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A B S T R A C T   

Implantable bioelectronics, integrated directly within the body, represent a potent biomedical solution for 
monitoring and treating a range of medical conditions, including chronic diseases, neural disorders, and cardiac 
conditions, through personalized medical interventions. Nevertheless, contemporary implantable bioelectronics 
rely heavily on rigid materials (e.g., inorganic materials and metals), leading to inflammatory responses and 
tissue damage due to a mechanical mismatch with biological tissues. Recently, soft electronics with mechanical 
properties comparable to those of biological tissues have been introduced to alleviate fatal immune responses 
and improve tissue conformity. Despite their myriad advantages, substantial challenges persist in surgical 
handling and precise positioning due to their high compliance. To surmount these obstacles, softening 
implantable bioelectronics has garnered significant attention as it embraces the benefits of both rigid and soft 
bioelectronics. These devices are rigid for easy standalone implantation, transitioning to a soft state in vivo in 
response to environmental stimuli, which effectively overcomes functional/biological problems inherent in the 
static mechanical properties of conventional implants. This article reviews recent research and development in 
softening materials and designs for implantable bioelectronics. Examples featuring tissue-penetrating and 
conformal softening devices highlight the promising potential of these approaches in biomedical applications. A 
concluding section delves into current challenges and outlines future directions for softening implantable device 
technologies, underscoring their pivotal role in propelling the evolution of next-generation bioelectronics.   

1. Introduction 

Implantable bioelectronics, seamlessly integrated within the body to 
interact directly with biological tissues and internal organs, hold 
immense promise across diverse applications. These encompass health 
monitoring (Yu et al., 2024), drug delivery (Joo et al., 2021), pace
making (Ryu et al., 2021), neural interfacing (Jeong et al., 2015; Lee 
et al., 2020; Kim et al., 2021), hearing repair (Carlyon and Goehring, 
2021), and cardiovascular stenting (Herbert et al., 2022b), which miti
gate acute and chronic diseases, facilitate rehabilitation, and provide 
appropriate treatment that elevate the overall quality of patients’ lives 
(Fig. 1a). 

Conventional implantable devices are primarily constructed from 
rigid materials such as metals (e.g., Au, stainless steel, etc) and inorganic 

materials (e.g., Si, GaAs, etc). Owing to their rigid, bulky, and planar 
properties, these devices exhibit resistance to external forces, robust
ness, and static structures conducive to efficient surgical handling and 
implantation (Fig. 1b, top left). However, their inherent rigidity leads to 
severe inflammatory responses as well as tissue damage due to me
chanical disparities with soft tissues (Someya et al., 2016) (Fig. 1b, 
middle left). The rigid form factor further hampers conformal integra
tion with soft, curvilinear structures of internal organs, compromising 
stimulating and sensing performances (i.e., high impedance and low 
signal-to-noise ratio) (Pang et al., 2015) (Fig. 1b, bottom left). The 
paradigm shift towards soft implantable bioelectronics, emulating the 
mechanical properties of biological tissues with inherently soft and 
stretchable materials (Guo et al., 2022; Lee et al., 2022b), addresses 
these challenges. Such devices not only alleviate immunological side 
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effects by minimizing mechanical mismatches at the tissue-device 
interface (Fig. 1b, middle right) but also allow seamless attachment to 
various internal organs for precise physiological signal sensing and 
nerve stimulation (Li et al., 2021b; Sunwoo et al., 2021) (Fig. 1b, bottom 
right). Nevertheless, the inherent softness poses critical challenges in 
handling during surgical implantation (Fig. 1b, top right) and in 
achieving performance levels comparable to conventional rigid 
bioelectronics. 

The key breakthrough lies in softening implantable bioelectronics, 
leveraging adaptive mechanical properties responsive to various stimuli 

(e.g., body temperature, bodily fluid, pH, enzymes, etc.). These soft
ening devices seamlessly transition from an initial rigid state under off- 
body conditions to a softened state inside the body, combining the ad
vantages of both rigid and soft devices. Their mechanical adaptability 
enables them to maintain their structures with high elastic modulus 
when outside the body, allowing for facile handling and precise posi
tioning during implantation without the need for assistive tools. For 
example, tissue-penetrating softening implantable devices (e.g., neural 
probes) can be directly inserted into the target tissue without rigid 
stiffeners (Zhou et al., 2022; Park et al., 2021). Moreover, 

Fig. 1. Overall schematics of implantable bioelectronics illustrating challenges associated with electronics-tissue mechanical mismatch and the potential benefits of 
softening materials. a) Schematic illustration of conventional implantable bioelectronics, b) Advantages and disadvantages of recent implantable bioelectronics in the 
rigid (right) and soft (left) states, c) Mechanical variation range of softening materials in both rigid and soft states, highlighting their potential to address the 
limitations of traditional materials with invariant mechanical properties. 

S. Oh et al.                                                                                                                                                                                                                                       



Biosensors and Bioelectronics 258 (2024) 116328

3

tissue-conformal softening implantable devices (e.g., nerve cuff), in their 
rigid state, exhibit easy handling and integration with the target organ 
surface with high mechanical stability (González-González et al., 2018). 
After implantation, the softened devices become pliable and malleable, 
establishing conformal contacts on tissues and minimizing discrepancies 
between biological tissues and the device (Jiao et al., 2023). The 
adaptive nature of softening devices enables versatile applications 
across diverse body parts, embracing a broad spectrum of mechanical 
properties of the human body with enhanced biocompatibility (Fig. 1c). 
Acknowledging the existence of various other effective methods for 
enhancing implantable device functionality and longevity, such as bio
resorbable devices (Lee et al., 2021) and advanced encapsulation tech
niques (Kim et al., 2023), respectively, this review narrows its focus to 
the promising avenue of softening technologies, a field marked by active 
and ongoing research. 

Despite recent reviews exploring various stiffness tunable materials 
for bio-integration, their applications in bio-integration and implanta
tion remain largely unexplored. This review fills a crucial void by pre
senting a novel approach to softening implantable devices, focusing on 
stiffness-tunable materials with diverse softening mechanisms within 
in vivo conditions for implantable bioelectronics. We begin by discussing 
promising stiffness-tunable materials based on diverse softening mech
anisms providing negligible impacts on the human body. Then, novel 
structural softening strategies and multifunctional features (e.g., self- 
healing, bio-adhesion) that emerge from softening approaches are 
briefly discussed. Next, real-world applications showcase the potential 
of tissue-penetrating and tissue-conformal softening implantable de
vices. The review not only addresses current challenges but also outlines 
future directions, making a significant contribution to the advancement 
of next-generation biomedical electronics. 

2. Material designs for softening implantable bioelectronics 

Understanding the chemical and mechanical properties of softening 
materials and their fundamental softening mechanisms is crucial for 
designing effective softening implantable bioelectronics. To create ver
satile softening bio-implantable systems that outperform current devices 
with static form factors (i.e., either rigid or soft in terms of mechanical 
properties), several key elements must be considered: wide stiffness 
variation, high processability and reliability, and the biocompatibility of 
softening stimuli. Achieving substantial stiffness modulation is para
mount to fully leverage the advantages offered by both rigid and soft 
implantable devices. In off-body conditions, maintaining a high elastic 
modulus, akin to traditional rigid implantable devices (i.e., a few GPa or 
higher) ensures reliable device handling (Someya et al., 2016). Yet, 
upon implantation, rigidity must diminish to levels matching biological 
tissues (i.e., less than a few tens or hundreds of kPa), enhancing me
chanical bio-intimacy at the biotic-abiotic interface. Softening materials 
play a pivotal role in fine-tuning device stiffness and should possess a 
high stiffness-tuning ratio exceeding 100-fold or more. Moreover, for 
seamless integration into existing implantable devices, these materials 
must exhibit high processability and chemo-mechanical stability, 
amplifying their versatility and widespread application. Furthermore, 
activation stimuli must align with in vivo conditions to mitigate any 
potential damage to biological tissues, requiring considerations such as 
adequate temperature (~37 ◦C), compatibility with biofluid, enzymes, 
pH, and magnetic field. By adhering to these criteria, precise and dy
namic control over the stiffness of softening materials is achieved 
through mechanisms such as phase transition, conversion of molecular 
structures, adjustment of internal moisture content, and particle 
agglomeration. Additionally, as a structural mechanism, rigidity can be 
modulated by using a biodegradable material as a sacrificial layer. 
Table 1 outlines potential softening materials based on the aforemen
tioned criteria, including activation stimuli, stiffness variation, and 
biocompatibility. This section provides a comprehensive exploration of 
diverse softening materials and designs, highlighting their strengths 

while addressing any associated limitations. 

2.1. Softening materials based on phase transition mechanism 

Phase transition, an entropically induced mechanism, intricately 
regulates the molecular motions of materials to effectively configure 
their mechanical properties (Gao et al., 2022; Zhao et al., 2015; Su et al., 
2015). Within this realm, phase transition-based softening materials 
(PTSM) include shape memory polymers (SMPs), liquid crystal elasto
mers (LCEs), liquid metals, and gels. In the following sections, we will 
examine these softening materials and delve into their respective phase 
transformation approaches, showcasing the breadth and depth of their 
potential applications. 

2.1.1. Shape memory polymer 
SMPs, an emerging class of softening materials, undergo phase 

transition between liquid and solid states at the melting temperature 
(Tm) or between glassy and rubbery states at the glass transition tem
perature (Tg) (Wang et al., 2018). This transition is driven by the poly
mer chains within SMPs, which respond to thermal stimuli and exhibit 
variable mobility (Xue et al., 2022; Gao et al., 2022). Below the phase 
transition temperature, these polymer chains form a highly grafted 
network structure. However, beyond the transition temperature, the 
increased mobility of polymer chains facilitates macroscopic molecular 
motion and randomness within the polymer networks. The extensive 
degrees of stiffness modulation in SMPs are achieved by these large-scale 
transitions in chain configuration. 

SMPs showcase two distinctive phase transition behaviors: glass 
transition (Byun et al., 2020) and first-order phase transition (melting 
process, in this case). The glass transition is a kinetic phenomenon (i.e., 
second-order thermodynamic transition) that offers relatively small 
stiffness modulation with a gradual phase transition (i.e., continuous 
entropy change) at Tg (Jiao et al., 2023; Qiu et al., 2020; Ren et al., 2016; 
Mattmann et al., 2022; Ware et al., 2012a; Zhang et al., 2015). During 
melting, however, polymers undergo a discontinuous phase transition 
by absorbing large amounts of latent heat, leading to a wide variation in 
elastic modulus at Tm (Zhao et al., 2017a, 2017b). For instance, Jiao 
et al. (2023) proposed multifunctional softening bioelectronics using 
polyurethane (PU)-based SMP substrates, which rely on glass transition 
for sensing physiological signals such as electrocorticography (ECoG) 
and electrocardiogram (ECG) (Fig. 2a). These PU-based SMPs exhibit a 
Tg of 38 ◦C close to body temperature (Fig. 2a, bottom left). In their rigid 
states at temperatures below Tg, their elastic modulus is approximately 
100 MPa, allowing a facile 2D fabrication process for bioelectronics. 
After in vivo implantation, the SMP substrate rapidly achieves conformal 
contacts on a 3D curvilinear tissue surface, experiencing over a 100-fold 
reduction in elastic modulus (Fig. 2a, bottom right). Another exemplary 
case, proposed by Zhao et al. (2017a), features a thermodynamically 
softening biphasic synergistic gel (BSG) comprising stiffness-tunable 
micro-inclusions emulsified with a hydrogel matrix (Fig. 2b, top). The 
core component driving stiffness switch in BSGs is the micro-inclusions 
containing oleophilic stearyl methacrylate (SMA) monomers with long 
alkyl chains, facilitating thermodynamic melting-based transition 
(Fig. 2b, bottom left). Notably, a distinctive feature of BSGs is their high 
rigid-to-soft conversion ratio under biocompatible temperature condi
tions. The storage modulus of BSG decreases from 100 kPa to 20 kPa at 
its Tm of 38.6 ◦C (Fig. 2b, bottom middle and right). 

SMPs stand out among other softening materials due to their sub
stantial stiffness variation, ranging from hundreds of kPa and a few GPa, 
facilitated by phase transition mechanisms (Byun et al., 2020). Recent 
studies emphasize their remarkable chemical biocompatibility and 
processability, shedding light on their vast potential for applications in 
implantable devices (Ware et al., 2012a; González-González et al., 
2018). In section 3, we delve into specific applications of SMPs in 
implantable bioelectronics, highlighting their potential as substrates for 
various devices like neural probes and nerve cuff electrodes to establish 
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Table 1 
Comparison of various stimuli-responsive materials based on softening mechanisms.   

Material Stimuli Stiffness variation 
(max to min) 

Modulus at body 
condition 

Biocompatibility Ref. 

PTSM Polycaprolactone diol (PCL), poly 
(hexamethylene diisocyanate) (PHMD), 
hexamethylene diisocyanate (HDI) 
- SMP 

Heat (Tm =

38 ◦C) 
100 MPa (R.T), 700 
kPa (38 ◦C), 

700 kPa (38 ◦C) O Jiao et al. (2023) 

Poly (vinyl acetate), cellulose nanocrystal 
- SMP 

Fluid 3411 MPa (dry), 33 
MPa (wet) 

33 MPa (wet, 
37 ◦C) 

O Harris et al. 
(2011) 

Stearyl acrylate (SA), Tetradecyl acrylate (TA), 
Urethane diacrylate (UDA) 
- SMP 

Heat (Tm =

26–32 ◦C) 
30.8 MPa (R.T), 0.03 
MPa (body temp.) 

30 kPa O Gao et al. (2021) 

Bacterial cellulose, Carboxyethyl acrylate (CEA) 
- SMP 

Fluid (polar 
solvent), Heat 
(Tm =

30–43 ◦C) 

~1.5 GPa (dry, R.T), 
69 kPa (water, 50 ◦C) 

~40 kPa (wet, 
37 ◦C) 

O Qiu et al. (2020) 

Stearyl acrylate (SA), Tetradecyl acrylate (TA), 
Urethane diacrylate (UDA) 
- SMP 

Heat (Tm =

34–46 ◦C) 
28 MPa (R.T), 0.38 
MPa 
(above Tm) 

0.38 MPa (37 ◦C) – Ren et al. (2016) 

Nanoclay, N,N-dimethylacrylamide (DMAA), 
Stearyl methacrylate (SMA), Ethylene glycol 
dimethacrylate (EGDMA) - SMP 

Heat (Tm ~ 
38.6 ◦C) 

~100 kPa (below Tm), 
~20 kPa (above Tm) 

~50 kPa (37 ◦C) – Zhao et al. 
(2017a) 

Nanoclay, DMA, Lauryl methacrylate (LMA), 
EGDMA, paraffin - SMP 

Heat (Tm =

54–57 ◦C) 
0.57 MPa (20 ◦C), 
0.053 MPa (70 ◦C) 

- (>0.12 MPa) – Zhao et al. 
(2017b) 

Methyl acetate (MA), Isobornyl acrylate (IBoA), 
poly (ethylene glycol) diacrylate, Acrylic acid 
(AA) 
- SMP 

Fluid, Heat 
(Tg ~ 60 ◦C) 

~700 MPa (dry, 
37 ◦C), ~100 kPa (dry, 
100 ◦C) 

~0.3 MPa (wet, 
37 ◦C), 

– Ware et al. 
(2012a) 

Acrylonitrile (AN), Acrylamide (Aam), 2-acryla
mido-2-methyl-1-propanesulfonic acid (AMPS) 
- SMP 

Heat (>15 ◦C) ~18 MPa (10 ◦C), 
~210 kPa (60 ◦C) 

~1 MPa (35 ◦C) – Zhang et al. 
(2015) 

RM82, 2,2’-(ethylenedioxy) diethanethiol 
(EDDT), TATATO 
- Liquid crystal 

Heat (TNi =

35 ◦C) 
>1 GPa (− 20 ◦C) ~ 
0.7 MPa (30 ◦C) 

~0.7 MPa – Saed et al. 
(2019) 

RM82, n-butylamine, polyrotaxane 
- Liquid crystal 

Heat (Tpm 

~58 ◦C) 
~200 MPa (− 25 ◦C), 
~0.3 MPa (100 ◦C) 

~5 MPa – Choi et al. 
(2022) 

RM82, n-butylamine - Liquid crystal Heat (TNi: 
95 ◦C) 

~50 kPa s (R.T), 
~200 Pa s (120 ◦C) 

10–50 kPa s – Kotikian et al. 
(2018) 

RM257, EDDT 
- Liquid crystal 

Heat ~1 GPa (<0 ◦C), ~0.3 
MPa (~50 ◦C) 

~1 MPa – Mistry et al. 
(2021) 

RM257, EDDT, (mercaptopropyl)methylsiloxane 
(PMMS) 
- Liquid crystal 

Heat (Tg =

30 ◦C) 
~1 GPa (− 25 ◦C), 
<1 MPa (~80 ◦C) 

~10 MPa – Zhang et al. 
(2020) 

Gallium 
– Liquid metal 

Heat (Tm =

29.8 ◦C) 
9.8 GPa (below Tm), 
~0 Pa (above Tm) 

~0 Pa (37 ◦C) O Wen et al. 
(2019); Agno 
et al. (2023) 

Tendon gelatin (TG), 2-ureido-4 [1H]- 
pyrimidinone unit (UPy unit) 
- Gel-sol transition 

Heat (Ttrans =

40 ◦C) 
~20 kPa (20 ◦C), 
100 Pa (40 ◦C) 

~1 kPa (37 ◦C) O Nishiguchi et al. 
(2022) 

APmoc-F(CF3)F, Enzyme activation system (EAT) 
- Gel-sol transition 

Non- 
enzymatic 
protein 
(avidin) 

2300 Pa (w/o bCAII), 
770 Pa 
(w/bCAII) 

770 Pa (w/bCAII) – Shigemitsu et al. 
(2020) 

MCSM PDMS–COO–Zn Heat (Tg =

55.7 ◦C) 
800 MPa (25 ◦C), 0.9 
MPa (80 ◦C) 

~500 MPa – Lai et al. (2018) 

Cellulose-graft-poly (n-butyl acrylate-co-1- 
vinylimidazole) (Cell-P(BA-co-VI)), Cu2+

Heat (Tg =

27.6 ◦C) 
~400 MPa (~- 60 ◦C), 
~1 MPa (~80 ◦C) 

~2 MPa – Wang et al. 
(2020a) 

Thioctic acid (TA), 1,3-diisopropenylbenzene 
(DIB), Fe3+

Heat ~0.2 MPa (30 ◦C), 
~10 kPa (100 ◦C) 

~0.2 MPa O Zhang et al., 
2018b 

Lyophilized silk proteins Fluid 38.7 MPa (dry), 
3.53 MPa (wet) 

3.53 MPa (wet) O Zhou et al. 
(2022) 

Poly (styrene-co-butadiene) (SBR), sulfonated 
whiskers 

Fluid 236 MPa (dry), 
39 MPa (wet) 

39 MPa (wet) – Dagnon et al. 
(2012) 

Polyurethane Heat (Tg <

0 ◦C) 
>1 GPa (~− 40 ◦C), 
~1 MPa (~40 ◦C) 

~1 MPa – Chen et al. 
(2020) 

Tricyclodecane dimethanol diacrylate (TCMDA), 
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-tri
one (TATATO), 2,2,-dimethoxy-2-phenyl 
acetophenone (DMPA), Tris [2-(3- 
mercaptopropionyloxy)ethyl] isocyanurate 
(TMICN) 

Fluid, Heat 
(Tg = 60 ◦C) 

600 MPa (dry, 25 ◦C), 
4 MPa (wet, 70 ◦C) 

80 MPa (wet, 
37 ◦C) 

O Reeder et al. 
(2014) 

2,2,2-trifluoroethyl methacrylate (TFEMA), 
2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA) 

Heat (Tg =

12.1 ◦C) 
~1 GPa (~10 ◦C), 
~1 MPa (~60 ◦C) 

~100 Mpa – Liu et al. 
(2022b) 

Poly (acrylic acid) (PAA), branched poly 
(ethylenimine) (bPEI) - pH 

pH 6 ~300 MPa (pH 2), 
~30 MPa (pH 6) 

~30 MPa (pH 6), 
depends on pH 
environment 

– Kim et al. (2016) 

(continued on next page) 
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strong bio-mechanical affinity with tissues. 

2.1.2. Liquid crystal elastomer 
LCE is a crosslinked polymer network combining the elasticity of 

elastomers and the self-assembly of liquid crystals. It involves rod-like 
molecular segments known as mesogens, which are linked to either 
main or side chains of polymer networks. LCEs undergo phase transi
tions between ordered states (nematic or smectic) and disordered states 
(isotropic) depending on the orientational and positional configurations 
of mesogens (Herbert et al., 2022a; Jayasri et al., 2009). The macro
scopic alignment of mesogens governs the phase of the LCEs, while the 

dynamic fluctuation of liquid crystallinity and polymer chains modu
lates the stiffness and actuation of LCEs (Wang et al., 2020b; Choi et al., 
2022; Kotikian et al., 2018; Mistry et al., 2021). For example, Li et al. 
(2021a) introduced a 3D-printed LCE soft actuator capable of stiffness 
tuning and programmable locomotion. To create this soft actuator, a 
photopolymerizable LCE liquid resin is employed, composed of dia
crylate LC monomers (RM257), dithiol linker (EDDT), and trivinyl 
cross-linker (TATATO). These components are printed in layers by 
applying a shear force to ensure highly aligned LCEs. Heating the LCE 
above its critical transition temperature (TNI ~ 39 ◦C) induces a shift 
from the well-organized mesogens and polymeric chains (i.e., nematic 

Table 1 (continued )  

Material Stimuli Stiffness variation 
(max to min) 

Modulus at body 
condition 

Biocompatibility Ref. 

poly (2-(diisopropylamino)ethyl methacrylate) 
(PDPA), poly (2-(methacryloyloxy)ethyl 
phosphorylcholine) (PMPC) - > ABA triblock 
copolymer 
- pH 

pH 7 40 kPa (pH 8), 1.4 kPa 
(pH 7) 

1.4 kPa (pH 7) O Yoshikawa et al. 
(2011) 

Swelling Poly (acrylamide)-alginate (PAAM-Alg) - 
Swelling 

Fluid 50 MPa (dry), 16.5 
kPa (wet) 

16.5 kPa O Park et al. 
(2021) 

polyacrylamide (PAAM) 
- Swelling 

Fluid ~700 kPa (dry), <100 
kPa (wet) 

<100 kPa (wet) – Xu et al., 2023b 

poly (hydroxyethyl)methacrylate (PHEMA) 
- Swelling 

Fluid 1 GPa (dry), 
0.3 MPa (wet) 

0.3 MPa (wet) O Opdahl et al. 
(2003) 

β -cyclodextrin modified alginate (β -CD-Alg), 
diethylenetriamine modified alginate (DETA-Alg) 
- Swelling & pH 

Fluid, (pH 7) 627.24 MPa (dry), 
2.89 MPa (wet)/5.07 
MPa (pH 11.5), 2.89 
MPa (pH 7) 

2.89 MPa (wet, pH 
7) 

O Han et al. (2012) 

SUP705, RGD8530, TangoBlackPlus 
- Swelling & metamaterial 

Fluid ~300 kPa (dry), 
nearly 3 orders of 
magnitude decreased 
(wet) 

~300 Pa (wet) – Zhang et al. 
(2018a) 

Alg-GMA (glycidyl methacrylate), 
N-vinylpyrrolidone (VP), Sodium acrylate (SA) 
- pH 

pH 7.4 Swelling degree 
(mass) ~900% 
(Alg1V2A1 at pH 7.4) 

Modulus 
information not 
available 
[Swelling ratio 
(mass) ~900% 
(Intestinal fluid: 
pH 7.4, 37 ◦C)] 

O Lima et al. 
(2018) 

carboxymethyl chitosan (CMCS), 
water soluble dynamer (obtained by benzene-1, 3, 
5-tricarbaldehyde (BTA), di-amino Jeffamine) 
- pH 

pH > 5 Swelling ~7500% (at 
pH 8), 
<500% 
(at pH 3) 

Modulus 
information not 
available 
[Swelling ratio 
~2000% (at pH 
7.4)] 

O Yu et al. (2021) 

Glutamic acid grafted chitosan (CH-g-GA) 
hydrogel beads 
- pH 

pH 2.1, 5.8, 
7.4 

Swelling ~ 104.5% (at 
pH 2.1), ~426% 
(at pH 5.8) 

Modulus 
information not 
available 
[Swelling ratio 
~309.8% (at pH 
7.4)] 

O Nisar et al. 
(2021) 

Jamming gelatin glycidyl methacrylate (GelGMA), 
hyaluronic acid glycidyl methacrylate (HAGMA), 
thiol-coated magnetic microparticle (MMP) 
- magnetic field 

Magnetic field 
(~1 T) 

2640 Pa (w/magnetic 
field), 
560 Pa (w/o magnetic 
field) 

560 Pa (w/o 
magnetic field) 

O Shou et al. 
(2023) 

Biodegradable 
material 

Silk fibroin Fluid, enzyme 3~17 GPa (depends 
on silk sericin content) 
(dry), 
~0 Pa (wet, 
proteolytic enzyme) 

~0 Pa (wet, 
proteolytic 
enzyme) 

O Cointe et al. 
(2022); 
Kim et al. 
(2010); 
Cao and Wang, 
2009 

Magnesium Fluid 42 GPa (dry), 
~0 Pa (wet) 

~0 Pa (wet) O Zhang et al. 
(2023b) 

Spin-on-Glass (SOG) Fluid 14 GPa (dry), 
~0 Pa (wet) 

~0 Pa (wet) O Hosseini et al. 
(2021); Kang 
et al. (2015) 

poly-4-hydroxybutyrate (P4HB) Fluid, enzyme 
(lipase) 

70 MPa (dry), 
~0 Pa (wet, enzyme) 

~0 Pa (wet, 
enzyme) 

O Keridou et al. 
(2020) 

Poly (vinyl alcohol) (PVA) film Fluid 3.4 GPa (dry), 
~0 Pa (wet) 

~0 Pa (wet) O Kim et al. (2020) 

Magnesium oxide (MgO) Fluid 300 GPa (dry), 
~0 Pa (wet) 

~0 Pa (wet) O Hwang et al. 
(2015) 

a Modulus at body condition: the maximum modulus of softening materials that can be achieved by in vivo implantation (under body conditions). 
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phase) to disordered states (i.e., isotropic phase). This 
nematic-to-isotropic transition triggers both bending actuation (Fig. 2c) 
and mechanical modulation, making it well-suited for applications 
within the body (Fig. 2d). Similarly, LCEs composed of equivalent sub
stances having a TNI of 35 ◦C show a wide variation in storage modulus 
from 1 GPa (at − 20 ◦C) to 0.7 MPa (above 30 ◦C), demonstrating its 
temperature-responsive stiffness tunability (Saed et al., 2019). 

In another example, Zhang et al. (2020) introduced acrylate 
group-rich LCEs showcasing robust self-welding between LCE films and 
reliable thermal actuation. Transitioning from a nematic phase to an 
isotropic phase upon heating, these LCEs exhibit prominent stiffness 
modulation and bending actuation. Specifically, the storage modulus 
dramatically decreases from 1 GPa at − 20 ◦C to below 1 MPa at 80 ◦C, 
while maintaining about 10 MPa at body temperature (Fig. 2e). In 
essence, these LCEs experience a change of over 2 orders of magnitude in 
storage modulus under temperature conditions similar to the body. 

Taken together, LCEs exhibit an ability to reversibly adjust their 
mechanical properties and demonstrate programmable actuation (i.e., 
bending, contraction, etc) facilitated by the phase transition between 
anisotropic and isotropic states in response to external stimuli. Owing to 
these unique advantages, LCEs can be of use in a wide spectrum of ap
plications, spanning therapeutic soft robots and artificial organ systems 
(Kim et al., 2022; Liu et al., 2022a). 

2.1.3. Liquid metal 
Liquid metals emerge as another prospective choice for softening 

materials in implantable bioelectronics, characterized by their first- 
order thermodynamic transition between solid and liquid states. This 
transition triggers abrupt shifts in mechanical and rheological properties 
by absorbing a large amount of heat at relatively low melting points to 
rearrange inner atoms (Wang et al., 2022). During phase transitions, the 
elastic moduli of liquid metals typically vary from a few tens of kPa in 
liquid states to about 10 GPa when solidified, offering a substantial 
variation in rigidity. This transition can be induced by various stimuli 
including thermal, electrical, and magnetic fields. A representative 
example is gallium (Ga), notable for its biocompatibility (Chen et al., 
2023; Chung et al., 2023) and body temperature-triggered phase 
convertibility, attracting attention in various biomedical applications 
such as neural probes (Wen et al., 2019; Byun et al., 2019), intravenous 
needles (Agno et al., 2023), and drug delivery system (Wang et al., 
2023). As shown in Fig. 2f (Byun et al., 2021), the mechanically trans
formative electronic system (TES), constructed with a Ga frame and a 
soft polymeric encapsulant, showcases stiffness modulation while taking 

advantage of features in both rigid and soft electronics. Owing to the low 
melting temperature of 29.8 ◦C, Ga easily converts to a liquid phase at 
temperatures of biological tissues (~37 ◦C). During this transformation, 
the bending stiffness of the TES changes by 500–5000 times during 
rigid-to-soft phase conversion, depending on the thickness of the gallium 
(Fig. 2g). However, TES is challenged with delayed phase transition 
during freezing due to supercooling issues, which hinder rapid bidirec
tional stiffness modulation. Accordingly, numerous efforts have been 
directed toward tackling supercooling problems, including strategies to 
facilitate heterogeneous nucleation (Byun et al., 2021; Lee et al., 2022a). 

Another potential liquid metal of significant interest is eutectic bis
muth (Bi)-indium (In)-tin (Sn) based metal alloy, known as Field’s metal 
(FM) (i.e., Bi (32.5 wt%), In (51 wt%), and Sn (16.5 wt%)). Heavy metal- 
free FM is an emerging liquid metal characterized by its non-toxic na
ture, low melting point (~62 ◦C), and large stiffness tuning ability (from 
negligible modulus to 9.25 GPa) (Hwang et al., 2022; Oh et al., 2023). 
For example, Hwang et al. (2022) presented a kirigami composite 
metamaterial sheet comprising an FM frame encapsulated with soft 
elastomer for a shape and rigidity morphing system. This metamaterial 
can reversibly tune its stiffness via external thermal stimuli, enabling 
on-demand 3D shape morphing (Fig. 2h). Despite a relatively high 
melting point of FM compared to the biological temperature, its 
biocompatibility (Chen et al., 2023; Nakajima et al., 2008; Rohr, 2002) 
and exceptional stiffness tunability make it viable for applications such 
as endoscopes (Zhao et al., 2016), artificial muscles (Liu et al., 2022a) 
and in vivo soft robots (Wang et al., 2023). 

However, despite the advantages of nontoxicity and wide stiffness 
variation, encapsulation is indispensable to ensure the long-term sta
bility of bioelectronics due to concerns regarding the potential leakage 
of liquid metals in a softened state. To establish sustainable softening 
bioelectronic interfaces, efforts have been devoted to developing her
metic encapsulation technology to have low permeability of biofluids, 
and chemical/physical compatibility with biological tissues (Shen et al., 
2023). In addition, antimicrobial drugs can be utilized to enhance 
chemical biocompatibility enabling suppression of chronic inflamma
tory response (Xu et al., 2023b). 

2.1.4. Gel 
Gel-sol transition is the phase transition process by which an inter

connected network of discrete particles, or solid-like polymeric net
works (i.e., gel) transforms into a colloidal suspension (i.e., sol). Various 
bioactive materials exploiting gel-sol transition mechanisms are recently 
brought to attention in biomedical applications in the forms of tissue 

Fig. 2. Softening materials through phase-transition mechanisms. a) Shape memory polymer (SMP) based on polyurethane that can reversibly tune its rigidity in 
response to temperature using phase-transition properties. Sequential photographs (top) highlighting the abilities of stiffness modulation as well as shape trans
formation of SMP, which is induced by thermal stimuli. Differential scanning calorimetry (DSC) curve of SMP exhibiting the melting temperature (Tg: ~38 ◦C) 
(bottom left). Temperature-dependent storage moduli of SMP (bottom right) (Jiao et al., 2023) (Copyright, 2023; Wiley). b) Biphasic synergistic gel (BSG), which 
consists of closely packed semicrystalline micro-inclusions within a soft hydrogel matrix, showing a softening mechanism underlying on phase-transition. Schematic 
illustrations (top) of the synthesis process of BSGs based on in situ polymerization of high-internal-phase emulsions. Illustration of the heterogeneous interface 
between micro-inclusions and hydrogel matrix during phase-transition (i.e., melting-to-crystallization or vice versa) of micro-inclusions (bottom left). DSC curve 
(bottom middle) and dynamic mechanical analysis (DMA) curve (bottom right) for BSGs depicting thermally responsive characteristic temperature (e.g., Tm, Tcrys) 
and storage moduli (Zhao et al., 2017a) (Copyright, 2017; Wiley). c) Schematic showing the stiffness modulation principle of liquid crystal elastomer (LCE) based on 
isotropic-anisotropic (e.g., nematic, cholesteric, smectic, isotropic) phase transition mechanism and their concomitant bending actuation through thermal stimuli. 
Phase transformation is related to the reconfiguration of LCE polymeric network alignment and direction. d) DSC curve of LCE indicating glass transition temperature 
(Tg: ~ − 10 ◦C) and nematic-to-isotropic transition temperature (TNI: ~39 ◦C) (Li et al., 2021a) (Copyright, 2021; AAAS). e) Storage modulus and tan δ of 
thiol-acrylate Michael addition reaction-based LCE as a function of temperature (Zhang et al., 2020) (Copyright, 2020; AAAS). f) Representative liquid metal-based 
material that can modulate the rigidity arising from reversible liquid-solid phase transition. Optical images of a mechanically transformative platform consisting of a 
gallium-based frame with a silicone encapsulation (left) and demonstrating mechanical characteristics in rigid and soft states to emphasize the wide mechanical 
variation (right). g) Bending stiffness of the gallium-based platform as a function of temperature with varying the thickness of the gallium frame (Byun et al., 2021) 
(Copyright, 2021; Wiley). h) Sequential image illustrating the shape programming process of heavy metal-free low melting point alloy (LMPA)-embedded kirigami 
composite with varying mechanical properties through thermal stimuli. Heavy metal-free LMPA (e.g., Bi–Sn–In alloy) based softening material benefits to enhance 
biocompatibility (Hwang et al., 2022) (Copyright, 2022; AAAS). i) Schematic diagram illustrating the working mechanism of thermally responsive gel-sol transition 
of supramolecular materials based on TG functionalized with UPy. The gel-sol transition temperature can be controlled by the strength of hydrogen bonding, which is 
dominant in retaining the gel state network. j) Photographs indicating the rheological behavior of TG and TGUPy under body temperature (~37 ◦C). TGUPy exhibits 
a viscoelastic gel state at 37 ◦C, while TG is in a sol state. k) Shear modulus at varied temperatures of SG, TG, and TGUPy solution dissolved in PBS at 20 wt% 
(Nishiguchi et al., 2022) (Copyright, 2022; Elsevier). 
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adhesives (Nishiguchi et al., 2022) and drug delivery systems (Shige
mitsu et al., 2020). For instance, Nishiguchi et al. (2022) presented a 
supramolecular gelatin exhibiting thermally responsive gel-sol transi
tion to regulate the mechanical properties, which can be utilized as a 
tissue adhesive (Fig. 2i). The reversible gel-sol transition of gelatins 
depends strongly on their intermolecular hydrogen bonding, where an 
increase in bonding elevates the gel-sol transition temperature. By 
functionalizing porcine-derived tendon gelatin (TG) with 2-ureido-4 
[1H]-pyrimidinone (UPy) unit (TGUPy), abundant hydrogen bonding 
is achieved. Accordingly, TGUPy exhibits a higher gel-sol transition 
temperature of about 40 ◦C compared to that of TG alone (~37 ◦C), 
accompanied by mechanical stability. Through the gel-sol transition 
responsive to temperature changes, TGUPy showcases a distinct rheo
logical transition with a 200-fold reduction in shear modulus, from 
approximately 20 kPa at 20 ◦C to 100 Pa at 40 ◦C (Fig. 2j). 

Unlike thermal stimulation, enzymes and non-enzymatic proteins, 
including antibodies and membrane receptors, can also act as stimuli to 
induce gel-sol transition for modulating material stiffness within bio
logical environments. For example, Shigemitsu et al. (2020) developed a 
non-enzymatic protein-responsive supramolecular hydrogel wherein 
stiffness is controlled through gel-sol transition. This mechanism in
volves a combination of protein-responsive enzyme activation and 
enzyme-triggered gel-sol transition (Fig. 2k). In specific, 
enzyme-activity triggers (EATs), comprising ligands of a target protein 
and enzyme (i.e., bovine carbonic anhydrase II (bCAII)) inhibitors, are 
designed to induce enzyme activation system responsive to the target 
protein. Upon reaction of EAT with the target protein, steric repulsion 
leads to the release of bCAII, triggering a gel-sol transition in the 
hydrogel. The hydrogel exhibits a significant decrease in storage 
modulus from 2300 Pa to 770 Pa upon the addition of bCAII (Fig. 2l). 
Changing the type of protein ligand further adds diversity to its re
sponses to different non-enzymatic proteins. Therefore, a gel-sol tran
sition mechanism can be designed depending on the protein types, 
which can selectively modulate the material stiffness in a specific body 
environment. 

The gel-sol transition mechanism is distinctive for its biocompatible 
stimuli conditions (e.g., low transition temperature, enzymes, and bio
fluid). While it may not exhibit as extensive stiffness changes compared 
to other PTSMs, its ability to finely tune stiffness makes gels a compel
ling option for drug delivery applications by controlling drug adsorption 
and release through their adjustable mechanical properties. Moreover, 
ongoing research into the gel-sol transition mechanism aims to enhance 
bioactivity and refine the controllable stiffness-tuning ability, paving the 
way for optimal softening biomaterials in tissue engineering (Park et al., 
2023). 

2.2. Softening materials based on molecular conversion mechanism 

Molecular conversion-based softening materials (MCSM) are prom
ising candidates to implement stiffness-tuning functionality, relying on 
either their physical supramolecular interactions or chemically revers
ible covalent bonds. Interaction between polymer networks changes in 
response to external stimuli, such as temperature change, biofluid, and 
pH, inducing dissociation and recombination of cross-linked bonds for 
the stiffness tuning of softening materials. 

MCSMs utilizing supramolecular interactions rely on non-covalent 
bonds (i.e., secondary interaction), such as metal-ligand coordination 
(Lai et al., 2018; Wang et al., 2020a), hydrogen bonding (Hu et al., 2016; 
Zhou et al., 2022; Asakura et al., 2017; Dagnon et al., 2012), and 
host-guest interactions (Han et al., 2012), to achieve variable stiffness 
features. For example, softening polymers utilizing metal-ligand inter
action as a stiffness-tuning strategy have been reported (Lai et al., 2018; 
Wang et al., 2020a). Lai et al. (2018) reported a thermodynamically 
softening polymer, PDMS–COO–Zn, which utilizes Zn(II)-carboxylate 
coordination as a dominant cross-linking site (Fig. 3a). According to 
hard and soft acids and bases (HSAB) theory, PDMS–COO–Zn exhibits 

high rigidity (elastic modulus of 480 MPa) at room temperature 
(~25 ◦C) due to the strong Zn(II)-carboxylate bonding, surpassing the 
strength of hydrogen bonding. With temperature sensitivity inherent in 
the coordination equilibrium, PDMS–COO–Zn softens and becomes 
viscoelastic when exposed to heat (storage modulus of 0.06 MPa at 
125 ◦C), and the bonds dissociate at the cross-linking equilibrium state 
(Fig. 3a, left and right). PDMS–COO–Zn softened at a temperature above 
50 ◦C can withstand strains up to 50% due to increased PDMS-COO- 

chain mobility. This capability surpasses that of rigid polymers, which 
are typically limited to a 4% strain at room temperature (Fig. 3a, 
middle). 

On the other hand, MCSMs with chemically reversible covalent 
bonds allow stiffness tuning through the dynamic coupling and decou
pling of covalent bonds. Notably, various reactions such as the Diels- 
Alder reaction (Hu et al., 2015; Kuang et al., 2021), Schiff base link
ages (Deng et al., 2022a), Urea exchange reaction (Chen et al., 2020), 
and disulfide exchange reaction (Zhang et al., 2018b, 2023a) provide 
versatile platforms for achieving this tunability. For instance, Reeder 
et al. (2014) proposed a dynamic covalent material in the form of a 
softening organic thin film transistor (OTFT). Fabricated on a 
thiol-ene/acrylate SMP substrate, this technology harnesses the merits 
of both rigid and soft implantable bioelectronics owing to its inherent 
softening properties. Thiol-ene/acrylate polymer (Ware et al., 2012b, 
2014; Simon et al., 2017; Do et al., 2017) contain cross-linked networks 
generated by the reaction of thiol and ene functional groups, forming a 
robust three-dimensional network. The introduction of the acrylate 
monomer further contributes to the development of a robust 
cross-linking network, attributed to its excellent thermomechanical 
properties that result in a densely interconnected structure (Xu et al., 
2012). An increased temperature promotes molecular mobility within 
the network, which softens the materials by reducing their overall 
stiffness. The shear modulus of the substrate was approximately 80 MPa 
at 37 ◦C in fluid conditions, similar to an in vivo environment, and 600 
MPa at 25 ◦C in dry conditions. 

In contrast to typical MCSMs that rely on a single bonding type, a 
new class of MCSMs incorporating multiple bonding types has been 
explored. Zhang et al. (2018b) presented a poly (thioctic acid (TA)) 
based supramolecular polymeric material that uses 1,3-diisopropenyl
benzene (DIB) and iron (III) ions to enhance the thermodynamic sta
bility. The resulting supramolecular polymer network, poly 
(TA-DIB-Fe), utilizes three different types of dynamic chemical bonds: 
(i) dynamic covalent disulfide bonds, (ii) noncovalent hydrogen bonds, 
and (iii) iron (III)-carboxylate coordinative bonds. These dynamic bonds 
modulate the rigidity of the supramolecular copolymer in response to 
temperature. Particularly, heat-labile H-bonds and covalent disulfide 
bonds significantly contribute to the relaxation of the entire polymer 
network with thermal stimuli, which softens the supramolecular 
polymer. 

Unlike MCSMs regulating their stiffness by thermal stimuli, pH can 
also serve as a catalyst to adjust the rigidity of softening materials. For 
example, Kim et al. (2016) fabricated pH-responsive stiffness tunable 
polyelectrolyte microcapsules consisting of poly (acrylic acid) (PAA) 
and branched poly (ethylenimine) (bPEI) through nanoscale interfacial 
complexation in emulsion (NICE) method. To create a microcapsule 
structure using the NICE approach, two polymers, PAA and bPEI, should 
be complexed to generate the insoluble nanolayer at the inner water 
(W)/oil (O) interface of a W/O/W double emulsion. As the pH of sur
roundings rises from 2 to 6, the elastic modulus of (PAA/bPEI) NICE 
microcapsules decreases by more than two orders of magnitude. For this 
reason, polyelectrolyte networks get loose and generate pores as pH 
increases. Likewise, diverse pH-responsive MCMSs, such as poly 
(vinylpyrrolidone)/poly (methacrylic acid) (PVPON/PMMA) (Elsner 
et al., 2006), Alginate-glycidyl methacrylate (Alg-GMA) (Lima et al., 
2018), O-carboxymethyl chitosan (CMCS) based hydrogel (Yu et al., 
2021), glutamic acid grafted chitosan (CH-g-SA) hydrogel (Nisar et al., 
2021), β-cyclodextrin-diethylenetriamine (β-CD-DETA) based polymers 
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Fig. 3. Softening materials through molecular conversion mechanisms and diverse softening approaches complying with in vivo conditions. a) Molecular conversion- 
based softening material that modulates the rigidity by alterations in dynamic bonds. Schematic diagram (left) showing the polymeric network transition of metal- 
ligand interactions, which is a type of dynamic noncovalent interaction, in response to temperature changes. Stress-strain curves of PDMS–COO–Zn polymer at 
different temperatures (middle). Temperature-dependent storage modulus (E′), loss modulus (E″), and tan δ of PDMS–COO–Zn polymer (right) (Lai et al., 2018) 
(Copyright, 2018; Springer Nature). b) Softening approach by the hydration of hydrogel network based on swelling behavior. Schematic illustration of a 
hydrogel-based hybrid probe highlighting the potential of the hydration softening method (left). Optical microscope images of the hybrid probe with fully swollen 
and dehydrated hydrogel matrix (top right). Conceptual illustration of the softening mechanism based on hydrogel swelling through water absorption in the tissue 
(bottom right) (Park et al., 2021) (Copyright, 2021; Springer Nature). c) Softening approach by enzyme responsive gel-sol transition provoked by enzyme activation 
system using non-enzymatic protein. Schematic illustration depicting reversible gel-sol transition of supramolecular hydrogel composite triggered by non-enzymatic 
protein (top left). Rheological properties of the hydrogel in response to the enzyme (i.e., bovine carbonic anhydrase II, bCAII) (top right). Schematic of non-enzymatic 
protein-activated softening mechanism including sequential reactions; (i) protein-triggered enzyme activation and (ii) enzyme-sensitive gel-sol transition (bottom). 
Enzyme-activity trigger (EAT) which releases previously inhibited bCAII in response to a specific non-enzymatic protein and supramolecular hydrogel undergoing a 
gel-sol transition triggered by the released bCAII (Shigemitsu et al., 2020) (Copyright, 2020; Springer Nature). d) Softening approach by pH-responsive stiffness 
modulation. Schematic presenting Nanoscale Interfacial Complexation in Emulsion (NICE) method to form polyelectrolyte microcapsules, which undergo a stiffness 
change in response to pH variations (top left). Optical microscope images of polyelectrolyte microcapsules under different pH conditions (i.e., pH 2 and pH 6) 
showing negligible pH effect on the shape of microcapsules (bottom left). Elastic moduli at varied pH conditions of the microcapsule (right) (Kim et al., 2016) 
(Copyright, 2016; American Chemical Society). e) Softening approach by reconfiguration of the dynamic magnetoactive polymer under a magnetic field. Schematic 
illustration (left) presenting the reversible rigidity modulation principle of magnetic microparticle-hydrogel network depending on the magnetic field. Storage 
moduli of the magnetic hydrogel as a function of magnetic flux density (right) (Shou et al., 2023) (Copyright, 2023; American Chemical Society). f) Structural 
softening approach enabled through the dissolution of biodegradable support materials. Optical images of neural electrode arrays integrated with a biodegradable 
silk fibroin supporter establishing a conformal contact with a brain model (left). Time-dependent change in the bending stiffness of a silk fibroin film during 
dissolution (right) (Kim et al., 2010) (Copyright, 2010; Springer Nature). g) Self-healable polymers. Photographs of self-healable polymers in a damaged state (left) 
and recovered state (right) depicting self-healing properties induced by the softening mechanism. Photographs demonstrating the underwater self-healing behavior 
regardless of the environment (bottom) (Liu et al., 2022b) (Copyright, 2022; Springer Nature). h) Optical images illustrating reversible debonding-on-demand 
adhesives triggered by thermal stimuli (top: stiff and non-adhesive at 20 ◦C, bottom: soft and adhesive at 32 ◦C) (Gao et al., 2021) (Copyright, 2021; Elsevier). 
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(Han et al., 2012), and so on (Yoshikawa et al., 2011), show a broad 
range of stiffness induced by pH-responsive molecular reconstruction. 
Since each region of the body possesses a variety of pH concentrations 
(e.g., pH 7.35 to 7.45 in the blood, pH 1.5 to 3.5 in the stomach), 
stiffness can be adjusted with the change in biological surroundings. 

Compared to the phase transition-based softening mechanism from a 
kinetic perspective, MCSMs regulate their inherent mechanical proper
ties with dynamic dissociation and recombination of molecular bonds. 
Owing to the reversible molecular bonding reconfiguration, MCSMs can 
also obtain self-healing and bio-adhesive properties to improve the 
functionality and versatility of softening materials. Such multifunctional 
properties of softening materials will be mentioned in section 2.6 in 
detail. 

2.3. Softening materials based on swelling mechanism 

Among various types of softening approaches, swelling can be used 
to adjust the mechanical behavior of polymers through water absorption 
due to plentiful water content (e.g., biofluids) within the human body. 
As a prime example, hydrogels are generically referred to as a cross- 
linked polymer network with a substantial water content. With hydro
philic functional groups along their polymer chains, hydrogels exhibit a 
strong affinity to water, facilitating extensive water absorption within 
the network. The entire polymer network substantially expands by water 
absorption, as the entrapped water molecules engage in hydrogen 
bonding and electrostatic interactions with hydrogels for water reten
tion. Chemically cross-linked networks loosely hold the hydrogel 
structure even after swelling, thanks to enhanced chain mobility within 
the network. Accordingly, the water content in hydrogels becomes 
pivotal in precisely modulating their stiffness through hydration or 
dehydration (Xu et al., 2023a; Zhang et al., 2018a). 

Numerous studies on hydrogels that can tune their mechanical 
stiffness by hydration and dehydration, have broadened their applica
tions in implantable bioelectronics. For instance, Park et al. (2021) 
presented a hybrid multifunctional neural probe encapsulated by poly 
(acrylamide)-alginate (PAAm-Alg). PAAm-Alg is a hydrogel with high 
biocompatibility and exceptional chemical reliability under physiolog
ical conditions, alongside a chemo-mechanical resemblance to biolog
ical tissue (Fig. 3b, left). While the inherent softness of PAAm-Alg poses 
insertion challenges for neural probes into the deep brain regions, a 
dehydrated hydrogel with a high bending stiffness of approximately 2.6 
N/m facilitates brain tissue penetration. After implantation, the dried 
hydrogel converts to a soft, swollen state, showing bending stiffness 
lowered to about 0.42 N/m through water diffusion (Fig. 3b, top right 
and bottom right). Various swellable materials, such as poly (vinyl 
alcohol) (PVA) (Butylina et al., 2016), alginate (Lee et al., 2000), poly 
(ethylene glycol) diacrylate-alginate (PEGDA-Alg) (Nurlidar et al., 
2023), poly (2-hydroxyethyl methacrylate) (pHEMA) (Opdahl et al., 
2003; Zare et al., 2021; Wichterle and Lím, 1960), and poly (styrene)-
block-poly (acrylic acid) (PS-b-PAA) block copolymer (Yang et al., 2013), 
can also leverage water swelling mechanism for softening. 

The biggest advantage of the swelling mechanism is the immediate 
and spontaneous softening upon implantation, eliminating the need for 
additional equipment to exert stimuli. Furthermore, hydrogels possess 
tissue-like mechanical properties when swollen and exhibit excellent 
chemical biocompatibility, making them ideal for biomedical applica
tions (Yuk et al., 2022). In recent decades, hydrogels with high fracture 
toughness have been developed to enhance the robustness and reliable 
functionality enabling long-term stability (Sun et al., 2012; Zhou et al., 
2023). Ultimately, swelling-based softening materials, specifically 
hydrogels, enable the development of various implantable applications 
(e.g., neural probes and implantable microneedles) due to their fasci
nating physicochemical properties and bio-intimacy. 

2.4. Softening materials based on jamming mechanism 

The jamming mechanism is one of the well-known stiffness-tuning 
strategies and is applicable to composites with small additives (i.e., 
particles, granules, layers, etc) embedded within the matrix. External 
stimuli such as pneumatic pressure and magnetic field trigger the jam
ming structures, as internal additives are forced to tightly contact and 
attract each other, inducing an increase in stiffness. On the contrary, the 
internal constituents can freely rearrange their structure without me
chanical coupling inducing an unjammed state (i.e., softened state with 
low stiffness) through the removal of external stimuli. Depending on the 
existence of stimuli, rigidity can be reversibly controlled by the dynamic 
reconfiguration of additives inside the jamming structure. 

To incorporate jamming-based softening strategies into implantable 
devices, careful selection of stimuli for stiffness modulation is vital. 
Magnetic field holds a great potential due to its unparalleled ability to 
penetrate biological tissues under in vivo environments (Rotundo et al., 
2022). In general, biological tissues typically lack magnetic properties, 
which enable them to manifest non-invasive magnetic effects within the 
body without field attenuation (Kim and Zhao, 2022). Owing to these 
advantages, extensive research has explored the use of a magnetic field 
for jamming-based stiffness modulation. For example, Shou et al. (2023) 
reported a magnetoactive hydrogel containing magnetic microparticles 
(MMPs) within a gelatin/hyaluronic acid matrix, capable of reversible 
magneto-induced stiffening and softening (Fig. 3c, left). Under a mag
netic field, MMPs tightly grafted to a hydrogel matrix align and get 
attracted along the magnetic field. Accordingly, the entire hydrogel 
matrix undergoes the macroscopic contraction following the dynamic 
mobility of MMPs, which brings about strain-induced stiffening. 
Conversely, the stiffened magnetic hydrogel can revert to a soft state by 
eliminating an external magnetic field (Fig. 3c, top right). For the soft
ening process, the attracted MMPs return to initial sites, enabling a 
relaxed polymeric network. Utilizing this softening strategy, the mag
netic hydrogel constructed by GelGMA/HAGMA (10:1) hydrogel with 
2% MMPs exhibits about 78.8% decrease in storage modulus, specif
ically changes from ~2640 Pa (at 1 T magnetic field) to ~560 Pa 
(without magnetic field) (Fig. 3c, bottom right). 

The jamming mechanism provides a fast and reversible stiffness 
modulation with simple operational methods. However, several chal
lenges hinder its seamless integration into implantable bioelectronics. 
First, the jamming technology favors stiffening over softening effects, 
posing a hurdle in achieving design flexibility. Second, it requires sub
stantial apparatus to apply external stimuli, thereby limiting its appli
cation to diverse implantable devices. To overcome these restrictions, 
recent studies are actively exploring solutions, targeting its use as an in 
vivo surgical soft robot (Gaeta L. J et al., 2023; Cianchetti et al., 2013), 
and drug screening platform (Shou et al., 2023). Furthermore, the inner 
constituents are being potentially designed with biomaterials to enhance 
the biocompatibility of the overall jamming system, which makes it 
promising for various biomedical fields (Riley et al., 2019). 

2.5. Softening strategies using biodegradable materials 

Considering the structural design of devices, achieving softening in 
bioelectronics can also be accomplished through the integration of 
biodegradable sacrificial layers. These materials, undergoing chemical 
or biological decomposition via enzymatic processes under physiolog
ical conditions, play a pivotal role in this softening approach. To design 
the softening implantable device, a biodegradable material layer is 
incorporated into the ultrasoft bioelectronics device, which lacks me
chanical robustness for standalone implantation. Outside of the body, 
the biodegradable layer exhibits robust mechanical properties to me
chanically support the entire bioelectronics. However, upon implanta
tion, the biodegradable materials dissolve, leaving behind only the soft 
components of the device. This approach provides a straightforward 
softening effect by incorporating biodegradable materials with existing 
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soft bioelectronics. 
Biodegradable materials are classified into natural and synthetic 

biomaterials, retrieved from either natural sources or chemical 
manufacturing, respectively. Common biodegradable materials from 
natural sources include silk fibroin, polysaccharides (Deng et al., 
2022b), and plant-based cellulose (Sarkar et al., 2023; Sannino et al., 
2009). Notably, silk fibroin is biocompatible as it decomposes through 
water and proteolytic enzymes in the body, making it a favored choice in 
biomedical applications (Arai et al., 2004; Cao and Wang, 2009). As 
shown in Fig. 3d–a softening neural electrode device integrates ultrathin 
polyimide (PI) based bioelectronics on a silk fibroin layer, achieving 
seamless integration with the brain as the silk fibroin dissolves in bio
fluids (Fig. 3d, left) (Kim et al., 2010). Neural devices with 2.5 and 7 
μm-thick PI-based bioelectronics on top of about 25 μm-thick silk fibrin 
substrate, respectively show a remarkable decrease in bending stiffness 
in water at body temperature (Fig. 3d, right). Similarly, silk fibroin 
serves as a biodegradable sacrificial substrate for parylene-C based ul
trathin neural probes, enabling brain tissue insertion and softening ef
fects (Cointe et al., 2022). Aside from silk fibroin, various biodegradable 
synthetic polymeric materials including polylactic acid (PLA) (Luck
achan and Pillai, 2011), poly (lactic-co-glycolic acid) (PLGA) (Shah and 
Vasava, 2019), and poly (caprolactone) (PCL) (Archer et al., 2023) can 
be utilized as substrates in implantable bioelectronics. Beyond polymers, 
non-polymeric biodegradable materials, such as Mg alloy (Zhang et al., 
2023c; Hwang et al., 2015), SiO2, spin-on-glass (SOG) (Hosseini et al., 
2021; Kang et al., 2015; Doucet and Carlotti, 1994), and poly 
(4-hydroxybutyrate) (P4HB) (Keridou et al., 2020) offer promise as 
encapsulating layers, insulators, and dielectric layers in softening 
bioelectronics. 

2.6. Softening materials with multifunctionality 

Materials discussed in previous sections (2.1–2.5) mainly focus on 
various stiffness-tuning mechanisms. This section discusses their addi
tional functionalities, such as self-healing properties and bio-adhesion, 
achievable through the softening process. These functions transcend 
conventional bioelectronics, as they impart multifunctionality beyond a 
mere improvement in mechanical adaptability and biocompatibility. 

The self-healing property, the ability to restore physically damaged 
materials to their original state, possesses a crucial role in implantable 
bioelectronics (Wang and Urban, 2020). Most implantable devices are 
challenging to routinely inspect and manage, requiring secondary sur
gery to recover from inevitable damage or functional failure. Given such 
challenges, self-healing ability provides beneficial features to implant
able devices enabling not only structural and functional restorations but 
also mechanical robustness for long-term reliability. To derive the 
self-healing ability from the softening procedure, dynamic covalent and 
non-covalent bonding as mentioned earlier (section 2.2) are significant 
to leverage the dynamic equilibrium of the cross-linking network. Such 
bonding brings about self-healing properties as well as stiffness modu
lation through reversible dissociation and recombination of polymer 
chains (Fig. 3e). As shown in Fig. 3f, Liu et al. (2022b) presented a 
luminescent fluorine elastomer with perovskite quantum dots 
(TFE–HF–QD) exhibiting self-healing properties derived from large 
amounts of ion–dipole and dipole–dipole interactions. The core factor of 
self-healing ability for TFE–HF–QD is the dipole-dipole interaction, 
which can also affect stiffness modulation through reversible control 
over the chain mobility. Besides, dynamic bonding such as a reversible 
covalent bond (Zhang et al., 2018b; Choi et al., 2022), metal-ligand 
interaction (Lai et al., 2018; Wang et al., 2020a), and hydrogen 
bonding (Yu et al., 2021; Zhao et al., 2017a) can arouse both self-healing 
and stiffness tuning abilities. 

Another prospective functionality of softening materials is bio- 
adhesion. The bio-adhesive property can be used to form conformable 
tissue–device interfaces, improving physiological signal sensing, drug 
delivery, and long-term reliability. While bio-adhesion has been 

investigated for designs such as octopus suckers (Chen and Yang, 2017), 
gecko-inspired structures (Acharya et al., 2023), and Velcro (Ahn et al., 
2013)), it can be also induced by the chemical and physical reactions at 
the tissue-device interface, with examples including phase transition 
(Gao et al., 2021), hydrogen bonding (Zhang et al., 2018b), and so on 
(Yang et al., 2013; Lai et al., 2018). For example, Gao et al. (2021) 
proposed the bistable adhesive polymer (BAP) showing reversible 
bonding and debonding features with stiffness modulation through a 
phase transition mechanism (Fig. 3g). At a high temperature above 
32 ◦C, the semicrystalline alkyl side chains of BAP convert into an 
amorphous state with higher flowability. This phase change signifi
cantly enhances its adhesive properties, with a rise in peel strength 
between BAP film and artificial skin to about 45.7 N/m at 32 ◦C in the 
amorphous state, which is a substantial increase from the 3 N/m 
observed in its semicrystalline state at room temperature. In addition to 
chemical reaction, Yang et al. (2013) presented an adhesion method 
using swellable materials for mechanical interlocking within biological 
tissues. Once inserted into biological tissues, the swellable material ex
pands substantially by absorbing surrounding biofluid, tightly grafting 
into the tissue with a 3.5-fold increase in adhesion strength alongside a 
water-swelling induced softening effect. 

Recently, numerous implantable bio-integrated systems, showcasing 
self-healing and bio-adhesive features, have demonstrated their superi
ority in diverse biomedical fields, including self-healable neural devices 
(Song et al., 2020), tissue-adhesive bioelectronics (Deng et al., 2021; 
Choi et al., 2023), and drug delivery systems (Shaikh et al., 2011). Such 
multifunctionality can yield synergistic effects on softening bio
electronics, which only offer mechanical benefits. This includes enabling 
sutureless interfacing, enhancing physiological signal recording, and 
ensuring long-term reliability of device performance beyond mechanical 
softening. 

3. Application for softening implantable bioelectronics 

Utilizing softening materials greatly enhances the versatility and 
functionality of implantable bioelectronics. The initial rigidity aids easy 
implantation, while post-implantation softness minimizes tissue wounds 
and improves adaptability. This section delves into two main applica
tions: (i) tissue-penetrating bioelectronics and (ii) tissue-conformal 
bioelectronics. 

3.1. Softening implantable bioelectronics for tissue penetration 

Conventional rigid electronics, capable of penetrating body tissues, 
often cause extensive tissue damage and inflammation due to mechan
ical mismatches within the body. In contrast, softening implantable 
bioelectronics, designed to reduce modulus post-penetration, offer me
chanical compatibility that minimizes tissue damage. Crucial for deli
cate regions such as the brain, the heart, and bowel, their flexibility 
ensures safe and effective interaction while minimizing harm. 

A key application of penetrating softening bioelectronics is in neural 
probes for brain tissue injection. These probes soften after penetration, 
triggered either by body temperature (Byun et al., 2019; Ziemba et al., 
2023; Ware et al., 2012a, 2014) or biofluids (Zhou et al., 2022; Park 
et al., 2021; Hess-Dunning and Tyler, 2018). For example, a liquid 
metal-based neural probe developed for chronic in vivo optogenetics, 
shown in Fig. 4a, changes its stiffness in response to the body temper
ature (Byun et al., 2019). Upon penetrating brain tissue, the 50 μm-thick 
gallium layer undergoes a significant modulus shift from 50 MPa to 30 
kPa (~99.9% decrease). This distinctive behavior is attributed to the 
low melting point of gallium (29.8 ◦C) that provides rigidity at room 
temperature (~25 ◦C) for deep brain penetration and softening near 
body temperature (~37 ◦C), enhancing biomechanical compatibility 
with brain tissue. This softening effect reduces inflammatory glial re
sponses and lesion sizes compared to rigid tungsten probes, as illustrated 
in Fig. 4b. Another body temperature-responsive approach involves 

S. Oh et al.                                                                                                                                                                                                                                       



Biosensors and Bioelectronics 258 (2024) 116328

12

polymers transitioning from a glassy to a rubbery state at their Tg 
(Ziemba et al., 2023; Ware et al., 2012a, 2014), such as the 
thiol-epoxy/maleimide ternary networks. Used in softening intracortical 
microelectrode arrays, these polymeric probes shift their modulus from 
over 1 GPa down to 30 MPa through glass transition in physiological 

environments, affirming their potential in softening bioelectronic ap
plications (Reit et al., 2016). 

Biofluid-triggered devices, extensively studied in the field, make use 
of materials such as silk (Zhou et al., 2022), hydrogels (Park et al., 
2021), and nanocomposites (Harris et al., 2011; Nguyen et al., 2014; 

Fig. 4. Softening implantable bioelectronics for tissue penetration. (a–b) Temperature-responsive transformative neural probe. a) Conceptual illustration (left) and 
optical images (right) of a stiffness-tunable liquid metal-based neural probe. Gallium needle encapsulated with silicone (e.g., Ecoflex) is placed under the flexible 
optogenetic probe. Due to a low melting temperature of gallium (29.8 ◦C), the transformative neural probe becomes rigid at room temperature (~25 ◦C; top right) 
and softens at temperature near body temperature (~37 ◦C; bottom right). b) Photographs of stiffness-tunable neural probe gradually being injected into the deep 
brain. Gallium-based neural probe is sufficiently rigid outside the body to penetrate the brain tissue (left and middle), while it softens inside the body due to body 
temperature (right), ensuring biomechanical compatibility with the brain tissue with reduced lesion size and inflammatory glial responses (Byun et al., 2019) 
(Copyright, 2019; AAAS). (c–d) Hydration-responsive softening neural probe. c) Schematic of a hydration-responsive silk-based optical fiber integrated with flexible 
multichannel electrode arrays for simultaneous optogenetic stimulation and electrophysiological recording. Exposure to biofluid after implantation causes the 
disruption of hydrogen bonds in the silk comprising the optical fiber, leading to a significant decrease in Young’s modulus from 38.7 MPa to 3.53 MPa. d) Pho
tographs of silk optical fiber connected to laser equipment (left) and implanted into the brain of a freely moving mouse (right). When implanted in vivo, the flexible 
silk optical fiber gradually softens, exhibiting reduced mechanical stiffness with less immunoreactive glial responses and tissue lesions (Zhou et al., 2022) (Copyright, 
2022; Springer Nature). (e–f) Bioresorbable stiffener integrated neural probe. e) Schematic illustration of an immersion-triggered bioresorbable silk-parylene bilayer 
probe capable of various types of neural recording (e.g., local field potential (LFP), multi- and single-unit spike recording). High initial Young’s modulus of 
biodegradable silk layer (~3 GPa) supports the implantation of an ultrathin flexible parylene-based probe into deep brain tissue, and this silk fibroin-based layer can 
be dissolved by solution-containing enzymes (e.g., biofluid). f) Optical images of the silk fibroin layer of the probe dissolving over time in enzyme-contained PBS at 
37 ◦C. The probe has become extremely soft, which is expected to achieve better compliance with surrounding tissues while minimizing rejection when implanted in 
the brain (Cointe et al., 2022) (Copyright, 2022; Springer Nature). 
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Hess et al., 2011; Hess-Dunning and Tyler, 2018). Silk-based optical 
fiber probes with flexible 128 recording channels adjust their stiffness 
post-implantation. These probes demonstrate efficient electrophysio
logical recording capabilities during intracranial light stimulation, with 
minimal optical losses and reduced glial responses post-surgery (Fig. 4c) 
(Zhou et al., 2022). Upon implantation into a mouse brain (Fig. 4d), the 
flexible silk optical fibers gradual soften as biofluid breaks the hydrogen 
bonds in the silk, reducing Young’s modulus of the fibers by ~90.9% 
(38.7 MPa–3.53 MPa). Similar to silk optical fiber, PAAm-Alg hydrogel 
probes (Park et al., 2021) and nanocomposite microprobes, inspired by 
the sea cucumber dermis (Harris et al., 2011), also exhibit effective 
penetration and rapid compliance with cortical tissue, enabling stable, 
long-term neural recording with minimized glial scar. Beyond the design 
based on softening the device structure itself, some neural probes utilize 
biodegradable sacrificial layers as part of their softening mechanism 
(Cointe et al., 2022). Illustrated in Fig. 4e is a biodegradable sacrificial 
layer composed of immersion-triggered biodegradable silk fibroin, 
which temporarily enhances probe’s rigidity, aiding in its injection into 
neural tissue. Subsequent to implantation, the gradual degradation of 
silk fibroin layer allows the probe to achieve dynamic tissue-adaptation, 
facilitating chronic neural recordings. Silk fibroin stands out as an 
exceptional supporting material owing to its biocompatibility and 
biodegradability at body temperature. Furthermore, its high initial 
Young’s modulus (E ~3 GPa) facilitates the implantation of an ultrathin 
parylene-based probe into deep brain tissue. Following implantation, 
the silk fibroin layer dissolves in enzyme-containing solution (i.e., bio
fluid), making the remaining probe parts extremely soft. These pro
cesses, detailed in Fig. 4f, demonstrate the improved compliance of 
softened implantable probe with surrounding brain tissues, along with 
reduced rejection risks during brain implantation. 

Beyond neural applications, softening penetrable bioelectronics can 
be employed for various biological tissues and organs (Sun et al., 2022). 
Electrodes utilizing magnetic liquid metal (e.g., liquid metal incorpo
rated with Fe3O4 nanoparticles) demonstrate remarkable stiffness 
tunability spanning five orders of magnitude, aiding insertion and 
post-insertion flexibility in soft tumor-affected tissues without inter
fering with normal activity. Responsive to alternating magnetic fields, 
these electrodes can generate inductive heat, efficiently impeding tumor 
growth and extending survival times. Similarly, drug-containing PVA 
hydrogels are used for the treatment of diabetic ulcers (Zhang et al., 
2023b). The mechanical strength of PVA hydrogels is dynamically 
modulated through ionic interactions – sulfate ions enhance rigidity to 
facilitate initial penetration, while nitrate ions soften the PVA hydrogels, 
enabling adaptation to wounds and sustained drug release. The inte
gration of adjustable stiffness and treatment within a single softening 
electrode offers a minimally invasive approach to disease treatment, 
preserving adjacent biological tissues. 

3.2. Softening implantable bioelectronics for tissue-conformal operation 

Stimuli-responsive softening materials are also crucial for tissue- 
conformal operations in implantable bioelectronics. Typical soft elec
tronics conform to body curvatures, but they face limitations in with
standing high contact forces and ensuring easy handling. Softening 
bioelectronics overcome these challenges. They achieve this through an 
ingenious mechanism involving initial rigidity for shape maintenance, 
followed by softening for adaptation to complex 3D surfaces of organs 
(e.g., brain and heart) or cylindrical tissues (e.g., nerve and spinal cord). 
This innovative softening approach not only minimizes mechanical 
mismatches during implantation but also enhances functional in
teractions with tissues, including sensing, recording, and stimulation. 

One major application involves interfacing complex biosurfaces for 
efficient electrocorticography (ECoG) and electrocardiogram (ECG) 
sensing. Synthesized through the polymerization of polycaprolactone 
diol, poly (hexamethylene diisocyanate), and hexamethylene diisocya
nate (Jiao et al., 2023), SMPs exhibit a remarkable softening property, 

transitioning from a modulus of 100 MPa–700 kPa (i.e., 99.3% decrease) 
near body temperature (~38 ◦C). This characteristic facilitates the 
fabrication of multi-layered devices in a rigid state and ensures firm 
contact with intricate biosurfaces when in a soft state. Consequently, it 
markedly enhances the precision of ECoG recording for epilepsy 
tracking and ECG recording for cardiac health monitoring. Integrating 
biodegradable supporters is an approach for attaining conformal contact 
with tissues. As mentioned in section 3.1, silk fibroin, known for its 
biocompatibility and biodegradability, is also widely used as the sup
porter in implantable bioelectronics designed for tissue-conformal 
operation (Kim et al., 2010; Shi et al., 2019). Fig. 5a–c illustrate an 
example of implantable multifunctional bioelectronics with a bottom 
substrate made of silk fibroin (Shi et al., 2019). As the silk substrate 
gradually dissolves in biofluids, capillary forces at the interface of the 
brain tissue and the thin electronics layer enable the device to con
formally mount on the brain tissue, thereby substantially enhancing the 
quality of ECoG recordings (Fig. 5b and c). To expand the application of 
silk fibroin beyond its role as a bio-dissolvable substrate, Shi et al., 
(2019) broadened its functionality by incorporating drugs within the 
silk fibroin matrix. This facilitates in situ drug delivery while silk sub
strate dissolves, contributing to the softening of the device (Shi et al., 
2019). 

Another application involves seamless wrapping of implantable 
bioelectronics around cylindrical structures, such as nerves or the spinal 
cord, for precise stimulation or neural recording. Thiol-ene/acrylate- 
based polymer has been widely used for this application due to its 
exceptional softening at body temperature (~37 ◦C) (Ware et al., 2012b; 
González-González et al., 2018), as exemplified in Fig. 5d–f. Fig. 5d 
shows temperature-responsive softening nerve cuffs with thin film 
multi-electrodes supported by a thiol-ene/acrylate SMP substrate, 
designed for selective neuromodulation and precise neural recording 
(González-González et al., 2018). When exposed to a biofluid-mimicking 
environment (e.g., 37 ◦C PBS), the storage modulus of the 
thiol-ene/acrylate substrate of this device drastically decreased from 
2380 MPa to 550 MPa (a ~77% decrease) within 30 min (Fig. 5e). This 
softening capability, as depicted in Fig. 5f, ensures a secure wrapping of 
cuffs around various nerve types (Ware et al., 2012b; González-González 
et al., 2018) and spinal cords (Garcia-Sandoval et al., 2018) within the 
body, all of which are cylindrical structures. This feature ensures 
effective electrical stimulation and neural recording. Meanwhile, 
ester-free SMPs (e.g., thiol-ene) have been further investigated to boost 
the stability of SMP-based substrates. This material retains its mass and 
shape for 24 months after softening in an in vivo environment (i.e., 
temperature of 37 ◦C with humidity), ensuring prolonged functionality 
of bioelectronics made from this material and consequently extending 
the lifespan of the device within the body (Garcia-Sandoval et al., 2021). 

4. Current challenges and future directions in softening 
implantable bioelectronics 

Softening implantable bioelectronics, designed to adjust their rigid
ity in response to external stimuli, combine the merits of both rigid and 
soft devices: the initial rigid state offers portability and easy tissue 
penetration, while the subsequent softened state ensures biocompati
bility and a robust functional interface with biological tissues. Widely 
studied external stimuli include temperature, moisture, magnetic fields, 
biological triggers (e.g., enzymes and proteins), or the combination of 
these. These ongoing advancements in designs and stimulation strate
gies for stimuli-responsive materials amplify the versatility and effi
ciency of these bioelectronics, extending to applications in tissue- 
penetrating and tissue-conformal implants. However, further break
throughs remain imperative to unlock their full potential. The ideal 
softening implantable bioelectronics should encompass four key fea
tures: a) bidirectional transformation, b) a transformative electro- 
mechanical all-in-one platform, c) controlled in vivo transformability, 
and d) a residue-free or biodegradable implant, as illustrated in Fig. 6. 
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Fig. 5. Softening implantable bioelectronics for tissue-conformal operation. (a–c) Bioresorbable supporter integrated multifunctional bioelectronics. a) Exploded 
view of silk-supported soft bioelectronics capable of conformal brain integration for electrocorticography (ECoG) recording. The bottom of the device is composed of 
a resorbable substrate made of silk fibroin, which gradually dissolves when exposed to water (e.g., biofluid). Medicine can be loaded within the bottom substrate, if 
necessary, and released for drug delivery while being dissolved. Device images (b) and ECoG signals (c) acquired before (left) and after (right) the dissolution of silk 
fibroin substrate. Dissolution of the bottom substrate of the device improves the conformal contact of microelectrodes on the highly convoluted surfaces of a rat brain, 
thereby improving ECoG recording quality. Here, saline water was poured to promote the dissolution (Shi et al., 2019) (Copyright, 2019; Wiley). (d–f) 
Temperature-responsive softening nerve cuff. d) Schematic illustrations of thin film multi-electrode softening nerve cuffs for selective neuromodulation and neural 
recording. Schematics (top and bottom) show the structure and electrode configuration of the device, respectively. There are a total of 16 channel electrodes, among 
which 8 are made of titanium nitride (TiN), and the other 8 are made of gold (Au). Substrate of the device is made of thiol-ene/acrylate-based SMP, which softens at 
body temperature (~37 ◦C). e) Storage moduli of SMP over time after soaking in PBS at 37 ◦C. Modulus has been significantly decreased from 2380 MPa to 550 MPa 
in 30 min, allowing the overall substrate to be softened. f) Optical images of multi-electrode softening cuffs wrapped tightly around the metal rod (left) and superior 
cluneal nerve (right) after being softened. Conformal contact on cylindrical shaped-nerve allows efficient electrical stimulation and neural recording 
(González-González et al., 2018) (Copyright, 2018; Springer Nature). 
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Bidirectional transformation of bioelectronics is pivotal for achieving 
reusable softening bioelectronics. Current softening devices, such as 
those with dissolvable stiffeners (Shi et al., 2019; Cointe et al., 2022), 
often undergo a one-time transition from rigid to soft, limiting them to a 
single use. Integrating bidirectional transformable materials holds the 
potential for multiple uses through stimuli-responsive adjustments be
tween rigid and soft states. Furthermore, in tackling the design and 
fabrication inefficiency observed in most of softening bioelectronics, 
where separate electrical circuits and mechanical frameworks are 
assembled together (Byun et al., 2019), it becomes crucial to incorporate 
a transformative electro-mechanical all-in-one platform. Recent efforts, 
such as the exploration of liquid metal gallium as a potential candidate 
for such platforms (Kwon et al., 2024), signify the beginning of this 
transformative approach. However, extensive research into a variety of 
dual-functional materials is necessary to establish a robust foundation 
for the creation of compact, reusable, and transformative bioelectronic 
devices. 

Moreover, the future development of softening implantable elec
tronics requires biological safe and in-body-compatible triggering 
mechanism, with controlled in vivo transformability being a crucial 
feature. Existing studies often employ stimuli conditions that do not 
align with human physiological conditions, requiring high temperatures 
above 40 ◦C for softening (Reeder et al., 2014) or light-responsive ma
terials unfit for internal body use (Ruan et al., 2019). Additionally, 
water-responsive materials present challenges for precision-targeted 

applications, as they soften spontaneously upon entering the body. 
Ensuring safe and controlled softening within the body’s environment is 
essential to improve the safety and efficacy of bioelectronics in practical 
applications. Furthermore, using residue-free or biodegradable material 
is key for safe in-body applications. Devices designed with fully biode
gradable or excretable materials increase biocompatibility by elimi
nating the need for secondary surgery for device removal (Yang et al., 
2022). This is particularly suitable for short-term applications like 
temporary medical implants, such as biodegradable stents (Zong et al., 
2022), bioresorbable pressure sensors (Shin et al., 2019), and many 
others. 

Surmounting these challenges is pivotal, not only for enhancing the 
functionality and adaptability of softening bioelectronics, but also for 
ensuring their safety and compatibility for human use. Moving forward, 
existing wireless power transmission systems can be potentially 
exploited to enhance the long-term in-body operation of softening 
implantable systems (Qazi et al., 2022; Kim et al., 2021). Furthermore, 
wireless data communication technology including Bluetooth and 
radiofrequency identification can enable periodic transmission of 
physiological signals to monitor the health condition of patients (Yoo 
et al., 2021; Lu et al., 2021). These advancements facilitate the evolution 
of bioelectronics beyond implantable devices to next-generation bio
electronics that integrate seamlessly with the body, offering highly so
phisticated physical and functional interfaces with biological tissues for 
desired purposes. This evolution in softening bioelectronics is poised to 

Fig. 6. Future development directions for the next-generation softening implantable bioelectronics. Four essential features for future advancements include bidi
rectional mechanical tunability, all-in-one electro-mechanical functionality, controlled in vivo transformability, and residue-free integration or biodegradability. 
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revolutionize the biomedical devices, providing more advanced and 
efficient solutions in medical technology. Ultimately, this will enhance 
patient care and propel the field of medical technology forward. While 
our discussion has primarily focused on implantable bioelectronics, the 
transformative nature of softening technology holds significant promise 
for various applications beyond this realm, particularly in soft robotics 
(Shen et al., 2020), sensors (Hu et al., 2019; Toma et al., 2013), actua
tors (Hu et al., 2019; Jiang et al., 2016), and artificial muscles (Islam 
et al., 2013), potentially leading to innovations that enhance the 
adaptability and functionality of devices across the fields. 
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