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ABSTRACT: On-skin patches that record biopotential and
biomechanical signals are essential for wearable healthcare
monitoring, clinical treatment, and human−machine interac-
tion. To acquire wearing comfort and high-quality signals,
patches with tissue-like softness, elastic recovery, damage
tolerance, and robust bioelectronic interface are highly desired
yet challenging to achieve. Here, we report a dry epidermal
patch made from a supramolecular polymer (SESA) and an in
situ transferred carbon nanotubes’ percolation network. The
polymer possesses a hybrid structure of copolymerized
permanent scaffold permeated by multiple dynamic interac-
tions, which imparts a desired mechanical response transition
from elastic recoil to energy dissipation with increased
elongation. Such SESA-based patches are soft (Young’s modulus ∼0.1 MPa) and elastic within physiologically relevant
strain levels (97% elastic recovery at 50% tensile strain), intrinsically mechanical-electrical damage-resilient (∼90% restoration
from damage after 5 min), and interference-immune in dynamic signal acquisition (stretch, underwater, sweat). We
demonstrate its versatile physiological sensing applications, including electrocardiogram recording under various disturbances,
machine-learning-enabled hand-gesture recognition through electromyogram measurement, subtle radial artery pulse, and
drastic knee kinematics sensing. This epidermal patch offers a promising noninvasive, long-duration, and ambulant
bioelectronic interfacing with anti-interference robustness.
KEYWORDS: epidermal patches, soft electronics, damage-tolerant, robust adhesion, interference-immune, bioelectronic sensing

INTRODUCTION
Epidermal patches represent an intriguing wearable technology
to capture and transmit various kinds of body information,
considering their suitable formfactor for direct on-skin
deployment and easy integration with other electronic
components into sophisticated layered functional systems.1−5

Specifically, intensive research efforts focus on acquiring
electrophysiological and biomechanical signals, as they play a
vital role in diverse applications, ranging from a human−
machine interface, wearable healthcare and athletic rehabil-
itation,6,7 to early stage diagnosis and clinical treatment.8

In daily use, it is desired that epidermal patches exhibit
tissue-like softness and good elasticity:9,10 patches with
Young’s modulus on par with or lower than that of human
skin (0.1−2 MPa)11,12 can improve wearing comfort by
relieving mechanical constraints on skin; and excellent
elasticity allows patches to freely accommodate skin

deformation, without compromising sensing performance in
capacitive or piezo-resistive mechano-electrical transducers
caused by pronounced plastic deformation. As the epidermal
patches are mostly soft and susceptible to structural failures,
such as cut and laceration, the ability to tolerate and even self-
repair mechanical damages can significantly enhance the
functional robustness and extend the device lifetime. Besides,
a conformable and adhesive patch−skin interface is crucial for
signal fidelity: The conformable match on wrinkled skin
topology increases the effective contact area, and the strong
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adhesion anchors the intimate bonding at the interface, both of
which facilitate reliable electrophysiological and biomechanical
sensing. In general, considering wearing comfort and robust
signal acquisition, epidermal patches are required to be tissue-
like soft and elastic, damage-tolerant, and adherent to skin
conformably.
Rubbery elastomers, such as polydimethylsiloxane (PDMS),

polyurethane (PU), and poly(styrene-ethylene-butylene-styr-
ene) (SEBS) copolymer, are frequently utilized for con-
struction of epidermal sensors. Someya’s group13 has reported
the exploitation of polyurethane-polydimethylsiloxane (PU-
PDMS) nanomeshes with superb softness and elasticity as on-
skin strain gauges, which exhibited minimum mechanical
interference in body movement detection and high signal
reproducibility in cyclic strain sensing. However, epidermal
patches based on purely covalently cross-linked elastomers
with no dynamic motifs lack the capacity to tolerate or self-
repair structural damages. Self-healing polymers based on
dynamic physical interactions are promising choices for
damage-resilient soft electronics and have been employed in
biomechanical14−18 and biopotential19,20 sensing. Nevertheless,
such viscoelastic self-healing polymers often show obvious
plastic deformation due to the reconstruction of physical cross-
links at large strains,21−25 which can lead to inaccurate
biomechanical sensing during cyclic testing. To obtain a
reliable sensing interface, a pregelled Ag/AgCl electrolytic
electrode is widely employed in clinical settings for
biopotential recording, as it provides high-quality signals due

to its conductive and adhesive nature. However, long duration
wearing of the wet gel can cause skin discomfort and irritation,
as well as signal degradation induced by gel dehydration.
Another strategy to realize good adhesion with skin is to design
electronic patches with ultrathin geometries (typically with a
thickness under 10 μm).26−31 The ultrathin thickness
contributes to easy attachment and anchoring through just
van der Waals interaction. Nonetheless, such structures are not
sufficiently self-supporting, suggesting problematic handling
and processing during fabrication, transfer, and recycling.
Recently, adhesive and dry polymer patches have been

attracting increasing interest to serve as electrophysiological
and biomechanical sensors, as they afford strong bonding to
skin and avoid the issues of dehydration at elevated
temperature and solvent leakage under deformation that are
characteristic for hydrogels. Although considerable progress
has been made, there exist performance concerns that hinder
their real-world applications, including poor elastic recovery at
physiologically relevant strain level (∼40% tensile strain),32,33

susceptibility to structural damages, and unproved capability to
retain high quality signal in various disturbance conditions
(body motion, sweat, underwater, etc.).34−40 Until now, it is
still a formidable challenge to develop dry patches as
bioelectronic electrodes that are soft and elastic, damage-
tolerant, and interface-reliable against multiple interferences.
Herein, we introduce a material strategy for the design of a

dry epidermal patch for bioelectronic interfacing. The
construction relies on the in situ transfer of carbon nanotube

Figure 1. The SESA polymer synthesis and the fabrication of SESA-based epidermal patches. (a) Synthetic route and hierarchical network of
SESA polymer. (b) The fabrication process of SESA-based epidermal patches, including J-patch and S-patch. (c-d) Cross-sectional SEM
image of J-patch (c) and S-patch (d). The colorized (purple) areas indicate the CNT-SESA composite layer. Scale bars, 10 μm. (e) Schematic
illustration of versatile physiological monitoring using epidermal patches, including J-patch for ECG/EMG recording and S-patch for pulse
and motion sensing. (f) Schematic of the interfacial interactions between the SESA network and skin. (g) A piece of J-patch attached on
thumb with the surface relief structures transferred from the underlying fingerprint. Scale bar, 10 mm. (h) A strip of J-patch adhered onto
two fingers and stretched to show elastic resilience at 300% tensile strain. Scale bar, 15 mm. (i) A piece of J-patch bearing a weight of 0.5 kg
attached tightly onto palm. A stiff PET backing on the outer surface of J-patch ensured the weight was completely supported by the
interfacial adhesion force. The size of patch is 20 × 45 mm2. Scale bar, 45 mm.
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percolation network onto solvent-free supramolecular, elastic,
self-healing, and adhesive (SESA) polymer surface to obtain
Janus and Sandwiched patches (J-patch and S-patch), targeting
biopotential and biomechanical signals, respectively. The
supramolecular polymer SESA stemmed from a copolymerized
covalent network, permeated by multiple dynamic interactions.
Such hybrid polymer exhibits mechanical response from elastic
recoil to energy dissipation along with increased elongation. It
enables the epidermal patch to unify the challenging needs in a
single platform, including skin-like softness (Young’s modulus
∼0.1 MPa), excellent resilience (92.7% elastic recovery at
100% tensile strain), electrical self-healing (91.4% restoration
after 5 min), notch-insensitive stretchability (as high as 460%),
and robust on-skin adhesion under various harsh conditions

(stretch/underwater/sweat). These combinational attributes
make it well-suited for on-skin high-fidelity signal capturing,
especially in long-duration, ambulatory use. We demonstrated
versatile physiological signal acquisition, from electrocardio-
gram (ECG) recording under different disturbances, machine-
learning-enabled hand gesture identification through electro-
myogram (EMG) measurement, to radial artery pulse and knee
motion sensing. The various scenarios validate the great
potential in future outdoor healthcare applications.

RESULTS AND DISCUSSION
Design of SESA-Based Epidermal Patches. To unite the

seemingly antagonistic merits of being highly elastic yet readily
self-healable and self-adhesive,41 we chose a biological

Figure 2. Thermal, mechanical, self-healing, and notch-insensitive characterization of the SESA-based epidermal patch. (a) Temperature-
dependent rheological characterization of SESA polymer. (b) 2D (right) and 3D (left) topographical AFM images of the J-patch. Scale bar,
500 nm. (c) Phase AFM image of the J-patch. Scale bar, 500 nm. (d) Tensile stress−strain curves of SESA polymer, J-patch, and S-patch. (e)
Tensile loading−unloading curves at different strains (10%, 30%, 50%, 100%, 200%, 300%) of J-patch. The inset shows the dissipation
energy at each loading−unloading cycle. (f) Tensile stretch-release cycles of J-patch. Rest time of 15 s in between each loading cycle to allow
delayed recovery. (g) The sequential mechanical response of SESA polymer under increased tensile strain: elastic recoil within 100% strain
and energy dissipation over 100% strain. (h) Electrical resistance of J-patch as a function of time while undergoing 3 cuttings using a razor
blade at 0.5N normal force at different positions. (i) Optical microscopic images of self-healable J-patch before and after self-healing at 20 °C
for 10 h. Scale bars, 10 μm. (j) Tensile stress−strain curves of original and notched (1 mm notch for a sample of 5 mm in width and 12 mm
in length) J-patches. Insets show notched J-patch at 0%, 100% and 400% strain. (k) SEM images of the notch at 100% strain. Scale bars are
200 μm (top) and 2 μm (bottom).
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molecule, ALA, as the starting material, for its tailored
structure allowed the formation of covalent network with
high density dynamic motifs. Figure 1a illustrates the simplified
synthetic route and structure of SESA polymer (see detailed
process in Methods, Figure S1 of SESA polymer photographs):
(i) ALA went through ring opening polymerization at elevated
temperature (140 °C) through thermal-initiated cleavage of
disulfide bonds; (ii) N,N′-Methylenebis(acrylamide) (MBAA)
was introduced into liquid ALA for copolymerization to afford
chemically stable covalent copolymer; (iii) Ferric ion (Fe3+)
was further added into the ALA-MBAA copolymer melt to
work as strong complex centers with carboxylic groups from
ALA and then cooled down to room temperature to get the
SESA polymer. Multiple spectroscopic analyses were imple-
mented to testify the polymer structure. X-ray diffraction
(XRD) showed no crystalline peaks, suggesting the amorphous
state and no formation of iron oxide in the matrix. Time of
flight secondary ion mass spectrometry (TOF-SIM) character-
ization further verified the existence of ferric ions dispersed in
the polymer (XRD and TOF-SIM results in Figure S2). Raman
spectra displayed a splitting of peak at 507 cm−1 (correspond-
ing to disulfide bonds of ALA) into two marked peaks at 506
and 521 cm−1 for SESA, proving the occurrence of ring-
opening polymerization (Figure S3). In the Fourier transform
infrared (FTIR) test (Figure S4), the newly emerged peaks at
1538 (N−H bending) and 3290 cm−1 (N−H stretch
secondary amine) in SESA agreed with the copolymerization
of MBAA, and the red shifting of the carbonyl group stretching
frequency (from 1686 to 1700 cm−1) along with the
emergence of a new peak at 1655 cm−1 substantiated the
formation of Fe3+-carboxyl coordinative bond.
The fabrication process of SESA-based epidermal patches is

shown in Figure 1b (detailed process in Methods): We sprayed
aqueous CNT dispersion on hydrophilic polydopamine
modified PDMS (pd-PDMS) substrate (contact angle tests
in Figure S5), and then the conductive CNT percolation
network was in situ transferred and embedded into SESA film
surface in Janus (J-patch) or sandwiched (S-patch) form. The
sheet resistance of the prefabricated CNT film on pd-PDMS
was tunable through spray-coating cycles, and it increased after
the embedding process, likely due to the penetration of
polymer melt between the CNTs (Figure S6). CNT film with a
sheet resistance of 25 Ω/□ before transfer was adopted for
use. The sheet resistance of the patch after transfer was about
134 Ω/□. To allow smooth manipulation for on-skin use
(easy and intact attachment/detachment by hand), the
thickness of J-patch and S-patch was tuned and increased to
be around 140 μm (Figure S7). Cross-sectional view scanning
electron microscope (SEM) images in Figure 1c (J-patch) and
1d (S-patch) clearly reveal the composite CNT-SESA
embedding layer to be around 8 μm. Figure 1e schematically
conceptualizes the versatile physiological monitoring using
SESA-based patches as bioelectronic interfacing electrodes: J-
patch for biopotential and S-patch for biomechanical sensing.
The SESA-based patches readily form a conformal interlock
with skin texture upon attachment (confirmed later), owing to
the tissue-like softness and geometric thinness. Furthermore,
the patches with abundant functional groups of −COOH, C�
O and N−H on the surface can have strong physical
adsorption to the outermost stratum corneum (mostly
consisting of keratin, ceramide, cholesterol, and free fatty
acid) through hydrogen bond formation (Figure 1f). The
mechanical interlock and interfacial bonding cooperatively

allow for robust skin adhesion in various conditions. In Figure
1g, when a piece of J-patch was pressed onto the thumb, the
surface relief of the underlying thumbprint was transferred to
the J-patch, suggesting the ultraconformal matching at the
interface. Figure 1h demonstrates the J-patch was able to
sustain a stretch of 300% strain with elastic resilience. The
secure bond to the skin was demonstrated by hanging a weight
of 0.5 kg to a J-patch attached to the palm without interfacial
failure.
Thermal, Mechanical, Self-Healing, and Notch-In-

sensitive Properties of SESA-Based Epidermal Patches.
Various tests were conducted to investigate the thermal
behavior of SESA polymer. Thermogravimetric analysis (TGA,
Figure S8) revealed that SESA polymer started to decompose
at 200 °C, verifying high thermal stability. The glass transition
temperature (Tg) was determined to be −37.7 °C from the
differential scanning calorimetry (DSC, Figure S9). Such low
Tg suggested elastic behavior at a wide temperature range, and
favorable high chain mobility at room temperature for self-
healing. In temperature sweeping rheological test (Figure 2a),
storage modulus (G′) and loss modulus (G′’) both decreased
as the temperature increased, and G′ was higher than G′′ until
85 °C, indicating solid-like to liquid-like transition of
mechanical response. Moreover, the apparent viscosity of
SESA polymer went through a continuous decrease along with
a rise in temperature, probably due to the heat-labile hydrogen
bonds, disulfide bonds, and enhanced chain mobility. This
temperature-dependent rheology enables the easy thermo-
processing of SESA polymer for molding and recycling.
The surface morphology of the J-patch at the SESA-CNT

side was characterized by atomic force microscopy (AFM).
Both 2D and 3D topological AFM images in Figure 2b show
the surface roughness is about 34 nm. The smooth patch
surface is beneficial to close and conformal match with a
rugged skin contour. The phase AFM image in Figure 2c
reveals a homogeneous phase of the SESA-CNT layer,
implying the embedding of CNT network does not affect the
copolymerization of SESA polymer. In mechanical character-
ization, Figure 2d displays the tensile stress−strain curves of
SESA polymer, J-patch, and S-patch, which indicated a similar
behavior of high stretchability of about 600% strain and skin-
like Young’s modulus of 0.1 MPa (calculated from linear part
within 5% strain). The tensile loading−unloading curves of J-
patch at varying strains from 10% to 300% is shown in Figure
2e, and the corresponding dissipation energy (hysteresis area)
was measured in the inset. Clearly, under the strain of 100%,
the immediate residual strain was minimal (3.8% for 50% and
7.3% for 100% test strain). Also, note that the residual strain
after 50% test strain could be almost completely recovered
with a prolonged resting time of around 15 s. The inset shows
the dissipation energy rose sharply when the stretch strain
surpassed 100%. The outstanding elastic resilience within
physiological strain level (∼40%) was further confirmed by
performing cyclic tensile stretch-release tests at a strain of 50%
in Figure 2f, as the mechanical response curves did not show
noticeable degradation in strength and aggravation in residual
strain. Based on these results, we proposed a likely mechanism
to interpret the mechanical response of SESA-based patches
(Figure 2g). Within a modest strain level (<100%), the patch
mainly experiences an elastic deformation, which is dominated
by the stretch and conformational-entropy-driven retraction of
a permalent scaffold (ALA copolymerized with MBAA), with
negligible amounts of dynamic bonds being ruptured. Under
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larger strains (>100%), the network continued to stretch to
result in sliding of MBAA copolymerized chains. This slippage
led to considerable dissociation of reversible bonds and
reassociation at new sites, which contributed to the enhance-
ment of toughness and damage tolerance through efficient
energy dissipation.21,22 Such scheme of sequential mechanical
response provides both a decent elastic recoil within
physiologically related strain level and high damage tolerance
(discussed later) for the SESA-based patches.
The copious dynamic bonds (disulfide bond, hydrogen bond

and metal−ligand coordinative bond) within SESA endow it
with superb mechanical self-healing capability even at room
temperature (Figure S10): Healing efficiency of 62% and 87%,
in terms of maximum tensile strain, were achieved after healing
durations of 2 and 5 min respectively, when a SESA sample
was severed and reconnected again. Such efficient structural
restoration upon damage facilitates the self-reconstruction of
conducting network of SESA-CNT composite layer, resulting
in the recovery of electrical property.3 Figure 2h shows the
electrical resistance evolution of a J-patch sample when we
inflicted a surface-level cut on the conductive SESA-CNT side
using a razor blade at 0.5N normal force for 3 times (time
intervals of 5 min). Interestingly, the electrical conductivity
went through autonomous recovery rapidly, without the need
to push the cut interfaces into contact. For the first cutting, the

resistance increased immediately from 3.5 KΩ to 19.8 KΩ, and
then dropped to 4.9 KΩ after 5 min self-healing at 20 °C,
indicating a restoration efficiency of 91.4% in terms of the
recovered resistance increment. The electrical self-healing
could be attributed to the initial physical contact of the cut
interfaces and then the rearrangement of the conductive
nanonetwork driven by the dynamic nature of SESA (high
chain mobility and dynamic bonds). The almost indiscernible
cutline after healing for 10h at 20 °C in Figure 2i further
evinced the reconnection of the SESA-CNT conductive
network. Besides, the mechanical self-healing was also verified
through the resistance variation versus stretch (Figure S11):
the self-healed J-patch succeeded in withstanding a tensile
loading−unloading event at 100% strain, in contrast to the
abrupt mechanical and electrical failure of a PDMS-CNT
electrode (fabrication process in Methods) at 14% strain due
to the rapid crack propagation. We further performed the
tensile stretching test to J-patch samples with and without a
single-edge notch (1 mm notch for a sample with a width of 5
mm). Figure 2j shows the notched sample still retained a
stretchability as high as 460%. Figure 2k displays the
pronounced blunting of the crack at 100% strain of the
notched sample. These observations evidence that SESA-based
patch is able to spread concentrated stress at the crack tip via
dissociation-reassociation of dynamic bonds and rearrange-

Figure 3. The on-skin conformability and robust adhesiveness of SESA-based epidermal patch. (a) Photographs of J-patches (22 × 22 mm2)
on forearm skin in different conditions: squeezed, underwater, hairy skin, and handled by hand. Scale bar, 20 mm. (b) 3D laser-scanning
microscopic image of a PDMS skin replica surface. (c) Optical microscopic image shows the conformal attachment of J-patch on the PDMS
skin replica. Scale bar, 500 μm. (d) The 3D laser-scanning microscopic image of a J-patch surface (the contact side) after being pressed onto
fingertip for 5s and then detached. (e) Adhesion strength comparison of SESA-based epidermal patches (S-patch and J-patch) and
commercial medical tapes (four kinds of tapes from brands of Watsons, Guardian, and 3M). 90 deg peel tests were conducted on human
forearm skin. (f) Adhesion strength of S-patch and J-patch on porcine skin for 10 cyclic attach/detach events. (g,i) Adhesion strength change
of S-patch (g) and J-patch (i) on porcine skin during 1000 stretch cycles at strain of 25%. (h,j) Adhesion strength change of S-patch (h) and
J-patch (j) on porcine skin during underwater stirring (300r/min) for 4 h.
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ment of entangled polymer chains.14,42 Such mechanical-
electrical damage-tolerant merits promise reliable and resilient
real-world applications of the SESA-based epidermal patches
with extended lifespan.
Robust Adhesion of SESA-Based Epidermal Patches.

To show the strong adhesion of SESA-based epidermal patch,
we attached J-patches to human skin under various conditions
in Figure 3a: When the skin was squeezed, the ridge-like
features on the patch suggested intimate adaptation both in the
air (top-left) and underwater (top-right); The patch could also
adhere tightly on hairy skin (bottom-left); Notably, it could be
detached intactly with ease after long-time use (10 h) and
exhibited no skin irritation and redness (Figure S12). The
microscopic conformal interlock was probed by attaching a J-

patch to a PDMS skin replica. The 3D laser-scanning confocal
microscopic image of skin replica in Figure 3b revealed
microgroove morphology with a vertical roughness of 115 μm
(Figure S13). A seamless match at the interface was shown in
the optical microscopic image (Figure 3c). We speculate it is
the intrinsic softness of the SESA polymer that gives rise to the
interlock at the interface. When attached and pressed onto the
skin, the patch can deform easily and conform its localized
surface curvature to the skin textures. This assumption is
consistent with the observation that the fingerprint was
transferred to the J-patch surface after being detached (Figure
3d).
To quantify the adhesive properties, we conducted 90-

degree peel tests on human forearm skin, using S-patch, J-

Figure 4. Biopotential signal detection using J-patch as electrophysiological electrodes. (a) The on-skin impedance analysis of commercial
gel electrode (Ag/AgCl electrode), PDMS-CNT electrode, and J-patch electrode. PDMS-CNT electrodes were attached on forearm skin and
fixed using medical tape. (b) Left: schematic shows the electrodes deployment in ECG test: RA (right arm), LA (left arm), LL (left leg);
right: enlarged curve of one cardiac cycle by J-patch at static state. 3-Lead deployment method was adopted here for ECG measurement. (c)
ECG measured by commercial and J-patch electrodes at static state. (d) Spectrogram analysis of five successive ECG pulses recorded using J-
patch electrode. (e) ECG measured by commercial and J-patch electrodes during arm swing. (f) ECG measured by commercial and J-patch
electrodes under water impact. (g) The calculated RMS noise of commercial and J-patch electrodes under different conditions. (h) The
calculated TP deviation of commercial and J-patch electrodes under different conditions. (i) ECG measured by commercial and J-patch
electrodes underwater for extended time. (j) Photograph shows J-patch electrodes (20 × 30 mm2) on forearm with gap distance of 15 mm.
Scale bar, 40 mm. (k) EMG signal measured at different gripping force of 60N, 150N, and 280N. (l) EMG patterns corresponding to finger
motions that give six hand gestures. (m) Confusion matrix for hand gesture identification of six gestures, showing a high accuracy of 96.5%.
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patch, and several commercial medical tapes (including plastic,
paper, and silicone types) for comparison (Figure S14). From
the results in Figure 3e, the S-patch exhibited the highest
adhesion strength of 1.8 N/cm, and the J-patch had a lowered
value of 0.8 N/cm. This decrease of adhesion force might be
caused by the reduced areal presence of SESA polymer at the
interface due to the partially occupied surface area by CNT.
Despite this reduction, J-patch still displayed a higher adhesive
strength than four tested commercial tapes and many reported
adhesive epidermal electrodes.23,39,43,44 We ascribe such strong
on-skin adhesiveness to the synergistic effects of adaptive
interlock and polymer-skin adsorptions. Also worth noting is
that the strong adhesion occurs within 10 s at most
(preparation time required for peel test), suggesting the
potential application for instant adhesion.
We subsequently chose porcine skin for adhesion robustness

evaluation in cyclic use and under extreme conditions, as it
possesses mechanical robustness and close resemblance to
human skin.45 The SESA epidermal patches revealed similar
adhesion strength on porcine skin as that on human skin
(Figure S15). After 10 attach/detach cycles, the adhesion
strength decreased from 2.45 to 2 N/cm for S-patch and 1.05
to 0.7 N/cm for J-patch respectively, both still high enough for
secured bonding, proving the feasibility for repetitive use as dry
electrodes. The adhesion strength decrease is likely brought
about by the dirt contamination like sebum. We further
assessed the adhesion strength of both S-patch and J-patch on
porcine skin under cyclic stretching at 25% strain and

underwater stirring. Even after 1000 stretch cycles or 4 h
unremitting underwater stirring, the patches maintained a firm
interface on porcine skin, with no obvious decline in adhesion
strength (Figure 3g−j). This robust on-skin adhesion not only
empowers high-quality biopotential and biomechanical signal
harvesting but also promises the reliable monitoring of
ambulant and continuous physiological activities, even under
harsh environmental interferences.
Biopotential Recording. The interfacial impedance

between human forearm skin and J-patch was analyzed for
comparison with the results of commercial Ag/AgCl electro-
lytic gel electrode and PDMS-CNT electrode at a physiolog-
ically relevant frequency of 1−104 Hz. As seen in Figure 4a, the
PDMS-CNT electrode shows a saliently higher impedance
because of the surface nonadhesiveness. In comparison with
the nonadhesiveness of PDMS-CNT electrode with skin, the
high adhesive strength of the J-patch assisted in the anchoring
and fixation of the electrode surface to the skin, which favored
the lowered interfacial impedance. The J-patch electrode
reveals comparable impedance to that of commercial gel
electrode and is slightly lower at the range of 1−100 Hz. At
100 Hz, the impedances for commercial gel electrode and J-
patch are 63.6 and 41.8 KΩ, respectively.
We first used a J-patch for ECG recording to evaluate its

efficacy as preparation-free dry biopotential electrodes, as ECG
provides significant information to analyze heart rhythms and
diagnose cardiovascular disease. To measure ECG signals, J-
patch or commercial gel electrode pairs were attached to

Figure 5. Strain sensing properties of S-patch sensor and radial artery pulse monitoring. (a) Relative resistance variation of S-patch sensor
under loading−unloading cycle at strains of 50%, 80% and 100%. (b) Repeatable electrical responses under 20% strain at frequencies from
0.2 to 2.6 Hz. (c) Real time, fast response (∼40 ms), and recovery (∼60 ms) of the S-patch sensor upon application of a quasi-transient step
strain of 5%. (d) The electrical response of six successive radial artery pulses recorded by S-patch and PDMS-CNT sensors. The S-sensor is
self-adhesive and the PDMS-CNT sensor needs medical tape fixation. (e) The enlarged pulse signal of S-patch sensor from the dotted box in
Figure 5d. (f) The electrical response of six successive radial artery pulses by S-patch and PDMS-CNT sensors when an electrical vibrator
was attached on skin nearby. (g) The electrical response of six successive radial artery pulses by S-patch and PDMS-CNT sensors during
underwater sensing. (h) The extracted normalized P-wave peak and waveform fidelity of S-patch (red) and PDMS-CNT (blue) sensors.
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human forearms (Figure 4b, left). The equivalent circuit
diagram of the J-patch on skin is shown in Figure S16. In a
static state, J-patch electrodes give rise to clear and stable
signals, similar to those of Ag/AgCl electrodes (Figure 4c). An
enlarged curve of one cardiac cycle by J-patch (black dotted
box in Figure 4c) is shown in Figure 4b (right) to reveal a
distinguishable rhythmics-relevant PQRST waveform. In
addition, the spectrogram of ECG signal of J-patch in static
state in Figure 4b was analyzed using Fast-Fourier Transform
in Figure 4d: the clear frequency identification of heart rhythm
is acquired, facilitating the clinical diagnosis of abnormalities of
heart functions, such as the arrhythmia, myocardial ischemia,
and potential heart failure.46,47 ECG measurements under arm
swing and water impact were further conducted and shown in
panels e and f, respectively, of Figure 4. More severe signal
distortion was observed for the commercial gel electrode. To
quantify the motion artifact, root-mean-squared (RMS) noise
(indicates signal fluctuation over time) and TP deviation
(reflects baseline drift) were extracted from ECG signals of J-
patch and commercial electrode, as seen in Figure 4g,h. In
static status, the RMS noise of J-patch (8.5 μV) was slightly
higher than that of the commercial electrode (7.3 μV).
However, for the cases of arm swing and water impact, the
RMS noise of J-patch remained more stable than the
considerably increased values of commercial electrode. For
TP deviation at static state, the J-patch and commercial
electrode both revealed low deviation levels: 17.1 and 17.3 μV,
respectively. Under arm swing and water impact, it increased to
29 and 40 μV for J-patch, and 78 and 90 μV for commercial
electrode. These comparisons quantitatively prove that the J-
patch electrode is superior to the commercial gel electrode for
biopotential recording in terms of reducing motion artifact
interferences. Lastly, long-duration underwater ECG testing
was performed. The commercial gel electrode detached from
the skin after 23 min, leading to measurement failure. In
contrast, J-patch kept a tight skin-electrode interface and stable
ECG signal for as long as 3 h. Therefore, the robust on-skin
adhesion of the J-patch makes it highly suitable for ambulatory
biopotential recording in wearable healthcare, especially when
it involves motions and underwater submersion.
Next, the J-patch electrodes were attached to the forearm for

EMG measurement that detect the action potential induced by
hand muscles (electrodes deployment in Figure 4j). When the
volunteer held a grip dynamometer using forces of 60, 150 and
280N, the generated EMG signals exhibited increasing peak-to-
peak amplitude (Figure 4k), consistent with the gripping force
variation. Furthermore, when the volunteer made different
hand gestures, the acquired EMG revealed distinctive and
repeatable patterns (Figure 4l, Figure S17), suggesting high-
quality signals from J-patch. We took advantage of the EMG
results for machine-learning-enabled smart hand gesture
identification: three groups of EMG data for training and
one for prediction (Figure S18, details in Methods). The
corresponding confusion map for hand gesture recognition is
shown in Figure 4m, which gives a high accuracy of 96.5%.
This high recognition accuracy further validated that the J-
patch electrode could establish a robust EMG capturing
interface on skin to ensure highly reproducible signals. The
machine-learning-enabled hand gesture identification through
J-patch promises great potential in human-machine interaction
when visual/vocal information is inaccessible.
Biomechanical Sensing and Radial Artery Pulse

Recording. The S-patch is adopted as an on-skin strain

sensor, considering its conformal attachment and the protected
CNTs percolation network in the sandwiched structure. In
Figure 5a, when stretched to strains of 50%, 80% and 100%,
the relative increment of electrical resistance increased
monotonously to 130%, 260%, and 330%, accompanied by
hysteretic loops upon strain release, due to the piezo-resistive
nature of CNT-polymer nanocomposite.48,49 For a stretch
strain of 50%, which covers human motion relevant strain level
on the skin (∼40%), the residual relative resistance increase
was as small as 3.8%, favoring reproducible signal acquisition
(Figure S19). The S-patch exhibited uniform and repeatable
electrical response toward cyclic strain inputs at a broad
frequency range from 0.2 to 2.6 Hz in Figure 5b, probably
owing to the excellent elastic resilience of SESA polymer at
modest strain levels. Fast response (∼40 ms) and recovery
(∼60 ms) were verified in the quasi-transient step strain
sensing (Figure 5c). The durability was assessed by
implementing 4000 cycles of stretching/releasing at a strain
of 50%, and the electrical response remained stable after a
slight attenuation over the initial few hundreds of cycles, giving
almost the same signal at cycle numbers of 2000 and 4000
(Figure S20).
We attached the S-patch sensor on the wrist to monitor

radial artery pulse, as such subtle signal capturing requires not
only high sensitivity but also tight bonding to skin for
mechanical input fidelity, especially under environmental
interferences. Figure 5d shows the S-patch (self-adhesive)
and PDMS-CNT patch (using medical tape for fixation) on the
wrist, and the recorded six successive pulse signals. The two
sensors reported similar characteristic pulse waveforms, and
succeeded in distinguishing the three clear peaks caused by the
superposition of the incoming blood wave ejected by the left
ventricle and the reflected wave from the lower body. The
pulse waveform of the dashed box in Figure 5d is magnified in
Figure 5e, indicating the percussion wave (P-wave), tidal wave
(T-wave) and dicrotic wave (D-wave). From the first two
peaks, P1 (t1) and P2 (t2), we can derive two of the most
common parameters for arterial stiffness diagnosis: The ratio
P1/P2 is the radial artery augmentation index (AIr), and ΔTDVP
(t2-t1) is the time delay between the first two peaks. The
calculated AIr (59%) and ΔTDVP (224 ms) are compatible with
the expected levels for a healthy adult male in his early thirties
age.50 Prolonged pulse record to 200 s proved the signal
consistency using the S-patch sensor (Figure S21).
To demonstrate the advantage of the self-adhesive S-patch in

on-skin biomechanical sensing, we continued the same pulse
monitoring, except interferences of skin vibration and under-
water condition were introduced, as seen in panels f and g,
respectively, of Figure 5. Under these two extreme conditions,
the S-patch could deliver distinguishable pulse waveforms with
the characteristic peaks. However, for the PDMS-CNT patch
under vibration condition, the waveform pattern was distorted
with multiple vibration-generated peaks. We suspected,
although the medical tape helped to fix the PDMS-CNT
patch on skin, the microscopic poor match at the interface
would unleash the vibration-induced impacts between the
patch and skin surface. When soaked underwater, the pulse
signal from the PDMS-CNT patch was weakened with no
discernible characteristic peaks for diagnosis. This might be
caused by the infiltration of water into the microgaps between
patch and skin, which attenuated the mechanical force transfer.
The biomechanical signal quality comparison is summarized in
Figure 5h: P-wave peak density normalized by P1 at static
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condition, and the waveform fidelity. Obviously, under
interferences, the P-wave intensity recorded by the S-patch
was more consistent than that by the PDMS-CNT patch, and
the waveform fidelity for characteristic peaks identification was
always available for the S-patch sensor. Such interference
immunity of the S-patch sensor probably stems from the
seamless interlocking effect, which guarantees the uninterrup-
ted biomechanical signal transmission against disturbances.
Long-Duration, Wireless, and Smart Knee Kinematics

Monitoring. Unlike a subtle wrist pulse signal, human knee
motions involve frequent, drastic skin stretch deformation and
severe sweating, which pose a formidable challenge for on-skin
strain sensors to maintain tight adhesion. The S-patch was
employed as a self-adhesive on-knee sensor for a wireless and
smart knee kinematics sensing system, as shown in Figure 6a
(see electric circuit diagram in Figure S22). The electrical
signal was collected by a ESP32 microcontroller and
transmitted to a smartphone through Bluetooth for motion
analysis. A volunteer equipped with this system ran ceaselessly
on a treadmill at increasing speed of 3, 5, 7, and 9 km/h for 1
h, as seen in Figure 6b. Figure 6c shows the lightweight and
stretchable U-shaped S-patch. After 1 h of running, the S-patch
still firmly adhered on the skin as seen in Figure 6d, ensuring
the continuous biomechanical signal collection.
On the one hand, for various kinds of knee motions,

including knee flexing and extending, walking, jumping, and
jumping from squatting position, the S-patch was able to report
characteristic patterns of voltage signal as seen in Figure 6e
(repeatable signals in Figure S23), enabling easy identification
of the specific motion state. On the other hand, for 1 h running

at step-by-step increasing speed, the S-patch sensor managed
to collect the motion signals continuously, as shown in Figure
6f, and the spectrogram analysis of the recorded pristine
voltage signal (detailed pattern in Figure S24 clearly exhibited
step-by-step increasing signal frequencies from 32.4 steps/min
at 3 km/h to 91.6 steps/min at 9 km/h These results suggest
that the S-patch sensor is not only qualified to differentiate
multiple motion modes, but also reliable for long-duration
monitoring of vigorous exercise.

CONCLUSION
On-skin biopotential and biomechanical signals provide
fundamental information for human healthcare assessments.
However, reliable epidermal electrodes for capturing high-
quality signals, especially under extreme conditions, remains a
daunting challenge, which hinders the precise and ambulatory
monitoring of physiological status. We reported a facile
fabrication scheme for dry epidermal patches based on the
incorporation of CNT percolation network into a synthesized
supramolecular polymer. The epidermal patches accorded skin-
like softness, good elasticity, structural/electrical self-repair-
ment, and robust on-skin adhesion in a signal platform. The
combined attributes enable the epidermal patches to secure the
high-quality biopotential and biomechanical signals against
harsh interferences (e.g., motion artifacts, underwater use).
ECG recording under various disturbances, machine-learning-
enabled hand gesture recognition through EMG testing, radial
artery pulse and knee kinematics sensing, were successfully
demonstrated, proving their versatile utility in physiological
monitoring. The SESA-based epidermal patches promise to

Figure 6. S-patch sensor for knee kinematics monitoring. (a) The workflow diagram of the wireless motion sensing system based on S-patch
sensor on knee. (b) Photograph of user wearing smart phone, the self-adhesive S-patch sensor and microchip fixed by medical tape. Scale
bar, 15 cm. (c) Photograph of the S-patch sensor on knee. Size is 10 × 26 mm2. Scale bar, 1 cm. (d) Photograph shows the firm adhesion of
S-patch sensor on skin after 1 h of running. Scale bar, 5 cm. (e) Characteristic voltage signal patterns of different knee motions with icons for
description. (f) Voltage signal, treadmill speed, and time-frequency domain analysis for a volunteer running continually at increasing
treadmill speed of 3, 5, 7, and 9 km/h
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provide feasible solutions to reliable and robust monitoring of
ambulatory and continuous healthcare status.

METHODS
Synthesis of the SESA Polymer. The synthesis was modified

from a previously reported method.51 First, 5 g of ALA powder
(Adamas, 13428D) was heated at 140 °C until it turned into a liquid-
like melt. Then, 0.4 g of MBAA (Sigma-Aldrich, 146072) was added
into the ALA melt and dissolved under magnetic stirring for 5 min.
Lastly, 1.2 mg of FeCl3 (Sigma-Aldrich,157740) was added into the
melt and stirred for 10 min to get a yellowish and transparent liquid.
This liquid mix was then cooled to room temperature to solidify into
the SESA polymer.
Fabrication of SESA-Based Epidermal Patches (J-Patch and

S-Patch) and PDMS-CNT Electrode. PDMS substrate was
modified with poly dopamine to obtain a highly hydrophilic surface
for homogeneous deposition of aqueous CNT dispersion, according
to a reported method.52 Aqueous CNT solution was prepared by
sonicating 0.2 g of multiwalled CNT (Nanjing XFNANO) and 0.04g
Sodium dodecyl sulfate (Sigma-Aldrich, 436143) in 125 mL of
distilled water. The aqueous CNT dispersion was sprayed on pd-
PDMS, and the sheet resistance of the CNT percolation network was
controlled by spray-coating cycles (1 s for each cycle). The pd-PDMS
was fixed on a hot plate (120 °C) to dry the CNT film. SESA polymer
was melted at 120 °C and poured above the CNT film. Scotch tapes
with tunable thickness was used as spacer and another PDMS
substrate was pressed on top. After cooling, the SESA-CNT
composite film was peeled off to obtain the J-patch. Another SESA
layer was coated on the J-patch at the CNT film side, using similar
procedures, to get the S-patch. For fabrication of PDMS-CNT
electrode, aqueous CNT dispersion was sprayed for 10 cycles on glass
slide which was fixed on a hot plate (120 °C) to dry the CNT film.
Liquid PDMS prepolymer was coated on the CNT film and cured at
80 °C for 2h. Scotch tape was used as a spacer to control the thickness
of PDMS-CNT electrode to be around 140 μm. In electrode-skin
impedance test and pulse sensing, PDMS-CNT electrodes were
attached on forearm skin using medical tape for fixation.
Spectroscopic Analysis, Morphological Characterization,

Thermal Analysis, Rheological, and Mechanical Tests. XRD
test was performed using diffractometer (GADDS XRD system,
Bruker AXS). A Raman test was conducted with a DXR Raman
Microscope (Thermal Scientific Corporation, USA, with a 780 nm
excitation length). A FTIR test was completed using an IR Prestige-21
by Shimadzu. SEM characterization was accomplished using a JEOL
JSM-7001F field emission scanning electron microscope. AFM
measurements were conducted on a commercial scanning probe
microscopy (SPM) system (MPF-3D, Asylum Research, Oxford
Instrument) with a silicon tip (AC240 PP, Olympus). TGA test was
conducted from 30 to 450 °C at a temperature rate of 10 °C min−1

using DTG-60H (Shimadzu). The 3D surface profiles of PDMS skin
replica and J-patch surface (contact side with fingertip) were
measured using an OLS5000 laser confocal microscope. DSC test
was performed from −80 to 20 °C at a temperature rate of 10 °C
min−1 using a differential scanning calorimeter (DSC Q200, TA
Instruments). The temperature-related rheological tests were
performed using a MCR302 rheometer (Anton Paar). Viscometry
measurements were carried out over a shear rate of 1 s−1 from 120 to
25 °C. Oscillatory sweeps were performed at 1 Hz within shear strain
of 5% from 120 to 25 °C. In mechanical tests, strip-shaped samples
(20 × 5 × 1 mm3) of SESA gel, J-patch, and S-patch were strained at
constant stretching and releasing speed of 20 mm/min using a
universal testing machine (MultiTest-i, Mecmesin).
Adhesion Strength Characterization. 90 deg peeling tests were

used to evaluate the adhesion strength, using a customized universal
testing machine. For adhesive tests on forearm skin, strip-shaped S-
patch, J-patch and four types of commercial medical tapes (from
suppliers of Watsons, Guardian, and 3M) were attached on
volunteer’s forearm skin. At a stretching speed of 50 mm/min, the
measured peeling forces per width of the tested samples were

recorded and the adhesive strength was determined by dividing the
plateau force by the width of the samples. To prevent excessive tensile
stretching of tested samples during peeling process, 70 μm thick
Kapton films were glued to the stretchable samples (S-patch, J-patch
and Watsons plastic surgical tape) to works as stiff backing. Before the
peeling test, sweat was removed to allow direct contact of patch
electrode with human skin. For adhesive strength tests in cyclic,
stretching, and underwater conditions, fresh porcine skins were
cleaned with ethanol on the surface and dried before attachment with
J-patch and S-patch.
Biopotential Sensing. The electrode−skin interfacial impedance

was measured with the dual-electrode method using an electro-
chemical analyzer (CHI660E) over a frequency range from 1 to 104
Hz at a voltage of 100 mV. Two electrodes were placed on forearm
skin with a separation of 10 cm. J-patches, commercial gel electrodes
(Chunfeng YD-50 Ag/AgCl gel electrodes) and PDMS-CNT
electrodes were used for comparison. To record ECG signals, two
electrodes (J-patches and commercial gel electrodes) were placed on
each forearm, and one reference electrode on the belly. ECG signals
were measured by a Heal Force PC-80B ECG Monitor. We
performed signal analysis (root-mean-square/spectrogram/fast-Four-
ier transform) on the collected ECG data using signal processing
algorithms in Matlab. EMG signals were collected with a sampling
frequency of 1000 Hz (ZJE-II, China).
Data Collection and Machine-Learning Models. The EMG

voltage signals from the J-patch electrode were acquired during hand
gesture formation. Concerning the individual gesture recognition,
1400 samples in voltage channel (V) were collected for each gesture
(“High-five”, “Claw”, “OK”, “Good job”, “Victory”, and “Rock on”).
Then, the other two features were indirectly acquired from time-
differential voltages (dV/dt and d2V/dt2) based upon electrical
kinetics of biosignals and formed into one group data (4200 samples
for per gesture). After that, a whole data set was built from 6 gestures,
with a total number of 25 200 samples. There are 4 groups of data
used for analysis: 3 groups for training and 1 group for prediction.
The data training models were configured as follows: the principal
component analysis (PCA) was used to implement the features for
training, the Ensemble classifier (Bagged Trees) was employed for
data classification, and the confusion chart was obtained after training.
The prediction data analyzed with trained model was used for
accuracy calculation and plotting confusion map. The prediction
accuracy was generally used to evaluate the model training results.
The training models were developed in MATLAB and Python.
Biomechanical Sensing. To investigate the strain sensing

properties of the S-patch, a digital multimeter (Keithley DMM6500
6 1/2-Digit Bench/System) was used to record the electrical
resistance variation while a high-precision motorized linear stage
(LEYG, Electric Actuator, SMC) was used to impose different strain
stimuli on the S-patch sensor. To assess the antivibration performance
of S-patch and PDMS-CNT patch sensors in subtle biomechanical
signal sensing, a coin button-type cellphone vibration micromotor
with a 1 cm diameter was used to generate analogous skin shaking.
The vibrator works at a direct voltage of 3 V, and the rated speed is
about 12 000 ± 2500 rpm. The skin oscillation amplitude is about 1.5
mm. The vibrator was attached on the forearm near the sensor
position (2 cm distance) while S-patch or PDMS-CNT patch sensors
were employed to capture the radial artery pulse signals. In knee
kinematics monitoring, the S-patch was self-adhered to the skin at
knee, and the microcontroller microchip was fixed on the skin using
medical tapes.
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formation; strain sensing signal reproducibility; dura-
bility in strain sensing; 200s sensing signal of radial
artery pulse; electric circuit diagram of the wireless and
smart knee kinematics monitoring system; voltage signal
of on-skin S-patch sensor (PDF)
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