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Figure 1: O&O (Open-source & Olfaction) toolkit, empowers new audiences by help them design and prototype diverse olfactory
interfaces. To demonstrate its capability, we presented a) a demonstration overview, including b) an aromatic mask, c) a scent-
notification watch, d) a scent-enhanced coffee cup-holder, e) an olfactory augmented VR headset, and f) a desktop olfactory
display.

ABSTRACT

Constructing olfactory interfaces on demand requires significant
design proficiency and engineering effort. The absence of powerful
and convenient tools that reduced innovation complexity posed
obstacles for future research in the area. To address this problem,
we proposed O&O, a modular olfactory interface DIY toolkit. The
toolkit consists of: (1) a scent generation kit, a set of electronics
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and accessories that supported three common scent vaporization
techniques; (2) a module construction kit, a set of primitive card-
board modules for assembling permutable functional structures; (3)
a design manual, a step-by-step design thinking framework that
directs the decision-making and prototyping process. We organized
a formal workshop with 19 participants and four solo DIY trials to
evaluate the capability of the toolkit, the overall user engagement,
the creations in both sessions, and the iterative suggestions. Finally,
design implications and future opportunities were discussed for
further research.

CCS CONCEPTS

« Human-centered computing — User interface toolkits; User
studies.
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1 INTRODUCTION

Among all human senses, olfactory perception features prominently
in arousing emotions [1] and memories [10, 91], changing human
behaviors [31, 36], and enhancing cognition [4, 5, 32]. The uncon-
scious aspects of scent makes this sense an instrumental modal-
ity full of opportunities in HCI [69]. Yet, while advances in in-
teractive technologies have shown promise in vision, audio, and
tactile interactions, the use of smell is under-explored [70]. An
intuitive barrier is that scent is an invisible, lingering, and perva-
sive medium [93] that is hard to prototype. Constructing olfactory
interfaces on demand requires significant design proficiency and en-
gineering effort. The absence of powerful and convenient tools [57]
(especially on the hardware side) that reduce design and technical
complexity posed obstacles for future research in the area. "Off-
the-shelf" olfactory display devices are not widely accessible [82],
and previous research has typically focused on developing one-off
interfaces that are constrained by physical forms and application
spaces [4, 9, 15, 18, 86, 94]. Furthermore, there are challenges for
future researchers and new audiences to acquire open-source so-
lutions [60], replicate and innovate the original design [30], and
prototype with digital fabrication machines that are not always
available.

Hence, to solve the problems, we designed an open-source olfac-
tory interaction DIY toolkit - O&O (abbreviation of Open-source &
Olfaction), to empower individuals with no related research back-
ground to design and prototype interactive olfactory interfaces
with enhanced accessibility, mobility, and design guidance. The
toolkit consists of three main components: (1) scent generation kit,
a set of electronics and accessories that can be combined to create
varied olfactory experiences based on three common vaporization
techniques, (2) module construction kit, a set of primitive cardboard
modules for assembling and constructing permutable functional
structures, (3) design manual, a step-by-step design thinking frame-
work that directs the decision-making and prototyping process for
users.

We presented five featured demos to demonstrate the capability
of O&O, such as a VR headset that augments immersive virtual
experiences with the sense of smell and a scent-enhanced coffee cup-
holder that diffuses ambient coffee scents for marketing purposes.

We then conducted a workshop with 19 participants divided in 6
groups to explore the potential of O&O in assisting olfactory inter-
face design and prototyping. During the four-hour workshop, we
examined what participants made, how they engaged in the design
and fabrication process, and their feedback and suggestions on the
toolkit and workshop organization. To further verify that novice
users (especially non-programmers) can build complex prototypes
with the toolkit, we recruited 4 workshop participants for DIY trials
that allowed them to design and prototype individually within an
extended period of five days.
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From the two studies, we found that the O&O toolkit could in-
duce and empower novice users to design and create novel olfactory
interfaces. Hardware components and accessories in the toolkit fa-
cilitated the fabrication and engineering process, and the design
manual provided systematic guidance for people to make design
decisions efficiently. In the workshop, participants could design
and build initial proof-of-concept prototypes from scratch within
four hours. Moreover, in the subsequent individual DIY trials, all
four participants (including three non-programmers) validated the
capacity of the toolkit to deliver high-quality prototypes within an
extended period of five days.

The main contributions of this paper are (1) O&O, a novice-
friendly toolkit for olfactory interface design and rapid prototyping,
which includes scent generation hardware, cardboard templates
for module structure construction, and a design manual, (2) five
featured demos to prove the usability and capacity of O&O, (3)
findings from a formal workshop and solo DIY activities character-
izing how novice users engaged in the olfactory interface design,
what they made, the challenges therein and their suggestions for
future iteration and applications, (4) discussions based on recur-
ring themes in the findings that provide insights and directions for
further research.

2 RELATED WORK
2.1 Olfactory Displays

Since the concept of "symbolic olfactory display” was proposed
by Kaye [46], many olfactory display devices have been developed
for aromatic output [45]. However, most of them were designed
for specific applications or tasks, which led to challenges in ex-
tending their original capability to more scenarios. For example,
for stationary usages, Nakamoto et al. proposed an interactive ol-
factory display for cooking games [67]. Dmitrenko et al. built a
driving simulator system with olfactory stimulation [16]. Further-
more, some researchers have developed various wearable olfactory
displays attaching to different parts of body. For off-face applica-
tions, Amores et al. proposed an olfactory computational necklace
that is responsive to contextual data [4]. For on-face scenarios,
Narumi et al. created a head-mounted flavor augmentation system
supported by visual and olfactory AR technologies [68]. Wang et al.
produced light-weight face-located displays [94]. Choi explored an
interpersonal communication approach by designing glasses that
share odors indicating user identities [12]. In addition to research,
some commercial olfactory displays are being used in mobile pe-
ripherals [39, 40], wearables, and desktop solutions [13]. However,
these devices can only be used with special scent cartridges, which
are limited in scent variety and can be expensive.

While the works above mainly utilized three methods to gen-
erate smells, i.e. atomizing, heating, and fan/air-pump [97], other
novel olfactory display techniques have been researched and de-
veloped [42, 86]. For example, previous work has used ultrasonic
arrays [28], air cannons [98] ,or slideways [59] to change the direc-
tion, distance ,and target of the smell. However, these technologies
are bulky and difficult to obtain. To lower costs and enhance ac-
cessibility, we covered the three most common kinds of generation
methods in O&O.
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With the support of these techniques, previous work has cov-
ered many application fields, such as VR [27, 78], multimedia and
mulsemedia [21, 62, 63], relaxation and sleep aid [3, 52], convey-
ing messages [56], and in-car scenarios [15, 17]. However, despite
various applications demonstrated by previous work, few studies
have provided original design files and detailed guidance for sub-
sequent olfactory experience explorers. Moreover, there was no
scent-enhanced off-the-shelf technology that supports free modifi-
cation and extension.

A few open-source projects were investigating this area. Ha-
Jjukone and Inscent are both open-source scent display devices [18,
60]. However, the former was based on a commercial product (al-
ready not in stock), while the latter was focused on wearable sce-
narios, and its scent generation method is difficult to replicate.
Howell et al. built a reproducible display based on an Arduino con-
trolled fan, which was quite simple in function [34]. While existing
open-source explorations only presented limited odor generation
techniques, O&O included diverse hardware selections containing
both scent-delivery methods and interactive functions.

2.2 Toolkit Construction

In the HCI community, prototyping toolkits are often developed
for those novel interaction interfaces. For example, for tangible
or haptic experiences, researchers explored shape-changing inter-
faces [43, 48, 65, 66, 83, 100], wearable haptic interfaces [19, 73, 84],
modular robots [53, 77, 85], and on-screen haptic interfaces [51, 76].
They overcame challenges in designing, fabricating, sensing, and
actuating interfaces by proposing toolkits that adopted innovative
materials and fabrication processes [43, 95], created functional phys-
ical widgets and control components [48], or developed integrative
hardware and firmware environments [19].

In contrast, for the two full-fledged modal experiences of vision
and audio, researchers have focused more on their value at the
application layer rather than on overcoming the technical diffi-
culties. For visual experiences, most research focused on software
application of graphical user interfaces in VR/AR [92, 102], pro-
gramming [58], interactive displays [26], or to support design and
sensing activities [25, 88, 99]. For audio experiences, there are also
a few toolkits that interact with multimodal augmentation [80]
and web-based environments [87]. In addition, more toolkit stud-
ies have been presented about wearable things [33, 44], fabrica-
tion techniques [20, 64, 71], sensing techniques [89], STEM educa-
tion [92, 101], etc.

A number of recurring and universal principles emerged from
these studies, such as ease of acquisition or fabrication [48], ver-
satility that enables replication and creative exploration [50, 51],
and modularity of reusable structures [53, 54, 65]. In addition, as
olfaction is a unique chemical sense, creating an olfactory toolkit
poses additional challenges in democratizing scent generation tech-
niques, designing scent transmission properties, empowering new
audiences, and dealing with ethical risks.

These challenges explained why there are few toolkits devel-
oped for olfactory applications. Saleme et al. performed a detailed
survey of devices for multi-sensory media DIY, which included DIY
and commercially available olfactory displays [82]. Hamidi et al.
proposed a DIY prototyping platform to create audio interfaces for
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therapy [24]. Martinez et al. developed TESSA for experimenting
with sensory augmentation, which only supported haptic and audio
feedback, while olfactory cues were not included [81]. Maggioni et
al. presented Owidgets, a software toolkit that enabled smell-based
experience design [57]. It was similar to our idea, but focused on
the software solution and multi-modal media integration.

Hence, we aim to develop a general design and rapid prototyping
toolkit for olfactory interfaces. Our work, in contrast, contains
various permutable modules and a design flow that facilitates the
exploratory construction of olfactory interfaces. By lowering the
technological barriers, O&O will allow more researchers, and even
ordinary users, to participate in relevant research.

2.3 Methods for Toolkit Evaluation

Organizing workshops is an effective way to evaluate toolkit works.
Thus, many previous studies have involved the use of this approach.
For instance, the work of PaperPixels conducted a workshop in
three stages (introduction, free task, and demonstration) to explore
the potential of their kit [72]. Peek et al. proposed the Cardboard
Machine Kit, and confirmed the value of their approach by conduct-
ing formal workshops and in-the-wild exploration sessions [71].
Makerwear [47] used the advantages of a pilot workshop study to
obtain the preliminary understanding and first iteration of their
toolkit, and used mixed methods to get quantitative and qualitative
findings in the two follow-up formal workshop studies. Further-
more, Moraiti et al. presented a DIY toolkit for smart soft objects,
and they ran both individual participatory design sessions and
workshops in groups to obtain opinions on the toolkit [61].

Overall, the workshop process and organization method of these
works acted as reference for our workshop design. In addition, we
also adapted our approach based on the actual situation by using
group workshops and solo DIY methods to explore the possibilities
of O&O kits in designing and prototyping olfactory interfaces and
gathering design insights and feedback for iteration.

3 DESIGN PRINCIPLES

Obrist et al. [57] and Ledo et al. [50] evaluated the value of building
an HCI toolkit into five criteria that call for (C1) simplified expertise,
(C2) appropriate design guidance, (C3) ease of material acquisition
and fabrication, (C4) compliance with existing technologies, and (C5)
easy replication and creative exploration. To summarize and adapt to
the actual needs, we restructured the mentioned design principles
that O&O meets into two main categories. The first is accessibil-
ity, indicating the ease of design, fabrication, and interaction. The
second is flexibility, implying versatility and modularity in forms
and applications. In addition to these two, we added a third need:
health and safety [90].

3.1 Accessibility

3.1.1 Easy to design. The motivation to offer appropriate design
guidance supported by simplified expertise in olfactory interface
development (C1, C2) is to broaden the design vision and facilitate
the decision-making process on value proposition, functions, and
implementations of the projects. Therefore, this toolkit proposed
progressive design steps, efficient and interactive design tools (e.g.
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storyboards, sticky notes), and prototyping guidance on the corre-
sponding hardware for novices.

3.1.2 Ease of fabrication. To reduce prototyping complexity and
promote engagement of new audiences in the development of ol-
factory interfaces (C3), we encourage replacing digital fabrication
methods used by most previous research with more widely avail-
able alternatives. In terms of fabrication materials, we recommend
acquirable and easily handcrafted options, such as cardboard or
foam board. Materials such as ABS, iron, wood, or acrylic, always
require demanding fabrication environments and safety training
sessions for the operation of machining tool, and hence will dis-
courage novices with less technical experience from working with
them. In terms of fabrication tools, the general applicability of man-
ufacturing equipment and the complexity of manipulation are also
within the design scope. Although digital fabrication methods are
not prohibited, the overall design principle should be friendly to
non-professional users who can create prototypes using only simple
tools, such as scissors.

3.1.3 Ease of interaction. To reduce the technical barriers of scent
display techniques for non-programmers (C4), we built our engi-
neering solutions on open programming platforms (e.g. Arduino,
Rasperry Pi) and proposed compatible electronic modules. Further-
more, the components can be integrated and developed with other
commercial DIY toolkits (e.g. sensor kits) to enhance the design
complexity and meet diverse needs.

3.2 Flexibility

3.2.1 \Versatility. Versatility demonstrates the high flexibility of
this toolkit to support replication and explore diverse scenarios
(C5). Murray et al. classified olfactory interface applications into
two general categories based on location and scent delivery tech-
nologies: "Wearable" and "Placed in the environment” [63]. After
further considering the major achievements and research interests
in this area, we presented a more extensive classification that in-
tegrates our toolkit design with domains of Standalone, IMEs
(immersive media experiences), Portable, Wearable. Detailed
explanations of the four application areas are as follows:

Standalone defines medium/large-sized olfactory delivery de-
vices with the floor or desktop as their contact carriers.

IMEs can be combined with immersive virtual experience sys-
tems to simulate compelling multimodal experiences.

Portables represent small/medium-sized devices that augment
the original functions of portable objects, such as packages and
cups.

Wearables comprise two categories: on-body and head-mounted,
differentiated by the relative location of its attachment to an olfac-
tory organ.

Different application scenarios require varied olfactory experi-
ences supported by multiple scent generation technologies. After
re-evaluating the practicality and accessibility of scent vaporization
techniques mentioned in existing studies [63, 97], we selected three
technologies (atomization, heating, and airflow acceleration) to in-
clude in the toolkit design. These technologies can accommodate
odor sources in almost any physical state (solid, gas, liquid) and
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create rich odor experiences. For example, atomization that dis-
perses liquid scent sources is characterized by the soft, moist, and
non-intrusive quality of delivery. Heating is a traditional method
of scent generation and can be adapted to most heat-resistant odor
sources, such as fragrant woods. Airflow can be used to accelerate
the vaporization process at the liquid surface or bubbling to create
light and breezy olfactory experiences.

Furthermore, since scent is lingering and fragile [55], spatial
and temporal factors in the transmission process, such as direction,
distance, burst rate, mixture, pattern, speed, and duration, also
contribute to variations in experience. Any physical forms that
appear in the scent transmission process will implicitly interfere
with the original characteristics of the scent. Thus, we considered
the design for scent transmission mechanisms as another approach
to design diverse odor experiences.

3.2.2 Modularity. To meet different application needs of olfactory
interfaces (C5), we adopted a modular design approach that inte-
grated the mentioned scent generation and transmission features
into minimal viable components. Rather than an all-in-one design,
creating permutable modules enhanced re-usability, opened up
multi-application scenarios for subsequent researchers, and min-
imised the effects of mistakes from the overall system. In addition,
while traditional olfactory interface construction was fixed and
difficult to modify or extend, we aim to expand the richness of
the primitive components to adapt to different forms, sizes, scent
generation technologies, and odor sources.

3.3 Safety and Heath

When introducing unstable factors such as high temperatures or lig-
uids to interactive systems, it is necessary to fully consider whether
it will impact the safety of users and propose corresponding pre-
cautions.

Furthermore, while encouraging users to explore the possibilities
of olfactory interfaces, we also considered the pitfalls of techno-
logical misuse and are obliged to inform future researchers of the
norms of prototyping with odors. We emphasized the significance
of selecting appropriate odor sources and assessing their safety,
pleasantness, and any potential negative implications. Designers
are required to reflect immersively in the actual application scenar-
ios from the perspective of end-users: for example, people do not
want an odor to play continuously in a specific context, resulting
in too high a concentration and causing discomfort. Hence, the de-
signer should consider the negatives caused by odor diffusion over
a long period. Further, an odor that is pleasant for most people can
also cause psychological or physiological harm to some people, so
the designer should think about the spatial transmission boundary
of the odor. During the transmission process, odor contamination
may cause discomfort and health risks to users, so scent sources
should be prevented from direct and unintentional contact with
absorbent materials or additional scent sources during the process
of generation and transmission.
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4 "O&O" TOOLKIT OVERVIEW

A toolkit overview is shown in Fig 2, O&O consists of three parts:
a scent generation kit, a module construction kit, and a design
manual. The project is open-source and available on Github!.

4.1 Scent Generation Kit

The scent generation kit is comprised of a collection of custom-
designed driver modules, output components, and optional acces-
sories. We offered wiring guidance and programming examples for
integration with the Arduino platform.

411 Driver modules. We designed two sets of driver modules
for ultrasonic atomizers and output components supporting PWM
control (fan, heater, air-pump, motor). All modules support manual
and program control modes. Manual mode allows users to directly
control the modules with passive switches (e.g. buttons), while
program mode responds to embedded programming. We expect
non-programmers to achieve simple olfactory display activities
by using the driver module in manual mode. In addition, both
module sets have a basic version and a Pro version with advanced
capabilities. To further reduce memory costs, all modules have a
unified layout with the ports of control, power supply and output
components. The control ports of basic modules are identical to
the standard IO ports (digital I/O, VCC, GND) of ordinary Arduino
modules.

Atomizing driver modules. In atomizing driver modules, a 555
timer circuit is utilized to generate a clock signal to control MOSFET,
and an LC oscillation circuit is used to drive the atomizers [23]. In
addition, the modules allows atomizers of various specifications
(108KHZ/160KHZ) to work by adjusting the blue rheostat to an
appropriate value (667 Ohm/450 Ohm).

Basic Module. The pin(VCC) of the control port is connected to
an internal 5V voltage supply from an LDO. The switch of the driver
is controlled by an N-channel enhancement MOSFET (NCE6005 in
this version), so pulling pin(SW) up to VCC will turn the driver on,
whereas connecting pin(SW) to GND will turn it off, and can be
easily achieved by connecting a tangible button or Arduino digital
pins.

Pro Module. Before powering up, either set of the pins represent-
ing program and manual modes respectively must be shorted by a
jumper cap; otherwise, the power supply chip will fail to function
correctly. In program mode, users connect modules to Arduino
using the five pins on the first row: pin(SW, GND) for switching
ON/OFF and pin(CS, DI, SCK) that constitutes a 3-wire SPI protocol
to control the driving voltage, thus adjusting the fog intensity. In
manual mode, users connect a button module to the pin(SW, 5V,
GND) to control ON/OFF and a 100Kohm rheostat module (wiper
end must be connected) to the remaining pin(RL, RW) to control
fog intensity.

PWM driver modules. Each PWM driver module selects the
function of operating voltage (5V, 9V, 12V) to match the standard
operating conditions of the output components. Ensure that the
operating voltage is always higher than the supply voltage (if the 9V
power supply is used, only 12V operating voltage can be selected).

1github.com/cheerlucy/ProjectO-O
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Basic Module. The control mode of the module is the same as
the basic module of the atomizer. In addition, in program mode,
pin(SW) allows the PWM signal to control the output intensity.

Pro Module. The Pro module introduces additional control over
the polarity components, such as DC motors and Peltier pads. The
module is an H-bridge driver (RZ7889) in essence. The user can use
dual-channel PWM signals to control the polarity and strength of
the output components (such as the positive and negative rotation
and speed of the fan) or use two button modules to control the
positive or negative full strength operation. It is important to note
that a wait time is necessary before switching between positive and
negative directions to prevent damaging the output components.

4.1.2 Output components. Asshown in Table 1, the toolkit includes
four categories of output components: atomizer, heater, fan, and
air-pump. We tested and offered multiple components with various
specifications for each category. Users may also adopt their own.

4.1.3 Optional accessories.

Odor sources and containers: Recognizing and exploring various
forms of odor sources in daily life is an initial step in empowering
new audiences [69]. A broad spectrum of odor source variants
inspires design scenarios for users. Therefore, this toolkit presents
liquid, solid, ointment, and powder forms of everyday odor sources,
as well as assorted containers for appropriate materials.

Liquid sources: While essential oils are the most recognized lig-
uid aromatic substance, daily items, such as drinks, liquid laundry
detergent, or alcohol, can also be involved in exploratory applica-
tions. When selecting a container for liquid sources, we prioritized
polymeric waterproof materials, such as plastic, glass, and iron.

Ointment sources: Ointments (soap, butter) are flowing scent
sources that generally maintains a solid form but transforms into
liquids after heating or wetting. Therefore, the container carrying
the ointment substances should have the same requirements as
liquids.

Solid sources: Solid sources, such as pine, coffee beans, Chinese
medicine pills, often diffuse their fragrance by heating. Thus, re-
searchers should avoid selecting solid sources with low combustion
points (e.g. licorice) in the design for safety reasons. The containers
do not need to be waterproof and can be made from fabric and
cardboard.

Powder sources: Mishandled powder sources are hazardous to
respiratory tracts and eyes, which explains why they have not been
favored substances in olfactory research. However, they are unique
in their flexible characteristics, as they are able to switch between
solid and liquid forms when in contact with water. There are many
intriguing but under-explored possibilities in using powder scent
sources, such as tea powder, powdered laundry detergent, or season-
ing. As a solution, we have found that airborne dust contamination
can be effectively prevented by wrapping powder in yarn or cloth.

Control components: We provide users with manual and pro-
gram interfaces for control. We recommend button and knob mod-
ules for those with non-programming backgrounds and offer pro-
gramming examples for those well-acquainted with open-source
electronic prototyping platforms such as Arduino. After the toolkit
connects the olfactory interface to an open-source platform, users
can further integrate their design with existing Arduino kits (e.g.
sensor kits). Our following research opted for an electronic module
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Figure 2: Toolkit overview. a) Scent Generation Kit, a-1: electronic modules, a-2: Arduino boards, a-3: driver modules, a-4:
output components, a-5: odor sources, a-6: batteries, b) Module construction kit, c¢) Design manual.

Table 1: Output component and optional accessory specifications.

Optional accessories

Scent
cen sou‘rces ‘ Liquid ‘ Ointment ‘ Solid Powder
and containers
Control Electronic Module Kit
ontro Button modules Knob modules ee rqmc (.) uie B
components (32 modules, including 15 sensors)

Connection parts ‘ Straps and staplers Paper clips ‘ Hook-and-loop fasteners ‘ Double-sided tapes

Output components

Atomizer ‘ 108KHZ(20mm in diameter) ‘ 160KHZ(16mm in diameter)
Heater 5V 0.4W 80°C 5V 0.8W 100°C 5V 1.5W 90°C 5V 1.3W 120°C
(5mm*7mm) (5mm*7mm) (16mm in diameter) (20mm in diameter )

Fan/Air-pump 5V circular fan (20mm/40mm in diameter) 5V square fan (20mm*20mm/40mm*40mm)
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Figure 3: Driver Modules.

kit from YwRobot (32 modules, including 15 sensors, and some
output modules such as LEDs, servo, relay, LCD, IR control, etc.) to
be included in our kits for advanced design [41].

Connection parts: In addition to the most used double-sided
tape in DIY, we supply various alternative joining accessories and
techniques, including paper clips, staples, leather straps, and hook-
and-loop fasteners. These pieces are applied to optimize the robust-
ness of installation and minimize interference from the smell of the
tape.

Power supply: For safety reasons, we devised a novice-friendly
3-9V power supply. In subsequent studies, three capacities (200mAh,
600mAh, 1000mAh) of 3.7V Li-ion batteries and a 9V battery were
provided. As a reference, the maximum operating current of all
the modules is 200mA (atomizer), which means that the 200mAh
battery can last for 1 hour (for continuous use).

4.2 Module Construction Kit

The module construction kit is a set of foldable paper-board tem-
plates made of 1.5mm cardboard. When combined with a scent gen-
eration Kit, it creates reusable minimal viable modules for scent gen-
eration and transmission. The design process can take advantage
of the infrastructure foundation by using plug-and-play modules
on a custom structure defined by users and application scenarios.

4.2.1 Size and shapes. A rich abstraction of modules is crucial for
any creation (Fig 4 a). We designed four sizes of modules (70mm,
40mm, 30mm, 20mm) for every application category in the de-
sign section. Wearable and portable interfaces will benefit from
light-weight modules with 20mm or 30mm sizes, while desktop
applications prioritize larger units.

In addition, the toolkit presented cardboard modules with primi-
tive forms (square, cylinder, flat, polyhedron, or free-design). The
inclusion of forms was considered from aesthetic and functional
perspectives. Square forms were more spatially efficient, and the
cylinder’s curved shape was more visually compatible with body-
based wearable interfaces. The flat forms only supported the heating

techniques and presented a more compact structure to diffuse fra-
grance by laminating a solid fragrance tablet with a heating pad.
Moreover, the multifaceted polyhedron forms introduced multiple
angles for scent delivery mechanisms and inspired people to con-
sider spatial properties in the display. Considering the cognitive
load for novice users and the complexity of the module structure,
we did not provide cardboard templates for this module in the
subsequent demonstration and studies.

4.2.2  Structure and assembly. The three scent generation technolo-
gies rely on different principles in system operation and require
customized modular structures for implementation. In the follow-
ing, we take the cylinder module as a demonstration example il-
lustrating how scent sources, containers, output components, and
the cardboard construction work together (the atomizer module
is shown in Fig 4 b). More assembly techniques and examples are
available in our Github repository.

Atomizer: Step 1: Soak cotton balls/sticks/puffs with liquid scent
source. With a preliminary performance testing, we found that
the balls delivered the most robust fog under the same state of
saturation (ball > puff > stick). Step 2: Cram the cotton into a glass
container. Step 3: Use a rubber band to tie the atomizer with the
bottleneck to seal liquid with a stretching force. Ensure the wet
cotton is in complete contact with the bottom of the atomizer. Step 4:
Construct forms: fold the cardboard template for atomizer modules
and fit the container in the top and bottom hollows of the cardboard
module.

Fan: Step 1: Fold the cardboard template for fan modules. Step
2: Install and secure fan components into the template by friction.
For a stronger bond, users can tie components with leather straps.

Heat: Step 1: Install the heating pad by penetrating a 3mm hole
on the bottom of the cardboard template. Prevent overheating by
fixing the heater in the hole vertically and isolatedly from the
surrounding cardboard surfaces. Step 2: Fold the cardboard template
for heating modules.
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Figure 4: a) Generation modules overview. The rest of the smaller module templates can be found in the appendix of the design
manual. b) Module structure and assembly c) Transmission modules overview.

4.2.3 Transmission modules. We designed five types of square
modules based on the main characteristics of odor transmis-
sion (distance, volume, patterns, horizontal directions, verti-
cal directions), shown in Fig 4 (c). These modules can help users
adapt to different transmission needs and can also act as inspiration
for more transmission functions.

424 Cardboard handling measures. Traditional olfactory inter-
faces are usually constructed of plastic or metal with dense and
smooth surfaces. Designing and prototyping olfactory interfaces
using cardboard is a challenge because the fiber texture is not well-
suited for "association with odor" in many aspects, such as water
resistance, absorption of odor, and heat resistance. Here we provide
some proven solutions we used in several demos to mitigate those
concerns.

Water resistance: As shown in Fig 5 (a) and tested with multiple
demos, the stretching force exerted by leather straps can securely
fasten the atomizer to the top of the odor source container and seal
the liquid. However, to lower the risk of water leakage, we suggest
an enhanced method to anchor the atomizer with multiple leather
straps or wrap the connection with a thermoplastic sleeve [94].
Moreover, if users prefer to use cardboard instead of waterproof
containers to hold the liquid scent source, they can apply the water-
proof plastic film on the surface of the paper template or coat plastic

bags as insulation. The approach was implemented in a desktop
prototype in the next section which confirmed its feasibility.

Thermal insulation: The principle of thermal insulation is
to prevent direct exposure of heaters to the cardboard through
a structural arrangement. As shown in Fig 5 (b), we positioned
heating components vertically and isolated it in the middle of the
module to prevent overheating. With the air and scent sources as a
buffer, both the end-users and cardboard were protected from an
accidental burn.

Anti-contamination: Cardboard is a material that has its own
odor and also tends to retain other scents which may cause some
interference. As shown in Fig 5 (c), to overcome the limitation,
designers can apply a high-polymer film or tinfoil on both surfaces
of a cardboard piece for odor insulation. The coating method can
significantly reduce unwanted scent absorption and prevent surface
contamination.

4.25 Skeleton structure. Instead of all-in-one interfaces that are
not extendable, we propose an interface system that combines free
skeletal structures and interchangeable modules described above.
Designers can explore innovative forms of the skeletal body de-
pending on design needs and DIY convenience. For example, online
resources provide foldable templates?, wearable templates®, wire

2www.templatemaker.nl/, www.pinterest.com/pin/47006389830828015/
3https://www.pinterest.co.uk/joychan315/dress-template/
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Figure 5: Cardboard handling measures: a) water resistance, b) thermal insulation, and c) anti-contamination.

templates?, and 3D models® for future researchers to use. By adapt-
ing the subtractive-and-additive design and prototyping methods
(subtract scent delivery ports on the skeleton faces and plug ol-
factory modules in the ports), designers can imbue the original
physical design with olfactory capabilities. In addition, DIY ma-
terials are not limited. Although we made the skeleton structure
with foldable paper-boards in our following study, users can apply
the cardboard olfactory modules on leather surfaces, fabrics, or
3D-printed designs. However, designers need to reflect on whether
a material has certain properties that will negatively affect olfac-
tory experiences when adopting it. Take leather as an example. We
suggested that designers can use the following strategy to remove
its original odor interference: (1) consider means of isolating the
original order, such as coating, (2) avoid direct contact between
the material and the scent display paths through optimal design.
Similar approaches can be applied to several materials listed above.

4.3 Design Manual

The design manual rethought technical production from the lens
of design disciplines by introducing a human-centered ideology
supported by an accompanying decision-driven process [11] and
common design tools [2, 74], such as storyboards, sticky notes,
paper templates, interactive questionnaires, and evaluation forms.
The manual walked users through five design thinking phases de-
veloped by the Hasso Plattner Institute of Design at Stanford [14]:
empathize, define (problem), ideate, prototype, and test. By follow-
ing a step-by-step design and prototype guidance, non-professional
designers will find it easier to create innovative olfactory interfaces.

Empathize: Before forming a concrete design, it is critical to
understand its motivation and value proposition [75], as this step
ensures that the designers can fully empathize with the human-
centered needs of users. Common design approaches include con-
sultation with experts, observation, and immersive reflection [75].
Therefore, the design manual provided a guiding framework to
simulate similar methods. The framework covered four highly gen-
eralized and well-proven design motivations to design olfactory
interfaces (evoking emotions, linking memories, delivering mes-
sages, and integrating with multi-modalities) and four potential
application scenarios (education, marketing, healthcare, and arts).
In addition, we provided persona templates and storyboards to help
designers put themselves in the shoes of users in order to think
about their needs, goals, frustrations, emotions, and contextual

“https://www.pinterest.com/bethvw/wire- templates/
Shttps://www.yeggi.com/

life scenarios. By using both tools, novice designers can refer to
expert advice and combine it with their life observations to define
personalized design goals.

Define (problem): In this phase, the design manual encouraged
designers to articulate a problem identified in the empathy stage
in one sentence and provides a concrete example to instruct a
human-centered definition. Furthermore, to guide the direction and
efficiency of solution brainstorming in the next phase, we inspired
designers in defining an initial interface form by presenting four
dominant olfactory interface forms (VR, Standalone, Wearable, and
Portable). Moreover, considering the feasibility of the design, the
design manual constrained the designers by asking them to specify
three principal attributes and functions of the design.

Ideate: Now, the designers were ready to start generating con-
crete solutions. It is crucial to get as many ideas as possible at
this stage [2], but the olfactory interface design is new to most
designers. Thus, instead of the traditional unguided brainstorming
approach, the design manual deconstructed all the decision points
involved in designing an olfactory interface and allowed designers
to develop systematic creative thinking and refine their imagination
within the framework progressively. These decision steps walked
designers through selecting appropriate odor sources, containers,
cardboard module templates, vaporization techniques, transmission
properties, and interaction methods and assessing potential ethical
impacts. In addition, to further facilitate user brainstorming and
comparing design decisions, we provided interactive questionnaires
for each of these steps. If users print off the design manual, they
will find that the questionnaire options are modular and easy to
tailor. In teams, designers can cut out and combine different design
decisions at every step to create a rich set of alternatives that can
be visually compared and made prioritization.

Prototype: In this phase, the design manual instructed the de-
signers to use the hardware kit and select the appropriate acces-
sories for prototyping. We provided material sheets, illustrated
assembly steps, videos, and 1:1 ready-to-print paper templates to
facilitate the DIY process of functional cardboard modules. Fur-
thermore, we explained the wiring and programming process and
the methods of using the program and manual functions of the
electronic modules in detail for non-programmers.

Test: By its nature, the design thinking process is iterative and
flexible, so the process described above does not proceed in a linear
fashion. In order to gain the purest and most informative insights
for a particular project, these design phases may be switched, per-
formed simultaneously and repeated multiple times to expand the
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solution space and narrow down the best solution. After completing
the first prototype, the design manual provided a project rating
form (on a scale of 1-5) that scores usability, feasibility, creativity,
security, aesthetics, and overall satisfaction. These ratings can be
from the designers themselves or from the end-users. From here,
knowledge gained in later phases can be fed back non-linearly to
earlier phases to help designers summarize iterative requirements
and further improve prototype quality.

5 DEMONSTRATION

In Fig 1, we highlighted five prototypes illustrating how O&O can
support the design and prototyping phase of olfactory applications.
Each prototype relates to the four common olfactory interface forms
summarized in the design section and can easily be extended with
further design and development.

Aromatic mask. The aromatic mask (Fig 1 b) is a wearable
olfactory interface and on-face template developed in response to
the pandemic era. Two cylinder modules (40mm in diameter) were
attached on the cheek surfaces of the mask with reusable Velcro.
Scents were delivered to end-users from the 20mm holes hidden
in the connection part. Depending on needs, users can replace the
original modules with a selection of functional modules of different
sizes, shapes, and generation methods.

Scent-notification watch. The scent-notification watch is wear-
able template designed for the wrist. We simplified the design to
keep the watch light-weight (under 30g). The watch surface was
made by folding a 100mm * 30mm rectangular cardboard with holes
cut out on both sides (as shown in Fig 1 ¢) and plugging a 20mm
cardboard module into the holes with friction. Various alternate
modules (20mm) can accommodate the installation. Moreover, the
bracelet is an adaptive nylon strap that passed through the 15mm
cutout on both sides of the watch body to secure the device against
the wrist. Its flexible surface can also be used to secure electronic
components and sensors.

Scent-enhanced coffee cup-holder. For the purposes of scent
marketing, the scent-enhanced coffee cup-holder (Fig 1 d) spread
augmented coffee flavors by integrating portable scent displays
into the original cup-holder design. The three-fold cup holder sup-
ported the weight of the coffee using the folded structure. A 20mm
slot was cut out on its top surface to mount a scent generation
module with the same size for aroma diffusion. The design accom-
modated varied scent generation techniques (ultrasonic, heat, or air
pump/fan diffusion) depending on attributes of specific coffee types.
For example, atomizing modules that release moist vanilla odors
can be paired with aromatic London Fog; heating modules with
a dry, coffee-roasted aroma fits Espresso well; air-flow diffusion
that emits natural bean flavors can be mixed with the odor of Flat
White.

Olfactory augmented VR headset. In this demo, we explored
a low-cost olfactory VR solution that can be combined with the
open-source cardboard VR templates released by Google (Fig 1
e) [38]. To assemble the two robustly, We used hook-and-loop fas-
teners. A preliminary user experience test suggests that the size
of modules should not exceed 40mm (30mm is the best) to avoid
excessive weight. Moreover, we built a Unity-based VR scene to
test this headset and used virtual events (object collision) to control

Lei and Lu et al.

scent display behaviors in PWM program mode. To further aug-
ment spatial experiences, transmission modules can be added to
the scent ports.

Desktop olfactory displays. For desktop and long-lasting fra-
grance needs, we adopted the largest (70mm) olfactory module
in this scenario (Fig 1 f). We also explored multiple user control
methods with Pro drivers, such as Bluetooth, Arduino program, a
rotary knob, and a button, as well as the effects of layering scent
transmission modules to change odor properties.

6 STUDY 1: WORKSHOP

To gain preliminary understanding of the usability of the toolkit,
feedback and issues, as well as what and how users could build
with O&O, we conducted a formal workshop.

6.1 Participants

We recruited 19 participants (10 female, 9 male), aged 20 to 34 (M
= 23.2, SD = 3.4) for this workshop. All of the participants were
recruited from local universities, and included 11 undergraduates,
6 postgraduates, and 2 faculties. None have research experience
related to olfactory interfaces, but all expressed interest in this field
and volunteered for the workshop. A pre-study questionnaire was
released to participants inquiring their field of study (fill in the
blank), sensitivity to smell, DIY ability, and Arduino programming
ability (5-point Likert scale) (see Table 2).

They had diverse educational backgrounds, including computer
science, biology, interaction and industrial design, mechanical en-
gineering, and electrical engineering. All participants reported a
healthy olfactory function with no history of odor allergy. Before
the workshop started, the author introduced the workshop process
and safety precautions, and all participants signed an informed
consent form and were randomly divided into six groups.

6.2 Procedure

Our prepared materials are shown in Figure 6 a), including O&O
toolkits, various odor sources, accessories (e.g. blank cardboard
pieces), and various tools (including multimeters). The workshop
lasted for about 4 hours, and was divided into four stages:

1) A lecture on olfactory interface research (~20 minutes). We
presented a series of classic studies within this field [12, 18, 29,
49, 78, 94] to help the participants quickly get an overview of the
nature and application of olfactory interfaces. Then, a number of
existing olfactory display products and current design challenges
were listed to provide concrete references.

2) Training program in the use of O&O (~30 minutes). The partici-
pants were first given some time to familiarize themselves with the
kit and other materials. Then, we divided them into smaller groups
and explained to them the use of the design manual, the wiring and
control of the electronic modules, and the cardboard assembly. Two
example demos (the watch and mask) were used in the instructive
explanation of the construction process.

3) Group brainstorming (~40 minutes). During the group discus-
sion, sticky notes and colored pens were provided. The use of the
design manual was encouraged to help participants think and sort
out ideas.
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Table 2: Demographics of Participants.

Arduino DIY  Smell
Group Participants Gender Age  Occupation  Programming s e Field of Study
. Ability  Sensitivity
Ability
P1 F 22 undergraduate 2 3 4 interaction design
G1 P2 M 28  postgraduate 2 4 4 mechanical engineering
P3 F 21 undergraduate 2 3 4 applied mathematics
P4 F 22 postgraduate 3 2 5 electronic engineering
G2 P5 M 22 undergraduate 4 4 4 digital media
P6 F 21  undergraduate 4 4 4 industrial design
P7 M 21  undergraduate 4 3 4 digital media
G3 P8 F 23 undergraduate 4 4 3 computer science
P9 F 19  undergraduate 2 4 5 bioscience
P10 F 24 postgraduate 1 4 4 information design
P11 F 20  undergraduate 4 4 4 industrial design
G4 P12 M 34 faculty 5 5 4 STEM education
P13 M 21  undergraduate 4 3 4 visual communication
P14 M 22 undergraduate 4 5 3 interaction design
G5 P15 M 24 postgraduate 4 3 3 electronic engineering
P16 M 21  undergraduate 4 4 4 electronic engineering
P17 M 23  postgraduate 5 4 4 design & engineering
G6 P18 F 28 faculty 3 5 3 interaction design
P19 F 24  postgraduate 2 4 5 graphic design

Figure 6: Workshop procedure: a) preparation, b) lecture, c) brainstorming, d) making and prototyping.

4) Prototype construction (~2 hours) and final presentation(~30
minutes). With the exception of Group 1, most groups had partici-
pants who could program. For G1, the organizer provided necessary
programming guidance. Considering the short time participants
had, we only required them to carry out a minimum amount of
development work, including physical prototype construction. At
the end, all groups showed their prototypes on site and presented
their ideas verbally.

The last two stages were recorded in video for analysis, and par-
ticipants filled out a post-study questionnaire. The questionnaire
contained 13 5-point Likert scale questions and two subjective ques-
tions, regarding their evaluations on various aspects of the O&O
(e.g. functionality, usability, versatility), design decision-making
reasoning, and overall feedback on workshop organization. We then
conducted structured interviews with the participants through face-
to-face meetings and telephone calls based on their preferences.
Each interview lasted about 20 minutes. Before the interview, we

first familiarized ourselves with the questionnaire results and the
workshop recordings (video and used manuals) to collect inter-
esting points that constructed in-depth interview questions and
conversation topics.

During the interview, we asked questions about their engage-
ment, such as how they brainstormed ideas and made design de-
cisions collectively. We then asked them to give feedback on our
toolkit and the workshop organization. Furthermore, we also en-
couraged them to report difficulties and challenges they met. The
latent reasons and explanations would be pursued for those ques-
tionnaire questions with low ratings. For instance, if a participant
rated lower than 3 for the question, "To what extent, the design
manual is easy to understand?”, we would ask him/her to articu-
late the drawbacks of the manual and provide improvement advice.
Lastly, we would ask them to envision potential applications of our
toolkit in the future.
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With the consent of the participants, we recorded audio during
the interview process and transcribed it into text for later analysis.
For privacy purposes, we anonymized their data in the transcript
and in the paper.

6.2.1 Data Analysis. We used a mixed methods approach to an-
alyze the collected data including the used design manuals, pre-
and post-study questionnaires, transcribed interviews, and work-
shop videos. The two researchers first browsed through the data
collected on site (prototypes, manuals, and videos) to gain a basic
understanding about the engagement process and outputs of each
group. Then, we did a quantitative analysis on the questionnaire
results to learn how participants assessed the toolkit and workshop
organization and whether their expertise (DIY, programming) is
correlated with their assessment.

After that, we conducted thematic analysis inductively with the
interview transcripts [8]. We first familiarized ourselves individu-
ally with the data. After that, one searcher did open coding to get
an initial coding list of 280 codes. Another researcher went through
and validated the list. Lastly, we discussed together for several
rounds to generate and identify recurring themes from the codes.
The themes covered how participants evaluated and interacted
with the toolkit (design manual, electronic and cardboard modules)
and the overall workshop process, their hardware programming
challenges, and perspectives on further applications.

6.3 Findings

Here, we described the common themes arising from the data analy-
sis. For the Likert-scale questions, we report means (M) and standard
deviations (SD) - a score of 5 is best.

6.3.1 Overview of participant-produced prototypes.

The prototypes presented by the participants are shown in Fig 7,
which provided us with an intuitive understanding of the usability
and versatility of the toolkit.

G1 designed a scent memory mask (Fig 7 a) to alleviate the
nostalgia senses of people with the unique scent of home. The
prototype of this group did not fully meet their original ambition
for various reasons including the technical complexity of using
atomization and pump transmission, limited time, and the fact
that none of the three group members have Arduino programming
experience. Nonetheless, they were able to use the manual mode to
control the odor generation module and demonstrated their design
ideas.

G3 built an "olfactorization piano" (Fig 7 b), a scented music
instrument that plays music of odors by pressing keys.

G2 designed a mobile phone case alleviating gaming addic-
tion (Fig 7 c) by sensing the device temperature. When it detects a
rising temperature due to gaming, the fan turns on to release an
unpleasant smell, thus discouraging users from playing games.

G4 designed a plant watering reminder machine (Fig 7 d)
that display odor by reading the input from a soil moisture sensor.
The idea is to use smell and light to represent the "mood" of the
plant, taking advantage of the unobtrusive and persistent nature
of smell notifications [56] while trying to evoke empathy for the
plant in users [96].
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G5 constructed a "scent-enhanced speaker” (Fig 7 e) changing
odor delivery and lighting pattern based on the rhythm of the music.

G6 created a model of an indoor space to simulate a scent
reminder function built into an air conditioner (Fig 7 f). The
system delivers a fresh mint scent in the morning to wake up users
and displays a coffee scent in the afternoon to remind people to
take a tea break.

On the whole, every group except G1 completed their proposed
prototypes, and the ideas of each group were novel and unique.
This demonstrated the overall capacity of O&O to help novice users
envision and achieve design aspiration.

6.32 Overall Ratings.
The results of the post-study questionnaires are presented below:

All participants were moderately satisfied with the prototype
completed by their team (M = 3.9, SD = 0.7). 15 participants ex-
pressed that there were iterative opportunities in their prototypes
and proposed concrete improvement directions on functionality
or appearance. On the question of "Overall evaluation of the 0&O
toolkit (including design manual)", all participants gave a score
greater than or equal to 3 (M = 4.1, SD = 0.7). Moreover, they felt
that the toolkit would inspired them on exploring olfactory inter-
faces (M = 3.8, SD = 0.8) and could help them build smell-enhanced
prototypes more quickly and efficiently (M = 4.1, SD = 0.8). Specifi-
cally, they confirmed the versatility of the toolkit (can be used in
broad areas) as excellent (M = 4.3, SD = 0.5).

The scores related to the module construction kit were relatively
neutral, mainly in the difficulty of assembly (M = 3.4, SD=1.0, 1 -
difficult, 5 - easy), and flexible integration with the current design (M
= 3.4, SD = 0.8). Participants rated the quality of this workshop very
high (M = 4.5, SD = 0.5), believing that it stimulated their interest
in this field (M = 4.3, SD = 0.6) and promoted their understanding
of olfactory interface research(M = 4.2, SD = 0.6).

Regarding the correlation between personal ability and the toolkit
evaluation, we did not find a significant correlation among most
questions, indicating that our toolkit possesses consistent perfor-
mance for different user groups (from novices to experts). The only
two significant correlations (Pearson correlation) were: 1) partici-
pants’ DIY ability was strongly correlated with their assessment of
the toolkit’s capacity to improve prototyping efficiency (r = 0.64,
p = 0.003). 2) Participants’ programming ability has a moderate
negative correlation with their evaluation of how easy the card-
board is to assemble (r = -0.516, p = 0.024), which may be because
programmers tended to consider cardboard assembly to be more
complex than programming.

6.3.3 Design with a design manual.

Most participants recognized that the manual could provide valu-
able design guidance and improve the efficiency of the decision-
making process (M = 3.8, SD = 0.7). Some manuals used are shown
in Fig 8.

The manual helped form and refine ideas. 14 participants
acknowledged that the design manual, especially the empathy tools,
helped them form and refine ideas. For instance, P14 remarked, "The
manual provides a framework to improve design efficiency. You will
get the design you want naturally by going down from it step by step.”
P6 reported on the role of O&O in inspiring olfactory interface
design: "There is no doubt that the toolkit can inspire application
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Figure 7: The prototypes made in the workshop: a) Scent memory mask, b) Olfactorization piano, ¢) Aromatic phone case, d)
Plant watering reminder, e) Scent-enhanced music speaker and f) Room model with odor display.
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Figure 8: Design manual in use, a), b), ¢) and d) were derived from Group 1, 5, 6, and 2, respectively. For each, the top was the
"Define" page, and the bottom was the final "Test" (and evaluation) page.

design related to human olfaction, especially for those who may not
have much exposure to this field. Although the manual is relatively
thick, it is user-friendly and clear to understand..."

P7 suggested that consulting the expertise advice in the empathy
section of the manual is particularly enlightening: "We originally
formed a few ideas about social interactions, but felt they were not very

practical. Then, we shifted minds after getting inspired by the ’art’

direction in the design manual (on page 5)." In addition, P15 confirmed
the effectiveness of the other empathy tools: "This manual will be
useful for layman by guiding users to analyze user scenarios using
the persona tool and storyboards.” The group of P15 (G5) showed
their immersive and contextual design thinking in forming ideas in
Fig 8 (b).

However, for P13, P17 with design backgrounds, they used their
experience and intuition to form ideas because they had been fa-
miliar with the design thinking process in daily training.

As aresult, All groups produced at least two additional ideas in
the brainstorming phase. For example, P8 (G3) would like to make
a "mood perfume" wearable device that allows users to select the
scent of their body according to their mood. P3 (G1), P5 (G2) wished
to add a scent refresher to their laptops or dressing mirrors. P13
(G4) proposed a scent-enhanced social product that allows people
with matching personalities to smell the fragrance released by the
device when in proximity to each other. Both P3 and P8 agreed
that the design manual guides the team to converge on ideas and
facilitates collaborative communication by "promoting common
goals (P8) and discussion of direction (P3).
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The manual helped decision making. When we asked the
participants to explain their design decisions of selecting particular
components from the kit - for example, scent generation techniques
and accessories - they gave various answers. Their reasoning was
generally based on two primary considerations: (1) scenario-based
needs, (2) empathetic preferences or personal experiences. For ex-
ample, G2 (P4, P5, P6) decided on scent generation techniques by
prioritizing scenario needs. For their mobile gaming reminder de-
vice, P5 claimed that "The combination of fan and fragrance paste
could meet our design demands on portability and safety better. If we
used liquid odor sources, we would take extra effort to design scent
source storage and conduit devices."

In addition, G4 (P11, P12, P13) used a mixed design thinking
approach that balanced psychological preference, design needs, and
empathetic experiences. Although P11 expressed her interest in the
atomizer technique, P12 stated that "Considering the mobility and
robustness of our implementation, we preferred the fan and heating
pad; mist delivery is hard to control and can easily wet the prototype.”
They observed other groups who used the heating method and
believed the scent is far more intense than they needed. Hence, the
group chose to use a fan, the most natural vaporization technique
indicated by the design manual.

Moreover, P4 also acknowledged that the rich selection of the
kits paired with the design manual guidance helped them refine the
prototype and explore more possibilities. These quotes indicated
that even new audiences can create diverse olfactory experiences
using the design thinking flow presented in the manual.

The manual helped in prototyping. Most participants re-
ported that they could easily understand the manual (M=3.8, SD=0.9).
A few participants found it challenging to understand the prototype
building tutorial and gave suggestions to make it easier, such as
using video recordings for the building process (P6, P11, P18, P19)
and providing simple circuit diagrams for wiring the electronic
modules (P10, P13).

It is worth noting that some non-programmer participants demon-
strated their satisfaction on the electronic tutorial. For instance,
P3 (non-programmer) told us, "It was easy to get started on. The
prototype tutorial in the manual was very effective to learn, so it
was convenient for me to connect the hardware later, for example,
we used the atomizer module, which I hadn’t touched before, but
I found it quite easy to use." P11 adopted the Pro driver modules
and completed the prototypes by reading the instruction. Their
implementation confirmed the significance of reducing the techni-
cal barrier of controlling olfactory interfaces by making detailed
prototype instructions.

6.34 Prototype and interact with hardware modules.

Here we treat the assembled electronic and cardboard modules as
hardware modules. P19 commented on the overall capability of
the modules: "The toolkit is easy to use, and it allowed us to quickly
prototype the idea we got by utilizing the functional modules in the
suite, especially in such a short time." Specifically, P2 confirmed the
hardware modules’ ability to implement odor display and in-
teractive functions: "I think it is very suitable for rapid prototyping.
Since its functional components are relatively complete, the toolkit
can primarily achieve some basic functions I thought of, even some
additional interactive features can also be done with this kit."
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P12, P14 and P15 also expressed their satisfaction with the hard-
ware modules. P15 told us his observation on-site, "I was pleased
with the electronic modules, and I noticed that not every participant
could program, but they got it underway a lot faster than I thought."
P12 and P14 appreciated the port design of the driver modules. For
example, P12 said, "The module ports, including the power socket, are
standardized, which I think is particularly awesome. If they are not
standardized ports, the user can easily insert the wrong wires, such as
the wrong power supply, and easily burn the whole system. For novice
makers, port standardization is a big problem. The follow-up use is
relatively simple after this aspect is done."

Moreover, P3, P4, P6, P12, P13, and P15 thought O&O had good
versatility and modularity. P3 said: "It contains a lot of fundamental
modules, plus there are cardboards and other accessories that help
us envision a large amount of DIY space." P6 mentioned, "The vari-
ous modules can already meet the use case for many scenarios." P16
specifically emphasized the inspiration of input modules: "For
me, those input modules are more inspirational for the design, such
as those sensors. They can make people think of different applica-
tion scenarios and thus generate new ideas based on the detection of
contextual events."

6.3.5 Issues and iteration advice for the toolkit.
Participants also reported issues and left many points of advice
for iteration as they walked through the prototyping process. The
main perspectives are as follows: 1) Several participants (P8, P11,
P17, P18, P19) suggested adding videos or other digital media
for prototype instruction purpose. The quote of P17 was an
example, "I would like the explanations to be more visual and simple.
It would be best if I could know how to build the module without
reading the manual, and videos would be less difficult to understand
than the paper material." P18 hoped to use video explanations to
reduce the cognitive burden of users when they first interact with
the kits: "The process of two researchers guiding and explaining the
use of the manual is clear, but I think it will be somehow difficult to
read it by oneself, especially if he has not been exposed to it before.
So is it possible to record the explanation as a video? ... Too much
information at once may be discouraging to the user’s interest."

2) Issues of cardboard. We expected users to construct plug-
and-play interface structures with the fundamental cardboard mod-
ules provided by the toolkit and their self-explored interface skele-
ton. P5’s feedback was in line with our design expectations: "In
addition to using circular cardboard modules to fix the fans, we didn’t
use too many cardboard templates on site. I felt that this set of mod-
ules could help improve the production efficiency when building small
odor generation blocks, while our main structure was hand-cut with
blank cardboard." However, a few participants reported difficulties
in splicing the cardboards. Moreover, P2 mentioned the issue of
cardboard strength and adhesion: "Probably because of my back-
ground (mechanical engineering), when I used cardboard, my first
reaction was to worry that it is not strong enough structurally. In ad-
dition, the cardboard components were designed with small adhesion
surfaces, thus they would easily fall apart when two cardboards need
to be glued together." This problem was confirmed by P16: "These
components are rich in variety, relatively simple to use, and func-
tional openings have been designed and cut. However, it is not very
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convenient to fix them during the building process, and the splices are
easy to break."

While P12 praised the design of the cardboard kit as easy to
use, he gave feedback on its material: "As the side surface of the
CIRCULAR module has been cut with many scratches for bending,
the material used made it particularly easy to break and difficult to
make a perfect cylinder." P13 also suggested: "The type of paper can
be changed, for example, to corrugated paper, because it is easier to
fold. Perhaps a thinner paper is also possible.”

The last issue of the cardboard module is about the use of water-
proof film. Due to time constraints and possible skip-over of the
manual’s instruction, only G2 and G3 protected their prototypes
with waterproof film as the manual instructed. P8 (from G3) men-
tioned the role of waterproof film, "Waterproof film is quite useful.
Since the mist will soak the cardboard, the waterproof film in addition
to isolating the smell can also prevent it from becoming wet." She also
reported their negligence in using the film, "The cardboard itself has
a smell, so we pasted the waterproof film inside the box. However, we
forgot the pasting outside. As a result, the scent is still mixed with the
scent of cardboard if we get close to smell.”

6.3.6 Feedback and suggestions on the workshop organiza-
tion.

Participants(P3, P9, P10, P13, P16 ,and P19) were satisfied with the
workshop process. P3, P9, P13, and P19 thought that the opening
lecture had a good guiding effect and helped open up new ideas.
Take P19’s quote as an example: "I had very little knowledge of ol-
factory design before, so I think the biggest help for me was that the
lecture made me realize that so many things have been done in olfac-
tory design, and many of them are already operational, but they just
do not seem to be in the public eye." In addition, more feedback was
received about the length of the workshop. Although participants
(P2, P3, P13, P18) were generally satisfied with their prototypes
produced on-site, they felt that it would have been better if they
had more time to build it. P2 explained why they failed to com-
plete the prototype, "The anticipated prototyping time was 2 hours,
which included thinking about which pieces to put where, cutting and
pasting, and hardware debugging, which I felt was insufficient.”

P13 shared his views on workshops and his preference for per-
forming DIY alone: "The workshop format in groups is suitable for
novice users because it dramatically reduces the difficulty of going
it alone. Moreover, I think it is essential that the workshop have a
brainstorming session. After the brainstorming, | feel be [erlabout
doing it myself. The time will be longer, and the freedom to play
will be greater."

P18 offered great workshop process design suggestions, "It is
preferable to extend the workshop to three to four days, and
the design can be completed in 3-4 stages. The organizer first
adequately explains what to do in the current and subsequent stages to
the participants. For example, what we did today may be the drafting
stage. The next stage could be a day or two for participants to deepen
their thinking and consider the appearance and program in greater
detail, with the last stage taking one day to complete.”

6.3.7 Challenges for Hardware Programming.

We expected non-programmers to be able to interact with scent gen-
eration modules in manual mode, and indeed, participants without
programming or hardware experience (P1, P2 and P10) expressed
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that they can make some prototypes in manual mode. However, in
our observations, we found that the manual mode was not fully
sufficient in meeting the needs of the non-programming partici-
pants. Furthermore, they had some difficulties in understanding the
hardware connections. P9 shared her difficulties: "Because there are
two members in our group who are good at programming (P7 and P8),
programming and hardware debugging are basically done by them.
Besides, I don’t quite understand the instruction session on hardware
wiring... There is indeed a big gap between programming and no
programming. If you can program, you can realize ideas immediately.
Otherwise, you have to use the Wizard of Oz method to simulate the
idea." P10 expressed similar views: "I feel that the hardware part is
not so easy to use, because I have never learned the relevant knowl-
edge and cannot understand (related parts of) the manual at all. It
was when I observed and learned how other members operated, that
I knew how to use those modules." P1 said, "I know it is easy to use,
but because my programming ability is not so good, I may need more
time to try out those modules and learn how to program them." P3
and P9 held a similar view.

Other participants also provided valuable advice on helping non-
programmers join in. P6 recommended showing some demos and
scheduling small exercises for non-programmers before the work-
shop. P18 suggested adding interactive programming software
into the toolkit, "For this suite, the next step is to provide some
higher-level software that can program and control the hardware
interactively to make it less difficult.

6.3.8 Prospective applications in STEM education.

P12, P17, and P18 suggested us to apply the toolkit in STEM educa-
tion. We valued this recommendation because P12 and P18 are both
university faculties with a research background in STEM education.
P12 recommends that: "At this stage, scent-related creation is an
excellent topic for STEM education. It has scientific underpinnings
and educational significance. If there is no programming, you can try
it from 4th grade to high school, and if there is programming, it is
probably suitable for middle school and high school students."

P18 stated that:"When we teach Arduino programming classes, we
find that it is very open-ended, and some students may not be able
to grasp it fully. However, with such a set of olfactory components,
it does not require much programming and can inspire students to
be more creative. I think this toolkit is suitable for team-based and
interdisciplinary use."

7 STUDY 2: SOLO DIY

Through the first workshop, we learned that users need more time
to learn, design and build with O&O, especially for participants
without programming knowledge. Allowing users to carry out DIY
projects for longer periods (for example, 3 to 4 days) independently
can provide them with a greater creative space and freedom.
Thus, we recruited 4 participants from Study 1 (P1, P6, P9, P10,
all females), aged 19 to 24 (M = 21.5, SD = 1.8), to build prototypes
by themselves to gain deeper insight into how and what they can
build over a longer period. All four participants volunteered to join
Study 2, as they showed interest in further exploring the use of
0&O. Three of them (P1, P9, P10) were not good at programming.
Therefore, observing and analyzing their DIY process could help
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us understand how well O&O could facilitate novice users in cover-
ing the whole process of developing olfactory-related applications.
Moreover, we also wanted to see if they would think about the
core design features of olfactory interfaces during design and de-
velopment [55], thus indicating if O&O could subtly engage users
in exploring olfactory experience design from the DIY practice.

In response to the feedback from Study 1, we made the following
iterations on the toolkit before Study 2: 1) We provided a video
assembly tutorial as part of the digital version of the Design Manual.
2) We added markers on each cardboard element, and improved the
size and connection methods.

7.1 Procedure

The task of the solo DIY is to design and build an applicable proto-
type related to olfactory experience. We provided each participant
with a refined O&O Toolkit. A DIY space (an empty meeting room)
and necessary tools were also provided. Two researchers acted as
programming and hardware mentors, but participants did most of
the work on their own.

Clarification regarding the mentors’ role: We mainly gave
help to P1, P9, and P10. Specifically, we discussed ideas with them,
helped them find the suitable components (if not in the scope of
our toolkit). We taught P9 and P10 the basic syntax and logic of
the example Arduino programs and helped them find open-source
libraries and examples. Lastly, we assisted them in debugging when
they encounter problems and get stuck. P6 designed and built her
prototype unaided.

The whole program lasted five days. Participants were re-
quired to conceive the idea, purchase the necessary supplementary
materials (such as smell sources that fit the scenario), test the ef-
fect of the smell generation, develop the control system, design
the appearance, and assemble the final prototype. There were no
specific working time limits, but each participant needed to present
a live demonstration on the last day and accept an interview. The
interviews were audio-recorded and transcribed.

7.2 Methods

We adopted the method of participant observation to get details of
their design and prototype process, as well as the process of learn-
ing to program. Specifically, we visited them from time to time each
day to briefly communicate with them regarding their progress and
to take photos documenting their progress. This helped us keep
updated with their design ideas, the way they interacted with the
kits, and the difficulties they encountered. For interview data, we
used a similar method to study 1 to analyze transcriptions themati-
cally. We ended up distilling three themes, covering the effects of
learning to code, olfactory experience design practices, and more
in-depth advice.

7.3 Findings

7.3.1 Building complex prototypes using O&O.

Compared to the prototypes of Study 1, the prototypes built in

Study 2 had more complete functions and more complex structures.
For example, P6 worked on a specialized equipment for ol-

factory training (shown in Fig 9 a & e). Olfactory training can be

used in the treatment process for olfactory loss symptoms caused
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by COVID-19 or Alzheimer’s disease [35]. Her prototype included
design considerations such as scent selection (rose, lemon, euca-
lyptus, lilac), play and interval control, linkage between scents and
light colors, shared scents, and remote infrared control. RFID cards
were also designed for patients.

P1 built an olfactory display (Figure 9 b) that played scents to
soothe emotions like anger, or reduce symptoms of PTSD.
She envisioned using facial emotion recognition technology for
input control, referred to in this prototype as an input button. Fur-
ther, the device had another function in that it could be replenished
with scented liquid from the outside. This design could resolve trou-
blesome disassembly and assembly operations which occur when
adding liquid, while also improving the atomizing effect. P1 carried
out a lightweight implementation, hence the atomizer module and
PWM driver were controlled in manual mode.

P10 presented an odor-enhancing machine for "Fruit Ninja"
game (shown in Fig 9 c). She only used the components provided
in O&O to build the hardware system, including four atomizer
modules, an Arduino, and some cardboard elements. A Process-
ing program on her laptop controlled the hardware through serial
communication. One researcher helped her find tutorials on com-
municating with Processing and open source code for the Fruit
Ninja game on the OpenProcessing website [7]. The participant
had self-learned enough to build a system that used a mouse as a
Fruit Ninja "knife" to cut fruit on a screen, and released a corre-
sponding vaporized fruit scent whenever a fruit was cut.

P9 designed a "do-not-disturb" alarm clock (shown in Fig 9
d). The participant used the smell and a breathing light effect as a
reminder for non-urgent time events. Some potential applications
included: 1) a reminder to stand up and move your body after sitting
for a long time; 2) a slow but refreshing wake-up call; and 3) silent
reminders that don’t disturb others. During the development, she
employed a DS1302 RTC module, which was not included in our
toolkit, to provide time information for the clock. Additionally, she
used a pro atomizer module, a button, a LED array, and a LCD
screen.

Participants were more flexible in terms of cardboard use.
For example, P6 designed and made many cardboard structures. At
the same time, she also referred to some origami templates found
on the Internet: "I initially wanted to imitate the phonograph to
make a smell outlet, so I searched for the phonograph on the website,
but there was no relevant templates. Finally I found a similar four-
pronged cone, and then I improved it myself." P10 built the skeleton
structure with cardboard templates from different modules (Fig 9 f).
Then she decorated it with cotton to look like a cloud. She shared
her thoughts: "In the last workshop, almost everyone used square
modules, which looked very ordinary, so this time I wanted to make
some breakthroughs in appearance, both in terms of material and
shape. It happened that there were many cotton balls in the office at
that time, so I thought of making this device look like a cloud that
would exhale mist."

In summary, they made full use of components from the O&O
kit and a few external components to build their creations, and
decorated them with everyday materials. All four prototypes were
successfully demonstrated.
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Figure 9: Prototypes built in Study 2: a) Olfaction training device, b) Auto-fill olfactory display, ¢) Odor-enhancing machine
for "Fruit Ninja" game, d) "Do-not-disturb" alarm clock, e) inner structure of the olfaction training device, f) inner structure

of the "Fruit Ninja" odor-enhancing machine.

7.32 They learned, they created.

All four participants felt more engaged in the five-day DIY of Study
2, and provided us many descriptions of their experiences and
summaries of their methods.

They felt a great sense of accomplishment in creating their own
prototypes. As P9 put it: "I'm quite proud of what I've accomplished.
Despite the fact that I copied a lot of code from libraries found on the
Internet, I assembled them, altered the order, and connected the various
sections. I've never done any programming before, and I'm excited to
learn new skills." P10 compared and contrasted her experiences in
the two studies: "I did not do any programming during the workshop,
but I learned and did this time. It was completely different from the
last time where I only observed it ... I have essentially mastered the
control of a single module, including how to measure resistance with a
multimeter. For me, this DIY activity is a crash course in hardware..."
P1 used the experience of Study 1 as a comparison: "This time I
felt more involved, probably because I gradually mastered how to use
those electronic modules. The whole process was fun, and now I know
how to implement an olfactory display!" In addition to a sense of
accomplishment, P6 benefited from our newly provided video: "The
multi-directional modular design I made was actually inspired by
the video. There are many aspects in the video that I haven’t thought
about before, such as multi-player scenes.”

7.3.3 Practicing designing olfactory experiences.

In Study 2, participants had additional time to fine-tune fragrance,
structure, and interactions to meet their imagined circumstances.
For example, P1 sought out pertinent information, conducted trials,
and eventually settled on a 2:8 ratio for mixing essential oils and
water. P10 believed that by putting five drops of essential oil in the
container and then filling it with water, the odor intensity would
be just right. P9 stated that she would try to blend the odor source
with alcohol in the future.

P9 elaborated on the idea and original intention of her alarm
clock design: "What I envision is that when users are not as anxious
to get up, it is sometimes uncomfortable to be awakened by an alarm
clock, but if you use this less intrusive method, you can wake up
slowly and naturally to some extent," P9 elaborated further on the
differences between the two rounds of prototyping: "I can check out
those devices, think about where they are located, and then think about
the user scenario more deeply, maybe more detailed and thoughtful
than the first time, and then do some design on the appearance.”

P6 stated: "I found that for Alzheimer or coronavirus patients, their
olfactory training method is not very standardized, and is just to take

4 bottles of essential oil and smell it by themselves. However, there
is a limit to the length and number of times one can sniff such that
the patient can recognize or remember the smell. Therefore, I want to
design a standardized and interactive olfactory training device.”

7.34 More advice a [erlin-depth practice.

We also collected more valuable advice as they explored more deeply
in using the toolkit. P1 hopes that the overlay on the module can
be more straightforward (like using numbers to replace VCC, GND,
and SW) and the signs on the cardboard templates can be replaced
with colors to make it easier to distinguish between modules with
different functions. P6 suggested that the cardboard templates can
be designed as a connected structure, and the through-holes could
be removed in order to enhance versatility.

8 DISCUSSION

8.1 Inducing Ordinary People to Explore
Natural Olfactory Experiences

In the two studies, we recruited participants with no background
in olfactory experience design. However, they could prototype cre-
ative ideas quickly after a short training and brainstorming session,
and our findings identified that the toolkit could stimulate their
interest in the field. These reflect great promise in O&O for guiding
general designers and developers to explore olfactory experience
design. For participants with some programming and hands-on
skills, it will be easy to get started with O&O. Additionally, the de-
sign methodology embedded in the design manual is confirmed to
be valid for leading participants to think more comprehensively and
assist in designing solutions. Lastly, the procedure of the workshop
is also worth learning.

Additionally, we verified that O&O could allow users to rapidly
prototype and support more complex systems and prototypes with
actual functionality through a five-day solo DIY event. It would be
beneficial for users to explore the details of olfactory experiences
and interaction, such as spatial, temporal, odor intensity, and other
features. Although some of the toolkit functions were not employed
in the studies, we can infer from the demonstration section that
the versatility of the toolkit allows it to support exploring more
content, such as multiple odor mixing.

Lowering the technical barrier can attract more laypeople or
researchers to enter the field of olfactory design, expand the com-
munity’s size, introduce more disciplines, and enhance creativity.
One example supporting this is that in Study 2, P6 designed an
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olfactory training device using knowledge from her previous in-
ternship experience and her field of study. As we walked through
the two studies, we recognized that hardware programming and
debugging can be very challenging for non-programmers, even af-
ter a few days of studying. Since we want to introduce more talent
into our community, this obstacle needs to be reduced. Our toolkit
also needs to be upgraded and iterated on in this regard. As P18
suggested, the most significant upgrade is to build higher-level soft-
ware or platforms that can control and interact with the O&O kits
without coding. Some graphical programming environments such
as Scratch and Blockly can also be considered to ensure flexible
design and development [37, 79]. According to our study findings,
other ways to lower barriers include producing more tutorial videos
and inspirational application cases, as well as developing libraries
for interactively controlling the Scent Generation Kit.

8.2 Embracing Open-Source Ecosystems

We open-sourced the toolkit and also included other open-source
hardware resources as optional accessories, such as Arduinos and
electronic module kits. From the prototypes created during the two
studies, it can be seen that O&O can be combined with other modal
inputs (sensing) and outputs (stimulation) to enrich functionality
and enhance creativity. For example, the scent speaker by G5 in
Study 1 and the works of P6 and P9 in Study 2 used lighting effects,
and the scent player of G4 used a soil moisture sensor. This also
illustrates the limitations of relying solely on a sense of smell to
design user interfaces, and the need to utilize the power of multi-
modal integration for experience innovation [22]. Open platforms
such as Arduino and Processing can provide rich extensions for the
design and application of olfactory-related experiences. Moreover,
the open source code and samples make it easy for designers with
no programming or hardware knowledge to learn and develop their
own designs. An illustrative example is that P10 took advantage of
the code from OpenProcessing to develop a mini-game in Study 2.

Furthermore, we hope to attract more developers and creators to
become interested in olfactory or multisensory applications. Then
we could work together to establish an open source community
for sharing related application cases, which will also accelerate
innovation of related HCI research [70].

8.3 Playing a Role in STEM Education

The two STEM education teachers who participated in the work-
shop felt very positively about our toolkit. One expressed the wish
to introduce the kit in the curriculum to support teaching and
learning, and the other felt that it was a very good entry point for
children’s education and for children to learn about the world from
the perspective of smell. This inspired us to transform O&O into a
STEM education tool, as it will not only benefit young people’s cre-
ative education, but also inform them on olfaction-related research
and contribute to future talent development in this field of study.
From the progress we have made and the results of our studies,
we can see that this is highly feasible. Firstly, the manual mode of
our hardware works for teenagers or children who do not know
how to program and enables them to explore basic scent delivery
operations, similar to how P1 worked on her project in Study 2
using only the manual mode of the drivers. Secondly, for courses
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that aim to teach hardware programming, our suite can also provide
support. From the performance of P9 and P10 in Study 2, this type
of instantiated learning during prototype implementation is highly
effective.

8.4 Alternative Materials to Cardboard

We investigated several handcrafted paperboard materials com-
parable to cardboard and discovered a lightweight and low-cost
alternative, foam board. While paperboard materials inevitably have
to deal with the problem of odor absorption and contamination,
foam board is more odorless and less absorptive than cardboard
due to its three-layer structure with two outer facing as coatings.
However, the polyurethane foam in the middle layer is easier to
break than the cardboard structure, and in some countries and
regions, it is not always accessible. Moreover, P13 suggested that
corrugated cardboard is superior in foldability, but the structure is
fragile under shear, and its untidy cutting surface has no advantage
in aesthetics.

In addition, we explored some other common DIY materials. For
example, air dry clay, a widely used material in K-12 education,
demonstrated many desirable properties, such as its odorless nature,
rigid structure, heat resistance, water-repellent abilities, and strong
odor diffusion. Furthermore, when clay is glazed, the material forms
a polymer surface that prevents odor absorption [6]. Iron wire is
another robust and malleable choice that does not interfere with
the odor experience. Textiles, a flexible material with historical
relevance to powder fragrance (i.e., Fragrance Sachets), has also
shown promise in diffusing long-lasting scents.

9 LIMITATIONS AND FUTURE WORK

In order to allow users who do not have experience with electrical
engineering to quickly learn how to use it, our drive modules were
all designed with a one-to-one drive mode (one module drives one
component). For applications that require a lot of odors, this may
cause unnecessary waste (space, number of modules, and number
of batteries). However, we have open sourced related hardware
circuits, and users with circuit design knowledge can design more
compact hardware solutions by themselves.

Another limitation is rooted in the nature of paper cardboard
itself. We chose paper cardboard because it is cheap, easy to ob-
tain, and easy to process. However, the paper itself is fragile and
sometimes has its own scent. Although we have designed protec-
tive measures such as coating waterproof films on both sides and
discussed the alternative materials such as foam board, wear and
tear are inevitable during the DIY process. Participants P14 and
P15 expressed that making rapid prototypes with cardboard can be
faster than waiting for 3D prints, which is a valid point. However,
if more time were allowed, users would tend to be more inclined
to use 3D printing to make structures and shapes. Their thoughts
were also consistent with our original design intentions. After users
have tested factors such as shape, direction, and distance of scent
playing, switching to a more expensive but more robust fabrication
method is necessary.

The last limitation comes from the user study. In the workshop
and solo DIY session, some modules and functions in the toolkit
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were not explored, such as the PRO PWM modules, heating ele-
ments, and some cardboard modules. Part of the reason for this is
that we did not fully explain the functions of all modules in the
training and manual guidance sections. Since the duration of the
two studies was relatively short, we had to consider the cognitive
load for the participants and considerations to avoid limiting their
creativity. Nonetheless, related templates were still considered in-
dicative. For example, although P6 did not use the direction control
module (because the size was not enough), she redesigned it and
used the blank cardboard to create new forms by herself.

Our future work is divided into two areas. The first is to continue
to improve and iterate on the O&O toolkit, including but not limited
to 1) developing software for controlling hardware interaction, 2)
developing a pre-programming library for O&O with the help of
a graphical programming environment, 3) adding more olfactory
interaction components, such as odor sensing units (electronic
nose), 4) improving the cardboard splicing method and trying more
accessible materials, such as corrugated paper, foam board, air dry
clay, iron wire, textiles, etc. The second is to promote the application
and teaching research of O&O in STEM education, including but not
limited to 1) developing learning kits and programming software
for teenagers, 2) improving the module design to make it safer
and healthier, including cardboard, odor sources and electronic
elements, 3) enhancing the fun and aesthetic design of the kits, 4)
studying in pedagogical methods.

10 CONCLUSION

In this paper, we proposed O&O, an open-source olfactory inter-
face DIY toolkit that fully supports designers and developers in
designing and prototyping olfactory interface applications. The
toolkit contains electronic modules for odor generation and card-
board modules for building structures. Additionally, laypeople can
quickly get started with the development with the guidance of
the design manual. We provided detailed instructions on using the
toolkit and five demos to demonstrate the capacity of O&O for de-
veloping typical olfactory applications. Through the workshop and
solo DIY sessions, we found our toolkit easy to use, versatile, and
friendly to newcomers. Participants created many innovative proto-
types based on O&O. Observing the participants’ performance and
interviewing them allowed us to critically evaluate the toolkit and
reflect on future implications. Specifically, we discussed the value of
inducing new audiences and embracing the open-source ecosystem,
future iteration directions, alternative materials to cardboard, and
unexpected prospects in STEM education.
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