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Monitoring eating behaviour is increasingly important in reducing morbidity and mortality from non-communicable diseases one of the risk factors for NCDs, such as cardiovascular diseases is a decrease in the ability to chew as people age. Research shows that increasing the quantity of chews during meals reduces food intake, promotes satiety, and maintains euglycemia. Despite these benefits, a significant portion of the population (64%–80%) does not monitor or pay attention to their chewing habits. This paper presents the development of a biomechatronic food intake monitoring system designed to track the thoroughness of chewing and determine the amount of food consumed. Using artificial intelligence the system can differentiate signals related to eating, such as jaw and head movements, from other movements, such as speaking. The aim of this paper is to review the importance of chewing for maintaining health, examine the relationship between chewing and NCDs, and present a technological solution for monitoring eating behaviour. We will explore the development of a biomechatronic system that helps users monitor their chewing habits, ensuring proper food intake and promoting healthy eating practices.
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1 INTRODUCTION
The rising prevalence of non-communicable diseases (NCDs), such as cardiovascular diseases (CVD), obesity, and type 2 diabetes, is a pressing global health issue (Kuruvilla et al., 2023). These diseases are often linked to poor dietary habits and lifestyle choices, with eating behaviour playing a crucial role in their development (Kuruvilla et al., 2023). Among the various aspects of eating behaviour, chewing is not only a critical mechanical process for food breakdown but also plays a significant physiological role in swallowing, digestion, and nutritional regulation. Although literature suggests that impaired or enhanced chewing function may influence these processes, the overall strength of evidence remains limited (Kumar et al., 2022). Chewing capacity is a key determinant of an individual’s health status, particularly in relation to cardiovascular health. Research has shown that adults with preserved chewing capacity are more likely to maintain ideal cardiovascular health (CVH) behaviours, which include proper diet, regular physical activity, and avoiding smoking and excessive alcohol use. These individuals have a significantly lower risk of developing CVD and other related diseases compared to those with impaired chewing ability (Kumar et al., 2022; Iwasaki et al., 2018). Conversely, a decrease in chewing ability is associated with an increased risk of developing CVD as individuals age. For instance, studies indicate that the risk of developing CVD increases by a factor of 3.5 with age, particularly among individuals aged 50–64, whose chewing capacity is generally diminished compared to younger adults (Rangé et al., 2020; Schwahn et al., 2012; Aoyama et al., 2021). This decline in chewing ability is not only a result of aging but can also be exacerbated by conditions such as tooth loss, gum disease, and other oral health issues. Even in younger adults (aged 30–49), difficulties with chewing have been linked to a higher estimated risk of CVD, highlighting the critical role that chewing plays in cardiovascular health across the lifespan (Chun et al., 2022). Research has demonstrated that increasing the number of chews per bite has significant effects on food consumption and metabolic health. A key finding is that doubling the number of chews reduces the total volume of food consumed by approximately 14.8%, which can help reduce calorie intake and prevent overeating. This reduction in food intake is attributed to the extended time spent chewing, which slows down the eating process and provides the body with more time to signal feelings of fullness (Zhu and Hollis, 2014). Longer chewing times also promote satiety, which is essential for weight management and the prevention of obesity. As food is more thoroughly broken down in the mouth, the body is able to better regulate hunger signals, thereby reducing the risk of overeating and promoting better blood glucose control (Zhu and Hollis, 2014; Goh et al., 2021b). This connection between chewing and euglycemia is especially important for individuals at risk of developing type 2 diabetes, as slower, more deliberate eating can help manage insulin levels and reduce the likelihood of blood sugar spikes (Goh et al., 2021a).
Moreover, studies have shown that people who eat quickly tend to experience greater hunger later, driving them to consume more food. In contrast, those who eat slowly, requiring 42% more chews per bite, generally consume less food overall. This finding underscores the importance of not only the number of chews but also the timing and pacing of meals in regulating food intake (Goh et al., 2021b). The size of each bite and the duration of sensory exposure—such as the texture and taste of food also play critical roles in satiety. For the same number of calories consumed, individuals who take smaller bites and chew food longer tend to feel fuller for longer periods, helping to regulate their appetite and prevent excessive calorie consumption (Forde et al., 2013; Forde et al., 2017; Bolhuis et al., 2014). Additionally, altering food texture has been identified as an effective strategy for reducing calorie intake, as softer or more difficult-to-chew foods may lead individuals to chew longer, thus increasing the total number of chews and slowing down eating (Bolhuis et al., 2014). Despite the overwhelming evidence supporting the benefits of thorough chewing, a significant proportion of the population does not pay attention to this behaviour. Surveys and studies have indicated that between 65% and 80% of individuals across various age groups do not actively monitor the number of times they chew their food. Many people eat hastily due to time constraints or lack of awareness about the importance of chewing, which leads to a host of potential health issues, including overeating, digestive problems, and an increased risk of NCDs (Magomedova et al., 2021). This lack of awareness presents a significant public health challenge, as individuals are unlikely to address a behaviour they do not recognize as important. Therefore, finding innovative ways to monitor and encourage proper chewing is essential to improving public health and preventing the onset of NCDs (Ferrida et al., 2016).
In response to this issue, the development of wearable technologies that can monitor and provide feedback on chewing behaviour presents a promising solution. These technologies, such as biomechatronic systems for food intake monitoring, could help individuals become more aware of their eating habits, providing real-time feedback to encourage healthier chewing practices. Such devices could play a crucial role in addressing the growing burden of NCDs by promoting more mindful eating, thereby improving overall health and reducing the risk of chronic diseases.
In biomechatronic system, each sensor such as an EMG sensor detecting chewing or an inertial sensor monitoring jaw movement captures real-time physiological signals. These raw signals are first conditioned (e.g., amplified, filtered) and digitally converted. They are then transmitted to a central microcontroller via wired interfaces (e.g., ADC channels) or low-latency wireless links (e.g., Bluetooth Low Energy) for integration. Inside the microcontroller, the sensor data is continuously compared against predefined thresholds or a model of normative chewing behavior. When the system detects deviation such as chewing rate too high or low, the controller executes a feedback algorithm (akin to a PID or threshold-based control loop). It then sends precise command signals to the actuator module. Actuators whether vibrotactors, auditory beepers, or wearable haptics on the wrist, receive these commands and deliver real-time feedback to the user or downstream sensors. This completes a tightly coupled, closed-loop cycle: sensor → controller interpretation → actuator response. This loop enables instantaneous modulation of chewing behavior, enforcing timing, intensity, or pattern adjustments (Nicholls et al., 2019a).
2 STUDY SELECTION METHODOLOGY
We systematically searched peer-reviewed literature in PubMed, Scopus, IEEE Xplore, ScienceDirect, and Google Scholar. Search terms included combinations of “eating behavior,” “real-time monitoring,” “sensor,” “wearable,” along with synonyms and Boolean operators; keyword lists were refined through pilot searches. Inclusion criteria were: English-language studies involving employing automated, sensor-based systems to detect or modulate eating behaviors in real-world settings. Exclusion criteria encompassed qualitative or self-report methods, and studies lacking automated, real-time monitoring. We removed duplicates, then two independent reviewers screened titles and abstracts, followed by full-text assessment of eligible articles. Discrepancies were resolved by consensus. From each selected study, we extracted data on sensor modality, detection algorithm, evaluation environment, and performance metrics. These data were summarized in structured tables and discussed thematically to highlight technological trends, methodological strengths, and research gaps.
3 EATING BEHAVIOURS AND ITS SIGNIFICANCE
Eating behaviour is a complex and dynamic process influenced by both physiological and psychological factors. The physiological aspects of eating behaviour are primarily regulated by the central nervous system, particularly the hypothalamus, which controls hunger and satiety through various hormonal and neural signals. Key hormones involved in this regulation include ghrelin, which stimulates appetite, and leptin, which signals fullness to the brain. The digestive system, pancreas, and adipose tissue also play a crucial role in maintaining energy balance (Yeung and Tadi, 2025). Furthermore, the brain’s reward system, particularly the dopamine pathways, reinforces eating behaviours based on food palatability and emotional states. Metabolic processes such as glucose regulation, insulin sensitivity, and energy expenditure influence when and how much an individual eats. Disruptions in these physiological mechanisms can lead to irregular eating patterns, excessive food intake, or insufficient nourishment, ultimately impacting overall health (Lisco et al., 2023).
Beyond physiological regulation, psychological and environmental factors significantly shape eating behaviour. Emotional eating, driven by stress, anxiety, or depression, often leads individuals to consume high-calorie, comfort foods as a coping mechanism, reinforcing a cycle of unhealthy dietary choices. Social and cultural influences, including family traditions, peer pressure, and food marketing strategies, also impact eating habits. Cognitive factors, such as an individual’s beliefs about food, dieting behaviours, and body image perceptions, further contribute to how food is consumed and perceived. For instance, restrictive dieting can lead to binge eating episodes, while external cues such as portion sizes, food availability, and advertisements can encourage overeating. The interaction between physiological and psychological influences makes eating behaviour a critical determinant of health, requiring careful monitoring and intervention strategies to prevent long-term negative outcomes (Dakanalis et al., 2023).
Unhealthy eating behaviours have profound implications for overall wellbeing and can contribute to a range of chronic diseases. Metabolic disorders, including obesity and type 2 diabetes, are strongly linked to poor dietary habits such as excessive consumption of processed foods, high sugar intake, and irregular eating patterns. Overeating, particularly of high-fat and high-sugar foods, leads to weight gain and insulin resistance, increasing the risk of cardiovascular diseases, hypertension, and metabolic syndrome (Gropper, 2023).
Traditional methods of tracking food intake, such as self-reported food diaries and dietary recall surveys, are often unreliable due to memory biases, underreporting, and subjective errors. This limitation highlights the necessity of objective, technology-driven monitoring systems that can accurately assess eating patterns in real time. BiomechatronFEEic systems offer a revolutionary approach by integrating advanced sensor technology, artificial intelligence (AI), and real-time data analysis to track food intake, chewing patterns, and swallowing behaviours with high precision. Wearable devices equipped with electromyography (EMG), inertial measurement units (IMU), and acoustic sensors can detect jaw movements, bite frequency, and meal duration, providing an automated and accurate assessment of eating habits (Nicholls et al., 2022). Additionally, vision-based AI systems and smart utensils embedded with sensors can analyze food types, portion sizes, and nutritional composition. These technologies allow for the identification of unhealthy eating patterns, such as rapid eating, excessive snacking, or irregular meal consumption, which are associated with metabolic and digestive disorders (Figure 1). Shows the key factors affecting eating behaviour, including physiological processes (like hormones and brain signals), psychological and environmental influences (such as stress and social habits), and technological tools (like wearables and AI monitoring). These factors together impact overall health, including metabolic, cardiovascular, gastrointestinal, and mental wellbeing.
[image: Diagram illustrating factors influencing eating behavior. Central circle labeled "Eating Behavior" connects to four surrounding circles: "Physiological Factors" (hormones, hypothalamus, metabolic processes), "Technological Applications" (wearables, AI), "Psychological & Environmental Factors" (emotional triggers, social habits), and "Health Implications" (metabolic, cardiovascular, gastrointestinal, mental health).]FIGURE 1 | Factors influencing eating behaviour and related health outcomes.Monitoring eating behaviour is significant because it provides critical insights into an individual’s dietary patterns, enabling early detection of harmful habits that contribute to non-communicable diseases (NCDs). By continuously assessing how, when, and what people eat, monitoring systems can promote self-awareness, guide timely interventions, and support personalised nutritional strategies. This is particularly crucial in preventing lifestyle-related disorders such as obesity, diabetes, and heart disease. In clinical settings, real-time data fromeating behaviour monitoring can assist healthcare providers in diagnosing conditions like dysphagia, binge eating disorder, or malnutrition. Moreover, for elderly populations and individuals with cognitive impairments, these systems ensure adequate and safe nutrition, improving quality of life. As shown in (Table 1), the significance of monitoring extends beyond individual health, playing a vital role in public health management and technological innovation in healthcare.
TABLE 1 | Significance of eating behaviour monitoring across health and technological domains.	Category	Significance
In review
	Physiological Regulation	Helps in understanding hunger and satiety mechanisms controlled by hormones like ghrelin and leptin, ensuring balanced energy intake (Yeung and Tadi, 2025).
	Metabolic Health	Aids in preventing obesity, diabetes, and metabolic syndrome by identifying unhealthy eating patterns such as overeating or irregular meal consumption (Liu et al., 2024)
	Cardiovascular Health	Reduces the risk of hypertension and heart disease by monitoring high-fat and high-sugar food intake (Mazur et al., 2024)
	Gastrointestinal Health	Assists in detecting digestive issues like acid reflux, bloating, and IBS by analysing meal frequency and food composition (Ahuja et al., 2023)
	Mental Health	Helps manage emotional eating, binge eating, and eating disorders by tracking behavioural patterns and psychological triggers (M et al., 2025)
	Personalized Nutrition	Uses AI and sensor data to offer customized dietary recommendations based on an individual’s metabolic rate and health goals (Theodore et al., 2024)
	Clinical and Medical Use	Supports healthcare professionals in monitoring patients with eating disorders, obesity, diabetes, and swallowing difficulties (dysphagia) (National Institute for Health and Care Excellence, 2020).
	Elderly Care	Ensures safe and adequate nutrition for older adults, particularly those with difficulty chewing or swallowing (Robinson, 2018)
	AI and Technological Advancements	Enhances the accuracy of eating behaviour monitoring through smart utensils, wearables, and AI-driven analysis (Shajari et al., 2023)


4 FOOD INTAKE MECHANISMS
To effectively choose the right types of sensors and determine where they should be placed on the body, it's important to first understand how food intake and digestion work. This section provides a simplified overview of the digestive process, focusing specifically on the parts that are most relevant to sensor placement and usage.
Digestion is generally divided into two main processes: mechanical digestion and chemical digestion. One example of chemical digestion is protein digestion, where the body breaks down dietary proteins into amino acids. These amino acids are then used for essential functions like maintaining muscles, supporting the immune system, synthesizing hormones, producing red blood cells, and repairing tissues (SF Gate, 2016). While there are commercial tools available such as the ITSI Biosciences protein digestion monitoring kit to track chemical digestion, wearable sensors currently play a limited role in this area (ITSI Biosciences, 2016).
This paper, therefore, places greater emphasis on mechanical digestion, as it involves physical actions like chewing and swallowing that can be more easily detected by sensors such as those based on vision, sound, and pressure.
4.1 Mechanisms of food intake
The process of food intake involves a series of intricately coordinated biomechanical and neuromuscular actions that enable the transport of food from the external environment to the stomach. This sequence begins with the act of biting, followed by chewing (mastication), and culminates in swallowing. Each stage engages distinct groups of muscles and joint movements, ranging from the fine motor control of the wrist and jaw to the reflexive contractions of the pharyngeal and esophageal muscles. These movements generate measurable physiological and biomechanical signals that reflect the dynamics of eating behaviour and can be captured using advanced sensing technologies (Figure 2). Illustrates the three fundamental stages involved in the mechanism of food intake: the bite mechanism, chewing (mastication), and swallowing. Each stage is visually represented alongside the key anatomical components responsible for the respective function. The bite mechanism highlights hand-to-mouth coordination and jaw activity; the chewing mechanism emphasizes the role of the masseter muscles in grinding food; and the swallowing mechanism outlines the pathway of the bolus from the oral cavity through the esophagus to the stomach. This sequential overview aids in understanding the biomechanical and physiological processes underlying human eating behaviour.
[image: Diagram titled "Mechanism of Food Intake" showing three stages: "Bite Mechanism" with a person biting food, "Chewing Mechanism (Mastication)" highlighting the masseter muscles, and "Swallowing Mechanism" depicting the process from esophagus to stomach, with labels for bolus, esophagus, and stomach.]FIGURE 2 | Stages of the mechanism of food intake.4.2 Bite mechanism
Taking a bite is the first step in the process of food intake. It mainly involves two actions: moving the wrist and hand to bring food to the mouth, and then using the jaw muscles to actually bite the food. Wrist movements are generally characterized by a rolling motion, known as pronation and supination, which helps in transferring food from cutlery to the mouth. Once the food reaches the mouth, jaw muscles take over. The lateral pterygoid muscle is responsible for opening the mouth (jaw abduction), while the temporalis, masseter, and medial pterygoid muscles help close the mouth and perform side-to-side grinding movements (Muscles Used, 2016).
4.3 Chewing (mastication) mechanism
Mechanical digestion involves physically breaking down food, starting in the mouth and continuing through the pharynx and esophagus. It begins with chewing, or mastication, where food is crushed and ground to form a soft mass called a bolus, which can then be swallowed. During this phase, food is moved from the front of the mouth to the back teeth for grinding. The jaw muscles used during chewing are similar to those used in biting, with coordinated movements from the lateral pterygoid and temporalis muscles to repeatedly open and close the mouth (Panara et al., 2025).
4.4 Swallowing mechanism
Swallowing happens in three stages. It starts with a voluntary phase, where the tongue folds and manipulates the chewed food (bolus), pushing it to the back of the mouth in preparation for swallowing. Next comes the involuntary pharyngeal phase, where the swallowing reflex activates. The upper esophageal sphincter opens, and pharyngeal constrictor muscles push the bolus downward through a stripping motion. In the final esophageal phase, which is also involuntary, a wave-like motion called peristalsis moves the bolus down the esophagus. This involves the sequential contraction of the superior, middle, and inferior esophageal muscles, eventually delivering the bolus to the stomach (Panara et al., 2025).
The coordinated muscle activities involved in chewing and swallowing, spanning the oral cavity, pharynx, and esophagus and generate distinct biomechanical and physiological signals. These signal patterns, which reflect the dynamic processes of food intake, can be effectively captured and analyzed using various wearable sensor technologies.
5 FUNDAMENTALS OF BIOMECHATRONIC SYSTEMS
Biomechatronics is a highly interdisciplinary field that merges principles from biology, mechanical engineering, electronics, and computational intelligence to design and develop advanced systems capable of interacting with and augmenting biological organisms, particularly humans. This integration allows for the creation of sophisticated devices and interfaces such as prosthetics, orthotics, exoskeletons, neural interfaces, and wearable health monitors that seamlessly combine artificial components with the human body. The central aim of biomechatronics is to enhance, restore, or even replace impaired physiological functions, thereby improving the quality of life for individuals with disabilities or medical conditions. By leveraging cutting-edge technologies like artificial intelligence, biosensors, actuators, and embedded systems, biomechatronic systems can provide real-time feedback, adaptive responses, and personalized support that mimics or complements natural biological processes (Metan et al., 2014). (Figure 3) Illustrates the essential components of a biomechatronic system and their interaction. The system integrates four main elements: the biological subsystem, which includes the human body’s physiological structure; actuators, which execute physical actions in response to control signals; control systems and data processing, which interpret sensor data and coordinate appropriate responses; and sensors, which collect real-time biological and environmental data. These components work in a continuous feedback loop to enable effective human-machine interaction and support or restore physiological functions.
[image: Diagram illustrating a biomechatronic system with four components: biological subsystem (icon of a human), actuators (gear icon), sensors (heartbeat monitor icon), and control system & data processing (circuit icon). Arrows indicate interaction flow between components.]FIGURE 3 | Core components of a biomechatronic system.The key components of a biomechatronic system include
5.1 Biological system (Human-technology interface)
The biological system serves as the core interface in any biomechatronic framework, enabling the interaction between human physiology and engineered technological components. In the context of monitoring eating behaviour, it is crucial to understand the anatomical structures, physiological processes, and neuromuscular coordination involved in the act of food consumption. The primary biological structures implicated in this process include the mouth, jaw, tongue, teeth, lips, throat (pharynx), esophagus, and hands. Each of these components plays a specialized role in the sequential phases of eating, namely, prehension (food grasping), mastication (chewing), gustation (taste processing), deglutition (swallowing), and hand to mouth coordination (Chen, 2009). (Figure 4) illustrates the biological system as a human–technology interface in biomechatronic eating behaviour monitoring. It highlights key body parts such as lips, jaw, tongue, pharynx, esophagus, and hands which are involved in eating, along with the sensor technologies used to monitor their activity. Each component is linked to specific phases of eating (prehension, mastication, gustation, deglutition, conveyance) and is tracked using tools like EMG, accelerometers, intraoral sensors, bioimpedance, and cameras. The integration of these technologies enables precise and real-time tracking of eating behaviour for health monitoring and intervention.
[image: Diagram illustrating a biological system as a human-technology interface for monitoring eating behavior. It shows labels for lips, jaw, tongue, pharynx, and esophagus with corresponding technologies: facial EMG, vision-based gesture recognition, sEMG accelerometers, intraoral sensors, magnetic tracking, IMUs, gyroscopes, cameras, acoustic sensors, strain gauges, and bioimpedance. Each is linked to the phases of eating: prehension, mastication, gustation, deglutition, and conveyance.]FIGURE 4 | Biological components and sensor integration in biomechatronic eating behavior monitoring.The jaw and masticatory muscles (such as the masseter, temporalis, and pterygoids) are responsible for the mechanical breakdown of food, producing measurable biomechanical signals such as pressure, muscle contractions, and vibrations (Chen, 2009). These signals are often exploited by biomechatronic systems using surface electromyography (sEMG) or accelerometers for detecting chewing events (Abu et al., 2023). The tongue, with its intrinsic and extrinsic muscles, assists in food manipulation, bolus formation, and propulsion toward the pharynx, while also playing a critical role in taste perception. Monitoring tongue motion is a complex task but is increasingly being explored through intraoral sensors and magnet tracking systems (Ross et al., 2024). The pharynx and upper esophageal sphincter are involved in the voluntary and reflexive phases of swallowing, which can be detected through acoustic sensors, strain gauges, or bioimpedance measurements. Swallowing is a rapid and complex process regulated by central pattern generators in the brainstem, making it a reliable physiological marker in biomechatronic detection systems. Lip and facial muscle movements, regulated by the facial nerve, also contribute to food intake and are being increasingly used for gesture recognition in eating detection (Ross et al., 2024). Furthermore, the hands and upper limbs facilitate food handling and conveyance to the mouth, with motion captured through inertial measurement units (IMUs), gyroscopes, or vision-based systems. These gestures are often used to differentiate between eating and non-eating activities in real-world monitoring scenarios (Heydarian et al., 2019).
An in-depth understanding of the neuromuscular coordination, biomechanical dynamics, and sensorimotor control underlying these biological functions is fundamental for the development of accurate and non-intrusive biomechatronic systems. Such understanding allows researchers and engineers to strategically position sensors, interpret physiological signals correctly, and minimize false positives from confounding behaviours like speaking or drinking. Ultimately, the biological system not only serves as the source of measurable signals but also defines the functional constraints and design considerations for any human-centered eating behaviour monitoring device. Bridging biological complexity with technological innovation is therefore central to the success of biomechatronic interventions aimed at health monitoring, nutrition tracking, and behavioural analysis.
5.1.1 Mouth and jaw movement
The jaw is a complex structure controlled by the temporomandibular joint (TMJ) and various muscles, including the masseter, temporalis, and pterygoid muscles. These muscles facilitate different types of chewing motions, such as vertical (up-down), lateral (side-to-side), and rotary movements. Biomechatronic systems often use inertial sensors, electromyography (EMG), and strain sensors to capture jaw kinematics and assess chewing efficiency, force, and frequency (Abu et al., 2023; Murray, 2016).
5.1.2 Tongue dynamics in food manipulation
The tongue plays a crucial role in repositioning food within the oral cavity, ensuring proper mastication and preparing the food bolus for swallowing. It is a highly flexible muscular organ controlled by intrinsic and extrinsic muscles that allow precise movements. The tongue’s motion is often monitored using electromyography (EMG) sensors, pressure-sensitive devices, and optical tracking to detect anomalies in food manipulation, which can be useful in diagnosing dysphagia (swallowing disorders) and neuromuscular conditions like Parkinson’s disease (Schwahn et al., 2012).
5.1.3 Throat and swallowing mechanism
Swallowing, or deglutition, is a complex process involving three phases: oral, pharyngeal, and esophageal. It requires the coordinated movement of the tongue, soft palate, pharyngeal muscles, and esophageal sphincters. Disruptions in swallowing mechanics can lead to aspiration, choking, or malnutrition, particularly in individuals with neurological disorders. Biomechatronic systems utilize acoustic sensors, piezoelectric transducers, and high-resolution impedance sensors placed on the throat to track swallowing events, bolus transit time, and airway protection mechanisms (Abu et al., 2023; Ross et al., 2024).
5.1.4 Hand and arm movements in food intake
Beyond oral activity, hand movements play a crucial role in bringing food to the mouth. The coordination between the fingers, wrist, and forearm determines eating efficiency, particularly in individuals with motor impairments (e.g., stroke, cerebral palsy, or Parkinson’s disease). Advanced biomechatronic systems incorporate inertial measurement units (IMUs), computer vision, and motion capture technology to assess hand tremors, grip strength, and movement patterns while eating. Smart utensils with adaptive grip control and haptic feedback can assist individuals with limited dexterity (Heydarian et al., 2019).
5.2 Sensors for data acquisition
Sensors form the backbone of biomechatronic systems, enabling the real-time acquisition of physiological and behavioural data essential for monitoring human activities with precision. In the domain of eating behaviour monitoring, sensors play a pivotal role by capturing a wide range of measurable parameters including jaw motion, muscle activation patterns, swallowing events, food intake duration, and hand-to-mouth gestures. These data points are critical not only for analysing normal eating patterns but also for detecting anomalies associated with disorders such as dysphagia, binge eating, and obesity (Heydarian et al., 2019). A diverse array of sensor technologies is employed in these systems, including surface electromyography (sEMG) for measuring masticatory muscle activity, accelerometers and gyroscopes for tracking head or hand movements, acoustic sensors for detecting swallowing sounds, and strain gauges or piezoelectric sensors for capturing bite forces. Vision-based systems and inertial measurement units (IMUs) are also used for gesture recognition during food intake. By integrating these sensors into wearable or embedded platforms, biomechatronic systems can deliver continuous, non-invasive, and context-aware monitoring. Shajari et al. conducted a comprehensive review on AI-based wearable sensors, emphasizing their growing role in dietary assessment and real-time behavior tracking. These intelligent systems adapt to user-specific patterns, enhancing accuracy and personalization in eating behavior monitoring (Shajari et al., 2023). Despite these challenges, in-mouth sensors hold significant promise for applications requiring fine-grained data. This has significant implications for diagnostic support, behavioural intervention, and the development of assistive technologies for individuals with physical or neurological impairments affecting eating behaviour, thus advancing personalized healthcare and nutritional therapy (ITSI Biosciences, 2016; Abu et al., 2023). (Figure 5) Presents different wearable and embedded sensors used to monitor human ingestion activity. EMG sensors track muscle activity and chewing via the jaw, while IMUs detect jaw motion and gestures. Acoustic sensors capture swallowing and chewing sounds, and optical sensors visually monitor bite size and eating gestures. Biosensors, placed in the mouth, analyze saliva for hormones and glucose, offering a complete picture of eating behaviour (Sazonov and Fontana, 2012).
[image: Diagram showing wearable and embedded sensors for monitoring human ingestion activity. It includes: Electromyography sensors on jaw muscles for muscle activity, Inertial Measurement Units on wearables for jaw motion, Acoustic Sensors on throat and jaw for swallowing sounds, Optical Sensors on glasses and chest for visual meal monitoring, and Biosensors using oral patches for saliva, hormones, and glucose analysis.]FIGURE 5 | Sensor modalities and placement for human ingestion tracking.5.3 Actuators for biomechanical response
Actuators play a crucial role in biomechatronic systems by enabling physical interactions and feedback mechanisms based on sensor data. While actuators are commonly associated with prosthetics, exoskeletons, and rehabilitation devices, they are also highly relevant in eating behaviours monitoring. In this context, actuators can provide real-time feedback, assist individuals with motor impairments, and regulate feeding patterns to promote healthier eating behaviours (Preethichandra et al., 2024).
Actuators in biomechatronic systems function as output devices that convert electrical signals into mechanical motion, vibrations, or other responses. These responses can be haptic (touch-based), electrical, or mechanical, depending on the application. The two key types of actuators used in eating behaviours monitoring include haptic feedback actuators and smart prosthetic and assistive devices (Figure 6). Presents a flowchart that categorizes the two primary types of actuators used in biomechatronic systems for eating behaviour monitoring: haptic feedback actuators and smart prosthetics and assistive devices. These actuators form a feedback-driven system that enhances eating safety, promotes mindful consumption, and supports rehabilitation efforts.
[image: Flowchart titled "Actuators for Biomechanical Response" with two sections. "Haptic Feedback Actuators" leads to wearable devices like wristbands, providing real-time feedback to regulate eating speed and prevent choking. "Smart Prosthetics & Assistive Devices" involves monitoring via sensors, supporting feeding activities, and classifying eating events.]FIGURE 6 | Role of actuators in biomechanical response for eating behaviour monitoring.5.3.1 Haptic feedback actuators
Haptic feedback actuators are tactile interface devices that deliver vibrational or electrical stimuli to users based on sensor-detected behavioural or physiological inputs (Engineering Product Design, 2024). In biomechatronic systems for eating behaviour monitoring, these actuators play a vital role by providing real-time, non-visual cues to guide and correct user actions. Commonly embedded in wearable devices such as smartwatches, rings, headbands, and even in smart utensils or intraoral appliances, haptic actuators are particularly effective in promoting healthy and safe eating practices. One of their primary applications is regulating eating speed, a crucial factor in managing obesity, binge eating, and metabolic disorders such as diabetes. For instance, wristbands or utensils equipped with haptic actuators can vibrate to alert users when they are eating too rapidly, encouraging mindful, paced consumption. In individuals with dysphagia, post-stroke conditions, or elderly populations, haptic feedback can also serve as a choking prevention tool, reminding users to take smaller bites or chew more thoroughly when sensors detect irregular swallowing patterns. Nicholls et al. (2022) introduced an advanced EMG-based wearable system for detecting chewing activity in real time. The system incorporates haptic feedback to alert users during rapid eating, promoting mindful chewing patterns. This closed-loop approach not only improves behavioral awareness but also has potential for therapeutic use in obesity and binge eating disorders (Nicholls et al., 2022). Furthermore, haptic devices can be used to enhance postural control during eating, especially for individuals with neuromuscular disorders like Parkinson’s disease or cerebral palsy, by gently reminding them to maintain proper head and neck alignment. Additionally, these actuators are increasingly employed in neuromuscular rehabilitation and therapy, providing biofeedback during chewing and swallowing exercises for patients with conditions such as ALS, multiple sclerosis, or those recovering from stroke. By translating sensor data into tactile signals, haptic feedback systems create a closed-loop interaction between the user and device, fostering improved awareness, safety, and behavioural modification in eating practices (Nicholls et al., 2019b; Brooker, 2012).
5.3.2 Smart prosthetics and assistive devices
Assistive technologies and smart prostheses are increasingly being developed to monitor and support vital behaviours like feeding habits in addition to helping to recover motor function. In order to identify physiological signals and help users with everyday tasks, these systems integrate sensors, actuators, and control systems using biomechatronic principles. An EMG-based wearable gadget, for example, has a classification accuracy of more than 95% in identifying eating events and tracks chewing and swallowing activities while providing real-time haptic feedback to encourage mindful eating (Nicholls et al., 2019c). A wearable gadget called the Automatic Ingestion Monitor (AIM), which combines accelerometer, hand gesture, and jaw motion sensors, was also demonstrated to have an accuracy of 89.8% in identifying food intake events in free-living environments (Dong et al., 2012). Also, the SPLENDID eating detection sensor uses both optical and audio sensors to track eating and provide real-time feedback through a mobile app (Thomaz et al., 2015).
6 TYPES OF BIOMECHATRONIC DEVICES FOR EATING MONITORING
Advancements in biomechatronics have led to the development of diverse devices designed to monitor and analyze eating behaviour with precision and minimal intrusion. These devices integrate sensors, actuators, and intelligent algorithms to capture key physiological and behavioural parameters related to food intake. Depending on the application context, ranging from clinical interventions to lifestyle monitoring, these technologies can be worn on the body, embedded in utensils, or even placed inside the mouth (Figure 7). Shows four major categories of biomechatronic devices used to monitor eating behaviour: Wearable Devices, In-Ear and Neck-Worn Systems, Smart Utensils, and In-Mouth Sensors or Dental-Mounted Devices. Each category is represented with its primary function. These devices, through sensor integration and real-time data analysis, offer valuable tools for dietary monitoring, behavioural interventions, and clinical assessments in both research and real-world settings.
[image: Types of Biomechatronic Devices for Eating Monitoring infographic. It lists four types: wearable devices detecting hand gestures and arm movements; in-ear and neck-worn systems monitoring chewing and swallowing; smart utensils tracking bite count; in-mouth sensors measuring chewing cycles and bite force.]FIGURE 7 | Types of biomechatronic devices for eating monitoring.6.1 Wearable devices
Wearable devices have become increasingly popular in biomechatronic applications due to their non-invasive nature, user-friendliness, and ability to provide continuous monitoring. In the context of eating behaviour, wearables such as smartwatches, wristbands, and e-textiles can detect hand-to-mouth gestures, wrist motion patterns, and arm movements associated with food intake. These devices are often embedded with accelerometers, gyroscopes, and magnetometers that capture motion data, which can then be analysed to infer bite count, meal duration, and eating speed. A recent study by Ghosh et al. combined visual input with sensor-based motion tracking to detect eating events in free-living environments. Their system achieved high accuracy even in non-laboratory conditions, addressing a key challenge in ecological validity of wearable-based monitoring systems (Ghosh et al., 2024). E-textiles, which integrate conductive fibres and sensors into clothing, offer the advantage of seamless and discreet monitoring. These smart garments can track muscular activity and posture changes during meals, providing valuable insights without disrupting normal eating routines. Overall, wearable technologies serve as practical tools for unobtrusive, long-term monitoring of dietary habits in real-world settings (Vu et al., 2017).
6.2 In-ear and neck-worn systems
In-ear and neck-worn devices represent another innovative category in biomechatronic systems for monitoring eating behaviour. These devices typically leverage acoustic sensors, microphones, or piezoelectric elements to detect chewing, swallowing, and jaw motion. In- ear devices are advantageous due to their proximity to the temporomandibular joint, where mechanical vibrations from chewing are prominent. By capturing these signals, they can reliably quantify chewing frequency, duration, and intensity. Neck-worn systems, such as collar-like wearables or adhesive patches on the neck region, monitor swallowing activity using sensors that detect laryngeal movement or throat vibrations. The FitByte system by Bedri et al. (2020) exemplifies a multimodal sensing approach, using eyeglasses embedded with acoustic and motion sensors to unobtrusively track food intake. This wearable solution supports hands-free monitoring and may be particularly beneficial for elderly users or individuals with motor impairments (Bedri et al., 2020). These systems are especially useful in studying conditions like dysphagia or abnormal swallowing patterns. Despite their effectiveness, challenges such as maintaining user comfort and minimizing signal interference from speaking or head movement remain areas of active research and development (Vu et al., 2017).
6.3 Smart utensils (e.g., Forks, Spoons)
Smart utensils are specially designed eating tools embedded with sensors and electronics to monitor food intake directly. These utensils are capable of tracking parameters like the number of bites, the interval between bites, and the duration of meals. Some advanced versions even include feedback mechanisms such as vibration alerts to encourage mindful eating and slow down eating speed. Smart utensils provide a direct and intuitive approach to monitoring eating behaviour and are particularly useful for behavioural interventions in weight management and obesity treatment. Their user-centric design enhances acceptability, especially in clinical or home-based settings. However, their utility may be limited to certain environments (e.g., structured meals) and food types, and may not capture snacking or finger-food consumption effectively (Huang et al., 2018).
6.4 In-mouth sensors or dental-mounted devices
In-mouth biomechatronic devices represent the most direct and precise method of monitoring eating behaviours. These systems are typically miniaturized and embedded within dental appliances, retainers, or mounted directly on teeth. Equipped with sensors such as piezoelectric elements, pressure sensors, or accelerometers, they are capable of detecting chewing cycles, bite force, and tongue movement with high fidelity. Dental-mounted devices offer unparalleled proximity to the food-mastication interface, resulting in highly accurate data on chewing frequency and food texture. However, issues such as comfort, hygiene, battery limitations, and user acceptability need to be addressed before these technologies can be widely adopted. Despite these challenges, in-mouth sensors hold significant promise for applications requiring fine-grained data, such as clinical research in eating disorders or rehabilitation in patients with impaired oral-motor function (Vu et al., 2017).
7 CHALLENGES AND LIMITATIONS
Despite the rapid advancements in biomechatronic systems for monitoring eating behaviour, several challenges and limitations hinder their widespread adoption and real-world implementation. One of the most critical issues is the accuracy and reliability of sensors, as eating involves complex, dynamic movements that can be difficult to distinguish from other similar body activities like speaking or coughing. Moreover, these systems must be reliable across different users, food types, and environmental conditions. Another significant concern is user comfort and device intrusiveness, particularly for in-ear or in-mouth systems, which may affect natural eating behaviour due to discomfort or self-consciousness. Additionally, the increasing use of personal health data raises serious data privacy and ethical issues. The collection and transmission of sensitive eating behaviour data must comply with strict privacy regulations and ethical standards. Finally, battery life and real-time processing constraints remain technical limitations, especially for wearable and implantable systems that require constant operation without frequent recharging. These challenges must be addressed to develop robust, user-friendly, and clinically effective biomechatronic solutions for eating behaviour monitoring (Vu et al., 2017) (Table 2). Outlines the key challenges and limitations associated with biomechatronic systems for monitoring eating behaviours. These include issues with sensor accuracy, user comfort, data privacy, and technical constraints such as battery life and real-time processing. Each of these factors can impact the system’s effectiveness, user compliance, and long-term usability, highlighting the need for continued innovation and ethical considerations in system design.
TABLE 2 | Challenges and limitations of biomechatronic systems for eating behaviours monitoring.	Challenge	Description	Implications	Example scenarios
	Accuracy and Reliability of Sensors	Difficulty in distinguishing eating from other similar actions (e.g., talking, drinking)
Performance varies with user habits and food types.	May lead to false positives/negatives in data interpretation.	Misclassification of chewing during conversation; errors in bite count during mixed meals (Vu et al., 2017)
	User Comfort and Device Intrusiveness	Some devices (e.g., in-mouth or neck- worn) may be uncomfortable or socially awkward to wear, especially over long periods.	Reduced user compliance and distorted natural eating behaviour.	Users may remove devices during meals or feel embarrassed in public settings (Brooker, 2012)
	Data Privacy and Ethical Issues	Continuous monitoring collects personal health data that must be securely stored and ethically managed.	Risk of data misuse, breach of confidentiality, and legal non-compliance.	Sharing health data with third parties without consent (Filkins et al., 2016)
	Battery Life and
Real-Time Processing	Wearable or miniature devices require efficient	Frequent charging and data lags can interrupt long-term	Real-time bite detection fails due to lag; device shuts
	Constraints	power usage and fast data processing for real-time feedback, which is technically demanding	monitoring and affect usability	Down during a meal due to low battery (Bedri et al., 2020)


8 CONCLUSION
In today’s world, where lifestyle-related health problems like obesity, diabetes, and heart disease are on the rise, monitoring how and what we eat has become more important than ever. Eating behaviour is not just about choosing what’s on our plate it’s influenced by a mix of biological signals from our brain and hormones, emotional states like stress or anxiety, and even social factors like culture or peer pressure. When these influences go off balance, they can lead to unhealthy eating patterns such as overeating, emotional eating, or irregular meals, all of which can seriously affect our health in the long run. This review has explored how biomechatronic systems, devices that combine biology, mechanics, and electronics are changing the way we monitor eating behaviour. These advanced systems use sensors and artificial intelligence to track jaw movements, chewing, bite counts, and even the types and amounts of food consumed. Unlike traditional food diaries, which depend on memory and self-reporting, biomechatronic systems provide real-time, objective, and accurate data. This can be a game-changer not only for individuals trying to improve their eating habits but also for doctors and caregivers managing patients with dietary concerns or swallowing difficulties. However, as promising as these systems are, they are not without their challenges. Issues such as discomfort while wearing the device, difficulty in distinguishing eating from other activities like talking, concerns about data privacy, and limitations in battery life still need to be addressed. Improving these areas will be key to making the technology more user-friendly and effective for everyday use. Monitoring eating behaviour using biomechatronic systems offers a powerful new tool to support healthier lifestyles. With continued research and development, these systems have the potential to not only enhance personal health awareness but also support clinical practices, nutritional planning, and even elderly care. They represent an exciting step forward in using technology to make better health decisions starting with something as simple and essential as how we eat.
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