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Motion-Adaptive Tessellated Skin Patches With Switchable
Adhesion for Wearable Electronics

Geonjun Choi, Jaeil Kim, Hyunjoong Kim, Haejin Bae, Baek-Jun Kim, Hee Jin Lee,
Hyejin Jang, Minho Seong, Salah M. Tawfik, Jae Joon Kim,* and Hoon Eui Jeong*

Skin-interfaced electronics have emerged as a promising frontier in
personalized healthcare. However, existing skin-interfaced patches often
struggle to simultaneously achieve robust skin adhesion, adaptability to
dynamic body motions, seamless integration of bulky devices, and
on-demand, damage-free detachment. Here, a hybrid strategy that
synergistically combines these critical features within a thin, flexible patch
platform is introduced. This design leverages shape memory polymers
(SMPs) arranged in a tessellated array, comprising both rigid and compliant
SMPs. This configuration enables exceptional deformability, motion
adaptability, and ultra-strong, repeatable skin adhesion while offering
on-demand adhesion control. Furthermore, the design facilitates the seamless
integration of bulky electronics without compromising skin adhesion. By
incorporating sizeable electronics including signal acquisition circuits,
sensors, and a battery, it is demonstrated that the proposed tessellated patch
can be securely mounted on the skin, accommodate dynamic body motions,
precisely detect physiological signals with an outstanding signal-to-noise ratio
(SNR), wirelessly transmit data, and be effortlessly released from the skin.
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1. Introduction

Skin-interfaced electronics (SIEs) represent
a rapidly evolving class of bioelectronic de-
vices that integrates seamlessly with hu-
man skin, enabling continuous monitoring
of diverse physiological signals.[1] These de-
vices are poised to transform various fields,
from personalized health monitoring[2] and
transdermal drug delivery[3] to human-
machine interactions.[4] A critical chal-
lenge in realizing the full potential of
SIEs is achieving robust and intimate ad-
hesion with the skin, which is essential
for both user comfort and high-quality
biometric signal acquisition.[5] Inadequate
adhesion can lead to signal degradation
and increased motion artifacts, signifi-
cantly compromising device reliability.[6]

Beyond achieving stable skin adhesion
under static conditions, these devices must
also adapt to dynamic movements.[7] Users
of SIEs engage in a variety of activi-
ties, subjecting the devices to significant

strain. Therefore, the devices need to be both skin-conformable
and motion-adaptable. However, maintaining close contact un-
der both static and dynamic conditions is challenging because
skin is a complex surface with considerable roughness and dy-
namic properties.[8] Traditional approaches have relied on chem-
ical adhesives, which often result in skin irritation, particularly in
vulnerable infants and the elderly.[9] Additionally, environmental
factors like temperature and sweat can undermine long-term ad-
hesion stability.[10]

In response to these challenges, epidermal electronics have
emerged as a promising solution.[11] These ultra-thin electron-
ics can conform to the skin’s topography with minimal chemi-
cal adhesives.[12] This approach enhances the signal quality while
mitigating skin damage. Additionally, their high compliance im-
proves motion adaptability.[13] Despite these advantages, epider-
mal electronics typically exhibit weak skin adhesion primarily re-
lying on van der Waals interactions.[14] This weak adhesion lim-
its the integration of bulky electronic components such as wire-
less communication modules and batteries. Consequently, many
epidermal devices rely on near-field communication, which re-
stricts their operational range.[9a] Furthermore, their extreme
thinness poses challenges in device handling, durability, and
reusability.[9b]

Adv. Mater. 2024, 2412271 2412271 (1 of 11) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:hoonejeong@unist.ac.kr
mailto:jaejoon@unist.ac.kr
https://doi.org/10.1002/adma.202412271
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202412271&domain=pdf&date_stamp=2024-10-20


www.advancedsciencenews.com www.advmat.de

SMPs have emerged as another potential solution to these ad-
hesive challenges in wearable electronics.[15] For a given adhesion

energy (Gc), the adhesion force (F ∝
√

GcA

C
) is proportional to the

square root of the true contact area (A) and inversely proportional
to the compliance (C) of the adhesive system.[16] This indicates
that the adhesion can be improved by maximizing the contact
area and increasing material rigidity. SMPs can dynamically ad-
just their contact geometry and rigidity, enabling control over ad-
hesion in response to thermal stimuli. However, their high rigid-
ity at room temperature can restrict movements and even lead
to delamination from the skin during motion, limiting their use
in SIEs.[17] Despite recent advancements in wearable electron-
ics, achieving a skin-interfaced patch that combines strong skin
adhesion, motion adaptability, integration of bulky devices, and
on-demand, damage-free detachment remains a challenge in the
field.

Herein, we present a multifunctional skin adhesive patch that
leverages material and structural hybrid heterogeneity in a thin
film platform. The patch integrates discrete rigid and compliant
SMP elements arranged in a tessellated array. This design si-
multaneously achieves impressive pull-off strength (1070.2 kPa),
peel adhesion (200.9 N m−1), a remarkable adhesion switching
ratio (47.7), high reusability (>500 cycles), and excellent me-
chanical deformability with a low effective modulus (218.8 kPa).
Additionally, the patch demonstrates low contact resistance (Rc)
(38.8 kΩ μm), low skin contact impedance (44.1 kΩ at 10 Hz), and
high SNR (22.5 dB). This multifunctionality allows for the seam-
less integration of bulky electronic components without compro-
mising skin adhesion, enabling precise wireless detection of var-
ious physiological signals.

2. Results and Discussion

2.1. Design of the Motion-Adaptive Tessellated Skin Patch

The motion-adaptive tessellated skin patch (TSP) features a bioin-
spired design that integrates the surface adaptability of barna-
cles with the deformability of armadillos (Figure 1a). Barnacles
are renowned for their ability to adhere to diverse surfaces, from
smooth ship hulls to rough rocks (Figure 1a-i). This adhesion is
achieved through barnacle cement, a polyprotein complex that
forms a tight bond with the substrate and then hardens, pro-
viding excellent adhesion.[18] We replicated this capability using
SMP nanocomposites.

Similar to barnacles, our SMP nanocomposite can achieve
strong adhesion to rough surfaces by conforming at elevated tem-
peratures and then stiffening upon cooling. However, the high
stiffness of SMPs in the cooling state limits the mechanical flex-
ibility. To overcome this, we drew inspiration from the armadillo
carapaces, which features a tessellated structure balancing rigid-
ity and flexibility. The armadillo’s integument consists of rigid
mineralized segments connected by compliant collagen fibrils
(Sharpey’s fibers), providing flexibility while maintaining stiff-
ness (Figure 1a-ii).[19]

To incorporate these functionalities, we arranged rigid SMP
and soft SMP elements in a periodic 2D array within a thin
film (Figure 1b). The tessellated design interconnects rigid SMP
segments with flexible SMP segments. The SMP nanocompos-

ite is composed of stearyl acrylate (SA) and lauryl methacrylate
(LMA) polymers cross-linked with ethylene glycol dimethacry-
late (EGDMA), reinforced with silica nanoparticles (SNPs) for
enhanced shape recovery (Figure 1c; Note S1 and Figures S1 and
S2, Supporting Information for detailed material and chemical
analyses). The rigidity of the SMP segments was controlled by
varying the SA/LMA ratio and SNP content (Figures S3 and S4,
Supporting Information).

When heated above its melting temperature (Tm), the SMP
nanocomposite, including both rigid and compliant SMPs, be-
haves like rubber due to the amorphous alkyl side chains
(Figure 1d-i,ii), allowing it to conform to rough surfaces
(Figure S5, Supporting Information). Upon cooling below Tm,
the SMP transitions into a rigid semicrystalline state as the side
chains crystallize, increasing stiffness (Figure 1d-iii). This locks
the conformed contact geometry and enhances interfacial adhe-
sion (“on” state) at room temperature. When reheated above Tm,
the SMP returns to its rubbery state and recovers its original
shape due to its shape memory properties, reducing adhesion
(“off” state).[20] Compared to other thermo-responsive materials
like hydrogels, SMPs offer superior environmental stability, me-
chanical durability, and higher adhesion (see Note S1, Supporting
Information for more details).[21]

For wearable electronics applications, we integrated silver
nanowires (AgNWs) into the TSP to function as active sensing el-
ements or electrodes (Figure 1b). AgNWs were selected for their
flexibility, conductivity, and ease of processing.[22] The heteroge-
neous design of the TSP provides several key advantages over
conventional homogeneous skin patches (non-tessellated skin
patches, NSPs), such as enhanced motion adaptability, switch-
able adhesion, and versatile device integration (Figures 1e and S6;
see Note S1 and Table S1, Supporting Information for more
details).[23]

2.2. Thermomechanical and Surface Adaptive Behavior

Figure 2a presents the fabricated TSP, produced using a screen-
printing technique with SMP (Figure S7, Supporting Informa-
tion). At room temperature (30 °C), the patch features a periodic
2D array of opaque rigid islands and transparent compliant grids,
with a film thickness of 200 μm. The opaque segments, mea-
suring 2 mm wide (lr), correspond to the rigid SMP, while the
transparent segments, 1 mm wide (lc), represent the compliant
SMP (Figure S8, Supporting Information). The rigid and com-
pliant segments exhibited a strong interfacial bonding strength
of 1210 N m−1, confirming the TSP’s mechanical robustness
(Figure 2a-ii). SNPs with an average diameter of 200 nm were
uniformly embedded in the SMP composite (Figure 2a-iii).

The mechanical properties of the TSP were adjusted by vary-
ing the LMA-to-SA weight ratio in the rigid and compliant seg-
ments (Figure S3, Supporting Information). The rigid segment,
with a 7:3 SA:LMA ratio, displayed a storage modulus (G’) of
36.9 MPa, while the compliant segment, with a 3:7 ratio, exhib-
ited a G’ of 136 kPa at room temperature. This composition cre-
ated a distinct rigid-compliant mechanical heterogeneity within
the TSP (Figure 2b-i). Upon heating above 45 °C, both segments
transitioned to a rubbery state, with significantly reduced G’ val-
ues of 118.9 and 107.6 kPa, respectively (Figure 2b-ii,iii). This
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Figure 1. Design of motion-adaptive tessellated skin patches. a) Schematics illustrating i) the surface adaptability of barnacles on rough surfaces and ii)
the high deformability of armadillos. The photographs of the barnacle and armadillo are used with permission and licensed from Adobe Stock (Photos by
KerryDez Photography and Eastman Arts). b) Schematic of the TSP conformally attached to dynamic skin substrates, showing its tessellated structures
with rigid and compliant segments, integrated with active sensing elements or electrodes. c) Chemical structure of SMP nanocomposites with SNP
reinforcement. d) i) Adhesion mechanism of the SMP nanocomposite on rough skin surfaces, and chemical structures of ii) amorphous side chains at
elevated temperature and iii) semicrystalline side chains at room temperature. e) Key advantages of the TSP: i) motion adaptability, ii) switchable active
adhesion, and iii) versatile device integration capability.

behavior allows the TSP to conform effectively to rough skin
surfaces at elevated temperatures while maintaining strong ad-
hesion and motion-adaptive deformability at room tempera-
ture. The transition between states occurs in less than 12.5 s
(Figure S9, Supporting Information). In contrast, the NSP dis-
played uniformly high stiffness (G’ of 36.9 MPa) at room temper-
ature, limiting its flexibility (Figure 2b-iv).

Optimizing the Tm of the TSP is crucial for wearable applica-
tions. Ideally, the TSP should maintain its rigid semicrystalline

state for robust adhesion at body temperature (36.5–37.5 °C)
while being capable of transitioning to a rubbery state for skin
adaptation at elevated temperatures below the thermal injury
threshold (45 °C). Previous research shows thermal damage can
be avoided at 45 °C for up to 150 min, but risks increase quickly
at higher temperatures (e.g., 47 °C causes damage within 35 min,
and 50 °C within 1 min).[24] A 7:3 SA:LMA ratio achieved an op-
timal Tm of 43 °C (Figure 2c). Increasing the SA ratio raised the
Tm because the longer alkyl chain of SA compared to LMA leads
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Figure 2. Thermomechanical and surface-adaptive behavior of the TSP. a) i) Photograph of the fabricated TSP. Insets show ii) an optical microscopy
image of the bonding interface between the rigid and compliant segments, and iii) a cross-sectional SEM image of the SNP-reinforced SMP composite.
b) Top-view photographs of the TSP at i) 30 °C and ii) 45 °C. Storage modulus (G’) profiles of iii) the TSP and iv) the NSP at 30 and 45 °C. c) G’ of
SMPs at various temperatures for different SA-to-LMA monomer weight ratios. d) 3D laser confocal microscopy images of i) porcine skin and ii) the
adapted TSP. e) 2D cross-sectional profiles of i) porcine skin, ii) SMPs with SNPs after skin adaptation and recovery, and iii) SMPs without SNPs after
skin adaptation and recovery. Rq represents the root mean square (RMS) roughness.

to a higher Tm (Figures 2c and S10, Supporting Information). For
example, the SMP with a 9:1 SA ratio had a Tm of 48.2 °C, posing
potential thermal damage to the epidermis, while the SMP with a
3:7 ratio had a Tm of 21.1 °C, remaining in a rubbery state at room
temperature. 3D laser confocal microscopy confirmed the TSP’s
ability to conform to rough porcine skin at elevated temperatures
and retain this adapted state upon cooling (Figure 2d).

Beyond surface adaptability, the TSP is designed for com-
plete shape recovery when heated above Tm, enabling easy self-
detachment from the skin and reuse of the patch. To ensure rapid
self-detachment, sufficient recovery strength is required to over-
come the adhesive forces between the TSP and skin, which is
related to the patch’s modulus in its rubbery state.[15b,25] SNPs
were incorporated into the SMP to enhance its G’ in the rubbery
state. The pristine rigid SMP segment had a G’ of 30.3 kPa and
recovery strength of 25.5 kPa. With 6 wt.% SNPs added to the

rigid SMP, the G’ increased to 118.9 kPa and recovery strength
to 105.8 kPa (Figures S4, S11, S12 and Movie S1, Supporting
Information). This improvement is attributed to interactions be-
tween the silanol and hydroxyl groups of the SNPs and the acry-
late groups in the SMP.[26] The SNPs-reinforced SMP demon-
strated full shape recovery after exposure to 45 °C following skin
attachment (Figure 2e-i,ii and Movie S2, Supporting Informa-
tion), while the pristine SMP struggled to recover its shape, even
upon heating (Figure 2e-iii).

2.3. Switchable Adhesion

To evaluate the on-demand adhesion switchability of the TSP,
we measured its pull-off adhesion performance on porcine skin
at two temperatures (30 and 45 °C), varying the SNP content
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Figure 3. Adhesion performance of the TSP. a) i) Schematic illustrating the pull-off adhesion switching mechanism of the TSP. ii) Pull-off adhesion and
adhesion switching ratios of the TSP on porcine skin as a function of SNP content in the “on” (30 °C) and “off” (45 °C) states. Retraction speed: 2 mm s−1.
b) i) Schematic showing the peel adhesion switching and crack arresting mechanisms of the TSP. ii) Photographs showing strong skin adhesion in the
“on” state (top) and easy release in the “off” state (bottom). iii) Peel adhesion strengths of the TSP and NSP in “on” and “off” states during peeling.
Retraction speed: 1 mm s−1. iv) Peel adhesion strengths and adhesion switching ratios of the TSP as a function of SR in both states. c) Comparisons
of skin irritation after 3 h of attachment using TSP and other skin adhesives. d) In vitro cytotoxicity tests of the TSP using murine fibroblasts after 48 h
of culture: i) microscopy images and ii) quantitative analysis of cell viability. Statistical significance and P values were evaluated by unpaired Student’s
t-test (n = 3; ns, not significant; ***P < 0.001).

(Figures 3a-i and S13, Supporting Information). As the SNP
content increased from 0 wt.% to 6 wt.%, pull-off adhesion in
the “on” state (30 °C) slightly improved due to the higher G’ at
30 °C (Figures 3a-ii and S4, Supporting Information). However,
when SNP content exceeded 7.5 wt.%, pull-off adhesion dropped
sharply due to the relatively high G’ (172.9 kPa) at 45 °C, which
impedes conformal adaptation to rough skin topography under
the preload conditions (preload: 20 kPa). Pull-off adhesion in the
“off” state (45 °C) consistently decreased with increasing SNP
content, attributed to the enhanced recovery strength of SMPs
with higher SNP concentrations. The TSP with 6 wt.% SNP ex-
hibited the highest pull-off switching ratio of 47.7, with an “on”

state of 221 kPa and an “off” state of 4.6 kPa on skin (Figure 3a-ii).
The TSP maintains its adhesion performance and switchability
for over 500 cycles of attachment and detachment (Figure S14,
Supporting Information), while commercial skin adhesives lose
adhesion after a single use and lack any adhesion switching ca-
pability. Additionally, the TSP demonstrated excellent pull-off ad-
hesion of 200.8 kPa even on wet skin (Figure S15, Movies S3 and
S4, Supporting Information).

Next, we examined the peel adhesion capacity of the TSP
(Figure 3b-i,ii). For conventional skin adhesives made of homo-
geneous materials, once a crack initiates at the bonded interfaces,
it tends to propagate continuously, often resulting in low peel
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adhesion.[27] In contrast, the TSP’s heterogeneous structure of-
fers superior crack-arresting capabilities. When the crack front
moves from a compliant strip to a rigid strip, it is effectively ar-
rested (Figures 3b-i and S16, Supporting Information). This oc-
curs because, as the peel front reaches the rigid strip, a large
portion of the peel force is converted into bending strain en-
ergy in the stiffer region, reducing the driving force for crack
propagation.[28] In the “on” state, the TSP showed a significantly
higher peel adhesion of 122.3 N m−1 at the rigid strip, compared
to just 5.8 N m−1 at the compliant strip (Figure 3b-iii). The rigid
and compliant segments measured 2 and 1 mm, respectively, es-
tablishing the spacing ratio (SR= lc/lr) used in this study. Notably,
when the TSP switched to the “off” state, peel adhesion dropped
sharply to 3.4 N m−1 (Figure 3b-iii), just 4% of the “on” state
value. Photographs in Figure 3b-ii (Figure S17, Supporting In-
formation) highlight the strong skin adhesion of the TSP in the
“on” state and minimal adhesion in the “off” state.

We also investigated the peel adhesion of TSP with different
SRs (0.25, 0.5, 1, and 2) (Figure 3b-iv). The rigid segment length
(lr) was fixed at 2 mm, based on the characteristic length of the
rigid strip (lch,r = 1.1 mm) (see Figure S18 and Note S1, Support-
ing Information for details). Experimental results showed that
TSPs with smaller SRs exhibited higher peel adhesion in the “on”
state, due to the larger proportion of rigid segments contributing
to increased adhesion strengths. However, in the extreme case of
an NSP with no compliant segment, peel adhesion significantly
decreased to 6.1 N m−1 (Figure 3b-iv). This occurred because the
NSP, lacking a compliant segment, could not deform sufficiently
to dissipate peel energy effectively, leading to rapid detachment
from the substrate under peeling. The peel adhesion can be con-
trolled by modulating both design (spacing ratio) and tempera-
ture, demonstrating the adhesion programmability (Figure S19,
Supporting Information).

It is important to note that the proposed TSP demonstrates
exceptional skin adhesion in both pull-off and peel tests, signif-
icantly outperforming commercial skin adhesives (Figure S20,
Supporting Information). The TSP exhibited strong pull-off
adhesion, ranging from 442.8 to 1070.2 kPa, and peel adhe-
sion between 167.9 to 200.9 N m−1 on engineered substrates
(Figure S21, Supporting Information). Additionally, the TSP ex-
hibited stronger adhesion on rougher surfaces due to its phase-
change-based adhesion mechanism (Figure S22, Supporting In-
formation). Furthermore, the TSP showed excellent skin compat-
ibility, with no irritation or damage after up to 48 h of attachment,
in contrast to commercial skin adhesives, which caused visible ir-
ritation (Figures 3c and S23, Supporting Information). The TSP’s
high biocompatibility was further confirmed by cell viability tests
(Figures 3d and S24, Supporting Information), underscoring its
potential for safe, long-term skin contact applications.

2.4. Dynamic Motion Adaptability and Deformability

We explored the deformability and motion adaptability of the TSP
under dynamic conditions (Figure 4). As shown in Figure 4a,
the TSP exhibited significant deformability at room temperature,
with strains (𝜖) exceeding 100%, reaching a maximum of 219.6%
(Figures 4a-i,b and S25, Supporting Information). It could also
twist (𝜃twist) by over 540°, achieving a maximum twisting angle

(𝜃twist,max) of 3420° for a TSP with an SR of 2.0 (Figures 4a-ii and
S26, Supporting Information). This remarkable deformability is
due to the TSP’s tessellated architecture. When attached to an
inflating balloon, deformation occurred primarily at the compli-
ant joints, allowing an areal strain (𝜖a) exceeding 150%, with a
maximum areal strain (𝜖a,max) of 550.4% for a TSP with an SR of
2.0, all while maintaining strong adhesion to the balloon surface
(Figures 4a-iii and S26, Supporting Information). In contrast, the
NSP could neither stretch nor twist effectively at room tempera-
ture (Figures S25 and S27, Supporting Information) and delam-
inated from the balloon surface during inflation due to a mis-
match in allowable strains (Figure S28, Supporting Information).

Figure 4b shows the stress-strain curves for TSPs with varying
SRs, as well as the NSP, measured at room temperature. As SR
increased, the TSP showed greater stretchability and a lower elas-
tic modulus due to the larger proportion of compliant regions.
In contrast, the NSP had a much higher elastic modulus and a
significantly lower elongation at break (𝜖b) of 14.4% (Figure S29,
Supporting Information). The 𝜖b of the TSP with a SR of 2.0 was
219.6%, a 15.3-fold increase compared to the NSP (14.4%). The
effective elastic modulus (Eeff) of the TSP can be theoretically cal-
culated as (see Note S1, Supporting Information for more details)

Eeff =
(

1
Er + (SR) Ec

+ SR
Ec + (SR) Ec

)−1

(1)

where Er and Ec are the elastic moduli of the rigid and compliant
segments, respectively, and SR is the spacing ratio. The calculated
Eeff of the TSP with SRs of 0.25, 0.5, 1.0, and 2.0 were 763.6, 462,
309.4, and 232.5 kPa, respectively, which aligned well with the ex-
perimental results (inset of Figure 4b). This value is comparable
to that of human skin (Eskin = 420 kPa) (Figure S29, Supporting
Information).[29] In contrast, the Eeff of the NSP is much higher
(35.9 MPa).

We conducted finite element analysis (FEA) to compare the
adaptability of the TSP and NSP on dynamic surfaces (Figure 4c).
During the simulation, both TSP and NSP samples were attached
to a substrate that was gradually stretched. The NSP showed
significant stress concentration at the contact interface with the
substrate (Figure 4c), indicating a high risk of delamination. In
contrast, the TSP’s tessellated structure allowed a more uniform
stress distribution across the interface, preventing delamination
even as the substrate deformed. Tensile tests supported these
simulation results (Figure 4d). Both NSP and TSP were adhered
to artificial skin made of PDMS, designed to mimic the surface
roughness of porcine skin. Initially, both patches adhered well
with no substrate stretching (𝜖 = 0%). However, the NSP began to
delaminate at the edges with just 5% strain (Figures 4d-i and S30,
Supporting Information), and complete delamination occurred
at 60% strain. In contrast, the TSP maintained strong adhesion
even at 60% strain (Figures 4d-ii and S30, Supporting Informa-
tion).

Finally, we assessed the dynamic motion adaptability of both
TSP and NSP on human skin. Both initially adhered well to
the dorsal wrist. However, during wrist movement, the NSP
quickly delaminated (Figure 4e-i), while the TSP maintained
close skin contact, demonstrating excellent deformability and
motion adaptability (Figures 4e-ii and S31 and Movie S3, Sup-
porting Information). When applied to the dorsal finger joints,
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Figure 4. Mechanical properties and motion adaptability of the TSP. a) Photographs showing the TSPs under various mechanical deformations: i)
stretching, ii) twisting, and iii) inflating. b) Stress–strain curves for TSPs with different SRs. The inset shows a comparison between the theoretically and
experimentally obtained effective elastic modulus of the TSPs with various SRs. c) FEA simulation demonstrating the motion adaptability differences
between the NSP and TSP: i) Stress distribution at the interface between the patch and the stretchable substrate under longitudinal tensile strain of 25%,
ii) Quantitative Von Mises stress distribution across the interface in the x-direction, and iii) y-direction. d) Photographs showing the motion adaptability
of the i) NSP and ii) TSP attached to artificial skin when subjected to tensile strains. e) Photographs showing i) the limited motion adaptability of the NSP
and ii) the outstanding motion adaptability of the TSP during wrist bending motion. f) Photographs depicting the remarkable motion adaptability of the
TSP attached to dorsal finger joints under various deformation conditions: i) extension, ii) clenching, and iii) pinching. All experiments were conducted
at 30 °C.

which experience significant strain,[30] the TSP adhered firmly
and adapted well to dynamic hand movement such as extension,
clenching and pinching (Figure 4f).

2.5. Health Monitoring Application

To integrate the TSP into wearable electronic application, conduc-
tive AgNWs (diameter: 20 nm, length: 20 μm) were uniformly de-
posited on the TSP surface to form flexible electrodes, using auto-

mated large-area spray coating and transfer printing techniques
(Figures 5a and S32, Supporting Information). These electrodes
feature circular islands on rigid segments, connected by serpen-
tine lines to enhance mechanical stretchability (Figure 5a-i,ii).
Partially embedded within the SMP layer of the TSP (Figure S33,
Supporting Information), the electrodes enable direct electri-
cal contact with the skin. Despite the presence of AgNWs, the
TSP electrode maintained excellent surface adaptability and ad-
hesion to the skin (Figures 5a-iii,iv and S34, Supporting In-
formation). Additionally, the TSP electrode with AgNW coating

Adv. Mater. 2024, 2412271 2412271 (7 of 11) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202412271 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [05/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. Application of the TSP in integrated skin-interfaced electronics for wireless health monitoring. a) i) Photograph of the fabricated TSP electrode
with embedded AgNWs attached to skin, ii) Enlarged view of the TSP electrode, iii) SEM image of the AgNW network, and iv) Optical microscopy
image of the electrode surface morphology after adaptation to skin. b) Comparison of contact impedance between the TSP electrode and a commercial
Ag/AgCl electrode. c) Schematic illustrating the TSP integrated skin-mountable electronics with a multi-layered design incorporating various functional
elements. d) Photograph of the wireless data acquisition circuit. e) i) Photograph of the LM-based flexible heating layer, ii) Temperature profile of the
LM-based heater over time (bias voltage = 4 V). The inset shows IR thermography of the heater after applying 4 V for 10 s. f) Photographs of a human
volunteer wearing the TSP-integrated skin-mountable electronic device on the chest skin during various physical activities. g) Various physiological
signals measured during different activities. From top to bottom: acceleration, ECG, PPG, blood pressure (SBP and DBP), and heart rate (HR).
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demonstrated a low sheet resistance (Rs) and contact resistance
(Rc) performance (see Figures S34–S37 and Note S1, Supporting
Information for details).

The TSP electrode also exhibited superior skin-electrode con-
tact impedance compared to commercial electrodes (Figure 5b;
Figure S38, Supporting Information). Across a frequency range
of 101 to104 Hz, the TSP electrode showed lower impedance
than commercial Ag/AgCl electrodes, even with additional con-
ductive gels. Notably, the TSP electrode maintained stable con-
tact impedance over 7 days (Figure S38, Supporting Informa-
tion), whereas Ag/AgCl electrodes experienced a significant
impedance increase by the second day due to hydrogel drying.
Furthermore, the TSP electrode maintained high SNRs above
20 dB, even during dynamic body motion (see Figure S39 and
Note S1, Supporting Information for details).

The TSP electrode excels in key properties, including switch-
able skin adhesion, stretchability and adaptability, electrical con-
ductivity, SNRs, and skin compatibility, making it ideal for ad-
vanced skin-interfaced electronic applications. To demonstrate its
potential, we developed a skin-mountable, wireless cardiovascu-
lar health monitoring device. This device features a multi-layered
design incorporating the TSP electrode, a flexible liquid metal
(LM) heater, silicone filler, wireless signal acquisition circuits,
photoplethysmography (PPG) and temperature sensors, an in-
ertial measurement unit (IMU), and a battery (Figures 5c and
S40, Supporting Information). The TSP electrode collects bio-
potential and impedance signals, which are transmitted to the
wireless signal acquisition circuit. A temperature sensor prevents
overheating of the heater, while the IMU monitors accelerations
from body motion. The LM heater controls the phase transition
and adhesion switching of the TSP layer via resistive heating,
reaching 45 °C within 10.6 s at 4 V (Figures 5e and S41, Support-
ing Information). The silicone filler mitigates strain mismatch
between the TSP and rigid components. Figure 5d shows the
wireless signal acquisition circuit, measuring 24 mm x 60 mm
(see Figure S42 and Note S1, Supporting Information for details).
The circuit is divided into two sections connected by a flexible
hinge to improve flexibility.

This integrated device was applied to a human subject’s chest
to continuously monitor cardiovascular health by recording 3-
axis acceleration, ECG, PPG, blood pressure (BP), and heart rate
(HR) during various activities (Figure 5f). Despite its bulky size
and weight, the device remained firmly attached to the skin. Us-
ing this TSP-integrated device, systolic BP (sBP) and diastolic BP
(dBP) were estimated in real-time based on pulse arrival time
(PAT), which is the time difference between the R-wave of the
ECG and the systolic peak of the PPG signals. HR was simi-
larly calculated in real-time using the intervals between the R-
waves on the ECG. During various activities, including resting,
running, jumping, and push-ups, the device precisely and con-
tinuously monitored 3-axis acceleration, ECG, PPG, BP, and HR
(Figure 5g). The multiple biosignals acquired remained consis-
tently stable regardless of the activity or motion, thanks to the
TSP’s excellent mechanical, adhesive, and electrical properties.
Moreover, the TSP-integrated device demonstrated reusability on
different body locations (Figure S43, Supporting Information).
When sequentially attached to areas such as the chest, forearm,
and forehead, it maintained stable adhesion and accurately mea-
sured various ExG signals.

3. Conclusions

In summary, we have introduced a deterministic skin adhesive
patch that strategically integrates heterogeneous phase change
elements in a tessellated configuration. This approach simulta-
neously achieves unparalleled adhesive, mechanical, and elec-
trical functionalities, addressing several critical limitations of
existing skin-interfaced electronics. Specifically, the multifunc-
tional TSP demonstrated impressive pull-off (1070.2 kPa) and
peel adhesion (200.9 N m−1), remarkable adhesion switchability
(47.7), high reusability (>500 cycles), and a low effective modu-
lus (218.8 kPa) that closely matches the modulus (140–600 kPa)
of human skin.[31] Furthermore, the TSP exhibited high me-
chanical deformability (𝜖b = 219.6%, 𝜃twist,max = 3420°, and 𝜖a,max
= 550.4%), low Rc (38.8 kΩ μm), low skin contact impedance
(44.1 kΩ at 10 Hz), and high SNRs (22.5 B for ECG signals).
These capabilities surpass those of many existing skin adhesives
and commercial electrodes (Table S1, Supporting Information).

The synergistic combination of exceptional adhesive perfor-
mance and mechanical deformability enabled the TSP to achieve
remarkable motion adaptiveness during dynamic movements
while maintaining stable skin attachment. The adhesion switch-
ing capacity allowed for the repeated use of the patch and easy, on-
demand release from the skin via resistive heating. The mechan-
ical robustness and flexibility of the TSP facilitated easy handling
and application of the device. Importantly, the TSP demonstrated
excellent skin compatibility, making it suitable for prolonged skin
contact applications.

Leveraging its remarkable skin adhesion, high mechanical de-
formability and durability, outstanding electrical properties, and
skin compatibility, the TSP enabled the seamless integration of
various key electronic components. The resulting TSP-based, in-
tegrated skin-mountable device could be securely, reversibly, and
repeatedly mounted on the skin, accommodating highly dynamic
body motions. It precisely and wirelessly detected various bio-
metric signals, including acceleration, ECG, EMG, EOG, EEG,
BP, and HR with exceptional SNRs (22.5 dB for ECG signals).
We anticipate that the multifunctional skin adhesive patch, with
its unique design and compatibility with various electronics, will
significantly contribute to the development of highly functional,
comfortable, and user-friendly wearable technologies.

4. Experimental Section
Fabrication of the Tessellated Skin Patch: First, the SMP nanocompos-

ite was prepared by mixing SA and LMA in a heated water bath at 60 °C.
The weight ratio of SA to LMA was adjusted to control the thermome-
chanical properties. 70 mg of EGDMA and 80 mg of 2,2-dimethoxy-2-
phenylacetophenone were added to 10 g of the SA/LMA mixture and soni-
cated for 20 min to eliminate any residuals. Different amounts of SNPs (0,
1.5, 3, 4.5, 6, 7.5, and 9 wt.%) were then blended into the mixture. To pre-
pare the TSP, a screen-printing technique was employed (Figure S7, Sup-
porting Information). The patterned shadow mask was fixed to a silanized
glass substrate. The prepared SMP nanocomposite solution for the rigid
segment, with a 7:3 weight ratio of SA to LMA, was then applied to the
shadow mask and spread with a blade to ensure it covered the entire area
(step 1 in Figure S7, Supporting Information). The substrate was cooled
to 10 °C to temporarily maintain the square segment shapes, then the
shadow mask was removed. Subsequently, the SMP nanocomposite so-
lution for the compliant segment, with a 3:7 ratio of SA to LMA, was
applied to fill the spaces between the rigid segments array. To form a
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conductive and flexible electrode onto the TSP, an AgNW solution was
selectively sprayed onto a PET substrate using a shadow mask with the
desired circuit patterns (step 2 in Figure S7, Supporting Information). The
deposition dose of AgNWs was controlled by adjusting the concentration
of the solution. Finally, the pre-cured TSP from step 1 was integrated with
the PET film containing the AgNWs electrode. The assembly was cured
under UV irradiation (𝜆 = 365 nm, dose = 300 mJ cm−2) for 1 h, yield-
ing the AgNWs-integrated TSP electrode (step 3 in Figure S7, Supporting
Information).

Mechanical Tests: The dynamic mechanical analysis (DMA) test was
conducted using a DMA tester (Q800, TA Instrument, USA) in tension
mode under a temperature sweep. The rectangular sample (15 mm x 7 mm
x 1 mm) was tested under an oscillatory strain of 0.2% at a frequency of
1 Hz. The temperature was swept from 15 to 70 °C at a rate of 1 °C min−1.
To quantify the shape memory effect, a cyclic thermomechanical test was
conducted using the DMA tester. The sample was initially heated to 45 °C
and then stretched under an external force. After cooling to 30 °C, the
temporary shape was fixed, and the force was released. During the recov-
ery process, the stress-free condition was applied to estimate the shape
recovery ratio, while the constant-strain condition was used to determine
the recovery strength. Additionally, the uniaxial tensile test was performed
with the mechanical tester (UniVert, CellScale, Canada) to determine the
elastic modulus and elongation at break. The sample (25 mm x 12 mm x
0.2 mm) was stretched at a stretching rate of 5 mm min−1.

Adhesion Tests: The pull-off and peel adhesion tests were conducted
using a mechanical tester (Univert, Cellscale, Canada). For the pull-off ad-
hesion test, a custom-built setup was utilized, consisting of a substrate
holder, an adhesive sample holder, and a vertically movable jig (Figure S13,
Supporting Information). Target substrates were affixed to the substrate
holder using double-sided tape (3M, USA), while adhesive samples were
secured to the adhesive sample holder, facing downwards, also using
double-sided tape. The adhesive samples were then brought into contact
with the substrates under a preload of 20 kPa applied via weights. Subse-
quently, the adhesive sample holder was connected to the vertically mov-
able jig via a fishing line. Adhesive forces were measured as the jig was
retracted upward at a rate of 2 mm s−1 until the samples detached from
the substrates. For the peel adhesion test, the 90-degree peel test was
conducted at a retraction rate of 1 mm s−1 (Figure S13, Supporting In-
formation). Target substrates were secured to a horizontally slidable sub-
strate holder using double-sided tape. The adhesive samples were brought
into contact with the substrates under a preload of 20 kPa applied via
weights. The end of the adhesive samples was fixed to a vertically mov-
able jig. As the jig moved upward, the adhesive forces were measured.
For both pull-off and peel adhesion tests of TSP and NSP, the “on” state
adhesion was evaluated by bringing the adhesives into contact with the
substrates under a preload of 20 kPa for 5 s at a rubbery state of 45 °C,
heated with a heat gun (GHG 20–63, BOSCH, Germany), then cooling to
30 °C while maintaining the preload to ensure shape fixation. In the “off”
state, the adhesion was measured after reheating to 45 °C without applying
preload.

Electrical Characterizations: The sheet resistance (Rs) of the TSP elec-
trode was assessed using a four-point probe surface resistivity meter
(CMT-SR1000N, Advanced Instrument Technology, Republic of Korea).
For contact resistance (Rc) measurement, a four-point probe pattern was
created by sputtering gold onto polyurethane acrylate (PUA) substrates.
These PUA substrates, with various roughness levels, were fabricated
through a replica molding process using sandpapers (Rq = 66, 18.3, and
10.3 μm). Rc values were measured by attaching the TSP electrodes to the
prepared four-point probe-patterned PUA substrates after applying differ-
ent external pressures (no pressure, 2 and 50 kPa), with and without sur-
face adaptation. The variations in Rc of the TSP samples in contact with
the four-point probe-patterned PUA substrates were also evaluated un-
der bending conditions with different radii of curvature (5–20 mm). For
skin contact impedance measurement, two electrodes were placed on the
forearm, positioned 5 cm apart. The electrode types included Ag/AgCl
electrodes (2223H, 3 M, USA) with and without additional conductive gel
(Signa Gel, Parker Labs, USA), as well as TSP electrodes. These electrodes
were directly connected to the LCR meter (E4980A, Keysight, USA) to mea-

sure and record the skin contact impedance data. Measurements were
taken across a frequency range of 101 to 104 Hz.

Fabrication of Skin-Mountable Health Monitoring Device: To prepare
the wireless signal acquisition circuit, electronic design automation
software (OrCAD version 17.4, Cadence Design Systems, USA) was
used to create the circuit schematic and design the PCB. A custom-
designed IC was integrated into the PCB using chip-on-board technol-
ogy, while the other active and passive components were assembled us-
ing surface-mount technology. These components included a BLE MCU
(STM32WB5MMG, STMicroelectronics, Switzerland), a PPG sensor (SFH
7072, ams OSRAM, Austria), a temperature sensor (TMP 117, TI, USA),
an IMU (LIS3DSH, STMicroelectronics, Switzerland), and a buck-boost
converter (TPS63000, TI, USA). The flexible LM heater was prepared by
a 3D printing process (BIOX bioprinter, CELLINK, Sweden) using eutec-
tic gallium-indium (EGaIn) on a thin low modulus PDMS layer (30:1 base
resin-to-curing agent ratio, thickness: 30 μm). The printed EGaIn was then
encapsulated with a low modulus PDMS, which also acts as a silicone filler
(Figure 5c, thickness: 2 mm). The prepared signal acquisition circuit and
the TSP electrode were electrically connected to each other by self-adhering
the connection lines of the TSP electrode to the flat electrodes located on
the backside of the signal acquisition circuit (Figure S40, Supporting Infor-
mation), resulting in highly strong and stable interface (Figure S44, Sup-
porting Information). The LM heater covered with the silicone filler was
inserted between the circuit and the TSP electrode (Figure 5c).

Statistical Analysis: Datasets were analyzed using unpaired Student’s
t-test for comparisons between two conditions, and one-way ANOVA fol-
lowed by Tukey’s multiple comparison test was performed to compare
three or more conditions. In all cases, P values less than 0.05 were con-
sidered statistically significant. Calculations were carried out using SPSS
version 29.0.2.0. The means ± standard deviation for each dataset was
calculated from at least three experiments.

Institutional Review Board (IRB) Approval for the Study on Human Sub-
jects: All experiments involving human research participants were con-
ducted in accordance with the protocol approved by the IRB of Ulsan Na-
tional Institute of Science and Technology (UNISTIRB-23-061-A). Informed
written consent had been obtained from all participants.
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Supporting Information is available from the Wiley Online Library or from
the author.
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