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Fig. 1. We introduce Mammal, a caregiver-worn computational garment that monitors daily breastfeeding using inter-body
sensing to derive key indicators, including latch duration, heart rate, suck–swallow–breathe ratio, and milk intake.

Breastfeeding provides critical insight into infant feeding competence and physiological health, yet objective monitoring
remains difficult due to the intimate and internal nature of feeding. We present Mammal, a caregiver-worn computational
garment that unobtrusively monitors breastfeeding without attaching sensors to the infant. Mammal leverages inter-body
signal transmission through natural mouth-to-breast contact to capture infant cardiac and feeding-related acoustic signals on
the caregiver’s body. Using novel algorithms to detect latch onset, infer infant electrocardiogram (ECG), and identify suck
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and swallow events from inter-body signals, Mammal estimates latch duration, in-feeding heart rate, suck–swallow–breathe
(SSB) ratio, and milk intake. In a user study with 10 caregiver–infant dyads, Mammal achieves a mean absolute percentage
error (MAPE) of 5.56% for latch duration, a mean absolute error (MAE) of 3.61 bpm for infant heart rate estimation, a mean
absolute error of 0.12 for SSB ratio estimation, and a mean relative error of 15.76% for milk intake, with participants reporting
high comfort and wearability.

CCS Concepts: • Human-center Computing! Ubiquitous and mobile computing systems and tools; • Applied Computing
! Health care information systems; • Hardware! Sensor devices and platforms.
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1 INTRODUCTION
Breastfeeding is one of the most common and essential baby care activities, widely recommended as the optimal
method for infant feeding [58, 99]. Beyond its nutritional benefits, it offers valuable insights into infant health.
Breastfeeding reflects an infant’s ability to coordinate oral structures and muscle control [31, 44]. Difficulties in
oral–motor coordination and neuromuscular development can impair breastfeeding [39, 56], leading to irregular
sucking patterns and disruptions in the suck–swallow–breathe rhythm [27, 40]. Moreover, the cardiovascular
effort required during feeding can expose hidden heart conditions such as bradycardia or tachycardia [12, 84, 98].
Monitoring breastfeeding therefore not only enables understanding of infant nutritional intake, but also supports
early detection of feeding challenges and provides a non-invasive window into an infant’s neurological, muscular,
and cardiovascular health.
Despite its importance, monitoring breastfeeding is difficult. Unlike bottle feeding, where intake volume,

feeding duration, and even oral activities can be easily measured [28, 88], breastfeeding is a largely internal and
intimate process that offers limited visibility into what occurs during feeding. Although approaches such as pre-
and post-feed weighing or in-hospital equipment, including wired electrocardiogram sensors and respiratory
belts, can provide partial information, they are often cumbersome, intrusive, and impractical for routine use,
especially in home settings where most breastfeeding takes place. These methods may also require repeated
handling, specialized equipment, or skin-contact sensors that can disrupt natural feeding and irritate an infant’s
sensitive skin. As a result, there is an urgent need for non-intrusive breastfeeding monitoring solutions that can
be used comfortably at home [33, 89]. Such tools would enable early identification of feeding issues, support
caregiver confidence, and promote sustained breastfeeding practices outside clinical settings.

In this paper, we present Mammal, a wearable computational garment designed for caregivers to unobtrusively
monitor breastfeeding sessions and infants’ physiological states (Fig. 1). Mammal measures key indicators such
as latch duration, infant heart rate (HR), the suck–swallow–breathe ratio, and milk intake. The core principle of
Mammal lies in inter-body signal transmission. Infants’ physiological signals such as ECG and acoustic signals
from sucking and swallowing are transmitted through the natural mouth-to-breast contact and collected by
Mammal without requiring direct attachment of wires or probes to the infant. While these signals are mixed with
the caregiver’s own bio-signals, they can be separated and analyzed using advanced signal processing techniques
to derive measurements of the infant’s physiological activities. This approach not only preserves the intimacy
and comfort of breastfeeding but also enables non-invasive monitoring that provides caregivers with insights
into infant health and feeding behaviors.
However, realizing this computational garment faces three challenges. First, identifying latching is crucial

for understanding feeding duration and behaviors. However, due to the subtle nature of this interaction, it is
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difficult to determine when the infant’s mouth makes contact with the breast to initiate feeding. This goes
beyond the latest skin-to-skin monitoring using inter-body ECG signals [79], where physical contact is not
confined to mouth and breast. Second, while prior research has demonstrated the detection of sucking and
swallowing by placing sensors near the mouth and throat [24, 108], a critical knowledge gap remains in sensing
these events through inter-body acoustic signals. When acoustic signals propagate across the mouth-to-breast
contact, they are attenuated, raising questions about how detection can be achieved in a caregiver-worn system.
Lastly, capturing inter-body ECG to derive infant’s heart rate requires the infant’s body to maintain contact with
a textile electrode on the garment to establish an electrical conduction path across two bodies. Achieving this
across diverse breastfeeding postures and contexts necessitates an ergonomically designed garment that ensures
consistent functionality while preserving comfort.

To address these challenges, we first examine the principles of inter-body transmission.We conduct experiments
to understand how electrical and acoustic signals may transmit through the coupled bodies of the caregiver
and infant during breastfeeding. We observe that mouth-to-skin (breast) contact exhibits stronger electrical
coupling compared to general skin-to-skin contact, enabling Mammal to detect latch events by measuring
coupling strength. In parallel, we characterize inter-body acoustic signals generated by sucking and swallowing
and identify the frequency bands that remain observable after attenuation. Guided by these findings, we develop a
hardware–software co-design. The garment’s electrode and sensor layout are optimized for common breastfeeding
postures and practices. A signal processing pipeline is developed to infer infant’s ECG, detect latch, sucking and
swallowing events from inter-body signals. This enables the estimation of latch duration, in-feeding heart rate,
suck–swallow–breathe ratio, and milk intake.
To understand the performance of Mammal, we fabricate a tank-top–style prototype in collaboration with

fashion designers and conduct a user study with 10 caregiver–infant dyads. Overall, Mammal achieves a mean
absolute percentage error of 5.56% for latch duration estimation, a mean absolute error of 3.61 beats per minute
for infant heart rate estimation, a mean absolute error of 0.12 for SSB ratio estimation, and a 15.76% mean relative
error for breastmilk intake estimation. Participants reported that Mammal is comfortable, easy to wear, and
compatible with daily breastfeeding routines. In addition, a preliminary interview with a neonatal intensive care
unit (NICU) clinician suggested that Mammal could provide practical and clinically meaningful support during
the NICU-to-home transition. Finally, we discuss several limitations and key next steps, including a longitudinal
validation study and hardware improvement for washability and maintenance.

The contributions of this work are as follows:

� We characterize the inter-body transmission mechanisms of electrical and acoustic signals to understand
how physiological signals transmit across mouth-to-skin (breast) contact.
� We design and fabricate an ergonomic tank-style nursing garment that integrates textile electrodes and
contact microphones to enable comfortable and unobtrusive signal acquisition across diverse breastfeeding
scenarios.
� We develop signal processing algorithms to infer infant’s ECG, and identify latch, sucking, and swallowing
events from inter-body electrical and acoustic signals, enabling the derivation of key feeding indicators
such as latch duration and suck–swallow–breathe ratio.
� We evaluate the performance of Mammal in a user study with 10 caregiver–infant dyads, demonstrating
accurate detection of latch onset and duration, robust inference of physiological features, and high user
comfort and usability.
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2 RELATED WORK

2.1 Physiological Monitoring for Infants
Infant physiological monitoring has been widely studied in both clinical and home contexts, with a primary
focus on vital signals such as respiration, heart rate, and heart rate variability [85]. In clinical settings, these
measurements are traditionally obtained using wired and stationary equipment deployed at scale in neonatal
care environments [86]. While such systems provide reliable signal quality, they require direct attachment to
the infant and are typically confined to supervised clinical use. More recently, wireless and wearable sensing
solutions have been introduced into clinical and home settings, including sensing socks [48, 93], ankle bands [76],
instrumented sleep surfaces [45], and electronic skin [15]. These sensing systems monitor infants’ vital signs
but do not capture feeding-related behaviors. Therefore, a complementary line of work explores physiological
sensing for feeding. Prior studies have instrumented objects, such as feeding bottles with pressure sensors, to
assess sucking strength and diagnose feeding deficits [13]. Yet, these approaches primarily focus on bottle-feeding
and do not leverage inter-body sensing for monitoring breastfeeding physiology.

Joey is the first system to capture inter-body ECG signals during skin-to-skin care for inferring infants’ heart
rate and respiration rate [79]. Building on this line of inter-body sensing, Mammal targets breastfeeding, which
requires a garment form factor that supports breastfeeding postures and sustained caregiver–infant contact.
Mammal further extends inter-body ECG fromphysiologicalmonitoring to latch detection by estimating caregiver–
infant ECG coupling strength to distinguish contact types (e.g., skin-to-skin vs. mouth-to-skin). To operate in
breastfeeding contexts, Mammal also introduces an ECG separation algorithm robust to feeding-related sucking
artifacts, which introduce non-stationary structured noise not addressed in Joey. Finally, Mammal incorporates
inter-body acoustic sensing to capture sucking and swallowing through the caregiver’s body, enabling breastmilk
intake estimation and multimodal inference of SSB patterns.

2.2 Body Signal Transmission
Human body as a signal channel for interaction sensing or device-to-device communication has been widely
explored in HCI and mobile computing. Prior work mainly falls into two families: electrical and acoustic channels.
In the electrical family, body-coupled communication (BCC) or human body communication (HBC) leverages
the human body as a conductive path to carry modulated signals, enabling touch sensing [112, 113], gesture
sensing [111], and hand-held object sensing [38]. It has also been used as an enabling primitive for interactive
infrastructure and on-/near-body device communication, where devices exchange data only when the user
physically touches an object or surface [47, 95, 96]. On the other hand, the acoustic family treats the human body
as a vibro-mechanical waveguide, where taps, motion, and internal physiological events generate vibrations
that propagate through tissue and bone. This channel has been widely used for on-body input and touch
localization [30], activity and context sensing [37], health sensing [29] and device communication [109].
However, the majority of prior work in both electrical and acoustic families focuses on intra-body signal

transmission, where sensing or communication occurs within a single user’s body. Only limited work has begun
to explore inter-body channels formed through physical contact or close proximity between two people. For
example, prior studies have characterized inter-body electrical coupling during handshakes or touch events,
demonstrating the feasibility of signal transmission across bodies but primarily from a physical-layer or security
perspective [43, 46]. The most relevant work, Joey, investigates inter-body electrical transmission under infant-
caregiver skin-to-skin contact and establishes signal models for inter-body ECG transmission [79]. Building
on this foundation, our work similarly leverages electrical inter-body transmission, but further incorporates
acoustic inter-body signals to infer feeding-related events such as sucking and swallowing, enabling a richer
characterization of breastfeeding physiology.
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3 SENSING OBJECTIVES AND CHALLENGES
In this work, we aim to develop a computational garment that enables caregivers to non-invasively monitor key
physiological indicators in the breastfeeding process. In the following, we describe each sensing objective and
discuss the corresponding technical challenges.

Latch Onset and Duration. Latch is the period when the infant maintains mouth–breast contact for sucking
and milk transfer [36]. Identifying when latch begins and how long it is sustained is essential for characterizing
feeding behavior and efficiency [59]. Disrupted latch can reflect maternal factors (e.g., nipple inversion or
engorgement [22]) or infant factors (e.g., weak suction [11]), often leading to prolonged feeds [103] and reduced
transfer efficiency [34]. However, measuring latch onset and duration remains challenging due to the intimate
nature of breastfeeding. Direct sensing at the nipple is impractical because it may cause discomfort, interfere
with natural feeding behavior, and raise hygiene concerns. As a result, we need a new approach that relies on
indirect sensing to detect latch.

Suck–Swallow–Breathe Ratio. SSB coordination reflects neuromuscular maturation and respiratory control.
Typical patterns approximate 1:1:1 or 2:1:1 [10, 55]. Persistent deviations (e.g., irregular breathing or disrupted
rhythm) may indicate dysphagia or impaired oral–motor/respiratory regulation [16, 53, 75]. Conditions ranging
from structural anomalies (e.g., laryngomalacia [81], cleft palate [52]) to rarer disorders (e.g., H-type TEF [105],
PBVCP [41]) can also affect feeding coordination. However, current clinical practices rely on clinician observation
and lack non-invasive tools to detect such early physiological warning signs in natural, non-clinical environments.
By unobstructively capturing the SSB ratio during breastfeeding, we can thus provide valuable insights into
infant development and health.

Heart Rate. Feeding is the primary form of physical activity in early infancy, during which the infant’s
cardiovascular and respiratory systems are actively engaged to support rhythmic sucking, swallowing, and
breathing. This increased physical demand can accentuate underlying cardiological conditions, such as congenital
heart defects or arrhythmias, revealing abnormalities that might otherwise remain unnoticed at rest [51, 72].
Therefore, continuous heart rate monitoring during breastfeeding is valuable. However, attaching sensing devices
directly to the infant’s body is impractical due to their fragile skin and the need to preserve comfort and natural
bonding. Thus, alternative approaches, similar to [79], must be used to infer cardiovascular activity during the
feeding.

Breastmilk Intake. Milk intake is central to assessing feeding adequacy, hydration, and early growth, making
it an important measure in pediatric care [32, 57]. Yet, it remains difficult to measure during breastfeeding
because milk transfer occurs internally and cannot be directly observed. This lack of direct measurement limits
objective clinical feeding guidelines and can increase caregiver uncertainty about feeding adequacy, a concern
associated with lower breastfeeding self-efficacy, greater anxiety, and earlier breastfeeding cessation [26, 104].
Test weighing is a standard approach, but it is burdensome for routine at-home use, can disrupt natural mother–
infant interaction [78], and has limited precision, with reported errors ranging from 7% to 40% depending on
adherence to standardized weighing protocols [8, 77, 78]. Other direct measurement methods often require
invasive instrumentation (e.g., flow sensors [67] or bottles [13]) that can also disrupt natural feeding. Recent
noninvasive approaches using breast electrical impedance [33] still require breast instrumentation that may
disrupt breastfeeding activities and be prone to disturbance by the feeding infant. This motivates an alternative
intake estimation method that preserves natural breastfeeding behavior while enabling practical and acceptably
accurate monitoring for daily use.
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Fig. 2. (a) Conceptual illustration of inter-body signal transmission during breastfeeding, showing how infant ECG signals
and sucking�swallowing acoustics propagate through the nipple and caregiver's body. (b) Overview of Mammal's sensing
pipeline, illustrating how these inter-body electrical and acoustic signals can be processed to achieve the sensing objectives.

4 MAMMAL SENSING PRINCIPLE
To address these challenges and enable non-invasive sensing of the target objectives, Mammal is designed to
use the caregiver's body as a sensing interface, grounded in the principle of inter-body signal transmission.
Speci�cally, when the infant latches, mouth-to-breast contact forms two coupled pathways (Fig. 2a):

Electrical pathway: The moist oral seal and compliant soft tissue create a low-impedance conductive pathway
between infant oral tissue and the nipple�areolar skin. This pathway allows infant bio-potentials (including
ECG) to be conducted onto the caregiver's body surface. As a result, electrodes that measure di�erential potential
between the infant and caregiver can derive an inter-body ECG channel that contains a mixture of attenuated
caregiver ECG and infant ECG component.

Mechanical/acoustic pathway: When the infant seals and applies suction on the nipple�areolar complex,
the nipple, infant oral tissues, and caregiver breast tissue become mechanically coupled, creating a pathway for
vibration and pressure �uctuations to propagate across the contact. Sucking can thus generate micro-vibrations
at the nipple contact, and swallowing can introduce brief, impulse-like vibration to the caregiver's body when
the bolus is transported through the oral�pharyngeal structures.

Together, these pathways provide complementary observables that support Mammal's sensing objectives
(Fig. 2b). First, latch onset can be indicated by the emergence and strengthening of inter-body electrical coupling,
which should be distinguishable from incidental skin-to-skin contact due to the low impedance of mouth-to-breast
contact. Second, infant heart rate is expected to be measurable, given the infant ECG component lies in the
inter-body ECG. Third, SSB ratio can be estimated by inferring breathing-related modulation from infant ECG
and detecting suck and swallow from inter-body acoustics, then aligning their timing. Finally, milk intake can
be estimated by aggregating per-suck milk transfer from detected sucks using the relationship between milk
transfer rate and inter-suck interval [9].

5 EXPERIMENTS - INTER-BODY TRANSMISSION CHARACTERIZATION
Despite the promise of this sensing principle, its feasibility relies on three assumptions that are not yet well-
characterized. First, mouth-to-breast contact establishes a distinguishably stronger electrical coupling than general
skin-to-skin contact, owing to the lower contact impedance introduced by oral moisture. Second, inter-body ECG
signals remain stable despite continuous movements caused by infant sucking during feeding. Third, sucking-
and swallowing-induced acoustic signals are able to propagate to the caregiver's body and remain detectable
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despite attenuation at the mouth-to-breast contact. To address these assumptions, we conduct two experiments
to characterize how electrical and acoustic signals may transmit across the mouth-to-breast contact.

5.1 Experiment 1 � Inter-body ECG Transmission
The goal of this study is to investigate how ECG signals transmit across the two human bodies during breastfeeding.
We aim to examine the strength and stability of ECG signals transmitted through the mouth-to-breast contact,
and compare it with general skin-to-skin transmission. However, due to the intimate nature of breastfeeding
and the di�culty of maintaining controlled conditions with real caregiver�infant dyads, we instead evaluate
inter-body ECG transmission by comparing mouth-to-skin contact with skin-to-skin contact with adult dyads to
approximate the scenario.

Experiment Setup. In our study, we recruited 8 adult participants (6 males, 2 females, aged 21-28) and formed
4 dyads. Each dyad of participant was tested under three contact conditions: (1) stable mouth-to-skin contact,
where one participant gently touched the lip to the back of the other's hand; (2) mouth-to-skin contact with
rhythmic sucking motions, performed on the same hand location; and (3) general skin-to-skin contact, where
participants held hands. Each condition was held for 5 minutes. This experimental design allows comparative
analysis of signal strength and stability across conditions relevant to real breastfeeding interactions.

To collect inter-body and individual ECG signals, we used the OpenBCI Cyton Biosensing Board [62]. For
inter-body ECG, a ground and positive electrode, both made from conductive textile (Adafruit, Knit Conductive
Fabric [1]), were attached to one participant's hand, representing the caregiver. The negative electrode, also
textile-based, was held by the other participant to simulate the infant. This con�guration establishes an inter-body
electrical pathway, allowing us to measure how ECG signals transmit between bodies under di�erent contact
conditions. For individual ECG, we recorded each participant's clean, unmixed cardiac signal using a bipolar
limb-lead I (Lead I) con�guration, with two adhesive electrodes (Kendal, ECG Electrodes [63]) placed on the right
and left upper arm and a third electrode serving as ground [87, 107]. We selected this con�guration instead of a
3-lead chest placement because our goal was not full diagnostic ECG acquisition, but capture of QRS-dominant
cardiac timing features for downstream heart-rate and respiration-rate inference [70, 97, 106].

Data Analysis. To analyze the collected data, we �rst applied a 4th-order Butterworth band-pass �lter (2�
37 Hz) to all ECG signals, removing baseline drift and high-frequency noise. To examine whether mouth-to-skin
contact exhibits stronger electrical coupling than general skin-to-skin contact, we quantify inter-body contact
impedance using ECG signal characteristics. Speci�cally, we detected peaks from the inter-body ECG signal as
well as from each individual ECG signal. These peaks correspond to theR peaks, which represent ventricular
depolarization and are the most prominent features in an ECG waveform. In theory, R-peak amplitudes observed
in the inter-body ECG are attenuated relative to those in individual ECGs because electrical transmission between
bodies occurs through a contact interface that introduces additional impedance. To quantify the strength of
this coupling, we computed the ratio between the R-peak amplitude measured in an individual ECG and that
measured in the mixed inter-body ECG. ThisR-amplitude ratioserves as a proxy measure of inter-body electrical
coupling strength and is de�ned as:

R-Amplitude Ratio¹Cº =
� R•inter� body¹Cº

� R•individual¹Cº
”

where� R•individual¹Cº denotes the R-peak amplitude from either individual's ECG at timeC, and� R•inter� body¹Cº
denotes the corresponding R-peak amplitude in the inter-body ECG signal. To mitigate �uctuations caused by
beat-to-beat variability and interference from the other participant's cardiac activity, R-amplitude ratios were
averaged over 10 seconds. Ratios were computed for each participant regardless of whether they performed the
mouth contact or served as the receiving body.
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