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ABSTRACT
The Sense of Agency (SoA) is crucial in interaction with
technology, it refers to the feeling of ‘I did that’ as opposed to ‘the
system did that’ supporting a feeling of being in control. Research
in human-computer interaction has recently studied agency in
visual, auditory and haptic interfaces, however the role of smell
on agency remains unknown. Our sense of smell is quite powerful
to elicit emotions, memories and awareness of the environment,
which has been exploited to enhance user experiences (e.g., in VR
and driving scenarios). In light of increased interest in designing
multimodal interfaces including smell and its close link with
emotions, we investigated, for the first time, the effect of smellinduced emotions on the SoA. We conducted a study using the
Intentional Binding (IB) paradigm used to measure SoA while
participants were exposed to three scents with different valence
(pleasant, unpleasant, neutral). Our results show that participants’
SoA increased with a pleasant scent compared to neutral and
unpleasant scents. We discuss how our results can inform the
design of multimodal and future olfactory interfaces.

CCS CONCEPTS
• Human-centered computing → Human computer interaction
(HCI) → Empirical studies in HCI.
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1 INTRODUCTION
Our sense of smell has a proven effect on our emotions and is
often referred to as emotional system [26]. Imagine how it makes
you feel to smell the warm, sweet scent of hot chocolate on a cold
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winter morning versus an unpleasant body odor of a stranger
sitting next to you on the train. Smell is also powerful to trigger
memories, especially for childhood memories [47]. In light of the
power of smell for influencing our experiences, multimodal
interfaces are increasingly integrating olfactory signals as a novel
interaction modality for creating more emotionally engaging
experiences [75].

Figure 1: Studying the effect of pleasant (lavender),
unpleasant (civet), and neutral (water) scents on the SoA.
While our understanding of how smell can be used in our
interaction with technology is rapidly increasing (e.g., smell can
be used to convey messages [30, 62], induce alertness [93] and
increase awareness of the environment by facilitating location
detection [44] and enhancing realism [78]), it is still unknown how
smell affects our Sense of Agency (SoA) i.e., the feeling of being
in control in the environment [41].
The SoA has been suggested to be crucial in our interaction with
technology [60]. A recent study has shown that if a system does
not support agency, the user might feel discouraged from using it
[61]. Within human-computer interaction (HCI) research, it has
been shown that on-skin input [45] produces higher SoA than
keyboard and touchpad inputs [11, 24], and that auditory and
haptic feedback elicit higher SoA than visual feedback only [21].
However, the role of smell on agency remains unknown.
Apart from a growing body of knowledge demonstrating how
agency is modulated by different interaction modalities (visual,
auditory, haptic), there is also growing evidence that agency is
subject to affective modulation [95]. That is, people tend to feel
higher SoA when a positive emotion is involved rather than a
negative emotion [1, 13, 20, 88, 95]. However, these studies have
modulated people’s emotions using visual [1], auditory [20, 95]
and tactile [12] cues, and the role of olfactory cues (emotions
induced by smell) on agency has not been explored.
In this paper, we bridge this gap in our understanding of SoA
and smell and investigate the specific effect of smell-induced
emotions on the SoA. We conducted a user study to explore this
effect using the established Intentional Binding (IB) paradigm that
provides an implicit metric of the SoA [42]. We primed
participants with three different emotions (positive, negative, and
neutral). Positive and negative emotions were modulated by the

exposure to a pleasant (lavender) and an unpleasant (civet) scent
respectively (see Figure 1). A neutral emotion was induced using
a baseline scent (water). Our results show an increased SoA when
participants were exposed to the pleasant scent compared to the
unpleasant and neutral scents. These findings support that smell
produces not only physiological responses [90] and modifies
emotions [86, 91] but also show for the first time that smell affects
the feeling of agency.
Smell is an emerging and unexplored sense in multimodal
interfaces. Our motivation lies in recent efforts to exploit smell as
interaction modality. For example using scents as output for HCI
(olfactory displays [51, 52]) and as a system outcome (olfactory
notifications [30, 62]). Shifting users’ SoA through smell can be
useful in these emerging olfactory interfaces, where scents
represent a response from the system that makes user feel in
control. Our study delivers for the first-time evidence of the
effects of smell on agency and thus enriches prior work on agency
and visual, auditory and haptics interfaces.
With this paper we make a threehold contribution: (1) we
explore the relationship beween agency and the sense of smell, an
increasingly relevant interaction modality within multimodal
interaction design, (2) we investigate the specific link between
smell and emotions on SoA based on the growing literatue of
affective modulation, and (3) discuss the relevance of our results
for the design of future smell-based applications.

words, people tend to perceive voluntary actions and their
outcomes shifted towards each other [34, 42]. The summation of
action binding and outcome binding (called total binding) is thus
associated to the experience of agency. The higher the total
binding, the higher the SoA [34, 68].
To measure subjects’ time perception, a Libet clock on-screen
(Figure 2(a) left) is used, it consists of a clock that rotates
clockwise once every 2560ms [58, 59]. Subjects are asked to look
at the clock’s rotating dot and report the time (the dot location) at
the moment when they performed the action or the moment when
they perceived the outcome.
As shown in Figure 2(b), four different conditions are employed
to calculate action binding and outcome binding (two baseline and
two active conditions). In the baseline conditions, only one event
occurs either action or outcome. In the active conditions, both
action and outcome occur.
During the task, both actual time (i.e., the dot position on the
Libet clock logged by the system) and perceived time (the dot
position on the Libet clock reported by subjects) of the action and
outcome are recorded. The errors are then calculated by the
difference between perceived and actual time in milliseconds.
Following this, the Intentional Binding (total binding) is calculated
through the formulas shown in Figure 2(c).

2 LITERATURE REVIEW
2.1 The Sense of Agency
The Sense of Agency (SoA) refers to the experience of being the
initiator of one’s own voluntary actions (being an agent) and
through them influence the world around us [12]. The SoA has
been suggested to reflect an experience of being in control. For
example, when we switch the light on and we perceive the light
coming on (i.e., I did that!) or when we press a key from the
keyboard and the computer responds with a visual effect onscreen (i.e., I control this!). The SoA is gaining increasing attention
from the field of HCI aiming to advance our understanding of the
role of agency in the use of technology. Developing user interfaces
that increase the user’s SoA will provide users with the feeling of
“I did that” as opposed to “the system did that”, supporting thus
an internal locus of control (a key rule for user interfaces [84]).
The SoA is commonly measured using explicit questionnaires,
by simply asking the user whether she was the agent of certain
action or not (e.g., “did you do that?”) [43], or subjective scales
(e.g., rate your level of control on a scale from 1 to 7). However it
can be implicitly measured using the Intentional Binding (IB)
paradigm [42], which links agency experience and perception of
time. This paradigm indicates that the interval between a
voluntary action and its outcome is perceived as shorter than it
actually is. This is illustrated in Figure 2(a) right, when subjects
perform a voluntary action (e.g., press a button) and this action
causes an outcome (e.g., a tone), they tend to perceive delayed
awareness of the action (called action binding) whilst anticipated
awareness of its outcome (called outcome binding). In other

Figure 2. (a) Left: The Libet clock. (a) Right: The
Intentional Binding (IB) effect. (b) Measurement blocks
(baseline & active). (c) IB calculation formulas.

In summary, this paradigm measures the extent to which a
voluntary action and its effect subjectively shift together across
time, to determine the source of action (I did it). This can be
depicted as the bi-directional limitation of Bayesian causal
inference [33]: “if two events occur closer together in time, it is
more likely they will be perceived as causally related. Therefore,
if two events are known to be causally related, they are more
likely to occur closer in time” [17].
Since the IB paradigm has been widely employed in the
literature; demonstrated to be a viable metric to implicitly assess
the SoA [67], and it has been recently employed in HCI to measure
agency for different input commands and system feedback [11, 21,
24], we employed this method for our study.

2.2 Smell as Interaction Modality
Although our everyday activities involve five basic senses, our
interaction with technology is dominated by visual, auditory and
haptic I/O channels. However, recent research that pursues
multisensory experiences in HCI [73] has revealed relevant
opportunities for smell [75] in user interfaces.
For instance, olfactory stimulation has gained attention in
driving scenarios [93]. Dmitrenko et al. [30] explored odors as
information medium by mapping scents onto messages from the
car. For example, the “slow down” message was strongly
associated to lemon odor while “fill gas” to peppermint odor.
These olfactory messages allow drivers to receive information
from the car while other senses are engaged with additional
information (e.g., listen to the radio and focus on the road).
Yoshida et al. [93] explored olfactory stimuli to alert drivers in
drowsy driving and prevent fatal car accidents. They found that
peppermint fragrance effectively induces wakefulness. In another
example Baron et al. [9] found that lemon scent improves drivers’
alertness. Smell notification systems have been even patented by
car companies such as Ford [54].
In the line of desktop messaging, Maggioni et al. [62] explored
olfactory notifications that serve as feedback from the system.
They associated scents with different message senders alleviating
visual attention and found that olfactory notifications improve
users’ performance in identifying the urgency level of a message.
Odors also enhance the sense of presence [7] and realism [66]
in Virtual Reality (VR). Scents presentation leads to an increased
sense of reality and relevance [38]. For instance, a study showed
that tactile, olfactory and auditory cues produce more sense of
presence and memory than just adding visual details in the scene
[27]. In other example, Narumi et al. [71] employed different
scents to create the illusion of flavors in augmented reality.
Olfactory interfaces are covering many others application
scenarios such as, gaming [66, 70], rehabilitation [23] multimedia
[15, 64] and communication [79, 98]. However, despite this
increasing inclusion of smell in HCI and the increasingly
considered importance of the SoA in interaction with technology,
previous research studying agency in HCI has mainly focused on
visual, auditory and haptic interfaces, therefore, the role of smell
on the SoA has remained unexplored. We address this limitation
by studying the relationship between smell and agency through
their close link with emotions. In the next section, we explain this

link by reviewing literature that has shown the relevance of
emotions on agency (affective modulation) and smell.

2.3 Relevance of Emotion on Agency and Smell
Here we describe the known relationship between agency and
emotions and between emotions and smell.
2.3.1 Effect of Emotions on Agency
The self-attribution process of the SoA (e.g., I did that) is
influenced by affective information [5, 6, 13, 40]. People tend to
attribute positive events to their own actions (self-attribution),
while negative events are usually attributed to external agents. In
other words, take the credit for positive events and blame external
factors for negative events (the so called self-serving bias [4, 65]).
For instance, Takahata et al. [88] primed subjects with
rewarding and punishing action’s outcomes by associating
auditory stimuli with positive, neutral and negative monetary
outcomes. They found that participants exhibited higher SoA for
positive outcomes (monetary gains) unlike negative outcomes
(monetary losses). Yoshie and Haggard [95] manipulated the
emotional valence of action outcomes with negative or positive
emotional vocalizations [81] or neutral tones. They found that
SoA was reduced for negative compared to positive or neutral
outcomes. Christensen et al. [20] investigated the influence of
action outcome valence (modulated by emotional human
vocalisations) on prospective and retrospective components of
agency. They found that positive outcomes enhanced the
retrospective agency for unexpected outcomes. Borhani et al. [12]
found that having control over negative somatosensory outcomes
(induced by painful heat or electrical stimulus) increases the SoA.
In another example, Aarts et al. [1] explored affective priming
through visualization of emotional pictures [57]. Unlike the above
examples, here the emotional information was not presented as an
action outcome, but in form of priming i.e., it consisted of a brief
exposure to pictures (positive and neutral) before an IB task. They
found that positive reward signals via positive pictures enhance
the SoA unlike neutral pictures.
These studies reveal modulation of agency depending of
emotions. However, they have modulated the valence of
information (positive, negative or neutral) using visual, auditory
and tactile information, therefore modulation of agency via smellinduced emotions remains unknown despite the power of smell to
modulate affective states.
2.3.2 Effect of Smell on Emotions
There is a close link between smell and affective information.
Odors not only evoke strong experiences of pleasure or
displeasure [35], but also modulate mood [91], attention [53, 89],
stress [3, 69] and memories [47]. Different scents have been
shown to elicit specific physiological responses or emotional
states. For example, lemon is linked with arousal [31] while
lavender is considered a relaxing scent [69]. Lemon odor has also
been suggested to have antidepressant properties [55] while
lavender and rosemary decrease cortisol levels in saliva [3].
Lavender is associated with happiness while acetic acids are
linked to anger and disgust [90].

The olfactory system is deeply linked to areas of the brain that
regulate emotions [86, 96]. For that reason, emotions evoked by
odorants are very strong. For instance, it has been suggested that
“odor-evoked memories are more emotional than memories
evoked by other sensory stimuli” [47] and also that people who
have lost their sense of smell depress more than people who have
lost their vision [85]. While the sense of smell is often considered
as a poor sense [83], emerging research interestingly suggests that
we use it more than we actually think. For example, a study
revealed that humans have scent tracking abilities similar to dogs
[77] and also that emotions can be communicated via olfactory
channel so that we can smell someone’s fear [25].
Furthermore, it has been recently shown that smell produces an
effect on Body Image Perception (BIP). BIP refers to “perceptions,
attitudes and beliefs pertaining to one’s own body” [49],
comprising emotional attitudes towards it. For instance, Brianza
et al., [16] found that lemon scent is significantly associated with
a thin body while vanilla with a thick body. They also showed
subjective reports of feeling lighter when smelling lemon and
heavier when smelling vanilla. Their results further revealed that,
combining lemon scent and high pitch footsteps sound produced
subjective reports of walking faster, feeling lighter and having a
straighter posture unlike vanilla scent. This suggests that
positively influencing BIP with smell can be reflected in feelings
of being more positive [87].
Those findings show a strong potential of smell for helping not
only in user interfaces but also in people’s wellbeing.

3 USER STUDY: IS AGENCY INFLUENCED BY
SMELL?
The emotional content of events (modulated by audio, vision and
touch) can influence the experience of agency. These findings
open up an opportunity to explore agency modulation through
other senses. Given that agency is crucial for the interaction with
technology and can be modulated by emotions, we wanted to
explore if agency is affected by a powerful sense that is strongly
connected to our emotions: the sense of smell.
To explore this, we conducted a user study that explored the
effect of positive, negative and neutral olfactory cues on the SoA.
It has been shown that scents can influence performance,
attention, pleasure, alertness or message urgency (as shown in the
literature review), therefore, in this study we aim to investigate if
the feeling of control can be influenced by odors. Particularly,
following the literature, we hypothesize that a pleasant odor will
increase the SoA in comparison with an unpleasant odor.
During the study, we primed participants with three different
types of emotion (positive, negative and neutral) at the beginning
of an IB task as in Aarts work [1]. However, here we presented
participants with three scents: lavender (pleasant), civet
(unpleasant) and water (neutral). We measured three main
variables in our study. First, in order to evaluate whether our
scents produced the intended emotions on participants, we
assessed explicit emotion using a Self-Assessment Manikin (SAM)
scale [14], commonly employed to study the three dimensions of
emotions (valence, arousal and dominance) during smell

stimulation [80]. Second, since previous studies have suggested
that smell stimulation produces an activation of the neural central
system reflected in changes on physiological signals such as
Galvanic Skin Response (GSR) [90], we also measured skin
resistance in order to evaluate whether our scents produced such
activation. Third, we assessed implicit agency by measuring IB as
an indicator of the SoA modulation [42]. In the next sections we
describe the methodology for emotion elicitation and IB task.

3.1 Emotions Induced by Smell
The fragrances we used are 100% pure essential oils not diluted.
For positive emotion, we chose lavender scent (available in Plush
Folly [76]) as it has been widely employed to produce pleasant
emotions [90, 91]. For negative emotion, we chose civet scent
(available in Holland & Barret [10]) which is often used for
perfumes base, and in its pure state, is considered unpleasant since
it is the perineal gland secretion produced by the civet cat [50, 82].
We are aware of cultural variability in odor perception. For that
reason, we particularly chose lavender and civet scents since they
have been effectively used for inducing positive and negative
emotions [80, 97] and demonstrated to be effectively categorized
as pleasant and unpleasant between cultures: French, Vietnamese
& American [19] and Switzerland, UK, & Singapore [37] showing
no big differences between gender.
Finally, we employed water to induce a neutral emotion
following previous work using it as a control stimulus [8, 28].
3.1.1 Scent Delivery
Figure 3 shows the structure of the scent delivery system. It
consisted of a custom-made electronic device controlled by an
Arduino board. The device is composed of 3 electro-valves (4mm
Solenoid/Spring pneumatic valve) that regulate the air passage
(on-off) from a tank of compressed air. The tank (70l/s, maximum
pressure of 8 Bar) supplied air flow through 4 mm plastic pipes
passing by the electro-valves and arriving to three small glass
bottles that contained the two essential oils (lavender and civet)
and water (our baseline scent) respectively. The tank airflow was
set at a constant pressure of 1 Bar-l/min, through an air regulator.
This device was built following the guidelines from [29].
The odours reached the participant through a 3D-printed nozzle
(Ø=3.5cm), that was positioned at 30cm from the participants’
nose [29], and never directly in contact with participants to avoid
an air puff sensation. With our setup (see Figure 4), the scents take
about 1.5 seconds to be perceived (from the valve triggers to
participants judgement) as revealed in a pilot study we conducted
before the actual experiment. During all the experiment
participants rested their chin on a supporting structure critically
positioned to ensure scent delivery towards participants’ nose
(i.e., they adopted the same position during all the conditions).
3.1.2 Subjective Emotional Evaluation
After each scent condition, a SAM scale [14] was used to measure
the three dimensions of emotion. i.e., valence, arousal and
dominance reported by participants for each scent. It consisted of
a 9-points scale for each dimension. A value of 9 represents a high
score while a value of 1 a low score in each dimension.

Figure 3. Structure of the scent delivery system: (1) air
tank, (2) manifolds, (3) electro-valves, (4) Arduino, (5) PC,
(6) glass bottles with the scents, (7) one-way valves, (8)
output nozzle.
3.1.3 Physiological Activation (skin resistance)
Skin resistance was measured using a Shimmer3 GSR+ Unit
wireless device (Shimmer Sensing, Dublin). Participant wore an
armband with the shimmer device attached and two 8mm snap
style finger electrodes on their index and middle fingertips (with
a constant voltage 0.5 V). We recorded data with a frequency of
512Hz (10 mSiemens (μS)/Volt, A/D resolution of 12 bit) allowing
to record responses ranging from 2 to 100 μS. We recorded skin
resistance during each scent condition (neutral, pleasant and
unpleasant) for 5 seconds in each trial. Additionally, we measured
skin resistance during a baseline condition consisting of 60
seconds prior to the experiment without the exposure to any scent
to compare baseline recordings with our experimental conditions.
The synchronization between smell delivery and skin resistance
measurement was computer-controlled following the sequence
shown in Figure 5. Our interface was programmed to release the
scent upon participants pressing a footswitch which we also used
as a marker to start recording GSR in each trial.
Before statistical analysis, we pre-processed the data for downsampling and movement artefact identification and correction
after careful inspection. Our GSR measurement refers to a general
signal containing both components the tonic and phasic.

3.2 Intentional Binding (IB) Task Procedure
To measure SoA, we employed the traditional desktop IB task
consisting of a button-press voluntary action and a tone as its
outcome. Every trial started when participants pressed a
footswitch and a fixation cross appeared on-screen while the scent
was being presented during 2500ms. After participants were
primed with the scent cue, a Libet clock was shown and always
started rotating from a random position. Then, participants were
asked to press a button (space bar from a keyboard) at elapsed
time of their preference (voluntary action). After a fixed interval
of 250ms they heard a tone (the action’s outcome) which lasted
100ms at 900Hz. Subsequently, after a random interval between
1000ms and 1500ms the clock stopped and participants were asked
to report the position of the clock (where the dot was) at the
moment when they either executed the action (baseline action and
active action blocks) or perceived the tone (baseline outcome and
active outcome blocks) as described in Figure 2(b). Figure 5 shows
the procedure of a single trial.

Figure 4. Task setup: (1) Libet clock on-screen, (2) USB
controller, (3) output nozzle, (4) keyboard, (5) chinrest, (6)
headphones, (7) GSR sensor, (8) D= 30cm.
The Libet clock rotated clockwise once every 2560ms, its size
was 500 pixels, shown on a screen of 24-inch, 1920 x 1200 in
resolution. The numbers of the clock were removed in order to
avoid creating visual patterns during the task [21, 22]. Instead,
after each trial when the dot stopped, participants used a
rotational controller (Griffin Powermate Knob) to relocate the dot
on their perceived position. We then calculated time errors by the
difference between perceived and actual clock positions and
calculated IB (action binding, outcome binding and total binding)
using the formulas shown in Figure 2(c).
Participants performed 4 blocks (described in Figure 2b) of 20
trials each in each scent condition (3 types), resulting in 240 trials
per participant. Between scent conditions, we used an air
extractor in the room for about 3min to clear the environment. We
limited the number of trials to 20 to avoid making the experiment
too long, and to follow the number of trials used in previous IB
studies [21]. The full experiment took about 90 min in total
including 3min break between conditions (air cleaning). Each
scent condition (consisting of 20 trials and 4 blocks), took about
20min. We considered that a longer duration could have produce
a habituation effect. Participants wore noise-cancelling
headphones playing white noise during all the experiment to
block sounds from the devices.

Figure 5. Procedure of the IB task.

3.2.1 Participants
Thirteen right-handed participants (4 females, mean age = 31.39
years old, SD = 5.33) took part in our study. They had normal or
corrected-to-normal vision and were prescreened prior to the
experiment using an olfactory assessment test [72] (see
supplementary material) to make sure their sense of smell was not
impaired and that they were not suffering from allergies, cold or
flu. Females during their menstrual cycle or pregnancy were
excluded as hormone levels change olfactory sensitivity [18, 32].
The local ethics committee approved this study.
An a priori statistical power analysis was performed for sample
size estimation in G*Power. Running a power analysis on a
repeated measures ANOVA with three scents conditions (neutral,
pleasant, and unpleasant), repeated 4 times (4 blocks of the IB
paradigm), a power of 0.95, an alpha level of 0.05, and a medium
effect size (f=0.25, ηp2=0.06, critical F=1.63) [36, 56], requires a
sample size of about 12 participants. Thus, our proposed sample
of 13 participants was adequate for the objective of this study.

3.3 Results
3.3.1 Results on Emotion Elicitation
A One-way Repeated Measures ANOVA for each dimension of
emotions (valence, arousal and dominance) was conducted to
compare the effect of each scent (pleasant, unpleasant and neutral)
on participants scores from the SAM scale. Results showed
significant effect of scents on valence (F(1,11)= 4.65, p<0.05,
ηp2=0.28), comparison tests with Bonferroni correction showed a
significant difference between all the three scents (Figure 6 shows
mean scores). A significant effect on arousal was also shown
(F(1,11)=4.87, p<0.05, ηp2=0.22), comparison tests with Bonferroni
correction showed a significant difference between neutral and
pleasant (p<0.05) scents and between neutral and unpleasant
(p<0.05) scents. A non-significant effect of scents on dominance is
shown (F(1,11)=0.144, p=0.71, ηp2=0.01).

Figure 6. Mean scores of valence, arousal and dominance
using the SAM scale (rated with a 9-points scale) grouped
by scent type with ± SD in brackets. Error bars represent
SEM. * = p<0.05 in valence.

These results show that the scents employed in our study,
effectively produced the intended emotions on participants
(positive, negative and neutral). Participants scored the lavender
scent significantly higher in valence compared with the civet and
water scents, while the civet scent was reported with the lowest
valence scores. In terms of arousal, the lavender scent was overall
scored with low arousal (see Figure 6) which supports that
lavender odor is considered relaxing [69]. However, water, used
as neutral stimulus, was reported significantly less arousing than
the lavender and civet scents.
3.3.2 Results on Physiological Activation
One-way Repeated Measure ANOVA was conducted to compare
the effect of the scent stimulation on skin resistance reactions.
Results showed significant effect of scents on skin resistance
(F(1,11)=4.34, p<0.05, ηp2=0.28). Particularly, comparison tests with
Bonferroni correction showed a significant difference between the
baseline and all the scents conditions (p<0.01). In line with prior
work, this suggests that participants’ skin resistance was affected
by the elicited emotion which confirms that there was a response
from the neural central system due to the scent stimulation [48,
92]. However, no significant effect is shown between the three
emotional scents (pleasant, unpleasant and neutral). Figure 7
shows the mean skin resistance in Ohms.
While we expected to see differences in GSR between scents, we
mainly focused on the comparison between baseline (no scent)
and the scents conditions. We interpret GSR changes as an effect
of momentary activation in response of a temporary external
trigger. The stimulation occurred in such a short time that the
valence connotation of the scents could have been not detected;
this probably would have been shown in the tonic component of
the GSR if the scent stimulation would have been longer.

Figure 7. Mean skin resistance in Ohms (Ω) with ±SD in
brackets grouped by scent type and the baseline condition
(no scent exposure). The upper dashed rectangle shows a
zoom of the emotional scents. * = p<0.05.

3.3.3 Results on SoA (Intentional Binding)
A One-way Repeated Measures ANOVA was conducted to
compare the effect the scents used as emotional prime (i.e.,
pleasant, unpleasant and neutral) on action, outcome, and total
binding. Results showed significant effect of the emotional prime
on the total binding (F(1,11)=4.50, p<0.05, ηp2=0.26). Particularly,
comparison tests with Bonferroni correction showed a significant
difference between the neutral and pleasant scent (p<0.01) and
between the pleasant and unpleasant (p<0.05) scents. Results also
showed a significant effect of the emotional scent on the outcome
binding (F(1,11)=5.53, p<0.05, ηp2=0.30), comparison tests with
Bonferroni correction showed a significant difference between
pleasant and neutral (p<0.01) and the pleasant and unpleasant
scents conditions (p<0.05). However, for action binding
(F(1,11)=1.08, p=0.05, ηp2=0.16) we found no significant effect
between scents. Details related to mean time in relation to action,
outcome, and total binding in each of the emotional prime
condition are presented in Figure 8.
3.3.4 Effect of Emotions Induced by Smell on the SoA
Based on the study results we can see that participants exhibited
significantly higher total IB in the pleasant scent condition. This
suggests that participants felt higher SoA during the task when
they were primed with the lavender scent compared with the civet
and water scents. These findings are in accordance with prior
research on modulation of agency through emotional cues i.e.,
people tend to self-attribute events when positive information is
involved unlike negative information (the self-serving bias [4]).
Although previous studies have demonstrated this by modulating
the valence of emotions (positive, negative or neutral) using visual
(e.g., pictures [1]), auditory (e.g., human vocalizations [20, 94, 95])
and tactile (e.g., cutaneous heat-pain [12]) cues, in the present
study we show that the experience of agency is modulated by
olfactory cues, being higher when a pleasant scent is presented.
As shown in Figure 8, we found no differences in action binding
(the delayed awareness of the action) among the different
emotional conditions. However, we observed significantly higher
outcome binding (the anticipated awareness of the outcome) with
the pleasant scent in contrast with the neutral and unpleasant
scents. This is in line with the work from Aarts and Haggard [1,
12], where the main effect was observed on the outcome binding.
This suggests that the positive signal via a pleasant scent caused
a stronger prediction of the outcome. Yet, further studies are
needed to explore pleasant scents with high arousal on the SoA,
since lavender is considered a relaxing scent.
We observed a low IB in the neutral condition. A possible reason
of this low value might be related to the challenges of presenting
a “neutral scent”. Even when we used water instead of essential
oils, and the elements in our delivery system (e.g., vales,
manifolds, bottles) were completely independent in each scent
condition (see Figure 3), participants might have smelled
components from the device. Indeed, two participants reported
have perceived the neutral scent as a slightly plastic-like scent
which could be caused by the plastic tubes transporting the air or
the 3D-printed nozzle. Although we expected to observe higher IB
in the water condition, the main effect from the pleasant scent is

clearly observed in comparison with the other two conditions (see
Figure 8). However, we recommend using odorless materials for
delivery of neutral scents (e.g. glass tubes) to avoid odors
perceived from the devices.

4 DISCUSSION AND OPPORTUNITIES FOR
MULTIMODAL INTERFACES
A feeling of being in control is crucial in designing interactive
systems and multimodal interfaces [84]. That is, designing
systems that give users the feeling of “I did that” rather than “the
system did that” gives a more agentive and responsive experience.
In this paper, we have extended the current state-of-the-art
knowledge on the study of agency and agency modulation. While
previous studies have studied agency modulation through novel
input modalities (e.g., speech [61] and gestural [21]), and system
feedback (e.g., mid-air haptics [21]) in the present paper, we have
introduced smell as interaction modality into the study of agency.

Figure 8. (Top) Mean action, outcome and total binding in
milliseconds with ± SD in brackets. (Middle) A positive
value represents a delayed awareness (action binding)
while a negative value an early awareness (outcome
binding). (Bottom) Total binding (Action Binding –
Outcome Binding). Error bars represent SEM. * = p<0.05.

Unlike other sensory modalities (e.g., vision, audio or touch) the
sense of smell provides a direct path between olfactory cues and
the amygdala [96]. Clinical research indicates that “emotional
behavior is critically dependent on the amygdala” [2]. Our results
provide evidence of agency modulation via a channel that is
directly connected to our emotions, suggesting thus that an
increase on the SoA is unlikely to be produced by additional
parameters that accompany other sensory modalities. However,
since our study focused on smell only, further work is needed to
demonstrate this by comparing different sensory modalities.
Our results thus open up opportunities for designing user
interfaces that improve user’s SoA through multisensory signals.
Although the sense of smell is often considered poor [74, 83] and
its inclusion in HCI seems challenging [39] (especially in light of
scent delivery [29]), in this study we have demonstrated that the
feeling of controlling the environment increases when people are
exposed to a pleasant scent.
For example, we could use our results to discuss and explain
why fragrance presentation is known to improve performance in
driving scenarios [9]. Presenting a pleasant scent such as lavender,
could help drivers to feel more in control about the in-car
interaction involving voluntary actions and responses from the
car. Preserving a SoA in driving scenarios is also important in the
context of autonomous vehicles, where agency is shared between
the driver and the system. Hence olfactory stimulation could be
an option to stablish an environment to not only induce alertness
[93], improve mood [46] and help angry drivers [28], but also help
enhancing the feeling of being in control.
In another example, we can imagine that smell stimuli in VR
environments cannot only improve realism, immersion [78] and
awareness of the environment [44], but also provide the user with
a stronger feeling of control in this digital space. VR further
affords the opportunity to not just modulate but potentially
manipulate SoA through changing the scent and also other
sensory features in a virtual world, and thus create completely
new experiences.
There are many more application examples imaginable, we hope
our results will inspire. We believe that advancing the
understanding of how smell can be used in our interaction with
technology, can increase the inclusion of olfaction as a novel
interaction modality and facilitate the design of future olfactory
interfaces by giving designers a different lens to design for.
In addition, since the SoA has been suggested to underpin the
concept of responsibility in human societies [43], our paper also
highlights the relevance of agency measures in user interfaces
evaluation. That is, our sense of being an agent is not only related
to executing motor actions but also to knowing “the nature and
quality of the act” [41]. Therefore, it is important that systems give
users the appropriate feeling of control in order to preserve a
feeling of responsibility (especially in critical situations such as
driving). In other words, it is important that systems let users
clearly experience what they are doing and therefore self-attribute
events. We believe that agency measures should be included
within user experience (UX) metrics to design systems that not
only consider usability but that also support both a feeling of
being an agent and a feeling of being responsible for events.

Overall, our paper contributes new knowledge to the study of
SoA and the use of smell as interaction modality. As we
increasingly design for smell in multimodal and multisensory
interfaces (for work, education, relaxation, health or wellbeing
[63]), it is important that designers and developers not only in
academia but also in industry are more aware of important
underlying concepts such as the SoA. Being the agent of an action
is increasingly important in a time where intelligent algorithms
make decisions for us and influence knowingly or unknowingly
our behavior in an increasingly digital world.

5 LIMITATIONS AND FUTURE WORK
Our study followed standard procedures for studying agency with
single modalities [1, 12, 88, 95]. Since smell has never been studied
in terms of agency, we based our work on these prior studies to
explore if previous found effects on agency modulation occur with
smell, unlike other emotion-triggering mechanisms (visual, audio
or touch). Yet, we appreciate the complexity of smell compared
with other senses for triggering emotions and therefore a key next
step, for future work, is exploring SoA with a direct comparison
between emotions triggered by smell and emotions triggered by
other sensory modalities.
Additionally, since the sense of smell can have a big effect on
the overall user experiences (e.g., pleasantness, unpleasantness),
we will also explore how scents might affect other aspects of user
experience (UX). For example, does a scent increase the feeling of
agency but reduce user satisfaction? This possible cross-effects of
smell between agency and UX could further inform potential
design implications for future olfactory interfaces.

6 CONCLUSIONS
In this paper we investigated for the first time the effect of smell
on a user’s Sense of Agency (SoA). Evidence that agency is
modulated by emotions was previously revealed, however to the
best of our knowledge, affective modulation has never been
explored for agency via the sense of smell. Our results show that
smell not only modifies emotions and induces changes in
physiological responses, but also affects the feeling of being in
control, demonstrated through the use of the IB paradigm. We
found that the SoA increased when participants were exposed to
a pleasant scent compared to neutral and unpleasant scents. Our
findings contribute to the growing research around olfactory
interface design and strengthen the importance of the sense of
agency concept, giving insights to designers that may be useful
when designing for olfactory interfaces that support a sense of
being in control.
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