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A B S T R A C T   

The sense of smell, olfaction, is seldom engaged in digital interactive systems, but, supported by the proper 
technology, olfaction might open up new interaction domains. Human olfactory experience involves active 
exploration, directed sniffing and nuanced judgements about odour identity, concentrations, and blends, yet to 
date most compact olfactory displays do not directly support these experiences. We describe the development 
and validation of a compact, low-cost olfactory display fitted to the hand controller of the HTC Vive Virtual 
Reality (VR) system that employs stepless valves to enable control of scent magnitude and blending (Fig. 1). Our 
olfactory display allows for concealed (i.e., unknown to the user) combinations of odours with virtual objects and 
contexts, making it well suited to applications involving interactions with odorous objects in virtual space for 
recreational, educational, scientific, or therapeutic functions. Through a user study and gas sensor analysis, we 
have been able to demonstrate that our device presents clear and consistent scent output, is intuitive from a user 
perspective, and supports gameplay interactions. We present results from a smell training game in a virtual wine 
tasting cellar in which the initial task of identifying wine aroma components is followed by evaluating more 
complex blends, allowing the player to “level up” as they proceed to higher degrees of connoisseurship. Novice 
users were able to quickly adapt to the display, and we found that the device affords sniffing and other gestures 
that add verisimilitude to olfactory experience in virtual environments. Test-retest reliability was high when 
participants performed the task two times with the same odours. In sum, the results suggest our olfactory display 
may facilitate use in game settings and other olfactory interactions.   

Introduction 

Research on the sense of smell, olfaction, has shown a remarkable 
progress in recent years, producing many breakthrough findings within 
the behavioural and brain sciences (Bushdid et al., 2014; Majid and 
Burenhult, 2014; Olsson et al., 2014). As sudden olfactory loss has been 
a very common symptom for COVID-19, there is also an increased 
awareness of the importance of intact olfaction for life quality, appetite, 
personal relationships, health and safety (Cooper et al., 2020). Rapid 
advances in olfactory research and newfound sensitivity to the signifi-
cance of olfaction call for a correspondingly ambitious multisensory 
agenda within HCI. The “grand challenges” of multisensory design, ac-
cording to Obrist and colleagues (Obrist et al., 2016), include discussing 
what types of experiences to design for, exploring different ways of designing, 
and articulating possible application areas. Technical solutions that 
address the challenges of interacting with scent, in combination with 
increased awareness and knowledge about odours and olfaction, might 
lead to an understanding of how, and in which contexts scent functions 

best as an interactive material. 
We have developed an olfactory display attached to the HTC Vive 

Virtual Reality controller that allows users to manipulate virtual objects 
in a VR environment and sniff them, much as one would bring a peach or 
a glass of wine to one’s nose in the world. Our device introduces pro-
portional blending through stepless valves, allowing for the precise 
stimulus of any blend that can be created from a basic set of four 
available scents. Dynamic scent output at the hand, rather than from a 
fixed position on a head-mounted display (HMD) or scent collar, has the 
benefit of leveraging naturally occurring turbulence resulting from hand 
movement, creating more realistic scent intensities, and allowing for 
venting effects. The variable distance between the nose and a handheld 
olfactory display further modulates perceived scent intensities. We 
achieve these effects with a low-cost design fabricated with 3D printing 
and off-the-shelf components. We have combined evaluation techniques 
coming from high-end research olfactometer design with user studies 
rooted in HCI practice, as a means of validating our device. Gas sensor 
studies were used to assess the stability of scent output and the stepping 
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of blend mixing, and a smell training game set in a wine cellar was 
created to explore the user experience. Our project is open-source, and 
we invite other researchers to use and further evaluate our device. 

This natural mode of graspable scent interaction in virtual space can 
open new application areas in recreational, educational, scientific and 
therapeutic domains, including helping patients with smell loss recover, 
developing olfactory skills for perfumery, oenology and other olfactory 
professions, creating multisensory applications for entertainment and 
recreation, and conducting scientific studies in behavioural and brain 
sciences. 

Related work 

Current olfactory research and olfactory display development 
demonstrate a range of responses to the “grand challenges” formulated 
by Obrist. Building upon the pioneering work of Kaye (2004), some 
researchers have focused upon the communicative and emotional po-
tentials of scent as a unique form of information, often as part of noti-
fication systems (Dobbelstein et al., 2017; Maggioni et al., 2018; 
Patnaik et al., 2019). Others have explored additive potentials of scent in 
multimedia, as a sensory dimension that contributes to the sense of 
presence or the quality of the multimedia experience (Ghinea et al., 
2014; Ghinea and Ademoye, 2012). Therapeutic interventions involving 
scent—sometimes with custom olfactory displays—have been directed 
towards applications ranging from PTSD exposure therapy for Iraq war 
veterans through VR systems (Pair et al., 2006), to wellness and stress 
reduction (Amores et al., 2018). There is a long history of scented VR 
devices used in training simulations, in firefighting and fire detection, 
for example (Shaw et al., 2019; Zybura and Eskeland, 1999). Studies of 
miniaturised olfactory displays that attach to the face like piercings or 
body art (Wang et al., 2020) probe the boundaries of novel scent 
interaction, as do proposed systems that bypass physical scent materials 
entirely in favour of directly stimulating the olfactory bulb (Hariri et al., 
2016). 

These efforts explore the unique characteristics of scent interaction, 
but often in contexts in which scent adds to an interactive experience (as 
in multimedia or therapeutic applications), or supplements and extends 
applications in which other senses could instead provide the same in-
formation (such as notification). In olfactory display technology, there is 
little effort to accommodate the deliberate olfactory sampling in which 
gestures of reaching, grasping and drawing to the nose are accompanied 
by explicit judgements about scent. However, movements, and the 
resulting interactions between the body and external objects, are often 
regarded as a key aspect of perception and learning (i.e., “enactivism”; 
(Clark, 1999; Noë, 2004). A main challenge is to devise a technology 
that allows for precise, computer-controlled delivery of odour mixtures 
or measurement of behavioural responses to these mixtures under such 
active conditions. We call this capability “enactive smelling”. Below, we 
report how we have addressed this issue by means of developing and 
evaluating a novel olfactory display. 

Grasping and sniffing 

Grasping and sniffing gestures characterize a discreet class of 
deliberate olfactory interactions. Although historically there have been 
a number of scented devices that humans grasp and sniff, from Eliza-
bethan pomanders to more current media (Scratch-N-Sniff cards) and 
tools (Sniffin’ Sticks), there have been few examples of engaging this 
dynamic in interactive systems. Grasping and sniffing gestures have 
been employed in some projects to simplify scent delivery: in Olfoto 
(Brewster et al., 2006) and Exerscent (Niedenthal et al., 2021), con-
tainers of individual scents are presented to the user to sniff, connected 
to desktop systems via radio frequency identification (RFID) tags. Scent 
delivery at the hand in more complex interactive systems is underex-
plored. Gestures of grasping and sniffing unify an action and a smell 
source, experienced in most VR systems in an abstract manner since the 

represented smell source and scent output are not co-located. There has 
been little design exploration of this problem, and no mention of the 
handheld delivery mode in recent taxonomies of olfactory displays. 
Murray and colleagues (Murray et al., 2016) categorise olfactory dis-
plays on physical location in space, discussing suitability for virtual 
reality applications. They distinguish between fixed olfactory displays 
located in the environment, and wearable olfactory displays, located at 
the nose (in the case of an HMD (Covarrubias et al., 2015)), or worn 
around the neck or on the torso, as a scent collar (Tortell et al., 2007), 
pendant (Amores and Maes, 2017) or belt (McMillan, 2020). They do not 
discuss handheld olfactory displays as a subcategory of wearable dis-
plays. There is, however, at least one example of scent output at the hand 
in a VR setting; Fragra, a VR game in which scent output is delivered by 
tubes from a stationary device to the wrist (Mochizuki et al., 2004). The 
game involves selecting fruit, sniffing, and exploring the identity of the 
scent given congruent and incongruent visual information. 

Building our olfactory display upon the HTC Vive hand controller 
allows us to create a scent device that is graspable by the user and af-
fords grasping and sniffing gestures of objects in virtual space. More-
over, locating scent output at the hand allows a more natural 
relationship between smells and objects being brought to the nose. Scent 
delivery from an HMD, a wearable scent collar, or piped directly to the 
nose via tubes (Yanagida, 2012) share a common feature—a fixed 
spatial relationship between scent source and the nose. One response to 
this limitation has been to propose olfactory simulations involving 
complex fluid mechanics calculations that can give the impression of 
subtle modulations of scent intensity due to user movement and atten-
uation, even when scent output is in a fixed position (Nakamoto et al., 
2012), but, besides the challenge of performing these calculations in 
real-time, there are practical and cost-related reasons to leverage a 
simpler, more dynamic spatial relationship between nose and scent 
output. 

Blending 

Much of the pleasure, learning and connoisseurship in olfactory 
experience emerges from our ability to appreciate and manipulate aro-
matic blends, yet humans are notoriously limited when it comes to 
identifying blend components (Livermore and Laing, 1996). This makes 
blending capability useful both as a means of adding pleasure to aro-
matic experience, as well as a source of challenge in digital simulations. 
One of the first examples of an olfactory display in which blending was 
explored effectively was Nakamoto’s cooking simulator (Nakamoto 
et al., 2008). This desktop-based device used solenoid valves to modu-
late proportions of aromatic curry ingredients. Since then, other means 
have been used to produce blended scent materials in olfactory displays, 
include micro pumps and surface acoustic wave (SAW) atomizers 
(Nakamoto et al., 2018). To the best of our knowledge, there are no 
examples of low-cost, compact handheld olfactory displays capable of 
blending. Producing blends remains a challenge in olfactory technolo-
gies from a cost and miniaturization standpoint, but this feature remains 
critical for creating new and interesting olfactory interactions. 

Smell training 

Smell training—involving long-term repetition of olfactory sampling 
and discernment by users—is an area of rapidly growing interest, and 
has found a clinical application as interventions to help recovery in 
patients with olfactory loss (Altundag et al., 2015; Delon-Martin et al., 
2013; Hummel et al., 2009). Although COVID-19 has raised awareness 
of loss of smell as an acute, global public health issue, anosmia caused by 
infection and trauma has long been a target for diagnostic and thera-
peutic interventions (Temmel et al., 2002). Recent research also in-
dicates that improving olfactory capacity may have cognitive benefits 
(Olofsson et al., 2017, 2020), making incipient dementia a further target 
for smell training experimentation and therapy. 
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Professional development practices within perfumery and oenology, 
such as the Carles pedagogy (Carles, 2019), are also based upon smell 
training through repeated exposure to basic families of scent materials, 
followed by more challenging blends or accords. Specialized kits for 
smell training in wine appreciation, such as Le Nez du Vin (Editions Jean 
Lenoir, 2022), work in a similar manner, organising vials of wine aroma 
components into families of notes (fruity, floral, vegetal, animal and 
roasted), and providing games for practicing identification. 

While there are a number of physical smell training tools and kits, 
ranging from diagnostic/experimental products such as Sniffin’ Sticks 
(Hummel et al., 1997) to connoisseurship tools such as Le Nez du Vin, 
there are good reasons to integrate smell training into digital interactive 
systems. These include controlled and repeatable olfactory stimulation 
that releases scent covertly to the user, online monitoring of perfor-
mance changes, database logging of results, and immediate feedback to 
the user (Niedenthal et al., 2021; Tiele et al., 2020). Further, VR tech-
nologies offer the opportunity to “immerse” the user in a training 
environment through a flexible, repeatable and realistic simulation. 

Olfactory display evaluation methods 

There is a variety of evaluation methods for olfactory displays and 
research olfactometers. Appropriate methods are usually adopted based 
upon disciplinary practices, but seldom is the full palette explicitly 
considered. Some of the main approaches to device evaluation include: 

1. User studies that evaluate the experiential aspect: how people 
perform smelling actions, attitudes towards new olfactory technologies 
and integration into daily life (Amores and Maes, 2017; Covarrubias 
et al., 2015; Dobbelstein et al., 2017; Wang et al., 2020). 

2. Perceptual/behavioural studies that measure olfactory perfor-
mance (Nakamoto et al., 2018; Niedenthal et al., 2019; Tiele et al., 2020; 
Yamada et al., 2006). 

3. Gas sensor studies to map scent output, timing and magnitude in a 
quantitative manner (Covington et al., 2018; Lundström et al., 2010; 
Nakamoto and Minh, 2007). 

Oftentimes these methods are combined to triangulate for more 
robust evaluations, to support sequential problem solving in the devel-
opment processes (Tiele et al., 2020; Yamada et al., 2006), and to 
demonstrate device fitness for a range of different applications. Most 
olfactory displays are essentially passive and do not require interaction 
beyond inhalation, but evaluating devices that engage active user ges-
tures and are built atop existing controller interfaces calls for user 
studies exploring the experiential aspect. At the same time, olfactory 
displays that are intended to be used as research instruments require gas 
sensor evaluations and quantitative data related to responsiveness, 
consistency and blending. 

System implementation 

A number of olfactory researchers within HCI (Maggioni et al., 2020; 
McGookin and Escobar, 2016; Saleme et al., 2019) have pointed out that 
research and design take place within a fragmented space. Precise 
high-end research olfactometers come with impractical size and high 
costs. Commercially available olfactory output devices are largely un-
satisfactory for research needs, and olfactory display designs from some 
research groups remain proprietary (McGookin and Escobar, 2016). As a 
result, custom hardware development is usually necessary for con-
ducting olfactory research. Fortunately, there have been recent exam-
ples of low-cost, open source olfactory display designs (Herrera and 
McMahan, 2014; McGookin and Escobar, 2016), and a corresponding 
effort in the area of high-end, research olfactometer design (Lundström 
et al., 2010). This “do-it-yourself” approach supports a cohesive research 
community by fostering accessibility, reproducibility, and meaningful 
comparison of results. 

Technical description 

Although a number of olfactory display designs for VR systems are 
mounted on the HMD (Covarrubias et al., 2015), there is, to our 
knowledge, only one previous example of a design that takes advantage 
of the controller (Niedenthal et al., 2019), and none that integrate scent 
blending capability. We have designed an olfactory display that can be 
attached to an HTC Vive hand controller (Fig. 1). The olfactory display 
has a diameter of 10 cm and a height of 15 cm. It weighs 432 g. All parts 
are fabricated from 3D-printed PETG and Ninjaflex plastic material, 
except for the main pipe which is made of anodized aluminium for more 
effective cleaning. The equipment necessary to fabricate this device 
could be found in a reasonably well-furnished maker space, and we es-
timate the materials costs of producing a copy of this device to be 150 
dollars. 

The olfactory display houses 4 scent reservoirs. Vaporization occurs 
in chambers containing liquid scents absorbed into a sponge-like ma-
terial. Blending is achieved through 3D printed rotational stepless valves 
of our own construction, driven by a standard RC servo (Tower Pro- 
Servo SG90). The servo is analogue, controlled by pulse width modu-
lation, but in reality it’s digitally controlled with 4096 steps. The in-
tensity level of the odour is not a linear function of the valve position, we 
have not estimated this function but instead calibrated a number (10) of 
distinct levels suitable for mixing of odours. We conducted 20 trials for 
each of the 10 levels. There are two valves for each odour, one at the 
inlet of the odour container and one at the outlet, effectively closing the 
container when no odour is to be delivered (Fig. 2). The valves control 
two air flows, one clean and one scented. The valves mix clean air with 
scented air in a proportional manner so that the two air flows are 
balanced and the total air flow is constant. Air flow is generated by a 
single fan to deliver scents to the nose. The servos and fan draw power at 
an average consumption of 2.2 W, supplied via a fixed cord attached to a 
wearable battery pack. 

Scent release can be triggered in several ways. One option is to allow 
the user to activate scent release by pushing the trigger button on the 
HTC Vive hand controller (Fig. 1, and as seen in the user study, below). 
Passive scent release calculated upon the proximity of the hand 
controller to the HMD is another option (Niedenthal et al., 2019). 

The olfactory display is controlled by a Raspberry Pi Zero W and an 
Adafruit 815 PWM/Servo controller. The device can be run from a 
computer via WIFI with the Raspberry Pi set up as a WIFI access point. 
The communication is based on the Open Sound Control (OSC) protocol 
which is a connection-less UDP based protocol. All programming of the 
olfactory display is done in Python 2.7.1 

Fig. 1. The olfactory display with an HTC Vive hand controller attached. The 
user can activate scent release by pushing the trigger button on the controller. 

1 Online resources, including manual, code, fabrication and additional tech-
nical information for the olfactory display, can be found here: https://osf. 
io/zagxk/ . 
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Limitations 

Our approach is not without limitations. Miniaturization remains a 
challenge: the device is limited to 4 scents at a time, and the power 
necessary to drive the device comes from a battery pack that can be 
placed in the user’s pocket and that is connected to the display with a 
power cord – integrating the battery pack into the display would in-
crease its weight and size. This might be resolved in future work by 
integrating a lithium battery and a power management solution. Scent 
output at the hand is well suited to deliberate sniffing but may not be 
appropriate for all contexts; for example, our application is not designed 
for situations where scent is provided passively over longer time frames 
to create an environmental ambiance. Before the display can be used in 
this way, stimulus evaluations over longer time frames will be needed. 
Finally, our device is built around a particular proprietary technology 
(HTC Vive). However, our results regarding miniaturization and pro-
portional blending through stepless valves, and the affordances of 
computer-controlled scent output at the hand, can be adapted to, and 
embedded within, other VR technologies, many of which include hand 
controllers with a similar form factor to the HTC Vive. 

Technical evaluation: gas sensor study 

Research olfactometers are subjected to rigorous sensor-based eval-
uations to guarantee precise scent onset, offset and control of scent 
magnitude. We adapted some of these methods to validate our device, 
testing whether we could reach the performance of larger, high-end 
devices in a low-cost, handheld form factor. We evaluated the timing, 
valve opening ratios and long-term stability of odour delivery, as these 
are key aspects of its potential as an interactive tool. From the user 
perspective, the timing and magnitude of odour stimuli are critical, 
especially in multisensory environments where odours can be synchro-
nized with visual and sound stimulation. Since blending capability is one 
of our intended technical contributions, and we are working with low- 
cost and off-the-shelf components, we evaluated how valve settings 
that were designed to allow partial stimulus release would map onto 
actual concentrations emitted by our device. If a partial stimulus release 
can be achieved, this allows for varying stimulus concentrations of a 
given odour. Since the valves operate independently and can be opened 
simultaneously, partial stimulations from multiple valves can also be 
used to form complex mixtures. Similarly, we sought to determine 
whether the device provides stable output over the time of a typical 
research experiment session, by comparing sample concentrations from 
the beginning of a testing session with those at the end, as well as 
recording concentrations over the duration of a single long release. We 
followed procedures similar to those used previously to evaluate low- 

cost research olfactometers making use of off-the-shelf components 
(Lundström et al., 2010). 

Experimental setup 

A photo-ionization detector (PID; miniPID 200B, Aurora Scientific 
Inc, Aurora, Ontario, Canada), was used to measure the output and 
response time of the olfactory display. Isoamyl acetate (Sigma Aldrich; 
CAS 123–92–2) was used as a odourant, based on prior work 
(Lundström et al., 2010). Here, 0.25 ml was absorbed by a 25 × 10 mm 
(approximately 0.07 g) piece of Wettex cloth placed in one of the odour 
containers of the olfactory display. The air flow was measured as the 
speed of the air in the centre of and 20 mm above the outlet of the ol-
factory display. Air flow was measured with a hot wire anemometer, a 
Kimo VT 50 as the speed of the air in the centre of and 20 mm above the 
outlet of the device. The airflow was adjusted to 1.0 m/s (1.0 m/s = 15 
L/min with a tube inner radius of 9 mm). The inlet of the PID was placed 
in the centre 20 mm above the outlet of the olfactory display, at the 
estimated placement of the user’s nose during olfactory sampling. The 
ionization lamp was allowed a 30-minute heat-stabilization time before 
recordings began. 

The output signal from the PID and the trigger signal from the ol-
factory display were recorded. The trigger signal was generated by the 
Raspberry Pi just before actuation. We measured continuous streams of 
20 odour deliveries with a duration of 3 s at an inter-trial interval of 20 s. 
Stimulus detection was characterized by a 10% C/Cmax increase in 
ionization level, followed by a sharp rise. Rise time was measured as the 
time elapsed from 10% to 75% C/Cmax of the recorded ionization level. 
The experiments were controlled by a Python program (Python 3.7) 
running on a PC with Windows 10. The program controls the olfactory 
display via WIFI and collects the data with a sample rate of 2 kHz by a 
Measurement Computing USB-1608FS-PLUS data acquisition device 
connected to the PC through USB. The data is collected using the mcculw 
Python package which is the official application programming interface 
(API) for the data acquisition device. 

Measurement of different valve opening ratios 

A key functionality of digital olfactory displays is the ability to adjust 
the magnitude of an odour. This provides, amongst other things, the 
ability to create blends (simultaneous stimulation of more than one 
odour) while keeping the odour intensity constant by reducing the 
magnitude of its constituent parts. In our solution, this feature is ach-
ieved by proportionally regulating the mixture of an odourized airflow 
with a control (non-odourized) airflow. The opening ratio of the valve 
determines the output. The magnitude was measured at five different 

Fig. 2. Servo motors (1–4) and stepless valves (a). A diagrammatic illustration of the functionality of the olfactory display and the control of its airflow (b).  
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nominal values, 1, 0.8, 0.6, 0.4 and 0.2. Zero means that the odour-flow 
is off, and the control airflow is at maximum, and 1 means the odour- 
flow is fully opened and the control airflow is closed. The magnitude 
was estimated as the mean of 20 trials, integration started when the level 
was greater than 10% C/Cmax and ended when the level fell below 10% 
C/Cmax. The trials were conducted in a continuous sequence with a 
duration of 3 s and an inter-trial interval of 20 s. This was repeated for 
each nominal opening ratio of the valves. 

Fig. 3a shows the recorded ionization level as a function of time for 
five different nominal intensity levels, 1.0, 0.8, 0.6, 0.4 and 0.2., and the 
recorded trigger signal from the Raspberry Pi’s GPIO port, measured 
using the same procedure as above. Three sets of equally stepped in-
tensity levels were calibrated to compare nominal and detected values, 
one set with nominal levels 1.0, 0.8, 0.6, 0.4 and 0.2, the second set 1.0, 
0.75, 0.5 and 0.25 and the third set 1.0, 0.67 and 0.33. Table 1 and 
Figs. 3b to 3d show the measurements of the three sets of levels (i.e., 
quintiles, quartiles and terciles). The levels were measured using the 
same procedure as above. The maximum deviation from the nominal 
value was 5.1%. The measured odour stimuli were thus overall very 
precisely matched to the expected amounts. 

Measurement of long-term stability 

To validate the olfactory display for repeated use, we used two 
methods, similar to those used previously in research olfactometer 
validation (Lundström et al., 2010). First, we compared the difference 
between odour stimulations early and late in a series of 60 distinct 
stimulations, then we let the olfactory display emit continuously for 10 
min and compared the emitted odour at the beginning and end, to 
measure the robustness of stimulation. In our first assessment, we ana-
lysed the difference of the absolute concentration of two samples 
collected during the first seven delivered stimuli in comparison to the 
last seven stimuli, each 3 s long with an inter-trial interval of 20 s. The 
purpose of this measurement was to mimic a prolonged behavioural 
interaction such as an olfactory-based game or a research experiment. 
We calculated an average of the first seven stimulus presentations, 
where a stimulus was defined as the odour emitted from the device 
during the time from where the odour magnitude was above 10% of 
Cmax until it was below 10% of Cmax again. These results were 
compared with those from the last seven presentations, defined simi-
larly. Fig. 4a shows that the mean of first and last seven trials of 60 total 
odour presentations were close to identical. 

In our second assessment, the stability of the odour delivery over 
time was measured using a PID, where the output signal was recorded 
for a 10-minute continuous odour stimulation protocol with maximum 
intensity. The same settings as above were used. The difference in 
percent between the first and the last minute of the recording was used 
as a measure of stability. The difference in magnitude was 9.2% less for 
the last minute compared to the first minute. Fig. 4b shows a running 
mean with a window of 1 second of the continuous intensity over 10 
min. Since the continuous stimulation protocol is an extreme and 
experimentally unlikely olfactory delivery condition, we view the 
modest reduction to 90.8% of the initial stimulus magnitude as a strong 
result. 

Discussion of gas sensor analysis 

Our analysis provides a validation of this compact, low-cost, DIY 
olfactory display for virtual reality applications and indicates that it 
shares many of the desired characteristics of larger research olfactom-
eters. Our evaluation shows that scent output is comparable after 
repeated trials, as well as after extended emissions up to 10 min (Fig. 4). 
Comparing the mean of the first and last seven presentations from a 60- 
odour presentation is intended to represent the beginning and end of a 
common experimental design, but it could also refer to a typical game or 
training session. This result validates the consistency in output that 

would be required during a typical experimental research session. Be-
sides confirming stability of output, the evaluation revealed a “boxcar” 
shaped graph of scent delivery in Fig. 4a, which demonstrates that the 
response latency and general performance of the olfactory display 
should be adequate for most research applications and applied uses. 

Proportional blending of scented and clean air with independent 
valves allows scent magnitude to be evenly stepped and can be used to 
create more complex aromas through blending. Our finding that the 
measured gas concentrations emitted by our device closely matched 
expectations based on nominal valve openings, ranging from 20% to 
100%, shows that self-made, low-cost valves can provide predictable 
and precise stimuli at different concentrations, which can be used in the 
creation of proportional blends. This finding demonstrates that our de-
vice is well suited for applications that engage connoisseurs in devel-
oping advanced judgements about scent (e.g., detecting subtle notes 
added to, or removed from, a complex wine aroma), and similar features 
can be used to create varying levels of task difficulty in other gaming 
situations. This opens a range of possible use applications for our device. 

Explorative user study 

Having determined that the scent output of our device is stable, and 
the blending system effective, we conducted a user study to evaluate 
whether the device was intuitive to use and whether odour delivery was 
robust enough to give meaningful user data across extended sessions 
(128 presentations). We were interested in observing whether the 
display afforded any unique interactions that could impact the user 
experience. In particular, we observed participants for behaviours or 
interactions that might be indicative of immersion, “enactive smelling” 
(e.g., exploratory movements) or that might otherwise be of importance 
for understanding the possibilities and limitations of the gameplay 
experience and the olfactory display. The potential applications for the 
olfactory display include recreational games, rehabilitation after olfac-
tory loss, and training to achieve connoisseurship/expertise. In all of 
these examples, quantification of user performance provides opportu-
nities for feedback and adjusting the difficulty of the game challenges to 
the user, thereby increasing engagement (Niedenthal, 2012; Olofsson 
et al., 2017). We devised an immersive task that challenged the olfactory 
abilities of the participants. If the task generated consistent individual 
differences in performance, this would be an indication that our device 
is reliable and produced stable odour delivery across study runs, and is 
suitable for olfactory assessment. Further, we looked for signs that our 
device is intuitive to use, which would be confirmed if participants could 
complete a training session following basic instructions. 

Participants 

Twelve participants (7 women, 5 men; mean age of 31.1 years, SD =
7.6) were recruited at Stockholm University. To exclude participants 
with anosmia, we administrated the smell identification task from the 
Sniffin’ Sticks smell test (Hummel et al., 1997). The mean score was 
11.47 (SD = 2.19) out of 16 correct answers and while all participants 
performed well above chance level (>4), the performance range (7–15) 
was wide. Participants signed a written consent before participating and 
were compensated with gift vouchers to a value of 200 Swedish Kronor 
after the visit. No complications arose during the sessions, but two 
participants stated that they had experienced some mild discomfort 
(mild nausea and dizziness) during participation. All participants con-
sented to video recording. 

Virtual wine cellar 

We developed a VR wine cellar game to assess olfactory performance 
by challenging participants to identify components of a scent blend. In 
the game, the player is located in a virtual wine cellar, standing in front 
of a table with eight wine glasses (Fig. 5a). The task is to pick up the 
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glasses, press the trigger on the hand controller to release the smells, and 
guess their contents (Fig. 5b). Four response alternatives are visible in 
circles floating above the table. To answer, the participant puts the glass 
through the circle with their answer (Fig. 5c). Instant feedback is pro-
vided by the circle turning green for correct answers or red for incorrect 
answers. Players accumulate points for correct answers.2 

Procedure 

Prior to starting the study, we briefly trained participants in using the 
olfactory display and playing the game via verbal instructions. In the 
study, participants entered the virtual wine cellar. They were tasked 
with (1) identifying the odours in a mixture to evaluate performance and 
(2) thinking aloud while playing to evaluate user experience. Partici-
pants played this game in 4 consecutive sessions with 1–3 min breaks 
between each session. 

We selected eight aromas typical to wines and grouped them into two 
categories (bouquets). Sessions 1 and 2 used a red wine bouquet, 
including clove, blackcurrant, raspberry and chocolate odourants. Ses-
sions 3 and 4 used a white wine bouquet, including pineapple, almond, 
grapefruit and pear odourants. Isointense concentrations of each 
fragrance were identified through an informal pilot. To mitigate odour 
cross-contamination at the display’s outlet, we cleaned the display by 
passing clean air through it for 10 min between participants, removing 
any lingering diffused odours. 

Each session consisted of one round on each of the 4 difficulty levels; 
each round had 8 trials (i.e., 8 wine glasses on the table) which consisted 
of four different odour stimuli (single odours or mixtures) with two re-
peats. In total, participants experienced 4 sessions × 4 levels × 4 odour 
stimuli × 2 repeats = 128 trials. Level 1 introduces the player to single 
odours (e.g., 100% pear). From there, the game increases in difficulty 
(Fig. 5d) by presenting odour mixtures. In level 2, an equal mixture of 
two odours is presented (e.g., 50% pear, 50% vanilla). In level 3, one 
dominant odour is mixed with two weaker odours (e.g., 50% pear, 25% 
vanilla, 25% lemon). Finally, in level 4, the player smells three equally 
strong odours (e.g., 33% each of pear, vanilla and lemon). We hypoth-
esized that level 1 would lead to a higher performance relative to the 
other levels. After completing the study, participants answered a post- 
study survey about their experience. 

Fig. 3. Magnitude as a function of time of the set with quintiles, five nominal values, the trigger is the output of the Raspberry Pi’s GPIO port (a). Measured 
magnitude versus nominal magnitude of the set with quintiles, five different values (b). Measured magnitude versus nominal magnitude of the set with quartiles, four 
different values (c). Measured magnitude versus nominal magnitude the set with terciles, three different values (d). 

Table 1 
Calibrated emission levels in (a) quintiles, (b) quartiles, and (c) terciles.  

a) 

Nominal Level Measured Level SD Difference 

0.20 0.197 0.028 − 1.7% 
0.40 0.384 0.057 − 3.9% 
0.60 0.599 0.065 − 0.2% 
0.80 0.821 0.081 2.7% 
1.00 1.000 0.094 0.0% 

b) 

Nominal Level Measured Level SD Difference 

0.25 0.258 0.034 3.0% 
0.50 0.506 0.057 1.2% 
0.75 0.789 0.079 5.1% 
1.00 1.000 0.085 0.0% 

c) 

Nominal Level Measured Level SD Difference 

0.33 0.316 0.050 − 4.4% 
0.67 0.664 0.069 − 0.8% 
1.00 1.000 0.085 0.0%  

2 A video of this game can be found here: https://www.youtube.com/watch? 
v=G8ye5Npn3JU. 
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Results 

The quantitative results indicate that the task yielded reliable per-
formance differences across individual participants and difficulty levels. 
The user study yielded evidence of perceived immersion and perceptual 
strategies that varied amongst the participants. 

Game performance 
Performance in the wine smelling game was measured by accuracy in 

identifying wine aromas, which we define as the percent correct an-
swers. Fig. 6 shows our main performance-related findings. The highest 
overall accuracy was 76.6% (P05), while the lowest was 35.2% (P09). 

To illustrate individual differences and performances across sessions, 
mean accuracies are plotted for the red wine (Fig. 6a) and white wine 
(Fig. 6b) sessions. 

We assessed test-retest stability in participant performance by 
correlating the individual scores (across levels) between the four ses-
sions. Typically, test-retest correlations are calculated with stimuli being 
identical across sessions, and any alterations to the task should be 
assumed to reduce the correlations. As participants used different bou-
quets for sessions 1–2 (red wine) and 3–4 (white wine), we expected 
higher positive test-retest correlations when the bouquets were the 
same, and lower when different. Indeed, performance was highly 
correlated across sessions, when odours were the same (1–2 and 3–4), 

Fig. 4. Long term stability measured over 60 trials, the mean of the first seven are compared with the mean of the last seven (a). A 1-second running mean of the 
magnitude measured over 10 min (b). 

Fig. 5. A virtual wine cellar game, with wine glasses to be grasped and sniffed (a). By pressing the trigger button on the HTC Vive hand controller, the player releases 
wine bouquet from a virtual glass (b). The player indicates their choice through the virtual interface (c). The player choses the difficulty level through the virtual 
interface (d). 

Fig. 6. Mean percent accuracy (i.e., correct answers) for each participant in session 1 & 2 with the first set of (red wine) aromas (a), and 3 & 4 with the second set of 
(white wine) aromas (b). Correlations for summed scores (across levels) in the four sessions, with p-values denoted with * at p < .05 and ** at p < .01 (c). Overall 
mean score with SD error bars for all participants in the four levels (d). 
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and moderate when different, see Fig. 6c. This result indicates that in-
dividual scores are reflective of differences amongst participants in their 
olfactory abilities, otherwise this pattern of correlations would not 
appear. This is a preliminary indication that the methodology can be 
used for assessment of olfactory abilities. 

Fig. 6d shows the differences in performance between the four levels, 
i.e., the mean score for the four sessions combined. A repeated measures 
ANOVA with a Greenhouse-Geisser correction for sphericity showed 
that the mean scores were statistically significantly different between 
the four levels of difficulty, F(1.76, 19.4) = 38.8, p < .001, generalized 
eta squared = 0.54. Post-hoc analyses with Bonferroni adjusted pairwise 
comparisons revealed that the mean score in level 1 was significantly 
higher than in level 2 (p < .001), level 3 (p < .018) and level 4 (p < .001). 
The mean score in level 2 was not significantly higher than in level 3 (p 
< .248), but higher than in level 4 (p < .002). Lastly, the mean score in 
level 3 was significantly higher than in level 4 (p < .002). The results 
indicate, as predicted, that identifying odour mixtures provides a chal-
lenging olfactory task relative to single odour identification. The mean 
time to complete the task decreased from 18.5 min (SD = 7.3) in session 
1 to 13.1 min (SD = 5) in session 4, reflecting an increasing familiar-
ization with the environment and task. 

Usability 
We first summarize quantitative results from the post-study survey. 

When rating how immediate scent delivery was perceived, participants 
rated it as quick (M = 5.3; SD = 0.9) on a Likert scale from 1 (very slow) 
to 7 (immediate). In contrast, participants were somewhat aware of the 
olfactory display while interacting with the VR cellar (M = 3.5; SD =
1.4), rating on a Likert scale from 1 (not at all) to 7 (very aware). When 
asked to localize the origin of odours, 5 participants localized them as 
emitting from the wine glasses and 7 attributed them to the handheld 
controller. 

We then conducted a qualitative usability analysis focusing on 
sources of dissatisfaction, confusion, discomfort and error (Armitage 
et al., 2004) that emerged from the survey, video and transcripts. Some 
think-aloud feedback was positive, highlighting that the olfactory 
display was “very pleasant to hold, it isn’t heavy […] Easy to use, and 
the two buttons are adequate” (P03). The virtual representation and 
mode of interaction gained positive notice: “It feels very natural, I think, 
to pick up the glass and see that even the wine moves in the glass […] So 
it really contributes to the immersion” (P11). However, three areas of 
discomfort emerged, resulting from (1) the device’s weight, (2) the 
power cord connecting the display to a battery in the participants’ 
pocket, and (3) the tactile stimulation and sounds from the display’s fan. 
In the post-study survey, three participants indicated that the device felt 
heavy, impacting their awareness of the display (P11). Several partici-
pants fidgeted with the battery. Finally, two participants mentioned 
tactile and auditory effects caused by the display’s fan. P02 felt “a bit of 
cold air” when smelling. While not negative, P01 noted that “it’s quite 
good that you can hear that it emits smells.” 

Gameplay heuristics 
We supplemented usability analysis with a gameplay analysis of 

participant behaviour, as usability principles orientated towards effi-
cient goal attainment fail to capture the unique nature of gameplay 
challenge (Deterding, 2015). The usability analysis was conducted with 
the purpose of understanding how users interact with a novel handheld 
olfactory display, and such understanding may facilitate the develop-
ment of immersive olfactory technologies. 

Most verbalizations made during think-aloud sessions were re-
flections on the scent and mixture identities. These verbalizations 
demonstrate the development of gameplay heuristics, or “rules of 
thumb,” that help players improve in a game (Elias et al., 2012). 
Accordingly, we specifically analysed the gameplay of four participants: 
the participants with the highest (P05) and lowest (P09) mean scores 
overall, the most improved participant (P08), and the participant who 

scored highest in the initial session (P11). We identified two main 
scent-related heuristics guiding identification: process of elimination and 
name the family first. The absence of effective scent choice heuristics is 
indicated by guessing: “Asch, I just have to guess about this” (P09). We 
also identified three gameplay heuristics afforded by the display itself: 
playing with wine, resetting the nose, and varied distance sniffs. 

Process of elimination: All the selected participants narrowed down 
their answer by first eliminating options that did not include the scents 
they detected. For example, P11’s reasoning demonstrates this heuristic. 
In level 3, P11 discussed their thought process when identifying the 
components of a three-odour mixture (50% clove, 25% raspberry, 25% 
blackcurrant). They first identified “the dominant smell [as] raspberry,” 
eliminating answers without this option listed as dominant. P11 then 
verbalized the overall scent characteristic (“rounded”) and the mixture’s 
two weaker scents: clove and blackcurrant. They finally eliminated op-
tions without clove, as it “is very much easier to identify than other 
smells.” 

Name the family first: In their verbalizations, participants often 
identified overall scent characteristics first (such as “roundness,” other 
participants referred to “sweetness” or “acidity”) before trying to name 
individual scents. 

Playing with wine: Four of the twelve participants playfully and 
spontaneously engaged with the virtual wine, trying to spill it or swirl 
the glass. These behaviours mimicked glass swirling (Fig. 7a), typically 
done in traditional wine tasting to volatilize more aromatic compounds 
from the wine for a stronger sniff. P09 suggested that swirling supported 
the wine tasting illusion, “It feels a little as if you get more scent if you 
swirl the glass.” The most improved participant (P08) adopted swirling 
early on and maintained it throughout the sessions. We interpret this 
behaviour as a sign of immersion and active exploration. 

Resetting the nose: Two participants leveraged this other common 
wine-tasting technique (Fig. 7b). Breathing in fresh air is thought to 
mitigate olfactory adaptation (the state in which a person can no longer 
perceive a scent after prolonged exposure), effectively resetting the nose 
to smell an odour once again. P05 – who had prior wine tasting expe-
rience – achieved this technique by sniffing skin at the crook of their 
elbow while moving the olfactory display away. P08 simply pulls the 
device away from themselves, affording them a deep breath of fresh air. 
We interpret this behaviour as a sign of creative task engagement. 

Varied distance sniffing: Uniquely, P08 smelled mixtures at varying 
distances, potentially manually controlling the concentration while 
evaluating the mixture’s components. They began by holding the display 
at their mid-torso and gradually drew it closer to their nose (Fig. 7c). 
Although participants had a relatively similar performance amongst 
each other, we include this gameplay heuristic as P08 was the most 
improved participant (with a 37% increase in accuracy between sessions 
1 and 2, and we did not observe this heuristic in any other participant. 
We interpret this behaviour as a sign of task engagement and an indi-
vidual strategy for optimizing performance. 

Discussion of user study 

In general, we found that the reliability of our device that was 
established by the gas sensor study was further confirmed in the user 
study, where robust inter-individual performance differences were 
observed. Although we weren’t able to show dramatic improvement in 
player skills over a one-hour training session, participants were able to 
engage the virtual wine cellar as a game, as demonstrated by their 
appropriate gameplay behaviours. 

Within-subjects stability 
The illustrated game data (Fig. 6a-b) shows that performance was 

relatively stable within participants, with no individual mean scores 
changing more than 20% between sessions using the same aromas, and 
most participants’ scores changing less than 10% between sessions. The 
within-subjects stability is an indication that the display is suitable for 
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reliable measurement of individual olfactory ability. In the future, these 
findings should however be complemented with a large-scale reliability 
study, and validity measures comparing game performance with scores 
from full olfactory assessments. While there was a statistically signifi-
cant decrease in mean scores as level difficulty increased, the dominant 
odour in the three-scent mixtures (level 3) allowed for identification 
heuristics, and the score at this level was not significantly different from 
the two-scent blend (level 2). 

Gameplay completion 
Following the brief introduction, participants completed the one 

hour of smell game without help or intervention. Across sessions, they 
got faster at identifying scents, with mean completion time falling 30% 
by the final session, which is an indication of learning. 

Gameplay heuristics 
Heuristics are a significant source of game satisfaction and engage-

ment as they imply gaining mastery and skill over time (Elias et al., 
2012). Their emergence in the study suggests that the participants were 
engaged, as similarly echoed with several participants mentioning im-
mersion. We identified scent-related and device-related heuristics. The 
development of scent-related heuristics suggests that the display is sta-
ble enough to allow participants to form judgements and strategies over 
a one-hour training session. Interestingly, some participants playfully 
explored the affordances of the controller-mounted device, adopting 
gestures from wine tasting into their gameplay. Whether or not 
manipulating the source of scent output in this manner improved scores, 
it is possible that this device-related heuristic increased the sense of 
immersion and engagement in the game. Leveraging familiar gestures 
associated with wine tasting suggests that the device, and scent output at 
the hand, can also afford other physical gestures related to sniffing, in 
use scenarios that move beyond the wine aroma game. Enacted sniffing 
afforded by our device can open further possibilities for smell-enabled 
gaming and gameplay mechanics (Niedenthal, 2012). 

Tactile stimulation and sounds 
Haptic effects are sometimes considered problematic in olfactory 

display designs, when scent output is not under the direct control of the 
user (Yanagida et al., 2019), but our results indicate they can also pro-
vide useful feedback in applications orientated towards conscious 
sniffing. 

Study limitations 
Finally, observed gameplay heuristics revealed that more dominant 

scents in mixtures – particularly clove – unintentionally simplified the 
mixture identification task and might have reduced level 3′s difficulty. 
Odours vary in terms of their perceptual strength and impact in a 
mixture: a 50/50 mixture does not ensure both odours are perceived at 

equal strength. Future work may need to adjust the concentrations to 
make mixtures perceptually 50/50, 50/25/25 and 33/33/33 if “elimi-
nation by dominant scent” is undesirable. 

Discussion 

Olfaction, the sense of smell, remains underexplored as a modality 
for digital interaction. We engineered and evaluated a graspable olfac-
tory display for virtual reality. Evaluation consisted of conducted gas 
sensor studies, as well as quantitative and qualitative user studies. We 
developed a virtual wine cellar game where wine aromas were delivered 
in varying levels of complexity. 

Taken together, our gas sensor and user studies support the claim 
that our device is precise and responsive, despite its uniquely compact 
format. Not only is the odour output relatively stable over a several 
second emission, but is measurable at nose distance at about a half 
second. This compares favourably to comparable heat-activated olfac-
tory displays that take up to 10 s or more to produce detectable smells 
for smell training (Tiele et al., 2020). In our user study, participants 
rated the responsiveness of the device at 5.3 out of 7 on a Likert scale, 
which also suggests responsiveness. 

The gas sensor study and our user study also provide complimentary 
perspectives on blending. The sensor study shows a relatively even 
stepping of scent magnitude with different valve settings, allowing for 
proportional blends. The user study demonstrated that more complex 
blends accordingly became more challenging to identify (Fig. 6d), in 
alignment with what we know about human olfactory capacity (Liver-
more and Laing, 1996). This feature opens for olfactory interactions 
with more nuanced applications, though perceptual balancing will be 
necessary to fully exploit the potential of scent blending. 

Responsiveness and nuanced blending can help move olfactory in-
teractions towards greater verisimilitude, further supported by the 
development of gesture vocabularies related to grasping and sniffing. 
We saw that some of our user study participants adopted glass swirling 
gestures derived from wine tasting practice. Swirling modulates prox-
imity of output—and thus scent intensity—in a manner that would be 
difficult to approximate with fixed scent output located at the HMD, on a 
scent collar or delivered by tubes. Additionally, it has previously been 
noted that one advantage of hand-held displays is that odours may be 
naturally “aired out” by the hand movements, transporting the display 
away from the players face after the olfactory stimulation, and thus 
natural hand movements may provide a simple, yet effective venting 
function (Niedenthal et al., 2019). Hand-held devices also enable more 
immediate user control over the odour release, a feature that might 
prove important for the many individuals who react negatively towards 
environmental scents that they cannot control (Cornell Kärnekull et al., 
2011). 

Greater responsiveness and control can enhance felt presence. In our 

Fig. 7. Playing with wine (P08) by swirling the glass (a), like traditional wine tasting. Resetting the nose (P05) by pulling the device away and sniffing the elbow or 
fresh air (b). P08 sniffing a mixture at different distances, drawing the glass progressively closer to their nose, likely to change the odour’s concentration (c). Photos 
were taken and reproduced with the participant’s permission. 
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user study, we observed our participants modulating their relationship 
to scent output from our olfactory display in deliberate olfactory in-
teractions that tightly couple gestures of reaching, grasping and sniffing. 
According to Witmer and Singer (Witmer and Singer, 1998) on presence 
in VR, “When a person acts in an environment, the consequences of that 
action should be appropriately apparent to the actor, affording expected 
continuities . . . Noticeable delays between the action and the result 
should diminish the sense of presence in a (virtual environment) (p. 
229). Importantly, participants perceived the device as being rapidly 
responsive to their actions. Our device can also support presence by 
leveraging intuitive gestures: “Presence in a situation may be enhanced 
if the manner in which one interacts with the environment is a natural or 
well-practiced method for that environment” (p. 229). Although other 
modes of scent output and delivery in VR systems (HMD, scent collars, 
tubes to the nose) might aim to support this kind of olfactory presence, 
our device offers a simple, flexible and efficient way forward. 

Conclusion 

We have designed and engineered a graspable olfactory display that 
has the potential to pave the way for new applications for more natural 
interactions, engaging the user in exploratory, strategic or playful 
movements, what we call “enactive smelling”, facilitating active olfac-
tory perception and learning. The virtual wine cellar game provides an 
example of how the olfactory display may be used in applications 
directed towards recreational gaming and to develop connoisseurship/ 
expertise. This type of device could be suited to a range of informational, 
multimedia, therapeutic and simulation applications. 

A potentially important application of this more natural olfactory 
interaction mode might be to help individuals recover their sense of 
smell following virus infections that damage the olfactory system. Ol-
factory loss is currently viewed as the strongest individual symptom of 
an ongoing COVID-19 infection (Gerkin et al., 2020; Parma et al., 2020). 
Given the large numbers of infected individuals, and that smell loss is 
likely to be long-lasting or permanent for a substantial number of 
COVID-19 patients (Parma et al., 2020), methods for effective rehabil-
itation are needed. A recent meta-analysis showed that postviral smell 
loss can be rehabilitated with smell training, but the authors suggested 
that active smell methods are preferred to passive methods, and that 
more research is needed to increase motivation and adherence to the 
smell training protocol (Kattar et al., 2021) Interactive olfactory tech-
nologies such as the one presented here might thus allow for a more 
effective rehabilitation of a large and growing number of affected 
individuals. 

Although our olfactory display development may contribute insights 
to discussions in the HCI community on scent blending, scent output at 
the hand, miniaturization, fabrication and device validation processes, 
we do not see technical innovation in these areas as ends in themselves. 
Our aim is to contribute to the “grand challenges” of multisensory 
design: discussing what types of experiences to design for, exploring different 
ways of designing, and articulating possible application areas (Obrist et al., 
2016). By developing new technologies that enable enactive smelling, 
and simultaneously articulating the potentials of smell training for 
recreational, scientific, or therapeutic uses, we hope to sketch new, more 
natural interactions that can enhance human olfactory experience. 
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