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chemical interfaces

Figure 1: My research aims to incorporate the untapped and critical senses of smell, taste, and temperature into computer
interfaces by delving into a class of devices | refer to as chemical interfaces. In turn, these interfaces provide a potential foundation to
influence how we perceive and engage with the very air we breathe and the foods we consume.

Abstract. Since the advent of computer interfaces, significant advances have been made toward delivering high-fidelity visual,
auditory, and haptic experiences, notably propelled by the rise of virtual and augmented reality. Yet, the stimulation of new senses like
smell, taste, and temperature has severely stagnated over the last decades. I argue that this stems from the predominant reliance on
actuators from mechanical and robotic engineering, which are not scalable or adaptable for these senses. I posit that completely new
interfacing techniques are needed to fully engage users’ senses. As such, I explore the integration of these crucial senses by proposing
a new class of devices, which I call “chemical interfaces.” These devices interface directly with the chemical dimension of our sensory
pathways — tapping into our smell receptors, taste receptors, and even temperature receptors. Through the precise delivery of specific
chemicals to areas like the user’s skin or tongue, I have dramatically increased the level of immersion of virtual (and real) experiences
by adding temperature, smell, and taste. My findings reveal that, in contrast to conventional methods originating from robotics or
mechanical engineering, chemical interfaces offer distinct benefits and advantages. These include a significant reduction in power
consumption for temperature feedback (CHI'20 Best Paper), rich skin sensations like tingling, stinging, numbing, and hot or cold
(UIST’21), the ability to modify the taste of virtual and real foods (UIST’23), and endowing users with new abilities, such as sensing



harmful gases when they inhale (CHI’21). My approach paves the way for richer digital interactions (e.g., in VR or AR), but also lays

the groundwork for future health interventions, such as for helping people with smell and taste disorders.

1 INTRODUCTION

Smell, taste, and temperature shape our enjoyment of life — through pleasure, flavor, and memory - and our
survival in detecting hazards or health risks [48]. Since the advent of computer interfaces, significant strides have been
made toward providing high-fidelity visual and auditory experiences, as contemporary smartphones and virtual reality
headsets demonstrate. We have even begun to master haptic feedback like vibrations [28] or force-feedback [32],
courtesy of advancements from robotics, mechanical engineering, and medical devices. Despite these advancements in
delivering high-fidelity audiovisual and now tactile experiences, stimulating smell, taste, and temperature has
stagnated over the last century, relying on borrowed methods from mechanical and robotic engineering [54, 55] or
early 20th-century Heating, Ventilation, and Air Conditioning (HVAC) advancements [14].

My research aims to incorporate these untapped, critical senses by delving into a new class of devices I
call “chemical interfaces,” devices that manipulate human senses by interfacing with our perceptions’ biochemical
cascades through carefully selected chemicals. As these senses are fundamentally rooted in chemical reactions that
translate to perceived sensations (e.g., molecules binding to olfactory receptors), chemical interfaces provide a promising
pathway to interfacing with them and offer unique affordances unavailable to traditional techniques derived from
robotics or mechanical engineering. In each paper, I explored these affordances: from reduced power consumption for
thermal feedback, to versatile and miniaturized feedback mechanisms for haptic wearables, to chemical selectivity
producing new interactions for taste. I have even applied my research approach to traditional actuators, unlocking new
sensations like stereo-smell. I am incredibly excited about this research providing a potential foundation to influence

how we perceive and engage with our food and the air we breathe as well as its potential for assistive technologies.

2 CHEMICAL INTERFACING IS POWER-EFFICIENT (CHI’20 BEST PAPER)

Haptic feedback allows virtual reality experiences to match our sensorial expectations beyond visual realism [2, 45].
Today, researchers focus on engineering wearable devices that deliver realistic haptic sensations, such as touch [2, 5],
force feedback [19, 24], but also thermoception—the sense of temperature changes [39]. The latter has proven extremely
hard to miniaturize into wearable devices. Researchers must physically produce a temperature change to create a
temperature sensation, whether through air conditioning [55] or direct skin stimulation [41], which means these devices
must consume an equivalent, substantial amount of power.

In my first paper [11], I developed an interactive wearable device that releases tiny puffs of specifically chosen
scents. These fragrances stimulate not only the olfactory bulb but also the trigeminal nerve’s temperature receptors,
tricking the body into perceiving a temperature change. For example, mint can be used for cooling or capsaicin (peppers)
for heating. The device achieves this temperature illusion with low-powered electronics (0.25 W), enabling the
miniaturization of simple temperature sensations, as seen in Figure 2. These illusions bypass physical limitations
and are 52-1000 times more power efficient than traditional, power-intensive mechanisms like thermoelectric

(Peltier) elements [40, 42] or heat lamps [55], making the illusion a new alternative for thermal feedback.
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Figure 2: | engineered a thermal display that does not physically heat or cool but instead creates an illusion of temperature by
stimulating the nose’s trigeminal nerve with different scents. This nerve detects temperature shifts but also chemicals like menthol
or capsaicin, which are why breath mints feel cold and chilis feel hot. This work received a CHI 2020 Best Paper Award.

3 CHEMICAL ACTUATORS ARE VERSATILE & COMPACT (UIST’22)

As physical touch is essential to interacting with our physical world, haptic researchers have placed much emphasis on
rendering physical sensations [21, 41, 46, 47]. Unfortunately, two key factors limit the application of haptic devices that
provide varied sensations beyond simple vibrations or pressure. First, most actuators capable of creating tingling,
tickling, or temperature are large (e.g., ChillyChair’s desktop-sized actuators [18]) or — as mentioned earlier - power-
hungry, making them unsuitable for wearables. Second, standard approaches to producing varied sensations require a
unique actuator per distinct sensation [31].

Expanding on my earlier paper, a colleague and I introduced chemical haptics [33]. This novel haptics approach
delivers topical stimulants to the skin. We engineered a compact, versatile wearable capable of producing several
haptic sensations using just one actuator, unlike traditional interfaces that require a separate, larger actuator for
each sensation. By stimulating skin receptors with different chemicals (see Figure 3), we elicited tingling, stinging,
warming, cooling, and even numbing sensations - the last being usually impossible for standard actuators. Since this
paper’s publication, other researchers have explored chemical haptics, such as chemically-inducing the thermal grill

effect [20] or combining chemical haptics with Peltier elements [26].
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Figure 3: Chemical haptics leverages topical stimulants, chemicals that activate targeted skin receptors to render distinct haptic
sensations. With one actuator, but different chemicals, the user can feel (a) tingling with sanshool, (b) numbing with lidocaine, (c)
cooling with menthol, (d) warming with capsaicin, and even stinging with cinnamaldehyde.

4 CHEMICAL SELECTIVITY ENABLES NEW INTERACTIONS (UIST’23)

Taste is a critical aspect of our experiences, from rich sensory and hedonic experiences during eating, to guiding our

dietary behaviors. Human taste perception roughly encompasses five basic tastes: sweet, sour, salty, bitter, and umami



(savory). There has been a growing interest in interactive food experiences, especially generating virtual tastes but also
modifying real tastes through sensory stimulation. Altering taste perception has primarily been achieved by conducting
electricity through cutlery (“electrical taste” [35]), adjusting the strength of the taste via electrolytes [34], or adding
seasonings to food [53]. Other approaches have explored modifying secondary aspects of the eating experience, such as
applying weight on the tongue [22], sound [30], perceived texture [29], or scent [37].

While these techniques are successful to some extent, they share fundamental limitations that prevent a broader
application of interfaces that can alter taste: most existing taste interfaces can only elicit changes in taste perception
while the stimulation apparatus is in contact with the user’s tongue (e.g., cutlery with built-in electrodes). In fact, most
prior techniques cannot alter basic tastes independently (e.g., the entire flavor profile is enhanced or suppressed), while
many others can only alter the taste of simple liquid solutions (e.g., salty water or broths) but not the taste of real foods.

In my most recent paper, I introduced taste retargeting [6], a novel technique to interactively alter taste perception
using chemical taste modulators. These compounds temporarily and selectively change how taste receptors respond to
other foods. While prior techniques relied on electrical stimulation via cutlery and could only affect the overall flavor
while in contact with the tongue [1, 36, 43], taste retargeting can selectively alter basic tastes (sweet, sour, salty,
bitter, umami) of real foods without hindering eating or impacting the food’s consistency. An interactive
application of this technique retargeted three food props in a virtual reality experience to taste like 12 different virtual
foods, marking a four-fold increase in distinct tastes. Figure 4 illustrates such a retargeting sequence.

In my work on chemical interfaces, taste retargeting sets itself apart by using chemicals to modulate receptors (and,
thus, alter their response to other stimuli) instead of stimulating those receptors to produce a sensation. This work
exemplifies my research exceptionally well, in which chemicals provide unique methods of interfacing with the human

body to unlock new interactive possibilities.
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Figure 4: Taste retargeting selectively changes taste perception using taste modulators—chemicals that temporarily alter the
response of taste receptors to foods and beverages. As our technique delivers modulators before eating or drinking, it is the first
interactive method to selectively alter the basic tastes of real foods without obstructing eating or impacting the food’s consistency.

5 CHEMICAL APPROACH INSPIRES NEW SENSATION WITH TRADITIONAL METHODS (CHI’21)

My approach to chemical interfaces involves careful consideration of the target sense’s anatomical location, physiology,
and biochemical responses. I applied this methodology towards digitizing smell sensations. Prior efforts relied on deep,
invasive electrical stimulation with little [13] to no success [23, 49, 52]. Instead, I leveraged that what we perceive as
smell is the perceptual fusion of olfactory bulb and trigeminal nerve sensations. As shown in Figure 5, I engineered a
device to electrically stimulate the trigeminal nerve at an easily accessible location (septum), reproducing stereo-smell

(directional odor sensations) and enabling users to find virtual odor sources like real ones [12].
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Figure 5: | proposed a novel smell device that renders stereo-smell sensations (directional odor cues) by electrically stimulating the
trigeminal nerve [11]. To realize this, | engineered a self-contained apparatus worn as a nose clip across the septum. This work
received a 2021 Fast Company Innovation by Design Honorable Mention.

6 RESEARCH STATUS

I have published four papers on my dissertation topic, a fifth paper investigating low-fidelity prototyping for smell at
CHI 2023 [8] (see Figure 6), and two papers on haptics more broadly [25, 50]. Alongside my publications, I spend time
fostering a community for researchers studying smell, taste, and temperature interfaces by leading and co-organizing
the “Smell, Taste, and Temperature Interfaces” workshops, which took place at CHI 2021 [9] and 2023 [7], alongside co-

organizing a panel on smell in HCI [10] at CHI 2023. Currently, I am working to “close the loop” and focus on how

chemical interfaces intersect with sensing technologies and methodologies.
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Figure 6: An overview of prototyping with Smell & Paste (lo-fi) versus current practices (hi-fi). Our technique leverages low-fidelity
materials to make low-fidelity prototyping of smell experiences approachable and fast for novices and experts alike. In contrast,
steps in current practice are costly and time-consuming: a single iteration can take hours, days, or — in some extremes — months.

7 BROADER IMPACTS AND FUTURE WORK

Over the last century, since visionaries like theatrical impresario Samuel “Roxy” Rothafel installed a scent delivery
system into a major cinema in 1917 [56, 57], the successful integration of smell, taste, and temperature into interfaces
has been notably stagnant. In my papers, I have proposed, explored, and engineered chemical interfaces as a
promising pathway toward incorporating these rich senses into our digital interactions. I believe these

interfaces open exciting new interactive uses.



Smell is often leveraged to detect hazardous situations, such as expired food or chemical risks. Unfortunately, an
individual with anosmia (loss of olfactory function) cannot detect gas, smoke, or fire through their sense of
smell [3, 38]. In Keller and Malaspina’s reports, 72% of their subjects reported fearing exposure to dangers due to their
olfactory dysfunction [27]. The main concern was the inability to detect a fire, volatile compounds, or a gas leak. (The
latter stems from people with anosmia not being able to smell the compound — methyl mercaptan — added to odorize
natural gas, which is ordinarily odorless.) Bonfils et al. reported similar results from incidents with their survey
population [4]. These consequences ripple across many aspects of a person’s life, such as active avoidance of housing
with natural gas, food poisoning, prolonged exposure to hazardous volatile chemicals, reduced quality of life from lack
of flavor, and more. In contrast to their olfactory dysfunction, people with anosmia often retain trigeminal
function, though it may be dampened in sensitivity [16, 17]. Soon, I aim to explore leveraging my trigeminal devices
as an assistive technology for people with anosmia, as they could enable them to sense gases in the air.

Likewise, taste retargeting may be a promising tool for dietary interventions or nutritional education, as
sensory properties (taste, smell, sound) strongly influence food choice and intake [15]. Our device could decrease the
sweetness or saltiness of unhealthy foods to help users reduce their intake of added sugars or ultra-processed foods [51].
Conversely, taste retargeting could enhance the taste of healthier yet less palatable foods. For example, suppressing the
bitterness of vegetables to make them more appealing to individuals who struggle to consume them regularly.

Taste retargeting could also help a person use their tongue to interactively understand the impact of basic tastes (or
even compounds) on the flavor of any food, anywhere. For example, a user wants to understand how 110 mg of sodium
and 20 g of sugar — declared on their cookies’ nutritional label — contribute to the sensory experience. They use their
phone to scan the beverage’s barcode, which accesses a database of nutritional label contents and provides the quantities
to our device. By suppressing their beverage’s sweetness, umami, or saltiness interactively, the user can directly
experience and understand how these quantities impact the flavor rather than reading abstract numbers. This interaction
could also lead to more playful experiences with everyday foods or better nutritional education [44].

In the future, I plan to expand my research to broadly rethink how we perceive and interact with our

food and the very air we breathe in our everyday lives.
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