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Abstract
Water-responsive adaptive contraction represents a pivotal advancement in 
bioelectronics, offering unparalleled advantages over traditional swollen hydrogels 
and actuator-based systems. This review explores mechanisms including 
phase transition, hydrogen bond disruption, and hierarchical hybridization to 
enable rapid and substantial shape adaptability upon moisture exposure without 
external control and highlights various component modulation and porous 
and heterostructure engineering strategies to provide directional control and 
multifunctionality. Additionally, recent advances in supercontractile films, achieved 
through cold-drawing processes that disrupt hydrogen bonds in aligned polymer 
chains are overviewed for wearable and implantable biomedical applications 
where seamless tissue interfacing is essential. These advances address long-
standing challenges in device integration with biological tissues, such as rigidity 
and inflammation, by creating electrodes that naturally conform to tissue shapes. 
This review delves into water-responsive adaptive contraction in bioelectronics, 
emphasizing its potential to revolutionize medical implants, wearable health 
monitors, and soft robotics by naturally conforming to tissue shapes upon 
moisture exposure. They promise significant improvements in chronic electronic 
integration and patient care, paving the way for next-generation medical devices, 
soft robotics, and smart textiles that adapt dynamically to biological environments.
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1 INTRODUCTION
Seamlessly integrating electronic devices with biological 

tissues has long been a challenge in bioelectronics, a 
field that seeks to bridge the gap between rigid electronic 
materials and the soft, dynamic nature of biological 
tissues for applications in medical implants and wearable 
health monitors[1-11]. Early efforts focused on developing 
flexible electronics using PDMS and other elastomer 
materials[12-14], which offered improved mechanical 
compatibility but still required significant customization to 
match the complex geometries of tissues. 

To enhance the integration of electronics with biological 

tissues, various adhesives, such as medical glues, 
sutures, and bioadhesive tapes have been developed 
and widely adopted[15-17]. However, tight adhesion can 
make removal difficult and often leads to potential 
tissue damage, inflammation, and limited durability 
under dynamic biological conditions. For example, 
cyanoacrylate-based glues provide strong adhesion 
but can cause cytotoxicity[18,19], while fibrin glues offer 
biocompatibility but limited mechanical strength[18,20].

To address these challenges, auxiliary adhesive 
methods have been developed, including the use 
of ultrasound to create microbubbles that enhance 
adhesive penetration[21-23], and light-activated adhesives 
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that cure upon ultraviolet exposure or enable light-
induced detachment[15,24,25]. These techniques offer more 
controlled adhesion and detachment, reducing tissue 
damage and inflammation while enhancing durability 
in dynamic biological environments. However, these 
methods can involve complex setups, external controls, 
and may not always provide consistent results, especially 
in the dynamic and moist environment of biological 
tissues.

To reduce reliance on adhesives and develop materials 
that can adapt to the complex, changing shapes and 
movements of biological tissues, shape-adaptive electrodes 
have been developed. However, these electrodes have 
typically relied on electric or other actuators[26-29], which 
often involve complex fabrication processes, various 
electrode integrations, and external controls for activation 
and positioning. 

Water-responsive shape adaptive electrodes present 
a more efficient solution for wearable and implantable 
bioelectronics, which naturally and dynamically 
conform to tissue shapes upon exposure to moisture, 
simplifying the integration process. Traditional hydrogel 
swelling processes, while effective, often suffer from 
slow response times and limited control over shape 
changes[30].

Recent advances in shape-memory materials and 
hydrogels that respond to stimuli like temperature, 
light, and magnetism have enabled more adaptable, 
biocompatible, and conformal interfaces[1,31-40]. These 
advancements reduce the need for precise pre-shaping 
and extensive surgical manipulation. However, challenges 
remain in achieving rapid, large-scale conformal changes 
that are also biocompatible and mechanically stable 
under physiological conditions. 

This review discusses the recent advances in water-
responsive contraction for shape-adaptive bioelectronics. 
A comprehensive review of various water-responsive 
materials, including liquid crystal networks (LCNs), 
proteins, polypeptides, and shape memory polymers 
(Table 1), is provided to outline their different mechanisms 
and strategies for performance improvement, such as 
phase transition modulation, hydrogen bond disruption, 
and hierarchical hybridization. Furthermore, the potential 
applications of these materials in biomedical devices, soft 
robotics, and smart textiles are highlighted, emphasizing 
their significance in creating next-generation bioelectronics 
that seamlessly integrate with biological environments.

2 NATURAL PROTEINS FOR SHAPE-
ADAPTIVE BIOELECTRONICS

Natural proteins, like spider silk fibers, elastin, and 
collagen, exhibit remarkable mechanical strength and 
adaptability to environmental changes, which is attributed 
to their unique hierarchical structures[41-43]. Spider silk 
fibers, typically 1-5μm in diameter, exhibit a remarkable 
ability to undergo supercontraction—a reversible shortening 
by up to 60% upon exposure to water, owing to their 
unique hierarchical structure that enhances both strength 
and responsiveness to environmental changes. This 
structure combines organized crystalline β-sheet regions, 
which provide mechanical strength, with glycine-rich 
amorphous areas that offer elasticity (Figure 1A and B)[44-48].  
The crystalline β-sheets in the structure act as rigid, load-
bearing units, while the amorphous regions between 
these β-sheets allow flexibility. This arrangement enables 
rapid response to moisture while maintaining the fiber’s 
integrity under stress. The silk’s hierarchical structure 
is formed through the spider’s spinning process, where 
liquid–liquid phase separation and molecular alignment in 
the spinning duct led to poly(alanine) β-sheet crystallites 

Table 1. Common Water-responsive Contraction Strategies and Materials

Types Materials Mechanism Parameters Performance

Natural proteins Spider silk, 
Bombyx mori silk 

fibroin

Disruption of hydrogen 
bonds in amorphous 

regions

Crystallinity: 30%-50%; 
Hydration: 0-30s

Contraction: Argiope trifasciata NS, 
31%[45]; FS, 52%[46]. Nephila NS, 

20%[47]; FS, 40%[46], 44%[48].
Tensile strength: 1-2GPa; Elasticity: 

~30% elongation

Shape-memory 
polymers

PU[128], PLA[169], 
PEG-α-CD[139], et 

al.

Phase transition or 
plasticization triggered by 

water

Transition temperature: 
20-40°C;

Preset shape memory or 
stress 

Water response: <1min; Shape recovery 
ratio: >95%; 

Tensile strength: generally 10-50MPa

Liquid crystal 
elastomers

LCNs, LCPs Phase transition in liquid 
crystal domains; tuned by 
liquid crystal alignment

Order parameter: 
0.5-0.9; Transition 

temperature: 30-50°C

Reversible shape changes: >100% 
elongation; Water response: <1min

Synthetic 
peptides and 
proteins

ELPs, collagen 
hydrogels

Folding/unfolding of 
peptide chains

Peptide sequence; 
Folding: <10s

Reversible contraction: >200% 
elongation; Biocompatibility; Tunable 

stiffness and elasticity

Notes: PU: Polyurethane; PLA: Polylactic acid; PEG-α-CD: Poly(ethylene glycol)-α-cyclodextrin; LCNs: Liquid crystal networks; LCPs: Liquid crystal 
polymers; ELPs: Elastin-like polypeptides; NS, Naturally spun; FS, Forced silked.
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linked by flexible glycine segments. These crystalline 
domains, composed of aligned nanocrystalline β-sheets, 
provide enhanced tensile strength by distributing and 
bearing loads effectively across the structure. They also 
act as structural anchors, ensuring that the fiber retains 
its shape even as the surrounding amorphous regions  
change due to moisture (Figure 1B)[44]. The primary 
amino acids in spider silk are glycine, alanine, and serine, 
with the microstructure being semi-crystalline due to the 
specific polypeptide secondary structure. Upon wetting, 
the hydrogen bonds in the glycine-rich amorphous 
regions are disrupted, causing rapid contraction, while 
the crystalline β-sheets maintain the fiber’s overall 
structural integrity. This combination of strength and 
responsiveness in spider silk has inspired the design of 
water-responsive bioelectronic materials. By mimicking 
the hierarchical alignment of crystalline β-sheets and 
amorphous regions, materials can be fabricated to 

Figure 1. Structural Insights into Spider Silk Under Varying Humidities. (A,B) Spider silk web, and β crystal sheets 
in silk thread. (C,D) Normalized orientation degree, deviation angle and stretch ratio as a function of relative humidity. 
Reproduced from Ref.[51] with permission from ACS. Dashed line indicates the glass transition relative humidity. (E) Simulations 
of the mechanical behavior of spider silk, correlating different stress-strain curve regions to conformational changes. 
Reproduced from Ref.[52] with permission from Nature. At low stress, amorphous strands stretch and lose hydrogen bonds, 
while at high stress, crystalline strands slide and hydrogen bonds break. (F) Experimental stress-strain curves for different 
silks. Reprinted from Ref.[54] with permission from Elsevier.

achieve controlled, rapid responses to moisture without 
sacrificing durability, which offers promising applications 
in bioelectronics, enabling flexible, shape-adaptive 
interfaces that naturally integrate with soft, moist tissues 
without requiring external controls.

Mechanistically, as relative humidity (RH) rises, spider 
silk transitions from a densely packed glassy state to a 
more flexible, rubbery state[49,50]. In the glassy state, 
densely packed β-structures and hydrogen-bonded 
helices give the fiber its strength. As water acts as a 
plasticizer, these hydrogen bonds break, allowing minor 
expansion in the amorphous regions while the β-sheets 
continue to maintain structural stability. When RH 
reaches the glass transition point (ϕg), the silk’s molecular 
mobility increases, leading to contraction as bond 
dissociation becomes dominant. Figure 1C shows the 
relationship between the normalized orientation degree, 
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α/α0 as a function of relative humidity (RH), ϕ, which 
could be reflected by the following equation[51]:

where ξ is the strength of a hydrogen bond. This equation 
describes the linear decrease in orientation as hydrogen 
bonds are disrupted, especially in amorphous regions. 
The angle, γm refers to that between a chain and the 
preferred direction in the glassy state. The normalized 
angle, γm/γ0, increases as RH increases, indicating a 
loss of orientation (Figure 1C)[51]. As further moisture 
exposure causes swelling, the molecular alignment in the 
amorphous areas is lost, and the fiber transforms into a 
flexible, rubbery network maintained by β-sheet cross-
links, which stabilize the structure (Figure 1D)[51]. The 
glassy state features dense packing and strong hydrogen 
bonds within the semi-amorphous matrix, characterized 
by β-structures, helices, and β-turns. Upon exposure to 
moisture, water molecules act as plasticizers, breaking 
hydrogen bonds and causing minor expansion. As ϕ 
approaches ϕg, the glass transition temperature (Tg) 
decreases, leading to increased molecular mobility. This 
results in fiber contraction due to the dominance of bond 
dissociation over swelling, reducing orientation. Beyond 
ϕg, swelling extends the polymer chains, increasing 
the deviation angle and losing alignment. In the fully 
supercontracted state, all hydrogen bonds are broken, 
and the network relies on β-sheet cross-links, behaving 
like a rubber network with high flexibility. 

Atomistic simulations of spider silk under stress 
reveal how amorphous and crystalline strands respond 
to forces, reflecting conformational changes as hydrogen 
bonds are disrupted. This insight has informed the 
design of water-responsive bioelectronics that exploit 
stress-responsive behavior and the ability to dissipate 
energy for creating resilient, adaptable bioelectronic 
interfaces. At low stress, amorphous strands stretch 
and lose hydrogen bonds, while at high stress, 
crystalline strands slide and break hydrogen bonds. 
The mechanical behavior of spider silk under stress is 
detailed using atomistic simulations, highlighting regions 
of the stress-strain curve that correspond to specific 
conformational changes (Figure 1E)[52]. This behavior 
could be reflected by:

where m(ϕ) represents the number of hydrogen 
bonds remaining, M is the initial number of hydrogen 
bonds, and ξ is the strength of a hydrogen bond. This 
equation could explain how hydrogen bond dissociation 
leads to supercontraction. In the entropic unfolding 
phase, amorphous strands stretch, losing hydrogen 
bonds, contributing to elasticity. As stress increases, 
the stiffening region shows strain hardening, where 
crystalline β-sheets align and enhance load-bearing 
capacity. The stick-slip phenomenon at higher strains, 
marked by periodic stress changes, indicates the sliding 
and rupture of hydrogen bonds within crystalline regions. 

This behavior dissipates energy and contributes to the 
silk’s toughness. The area under the curve signifies the 
material's toughness, essential for bioelectronics and 
smart textile applications requiring elasticity, toughness, 
and environmental responsiveness[53]. 

Experimental findings also show that spider silk’s tensile 
properties, influenced by spinning conditions and humidity, 
can be engineered to meet the demands of bioelectronics 
and smart textiles, where toughness and environmental 
responsiveness are essential. Experimental stress-strain 
curves illustrate the differences between naturally spun 
and forcibly silked fibers (Figure 1F)[54]. Forcibly silked 
fibers show higher stiffness and lower deformation at 
breaking compared to naturally spun fibers. The tensile 
properties can be modulated by the silking stress, 
providing insights into the relationship between spinning 
conditions, microstructure, and mechanical behavior. 
The structure and mechanical properties of spider silk 
under varying humidities, supported by mathematical 
models and experimental data, offer a comprehensive 
understanding of how spider silk can be engineered for 
applications requiring dynamic mechanical responses 
to environmental changes, such as water-responsive 
contraction for shape-adaptive bioelectronics.

3 LCNs FOR SHAPE-ADAPTIVE 
BIOELECTRONICS
3.1 Chemical and Structural Modifications 
for Enhanced Water-responsiveness

LCNs have garnered significant interest for their unique 
ability to combine the fluidity of liquid crystals with the 
rigidity of polymer networks, allowing for substantial and 
controllable deformations in response to environmental 
stimuli, including water[55-57]. While traditional LCNs are 
typically non-hygroscopic, their water-responsiveness 
can be significantly enhanced by introducing chemical 
and structural modifications. Inherently hygroscopic 
molecules containing polar functional groups (e.g., C–O–
C or C=O) facilitate water interaction without additional 
treatment[58,59]. In many non-hygroscopic LCNs, although 
these polar groups may be present, their effect is 
minimized by a composition rich in non-polar groups and 
limited network porosity, which restricts water diffusion 
and reduces responsiveness[60].

One approach to enhance water-responsiveness 
is creating thin LCN films, where reduced thickness 
facilitates rapid moisture diffusion across the material, 
allowing for quicker and more pronounced bending under 
humidity gradients (Figure 2A). Another effective strategy 
to enhance water-responsiveness in LCNs is to increase 
porosity by incorporating and subsequently removing 
particles, such as CaCO3

[60], NaCl[61,62], or ZnO[63], from 
the LCN precursor. For instance, CaCO3 particles can 
be etched out to leave voids that significantly improve 
water diffusion throughout the material[57], while NaCl 
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and ZnO offer distinct advantages. NaCl creates fine, 
evenly distributed pores for rapid hydration[62], and ZnO 
can form interconnected porous networks that enhance 
mechanical strength alongside water accessibility[63-65]. 
This increased porosity allows moisture to reach 
polar sites more readily, leading to quicker and more 
pronounced anisotropic swelling, which is beneficial for 
applications requiring rapid adaptability, such as aquatic 
soft robotics and bioelectronics.

Bioelectronics, such as implantable sensors and neural 
interfaces, should dynamically conform to changing 
tissue conditions, including hydration, movement, 
and pressure while maintaining structural integrity 

Figure 2. Water-Responsiveness in Liquid Crystals, Proteins, Polypeptide and Shape-Memory Polymers. A: Assisted 
water diffusion in liquid crystal networks: Water molecules absorbed by reducing thickness or introducing pores disrupt molecular 
ordering, causing anisotropic deformation and bending. B: Hybridized liquid crystal films respond more in the hygroscopic layer 
than the single liquid crystal network layer when exposed to humidity, leading to bending or contraction.  C and D: Shape change 
of bilayers in water based on liquid crystal elastomer (LCE) layer orientation, showing folding in different axes and bidirectional 
folding patterns. Reprinted from Ref.[82] with permission from RSC. E and F: Curvature change of alkalized-acrylic blue phase 
liquid crystal films with varying thickness under 70% relative humidity (RH) difference, and 70μm thickness exposed to different 
humidities. G: Deformation and recovery process of blue phase liquid crystal films in wet and dry conditions. E-G, reproduced 
from Ref.[95] with permission from RSC. H: Uversky plot of various proteins as a function of charge and hydrophobicity, showing 
elastin-like polypeptides (ELPs) ability to fold and unfold. Reprinted from Ref.[97] with permission from Elsevier. Inset, hydrated 
crosslinked elastin during stretching and folding, reprinted from Ref.[43] with permission from MDPI. ELP, elastin-like polypeptide. 
I: Contraction in a heated silicone shaped memory hybrid filled with CH3COONa∙3H2O (NaAc) upon immersing in water. Reprinted 
from Ref.[130] with permission from Expresspolymlett. J: Buckling of pre-stretched poly(methyl methacrylate) (PMMA) in ethanol. 
Reprinted from Ref.[135] with permission from AIP. 

and functionality[1,26,39,66-72]. The interconnected pore 
networks created through these porous reagents are 
advantageous for real-time bioelectronic applications, 
including devices for immediate physiological sensing or 
therapeutic response[73-76]. These materials can match 
the pace of physiological changes by adapting rapidly to 
hydration levels, making them ideal for applications that 
demand precise, quick adaptability in dynamic biological 
environments. Moisture-responsive LCN electrodes can 
adapt their shape to sustain close contact with biological 
tissues, ensuring reliable signal capture and effective 
therapeutic delivery[77-80]. This adaptability is crucial in 
wearable devices, where real-time adjustments to sweat 
or humidity levels maintain comfort, sensor accuracy, and 
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device performance, making LCNs valuable in healthcare 
settings where continuous monitoring and adaptive 
responses provide timely feedback on health metrics like 
hydration, pH, and bioelectrical signals.

The rapid, reversible, and controlled responses en- 
abled by porous LCNs are essential for bioelectronics in 
dynamically changing biological environments. Biological 
tissues experience constant fluctuations in hydration, 
temperature, and movement, which require bioelectronics 
to alter their configuration rapidly and precisely without 
relying on external power sources. The porosity within 
LCNs allows water to diffuse efficiently, enabling swift, 
anisotropic shape changes with controlled directionality. 
For instance, in neural interfaces, such rapid adaptability 
ensures electrodes maintain proximity to neurons, 
preserving signal fidelity despite tissue swelling. Similarly, 
in wearable sensors, the LCNs contract or expand in 
response to skin moisture changes, ensuring consistent 
sensor contact and accurate readings even during high-
sweat activities. This real-time adaptability is crucial for 
creating reliable bioelectronics that can respond seamlessly 
to varied physiological and environmental conditions in 
real-world applications.

3.2 Hybridizing LCNs for Bioelectronics 
and Soft Robotics

In addition to porosity, hybridizing LCNs with hygroscopic 
layers can further increase their responsiveness to 
water[81,82]. In soft robotics, LCN-based actuators leverage 
water-responsiveness and molecular orientation to 
achieve biomimetic motion, simulating the contraction and 
expansion of biological tissues[78,83-85]. By fine-tuning the 
porosity and alignment, these actuators enable precise 
movements without complex mechanical systems, making 
them valuable in medical robotics. In applications like 
surgical tools or therapeutic devices, gentle, adaptive 
movement minimizes tissue damage and enhances patient 
safety[86]. Adaptive bioelectronics utilizing LCN-hydrogel 
bilayers are promising for smart sensors that adjust to 
varying moisture levels[87-90]. A bilayer of LCN and a hydrogel 
layer can act as a humidity-sensitive actuator, where the 
hydrogel expands rapidly in response to moisture, inducing 
bending or other deformations in the LCN layer (Figure 2B).  
Complex actuation modes can be programmed by varying 
the alignment in the LCN film, allowing for directional 
control and multifunctional responses. Additional advance- 
ments include spray-coating techniques to fabricate bilayer 
actuators where a cholesteric liquid crystal layer on a 
hydrophilic polyamide film results in twisting deformation 
upon humidity-induced polyamide swelling. Furthermore, 
fluorescent LCN-hydrogel bilayers can change luminescence 
color upon actuation. By incorporating an aggregation-
induced emission (AIE) luminogen into a hydrophilic acrylate 
monomer mixture, researchers have created a hydrogel 
layer that emits humidity-dependent fluorescence, causing 
the bilayer to bend and shift fluorescence color[79,81,91].

LCNs are increasingly recognized for their potential 
in creating shape-changing materials responsive to 
environmental stimuli like water, positioning them as 
promising alternatives to traditional actuators, especially 
where power or size constraints apply[92]. LCN-based 
materials can be engineered to undergo tailored 
deformations-such as bending, twisting, and folding-
by aligning the molecular orientation of LCEs within the 
structure[82,93,94]. This strategic alignment of the anisotropic 
modulus, which is approximately five times higher along 
the molecular orientation than perpendicular to it, allows 
for predictable and controlled shape responses to humidity 
(Figure 2C)[82]. For instance, a polymeric bilayer composed 
of a water-responsive hydrophilic polymer and an LCE was 
designed to change shape upon water exposure. When 
the hydrophilic layer absorbs moisture, it expands, and the 
bilayer bends along the direction determined by the LCE’s 
anisotropic stiffness. By adjusting the orientation of the 
stiffer axis in the LCE, the helical pitch of the bilayer can 
be controlled, ranging from 0.1 to 20mm, enabling the 
creation of complex 3D shapes through spatial patterning 
of the LCE’s alignment. This directional control is critical 
in bioelectronics, where devices should conform to tissue 
shapes and adapt seamlessly to biological changes, 
reducing mechanical stress and improving biocompatibility 
(Figure 2C)[82]. Patterning the director angle in LCEs further 
enables programming for intricate shape transformations. 
Introducing localized 90° patterns within a 0° oriented 
sample causes bending at specific points, which act as 
hinges, facilitating bidirectional folding or "mountain and 
valley" origami-inspired deformations. Each patterned 
section follows a helical curve proportional to the director 
angle, creating unique folding interactions where opposing 
helices meet (Figure 2D)[82]. 

Quantitative analysis of LCN actuation can be conducted 
using a custom-built humidity chamber to examine the 
effects of relative humidity differences, film thickness, and 
type on bending curvature and speed (Figure 2E)[95]. Acrylic 
blue-phase LCN films demonstrated thickness-dependent 
bending under a 70% RH difference, with a 70μm film 
reaching a steady-state curvature of 2.5cm−1 (Figure 2F)[95].  
The behavior of these films in response to humidity can 
also be observed through color changes, as they curl upon 
exposure to moisture and revert as humidity decreases. 
This reversible curling, driven by directional expansion due 
to water absorption, highlights the potential of LCN films 
and their hybrid constructs for water-responsive actuation 
in adaptive bioelectronics (Figure 2G)[95].

LCNs’ ability to control mechanical and chemical 
properties in response to humidity shows promise for 
applications in adaptive bioelectronics. The dynamic 
capabilities of these materials-enabled by humidity-
responsive shape programming, anisotropic stiffness, 
and advanced patterning techniques-position them as 
versatile tools in healthcare, wearable technology, and 
soft robotics. Their rapid, controlled, and reversible 
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responses offer a flexible solution for real-time adaptability, 
crucial for maintaining reliable performance in dynamic 
biological environments.

4 WATER-RESPONSIVE SYNTHETIC 
PEPTIDES AND PROTEINS FOR 
SHAPE-ADAPTIVE BIOELECTRONICS
4.1 Structural Mechanics for Responsive 
Bioelectronics

Synthetic peptides and proteins, such as elastin-like 
polypeptides (ELPs), are renowned for their biocompatibility 
and ability to undergo significant conformational changes in 
response to environmental stimuli like water[43,96,97]. ELPs, 
derived from the hydrophobic domains of tropoelastin, are 
composed of a repeating VPGXG pentapeptide sequence, 
where X can be any amino acid except proline[98]. 
This sequence imparts ELPs with lower critical solution 
temperature phase behavior, enabling them to form an 
insoluble coacervate phase above their cloud point, similar 
to tropoelastin. In dry or low-humidity environments, ELPs 
exist in a more compact, disordered coil state. However, in 
the presence of water, they undergo a rapid conformational 
shift to form structured β-sheets. This phase behavior 
can be tuned to respond to various stimuli, such as 
temperature[99], salt concentration[100], pH[101], and light[102], 
making ELPs versatile for applications in drug delivery, 
tissue engineering, and adaptive bioelectronics.

The primary mechanism behind ELPs’ water-respons- 
iveness lies in their ability to shift between random coil 
and β-sheet conformations. This transition enables ELPs to 
contract and expand reversibly, similar to elastin’s natural 
elasticity, and adapt to hydration changes in biological 
environments. The Uversky plot provides insight into these 
transitions by analyzing the folding and disorder tendencies 
of ELPs based on their hydrophobicity and net charge 
(Figure 2H)[43,97]. ELPs with highly hydrophilic or charged 
residues can exhibit thermal stability often associated with 
disordered proteins, allowing precise control of disorder 
propensity. Disorder, in addition to structure, may be 
encoded at the amino acid level.

The mechanics of ELPs mirror the structure of elastin, 
an essential extracellular matrix protein that provides 
elasticity to tissues like skin, ligaments, and blood vessels. 
Composed of cross-linked tropoelastin, elastin includes 
alternating hydrophobic and cross-linking domains 
that give it structural integrity and substantial elastic 
recoil. Hydration is crucial to elastin’s functionality; while 
dry elastin is hard and brittle, hydrated elastin retains 
flexibility. Elastin’s elasticity is driven by entropy changes 
in its disordered domains during stretching, where 
hydrophobic domains contract due to the hydrophobic 
effect, as modeled by the entropy Equation (3)[103]:

where const is a reference entropy value specific to the 
system, providing a baseline from which entropy changes 

are measured, kb is the Boltzmann constant, Nc is the 
number of chains, ρ is the ratio of the end-to-end distance 
to the contour length, and τ is a variable derived from 
the Langevin equation that describes the chain stretch. 
In elastin, the entropy changes during stretching and 
folding, driven by the hydrophobic effect and the structural 
disorder of the protein chains. This behavior underlies 
the extraordinary elasticity of these materials, making 
them suitable for applications in smart textiles, responsive 
coatings, and biomedical devices. The ability to precisely 
control the folding and unfolding processes is crucial for 
these applications, providing adaptability and functionality.

The potential of ELPs in bioelectronics lies in their capacity 
to function as smart, biocompatible interfaces. When 
integrated into devices, ELPs can dynamically respond to 
fluctuations in body fluids or sweat, adapting their shape 
and conforming closely to tissue surfaces[104,105]. This close 
interfacing reduces mechanical mismatch, minimizes 
inflammation, and enhances the longevity and functionality 
of implantable devices or wearable systems. In implantable 
devices, the ability of ELPs to dynamically conform to tissue 
movements, as they adjust to hydration levels, significantly 
improves the interface between the device and biological 
tissues. This adaptability minimizes mechanical mismatch 
and reduces the risk of inflammation, thus improving 
biocompatibility and device longevity. For instance, ELPs can 
be used in implantable sensors[106], neural interfaces[107,108], 
and cardiovascular stents[109,110] to maintain close and 
adaptable tissue contact. This adaptability reduces risks of 
dislodgement and improves device performance by naturally 
adjusting to the body’s movements and hydration levels 
over time. In wearable devices, ELPs’ water-responsive 
behavior allows for textiles that dynamically adjust to 
moisture, such as sweat, providing greater comfort and 
potentially serving as biofeedback mechanisms[104,111]. Smart 
garments incorporating ELPs could change their porosity 
or fit based on the wearer’s hydration levels, adjusting for 
comfort and potentially indicating dehydration[104,112]. This 
adaptability makes ELPs a compelling choice for personal 
health monitoring devices that aim to provide a more 
natural, comfortable user experience. ELPs can be used in 
soft robotics to create actuators that mimic the behavior of 
biological muscles[113-116]. Their water-responsive contraction 
and expansion enable these materials to move in a manner 
similar to muscle fibers, which contract or relax in response 
to stimuli. These actuators could be beneficial in medical 
robotics, where soft, tissue-like materials are crucial for safe 
interaction with human tissues. This capability to create 
natural, fluid motion in response to hydration changes 
makes ELPs valuable in surgical tools, rehabilitation devices, 
and other soft robotic systems requiring biomimetic 
movement.

To optimize ELP responsiveness, chemical modifications 
such as adding hydrophilic or charged residues (e.g., lysine 
or glutamate) can enhance water absorption, speeding 
up conformational changes and expanding applications in 
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devices that require rapid shape adaptability[117-121]. This 
structural reinforcement ensures that ELP-based devices 
remain reliable and functional over extended periods.

4.2 Hybridization and Cross-linking for 
ELPs-based Bioelectronics

ELPs are highly adaptable and biocompatible, making 
them ideal candidates for bioelectronics and adaptive 
wearable integrations. Their functionality can be further 
expanded by combining them with other water-responsive 
materials, such as hydrogels[122]. Known for their high 
water content and swelling ability, hydrogels provide 
additional volume expansion and flexibility, which, when 
paired with ELPs, create a composite material that 
can respond dynamically to environmental humidity. 
Incorporating a hydrogel layer with ELPs enables rapid 
water absorption, triggering ELP contraction and facilitating 
more substantial or complex shape transformations. This 
synergy produces adaptable, layered responses that are 
especially useful in wearable devices or implants requiring 
advanced 3D adaptability[123,124].

Cross-linking methods further enhance ELPs’ durability 
and mechanical resilience, ensuring they withstand cyclic 
hydration and dehydration[119-121]. Cross-linking agents, 
including glutaraldehyde[125], genipin (a naturally derived 
cross-linking agent from Gardenia jasminoides)[126], 
and UV-induced bonds[24,127], provide additional stability 
by forming covalent bonds between polymer chains. 
Genipin, with its natural origin and biocompatibility, is 
advantageous for medical devices. By adjusting cross-
linking density and selecting suitable cross-linkers, 
ELP properties can be finely tuned to achieve the right 
balance of flexibility and stability with the inherent 
water-responsive nature, adapting them to applications 
across bioelectronics, soft robotics, adaptive textiles, and 
medical coatings. 

ELPs hold vast potential for shape-adaptive bioelectronics 
due to their water-responsive contraction, biocompatibility, 
and structural versatility. With advancements in chemical 
modification, hybridization with hydrogels, and cross-
linking techniques, ELPs can be optimized to meet specific 
demands across biomedical applications, soft robotics, and 
adaptive wearables. ELP-based devices, able to interface 
seamlessly with biological tissues while providing flexibility 
and responsiveness, underscore their transformative role in 
next-generation bioelectronics.

5 SHAPE-MEMORY POLYMERS FOR 
SHAPE-ADAPTIVE BIOELECTRONICS

Shape-memory polymers (SMPs) are a versatile class 
of materials that can "remember" and return to their 
original shape upon exposure to specific triggers, such 
as water. This capability makes SMPs highly suitable 
for bioelectronic applications that require adaptive 
interfaces, including deployable medical devices, soft 

robotics, and smart sensors[128,129]. By incorporating 
hydrophilic components and applying shape-memory 
processing, SMPs achieve rapid, reversible deformations 
in response to moisture, enhancing their utility in various 
biomedical settings. The water-responsiveness of SMPs 
is achieved through their unique dual-phase structure: 
a temporary shape “locked” by stress-processing and a 
permanent shape “remembered” by the polymer matrix. 
Hydrophilic domains, such as polyethylene glycol (PEG) 
or polyvinyl alcohol (PVA), are incorporated to enable 
water absorption, which acts as a trigger to release 
internal stresses, returning the polymer to its original 
configuration. This moisture-driven shape recovery is 
advantageous in bioelectronics, where materials should 
interact dynamically with biological tissues in response to 
hydration. In deployable biomedical devices, SMPs enable 
minimally invasive insertion followed by water-induced 
expansion or shape recovery. Stents or vascular scaffolds 
can be introduced in a compact form and then expand 
upon exposure to body fluids, minimizing tissue damage 
while achieving a precise fit. This water-triggered 
adaptation is also beneficial in soft tissue support devices, 
where SMPs provide controlled shape recovery tailored 
to specific anatomical locations, reducing mechanical 
mismatch and enhancing biocompatibility.

5.1 Porosity and Microstructural Design 
for Rapid Water Responsiveness

The development of water-responsive SMPs introduces 
a highly adaptable class of materials with potential for 
bioelectronic applications, where precise and controlled 
shape changes are required. By combining porosity with 
tailored microstructural design, SMPs achieve enhanced 
water diffusion and rapid responsiveness, making them 
ideal for dynamic interactions in biological environments. 

The development of a hybrid SMP ring made from 
silicone filled with 70 vol% sodium acetate trihydrate 
(NaAc) exemplifies an effective approach to creating 
water-responsive materials. This structure undergoes 
controlled contraction as NaAc dissolves, allowing the ring 
to recover its original shape when submerged in room-
temperature water (Figure 2I)[130,131]. The initial star-
shaped ring is pre-expanded at the melting temperature 
of NaAc and cooled to room temperature. Upon 
immersion in room temperature water, NaAc dissolves, 
and the silicone sponge recovers its original shape. This 
phenomenon can be extended to shape memory hybrids 
with different soluble inorganic salts where the transition 
component is designed to release in water, altering 
the device's configuration and enabling it to adapt its 
shape accordingly. This capability is useful for devices 
that need to change shape dynamically in response to 
environmental conditions, such as biomedical implants or 
soft robotics[132-134].

Pre-shape memory change or preset stress is essential 
for achieving effective and controlled water-responsive 
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contraction. Materials like polymethyl methacrylate 
(PMMA) can be pre-stretched at high temperatures to 
induce a state of internal stress. When these materials 
are immersed in ethanol, they exhibit curving due to 
the penetration of the ethanol (Figure 2J)[135,136]. As the 
ethanol fully penetrates, the PMMA recovers its original 
shape. 

In water-responsive systems, presetting the shape 
or stress within the material allows for precise control 
over the contraction and expansion processes. This is 
crucial for applications requiring exact and repeatable 
movements, such as in medical implants that need 
to adapt to the body's movements or in soft robotic 
components that should flex and contract reliably in 
response to environmental moisture[27,31,38,39,67,71,137, 38].

Inherently hygroscopic molecules typically contain polar 
functional groups (e.g., C–O–C or C=O) that interact with 
ambient humidity without additional treatment[58]. In many 
non-hygroscopic LCNs, although these polar groups may 
be present, their effect is minimized by a composition rich 
in non-polar groups and limited network porosity, which 
restricts water diffusion and reduces responsiveness. 
One approach to enhance water-responsiveness in these 
materials involves creating thin films. Due to reduced 
thickness, these films can deform quickly when exposed 
to a humidity gradient, as moisture can diffuse across the 
material more readily, facilitating bending and decreasing 
the alignment of the mesogens. Another effective method 
is to fabricate porous LCN actuators by incorporating 
and etching out particles, such as CaCO3, from the LCN 
precursor. The resulting porosity significantly improves 
water diffusion throughout the material, enabling access 
to polar sites that absorb moisture. This leads to quicker 
and more pronounced anisotropic swelling, resulting 
in complex deformation profiles that are beneficial for 
applications requiring rapid adaptability.

A recent study on poly(ethylene oxide) (PEO) and 
poly(ethylene glycol)-α-cyclodextrin (PEG-α-CD) inclusion 
complexes demonstrates the advantages of creating a 
porous, aligned microstructure to enhance water-responsive 
adaptability in bioelectronics (Figure 3A)[139,140]. By employing 
a repeated cold-drawing process, researchers created 
water-responsive adaptive polymer (WRAP) contractile 
electrodes that mimic the hierarchical structure of spider 
silk, featuring aligned microporous structures connected by 
fibrillar bridges (Figure 3B and C). This process aligns the 
polymer chains, forming a network of microscopic pores 
bridged by thin polymer fibers. The porosity enables rapid 
water diffusion, which, when combined with hydrogen 
bond disruption within the crystalline domains of the PEG-
α-CD inclusion complex, causes the aligned chains to recoil 
quickly upon wetting, resulting in significant contraction. 
The crystalline domains maintain stability, preventing the 
film from dissolving in water, while the amorphous regions 
of PEO chains allow rapid contraction. WRAP wet films 

showed improved electrical properties with elongation 
(Figure 3D), ensuring that implanted recording electrodes 
achieved a high signal-to-noise ratio (SNR).

Unlike conventional hydrogels, which swell upon wetting 
and can tear Au films into discontinuous domains, WRAP 
films maintained a continuous Au mesh (Figure 3E). The 
shape-adaptive WRAP electrodes implanted on sciatic 
nerves showed superior biocompatibility (Figure 3F and G).  
The combination of porosity and flexibility allows WRAP 
electrodes to conformally wrap around nerves of different 
sizes, such as the rat sciatic and common peroneal nerves, 
expanding and contracting by over 50% within seconds of 
water exposure (Figure 3I and J). This rapid and reversible 
response supports precise applications in biomedical 
settings where adaptability is essential. Electrical stimulation 
induced leg and toe movements in rats, and simultaneous 
implantation on various nerves and muscles allowed for 
clear recording of compound nerve and muscle action 
potentials with lower baseline noise (Figure 3K)[141-146]. After 
two weeks of implantation, WRAP electrodes recorded clear 
electroneurography (ENG) signals, while Au-elastomer 
electrodes recorded almost no signals, demonstrating 
the superior recording performance of WRAP electrodes 
(Figure 3L). Unlike typical hydrogel swelling, which is often 
slow and uncontrolled, the adaptive contraction of WRAP 
films upon water exposure involves a rapid and controlled 
reduction in length due to the disruption of hydrogen bonds 
in the aligned polymer chains. This process transforms the 
inclusion complexes into a soft, stretchable hydrogel that 
quickly adapts to various shapes and sizes, enabling the 
creation of dynamic, biocompatible bioelectronic interfaces.

The rapid contraction and stretchability of these polymer 
films are attributed to their hierarchical microstructure, the 
hydrophilic nature of their components, and the stability 
provided by the polymer inclusion complex. Porosity and 
alignment achieved during the cold-drawing process allow 
PEO chains to contract rapidly when wetted. Moreover, 
the preset stress in the cold-drawing process determines 
the degree of chain alignment and the formation of a 
microporous, fibrillar microstructure, which can be fine-tuned 
by adjusting polymer chain length, crosslinking degree, 
ambient conditions, and polymer blend composition[147].

5.2 Molecular Composition and Pro- 
cessing for Targeted Responsiveness

Optimizing SMPs for bioelectronics requires adjustment 
of their molecular composition, hydrophilic component 
ratios, and stress processing conditions, as each of these 
factors enhances specific performance aspects crucial for 
bioelectronic applications[148]. The choice of base polymers 
and monomers in SMPs defines fundamental properties, 
such as flexibility, durability, and water-responsiveness. 
Incorporating hydrophilic monomers, like PEG or PVA, 
into the SMP matrix increases water affinity, enabling 
moisture absorption that activates shape recovery[148,149]. 
Adding hydrophobic segments, such as polycaprolactone 
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Figure 3. Water-Responsive Contracted Polymer Films. A: Schematic and photograph of a flexible water-responsive 
adaptive polymer (WRAP)-electrode array. SEBS, styrene-ethylene/butylene-styrene. B: Repeated cold drawing of IC/
PEO to prepare WRAP films (drawn to 300% strain, then to a preset stress of 25MPa). IC/PEO, an inclusion complex where 
poly(ethylene oxide) (PEO) domains are crosslinked by poly(ethylene glycol) (PEG)-α-cyclodextrin (α-CD). C: SEM images 
of 700% elongated WRAP film with aligned and porous microstructures. D: Electrochemical impedance spectra (EIS) of wet 
WRAP films showing decreased impedance with increased elongation ratios. E: Optical microscope images of discontinuous Au 
domains on a swollen substrate (top) and continuous Au mesh on WRAP film (bottom). F: Hematoxylin and Eosin (H&E)-stained 
images of sciatic nerve cross-sections (top) and CD68 immunostaining (down) of sciatic nerves with Au-elastomer versus 
WRAP electrodes after two weeks of implantation. G: Recording setup with WRAP electrodes implanted on sciatic nerves 
through shape-adaptive contraction. H: Implantation of WRAP electrodes compared to conventional ones. I: Contraction of 
a WRAP electrode when wetted. J: WRAP electrode conformally wrapping around the peroneal nerve within 2min wetting. K: 
WRAP electrodes stimulate the rat sciatic nerve and record compound nerve action potential (CNAP) and compound muscle 
action potential (CMAP). I, Common peroneal nerve; II, tibial nerve; III, tibialis anterior muscle; IV, soleus muscle. L: Signal-
to-Noise Ratio (SNR) recorded by WRAP and Au-elastomer electrodes implanted for 2 weeks, responding to mechanical 
stimuli. Reproduced from Ref[139] with permission from Springer Nature.

or polylactic acid, enhances mechanical stability and 
controls water diffusion rates, creating a balanced design 
that ensures SMPs are both durable and sensitive to 
environmental changes-qualities that are essential for 
reliable bioelectronic interfaces[150,151].

The hydrophilic component ratio within an SMP 
directly impacts its water absorption capacity and 
responsiveness. A higher ratio of hydrophilic polymers 
increases water uptake, accelerating shape recovery 
in moist environments. Increasing PEG content within 
the polymer matrix improves water absorption, thereby 

speeding up shape change[152]. However, an excessive 
hydrophilic ratio can cause over-swelling, potentially 
compromising mechanical integrity. Optimizing this ratio 
is key to maximizing responsiveness while preserving 
stability, especially in implantable devices that should 
withstand varying hydration levels without structural 
deterioration.

The processing conditions of SMPs are crucial in 
defining their temporary shapes and ensuring efficient 
shape recovery upon water exposure. Stress-processing, 
which involves applying mechanical or thermal treatments, 
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is used to “fix” a temporary shape within the polymer 
matrix. Thermal processing enables SMPs to be molded 
at elevated temperatures, setting a shape they can later 
revert to when exposed to water or heat. Mechanical 
treatments, such as stretching or compressing, instill 
a directional memory that governs how the material 
will contract or expand in response to hydration[139]. 
Key parameters-processing temperature, duration, and 
applied force-determine the strength and precision of the 
shape-memory effect, allowing SMPs to respond with 
tailored intensity and speed. This versatility makes SMPs 
adaptable for a range of bioelectronic applications, from 
rapid deployment in minimally invasive medical devices to 
gradual expansion in wearable sensors.

By adjusting SMPs’ molecular composition, hydrophilic 
component ratios, and stress-processing conditions, 
they can be fine-tuned to meet the diverse needs of 
bioelectronic applications. This customization enables 
SMPs to achieve precise, reliable shape recovery, making 
them versatile for adaptive bioelectronics, including 
neural interfaces and soft robotic actuators. SMP-based 
devices are thus well-suited for dynamic, hydration-
sensitive biological environments. 

The unique water-responsive properties of SMPs 
also position them as ideal materials for bioelectronic 
applications where adaptability and durability are 
essential. In soft robotics, SMP-based actuators mimic 
muscle-like movements through hydration-driven 
contraction and expansion, achieving biomimetic motion 
without motors or complex mechanical components[116]. 
This makes SMPs advantageous for robotic systems 
used in medical procedures, as SMP-based actuators can 
perform lifelike, adaptable movements, reducing tissue 
injury risks while allowing precise functionality during 
minimally invasive procedures.

Moreover, SMPs can leverage their shape-memory 
properties to maintain consistent contact with dynamic 
or irregular surfaces, such as the skin or internal[153] 
organs. Skin-mounted sensors can expand or contract 
in response to hydration changes, ensuring optimal 
contact despite fluctuations in sweating or environmental 
humidity. This real-time adaptability enhances the 
reliability and accuracy of physiological monitoring by 
maintaining continuous sensor contact. Additionally, 
SMPs can be engineered to respond to minimal amounts 
of moisture, making them highly sensitive for skin-based 
monitoring and wearable healthcare devices, where 
accurate data capture is essential[154,155]. Meanwhile, SMP-
based polymeric bilayers, which combine hydrophilic 
polymers with LCEs, enable sophisticated 3D morphing 
controlled by the anisotropic modulus[156]. This bilayer 
structure allows devices to achieve complex, directional 
shape changes in response to water. The LCE layer 
provides structural rigidity along specific orientations, 
enabling anisotropic expansion or contraction. By 

adjusting the orientation and modulus of each layer, 
researchers can program complex shape changes 
that are particularly valuable in applications requiring 
precise spatial conformity, such as neural interfaces or 
biosensors for organs with irregular surfaces. These 
advanced morphing abilities of SMP-based bioelectronics 
enhance their versatility in soft robotics. SMPs serve 
as actuators that expand and contract with hydration 
changes, mimicking the movement of natural muscles. 
By integrating hydrophilic SMP actuators into robotic 
structures, soft robots achieve lifelike motion without 
relying on motors or electrical power, resulting in a more 
biomimetic and energy-efficient solution. This water-
responsive actuation is particularly valuable in medical 
robotics, where safe, adaptable movement is crucial for 
preventing tissue injury and ensuring precise operation 
during minimally invasive procedures.

SMPs provide an exceptional platform for water-
responsive, shape-adaptive bioelectronics due to their 
programmable shape-memory properties and hydrophilic 
responsiveness. With advances in polymer chemistry and 
stress-processing techniques, SMP-based bioelectronics 
can seamlessly integrate into real-world applications 
that demand dynamic interaction with biological tissues, 
such as deployable biomedical devices, smart sensors, 
adaptive interfaces, and soft robotics.

6 CONCLUSIONS AND OUTLOOK
Water-responsive adaptive contraction represents 

a significant advancement in bioelectronics, offering 
unique advantages over traditional swollen hydrogels 
and actuator-based systems. Unlike typical gels and 
hydrogels, which rely on swelling in response to light, 
temperature, or magnetic stimuli and often suffer from 
slow response times and limited shape control, water-
responsive contraction offers rapid adaptability driven by 
structural changes at the molecular level. Actuator-based 
systems, while providing precise control, typically require 
external power sources and complex mechanisms, which 
can hinder their integration into soft, biocompatible 
applications.

Water contraction generally involves water-induced 
dissociation of intermolecular hydrogen bonds, and loss 
of chain orientation upon transitioning from a glassy to 
a rubbery state, different from swelling due to water 
molecule penetration. As the relative humidity increases, 
the distance between crystalline cross-linking domains 
decreases due to hydrogen bond dissociation, and 
highly oriented chains lose their orientation, leading to 
supercontraction.

Current findings in water-responsive materials suggest 
several optimization strategies to enhance their mechanical 
durability and biocompatibility, making them more suitable 
for biomedical applications. For instance, adding cross-
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linking agents can improve mechanical strength, while 
biocompatible surface coatings could reduce potential 
inflammatory responses upon implantation. Development 
of water-responsive materials that can achieve rapid and 
significant shape adaptability without the need for external 
control is crucial for wearable and implantable biomedical 
applications where seamless and efficient interfacing 
with the human body is essential[9-11,36,38,137,157-167]. These 
materials' intrinsic ability to respond to hydration changes 
allows for more natural and dynamic interactions within 
biological environments. Figure 4 illustrates various 
water-responsive materials, such as LCNs, proteins, 
polypeptides, and shape memory polymers, which offer 
exciting possibilities for adaptive bioelectronics through 
tailored chemical and structural modifications.

Natural proteins and ELPs, are notable for their ability to 
undergo significant conformational changes in response to 
water, shifting from random coils to β-sheet conformations. 
Such adaptability and biocompatibility make them ideal 
for smart textiles, responsive coatings, and biomedical 
devices.

LCNs are notable for combining the fluidity of 
liquid crystals with the rigidity of polymer networks, 
enabling significant and controllable deformations in 
response to water. Modifying the chemical components 
or microstructure of LCNs, such as by creating porous 
structures or hybridizing hygroscopic layers, can further 

Figure 4. Summary of Various Water-responsive Contraction Mechanisms and Materials. The key mechanisms in 
water-induced contraction, involve hydrogen bond disruption, phase transition, and hierarchical structures. Materials that 
utilize these mechanisms include shape-memory polymers, liquid crystal elastomers, peptides, and proteins. 

enhance their water-responsiveness. Porous structures 
can be introduced into LCNs by incorporating materials 
like CaCO3 particles, which are subsequently etched out, 
leaving behind a network of voids. This improved porosity 
enhances moisture diffusion, allowing larger, faster, and 
more controlled deformations due to finely tuned water-
induced swelling, which is beneficial for applications 
requiring rapid adaptability.

Hybridization with hygroscopic layers offers another way 
to increase water-responsiveness in LCNs[81,168]. Integrating 
a hydrogel layer within the LCN network can leverage the 
hydrogel’s rapid swelling properties to induce complex 
bending or other deformations upon water exposure. The 
liquid crystal elastomer layer within the LCNs provides 
directional control due to its anisotropic modulus, higher 
along the molecular orientation. By aligning the molecular 
orientation in specific patterns, this method enhances 
water responsiveness and allows for the creation of multi-
functional materials capable of responding to multiple 
stimuli. Enhancing the water responsiveness through 
porosity and hybridization with hygroscopic layers results 
in materials that exhibit precise, controlled, and reversible 
shape changes, making them suitable for applications in 
soft robotics, adaptive bioelectronics, and smart sensors by 
providing flexibility, adaptability, and rapid responses.

Shape memory polymers can revert to their original 
shape upon water exposure by incorporating hydrophilic 
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components and leveraging preset shape memory or stress 
processing, achieving rapid and reversible deformations. 
This makes them ideal for deployable structures, smart 
sensors, and adaptive bioelectronics, as demonstrated 
by polymeric bilayers combining hydrophilic polymers 
with liquid crystal elastomers, which allow for complex 3D 
morphing controlled by the anisotropic modulus.

Recent advances have introduced a precise cold-
drawing process that aligns polymer chains and creates 
a microporous structure to fabricate a supercontractile 
soft, biocompatible water-responsive contractile films that 
facilitate adaptable chronic electronic integration, paving 
the way for next-generation biomedical devices that can 
seamlessly interface with the human body and simplify the 
implantation process, thereby improving patient care.

In conclusion, water-responsive adaptive contraction 
offers advantages over conventional swollen hydrogels and 
actuator-based cuff electrodes for biomedical applications, 
where rapid and significant shape adaptability without the 
need for external control is crucial. Its effectiveness lies in 
leveraging mechanisms like phase transition modulation, 
hydrogen bond disruption, and hierarchical hybridization. 
Ongoing research that focuses on optimizing material 
properties-such as mechanical durability, biocompatibility, 
and water-responsiveness-can enable these materials 
to become more effective tools in medical applications. 
Interdisciplinary efforts across material science, 
bioengineering, and medical sciences will be invaluable in 
advancing this field, facilitating the development of next-
generation medical devices that seamlessly integrate with 
the human body, improve patient outcomes, and ultimately 
set new standards in biomedical engineering.
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