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Abstract—Traditional supermarket checkout infras- tructures
frequently create operational bottlenecks, yielding extended wait
times and degraded customer satisfaction. While Internet of
Things (1oT) implemen- tations such as RFID-equipped smart
carts and mobile Scan-and-Go applications provide alternatives,
they introduce distinct trade-offs regarding infrastructure
expenditure, power demands, and susceptibility to shrinkage
(theft). This review investigates existing re- tail automation
paradigms and presents the conceptual framework for Cortex
Band, a cost-effective, hybrid artificial intelligence (Al) system
designed to optimize both retail security and throughput. By
disaggregating the scanning mechanism from the shopping cart
via an ESP32-driven wearable device, the system facilitates
hands-free product logging. This wearable hardware operates
synchronously with a sensor-fused verifica- tion architecture and
an Al-managed backend that con- tinuously evaluates a dynamic
shopper ”Trust Score.” By analyzing scan events alongside real-
time physical cart data, the platform categorizes user behavior,
per- mitting reliable customers to utilize a frictionless walk- out
exit while selectively identifying discrepancies for targeted staff
auditing. This approach offers a scalable, user-centric pathway to
eliminating checkout friction without sacrificing inventory
integrity.

Index Terms—Frictionless Retail, Wearable Technol- ogy,
ESP32, Trust Score, Sensor Fusion, Theft Preven- tion, Smart
Shopping Cart.
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I. INTRODUCTION

Consumer demands are rapidly reshaping the modern
retail landscape, driving a massive shift away from
traditional brick-and-mortar checkout models toward
highly seamless, on-the-go experi- ences. Long queues at
point-of-sale (POS) terminals remain a primary catalyst for
customer dissatis- faction. When shoppers are forced to
wait, retail ecosystems see a direct correlation with
abandoned purchases and critically diminished brand
loyalty. Consequently, the mitigation of checkout
bottlenecks has become one of the most pressing objectives
in retail engineering today.

Over the past decade, a flurry of automated re- tail
technologies has emerged, though each intro- duces its
own unique blend of advantages and op- erational
hurdles. Early iterations leaned heavily into Radio
Frequency ldentification (RFID). Concep- tual frameworks
for ”Smart Trolleys” successfully demonstrated that
automated, non-line-of-sight scan- ning was technically
feasible [1], [2], [6], [10], [11]. However, the sheer
economic burden of affixing indi- vidual RFID tags to low-
margin consumer packaged goods proved to be an
insurmountable barrier for widespread supermarket
adoption [12], [20], [21].
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To bypass these massive infrastructure costs, de-
velopers pivoted toward consumer-facing software,
primarily leaning on Mobile Scan-and-Go applica- tions
[13], [14], [25]. By turning the shopper’s own
smartphone into the primary barcode scanner, re- tailers
slashed hardware overhead. Unfortunately, this
methodology inadvertently birthed entirely new
operational frictions. From an ergonomic stand- point,
forcing customers to navigate crowded aisles, handle
physical merchandise, and simultaneously operate a
mobile interface noticeably degrades the shopping
experience. More alarmingly, these setups are highly
susceptible to ’theft by omission,” where unscanned
items are casually slipped into the cart, whether
accidentally or maliciously [5], [17].

A close examination of current literature reveals a
persistent, frustrating polarization in retail au- tomation:
solutions are either hardware-heavy and highly secure
but financially unscalable (RFID), or they are software-
centric and cheap but ergonomi- cally clunky and
notoriously insecure (Mobile Apps). Frameworks capable
of seamlessly synthesizing op- timal user experience
(UX), robust loss prevention, and genuine cost-
efficiency are exceedingly rare.

This paper offers a critical evaluation of contem-
porary retail automation technologies and subse- quently
proposes a novel conceptual architecture: the Cortex
Band. This hybrid wearable system ac- tively seeks to
dismantle the prevailing cost-security paradox by
merging intuitive, hands-free scanning mechanisms with
multi-layered, in-cart sensor veri- fication.

II. LITERATURE REVIEW

For over a decade, the push to automate retail checkouts
has spawned diverse and frequently com- peting research
trajectories. Existing methodolo- gies can be broadly
categorized into three domi- nant paradigms: RFID-
centric architectures, mobile- assisted platforms, and 10T-
enabled smart baskets.

A. RFID and Hardware-Centric Approaches

The initial wave of automation research al- most
exclusively prioritized RFID. Chandrasekar and Sangeetha
[1] laid the groundwork with a model utilizing RFID
scanners paired with ZigBee com- munication protocols for
automated billing. While this validated the efficacy of non-
line-of-sight detec- tion, subsequent iterations by Shahroz
et al. [2] and Sawant et al. [6]—which integrated mobile
interfaces to boost user interaction—reaffirmed that
tagging costs render the system economically impractical
for general merchandise.

Attempting to address the physical security short-
comings of early models, Yewatkar et al. [3] designed
anti-theft mechanisms that would mechanically lock

the cart’s wheels upon detecting unpaid merchan- dise.
Despite the heightened security, Doshi et al. [17] pointed
out that rigid, hardware-based enforcement frequently
yields false positives, creating a highly hostile environment
for the consumer. Various other implementations
leveraging RFID and ZigBee proto- cols [10], [12], [19],
[20] confirm these systemic hard- ware constraints. Recent
parallel work by Ferraris et al. [9] and Sharma et al. [24]
regarding application- centric  frameworks  further
illustrates the immense difficulty of properly scaling tag-
based data retrieval systems across sprawling physical
environments.

B. Mobile-Assisted and Smart Basket Systems

To eliminate the prohibitive costs of RFID hard- ware,
researchers pivoted toward Bring-Your-Own- Device
(BYOD) models. Bedi et al. [13] and Ali et al. [14]
designed software frameworks relying entirely on
smartphone camera scanning. While this successfully
shifted the financial burden away from the retailer, it

introduced severe ergonomic limitations, effectively
forcing a cumbersome, single- handed shopping
experience.

Parallel research by Lalitha et al. [7], Talreja et al.
[8], and Mohanapriya et al. [22] explored the viability of
”Smart Baskets” equipped with integrated scanning
hardware like NFC readers and object recognition arrays
[4]. Aro et al. [23] demonstrated similar secured NFC
tracking protocols in library systems, which Jadhav et al.
[25] later attempted to adapt directly for the retail sector.
While these compact designs successfully restored a hands-
free experience for small-volume convenience purchases,
they proved mechanically inadequate when scaled to the
high-capacity grocery trolleys used in traditional
supermarkets [16], [29].

C. loT Connectivity and Cloud Integration

More recent scholarship heavily emphasizes distributed
processing and cloud connectivity. Berdaliyev and James
[15] proposed an ”RFID- Cloud” architecture that
successfully offloaded computational requirements to
centralized servers, thereby minimizing cart-level power
consumption. Similarly, Rezazadeh et al. [26] and Li et al.
[27] utilized 10T sensor arrays to provide intricate
location-based routing, effectively guiding shoppers
through complex store layouts. Rogojanu et al.
[28] further expanded upon these smart technologies
specifically tailored for indoor market environments.

Despite these exciting advancements, latency vul-
nerabilities remain a massive hurdle in cloud- dependent
architectures [19]. Broader studies eval- uating the role
of 10T in advancing microelectronics
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and defense security [30], [31] emphasize the in- herent
risks of network dropouts. Furthermore, lo- calized
authentication alternatives—such as infrared
communication techniques [18] or localized billing nodes
[21]—have yet to entirely resolve the sector’s over-reliance
on simple, binary security verification (i.e., item present
versus absent), completely ignor- ing the nuanced nature of
longitudinal shopper reli- ability.

D. Synthesis

A critical synthesis of the current state-of-the- art
literature demonstrates a series of persistent operational
trade-offs. RFID architectures undeni- ably offer
superior frictionless experiences but fail catastrophically
on economic scalability [1], [9], [11]. Conversely, mobile
applications are remarkably cost- effective but critically
compromise both physical er- gonomics and inventory
security [13], [25]. Crucially, the literature lacks a true
hybrid methodology ca- pable of fusing the operational
speed of wearable tech with the robust, tamper-proof
security of multi- sensor data fusion.

III. COMPARATIVE ANALYSIS

To better contextualize the Cortex Band frame- work,
Table | and Table Il map out the comparative
strengths—as well as the glaring operational blind
spots—of prevailing paradigms.

Table |
Cost ANd Security EvAluAtioN of RetAil PAradigms
Technology Representa- Implemen- Security
Paradigm tive Studies tation Cost Model
RFID Smart Chan- High High
Carts drasekar (Item-level (Automated
[1], Shahroz tagging) verification)
[2
Mobile Bedi [13], Ali Low Low
Scan-and-Go [14] (Customer (Random
device) manual
checks)
Smart Lalitha [71, | Medium Medium
Baskets Talreja [8] (Integrated (Weight
hardware) checks)
loT Cloud Berdaliyev Medium Medium (Lo-
Carts [15], (Centralized cation track-
Rezazadeh processing) ing)
[26]
Hybrid Proposed Low High (Trust
(Cortex Framework (Wearable + Score +
Band) Barcode) Sensor
Fusion)

IV. IDENTIFIED RESEARCH GAPS
A. The Cost-Security Paradox

Existing implementations demonstrate a stub- bornly
direct relationship between deployment cost and loss
prevention efficacy. RFID vyields ironclad

Table Il
User ExperieNce (UX) ANd Critical LimitAtioNs
Technology User  Experience Critical
Paradigm (UX) Limitations
RFID Smart Excellent (Zero Prohibitive
Carts manual scanning) infrastructure
cost; struggles
with metal/liquid
attenuation.
Mobile Scan- Poor (Hands occu- High battery drain;
and-Go pied by device) highly vulnerable to

shrinkage/omis- sion.

Smart Baskets Good  (Hands-free

operation)

Strictly limited vol-
ume capacity; un-
scalable for stan- dard
grocery hauls.

High latency;

10T Cloud Carts Good (In-store nav-

igation aid) completely dependent
on
stable Wi-Fi
connectivity. high-
Hybrid (Cortex Excellent (Hands- Requires
Band) free wearable) precision calibration
for

low-weight items.

security at an unsustainable price point, whereas BYOD
mobile scanning is incredibly cheap but highly exploitable.
A distinct, urgent need exists for an ar- chitecture
delivering "RFID-level” security utilizing cost-effective
”Barcode-level” infrastructure.

B. Human-Computer Interaction (HCI) Friction

Current software-based solutions blatantly ignore the
physical realities of navigating a supermar- Kket.
Requiring consumers to manipulate physical goods
while simultaneously engaging with a glowing graphical
interface generates substantial HCI fric- tion. The
literature currently lacks comprehensive explorations
into wrist-worn or wearable scanning devices designed to
physically decouple the scanning task from both the user’s
primary grasping hand and the bulky cart chassis.

C. Absence of Behavioral Trust Models

Contemporary retail security protocols function via
incredibly rigid, binary logic: an item is either perfectly
authenticated, or a localized alarm is trig- gered. This
archaic approach fails to accommodate simple, benign
human error and entirely ignores historical user reliability.
The integration of proba- bilistic ”Trust Score” algorithms
into retail POS envi- ronments remains largely unexplored,
presenting a massive opportunity to dynamically route
shoppers based on their actual behavioral data over
time.

V. PROPOSED FRAMEWORK: THE CORTEX BAND

To effectively dismantle the identified operational and
economic limitations, this paper proposes the
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”Cortex Band” architecture. This hybrid method- ology
isolates the scanning interface from the cart itself, utilizing
a tri-layer operational stack to syn- thesize a genuinely
frictionless experience.

Layer 1: The Wearable Interface (Ergonomic
Optimization) In stark contrast to mobile applica- tions
that monopolize the wuser’s hands, the proposed
architecture relies on a low-cost, wrist-mounted
wearable device powered by an ESP32 microcon-
troller. The unit cleverly integrates a miniaturized
barcode scanner alongside a haptic feedback actua- tor.
By relocating the active scanning vector directly to the
wrist, the system entirely eliminates the HCI friction
associated with smartphone handling. Shop- pers can now
scan and place items into the cart in a single, fluid,
natural motion.

Layer 2: Sensor Fusion (Physical Verifica- tion) To
keep overarching infrastructure costs rock- bottom, the
framework wholly rejects item-level RFID tagging.
Instead, it relies on a “Silent Veri- fication” paradigm.
The standard shopping cart is retrofitted with base-
mounted load cells and ambi- ent infrared (IR) sensors.
Critically, these hardware components function not as
primary input devices, but as asynchronous verification
nodes. Upon scan- ning an item via the wearable band,
the backend instantly cross-references the expected mass
of the product against the corresponding physical weight
increment registered by the cart’s load cells.

Layer 3: The Trust Score Algorithm (Dynamic
Security Routing) What truly separates this frame- work
from legacy systems is the introduction of a dy- namic,
probabilistic Trust Score mechanism. Rather than
triggering embarrassing, disruptive physical alerts the
moment a discrepancy occurs, the system computes a
continuous, evolving reliability score based on the active
session and the user’s historical shopper profile.

- Green Lane: Users maintaining a high Trust Score
(e.g., >95%) bypass traditional checkout
infrastructure entirely, qualifying for an unin-
terrupted, seamless walk-out exit.

- Red Lane: Persistent algorithmic anomalies (such
as unrecognized weight increments or unverified IR
breaks) slowly decay the session score. This quietly
flags the user for a stream- lined, targeted staff audit
prior to exit, ensuring security without assuming
immediate malice.

VI. CONCLUSION

The broad, commercial deployment of frictionless
retail technologies has historically been hindered by a
frustrating binary opposition: solutions are either
comprehensively secure but financially unten- able (RFID
Carts), or economically viable but criti- cally vulnerable
to theft (Mobile Apps). This review

demonstrates that current singular approaches sim- ply
cannot adequately balance massive infrastruc- ture
overhead, user ergonomics, and loss preven- tion.

The proposed Cortex Band framework presents a
highly viable, scalable resolution to this industry
deadlock. By migrating the active scanning interface to
an affordable, wrist-worn module and strictly en- forcing
physical compliance via a sensor-fused Trust Score
algorithm, the system achieves the scalability of mobile
applications while matching the physical security of
hardware-heavy smart carts. Future research will
prioritize the empirical validation of Trust Score decay
rates within live, physical retail environments, alongside
the mechanical miniatur- ization of the wearable
prototype into a polished, consumer-ready form factor.
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