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Electronic textiles (e-textiles) have great potential for use in wearable systems worn next to skin for continuous
physiological monitoring, owing to their flexibility and conformability to the body. However, challenges exist in
the long-term functionality and durability of these materials. This work presents a highly stretchable, self-
healing, and biocompatible chloride-based ionogel fabricated from polymerization of thioctic acid, and 1-n-
Butyl-3-methylimidazolium chloride ([BMIM]C]) ionic liquid. With its adaptable mechanical properties and
tunable viscosity by simple dilution, the ionogel precursor can be either cast into an ionogel film used for strain
sensing applications up to 500% strain, or directly sprayed as a coating for e-textile electrodes for biopotential
signal monitoring. The ionogel can reform at room temperature, demonstrating 73.5% stress recovery, and
84.8% modulus recovery after a 30-minute healing period. When used as a spray barrier coating on e-textiles, the
ionogel displayed high resistance to abrasion, and reformed after adding ethanol to the surface. The electrical
properties of the ionogel coated e-textiles satisfies the performance range desired for textile sensing electrodes.
Further development and application of this ionogel material system can address long-term durability concerns
by extending the usable lifetime of the sensors for wearable applications.

1. Introduction

E-textiles functionalized with electrically conductive or active ma-
terials have many applications in biological signal monitoring, envi-
ronmental sensing, energy generation, and electromagnetic shielding.
These materials must retain their functional properties and performance
during use, and in the long term, provide reliable measurements within
the systems they are incorporated in. Exposure to use conditions that
involve stretching, bending, abrasion, and stability can impact material
properties and performance. Specific to sensing electrodes used next-to-
skin, consideration of durability is an important factor for long-term
reliability and use, particularly for sensors intended for continuous
monitoring. Currently, sensing electrodes used for biopotential signal
monitoring are often fabricated from metals paired with metallic salts (i.

e., chlorides), which function by transducing ionic current (i.e., sodium,
potassium, calcium, chloride ions) from the skin surface, into electron
current, through metallic wires of a given recording system/instrument.
Disposable gel-type Ag/AgCl electrodes are mostly used in biopotential
signal monitoring in clinical settings. However, these electrodes are not
suitable for repeated and long-term use, as the gel electrolyte material
dries out over time. Electrodes made from conductive metals, polymer
films, or coated textiles are commonly used. However, owing to the
absence of an electrolyte layer, and low contact or adhesion to the skin,
they tend to have a higher sensitivity to motion artifacts, produce
fluctuations in potential, and cause signal distortion over time. While
distortions in signal features may be corrected by signal processing
methods, it is more ideal to develop materials with polarization poten-
tial stability over time, to ensure minimal interference with the collected
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signal. Encapsulation and protective barrier coatings including ther-
moplastic polyurethane (TPU), polyethylene, polyimide, silicone, epoxy
resin, or polydimethylsiloxane of e-textiles can offer protection to the
functionalized materials, enabling long-term use, with several studies
that have examined the change in resistance and sensing properties after
washing cycles [1-7]. The main challenges in the context of next-to-skin
sensing electrode applications include the balance in maintaining the
electrical conductance and performance of the material with the added
protective barrier, flexibility, and moisture permeability of the textile,
which can impact the wear and comfort properties.

High-performance supramolecular polymer networks have garnered
significant interest in recent years due to their unique properties and
potential applications in various fields. Thioctic acid (TA, or lipoic acid)
is a naturally occurring molecule found in animals, functioning as a
cofactor for important mitochondrial enzyme effects in metabolic sys-
tems [8]. Significant work by Zhang et al. demonstrated the synthesis
and properties of a dynamic supramolecular polymer network based on
TA comprising two types of dynamic chemical bonds in the compound: a
covalent disulfide bond and a noncovalent hydrogen bond of its carboxyl
group [9]. The polymer network was formed via ring-opening poly-
merization, imparting high stretchability, strength, moldability, and
self-healing properties. The addition of other compounds has been
demonstrated to further strengthen the cross-linked network by
replacing weak hydrogen bonds, enhancing the material’s overall per-
formance. Subsequent studies by the group showcased the high struc-
tural order, tunable properties, and recyclability of thioctic acid-based
supramolecular networks, applied as adhesives for dry and wet envi-
ronments, smart sensing, and ion-transport materials [10-14]. Recent
devlopments in thioctic/lipoic acid-based materials have included a
wide range of application areas: the incorporation of poly-lipoic nano-
particles as biocompatible nanovectors in tissues [15], ionic conductor
paints and films for stretchable and healable electronic materials
through the automous polymerization of thioctic acid [16], a self-
repairable epoxidized natural rubber/poly(lipoic acid) elastomer [17],
and anti-bacterial/oxidation, and self-healing polyTA-based coating for
magnesium alloy stents [18]. Therefore, there is high potential for uti-
lizing polyTA materials in wearable textiles for achieving fanscinating
properties.

Ionic liquids (IL) consist of organic/inorganic cations and anions
with many benefits including low melting temperatures, good ionic
conductivity, high thermal and chemical stability, tunable physical and
chemical properties. They have been applied in various areas [7,19-21]
such as sensors, actuators, solvents in chemical processes, energy de-
vices including batteries and fuel cells, and biological processes in
pharmaceutics and biomedicine [21-26]. ILs have been polymerized
into ionogel used as quasi-solid-state electrolytes, strain sensors for
movement detection [16,22,27,28], and reported in cutaneous electrode
applications for biological sensing, specifically for improving skin con-
tact, and maintaining low contact impedance with skin [19,27,29-32].
By combining ionic liquid and polyTA materials, a new type of ionogel is
proposed and fabricated, which contributes to the design of next-to-skin
sensing electrode applications, while also maintaining the desired
electrical conductance and performance of the material.

In this work, a novel stretchable, self-healing, biocompatible, and
chemically recyclable chloride-based ionogel with sensing and physio-
logical monitoring capabilities is presented. The ionogel is prepared
using TA and [BMIM]CI, dissolved in ethanol. [BMIM]CI ionic liquid has
been used as a biocompatible stabilizer of proteins and enzymes in
biopharmaceuticals and drug delivery systems [33,34], ionic electro-
active films for muscle tissue engineering [24], as well as additives in
cosmetic formulations used for skin and hair cleansing [35]. The ionogel
is demonstrated as a standalone ionically conductive material for strain
sensing applications, and a functional and self-healing protective elec-
trolyte coating layer for e-textile sensors used for biopotential signal
monitoring. The functional and adaptive properties of the material
enable good skin-electrode contact, thereby lowering contact
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impedance, while the healing properties have the potential to extend the
durability of coated textile sensors for long-term use. The versatility of
this material addresses both functional and durability aspects that are
critical for the adoption and long-term use of e-textile materials in
sensing and physiological applications.

2. Materials and methods
2.1. Materials

Thioctic acid (TA, or a-lipoic acid), 98.0% was obtained from Tokyo
Chemical Industry (TCI America). 1-n-Butyl-3-methylimidazolium
chloride, >98.0% ([BMIM][CI]) and ethanol were obtained from
Sigma-Aldrich. Polyurethane (PU) pellets (Texin® 285A) were obtained
from Covestro AG. N,N-Dimethylformamide (DMF) was purchased from
Sigma-Adrich. Silver coated (99.9%) plain woven nylon fabric (Bremen,
Statex, Germany) was obtained from VTTech Textiles (USA).

2.2. Preparation of pTA gel

The preparation of pTA ionogel was based on an evaporation-
induced polymerization process. Namely, 3 g of TA monomer was dis-
solved in 30 mL ethanol, and 0.507 g [BMIM][CI] (molar ratio to TA:
1:5) was added. After stirring, a clear and transparent yellow TA solution
was obtained (Fig. S1a). Then, the solution was poured into a rectan-
gular mold and vacuum degassed to remove entrapped air bubbles
before curing. The mold with TA solution was placed at room temper-
ature for 3 days to allow for complete evaporation of ethanol, after
which transparent pTA ionogels were formed (Fig. S1b).

Separate pTA-IL solutions were prepared for spray coating on
conductive silver-nylon (Ag-nylon) plain weave fabric (Fig. S1c). An
airbrush system at 690 kPa was used to spray the coatings onto the
fabric. A solution containing 1% PU-DMF was prepared and coated onto
the fabric to provide a thin and protective layer of the metallic coating,
and to lower the surface energy for better adhesion for the subsequent
spraying of the pTA-IL layer.

2.3. Mechanical properties

The tensile mechanical properties of pTA ionogels were measured on
an Instron machine (Instron 5969) with a load cell of 500 N and a
crosshead speed of 50 mm/min. The samples were cut into rectangular
shapes (fixture length: 10 mm, width: 5 mm, thickness: ~0.4 mm). For
cyclic tests, the sample was stretched to a fixed strain (50%, 100%,
200% and 300%) for different cycles. For energy dissipation tests, the
sample was stretched to different strains (50%, 100%, 200% and 300%).
The toughness (W, kJ/m®) was calculated by integrating the area under
the stress—strain curves, while the dissipated energy was calculated by
integrating the area between the loading curve and unloading curve.

2.4. Conductivity and strain sensitivity tests

The conductivity was measured on an electrochemical workstation
(Gamry Interface E, Gamry Instruments Inc). The ionogel sample (S =
1.76 rnmz, thickness =~ 0.4 mm) was sandwiched between a pair of
stainless-steel electrodes (S = 1.76 rnrnz, thickness = 1 mm) and the
resistance was obtained from the intercept of the x-axis of the electro-
chemical impendence spectroscopy (EIS) Nyquist plot from 10° to 10 Hz.
The conductivity (6, mS/m) was calculated by ¢ = d/R*A, where d was
the distance between two electrodes, R was the resistance and A was the
contact area between electrodes and ionogel.

The strain sensitivity was tested by combining the Instron machine
and a digital source meter (Keithley 2450). The ionogel sample was fixed
on the Instron machine connected with the source meter through copper
wires, and when the sample was stretched, the real-time resistance
change (AR/Rp) was recorded by the source meter. The AR/Ry of
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different strains and the cyclic performances were examined.
2.5. Bending characterization

Bending properties of the ionogel coated and bare Ag-nylon woven
fabrics were compared through characterization of bending rigidity and
hysteresis (recoverability of textile). The KES-FB20S bending tester
(Kato Tech, Japan) and software (KES-FB Measurement Program,
Version 8.07, Japan) were used to measure these characteristics. For
each test, the bending moment-curvature curves were plotted, and
bending rigidity and hysteresis were calculated. The measurement
sensitivity was 0.49 N*cm (machine units: 50 gf*cm), bending
displacement velocity was 0.5 cm™1/s, and bending curvature was 2.5
cm ™. Bending rigidity describes the fabric resistance to bending and is
defined as the first derivative of the moment-curvature plot [36].
Bending hysteresis is the energy loss within a bending cycle when a
fabric deforms and recovers, and is calculated as the difference in
bending moment from the loading and unloading plot at a fixed bending
curvature [36]. Lower values for bending rigidity and hysteresis indicate
that the fabric has low rigidity and good recoverability. The bending
tests for the uncoated and coated Ag-nylon plain weave fabrics (L:10 cm,
W:4 cm; 3 measurements per fabric, n = 3) were measured, with fabrics
rotated through to allow the material to recover after each trial.

2.6. Field emission scanning electron microscopy (FE-SEM)

FE-SEM (Zeiss Sigma, Germany) was used to observe ionogel film
coated on the conductive textile (secondary electron signal, 10 kV
accelerating voltage, 8 mm working distance). Micrographs of the
coated textile surfaces were taken after the coating process, after me-
chanical abrasion, and after ethanol was applied to the abraded textile
surface to demonstrate the self-healing process.

2.7. Electrochemical impedance spectroscopy

Electrical impedance spectroscopy (EIS) was performed on the skin
phantom, using a three-electrode measurement setup. The Ag-nylon
woven fabric spray coated with the ionogel was the working electrode
(WE), and sintered Ag/AgCl electrodes served as counter (CE) and
reference (RE) electrodes. The WE and CE were placed 5 cm apart, and
WE and RE were 1 cm apart (Fig. S2a) on a skin phantom (S.1, Fig. S3).
The results for the ionogel coated fabrics were compared with uncoated
Ag-nylon woven fabric and sintered Ag/AgCl electrodes tested as WEs.
The EIS scans were performed using an electrochemical workstation
(BioLogic VMP 300, France), in potentiostatic mode, in which a sinu-
soidal voltage of 1 V was applied, using a frequency scan from 10 kHz to
0.1 Hz, with 10 points per decade, and three measurements per reading.
Analysis of the measurements was performed by comparing impedance
values at frequency points of interest, and equivalent circuit modeling to
calculate circuit component parameters. The Simplified Randles circuit
was selected to represent the skin-electrode interface and used for
impedance estimation [37]. The model comprises a resistor R in series
with a parallel resistor (Rq) and capacitor (Cq) (Fig. S2b). Rg represents
the total resistance of the skin, wires and electrodes, the capacitor Cq
represents the electrical charge between the electrode and skin, Rgq
represents the resistance between skin and electrode during the charge
transfer process [38].

2.8. Self-Healing properties

The self-healing properties were explored by performing tensile tests.
An ionogel specimen (length: 20 mm, width: 5 mm, thickness: ~0.4 mm)
was cut into two pieces, then the two pieces were combined immedi-
ately. Three different healing time periods were investigated (0.5h, 2 h
and 24 h, respectively), after which the ionogel was subjected to tensile
tests with the same test procedure as the mechanical tests.
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2.9. Biopotential signal monitoring

ECG was measured using a clinical 1-lead ECG system (Thought
Technology Ltd., Canada), with a sampling rate of 2048 samples/sec.,
and comprising a data acquisition and processing software (Biograph
Infiniti). Signals were collected from two channels simultaneously to
compare the performance of the ionogel coated e-textile electrodes with
the standard Ag/AgCl gel electrodes. A schematic of the electrode con-
struction is shown in Fig. 1c (Fig. S4d). The sets of electrodes were
attached side-by-side on the chest, following the manufacturer’s
guideline (Fig. S4a/1d). To note, the simultaneous recordings do not
produce identical ECG signals, as they will pick up slightly different
phase and amplitude differences due to relative positioning. The e-
textile electrodes were attached to the skin using a snap clip connector
compatible with ECG snap leads, and secured with medical tape (3M,
USA). Six-minute test sessions with three trials for each electrode set
were performed in a stationary seated position. The signals were
compared visually, and average inter-beat intervals (IBI) were
compared. In the frequency domain, the power spectral density plots
were compared.

EMG recordings were collected using the same clinical system
(Thought Technology Ltd., Canada) at a sampling rate of 256 samples/
sec. Signals were simultaneously collected from two channels to
compare the performance of the ionogel coated textile electrode, with
the standard Ag/AgCl gel electrodes. The sets of electrodes were
attached to the middle bicep (Fig. S4b). The simultaneous recordings do
not produce identical EMG signals since they will pick up slightly
different signals due to their relative positioning on the muscle. The e-
textile electrodes were attached to the skin using a snap clip connector
compatible with the EMG snap leads, and secured with medical tape
(3M, USA). The EMG signals were compared by visual observation of the
raw signal, based on the flexion and extension movements during the
recording (Fig. S5), and power spectral density in the frequency domain
was analyzed.

3. Results and discussion
3.1. Fabrication and characterization of pTA ionogel

Although electronic textiles have been widely investigated in recent
years, challenges in their widespread adoption include the lack of
durability and reliability of sensors and collection systems. Other
important considerations related to e-textile electrode design include
good conformability and biocompatibility between the electrode and
skin during long-term use. Inspired by recent developments of ionogels
and their fascinating properties such as ionic conductivity, modulus,
cutaneous compatibility, and reusability [39-41], this work presents a
novel ionogel that can be used either as a standalone cast film or coated
on the e-textiles for continuous physiological monitoring. As shown in
Fig. 1a, the ionogel was prepared by an evaporation induced polymer-
ization process. The process involves the dissolving of thioctic acid (TA)
and ionic liquid ([BMIM][CI]) in ethanol. Upon evaporation of ethanol,
the disulfide bonds on the TA rings undergo ring-opening polymeriza-
tion, forming polythioctic acid (pTA) ionogel, as shown in Fig. 1b. X-ray
diffraction (XRD) results also indicated the successful formation of
ionogel, which indicated that the crystalized TA has been converted to
amorphous pTA (S.2, Fig. $6). Differential scanning calorimetry (DSC),
attenuated total reflectance-FTIR (ATR-FTIR) spectra and UV-Vis
spectra were also employed to further indicated the successful prepa-
ration of pTA ionogel as shown and discussed in Fig. S7. More inter-
estingly, the resulting ionogel can be diluted to any concentration and is
adjustable over a wide range.The ionogel can be reused, spray-coated on
a substrate or cast into a film (Fig. S1b-d). The adaptability and skin-
mimetic mechanical properties of the pTA ionogel materials, self-
healing ability, and strain sensitivity from the ionic liquid offer poten-
tial for use in next-to-skin physiological monitoring applications. These



K. Le et al.

a

Chemical Engineering Journal 471 (2023) 144675

Thioctic acid (TA) pTA

SRS S—S

Evaporation induced
polymerization

+/ C
’ * Weak
K H-bonds
j [BMIM][CI]

| ® ©©°
)
* Strong
o H-bon\gs o o
OH o
> HQo ©OH
o 8 z
©
0O
Sr»
—~——__ pTAchains @ © [BMIM][CI]

lonogel coated Ag-nylon woven fabric

Ag-nylon woven fabric

7 /

ECG sensor & collection system

ECG signals

Fig. 1. Schematic illustration of pTA ionogel. (a) Schematic preparation process of pTA ionogel. (b) Schematic illustration of pTA ionogel. (c) Photo and schematic
illustration of pTA ionogel coated textiles. (d) Schematic illustration of ECG monitoring process.

properties were leveraged, with the material prepared as a film used for
strain sensitivity measurements, and spray coated on conductive fabric
(Fig. 1c) to serve as an electrolyte material for electrodes used in bio-
potential signal monitoring (ECG application shown in Fig. 1d).

3.2. Mechanical properties

The pTA ionogel exhibited good mechanical and self-healing prop-
erties due to the reconstruction of dynamic S-S bonds. The mechanical
properties of pTA ionogel were measured by tensile tests, with a
representative stress—strain curve shown in Fig. 2a. The ionogel showed
a high strain of 721.3 + 80.4% and a tensile strength of 0.090 + 0.003
MPa, due to the dynamically crosslinked network. The ionogel also
displayed a moderate modulus of 0.158 + 0.002 MPa comparable to
human skin (25-220 kPa) [42], which is beneficial for human-machine
interface and wearable electrode applications. Fig. 2b shows the ionogel
samples in the tensile machine under a high strain.

Energy dissipation behavior was investigated as shown in Fig. 2¢,d. It
is obvious that with an increase in external strain, the dissipated energy
increases, which indicates that more S-S bonds and physical interactions

are broken during stretching. For example, when the strain was 50%, the
dissipated energy was 1.84 kJ/m?, while at 300% strain, the dissipated
energy increased to 57.8 kJ/m°>. Under low strain, the S-S bonds as well
as the abundant hydrogen bonds can quickly reform after deconstruc-
tion, while under high strain, these dynamic covalent bonds or physical
interactions cannot completely recover, thereby inducing a higher
dissipated energy. Moreover, the reversible S-S bonds and hydrogen
bonds endow the ionogel with durability and self-healing properties.
Fig. 2e displays curves for the 85 cycles of stretching and releasing under
50% strain. Apart from the first cycle, the subsequent cycles nearly
overlap, with a minor decrease, suggesting that the ionogel has high
elastic recovery. The maximum tensile stress during each cycle was
recorded and shown in Fig. 2f. During the process, the maximum tensile
strength only decreased from 0.044 to 0.032 MPa (remaining 73% of the
first cycle). In the last few cycles, the maximum tensile strength
remained nearly constant.

To further demonstrate the durability of the pTA ionogel, more cyclic
tests were carried out under different strains (100%, 200% and 300%,
respectively) as shown in Fig. S8a—f. Similarly, the ionogel still showed
overlapping curves under different strains, indicating excellent
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Fig. 2. Mechanical properties and self-healing properties. (a) Stress-strain curve of pTA ionogel. (b) Digital photo of pTA ionogel under stretching. (c) Cyclic
stretching-releasing stress—strain curves under different strains and (d) the corresponding dissipated energy. (e) Stress—strain curves of 85 cycles under 50% strain and
(f) the corresponding maximum tensile stress. (g) Stress-Strain curves of pTA ionogel after different healing time. (h) Photo of ionogel coated textile. SEM micro-
graphs of ionogel film spray coated onto Ag-nylon plain weave textile (i) 55x and (j) 300x.

durability. The tensile tests also measured self-healing properties, and
the stress—strain curves under different healing periods are presented in
Fig. 2g. With the prolonged healing time, the tensile strength, modulus
(Fig. S9), strain and toughness (Fig. S10) were gradually recovered due
to the reconstruction of S-S bonds and hydrogen bonds at the healing
interface. After 30 min of healing, the stress could recover 73.5%, while
the modulus could recover 84.8%, revealing a fast and highly efficient
healing process. Although the strain and toughness showed a relatively
low healing efficiency due to the stress concentration at the interface,
this stretchable and durable ionogel demonstrates high potential for
healable coatings in cutaneous electrode applications. Further im-
provements to the self-healing properties can be made by heating the
material above the transition temperature of 52 °C to thermally activate
the dimeric H-bonds in the pTA structure [16]. Wang et al. demonstrated
that after heating a fractured pTA-1-ethyl-3-methylimidazolium ethyl
sulfate ([EMI][ES]) ionogel specimen at 55 °C for 6 h, the material
almost recovered its original tensile strength and elongation values [16].
More importantly, the pTA ionogel can be dissolved in ethanol, which
serves as the basis for preparing the ionogel coating. Fig. 2h shows the
ionogel coated e-textile electrode. SEM micrographs of the spray-coated
ionogel film on Ag-nylon woven fabric are displayed in Fig. 2i,j. The
images and thickness measurement (0.073 + 0.013 mm, Table S1) show
that the ionogel material is uniformly incorporated between the fibres
and across the surface of the fabric.

3.3. Electrical characterization

3.3.1. Ionic conductivity & sheet resistance

With the addition of the ionic liquid, the ionogel exhibits consider-
able ionic conductivity, which is advantageous in sensing electrode
applications, specifically in serving as an electrolyte coating. As shown
in Fig. 3a,b, the Nyquist plot consists of two regions, the low-frequency
region, which indicates the capacitive characteristics, and the high-
frequency region (arc region) related to the equivalent series resis-
tance (ESR) of the electrolyte [43]. The form of the curve shows low ESR
due to the fast transport of charge carriers at electrode-electrolyte
interface, indicating that the CI ions of the ionic liquid can facilitate
high transport in the ionogel electrolyte, and diffuse to the surface of
electrodes. The ionic conductivity was calculated as 2.27 + 0.23 mS/m,
and comparable to some reported ionogels [44,45].

Sheet resistance was measured for the ionogel film and coated Ag-
nylon textile (0.176 + 0.007 Q/sq.). The experimental method is sum-
marized in S.3. The sheet resistance of ionogel film was measured to be
0.120 =+ 0.012 Q/sq. The ionogel coated Ag-nylon textile was 0.248 +
0.010 Q/sq. Results are summarized in Table S2.

3.3.2. Electrical impedance spectroscopy (EIS)
EIS results for the ionogel coated Ag-nylon textile were measured
and compared with bare Ag-nylon textile, and standard gel electrodes
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cycles. AR/R under different strains (i) 10%, 20% and 50%;

using the prepared skin phantom (S.1, Fig. S2-S3). Estimates for the
components of the skin-electrode impedance model applied the simpli-
fied Randle’s circuit (Fig. S2b), and Rs, R4, and C4 were calculated in
MATLAB (R2022a, Mathworks) using a parameter modelling approach
and least squares nonlinear curve fitting method. Example results
showing the Nyquist and Bode plots from the measurements are pre-
sented in Fig. 3c,d and summarized in Table 1.
Model parameters were estimated from the following equations:

Table 1
Summary of average impedance results at 1 Hz, 10 Hz, 145 Hz, and estimates of
circuit model parameters for electrode materials investigated.

Z@1 Z@10 Z@145 Rs Rd Cd [F]
Hz [kQ] Hz [kQ] Hz [kQ] [kQ] [kQ]
ITonogel + Ag- 1.70 1.58 1.27 0.38 1.25 7.93x10°
textile 8
Ag-nylon 2.86 2.84 2.22 0.59 2.34 1.64x10°
textile 8
(bare)
Ag/AgCl 1.35 1.10 0.87 0.21 0.89 9.85x10°
sintered ’
electrode

Ry . RiXy
Z=R+ —— —j— 1.1
T+x) 01 @
where X; = R; Cy.0 @ =27f 1.2)
|z = A’ +B? 2.1
where the real and imaginary components of |Z| as A and B are:
Ry
A=R+ —— 2.2
T aEx 2.2)
RiX4
B= - —— 2.3
(1+X3) (23)

Overall, the results for all electrode materials tested fall within the
same order of magnitude and range (Table 1). The reference Ag/AgCl
sintered electrodes have the lowest impedance, estimated resistance and
capacitance values overall, closely followed by the Ag-nylon textile
coated with the ionogel film, while the uncoated Ag-nylon textile has the
highest overall measured and estimated values (Fig. 3c,d). The results
show that the addition of the ionogel coating to the Ag-nylon fabric
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lowers the impedance and resistance at the skin-electrode interface
through providing a medium for ionic to electron current transfer.
Furthermore, an additional metallic salt coating of AgCl onto the Ag-
textile is thought to further lower impedance and resistance. The elec-
trode impedance of the ionogel coated Ag-nylon textile meets desired
performance criteria for use in electrocardiogram signal measurement,
with values lower than 1 MQ (1-5 MQ in 5-100 Hz range) [46-48]. In
addition, the impedance results of the ionogel coated e-textile from this
work have been compared to other studies that have utilized ionic liquid
coating for e-textile electrode applications and are found to be within
close range or lower than reported results (Table 2), which demonstrates
their suitability for biopotential signal monitoring.

3.3.3. Recording of simulated ECG signal

Ag/AgCl electrodes coated with the ionogel film, and a set of refer-
ence Ag/AgCl gel electrodes were used to measure a pre-recorded ECG
signal from a programmable function generator (S.4). The signal
collected from the electrodes was compared visually. The average inter-
beat interval (milliseconds) was compared between the two readings
(Fig. 3e). The signals presented in Fig. 3f show both electrodes could
read the ECG signal, with waveform morphology and inter-beat intervals
(IBI) of similar quality. In both signals, instances of baseline drift in the
signal are present between 1.5, 5.0, and 6.5-7.0 s. The preliminary re-
sults indicate that the ionogel coated electrode enables the collection of
an acceptable quality ECG or biopotential signal from the body.

3.3.4. Strain sensitivity

Incorporating the [BMIM]CI ionic liquid softened and stabilized the
PTA network and induced considerable ionic conductivity to the ionogel
material. Therefore, under external strains, the change in geometry of
the ionogel induces the ion transport channels, which result in the
resistance changes, and thus demonstrates the potential for the pTA
ionogel to be used in strain sensor applications. A change in geometry
via stretching can induce ion conduction in the materials for amorphous
polymer electrolytes or ionic conductors under external strains. Specif-
ically, the polymer chains opening or moving enhances ion conduction
by creating more coordination sites [49-52]. This results in a change in
the material’s resistance. The strain sensitivity of the pTA ionogel was
tested under various strain scenarios and cycling, by combining resis-
tance measurements (Keithley) with strain cycling (Instron). As shown
in Fig. 3g, the relative resistance change (AR/Ro) was increased
monotonically with the increase in external strain. When the strain was
500%, the AR/Ry increased to 1507%, showing a very high sensitivity.
Gauge factor (GF) was employed to determine the strain sensitivity,
which was calculated as (AR/Rg)/strain, and the result is presented in
Fig. S11a. The GF also increased with the applied strain, and when the
strain was 500%, the GF was 3.01, which was superior to many reported
ionogels as shown in Fig. S12 in terms of the sensing range and the GF.
Impressively, the conductivity and strain sensitivity of the pTA ionogel

Table 2
Comparison of electrode impedance values for studies investigating IL coatings.
Material Z [Q], Frequency Ref.
Range [Hz]
Au + IL gel (EMISE + PEGDA) & PEDOT:PSS + 1L 10°-10° ©, 0.1-10 [19]
gel (EMISE + PEGDA) Hz
PEDOT:PSS + IL gel (2-cholinium lactate 2-4 x10* Q,1-10 [31]
methacrylate, cholonium lactate, PEGDA), 30- Hz
50 wt% IL
PEDOT:PSS + IL gel (EMISE, PEGDA, 2-benzoyl-2- 1-2 x10° Q,1-10 [29]
propanol) Hz

1. Carbon coating on textile + 2.5%, 5% IL 1.1-3 x 10°Q, 5Hz
(EMIM-TFSI)

2. PEDOT:PSS + 6.25% PDMS +2.5%, 5% IL
(EMIM-TFSI)

Ag-nylon plain weave fabric + PU-pTA-[BMIM]Cl  1-2 x 10%Q, 1-10 This
1L Hz work

2.20-30 Q, 5 Hz [30]
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was still maintained. As shown in Fig. S13, the healed sample revealed a
conductivity of 2.26 £+ 0.21 mS/m, corresponding to a high self-healing
efficiency of 99.5%, and a GF of 1.58 at 200% strain, indicating a high
self-healing efficiency of 91.9%. Considering the durability of the ion-
ogels revealed by the cyclic tensile tests for 300 cycles under 100%
strain, (Fig. 3h) it is expected that the ionogel would exhibit high sta-
bility after cyclic tensile loading and stretching, with a highly stable and
repeatable signal. The slight baseline shift was ascirbed to the fact that
the fully-physically crosslinked network could not fully recover after
deformation. This suggests that the ionogel can be used to sense different
external strains (Fig. 3i, Fig. S11c) with high sensitivity (detection limit,
1%, Fig. S11b). More importantly, even after 2 weeks storage, the pTA
ionoel still showed stable conductivity, the same sensing range as well as
comparable strain sensitivity (GF = 2.9 at 500% strain, Fig. S14),
thereby demonstrating the long-term stability and durability of the pTA
ionogel. Based on the results presented, the pTA ionogel shows high
stability and sensitivity for strain sensor applications.

3.4. Durability and biocompatibility

The bending properties were characterized to observe and quantify
the change in flexibility of the ionogel coated e-textile (Fig. 4a). The
bending moment versus curvature for one cycle is shown for both un-
coated and coated Ag-nylon plain weave textiles tested (Fig. 4b). Results
are summarized in Table 3. Lower values for bending rigidity and hys-
teresis indicate that the material is more flexible and has good recov-
erability. While the ionogel coating increases the overall bending
rigidity and hysteresis substantially, the overall measured values for
both e-textiles are very low as the fabrics are very thin. In comparison to
results reported for a nylon plain weave textile substrate (thickness:
0.097 mm) for e-textile embroidery, the results are lower in comparison
[53].

Ionogel-coated fabrics (unabraded specimen Fig. 2i,j) were abraded
with a rotating fabric covered motorhead for approximately 30 s. The
surface after abrasion is shown in Fig. 4c, which shows that the film
remains tact with some displacement and agglomeration of the coating
layer. To examine the effect of surface reformation and potential sani-
tizing method, approximately 1 mL of ethanol was added (dropwise) to
the abraded textile surface. It is expected that the ethanol can allow for
the redispersion of the displaced regions of the film. Fig. 4d shows the
reformed surface after ethanol addition, in which the darker regions on
the fabric structure are indicative of the abraded regions of the fabric.
The visual observations indicate that the ionogel coating on the fabric
can be redispersed and reformed after mechanical abrasion to the sur-
face. Furthermore, both the surface coating and standalone film material
can be recycled by dissolution in ethanol, heating to approximately
55 °C, above the transition temperature of 52 °C, to thermally activate
the dimeric H-bonds in the polyTA structure, and be reformed into new
ionic conductors, sensors, or adhesives [16,28].

Biocompatibility tests were performed to assess the suitability of the
ionogel coated textile use for next-to-skin physiological signal mea-
surements. The cell proliferation and viability test results (experimental
methods described in S.5) demonstrate that the ionogel coated fabric is
biocompatible with human dermal fibroblast cells after 12 and 24 h. Cell
proliferation results in Fig. 4e,f show that the coated fabric is compa-
rable to the control sample, and performs better than the standard
reference gel electrolyte material. The cell viability (%) results
(Figs. S15,16) show statistically similar results between the fabrics and
gel electrolyte material after 12 h, with cell viability maintained for the
fabrics after 24 h, while the viability for the gel electrolyte is reduced.

3.5. Biopotential signal monitoring — Electrocardiography (ECG) and
electromyography (EMG)

Results for ECG and EMG recordings are displayed in Fig. 5. As
shown in Fig. 5a&e, signals from disposable commercial electrodes and
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Fig. 4. Durability and biocompatibility. (a) Bending characterization: Fabric being tested in bending tester, KES-FB2-S. (b) Example bending moment vs curvature
plot for uncoated and coated e-textiles. SEM micrographs of ionogel-coated fabric: (c) Abraded fabric (300x). (d) Abraded fabric after ethanol addition, showing
regenerated film (300x). (e) Cell proliferation (optical density, 560-590 nm) on various substrates after incubation for 12 h and 24 h. (f) Live/dead assay fluorescent
microscope images after 12 and 24 h (live cells shown as green, and dead cells as red). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 3
Summary of average bending rigidity and bending hysteresis for e-textiles and
comparative nylon textile substrate.

Bending Rigidity [10
4 Nm/m]

Bending Hysteresis [10
2 Nm/m]

Uncoated e-textile (0.052 mm  2.73x107 + 0.002 7.69x107 + 0.0002
thickness)

Iongel coated e-textile (0.073
mm thickness)

Nylon textile (0.097 mm

thickness)

4.62x102 + 0.001 1.43x102 + 0.001

8.00x102 + 0.001 5.37x102 + 0.001

the ionogel coated fabrics were recorded simultaneously. The ECG re-
cordings show nearly identical signal quality between the two sets of
electrodes from visual observation, with the same average inter-beat
interval of 851 + 49 ms, corresponding to approximately 70 beats/
min. The amplitude for the ECG signal recorded by the textile electrode
is slightly higher than the standard gel electrode (Fig. 5b); however, this
does not impact the basic signal quality features (heartbeat and heart
rate variability). Overall, the EMG recording from the two sets of elec-
trodes show the same signal responses for bicep flexion and extension
(Fig. 5f), with some observable differences in signal amplitude and
noise. From the frequency domain periodograms (Fig. S17a,b), the
signal power for both ECG and EMG of the ionogel coated textile

electrodes is higher than the standard gel electrodes, with observable
features visible in the low frequency band (0.03-0.2 Hz), indicative of
the observed noise in the raw signals.

Signals were collected for two additional use cases: following a 24 h
self-healing period (post abrasion and ethanol redispersion), and sta-
bility after 1 week of storage (Fig. 5c,d,g,h). For the ECG signals
collected, a lower signal amplitude of the ionogel coated electrodes
compared to the gel electrodes post-abrasion, following a 24 h healing
period was observed (Fig. 5c¢). This is indicative of lower signal strength,
given that the frequency analysis (Fig. S18) showed higher noise in the
low frequency band (0.03-0.8 Hz) than the gel electrode. However, after
the 1-week storage period, the ECG recording from the ionogel-coated
electrode was observed return to the same amplitude range as the
original recording (Fig. 5d&b). From all cases, the ECG signals collected
(Fig. 5c,d) show the same average inter-beat interval calculated from
two sets of electrodes tested. For both use cases tested, the EMG signals
collected showed the same signal responses for bicep flexion and
extension (Fig. 5g,h).

Overall, the results show that the ionogel coated Ag-textile elec-
trodes can measure biopotential signals, with good quality recordings
demonstrated for both ECG and EMG. Basic features observed for both
signals recorded showed comparable performance to standard Ag/AgCl
gel electrodes.
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Fig. 5. Continuous physiological monitoring. (a) Schematic of ECG electrode placement. (b) Example simultaneous ECG signal recordings from standard reference
electrodes and ionogel-coated Ag-nylon e-textile electrodes. (c) ECG signals obtained after self-healing (24 h healing period). (d) ECG signals obtained after 1-week of
storage (ionogel electrodes). (e) Schematic of EMG electrode placement. (f) Example simultaneous EMG recordings from standard reference electrodes and ionogel-
coated Ag-nylon e-textile electrodes. (g) EMG signals obtained after self-healing (24 h healing period). (h) EMG signals obtained after 1-week of storage (ion-

ogel electrodes).

4. Conclusions

In this study, a stretchable, self-healing, biocompatible, and highly
durable ionogel material prepared from [BMIM]Cl and TA has been
demonstrated. The material has high adaptability in form, from cast and
dilutable films to sprayable coatings for strain sensing and biopotential
monitoring applications, respectively. The material demonstrated
excellent self-healing capacity from being reformed at room tempera-
ture, with 73.5% stress recovery, and 84.8% in modulus recovery after a
0.5 h healing time. As a spray coated barrier on e-textiles, the ionogel
demonstrated high resistance to abrasion, and was able to be reformed
by the addition of ethanol to the surface. The material can be produced
to various concentrations under room temperature condition, through
the mixing of TA, IL, and ethanol, with highly adjustable mechanical
properties. The ionogel (1:5 IL-TA concentration) demonstrated up to
721.3 + 8.4% strain, 0.090 + 0.003 MPa stress, and a modulus of 0.158
+ 0.002 MPa, indicating its suitability for cutaneous applications. The
electrical properties of the ionogel coated e-textiles were measured,
including sheet resistance (0.248 Q/sq. + 0.01) and skin-electrode
impedance (below 2 kQ from 0.1 to 1 kHz) demonstrating excellent
performance, meeting specified properties, or within reported range of
values for e-textile sensing electrodes. Strain sensitivity of the ionogel
showed high stability under cycling loading at various strain levels, and
a gauge factor of 3.0 at 500% strain. Results for biopotential signal re-
cordings demonstrate that the Ag/AgCl ionogel-coated electrodes can
read ECG signals, showing comparable quality to standard Ag/AgCl gel
electrodes. Biocompatibility test results demonstrated that the ionogel
coated fabrics are safe to use in next-to-skin applications for up to 24 h,
with performance (cell proliferation and viability) exceeding that of the
standard reference gel electrolyte material. Results for biopotential
signal recordings demonstrate that the Ag/AgCl ionogel-coated elec-
trodes can read and collect ECG and EMG signals, showing comparable
quality to standard Ag/AgCl gel electrodes. The demonstrated functional
and self-healing properties of the ionogel show great potential to extend
the lifetime and enable continuous use of e-textile sensors. Future work
should include long-term studies on the ionogel durability (varying
thickness) as a strain sensor, and as a functional, protective coating for e-
textile electrodes.
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