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Rapid eating is common yet difficult to regulate in situ, partly because people seldom notice pace changes and sustained
self-monitoring is effortful. We present Earinter, a commodity-earbud-based closed-loop system that integrates in-the-wild
sensing, real-time reasoning, and theory-grounded just-in-time (JIT) intervention to regulate eating pace during daily meals.
Earinter repurposes the earbud’s bone-conduction voice sensor to capture chewing-related vibrations and estimate eating
pace as chews per swallow (CPS) for on-device inference. With data collected equally across sessions in quiet and noisy
environments, Earinter achieves reliable chewing detection (F1 = 0.97) and accurate eating pace estimation (MAE: 0.18 ± 0.13
chews/min, 3.65 ± 3.86 chews/swallow), enabling robust tracking for closed-loop use. Guided by Dual Systems Theory and
refined through two Wizard-of-Oz pilots, Earinter adopts a user-friendly design for JIT intervention content and delivery
policy in daily meals. In a 13-day within-subject field study (N=14), the closed-loop system significantly increased CPS and
slowed meal-level eating pace, with statistical signs of carryover on retention-probe days and generally favorable comfort and
usability. These effects should be interpreted as changes in eating-pace regulation rather than evidence of weight loss. Our
findings highlight how single-modality commodity earables can support practical, theory-driven closed-loop JIT interventions
for regulating eating pace in the wild.

CCS Concepts: • Human-centered computing→ Ubiquitous and mobile computing design and evaluation methods;
• Applied computing→ Health informatics.
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Fig. 1. Earinter is an earbud-based closed-loop system for monitoring and regulating eating pace in daily meals. (a) It has a
pre-meal reminder, senses ingestive signals while eating in the wild, and performs real-time reasoning to estimate pace. (b)
When a rapid eating pace is detected, it delivers theory-based audio prompts, subject to a cooldown interval. (c) It shows
real-time ingestive events and pace estimates. (d) After the meal, it summarizes pace-related statistics to support reflection.

Additional Key Words and Phrases: Closed-loop system, Eating pace, Earbuds, Wizard-of-Oz, Intervention design, Just-in-time,
Behavior change.
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1 INTRODUCTION
Eating is a foundational daily activity with downstream consequences for health, quality of life, and well-
being [39, 67]. While prior work and public attention largely emphasize what people eat (e.g., diet quality [97, 98]
and nutritional balance [4, 9, 24]), how people eat during a meal is equally consequential. We define eating pace
as the temporal pattern of within-meal food intake, capturing how quickly and steadily a person progresses
through eating. However, it is often overlooked in everyday life [101].
In everyday meals, regulating eating pace matters because persistent fast eating has been associated with

delayed satiety and higher risks of overeating and obesity [33, 74, 113], increased gastrointestinal burden due to
insufficient chewing [57, 64], and reduced awareness of the eating experience [84]. Yet it is difficult to regulate in
situ. People often fail to notice when they speed up [66], cannot sustain attention across the meal [63], and face
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strong habitual stability reinforced by daily and social contexts [19, 21, 30, 49]. As a result, eating pace becomes a
largely automatic behavior with little immediate feedback, allowing fast-eating patterns to persist unchecked.
Recent advances in ubiquitous and wearable sensing have made it increasingly feasible to detect ingestive

behaviors such as chewing and swallowing in the wild and even run online inference during daily meals [17,
42, 61, 91, 108, 110]. In practice, however, most existing work still has limited translation of these behavioral
signals into actionable, acceptable, and timely support [25]. When interventions are explored, they are often
either after the fact (e.g., post-meal visual summaries for reflection) [24, 36, 73] or workflow-bound in-meal cues
(e.g., video playback changes [20], replayed eating sounds [21], vibrotactile prompts [34, 48]). A key reason is that
eating pace is dynamic, context-dependent, and habit-driven – it fluctuates within meals and varies across people,
foods, and social settings – making post-meal feedback too late and fixed rules brittle. What is still missing is an
iterative closed-loop mechanism that continuously senses and infers momentary eating states and maps them to
intervention timing and dose (when to intervene, how often, and for how long), enabling support that remains
effective and acceptable in everyday meals.
To address this gap, we present Earinter, a commodity-earbud-based closed-loop system for eating-pace

regulation during daily meals. We treat sensing and intervention as components of a single closed loop rather than
as separate stages. We choose earables not only for sensing, but also because they co-locate sensing and private,
eyes-free feedback on an already-adopted form factor, reducing setup friction and limiting competition with
visual attention during meals. Earinter repurposes the bone-conduction voice-pickup sensor already embedded in
commodity earbuds, a design pattern originally intended for call enhancement and now common in mainstream
devices. This practical choice can capture chewing-related vibrations and infer chews per swallow (CPS) as an
actionable indicator of oral processing intensity [31, 88]. Across data collected in both quiet and noisy settings,
Earinter achieved reliable chewing detection (F1 = 0.97) and low error in pace-relevant estimation (MAE: 0.18
± 0.13 chews/min; 3.65 ± 3.86 chews/swallow). Then Earinter uses these real-time estimates to trigger just-in-
time support. To make support practical in everyday eating, we further design a theory-grounded intervention
mechanism guided by Dual Systems Theory and refine content and delivery policy through two Wizard-of-Oz
pilots. We then evaluated the full system in a 13-day within-subject field study (N=14), where Earinter significantly
increased CPS and reduced food-consumption speed, with statistical signs of carryover on retention-probe days
and overall comfort and usability. Together, these results show the promise of commodity earables as a practical
platform for theory-driven, closed-loop JIT intervention for eating-pace regulation in the wild. In this paper, we
make the following contributions:

• We present Earinter, a commodity-earbud-based closed-loop system that regulates eating pace in daily meals
by continuously sensing and reasoning about ongoing ingestion, delivering JIT auditory interventions in
situation and a post-meal summary report.

• We develop a theory-grounded, psychologically informed JIT intervention mechanism. AWizard-of-Oz pilot
study refines the final prompt set and calibrates delivery parameters, including frequency and sequencing,
to preserve comfort while maintaining perceived usefulness.

• We evaluate Earinter in a 13-day within-subject field study with baseline, control, and experimental phases,
showing significant improvements in eating pace and statistically early signs of carryover with favorable
comfort and usability.

2 BACKGROUND AND RELATED WORK

2.1 Eating Pace as a Dynamic In-Meal Behavior
Eating pace is a continuous, within-meal behavior that reflects the moment-to-moment rhythm of ingestion. It is
closely related to mindful eating in that both emphasize awareness of the eating process and attention to bodily
cues [94]. Persistent fast eating pace has been linked to a range of adverse outcomes, including greater risks of
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overeating and obesity [33, 75, 76], higher cardiometabolic burden [81, 107], and even acute safety hazards [51].
Mechanistically, fast eating pace often entails insu�cient mastication and hurried swallowing, which can increase
gastrointestinal load and reduce the e�ectiveness of digestive processing [57]. Meanwhile, chewing-related
physiological feedback (e.g., appetite and glucose regulation) may lag behind rapid intake [83, 113], making
satiety signals arrive too late to shape ongoing behavior and thereby encouraging excessive energy intake [3]. In
everyday meals, eating pace is shaped by time pressure, situational norms, and social contexts, and fast eating
is often acceptable [19, 49]. Eating is also often treated as a secondary companion activity during leisure-time,
and people frequently engage in screen media or other distractions during meals [20]. This makes it di�cult to
sustain attention to eating pace throughout a meal, especially in the absence of immediate corrective feedback.
Moreover, eating pace tends to exhibit habitual stability across contexts, which weakens the e�ectiveness of
intention-based regulation strategies [21, 30].

Building on prior work, we operationalize eating pace through oral processing intensity, quanti�ed as chews
per swallow (CPS). CPS is de�ned as the number of chewing cycles between two consecutive swallowing events
[31, 88]. As an intuitive behavioral indicator, CPS is more actionable than other chewing-related metrics, which
are regulated by the rhythm generator in the central nervous system and therefore tend to vary only modestly
in response to external in�uences [5, 62, 70]. In contrast, CPS can be adjusted through simple, in-the-moment
strategies such as extending mastication before swallowing. Recent work increasingly adopts CPS to characterize
eating pace and examine its links to health outcomes [12, 31, 113]. In this paper, CPS serves as the primary
continuous indicator for monitoring and regulating eating pace during daily meals.

2.2 JIT Intervention Design for Ingestion Behavior Change
Just-in-time (JIT) interventions refer to methods that deliver support when an individual is most likely to bene�t
from and accept it [72]. Such moments are typically identi�ed through real-time assessments of the user's
behavior, physiology, or context [22, 72, 89]. Beyond timely delivery, e�ective JIT design also requires a principled
account of why the target behavior occurs and is hard to change. Accordingly, prior researches in behavior
change emphasize grounding JIT intervention in psychological theories to improve acceptability and increase the
likelihood of sustained habit change [68, 100]. In digital well-being, Dual Systems Theory [41] frames problematic
smartphone use as a con�ict between habitual and deliberative control processes [79]. It motivates interventions
that adapt to in-the-moment triggers such as fatigue, emotions, and context [103]. In medication adherence,
Self-e�cacy Theory [6] motivates feedback that reinforces success and supports recovery after lapses [54].

In eating-related interventions, recent systems have increasingly incorporated theories to strengthen long-term
change in dietary behaviors. Self-e�cacy Theory has motivated designs that provide positive reinforcement, small
achievable actions, or peer support to encourage healthier food choice routines [46, 80]. Goal-oriented theories
further strengthen goal-directed behavior in complementary ways � Goal-setting Theory operationalizes distal
goals into proximal subgoals with progress feedback [78]; Control Theory frames self-regulation as discrepancy
monitoring and closed-loop correction [35]; and Goal-framing Theory increases goal salience by shaping how
rationales and bene�ts are communicated [1, 23]. However, these theory-driven work focuses on behavior change
outside the eating episode, and theory is often used for after-the-fact interpretation rather than for in-the-moment
intervention design [25]. When considering JIT interventions during eating episodes, existing approaches often
rely on interactive artifacts to deliver timely cues, such as game-based installations [29, 40], interactive robots
[85, 104], or transformable tableware [18, 45]. Other work probes behavioral e�ects by manipulating elements
within a pre-de�ned routine, such as adjusting video playback speed [20] or replaying eating-related sounds [21].

However, to our knowledge, no prior system has grounded both in-meal intervention content and explicitly
designed delivery policies (e.g., when to intervene, how often, and for how long) in a shared theory-driven
rationale for habit-like behavior that �uctuates dynamically within meals [20, 21, 24, 25, 34, 36, 48, 73]. Motivated
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by this gap, Earinter uses theory not only to shape what support is delivered, but also to inform when support is
triggered and how intervention dose is regulated during the meal. We use theory to characterize the habitual
behavior, guide the design of prompt content, and inform an adaptation logic that responds to real-time eating
pace. This framing lays the foundation for more e�ective and personalized closed-loop support for eating-pace
regulation.

2.3 Closed-loop System
The closed-loop system is inspired by the Personal Informatics Framework [56], mapping collection to sensing,
integration to reasoning, and the re�ection-action sequence to intervention [25]. It's an iterative cycle that uses
continuous sensing and reasoning to deliver context-relevant support and update subsequent actions based
on users' moment-to-moment responses. This paradigm has increasingly been adopted in ingestion health.
However, systems for ingestion still face persistent challenges in achieving end-to-end closed-loop support.
First, intervention outputs are often limited to lightweight cue modalities, including audio [21] and visual cues
[48, 73, 101], whatever sensing pathways and modalities are. Consequently, sensing and intervention remain
weakly integrated, with limited coupling between sensing outputs and feedback pathways. Second, many pipelines
depend on multiple devices to realize the full loop, which increases setup complexity and users' cognitive burden.
Third, systems often prioritize recognition accuracy while treating intervention as a downstream components
rather than a theory-informed design problem. As a result, adaptation logic for when to intervene, how frequently,
and how to respond to short-term behavioral changes remains under-speci�ed.

For eating pace in particular, much prior work emphasizes sensing and reasoning, shifting from self-report to
wearable based monitoring [37]. When interventions are included, the lack of theory grounding often leads to
limited design choices. Some systems mainly support post-meal re�ection with summaries [24, 90], while others
use simple but information-sparse in-meal cues such as vibration [34, 48]. More expressive in-meal interfaces,
including real-time visualizations [15, 47, 73] or transformative utensils [18, 112], can increase information load
and potentially compete with food awareness. Collectively, these patterns motivate closed-loop eating-pace
systems that tightly integrate sensing, reasoning, and theory-informed intervention, while specifying adaptation
policies that balance e�ectiveness with practical acceptability in daily meals.

3 SYSTEM OVERVIEW
Before detailing the architecture, we clarify Earinter's position relative to representative strands of prior eating-
related systems. Re�ection-oriented systems primarily support awareness after the eating episode [24, 36]; �xed
in-meal cueing systems deliver prompts during eating but often use prede�ned delivery or focus on work�ow-
bound cues [20, 21, 34, 48]; and sensing-centric ingestion systems mainly advance recognition and monitoring,
with intervention typically treated as a downstream step [8, 10, 17, 42, 61, 91, 110]. Earinter extends these strands
by integrating real-time CPS estimation from commodity-earbud sensing and a theory-grounded JIT intervention
mechanism within a closed-loop system for daily meals. We use commodity earables as the system substrate
because they can unify practical sensing and private, in-ear intervention within a single practical form factor.
As shown in Fig. 2, Earinter is a closed-loop system using commodity earbuds, which comprises three stages:
sensing, reasoning, and intervention.

Sensing. Earinter repurposes the bone-conduction sensor embedded in a commercial earbud (Honor Earbuds
3 Pro1) to capture body-conducted chewing and swallowing signals with reduced sensitivity to ambient noise.
We describe the sensing setup and signal acquisition in Section 4.1.1.

1https://www.honor.com/global/audio/honor-earbuds-3-pro/
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Fig. 2. Closed-loop system overview of Earinter for eating-pace regulation. (a) Sensing and reasoning pipeline. The commodity
earbud captures bone-conducted ingestive signals during eating. Earinter first acquires the raw signal, segments candidate
chewing events, classifies chewing versus noise, and infers swallow boundaries heuristically, producing real-time chews-
per-swallow (CPS) estimates. (b) Just-in-time intervention mechanism. Continuous CPS estimates drive theory-grounded
intervention across the eating episode, including pre-meal goal activation, in-meal JIT prompting, and post-meal reflection.
During eating, prompts are triggered when fast eating pace is detected and the cooldown interval is satisfied, with diversified
prompt lengths used to reduce burden. The resulting behavioral response generates updated ingestive signals, which are
continuously re-sensed by Earinter to complete the closed loop.

Reasoning. Signals are processed on an Android smartphone (OPPO Reno5 PRO2) for real-time inference.
To validate the sensing pipeline before �eld deployment, we �rst describe a separate annotated sensing dataset
collected across complementary quiet and noisy contexts in Section 4.1.2, followed by the detection model in
Section 4.2 and model validation in Section 4.3.

Intervention. When inferred CPS indicates fast eating, Earinter delivers JIT audio prompts through the earbud
to encourage a slower pace. The intervention framework is grounded in Dual System Theory (Section 5.1), with
prompt content informed by relevant physiological theories (Section 5.2), and the delivery policy including logic
and frequency re�ned for practical use in daily meals (Section 5.3).

2https://www.oppo.com/en/smartphones/series-reno/reno5-pro-5g/
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