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ARTICLE INFO ABSTRACT
Keywords: Physical proximity between caregivers and infants facilitates early social, emotional, and
Parer'lt—.child interaction cognitive development, yet most research relies on brief laboratory observations that fail to
Proximity capture how proximity unfolds across daily life. To address this gap, we developed the TotTag, an
Wearable sensors . . .
> infrastructure-free wearable system that provides moment-to-moment measurement of distance

Acceptability . s .

. between multiple wearers. The current study assessed the feasibility and acceptability of
Ecological assessment . s ; :
Feasibility deploying the TotTag with infants (M = 12.19, SD = 0.50 months) and their family members,

including siblings and up to two caregivers, in their everyday environments. Families were
instructed to use the devices daily for seven consecutive days and to complete brief morning and
evening surveys. Most participants held a bachelor’s degree or higher, and on average families
had two children in the household. Feasibility was evaluated across procedural, technical, and
adherence domains. Acceptability reflected caregivers’ perceptions of ease of use, comfort, pri-
vacy protection, perceived scientific benefit, integration into routines, and overall satisfaction.
Procedural feasibility was rated highly, and families were able to implement the protocol as
intended, with strong adherence to daily surveys and successful generation of interpretable
proximity data. Caregivers reported high acceptability overall, particularly with respect to
perceived scientific benefit, ease of use, and satisfaction. Open-ended participant feedback
described the TotTag as straightforward and easy to integrate into routines but identified chal-
lenges related to wearability, remembering devices after baths or swimming, and confirming
charging status. Results indicate that multi-day, multi-wearer proximity sensing can be imple-
mented feasibly and acceptably in families, supporting its use in future naturalistic studies of
families.

1. Introduction

Physical proximity between caregivers and infants enables the social, emotional, and biological exchanges that support healthy
development. Close contact with caregivers can help infants regulate stress and create predictable contexts that foster secure
attachment (Ainsworth & Bell, 1970; Bowlby, 1969; Feldman, 2017). Beyond establishing the conditions for attachment, proximity
operates through moment-to-moment interactional mechanisms. Physical closeness increases opportunities for touch, visual contact,
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and coordinated exchanges that support stress regulation, bonding, and reciprocal responsiveness (Clark et al., 2021; Field et al.,
2010). These close-proximity interactions provide scaffolding for emotion regulation, social cognition, and language development
(Feldman, 2012; Tamis-LeMonda et al., 2014). Time spent in close proximity is therefore associated with a broad range of develop-
mental outcomes across early childhood and has been conceptualized as a distinct, measurable dimension of early experience (Barnett
et al., 2022). Rather than merely co-occurring with caregiving, proximity helps structure opportunities for interaction across time and
contexts.

Importantly, the role of proximity is not static across infancy but evolves in tandem with rapid developmental change. In the
earliest weeks of life, newborns are almost entirely dependent on caregivers for regulation of physiological states, including feeding,
sleep, and stress, and these needs are met primarily through touch and physical closeness. Frequent contact during this period provides
not only basic care but also serves as a primary channel for communication and co-regulation (Hertenstein, 2002; Kirsch et al., 2018;
Kurth et al., 2011). Across the first months of life, infants begin to show increasing differentiation in their responses to caregivers. By
approximately 4-6 months, infants demonstrate preferences for familiar caregivers and actively signal to maintain or re-establish
proximity (e.g., through vocalizations, visual tracking, or motor bids; Ainsworth & Bell, 1970; Bowlby, 1983). By the end of the
first year, proximity behaviors become more clearly organized within attachment relationships. Around 10-12 months, infants more
reliably seek caregiver proximity in response to distress and use caregivers as secure bases from which to explore. This developmental
progression, from caregiver-maintained contact to child-initiated proximity seeking, highlights that both the function and form of
proximity change meaningfully across infancy.

These developmental changes are central to attachment theory, which conceptualizes proximity-seeking as a biologically rooted
behavioral system designed to maintain infant safety and support development (Bowlby, 1983). Attachment relationships are orga-
nized around dynamic patterns of proximity and exploration, with caregivers functioning as a secure base from which infants are able
to move away to explore their environment (Ainsworth & Bell, 1970; Powell et al., 2014). Infants with available caregivers are able to
“check in” through physical or visual proximity, particularly under conditions of uncertainty or potential threat. From this perspective,
proximity is a core organizing dimension of early relationships, shaping both immediate regulatory processes and longer-term ex-
pectations about caregiver availability and support.

The developmental significance of caregiver—infant proximity also extends beyond individual dyads. Infants experience caregiving
within networks, not just one-on-one relationships. Caregiving environments often include multiple attachment figures—such as
mothers, fathers, grandparents, siblings, and childcare providers—whose combined availability and responsiveness shape stress
physiology, attachment security, and emerging social competence (Feldman, 2012, 2017; Humphreys et al., 2024). Proximity among
siblings may shape children’s experiences directly and indirectly. Indirectly, sibling proximity may influence access to caregivers'
attention and resources, as the presence of a sibling in close physical proximity may draw parental attention away from, or toward,
another child. More directly, however, sibling relationships represent one of children's earliest and most sustained social contexts,
characterized by high rates of interaction, emotional intensity, and opportunities for social learning that are distinct from those
afforded by caregiver—child relationships (Brody, 2004; Dunn, 1983). Close sibling proximity may create conditions for collaborative
play, imitation, conflict negotiation, and emotional communication, processes that contribute to the development of social under-
standing, emotion regulation, and theory of mind (Brody, 2004; Cox, 2010). Therefore, capturing sibling proximity alongside caregiver
proximity reflects a theoretically meaningful dimension of the early social environment. Family systems theory further underscores
this point, framing the family as an interconnected system of mutually influencing subsystems in which caregiver-infant, care-
giver-sibling, and sibling-sibling relationships cannot be fully understood in isolation (Cox & Paley, 1997, 2003). Methods capable of
measuring proximity across multiple relationships simultaneously are thus well suited to characterize the full network of physical
closeness that structures everyday developmental experience.

A substantial body of empirical work has operationalized these proximity-based processes within laboratory paradigms. The
Strange Situation Procedure, for example, assesses attachment security through infants’ proximity-seeking and contact-maintaining
behaviors during separations and reunions with the caregiver (Ainsworth et al., 1978). Securely attached infants typically show
distress upon separation, actively seek proximity upon reunion, and are readily soothed, whereas insecure patterns are characterized
by reduced proximity seeking, avoidance, or conflicted contact behaviors. Importantly, proximity behaviors are central to how
attachment classifications are determined. At the same time, these paradigms capture proximity under highly structured conditions,
often focusing on brief episodes of separation and reunion. As a result, they provide important insights into the organization of
attachment behavior but offer limited information about how proximity unfolds across everyday contexts and over extended periods of
time.

Despite the theoretical importance of proximity for infant development, empirical work on caregiver—infant closeness has been
constrained by methodological limitations. Traditional laboratory-based paradigms, such as the Still-Face Paradigm and Strange
Situation Procedure, capture only narrow snapshots of behavior under artificial conditions and do not capture the variability, rhythms,
and routines of everyday family life (de Barbaro, 2019; Humphreys & King, 2025). In contrast, brief home observations provide more
ecologically valid data but typically capture only limited time windows, missing the fine-grained temporal dynamics of proximity
across a full day or extended period. These day-to-day temporal patterns are often flattened or missed in laboratory and brief
observational settings, and alternative approaches such as self-report measures and time-use diaries rely on recall and interpretation,
provide coarse time estimates, and rarely distinguish proximity to specific caregivers. Such limitations reflect broader challenges in
measuring early experiences, including limited ecological validity, informant bias, and oversimplification of complex environments
(Humphreys & King, 2025; Salo et al., 2022). Passive and wearable sensing technologies therefore provide a promising complementary
approach by enabling continuous, ecologically valid measurement of caregiving-related experiences across contexts and time.

Across developmental domains, much of what is known about proximity-related processes comes from brief, structured laboratory
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paradigms or retrospective caregiver report, each of which constrains the questions that can be asked. In attachment research, par-
adigms such as the Strange Situation and modified separation-reunion procedures capture caregiver—child behavior within tightly
bounded windows, leaving open how patterns of physical availability and reunion unfold across a typical day at home (Solomon &
George, 2008). In language development, naturalistic recording with devices such as LENA has advanced the field considerably,
yet most studies still anchor language input to a single primary caregiver and cannot specify who was within conversational range
during a given exchange or how often the child moved in and out of speech-rich contexts with other household members (Bergelson &
Aslin, 2017; Gilkerson et al., 2017). Research on joint play and shared activity similarly relies on observation sessions of 10-20 min,
which provide rich detail on dyadic coordination but cannot characterize the frequency, duration, or day-to-day variation of spon-
taneous play bouts in everyday life. Co-regulation has been studied largely through structured tasks designed to elicit mild distress or
challenge, capturing how caregivers and children manage discrete moments but offering limited insight into the proximity dynamics
surrounding regulation as it occurs in the home (Feldman, 2007). Across these areas, the common limitation is not the validity of
laboratory measurement itself, but the absence of complementary tools that can index when and with whom a child is in close physical
range over the course of ordinary days.

Emerging sensing technologies, including accelerometers, Bluetooth-based systems, and biosensors, offer new opportunities to
study infant experience at fine temporal resolution (Bagot et al., 2018; Contini & Martins, 2024). Wearable sensors for characterizing
social behavior have been used in the broader social and behavioral sciences, including with early work on sociometric badges at the
MIT Media Lab (Olguin et al., 2009; Pentland, 2008). Researchers have used wearable proximity and interaction sensors to map
face-to-face contact patterns in workplaces, classrooms, conferences, and hospitals (Cattuto et al., 2010; Eagle & Pentland, 2006;
Stehlé et al., 2011). These deployments have informed work on team dynamics, peer interaction, and infectious disease transmission,
establishing wearable proximity sensing as a mature methodology in adult and school-aged populations (Chaffin et al., 2017). Within
developmental science, however, deployments of wearable proximity sensors have been substantially more limited, particularly in
family settings and with infants and young children. One notable exception used wearable proximity sensors to assess social proximity
among young children with autism spectrum disorders in school settings (Douglas et al., 2022), demonstrating feasibility in structured
group environments but not addressing acceptability or feasibility in other daily settings with infants and children. More broadly,
existing systems are typically optimized for dyadic measurement, require fixed infrastructure (e.g., wall-powered receivers), or lack
the functionality to capture proximity across multiple individuals. These limitations constrain measurement in naturalistic family
settings with infants and young children.

These limitations highlight the need for sensing systems designed with the practical realities of infant caregiving environments in
mind. To address this gap, we developed the TotTag, a wearable device that enables infrastructure-free measurement of moment-to-
moment proximity between wearers (Salo et al., 2022). The TotTag uses low-energy radio frequency signals to estimate distance and
was designed to be non-invasive, easy to wear, and suitable for extended recording periods. Each tag combines ultra-wideband (UWB)
ranging with Bluetooth-based “neighbor discovery” to support infrastructure-free sensing among multiple family members.

Our prior work established initial proof-of-concept for the TotTag with two families (Salo et al., 2022). The current study builds on
this foundation by testing implementation of the TotTag in a larger sample of families with infants. Critically, beyond demonstrating
technical capability, key questions remain about whether families with infants can implement multi-day, multi-device proximity
sensing protocols in home environments while maintaining data quality and adherence, and whether such systems are acceptable to
caregivers. These questions about feasibility and acceptability are essential for translating wearable proximity sensing into develop-
mental research at scale, enabling future research on how proximity patterns shape infant development.

Guided by Proctor’s Implementation Outcomes Framework, we evaluated the feasibility and acceptability of using the TotTag to
measure caregiver—child proximity in daily life (Dopp et al., 2020; Proctor et al., 2011). This framework emphasizes early-stage
outcomes that determine whether a system, technology, or innovation can be successfully deployed in real-world settings, dis-
tinguishing between whether a system can be implemented as intended (feasibility) and whether it is perceived as usable, appropriate,
and worthwhile by end users (acceptability). Using this framework, we systematically evaluated not just whether the technology
works, but whether it works in the context where it matters most: everyday family life. In the present study, feasibility was defined as
the extent to which families could successfully implement a multi-device, multi-day proximity sensing protocol in daily life, oper-
ationalized through procedural feasibility (clarity of instructions, reminders, and study support), technical feasibility (the system’s
ability to generate continuous, interpretable proximity data in everyday settings), and caregiver adherence to daily survey protocols.
Acceptability was defined as caregivers’ perceptions of the usability, comfort, appropriateness, and overall satisfaction with the TotTag
system.

The present study focused on the early-stage implementation of a wearable proximity sensing system designed for use in families
with infants. Specifically, it had three aims. First, it examined whether families could feasibly implement multi-device proximity
sensing protocols in daily life, assessing procedural feasibility (e.g., clarity of instructions, reminders, and study support), technical
feasibility, and participant adherence. Second, it assessed caregiver acceptability of the TotTag system, including ease of use, comfort,
perceived burden, and overall satisfaction, which are essential precursors for large-scale deployment and community translation.
Third, it examined how feasibility and acceptability indicators were associated with caregivers’ overall satisfaction with the devices.
The present study was designed to evaluate implementation outcomes rather than associations between proximity and developmental
outcomes. It provides the methodological foundation for future work examining how proximity patterns within caregiving networks
relate to infant behavior and development. The reported estimates reflect both early and later phases of deployment and therefore
likely underestimate feasibility and acceptability under optimized conditions.
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2. Methods
2.1. Study Design

This study is part of an ongoing longitudinal project examining caregiver—child proximity, caregiving behavior, and attachment
security in daily life using the TotTag. The TotTag is a wearable device developed by our team (Salo et al., 2022) using the SociTrack
system (Biri et al., 2020) that provides infrastructure-free, continuous (2 Hz) measurement of distance between wearers. For this study,
TotTags were worn for seven consecutive days by the study child (approximately 12 months old), siblings, and up to two caregivers per

Table 1
Family and Caregiver Characteristics (N = 129).

Response N (%)

HOUSEHOLD CHARACTERISTICS
Household income (family-level)

$60,000 or less 12 (9%)

$60,001-90,000 26 (20%)

$90,001-150,000 42 (33%)

> $150,000 41 (32%)

not provided 8 (6%)
Children in home

Mean (SD) 1.92 (0.99)
Single-caregiver households 4 (3%)

CAREGIVER 1 CHARACTERISTICS
Caregiver 1 race

White 111 (86%)

Black/African American 9 (7%)

Asian 2 (2%)

Multiracial 7 (5%)
Caregiver 1 ethnicity

Not Hispanic/Latinx 121 (94%)

Hispanic/Latinx 8 (6%)
Caregiver 1 gender

Woman 128 (99%)

Non-binary 1 (1%)
Caregiver 1 education

High school or less 15 (12%)

Some college or Associate’s degree 19 (15%)

Bachelor’s degree 33 (26%)

Graduate degree 56 (43%)

not provided 6 (5%)
Caregiver 1 employed

Yes 95 (74%)

No 29 (22%)

not provided 5 (4%)

CAREGIVER 2 CHARACTERISTICS
Caregiver 2 education

High school or less 21 (16%)
Some college or Associate’s degree 17 (13%)
Bachelor’s degree 44 (34%)
Graduate degree 35 (27%)
not provided 12 (9%)
Caregiver 2 employed
Yes 108 (84%)
No 9 (7%)
not provided 12 (9%)
Caregiver 2 Race
White 96 (74%)
Black/African American 12 (9%)
Asian 1 (1%)
Multiracial 9 (7%)
not provided 11 (9%)
Caregiver 2 Ethnicity
Not Hispanic/Latinx 109 (84%)
Hispanic/Latinx 12 (9%)
not provided 8 (6%)
Caregiver 2 gender
Man 124 (96%)
Woman 1 (1%)
Transgender man 1 (1%)
Not provided 3 (2%)

Note. SD = standard deviation.
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family.
2.2. Participants

2.2.1. Recruitment and Enrollment

Families with children were recruited from the greater Nashville metropolitan area via pediatric clinics, childcare centers, com-
munity partners, Vanderbilt University recruitment databases, and ResearchMatch, a national health volunteer registry that was
created by several academic institutions and supported by the U.S. National Institutes of Health as part of the Clinical Translational
Science Award (CTSA) program. Families were eligible if they lived in the Nashville area, had a child between 11.5 and 14 months of
age at the start of the recording period, who was born at > 35 weeks’ gestation with no major birth complications, and lived in an
English-speaking household. Recording start dates were scheduled around families' availability, and in a small number of cases the
start of data collection occurred slightly outside the target age window. In two-caregiver households, both caregivers were invited to
participate. At an in-person visit, caregivers provided written informed consent prior to study participation. All procedures were
approved by the Vanderbilt University Institutional Review Board. Families received $25 for the initial device visit, and $20 per day for
each day the devices were worn, up to $140 for completing the full seven days of recording. Caregivers also received $100 for each in-
person caregiver—child visit. Families who completed all study components (device visit, seven days of device wear, all applicable
caregiver visits, and questionnaires) received an additional $50 completion bonus; compensation was prorated if families did not
complete all components.

2.2.2. Participant sample and characteristics

For the current study, we focused on feasibility and acceptability among families who had received TotTag devices by November 1,
2025. A total of 143 families met this criterion. Of these, 129 families (90%) had at least one caregiver complete the post-study
acceptability questionnaire and were included in analyses (Supplemental Figure S1). Family- and caregiver-level demographic
characteristics are presented in Table 1.

Most participants (64%) reported an annual household income above $90,000 US, and on average had just under two children
living in the home (M = 1.92, SD = 0.99). Children were, on average, 12.19 months old (SD = 0.50; range = 10.51-13.37 months) at
the start of the TotTag recording period. Most participants identified as White, and the majority had completed at least a bachelor’s
degree, and were employed at the time of participation.

The primary aim of this study was to evaluate feasibility and acceptability; accordingly, sample size was guided by prior feasibility
research. The analytic sample of 129 families is comparable to or larger than samples commonly used in feasibility and acceptability
studies (Proctor et al., 2011). In addition, the analytic sample of 129 families provided adequate power to examine associations among
feasibility and acceptability domains and caregiver satisfaction. Assuming a = .05, this sample size affords approximately 80% power
to detect moderate effect sizes in correlational and multiple regression analyses, consistent with recommended benchmarks in psy-
chological research (Funder & Ozer, 2019).

2.3. Study procedures

2.3.1. Orientation visit

At an initial orientation visit (in the participant’s home or laboratory), study staff reviewed study components, demonstrated
TotTag use, and established times for daily reminders tailored to each family’s routines. Caregivers were shown how to position the
devices in child vests and caregiver waist packs and how to charge them overnight. Families received devices for participating
caregivers, for the study child, and when surplus TotTags were available, siblings living in the home. Families also received a waist
pack for each caregiver and child age five years and older, vests for each child under the age of four years, a wireless charger for each
TotTag, and a charging station so all TotTags could be charged together. All supplies were provided in a storage caddy. Participants
additionally received a paper and email copy of instructions related to wearing and charging of the devices (Supplemental Figure S2).
Each TotTag was physically labeled with the intended wearer's name prior to deployment, and device IDs were linked to specific
participants via an internal logging system. Caregivers also reported any periods of device non-wear in the daily evening survey. These
responses were manually reviewed as a quality control measure to help confirm that devices were being worn as intended and that
proximity data were attributed to the correct family members. No caregivers reported wearing another family member’s device.

2.3.2. Recording Days

Caregivers were asked to wear TotTags and to ensure their child(ren) wore a TotTag each day from waking until bedtime for seven
consecutive days, beginning the day after the orientation visit. This seven-day schedule was chosen to capture variability in weekday
and weekend caregiving patterns. For families using out of home childcare, caregivers were instructed to wear the devices during
morning and evening hours when they were with their child(ren) (i.e., before drop-off and after pick-up).

2.3.3. Data privacy and participant protections

Protecting families’ data privacy was a central consideration in study design and implementation. All participants were informed
about how TotTag data would be collected, stored, and used during enrollment and at the orientation visit. Caregivers were given the
option to opt out of specific components of data collection and could request deletion of their recorded data at the conclusion of the
recording period.
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To enhance transparency, families were offered the opportunity to observe study staff offload device data at the end of the
recording period. All data were labeled using anonymized participant IDs, and identifying information was stored separately from
proximity data. Raw device files were stored on secure, access-controlled servers in accordance with institutional data security pol-
icies. Data-protection procedures were communicated clearly to participants during orientation, with the goal of ensuring caregivers’
confidence in data privacy and security.

2.3.4. Daily Surveys, Reminders, and Participant Communication

On each recording day, caregivers received a morning text message reminding them to place the TotTag devices on themselves,
their child, and when applicable, the child’s siblings as soon as they woke up and to ensure all participating family members wore their
devices throughout the day. Each morning, caregivers also received a short survey to report when family members began wearing their
TotTag. Each evening, caregivers received a reminder to charge the devices overnight and to complete a brief end-of-day survey. This
survey asked caregivers to report times they were separated from the child, child nap times, periods when devices were removed, and
any deviations from study protocols such as forgetting to place the device on until later in the day. Survey items assessed adherence to
study procedures and provided contextual information necessary for interpreting TotTag data. At the conclusion of the seven days,
caregivers were sent a link to complete the post-study acceptability questionnaire.

In addition to automated reminders, study staff provided real-time support throughout the seven-day monitoring period to facil-
itate participant adherence and ensure data quality. Families were given access to a shared Google Voice number monitored collec-
tively by the research team, allowing caregivers to contact staff at any time, including early mornings, evenings, and weekends, when
questions or problems arose. Although all team members could view incoming messages, study or device-specific concerns were
triaged directly to the project coordinator or members of the device team, who worked together to provide same-day resolutions. Staff
proactively monitored communication throughout the day and alerted one another as needed. Approximately half of caregivers
contacted the study team for assistance during the 7-day recording period. Common concerns were charging difficulties, uncertainty
about device placement or vest fit, and confusion about when devices could be removed. Reminder timing, message content, and
troubleshooting guidance were adjusted over the course of the two years of enrollment based on caregiver feedback and observed
challenges (e.g., charging uncertainty, bedtime routines), with the goal of minimizing burden while supporting adherence. By offering
continuous, responsive troubleshooting and maintaining open lines of communication, study staff aimed to minimize participant
burden and support adherence during multiday ecological data collection.

2.3.5. Data Sources

Data for the present study were drawn from three primary sources: TotTag device data, which captured moment-to-moment
proximity and usage logs; daily surveys completed by caregivers each morning and evening during the 7-day recording period; and
a post-study acceptability questionnaire completed at the end of the recording week. Together, these data sources allowed us to
characterize caregiver—child proximity in daily life, document adherence and contextual factors that might influence proximity pat-
terns, and evaluate the feasibility and acceptability of deploying the TotTag system with families of children. Daily surveys and
acceptability questionnaires were collected and managed using REDCap (Research Electronic Data Capture) a secure, web-based data
capture platform (Harris et al., 2009). Detailed information about timing and measures are presented in Supplemental Figure S3.
Throughout the Methods and Results, we use the labels Caregiver 1 (CG1) and Caregiver 2 (CG2) to refer to the two participating
caregivers, reflecting the TotTag device-assignment convention. CG1 represented the mother in all families (n =129); 128 (99%)
identified as women and one identified as nonbinary. In two-caregiver families (n = 125), CG2 was the second participating caregiver —
a male father in 123 of 125 families; the remaining two families included same-sex or gender-diverse partnerships. The four
single-caregiver families each included one mother, referred to as CG1 throughout.

2.4. Equipment

2.4.1. TotTag equipment and proximity metrics

The TotTag was developed to address a critical methodological gap: existing passive tools cannot measure caregiver—child prox-
imity with high spatial resolution across everyday contexts. Existing mobile sensing systems, such as infrared (Starnini et al., 2017),
radio-frequency identification (RFID; Cattuto et al., 2010; Olguin et al., 2009; Ozella et al., 2018), and Bluetooth (Aharony et al., 2011;
Montanari et al., 2017) typically provide only binary proximity detection or require face-to-face orientation, which is problematic for
studying young children who spend significant time near caregivers in non-face-to-face configurations (e.g., being carried, in strollers,
sitting side-by-side).

The TotTag overcomes these limitations by providing high-fidelity, 360-degree ranging, enabling the capture of proximity patterns
that reflect the full range of everyday caregiving behaviors relevant to children’s sense of security. The device uses SociTrack (Biri
et al., 2020) mobile network sensing technology to estimate distance with approximately 2-3 cm accuracy and without requiring
fixed infrastructure. This allows proximity measurement across all environments families naturally encounter, including spaces not
suitable for cameras or stationary sensors.

The accuracy of the TotTag has been established in prior validation work. In ground-truth testing reported by Salo and colleagues
(2022), four TotTags placed at the corners of pre-measured 1-, 3-, and 6-ft squares produced distance estimates that closely tracked the
true distances across two trials (e.g., at 3 ft, M = 2.73 and 2.81 ft; at 6 ft, M = 6.52 and 6.51 ft). The underlying SociTrack UWB ranging
technology has likewise been validated in controlled testing, with approximately 2-3 cm ranging accuracy (Biri et al., 2020). Salo et al.
(2022) did find greater precision at close range than at farther distances, consistent with the physics of UWB ranging and supporting
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our focus on close-proximity thresholds in the present analyses. Because these prior studies already establish the accuracy of the
TotTag and of the SociTrack ranging system against external reference measurements, the present study did not repeat a controlled
accuracy assessment. However, to further characterize measurement precision in the present sample, we computed the absolute
discrepancy between each device pair's independent, simultaneous ranging estimates across all families. Across 40,665,170 paired
readings from families with at least one Caregiver-Target Child dyad (n = 114 families), the median absolute discrepancy was 0 mm
(M = 4.39 mm), with 98.7% of readings falling within 50 mm of agreement between device pairs, consistent with prior testing of the
underlying UWB system (Biri et al., 2020; Salo et al., 2022).

The TotTag system (Salo et al., 2022) provides continuous measurement of distance between device wearers (e.g., caregiver—child)
in families’ naturalistic environments, allowing us to capture how physical distance between children and caregivers fluctuates
throughout daily routines. Each participating caregiver and child wore a TotTag device that recorded the distance between wearers at
a twice per second sampling rate, with timestamps recorded when two devices are within detectable range (~25 ft).

Following initial preprocessing, proximity summaries were calculated using the R programming language (vers. 4.5.0, R Core Team,
2025) and packages dplyr (Wickham et al., 2023), lubridate (Grolemund & Wickham, 2011), and tidyr (Wickham et al., 2024). Figures
using TotTag data were generated with the ggplot2 package (Wickham, 2016). For dyadic and triadic time summaries, timestamps
were first truncated to the minute level such that all measurements within a given minute were collapsed to a single time point. For
each minute, the presence or absence of each dyadic pairing was determined based on whether any proximity measurement existed
between the two individuals; a non-missing value in either direction (e.g., CG1 to TC or TC to CG1) indicated the dyad was in range.
Minutes were then classified into configurations based on which individuals were detected as in range: e.g., CG1-TC only (Caregiver 1
and Target Child in range, Caregiver 2 not detected). Because proximity status was evaluated at the level of individual proximity
measurements, minutes containing multiple configurations were counted in each applicable category. Unique minutes in each
configuration were summed and converted to hours by dividing by 60.

For group composition analyses, data were aggregated at the hour level to characterize broader caregiving across time. At each time
point, the Target Child's proximity to all available family members (up to two caregivers and three siblings) was evaluated, and a group
composition label was assigned reflecting all individuals detected as in range of the Target Child at that moment (e.g., "CG1 & S1"
indicating the Target Child was in range to both Caregiver 1 and Sibling 1). The proportion of time points spent in each group
composition was then calculated within each hour.

To characterize family-level variability in proximity, two additional summaries were computed. Average daily hours in range was
calculated as the mean number of minutes per day during which each caregiver—child dyad was in range of one another (approximately
25 feet), divided by 60 and averaged across recording days. This metric was computed only for families with valid in-range data for a
given dyad. The proportion of time spent in close proximity was calculated for each recording day as the number of minutes the dyad
was within 300 mm divided by the total in-range minutes for that day, then averaged across days and expressed as a percentage. This
conditional measure captures the degree of physical closeness during periods when caregivers and the target child were already in
range.

2.5. Measures

2.5.1. Socio-demographic factors
Socio-demographic variables were self-reported by both caregivers. Self-reported socio-demographic data included education
level, household income, race and ethnicity, and number of children in the home.

2.5.2. Feasibility

Feasibility was defined as the extent to which the TotTag system could be successfully implemented in families’ daily lives.
Feasibility indicators drew on data from all three study sources including TotTag device output, daily morning and evening surveys,
and the post-study questionnaire, allowing us to evaluate how well the system operated in real-world conditions. Three components of
feasibility were assessed. Item-level definitions for each feasibility component are included in Supplemental Table S1.

2.5.2.1. Procedural feasibility. Procedural feasibility was defined as the extent to which study procedures and supports enabled
families to use the devices as intended. Caregivers rated the clarity of the written instructions, the helpfulness of the daily reminders,
and whether they experienced technical problems, with all items rescaled so that higher values indicated smoother procedural
implementation. These items were averaged to form a composite procedural feasibility score.

2.5.2.2. Technical feasibility. Technical feasibility captured the extent to which the TotTag system functioned as intended in everyday
family settings. At the time of offloading TotTag data, indicators of successful recording were used to assess whether the system was
able to generate continuous, interpretable proximity data under naturalistic conditions, including across multiple wearers and over
multiple days. Characterizing proximity patterns is outside of the scope of this paper; however, we present an illustrative example from
one family in the results to demonstrate system technical capability.

2.5.2.3. Adherence. Adherence represented caregivers’ compliance with the study protocol based on completion of daily morning and
evening surveys. A family-level adherence percentage was calculated as the proportion of expected morning and evening (out of 14)
surveys completed across the week by either caregiver. For descriptive purposes, families were classified as having high adherence
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(>80% of surveys completed) or low/moderate adherence (<80%), consistent with thresholds commonly used in wearable-sensor and
ecological momentary assessment research (Stone & Shiffman, 2002; Turner et al., 2017).

2.5.3. Acceptability

Acceptability was defined as caregivers’ perceptions of the usability, comfort, appropriateness, and overall satisfaction with the
TotTag system. Acceptability constructs drew on data from the post-study questionnaire, administered following the 7-day recording
period.

2.5.3.1. Post-study questionnaire. At the end of the seven-day recording period, caregivers completed an electronic questionnaire
containing Likert-scale items rated from 1 to 5, with higher scores indicating more favorable evaluations. Six domains were defined:
(1) Ease of Use, a single item on overall experience using the TotTag; (2) Comfort, a single item on physical comfort of the devices; (3)
Confidence in Data Protections, a single item on satisfaction with privacy safeguards for TotTag data; (4) Perceived Scientific Benefit, a
single item assessing caregivers' perceptions of the value of the TotTag data to the study; (5) Integration Into Routines, a single reverse-
scored item on interference with daily activities; and (6) Satisfaction, the primary outcome, a single item on overall satisfaction with the
TotTag (Supplemental Table S1 for details). A composite acceptability score was computed as the average of all indicators, ensuring
each domain contributed equally.

When both caregivers completed the questionnaire, their responses were averaged to produce a single family-level score; when only
one caregiver responded, that caregiver’s score served as the family-level value. Family-level descriptive statistics for all acceptability
outcomes are presented in Table 2, with caregiver-specific summaries reported in Supplemental Tables S2-S3. Item definitions and
scoring procedures appear in Supplemental Table S1.

2.6. Analytic approach

All quantitative analyses were conducted in Stata 18.0. We first computed descriptive statistics (N, mean, SD) for procedural
feasibility, domain-specific acceptability scores, the family-level acceptability composite, and survey adherence indicators. To char-
acterize associations among domains, we calculated Spearman rank-order correlations between procedural feasibility, each accept-
ability domain, and overall satisfaction (Table 4). Survey adherence was summarized as mean counts of morning and evening surveys
at caregiver and family levels, as well as adherence categories (<80% vs. >80% of expected surveys completed).

To identify feasibility and acceptability domains most strongly associated with overall satisfaction, we fit an ordinary least squares
linear regression model predicting family-level satisfaction (1-5) from acceptability and feasibility domains, specifically, procedural
feasibility, ease of use, comfort, privacy/data protection, perceived scientific benefit, and integration into routines. Unstandardized
coefficients (B), standard errors, standardized coefficients (), 95% confidence intervals, and two-tailed p-values are reported, with
statistical significance evaluated at p < .05. Variance inflation factors (VIFs) were used to investigate multicollinearity, with values
below 10 indicating acceptable levels (Kutner et al., 2005).

3. Results
3.1. Feasibility

3.1.1. Procedural Feasibility

Procedural feasibility scores indicated that families generally experienced the TotTag system as straightforward to implement. On a
1-5 scale, the procedural feasibility composite, which reflected clarity of instructions, helpfulness of reminders, and absence of
technical problems, was high (M = 4.42, SD = 0.58; Table 2), with higher scores reflecting more favorable evaluations of study
procedures. These findings indicated that the system-level components, such as instructional clarity and reminder timing, were well
aligned with caregivers’ daily schedules.

Table 2

Family-Level Procedural Feasibility & Acceptability Scores (N =129).
Variable Scale N Mean SD
Procedural Feasibility
Procedural Feasibility 1-5 129 4.42 0.58
Acceptability
Ease of Use 1-5 129 4.13 0.73
Comfort 1-5 129 3.81 0.74
Confidence in Data Protections 1-5 129 4.00 0.67
Perceived Scientific Benefit 1-5 129 4.35 0.74
Integration into Routines 1-5 129 4.05 0.67
Satisfaction 1-5 129 4.19 0.59
Family-level Acceptability Score 1-5 129 4.09 0.47

Note. Family-level scores were self-reported by at least one caregiver. Family-level scores reflect the average of both caregivers when available; if only
one caregiver reported, that value was used. All scoring rules and item definitions are provided in Supplemental Table S1. SD = standard deviation.
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3.1.2. Technical feasibility

Technical feasibility was evaluated by examining whether the TotTag system functioned as intended in home environments and
generated continuous, interpretable proximity data across multiple wearers. Fig. 1 presents an illustrative example from one family,
showing proximity patterns captured across a representative day. The visualization depicts periods of close proximity between the
study child and each caregiver, as well as periods in which multiple caregivers and siblings were simultaneously in range, demon-
strating the system’s capacity to capture network-level proximity in daily life. Internal consistency of ranging estimates was high, with
a median absolute discrepancy of 0 mm between device pairs' readings (see Section 2.4.1 for full details).

To characterize variability in proximity patterns across families, Fig. 2 summarizes triadic and dyadic proximity time (i.e., periods
in which two family members were in proximity with no other family members present). The final analytic sample included 114
families with analyzable proximity data, who contributed an average of 57.85 h (SD = 35.99) of triadic and dyadic recording time
across 7 days (SD = 1.4). On average, Caregiver-Target Child proximity accounted for the largest proportion of dyadic and triadic time
(CG1-TC: 41.1%, SD = 29.7%; CG2-TC: 32.7%, SD = 30.8%), followed by Caregiver—Caregiver proximity (12.6%, SD = 19.5%) and
triadic configurations (13.5%, SD = 12.3%).

To further characterize family-level variability in proximity, Fig. 3 displays average daily hours in range (Panel A) and the pro-
portion of in-range time spent in close proximity (Panel B) for each Caregiver—Child dyad. Hours in range reflects the time during
which one device detected another (approximately 25 feet) and therefore represents a subset of the full daily recording window. On
average, among two-caregiver families with data for both dyads (n = 90), the Target Child spent 5.03 h per day (SD = 3.15) in range of
Caregiver 1 and 3.84 h per day (SD = 2.49) in range of Caregiver 2 (Fig. 3A). Moreover, Caregiver 1 logged more daily in-range time
than Caregiver 2 in 65 families (72.2%). Of time spent in range, families spent on average 36.7% (SD = 23.0%) in close proximity (<
300 mm) with Caregiver 1 and 26.5% (SD = 22.8%) with Caregiver 2, with substantial variability across families in both cases
(Fig. 3B). Proximity also varied meaningfully within families across the week: the average within-family standard deviation in daily in-
range time, expressed as a proportion of the recording window, was 0.16 (SD = 0.12) for Caregiver 1-Target Child and 0.15 (SD =
0.10) for Caregiver 2-Target Child, reflecting meaningful day-to-day fluctuation in proximity and underscoring the value of multi-day
measurement for capturing natural variation in caregiving patterns.

3.1.3. Adherence
Adherence, defined as completion of daily morning and evening surveys, was high. Across the seven-day recording period, families

completed most morning and evening surveys, with 87% of morning surveys and 91% of evening surveys completed (Table 3). Using a
commonly-applied threshold in ecological momentary assessment and wearable-sensing research (80% of expected surveys
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Fig. 1. Illustration of TotTag Network Capabilities. Note. Figure depicts a representative day of TotTag recordings for a family of six. Each color
represents a different grouping of family members relative to the Target Child (TC) and how the proportion of time the TC spends with each group
composition changes hour to hour. CG1 = Caregiver 1, CG2 = Caregiver 2, S = Sibling; S1, S2, S3 differentiates between multiple siblings.
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Fig. 2. Family Level Differences in Dyadic TotTag Measures. Note. For each family, total hours represent the cumulative time spent in proximity
configurations involving participating caregivers and the target child, including caregiver—child dyads, caregiver—caregiver dyads, and triadic
configurations. Periods when individuals were alone or in proximity only with non-participating family members (e.g., siblings) are not included.
CG1 = Caregiver 1; CG2 = Caregiver 2; TC = Target Child.

completed; Stone & Shiffman, 2002; Turner et al., 2017), 82% of families met the definition of “high adherence.” These adherence
rates indicate that participating families engaged reliably with the study protocol throughout the weeklong recording period. To
examine whether iterative protocol refinements were associated with changes in acceptability and adherence over the course of data
collection, we compared outcomes across tertiles based on the date families received TotTag devices (Supplemental Table S6). Overall
satisfaction and most acceptability domains did not differ significantly between the Early and Late tertiles, although evening survey
completion was lower in the later tertile (M = 5.53 vs. 6.54; p = .031).

3.2. Acceptability

Families reported high overall acceptability of the TotTag system. On the 1-5 scale, the family-level acceptability composite was
high (M = 4.09, SD = 0.47; Table 2), with higher scores reflecting more favorable evaluations of the system. Among acceptability
domains, perceived scientific benefit (M = 4.35), overall satisfaction (M = 4.19), and ease of use (M = 4.13) received the highest
ratings, whereas comfort received comparatively lower ratings than other domains, though scores remained generally positive (M =
3.81). Caregiver-specific descriptive statistics are provided in Supplemental Tables S2 and S3.

3.3. Associations among feasibility, acceptability, and satisfaction

Bivariate correlations indicated consistent positive associations between domain-specific acceptability indicators and overall
satisfaction (Spearman rs = .33-.60, all ps <.001; Table 4). The strongest associations with satisfaction were observed for ease of use
(r = .60), confidence in data privacy protections (r = .52), and comfort (r = .51). Procedural feasibility (r = .45) and perceived sci-
entific benefit (r = .44) demonstrated moderate associations with satisfaction, indicating that both global evaluations and day-to-day
experiential factors were related to caregiver satisfaction. Acceptability showed small and largely nonsignificant associations with
household characteristics and adherence. Among demographic variables, child age was positively associated with caregivers’ ratings
of comfort (r=.22, p =.02). Correlations involving household income, caregiver employment, child age, and the remaining
acceptability domains were small and nonsignificant (all |rs| <.15). Acceptability domains and overall satisfaction were also not
significantly associated with morning, evening, or total survey completion, with all correlations small in magnitude (|rs| <.11).

3.4. Predictors of satisfaction

In a multiple regression model including all feasibility and acceptability domains simultaneously, the set of predictors explained a
substantial proportion of the variance in family-level satisfaction (R? = .56, F(6, 122) = 25.11, p < .001; Table 5). Ease of use and
confidence in data protections accounted for the largest unique shares of variance in satisfaction. Perceived scientific benefit, comfort,
and procedural feasibility contributed smaller but statistically significant amounts of unique variance. Integration into daily routines
showed a trend-level association with satisfaction once other domains were included in the model.

10
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Fig. 3. Family-Level Variability in TotTag Proximity Measures. Note. Panel A displays average daily hours in range for each caregiver—child dyad
among two-caregiver families (n = 90); lines connect paired, within-family values and diamonds indicate group means. Line color indicates which
caregiver logged more daily in-range time with the Target Child: green (CG1 higher; n = 65) versus purple (CG2 higher; n = 25). Panel B displays
the distribution of the proportion of in-range time spent in close proximity (within 300 mm) for each dyad, with embedded boxplots showing the
median and interquartile range.

3.5. Qualitative Feedback

Open-ended responses from 44 families provided additional context for caregivers’ experience using the TotTag system
(Supplemental Table S4). Many caregivers described the device as intuitive and easy to incorporate into daily routines. In response to
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Table 3
Adherence Indicators for Daily TotTag Survey Completion.

Measurement Approach

Indicator . Range Mean (SD) % of Max
(source, scoring)

Caregiver 1

Morning survey completed 1 point per morning survey completed 0-7 6.01 (1.65) 86%

Evening survey completed 1 point per evening survey completed 0-7 5.72 (2.47) 82%

Caregiver 2

Morning survey completed 1 point per morning survey completed 0-7 5.38 (2.37) 77%

Evening survey completed 1 point per evening survey completed 0-7 5.26 (2.53) 75%

Family

Morning survey completed 1 point if either caregiver completed morning survey 0-7 6.12 (1.99) 87%

Evening survey completed 1 point if either caregiver completed evening survey 0-7 6.40 (1.41) 91%

Note. Daily surveys were sent to both caregivers (as applicable) in the morning and in the evening at a time specified by the participant. Above
summarizes completion of those surveys across the 7-day recording protocol. SD = standard deviation.

the question “What, if any, difficulties did you experience using the TotTag?” caregivers provided comments such as “None, was so
easy!” and “The team was super helpful in setting up the devices and they were straightforward once we got going. ” Other caregivers described
challenges that aligned with comparatively lower ratings for comfort, including issues related to wearing the device or child tolerance
(e.g., “The waistband was too large, so I ended up just putting it in my pocket. ) and disruptions during specific daily activities (“The hardest
times were in the car, during mealtimes, and running errands”). Technical concerns were also noted, most commonly related to confirming
charging status.

Participant communication and qualitative feedback were monitored by study staff in real time throughout data collection,
allowing concerns to be addressed during the monitoring period rather than retrospectively. Ongoing review of caregiver feedback
informed adjustments to participant communication, instructional materials, and troubleshooting procedures. Examples of protocol
refinements included modifying the timing and content of automated reminders, revising written instructions to include visual guides
for device placement and charging, and standardizing guidance for common charging- and fit-related issues. A summary of protocol
refinements made in response to caregiver feedback can be found in Supplemental Table S5.

4. Discussion

In a study of 129 families with 12-month-old infants, we assessed the feasibility and acceptability of implementing a multi-day,
multi-device proximity sensing protocol using the TotTag, an infrastructure-free wearable system designed to capture moment-to-
moment proximity within caregiving networks. Overall, the results highlighted key implementation features that may shape fam-
ilies’ engagement with wearable proximity sensing protocols in everyday settings. Families were generally able to implement the
protocol in home environments with high adherence across the seven-day recording period. Caregivers’ evaluations were most
favorable for perceived scientific benefit, ease of use, and overall satisfaction. User-experience factors, particularly ease of use and
confidence in data privacy protections, followed by comfort and perceived scientific benefit, were most strongly associated with
overall satisfaction in both bivariate and multivariable analyses, suggesting that day-to-day experiences with the device and trust in
how data are handled played a central role in shaping engagement with the system. Together, these findings suggest that networked
proximity sensing is a feasible and acceptable approach for measuring early caregiving environments in naturalistic family settings.

Guided by implementation science frameworks (Dopp et al., 2020; Proctor et al., 2011), we conceptualized feasibility as including
procedural, technical, and protocol adherence domains. Procedural feasibility, reflected in caregivers’ ratings of instruction clarity,
reminder effectiveness, and study team support, was rated favorably. Daily survey completion rates were high and most families met
conventional ecological momentary assessment thresholds for “high adherence” across the seven-day period (Stone & Shiffman, 2002;
Turner et al., 2017).

Technical feasibility was supported by evidence that the TotTag system functioned as intended during multi-day deployment in
everyday environments. Technical feasibility was illustrated through a network-level visualization showing that the system could
generate interpretable, continuous proximity data across multiple wearers (Figs. 1 & 2). Prior case-study work has presented detailed
proximity patterns using TotTags in two families (Salo et al., 2022); the present study extends this work by indicating that
network-based sensing can be implemented feasibly and acceptably in a larger sample of families.

Families also reported high overall acceptability and generally favorable evaluations across domains, with the strongest ratings for
perceived scientific benefit of the research, ease of use, and overall satisfaction, and somewhat lower, though still positive, ratings for
comfort. Bivariate correlations showed that all domains of feasibility and acceptability were associated with satisfaction. The largest
associations were observed between satisfaction and ease of use and confidence in data privacy protections, followed by comfort,
procedural feasibility, and perceived scientific benefit. This pattern is consistent with user-centered design and implementation work
emphasizing that technologies are more likely to be adopted and sustained when they are intuitive, usable, and perceived as
worthwhile (Lyon & Bruns, 2019; Ulrich et al., 2022).

When all domains were considered simultaneously, ease of use and confidence in data privacy protections emerged as the strongest
predictors of unique variance in satisfaction, with additional contributions from perceived scientific benefit, comfort, and procedural
feasibility; integration into routines showed a trend-level association. This pattern was consistent across bivariate and multivariable
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Table 4
Spearman Correlations Among Household Characteristics, Acceptability Domains, Satisfaction, and Adherence.

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14

. Procedural Feasibility —

. Ease of Use —
. Comfort 55 —
. Privacy 40%** .20%* —

1
2
3
4
5. Perceived Scientific Benefit
6.
7
8.
9

.32 .32%* —
. Integration into routines .27 .13 .19*
. Overall Satisfaction 45k L60%** R S 52kx* Q4 33¥H* —
. Evening Survey Completion -.16 .02 .02 —.04 .07 .04 .03 —
. Morning Survey Completion —.03 .07 11 .00 —.06 .06 .07 49%** —
10. Total Survey Completion -.09 .05 .10 —.01 .01 .08 .07 82k 83%x* —
11. Caregiver 1 Employed .00 .04 —.02 .14 —.04 .04 .01 —.08 —.02 —.06 —
12. Caregiver 2 Employed 13 .03 .08 .06 .04 .10 .02 .00 .04 .04 .07 —
13. Household Income -.11 —-.15 —.08 —-.07 -.07 .06 —-.01 11 .14 .15 .35%F* 227 —
14. Child Age (months) .17 .08 .22% .02 .02 .06 .04 —.05 —.06 —.05 .02 12 -12 —

Note. *p < .05. **p < .01. ***p < .001. Values are Spearman rank-order correlation coefficients with two-tailed p-values. Composite acceptability domain scores (Procedural Feasibility, Ease of Use,
Comfort, Privacy, Perceived Benefit, Integration into Routines) and Overall Satisfaction are family-level scores, with higher values indicating more favorable evaluations. Survey completion variables

reflect the proportion of morning, evening, and total daily surveys completed across the seven-day recording period. Caregiver employment variables are coded 1 = employed, 0 = not employed.
Household income is reported on an ordinal scale. Child age is in months.
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Table 5

Predictors of Satisfaction with TotTags (N = 129).
Predictor B SE p 95% CI p

LL UL

Procedural Feasibility 0.16 0.07 0.15 0.01 0.30 .037
Ease of Use 0.20 0.07 0.25 0.07 0.33 .003
Comfort 0.13 0.06 0.16 0.01 0.25 .028
Confidence in Data Protections 0.22 0.06 0.25 0.10 0.34 <.001
Perceived Scientific Benefit 0.16 0.05 0.20 0.05 0.27 .004
Integration Into Routines 0.10 0.06 0.12 —0.01 0.22 .085

Note. B = raw estimate; # = standardized estimate; CI = confidence interval; LL = lower limit; SE, standard error; p, p-value; UL = upper limit.
Satisfaction rated 1-5. All predictors entered simultaneously. All acceptability items were collected following the 7-day recording protocol. Variance
inflation factors (VIFs) ranged from 1.19 to 1.78, below commonly used thresholds for multicollinearity.

analyses, in which ease of use and privacy protections remained the two most strongly associated domains. Together, these findings
suggest that caregivers' day-to-day experiences with the system—whether it is easy to operate, whether their data are clearly protected,
and whether wearing the device is physically comfortable—play a central role in shaping overall satisfaction. Perceived scientific
benefit of the research also emerged as an independent predictor of satisfaction, suggesting that beliefs about the value of participation
also account for variance not explained by usability or comfort alone. This pattern aligns with user-centered design and imple-
mentation research emphasizing that sustained engagement with research technologies depends both on intuitive, low-burden user
experiences and on participants' sense that the research is meaningful (Lyon & Bruns, 2019; McDonald et al., 2006; Robinson et al.,
2007; Ulrich et al., 2022). Procedural feasibility was also an independent predictor of satisfaction, suggesting that the operational
scaffolding of the protocol, including clear instructions, well-timed reminders, and responsive team support, complements rather than
is subsumed by caregivers' moment-to-moment experiences with the device and their beliefs about the value of the research.

Our results are broadly consistent with prior work on wearable sensing in families, which emphasizes both the promise of passive
sensing and the need to address comfort, burden, and privacy to support sustained use (Choe et al., 2012; Levin et al., 2021). Our
finding that confidence in data privacy protections was strongly associated with satisfaction aligns with prior work showing that
caregivers’ willingness to participate is higher when privacy protections are clear and when families receive meaningful feedback from
the data (Levin et al., 2021). Feedback from the open-ended questions also echoed themes from the broader wearable literature. Clear
instructions, responsive staff, ease of integration into routines, and comfort have all been noted as important factors related to
acceptability and feasibility of using wearable sensors (Cheung et al., 2016; Levin et al., 2021).

4.1. Networking and moving beyond dyads

Our findings also highlight the distinctive contribution of TotTag’s networked sensing design relative to prior proximity systems.
Earlier platforms, such as RFID-based badges used to study close contact in households or public settings (Ozella et al., 2018),
demonstrated that wearable devices can capture close-range encounters, while other work validated proximity sensing against video in
structured school contexts (Douglas et al., 2022). Although these studies establish important aspects of technical feasibility, most
existing systems focus on dyads, require fixed infrastructure, or constrain measurement to specific orientations or settings—limiting
their applicability to everyday family life.

In contrast, the TotTag was engineered to support infrastructure-free, multi-node networks in which family members move fluidly
across spaces. Bluetooth-based neighbor discovery allows devices to form ad-hoc groups as individuals come together, while UWB
ranging provides high-resolution distance estimates without wall-powered anchors. This architecture supports simultaneous mea-
surement of proximity among infants, caregivers, and siblings across the full day—an important advance for capturing the caregiving
ecology that surrounds the child (Humphreys & King, 2025; Salo et al., 2022).

While the current study focused on feasibility and acceptability rather than network-level analyses, the successful deployment of
multiple TotTags within households indicates that high-density proximity networks are methodologically achievable in naturalistic
settings. This capability lays the groundwork for future work examining how caregiving networks—not just isolated dyads—shape
children’s everyday experiences.

4.2. Practical recommendations for deploying wearable sensors in families with young children

Three general practical considerations for researchers deploying wearable sensing technologies with families of infants emerged
from this implementation. First, perceived benefit must be made explicit. Caregivers were most satisfied when they understood why
proximity data mattered and how it would contribute to meaningful scientific or practical insights. Clear framing of study goals, along
with transparent communication about how data will be used, may be as important as device design.

Second, wearability and routine compatibility are central to supporting sustained participation. Small design features such as
comfortable materials, well-fitting sensor holders, and clear guidance about routine transitions (e.g., bathing, bedtime) can mean-
ingfully enhance families’ day-to-day experiences over multi-day protocols. Ongoing, caregiver-informed design processes, including
testing alternative holder options, improving fit, and ensuring tolerance for active movement and child-tolerant materials, are
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important for minimizing disruption and maximizing acceptability. Technical clarity, such as unambiguous charging indicators or
intuitive feedback signals, was also an important component of compatibility with daily routines.

Third, support structures should be calibrated to deployment context. In this study, high-touch onboarding, real-time trouble-
shooting, and widely accessible communication channels contributed substantially to procedural feasibility. However, future work
should explicitly test which forms of support (e.g., written guides, automated reminders, brief check-ins, troubleshooting guides) are
sufficient for larger-scale or community-based implementations, and what level of researcher engagement is essential for protocol
adherence. Incorporating caregiver feedback loops into ongoing implementation may further enhance usability and ensure that
challenges are addressed proactively rather than retrospectively.

4.3. Limitations

Several limitations should be considered when interpreting these findings. First, the sample was relatively highly educated,
economically advantaged, and included only four families (3%) with a single caregiver, which limits generalizability to families with
fewer resources, different daily constraints, or alternative household structures; caregiving routines and norms also vary across cul-
tural contexts, underscoring the need for future work in more diverse family settings. The small number of single-caregiver families
also precluded formal tests of whether household structure was associated with family-level adherence, and future studies with greater
variability in household structure should examine whether protocol supports need to be adapted for different caregiving arrangements.
Second, limited TotTag inventory sometimes prevented deployment to siblings within a household, meaning that proximity networks
in some families may not fully capture the complete caregiving ecology. Third, although adherence to daily surveys was generally high,
some surveys were completed late or not at all; because these surveys provide important contextual information for interpreting
proximity data (e.g., separations, naps, deviations from protocol), missing or delayed responses may constrain interpretation in some
cases. Fourth, the TotTag has an approximately 25-foot ranging radius. Separations beyond this distance are not observed as longer-
distance proximity values but instead appear as missing observations or periods without detectable ranging. This limitation is
particularly important for developmental questions focused on extended or repeated low-proximity states, because the current system
cannot distinguish true distance-based separation from other reasons for absent ranging. Heterogeneity in home layouts may also affect
data interpretation; in larger or multi-story homes, caregivers and children separated by walls, floors, or distances near the sensor's
effective range may register as out of range even during ordinary routines. Pairing the TotTag with complementary sources such as
indoor Bluetooth beacons, room-level location sensors, or brief caregiver presence diaries would help characterize these periods,
which may be of interest depending on the relevant research questions, in future work. Finally, feasibility and acceptability estimates
likely benefited from relatively intensive researcher support, including hands-on training, tailored reminders, and real-time trou-
bleshooting, and findings may differ in lower-touch or implementation-scale deployments.

4.4. Future directions

This feasibility and acceptability study establishes a foundation for several lines of future work. First, linking proximity to
developmental outcomes is an important next step. Future studies can examine how proximity patterns relate to attachment security,
stress physiology, and emerging psychopathology, building on the methodological foundation established here. The longitudinal study
in which this work is embedded is designed to examine associations between proximity patterns, caregiver sensitivity, and attachment
within specific caregiver—child dyads. Second, the networked nature of TotTag data enables examination of how sibling relationships,
co-parenting dynamics, and extended caregivers collectively shape children’s experiences, consistent with family-systems perspectives
(Cox & Paley, 1997). Multilevel and network analytic approaches may be used to characterize periods in which the child is in close
proximity to multiple caregivers, transitions across caregiving configurations, and structural features of caregiving networks (e.g.,
density or centrality) in relation to child or family functioning. Finally, proximity data can be integrated with complementary mea-
surement approaches, including audio, observational coding, or physiological measures, to support richer characterization of care-
giving environments in naturalistic settings (de Barbaro, 2019). Such multimethod designs will be critical for advancing understanding
of how everyday caregiving contexts are organized across time and how these contexts relate to developmental processes.

4.5. Conclusion

This study evaluated the feasibility and acceptability of deploying the TotTag, an infrastructure-free, multi-device wearable system
to measure caregiver—infant proximity in everyday family environments. Across a seven-day protocol, families were generally able to
implement the system with high adherence, and caregivers reported favorable evaluations of usability, perceived benefit, and overall
satisfaction. Together, these findings indicate that continuous, network-level proximity measurement can be implemented successfully
in naturalistic settings with families of infants, addressing a key practical barrier to studying proximity outside of laboratory or highly
structured contexts.

Physical proximity has been increasingly recognized as a theoretically meaningful and distinct dimension of early experience that
structures opportunities for caregiving, interaction, and regulation, yet has historically been difficult to measure with sufficient
temporal resolution and ecological validity (Barnett et al., 2022). More broadly, conceptual work on early experience measurement
has emphasized that advancing developmental science requires tools capable of capturing everyday experiences as they unfold across
time, contexts, and relationships (Humphreys et al., 2024; Humphreys & King, 2025). By establishing the feasibility and acceptability
of the TotTag in families’ daily lives, the present study provides a methodological foundation for future research using proximity
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sensing across a range of designs and contexts. These include observational studies, experimental paradigms, and intervention
research, as well as applications beyond family settings, wherever continuous measurement of proximity among multiple individuals is
of interest.
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