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Ultrasoft conductors have advanced the field of electronics by
achieving a level of softness comparable to that of biological tissues.
However, the inherent difference in charge carriers between conven-
tional ultrasoft electronics (utilizing electrons) and tissues (utilizing
ions) could lead to high contact impedance, hindering electronic
performance for physiological signal recordings. Although ultrasoft
hydrogels exhibit ionic conductivity, their high water content could
limit their practical applications. This study proposes a type of ultrasoft
and ionically conductive bottlebrush ionogel (BBI), leveraging
polyethylene glycol (PEG) bottlebrushes and ionic liquids (ILs). The
incorporation of ILs into PEG bottlebrushes results in a simultaneous
enhancement of mechanical compliance and ionic conductivity.
Specifically, the PEG/IL BBI achieves a Young's modulus of 0.52—
1.08 kPa, akin to the softest biological tissues such as the brain.
To the best of our knowledge, this is the softest ionic conductor ever
reported. The introduction of ionic liquids enables ionic conductivity of
0.03-0.29 S m ™, rendering it well-suited for integration into ultrasoft
electronics. The PEG/IL BBI was further applied as a sensor on silk-
worms and as an electrode on the human body and venus flytrap.
These demonstrations enabled the sensing of subtle deformations,
electrocardiogram recordings, and plant signal monitoring, showcas-
ing the potential of this ionically conductive BBI in various physio-
logical environments.

1 Introduction

Recent advances in soft electronics have highlighted their
broad potential for applications in understanding and interfa-
cing with biological systems."” To ensure effective integration,
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New concepts

Tissues like the brain exhibit ultra-softness (Young’s modulus: ~1 kPa)
and transmit electrophysiological signals via ions. Electronic materials
intended to interface with such tissues must replicate these proper-
ties—tissue-matched softness and ionic conductivity. This study intro-
duces an ultrasoft and ionically conductive bottlebrush ionogel (BBI)
based on polyethylene glycol (PEG) bottlebrushes and ionic liquids (ILs),
achieving a record-low Young’s modulus of 0.52-1.08 kPa and a tissue-
matched ionic conductivity. Unlike conventional ultrasoft conductors,
such as conductive bottlebrush elastomers that rely on electron-based
conduction, or ionic hydrogels with high water content, the PEG/IL BBI
employs non-volatile ILs. This design not only mimics the ionic charge
carriers of biological tissues to enhance signal transmission for bio-
interfacing but also addresses stability issues by avoiding water-
dependent systems. The PEG/IL BBI was demonstrated in wearable
electronics for silkworms and electrodes for monitoring signals in plants
and humans, showcasing its bio-interfacing potential. The PEG/IL BBI
offers new insights into the development of ultrasoft materials and
electronics, expanding the possibilities for soft, stable, and high-
performance physiological sensing and bioelectronic interfaces.

it is important to minimize immunological rejections and
improve the tissue compatibility of soft electronics used in
biological systems.> One prominent approach is to match the
softness of electronics with those of biological tissues. Ultrasoft
electronics are a new type of soft and stretchable electronics
that aim to seamlessly interface with biological tissues through
matched softness.”” To achieve this, the underpinning materials
employed in ultrasoft electronics must possess a Young’s mod-
ulus akin to that of ultrasoft biological tissues (i.e., Young’s
modulus, £ < 5 kPa®) and also exhibit suitable conductivities
for efficient transmission of electrical signals. For instance, ultra-
soft hydrogel conductors have found wide applications in soft
actuators,’ robotics,'® and implantable devices'*™™ due to their
low modulus and tunable conductivities, while the high water
content in hydrogels could lead to issues such as dehydration'®
and decomposition during operations,"” limiting their practical
use. Recently, conductive bottlebrush elastomers (BBEs) have
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emerged as a new class of ultrasoft conductors.>'® The elongated
bottlebrush-like side chains in the BBEs can effectively reduce the
physical entanglements of polymers and thus a tissue-matched
Young’s modulus without the need for solvents is achieved.'®>*
By virtue of the ultra-softness of the BBE matrix, ultrasoft
conductors can be realized by incorporating conductive com-
ponents into BBEs. For example, polydimethylsiloxane (PDMS)-
based BBEs filled with single-walled carbon nanotubes
(SWCNTs) can achieve a Young’s modulus as low as 2.98 kPa.®
However, a notable limitation of current conductive BBEs is
that their charge carriers are all based on electrons,>'® as
opposed to biological systems that primarily rely on ions.>
Matching the type of charge carriers with those in biological
systems can reduce the contact impedance at the interface
between electronics and biological systems*® and enhance the
efficiency of signal transmission.>”*® Thus, an ionically con-
ductive BBE is in demand to build next-generation ultrasoft
electronics.

To render the ionic conductivity of BBEs, mobile ion species
need to be introduced into the BBE matrix. Common ions in
biological systems, such as sodium ions (Na'), chloride ions
(CI") and hydrogen ions (H'), usually require solvents
(e.g., water) to facilitate mobility at room temperature,” while
the evaporation of such solvents poses stability challenges for
long-term electronic use.*® Another approach is to use salts
with low melting points, such as ionic liquids (ILs).>' Many ILs
exhibit low vapor pressure and can be maintained in the liquid
state at room temperature.>” Moreover, ILs have a much wider
electrochemical window compared to water,*® making them
promising candidates to be employed in soft electronics.
Although the use of ILs has shown advantages in linear
elastomers in terms of good ionic conductivity and air
stability,>*° their Young’s modulus still tends to exceed that
of ultrasoft tissues (e.g., tissues in brains and lungs can be as
soft as 1 kPa), partially due to the high-moduli linear elastomer
matrix that was employed.

Here we report an ultrasoft and ionically conductive bottle-
brush ionogel (BBI) based on PEG BBEs and IL 1-ethyl-3-methyl-
imidazolium trifluoromethanesulfonate ([EMIM]OTF]). It was
found that (i) incorporating a bottlebrush polymer-based iono-
gel significantly enhanced the matrix softness compared to its
linear polymer-based counterparts and (ii) increasing amounts
of ionic liquids into PEG-based bottlebrush elastomers (BBEs)
simultaneously enhanced their conductivity and softness
(resulting in materials with higher compliance) (Fig. 1(a)).
The PEG/IL BBI exhibits a Young’s modulus as low as 0.52 kPa,
surpassing the softness of ionically conductive water-free elas-
tomers previously reported in the literature and achieving the
level of softest biological tissues such as the brain. Moreover,
this is also the softest water-free conductor ever reported
among electronically or/and ionically conductive elastomers.
The impressive softness of the PEG/IL BBI is complemented by
its tissue-matched ionic conductivity, surpassing 0.03 S m™*
attributed to the presence of mobile ion species within the
ionic liquids. We apply the PEG/IL BBI as ultrasoft electronics
and showcase their demonstrations of capabilities in wearable
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electronics for silkworms, as well as in physiological signal
recording electrodes for the human body and Venus flytrap.

2 Results and discussion

2.1. Design of ultrasoft PEG/IL BBIs

We hypothesize that (i) incorporating a bottlebrush polymer
structure will enhance the matrix softness compared to linear
polymer networks and (ii) increasing the concentration of ionic
liquid within the PEG-based bottlebrush elastomer (PEG BBE)
will simultaneously improve ionic conductivity and further
soften the network. These two aspects address distinct but
complementary mechanisms for tuning ionogel properties.
First, regarding polymer architecture, while existing ionogels
offer versatile tunability in mechanical properties, achieving an
ultralow Young’s modulus comparable to that of extremely soft
biological tissues, such as the brain (E: ~1 kPa), has rarely
been demonstrated. This limitation is likely attributed to the
highly entangled polymer networks commonly present in exist-
ing ionogels, which restrict overall softness. One strategy to
overcome this is to tailor the polymer architecture to reduce the
polymer entanglements. By increasing the length of polymer
side chains, the polymer backbones can be effectively extended,
thereby reducing chain entanglements (Fig. 1(a)). As a result,
the bottlebrush architecture with the elongated side chains
provides a much softer matrix, making it particularly suitable
for the development of ultrasoft ionogels. Second, from the
perspective of conductive filler selection, we propose that ionic
liquids can serve a dual function. Compared to solid conductive
components such as carbon-based or metallic nanomaterials
(e.g., carbon nanotubes) that can enhance the Young’s modulus
of BBE,® ionic liquids can decrease the Young’s modulus when
enhancing the conductivity for materials, due to their capability
of swelling the polymer network. As depicted in Fig. 1(a), the
ionic liquids can be viewed as non-volatile solvents that swell
the PEG BBESs. An increased amount of ionic liquids results in a
higher swelling ratio, ultimately rendering the BBI even softer.
Simultaneously, a greater amount of ionic liquids introduces
more mobile ion species, facilitating the transmission of elec-
trical signals and thereby enhancing the BBI's conductivity.
The architecture of polymers, including factors such as the
length of polymer side chains, the spacing between side chains,
and the distance between crosslinks, is pivotal in determining
the mechanical properties of pure BBEs." To investigate how
the bottlebrush structure contributes to the ultra-softness of
our materials, we selected methacrylate-based monomers with
different ethylene glycol chain lengths to investigate their effect
on material properties. Specifically, we used ethylene glycol
methyl ether methacrylate (M,, = 144) and poly(ethylene glycol)-
methyl ether methacrylate with M;, = 300 and 500 (Fig. 1(a) and (b)),
respectively. These correspond to ethylene glycol repeating units
(denoted as m in Fig. 1(b)) of approximately 1, 5, and 9, respectively.
For simplicity, we refer to these monomers as EG-1, PEG-5, and
PEG-9. Poly(ethylene glycol)diacrylate (PEGDMA) with 14 ethylene
glycol repeating units was used as the crosslinker. Ethylene
glycol-based monomers were chosen for their polarity, which is

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Design of ultrasoft and ionically conductive PEG/IL BBEs. (a) The top schematic shows ionogels prepared from monomers with different chain lengths,
including EG-1, PEG-5, and PEG-9. Increasing the chain lengths leads to a reduction in Young's modulus. The bottom schematic shows PEG BBE (IL: O wt%) and
PEG/IL BBI with IL contents ranging from 20 to 70 wt%. The compliance and conductivity can be simultaneously enhanced with the addition of ionic liquids. The
dimensions in schematics are not to scale. (b) Chemical structures of EG monomers, PEG monomers, PEG crosslinkers, ionic liquids [EMIM][OTF], and the resulting
crosslinked linear ionogels and bottlebrush ionogels. (c) A photograph of a piece of PEG/IL BBI attached to the back of the silkworm.

compatible with that of ionic liquids,*” ensuring good misci-
bility. In contrast, PDMS-based BBE precursors are less polar
and therefore do not blend as readily (Fig. S1, ESI{). Polymer-
ization of these monomers with varying chain lengths results in
polymers with correspondingly different side chain lengths. For
instance, EG-1, with its short side chains, forms a linear polymer
network, while PEG-9 enables the formation of bottlebrush polymer
structures, which are the focus of this study. Although PEG
monomers with higher molecular weight could result in longer
side chains for bottlebrush polymers, they tend to crystallize and
affect the mechanical properties after crosslinking.*® To standar-
dize the initial crosslinking density across samples, we established
a fixed crosslinking ratio (molar ratio of monomer to crosslinker) of
1000 to determine the distance between crosslinks. Therefore, the
x/y ratio of bottlebrush elastomer networks shown in Fig. 1(b) was
initially designed to be 1000. This design enables us to system-
atically investigate the effects of side chain length and ionic liquid
content on the mechanical properties of PEG-based BBIs.

This journal is © The Royal Society of Chemistry 2025

Ionic liquids [EMIM][OTF] were chosen due to their low
melting point (—25.7 °C),*® wide electrochemical window
(3.2 V),*° and relatively low cytotoxicity.”" Similar to our pre-
vious work on PDMS BBEs,® we adopt a one-pot free-radical
polymerization method to prepare the ionically conductive
linear ionogels and BBIs. The process began with blending
monomers having varying side chain lengths with the cross-
linker PEGDMA and the thermal initiator azobisisobutyro-
nitrile (AIBN) to form the elastomer precursor. Then the ionic
liquid was added to this mixture, and the resulting blend was
thermally cured to produce ionically conductive linear ionogels and
BBIs. This method offers simplicity for the preparation of BBIs, as
all the starting materials are commercially available, sparing us the
complexity of chemical synthesis. The straightforward and simple
process of preparing BBEs allows us to easily fine-tune their
mechanical properties and render the ionic conductivity. Alterna-
tive strategies include the synthesis of charged bottlebrush
poly(ionic liquids),”* or the copolymerization of polymerizable ionic
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liquids monomers with neutral bottlebrush polymers,
these alternatives often entail intricate synthesis and crosslinking
of bottlebrush polymers,* potentially impeding their practical use
for non-chemists. Our approach leads to the creation of a BBE-
based ionogel (i.e., BBI) (Fig. 1(c)) that is anticipated to exhibit ultra-

softness and ionic conductivity.

2.2. Characterization of ultrasoft PEG/IL BBIs

To validate our hypothesis, we first prepared ionogels with
varying polymer side chain lengths using EG-1, PEG-5, and
PEG-9 as monomers. The concentration of ionic liquids was
fixed at 50 wt%, resulting in a 1:1 weight ratio between the
elastomer precursor and the ionic liquid. Upon crosslinking,
monomers with longer chain lengths (e.g., PEG-9) formed
polymers with longer side chains, yielding bottlebrush elasto-
mers (Fig. 1(a) and (b)). In contrast, low-molecular-weight
monomers (e.g., EG-1) produced linear elastomers with short
side chains. This variation in side chain length allowed us to
investigate how the side chain length affects the mechanical
softness of ionogels under a constant ionic liquid content.
As a control, we also prepared ionogels using only PEGDMA
(without any additional monomer), while maintaining the same
ionic liquid concentration. The results show that increasing

View Article Online
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side chain length leads to a substantial decrease in Young’s
modulus (Fig. 2(a)), which is attributed to reduced physical entan-
glements due to the extended side chains. The ionogel composed
solely of PEGDMA exhibited the highest modulus, due to its high
crosslinking density. Notably, only ionogels with bottlebrush poly-
mer structures achieved a Young’s modulus of 3.43 kPa within the
ultrasoft tissue range (i.e., <5 kPa) at this ionic liquid concen-
tration. These findings highlight the critical role of bottlebrush
polymer architecture in achieving ultra-low modulus in ionogels.
Therefore, to maintain the bottlebrush polymer structure, in all
subsequent experiments, the materials were prepared using PEG-9
as the BBE monomer to form PEG/IL BBIs.

To further enhance the softness of the BBIs and achieve a
Young’s modulus that is comparable to ultrasoft tissues such as
the brain (E: ~1 kPa), we then adjusted the amount of added
ionic liquids. We tested five different weight ratios of PEG BBE
precursors to ionic liquid: 1:0, 1:0.25,1:0.5, 1:1, and 1:1.5.
These correspond to ionic liquid concentrations of 0 wt%,
20 wt%, 33 wt%, 50 wt%, and 60 wt%, respectively. The fitting
model for bottlebrush elastomers was adapted to fit the oy~
strain curve (Fig. S2, ESIt) and calculate the fitted Young’s
modulus (E) of materials (see details in Table S1, ESI{). The
engineering Young’s modulus (Eeng) can be obtained by fitting
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Fig. 2 Characterization of PEG/IL BBIs. (a) The Young's modulus of ionogels prepared from monomers with different chain lengths shows that looser
crosslinking and longer polymer side chains enhance the softness. (b) The reduced Young's modulus and (c) enhanced conductivity of PEG/IL BBIs with
the addition of ionic liquids. (d) The real and imaginary impedance of PEG/IL BBI with different concentrations of ionic liquids measured at the frequency
ranging from 10 000 Hz to 0.1 Hz. (e) The Ashby-style plot of Young's modulus and conductivity of different ionic conductive elastomers including
ionogels, hydrogels, and PEG/IL BBIs in this work, showing our PEG/IL BBI (IL: 60-70 wt%) is the softest ionically conductive elastomer in the graph. Data
points are from references labelled in Fig. S9 and Table S2 (ESIY). (f) The sensitivity of PEG/IL BBIs measured as normalized change in resistance as a
function of tensile strain. (g) The adhesive shear strength between the PEG/IL BBI (IL: 50 wt% and 60 wt%) and different substrates, including glass, leaf,
PDMS Sylgard 184, and wood. (h) Photographs of the adhesion test between the PEG/IL BBI and different substrates showing the adhesion-induced
deformation of BBIs. The scale bar is 5 mm.
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the nominal stress-strain curve at the strain range of 0-10%
and are summarized in Table S1 (ESIf). The Young’s modulus
calculated by the two methods exhibited similar levels, and the
fitted Young’s modulus was used for analysis. The pure PEG
BBE exhibits a Young’s modulus of average E: 29.84 kPa when
no ionic liquids were introduced (Fig. 2(b)). Increasing
the weight ratio of ionic liquids from 0% to 20%, 33%, and
50% led to a corresponding decrease in Young’s modulus from
29.84 kPa to 26.11 kPa, 9.46 kPa, and 3.43 kPa, respectively. The
modest reduction at 20% suggests that the small amount of ILs
did not significantly swell the elastomer matrix. Therefore, we
focused our evaluation on higher IL concentrations. At higher
weight ratios, the additional IL content caused greater swelling
of the polymer network, substantially softening the PEG/IL BBI
material. For instance, at 60 wt% IL, the Young’s modulus
further decreased to an average of 1.08 kPa (Fig. 2(b)), corres-
ponding to the softness level found in brain tissues.® In addi-
tion to the swelling effect, the significant reduction in Young’s
modulus after the addition of ionic liquids indicates a decrease
in crosslink density, enabling our materials to achieve a more
than ten-fold decrease of Young’s modulus with a swelling
ratio of less than two (e.g., at an IL content of 50 wt%). The
incorporation of ionic liquids could markedly reduce the cross-
link density and affect the effectiveness of gelation,’®*” which
is possibly attributed to solvent effects such as the polarity
difference between the monomers and ionic liquids.

To investigate the lowest Young’s modulus achievable through
the incorporation of ionic liquids into the bottlebrush architec-
ture, we have also prepared EG-1 ionogels and PEG-9 ionogels
(i.e., BBIs) with even higher concentrations of ionic liquids. The
maximum achievable IL loading to ensure effective gelation was
70 wt%. We measured the Young’s modulus and conductivity of
both the EG-1 ionogel and the PEG-9 BBI at 70 wt% IL loading
(Fig. S3, ESIt). Their conductivities were comparable due to the
same concentration of ionic species. However, the mechanical
properties differed significantly. The EG-1 ionogel exhibited a
Young’s modulus of approximately 1 kPa, whereas the PEG-9 BBI
achieved a much lower modulus of 0.52 kPa. This result supports
our key finding: the bottlebrush architecture consistently
enables a lower Young’s modulus than the linear counterpart.
With the same IL content, bottlebrush-based ionogels are signifi-
cantly softer than those derived from linear gels. Similarly, to
achieve the same level of ultra-softness, bottlebrush ionogels
require substantially less ILs than linear ionogels. While high IL
loading can also reduce the modulus of linear ionogels, our results
indicate a clear limit—1 kPa appears to be the lowest modulus
achievable with linear structures in our system. In contrast, bottle-
brush ionogels can readily achieve a modulus around 0.5 kPa, a
range that matches those of some supersoft tissues such as the
extracellular matrix and adipose tissue.*®*° These findings under-
score the unique advantages of the bottlebrush architecture in
applications where conventional linear structures fall short.

It should be noted that not all liquid-phase ionic liquids are
effective in swelling and softening the bottlebrush elastomer
network. For instance, we also synthesized reactive ionic liquids,
which contain vinyl or acrylate groups that enable them to

This journal is © The Royal Society of Chemistry 2025
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participate in polymerization. Specifically, we designed two types
of reactive ionic liquids, [2-(methacryloyloxy)ethyl]trimethyl-
ammonium bis(trifluoromethylsulfonyl)imide ((METAC][TFSI],
MT) and 1-ethyl-3-methyl imidazolium (3-sulfopropyl) acrylate
([EMIM][SPA], ES), with mobile cations and anions, respectively
(Fig. S4, ESIt). By copolymerizing these reactive ionic liquids
with PEG-based BBE monomers, we formed a co-polymerized
network comprising both PEG and ionic liquid components.
However, the resulting ionogels exhibited significantly higher
Young’s modulus, 61.06 kPa for ES and 25.78 kPa for MT,
compared to the PEG-based BBI (Fig. S5, ESIt). This outcome is
expected, as the copolymerization of ionic liquids with PEG
reduces the density of PEG side chains. This reduction can
increase the degree of physical entanglements within the net-
work, thereby increasing the Young’s modulus.'®*° Therefore,
material selection should be guided by the specific property
requirements of the design. In our case, since we aimed to
achieve an ultra-softness, we selected the PEG/IL BBI, as our
experiments demonstrated that it was the only formulation
capable of reaching the ultralow Young’s modulus (~1 kPa).
Previous studies have shown that the lightly crosslinked
polymer strands and fewer polymer entanglements in BBEs
can enhance the stretchability and elasticity of elastomers,®
which aligns with our findings for PEG/IL BBIs. We conducted
cyclic tensile testing at a 100% strain with a fixed strain rate
of 0.07 s~ " (rate of deformation: 50 mm min"). All BBIs and
the pure BBE with different loading amounts of ionic liquids
exhibited a fully reversible deformation and minimal hysteresis
(Fig. S2 and Fig. S6, ESIt), indicating their good elasticity and
stretchability. The reversible deformation (Fig. S6, ESIT) in the
repeated loading-unloading cycles of samples further indicates
the durability of materials. It should be noted that compared to
pure PEG BBE, BBI with a higher weight ratio of ionic liquids
(IL concentration: 60 wt%) exhibited a larger hysteresis in the
loading-unloading cycle (Fig. S6, ESIT) and a more noticeable
frequency-dependent storage modulus (Fig. S7, ESIt), indi-
cating the viscoelastic behaviour of the PEG/IL BBI. This is
possibly attributed to the addition of ionic liquids that affected
the relaxation process of the bottlebrush networks.>>>>
Previous investigations into conductive BBEs grappled with
the challenge of balancing conductivity and softness.®>® This
challenge was primarily due to the propensity of conductive
fillers to elevate Young’s modulus of the BBE composites.’*
Conventional conductive fillers, such as carbon nanotubes and
silver nanowires, are non-thermal and act as reinforcing agents
that promote solid-like behavior, often at the expense of soft-
ness. In contrast, ionic conductors like free ions are typically
thermal, with higher mobility than the polymer matrix. This
allows them to act as plasticizers, softening the material
instead of stiffening it. We found that the ionic liquids can
not only soften the BBE network but also enhance the con-
ductivity of the BBEs. We used the four-point probe measure-
ment to test the conductivity of the PEG/IL BBIs with different
amounts of ionic liquids. At weight ratios of 20%, 33%, 50%,
60%, and 70%, the electrical conductivities of the PEG/IL BBIs

were measured to be 0.02 S m™*, 0.03 S m™ %, 0.05 S m™ %,
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0.14 S m™', and 0.29 S m~' (Fig. 2(c) and Fig. S3b, ESIY),
respectively. Compared to pure BBEs without any ionic liquids,
PEG/IL BBIs are significantly softer and more conductive.
However, the ionic conductivity is still lower than that of pure
ionic liquids [EMIM][OTF] (~0.92 S m™ '), as the highest
concentration we added was 70 wt% and the ionic mobility
could be limited by the nonconductive PEG segments. The BBI
with 70 wt% IL was found to be extremely soft and challenging
to handle. Therefore, in all subsequent experiments, we limited
the maximum IL concentration to 60 wt% to ensure better
processability and material stability. Next, we used electroche-
mical impedance spectroscopy (EIS) to assess the impedance of
PEG/IL BBIs by sweeping the frequency from 10° Hz to 0.1 Hz.
For PEG/IL BBIs with different weight ratios of ionic liquids, the
impedance is dependent on the applied frequency (Fig. S8,
ESIt), and the Nyquist plot displays a semi-circle pattern
(Fig. 2(d)), indicating the capacitance derived from the mobile
ion species within the PEG/IL BBIs.”” Moreover, a higher weight
ratio of ionic liquids leads to a lower impedance across the
frequency spectrum, which is attributed to an increased volume
of ion species that enhanced the overall charge mobility. The
results from EIS affirm that incorporating ionic liquids can
improve the ionic conductivity of the PEG/IL BBIs. We com-
pared our materials with other types of ionically conductive
materials, including hydrogels and iongels. The Ashby-style
plot in Fig. 2(e) shows that our PEG/IL BBIs are softer than
most ionically conductive hydrogels and ionogels. At the weight
ratio of 60-70%, our PEG/IL BBI stands out as the softest ionic
conductor among all the ionically conductive materials ever
reported (Fig. S9 and Table S2, ESIt), falling within the ultrasoft
tissue range. The PEG/IL BBI is also softer than our previously
reported SWCNT/PDMS BBE, making it the softest conductive
and water-free bottlebrush materials ever reported. One of the
closest competitors to BBIs in terms of softness is hydrogels,
particularly bottlebrush hydrogels,*® % which are another pro-
mising class of materials with tissue-matching mechanical
properties. While the ionic conductivity of bottlebrush hydro-
gels has not been extensively studied, they hold strong potential
for tuning toward ionic transport. However, a key limitation
of hydrogels lies in their high water content, which can lead
to mechanical and electrical instability due to dehydration,
especially in open-air environments. In contrast, the PEG/IL
BBI exhibits superior long-term stability in both mechanical
properties and conductivity (Fig. S10, ESIT), owing to the low
volatility of ionic liquids. This environmental robustness offers
a distinct advantage for practical applications, particularly
in soft electronics that operate under ambient conditions.
However, intrinsic limitations of ionic liquids—such as leaching
and swelling in wet conditions and evaporation at high temper-
atures—pose challenges for deployment in more demanding
environments. To address these issues, future studies will focus
on developing more robust materials and device architectures.
For example, designing highly reliable polymers or applying
non-leaching, dry insulating materials for encapsulating the
ionogels can be effective strategies to meet specific application
requirements.
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The ionic conductivity and stretchability endow mechanical
sensitivity for the PEG/IL BBIs. The resistance change of the
PEG/IL BBIs was recorded when stretching them to different
strains (ranging from 0 to 100%). The normalized change of
resistance exhibits a linear correlation with the applied strain.
At weight ratios of 50% and 60%, the gauge factors are 0.99 and
1.62, respectively (Fig. 2(f)). The higher gauge factor at the
weight ratio of 60% suggests enhanced sensitivity. This is
possibly because higher loading of ionic liquids provides an
increased quantity of charged carriers within the system, and
thus more charge carriers are redistributed during stretching.
Although only strain sensing was demonstrated in this work,
the material also shows potential for use as a pressure sensor.
Since the IL concentration influences both the ionic conduc-
tivity and the Young’s modulus, these two factors jointly
determine the material’s sensitivity in different sensing modes.
This mechanical sensitivity could be useful in applications
where matching the softness of biological tissue is critical,
offering an advantage over conventional sensors that may
not achieve the same level of mechanical compliance. While
the ultralow Young’s modulus of the material suggests the
potential for detecting small forces or deformations, achieving
optimal sensitivity may still require further design improve-
ments, such as adjusting the device structure and refining the
electrode materials, to enhance overall sensor performance.

In our prior study, we found that the BBEs possess satisfac-
tory interfacial adhesion with diverse material surfaces, a
characteristic stemming from their ultra-softness which max-
imizes contact surfaces and ensures conformity when interfa-
cing with different substrates.® Extending this observation to
our PEG/IL BBIs, we conducted the same lap shear testing on
surfaces of glass, PDMS, leaf, and wood (Fig. 2(g) and (h)). For
pure PEG BBE with no ionic liquids added (weight ratio of 0%),
the average shear strength was 1.61 kPa, 0.53 kPa, 1.39 kPa, and
1.24 kPa, respectively. However, at a weight ratio of 50%, the
average shear strength was measured to be 3.61 kPa, 3.38 kPa,
2.90 kPa, and 9.48 kPa, respectively. We hypothesize that this
substantial increase in shear strength can be attributed to the
addition of ionic liquids that lead to the change of chemical
composition® or capillary effects® of the material system,
which enhanced softness and increased contact areas between
the BBI and substrates, and thus facilitates better conformity
and adhesive properties. It should be noted that at higher
concentrations of ionic liquids (weight ratio of 60%), the shear
strength declined (Fig. 2(g)). This is because the shear strength
is linked to the material’s mechanical strength. The PEG/IL BBI
at the weight ratio of 60% is already ultrasoft (with a Young’s
modulus of ~1 kPa and stress at 100% strain of ~1 kPa), and
the BBI could potentially rupture when the shear strength
surpasses the stress tolerance of the BBI (Fig. S11, ESIt). Over-
all, these results show the material’s capability of adhering to
hydrophobic surfaces and the potential of using it as gentle,
wearable electronics for delicate objects such as plants.
Although this level of shear strength may seem relatively low
when compared to traditional adhesive materials, the PEG/IL
BBIs displayed considerable deformation in the lap shear
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testing (Fig. 2(h)). Furthermore, the PEG/IL BBI can easily
attach to skin without detaching, and this level of adhesion
can withstand its own gravity and different strain levels during
operation (Fig. S12, ESIt). All the results showcase that the PEG/IL
BBIs maintain a certain level of adhesion properties that could be
beneficial to applications of ultrasoft electronics.

2.3. Wearable electronics for the silkworm

As the demand for understanding biological systems and
emulating their behaviours grows, electronics must possess
better conformability with biological systems. We believe elec-
tronics based on the ultrasoft and conductive PEG/IL BBI could
potentially broaden the capabilities of previously utilized soft
materials. The low Young’s modulus of our PEG/IL BBI aligns
with those of biological tissues, reducing mechanical con-
straints, while the self-adhesive properties facilitate good phy-
sical contact with tissues. These features collectively enhance
the conformability with ultrasoft objectives. To demonstrate,
we designed wearable electronics for silkworms, whose body
has a much lower modulus (37.7 kPa®') than most of the
previously reported soft conductors. We hypothesize that the
PEG/IL BBI-based electronics could serve as sensors for moni-
toring the physical movements of soft-bodied animals due to
their matched softness and satisfactory adhesion.

The wearable electronics for the silkworm were made by a
strip of the PEG/IL BBI (width: 4.6 mm x length: 37.6 mm),
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with the two ends coated by the Ag/EGaln composites to
connect with external platinum wires and a source meter.
We attached the PEG/IL BBI sensor on the back of a silkworm
through its self-adhesive properties (Fig. 3(a)) and recorded the
resistance change of the sensor during the worm’s crawling.
Silkworms move using thoracic legs, anterior legs, and an anal
proleg®>®* (A8-A1 denote their main body segments; Fig. 3(a)).
Their crawling cycle begins when the anal proleg (AP) detaches
from the wood stick, moves forward, and reattaches. The
anterior legs (segments A6-A3) then advance sequentially until
the thoracic leg reaches the endpoint, completing the cycle
(Fig. 3(b)). We analyzed movement by tracking three key points:
the anal proleg (AP), A6, and A3. The cycle starts when the AP
lifts off the wood stick and ends just before the AP detaches
again for the next cycle. The ultrasoft, adhesive PEG/IL BBI
sensor remained securely attached, enabling continuous
recording of the silkworm’s movements. Wire-induced signal
noise was negligible compared to deformation-induced changes
(Fig. S13, ESIY). The sensor’s resistance exhibited a repeating
pattern that matched the silkworm’s body contractions and exten-
sions (Fig. 3(c)). Each crawling phase is marked by the silkworm
lifting a foot from the substrate. Initially, the silkworm is fully
extended, corresponding to the highest sensor resistance. As the
worm begins to contract and compress the BBI sensor, the
resistance decreases accordingly. The response allows us to pin-
point specific phases of movements (labelled “Start,” “A6,” “A3,”
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Fig. 3 PEG/IL BBI-based wearable electronics for silkworms. (a) A schematic of the silkworm showing its main body segments and a photograph of the
silkworm with the PEG/IL BBI-based wearable electronics. (b) The schematic and photographs of the silkworm moving forward at different crawling
steps. (c) The measured resistance of the PEG/IL BBI sensor in response to the worm’s crawling movements. (d) Body lengths of the silkworm with and
without attaching the BBI sensor show negligible difference after silkworm’s crawling. A crawling time of 33 s was recorded. (e) The normalized change in
body length of worms, (f) crawling speed, and (g) frequency with and without the BBI sensor attached.
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and “End”). This precision in tracking the worm’s movement is
attributed to the sensitivity of the PEG/IL BBI, resulting in notable
resistance changes in response to small movements. Comparing
silkworms with and without the PEG/IL BBI, there were no
differences in the body extension ratio (the body length at each
representative crawling point divided by its initial length) between
the two groups of worms (Fig. 3(d) and Movie S1, ESIf). At the
crawling points labeled as “A6”, “A3”, and “End”, the corres-
ponding body length remained nearly constant (the worm length
was around 95%, 97%, and 100% of its initial length at the three
representative points for both cases) (Fig. 3(e)). In the forward
moving direction, the BBI reveals no physical constraints to the
contraction and extension of body segments due to its matched
softness with that of silkworms. From our experiments, we also
found that the sensor-wearing worms show a lower crawling speed
(forward moving distance in one crawling cycle divided by the
time) and frequency (the number of crawling cycles within a
specified time frame) than those without attachments (Fig. 3(f)
and (g)). We speculate that this is attributed to the added weight of
the external platinum wires and BBI sensor, which introduced
additional pressure and slowed its movements. Therefore, more
deliberate sensor designs, such as ultrathin nanomesh,** can be
employed to further enhance the sensor’s performance. These
results underscore the potential of our conductive PEG/IL BBI as
ultrasoft wearable electronics and highlight its capabilities in the
study of biomechanics®" and bio-mimicking robotics.*®

2.4. Ultrasoft electrodes on the human body and venus flytrap

The ionic conductivity of PEG/IL BBI endows the capability of
ionic communication with biological systems. Previous reports
have demonstrated the potential of ionically conductive hydro-
gels [e.g., adhesive poly(acrylic acid) hydrogels] in applications
involving signal conduction in biological systems,®® but the
issue of dehydration raises concern for their long-term use. We
hypothesize that the ionic conductivity of our water-free PEG/IL
BBI could ensure compatibility between its charge carriers
(ions) and those of biological systems, while the ultra-soft-
ness of the material enhances its adhesiveness, enabling it to
conform to various surfaces and effectively record bio-signals,
and even stimulate local response in biological systems. To
demonstrate, we first compared the roles of ionic and electro-
nic conductivity in physiological signal recording by conduct-
ing impedance measurements using both BBI-based electrodes
and our previous CNT-based BBE electrodes® of the same
dimensions on human skin. The CNT BBE electrodes conduct
electricity via electrons as charge carriers. The impedance
spectrum shows that at 1 kHz, the impedance measured with
ionically conductive BBI electrodes is significantly lower than
that of the electronically conductive BBE electrodes (Fig. 4(a)
and Fig. S14, ESIt). This reduced impedance is also observed
when the electrodes are applied to plants. This outcome is
expected, as BBI shares the same type of charge carriers (ions)
with human skin, thereby reducing the contact impedance.
In contrast, CNT BBE electrodes rely on electronic conduction,
and the mismatch in charge carrier type leads to a relatively
higher contact impedance. This demonstrates that the ionic

7432 | Mater. Horiz., 2025, 12, 7425-7438

View Article Online

Materials Horizons

conductivity of our ionogels provides a clear advantage for bio-
interfacing applications. Then, we applied the PEG/IL BBI as
electrodes on the human body to perform electrocardiogram
(ECG) measurements (Fig. 4(b)). We prepared three circular BBI
electrodes with a diameter of 8 mm and a thickness of 2 mm by
moulding and attached them to the human body as the
electrode interface for recording ECG signals. The Ag/EGaln
composite was applied at the top surface of BBI to connect with
external platinum wires. These three electrodes were placed at
the right arm position (RA), left arm position (LA), and right leg
position (RL), respectively. Thanks to the adhesion properties
of the PEG/IL BBI, the electrodes can attach with skin con-
formally, ensuring a good electrical contact during electrophy-
siological signal recording. The ECG patterns in Fig. 4(c) show
that PEG/IL BBI electrodes can successfully record the ECG
signals from the human body. We also used the commercial
ECG electrode pad with a hydrogel interface to compare its
performance with that of PEG/IL BBI electrodes. By comparing
with signals recorded by commercial hydrogel electrodes, the
PEG/IL BBI electrodes exhibit similar electrical performance.
Furthermore, we analysed the signal-to-noise ratio (SNR) of
ECG signals from the two types of electrodes. Both types of
electrodes perform similar SNR (Fig. 4(d)), indicating that the
PEG/IL BBI could serve as an alternative to the commercial
hydrogel electrodes, offering advantages such as good ionic
conductivity, air stability, and adhesion properties.

In addition to recording electrical signals from the human
body, we selected the Venus flytrap as a plant model and used
our PEG/IL BBI to modulate its electrophysiology. In contrast to
using adhesive hydrogels as the conformal electrodes,®” we
employed the PEG/IL BBI as electrodes as it shares advantages
of hydrogels such as high conformability, adhesive properties,
and ionic conductivity. Additionally, the water-free PEG/IL BBI
may offer better long-term stability than hydrogels. Here, we
followed the methodology of previous work,®” in which two
pairs of electrodes were attached to the two lobes of the flytrap
respectively (Fig. 4(e) and Movie S2, ESIt). One pair of electro-
des was responsible for stimulating the lobes to close, and the
other was used to record response signals from the lobe. The
conformable electrodes were based on circular PEG/IL BBIs
with a diameter of 8 mm, where the Ag/EGaln composite was
applied at the top surface of BBI to connect with external
platinum wires, and the bottom surface of BBI made direct
contact with the lobe. The distance between the two electrodes
on each lobe was fixed at 2 mm. We first applied a direct
current (DC) of 4 V to one lobe through the stimulating
electrodes, and simultaneously recorded the signal response
of the other lobe through the recording electrodes. One can see
that the flytrap displays a significant instantaneous spike and a
series of action potentials in the recorded signal response upon
the application of the DC voltage input (Fig. 4(f)). The lobe
closure was induced after the second action potential, and the
response time ranges from 6.13 s to 7.17 s, consistent with
results in the literature.’” Next, we varied the stimulating
voltage to 2 V, 3V, and 5 V, respectively. The flytrap displayed
two clear action potentials before the closure of lobes, while the
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Fig. 4 PEG/IL BBI-based electrodes for the human body and Venus flytrap. (a) Impedance at 1 kHz using BBI (on skin and plants) and BBE electrodes,
showing lower impedance for BBI due to the ionic transport at the biology—electrodes interface. (b) Schematic and photograph showing the attachment
of the PEG/IL BBI electrodes on the human body. (c) Experimental data of ECG signals measured by commercial gel electrodes and PEG/IL BBI
electrodes. (d) The SNR calculated from ECG signals measured by commercial gel electrodes and PEG/IL BBI electrodes showing similar electrical
performance. Comparison of SNR from two types of electrodes showing no statistically significant difference (n.s., p = 0.0643). (e) Schematics and
photographs showing the lobe closure of the Venus flytrap and attachment of the PEG/IL BBI electrodes. The pair of recording electrodes and pair of
stimulating electrodes were attached to the two lobes of the flytrap, respectively. (f) The recorded signal response from the Venus flytrap stimulated by

various DC voltage inputs (2 V, 4V, and 5 V).

frequency of subsequent action potentials reduced at lower
voltage inputs (2 V and 3 V) (Fig. 4(f) and Fig. S15, ESIT). This is
possibly due to the reduction of the plant tissue conduction at
the lower stimulating voltages.®®®® Then, we transmitted from
the DC voltage input to an AC square wave with an amplitude of
4 V and a frequency of 1 Hz (Fig. S16, ESIf). This change
resulted in a shortened response time (1.3 s) for the lobe
closure (Fig. S17a, ESI). When the frequency of the AC voltage
input increased to 2 Hz, the response time was 1 s (Fig. S17b,
ESIt). The rising edge and falling edge in a single square wave
can induce two action potentials, which could actuate the
closure of the lobes. Thus, an AC voltage input generates the
action potential more rapidly than a DC voltage, and as a result,
shortens the response time for the lobe closure. It should be
noted that the response time is limited by the refractory period
of the flytrap (~1.2 s°”), so we selected 2 Hz (the corresponding
response time is 1 s) as the highest frequency of the input AC
voltage. These results highlight the potential of the PEG/IL BBI
in bioelectronics demonstrations.

This journal is © The Royal Society of Chemistry 2025

3 Conclusions

We have developed an ionically conductive PEG/IL BBI with
ultralow Young’s modulus (0.52-1.08 kPa) and ionic conduc-
tivity (0.03-0.29 S m ™). The incorporation of ionic liquids into
PEG-based BBE can simultaneously reduce the Young’s mod-
ulus and increase the ionic conductivity of the elastomers. The
ultra-softness of the material endows a satisfactory adhesion on
various surfaces, rendering PEG/IL BBI ideal for use as inter-
faces of soft electronics. Meanwhile, the PEG/IL BBI shares the
same type of charge carriers (ions) as tissues, allowing it to
interact with biological systems through ionic transduction and
exhibit potential for bio-interfacing electrodes compared to
electronically conductive bottlebrush elastomers (Table S3,
ESIT). We prepared PEG/IL BBI-based electronics and demon-
strated their capabilities in wearable electronics for soft-bodied
worms, as well as in electrophysiological measurements for the
human body and plants. Compared to ultrasoft hydrogels, PEG/IL
BBIs can achieve a similar level of ultra-softness (e.g:, <5 kPa) and
thus represent a promising alternative, particularly due to their
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enhanced stability and resistance to dehydration during fabrica-
tion and operation. While ultrasoft hydrogel-based bio-interfacing
electronics have shown great potential in interfacing with delicate
tissues such as the brain and neurons owing to their excellent
biocompatibility,"””® PEG/IL BBIs may also be suitable for such
applications. In the future, efforts to combine the strengths of both
ultrasoft hydrogels and BBIs could further enable the develop-
ment of multifunctional and high-performance bio-interfacing
electronics.

While we presented a material platform for designing ultra-
soft electronics, engineering strategies or new material designs
need to be developed to enhance its practicality for diverse
application scenarios. For instance, the leaching of ionic
liquids could be a biocompatibility concern for long-term
biological applications. Further development on encapsulating
the PEG/IL BBI or designing non-leachable bottlebrush ionic
liquids is necessary. In addition, it is still challenging to fully
mimic the characteristics of tissues. For instance, current
PEG/IL BBIs have limitations in mimicking mechanical beha-
viours such as strain-hardening characteristics'®?* or ultimate
toughness,”! which needs new designs of materials and elec-
tronic devices. In summary, we introduced a simple and
straightforward method to prepare a material capable of achiev-
ing unprecedented softness alongside typical ionic conductiv-
ity. We explored the material’s capabilities across various fields,
revealing its distinctive capabilities and potential as bio-
interfacing electronics compared to previously reported electro-
nically conductive bottlebrush elastomers. The ultrasoft and
ionically conductive PEG/IL BBI presents a promising alterna-
tive to many conventional underpinnings of electronics and
will expand our capabilities of developing the field of ultrasoft
electronics.

4. Methods

4.1. Materials

The monomer poly(ethylene glycol)methyl ether acrylate (447943-
500ML, average molecular weight 500 g mol™ "), the crosslinker
poly(ethylene glycol)diacrylate (PEGDMA, 437468-250ML, average
molecular weight 750 g mol '), and the ionic liquids 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate ([EMIM]OTF])
were purchased from Sigma-Aldrich. The thermal-initiator
2,2'-azobis(2-methylpropionitrile) (AIBN, 440190-25G, 98%)
was purchased from Sigma-Aldrich and used as received.

4.2. Synthesis of reactive ionic liquids

The synthesis of [METAc]TFSI] was performed by adapting
a previously documented synthesis method.”” In a typical
procedure, 7.58 grams (26.40 mmol) of Li[TFSI] was dissolved
in 10 mL of deionized water at 70 °C. This solution was then
introduced into a vigorously stirred aqueous solution contain-
ing 6.25 grams (24.00 mmol) of [METAC]CL. An excess amount
of Li[TFSI] was employed to drive the ion exchange process
to completion. Immediately after mixing, two immiscible liquid
phases developed. The system was left to stir at room
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temperature for an additional 4 hours to allow full phase
separation. The top aqueous layer was carefully removed, and
the remaining ionic liquid phase was thoroughly washed three
times with deionized water to eliminate any residual LiCl and
unreacted components. The final product was dried using a
custom-built column containing magnesium sulfate as a drying
agent, yielding a clear, oily, and viscous liquid. The synthesis of
[EMIM][SPA] was performed based on a previously reported
method"” with slight modifications. In a typical procedure,
3.15 grams (21.50 mmol) of [EMIM]Cl was mixed with
5.00 grams (21.50 mmol) of K[SPA] in 15 mL of acetonitrile.
To inhibit unwanted side reactions, 5 mg of methoxyphenol
was added to the mixture, which was then stirred vigorously
at ambient temperature overnight. Following the reaction,
the formed KCl precipitate was removed by filtration, and
the acetonitrile was evaporated under reduced pressure by
stirring. The residue was subjected to further vacuum drying
at 10~ torr to eliminate any remaining solvent. The resulting
oil was dissolved in fresh dichloromethane (DCM) and stored at
temperatures below 0 °C overnight to encourage additional salt
crystallization, which was then separated by filtration. After
final solvent removal, a yellow viscous oil was collected as the
end product.

4.3. Preparation of PEG/IL BBIs

PEG monomer (or EG monomers, EG-1), PEG crosslinker
PEGDMA, and thermal-initiator (AIBN, 2 mol% of PEG mono-
mers and crosslinkers) were added into a tube. The molar ratio
of the monomer and crosslinker was 1000:1. The solutions
were then mixed by a vortex mixer with a speed of 3000 rpm for
4 minutes and used as the pure elastomer precursor. Next, the
pure elastomer precursor and ionic liquids [EMIM][OTF] were
added together in a tube. The weight ratios of the pure
elastomer precursor and [EMIM]OTF] were set as 1:0.25,
1:0.5, 1:1, 1:1.5, and 1:2.3, yielding an IL weight ratio of
20%, 33%, 50%, 60%, and 70%, respectively. For pure PEG BBE
w/o the ionic liquids, the weight ratio is 1: 0 (IL weight ratio: 0%).
The solutions were mixed by the vortex mixer with a speed of
3000 rpm for 4 minutes and used as the ionogel precursor. The
ionogels were prepared by curing the ionogel precursor in the
Teflon mould at 80 °C under N, overnight. In this work, the choice
of monomers influenced the resulting polymer network structures
of the elastomers. For instance, monomer EG-1 was used to form
the linear elastomer. Specifically, for the preparation of PEG/IL
BBIs, PEG-9 was used as the monomer.

4.4. Mechanical testing

The cyclic uniaxial tensile test was measured with a customized
tensile test machine (with a 0.2 N load cell, S100 strain
measurement devices). The ISO 37 - Type 4 standard was used
to determine the size of the BBE sample. The BBEs or BBIs were
molded into a dumb-bell test piece, with 2 mm width of narrow
portion, 12 mm length of narrow portion, and 6 mm width of
ends. The strain rate was set to be 0.070 s~ * (rate of deforma-
tion: 50 mm min~"). Each sample was subjected to 10 repeated
stretching-releasing cycles at the strain of 100%. The fitted
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Young’s modulus (E, presented in the main text and all figures)
of the PEG/IL bottlebrush ionogels was determined by the
fitting model in the ESL.f The engineering Young’s modulus
(Eeng) was determined by linear fitting the nominal stress-
strain curve at the strain range of 0-10%.

The adhesion shear strength of the PEG/IL BBIs (IL weight
ratio of 0%, 50%, and 60%) was tested by the standard lap-
shear test with the same tensile test machine. The stiff thin film
was adhered to the sample by cyanoacrylate glue (Krazy Glue)
and used as the rigid backing for the BBIs. The adhesion area
of the materials has a width of 13.8 mm and a length of 10 mm.
The deformation rate of the tensile test machine was 50 mm min ™.
The lap shear test was stopped until the BBI sample was fully
detached from the substrate materials (glass, PDMS, leaf, and
wood). The shear strength was determined by dividing the
maximum force by the adhesion area.

4.5. Conductivity and resistance testing

The conductivity of PEG/IL BBIs was measured by a customized
four-point probe connected using a source meter (Keithley
2614B, Keithley Instrument Inc.). To reduce the contact resis-
tance at the interface of the probes and BBI surface, the
composite of Ag flakes and liquid metal EGaln (10 wt% Ag
flakes and 90 wt% EGaln) was applied on the tip of the probes.
To measure the electrical response of the PEG/IL BBIs during
stretching, samples with the dimensions of 37.6 mm x
13.8 mm x 2 mm (length x width x thickness) were placed
on the tensile test machine. The two ends of the sample were
applied by the Ag/EGaln composite and connected with the
source meter through platinum wires to measure the resistance
of the sample. The resistance change of the PEG/IL BBIs was
recorded at different strains (0-100%).

4.6. Electrochemical impedance spectroscopy analysis

The AC-impedance spectra of the PEG/IL BBIs were conducted
on samples with the dimension of 37.6 mm X 13.8 mm X 2 mm
(length x width x thickness) through an electrochemical
workstation (Autolab PGSTAT302N, Metrohm). The testing
frequency ranges from 10°> Hz to 0.1 Hz. The measuring
sinusoid amplitude was 10 mV with no bias applied. The
composite of Ag flakes and liquid metal EGaln was used at
the interface of BBI surfaces and probes of the electrochemical
station to reduce the contact resistance.

4.7. Physical movements recording for the silkworm

To apply the PEG/IL BBI as the wearable electronics on the
silkworm, the weight ratio of 1:1.5 was selected to ensure the
worm-matched softness. The dimension of the sample was
37.6 mm x 4 mm x 1 mm (length x width x thickness). The
BBI sample was attached to the back of the silkworm based on
the self-adhesion property. At the two ends of the BBI sample,
the composite of Ag flakes and liquid metal EGaln was applied
at the interface of platinum wires and the BBI surface to ensure
a good electrical connection for the platinum wires. Two
platinum wires were used to connect the BBI sample to the
source meter to measure the resistance response of the BBI
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when the silkworm was crawling. A camera was used to record
the physical movements of the silkworm.

4.8. Signal recording and electrical stimulation of the Venus
flytrap

The PEG/IL BBI with an IL weight ratio of 60% was molded into
circular electrodes (8 mm in diameter and 1 mm in thickness).
Two pairs of PEG/IL BBI electrodes were attached to the Venus
flytrap by the self-adhesion property. One pair of signal record-
ing electrodes was attached to one lobe of the Venus flytrap and
the other pair of electrical stimulation electrodes was attached
to the other lobe of the Venus flytrap. For each pair of the
electrodes, the positive terminal was attached to the midrib and
the negative one was attached to the center of the lobe. The top
surface of the electrodes was applied by the Ag/EGaln composite
and then connected with platinum wires as connectors to the
source meter and power supply. The pair of signal recording
electrodes was connected to the source meter. The output voltage
from the Venus flytrap was recorded by the source meter. The pair
of electrical stimulation electrodes was connected to the power
supply to provide DC voltage of 2 V, 3 V, 4 V, and 5 V. For AC
voltage supply, the pair of electrical stimulation electrodes was
connected with the functional generator to provide 4 V square
waves with frequencies of 1 Hz and 2 Hz. A camera was used to
record the closing process of the Venus trap.

4.9. ECG recording

The PEG/IL BBI electrodes were prepared into circular electrodes
(diameter x thickness: 8 mm x 2 mm). The electrodes were coated
with a thin layer of Ag/EGaln to reduce the contact resistance
between PEG/IL BBI and external wires. Three PEG/IL BBI electro-
des were attached to the right arm position, left arm position, and
right leg position of a human chest. The external wires were then
connected to the commercial ECG monitor chip (AD8232). An
Arduino microcontroller (Arduino Mega) was used to power the
chip and record the signal output from the chip. The Arduino was
serially connected with Python, which was used to filter and save
the real-time ECG signal. As a comparison, three commercial
hydrogel electrodes on the Ag/AgCl were used on the human chest
in the same manner to record ECG. The participants were authors
of this paper, and consent was obtained from research participants
before conducting the experiments.
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