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Abstract: This study presents the design, prototyping, and user-centered evaluation of TWIRL (Thermal Wind
Right and Left), a low-cost, temperature-controlled airflow system aimed at enhancing immersion in multisensory
media experiences. TWIRL integrates hot and cold airflow generation, via Peltier-based cooling modules and mod-
ified hairdryer heating units, synchronized with audiovisual content using Sensory Effects Metadata (MPEG-V). A
preliminary user study (N = 12) evaluated perceived realism, enjoyment, comfort, and engagement while experi-
encing thermally congruent video stimuli. The results indicated high participant acceptance, with thermal effects
classified as realistic, pleasant, and nonintrusive, supported by strong internal consistency metrics. The partici-
pants expressed a willingness to use TWIRL in the future and recommend it, suggesting the potential of TWIRL
to increase the presence and enjoyment of multisensory systems. The findings contribute to the understanding of
thermal-wind integration in mulsemedia and offer design guidelines for future scalable, multisensory systems in the

entertainment, education, and accessibility domains.
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1 Introduction

One of the motivations behind the appeal and fascination
with media is its ability to create reproductions of reality, al-
lowing users to be transported to other lands. Experiences
with non-interactive and interactive media depicting simu-
lated realities are characterized by direct perceptual stimu-
lation and the presence of “being there” resulting from the
interplay of raw multisensory data and complex cognitive
processes [1Jsselsteijn and Riva, 2003].

By offering the possibility to engineer a better user experi-
ence, presence has become a common term in advanced me-
dia such as broadcast or Virtual Reality (VR). Although ex-
isting research focuses on visual and aural senses as primary
modalities to engender a sense of presence in participants,
increasing the breadth and depth of sensory experiences and
transitioning to multisensory applications have been shown
to improve the experience of user media [Han et al., 2024; 1Js-
selsteijn and Riva, 2003; Covaci ef al., 2019; Wilberz et al.,
2020; Chen et al., 2024; Hosoi et al., 2023].

This paper extends the technical work of Rodrigues et al.
[2021] and the airflow performance evaluation by Saleme
et al.[2023], both of which focused on hardware design, ther-
mal control, and physical deployment of TWIRL (Thermal
Wind Right and Left), a DIY temperature-controlled airflow
system. In contrast to previous studies, the present research
prioritizes a user-centered evaluation, emphasizing subjec-
tive measures such as perceived user experience, enjoyment,
comfort, and overall impressions of thermal wind effects

when synchronized with audiovisual content. By shifting
the focus from system-level feasibility analyses to the as-
sessment of participant perception, this study offers novel
insights into how mulsemedia systems are experienced, in-
terpreted, and valued by end users.

The two studies mentioned in the preceding paragraph
have analyzed the experimental setup design and illuminated
the possibilities and limitations of working with airflows at
varying temperatures. In this paper, we build on those studies
by conducting a user evaluation to assess participants’ per-
ceptions and experiences with TWIRL. This evaluation pro-
vides valuable information on the strengths and limitations
of the device, particularly regarding the intensity of the ef-
fects of cold and hot wind, the level of enjoyment, and the
overall user experience.

Following this brief introduction, the remainder of the text
is organized as follows. Section 2 presents related work.
Then, Section 3 presents the TWIRL system and its devices.
Section 4 describes the design of the experiments and our
user evaluation, followed by Section 5, which discusses the
implications, limitations, and future directions, highlighting
insightful conclusions.

2 Related Work

This section reviews previous work related to our proposal,
focusing on systems that generate cold and hot airflows to
enhance multisensory user experiences. Although Section 1
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introduced the broader motivation for mulsemedia research,
here we emphasize recent technological developments and
highlight key approaches that inform the design and evalua-
tion of the TWIRL system.

da Silveira et al. [2023] presented an extensive review
of devices capable of emitting thermal wind to enhance
multisensory human-computer interaction. The authors dis-
cuss various technologies integrating airflow and tempera-
ture control to create tactile sensations, emphasizing how
combining hot and cold air streams can produce distinct
sensory experiences. The conclusion emphasizes the poten-
tial of these devices for applications in immersive environ-
ments, highlighting the importance of synchronizing thermal
changes with visual and auditory cues for realistic experi-
ences.

Hosoi et al. [2023] proposed a novel method to induce
wind perception without airflow. Using cross-modal cues,
including visual, auditory, vibrotactile, and thermal stimuli,
the study demonstrates how users can experience the sensa-
tion of wind without direct physical wind contact. The find-
ings suggest integrating multiple sensory channels can signif-
icantly enhance the illusion of wind, providing new oppor-
tunities for haptic interface design. The conclusion under-
scores the effectiveness of cross-modal interactions in simu-
lating environmental sensations realistically.

Singhal et al. [2023] introduced a cutting-edge display sys-
tem that combines ultrasonic haptics with heat modules to
produce tactile and thermal feedback in the air. This system
allows users to feel temperature changes without physical
contact with devices, offering a new way to experience haptic
feedback in AR/VR settings. The authors conclude that in-
tegrating thermal feedback into mid-air haptics significantly
enhances the immersion and realism of interactive applica-
tions, especially in scenarios where touch is not feasible.

Xuetal.[2023] proposed a discussion about how to mimic
cold sensations without reducing skin temperature. Their sys-
tem creates an illusion of coldness while maintaining a sta-
ble skin temperature by combining cool airflow and specific
light wavelengths. The authors found that the perception of
cold is more influenced by airflow patterns and lighting cues
than by actual temperature changes. The conclusion points
to practical applications in VR and interactive installations
where real-time cooling may be impractical or uncomfort-
able.

Zhao et al. [2024] introduced AirWhisper, a modular wear-
able device that generates dynamic multidirectional airflow
around the user’s head using four micro fans and 3D printed
attachments. The authors conducted a Just Noticeable Dif-
ference (JND) study to optimize airflow perception and a
series of experiments demonstrating that combining visual
and airflow feedback significantly enhances realism and user
engagement in VR. Their work highlights the potential of
adaptive multimodal models centered on humans that dynam-
ically adjust outputs based on real-time user perception and
environmental context. Scenarios with varying airflow pat-
terns and interaction levels further validated the system’s ver-
satility, underscoring the importance of personalized haptic
feedback in immersive environments.

Lastly, Chen et al. [2024] proposed FlowZen, a hybrid
haptic system combining stationary non-contact devices with
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handheld contact-based actuators to bridge these limitations.
Their approach leverages particle-based visual effects to
unify tactile illusions (e.g., wind, heat) across devices, syn-
chronizing localized haptic feedback from handheld con-
trollers with full-body airflow/thermal cues from stationary
units. The experimental results demonstrated enhanced spa-
tial coherence and user immersion, with the hybrid design en-
abling adaptive feedback that adjusts to the user’s movement
and the environmental context. This work underscores the
potential of multimodal integration to overcome trade-offs
between stationary and portable haptic systems.

Numerous attempts have been made to simulate wind ef-
fects in multimedia and VR systems. Typically, these sys-
tems use static fans or portable devices to generate airflow
[Cardin et al., 2007; Ranasinghe et al., 2017, 2018; Covaci
et al., 2019; Peiris et al., 2017]. However, most implemen-
tations lack adequate temperature control, which limits their
ability to deliver a realistic multisensory experience.

Among the few systems that incorporate both wind and
thermal feedback, Ambiotherm [Ranasinghe et al.,2017] and
Season Traveller [Ranasinghe ef al., 2018] stand out. How-
ever, these systems utilize separate sources for wind and tem-
perature effects, which can result in potential incoherence
between sensory stimuli. In contrast, Suzuki and Matsuura
[2019] and Ogiwara et al. [2020] have proposed a system
designed to emit a hot wind directed at the user’s face dur-
ing a VR experience. Nevertheless, this approach has not
been evaluated from the user’s perspective and exclusively
focuses on delivering hot air.

Furthermore, existing wind and temperature-based haptic
systems generally lack integrated thermal components capa-
ble of generating cold and hot airflows, as noted by Sardo
et al. [2018]. This disparity highlights the need for in-
novative solutions capable of seamlessly integrating wind
and temperature feedback into immersive environments. Al-
though these studies have advanced the state-of-the-art in
simulating wind and thermal stimuli, most focus on tech-
nical implementations or specific device capabilities, often
without user-centered evaluations. In contrast, our work dif-
fers by focusing on the end-user perspective through a struc-
tured user study. We examine how synchronized cold and hot
airflow, when integrated with audiovisual media, influences
subjective user experience, an aspect not comprehensively
addressed in the works cited in this section.

3 TWIRL

TWIRL is a platform that simulates real-world conditions
with hot/cold wind to enhance physical presence in mulse-
media. In line with the approach advocated by Saleme et al.
[2019a], the TWIRL prototype, shown in Figure 1, can de-
liver temperature-controlled airflows synchronized with au-
diovisual content through cold and hot wind devices. It
includes (1) a computer running a video player and a sen-
sory effects renderer to process Sensory Effects Metadata
(SEM) [Saleme et al., 2019b] and manage presentation de-
vices; (2) a custom cooling system integrated with Philips
amBX devices for cold wind; and (3) hair dryers connected
to a microcontroller for hot wind.
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Figure 1. The TWIRL prototype consists of two pairs of cold (green) and
hot wind (red) devices that can work with both a screen and a VR headset.
The bottom right corner features a thermal image illustrating the devices in
an operational state. Red means heat, whereas dark blue is coldness [Ro-
drigues et al., 2021].

Cold Wind Device: To manage the complexity of the
TWIRL device, a 3D model was implemented to visualize
the configuration and integration of its components (Fig-
ure 2). At the heart of the device lies a Peltier Effect compo-
nent that facilitates heat exchange between semiconductors
by manipulating an electric current. In the TWIRL proto-
type, this element cools 125 ml of water in an aluminum con-
tainer wrapped in Styrofoam and covered by a 3D-printed
cover. An ultrasonic humidifier converts water into mist us-
ing a piezoelectric element. The mist is then extracted by a
mini cooler and directed to the user via a Philips amBX fan.
A heatsink and cooler at the bottom of the device remove heat
and prevent interaction between the heated and cold sides of
the Peltier element. A 12V 600W power supply energizes
the Peltier element and dissipators. The humidifier and mini-
coolers are operated by a relay module activated by an Ar-
duino Uno.

The technical evaluations of Rodrigues et al. [2021]
showed that the combined mist plus fan condition produced
a steady decrease in air temperature, the cold subsystem pro-
duced an approximate temperature drop of ~ 2 °C over 30s,
with observed minima of 25.5°C (scenario 1) and 17.5°C
(scenario 2). The mean wind speed during cold tests was
about 1.0 m/s and the average remaining water volume in the
reservoir after testing was 118 mL.

Hot Wind Device: TWIRL’s hot airflows are generated
by two hairdryers, which have small fans and resistors to de-
liver two temperature levels (hot and very hot). The nomi-
nal power of each is 1200 W, configured to work at a quar-
ter of this power, with a consequent reduction in maximum
temperatures to avoid harm and damage in case of high tem-
peratures. As illustrated in Figure 3, which shows one of
TWIRL’s hot wind devices. In this device, (1) a hairdryer is
connected to a (2) relay module, which is controlled by a (3)
Arduino Uno microcontroller.

The technical analysis conducted in Rodrigues et al.
[2021] revealed that the warm air device resulted in an av-
erage temperature rise of nearly 10 °C within 30 s, with peak
temperatures reaching 37 °C (scenario 1) and 30 °C (scenario
2). The mean wind speed for the hot tests was about 1.4 m/s.
The stronger heating response is consistent with the actuator
power difference in the prototype (hair dryers operating at
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Figure 2. Cold wind device design (top) and its assembled structure (bot-
tom) [Rodrigues et al., 2021]. The components are the following: (1) Philips
amBX fan, (2) Mini cooler, (3) Aluminium profile, (4) water container, (5)
Peltier element, (7) Cooler to dissipate heat, (6) Heat sink.

approximately 300 W each versus Peltier elements rated at
~144 W each). The measured temperature change rates were
of'the order of =~ 4 °C/min for cooled flows and ~ 20 °C/min
for heated flows. Since a variation greater than 1 °C is typi-
cally perceptible, the observed amplitudes and rates are suf-
ficient for users to detect thermal variations.

Figure 3. Hot wind device with the relay module (2) connected to an Ar-
duino Uno (3) and one of the hairdryers (1) used in TWIRL.

Table 1 presents the estimated cost for each component of
the system. It does not include the amBX system and its wind
fans, which are no longer available commercially.

4 Methods and Experimental Design

The experiments used PlaySEM Video Player [Saleme and
Santos, 2015] and PlaySEM SER 2 [Saleme et al., 2019b] to
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Figure 4. Snapshots from the videos used in the experimental evaluations. Sandboarding and Snowboarding are annotated, respectively, with warm cold
airflows.
Table 1. Estimated cost of TWIRL’s components at July 2025 prices
Type Component Objective Unit cost (U$) Quant. Line total (U$)
Microcontroller Arduino Uno R3 Controller 30 1 30
Electronic component ~ TEC1-12712 40x40 mm Thermoelectric Cooler (12 V)  Voltage-activated thermoelectric cooler/heater 6 2 12
Passive thermal comp.  Heatsink (dissipater) Heat Dissipation 10 2 20
Electronic component 12 V fan Heat Dissipation 12 2 24
Electronic component ~ Relay shield Mist and Driers Switch 8 1 8
Power supply Switch-mode supply 12 V, 600 W Power Supply 65 1 65
Hair dryer Mondial Max Travel SC-10 Bivolt Hot Wing Production 20 2 40
Mini cooler Cooler 7 mm for Raspberry Pi (30x30x7 mm, 5 V) Mist Removal 6 2 12
Ultrasonic humidifier ~ Ultrasonic piezoelectric humidifier (24 V) Mist Producer 18 2 36
Aluminum square tube  Aluminum tube (5 cm X 5 cm X 20 cm) Water storage 5 2 10
Estimated total cost (US$) 257

play the videos and render the sensory effects synchronized
with the audiovisual content. We chose these software pack-
ages because they offer open source access, support seam-
less integration of new devices, and render the sensory ef-
fects described in MPEG-V. The video player reads the SEM
and sends it to the renderer, which was modified to parse
and trigger thermal effect instructions. Specifically, the Play-
SEM SER has been extended to support two new effect types
(hot_wind and cold_wind), in addition to the RGB color
light, wind and vibration effects already provided by that ren-
derer [Santos et al., 2015]. All these effects were mapped to
the microcontroller’s corresponding control signals that acti-
vate the thermal devices. These additions were implemented
according to the MPEG-V metadata structure.

Regarding mulsemedia content, two full HD videos at 30
fps were used (refer to Figure 4). The first video, titled Sand-
boarding, with 36 s, presents a first-person perspective of
sandboarding. The second video, titled Snowboarding, last-
ing 29 s, depicts a similar sport carried out on snow-covered
slopes. To examine the thermal sensations elicited by hot and
cold airflows, the Sandboarding and Snowboarding videos
were annotated with the effects of warm and cold wind.

4.1 Participants

This study was approved by the Research Ethics Committee
of Brunel University London, protocol number 40020-LR-
Oct/2022-41826-3. All participants provided their informed
written consent before participation and were free to with-
draw without penalty.

After the Ethics Committee approved the recruitment pro-
cess, it started with a multifaceted approach. In this scenario,
participants were invited through direct interactions. In ad-
dition, emails were sent to reach potential participants who
may not be immediately accessible in person. At the end

of this process, 12 participants (8 men and 4 women; aver-
age age = 27.83 years; standard deviation = 5.621) were
included in the experimental group, all recruited by purpose
sampling at the Federal University of Espirito Santo (UFES)
and the Espirito Santo Research and Innovation Foundation
(FAPES), both institutions located in Vitoria-ES, Brazil.

Precautions were taken to ensure participant safety. The
hot and cold airflow temperature range was previously cali-
brated during pilot tests to remain within safe and nonirritat-
ing thresholds. The duration of exposure to thermal effects
was limited to brief intervals synchronized with video seg-
ments, avoiding continuous airflow. All sessions were su-
pervised and participants were encouraged to report any dis-
comfort or request a termination of the session at any time.
No adverse effects were reported during or after the experi-
ment.

4.2 Setup and Questionnaires

Upon arrival, participants received a final briefing and were
allowed to address any remaining questions. Subsequently,
they were comfortably seated and provided a comprehensive
explanation of the experiment, which included its objectives,
procedures, and ethical considerations. To ensure a thorough
understanding, participants were prompted with clarifying
questions before obtaining their informed consent.
Considering that air temperature perception is affected by
the distance between thermal emitters and the user, Saleme
et al. [2023] conducted a series of experiments to evaluate
the variation in the thermal effects of TWIRL as a func-
tion of the distance between the emitter and the user. For
hot airflow, the temperature decreased from 35 °C at 15
cm to 32 °C at 100 cm. In contrast, cold airflow exhibited
temperatures ranging from 25 °C to 27 °C throughout the
same distance interval. All measurements were performed
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at a controlled ambient temperature of 28 °C. The study fur-
ther recommends that, in monitor-based setups, thermal de-
vices should be aligned with the display screens, with the
user placed at an approximate distance of 50 cm, to enhance
her/his experience. In addition, user safety must be priori-
tized, particularly in scenarios where shorter distances may
intensify thermal effects, to mitigate the risk of thermal dis-
comfort or potential harm.

The participants were then placed as shown in Figure 5.
During the evaluation, participants watched the videos Sand-
boarding and Snowboarding, in a randomized order, from 60
cm away from the screen and the TWIRL setup.

After viewing each video synchronized with haptic effects,
the participants completed a series of questionnaires. Specif-
ically, three different questionnaires were administered (see
Table 2): the first aimed to evaluate the cold wind experience
(Q1 to Q5), the second focused on evaluating the warm wind
experience (Q6 to Q10), and the third addressed general as-
pects of the TWIRL system (Q11 to Q17), where participants
provided feedback after the experiment.

Figure 5: Both cold wind towers were positioned on the side of the screen, in
which the videos are presented, with the hairdryers standing slightly further
behind.

The participants responded to each question using a Likert
Scale ranging from Strongly Disagree to Strongly Agree, re-
spectively, coded with values of 1 to 5 for analysis purposes.
All evaluations were performed in an acclimatized room with
an average temperature between 22 °C and 24 °C.

The questionnaire elements were adapted from previous
mulsemedia and sensory effect evaluation studies Covaci
et al. [2019, 2018]. Although no formal standard protocol
was used, the questions were designed to reflect commonly
used dimensions in user experience research, including per-
ceived realism, distraction, enjoyment, and future intention
of use. The Likert scale format (1-5) was selected to facili-
tate statistical aggregation and to align with previous studies
in this domain.

To ensure the reproducibility of our experiment, we have
made all supporting materials publicly available. This in-
cludes the two videos used in the user study (Sandboard-
ing and Snowboarding), their respective SEM annotation
files, design files for cold and hot wind devices, the Arduino
microcontroller code, and detailed replication instructions.
These resources can be accessed at: https://github.com/
lprm-ufes/TWIRL-SEM-Thermal-Playback.. Accessed
on August 16, 2025.
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Table 2. User Evaluation Questionnaire.

Question Statement (Hot Wind)

Q1 | The hot wind effects enhance the realism of
the experience.

Q2 | The hot wind effects are distracting.

Q3 | The hot wind effects are annoying.

Q4 | Ienjoyed the video incorporating hot wind ef-
fects.

Q5 | I'wascomfortable with the intensity of the hot
wind.

Question Statement (Cold Wind)

Q6 | The cold wind effects enhance the realism of
the experience.

Q7 | The cold wind effects are distracting.

Q8 | The cold wind effects are annoying.

Q9 | I enjoyed the video incorporating cold wind
effects.

I was comfortable with the intensity of the
cold wind.

Q10

Overall Experience

QI11 | I found the TWIRL experience engaging.
Q12 | The noise level of TWIRL was bothersome.
Q13 | Ibelieve I would have fun using TWIRL.

Q14 | I believe I would find using TWIRL enjoy-
able.

Q15 | Using TWIRL will be exciting.

Q16 | I would recommend TWIRL to my friends.

Q17 | Iwould use TWIRL in the future.

Table 3. Reliability Coefficients.

Coefficient Value
wp, (Omega Hierarchical) 0.711
Wh-asymptotic (Omega Hierarchical Asymptotic)  0.793
w¢ (Omega Total) 0.897
« (Cronbach’s Alpha) 0.800

4.3 Data Analysis and Results

Employing the reliabiliPy tool on our results, we derived
the following outputs relevant to our questionnaire responses.
As summarized in Table 3, the reliability coefficients demon-
strate the robustness of our questionnaire design.

Consequently, the values of 0.711 for the Omega Hier-
archical (wy,) coefficient, of 0.793 for the Omega Hierar-
chical Asymptotic (W-asymptotic) coefficient and of 0.897 for
the Omega Total (w;) coefficient all indicate high reliability,
with all factors accounting for almost 90% of the variance of
the score. Moreover, a computed Cronbach’s Alpha («) of
0.800 also confirms the internal consistency.

As highlighted in Table 4, our user evaluation results are
highly positive (it is worth noting that Q2, Q3, Q7, Q8, and
Q12 are statements of negative phrasing). Consequently,
for the hot wind effects, the participants found that they en-
hanced the realism of the experience (Q1), with most scores
between 4.0 and 5.0. The effects of hot wind were not per-
ceived as distracting (Q2) or annoying (Q3), as indicated by
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the low scores that disagreed with the statements in negative
terms. The participants enjoyed the video with the effects
of the hot wind (Q4) and were comfortable with the inten-
sity of the hot wind (QS5). Similar results were obtained for
participants’ responses regarding the cold wind (Q6-Q10).

The distribution of responses can be visualized in Figure 6,
which complements the summary statistics in Table 4.

Table 4. Summary of User Evaluation Results (average, median,
and standard deviation) for Hot, Cold Winds and Overall Experi-
ence.

Question | AVG | Median | SD

Hot Wind
Ql 4.42 4.50 0.67
Q2 2.75 3.00 1.22
Q3 2.00 1.50 1.21
Q4 4.58 5.00 1.00
Q5 4.33 5.00 1.07
Cold Wind
Q6 3.92 4.00 0.79
Q7 1.67 1.50 0.78
Q8 1.17 1.00 0.39
Q9 4.25 5.00 1.29
Q10 4.67 5.00 0.65
Overall Experience
Qll 4.42 5.00 0.90
Q12 2.25 2.00 0.97
Q13 4.08 4.00 0.90
Ql4 4.58 5.00 0.51
Ql15 4.42 4.50 0.67
Ql6 4.25 4.00 0.75
Q17 4.33 4.50 0.78

Regarding the overall experience, the participants found
the TWIRL experience engaging (Q11), did not find the noise
level bothersome (Q12), and found using TWIRL to be fun
(Q13), enjoyable (Q14) and exciting (Q15). Lastly, the par-
ticipants indicated that they would recommend TWIRL to
their friends (Q16) and use TWIRL in the future (Q17).

In summary, the quantitative results indicate a positive
perception of the TWIRL system. Participants consistently
rated the hot and cold airflow effects as realistic and pleas-
ant, while reporting minimal distraction or discomfort. In
particular, low average scores on negatively phrased ques-
tions (e.g., Q2, Q3, Q7, Q8) suggest that the airflow effects
were well integrated into the viewing experience. The high
scores for questions related to enjoyment (Q4, Q9), comfort
(Q5, Q10), and engagement (Q11-Q15) further highlight that
thermal wind stimuli contributed meaningfully to the multi-
sensory experience. Although the study did not include open
responses, the consistency in scores in multiple dimensions
points to a coherent and immersive experience facilitated by
synchronized thermal and audiovisual stimuli.
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Figure 6. Questionnaire results

5 Discussion

This study presented TWIRL, a DIY system that delivers syn-
chronized hot and cold airflows along with audiovisual con-
tent. Through a user-centered evaluation, we explored how
temperature-controlled wind stimuli influence user percep-
tion of realism, enjoyment, and engagement in multimedia
experiences.

Our participants positively responded to the TWIRL sys-
tem in our evaluations. The hot and cold thermal effects
were well received and contributed meaningfully to the im-
mersive experience. Participants rated the experience as
pleasant, comfortable, and engaging, suggesting that syn-
chronized thermal stimuli can improve media experiences.

Although this study investigates aspects of user experi-
ence, such as comfort, enjoyment, and future use intentions,
it is primarily done through the lens of usability and accep-
tance. A more nuanced analysis that includes emotional
engagement, sensory realism, and long-term memory recall
would further enrich our understanding of mulsemedia effec-
tiveness and user engagement.

5.1 Limitations

Our study is not without limitations, and, as we discuss, al-
though we were able to gather positive input, some flaws
were also identified.

First, the participant sample was relatively small (N = 12)
and was recruited from a general university population. Most
participants had minimal prior experience with mulsemedia
or thermal wind systems, which may have amplified the nov-
elty effect and influenced subjective evaluations. Future
studies should include larger and more diverse participant
groups to improve generalizability.

Second, the absence of a control group prevents strong
causal inferences about the contribution of thermal effects.
All participants experienced synchronized hot or cold airflow
with multimedia content, making it difficult to isolate the im-
pact of the TWIRL system from that of the audiovisual con-
tent alone. Including a no-effect control condition would sig-
nificantly improve the internal validity of future evaluations.

Third, our study used only semantically congruent pair-
ings (e.g., hot wind with Sandboarding clip, cold wind with
Snowboarding clip). Although this design supports ecologi-
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cal validity, it limits our understanding of how incongruent
stimuli, such as hot wind during a snow scene, affect user
perception. Future research should investigate such crossed
stimuli to explore whether user responses are driven by sen-
sory congruence or intrinsic effect qualities.

Fourth, the evaluation relied solely on closed-ended Lik-
ert scale items, which limits the ability to explore individual
variations and unanticipated insights. The absence of open-
ended questions or post-test interviews constrains qualitative
interpretation. Incorporating semi-structured interviews or
open-ended survey responses could yield richer feedback and
deeper insights into user perception.

Fifth, although our questionnaires demonstrated good in-
ternal reliability, they were custom built ad hoc for this study,
although based on standardized user experience models. Us-
ing validated instruments such as the User Engagement Scale
(UES) [O’Brien and Toms, 2010] or the Technology Ac-
ceptance Model (TAM) [Davis, 1989] would strengthen fu-
ture studies by supporting comparability and methodological
rigor.

Finally, the experimental setup may have influenced the
strength and directionality of airflow perception, including
the spatial positioning of the emitters (cold wind towers
placed laterally and hot wind emitters behind the partici-
pant). Future work should systematically evaluate how emit-
ter placement (frontal, lateral, and peripheral) affects spatial
realism and user comfort.

5.2 Future directions

The study opens several future directions to build on the re-
sults and address the limitations identified in the previous
section.

First, experimental designs should include control groups
and larger and more diverse sample sizes of participants to
improve generalizability and causal validity of the findings.
Including congruent and incongruent thermal-video pairings
will enable investigation into how sensory alignment affects
immersion and engagement.

Second, a mixed method that integrates open questions or
semi-structured interviews with quantitative analyses should
be used, as this combination could foster a more comprehen-
sive understanding of user experiences and enable the identi-
fication of emerging themes.

Although no immediate risks were identified in this short-
term study, future applications of TWIRL, particularly in pro-
longed or unattended settings, should consider guidelines for
safe exposure durations and thermal intensities. Prolonged
exposure to wind, thermal or not, can cause dryness in the
eyes and throat. Factors like these should be carefully consid-
ered when dealing with extended exposure in systems such
as TWIRL and setups alike.

From a technical point of view, improving the synchro-
nization of thermal stimuli, especially given delays in the
generation and dissipation of airflow, remains a challenge.
Like olfactory effects [Ghinea and Ademoye, 2012; Mur-
ray et al., 2013, 2014], thermal stimuli also require synchro-
nization strategies. Investigating appropriate timing models
could improve the precision and user perception of realism.
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The scaling of the system also warrants investigation.
Scaling TWIRL for larger or 360-degree configurations
could enhance spatial immersion but introduces challenges
in airflow consistency, intensity control, and directional ac-
curacy [Tolley et al., 2019]. Miniaturization of hardware and
optimization of emitter placement may support more flexible
deployment.

Our experimental setup positioned the cold wind towers
laterally and the hot wind devices posteriorly relative to the
participants (Figure 5). This configuration probably influ-
enced the perceived intensity and spatial coherence of the
thermal effects, as the direction of the air flow affects sen-
sory perception. For example, frontal positioning produces
stronger thermal sensations because of direct facial exposure
to airflow, while lateral/rear arrangements could better sim-
ulate environmental wind patterns. Future work should sys-
tematically evaluate how emitter placement (frontal, lateral,
peripheral) affects perceived realism and comfort, consider-
ing scenarios where front-facing thermal cues might enhance
contextual alignment with visual content.

It is important to note that while this study investigates as-
pects of user experience, such as comfort, enjoyment, and
willingness to reuse, it does so through the lens of usability
and acceptance. A more granular analysis of experiential di-
mensions, such as emotional engagement, sensory realism,
and long-term recall, would benefit future work, enriching
the understanding of mulsemedia effectiveness.

Moreover, future studies could benefit from videos that
combine cold and hot airflow effects in a single sequence.
Such experiments would enable a more nuanced investiga-
tion of how users perceive transitions between thermal stim-
uli and whether these transitions further enhance the realism
and engagement of the experience.

Finally, the TWIRL platform could be extended to do-
mains such as education and accessibility. For example,
temperature-based cues could reinforce learning or serve as
alert systems for users with sensory impairments [Mohana
et al.,2023]. Furthermore, integrating other modalities, such
as olfactory stimuli [Narciso et al., 2020], could further ele-
vate immersion and realism.

6 Conclusion

This paper introduced TWIRL, a multisensory system that
enhances audiovisual experiences through synchronized hot
and cold airflow stimuli. The user-centered evaluation
demonstrated that participants perceived the thermal effects
as pleasant and nondisruptive, indicating the potential of
TWIRL to enhance immersion in media experiences. Al-
though the study is exploratory and includes certain limita-
tions, it lays a solid foundation for further research into multi-
sensory interaction, paving the way for more comprehensive
and scalable multimedia systems.
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