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The rise of rubber-like synthetic polymers in next-
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Integrating rubber-like synthetic polymers technologies offers
a transformative approach to advancing wearable electronics, positioning these elastomers as ideal

into next-generation transistor

substrates and essential companions to conjugated polymers and other active materials. From six distinct
types of rubber-like synthetic polymers, this review spotlights polydimethylsiloxane (PDMS) and styrene—
ethylene—butylene—styrene (SEBS) as the leading elastomeric polymers propelling wearable transistor
innovations. PDMS is highly favored for its exceptional mechanical flexibility, high electrical resistivity,
optical transparency, biocompatibility, and compatibility with soft lithography techniques, making it an
ideal substrate for skin-like electronics. SEBS stands out as an elastomeric substrate for soft sensor
integration due to its unique ability to form nanoconfined and phase-separated layers with
semiconducting polymers that maintain high charge mobility under mechanical strain, while its tissue-
like softness and mechanical compliance ensure comfort, durability, and suitability for advanced large-
area flexible electronics. A comprehensive overview of recent progress in incorporating these elastomers
is discussed, ranging from individual layers to fully integrated components into transistor devices. By
bridging polymer chemistry with device engineering, it outlines a strategic research roadmap for
developing tunable multifunctional rubber-like synthetic polymers to meet the complex performance
requirements of emerging wearable transistor technologies. Finally, key technical challenges are
identified alongside potential future research directions to support the development of next-generation

wearable transistor applications.
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1. Introduction

The ongoing evolution of wearable electronics, particularly
modern transistor devices, has imposed demanding require-
ments on materials. As these devices become increasingly
integrated with the human body, materials are required to
seamlessly combine high electrical functionality with skin-like
mechanical properties to ensure both reliable operation and
user comfort (Scheme 1). Furthermore, these materials must
withstand mechanical fatigue, resist deformation from daily
wear, and maintain stability against environmental exposures,
including sweat, moisture, UV exposure, and temperature
fluctuations.*® Biocompatibility, low surface irritation, and
breathability are equally vital for user comfort and safety,
especially during long-term or continuous skin contact.>* To
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meet these demands, researchers have focused on synthetic
rubber-like polymers, commonly known as elastomers, which
offer a unique combination of high elasticity*” and toughness®
along with tunable chemistry.>*®

This enables precise tuning of their mechanical and inter-
facial properties through chemical design, enabling seamless
integration with electronic components in device engineering
and biological environments."*** Their hydrophobic nature and
excellent barrier properties protect sensitive device layers from
environmental ingress of water and oxygen, enhancing the
longevity and reliability of wearable transistors.'*¢ Further-
more, certain rubber-like synthetic polymers possess dielectric
properties that satisfy the stringent requirements of transistor
devices, featuring high dielectric constants and low dielectric
loss to enable efficient, low-voltage operation while minimizing
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Scheme1l Overview of rubber-like synthetic polymers: publication trends over the past 15 years (sourced from the Scopus database) comparing
the number of studies focused on the development of multifunctional elastomers with those on their integration into wearable transistor devices.
Representative chemical structures and diagrams highlight the current requirement to integrate elastomers into wearable transistor devices.

gate leakage, both of which are critical for stable charge trans-
port.”” In addition, for device reliability, elastomers that have
undergone surface modification or chemical functionalization
are very likely to facilitate strong interfacial adhesion with
semiconducting and conductive elements.'*** Ultimately,
rubber-like synthetic polymers provide a vital combination of
properties essential for the future success of wearable transistor
technologies.

Rubber-like  synthetic  polymers, poly-
dimethylsiloxane (PDMS), polyurethane (PU), supramolecular
polymers, styrene-butadiene rubber (SBR), styrene-ethylene-
butylene-styrene (SEBS), and polyisoprene (PI), have opened
new avenues in wearable transistor design by enabling reliable
performance under mechanical stress while protecting sensitive
device layers from oxygen and water ingress.”** Each of these
elastomers exhibits distinct advantageous properties: PDMS
offers outstanding elasticity, optical transparency, and high
electrical resistivity.>*® Its biocompatibility, crucial for contin-
uous skin contact as demonstrated by Duffy et al., who reported
that PDMS does not induce cytotoxicity or skin irritation, sup-
porting its widespread use in biomedical and microfluidic
devices requiring cell or tissue contact.>®*” These attributes
make PDMS well-suited for use as a substrate, insulating
dielectric, encapsulation layer, and matrix for organic semi-
conductors (OSCs).'®2*2® SEBS is valued for its tissue-mimicking

such as

© 2025 The Author(s). Published by the Royal Society of Chemistry

softness and mechanical compliance, which facilitate natural
deformation and conformability to complex, dynamic surfaces,
thereby enhancing device durability and processing reliability
over large areas.””®° Additionally, SEBS offers high thermal
stability and facilitates the formation of nanoconfined, phase-
separated active layers with semiconducting polymers that
sustain high charge mobility under mechanical strain.”>?** PU
stands out for its solvent-processable and tunable elasticity,
exceptional resistance to fatigue, and easy incorporation of self-
healing bonds that preserve device performance after repeated
mechanical damage.** Beyond simple blending,'®** PU can be
chemically integrated into the backbone or side chains of
conjugated polymers, promoting stronger intermolecular
interactions and controlled phase separation that result in more
uniform microstructures, ultimately enhancing mechanical
durability and electronic function.**>*” Supramolecular poly-
mers provide highly reversible non-covalent interactions that
enable dynamic self-healing and stimuli-responsive behavior,
allowing adaptive mechanical behavior and facile process-
ing.*®*** SBR serves as a stretchable dielectric owing to its
mechanical compliance and elasticity, which is demonstrated
by a strain to failure of 300-500% and a Young's modulus of 1-
10 MPa. It also provides low-leakage insulation, with current
reported as low as 10~ ° to 10" A at 1 MV cm . Its properties
can be fine-tuned through chemical modification and

Chem. Sci., 2025, 16, 20181-20228 | 20183
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composites to meet the needs of advanced flexible circuits.*>**
Synthetic PI features a soft, modifiable backbone, and adhesive
properties.*>* Unlike natural rubber, synthetic PI is free of latex
proteins, significantly reducing the risk of type I hypersensi-
tivity reactions and thereby enhancing its safety profile.”***
When appropriately engineered, PI delivers strong electrical
insulation and robust flexibility needed for reliable integration
into next-generation wearable transistor.>>** Collectively, these
polymers endure strains far above 30%, withstand moisture,
abrasion, and thermal cycling, and enable irritation-free body
contact, making them irreplaceable for skin-worn devices.>

A transformative frontier in the development of multifunc-
tional wearable transistors is the emergence of self-healing
materials. These advanced materials are capable of autono-
mously repairing mechanical damage, a crucial innovation
poised to significantly extend device durability and maintain
performance even after repeated deformation or accidental
fracture, thereby addressing a key limitation of current flexible
electronics.”*

Self-healing mechanisms generally fall into two main cate-
gories such as covalent bonding and non-covalent bonding.
Covalent self-healing relies on reversible breaking and reform-
ing of chemical bonds to repair damage, such as Diels-Alder
reactions, disulfide linkages, Schiff base formation, and
boronic acid esters which typically require external stimuli like
elevated temperature or light to initiate healing. In contrast,
non-covalent self-healing exploits reversible dynamic intermo-
lecular interactions including hydrogen bonding, ionic
bonding, metal-ligand coordination, electrostatic interactions,
m-1 stacking, and van der Waals forces. These interactions
often enable room-temperature (RT), rapid, and spontaneous
repair without the need for external triggers.>** Among rubber-
like synthetic polymers mentioned above, PU and supramolec-
ular polymers stand out due to their intrinsic chemical archi-
tectures that support effective self-healing.*>** PUs benefit from
a combination of reversible covalent bonds, such as Diels—Alder
and disulfide linkages, and dynamic non-covalent interactions
including hydrogen bonding, -7 stacking, and ionic interac-
tions. These mechanisms enable healing either through
external stimuli like heat or light or spontaneously at RT.*
Supramolecular polymers are composed of smaller molecules
linked by dynamic and reversible non-covalent interactions,
such as hydrogen bonding, metal-ligand coordination, and -
T stacking that facilitate spontaneous self-healing at ambient
conditions.*®** Conversely, elastomers such as PDMS, SBR,
SEBS, and PI generally lack intrinsic self-healing properties and
therefore require chemical modification or incorporation of
dynamic functional groups to impart self-healing function-
ality.>*>% Integrating these self-healing abilities within tran-
sistor component, such as dielectric, substrate layers, or active
layers, is critical for advancing next-generation “smart” devices
that are both resilient and self-sustaining, as repeatedly
demonstrated in recent advances.

While extensive research has focused on advancing the
multifunctionality of rubber-like synthetic polymers through
innovations in chemistry, architecture, and integration strate-
gies!3303153,57.63 a5 depicted by publication trends and
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milestones in Scheme 1, the practical deployment of these
advanced elastomers in wearable transistor devices is still at an
early stage.*® Most reported work still centers on proof-of-
concept demonstrations or device prototypes, with only
a handful achieving robust, long-term operation under realistic
wearable conditions.®® Distinct from earlier reviews that mainly
revolve around conjugated polymers within active semi-
conducting layers,"°*7* this article systematically maps the
transformative journey and multiple roles of rubber-like
synthetic polymers across all layers of wearable transistor
devices. We highlight not only the progress from basic
substrates and dielectrics to robust integration in memory,
sensors, and neuromorphic (synaptic) modules, but also
delivers a clear-eyed evaluation of self-healing mechanisms,
pointing out what has already been achieved and where capa-
bility gaps still limit full device autonomy. By directly con-
trasting this material-centric focus with prior literature and by
tracing a logical progression of both successes and open chal-
lenges, this review establishes a comprehensive and actionable
foundation for advancing skin-conformable, multifunctional,
and resilient wearable electronics in the years ahead.

2. The revolutionary process of
synthetic rubbers

This section provides a historical overview of rubber-like
synthetic polymers, dating back to their transformation from
early usage of simple stretchability and flexibility to modern
advancements such as self-healing and their integration as
functional components in transistor devices. Self-healing
performance has demonstrated significant potential and has
become a leading strategy to address stability and lifetime chal-
lenges in wearable transistor devices. However, integrating these
materials remains challenging and must be carefully tailored to
the specific transistor components. Consequently, a deep
understanding of the interplay between polymer properties and
device performance is essential to achieve optimal outcomes.

Beyond ensuring functional and mechanical compatibility,
materials intended for direct skin contact must also demon-
strate long-term biocompatibility and non-irritation to safe-
guard user comfort and health during prolonged wear.
Accordingly, the final subsection focuses on the safety profile of
these polymers, presenting evidence from in vivo and in vitro
clinical studies and animal cytotoxicity tests that confirm their
suitability for integration into wearable electronic systems
designed for continuous skin contact. Therefore, Section 2
commences with a concise evaluation matrix that outlines
critical material criteria based on their potential functionality to
be applicable in the organic thin film transistor devices,
including roles as semiconducting, dielectric, or substrate
layers. This framework encompasses essential parameters such
as mechanical modulus and elongation, charge carrier mobility,
dielectric constant, breathability, processability, and biocom-
patibility, providing a standardized basis for systematically
assessing each rubber-like synthetic polymer throughout the
section.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.1. Polydimethylsiloxane (PDMS)

The synthesis of PDMS traced back to the 1940s with the
Miiller-Rochow process, wherein methylchlorosilanes were
generated through the reaction of elemental silicon with methyl
chloride. These reactive intermediates subsequently underwent
hydrolysis and polymerization, yielding flexible siloxane poly-
mer chains.”””’* Early commercialization attempts were
hindered by significant challenges related to process scalability
and the management of undesirable byproducts. Pioneering
companies such as Dow Corning spearheaded efforts to opti-
mize catalytic systems, explore alternative precursor materials,
and refine purification methodologies, thereby mitigating
byproduct formation and enhancing polymer quality.>”>7® The
advent of ring-opening polymerization techniques for cyclic
siloxanes in the 1970s marked a pivotal advancement, enabling
precise control over polymer architecture and molecular weight
distribution. This breakthrough facilitated the large-scale
production of high-purity PDMS with reduced impurities,
laying the groundwork for its eventual widespread adoption in
flexible electronics.”® Fig. 1a illustrates this historical devel-
opment and key milestones of PDMS. By the late 1990s, PDMS
had become a material of choice for flexible transistor
substrates, owing to its exceptional elasticity, optical trans-
parency, chemical inertness, and biocompatibility.>**** While
conventional PDMS forms a dense (non-porous) material that
acts as a strong barrier against gases and moisture, the fabri-
cation of porous PDMS structures has emerged as a valuable
strategy to further enhance comfort during prolonged skin
contact in wearable devices. Introducing controlled porosity
allows PDMS to retain its excellent mechanical flexibility and
dielectric properties while permitting the passage of sweat
vapor and moisture, thereby significantly improving breath-
ability and reducing skin irritation, which is a critical factor for
next-generation skin-conformal electronics.****” Nonetheless,
PDMS inherently exhibits a hydrophobic surface with low
surface energy posed formidable obstacles to the uniform
deposition of semiconductor layers and device stability.***>** To
circumvent these limitations, advanced surface engineering
strategies such as plasma treatment® and ultraviolet-ozone
treatments'®®*% were employed to oxidize methyl groups (-
CH;) on the PDMS surface, generating hydroxyl and other polar
functionalities that enhance surface wettability and facilitate
subsequent chemical modifications. A quintessential example
was illustrated in the work by Gu et al., where PDMS substrates
underwent sequential surface modification involving piranha
solution treatment followed by UV-ozone exposure. The piranha
solution, a potent oxidizing mixture of sulfuric acid (H,SO,) and
hydrogen peroxide (H,0,), effectively converted hydrophobic
moieties into hydrophilic silanol (Si-OH) groups, substantially
increasing surface energy and wettability, as depicted in Fig. 1b.
Subsequent UV-ozone treatment further augmented silanol
density and induced the formation of a silica-like surface,
stabilizing the hydrophilic state. This dual modification
protocol significantly improved the affinity of the PDMS stamp
for the IGZO precursor solution, enabling uniform ink adsorp-
tion and precise pattern transfer. The resulting amorphous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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IGZO thin-film transistors exhibited a field-effect mobility of 6
em® V7' s7', an on/off current ratio of ~10% a low leakage
current of ~10~"" A, and a narrow hysteresis of 0.2 V.*® These
findings underscore the critical role of surface modification in
transforming PDMS into a reliable, high-performance stamping
substrate for thin-film transistor fabrication.

The utilization of PDMS as a substrate in stretchable tran-
sistors has naturally extended to its deployment as a dielectric
layer owing to its remarkable insulating properties, including
high electrical resistivity (10'*>-10" Q cm), wide dielectric
breakdown strength (250 to 635 V um ™), and low dielectric loss
(0.02 and 0.036), all coupled with superior mechanical flexi-
bility."” However, PDMS suffers from intrinsic limitations such
as thermal instability, pronounced electrical leakage, low
surface energy, and a relatively low dielectric constant (~2.8).%
These deficiencies can be effectively ameliorated through
advanced surface modification techniques, including physical
mixture with nanoparticles,®” plasma treatment,*® and chemical
treatments.* For instance, plasma treatment introduces polar
functional moieties onto the PDMS surface, thereby augment-
ing wettability and fostering enhanced adhesion with organic
semiconductors. Qin et al. elucidated that soft plasma treat-
ment substantially increased the surface energy of PDMS while
reducing its hydrophobicity, culminating in a uniform and
defect-minimized dielectric-semiconductor interface.®® The
introduction of abundant -OH and SiOx groups also creates
a high density of charge trapping sites at the dielectric-semi-
conductor interface, which further affects the electrical perfor-
mance as discussed in the artificial synaptic electronic section
(Fig. 1c). Collectively, these findings underscore the critical role
of soft plasma surface modification and the underlying surface
oxidation mechanism in transforming PDMS into a reliable,
high-performance dielectric layer for flexible artificial synaptic
transistor fabrication. One approach to promote the dielectric
value of PDMS involves the incorporation of nanoparticles such
as silver, Al,O; and carbon into PDMS matrix.** Furthermore,
the incorporation of functional coatings such as polydopamine
introduces carboxyl (COOH) groups into PDMS composites.
These groups engage in robust hydrogen bonding and electro-
static interactions primarily with the hydroxyl groups (OH) of
silanol (Si-OH) on PDMS chains and embedded nanoparticles.
These interfacial interactions intensify polarization effects,
substantially elevating the dielectric constant from approxi-
mately 2.8 to values exceeding 10, while concurrently preserving
dielectric stability under tensile strains ranging from 30 to
50%.%°

Leveraging PDMS's inherent elasticity, researchers have
employed it to enhance organic semiconductors (OSCs) for
stretchable transistors, addressing the intrinsic brittleness of
0OSCs.”® The most prevalent and effective approach involves
physically blending PDMS with OSCs, wherein the elastomeric
PDMS matrix confines the OSCs domains at the nanoscale.?®
This confinement acts as a flexible scaffold that absorbs
mechanical strain, reduces stress concentration, and prevents
crack formation within the OSCs regions. By limiting polymer
chain displacement and preserving molecular ordering, the
PDMS matrix maintains continuous charge transport pathways,
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Fig.1 Overview of PDMS evolution from its initial synthesis to advanced applications in stretchable transistor technologies. (a) Historical timeline
and key milestones in PDMS synthesis, commercialization, and its integration into electronic devices, highlighting how advances in PDMS
chemistry have enabled its use in transistor components and the development of self-healing capabilities. (b) Schematic of PDMS surface
modification and its use as a stamping substrate for precise patterning and fabrication of high-performance thin-film transistors. (c) Strategies to
enhance the dielectric properties and interfacial compatibility of PDMS via chemical treatments to improve device stability and performance. (d)
Blending PDMS with organic semiconductors (OSCs) to form nanoscale-confined OSC domains within the PDMS matrix, resulting in high
stretchability and robust charge transport under mechanical deformation, but without intrinsic self-healing capability. (e) A distinct self-healing
strategy using a nanoweb-structured blend of DPPT-TT semiconductor and a PDMS-based elastomer with dual-strength hydrogen bonds,
enabling rapid autonomous self-healing at RT and preserving device mobility and performance after repeated damage and strain. Adapted with
permission from ref. 18 copyright 2016 Royal Society of Chemistry, ref. 88 copyright 2023 Elsevier, ref. 90 copyright 2017 American Chemical
Society, and ref. 63 copyright 2024 Springer Nature.
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enabling devices to endure large strains without significant
degradation in electrical performance.’>** For example, Zhang
et al. demonstrated that incorporating a small fraction of
semiconducting polymer (<1 wt%) into a PDMS matrix yields
stretchable composites that retained or even surpassed the
electrical performance of pristine films.*® This enhancement
was attributed to PDMS acting as a compliant elastomeric
scaffold, confining polymer domains at the nanoscale, miti-
gating strain localization, and suppressing crack initiation.
Notably, blends with high-mobility semiconducting polymers
(such as DPP-DTT and DPPDPyBT) sustained field-effect
mobilities above 1 ecm? V' s, even under 100% strain,
while P3HT/PDMS blends achieved mobilities up to 0.17 cm?
V™' s' (Fig. 1d). These results indicated that the inter-
penetrating network structure preserved charge transport
pathways despite mechanical deformation. However, compared
to systems with covalently integrated architectures, such phys-
ically blended networks may still exhibit less control over
microstructural organization and phase uniformity, potentially
limiting further enhancements in stretchability and electronic
performance.”®* This finding underscores that while PDMS
blending effectively preserves short-range molecular ordering
and mobility, achieving simultaneous optimization of high
mobility and mechanical resilience requires more precise
microstructural control beyond simple blending. Overall, these
strategies demonstrate that physical blending with PDMS
effectively maintains and improves both the mechanical integ-
rity and electrical properties of OSCs in flexible and stretchable
transistors, establishing PDMS as a foundational material for
next-generation flexible electronics.

Of prime concern, although stretchable transistors can
endure repeated mechanical strain during cycling, micro-
damage inevitably accumulates over time.>*® To address this,
incorporating self-healing materials into PDMS has emerged as
an effective strategy to impart autonomous repair capabilities.
Oh et al. engineered PDMS-based stretchable semiconducting
films by blending a DPP polymer containing PDCA units with
a PDMS elastomer functionalized with PDCA ligands. Upon
addition of Fe(m) ions, dynamic metal-ligand coordination
bonds formed between PDCA groups in the polymer and elas-
tomer, creating a flexible, reversible cross-linked network
within the low-modulus PDMS matrix.>® These bonds broke and
reformed under strain, enabling stress relaxation and autono-
mous self-healing by repairing microcracks. Concurrently,
nanoscale phase separation preserved interconnected semi-
conducting domains, maintaining continuous charge transport
pathways. The composite exhibited fracture strains above
1300% and retained field-effect mobility (~0.1 cm®> V™' s71)
after repeated stretching and healing cycles, demonstrating that
dynamic metal-ligand cross-linking in PDMS effectively inte-
grates mechanical resilience with electrical functionality in
stretchable transistors. Recently, Vo et al.®® developed a self-
healing elastomer (PDMS-MPU,.¢-1U,.,) by reacting amine-
terminated PDMS with two diisocyanates (MPU and IU), intro-
ducing dual-strength hydrogen bonds, which depicted in
Fig. 1e. Strong MPU bonds provide elasticity, while weaker IU
bonds dissipate energy and prevent aggregation. Subsequently,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the self-healing elastomer was blending with DPP polymer to
preserve the electrical performance and to impart self-healing
ability to the material. This device autonomously self-heal at
RT with about 80% healing efficiency after 24-48 hours and
maintain stable electrical performance under strains up to 30%
(Fig. 1e). The transistors exhibit an initial field-effect mobility of
approximately 1.3 cm® V' s7! and retain functional mobility
around 0.07 cm® V™' s™' after 100 cycles of mechanical
stretching and healing at 30% strain. Their nanoscale phase-
separated morphology preserves charge transport pathways,
enabling rapid recovery and long-term ambient stability
without encapsulation, making them promising for wearable
transistor electronics.

2.2. Polyurethane (PU)

PU was first synthesized in 1937 by Otto Bayer and his team at
IG Farben in Germany, who developed the foundational
diisocyanate-polyol chemistry that enabled the creation of both
rigid and flexible polymers.*® In the early 1950s, polyisocyanates
were commercially available and the combination of toluene
diisocyanate (TDI) with polyester polyols enabled the large-scale
production of flexible polyurethane foams, rapidly expanding
its use in insulation, cushioning, and automotive components.
PU elastomers, which have potential self-healing properties, are
generally categorized according to the dynamic bonding
mechanisms, such as reversible covalent bonding, reversible
non-covalent bonding, and a combination of multiple bonds as
presented in Fig. 2a.** On the other hand, PU mechanical
properties can be tuned by adjusting the NCO/OH ratio, chain
extension coefficient, hard segments content, and the chain
length.®* Another researcher reported that synthesizing
hydroxyl-functionalized aromatic pinacol as initiator into
crosslinked-PU resulted in self-healing and recycling properties.
The mechanism relied on the high bond energy of the C-C bond
of pinacol as well as the hydrogen bond between hard segments
and semicrystalline soft segments. Therefore, the dynamic
equilibrium of pinacol enables self-healing and recycling of the
polymer.*”> Further utilization in wearable electronics and
sensors emerged prominently, coinciding with advances in
flexible materials that could conform to human skin and body
movements. The scale-up and commercialization of PU-based
wearable devices accelerated after 2010, driven by the
increasing demand for health monitoring and human-machine
interfaces. PU primarily serves as a dielectric layer but recently
has also shown potential to be applied as a semiconductor layer.
One common problem occurred in transistor device is current
leakage, that can be addressed by introducing a dielectric layer
into transistor configuration as an insulating barrier.

For example, Li's group investigated the use of para-sex-
iphenyl (p-6P)/vanadyl-phthalocyanine (VOPc) and introduced
a PU-based dielectric layer capable of modulating the charge
flow in the device.** A solution-processable photosensitive PU
was fabricated through a UV light cured crosslinking reaction,
resulting in a reduced free volume within the dielectric layer.
This reduction in free volume, combined with a non-pinhole
surface morphology, led to a substantial decrease in leakage
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current, reaching values as low as 1 x 10> A, while maintaining
excellent device performance characterized by a mobility of 0.13
em?® V™' 57" and an on/off current ratio of 10*.** Barreto's group
invented a high k-value dielectric for the purpose of PMMA
alternative by applying PU material in OLET devices.*® The
synthesized PU from block copolymers with alternating soft
segment based on THF and hard segment based on 4,4 meth-
ylene diphenyl diisocyanate and 1,4 butane diol resulted in
a reduction in the number of traps, exhibited low operating
voltage (0-10 V) enhancing Vi, (—6.5 V), higher mobility, optical
power output in the devices. Kim's group invented a self-healing

20188 | Chem. Sci., 2025, 16, 20181-20228

polyurethane with novel functionality for fully recoverable
layered sensor arrays.”® The synthesized oxime-carbamate
bond-based polyurethane (OC-PU) was fabricated through
a step polymerization process by combining soft segments such
as PTMG and PDMS, IPDI as hard segment, while using DMG
and DETA as chain extenders and cross-linkers. The hydroxyl
and aminopropyl groups at the ends of PTMG and PDMS,
respectively, react with the isocyanate group of IPDI, resulting
in the formation of urethane and urea groups. These newly
formed groups establish numerous hydrogen bonds, creating
weak interactions throughout the polymer. Such interactions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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not only enhance stretchability by acting as sacrificial bonds
during mechanical deformation but also facilitate the self-
healing of the polymer when heated above its glass transition
temperature (7). To further tailor the polymer's properties,
DMG was introduced as a chain extender, reacting with the
terminal isocyanate groups of the prepolymer to incorporate
thermo-reversible oxime-carbamate bonds within the polymer
chain. Each segment of the resulting polymer contributes
distinct characteristics to OC-PU, collectively imparting
stretchability, self-healing ability, and transparency, making it
an ideal candidate for use as a soft substrate. These mecha-
nisms demonstrated outstanding mechanical performance of
OC-PU elastomer, featuring an elongation at break of 1076%,
a Young's modulus of 1.2 MPa, and an impressive self-healing
efficiency of 93.7% when heated to 65 °C.

To address the inherent brittleness of polymer-based semi-
conductors while enhancing their mobility, researchers have
made significant breakthrough by implementing into two
common methods including introduced PU into backbone or
side chain of conjugated polymers, another way is conjugated
polymers modification by using physical blending of PU and
chemical cross-linking via urethane linkage. The implementa-
tion of applying main-chain and side-chain engineering to di-
ketopyrrolopyrrole  (DPP)-based polymers through the
introduction of urethane linkages have been performed by prior
researchers. For example, Lee's group enhanced the stretch-
ability of DPP-based alternating copolymers by incorporating
urethane groups into their side chains (Fig. 2b).*®

This modification introduced long-branched urethane side
chains with moderate hydrogen bonding strength, which not
only improved solubility but also provided dynamic bonding
that effectively dissipates mechanical stress. As a result,
PDPPethane thin films exhibited exceptional stretchability,
sustaining up to 100% external strain without compromising
electrical performance in organic transistor applications
(Fig. 3a-e). Similarly, Pei's group synthesized polyurethane (PU)
multiblock oligodiketopyrrolopyrrole copolymers via urethane
linkage copolymerization (Fig. 3f) by optimizing the ratio of
hard and soft domains to achieve remarkable mechanical and
electronic performance, including over 300% crack onset strain,
a maximum hole mobility of 0.19 cm* V"' s7*, and high elastic
recovery (ER) under large strain of 175%.” Also, several
researchers developed wearable and adaptive devices by incor-
porating carbon nanotube (CNT) and graphene into synthesized
PU composites as additive resulted in enhanced tensile strength
and elasticity, further improved conductivity and sensing
performance properties.’®** These studies collectively demon-
strate that urethane linkages serve as dynamic, hydrogen-
bonding motifs that reinforce polymer networks, balancing
mechanical flexibility with charge transport, thereby advancing
the development of highly stretchable, durable semiconductor
materials suitable for flexible electronics.

2.3. Supramolecular polymers

Supramolecular polymers were first synthesized rooted on the
self-assembly of monomers through reversible bonds.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Notably, simple methods involving dissolving components in
molten liquids enabled scalable production of polymers con-
taining multiple dynamic interactions such as covalent di-
sulfide bonds, hydrogen bonds, and metal coordination-
offering low-temperature processability and autonomous repair
capabilities resulting in materials with distinctive features
ultrahigh stretchability, rapid self-healing ability, and reusable
adhesivity.*® Building on the dynamic and scalable supramo-
lecular polymer systems enabled by reversible bonding, recent
developments also explore how solution processing conditions
control polymer self-assembly, crystallinity, and ultimately
device performance. For instance, Zheng's utilized
a benzodifurandione-derived oligo(p-phenylene vinylene)
(BDOPV) polymer, characterized as a donor-acceptor (D-A)
conjugated polymer featuring intricate molecular architecture
and a higher number of atoms within each repeating unit. By
employing a co-solvent approach, the polymer's solution-state
configuration was manipulated to promote one-dimensional
rod-like self-assembly in good solvents, while two-dimensional
lamellar structures predominated in poor solvents.”® Recog-
nizing the correlation between solution-state configurations
and solid-state morphologies, the solution environment was
precisely controlled to produce films exhibiting enhanced
crystallinity without compromising interdomain connectivity.
Consequently, this optimized film demonstrated a nearly
twofold increase in electron mobility, reaching 3.2 cm*> V™' s,
The improved crystallinity was attributed to the enhanced
polymer aggregation triggered by the presence of the poor
solvent in the mixed solvent system. Beyond solution-state
polymer assemblies, supramolecular interactions also play
a crucial role in dispersing carbon nanotubes and influencing
device-level electrical behavior. Several researchers further
employed single-walled carbon nanotube (SWCNT) as electrode
and semiconducting layer. For example, Chortos's group
employed SWCNTs of varying diameters to investigate the
factors that restrict charge transport in all-carbon stretchable
transistors using low-capacitance nonpolar dielectric mate-
rials.” SWCNTs were dispersed by utilizing a supramolecular
polymer created via hydrogen bonding between di-
dodecylfluorene units. Centrifugation was performed after-
wards, causing the metallic SWCNTs to sediment into a pellet
while the semiconducting SWCNTs remained suspended in the
solution. The study showed that polar groups on the surface
enhance the adhesion of the SWCNTSs. On the other hand, these
polar groups may serve as trap sites, leading to hysteresis due to
charge trapping during the gate voltage sweep. Additionally, the
presence of polar surface groups can cause a shift in the
threshold voltage. This effect is further intensified because
polar groups tend to attract dopants like oxygen and water.
Among the evaluated SWCNT sources, those with a maximum
diameter of 1.5 nm exhibited the highest performance,
achieving a mobility of 15.4 cm® V" s~ ' and an on/off ratio >10°
in stretchable transistors. Devices featuring a large band gap
demonstrated greater sensitivity to strain due to a strong
dependence on dielectric thickness, while contact-limited
devices were significantly less affected by strain.
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Then, the exploitation of supramolecular polymers evolved
into stretchable and flexible materials. The breakthrough
innovation was initiated by Zhang's group that exploited Thio-
ctic Acid (TA) synthesized into poly(TA-DIB-Fe) copolymer
featured supramolecular polymeric materials with dynamic
covalent disulfide bonds, noncovalent H-bonds, and iron(m)-
carboxylate coordinative bonds.*® The synthesis mechanisms
relied on one-pot reaction of molten TA liquid, 1,3-di-
isopropenylbenzene (DIB), and iron(m) chloride (FeCl;). Upon

20190 | Chem. Sci, 2025, 16, 20181-20228

TA heating, the five-membered ring containing the disulfide
bond undergoes thermally initiated ring-opening polymeriza-
tion driven by dynamic disulfide exchange. During the subse-
quent cooling, the material transitions into a fluidic liquid
characterized by a linear covalent backbone, while carboxylic
side chains simultaneously dimerize through hydrogen
bonding to efficiently cross-link the linear poly(TA). The addi-
tion of DIB quenches the terminal diradicals, further
strengthening the network through covalent cross-linking.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Finally, introducing FeCl; partially replaces the weaker
hydrogen bonds, enhancing the overall stability of the struc-
ture. The synthesized material demonstrated excellent stretch-
ability and mechanical strength ([TA-to-iron(m) molar ratio of
18000 : 1] for a strain of 15 000%.) due to the presence of three
types of dynamic chemical bonds such as dynamic covalent
disulfide bonds, hydrogen bonds, and iron(u)-carboxylate
coordinative bonds. These bonds enable the network to stretch
through a hierarchical energy dissipation mechanism. Addi-
tionally, the dry network contains a high density of cross-
linking sites, resulting in highly folded polymer chains that
facilitate easier chain sliding by reducing the distances between
chains. Furthermore, the abundance of carboxylic groups in the
poly(TA-DIB-Fe) copolymer promotes hydrogen bonding with
polyhydric surfaces, making this copolymer a promising
candidate for surface adhesive applications.

a-l-+
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Furthermore, Yoon's group demonstrated a wearable ion-
sensing platform constructed from a bio-derived supramolec-
ular polymer network engineered with dynamic hydrogen-
bonding motifs.’® The material structure was developed by
applying a durable supramolecular polymer based on esterified-
CA/SA/CHDM coating onto the surface of carbon fiber thread
(CFT) electrodes as presented in Fig. 4a. Anchored onto the
potentiometric ion-sensing thread, this polymer layer endowed
the system with inherent self-healing properties (Fig. 4b and c).
The moderate cross-link density of citric acid facilitates the
formation of a diffusible, pseudo-tetra-armed three-
dimensional network. Moreover, the presence of unreacted
carboxylic acid and hydroxyl groups enables intermolecular
hydrogen bonding, which drives supramolecular self-assembly
and promotes self-healing. Succinic acid plays a vital role by
preventing excessive cross-linking, thereby achieving a balance
between mechanical strength and healing efficiency. Finally,
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(a) Synthesis of self-healable supramolecular polymer (PCSC), (b) illustration of chemical structure of PCSC and self-healing via hydrogen

bonding, (c) photographs and schematic diagrams depicting the ion-sensing electrodes before cutting and after healing, (d) repeated stretching/
releasing tests and their impact on PS;6;—Zn—P3HT,g,. The schematic illustrates the 50% strain cycle. Transfer curves and corresponding mobility
changes of PS;6;—Zn—P3HT,g; are shown after 1, 20, 40, 60, 80, and 100 cycles, with strain applied parallel to the charge transport direction, ref.
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the reversible conformational transitions between the e,e-trans
and a,a-trans isomers of the cyclohexylene ring in CHDM impart
flexibility to the polymer chains, enhancing chain mobility
without sacrificing mechanical integrity. Consequently, this
wearable sweat-sensor system enabling seamless textile inte-
gration while achieving > 97% mechanical restoration within 30
seconds at 25 °C. Another study by Wu's group discussed
applied the coordination-driven self-assembly strategy to
simplify the creation of stretchable polymer semiconductors.**
The metallo-supramolecular diblock copolymers were con-
structed via dynamically linking polystyrene (PS) and poly(3-
hexylthiophene) (P3HT) blocks through zinc-mediated bonds,
resulted in two block copolymers with varied PS chain lengths.
Both materials matched the electrical performance of pure
P3HT in relaxed states but excelled under strain. The incorpo-
ration of an additional PS block significantly improves the
deformability of semiconducting polymers. This improvement
arises due to the amorphous coil chains within the PS block can
absorb external strain and delay the initiation of cracks. Due to
their disordered, amorphous structure, these coil chains
provide ample space for chain mobility, allowing the material to
endure greater strain without substantially impairing charge
transport. Moreover, the dynamic metal-ligand coordination
bonds linking the rigid rod and flexible coil segments facilitate
chain alignment under mechanical stress. This enhances
stretchability by increasing the polymer's modulus, expanding
the amorphous domain, and preserving moderate to high
charge mobility through interchain hopping. In contrast,
blending experiments using P3HT and terpyridine-modified PS
without zinc complexation were conducted to assess the role of
amorphous PS alone. These findings highlight that block
copolymer architectures outperform blends in achieving the
desired combination of stretchability and charge transport for
flexible electronics. Treatments with a longer PS segment,
maintained mobility from 5.48 x 107° to 1.40 x 10> em* V"
s~ ' even at 100% stretching and survived 100 stretch-release
cycles at 50% strain Fig. 4d. The enhanced stretchability and
minimal mobility loss stem from the flexible PS chains dissi-
pating strain energy, while the P3HT preserved charge trans-
port. This metallo-supramolecular approach effectively
balances mechanical resilience and electrical stability, offering
a scalable route for durable wearable electronics.

2.4. Styrene butadiene rubber (SBR)

In the late 1920s, Walter Bock and Eduard Tschunkur success-
fully synthesized SBR through an emulsion polymerization
process by combining a balanced proportion of styrene and
butadiene, free-radical initiators (e.g. potassium persulfate),
emulsifiers and chain transfer agents to control polymer
growth. Both cold emulsion (5 °C) and hot emulsion polymer-
ization (50-60 °C) can be performed, allowing flexibility in
production conditions.’ The resulting copolymer typically
contains 10-25% styrene and 75-90% butadiene, with molec-
ular weights between 100 000 and 300 000 g mol ™, optimized to
deliver strong mechanical properties such as elasticity and
abrasion resistance.

20192 | Chem. Sci., 2025, 16, 20181-20228

View Article Online

Review

Over the decades, SBR and related block copolymers like
styrene-butadiene-styrene (SBS) have found new life in wear-
able electronics attributed to their excellent elasticity and
durability. Early studies by Helaly's group demonstrated that
inorganic fillers such as lead silicate and burnt mazote boiler
deposits notably enhance the vulcanization rate, tensile
strength, and abrasion resistance of SBR, while fillers like
aluminium oxide and ilmenite reduce the dielectric constant,
tailoring the composite’s electrical insulation characteristics.
Building on this foundation, a paper-form solid electrolyte
combining Rb,Cuyl,Cly; was fabricated with SBR achieved
high ionic conductivity (3 x 107> S em ) and improved damp
resistance at an optimal 65 vol% SBR content, marking an early
integration of SBR in electrochemical devices. Comparable
electrical conductivities of PU to polyaniline (PANI) was fur-
therly reported, highlighting the growing interest in conductive
polymer composites.'® The field advanced markedly by Lee's
group that reported the fabrication of highly stretchable
conductive fibers embedding silver nanowires and nano-
particles within a SBS elastomer matrix via wet spinning and in
situ silver (Ag) reduction.'® The achieved outstanding proper-
ties such as electrical conductivity (2450 S cm™"), exceptional
elongation at break (900%) and stable conductivity retention
under strain enabled real-time human motion detection in
smart gloves (Fig. 5a and b). Further innovations by Wang's
group involved utilizing SBS combined with few-layer graphene
to create highly sensitive, stretchable strain sensors. Fabricating
process was applied through wet-spinning method relied on
strong interfacial interactions.'”® The resulting SBS/FLG fiber-
based strain sensor demonstrated outstanding performance,
featuring a broad workable strain range exceeding 110% and
exceptional sensitivity, with a gauge factor of 160 at 50% strain
and an impressive 2546 at 100% strain and the stability of
conductive graphene networks were analyzed (Fig. 5c). More-
over, numerous approaches in enhancing electromechanical
properties have been reported by incorporating CNT as fillers.
The reinforcement suggested through m-stacking interactions
between the aromatic Tt-electrons in SBR and the delocalized -
electrons in CNTs (Fig. 5d-g).**¢"*°

In terms of native physical properties, both SBR and SBS are
inherently dense, elastic materials that lack inherent porosity or
breathability, limiting their ability to permit air or water vapor
transmission under normal conditions.**'*> When used in
direct contact with skin, such limitations can lead to sweat
accumulation and discomfort during prolonged wear. To
address these challenges, SBS requires structural modification
through advanced processing techniques that generate porous
architectures or nanosheet forms."* These engineered variants
exhibit markedly enhanced water vapor permeability, in some
cases surpassing the natural skin's water vapor transmission
rate (WVTR), thereby improving skin comfort and reducing
moisture buildup. The introduction of porosity is typically
achieved through nanoscale phase separation techniques or the
incorporation of fiber-like fillers that form interconnected
networks, promoting moisture diffusion while maintaining the
elastomer's mechanical integrity."** Importantly, unlike natural
rubber latex, SBR and SBS do not contain latex proteins known

102
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Fig. 5 (a) Representation of morphological and structural changes in Ag nanowires (AgNWs) and Ag nanoparticles (AgNPs) within the composite
fiber matrix under mechanical strain. (Inset, left navy-bordered box: SEM image of the AgNP-incorporated SBS fiber without AQNWs subjected to
50% tensile strain, highlighting nanoparticle distribution and fiber deformation) strain, (b) variation in electrical conductivity of fibers produced
with different filler concentrations as a function of applied, (c) variation of stress and AR/R in SBS/3G fibers during cyclic stretching—releasing at
50% strain for the initial two cycles, with numbered regions indicating stretching, releasing, and relaxation phases, (d) schematic illustration of the
XSBR/SSCNT sensor nanostructure depicting its configuration before and after the application of a stretching force, (e) stress—strain curves for
CGx-SBR, CGxN2-SBR, and CGxN5-SBR composites, where x represents the varying phr of fillers. CG: cryptocrystalline graphite, SBR: styrene
butadiene rubber, (f) illustration of the molecular-level interactions between a rubber matrix and carbon nanotube (CNT) fillers, highlighting the
role of w—m stacking in enhancing composite structure and properties, (g) electrical conductivity variations with different CG filler loadings in CG-
SBR, CGxN2-SBR, and CGxN5-SBR composites, ref. 104 copyright 2015 John Wiley & Sons, ref. 105 copyright 2018 Elsevier, ref. 108 copyright
2022 John Wiley & Sons, ref. 109 and 110 copyright 2024 John Wiley & Sons.

to trigger type I hypersensitivity reactions, offering a low risk of
allergic responses and improving their suitability for skin-
contact applications.”® Through careful material design and
processing, these modified synthetic rubbers meet the comfort
requirements for human skin interfacing devices, balancing
durability, flexibility, allergenic safety, and breathability. These
findings highlight the promising potential of styrene-
butadiene-based materials for use in wearable transistor
devices.

2.5. Styrene ethylene butylene styrene (SEBS)

The synthesis and application of SEBS as a functional elastomer
have significantly advanced since its introduction in the 1970s.
Initially researched and developed by Shell, industrial produc-
tion of SEBS commenced in 1971 with its commercialization
and later expanded through acquisition by Kraton."'* The
synthesize of SEBS was achieved through anionic polymeriza-
tion of styrene and butadiene, followed by catalytic hydroge-
nation to transform the butadiene mid-block into a saturated
ethylene/butylene segment, thereby enhancing the polymer's
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thermal and oxidative stability. Overcoming early challenges in
achieving uniform hydrogenation and controlling copolymer
morphology involved innovations in catalyst systems and pro-
cessing techniques."”*** The unique triblock structure of SEBS
combines mechanical strength from the PS end blocks and
elasticity from the ethylene/butylene mid-block, rendering it
suitable for diverse applications, including adhesives, encap-
sulants, and flexible substrates.*'** Moreover, engineering
porous SEBS architectures can offer substantial benefits for
skin-contact wearable devices. By introducing controlled
porosity using methods, such as phase separation or template
leaching, SEBS substrates allow sweat vapor to permeate
through the material, significantly improving breathability and
reducing skin irritation during prolonged wear. This modifica-
tion preserves the elastomer's characteristic tissue, like softness
and flexibility, enabling long-term, comfortable integration
with the skin.*#*"'**> By 2010, SEBS began to be explored for use
as a substrate in transistors, focusing on plasma treatment to
enhance adhesion and modify its hydrophobic and hydrophilic
properties for improved electronic performance.** A significant
milestone was achieved in 2025 when Ye et al. introduced
a surfactant-functionalized SEBS substrate, providing an effec-
tive alternative to traditional plasma treatments for surface
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modification. Incorporating surfactants such as Span 80 or
Tween 80 transformed the naturally hydrophobic SEBS surface
into a stable hydrophilic one, eliminating the necessity for
additional treatments (Fig. 6a). This advancement enabled
direct circuit and mask printing on SEBS substrates while
enhancing wettability and adhesion. Moreover, the surfactant-
functionalized SEBS retained crucial characteristics such as
tissue-like Young's modulus, flexibility, transparency, biocom-
patibility, hydrolytic stability, and heat resistance. These
modifications significantly improved the interface properties
between SEBS substrates and conductive layers, essential for
effective charge transport and mechanical robustness in elec-
tronic devices.*

With the recognition of SEBS as a viable substrate material in
organic and flexible electronics, its applications expanded to
include its use as a dielectric layer due to its superior
mechanical flexibility, chemical stability, and ease of process-
ing.” Since the mid-2010s, with a relatively low dielectric
constant of approximately 2.1 to 2.2, SEBS has been employed
as a gate dielectric in stretchable transistors and flexible
devices."”® The dielectric performance of SEBS can be signifi-
cantly enhanced through the incorporation of fillers such as
graphite or titanium dioxide nanoparticles, which increase the
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Fig. 6 SEBS-based elastomeric components for stretchable and flexible transistor devices. (a) Strategies to improve SEBS hydrophilicity by
surfactant modification (Tween 80, Span 80), as shown in schematic and SEM images. (b) Chemical structures and dielectric properties of SEBS
composites, demonstrating their effectiveness as gate dielectrics with stable, enhanced permittivity across frequencies. (c) Application of low-k
SEBS dielectric crosslinked with an azide-based agent, providing solvent resistance and mechanical robustness, which ensures stable electrical
performance under strain. (d) Encapsulation of P3HT with SEBS on a PDMS substrate, enhancing air stability and maintaining electrical
performance during stretching. (e) Blending N2200 with SEBS suppresses excessive crystallization and aggregation, resulting in improved charge
mobility and operational stability across different solvents and repeated mechanical cycling. (f) Schematic of the preparation and physical
crosslinking mechanism of self-healing SEBS/paraffin composite phase change materials, alongside photographs showing the material's self-
healing after being cut and reheated. Reproduced with permission from ref. 21 copyright 2025 Elsevier, ref. 124 copyright 2020 Royal Society of
Chemistry, ref. 127 copyright 2024 American Chemical Society, ref. 66 copyright 2015 John Wiley & Sons, ref. 128 copyright 2023 Royal Society
of Chemistry, and ref. 129 copyright 2024 The Korean Ceramic Society.
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dielectric constant while maintaining flexibility. Notable
advancements include chemically grafting maleic anhydride
(MA) onto the SEBS backbone to form a grafted copolymer
(SEBS-g-MA), which elevated the dielectric permittivity by up to
470% compared to neat SEBS, as shown in Fig. 6b. This
enhancement arises from the introduction of polar MA groups
that facilitate dipolar polarization within the elastomer, thus
reducing the operating voltage required for electroactive poly-
mer actuators.” Improvement of solvent resistance and
mechanical robustness in SEBS can be achieved by chemically
crosslinking SEBS dielectrics, which is pivotal for stable multi-
layer device fabrication.”***® Recent research by Zhong et al.
developed azide-based photo-crosslinking to form covalent
crosslinks within the SEBS network upon ultraviolet (254 nm)
exposure. This approach yielded a dielectric layer with a low
dielectric constant (~2.3), exceptional elasticity, and improved
solvent resistance. Subsequent patterning via oxygen plasma
etching enhanced adhesion with overlapping layers, resulting
in transistors fabricated with SEBS dielectrics exhibiting high
carrier mobilities up to 20 em® V™' s~ under 100% strain while
retaining optical transparency (Fig. 6¢). The integration of SEBS
as a dielectric material combines mechanical flexibility with
electrical efficiency, positioning it as a critical enabler for high-
performance, intrinsically stretchable integrated circuits.**”
This evolution reflects a broader trend in flexible electronics
research, leveraging SEBS's unique combination of elasticity,
thermal stability, and tunable dielectric properties. By serving
multiple crucial roles, from substrate to dielectric layer, SEBS
contributes significantly to advancing the development of
robust, wearable, and biocompatible electronic systems, paving
the way for innovative digital applications in the future.

While molecular tailoring strategies such as covalent graft-
ing, block copolymerization, and supramolecular assembly are
common in the broader field of OSCs engineering, these
approaches have not been widely applied to SEBS as a direct
chemical modifier. Consequently, blending remains the
primary method for utilizing SEBS to tailor the mechanical and
electrical properties of OSCs films for stretchable electronics. In
this widely adopted approach, SEBS is mixed with conjugated
polymers to form composite films that exhibit a nanoconfined
morphology: the SEBS matrix imparts elasticity and mechanical
robustness, while the OSCs domains maintain efficient charge
transport.”*® Early studies dating back to 2015 demonstrated
blends of SEBS with P3HT, achieving electron mobilities of
approximately 0.4 cm® V™' s~ " after 30 days of air exposure, and
preserving up to 33% of mobility after 50% strain stretching
(Fig. 6d).°® More recent work by Zhang et al.'*® focused on
blending the conjugated polymer N2200 with SEBS (Fig. 6e),
where the elastomer weakens the strong intermolecular inter-
actions within N2200, suppressing excessive crystallization and
large aggregate formation. This interaction promotes the
development of a finely interpenetrating nanofibril network
with smaller fibril sizes during extended film-forming times.
The SEBS matrix provides mechanical elasticity and accom-
modates strain, enabling the nanofibril network to maintain
continuous charge transport pathways even under large defor-
mation. This controlled morphology results in stretchable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transistors exhibiting electron mobilities around 0.1-0.2 cm?
V™' s that remain stable under strains up to 100% even after
repeated stretching cycles. The synergy between weakened
polymer interactions and elastomer blending is thus critical for
achieving durable, high-performance stretchable organic tran-
sistors (Fig. 6e).

Recent researcher has advanced the self-healing capabilities
of SEBS elastomers by exploiting physical cross-linking mech-
anism. Zhang et al®*® developed self-healing SEBS/paraffin
composite phase change materials (C-PCMs) using a one-step
plate vulcanization method based on physical entanglement.
In this system, the self-healing effect arises when the material is
damaged and subsequently heated: the PS segments in SEBS
melt, enabling both SEBS polymer chains and paraffin to flow
and re-entangle, effectively closing fissures. Upon cooling, the
structure locks back into place, restoring the material's integ-
rity. The optimal composite, containing 85 wt% paraffin,
demonstrated high elasticity (with elongation up to 1160% after
healing) and robust thermal stability. This reversible mecha-
nism allows the composite to recover its shape and mechanical
properties after damage, making it particularly suitable for
flexible and wearable thermal applications. This mechanism
allows the material to recover its shape and mechanical prop-
erties after damage, making it suitable for flexible and wearable
thermal applications. Building on this approach, Yoon et al.**®
created highly stretchable and self-healing composite films by
blending elastic SEBS with high-dielectric PVDF through
a solution-based process. Here, the self-healing behavior is
attributed to physical cross-linking within the SEBS matrix and
the maintenance of an amorphous PVDF phase, which together
enable the polymer chains to regain mobility upon heating.
When the film is cut and the pieces are pressed together and
heated at 70 °C for 2 hours, the cut surfaces fuse seamlessly,
demonstrating intrinsic self-healing capability. After this
thermal treatment, the healed film could withstand 576%
strain, compared to the original 1600% strain of the pristine
film (Fig. 6f). FTIR analysis confirmed the absence of new
chemical bonds between SEBS and PVDF, indicating that the
self-healing is governed solely by reversible physical interac-
tions and chain mobility, with SEBS playing a key role in pre-
venting PVDF crystallization and maintaining its amorphous
character.

2.6. Polyisoprene (PI)

As presented in Fig. 7, over a century ago, isoprene was first
isolated from natural rubber by pyrolysis and subsequently
polymerized into trans-1,4-PI through treatment with hydro-
chloric acid in 1879, where HCI acted both as initiator (proton
source) and as a provider of the counter-anion (Cl7).**' The
process begins with protonation of the monomer to form an
allylic carbocation intermediate. This carbocation attacks
another isoprene molecule, preferentially forming trans-1,4
linkages as a result of steric and electronic effects that stabilize
the transition state. Advances in catalyst technology enabled the
production of cis-1,4-PI through stereospecific polymerization
using Ziegler-Natta catalysts by Goodyear Tire & Rubber
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Company in the mid-1950s with properties comparable to
natural rubber, marking a significant milestone for synthetic
elastomers."*"**> Shortly thereafter, Shell Chemical Company
initiated the first commercial production of stereoregular PI
with over 90% cis content using a lithium catalyst between 1959
and 1960."** These stereoregular PI was then vulcanized or
hydrogenated to further enhance their mechanical properties
for widespread use in industrial commodities such as tires,
rubber bands, tubes, and gloves.”*® While early PI synthesis
focused on replicating the natural rubber structure (primarily
cis-1,4-PI), advances in polymerization methods and catalyst
technologies have enabled the incorporation of functional
monomers and other compounds. These modifications have
expanded the properties and contributions of cis-1,4-PI beyond
traditional uses, paving the way for its integration into
stretchable and flexible transistor devices."**** Owing to their
inherent unsaturated hydrocarbon backbones and reactive
diene structure, PI can also undergo diverse chemical trans-
formations, including cycloaddition, electrophilic/nucleophilic
addition, radical polymerization, post-modifications, and
coordinated catalytic addition (Fig. 7).

Modifications of PI not only enhance their physical and
mechanical properties but also allow researchers to engineer
advanced PI derivatives with additional tailored functionalities,
thereby expanding their suitability for wearable device appli-
cations.'®19434462134135 Ror jnstance, Hung et al. synthesized
carbohydrate-block-polyisoprene (MH-b-P1,,) via copper(i)-cata-
lyzed azide-alkyne cycloaddition (CuAAC), commonly referred
to as “click” reaction (Fig. 8a)."” This approach involved
coupling alkyne-functionalized maltoheptaose (MH-C=CH)
with azide-terminated PI (PI,-N3;), resulting in a stable triazole
linkage between the two blocks. Prior to the click reaction, PI
chains were functionalized at their chain ends by halogenation
followed by nucleophilic substitution with sodium azide,
yielding PI,-Nj;. This strategy allowed precise control over the
block copolymer architecture, combining the flexibility of PI

20196 | Chem. Sci, 2025, 16, 20181-20228

with the functional properties of the carbohydrate segment. The
resulting MH-b-PI exhibited well-controllable memory perfor-
mance, including write-once-read-many-times (WORM), flash,
and dynamic-random-access-memory (DRAM) by their self-
assembled nanostructures. Note that the detailed mechanism
underlying the MH-b-PI,-based memory behavior will be di-
scussed in a subsequent section.

Building upon earlier advances, Chiu's group further
propelled the multifunctionality of PI-based materials by
synthesizing poly[2,7-(9,9-dioctylfluorene)]-block-polyisoprene
(PF-b-PI,) block copolymers through a dual-strategy approach,
that included Suzuki coupling for the rigid PF rod segment and
reversible addition-fragmentation chain transfer (RAFT) poly-
merization for the growth rubber-like PI coil segment.** This
methodology enables precise control over molecular architec-
ture and molecular weight, resulting in materials that syner-
gistically combine stable Iuminescence, elasticity, and
electronic functionality. Post-synthesis vulcanization trans-
formed the conjugated-based PI copolymer PF-b-PI, g, which
has the longest PI chain length in this study (molecular weight
16 400 g mol "), into bulk or film materials capable of stretch-
ing up to 150% without crack formation. The cross-linked
networks are also capable of yielding free-standing films with
nanoscale thickness, exhibiting exceptional elasticity and tough
mechanical strength, maintained high photoluminescence
quantum yield (PLQY) stability over 1000 stretching cycles at
150% strain. Leveraging these insights, Mburu et al. investi-
gated the role of physically bonded PI in the selective sorting
and stabilization of semiconducting SWCNTSs using PF,-b-PI,
block copolymers with a constant low molecular weight of 12
000 g mol " for the PF segment and varying PI chain lengths.'*
The appeal of SWCNTs lies in their superior and tunable elec-
trical properties, making them ideal candidates for low-cost,
high-performance transistor ~ and memory  device
applications.'>'#*13¢138 However, this enticing performance
critically depends on the uniformity and isolation of individual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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block copolymers for stretchable resistive memory device application. (b) SWCNTs-thin film

transistor fabrication: [i] stability and dispersion study based on photograph image and UV-spectra, il schematic of BGTC transistor configu-
ration and AFM image of SWCNTSs sorted by PFO4,i-b-Plgok, and liii] Ip—Vg transfer curve of the device using PFO;,k-b-Plgok-dispersed sc-
SWCNTs (diameter = 2.0 nm) as the semiconducting layer. (c) Molecular design of the intrinsically elastic and self-healing luminescent PF,-co-

Pl,-co-PBACO,

. [i] synthetic scheme; [ii] branched copolymer with soft Pl-co-PBACO backbone (blue) and rigid PF branches (orange); liiil self-

assembled into a two-phase nanostructure; [iv] elasticity tuning via DT cross-linking (gray spheres) and hydrogen bonding (dotted lines), [vil OM
images of the PF, PFq17-co-Plggs, and PFg16-co-Plg37-co-PBACOg 47 thin films under 150% strain, and [vii] investigation RT self-healing
performance of the PFq 16-co-Plg 37-co-PBACOg 47 film based on tensile test and SEM images before (0 h) and after (24 h) self-healing. (d) The [i]
(Ip—Vg) transfer curves and [ii] retention stability of p-type and n-type PFOq 15-co-Plg36-co-PBACOq 45-sc-SWCNTs respectively, where the
retention tests were performed at gate voltages of +£60 V. Reprinted with permission from ref. 19. copyright 2017 John Wiley & Sons., ref. 134
copyright 2021 John Wiley & Sons, ref. 62 copyright 2022 American Chemical Society, ref. 139 copyright 2022 John Wiley & Sons.

nanotubes. SWCNTs naturally tend to aggregate into bundles
due to the van der Waals (VDWSs) and m-7 interactions, which
can cause electrical short circuits, reduce carrier mobility, and
degrade device reliability. Proper dispersion breaks these
bundles into isolated nanotubes, enabling consistent and effi-

cient charge transport pathways necessary for high-

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance FETs and memory devices. Moreover, well-
dispersed SWCNTs ensure uniform film morphology, reduce
defect density, and enhance semiconducting purity, all
contributing to improved device stability, reproducibility, and
longevity. The PI segment facilitates selective dispersion of

SWCNTs in organic solvent through weak VDWs and m-m
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interactions mediated by its hydrocarbon and double bond
backbone, while simultaneously providing steric barriers
among their inter-tubes that effectively prevent the reaggrega-
tion of the sorted SWCNTs. Meanwhile, the PF segment ensures
strong 77 stacking with SWCNTs. These findings demonstrate
that longer PI chains (82 000 g mol ') markedly enhance sorting
efficiency and maintain dispersion stability, as evidenced by the
sustained solution transparency and consistent UV-vis absorp-
tion profiles over a one-year period (Fig. 8b). By employing
a bottom-gate top-contact (BGTC) transistor design, it was
confirmed that the synergistic interactions yield high electronic
performance, achieving hole mobility of 8.92 cm® V' s7*
(Fig. 8b).

The same research group subsequently employed PF,-b-PI,
(with molecular weights of 12 000 g mol " for PF and 82 000 g
mol " for PI segment)-wrapped-SWCNTs for the fabrication of
a high-performance synaptic transistor."® Thin-film transistor
integrates SWCNTs as both the semiconductor channel and
electret layer, significantly simplifying device architecture and
fabrication. The simple-structured synaptic TFT device exhibits
both high charge carrier mobility (=11.3 cm® V' s %), output
current (10™* to 107* A), and a large memory window (>70 V),
while the photoactive fluorene block enables effective photonic
modulation. This dual electrical and optical control allows the
device to mimic key biological synaptic functions, including
long-term potentiation (LTP), long-term depression (Ltd),
excitatory postsynaptic current (EPSC), inhibitory postsynaptic
current, PPF, STDP, and SRDP, thereby functioning as a fully
modulated photonic/electrical synaptic transistor. This
approach effectively overcomes critical limitations of previous
synaptic devices, including limited charge storage (essential for
maintaining stable and adequate charge retention), low current
output (which can restrict device performance and signal-to-
noise ratio, thereby limiting practical applicability), and
complex fabrication (as the complicated manufacturing
processes reduce scalability and increase manufacturing cost,
hindering widespread adoption). Moreover, it presents a prom-
ising strategy for neuromorphic computing applications that
integrate optical and electrical stimuli for multifunctional
information processing.

Another noteworthy additional functionality is the incorpo-
ration of intrinsic self-healing capabilities into PI, thereby
enhancing durability and extending functional longevity. In
2022, Chiu's group achieved a significant breakthrough by
synthesizing a semiconducting branched copolymer featuring
a soft segment composed of PI and poly(2-[[(butylamino)
carbonyl]oxylethyl acrylate) (PBACO) that contains pendant
hydrogen bond donor/acceptor groups, combined with a hard
branch derived from PF (Fig. 8c).®* A series of synthesis proce-
dures began from vinyl-functionalized hydroxyl-terminated
polyfluorene (PFO) via esterification to produce vinyl-
terminated PF, continued with copolymerization via free-
radical polymerization (FRP) to yield PF,-co-PL,-co-PBACO,,
and finally, thin film fabrication through sulfur vulcanization
using 1,9-nonanedithiol (DT) as a covalent cross-linker (Fig. 8c).
The PF(_5-co-Pl, g3 and PF 4-c0-Pl, 3,-c0-PBACQO, 4, thin films
on PDMS substrates exhibited improved deformability,
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maintaining exceptionally smooth surfaces under mechanical
strain of 150%, in contrast to PFO thin film, which fractured
under similar conditions (Fig. 8c). These results highlight the
role of PI as an effective stretchability-enhancing component.
Additionally, due to PBACO acting as the self-healing compo-
nent based on dynamic H-bonding interactions between the -
NH group and a lone electron pair on the C=0 group, the cross-
linked PF, 16-c0-PIj 37-c0-PBACOy 4;_5 wt% DT with a low T of
—17 °C achieves a self-healing efficiency of 83% within 24 h,
with complete restoration confirmed by the absence of cut
marks in SEM images (Fig. 8c).

Expanding on the principle that -7 stacking interactions
between conjugated polymers and SWCNTs are essential for
effective dispersion and selective sorting of semiconducting
nanotubes, copolymers designed for this purpose generally
incorporate conjugated segments with high molecular weights
exceeding 10000 g mol " in their backbones to strengthen
these interactions.'*****3%13” Conversely, low molecular weight
conjugated polymers tend to be ineffective for sorting due to
their insufficient interaction with SWCNTs. %3714 Taking
interest in the combination molecular structure of PF,-co-PL-co-
PBACO,, Mburu et al. investigate the synergistic effects of VDWs
and hydrogen bonding interactions for enhancing the sorting of
SWCNTs with long shelf life and high stability at low tempera-
tures (4, —20, and —80 °C)."** To elucidate the role of the PI and
H-bond-containing PBACO segment, a low-molecular-weight
vinyl-PFO (~4500 g mol ') was incorporated as a side chain,
while PIL-co-PBACO, formed the main backbone. Although
PFOy ;7-c0-Pl, g3 copolymer showed limited sorting due to the
short PI chain (~210 units), the inclusion of PBACO signifi-
cantly improved sorting efficiency. The system successfully
isolated SWCNTs with diameters up to 1.17 nm, maintaining
dispersion stability without aggregation for over one year at low
temperatures. Additionally, ambipolar transistors fabricated
from these solutions exhibited average charge carrier mobilities
of 48 cm®> V' s (p-type) and 32 cm® V! 57! (n-type), with
retention stability exceeding 6000 seconds (Fig. 8d). The posi-
tive outcomes observed are attributed to the PI-PBACO moiety,
which facilitates H-bond-driven supramolecular structures that
enhance sorting efficiency and create stronger repulsive forces
to prevent nanotube reaggregation. This research reveals that
even when integrating low molecular weight PF as side chains,
the presence of linear groups featuring physical interactions
such as VDW and H-bonds, effectively enhances the sorting and
stability of SWCNTs.

While the mechanical flexibility of PI could be beneficial for
flexible substrates or encapsulation layers, their application as
dielectric layers in transistor devices is generally not recom-
mended due to inadequate dielectric properties, including low
dielectric constant, limited breakdown strength, and high
leakage current. These limitations stem from the non-polar,
long chain hydrocarbon nature of PI's polymer backbone,
which lacks significant polarity and aromatic groups. To
address these limitations, Chiu's group utilized a commercial
cis-1,4-PI with a high molecular weight of 250000 g mol ™"
grafted onto modified rutile titanium dioxide (mRTiO,) nano-
particles as an insulating material.®> mRTiO, were pretreated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with a coupling agent to enhance interfacial adhesion and
prevent aggregation. Subsequently, rubber composite films
were fabricated via sulfur vulcanization. The resulting modified
composite films exhibited excellent elasticity, sustaining 50
loading-unloading cycles without residual strain. Importantly,
the incorporation of mRTiO, nanoparticles significantly
increased the dielectric constant from 2.12 to 12.93.

Later, Chiu's group sought a simpler, one-step approach
using peroxide-initiated radical modification to directly incor-
porate rigid and soft functional monomers into the PI main
chain, successfully converting the typical low-viscosity fluid of
commercial cis-1,4-PI (molecular weight 35 000) into a solid film
that exhibits RT self-healing capability based on dynamic non-
covalent interactions, such as hydrogen bonds and m-m stack-
ing, while maintaining high elasticity and stretchability (over
1000% strain).** Considering the excellent hydrophobic prop-
erties of PI and NVC compound, the radically modified PI
exhibits remarkable mechanical stability, with tensile strength
only slightly reduced from 2.91 to 2.89 MPa and elongation at
break reaching up to 1200%, while this modified PI demon-
strates effective self-healing, maintaining a healing efficiency of
95% even after immersion in water at 25 °C for 24 hours. The
water-insensitive nature of PI and NVC can effectively disrupt
interactions between water molecules and the active sites of
BACO functional groups, thereby preserving its self-healing
capability in aqueous environments. The reaction mechanism
initiates with the homolytic cleavage of the weak O-O bond in
dicumyl peroxide (DCP) under thermal or high-energy condi-
tions, forming two cumyl radicals. These radicals subsequently
undergo beta-scission to produce methyl radicals, which effi-
ciently abstract allylic hydrogens from PI, generating polymer
radicals. During the alkyl radical termination step, the PI radi-
cals couple with other radical species, forming covalent bonds
that modify the polymer backbone. Importantly, the resulting
modified PI retains a linear architecture without additional
covalent cross-linking, enabling efficient recycling through
simple dissolution and remolding processes, thus supporting
sustainable device fabrication. Given that the commercial
chemicals used are widely available, easily sourced, and require
straightforward preparation, this strategy holds significant
promising route for large-scale industrial manufacturing.

Despite numerous researchers have successfully synthesized
PI with self-healing properties, to the best of our knowledge,
only a limited number of researchers have explored the appli-
cation of PI-based materials in thin film transistor device
fabrication, and their use has generally been confined to indi-
vidual stretchable layers within other rigid compo-
nents.'»*>*3>137 Thig partial integration means that PI-based
materials have not yet been employed to create fully stretch-
able and self-healable thin film transistor devices. As
a comprehensive overview, Table 1 summarizes recent
advancements in PI-based self-healing materials from the past
decade, covering synthetic methods, healing mechanisms,
mechanical and self-healing performances. Interestingly,
a notable advancement was reported by Wang et al. in 2022, who
synthesized self-healing PI through a catalyst-controlled poly-
merization of isoprene using rare earth catalysts, specifically
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a half-sandwich scandium complex.*** This method represents
a significant breakthrough, as the self-healing properties arise
entirely from the inherent PI structure itself, without requiring
additional self-healing components. This advancement high-
lights the potential for designing self-healing polymers that
depend solely on the intrinsic characteristics of PI, thereby
advancing the field of self-healing materials. This method
produced PIs with a controlled microstructure consisting of an
approximately 70/30 ratio of 3,4- to cis-1,4-microstructures. The
resulting polymer exhibited excellent self-healing properties at
RT within 48 h without any external intervention, attributed to
nanoscale heterogeneities formed by microphase separation of
the relatively hard 3,4-segments dispersed within a flexible cis-
1,4-segment matrix, which act as reversible physical cross-
linking points enabling spontaneous repair (Table 1). Hydro-
genated versions of this PI also showed similar self-healing and
mechanical performance, demonstrating the broad applica-
bility of this approach.

2.7. Biocompatibility assessment

Rubber-like synthetic polymers intrinsically possess remarkable
elasticity and toughness, characterized by a low Young's
modulus that closely approximates the mechanical compliance
of biological tissues. This mechanical compatibility facilitates
their harmonious integration with living environments. The
cytotoxicity test is a fundamental component of biocompati-
bility assessment for medical devices and biomaterials, con-
ducted in accordance with the ISO 10993 standard.*** This
standard specifies the protocols and acceptance criteria used to
evaluate whether a medical device meets essential biocompat-
ibility requirements.” As presented in Fig. 9a, numerous
studies have assessed the biocompatibility of synthetic rubber-
like materials in animal models, with PDMS emerging as the
most extensively investigated elastomer implant material for
both humans and animals. This prominence is due to PDMS's
long-term bio-stability, chemical inertness, manufacturability,
gas permeability, and its ability to minimize strain-induced
wrinkling owing to its low Young's modulus.* In vivo studies
by Jensen et al., demonstrated that subcutaneously implanted
PDMS in rats elicited minimal inflammatory response and no
tissue necrosis, with histological scores comparable to those of
established non-toxic reference materials in accordance with
ISO 10993 guidelines.6. Moreover, plasma-treated PDMS further
improved tissue integration by producing thinner, more
adherent, and well-vascularized capsules without exacerbating
inflammation.”® Complementing these findings, Fig. 9b pres-
ents an evaluation of PDMS compounds on differentiated PC12
neuronal cells derived from rats confirming that bulk PDMS, as
commonly used in cochlear implants, is biocompatible with
neuronal cells and supports its safety for biomedical applica-
tions.**® Building on the biocompatibility of PDMS, Minev et al.
developed a soft PDMS-based neural implant for subdural
insertion in rats (Fig. 9c¢)."” These flexible devices were
compared with stiff polyimide implants to assess long-term
biointegrability, using ladder walking tests to evaluate hin-
dlimb motor function. Rats implanted with the soft PDMS
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Fig. 9 (a) Number of studies on synthetic rubber-like polymers evaluated for in vivo and in vitro biocompatibility over the past 15 years (sourced
from the Scopus database). (b) Safety evaluation of three types of PDMS compounds (hexadimethylsiloxane, octamethyltrisiloxane, deca-
methylcyclopentasiloxane) on an in vitro neural cell model (PC12) (c) a soft neural implant fabricated from PDMS is designed for subdural
placement in rats: [i] schematic of the elastic device implant positioned in rats for biocompatibility testing; [iil photographs of a soft PDMS-based
device with the scanning electron micrographs of the gold film and the platinum-silicone composite; [iii] hindlimb movement analysis and
proportion of missed steps averaged in the ladder walking test at 6 weeks in rats; and [iv] stress—strain curves comparing the mechanical
properties of spinal tissues, dura mater, and implant materials. (d) Photograph of a transparent PU wound dressing that possesses antibacterial
activity. Reprinted with permission from ref. 156 copyright 2019 Elsevier, ref. 157 copyright 2015 American Association for the Advancement of
Science, ref. 159 copyright 2019 American Chemical Society.

devices exhibited normal motor function and showed no signs
of chronic inflammation for up to six weeks, demonstrating the
advantages of mechanical compliance in implant design
(Fig. 9¢). A comparative analysis of the mechanical properties of
spinal tissues, including the dura mater, alongside various
implant materials such as bone plastics and silicone, highlights
the importance of matching implant mechanics to the specific
anatomical environment.*>”

Genneri et al. examined the skin compatibility of SEBS-based
patches via an in vitro skin permeation study with ibuprofen as
a model drug.*® The study employed modified Franz cells under

20202 | Chem. Sci., 2025, 16, 20181-20228

occlusive conditions on pig ear skin, which is widely recognized
as a suitable model due to its similar histological structure and
permeability to human skin. Adhesive peel strength and tack
were carefully optimized to minimize skin damage or irritation
upon removal, ensuring gentle yet effective adhesion. Extending
the scope to wound healing applications, Salekdeh et al
investigated a surface-modified cationic polyurethane (CPU)
wound dressing and tested its cytocompatibility (Fig. 9d).*** The
modified CPU significantly enhanced wound healing in both
non-infected and infected full-thickness rodent models. In the
non-infected rat model, it accelerated wound closure, promoted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organized collagen deposition, and stimulated angiogenesis
while reducing inflammation compared to the commercial
Tegaderm dressing. In the infected mouse model, histological
analysis demonstrated improved fibroplasia and vasculariza-
tion, confirming superior skin regeneration capabilities relative
to standard clinical dressings. Collectively, these studies high-
light the excellent biocompatibility and functional advantages
of rubber-like synthetic polymers. Their easy-to-tailor mechan-
ical properties combined with excellent biocompatibility, make
these materials highly promising for biomedical devices and
wound care, offering enhanced integration and performance
beyond current clinical standards.

3. Emerging frontiers in wearable
transistor technologies

The preceding section reviewed the historical progression of the
evolution of rubber-like polymers, tracing their development
from laboratory-scale synthesis to commercial manufacturing.
It further explored the advancement of multifunctional poly-
mers tailored for integration into one of the device component,
including semiconductor, dielectrics, and substrates layers. In
this section, we shift focus to cutting-edge advancements, with
particular emphasis on the development of fully stretchable
rubber transistors. The first subsection, titled “Rubbery tran-
sistors,” critically examines the electrical performance,
mechanical robustness, and operational stability of these
devices under various forms of mechanical deformation. The
second section namely “Skin-conformable wearable sensor
platform” highlights researchers' goal to develop transistor
devices that closely replicate human skin, not only in mechan-
ical behaviors but also in self-healing and sensory functions.
This approach is inspired by the skin's ability to sense heat,
pressure, strain, and other stimuli when subjected to temper-
ature changes, touch, or deformation. This biomimicry also
aims to enhance long-term comfort, as devices that physically
resemble skin are more comfortable and better suited for pro-
longed wear directly on the body. The third and fourth
subsections focus on “Artificial synaptic electronics” and
“Memory devices”, which are distinguished from conventional
rubbery transistors by their unique functionalities. Artificial
synaptic devices replicate biological synapse functions,
sustaining synaptic plasticity and consistent performance
under repeated mechanical deformation, thus enabling brain-
inspired computing and adaptive sensing. Memory devices
prioritize flexible data storage with tailored polymers and device
architectures that ensure high stability, low power consump-
tion, and mechanical durability, supporting reliable long-term
information retention in wearable applications. These
advanced functionalities extend beyond standard transistor
performance by integrating bioinspired processing and robust
data retention within mechanically demanding environments.

3.1. Rubbery transistors

In recent decades, electronic devices have become an integral
part of daily life, with applications expanding from traditional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rigid systems to flexible and stretchable devices. These
advanced devices can accommodate large deformations and
conform to curved surfaces, enabling innovations in fields such
as robotics,'**'®" prosthetics,’*>'®* and wearable biomedical
instruments."**** To support this, early efforts in developing
wearable transistor devices have primarily concentrated on
ensuring stability of electrical performance under repeated
mechanical strain and physical stress.’*”**® In the scope of
stretchable transistor, many types of materials and methodol-
ogies are used to achieve these prominent factors, i.e. ion gels'®®
or physically-modified wrinkled active layer."”® However, these
materials cannot comprise to be considered “fully stretchable”,
as their operability for stretchable transistors was less than 30%
applied strain due to surging leakage current increase.
Considering their mechanical properties and high flexibility,
rubber-like synthetic polymers have become a staple option to
create fully stretchable transistors, with the main goal of
maintaining stable electrical performance under repeated
mechanical strain and physical stress.

One of the early breakthroughs in stretchable transistor was
reported in 2015 by Chortos et al. through development of
a flexible and durable transistor capable of operating under
intense physical conditions (Fig. 10a). The stretchability of
fabricated device is attributed to thermoplastic polyurethane
(TPU) dielectric and substrate, complimented by CNT elec-
trodes and semiconductor. Unlike conventional metal elec-
trodes and rigid semiconductors, the fabrication process of this
device involved transferring unsorted CNT into TPU substrate,
followed by integration of source-drain (unsorted CNT) and
semiconductor  layers (CNTs sorted with  poly(3-
dodecylthiophene)) onto a TPU dielectric. These components
were then merged together to form a fully stretchable top-
contact bottom-gate transistor (u = 0.18 £ 0.03 cm®> V' s ).
The introduction of stretchable material into the transistor
allows its operation up to 100% strain for 1000 cycles, while also
maintaining its functionality under pressure (until 75 kPa),
after sudden impact with hammer, and punctured by needle.
Despite this trait, electron mobility continues to decline as the
stretching length increases (1005 stretching = ~60% Koriginal
[perpendicular to channel direction]; 1000 stretching = ~52%
Moriginal [Parallel to channel direction]) with minimal recovery
afterward (irecovery = ~75% and ~60% Uoriginal, Tespectively),
likely due to irreversible damage to the CNT semiconductor that
hinders charge transport.'® In 2016, Cai et al. also designed
a stretchable transistor consist of CNT electrodes, SWCNT
semiconductor, BaTiO;/PDMS hybrid dielectric on PDMS
substrate via all-printing method (Fig. 10b). The fabricated
device provided 4 cm® V' 5! average mobility. However, its
performance dropped significantly after stretching (usoo strain
parallel = 65% of original; M50% strain perpendicular = 75% of Ol'ig'
inal), especially on repeated cycles (t1000 cycle parattet)-””* This
issue of first generational fully rubber transistor was present
considering lack of treatment and modification to counter
morphology changes during stretching. Therefore, integration
of elastomers into fully stretchable devices would finds its way
beyond substrate or dielectric materials in future researches.

Chem. Sci., 2025, 16, 20181-20228 | 20203
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Fig. 10 Progresses on development of fully-stretchable transistors (a) stretchable transistor employing carbon nanotube semiconductor and
electrodes on TPU substrate and (b) PDMS substrate. (c) Nanoconfinement method (CONPHINE) in fully-stretchable transistor by employing
SEBS with conjugated polymer semiconductor. (d) Scalable fabrication of CONPHINE-based fully-stretchable transistor (e) in situ rubber matrix
formation (iRUM) for conjugated polymer semiconductor using perfluorophenyl azide (PFPA) end-capped polybutadiene (BA) to improve
stretchability of semiconducting and dielectric layer. (f) Development of stretchable metal electrode by Ag metallization on fully-stretchable
devices. (g) Introduction of separated stiff and elastic regions on stretchable semiconductor to minimize stretching on active site. () MOSFET
fabrication on stiff region with stretchable substrate to induce stretchability on MOSFET. Reprinted with permission from ref. 167 copyright 2015
John Wiley & Sons., ref. 171 copyright 2016 American Chemical Society, ref. 173 copyright 2017 American Association for the Advancement of
Science, ref. 126 copyright 2018 American Association for the Advancement of Science, ref. 176 copyright 2021 Springer Nature, ref. 177
copyright 2022 American Association for the Advancement of Science, and ref. 178, and 179 copyright 2021 & 2024 Springer Nature.

Stable operation in extreme mechanical conditions has
become the primary focus fully-stretchable transistor develop-
ment. Hence, countering morphological changes while main-
taining stable charge transfer of the semiconducting layers is
highly crucial.””* This issue can be solved through develop-
ments of intrinsically-modified stretchable electronic materials,
providing a stable transport channel during stretching without
any irreversible deformation. Hence, introduction of elastomers
in this section would be very beneficial to introduce material
stretchability into the active layer while retaining decent elec-
trical properties. Xu et al. discovered nanoconfinement method
of conjugated semiconducting polymers (Fig. 10c) to reduce

20204 | Chem. Sci, 2025, 16, 20181-20228

semiconducting polymer nanofiber diameter to be less than
50 nm, reducing material crystallinity and improving its
ductility. This method, termed “CONPHINE”, was achieved
through addition of SEBS to provide nanoconfinement effect
while maintaining high aggregation, resulting in high stretch-
ability and charge transport. The first COPHINE polymer
semiconductor was made using DPPT-TT conjugated polymer
with SEBS elastomer. Resulting CONPHINE film was proven to
display similar transfer properties with neat DPPT-TT while
maintaining a stable mobility during stretching in a bottom-
contact bottom-gate device with SiO, dielectric (Koriginal = 1.32
em® V' s™, 110006 stretching = 1.08 em? V™' s71), suggesting that

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05680b

Open Access Atrticle. Published on 10 {jna 2025. Downloaded on 06.02.2026 23:38:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

SEBS addition in the active layer retains electrical performance
of the DPPT-TT. In fact, the film still operable upon stretching
up to 200% (U200% stretching = 0.33 ecm® V' s71), indicating its
maintained charge transport pathways even in extreme
mechanical conditions. This outstanding result leads to fabri-
cation of fully-stretchable device composed of CONPHINE film
active layer with CNT electrodes and SEBS dielectric and
substrate. The stretchable device was presented with average
mobility of 0.59 cm® V™" s (11000 stretching = 0.55 cm* V"5~ 1)
with high transparency, durable, and excellent conformability
for skin application. The CONPHINE nanoconfinement method
was also demonstrated with other conjugated polymers (P-29-
DPPDTSE, PffBT4T-2DT, P(DPP2TTVT), PTDPPTFT4) with
maintained electrical properties while improving its high
stretchability.’”® Considering broad variation of main-chain
groups with outstanding mobility, the use of DPP-based
conjugated polymer also presents as an ideal example of semi-
conducting polymer to be used with this methodology and
promotes many CONPHINE semiconductors the upcoming
studies'126,174,175

As an advanced semiconductor material with ease of fabri-
cation, Wang et al. utilized CONPHINE-based semiconductor
layer for a scalable stretchable OFET production via patterning
method. To achieve this, Wang et al. utilizes elastomer dielec-
tric of SEBS to be crosslinked using azide-based crosslinker to
increase solvent-resistivity, enabling high-scale COPHINE
semiconductor (DPP2TTVT-PDCA with SEBS) patterning via
etching method and finished by CNT electrodes via masking.
The stretchable device was modified up to an impressive total of
6300 transistors in 4.4 x 4.4 cm” with high transparency and
conformity for use in human skin (Fig. 10d). The fabricated
stretchable device shows a high charge mobility during
stretching to 100% (average 0.821 + 0.105 cm® V' s~ for dense
array; average 1.37 cm” V' s7' for less-dense array) with no
current hysteresis, high Ioyeg (10%), and low leakage. The
feasibility of this method was demonstrated by fabrication of
a series of stretchable circuits, such as inverter using pseudo-
CMOS design, universal logic gate with NAND design, and
amplifier using self-feedback design with stable operation even
during stretching.'*® This has set a staple standard for fully-
stretchable transistors in the following researches: durable
transistor (low hysteresis and leakage) with minimal decrease of
transfer properties during stretching. Aside from CONPHINE
method, Zheng et al. designed in situ rubber matrix formation
(iRUM) mechanism to achieve target properties for both semi-
conducting and dielectric layer (Fig. 10e) while embedding high
stretchability. iRUM precursor based on perfluorophenyl azide
(PFPA) end-capped polybutadiene (BA) was employed alongside
poly-thieno[3,2-b]thiophene-diketopyrrolopyrrole (DPPTT) as
semiconducting layers with following considerations: (1) BA
provide flexible backbone with compatible surface properties
with semiconducting polymer for proper blending. (2) PFPA
enables self-crosslinking with BA (azide/C=C cycloaddition) or
with polymer semiconductor (azide/C-H insertion) (3) main-
tained charge transport pathways from polymer semiconductor
aggregation due to higher BA self-crosslinking rate. Controlling
precursor and semiconductor is highly crucial to maintain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stable mobility by balancing reactivity of azide/C=C and azide/
C-H insertion to produced crosslinking-induced elasticity
without disrupting chain packing and aggregation. iRUM
semiconductor (iRUM-s) was able to maintain ~1 cm* V"' s *
mobility in conventional Si MOSFET and 0.5 cm®> V' s7' in
stretchable OFET using CNT gate and source/drain electrode
and PDMS dielectric. Moreover, cyclic durability of stretchable
semiconductor enables high-retention transfer properties
despite stretching to 100% strain and cycled 1000 times at 50%
strain. In addition, iRUM approach applied for SEBS dielectric
results in high crosslinking density to increase flexibility,
solvent resistance, and photo-patternable of semiconductors.
This leads to application into fully patterned elastic transistor
with iRUM-approached semiconductor and dielectric to realize
feasibility of producing robust elastic electronics. A resulting
0.4 cm® V' s7! mobility was obtained with stable performance
after 1000 stretching cycles at 50% strain."”®

At first glance, integration of elastomers for fully stretchable
devices are driven solely by material stretchability, flexibility,
and toughness. However, elastomers offer more traits beyond
their mechanical properties, including ease of processing,
hydrophobicity, chemical stability in ambient conditions, and
ease of modifications on the elastomers itself. Ease of elasto-
mers processing enables Xu et al. to perform solution searing on
CONPHINE-based stretchable transistors using micro-
structured line blades in order to align its semiconducting
polymer chains, hence increasing its electrical performance.
This method was tested using COPHINE-formed stretchable
DPPDTSE semiconductor and its results are compared with
conventional method of spin-coating. Fabricated on fully
stretchable transistors with CNT electrode and SEBS dielectric,
solution-sheared (SS) COPHINE-film exhibited higher mobility
than spin-coated COPHINE-film'”* (ugs.coprme = 1.5 cm® V!
s tsc.copumne = 1.01 em® V™' s71). The directional ordered
structure of SS-COPHINE-film was based on shearing direction
during fabrication, which is parallel to the charge transport
direction. This influences its transfer properties during
stretching, where slight mobility decrease was observed during
stretching perpendicular to transfer direction while no signifi-
cant changes were observed during parallel stretches. This
device also provides stable transport even until 1000 cycles,
which largely attributed to fabrication of CONPHINE active
layer themself. The ease of elastomer's processing in this
manner was also highly scalable into large scale production of
high-performance fully-stretchable transistors.'*>*** Aside from
material processing, rubber-like synthetic polymers also able to
provide excellent support for metal diffusion to fabricate
stretchable metal-based electrode. Although metal electrodes
are known to possess high conductivity, they are less common
to be applied in fully-stretchable transistors considering its
poor stretchability and higher contact resistance compared to
CNT- or graphene-based electrodes.'®>'** Some researches opted
to add elastomers in metal-based electrode materials to embed
stretchability for electrode materials (i.e. AuNP-AgNWs/
PDMS,"® AgNW-PUA™), although they resulted in inferior
conductivity than pristine condition and requires additional
processability compare to bulk metal form. In 2022, Kim et al.
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explores Ag metallization in elastomer-based fully-stretchable
transistor to design highly flexible electrode without compro-
mising much of its conductivity. Ag metallization was found to
create metal-elastic intermixing region when deposited onto
soft rubber-semiconductor, such as CONPHINE layer, that
resulted from diffusion of Ag metal on the rubber-semi-
conductor interface, resulting in high elasticity in Ag electrode
with enhanced stability during stretching (Fig. 10f). The success
of its fabrication also possibly supported by high toughness of
rubber materials itself by retaining its shape without any
physical deformation upon metal diffusion. Based on this
result, 5 x 5 fully stretchable transistor array was fabricated
using DPPT-TT:SEBS nanoconfined semiconductor, SEBS
dielectric, and Ag electrodes, with average mobility of 0.288 cm?
v~ ' s~ Moreover, transistor mobility only showed a slight
decrease upon strain while performs similarly to pristine
condition after multiple cycles.””” Compared to other common
electrodes for fully stretchable transistors, Ag possess the
highest electricity among metals with higher processability
compared to SWCNTs. Therefore, Ag may present as suitable
alternative electrodes for future rubber-based fully-stretchable
devices with high performance and lower costs. Another bene-
ficial trait of elastomers and rubber materials' application in
stretchable devices are ease of material modification, such as
structural customization and crosslinking methods. This trait
inspires the unique design of stretchable transistor by intro-
ducing stiff and elastic regions, where each focus on retaining
electrical performance and device stretchability, respectively.
When applied using different types of material, stiff and elastic
region's interconnections are prone to failure due to the large
modulus mismatch during stretch. To tackle this, Wang et al.
designed separated region of active areas in multi array tran-
sistor using different PS concentration in SEBS (Fig. 10g).'”
Elastiff layer, as the stiff active region, was achieved via cross-
linking of rigid SEBS (67 vol% PS) that are prepared on soft SEBS
(12 vol% PS) to prevent substantial strain at active layer during
device stretching. The use of rigid SEBS as Elastiff layer also
enables strong adhesion into the SEBS substrate to prevent
interconnection failure upon stretching. Fully stretchable
transistor was fabricated by preparation of COPHINE semi-
conductor,'” azide-crosslinked SEBS dielectric and CNT source/
drain electron on Si/SiO” with dextran sacrificial layer, followed
by patterning of rigid SEBS and laminated with soft SEBS
substrate. Transistor fabrication was completed after removal of
sacrificial layer for transferring device fully into SEBS substrate
and masking CNT gate. Fabrication of transistor with the stiff
regions results in similar mobility value (0.62 + 0.08 cm> V!
s~ ") compared to device with same structure without stiff region
(0.51 + 0.06 cm* V' s7'). The layer between Elastiff and
substrate region proved to be tear-free after stretching to 100%
from strong adhesion between each layer. Moreover, the
distinct capabilities of this methodology can be exhibited
through minimized stretching of active region (7% strain on the
active region) upon 100% of entire device stretch. The mini-
mized strain leads to decrease in morphological changes that
preserve charge pathways for efficient transfer, as proven by
preserved mobility under strain compare to non-strain-
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patterned device with the same structure. Considering the
differential in the stiff/elastic layouts, the mechanical stability
of this design relies heavily on device size, inter-device
distances, and stiff layer thickness. The success of this design
enables fabrication of stretchable devices without compro-
mising active site's stretchability for electrical performance or
vice versa, enabling more combinations between stretchable
substrate and rigid transistors. Given this success, fabrications
of stretchable non-organic transistor can be realized on rigid
regions (active site) on a stretchable substrate to achieve high
mobility with stable performance upon stretching. Kang et al.
succeeded to design a stretchable MOSFET by implementing
polyepoxy acrylate (PEA) rigid islands formation in flexible
polyurethane acrylate (PUA) substrate via acrylic crosslinking
(Fig. 10h)."”® To fabricate a stretchable metal oxide transistor,
metal oxide transistor and circuits are firstly fabricated on
photopatterned PI layer, prepared as covering layer. Molyb-
denum (Mo) gate electrode was deposited on patterned PI, fol-
lowed by a-Al,O; dielectric layer, a-IGZO semiconductor, and
flexible eutectic-galliumindium stretchable electrode. Then,
EA-based resin was cured into PEA via photolithography
method and laminated by PUA by UV curing. In the field of
stretchable transistors, it is noteworthy that the use of metal
oxide materials is not highly considered due to their inability to
stretch or deliver consistent transfer properties upon stretch-
ing. In contrary, this design provides a stable base for stretch-
able MOSFET design as this fabricated device able to stretch up
to 60% strain with high recoverability with minimal stretch in
the active site due to synergistic effect of common acrylate
group of PUA and PEA in providing strong intramolecular
covalent bonding. The use of metal-oxide semiconductor
enables carrier mobility of 12.5 cm®> V™" s™", a considerably high
value as a stretchable transistor, with maintained value upon
stretching in repeated cycles. While it is reported that threshold
voltage shift was observed upon repeated cycles due to change
of average spacing of metal oxide lattice, this pose to be
a minimal concern since it occurs after extensive cycling times
(10000 times stretching to 30% strain). Owing to their
mechanical performance and potential for high mobility tran-
sistor fabrication, stretchable transistors based on rigid-elastic
architecture offer promising pathways to achieve high-
performance transistors with excellent stretchability.

3.2. Skin-conformable wearable sensor platform

Building on extensive research in stretchable materials, the
field of stretchable electronics has made significant advance-
ments, particularly in strain-tolerant sensors. Rubber-like
synthetic polymer materials have emerged as particularly
advantageous for skin-integrated sensing applications due to
their intrinsic hydrophobicity, superior mechanical robustness,
and favorable conformability to the complex contours of human
skin. Over time, numerous stretchable sensors have been
fabricated utilizing diverse rubber-like synthetic polymer
substrates, notably PDMS,**'#¢1%” Py '8¢ and SEBS,"*'#'% each
offering distinct physicochemical properties that contribute to
device performance and durability. The developing methods to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produce stretchable electronics also enables numerous wear-
able sensor types based on their stimuli; being temperature,
pressure, strain, light, or even magnetic fields through active
site choice of materials."*** In 2018, Wang et al. reported the
fabrication of tactile sensor array based on the prior design of
fully- stretchable transistor using CONPHINE semiconductor
and azide-x-SEBS dielectric materials (Fig. 11a). Fabricated on
skin-conformable SEBS substrate, the 10 x 10 sensor array
utilizes CNT electrode with tactile sensor and used to accurately
detect object placed on the sensor array.’*® In the same year,
Zhu et al. fabricate a stretchable temperature sensor using
SWCNT transistor on SEBS substrate (Fig. 11b). The mechanism
of temperature sensing was observation through changes of
output voltage (Vop) in different temperatures without strain-
induced voltage shift." Hence, fabricated sensor not only
display detailed and accurate temperature-sensing capabilities,
but also operational during various mechanical stretching.
These findings serve as pathways for future stretchable sensor
design, as the demands for skin electronics increased for many
mechanically-demanding activities, such as sport or robotics.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Considering the complexity of skin movements during
activities, it would be inevitable for applied skin sensors to be
damaged overtime. At times, focusing on material durability by
introducing more covalent complexes or stiff material addition
would significantly increase hardness of material and would be
uncomfortable for skin during use. As a way to tackle damaged
applied skin-sensor, self-healing mechanism would be intro-
duced on rubber-like synthetic polymers. The main appeal of
stretchable and self-healing material for e-skin application is to
retain high toughness and durability while employing self-
healing characteristics. There are two types of self-healing
mechanism: intrinsic self-healing or employing healing
agents. The use of additional healing agents is commonly
achieved using microcapsules that are designed to broke and
release healing agents upon rupture. However, this healing
mechanism is generally considered inferior to intrinsic self-
healing since it is ineffective for repeated damage at the same
location.'*'** Considering the need of material longevity and
continuous skin movements during activities, intrinsic self-
healing materials are more preferred for skin electronics
applications.
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In polymer science, intrinsic self-healing mechanisms are
achieved through covalent (Diels-Alder, amine reactions, bor-
oxine reactions) or non-covalent bonding (hydrogen bonds,
metal-ligands interactions, -7 interactions) between func-
tional groups.'*® Unlike covalent bonding, non-covalent-based
self-healing mechanism are usually preferred for wearable
devices considering no significant changes on the material
properties after self-healing. Employing rubber materials with
self-healing mechanism generally includes self-healing moiety
main chain/network. In 2018, Bao's group design a supramo-
lecular elastomer network of PDMS-MPU, 41U, , where MPU
and IU constructs linkages from strong and weak hydrogen
bonds, respectively. The complimentary properties between
rubber and self-healing moieties results in elastomer that
combines high modulus and strain capacity with highly effi-
cient autonomous self-healing ability."*® Based on these results,
PDMS-MPU, 41U, supramolecular elastomers demonstrate
strong potential as material for e-skin sensors as exemplified
through fully-stretchable e-skin system fabrication by Jang et al.
A user-interactive wearable integrated e-skin system of self-
healable strain sensor, LEC module, and equipped with addi-
tional fully stretchable and self-healable TFT switch module was
designed using PDMS-MPU, 4-1U, cDPP-DTT as
confinement matrix of DPP-DTT into self-healing semi-
conducting layer (Fig. 11c). The 5 x 5 configuration of sensor,
transistor, and LEC array enables tracking of specific sensing
location on the strain sensor by tracing change in resistance in
specific spot when pressed.'*> Another type skin-like material as
wearable sensor was made by employing modified PDMS and
DPP-TVT using PDCA, as demonstrated by Oh et al. This idea
was initiated from previous report on self-healable semi-
conductor DPP-TVT-PDCA by Oh et al., providing self-healing
capability and moderate elasticity through addition of PDCA
while preserving charge transfer properties of DPP-TVT.™*
Utilized as an active matrix in strain-sensing array, PDMS-PDCA
was introduced to provide dynamic crosslinking into the self-
healable semiconductor. To provide autonomous healing
capability and stretchability, metal-ligand coordination
complexes between Fe(m) ion to PDCA ligand are utilized to
provide dynamic crosslinking between PDCA moieties (Fe—
Nopyridyl, Fe-Namido, F€~Oamido). With this modification, the self-
healing semiconductor exhibits a gradual decline in mobility
and normalized on-current with increasing strain, but both
properties show notable recovery upon strain release. In addi-
tion, material's mobility is able to recover from 0.047 & 0.013 to
0.028 & 0.047 cm” V' s" after being cut and healed due to self-
healing mechanism from intrinsic semiconducting material
design. Based on this result, a transistor array was fabricated
using Au electrodes with SEBS dielectric, substrate, and
encapsulation layer. Considering the change of normalized on
current upon strain and usability in low drain voltage (—5 V),
the skin-like stretchable transistor acts perfectly as wearable
sensor to detect applied strain (Fig. 11d).** Through these
advancements, wearable sensors' developments have been
revolutionized into skin-like devices that open a pathway for
numerous self-healing rubber application in the future.

nano-
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3.3. Artificial synaptic electronics

The advancement of electronic devices is increasingly directed
toward emulating the human brain's functions through
synaptic devices capable of replicating complex behaviors such
as spike-timing-dependent plasticity (STDP). In STDP, synaptic
strength dynamically adapts based on the precise timing of
electrical  spikes, enabling learning and memory
processes.”” ™ Among various neuromorphic approaches,
synaptic transistors have emerged as a particularly promising
platform due to their transistor-based architecture, which offers
inherent tunability, scalability, and compatibility with existing
semiconductor technologies.®”**?* Early synaptic transistors
developed in the 1990s by Shibata and Ohmi were based on
traditional metal-oxide-semiconductor (MOS) technology, using
silicon and silicon dioxide as the gate insulator.>** These devices
relied on charge storage and electronic modulation within
solid-state materials to emulate synaptic functions but did not
involve ionic conduction. A major breakthrough came in 2010
with the Nanoparticle Organic Memory Field-Effect Transistor
(NOMFET) developed by Vuillaume's group.** This hybrid
organic/inorganic device combined pentacene with embedded
gold nanoparticles to explicitly mimic synaptic plasticity
through charge trapping and release, reproducing key synaptic
behaviors such as short-term plasticity and spike-dependent
conductance modulation. Following this, metal oxide-based
synaptic transistors using materials like IGZO and ZnO
emerged in the early 2010s, leveraging oxygen vacancy migra-
tion and ion dynamics to achieve gradual and reversible
conductance changes, enabling more biomimetic synaptic
functions.?***** Around 2013, ionic liquid-gated synaptic tran-
sistors were introduced, employing ion migration within ionic
liquids to modulate channel conductance in a highly analogue
and energy-efficient manner.*>** This approach closely mimics
biological neurotransmission by enabling reversible and
tunable synaptic weight changes at low voltages, further
advancing the field toward realistic neuromorphic computing
devices. However, these advancements still could not meet the
requirements for stretchable devices due to their rigidity and
lack of mechanical flexibility, limiting their application in
wearable or bio-integrated electronics.

Early substrates used for soft electronics in synaptic tran-
sistors included polycarbonate, polyethylene terephthalate
(PET),2**2'® polyethylene naphthalate (PEN),** and polyimide
(P1),*® chosen for their flexibility and chemical resistance.
Nevertheless, these materials have limitations, as transparency,
thermal resistance, and especially stretchability, which are
crucial to preserving device performance under strain in soft
electronics.”** In 2018, Lee et al. addressed these challenges by
fabricating a fused FT4-DPP conjugated polymer blended with
PEO to form nanowire channels, CNT electrodes, and a high-
capacitance ion gel electrolyte, as provided in Fig. 12a. All
device components were integrated onto a highly stretchable
SEBS substrate, which was specifically chosen for its exceptional
elasticity and mechanical durability. The SEBS substrate
enabled the device to endure repeated and extreme deforma-
tions while preserving stable electrical and synaptic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic illustrations and experimental results demonstrating the design and performance of stretchable synaptic (neuromorphic)
transistors for wearable and bio-integrated electronics. (a) The fabrication process and mechanical robustness of a stretchable transistor based
on a SEBS elastomer substrate and carbon nanotube (CNT) network, showing stable charge transport and device mobility under up to 100%
strain. (b) Structure and function of an ion-gel gated synaptic transistor on a PDMS substrate, showing the emulation of synaptic behavior through
presynaptic spikes and postsynaptic current responses, with reliable operation maintained during mechanical stretching. (c) Conceptual illus-
tration of artificial synapses interfacing between electronic skin and the brain, including a device structure based on PVA/SiO, gel and PDMS, and

data tables showing synaptic weight changes before and after training.

(d) lllustration of a flexible neuromorphic array featuring both excitatory

and inhibitory synapses, highlighting self-healing properties and the retention of synaptic function and signal transmission after mechanical
damage and subsequent healing. Reprinted with permission from ref. 29 copyright 2018 American Association for the Advancement of Science,
ref. 206 copyright 2020 Elsevier, ref. 207 copyright 2022 American Chemical Society, and ref. 208 copyright 2023 American Chemical Society.

performance, a critical requirement for soft robotics and
wearable bioelectronics. Mechanistically, optical signals across
a broad spectrum were detected by a self-powered organic
photodetector, which generated voltage spikes that served as
presynaptic inputs to the synaptic transistor. These spikes
induced rapid anion migration within the ion gel electrolyte,
transiently increasing channel conductivity and producing
EPSCs. The device reliably demonstrated short-term synaptic
plasticity, including PPF, spike-timing-dependent plasticity,
and dynamic filtering, closely mimicking biological synaptic
responses. Importantly, the robust mechanical properties of
SEBS ensure that these synaptic behaviors and key performance
metrics, such as carrier mobility (>1 cm® V™" s') and PPF ratio
(A2/A1 = 1.34 at 120 ms), were maintained even under
substantial strain and after repeated cycling (Fig. 12a).>® This
integration enabled the system to translate patterned optical
signals into distinct synaptic outputs for optical wireless
communication, and to actuate a polymer-based artificial
muscle, directly emulating muscle contraction in response to
neural activity. Thus, the use of SEBS is pivotal, not only for
mechanical compliance but also for enabling reliable and high-

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance operation of the integrated sensorimotor synapse
in applications ranging from soft robotics to next-generation
electronic prosthetics.

Importantly, in 2020 Wang et al. systematically showed for
the first time that key synaptic parameters such as learning,
memory, and decay constants can be modulated by varying the
degree of mechanical strain. Introducing a stretchable synaptic
transistor that uniquely combines wavy P3HT-NF as the semi-
conductor, a soft ion-gel dielectric (PAN/LIiTFSI in EC/PC), and
compliant CNT electrodes, all built on a PDMS elastomer
substrate, as visualized in Fig. 12b. This all-organic, multi-
component system was engineered to accommodate substan-
tial mechanical deformation without microcracking or delami-
nation. The wavy morphology of the P3HT-NF film, formed via
a lamination and transfer process, allowing the semiconductor
to stretch and relax in tandem with the substrate to preserve
both structural and electronic integrity. The CNT electrodes,
embedded within the PDMS, maintain low-resistance contacts
even when the device is bent or stretched. The ion-gel layer
ensured efficient ion transport during operation and remains
intact under strain. When a gate voltage pulse was applied, ions
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migrate within the gel and modulate the channel conductivity,
generating EPSCs that mimic the function of biological
synapses. Notably, after stretching to 60% and releasing, the
device still produced robust EPSC peaks (~13.2 pA) and main-
tained stable PPF ratios, indicating reliable learning and
memory functions (Fig. 11b).>*® The study further revealed that
mechanical strain can be used as a tunable parameter,
increasing deformation alters ion transport dynamics and
channel geometry to allow precise adjustment of synaptic
parameters. This synergy of soft, stretchable materials and
carefully engineered device architecture provides both
mechanical resilience and functional adaptability, closely
paralleling the behavior of biological neural tissue. As a result,
these devices offer new possibilities for the development of
neuromorphic electronics in wearable, implantable, and soft
robotic systems, where flexibility and adaptability are
paramount.

Recent research on artificial synaptic electronics is increas-
ingly focusing on integrating self-healing capabilities into
synaptic transistors. Incorporating self-healing materials into
synaptic transistors not only enhances their mechanical
robustness but also preserves synaptic performance after
physical damage.***"*** Although still in early stages, self-healing
synaptic devices hold promise for extending device lifetime and
enabling more resilient neuromorphic systems that better
emulate the regenerative nature of biological tissues. For
instance, Wang et al. developed a stretchable neuromorphic
electronic skin (STRM-NES) by integrating S-CNT electrodes as
the active channel, a PVA/SiO, ion-conducting hydrogel, and
a PDMS elastomeric substrate, achieving robust synaptic func-
tionalities with rapid self-healing and excellent mechanical
durability. The synaptic behavior originated from proton
migration within the PVA hydrogel, where abundant hydroxyl (-
OH) groups formed dynamic hydrogen bonds, facilitating effi-
cient proton conduction via a Grotthuss-type hopping mecha-
nism (Fig. 12c). These dynamic hydrogen bonds also endowed
the PVA hydrogel with autonomous self-healing capability,
allowing the polymer network to rapidly recover its ionic path-
ways and mechanical integrity within 10 minutes after
mechanical damage or burning. Meanwhile, the PDMS
substrate acted as a rubber-like synthetic polymer, providing
exceptional elasticity, conformal adhesion to skin, and
mechanical support that enabled stable device operation under
repeated deformation, including 1000 stretching cycles at 30%
strain and tensile deformation up to 50%. The multilayer device
maintained stable paired-pulse facilitation (PPF) ratios (~1.9)
and consistent excitatory and inhibitory postsynaptic current
(EPSC/IPSC) responses throughout mechanical cycling,
demonstrating reliable neuromorphic plasticity.>®” Although
the study did not delve into molecular design parameters or
interfacial chemistry between PDMS and PVA, the effective
integration of these polymers highlights a practical approach to
achieving multifunctional, flexible neuromorphic devices. This
work exemplifies how combining ionically conductive, self-
healing hydrogels with elastomeric substrates can meet the
stringent mechanical and functional demands of wearable
electronics, consistent with recent advances in polymer-based
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electronic skins that leverage dynamic bonding and elasto-
meric matrices for durability and adaptability.

In 2023 Qiu et al designed a bilingual bidirectional
stretchable self-healing neuristor (BBSSN) array featuring
a layered architecture composed of M-CNT electrodes, a PU ion-
conducting layer, and a PDMS skin-like substrate, which
assembled via van der Waals integration to ensure intimate
interfacial contact and mechanical robustness (Fig. 12d). The
PU ion gel exhibited a low glass transition temperature and high
polymer chain mobility, enabling exceptional stretchability
exceeding 1000% tensile strain and autonomous self-healing
after severe mechanical damage. PDMS provided conformal
adhesion and mechanical support critical for wearable appli-
cations. The device operated through the migration of mobile
ions within the PU layer in response to presynaptic electrical
pulses. These ions accumulated at the interface with the semi-
conductor channel, modulating the local electric field and
transiently altering channel conductivity, which produced
reversible changes in PSC. This ion redistribution dynamically
enabled both excitatory (potentiation) and inhibitory (depres-
sion) synaptic behaviors under the same stimulus, governed by
the direction and extent of ion migration and electrostatic
coupling between ions and charge carriers. The BBSSN array
maintained stable synaptic operation under 50% strain and
achieved an ionic conductivity of 4.4 x 10™*$ cm ™" (Fig. 12d).28
Functionally, it demonstrated robust four-quadrant informa-
tion processing, spike rate-dependent plasticity, proprioceptive
feedback, and rapid automated refresh of synaptic states.
Notably, the device exhibited autonomous self-healing, fully
restoring both structural integrity and synaptic function within
2 hours after mechanical damage. These features positioned the
BBSSN as a promising platform for resilient, flexible neuro-
morphic systems and wearable bioelectronics capable of adap-
tive, bidirectional signal processing.

Rubber-like synthetic polymers play a crucial role in synaptic
transistor devices, primarily serving as flexible and deformable
substrates®*” or encapsulation layers®*® that provide mechan-
ical resilience and ensure stable device operation under various
strains. Although their use as active synaptic layers remain less
common due to challenges such as low charge -carrier
mobility,*** poor electrical conductivity,"®*'** and complex ion
transport,’*® elastomers are indispensable for maintaining the
mechanical integrity and durability of these devices. Conse-
quently, current research combines these elastomer supports
with semiconducting polymers**® or composites®” to optimize
synaptic functions. Looking ahead, advancing novel rubber-like
polymers or composites with enhanced electrical performance
and tunable ion/electron transport will be essential. Such
innovations will enable synaptic devices where both substrates
and active layers deliver robust mechanical compliance along-
side superior synaptic behavior, paving the way toward versatile,
self-healing neuromorphic electronic skins.

3.4. Memory devices

Memory transistors denote a significant evolution beyond
traditional  voltage-controlled  switches through the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incorporation of a charge-storage layer such as a floating gate,
charge-trapping dielectric, or nanocrystal ensemble that facili-
tates the non-volatile retention of electrical charges. This
architectural modification enables the device to preserve its
programmed electronic state in the absence of power, di-
stinguishing it from conventional transistors that lose stored
information upon power removal.>**?* The foundational
concept of the memory transistor was realized with the pio-
neering work of Kahng and Sze at Bell Laboratories in 1967, who
introduced the floating-gate MOSFET.*" This device integrated
a conductive floating gate capable of reliably trapping and
retaining charge carriers, thereby establishing the basis for
flash memory and related non-volatile memory technologies.
These systems critically depend on stable charge retention and
rapid switching kinetics, properties intimately linked to the
chemical composition and interfacial engineering of the
charge-storage materials, which remain active areas of research
within materials chemistry and device physics.®******* Early
memory devices primarily relied on inorganic materials and
rigid substrates, focusing on optimizing charge-trapping layers
such as floating gates, charge-trapping dielectrics, and nano-
crystal layers to enhance data retention, switching speed, and
endurance.?®>*** Advances in materials chemistry and interface
engineering have enabled improvements in device stability,
reduced leakage currents, and enhanced programming/erasing
cycles, which are critical for high-performance memory appli-
cations including flash memory and emerging neuromorphic
systems.*** In addition, organic and hybrid memory transistors
have attracted attention due to their potential for low-cost
fabrication, mechanical flexibility, and tunable -electronic
properties. These devices incorporate semiconducting polymers
and organic dielectrics, offering chemical versatility to tailor
charge transport and trapping behaviors.?****"??22¢ Innovations
such as photo crosslinkers and molecular switches have further
enabled dynamic control over memory states, expanding the
functional scope of memory transistors beyond traditional
inorganic systems.**”?** Despite these advancements, conven-
tional memory transistors have largely remained limited by
their mechanical rigidity, constraining their integration into
flexible and wearable electronics. The challenge lies in main-
taining reliable charge storage and fast switching under
mechanical deformation, which requires new materials and
device architectures that combine electronic performance with
mechanical compliance.>*?%*

Recent research has increasingly targeted the development
of stretchable memory transistors that utilize elastomeric
materials, which impart intrinsic stretchability and conform-
ability. These materials enable devices to sustain repeated
mechanical strain while preserving memory functions, a critical
requirement for wearable and soft electronic applications.***?%
Early prototypes of non-volatile memory devices have been
embedded into stretchable electronic applications, in which
a WORM organic memories or nanoparticle-based resistive-
change memory elements were fabricated on stretchable elas-
tomers. Among the pioneering studies, Jung et al. fabricated
flexible organic ferroelectric non-volatile memory thin-film
transistors (OFMTs) on a stretchable PDMS elastomer
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substrate, using poly(vinylidene-trifluoroethylene) as the ferro-
electric gate insulator and poly(9,9-dioctylfluorene-co-bi-
thiophene) as the semiconducting channel, as displayed in
Fig. 12a. The device structure features a top-gate/bottom-
contact configuration, and the entire fabrication process was
adapted for compatibility with the elastic PDMS substrate. The
use of PDMS is particularly beneficial for preserving electrical
performance under mechanical deformation because its
intrinsic elasticity and low Young's modulus allow the device
layers to flex and stretch without introducing significant
mechanical stress or cracks, thus maintaining interface integ-
rity and device operation even when bent to a radius as small as
0.6 cm. As a result, the memory transistors maintained high
performance, showing a carrier mobility of 5 x 107> cm”> V™"
s~', an on/off ratio of 7.5 x 10*, and a memory on/off ratio of 1.5
x 10® (retaining 20 after 2000 s) with minimal change during
bending tests (Fig. 13a).* These results highlight the feasibility
of integrating non-volatile memory functionality into future
stretchable and wearable electronic systems, with PDMS
substrates playing a critical role in enabling robust device
flexibility and reliability.

In 2017, Hung et al.*® reported the synthesis of MH-b-PI
copolymers via a copper(i)-catalyzed azide-alkyne “click” reac-
tion, combining the charge-trapping capability of the
carbohydrate-based MH with the elasticity of the PI (Fig. 13b).
As a synthetic rubber with a low Tg of —72 °C, PI imparted
outstanding stretchability and resilience, allowing thin film
memory devices to withstand strains up to 100% without
cracking, and maintained stable ON/OFF current ratios above
10° and set voltages around —2 V even after 500 cycles at 40%
strain. Electrically, PI served as an insulating soft matrix that
spatially separated the MH domains' primary charge-trapping
sites due to their abundant hydroxyl groups, enabling the self-
assembly of well-defined nanostructures such as vertical or
horizontal cylinders and spheres. The resulting morphology
directly tuned the memory mode, such as vertical cylinders
favoured non-volatile WORM operation with high retention,
horizontal cylinders enabled rewritable Flash-type behavior,
and spherical domains led to volatile DRAM-like operation, as
indicated in Fig. 13b. The insulating nature of PI confined
trapped charges within the MH domains, stabilizing memory
states and minimizing leakage currents, while its elasticity
preserved both the nanostructure and charge-trapping func-
tionality under mechanical deformation, which is crucial for
reliable operation in stretchable and wearable electronics.
While this study primarily focuses on the design and function of
stretchable memory materials, the MH-b-PI copolymer system
can indeed be regarded as a form of memory transistor,
bridging the gap between polymer chemistry and flexible tran-
sistor technology. This highlights its significant potential for
advancing eco-friendly, mechanically robust, and high-
performance wearable electronics.

Expanding on these foundational advances, Nam et al
introduced a new approach to stretchable memory by creating
the first intrinsically stretchable floating-gate memory tran-
sistor specifically designed for electronic skin applications.
Their device incorporated a blend of a semiconducting polymer
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impact. Reproduced with permission from ref. 85 copyright 2025 Elsevier, ref. 19 copyright 2017 John Wiley & Sons, and ref. 234 copyright 2024

American Chemical Society.

(DPPT-TT) and an elastomer (SEBS) for the channel, and used
Ag nanoparticles embedded in an elastomeric dielectric as
a stretchable floating gate. Unlike previous resistive memories,
this field-effect transistor (FET) architecture enabled non-
destructive readout, high on/off ratios, and long retention
times. The device was fabricated in a top-contact, bottom-gate
configuration and implemented as a 7 x 7 active-matrix array,
where each memory cell was addressable via patterned
stretchable bit and word lines (Fig. 13c). Memory writing was
achieved by a dual-stimulus mechanism: under simultaneous
visible-to-NIR light illumination and positive gate bias, elec-
trons were injected into the Ag nanoparticle floating gate via
Fowler-Nordheim tunnelling and stably trapped, enabling
robust WORM operation. While DPPT-TT does not exhibit
typical photoactive semiconductor behavior, its broad optical
absorption enabled effective light-assisted programming. The
combined use of light and voltage as programming stimuli
provided an additional layer of data security, preventing erasure
by either stimulus alone. The device achieved a high on/off ratio
(>10), a large memory window (17 V), and long retention time
(10° 5), all maintained under 50% uniaxial or 30% biaxial strain
and after 1000 stretching cycles.”** This impressive mechanical
durability arises from the effects of the nanoconfined polymer

20212 | Chem. Sci,, 2025, 16, 20181-20228

morphology between DPP and SEBS, the favorable alignment of
energy bands, and the elastic, patterned device structure.
Together, these factors enable reliable, deformation-insensitive
data storage, making the system highly promising for secure,
long-term memory applications in wearable and electronic skin
devices. This section not only emphasizes that rubber-like
synthetic polymers are commonly used as substrates or
mechanical supports, but also highlights their incorporation or
modification with memory-active materials, enabling elasto-
mers to provide mechanical resilience within the overall device
architecture and maintain memory performance under
mechanical stress.

The fabrication process and material selection for each layer
in transistor devices critically influence not only electrical
performance, but also mechanical durability, environmental
stability, interfacial compatibility, and biocompatibility. For
instance, electrical performance depends on the purity,
morphology, and interface quality of materials, all governed by
processing methods.>** Mechanical durability is affected by the
flexibility of the materials and the robustness of interfaces,
which determine whether the device can withstand repeated
bending, stretching, or twisting without cracking or delami-
nating.*** Environmental stability is enhanced by choosing

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05680b

View Article Online

Chemical Science

Review

poiIgysuen) pai1ojsuen poaiigjsuen
poairojsuen) uays ‘CoIs uayy) ‘OLdS[AIP uay} “CoIs
907 payeod-urds uay) ‘pajeoo-Aexds uo pajeod-urds uo pajeoo-urds uo pajeod-Aerds SINAd SIND NVd/ISALIT AN-LHEd Arepn SIND ran
jensqns
uo paoserd pai1sjsuen
Uy} ‘MN WOy uay ““o1s ([isar][mrmaE])
6¢ yparedaid VN paiseo-doiq o3 pauulds o1da[g U0 pajeod-Aeids sqgds  (VN) dnaqoid  /Sd-VININA-Sd 04d/dda-#1d SINDMS  IT
paiisjsuen
parerodesd uayl QIS palIdjsuen uay) parerodess
6S yparedaid [ewIay,L, uo pajeod-urdg  ‘°QOIS UO pajeo) [euwIay L, SdAaS ny SINad VDAd-LAL-ddd ny 0t
pajquuasse
uat ‘doa
uo painod sem 90N
parquiasse uay} pajquiasse po[quiasse  uonnjos Sureay paquiasse uay) TONIIN
‘wy 3urfeay-jjas uay3 ‘OIS uay) ‘“OIs -J]os pue °Q1s  ‘wiy 3ureay-Jjas  2°ni-vondn 70NI-"ONdIN o001 IoNI-"ondN -SIad
76T 0IUO pajeod-AeIdg uo pajeoo-urds uo pajeod-urds 0juo pajeoo-Aeids ojuo pajeos-Aeids -SINAd -SWAd/INDMS -"°NdIN-SIWNAd ~ -SWAd/LLA-ddd  /LNDMS 6
paiIgjsuen) poai1gjsuen poiIgysuen) woned
uay) ‘apI[s uay] ‘°QIS uo uay) ‘°OIS  UlRIp pUB 92INOS OIS uo
061 sse[3 uo paysen  Ayderdoyirjoloyd uo pajeod-urds uo paymne-A1q  Aydeidoyarjoioyd SqHS SLNDMS SqHS SINDMS Pa3110S  SINDMS 8
(sads
1JOS) 201A9p U0 c0IS
pajeurwre] {(SGAS ur yurssoi-ojoyd Sureauue S4ds yos (sgas/asradda)
8/1 p13du) pajurd jeoo-Aeids  pue 3uneoo-urds  pue pajeod-uids payeoo-Aexds  ‘sgAS prdrd SIND op1Ze-X-SgAS wy ANTHANOD SILND /
paiisjsuen paiigjsuen
poyerodead uay) ‘“QIS uayy ‘“QIs payerodead (S94S/1LI-Ldda)
1.1 yparedaid [ewIaYy ], uo payeod-urds uo pajeod-urds (WIS, SgHS 3y SgHS wy ANHINOD 3v 9
PadUI[SSOId
901A9D OIS U0 -ojoyd pue
03Ul pajeure| JLIDI[AIP  pjuI[sso1d-ojoyd IaAe[ 11303[21P (sgas/Hg)
‘,poredard  uo pajeod-feads  pue payeod-urds uo pajeod-urds payeod-Aexdg Sads SIND P-WNA! (L1ddd/ve) S-INNA! SIND
Tohe[ 963 ZQIS UOo pa[eauue
9/1 0juO0 payeod-urds pareoo-Aeids pareoo-urds pue pajeod-uids pareoo-Aeids SINAd SIND SINdd (LLddd/vd) s-IWndl! SIND S
201A9p
03jUO pajeurwe] paind I9Ae[ 211303[1P (SgdS/LI-1dda)
97T ¢ paredaiq pajeod-Aeids -An pue eod-urds 03Ul payNd pareos-Aeids Sads SIND apIze-x-sqds wiy ANIHANOD SIND %
pai1ajsuen; uayy pai1ajsuen; uayy
‘Buryole %0 Yim poligjsuel}  paligjsuely uayl  ‘Suryole °Q yrm
SapI[S pauraned ‘CQ1s uay) ‘°OIS ‘OIS Uo pafesauur poauraned ‘CQIS (S94S/1LI-Ldda)
/1 sse[d uo paisen U0 pajeod-Aeids uo pajeod-uids  pue pajeod-urds uo pajeod-Aeids Sads SIND sads wiy ANIHANOD SIND ¢
11 yporedaiq pajulld PaInd pue pajulld passeo-doiq pajund SWad SIND  fOLLed/SINAd SILND parios SIND T
pai1sjsuen pai1sjsuen pai1sjsuen
SapI|s uay) ¢l uays ““ors uay} ““oIs
/91 SSe[3 uo paised uo pajeod-Aeids uo pajeod-urdg payeoo-urds uo pajeod-Aeids ndL SILND ndL SIND paMos SILND T
REN| 3jensqns ajen J11I3[AIg 103ONPUOIIWAS UreIp/adInos ajensqns a1en J113O3[3I 103ONPUOITWIS urelp  ON
/221n0g
poyIow uonedLIqed [eLIoYeIN

,SSDIASP JOlsIsUB B]qeIeaMm Ul S3UsUOdUIOD 8DIASP UJes J0j POYISW UOReDLGe) pUe Sjetiew Jo IS 2 S1qel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"2¥'8€:€Z 9202°20"90 U0 papeo|umoq "GZ0z eull 0T Uo paus!iand B0y sseaoy usdO

Chem. Sci., 2025, 16, 20181-20228 | 20213

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05680b

Open Access Atrticle. Published on 10 {jna 2025. Downloaded on 06.02.2026 23:38:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Sl ~ [ee)
Q [=) (=}
~ Q
o k=l
| £ b
st < <
S =] =}
2 9 N
k) =) g
=] . =%
v 73] v
>
=
=
gkgb:
u'U_g;E
S OSSO
C o= £
o"‘OQ)
g =85 o
S| AE2° =
&} »n Al Z
N
o
S
.
S c 8
a2
E m"’g
- [
3] SN
L Lo
21 £5%
[ & ST
H
8
2| o k=]
ke s 2
| B g
S| ¢ S
k= = =
gl & 2
195} 75 w
g
£ z z
Q [=H=] o Fo="
g | S8 S EE w
| S| g5 BEf 382
1] R
3 S| 8% E£5%5%8S55
< > o8 =ZsSogz= s
8 gl ¢ c°oEg 0o
= = g&,_:JSNQHJSN
S 2| A2 =025 29
e A N A B AL n A
Q
Bt
g
) wn w
a2 = p
=] a a
Al o~ A
w
g
219 <
o = z
Q Q
5] 8
§ 2]
c| g
A [
Bt
9]
e
Q
=]
kst
g =
S| B
E| &
=)
Al @ 5
E = ©n ©n
S| €| 3 E E
o| 8| 25| & &
Sl g 2E| 2 2
~ = “n o = =
g
Qo
o
i z| S 3

20214 | Chem. Sci, 2025, 16, 20181-20228

85

Spin-coated Evaporated Prepared”

Spin-coated

e-beam

PDMS

Al

P(VDF-TrFE)

F8T2

Au/Ti

15

evaporation

“ Detailed discussion of the preparation method is absent in the original journal reference. ” NA: the component is not inherently part of the device.
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materials and encapsulation methods that protect sensitive
components from moisture, oxygen, UV light, and temperature
fluctuations, thus extending device lifetime.**”>* Interfacial
compatibility is essential for reliable operation, as mismatched
mechanical or chemical properties between layers can lead to
poor adhesion and inefficient charge transfer.>*>*** Finally, for
wearable and skin-conformable transistor devices, biocompat-
ibility is essential.>*® The materials used must be safe for direct
skin contact, should not cause irritation or allergic reactions,
and also provide comfort and breathability for the wearer.
Collectively, these factors underscore the importance of
thoughtful material selection and fabrication strategy in
advancing the functionality, reliability, and application scope of
modern next generation transistor technologies. Accordingly,
Table 2 provides a detailed overview of the materials employed
and the corresponding fabrication techniques applied to
assemble each component layer in rubbery transistors, skin-
conformable sensor transistors, artificial synaptic transistors,
and memory devices. This summary is important as it offers
a clear overview of current manufacturing methods, aiding the
identification of effective material and process combinations to
optimize the functionality and reliability of transistor devices.

4. Progress and challenges in mass
production of skin-like electronic
devices

Given the increasing popularity of wearable devices (i.e.
smartwatches and fitness trackers), the demand for electronic
skin technology has also increased significantly and even
expanding into other electronics fields. Leading electronic
companies, such as Samsung Electronics, have actively invested
in research and commercialization of skin-like electronic
devices into the market. One research in particular was
stretchable  active-matrix ~ organic  light-emitting-diode
(AMOLED) by Samsung Electronics, serving as one of their
major targets in commercializing flexible devices.**® Moreover,
Samsung Electronics has been a key industry partner support-
ing the renowned Professor Zhenan Bao's research group at
Stanford University since around 2010s, with a focus on devel-
oping stretchable and skin-like electronic devices for applica-
tions including wearable technology, microLED driving, and
advanced health monitoring interfaces, according to the record
of co-published paper.'?”**3>42%7 This partnership has lever-
aged Bao's expertise in molecular design and fabrication
processes to pioneer new materials and devices for soft robotics,
implantable electronics, and flexible semiconductors. Notable
advancements include the creation of stretchable electrodes
and high-performance transistors, circuits, and light-emitting
devices that combine electronic functionality with mechanical
deformability. Samsung's commitment to flexible technologies
is exemplified by their first commercial launch of bendable
smartphones with the Samsung Galaxy Fold, which was offi-
cially released beginning in September 2019. These devices
incorporate ultrathin glass and polymer layers, representing
a significant breakthrough in flexible electronics that has driven
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Fig. 14 Reported self-healing rubber material integration in wearable transistor devices based on publication year and number of self-healing
components. Reprinted with permission from ref. 63, 192 and 196 copyright 2016, 2024, & 2025 Springer Nature, and ref. 59 copyright 2019
American Association for the Advancement of Science, ref. 207, 208, and 250 copyright 2016, 2022, & 2023 American Chemical Society, and ref.

251 copyright 2023 John Wiley & Sons.

heightened market demand in subsequent years. In conclusion,
this sustained academic-industry cooperation highlights how
foundational research in materials science, combined with
scalable fabrication techniques, is accelerating commercializa-
tion pathways and addressing growing market demands for
flexible, skin-like electronics.

Recent rapid advancements in fully stretchable and self-
healing transistors highlight their significant potential for
integration into wearable skin-like electronic devices. Although
these devices have demonstrated promising performance at the
laboratory scale,**'*> commercial-scale manufacturing remains
challenging and necessitates careful consideration of factors
such as scalability of material innovation production, quality
control, and cost-effectiveness. The scalable production of
innovative materials largely depends on optimizing synthesis
parameters such as operational temperature and reaction time
to ensure consistent quality and yield. At the same time,
advances in scalable device fabrication techniques, such as
printing and lithography, have demonstrated the potential for
mass-producing stretchable electronic components with better
uniformity and throughput.'**> However, many fully stretch-
able and self-healing devices still rely on manual, layer-by-layer
assembly techniques, which are labor-intensive and limit scal-
ability, indicating a pressing need for further automation and
process optimization before commercial adoption.” In addi-
tion, maintaining strict quality standards for both material
properties and device performance is imperative to ensure
product reliability. The use of flexible and self-healing materials
introduces additional complexities in fabrication due to their
inherently rough or irregular surfaces, necessitating the devel-
opment of robust standardization and characterization proto-
cols to achieve consistent device quality.**® Cost considerations
also play a critical role, as production expenses must be
balanced against device performance to deliver economically
viable products.

Despite these challenges, market demand for skin-like
electronic devices continues to grow rapidly, driven by the

© 2025 The Author(s). Published by the Royal Society of Chemistry

need for applications in healthcare, wearable technology, and
long-term human-machine interfaces.”* Drawing on insights
from prior commercial successes in flexible electronics, such as
bendable displays and wearable sensors, the transition of fully
stretchable and self-healing transistors from laboratory
research to scalable commercial technologies is increasingly
feasible. Continued innovation in materials engineering,
fabrication processes, and quality control strategies will be key
to unlocking their full commercial potential and enabling them
to compete effectively with conventional rigid electronic
devices.

5. Concluding remarks and
perspectives

In this review, we summarize the latest advances in rubber-like
synthetic polymers for wearable transistor devices. The evolu-
tion of these devices spans from designs that primarily main-
tain structural integrity and performance under simple bending
and twisting to those engineered for intrinsic tensile strain
levels exceeding 30%. More recently, significant progress has
been made toward integrating self-healing capabilities, offering
an optimal solution for addressing mechanical damages, frac-
tures and surface degradation, thereby enhancing the durability
and longevity of wearable transistors. All types of elastomers
discussed in this review are reported to be commercially avail-
able. Therefore, their availability and large-scale production are
beyond doubt. As presented in Table 3, among rubber-like
materials, PDMS and SEBS are the most commonly used in
fully wearable transistor devices. This preference is attributed to
their skin-like mechanical properties, processability, ease of
fabrication, optical transparency (>90% in the visible range),
and excellent skin safety that surpass those of PU, SBR, supra-
molecular polymers, and P1."7%'*> Advances in porous PDMS and
SEBS structures improve breathability and skin compatibility by
allowing sweat vapour to escape, reducing irritation during
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prolonged use. They are also highly compatible with soft
lithography techniques, enabling micro-scale patterning and
molding for flexible electronic and microfluidic devices.** While
PU typically has lower optical transparency and higher stiffness
that may reduce comfort and conformability, it excels due to its
solvent processability and facile incorporation of self-healing
bonds that preserve device performance after repeated
mechanical damage. PU is widely favored by researchers for
chemical incorporation into the backbone or side chains of
conjugated polymers, as it strengthens intermolecular interac-
tions and facilitates controlled phase separation to achieve
more uniform microstructures, which ultimately improve both
mechanical durability and electronic functionality. SBR, while
offering excellent flexibility and a low T, (ranging from —65 °C
to —35 °C depending on styrene content and additives such as
fillers or plasticizers), remains inherently non-porous and lacks
breathability. This limits its ability to transmit air and water
vapour under ambient conditions, thereby restricting its direct
use in epidermal device applications. Supramolecular polymers
present tunable elasticity and dynamic bonding for self-healing
but generally lack the well-established processing technologies
and environmental robustness necessary for large-scale wear-
able device fabrication. Nevertheless, several studies have
demonstrated successful applications of PU, SBR, and supra-
molecular polymers as functional components, such as active
layers, dielectrics, and substrates, in wearable transistor devices
(Table 3). Meanwhile, the modified or copolymerized PI-based
materials show considerable promise due to their elasticity
and self-healing properties that closely resemble human tissue
mechanics. However, PI-based materials have primarily been
explored as individual stretchable and self-healing thin film
within rigid-dominant device architectures and have not yet
been fully integrated into complete wearable transistor systems
(Table 3). Therefore, further research is needed to escalate their
integration and optimize compatibility with other device
components to fully leverage their unique mechanical and
biological advantages within complete wearable transistor
systems.

Efficient and reliable self-healing mechanisms are crucial for
enhancing the durability and lifespan of wearable electronic
devices. Hydrogen bond-based self-healing features are widely
preferred for self-healing applications due to their reversible
and dynamic interactions, which serve as physical cross-links
that enhance both mechanical strength and healing efficiency.
Moreover, the tunable density and multiplicity of hydrogen
bonds enable tailoring of mechanical properties and healing
efficiencies, supporting both high performance and durability
in self-healing elastomers. This combination of mechanical
robustness and reversible interaction makes hydrogen bonding
particularly suitable for wearable devices that require both
flexibility and reliable recovery from damage. However, the
integration of self-healing elastomers within such devices still
remains limited and typically confined to a single device
component (Fig. 14).5%19%207:208250251 Achjeving uniform self-
healing functionality throughout all device components repre-
sents a promising and essential direction for advancing the
development of robust, fully self-healing wearable electronics.
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Recent efforts in incorporating self-healing elastomers into
multiple skin-like transistor layers have predominantly
employed simple blending techniques.®**> In this context,
PDMS has demonstrated the ability to go beyond its conven-
tional applications as a substrate or dielectric by serving as
a functional self-healable matrix for active layers. This is ach-
ieved by blending modified PDMS with semiconducting poly-
mers or vapor-deposited metal nanoclusters to fabricate all
three critical transistor device layers, including conductor,
semiconductor, and dielectric. Constructing all layers from
a compatible modified PDMS facilitates strong interlayer
adhesion and seamless interfaces, thereby enabling the devices
to restore both mechanical integrity and electrical functionality
following mechanical damage or environmental stress. None-
theless, reliance on a simple blending approach can result in
heterogeneity across device layers, especially in the active layer,
since blending with semiconducting polymers or metallic
nanoclusters can alter the original performance of the modified
PDMS. This can lead to inconsistent mechanical behavior and
variable self-healing efficiencies, ultimately impacting the
overall device reliability and uniformity. Therefore, further
study on uniform self-healing properties across all components
present an opportunity for future development of skin-like
wearable transistor devices. In recent years, flexible devices
have made notable progress toward commercialization, as evi-
denced by the commercialization success of Samsung's
smartphone with foldable display. This achievement under-
scores the potential for commercializing skin-like electronics
that can be achieved with continued innovation in material
fabrication processes, and quality

engineering, control

strategies.
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