such as HR)

Utilising objectives measures when evaluating QoE with wearables is equally important as to
using subjective measures. Wearable sensors that are worn in contact with a user’s body
measure physiological responses such as the HR, blood pressure, body temperature and many
more [23]. In our work, we used a Mio Go HR monitor wristband device to carry out objective
measurement. We connected the wristband to a smartphone via Bluetooth where continuous
physiological data of a participant was collected and transferred into a mobile application. In
our study we wanted to find out if there are any differences in the HR between two groups (EG
and CG). The participants HR varied, and HR monitor wristband was shown to be useful in
providing insights, which otherwise would have proven hard to uncover. Accordingly, we
have learned that certain video clips increased user HR and had an impact on QoE. Moreover,
the recommendation of employing HR monitor is in line with previous research, as Vermeulen
et al. [108] have stated that HR sensors are non-obtrusive in comparison to other physiological
sensors such as those measuring galvanic skin response GSR. The HR sensors are subtly
embedded into devices such as fitness trackers or smartwatches that people are already
wearing.

10.10 Guideline 10: Stimulate unobtrusive/ subtle wearable device and use

Stimulate unobtrusive/ subtle wearable device and encourage use in a public environment. The
end of experiment questionnaires (Table 4: Q5, Q6, Q7 and Table 5: Q3, Q4, Q5) regarding
whether participants would consider in wearing the two devices in public varied. From our
study it appears that most participants preferred wearing the HR monitor wristband and would
incorporate it into their daily lives (work, public and leisure time). However, the user’s
attitudes were generally neutral towards the haptic vest. This emphasises that some users
may wear the haptic vest in the public. Users who were not keen may be reluctant to wear a
haptic vest due to its design; moreover, the appearance of the haptic vest is not discreet, as
opposed to the HR monitor wristband. The haptic vest does not necessarily need to be worn
over the user’s garments - it can be worn underneath their top or shirt that way it would be
hidden. Again, this recommendation is in line with previous research such as that of Rekimoto
[87], who suggests that, in order for wearable devices to be adopted for everyday use, they
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should be unobtrusive and natural as possible. Should this be the case, our work suggests that
user QoE can be enhanced.

11 Limitations

There are a couple of limitations to be addressed, initially this is the first study to investigate
wearables user QoE within the context of mulsemedia however we only used two wearable
devices in our studies. Secondly, the sample size of 24 in our study is fairly small but was
adequate for this research. Thirdly, whilst the multimedia content (6 video clips) that we
employed for our study were chosen for the specific experimental purposes of our study, they
are not representative of general multimedia content and that future work could explore
wearables QoE with more representative multimedia content, in which genres such as movies,
sport, music, documentaries, etc. are also represented. Another limitation to our study is that
for HR we did not explore mood but is something to consider in future work. Lastly, we
combined the views of user’s experiences with two wearable devices from our study and
presented a set of guidelines. The guidelines will aid developers and researchers in evaluating
user QoE for wearable devices. Both developers and researchers can apply the guidelines to
evaluate existing wearable devices and can expand upon them accordingly. Whilst the
guidelines are evidence based, yet they need to be validated and generalized with researchers
as well as developers who have previous experience in developing wearable devices. Also, the
draft guidelines require validation from experts who have immense knowledge with the QoE
concept. Validation would prove that the guidelines are acceptable and can be used in many
contexts. Without validation we cannot guarantee of how sound our guidelines are and that is a
limitation to our study.

12 Conclusion

The main contribution of our work is that we have explored and discovered user attitudes and
perceptions associated with wearables. Before we carried out this research, we found that in the
literature there was not a single study that evaluated user QoE with wearables in mulsemedia
context. This existing gap in knowledge motivated the need to explore wearables in light of
capturing users’ attitudes and behavior with such devices. Wearables have undoubtedly been
trending in the consumer market, but user acceptance and user’s level of enjoyment were
unexplored areas. Accordingly, we worked towards the goal of finding out users’ views and
opinions in relation to two wearable devices (haptic vest and HR monitor wristband). Our
work has shown that users’ views towards the two wearables employed in our study were
generally positive and the QoE was enhanced to a certain extent. The results from this study
showed that the wearable devices as well as the integration of olfaction made a considerably
positive impact whilst users viewed the video clips. A significant difference was measured
with and without the haptic effects and olfaction between two groups (EG and CG). Differ-
ences were found as the EG appeared to have likened the use of the haptic effects that
heightened their experience as compared to the CG. We believe that the reason for the
difference in user QoE is due to the level of immersion, as the haptic vest vibration effects
significantly impact user level of enjoyment greatly as seen with the EG. The user QoE was
found to be significantly low in the CG as they did not feel any haptic effects and did not
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engage well with most of the video clips as some of their responses were either neutral or
leaned more towards the disagree statement. The end of experiment questionnaires were based
on (SUS and UEQ). The responses to the SUS questions highlighted that the users’ in both
groups would employ the HR monitor wristband more than the haptic vest in their daily lives.
Regarding the UEQ the user’s in the EG and CG leaned more towards the hedonic qualities of
the haptic vest. However, the responses from the EG for the HR monitor wristband leaned
slightly more towards the pragmatic qualities whereas the CG favoured the hedonic qualities of
this device. From the results we believe that any device that is perceived to enhance user QoE
has a chance of being accepted by a user. Although the functionalities of wearables may be
useful, nonetheless the design of such devices plays a key role. Accordingly, our results
showed that the haptic vest did heighten user’s level of enjoyment but the responses to whether
the participants would wear it in their daily lives were neutral.

We have also presented a set of guidelines as emanated from the experimental study. The
study was carried out to address the existing gap in knowledge, and, on their basis, we have
identified the attributes that will enhance users’ QoE. Consequently, we have formed the
attributes identified from our findings into guidelines. Developers, researchers and designers
may apply the guidelines that are applicable to the context of use to their studies, as not all of
them will suit the user’s requirements. Moreover, whilst some of the guidelines are also
applicable to traditional, desktop computing scenarios, our experiments have highlighted their
pertinence to wearable computing QoE. Lastly, it is also important to remark that, although we
have presented a set of empirically derived guidelines, they are yet to be validated and
generalized.

Declarations

Conflicts of interests/competing interests The authors report no Conflicts of interests/Competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article's
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/ .

References

1. Alam KM, Rahman ASMM, El Saddik A (2013) Mobile haptic e-book system to support 3D immersive
reading in ubiquitous environments. ACM Trans Multimed Comput Commun Appl 9:4 (2013)

2. Alfian G, Syafrudin M, Ijaz MF, Syaekhoni MA, Fitriyani NL, Rhee J (2018) A personalized healthcare
monitoring system for diabetic patients by utilizing BLE-Based Sensors and Real-Time Data Processing.
Sensors 18(7):2183

3. Allie P, Kokat D (2005) Study summary: choosing a chair based on fit. Comfort and Adjustable Features
2(1):1–9

4. Amft O, Lukowicz P (2009) From Backpacks to Smartphones: Past, Present, and Future of Wearable
Computers. IEEE Pervasive Computing 8(3):8–13

5. Anderson G, Lee G (2008) Why Consumers (Don't) Adopt Smart Wearable Electronics. IEEE Pervasive
Computing 7(3):10–12

Multimedia Tools and Applications (2022) 81:43283–43314 43309



6. Ariyatum B, Holland R, Harrison D (2005) The future design direction of Smart Clothing development. J
Text Inst 96(4):199–210

7. Ayoub MM (1973) Work place design and posture. Hum Factors 15(1973):265–268
8. Bangor A, Kortum PT, Miller JT (2008) An empirical evaluation of the system usability scale.

International Journal of Human-Computer Interaction 24(6):574–594
9. Bodine K, Gemperle F (2003) Effects of functionality on perceived comfort of wearables. In: Proceedings

of the Seventh IEEE International Symposium on Wearable Computers, Washington DC, USA, pp 1–4
10. Borgstrom L (2011) Developing story-time: The importance of interactivity in encouraging childhood

reading. Mousaion 29(3):193–208
11. Brunnström K, BarkowskyM (2018) Statistical quality of experience analysis: on planning the sample size

and statistical significance testing. Journal of Electronic Imaging 27(5):1–11
12. Kjell Brunnström, Sergio Ariel Beker, Katrien de Moor, Ann Dooms, Sebastian Egger, Marie-Neige

Garcia, Tobias Hossfeld, Satu Jumisko-Pyykkö, Christian Keimel, Mohamed-Chaker Larabi, et al. 2013.
Qualinet white paper on definitions of quality of experience

13. Bryson D (2007) Unwearables. AI & Soc 22(1):25–35
14. Buenaflor C, Kim H-C (2013) Six human factors to acceptability of wearable computers. International

Journal of Multimedia and Ubiquitous Engineering 8(3):103–114
15. Burgess T (2001) Guide to the Design of Questionnaires: a general introduction to the Design of

Questionnaires for survey research: information systems services. University of Leeds
16. Buruk OT, Özcan O (2018) Extracting Design Guidelines for Wearables and Movement in Tabletop Role-

Playing Games via a research Through Design Process. In: Proceedings of the 2018 CHI conference on
human factors in computing systems, Montreal QC, Canada, pp 289–292

17. Celestrini JR, Saleme EB, Murray N, Andreao RV, Santos CAS (2021) Applying remote health monitor-
ing to understand users’ QoE in multisensory applications in real-time. In: SensoryX ‘21: workshop on
multisensory experiences, together with IMX 2021: ACM international conference on interactive media
experiences, NY, USA, pp 1–4

18. Chandra A, Chandna P, Deswal S, Kumar R (2009) Ergonomics in the office environment: a review. In:
International conference on energy and environment, pp 913–919

19. Ching KW, Singh MM (2016) Wearable Technology Devices Security and Privacy Vulnerability
Analysis. International Journal of Network Security & Its Applications (IJNSA) 8(3):19–30

20. Covaci A, Ghinea G, Lin C-H, Huang S-H, Shih J-L (2018) Multisensory games-based learning-lessons
learnt from olfactory enhancement of a digital board game. Multimed Tools Appl 77(16):21245–21263

21. Crisinel A-S, Spence C (2009) Implicit association between basic tastes and pitch. Neurosci Lett 464(1):
39–42

22. Cronbach LJ (1951) Coefficient alpha and the internal structure of tests. Psychomerika 16(3):297–334
23. Dias D, Cunha JPS (2018) Wearable health devices-vital sign monitoring. Sensors 18(8):2414
24. Etikan I, Musa SA, Alkassim RS (2016) Comparison of convenience sampling and purposive sampling.

Am J Theor Appl Stat 5(1):1–4
25. Exhalia (2013-2019) Scent, the new dimension of multimedia 4D. Retrieved from https://www.exhalia.

com/us/
26. Fizza K, Banerjee A, Mitra K, Jayaraman PP, Ranjan R, Patel P, Georgakopoulos D (2021) QoE in IoT: a

vision, survey and future directions. Discover Internet of Things 1(1):1–14
27. Gal D, Wheeler SC, Shiv B (2007) Cross-modal influences on gustatory perception. Available at SSRN:

http://ssrn.com/abstract=1030197
28. Gemperle F, Kasabach C, Stivoric J, Bauer M, Martin R (1998) Design for wearability. In: Second

International Symposium on Wearable Computers, Pittsburgh, USA, pp 116–122
29. Ghinea G, Ademoye O (2011) Olfaction-Enhanced Multimedia: Perspectives and Challenges. Multimed

Tools Appl 55(3):601–626
30. Gheorghita Ghinea and Oluwakemi Ademoye. 2012. The sweet smell of success: enhancing multimedia

applications with olfaction. ACM transactions on multimedia computing, communications, and applica-
tions (TOMM), 8, 1

31. Ghinea G, Ademoye O (2012) User perception of media content Association in Olfaction-Enhanced
Multimedia. ACM Trans Multimed Comput Commun Appl 8:4 (2012)–19

32. Gilbert AN, Martin R, Kemp SE (1996) Cross-modal correspondence between vision and olfaction: the
color of smells. Am J Psychol 109(3):335–351

33. Go M (2017) Mio Go. (May 2017). Retrieved December 2017 from https://mio-labs.com/?lang=ES-ES
34. Graham J (2006) Congeneric and (essentially) tau-equivalent estimates of score reliability: what they are

and how to use them. Educ Psychol Meas 66(6):930–944
35. Guedes GP (2018) Multisensorial books: improving readers’ quality of experience. Latin American

Conference on Learning Objects and Technology (LACLO)

43310 Multimedia Tools and Applications (2022) 81:43283–43314

https://www.exhalia.com/us/
https://www.exhalia.com/us/
http://ssrn.com/abstract=1030197
https://mio-labs.com/?lang=ES-ES


36. Hancock PA, Mercado JE, Merlo J, Van Erp JBF (2013) Improving target detection in visual search
through the augmenting multi-sensory cues. Ergonomics 56(5):729–738

37. Hanson-Vaux G, Crisinel A-S, Spence C (2012) Smelling shapes: Crossmodal correspondences between
odors and shapes. Chem Senses 38(2):161–166

38. Hassenzahl M (2001) The effect of perceived hedonic quality on product appealingness. International
Journal of Human-Computer Interaction 13(4):481–499

39. Hawkins M (2014) Mio ink heart-rate band. (July 2014). Retrieved December 2017 from http://www.
cyclingweekly.com/reviews/computers-and-heart-rate-monitors/miolink-heart-rate-band

40. Hoshino S, Ishibashi Y, Fukushima N, Sugawara S (2011) QoE assessment in olfactory and haptic media
transmission: influence of inter-stream synchronization error. In: IEEE Int. Workshop Technical
Committee on Communications Quality and Reliability (CQR), Naples, USA

41. Hupont I, Gracia J, Sanagustín L, Gracia MA (2015) How do new visual immersive systems influence
gaming QoE? A use case of serious gaming with Oculus Rift. In: 2015 Seventh international workshop on
quality of multimedia experience (QoMEX), Pylos-Nestoras, Greece, pp 1–6

42. Ijaz MF, Rhee J (2018) Constituents and consequences of online-shopping in sustainable E-Business: an
experimental study of online-shopping malls. Sustainability 10(10):3756

43. Ijaz MF, TaoW, Rhee J, Kang Y-S, Alfian G (2016) Efficient Digital Signage-Based Online Store Layout:
An Experimental Study. Sustainability 8(6):511

44. Interaction Design Foundation (2017) The 7 Factors that Influence User Experience. (March 2017).
Retrieved May 2017 from https://www.interactiondesign.org/literature/article/the-7-factors-thatinfluence-
user-experience

45. ISO standard (ISO/IEC 8589:2007) (2007) Sensory analysis – General guidance for the design of test
rooms. Available from https://www.iso.org/standard/36385.html. Accessed19 May 2022

46. ITU-T Report 2007 (2007) -Definition of Quality of Experience (QoE), International Telecommunication
Union, Liaison Statement, Ref.: TD 109rev2 (PLEN/12)

47. Iwata H, Yano H, Uemura T, Moriya T (2003) Food Simulator. In: ICAT’03: proceedings of the 13th

international conference on artificial reality and Telexistence. Tokyo, Japan
48. Jalal L, Murroni M (2017) A nonlinear quality of experience model for high dynamic Spatio-temporal

Mulsemedia. In: 9th international conference on quality of multimedia experience (QoMEX). Erfurt,
Germany

49. Jhajharia S, Pal SK, Verma S (2014) Wearable computing and its application. Int J Comput Sci Inform
Technol 5(4):5700–5704

50. Armaùan Karahanoğlu and Çiùdem Erbuğ. 2011. Perceived qualities of smart wearables: determinants of
user acceptance. In Proceedings of the 2011 Conference on designing pleasurable products and interfaces,
Milano, Italy.

51. Kemp SE, Gilbert AN (1997) Odor intensity and color lightness are correlated sensory dimensions. Am J
Psychol 110(1):35–46

52. Kohn LT, Corrigan JM, Donaldson MS (1999) To err is human - building a safer health system.
Washington, DC, committee on quality of health care in America, Institute of Medicine, National
Academy Press

53. KOR-FX (2014) KOR-FX gaming vest (wireless). (February 2014). Retrieved August 2016 from http://
www.korfx.com/products

54. Laghari KUR, Crespi N, Connelly K (2012) Toward Total Quality of Experience: A QoE Model in a
Communication Ecosystem. IEEE Commun Mag 50(4):58–65

55. Lin J-M, Chiou CW, Lee C-Y, Hsiao J-R (2016) Supporting physical agents in an interactive e-book. Gen
Evol Comput:243–252

56. Li-yuan L, Wen-an Z, Jun-de S (2006) The research of quality of experience evaluation method in
pervasive computing environment. In: Pervasive computing and applications 1st international symposium,
pp 178–182

57. Luisa Demattè M, Sanabria D, Spence C (2006) Cross-modal associations between odors and colors.
Chem Senses 31(2006):531–538

58. Marcus A (2014) Design, user experience, and usability: theories, methods, and tools for designing the
user experience. In: Proc. Part 1 3rd international conference, held as part of the HCI international, Greece,
pp 173–176

59. Marks LE (1975) On colored-hearing synesthesia: Cross-modal translations of sensory dimensions.
Psychol Bull 82(3):303–331

60. Martens H, Martens M (2001) Multivariate analysis of quality—an introduction. John Wiley. Chichester,
UK

61. Martin Bland J, Altman DG (1997) Statistics notes: Cronbach's alpha. BMJ 314:572

Multimedia Tools and Applications (2022) 81:43283–43314 43311

http://www.cyclingweekly.com/reviews/computers-and-heart-rate-monitors/miolink-heart-rate-band
http://www.cyclingweekly.com/reviews/computers-and-heart-rate-monitors/miolink-heart-rate-band
https://www.interactiondesign.org/literature/article/the-7-factors-thatinfluence-user-experience
https://www.interactiondesign.org/literature/article/the-7-factors-thatinfluence-user-experience
https://www.iso.org/standard/36385.html
http://www.korfx.com/products
http://www.korfx.com/products


62. Mashable (2019) 8 of the best fitness trackers for monitoring heart rate. (November 2019). Retrieved
December 2019 from https://mashable.com/uk/roundup/best-fitness-trackers-smart-watch-heart-rate-uk/?
europe=true

63. Merčun T, Žumer M (2017) Exploring the influences on pragmatic and hedonic aspects of user experience.
Inf Res 22(1):1–8

64. Moen J (2007) From hand-held to body-worn: embodied experiences of the design and use of a wearable
movement-based interaction concept. In: Proceedings of the 1st international conference on tangible and
embedded interaction, Baton Rouge, Louisiana, pp 251–258

65. Motti VG, Caine K (2015) Users’ privacy concerns about wearables: impact of form factor, sensors and
type of data collected. In: Financial Cryptography and Data Security, pp 231–244

66. Motti VG, Caine K (2015) Users’ privacy concerns about wearables: impact of form factor, sensors and
type of data collected. In: International conference on financial cryptography and data security, pp 231–
244

67. Murray N, Qiao Y, Lee B, Karunakar AK, Muntean G-M (2013) Subjective evaluation of olfactory and
visual media synchronization. In: Proceedings of the 4th ACM Multimedia Systems Conference, Oslo,
Norway, pp 162–171

68. Murray N, Qiao Y, Lee B, Muntean G-M, Karunakar AK (2013) Age and gender influence on perceived
olfactory & visual media synchronization. In: IEEE international conference on multimedia and expo
(ICME), San Jose, USA

69. Niall Murray, Brian Lee, Yuansong Qiao, and Gabriel-Miro Muntean. Multiple-scent enhanced multime-
dia synchronization. ACM transactions on multimedia computing, communications, and applications
(TOMM), 11, 1 (2014).

70. Murray N, Ademoye O, Ghinea G, Muntean G-M (2017) A tutorial for olfaction-based multisensorial
media application design and evaluation. ACM Computing Surveys (CSUR) 50:5 (2017)

71. Nakamoto T, Otaguro S, Kinoshita M, Nagahama M, Ohinishi K, Ishida T (2008) Cooking up an
Interactive Olfactory Game Display. IEEE Comput Graphics Appl 28(1):75–78

72. Narumi T, Nishizaku S, Kajinami T, Tanikawa T, Hirose M (2011) Augmented reality flavors: gustatory
display based on edible marker and cross-modal interaction. In: Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems, Vancouver, Canada, pp 93–102

73. Nokia (2006) Quality of experience (QoE) of mobile services: Can it be measured and improved? white
paper, http://www.nokia.com/NOKIA_COM_1/Operators/Downloads/Nokia_Services/QoE_whitepaper_
2006.pdf

74. Nunnally J, Bernstein L (1994) Psychometric theory. McGraw-Hill, New York
75. Pal D, Vanijja V, Arpnikanondt C, Zhang X, Papasratorn B (2019) A quantitative approach for evaluating

the quality of experience of smart-wearables from the quality of data and quality of information: an end
user perspective. IEEE Access 7:64266–64278

76. Pal D, Tassanaviboon A, Arpnikanondt C, Papasratorn B (2019) Quality of experience of smart-wearables:
From fitness-bands to smartwatches. IEEE Consumer Electronics Magazine 9(1):49–53

77. Pal D, Triyason T, Varadarajan V, Zhang X (2019) Quality of experience evaluation of smart-wearables: a
mathematical modelling approach. In: 2019 IEEE 35th international conference on data engineering
workshops (ICDEW), pp 74–80

78. Panigrahi R, Borah S, Bhoi AK, Ijaz MF, Pramanik M, Kumar Y, Jhaveri RH (2021) Mathematics 9(7):
751

79. Paradiso JA, Gips J, Laibowitz M, Sadi S, Merrill D, Aylward R, Maes P, Pentland A (2010) Identifying
and facilitating social interaction with a wearable wireless sensor network. Pers Ubiquit Comput 14(2):
137–152

80. Paradiso JA, Gips J, Laibowitz M, Sadi S, Merrill D, Aylward R, Maes P, Pentland A (2010) Identifying
and facilitating social interaction with a wearable wireless sensor network. Pers Ubiquit Comput 14(2):
137–152

81. Parasuraman A, Zeithaml VA, Berry LL (1985) A Conceptual Model of Service Quality and Its
Implications for Future Research. J Mark 49(4):41–50

82. Parise CV, Spence C (in press) Audiovisual crossmodal correspondences. In: Simner J, Hubbard E (eds)
Oxford handbook of synaesthesia. Oxford University Press, Oxford, England

83. Poslad S (2009) Ubiquitous computing: smart devices, environments and interactions. John Wiley & Sons
84. Poslad S (2009) Ubiquitous computing: smart devices, environments and interactions. John Wiley & Sons
85. Preusse KC, Mitzner TL, Fausset CB, Rogers WA (2017) Older adults’ acceptance of activity trackers. J

Appl Gerontol 36(2):127–155
86. Réhman S u, Khan MSL, Li L, Li H (2014) Vibrotactile TV for immersive experience. In: Signal and

Information Processing Association Annual Summit and Conference (APSIPA), Siem Reap, Cambodia,
pp 1–4

43312 Multimedia Tools and Applications (2022) 81:43283–43314

https://mashable.com/uk/roundup/best-fitness-trackers-smart-watch-heart-rate-uk/?europe=true
https://mashable.com/uk/roundup/best-fitness-trackers-smart-watch-heart-rate-uk/?europe=true
http://www.nokia.com/NOKIA_COM_1/Operators/Downloads/Nokia_Services/QoE_whitepaper_2006.pdf
http://www.nokia.com/NOKIA_COM_1/Operators/Downloads/Nokia_Services/QoE_whitepaper_2006.pdf


87. Rekimoto J (2001) GestureWrist and GesturePad: unobtrusive wearable interaction devices. In: Fifth
International Symposium on Wearable Computers, Zurich, Switzerland, pp 21–27

88. Rodriguez DZ, Rosa RL, Nunes R D RD, Affonso ET (2016) Assessment of quality-of-experience in
telecommunication services. International Journal of Digital Information and Wireless Communications
6(4):241–259

89. Rutter B (2019) The ergonomics of wearable designs: part 1. (February 2019). Retrieved November 3,
2019 from https://www.medicaldesignbriefs.com/component/content/article/mdb/features/articles/33734

90. Sakai N, Imada S, Saito S, Kobayakawa T, Deguchi Y (2005) The effect of visual images on perception of
odors. Chem Senses 30(2005):i244–i245

91. Sánchez-Azqueta C, Gimeno C, Celma S, Aldea C (2016) Enhanced eBooks in the teaching/learning
process of electronics. In: 2nd international conference on higher education advances, pp 84–91

92. Sandvine (2006) Using network intelligence to provide carrier-grade VoIP, white paper, www.sandvine.
com/general/getfile.asp?FILEID=31

93. Schrepp M, Hinderks A, Thomaschewski J (2017) Design and Evaluation of a Short Version of the User
Experience Questionnaire (UEQ-S). International Journal of Interactive Multimedia and Artifcial
Intelligence 4(6):103–108

94. ScienceDaily (2009) Body Posture Affects Confidence In Your Own Thoughts, Study Finds (October
2009) Retrieved November 2019 from https://www.sciencedaily.com/releases/2009/10/091005111627.
htm

95. Scott MJ, Guntuku SC, Huan Y, Lin W, Ghinea G (2015) Modelling human factors in perceptual
multimedia quality: On the role of personality and culture. In: Proceedings of the 23rd ACM international
conference on Multimedia, Brisbane, Austrailia, pp 481–490

96. Scott MJ, Guntuku SC, Lin W, Ghinea G (2016) Do personality and culture influence perceived video
quality and enjoyment? IEEE Transactions on Multimedia 18(9):1796–1807

97. Seong HJK, Choi (2010) A study on a QoS/QoE correlation model for QoE evaluation on IPTV service.
In: The 12th international conference on advanced communication technology, Phoenix Park, South
Korea, pp 1377–1382

98. Simner J, Ludwig V (2009) What colour does that feel? Cross-modal correspondences from touch to
colour. In: Third International Conference of Synaesthesia and Art, Granada, Spain

99. Spagnolli A, Guardigli E, Orso V, Varotto A, Gamberini L (2014) Measuring user acceptance of wearable
symbiotic devices: validation study across application scenarios. In: Conference proceedings symbiotic:
international workshop on symbiotic interaction, pp 87–98

100. Spence C (2011) Crossmodal correspondences: A tutorial review. Attention, Perception, & Psychophysics
73(4):971–995

101. Spence C (2012) Managing sensory expectations concerning products and brands: Capitalizing on the
potential of sound and shape symbolism. J Consum Psychol 22(1):37–54

102. Spence C, Parise CV (2012) The cognitive neuroscience of crossmodal correspondences. i-Perception 3(7):
410–412

103. Staelens N, Moens S, Van den Broeck W, Marien I, Vermeulen B (2010) Assessing quality of experience
of IPTV and video on demand services in real-life environments. IEEE Trans Broadcast 56(4):458–466

104. Stickel C, Ebner M, Steinbach-Nordmann S, Searle G, Holzinger A (2009) Emotion detection: application
of valence arousal space for rapid biological usability testing to enhance universal access. In: Proc. 5th
international conference on universal access in human-computer interaction, San Diego, CA, pp 615–624

105. Streeter NL, White TL (2011) In congruent contextual information intrudes on short-term olfactory
memory. Chemosens Percept 4(2011):1–8

106. Tavakol M, Dennick R (2011) Making sense of Cronbach’s alpha. Int J Med Educ 2(2011):53–55
107. Tortell R, Luigi DP, Dozois A, Bouchard S, Morie JF, Ilan D (2007) The effects of scent and game play

experience on memory of a virtual environment. Virtual Reality 11(1):61–68
108. Vermeulen J, MacDonald L, Schöning J, Beale R, Carpendale S Heartefacts: Augmenting Mobile Video

Sharing Using Wrist-Worn Heart Rate Sensors. In: Proceedings of the 2016 ACM Conference on
Designing Interactive Systems, pp 712–723

109. Vlahovic S, Mandurov M, Suznjevic M, Skorin-Kapov L (2020) Usability assessment of a wearable video-
communication system. In: 2020 twelfth international conference on quality of multimedia experience
(QoMEX), pp 1–6

110. Wentzel J, van de Geest T (2016) Focus on accessibility: multimodal healthcare Technology for all. In:
Proceedings of the Workshop on Multimedia for Personal Health and Health Care, Amsterdam,
The Netherlands, pp 45–48

111. Wentzel J, Velleman E, van der Geest T (2016) Wearables for all: development of guidelines to stimulate
accessible wearable technology design. In: Proceedings of the 13th web for all conference, Montreal,
Canada

Multimedia Tools and Applications (2022) 81:43283–43314 43313

https://www.medicaldesignbriefs.com/component/content/article/mdb/features/articles/33734
http://www.sandvine.com/general/getfile.asp?FILEID=31
http://www.sandvine.com/general/getfile.asp?FILEID=31
https://www.sciencedaily.com/releases/2009/10/091005111627.htm
https://www.sciencedaily.com/releases/2009/10/091005111627.htm


112. Woo HC, White P, Lai C (2015) Ergonomics standards and guidelines for computer workstation design
and the impact on users’ health—a review. Ergonomics 59(3):464–475

113. Heetae Yang, Jieun Yu, Hangjung Zo and Munkee Choi. 2016. User acceptance of wearable devices: an
extended perspective of perceived value. Telematics Inform, 33, 2 (2016), 256–269.

114. Yau JM, Olenczak JB, Dammann JF, Bensmaia SJ (2009) Temporal frequency channels are linked across
audition and touch. Curr Biol 19(7):561–566

115. Yuan Z, Chen S, Ghinea G, Muntean G-M (2014, 2014) User quality of experience of mulsemedia
applications. ACM Transactions on Multimedia Computing, Communications, and Applications (TOMM)
11(1s)

116. Yuan Z, Chen S, Ghinea G, Muntean G-M (2014) User quality of experience of mulsemedia applications.
ACM Transactions on Multimedia Computing, Communications, and Applications (TOMM) 11:1s

117. Yuan Z, Bi T, Muntean G-M, Ghinea G (2015) Perceived synchronization of mulsemedia services. IEEE
Transactions on Multimedia 17(7):957–966

118. Zapater MN, Bressan G (2007) A proposed approach for quality of experience assurance of IPTV. In: First
international conference on the digital society, Guadeloupe, France, p 25

119. Zhu Y, Heynderickx I, Redi JA (2015) Understanding the role of social context and user factors in video
quality of experience. Comput Hum Behav 49(2015):412–426

120. Zhu Y, Guntuku SC, Lin W, Ghinea G, Redi JA (2018) Measuring Individual Video QoE: A Survey, and
Proposal for Future Directions Using Social Media. In: ACM Transactions on Multimedia Computing,
Communications, and Applications (TOMM), vol 14, p 2s

121. Zou L, Tal I, Covaci A, Ibarrola E, Ghinea G, Muntean G-M (2017) Can multisensorial media improve
learner experience? In: Proceedings of the 8th ACM on multimedia systems conference, Taipei, Tawan, pp
315–320

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

43314 Multimedia Tools and Applications (2022) 81:43283–43314


	Guidelines for evaluating wearables’ quality of experience in a mulsemedia context
	Abstract
	Introduction
	Challenges
	Quality of experience
	Motivation

	Related work
	Crossmodal correspondences
	Human factors

	Methodology
	Sampling
	Participants
	Wearable devices
	Other devices

	Video clips
	Experimental preamble
	Experimental process

	Analysis of self-reported QoE
	Analysis of post questionnaires
	Human factor results
	Analysis of HR
	UEQ analysis
	Cronbach alpha

	Discussion
	Guidelines
	Guideline 1: Ensure the device can be affixed sturdily on the body
	Guideline 2: Facilitate adjustable seating considering height, armrest, and backrest to ensure user comfort
	Guideline 3: Ensure a user is positioned correctly when facing the computer screen
	Guideline 4: Perform experiments in a quiet environment with minimal distraction
	Guideline 5: Display cross-modally mapped multimedia content
	Guideline 6: Incorporate human factors (age, gender and education)
	Guideline 7: Include insights of hedonic and pragmatic qualities of wearables
	Guideline 8: Design subjective usability questionnaires aligned with the device type
	Guideline 9: Utilise objective measures (such as HR)
	Guideline 10: Stimulate unobtrusive/ subtle wearable device and use

	Limitations
	Conclusion
	References


