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Reliable electrochemical sensing
on moving tissues
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FROM STRAIN TOLERANCE TO ELECTROCHEMICAL COMPENSATION

Stretchable bioelectronics have advanced beyond conforming to soft tissues to
sustaining stable signal acquisition during continuous tissue deformation'"?.
Extending this reliability to molecular sensing is more demanding because
electrochemical readouts depend on stable charge transport, controlled
electrode-biofluid interactions, and interfacial redox reactions*!. Previous
stretchable electrochemical sensors have mitigated strain-induced failure using
serpentine or mesh interconnects™), hydrogel electrodes”*!, composite
conductors™*', liquid-metal conductors"', soft adhesive interfaces”'?', and
implantable electrodes"” [Table 1]. However, these strategies stabilize continuity in
only one segment of the sensing pathway, rather than the electrochemical interface as
a whole, while strain mismatch in multilayer stacks can drive delamination!* ',
Because deformation alters resistance, electrochemically active area, charge-transfer
kinetics, and sensing-layer permeability""”, the central challenge is not stretchability
itself but preserving quantitative molecular transduction during deformation*'*.
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Table 1. Comparison of representative stretchable electrochemical sensing platforms based on independence from geometric strain
isolation, intrinsic conductor stretchability, and compensation of strain-induced electrochemical changes

Platform Inde.pe:ndenf of geometric Intrinsic stretchability of Electrocher.nical
strain isolation conductor compensation

Serpentine Au mesht® x Serpentine mesh x Au film X

LM island-bridget™ x island-bridge o Liquid metal x

3D micro-patterned PDMS/Aut® x Bump-valley microstructure x Au/Ag-AgCl film x

Printed CNT-PU/Ag-AgCI™ /\ Free-standing serpentine traces o CNT-PU composite x

Bilayer hydrogel electronics!” o Intrinsically stretchable o Conductive hydrogel X

Gold nanosheet/CNT nanocomposites®® o Intrinsically stretchable o Percolation network X

Self-adhesive sweat sensort’? o Intrinsically stretchable o Composite conductor X

Strain-isolated brittle-film bioelectronicst™ x Strain-isolating layer o AgNW-PUA composite ﬁ)l(;itiiit—level strain

Stretchable PEDOT-based OECT!™ o Intrinsically stretchable o PEDOT conductor x

Implantable NeuroString sensort™! o Intrinsically stretchable o Graphene nanofiber X

SIRES: SRC-ETI-SFC trilayer™! o Fully elastomeric trilayer o Liquid-metal SRC o ETI

Bold formatting identifies the SIRES platform, which is the focus of this Commentary. o: Satisfied; A: partially satisfied; x: not satisfied. LM: Liquid
metal; PDMS: polydimethylsiloxane; CNT: carbon nanotube; PU: polyurethane; PUA: polyurethane acrylate; PEDOT: poly(3,4-
ethylenedioxythiophene); OECT: organic electrochemical transistor; SIRES: intrinsically stretchable interface for resilient electrochemical sensing;
SRC: strain-resilient conductor; ETI: electrically tunable interface; SFC: stretchable functional coating.

To address this coupled problem, Xu and colleagues introduced an intrinsically stretchable interface for
resilient electrochemical sensing (SIRES)""*. Unlike earlier geometric designs that route strain around rigid
sensing regions, SIRES makes the entire interface deformable, shifting the design strategy from avoiding
strain to compensating for its electrochemical effects. As shown in Figure 1A, SIRES is a fully elastomeric
trilayer comprising a liquid-metal strain-resilient conductor (SRC) for charge transport, a carbon nanotube
(CNT)-polyurethane electrically tunable interface (ETI) for electromechanical coupling, and a stretchable
functional coating (SFC) hosting the sensing chemistry. These layers are covalently integrated within one
polyurethane matrix, enabling them to deform together without delamination"*. Under strain, the SFC
exposes a larger electrochemically active area, increasing faradaic current and lowering charge-transfer
resistance (R_)">"", while elongation of the conductive pathway increases the series resistance that would
otherwise shift or attenuate redox peaks. Because the ETT resistance is tunable through CNT loading"*'?, its
strain-dependent increase is matched to the area-driven decrease in R . These opposing contributions
therefore cancel, and the total resistance remains nearly constant, as captured by a modified Randles model
[Figure 1B and C]. Quantitatively, R , decreases from 253.6 to 173.2 Q between 0% and 200% strain, while the
double-layer capacitance increases by approximately 23%; their product therefore remains within 3% of its
initial value at 100% strain. Despite these changes, the voltammetric response is largely retained, with the
redox peak current varying by no more than 14% over the same strain range. However, different layers
contribute to this stability depending on the analyte. ETT resistance matching operates where faradaic current
and electrode area determine the signal, as in voltammetric detection. Amperometric and potentiometric
readouts instead depend more strongly on the functional coating and stretchable reference electrode, which
preserve the sensing chemistry and potential baseline. Wearable and organ-mounted demonstrations [Figure
1D and E] confirm that this principle extends to complete devices.

CHALLENGES AND THE ROAD TOWARD RELIABLE ELECTROCHEMICAL SENSING ON
MOVING TISSUES

Yet signal stability under strain should not be interpreted as calibration stability during chronic use. The
reported robustness over 1,000 cycles at 100% strain was established on a clean interface under repeatable
deformation!?), rather than under the fouling-rich, continuously perturbed conditions of on-body or



Lee et al. Soft Sci. 2026, 6, 91

Page 3 of 6

A
. Bulk solt
~__~ WPU network WPU/sensing elements More exposed surface area A R u Ounot“ P o -
Stretchable functional = et
o® ) [ ] (6]
@  Enzyme coating (SFC) Stretch _— < - 0 ® €
’ < I e 0 o° R
© ° °
CNTs . o £ — Ruiy Qe
/’/ Strain o e o goocgcooo Qs
S M sss E BE i~
® CNT nanocomposite Tunable conductive networks o Rere
PU > = by filler contents
— Electrically tunable —y\a < S c A
interface (ETI) % S| %
L Filler ) Ren
content )
Strain
. R
Porous LM composite Strain-invariant conductive o % === -
networks SRC
Strain-resilient - o
conductor (SRC) Stretch L Ry
»
\ ) . " > Rrotar = Ret + Ren + Rre
Strain
Strain
D Strain-resilient E Distaly i i e s ”
X X . # ; 2
electrochemical bioelectronics response ’ Fasted Postprandial
/ Stretchable monitoring
<.

sweatband

é

Dietary intake

.

- = - -—

Device Level (Immediate)

N Sto
2 A \
S -~

Al
O

e

=%

T_.)
(d"’o

B\ e VLl
“» o “
o 3.1 Strain-induced 4.1 ETI Resistance <+ 3
o L Deviation Matching Y,
68 Do
©
' ¥ ©

1. Organ
Deformation

2. Electrochemical
Reaction

N

3.2 Long Term

.

Signal Error

5. Stable Signal
Measurement

\\ .{\@ ,/

4.2 Al-assisted

Compensation

J

Figure 1. Design principle and representative applications of SIRES for wearable and implantable molecular monitoring. (A) Core design
concept and cross-sectional schematic of the fully elastomeric trilayer SIRES architecture, comprising an SRC for stable electron transport,
an ETI for regulating strain-dependent electrochemical coupling, and an SFC for stabilizing bioactive sensing elements; (B and C) Modified
Randles-equivalent-circuit model and relative resistance changes under strain, showing how strain-induced resistance increases are
balanced by electrochemically active surface-area modulation; (D) Wireless sweatband implementation for multiplexed sweat monitoring
with mobile readout. Scale bar, 5 mm; (E) Implantable SIRES bioelectronics mounted on the rat stomach for gastric glucose monitoring.
(A-E) Reprinted in part with permission fromt), Copyright 2026, AAAS; (F) Viewpoint of this Commentary. Organ deformation (1) alters
the electrochemical reaction at the interface (2), and the resulting error is corrected at two levels that operate on different timescales. At
the device level, the strain-dependent rise in ETI resistance is matched to the area-driven fall in R, so the deviation is canceled as it arises
(3.1and 4.1). At the computational level, an Al-assisted model addresses residual error and slowly accumulating drift, and indicates when
recalibration is required (3.2 and 4.2), together sustaining stable quantitative measurement (5). SIRES: Intrinsically stretchable interface
for resilient electrochemical sensing; SRC: strain-resilient conductor; ETI: electrically tunable interface; SFC: stretchable functional coating;
R..: charge-transfer resistance; WPU: waterborne polyurethane; CNTs: carbon nanotubes; LM: liquid metal; PU: polyurethane; VIA: vertical
interconnect access.
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implanted use. More fundamentally, electrochemical compensation assumes that the electrochemically active
area varies only with strain. In practice, biofouling, nonspecific adsorption, and biofluid residues
progressively block reaction sites, and this area loss distorts the calibrated signal through a pathway that the
strain-tuned circuit cannot sense"***". Moreover, a preserved voltammetric readout does not necessarily
indicate calibration stability: glucose sensitivity still shifts by approximately 4.7% at 300% strain, and such
residual deviations can matter when quantifying subtle biomarker changes, requiring device-specific and
potentially strain-state-specific recalibration. Likewise, because glucose, lactate, pH, H,O,, and uric acid rely
on distinct enzymes, mediators, and membranes, the optimal electrochemical compensation and calibration
cannot be assumed to transfer unchanged among them. Validation is also largely uniaxial, whereas organs
deform biaxially and nonuniformly over curved surfaces, often with concurrent shear and torsion' ),
Applying biaxial, shear, and torsional loading at organ-relevant amplitudes and frequencies, and reporting
calibration stability across directions and repeated cycles rather than signal stability alone, would bring the
evaluation closer to actual operating conditions. Reference-electrode drift, mediator instability, and liquid-
metal isolation further compound these effects, making calibration stability in complex biofluids during

24,25]

prolonged deformation and implantation challenging!

Looking forward, the next step is to move from strain-resilient interfaces to organ-specific molecular sensing
systems [Figure 1F]. Because each organ deforms differently, calibration should become deformation-aware.
Data-driven or artificial intelligence (AI)-assisted models could enable this approach® . Electrochemical
compensation addresses the immediate effect of deformation, whereas the model would address slowly
accumulating drift. Using ETT resistance and periodic impedance measurements, it could estimate the
mechanical state of the interface, predict drift for a given organ and measurement schedule, and indicate
when recalibration is needed, with predictions verified against concurrent reference measurements. Organ-
specific design is equally important: acidic gastric distension, intestinal peristalsis, and cyclic bladder filling
impose different chemical and mechanical demands, so adhesives, encapsulation, and sensing chemistry
cannot be interchangeable!”*. Chronic stability must also be built into the sensing layer itself, which should
remain selective for the target analyte while resisting fouling that degrades performance. This requires
sterilizable encapsulation and long-term tissue compatibility'***?. By reframing stretchability as preservation
of electrochemical accuracy rather than mechanical survival alone, SIRES marks a conceptual turning point
for the field. Building on this foundation, next-generation biointerfaces could enable molecular monitoring
that remains reliable across the full range of tissue motion, bringing organ-level biochemical monitoring
closer to clinical reality.
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