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Abstract 
The sensation of a drink in the throat is a salient example of the 
internal bodily feelings that shape our eating experiences. Computa-
tionally modeling these sensations would enable their redesign and 
inform technologies that augment how we eat. However, methods 
for quantifying such subjective, internal states from objective cues 
remain underdeveloped. This paper introduces a computational 
approach to bridge this gap. A first study (𝑁 = 31) models subjec-
tive ratings from laryngeal skin temperature and ingested volume, 
revealing distinct, individual Interoceptive Profiles. Informed by 
these findings, we developed a wearable device that provides ther-
mal feedback to the larynx. A second study (𝑁 = 20) demonstrates 
that this intervention can alter drink sensations, contingent on the 
user’s sensory profile. Based on these findings, we highlight the 
potential of the larynx as a site for bidirectional interaction (sensing 
and modulating) and propose a novel approach for personalized 
sensory augmentation. 

CCS Concepts 
• Human-centered computing → Human computer interac-
tion (HCI); Interaction paradigms. 

Keywords 
Flavor perception; Human Food Interaction; Pseudo-physiological 
reaction; Thermal sensation; Physiological sensing 

ACM Reference Format: 
Mai Kamihori, Kouyou Otsu, and Yuichi Itoh. 2026. Sensing and Modulat-
ing the Feel of a Drink: A Personalized Approach via Laryngeal Thermal 
Feedback. In Proceedings of the 2026 CHI Conference on Human Factors in 
Computing Systems (CHI ’26), April 13–17, 2026, Barcelona, Spain. ACM, New 
York, NY, USA, 18 pages. https://doi.org/10.1145/3772318.3790510 

1 Introduction 
The experience of consuming food and beverages is multisensory, 
where gustatory, olfactory, and somatosensory cues are integrated 
to form a unified perception of flavor [64]. Consequently, quanti-
fying these subjective sensory experiences with objective metrics 
presents a significant challenge. However, bridging this gap be-
tween subjective feeling and objective data is fundamental to the 
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HCI goal of computationally mediating human experience. The 
ability to model flavor perception would unlock new possibilities 
for interactive technologies that could augment, personalize, and 
even digitally transmit our culinary experiences, contributing to 
the design of novel gustatory interfaces. In particular, the crucial 
sensation experienced as a beverage passes through the pharynx—a 
“throat feeling”—contributes significantly to the overall evaluation 
of a drink. However, its scientific mechanisms are not well under-
stood, and a method for its quantitative measurement has yet to be 
established. 

To address this challenge, recent studies have attempted to infer 
internal emotional states from peripheral physiological indicators, 
such as changes in facial skin temperature [3, 22, 26, 30, 32, 63]. 
These studies are based on the finding that subjective emotional 
feelings are localized to specific body parts [14], and they report that 
thermal changes on the facial skin surface can serve as a proxy for 
internal physiological and emotional states. However, while facial 
thermal changes may reflect systemic states, they have limitations 
in capturing sensory experiences that are strongly tied to a specific 
location, such as the sensation of a drink passing down the throat. 

The “throat feeling" is a localized sensory experience that occurs 
in the pharyngeal region as a beverage passes, significantly con-
tributing to the drink’s overall hedonic evaluation. Crucially, this 
pharyngeal area, and specifically the laryngeal region, possesses 
heightened sensorial significance, setting it apart from the oral 
cavity, which primarily initiates flavor processing. The larynx not 
only plays a critical mechanical role in swallowing but also hosts 
a dense network of receptors, such as TRP channels, sensitive to 
both the temperature and chemical properties of ingested materials 
[1, 68]. This dual mechanical and sensorial function positions the 
larynx as a key site for detecting a substance’s properties immedi-
ately prior to final ingestion and for shaping the resultant sensation. 
Therefore, we hypothesize that measuring the physiological state 
of the larynx is a uniquely effective and targeted approach for com-
putationally modeling and understanding this essential dimension 
of flavor perception. 

Parallel to efforts in sensing, research in HCI has explored tech-
nological interventions to modulate gustatory experiences. It is 
known that taste can be reproduced through various chemical sub-
stances [8, 9] or altered using chemical taste modulators [5]. Beyond 
chemical approaches, taste perception can also be altered through 
cross-modal effects, using techniques such as electrical stimula-
tion of the tongue [42, 43] or leveraging interactions with visual, 
auditory, and olfactory cues [29, 48–50, 52, 56, 74–76, 80]. Ther-
mal stimulation has emerged as a particularly relevant modality 
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in this domain. Related work has demonstrated that presenting 
temperature to facial areas, including the nose, tongue, and lower 
lip, can significantly influence flavor perception [23, 25, 67]. It has 
also been shown that thermal stimulation of the posterior neck can 
specifically alter the perceived temperature of food [31]. 

While various approaches have been explored, technological 
interventions targeting the localized sensory experience of “throat 
feeling,” which occurs in the pharyngeal region as a beverage passes 
through, have not been examined. As noted earlier, this sensation 
arises specifically in the pharyngeal area, and the larynx contains 
receptors such as TRP channels that respond to temperature[1, 68]. 
Based on this principle, applying thermal stimulation to the laryn-
geal skin located directly above the region where the sensation 
is perceived may enable modulation of flavor perception. This lo-
calized, sensory-source approach offers significant structural and 
functional advantages over the conventional sites explored in re-
lated work. In contrast to conventional approaches that rely on 
cross-modal perception induced from peripheral sites, this method 
can act directly on the sensory source. Therefore, interventions ap-
plied to the pharyngeal region are expected to be at least as effective 
as, if not more effective than, previously studied sites for enhancing 
eating and drinking experiences. In addition, the pharyngeal region 
is expected to suitable as a target site for designing wearable devices 
that sense or augment food and beverage experiences. Because the 
larynx is located on the neck, where accessories such as necklaces 
and chokers are commonly worn, devices placed here are likely to 
be more socially acceptable than those attached to unadorned areas 
of the face [73]. Moreover, devices in this area do not interfere with 
eating or speaking, making it a practical location for continuously 
sensing consumption behaviors or providing interventions. 

Therefore, our research focuses on the larynx as the direct site 
of both sensation and intervention. In this paper, we refer to the 
five basic tastes perceived by the user as “taste perception,” while 
other sensations such as the “throat feeling,” “deliciousness,” and 
“comfort” are collectively termed “flavor perception.” 

To this end, this paper presents a two-part study to computa-
tionally model and modulate the sensation of a drink: 

• Sensing (Study 1): We first explore a method to model 
individual sensory characteristics by combining laryngeal 
skin temperature, which reflects the physical phenomena of 
swallowing, with ingested volume, a key behavioral indicator. 
This initial study aims to uncover the relationship between 
these objective measures and subjective perceptual ratings. 

• Intervention (Study 2): Building upon the insights from 
our sensing study, we investigate the influence of external 
thermal presentation on the laryngeal region. Based on the 
premise explored in Study 1—that laryngeal temperature is 
a salient feature for modeling flavor perception—we hypoth-
esize that this region is a locus of thermal sensation and that 
applying thermal stimuli can actively modulate this percep-
tion. We designed a wearable device to deliver controlled 
thermal stimuli and evaluated its effect, specifically testing 
if the intervention’s efficacy is dependent on the individual 
Interoceptive Profiles identified in Study 1. 

Through this work, we offer the following contributions to the 
field of Human-Computer Interaction: 

• We present a computational methodology for modeling an 
individual’s flavor perception from laryngeal temperature 
and intake volume. This approach quantitatively reveals 
the existence of distinct Interoceptive Profiles and provides 
a foundation for technologies that can personalize eating 
experiences. 

• We demonstrate, through the design, implementation, and 
evaluation of a novel wearable system, that beverage sensa-
tions can be modulated via targeted thermal feedback to the 
larynx. 

• We provide empirical evidence validating the effectiveness 
of personalized sensory intervention and offer design guide-
lines for the future of personalized food and beverage expe-
riences. 

2 Related Work 

2.1 Quantification of Flavor Perception with 
Physiological and Behavioral Indicators 

The sensory evaluation of flavor perception has traditionally relied 
on descriptive analysis and subjective questionnaires [40]. However, 
as flavor perception is influenced by individual characteristics and 
psychological contexts, these methods are limited in their ability 
to capture temporal dynamics and individual differences. To over-
come this challenge, recent research has shifted toward identifying 
physiological indicators associated with sensory experiences. Neu-
roimaging techniques such as electroencephalography (EEG) [51], 
magnetoencephalography (MEG) [79], and functional magnetic res-
onance imaging (fMRI) [18, 20, 53] have revealed neural activities 
related to taste and olfaction. While powerful, these techniques 
often impose significant constraints; for instance, fMRI and MEG 
require participants to remain immobile in a large apparatus, and 
even more mobile techniques like EEG are susceptible to motion 
artifacts. Such restrictions on movement and posture are ill-suited 
for studying the nuances of natural eating and drinking behaviors. 
The wearable approach in our work, however, is designed to cap-
ture precisely these kinds of ecologically valid sensory experiences 
without such constraints. 

To capture sensory experiences in more ecologically valid set-
tings, research has increasingly turned to physiological and behav-
ioral measurements from peripheral body sites. Exploring auto-
nomic nervous system (ANS) activity has become a vital approach 
to objectively assess the affective dimensions of eating experiences. 
ANS responses, such as heart rate variability (HRV) and electro-
dermal activity (EDA), offer a window into the physiological un-
derpinnings of emotion, particularly arousal and valence [33]. For 
instance, studies in sensory science have demonstrated that basic 
taste stimuli elicit distinct ANS patterns, with unpleasant tastes like 
quinine bitterness inducing significantly larger heart rate changes 
compared to pleasant tastes [61]. More specifically, pleasant flavors 
have been shown to increase vagal activity—a response potentially 
preparing the body for digestion—whereas unpleasant flavors trig-
ger sympathetic activation [44]. 

In parallel with ANS measurements, automated facial expres-
sion analysis has emerged as a powerful, non-invasive method 
for capturing spontaneous affective responses. As facial muscle 
movements are direct outputs of the brain’s emotional centers, they 
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can reveal moment-by-moment reactions to sensory stimuli [17]. 
This has led to the development of systems that can, for instance, 
distinguish between different beverage samples based on subtle 
facial cues [13] or correlate expressions of “happiness” and “disgust” 
with subjective liking of foods [15]. Facial thermography provides 
another lens into these peripheral responses. The trigeminal nerve 
is known to influence facial blood flow, causing localized changes in 
skin temperature that can be captured with thermal imaging. This 
mechanism has been used to infer emotional and hedonic states, 
with variations in nasal skin temperature being associated with 
emotional arousal [32, 63] and gustatory-related pleasure [3, 26]. 
Furthermore, oral movements such as mastication induce measur-
able thermal changes due to muscle activity [22] and are correlated 
with changes in stress levels [30]. 

These findings collectively suggest that thermal variations on 
the body’s surface can serve as a valuable indicator of internal 
sensory states. While these methods have established the utility 
of physiological sensing, the laryngeal region—the anatomical site 
where the “throat feeling” originates—remains unexplored. Prior 
work has focused on facial or systemic responses, but not the direct 
locus of this specific sensation. Our work addresses this gap by 
positing that measuring thermal dynamics directly at the site of 
swallowing provides a more specific and direct proxy for this unique 
perceptual experience. 

2.2 Modulating Flavor Perception via Sensory 
Presentation 

The field of HCI has a growing interest in technologies that augment 
or digitally mediate food experiences. One approach involves the 
use of chemical compounds to reproduce taste sensations [4, 39, 43]. 
However, this method presents challenges related to the manage-
ment and formulation of chemicals, and potential adverse health 
effects from long-term use of artificial compounds like monosodium 
glutamate have been noted [45]. As an alternative, electrical stim-
ulation applied to the tongue has been explored to present basic 
tastes [2, 42, 46, 57]. While electrical control is more straightfor-
ward than chemical delivery, accurately replicating the complexity 
of real flavors remains a significant challenge. 

A substantial body of research has focused on altering flavor 
perception through cross-modal interactions. In the visual domain, 
Narumi et al.’s “Meta Cookie” demonstrated that changing the ap-
pearance and scent of a plain cookie can induce different perceived 
tastes [49]. They also explored controlling food intake by altering 
the apparent size of food with an HMD [48]. Others have used AR 
to dynamically change a food’s appearance [47] or used virtual 
colors to influence the perception of beverages [50]. Auditory cues 
have also been employed, from creating playful experiences with 
sound-emitting ice cream cones [74] to altering food texture percep-
tion with modified chewing sounds presented via bone-conduction 
headphones [29]. Furthermore, various factors of drinking contain-
ers reportedly affect flavor perception: the type [7], material [69], 
shape [10, 58], texture [6, 54], color and weight [41, 62], shape and 
design [77], tactile feel [36, 55, 59, 72], and softness [34]. In addi-
tion, the material of the rim that comes into direct contact with the 
mouth has also been shown to be a significant factor [24]. 

Among these modalities, thermal stimulation has been a key 
area of investigation. It is well-established that the temperature of 
food itself affects flavor perception, influencing the taste and aroma 
of coffee [65], the saltiness of soup [27], the aroma of wine [60], and 
the sensory profiles of cheese [16] and rice [78]. Building on this 
principle, HCI research has explored applying localized thermal 
stimuli to facial areas. Suzuki et al.’s “Affecting Tumbler” showed 
that thermal cues to the perinasal area could alter a drink’s flavor 
[67]. Others have reported that warming the tip of the tongue can 
elicit sweetness, while cooling it can produce sour or salty sensa-
tions [12, 25]. More recently, thermal presentation to the lower lip 
was also found to modulate flavor perception [23]. Furthermore, it 
has been demonstrated that applying cold stimuli to the posterior 
neck synchronized with swallowing can enhance the perception of 
food’s coldness [31]. Kyogoku et al.’s “PhantomFeel Dots” is a pro-
posed wearable system designed to augment the eating experience 
by applying coordinated thermal and vibrotactile stimuli to the 
cheeks and throat, aiming to evoke a thermal phantom sensation 
of warmth flowing from the mouth to the throat[35]. 

These studies collectively demonstrate the potential of sensory 
augmentation, particularly through thermal means, to modulate 
the experience of food and drink. However, existing interventions 
have primarily targeted peripheral regions such as the oral cav-
ity, face, and posterior neck [12, 23, 25, 31, 35, 67]. While some 
approaches have proposed multi-site stimulation on the cheek and 
throat to induce phantom sensations[35], they often lack empirical 
evaluation of flavor modulation. Furthermore, most prior works 
rely on simple event synchronization rather than physiological 
modeling. Consequently, the laryngeal region—which constitutes 
the anatomical locus of the “throat feeling”—remains largely un-
investigated as a site for both physiological sensing and targeted 
thermal intervention. The relationship between subjective expe-
rience and physiological response is bidirectional; just as bodily 
changes reflect experiences, the facial feedback hypothesis posits 
that physiological changes can influence feelings[66]. Drawing an 
analogy, we hypothesize that the natural thermal fluctuations in the 
larynx during drinking are integral to the “throat feeling,” and that 
externally applying thermal stimuli to this region could actively 
modulate flavor perception. 

Building upon these related studies, our work advances the field 
through three methodological distinctions: First, we move beyond 
using sensing merely for event detection to computationally model-
ing subjective experience. Prior work has employed sensing solely 
to identify the timing of feedback (e.g., synchronizing stimulation 
with a swallow). In contrast, our study employs laryngeal thermal 
dynamics and ingested volume to computationally model the user’s 
subjective hedonic rating. This establishes a new methodology for 
quantifying an individual’s eating and drinking state rather than 
just detecting the act itself. 

Second, we validate the efficacy of localized thermal intervention 
directly targeting the laryngeal site. While existing studies have 
explored multisite stimulation and illusion-based approaches to en-
hance food and drink experiences, our work targets the anatomical 
origin of the “throat feeling.” We hypothesize that the larynx can 
serve as a direct intervention site that contributes fundamentally 
to sensory formation, offering a robust alternative to cross-modal 
illusions from peripheral sites. 
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Third, and critically, we propose a data-driven personalization 
framework. By utilizing a computationally derived “Interoceptive 
Profile” (i.e., the SHAP-based model) to inform the intervention, 
we surpass the limitations of pre-defined or simple event-triggered 
stimulation patterns used in related work. This approach addresses 
the high inter-individual variability inherent in sensory responses, 
providing a scalable method for tailoring gustatory interfaces. 

3 Study 1: Modeling Subjective Sensation from 
Laryngeal Thermal Dynamics 

The primary objective of this study was to investigate how laryngeal 
skin temperature and ingested volume relate to the subjective eval-
uation of beverages, focusing on individual differences. We aimed 
to build computational models to predict ratings of “throat feeling,” 
“deliciousness,” and “comfort” from these objective measures. 

3.1 Method 
3.1.1 Participants. A total of 31 healthy university students (15 
male, 16 female; age: 21.3 ± 1.37 years) were recruited for this 
study. Participants were required to have no dislike of apple juice, 
no apple allergy, and to be able to consume the caffeine solution. 
The experiment was approved by our university’s research ethics 
committee. 

3.1.2 Acquisition of Laryngeal Skin Temperature and Ingested Vol-
ume. Laryngeal skin temperature was measured using a made neck 
belt fitted with four thermistors (103JT-025, SEMITEC Corpora-
tion). The thermistor used has a zero-load resistance at 25 °C (𝑅25) 
of 10 kΩ with a tolerance of ±1 %, and a B-value (𝐵25/85) of 3435 K 
with a tolerance of ±1 %. To measure the temperature, a voltage di-
vider circuit was constructed with the thermistor and a 10 kΩ fixed 
resistor. The output voltage was digitized using the 14-bit analog-
to-digital converter of an Arduino Uno R4. This setup provided 
a theoretical temperature resolution of approximately 0.0063 °C 
within the measurement range of 25–40 °C. A cross-sectional di-
agram and a photograph of the device are shown in Figure 1(a) 
and (b), respectively. The thermistors were affixed to a sponge puff 
using thermally conductive adhesive tape to ensure stable contact 
with the skin and accurate temperature measurement. Temperature 
data was acquired at a sampling rate of approximately 315 Hz. In-
gested volume was measured using a digital scale (0.1 g resolution) 
placed under the beverage cup. A button was placed on the desk 
for participants to press during ingestion. Figure 1(c) illustrates 
the experimental setup. Participants were seated at a desk while 
wearing the custom-made neck belt. A beverage cup and a button 
were placed on the desk in front of them. 

3.1.3 Stimuli. The experiment involved five beverage conditions. 
These were: three conditions using water from Suntory Holdings 
Limited (Cooled (cw) at 5–10 °C, Room-temperature (nw) at 24 °C, 
and Warmed (hw) at 50–60 °C); a Caffeine solution (cff) with 50 mg 
of caffeine (SSP Co., Ltd.) dissolved in 100 mL of room-temperature 
water; and room-temperature Apple juice (aj, Ehime Beverage Co., 
Ltd.). 

3.1.4 Procedure. All participants provided written informed con-
sent prior to their participation. Participants completed a total of 
250 trials (50 trials for each of the 5 beverage conditions). To manage 

Figure 1: The thermal sensing device and experimental setup. 
(a) Schematic of the sensing unit. (b) The custom-made ther-
mal sensing belt. (c) The device worn by a participant during 
the experiment. 

participant fatigue from this large number of trials, the experiment 
was conducted over two days. The 250 trials were structured into 5 
identical sets. Each set consisted of 5 blocks, with one block corre-
sponding to 10 trials of a single beverage (i.e., 1 set = 10 trials × 5 
beverages = 50 trials). Participants completed either two sets (100 
trials) or three sets (150 trials) on the first day, and the remaining 
sets on the second day. The presentation order of the beverage con-
ditions (blocks) within each set was randomized across participants 
to mitigate order effects. Within each block (10 trials), participants 
took a short pause (approximately 15-30 seconds) between each 
trial to complete the VAS ratings, minimizing immediate perceptual 
carryover. Furthermore, between blocks (i.e., after 10 trials of one 
beverage type), participants rinsed their mouths with water and 
took a minimum rest of three minutes to ensure palate cleansing 
and prevent sensory fatigue. Immediately before handing the cup to 
a participant, the beverage’s temperature was measured to confirm 
it was within the target range (±0.5 °C for nw). In each trial, 100 g of 
a beverage was provided, and participants were allowed to consume 
any amount they wished. They were instructed to press a button 
from the moment the beverage touched their lips until swallowing 
was complete; this period was defined as the “ingestion interval.” 
After each trial, participants provided subjective ratings for four 
items using a 100 mm visual analog scale (VAS). After each trial, 
participants provided subjective ratings for four items using a 100 
mm visual analog scale (VAS). We operationalized these constructs 
as follows: 

• Throat Feeling: Participants were instructed to rate the he-
donic quality (i.e., how good or bad) of the overall sensation 
experienced as the beverage passes down the throat. 

• Deliciousness: This measured the participant’s subjective 
hedonic rating of the beverage itself. 

• Comfort: This measured the comprehensive hedonic quality 
reflecting the pleasantness or soothing nature of the overall 
drinking experience. 
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• Thirst: This was measured to assess its relationship with 
the primary hedonic ratings and its change throughout the 
experiment. 

For “throat feeling,” “deliciousness,” and “comfort,” the VAS anchors 
ranged from 0 (“Very bad”) to 100 (“Very good”). For “thirst,” the 
anchors ranged from 0 (“Not at all thirsty”) to 100 (“Extremely 
thirsty”). 

3.1.5 Thermal Data Processing and Feature Extraction. Laryngeal 
skin temperature was continuously recorded throughout each trial. 
From the recorded data, we extracted the temperature during the 
ingestion interval and a subsequent post-ingestion interval of equal 
duration. First, for each thermistor, a baseline was calculated as 
the average temperature over the 3 seconds preceding the onset 
of ingestion. Next, we removed outliers from the data, including 
samples that deviated by more than 0.4 °C from the previous value 
and those detected by the interquartile range (IQR) method. Sub-
sequently, thermal displacement was calculated as the difference 
between the temperature at each time point and the baseline. Trials 
in which the absolute thermal displacement exceeded 0.4 °C for 
more than 20% of the ingestion interval were considered noisy and 
excluded from the analysis. This 0.4 °C threshold is based on the 
reported perceptual threshold for cold sensation (-0.40 ± 0.30 °C) 
when the skin temperature is around 31 °C [19]. Finally, to denoise 
the signal, a moving average with a 50-frame window was applied 
to the resulting thermal displacement for smoothing. 

From the processed data, we computed multiple features for 
both the ingestion and post-ingestion intervals of each trial. These 
features included the mean, variance, maximum, and minimum 
temperature; the maximum thermal displacement [3]; the rate of 
change between the start and end of the ingestion interval; the 
rate of change from the start to the extreme values (maximum 
or minimum); and the rate of change between the minimum and 
maximum values within the ingestion interval. 

3.2 Analysis 
We analyzed the effects of beverage type using Linear Mixed-Effects 
Models (LMMs) and examined the interrelations between subjec-
tive ratings and ingested volume using Spearman correlation co-
efficients. To predict subjective ratings, we trained and evaluated 
several personalized regression models (e.g., Random Forest, Sup-
port Vector Regression, Backpropagation Neural Networks) for each 
participant. We compared three feature sets: (1) laryngeal tempera-
ture features only, (2) ingested volume only, and (3) a combination 
of both. To assess the reliability of the mapping between features 
and subjective ratings, the predictive performance for each model 
was evaluated using a stratified 5-fold cross-validation procedure. 
We report the coefficient of determination (𝑅 2) and Root Mean 
Squared Error (RMSE) from this cross-validation as the primary 
metrics of model performance. Finally, we used SHAP (SHapley 
Additive exPlanations) to interpret the model outputs and identify 
key contributing features. 

3.3 Results 
3.3.1 Effect of Beverage Type on Subjective Ratings and Ingested 
Volume. We analyzed the subjective ratings (throat feeling, deli-
ciousness, comfort, thirst) and ingested volume from 31 participants 

across five beverage conditions. To evaluate the influence of bever-
age type, we applied a linear mixed-effects model for each subjective 
item and for ingested volume, with beverage condition as a fixed 
effect and participant as a random effect. A significant main effect of 
beverage condition was confirmed for all flavor perception ratings 
and for ingested volume (all 𝑝 < 0.001). As shown in Figure 2(a), 
apple juice (aj) and cooled water (cw) were consistently rated high 
across ingested volume and flavor perception items, whereas the 
caffeine solution (cff) had the lowest ingested volume and received 
the lowest ratings for flavor perception. 

To investigate the relationship between subjective ratings and 
ingested volume, we calculated Spearman’s correlation coefficients 
between the four flavor perception ratings and ingested volume 
for each participant (𝑛 = 31). A 5x5 correlation matrix was con-
structed for each participant based on all 250 trials, and Fisher’s 
z-transformation was applied to each matrix element. The mean 
correlation coefficients were then calculated by the z-transformed 
coefficients across participants and applying the inverse trans-
formation. The resulting correlation matrix for all participants 
is shown in Figure 2(b). As a result, “throat feeling,” “delicious-
ness,” and “comfort” showed strong correlations with each other 
(𝑟 = 0.77 ∼ 0.85) and each was positively correlated with ingested 
volume (𝑟 = 0.66 ∼ 0.67). These results indicate that participants 
tended to consume more of a beverage when they evaluated it more 
favorably. To assess the statistical reliability of this relationship, 
p-values were calculated for each pairwise correlation for each 
participant and corrected for multiple comparisons within the cor-
relation matrix using the Bonferroni method. The results showed 
that for 30 out of 31 participants, the correlations between “throat 
feeling,” “deliciousness,” “comfort,” and ingested volume were sig-
nificantly positive (corrected 𝑝 < 0.05). This indicates that the 
observed relationship is not driven by a few individuals but reflects 
a consistent pattern across the group. 

3.3.2 Effect of Beverage Temperature on Laryngeal Skin Tempera-
ture. To investigate the effect of the beverage temperature itself 
on the thermal response of the larynx, we analyzed trials from 
three different water temperature conditions (cw: 5-10 °C, nw: 24 °C, 
hw: 50-60 °C). For each thermal feature, we applied a linear mixed-
effects model with temperature condition as a fixed effect and par-
ticipant as a random effect. The results, shown in Figure 3 for 
features with significant differences, revealed no simple mono-
tonic relationship between beverage temperature and skin tem-
perature response. Specifically, room temperature water yielded 
a significantly higher mean temperature during ingestion than 
warmed water (𝑝 = 0.020449). Cooled water showed a significantly 
greater variance in temperature than both nw (𝑝 = 0.023787) and 
hw (𝑝 = 0.007494), indicating higher instability in the thermal re-
sponse. Furthermore, the minimum temperature during ingestion 
was significantly lower for cw compared to nw (𝑝 = 0.020102). 
However, no consistent pattern was observed in slope-based fea-
tures that would indicate linear cooling or warming effects. This 
suggests that the temperature of the beverage does not have a direct, 
straightforward impact on the laryngeal skin temperature. 

3.3.3 Predicting Subjective Ratings with Within-Individual Regres-
sion Models. To determine whether flavor perception could be pre-
dicted from physiological and behavioral features, we evaluated the 
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Figure 2: Subjective ratings and ingested volume across different beverage conditions. (a) Subjective ratings and ingested volume 
for the five beverage conditions. (b) Mean correlation matrix between subjective ratings and ingested volume. 

Figure 3: Laryngeal thermal dynamics across different water temperatures. Box plots compare thermal features across three 
water conditions: (a) mean temperature displacement, (b) minimum temperature displacement, and (c) temperature variance. 

performance of several regression algorithms using stratified 5-fold 
cross-validation within each individual. We compared three feature 
combinations: (1) laryngeal temperature only, (2) both temperature 
and ingested volume, and (3) ingested volume only. Performance 
was assessed using the coefficient of determination (𝑅 2) and Root 
Mean Square Error (RMSE). The results are summarized in Table 1. 

Overall, the combination of both laryngeal temperature and in-
gested volume features yielded the highest predictive performance. 
The Random Forest (RF) model, in particular, demonstrated high 
mean 𝑅 2 values of 0.6989 for “throat feeling,” 0.6456 for “delicious-
ness,” and 0.6653 for “comfort,” showing the best accuracy in many 

categories. In contrast, the performance using only laryngeal tem-
perature features was substantially lower, with the best model 
(nonlinear SVR) achieving 𝑅 2 values of only around 0.10 to 0.33. 
When using only ingested volume as a feature, the Backpropaga-
tion Neural Network (BPNN) model showed very high performance 
for “throat feeling” with an 𝑅 2 of 0.6993. However, for many other 
models such as Random Forest, linear SVR, k-NN, and XGBoost, 
combining laryngeal temperature and ingested volume features im-
proved accuracy. This suggests that laryngeal temperature features 
provide complementary information to the ingested volume data. 
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Table 1: Performance of personalized regression models for subjective ratings across different feature sets. 

(1) Features: Temperature only 
Model Throat Feeling Deliciousness Comfort Thirst 

𝑅 2 (RMSE) 𝑅 2 (RMSE) 𝑅 2 (RMSE) 𝑅 2 (RMSE) 
BPNN 0.1302 (19.5855) 0.0664 (23.7847) 0.0911 (22.4140) 0.2265 (17.6706) 
RF 0.1488 (19.0023) 0.0700 (23.2262) 0.1186 (21.6665) 0.3229 (15.8150) 
Linear SVR 0.1627 (18.9629) 0.0940 (23.1106) 0.1418 (21.6048) 0.3116 (16.1715) 
Nonlinear SVR 0.1702 (18.8427) 0.0989 (23.0321) 0.1477 (21.5049) 0.3280 (15.9482) 
k-NN 0.1247 (19.6986) 0.0521 (24.1695) 0.1002 (22.4103) 0.2837 (16.4839) 
XGBoost 0.1018 (20.5313) 0.0398 (25.2098) 0.0745 (23.5083) 0.2527 (17.1767) 
LightGBM 0.1016 (20.4896) 0.0445 (24.9624) 0.0781 (23.3083) 0.2736 (16.8380) 

(2) Features: Temperature + Volume 
Model Throat Feeling Deliciousness Comfort Thirst 

𝑅 2 (RMSE) 𝑅 2 (RMSE) 𝑅 2 (RMSE) 𝑅 2 (RMSE) 
BPNN 0.6104 (12.8443) 0.5347 (16.3248) 0.5739 (15.0007) 0.3143 (16.4062) 
RF 0.6989 (11.1567) 0.6456 (14.0791) 0.6653 (13.1672) 0.4493 (14.1969) 
Linear SVR 0.5408 (13.9838) 0.4661 (17.5200) 0.5122 (16.1432) 0.3736 (15.3730) 
Nonlinear SVR 0.5293 (14.1014) 0.4595 (17.9164) 0.5045 (16.3561) 0.3804 (15.2388) 
k-NN 0.6821 (11.5183) 0.6318 (14.4179) 0.6381 (13.7778) 0.3830 (15.2245) 
XGBoost 0.6530 (12.0952) 0.5857 (15.4308) 0.6033 (14.5356) 0.3786 (15.4411) 
LightGBM 0.6643 (11.8974) 0.6040 (15.0643) 0.6270 (14.0500) 0.4061 (14.9989) 

(3) Features: Volume only 
Model Throat Feeling Deliciousness Comfort Thirst 

𝑅 2 (RMSE) 𝑅 2 (RMSE) 𝑅 2 (RMSE) 𝑅 2 (RMSE) 
BPNN 0.6993 (11.1499) 0.6460 (14.0718) 0.6656 (13.1617) 0.4484 (14.2090) 
RF 0.6499 (12.1596) 0.6051 (15.0252) 0.6100 (14.3866) 0.3416 (15.9591) 
Linear SVR 0.5398 (14.0062) 0.4651 (17.5482) 0.5113 (16.1663) 0.3714 (15.4047) 
Nonlinear SVR 0.6419 (12.4217) 0.5788 (15.7456) 0.6038 (14.6029) 0.3977 (15.0366) 
k-NN 0.6695 (11.7720) 0.6146 (14.8301) 0.6234 (14.0979) 0.3595 (15.5361) 
XGBoost 0.6247 (12.7109) 0.5785 (15.6972) 0.5853 (15.0020) 0.2996 (16.9390) 
LightGBM 0.6784 (11.5794) 0.6300 (14.4511) 0.6358 (13.8096) 0.3687 (15.3945) 

3.3.4 Analysis of Feature Importance with SHAP. To understand 
how laryngeal temperature and ingested volume contribute to fla-
vor perception, we first defined a set of features for our regression 
models. These included the ingested volume (ingested_volume) 
and twelve thermal features derived from the laryngeal temperature 
data, calculated for both the ingestion and post-ingestion phases. 
For the ingestion phase, we extracted the mean (drink_mean), vari-
ance (drink_var), maximum (drink_max), and minimum (drink_min) 
temperature change from baseline. We also calculated several rates 
of change: between the maximum and minimum temperatures 
(drink_ext_rate), from ingestion onset to the maximum tempera-
ture (drink_f2max_rate), and from onset to the minimum temper-
ature (drink_f2min_rate). Similarly, for the post-ingestion phase, 
we calculated the mean (after_mean), variance (after_var), maxi-
mum (after_max), and minimum (after_min) temperature change. 
Finally, we included the maximum absolute temperature change 
across both phases (drink_max_temp_chg). 

We then interpreted the output of each participant’s model using 
SHAP to assess the contribution of these features [37]. We vali-
dated these SHAP interpretations by cross-checking them against 
observable patterns in the raw data. First, as our primary validation 

(N=31), SHAP (Figure 4) consistently identified ingested_volume as 
the most influential feature for all hedonic ratings. This interpreta-
tion was robustly confirmed by our findings in Sec 3.3.1 (Figure 2(a), 
2(b)), which show that ingested volume had a strong, statistically 
significant correlation (𝑟 = 0.66 ∼ 0.67, 𝑝 < 0.05 for 30/31 partici-
pants) with these exact ratings, and clearly reflected preferences 
(e.g., low volume for ‘cff’, high for ‘aj’). Second, we validated the 
importance of secondary physiological features in the same manner. 
This process is exemplified in our case study analysis (see Section 
5.2.2 and Figure 8(a)), where the SHAP importance of drink_var for 
Participant N was confirmed by their significantly higher drink_var 
for the unpleasant ‘cff’ stimulus in the raw data. Across all partic-
ipants, ingested volume was the most influential feature for the 
ratings of “throat feeling,” “deliciousness,” and “comfort,” followed 
by the temperature variance during drinking, the mean temperature 
after drinking, and the mean temperature during drinking (Figure 
4). 

For ingested volume, there was a clear trend where higher flavor 
perception ratings were associated with larger ingested volumes, 
and lower ratings with smaller volumes. This result suggests that 
ingested volume functions as a fundamental indicator of hedonic 
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Figure 4: SHAP summary plots for the subjective ratings of throat feeling, deliciousness, and comfort. 

evaluation. However, the analysis also revealed that the directional 
impact of laryngeal temperature features on the ratings varied 
among individuals. This points to underlying differences in indi-
vidual sensory characteristics, suggesting that individuals process 
different sensory input patterns as “favorable” or “unfavorable” 
based on past experiences, genetic backgrounds, or psychological 
states. 

4 System Design: A Wearable Device for 
Laryngeal Thermal Feedback 

The results from Study 1 indicated that thermal displacements at the 
larynx are potentially associated with flavor perception, such as the 
‘throat feeling’. Complementing this, related work has established 
that thermal presentation to specific areas, including the tongue[12, 
25], nose[67], lower lip[23], and posterior neck[31], can modulate 
flavor perception. Based on these findings, this chapter outlines a 
device designed to investigate whether thermal presentation to the 
larynx can similarly alter flavor perception. 

4.1 Implementation 
4.1.1 Hardware and Control System. Figure 5(a) and (b) show the 
thermal presentation device. To deliver thermal stimuli to the lar-
ynx, we mounted two Peltier devices and a thermistor (103JT-025) 
onto a neck belt. To control the temperature of the Peltier devices, 
we used a motor driver (TA8429HQ, TOSHIBA CORPORATION) 
with an Arduino. The TA8429HQ is an H-Bridge driver, which 
allowed us to reverse the direction of the current, enabling both 
heating and cooling from the same Peltier elements. A PID control 
system was implemented to drive the Peltier devices, using the 
thermistor for feedback control. Specifically, the PID controller in 
the Arduino generated a Pulse Width Modulation (PWM) signal 
to the motor driver. This precisely adjusted the voltage applied to 
the Peltier elements, allowing us to maintain the target tempera-
ture based on the continuous feedback from the thermistor. In the 
subsequent experiment, the Peltier devices needed to be activated 
during drinking. Therefore, we configured the system to be manu-
ally controlled by the participant using an external mouse placed 
on the desk. The first click of the mouse button activated the Peltier 
devices, and a second click deactivated them. 

Figure 5: Thermal presenting device and experimental setup. 
(a) Schematic of the thermal device. (b) The custom-made 
thermal belt. (c) A participant wearing the device during a 
trial. 

4.1.2 Stimulation Parameters. Based on related work [23, 67], we 
set the maximum temperature difference (the PID setpoint) to ±2 °C 
relative to a baseline. The baseline was defined as the participant’s 
laryngeal skin temperature, calculated as the average temperature 
over a 3-second resting period. Crucially, to ensure participant 
safety, an absolute upper temperature limit was hard-coded into 
the control software, which cut power to the motor driver if the 
thermistor reading exceeded 39°C. This conservative threshold en-
sures the device always operated well within safe physiological 
limits for skin temperature. Due to the implementation constraint 
of not having an active heat dissipation mechanism (e.g., a heatsink 
or fan), the achievable cooling was limited. Consequently, the sys-
tem achieved a maximum temperature reduction of -1.25 °C in the 
cooling condition. 

4.2 Device Performance 
Figure 6 shows a representative example of the laryngeal skin tem-
perature change recorded by the device. To reduce signal noise, the 
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Figure 6: The temperature change at the larynx when the device was worn. (a) The cooling condition. (b) The warming condition. 

raw data was processed with a 50-frame moving average filter. Fig-
ure 6(a) depicts the cooling condition, and (b) shows the warming 
condition. The highlighted interval on the plots indicates the drink-
ing period, which was marked by the participant pressing a button 
at the start and end of the action. Although drinking duration varied 
among participants, the shortest recorded time in the experiment 
was 2.5 seconds. The plots confirm that both cooling and warming 
stimuli were successfully delivered within this timeframe. 

5 Study 2: Evaluating the Effect of Laryngeal 
Thermal Presentation 

This study aimed to investigate whether thermal presentation to 
the larynx, using the device described in the previous chapter, could 
modulate flavor perception. 

5.1 Method 
5.1.1 Participants. A subset of 20 participants (11 male, 9 female; 
mean age 21.7 ± 1.08 years) from Study 1 took part in this exper-
iment. Before the experiment, participants were briefed on the 
procedure and provided written informed consent. They were in-
formed that the study involved tasting beverages and that they 
could withdraw at any time. We confirmed that they had no dislike 
of or allergies to the beverages being served. 

5.1.2 Experimental Conditions and Stimuli. Referencing related 
work on how thermal cues in perinasal areas and on the rim of 
a cup can alter flavor perception [23, 67], we designed a factorial 
experiment with three conditions. We used four types of bever-
ages: apple juice, orange juice (both produced by Ehime beverage 
Co., Ltd.), green tea (produced by Kirin Beverage Co., Ltd.), and 
water (produced by Suntory Spirits Limited). These were served at 
three different temperatures (cooled: 5 °C, room temperature: 24 °C, 
and warm: 60 °C). Two laryngeal thermal presentation conditions 
were applied: a cooling condition (max -1.25 °C from baseline) and a 
warming condition (max +2 °C from baseline). This resulted in a to-
tal of 24 unique conditions (4 beverages × 3 beverage temperatures 
× 2 laryngeal temperatures). 

5.1.3 Procedure. All participants provided written informed con-
sent prior to their participation. To avoid having thirst confound 

the flavor perception ratings, participants first rated their level of 
thirst on a VAS from 0 (“not thirsty at all”) to 100 (“very thirsty”). If 
the rating was 70 or higher, they were given a sip of water before 
starting the experiment. 

The experiment was conducted using a paired-stimulus format 
based on themagnitude estimation method. First, the participant 
consumed a standard stimulus (a beverage with no thermal pre-
sentation to the larynx). Immediately after, they consumed the 
comparison stimulus (the same beverage with either cooling or 
warming applied). For each pair, participants rated five items. For 
“throat feeling,” “deliciousness,” and “comfort,” they were asked to 
assign a value of 1 to the sensation of the standard stimulus and 
then rate the intensity of the comparison stimulus in proportion 
to it. For the perceived temperature on the laryngeal skin surface 
and the perceived temperature of the beverage itself, we estab-
lished separate references for “warmth” and “coldness,” following 
[23]. For example, if the perceived warmth did not change, it was 
rated as “1”; if the perceived coldness felt 1.5 times stronger, it was 
rated as “1.5.” To mitigate perceptual carryover and sensory fatigue 
across trials, participants were required to rinse their mouth with 
room-temperature water and rest for a minimum of 30 seconds 
after completing the ratings for each pair (two trials). 

Participants were instructed to press a button at two time points: 
just before the cup touched their lips and again after swallowing. 
For the comparison stimulus, the first button press triggered the 
activation of the Peltier elements, and the second press deactivated 
them. This sequence constituted one set, and each participant com-
pleted one set for all 24 conditions. Each beverage was presented in 
a 50 g serving, and its temperature was measured with an infrared 
thermometer just before presentation. The order of beverages and 
laryngeal thermal conditions was randomized across participants 
to control for order effects. To minimize participant fatigue, the 
experiment was completed in a single session lasting approximately 
90 minutes, including breaks and setup. 

5.2 Results 
5.2.1 Overall Effects of Thermal Intervention. The data obtained 
from the magnitude estimation method were first log-transformed. 
To account for differences in scale use among individuals, the values 
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for each participant were standardized to have a mean of 0 and 
a standard deviation of 1. The standardization was performed by 
calculating the mean and standard deviation of all of a participant’s 
data, subtracting the mean from each rating, and then dividing by 
the standard deviation. A Shapiro-Wilk test on the standardized 
evaluation data showed that not all items were normally distributed. 
Consequently, we used the non-parametric Friedman test for anal-
ysis, followed by Bonferroni correction for multiple comparisons 
to examine significant differences among the evaluation data. The 
results of the experiment are shown in Figure 7. 

Perception of Thermal Stimuli. The thermal stimulation on the 
larynx was clearly perceived by the participants. When a warming 
stimulus was applied while drinking warm orange juice (𝑝 = 0.0076) 
and warm water (𝑝 = 0.0116), participants reported feeling signif-
icantly more warmth on their larynx compared to the baseline. 
Similarly, when a cooling stimulus was applied while drinking 
cooled beverages, participants felt significantly more coldness on 
their larynx for orange juice (𝑝 = 0.043), apple juice (𝑝 = 0.0116), 
and green tea (𝑝 = 0.043). 

The laryngeal stimulation also tended to influence the perception 
of the beverage’s temperature itself. When a warming stimulus was 
applied while drinking warm beverages, there was a trend towards 
perceiving the beverage itself as warmer for orange juice (𝑝 = 0.099), 
green tea (𝑝 = 0.09), and water (𝑝 = 0.012). Likewise, applying a 
cooling stimulus to the larynx while drinking cooled beverages 
tended to increase the perceived coldness of the beverage itself for 
apple juice (𝑝 = 0.075) and water (𝑝 = 0.043). 

Effects on Flavor Perception. Applying a cooling stimulus to the 
larynx while drinking cooled beverages was found to increase the 
“throat feeling” (𝑝 < 0.1 or 𝑝 < 0.05). In conditions where a warming 
stimulus was applied during the consumption of room-temperature 
orange juice (𝑝 = 0.068), cooled water (𝑝 = 0.075), and room-
temperature water (𝑝 = 0.043), the “throat feeling” was found to 
decrease compared to the cooling stimulus. 

For “deliciousness,” cooling the larynx increased the rating for 
cooled and room-temperature juices and for cooled green tea (𝑝 < 
0.1, 𝑝 < 0.05). For “comfort,” cooling the larynx increased the rating 
for cooled juices and green tea (𝑝 < 0.1, 𝑝 < 0.05), while warming 
the larynx decreased comfort for room-temperature juices and 
water (𝑝 < 0.1, 𝑝 < 0.05). Conversely, when drinking warm orange 
juice (𝑝 = 0.068) and warm green tea (𝑝 = 0.027), warming the 
larynx increased the feeling of comfort. 

In summary, it was found that laryngeal cooling tended to en-
hance positive sensory evaluations, especially for cool or room-
temperature beverages. In contrast, the effect of laryngeal warm-
ing was more complex and depended on the temperature of the 
beverage being consumed, sometimes decreasing and sometimes 
increasing comfort. 

5.2.2 Relationship with Study 1: Personalized Effects. To investigate 
if the individual differences in the intervention’s effects observed 
in Study 2 could be predicted, we conducted a quantitative analysis 
correlating them with the individual Interoceptive Profiles derived 
from Study 1. Here, an individual’s sensory profile was quantita-
tively defined by the mean absolute SHAP values for each feature 
from their personalized model built in Study 1. This was followed 

by an analysis of illustrative case studies to provide qualitative 
context. 

Quantitative Analysis of Personalized Effects. To investigate if the 
individual differences in response to the thermal intervention could 
be systematically predicted by the Interoceptive Profiles identified 
in Study 1, we conducted a correlation analysis across all 20 partic-
ipants. For each participant, we quantified their individual sensory 
profile by calculating the mean absolute SHAP value for each fea-
ture from their personalized model in Study 1. Based on the overall 
feature importance analysis (see Figure 4), we focused on the three 
most influential thermal features: mean temperature post-ingestion 
(after_mean), mean temperature during ingestion (drink_mean), 
and variance of temperature during ingestion (drink_var). The mag-
nitude of the intervention’s effect in Study 2 was defined as the 
change from the baseline, calculated as rating −1 from the Magni-
tude Estimation data. 

We calculated both Pearson’s product-moment correlation coef-
ficient (𝑟 ) to assess linear relationships and Spearman’s rank corre-
lation coefficient (𝑟𝑠 ). The results are summarized in Table 2. 

The analysis revealed a statistically significant positive linear 
correlation between the SHAP value for mean temperature post-
ingestion and the effect of the cooling intervention on the “throat 
feeling” rating (𝑟 = 0.542, 𝑝 = 0.014). However, the corresponding 
Spearman’s rank correlation was not significant (𝑟𝑠 = 0.137, 𝑝 = 
0.563). Furthermore, a non-significant trend was observed in the 
Spearman correlation between the SHAP value for mean tempera-
ture post-ingestion and the effect of cooling on the “comfort” rat-
ing (𝑟𝑠 = 0.382, 𝑝 = 0.097), suggesting a potential, albeit weaker, 
monotonic relationship for this dimension. No other correlations 
approached statistical significance. 

Illustrative Case Studies. To further illustrate the divergent indi-
vidual responses suggested by the quantitative analysis, we present 
a detailed analysis of two participants, N and W, who exemplify 
these differences. 

For each participant, we analyzed the data from the magnitude 
estimation method to examine changes in flavor perception across 
the laryngeal thermal conditions (cooling, baseline, warming). As 
a Shapiro-Wilk test indicated that the data were not normally dis-
tributed, we performed a Friedman test, followed by post-hoc com-
parisons using the Bonferroni method to test for significant differ-
ences. The results for participants N and W are shown in Figure 8(b). 

As shown in Figure 8(a), Participant N, in the sensing experiment, 
showed a significantly larger variance in laryngeal temperature 
during the ingestion interval when consuming the unpleasant stim-
ulus (caffeine solution) compared to other beverages. In Study 2, 
Participant N’s flavor perception was significantly altered by the 
laryngeal thermal presentation (Figure 8(b)). Specifically, cooling 
the larynx significantly improved their ratings of “throat feeling,” 
“deliciousness,” and “comfort” compared to the baseline. 

In contrast, Participant W showed no statistically significant ef-
fect of beverage type on any of the laryngeal temperature features 
in the sensing experiment. Correspondingly, in the thermal presen-
tation experiment, Participant W showed no significant change in 
flavor perception as a result of the laryngeal thermal presentation. 
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Figure 7: Overall results of Study 2. 
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Table 2: Correlation between sensory profile features (mean absolute SHAP values from Study 1) and the effect of laryngeal 
thermal intervention (from Study 2) on subjective ratings. 

Laryngeal Cooling Effect Laryngeal Warming Effect 
Subjective Rating Sensory Profile Feature Pearson’s r Spearman’s 𝑟𝑠 Pearson’s r Spearman’s 𝑟𝑠 

Throat Feeling after_mean 0.542 (p=.014) 0.137 (p=.563) 0.083 (p=.728) -0.073 (p=.761) 
drink_mean -0.155 (p=.513) -0.002 (p=.995) -0.082 (p=.730) -0.026 (p=.912) 
drink_var 0.229 (p=.332) 0.182 (p=.441) -0.142 (p=.549) -0.015 (p=.950) 

Deliciousness after_mean 0.021 (p=.932) 0.190 (p=.422) 0.058 (p=.810) 0.151 (p=.524) 
drink_mean 0.042 (p=.861) 0.125 (p=.598) 0.160 (p=.501) 0.085 (p=.721) 
drink_var 0.076 (p=.750) -0.004 (p=.987) 0.093 (p=.697) 0.126 (p=.596) 

Comfort after_mean 0.064 (p=.788) 0.382 (p=.097) 0.149 (p=.529) 0.292 (p=.212) 
drink_mean 0.000 (p=.999) 0.173 (p=.466) 0.016 (p=.947) 0.051 (p=.833) 
drink_var -0.069 (p=.774) 0.200 (p=.399) -0.130 (p=.584) 0.069 (p=.771) 

Figure 8: Contrasting responses to laryngeal thermal stimulation for two participants. (a) Laryngeal temperature variance 
during drinking (Study 1). (b) Effect of thermal stimulation on flavor perception (Study 2). 

6 Discussion 

6.1 Interpretation of Study 1: Individual 
Differences in Sensory Models 

This study demonstrates that subjective sensory experiences during 
beverage consumption—most notably throat feeling—can be quanti-
tatively predicted from a combination of laryngeal skin temperature 
and ingested volume. The within-individual machine-learning mod-
els achieved high predictive accuracy (mean 𝑅 2 = 0.65–0.70). This 
performance is competitive with previous studies that have used 
more complex, multi-modal biosignals to estimate emotional states. 
For instance, the DEAP dataset reported binary classification ac-
curacies around 57-67% for arousal, valence, and liking using EEG 

and other peripheral measures [28]. Similarly, prior work on gus-
tatory responses using nasal thermography reported correlation 
coefficients corresponding to an 𝑅 2 of up to 0.49 [3]. Our approach, 
using a combination of laryngeal thermal dynamics and behavioral 
cues, yielded higher coefficients of determination, suggesting it is 
a viable and low-burden method for estimating affective states in 
this context. 

A primary finding is that ingested volume was the most power-
ful predictor of positive ratings for “throat feeling,” “deliciousness,” 
and “comfort.” This result empirically supports the principle that 
consumption volume is a robust behavioral correlate of hedonic 
evaluation, as people tend to consume more of what they find pleas-
ant [21]. The strong inter-correlations among these three ratings 
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(Figure 2b) further suggest they form a coherent hedonic dimension 
that is reflected in ingestive behavior. This finding provides empiri-
cal support for our selection of subjective measures. Given that we 
defined all three items (“throat feeling,” “deliciousness,” and “com-
fort”) as measures of hedonic quality, their high inter-correlation 
(𝑟 = 0.77 ∼ 0.85, as shown in Figure 2b) serves as an internal 
cross-check on the measurement indicators. The consistency of 
results suggests that participants consistently processed them as 
interrelated components of a unified, positive hedonic dimension. 
However, this consistency is primarily considered a supporting ob-
servation, and not a definitive validation of complete psychological 
construct coverage. 

Our results also show that laryngeal thermal dynamics provide 
complementary information that significantly improves predictive 
accuracy for several models (Table 1). This suggests that while be-
havioral metrics offer a broad estimate of preference, physiological 
signals—likely reflecting factors such as the beverage’s properties 
and the physiological work of swallowing [68]—are essential for cap-
turing the nuanced sensory qualities that constitute that preference. 
The utility of this thermal data appeared to be model-dependent; for 
models like Random Forest, thermal features consistently provided 
complementary information, whereas for a powerful non-linear 
model like a BPNN, the single strong feature of ingested volume 
may have been sufficient to learn the predictive relationship. 

Finally, the SHAP analysis revealed that while ingested volume 
was the primary driver of predictions, the way in which thermal 
features contributed to the models varied considerably across indi-
viduals. This suggests that individuals have different Interoceptive 
Profiles, weighing cues like thermal stability or dynamic changes 
differently when forming their subjective evaluations. This finding 
provides a clear theoretical grounding for our key construct. While 
“sensory profiling” in consumer science typically uses consumer-
based methods to characterize products[70], our computational 
approach aims to create a profile of the individual’s perceptual 
model itself. We posit that our computationally-derived Interocep-
tive Profiles (i.e., the SHAP values) are a novel, HCI-based opera-
tionalization of an established psychological concept: individual 
differences in interoceptive weighting [11]. Specifically, the profile 
quantifies how strongly an individual’s subjective hedonic judg-
ment (e.g., “comfort”) depends on specific physiological cues (e.g., 
the thermal mean, or dynamic changes like the drink_var). 

6.2 Interpretation of Study 2: Overall Effects of 
Thermal Intervention 

Consistent with related work demonstrating that thermal presen-
tation to specific facial areas can alter taste and flavor perception 
[12, 23, 25, 67], our study revealed that thermal presentation to the 
larynx also modulates flavor perception. 

The thermal stimulus applied to the larynx was perceived more 
strongly only when its direction was congruent with the beverage’s 
temperature. This might be because participants’ attention was 
primarily directed toward evaluating the beverage’s temperature, 
making them less attentive to unexpected thermal changes (e.g., 
thermal stimulation with a room-temperature beverage). Further-
more, a comparison of the median ratings of perceived temperature 

on the larynx showed that the “warmth” from the warming stimu-
lus was rated more strongly than the “coldness” from the cooling 
stimulus. This is consistent with prior research on the asymme-
try of thermal thresholds; for instance, for skin temperatures in 
the range observed in our experiment (33–36°C), warming stimuli 
(threshold: +0.5°C) are more easily detected than cooling stimuli 
(threshold: -1.8°C) [19]. The lower perception of the cooling stimu-
lus could also be attributed to differences in the absolute magnitude 
and rate of temperature change. The warming stimulus may have 
been perceived more strongly because the temperature increased 
more rapidly. 

Moreover, laryngeal warming stimulation made warm beverages 
feel even warmer, and cooling stimulation made cool beverages 
feel even cooler. This suggests that the external, supplementary 
information augmented the perception of the primary sensation 
(the beverage’s temperature). This principle aligns with previous 
findings where applying cold stimuli to the posterior neck synchro-
nized with swallowing was shown to enhance the perception of 
food’s coldness [31]. Our study demonstrates that this effect can 
also be induced at the larynx, a region more directly involved in 
the swallowing process. This sensory congruence appears to be 
linked to hedonic evaluation. When the sensation expected from the 
beverage and the external stimulus were congruent (e.g., a cooled 
beverage with a cooling stimulus), the sensation was enhanced, 
leading to positive evaluations such as improved “throat feeling,” 
“deliciousness,” and “comfort.” The beverages used in this experi-
ment reflect a cultural context where they are generally preferred 
cold. Our findings suggest the possibility of creating or enhanc-
ing the perceptual experience of a “cool and delicious” beverage 
through external sensory input, without physically altering the 
beverage itself. This strong dependency on the beverage’s own 
properties and the observed high inter-individual variability lead 
to a critical insight. For example, the mixed results observed for the 
warming intervention may be partly attributed to the fact that the 
study was conducted during the summer, a season when cooling 
sensations are generally preferred. Applying a warming stimulus to 
room-temperature or chilled beverages may have therefore created 
a sensory incongruence that participants perceived as unpleasant. 
This dependency suggests that universal interventions (e.g., always 
cooling) are suboptimal because they disregard not only situational 
context but also individual sensory weighting (as identified in Study 
1). Thus, interventions targeting the larynx imply dependence not 
only on individual characteristics but also on the broader context in 
which beverages are consumed. Context-adaptive approaches that 
account for users’ sensory preferences, cultural norms surrounding 
beverages, and environmental factors like ambient temperature 
are likely more effective at enhancing the perceptual experience 
than universal interventions that disregard these situational and 
individual factors. 

6.3 Interpretation of Study 2: Personalized 
Effects of Thermal Intervention 

The correlation analysis between the Interoceptive Profiles from 
Study 1 and the intervention effects from Study 2 provides quan-
titative evidence for the personalized nature of laryngeal thermal 
feedback. The significant Pearson correlation for the “throat feeling” 
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with cooling suggests a linear relationship for a subset of individuals. 
The discrepancy between the significant Pearson correlation and 
the non-significant Spearman correlation suggests that this linear 
relationship is likely driven by a small number of participants who 
were highly sensitive to this feature and responded strongly to the 
intervention, rather than a consistent monotonic trend across the 
entire sample. This indicates that the personalized effect is highly 
specific: it is most pronounced for the “throat feeling” dimension, 
is linked primarily to the cooling intervention, and is predictable 
based on an individual’s sensitivity to post-ingestion thermal cues. 

The case studies of Participants N and W help to illustrate these 
divergent responses. Participant N likely represents one of the 
highly responsive individuals that drove the significant Pearson 
correlation observed in our analysis. Their clear and significant 
improvement in flavor perception with cooling aligns with their 
sensory profile from Study 1, which showed high sensitivity to 
thermal variance. In contrast, Participant W, whose sensory profile 
was not sensitive to thermal features, showed no significant change 
in flavor perception. This response is representative of the general 
trend in the data, where no consistent monotonic relationship was 
found, as indicated by the non-significant Spearman correlations. 

However, it is important to note that participants exhibiting 
distinctive characteristics like Participant N in Study 1 were few. 
Furthermore, some participants who showed characteristic thermal 
changes could not participate in Study 2, highlighting the need 
for further investigation with a larger sample to generalize these 
findings. It is also possible that our model has not yet captured 
other physiological or psychological factors that mediate the effect 
of our intervention. For instance, the static nature of the thermal 
stimuli in Study 2 (constant cooling/warming) may not align with 
the Interoceptive Profiles of all individuals, some of whom may be 
more responsive to dynamic temperature changes, as suggested by 
the importance of the temperature variance feature in Study 1. 

6.4 Synthesizing a Potential Framework for 
Personalized Sensation Augmentation 

Taken together, our two studies suggest the potential for a com-
putational approach to personalizing sensory experiences. While 
our results indicate that this personalization is not yet achievable 
for all individuals, our work points toward a potential framework 
consisting of three stages: 

(1) Sensing: Objectively measure relevant physiological and 
behavioral signals during a baseline experience. 

(2) Modeling: Use machine learning to build a personalized 
model that maps these signals to subjective perception, thereby 
identifying an individual’s unique sensory profile. 

(3) Intervention: Design and apply a targeted intervention 
based on the individual’s model to achieve a desired percep-
tual outcome. 

This “Sensing → Modeling → Intervention” pipeline suggests a 
possible direction for a systematic, data-driven approach to under-
standing and augmenting subjective experiences, moving beyond 
generic interventions towards truly personalized technology. 

To realize the full potential of the larynx as a bidirectional inter-
face, as implicitly suggested by the sequential nature of our studies, 

the integration of these three stages into a continuous, real-time 
closed-loop system is essential. 

Toward True Bidirectional Feedback. In this paragraph, we discuss 
the design of a novel integrated system with personalized feedback, 
which can be realized by synthesizing the findings from Study 1 
and Study 2. Such a system would function as a closed loop by 
continuously predicting the user’s subjective hedonic state (e.g., a 
predicted “comfort” score) using real-time laryngeal thermal data 
and ingestion cues. When the predicted hedonic rating falls below 
a personalized threshold (indicating an unfavorable sensory trend), 
the system would immediately activate the thermal actuator accord-
ing to the individual’s Interoceptive Profile (e.g., initiating cooling 
for an individual who is highly sensitive to the after_mean ther-
mal feature). The core challenge for realizing this true bidirectional 
feedback lies in connecting the predictive output of the Model-
ing stage directly to the Intervention input with minimal latency. 
Overcoming this latency allows the system to act as a responsive, 
homeostatic regulator of the sensory experience, dynamically ad-
justing the physical stimulus (temperature) based on the inferred 
internal state (hedonic rating) in real time. The implementation of 
this closed-loop control would establish the larynx as a functional, 
bidirectional HCI interface for consumption. 

7 Limitations and Design Implications 
7.1 Limitations 
Our research has several limitations. A primary challenge is that the 
precise physiological mechanisms underlying our findings remain 
unclear. The mechanism by which flavor perception influences la-
ryngeal temperature, and conversely, how thermal presentation 
to the larynx modulates flavor perception, is not yet understood. 
Our measurements are correlational and do not establish causality. 
Furthermore, skin-surface temperature is an indirect proxy for the 
actual thermal events occurring within the pharynx. The interven-
tion is also limited to thermal stimuli delivered to the skin surface, 
which may not fully replicate the internal sensation of a drink. 

Another significant limitation is the participant pool. Our con-
clusions are based on a relatively small group of university stu-
dents from a single cultural background. It is known that cultural 
background and past experiences play a significant role in flavor 
perception and its cross-modal modulation [64, 71]. Therefore, the 
generalizability of our findings requires further validation with a 
broader and more diverse participant pool, comprising individuals 
of different age groups, nationalities, and dietary habits. Similarly, 
our conclusions regarding personalization in Study 2 are based 
on illustrative case studies, which necessitate a larger-scale study 
to establish statistical significance across different Interoceptive 
Profiles. 

A further constraint relates to the subjective nature of the he-
donic ratings. Although all analyses relying on subjective scales, 
such as correlations and predictive modeling, are performed within-
subjects, thereby mitigating the issue of absolute scaling differences 
between individuals, the fundamental challenge of semantic inter-
pretation remains. Specifically, the interpretation of verbal anchors 
(e.g., whether “Very good” represents the same hedonic intensity for 
all participants) may still vary. Since we rely on self-reported data 
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to model the physical predictors, the observed predictive power 
may be influenced by these inherent inconsistencies in semantic 
interpretation. 

One of the primary conceptual frameworks of this paper is the 
bidirectionality of the larynx as an interface. Our work demon-
strates the potential of this bidirectionality by presenting two in-
dependent studies: sensing (Study 1) and intervention (Study 2). A 
key limitation is that these systems are not integrated; the current 
studies do not involve real-time, closed-loop control connecting 
the two. The integration of these sensing and actuation systems is 
a critical next step. Future work must unite these two components 
to function in concert as a truly bidirectional interface. 

In this paper, we focused on modeling holistic, hedonic ratings 
(e.g., “deliciousness,” “comfort”) as they strongly correlate with 
ingestive behavior (volume). However, we did not include more 
analytical sensory dimensions, such as perceived texture, viscosity, 
or specific flavor attributes (e.g., sweetness, bitterness). Including 
these dimensions, would undoubtedly broaden the profiling space 
and could reveal more nuanced relationships between laryngeal 
physiology and specific sensory inputs. 

Finally, both studies were conducted under controlled laboratory 
conditions rather than in an ecologically valid, “in-the-wild” setting. 
Our primary goal was to establish the fundamental feasibility and 
effectiveness of the larynx as a sensing and actuation site, which 
required minimizing environmental noise and controlling variables 
strictly. However, this controlled setting limits the generalizability 
of our findings to real-world eating contexts (e.g., noisy restaurants, 
social gatherings, or while walking). The short-term nature of the 
experiments also means we have not assessed long-term usability, 
user acceptance, or potential novelty effects. While we propose the 
larynx offers higher social acceptability, we did not validate this hy-
pothesis, nor did we assess how wearing the device impacts social 
communication during a meal. Research on face-worn olfactory 
displays, for instance, suggests that placing devices near existing 
adornment practices (e.g., jewelry, piercings) maximizes social ac-
ceptance, whereas placing them on “unadorned” sites like the cheek 
can deviate from social norms and cause resistance [73]. Although 
the neck benefits from this adornment association (e.g., necklaces, 
chokers), further study is required to validate the long-term social 
acceptability of a functional laryngeal device in real-world social 
dining. 

7.2 Design Implications for HCI 
Despite these limitations, our work offers several design implica-
tions for HCI. 

7.2.1 Adaptive Strategy Design in Food Augmentation. Our findings 
provide a novel framework for engineering adaptive food augmen-
tation systems. The results from Study 2, demonstrating that the 
intervention efficacy is dependent on beverage context and indi-
vidual profiles, suggest that a simplistic, universal intervention 
strategy (e.g., always cooling) is inherently suboptimal. Instead, 
intervention design requires a hierarchical approach to adaptation: 
First, our findings support a general principle of sensory congru-
ence as a baseline strategy. As shown in Fig. 7, thermal feedback 
that aligns with the beverage’s inherent temperature (e.g., cool-
ing for cold beverages) consistently enhances the positive sensory 

experience across participants. This implies that preserving the 
congruency between external stimuli and the beverage’s properties 
serves as a robust default strategy when minimal intervention is 
sufficient. Second, to maximize effect across diverse conditions, 
systems must implement dual adaptation that simultaneously con-
siders: (1) context-awareness (e.g., adapting stimulus polarity based 
on beverage temperature and environmental factors), and (2) in-
dividual adaptation (e.g., adjusting intensity based on the user’s 
Interoceptive Profile from Study 1). Third, while creating a unique 
profile for every user is resource-intensive, our case studies suggest 
the potential for scalable personalization. Future Human-Food Inter-
action(HFI) systems can cluster users into groups based on similar 
physiological response patterns and apply group-based Interocep-
tive Profiles to achieve effective personalization at scale, which 
warrants further investigation. The integration of this dual (con-
text + individual/group) adaptation within our proposed “Sensing-
Modeling-Intervention" framework provides a new direction for 
engineering truly personalized HFI experiences. 

7.2.2 The Larynx as an Unobtrusive Interface Site for Bio-Sensing 
and Actuation. Our work advocates for the larynx as an optimal 
site for interfaces targeting eating and drinking, demonstrating 
its viability for both sensing and actuation. The viability of using 
laryngeal temperature to capture ingestion actions and physiologi-
cal features, as shown in Study 1, suggests that laryngeal sensing, 
when combined with behavioral data (ingested volume), provides 
high predictive performance for flavor perception, positioning it as 
a highly effective site for consumption monitoring. Crucially, the 
larynx enables precise synchronization with swallowing without 
interfering with eating or speaking. Furthermore, unlike facial de-
vices, the neck location allows the device to be discreetly concealed 
by clothing (e.g., a turtleneck or collar) or worn as an accessory. 
These functional and social advantages position the larynx as a key 
area for next-generation consumption interfaces. 

7.2.3 Objective and Real-Time Sensory Evaluation Tools. The “Sensing-
Modeling" approach proposed in this work can be developed into 
a novel tool to augment traditional sensory evaluation methods, 
which typically rely on subjective reporting and descriptive anal-
ysis. By providing objective, real-time data on physiological cues 
(laryngeal thermal dynamics) and correlating them with ingestion 
behavior (volume) and hedonic ratings, our methodology can offer 
food scientists and product developers a richer, quantitative under-
standing of consumer perception. This objective profiling capability 
has the potential to accelerate and enrich the product design cycle 
by providing granular insight into the individual variability of sen-
sory responses. Furthermore, the physiological sensing capabilities 
of the larynx can be expanded by integrating modalities such as 
laryngeal pressure sensing [38], which offers precise information 
about swallowing kinematics. Integrating multiple sensors (e.g., 
thermal and pressure) presents a promising direction for future 
research in capturing comprehensive, multimodal physiological 
indicators of food consumption. 
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7.3 Future Work 
Future work will focus on developing a closed-loop system that 
connects the sensing model to the intervention in real-time. Specif-
ically, we will integrate the sensing system from Study 1 with the 
intervention system from Study 2. This integrated system will first 
predict the user’s subjective flavor perception in real-time based 
on laryngeal temperature changes and intake volume. Based on 
this predictive data, the thermal presentation to the larynx will 
dynamically adjust its temperature to achieve a desired perceptual 
outcome. For example, the system could create a pleasant sensation 
by applying cooling to the larynx when an unpleasant sensation 
is detected, allowing for dynamic adaptation of the stimulus based 
on the user’s ongoing physiological state. To achieve the required 
context-awareness for this closed-loop system, future efforts must 
focus on dynamically integrating the properties of the consumed 
item. Specifically, this involves measuring or inferring the bever-
age’s initial state (e.g., precise temperature and type) in real-time 
through complementary sensing modalities, such as integrating 
temperature sensors into tableware and cutlery or utilizing com-
puter vision to identify the item. The algorithm will then use this 
contextual information to determine the optimal polarity (cooling 
vs. warming) and intensity of the thermal stimulus, ensuring the 
intervention is congruent with the beverage’s properties and the 
user’s sensory profile. 

We also plan to expand this research to a wider variety of bever-
ages and food textures to understand how different physical proper-
ties interact with our sensing and intervention methods. In doing so, 
we aim to incorporate the analytical sensory dimensions (e.g., vis-
cosity, texture, specific flavor attributes) discussed in our limitations. 
This will allow us to build more comprehensive models that untan-
gle how different physical properties (e.g., a beverage’s viscosity) 
and specific sensory inputs (e.g., bitterness) distinctively influence 
laryngeal thermal dynamics and the overall “throat feeling.” A key 
priority is to conduct studies with a larger and more diverse partici-
pant pool to examine the generalizability of our findings and further 
explore the influence of factors like age and cultural background. 
This will not only serve to examine the generalizability of our find-
ings (e.g., across different ages and cultural backgrounds) but also 
to explore the feasibility of clustering participants into distinct sen-
sory profile groups, as discussed in our Design Implications. This 
grouping could enable more scalable, group-based personalization 
as a practical alternative to fully individualized models. Further-
more, to address the limitations of our lab-based studies, we plan 
to conduct long-term, “in-the-wild” evaluations. This will allow us 
to understand how the device performs amidst the complexities of 
daily life and to assess factors such as comfort, social acceptabil-
ity, and robustness to motion artifacts. Finally, integrating other 
physiological sensors, such as electromyography (EMG) to measure 
muscle activity during swallowing, could enhance model accuracy 
and provide deeper mechanistic insights. 

8 Conclusion 
This study proposed a framework for sensing and modulating flavor 
perception by focusing on the laryngeal region. We first demon-
strated that flavor perception can be quantified by combining la-
ryngeal skin temperature and ingested volume. Second, we showed 

that thermal presentation to the larynx can modulate flavor per-
ception. Finally, our findings suggest that the effect of this thermal 
intervention may be linked to an individual’s characteristic laryn-
geal temperature changes during drinking. This work presents a 
step toward realizing personalized beverage experiences by compu-
tationally modeling and intervening in the sensation of the “throat 
feeling.” 
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