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Abstract: Precision medicine requires wearable systems capable of transforming real-time physiological sensing into adaptive thera-
peutic intervention. However, existing sweat-based platforms remain fragmented, typically focusing on sensing alone and relying on
empirical threshold-triggered control strategies. Here we report a modular, model-driven wearable architecture that integrates active
sweat extraction, multi-channel electrochemical sensing, and ion-electroosmotic transdermal drug delivery within a unified closed-
loop framework. Active iontophoretic sweat extraction enables stable sampling under non-exertional conditions, while standardized
multi-channel electrochemical interfaces support flexible biomarker configuration on a shared hardware backbone. Beyond hardware
integration, we introduce a dual-layer control architecture combining data-driven physiological prediction with a physics-informed
iontophoretic transport model, establishing a quantitative and interpretable mapping from sensed biomarkers to calibrated dos-
ing decisions. Experimental results demonstrate accurate multi-biomarker sensing performance, including glucose sensing linearity
(R? = 0.9913) and ascorbic acid sensing linearity (R> = 0.9965), together with near-linear controllability of transdermal delivery
(R? > 0.99), consistent with the proposed transport model. By introducing a model-based quantitative regulation framework beyond
conventional threshold-triggered actuation, this work provides a generalized system architecture and methodological foundation for
precision and personalized wearable therapeutics.
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1. Introduction

Precision and personalized medicine demand wearable sys-
tems that extend beyond passive monitoring toward integrated
therapeutic functionality. Rather than merely sensing physiologi-
cal states, next-generation devices must transform real-time phys-
iological information into timely, individualized interventions.
Within this context, wearable platforms integrating biochem-
ical sensing, computational decision-making, and therapeutic
actuation have emerged as an important direction toward closed-
loop personalized healthcare systems [1-4]. Despite substantial
advances in wearable biosensing, however, most existing systems
remain functionally incomplete from a systems-level perspective.

Sweat has attracted increasing attention as a noninva-
sive biofluid enriched with diverse physiological markers [5-7].
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Numerous studies have demonstrated wearable electrochemical
sweat sensing, including glucose detection using microfluidic plat-
forms [8], electrochemical metabolite sensing strategies [9], and
multiplex biochemical analysis systems [10]. Yet most sweat-based
wearables focus exclusively on sensing performance, implicitly
assuming continuous sweat availability while overlooking the
engineering challenge of reliable sample acquisition. In practice,
sweat secretion under sedentary conditions is often insufficient
or intermittent. Active sweat induction should therefore be
regarded not merely as an auxiliary feature but as a foundational
component of wearable sweat-based feedback systems.

At the systems level, current research remains fragmented
across sweat sensing, electrically driven transdermal delivery,
and integrated validation. While recent studies have explored
multifunctional therapeutic wearables [11], sweat sensing with
transdermal delivery [3], and model-based closed-loop control
strategies [4], fully unified architectures integrating induction,
biochemical detection, decision-making, and therapeutic actua-
tion remain limited. Such incomplete integration constrains both
robustness and translational potential.

© The Author(s) 2026. Published by BON VIEW PUBLISHING. This is an open access article under the CC BY License (https://creativecommons.org/licenses/
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Beyond hardware-level fragmentation, a more fundamen-
tal limitation lies in the prevailing control paradigm. Existing
sweat-based regulation strategies predominantly rely on threshold-
triggered actuation, whereby intervention is initiated once a
predefined sensor value is exceeded [12]. While straightforward,
this approach neglects inter-individual variability, temporal phys-
iological dynamics, and measurement uncertainty. Consequently,
the relationship between sensing and intervention lacks theoretical
grounding and remains insufficient for precision therapeutics.

Here, we present a modular, extensible, and model-driven
wearable platform for sweat-based closed-loop analysis and trans-
dermal intervention. The system integrates active sweat extraction,
multi-channel electrochemical sensing, and ion-electroosmotic
drug delivery within a unified architecture. By treating acqui-
sition, detection, and actuation as coequal components of a
feedback loop, the platform enables continuous operation even
under non-exertional conditions. A defining characteristic of
the system is its architectural extensibility. Standardized elec-
trical interfaces and modular hardware abstraction decouple
application-specific sensor design from the core control circuitry,
enabling parallel multimodal sensing and expansion to diverse
biomarkers without hardware redesign. The platform thus func-
tions as a generalizable research infrastructure rather than a
task-specific device.

More importantly, we introduce a data-informed, mathe-
matically interpretable control framework that replaces empirical
threshold triggering. By establishing a quantitative mapping
between physiological measurements and dosing decisions, the
system transitions from binary activation logic to model-based
intervention optimization [4, 13, 14]. Parameterized calibration
enables adaptation to inter-individual variability, providing a

principled foundation for precision and personalized therapeutics
[15, 16]. In summary, this work establishes a generalized sys-
tem architecture and methodological foundation for sweat-driven
feedback regulation. The principal contributions are threefold:
(i) the realization of an integrated sweat induction-sensing-
actuation architecture at the system level; (i) a modular
multi-channel electrochemical interface supporting diverse sens-
ing modalities; and (iii) a data-driven, interpretable dosing control
strategy that enables adaptive and individualized regulation.

2. System Architecture and Design Principle

The proposed system is conceived as a unified closed-loop
platform integrating sweat extraction, biochemical sensing, deci-
sion computation, and ion-electroosmotic drug delivery. Rather
than optimizing individual modules in isolation, the design
emphasizes system-level coherence, modularity, and controllabil-
ity to meet the stability and engineering feasibility requirements
of wearable applications in real-world environments. The overall
architecture is organized around a physiological feedback loop,
within which information flow, control flow, and material flow
are explicitly defined and coordinately structured.

2.1. Overall closed-loop framework

A wearable closed-loop physiological regulation system is
developed to integrate physiological sensing, data-driven decision-
making, and electrically controlled transdermal drug delivery. The
overall concept and structural organization of the system are
illustrated in Figure 1. The platform consists of three functional
layers: the skin interface, the embedded hardware system, and

Figure 1
Overview of the wearable closed-loop physiological regulation system. (a) Illustration of the wearable system in operation, showing
on-body sensing, wireless communication with a mobile device, and cloud-assisted physiological prediction and dosing decision.
(b) Structural organization of the closed-loop system, including the skin interface, embedded hardware modules, and host-side control
layer enabling sensing, decision-making, and transdermal drug delivery
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the host-side control application. At the skin interface, reverse
iontophoresis is employed to induce sweat extraction under non-
exertional conditions, enabling continuous biochemical sampling.
The collected sweat is analyzed using a multi-channel electro-
chemical sensing module that converts biochemical information
into electrical signals. These signals are acquired and processed
by the embedded system, which integrates key hardware modules
including active sweat extraction, wearable potentiostat sensing,
drug delivery actuation, and local real-time control, as shown in
Figure 1(b). The embedded unit is responsible for signal acqui-
sition and electrical stimulation control while maintaining safe
and stable operation. Acquired physiological data are transmit-
ted wirelessly to a host-side application for higher-level analysis
and decision-making. At this stage, biomarker interpretation
and predictive modeling are performed to estimate physiolog-
ical states and determine appropriate drug dosage commands.
The computed control parameters are subsequently transmitted
back to the wearable device to trigger iontophoretic transdermal

drug delivery through the drug-loaded hydrogel layer. Through
this coordinated process of sensing, computation, and actuation,
the system forms a perception—prediction—decision—actuation
feedback loop capable of continuous physiological regulation.

2.2. Modular hardware architecture and standardized
interfaces

To enable extensibility and compatibility across diverse sens-
ing and intervention tasks, a modular hardware architecture
based on standardized functional interfaces is adopted. The
core concept integrates sweat extraction, electrochemical detec-
tion, and drug delivery onto a unified control mainboard while
achieving functional decoupling through clearly defined electri-
cal interfaces. As shown in Figure 2(a), individual functional
channels are electrically and logically independent. This interface-
level abstraction separates application-specific designs from the
core hardware platform, enabling system reconfiguration without

Figure 2
Modular hardware architecture and standardized electrode interfaces. (a) Block diagram of the modular hardware architecture,
illustrating functional modules and inter-module communication protocols. (b) Electrode configuration and interface design of the
iontophoretic sweat induction module. (c) Electrode configuration compatible with a three-electrode electrochemical sensing system.
(d) Electrode configuration and interface design of the iontophoretic transdermal drug delivery module
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redesigning the mainboard and supporting scalable deployment
across different biomarkers and therapeutic modalities. The sweat
induction module adopts an independent two-electrode interface
(Figure 2(b)), with designated positive and negative terminals
provided by the mainboard. The electrochemical sensing chan-
nel employs a standardized three-electrode interface—working
electrode (WE), reference clectrode (RE), and counter electrode
(CE)—as shown in Figure 2(c). The mainboard specifies only
the electrical connection scheme without constraining electrode
materials or geometries, allowing flexible integration of diverse
electrochemical sensors and parallel implementation of multi-
ple detection mechanisms. Electrode structure and materials can
be optimized or replaced according to sweat induction efficiency
and user comfort requirements. Similarly, the transdermal drug
delivery module employs an independent two-electrode interface
(Figure 2(d)). The mainboard reserves positive and negative ter-
minals, while the drug reservoir, electrode configuration, and
functional materials remain externally definable to accommodate
specific therapeutic needs.

2.3. Hierarchical control strategy and host-MCU
architecture

A hierarchical control strategy is implemented to separate
real-time execution tasks from high-level decision computation
through a host-microcontroller unit (MCU) architecture. Time-
sensitive operations are executed locally on the MCU, whereas
computationally intensive prediction and optimization tasks are
performed on the host system. At the MCU level, constant-
current control, electrochemical signal acquisition, safety mon-
itoring, and execution control operate with millisecond-level
responsiveness, ensuring deterministic performance under varia-
tions in skin impedance, electrode conditions, or environmental
disturbances. At the host level, advanced functions—including
physiological state prediction, control strategy computation, and
parameter adaptation—are performed. Through wireless commu-
nication with the wearable hardware, the host enables real-time
monitoring, strategy updating, and system management. This
architecture allows complex control algorithms to be incorporated
without substantially increasing computational burden, power
consumption, or hardware complexity on the wearable device.
By decoupling low-level execution from high-level computation,
the hierarchical strategy preserves engineering feasibility while
maintaining substantial algorithmic scalability.

2.4. Model-driven control architecture

The proposed closed-loop system is built upon a dual-layer,
model-driven architecture designed to overcome the limitations
of conventional threshold-based control. This framework estab-
lishes a transparent and quantitatively grounded pathway from
physiological perception to calibrated intervention, enabling
individualized therapeutic adaptation. At the prediction and deci-
sion layer, physiological forecasting and context-aware strategies
replace simple threshold triggering. Predictive models trained
on historical data (e.g., short-term glucose trend estimation),
together with real-time measurements, are used to estimate near-
future physiological states. Based on these estimates, the decision
module integrates real-time biomarker concentration, forecast
results, safety constraints, and system states (e.g., post-delivery
intervals) to generate a quantified therapeutic demand. This for-
mulation transforms control logic from binary threshold responses
into a dose optimization problem. At the execution layer, the
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quantified demand is translated into precise hardware commands
via a physics-informed feedforward model of iontophoretic trans-
port. The control-oriented model establishes a deterministic and
interpretable mapping between controllable electrical parame-
ters (current i and duration 7) and delivered drug amount (M),
approximated as:

M~K-i-t -1
where K encapsulates skin electrophysiological properties and
formulation-specific characteristics. Individualized parameter cal-
ibration is supported to account for inter-subject variability.
By integrating data-driven prediction models, multi-factor deci-
sion strategies, and physics-based execution modeling, the
proposed framework forms a coherent and interpretable per-
ception—prediction—decision—actuation loop, providing a method-
ological foundation for personalized and precision adaptive
therapy.

3. Module Implementation and Experimental
Methods

3.1. Active sweat induction module

The active sweat induction module is designed to enable con-
trolled and localized stimulation of sweat secretion on the skin
surface, thereby eliminating reliance on spontaneous perspiration.
Sweat induction is based on reverse iontophoresis, in which low-
intensity electrical current drives directional ionic migration across
the skin barrier, accompanied by electroosmotic solvent flow that
transports sweat constituents toward the skin surface. To accom-
modate inter-individual variability and temporal fluctuations in
skin condition, the module employs a constant-current stimula-
tion strategy combined with real-time skin impedance feedback.
By targeting the effective current density applied to the skin, the
system compensates for impedance variations arising from hydra-
tion state, temperature changes, or electrode contact conditions.
The measured impedance signal is used to dynamically adjust
the driving voltage, ensuring stable maintenance of the preset
current output. Safety considerations are integrated at both hard-
ware and software levels. The stimulation current density and
duration are constrained within established dermatological safety
limits. Hardware-level current-limiting mechanisms are imple-
mented alongside software-defined parameter boundaries. Upon
detection of either a relative impedance increase exceeding 50%
of the baseline value measured at stimulation onset or an abso-
lute impedance exceeding 200 kQ, stimulation is automatically
terminated.

3.2. Electrochemical sensing module

The electrochemical sensing module adopts a multi-channel
parallel architecture, with each channel configured as a stan-
dard three-electrode system comprising a WE, RE, and CE.
Electrical connections and signal processing pathways are inde-
pendently implemented for each channel, enabling simultaneous
detection of multiple biomarkers while minimizing inter-channel
interference. Each channel can be configured with distinct mea-
surement protocols, allowing concurrent execution of different
electrochemical techniques within the same operational cycle. The
selection of detection techniques is determined by the electro-
chemical characteristics of the target analyte and correspond-
ing electrode functionalization strategies. Beyond the specific
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demonstrations presented herein, the sensing module is designed
as a general-purpose, multi-technology-compatible platform. The
system supports up to 12 commonly used electrochemical tech-
niques, including chronoamperometry (i-f), differential pulse
voltammetry (DPV), cyclic voltammetry, and related pulse-based
methods [17]. A complete list of supported techniques is provided
in the Supplementary Information (T1). The analog front-end
and potentiostat control circuitry incorporate a wide compli-
ance voltage (£10 V) to accommodate high solution resistance
and significant iR drop commonly encountered in sweat sens-
ing under dynamic secretion conditions. This wide-voltage design
maintains stable electrode potential control despite substantial
interface impedance variations, thereby enhancing measurement
robustness in wearable applications.

3.3. Drug delivery module

The drug delivery module operates based on iontophoretic
transdermal transport [18]. Under an applied electric field, solvent
flow within the skin is induced, carrying dissolved therapeutic
agents across the skin barrier into the underlying tissue. This
mechanism obviates the need for mechanical pumps or complex
microfluidic structures, facilitating integration within wearable
systems. A constant-current closed-loop control strategy regulates
the delivery process. Real-time current feedback compensates for
dynamic variations in skin impedance, maintaining stable elec-
troosmotic driving conditions. Consequently, delivered dosage
can be quantitatively modulated via electrical stimulation param-
eters rather than relying on passive diffusion assumptions. The
module is architecturally aligned with the system-level control
model. Electrical stimulation parameters generated by the control
algorithm are directly mapped onto the iontophoretic transport
process, establishing a clear and interpretable correspondence
between physiological state estimation and physical actuation.

To establish a quantitative relationship between applied
electrical parameters and delivered drug dosage, a control-
oriented iontophoretic transport model is introduced. Although
transdermal iontophoresis theoretically involves electromigration,
electroosmosis, and passive diffusion, a simplified formulation is
adopted to ensure computational efficiency on embedded plat-
forms. For many therapeutic agents of interest, such as peptides
or near-neutral macromolecules, electromigration contributions
are negligible; thus, electroosmotic flow is treated as the domi-
nant transport mechanism. The electroosmotic velocity ueo can
be approximated by the Helmholtz—Smoluchowski relation:

€
Upy R £ g
no

(3-1)
where ¢ is the dielectric constant, ¢ the interfacial zeta potential,
7) the solvent viscosity, and E the applied electric field strength.
Considering the relation E = i/g, where i denotes current density
and o the effective skin conductivity, the neutral drug mass flux
per unit area J can be approximated as:

39

J ~ Ceff . 77_0' - (372)

where C is the effective drug concentration within the reservoir.
Integrating over delivery area A and stimulation duration ¢ yields
the cumulative delivered amount:

with

K=A-Ceff - <

o (33)

representing a lumped system parameter incorporating formula-
tion and skin properties. Under the short stimulation durations
investigated here, K is not expected to vary substantially. The
dominant short-term variability is likely associated with changes
in skin—electrode interfacial impedance related to hydration state
and contact quality. The constant-current strategy can partially
mitigate their influence on delivery stability. This linearized
formulation provides a physically interpretable mapping from
controllable electrical parameters to delivered dose within the
closed-loop framework.

3.4. Data-driven prediction and decision model

The decision layer relies on a data-driven physiological pre-
diction model implemented as an independent host-side software
module. Glucose regulation is used as a representative case.
The model, trained on the publicly available OhioT1DM time-
series dataset [19], employs supervised random forest regression
to predict glucose trends 30 min ahead based on historical glu-
cose values, insulin administration records, and carbohydrate
intake. The validated model outputs quantitative short-term phys-
iological forecasts. The decision engine operates as a rule-based
multi-factor strategy module. Inputs include real-time sensor data,
predicted trends, historical dosing records (enforcing minimum
dosing intervals), and predefined safety constraints such as hypo-
glycemia thresholds. Rather than relying on single-value threshold
triggering, the strategy evaluates predicted slope, deviation from
target range, and safety boundaries to compute a quantified dos-
ing target. Each decision is accompanied by a structured rationale
tag (e.g., “predicted upward trend exceeding range”) to enhance
interpretability. This framework transforms empirical threshold-
based control into a computable decision process jointly driven by
data and formalized rules, forming the software foundation for
personalized and precision regulation.

3.5. Software architecture and data flow

A layered software architecture coordinates sweat induc-
tion, sensing, and drug delivery modules. Low-level firmware
on the embedded controller manages real-time tasks, includ-
ing signal acquisition, closed-loop current regulation, and safety
monitoring, whereas high-level instruction scheduling, data syn-
chronization, and state management are executed through
structured command streams. System operation follows a finite-
state machine model, with distinct states corresponding to sweat
induction, sensing, delivery, idle, and fault conditions. State
transitions are governed by timing constraints, sensor feed-
back, and safety criteria, ensuring deterministic and reliable
continuous operation. All data streams are timestamped using
a unified reference to support subsequent closed-loop control
and analysis. A standardized data pipeline connects sensing
and actuation. The MCU packages real-time physiological mea-
surements and relevant system states for transmission to the
host. The host invokes prediction and decision modules to com-
pute a target dose and associated rationale and then transmits
instructions back to the MCU. Based on the dosing control
model, the MCU resolves specific stimulation parameters and
executes delivery. This bidirectional flow completes automated
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Figure 3
Host-side application interface enabling closed-loop regulation and system supervision. (a) Real-time glucose measurements and
short-term model-based predictions displayed in a unified time-series view. (b) Structured dosing decision prompt triggered upon
satisfaction of control criteria, together with the corresponding dosing execution progress display. (c) Statistical summary of recent
glucose dynamics. (d) Historical log of dosing events and meal records for intervention traceability. (e) Device connectivity status,
sensing configuration parameters, and supervised manual inputs for dosing and meal annotation
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perception—prediction—decision—actuation integration. To facili-
tate real-time visualization and user-supervised interaction, a
host-side application was developed to integrate physiological
monitoring, predictive analysis, and dosing execution within
a unified interface. The application displays real-time glucose
measurements alongside 30-minute-ahead predictions, provides
structured decision prompts when dosing criteria are satisfied,
and logs all actuation events and contextual inputs (e.g., meal
records) for traceability. Representative interface screenshots are
shown in Figure 3, illustrating the operational realization of the
perception—prediction—decision—actuation workflow.

4. Experimental Results and Closed-Loop Validation

4.1. Sweat extraction performance

To evaluate the effectiveness of the iontophoretic induc-
tion module, a dedicated experimental setup was constructed to
quantify localized sweat accumulation on the skin surface. The
induction interface consisted of a gold electrode patterned on
a flexible printed circuit substrate and covered with a hydrogel
layer that served both as an electrolyte medium and as a soft
skin contact interface. A Polydimethylsiloxane (PDMS) holder
was used to stabilize the hydrogel layer and reduce the interfa-
cial impedance between the electrode and the skin. The entire
structure was mechanically secured using a custom 3D-printed
fixture to maintain stable contact during the experiment. The
assembled device was positioned on the thumb of the participat-
ing authors, where electrical stimulation was applied to induce
localized sweat secretion (Figure 4(a)-(e). Sweat accumulation
was quantified indirectly by monitoring the change in skin sur-
face humidity beneath the sensing interface. Measurements were
recorded at multiple time points over a 20 min stimulation period,
and three independent experiments were conducted. The exper-
imental group received iontophoretic stimulation, whereas the
control group was monitored under identical conditions without
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electrical induction. As shown in Figure 4(f), the skin sur-
face humidity of the experimental group increased progressively
during stimulation, while the control group remained nearly con-
stant. After approximately 15 min, a clear separation between
the two groups became evident, indicating the onset of signifi-
cant sweat secretion induced by the electrical stimulation. When
the difference between experimental and control measurements
was analyzed across replicates (n = 3), the increase in sweat-
related humidity became pronounced and remained stable after
15 min (Figure 4(g)). These results demonstrate that the proposed
induction module can reliably generate localized sweat under
resting conditions, thereby providing a stable sample source for
downstream electrochemical sensing.

4.2. Electrochemical sensing performance

The electrochemical sensing front-end exhibits a wide
dynamic range, supporting current detection up to +20 mA with
a resolution of 100 nA. A compliance voltage of +10 V accom-
modates high-impedance systems, while each channel supports
independent sampling rates up to 300 Hz. Three channels can
operate synchronously, and 12 electrochemical techniques are
selectable via host software. The standard test results for the
detection performance of all supported detection technologies
are presented in Table Al of the supplementary document. To
validate platform versatility, four representative sweat biomark-
ers were evaluated using the same hardware system. Glucose
detection was performed using chronoamperometry (i—f). The
WE consisted of glucose oxidase immobilized on carbon cloth
modified with Nafion and carbon nanotubes; a platinum wire
and Ag/AgCl electrode served as counter and reference elec-
trodes, respectively [20-22]. At an applied potential of +0.6 V
(vs Ag/AgCl), sensor current exhibited linear dependence on glu-
cose concentration within 0-2.5 mM (R? = 0.9913; sensitivity
22.343 uA mM™!), as shown in Figure 5(a) and (b). Addi-
tional biomarkers—including uric acid, tyrosine, and ascorbic
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Figure 4
Experimental validation of iontophoretic sweat extraction. (a) PDMS structure used to stabilize the hydrogel interface and reduce
skin—electrode impedance. (b) Gold electrode patterned on a flexible printed circuit (FPC) substrate matching the hydrogel geometry.
(c) Custom 3D-printed fixture for mechanical stabilization of the interface assembly. (d) Fully assembled induction interface consisting
of hydrogel, PDMS holder, electrode, and fixation structure. (¢) Photograph illustrating device placement on the thumb of a human

subject during sweat extraction experiments. (f) Time-dependent

change in skin surface humidity during iontophoretic stimulation

compared with the control condition (mean with min—max range, n = 3). (g) Net increase in sweat-related skin humidity
(experimental minus control) over time (mean with min—max range, n = 3)
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acid—were evaluated to demonstrate compatibility with volta-
metric and amperometric techniques. Molecularly imprinted
polymer-modified carbon cloth served as the WE for uric acid and
tyrosine detection using DPV, as shown in Figure 5(c)—(f), reveal-
ing characteristic oxidation peaks at approximately +0.32 V and
+0.63 'V, respectively, with linear responses across tested ranges
(uric acid: 0.1-0.5 mM, R? = 0.9934; tyrosine: 0-0.2 mM, R?

=10.9916). Ascorbic acid detected via i— at +0.2 V exhibited strong
linearity (R2 = 0.9965; sensitivity 67.06 uA mM™!), as shown in
Figure 5(g) and (h). Collectively, these results demonstrate that
multiple electrochemical techniques and biomarkers can be real-
ized on the same core circuitry solely through replacement
of functionalized WEs, thereby validating the modular and
extensible sensing architecture.

4.3. Calibration and validation of the drug delivery
model

To experimentally validate the iontophoretic dosing model,
an ex vivo porcine skin platform was established using rho-
damine B as a model compound (Figure 6(a)—(e)). Fresh porcine
skin served as the transport barrier, and a PDMS-based holder
was used to stabilize the skin, drug-loaded hydrogel, and flexi-
ble gold electrodes during stimulation. Drug penetration depth
was quantified by confocal microscopy of cross-sectional skin
samples following iontophoretic treatment. Experiments were
conducted under varying current densities (0-4 mA cm™2) and
stimulation durations of 10, 20, and 30 min. Penetration depths
were normalized against passive diffusion controls prior to an-
alysis. As shown in Figure 6(f), penetration depth increased
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monotonically with current density at a fixed stimulation dura-
tion and increased with duration at constant current density.
Across the tested parameter space, penetration depth exhibited an
approximately linear dependence on the product of current den-
sity and stimulation time, with global fitting yielding R > 0.99,
consistent with the simplified model M ~ K-i-t. These results indi-
cate that the proposed linearized iontophoretic model provides a
reliable quantitative approximation within the investigated range
and is suitable for feedforward dose estimation in closed-loop
regulation.

4.4. Performance of the glucose prediction model

To demonstrate model-driven computational feasibility, glu-
cose regulation was implemented as a representative case.
The prediction model was trained using the publicly available
OhioTIDM dataset and evaluated on its standard indepen-
dent test set. Model performance was quantified using root
mean square error, achieving a best-case value of approximately
1748 mg dL™! on the test set. This accuracy is comparable to
reported wearable glucose prediction studies and sufficient for
demonstrating trend-aware closed-loop decision feasibility rather
than absolute glycemic correction. Figure 7 presents time-series
comparisons between predicted and actual glucose values. The
predicted signal closely follows temporal trends with limited
phase delay, supporting its applicability within the closed-loop
dosing decision framework. No direct physiological mapping
between sweat glucose and blood/interstitial glucose is established
in the present study. The OhioT1DM dataset was used solely for
algorithmic framework validation.
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Figure 5
Multi-biomarker electrochemical sensing performance and validation of the iontophoretic transport model. (a) Chronoamperometric
(i-t) responses to stepwise increases in glucose concentration from 0 to 2.5 mM. (b) Glucose calibration curve derived from steady-state
currents measured at 85 s. (c) Differential pulse voltammetry (DPV) responses for uric acid concentrations ranging from 0 to 0.5 mM.
(d) Uric acid calibration curve based on DPV peak currents. (¢) DPV responses for tyrosine concentrations from 0 to 0.2 mM. (f)
Tyrosine calibration curve derived from DPV peak currents. (g) Chronoamperometric (i-t) responses to ascorbic acid concentrations
from 0 to 10 mM. (h) Ascorbic acid calibration curve derived from steady-state currents measured at 35 s
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Figure 6
Experimental validation of the iontophoretic drug delivery model using an ex vivo porcine skin platform. (a) Fresh porcine skin used as
the ex vivo barrier to simulate human skin. (b) PDMS holder designed to fix the porcine skin, drug-loaded hydrogel, and flexible
printed circuit (FPC) gold electrodes during iontophoretic stimulation. (c¢) Rhodamine B-loaded hydrogel prepared as the model drug
formulation. (d) Schematic illustration of the assembled iontophoretic delivery setup integrating porcine skin, hydrogel reservoir,
PDMS holder, and electrode interface. (¢) Representative cross-sectional samples of treated skin prepared for confocal microscopy
to visualize drug penetration. (f) Relationship between drug penetration depth and applied current density at stimulation durations
of 10, 20, and 30 min
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Figure 7
Time-series comparison between predicted and measured glucose levels. Temporal evolution of real-time glucose measurements and
corresponding short-term predictions generated by the data-driven physiological model
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5. Conclusion

This work presents a modular, model-driven wearable
platform that integrates active sweat induction, multi-channel
electrochemical sensing, and electrically driven transdermal drug
delivery within a unified closed-loop regulatory framework.
Unlike systems designed for a single biomarker or disease-specific
intervention, the proposed architecture emphasizes reconfigura-
bility and hierarchical control abstraction. Through standardized
functional interfaces and layered decision strategies, physiolog-
ical sensing is quantitatively coupled to actuation, enabling a
structured perception—prediction—decision—actuation framework
at the system level rather than isolated functional modules.
Three principal contributions are established at the system
level. (1) Active sweat induction is explicitly incorporated into
the closed-loop architecture, overcoming the intrinsic limita-
tions of passive sweat collection for continuous and on-demand
operation. (2) A modular and extensible multi-channel electro-
chemical sensing framework is developed, supporting flexible
configuration of diverse sensing techniques and biomarkers on
a shared hardware backbone. (3) A data-driven and mathe-
matically interpretable control paradigm is introduced, moving
beyond threshold-triggered regulation toward model-based quan-
titative decision-making. This approach enables the incorporation
of individual variability and establishes the theoretical foundation
for personalized and precision-oriented wearable therapeutics.
Several limitations remain. The present study represents an ini-
tial system-level feasibility demonstration with a limited sample
size and validation primarily under controlled in vitro and ex
vivo conditions. The iontophoretic dosing model adopts sim-
plified steady-state assumptions and does not yet account for
all dynamic factors encountered in practical wearable operation.
In addition, the quantitative coupling between sweat biomark-
ers and systemic physiological dynamics remains to be formally
established. Accordingly, the proposed framework should be
regarded as a system-level feasibility demonstration rather than
a clinically validated therapeutic platform. Recent studies on
self-aligning mechanisms and specialized testbeds further empha-
size the importance of robustness and standardized validation
in model-driven closed-loop wearable systems [2, 23]. Future
work will focus on in vivo animal studies, coordinated multi-loop
regulation across multiple biomarkers, and adaptive parameter
learning for individualized control. By advancing these directions,
the proposed framework may serve as a foundational architecture
for next-generation precision medicine and personalized wearable
therapeutic systems.
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Appendix

Table Al
All detection technologies supported

All supported techniques

Cyclic voltammetry (CV)

Linear sweep voltammetry (LSV)
Staircase voltammetry (SCV)

Tafel plot (TAFEL)
Chronoamperometry (CA)
Chronocoulometry (CC)

Differential pulse voltammetry (DPV)
Normal pulse voltammetry (NPV)
Differential normal pulse voltammetry (DNPV)
Square wave voltammetry (SWV)
Amperometric i-t curve (i-t)
Multi-potential steps (STEP)
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