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Abstract

Tonogel based on ionic liquids plays a vital role in wearable
electronic devices. In this study, a robust and anti-bacterial ionogel
with high sensitivity and hydrophobicity is synthesized by adding
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide to
thermoplastic polyurethanes at a ratio of 1:1. The ionogel not only
demonstrates tensile strength of 23.1 MPa and elongation at break
of 1008%, but also exhibits excellent fatigue resistance with low
residual strain (8%) and small hysteresis loop. Ionic liquid makes
the ionogel have high-temperature stability (Ts, near 300°C) and
low T, (-63.3°C). Due to the anti-bacterial property of ionic liquid,
the ionogel formed by ionic liquid has anti-bacterial property,
with up to 99% inhibition against E. coli and S. aureus. The sensor
prepared with the ionogel shows a Gauge Factor of 1.8, with a short
response time (128 ms) and a stable induction signal under water
and at low temperature. Due to those performance characteristics,
we believe that the study could provide insights for subsequent
research on ionogel-based wearable electronic devices, for instance,
the development of electronic skin in the leather industry.

Introduction

Nowadays, wearable electronic devices have received considerable
attention due to their flexibility and stretchability, and have made
significant progress in various fields, such as human movement
and health monitoring,"? electronic skin*® and human-computer
interaction interfaces.” However, the severe conditions encountered
in practical applications, such as extreme temperature, dryness,
humidity, and underwater environments; limit the research on
flexible sensors. At present, hydrogel is most widely used in the
field of wearable electronic devices because of its high conductivity,
superb stretchability, and bio-tissue-like moduli.’** However, due to
its high-water content characteristic, hydrogel faces two challenges
which must be overcome in practical applications. One is that
hydrogel would freeze at low temperature, resulting in hardening.
The other is that during the long-term use of hydrogel, the solvent
water in hydrogel would evaporate, causing it to dry and crack. To

address the two challenges mentioned above, a number of strategies
have been developed, such as introducing low vapor pressure solvents
glycerol'®'*"® and organic solvents.”*! However, those strategies may
increase the risk of adverse reactions through skin contact.

Ionogel has a three-dimensional polymeric network structure
that can be combined with ionic liquid (IL), a green and harmless
solvent composed of large-sized anions and cations.?”?* In practical
use, IL has excellent electrical conductivity, low freezing point, low
vapor pressure and non-toxic properties, which provide ionogel
with electrical conductivity and maintains stability in extremely
low-temperature environments for long-term use.*?° The selection
of polymer materials should have good compatibility with IL and
require sufficient mechanical property suitable for the intended
applications. For instance, Lee et al.® combined poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-co-HFP)) with 1-butyl-
3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide ([BMI]
[TESI]) and 1-butyl-3-methylimidazolium hexafluorophosphate
([BMI][PF¢]) to prepare ionogel. Although ionogel has outstanding
electrical conductivity and environmental stability, it lacks in some
mechanical properties, the tensile strength of which is only about 1.8
MPa. In contrast, thermoplastic polyurethanes (TPU) are polymers
with preeminent mechanical properties. According to the report,
the polarity of the polyurethane (PU) chain segment makes the TPU
highly compatible with ILs.** Therefore, it can be speculated that if
the mechanical properties of TPU could combine with the electrical
conductivity of ILs, ionogel can be obtained with long-lasting fatigue
resistance, thus ensuring the stability of the ionogel sensor. In daily
use, the ionogel sensor inevitably encounters wet environments or
underwater conditions, which affects the sensing performance of
most ionogels. Similarly, choosing hydrophobic IL when preparing
ionogels can not only make ionogels enhance its hydrophobicity but
also avoid interference from wet environments or water molecules in
the process of use.?*3¢

Leather is a traditionally natural material obtained from animal
skin. Although leather inherits the complex structure and flexibility
of the original skin, it lacks the essential sensory ability of the
skin. The layered structure of natural leather can load and carry
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other materials. Specifically, leather can be considered a potential
candidate for manufacturing high-performance electronic skin.
For instance, electronic skin can be sprayed with the conductive
gel described above at different monitoring points. After that, a
conductive circuit can be designed by spreading the conductive
silver paste to form the sensing points of various signals, such
as pressure, temperature, etc. As a result, combining leather
with functional materials allows leather to restore the sensing
characteristics of natural skin.

In the study, we have explored a preparation process of ionogel
with sensing properties. To be specific, we chose a TPU elastomer
with sufficient mechanical properties and hydrophobic IL to
prepare ionogel. The prepared ionogel is expected to inherit the
characteristics of TPU and IL, such as mechanical properties,
electrical conductivity and hydrophobicity, so as to ensure
the reliability of ionogel with stable mechanical property and
sufficient conductivity in practical applications. Due to ionogel’s
hydrophobicity, the application range of ionogel can be extended to
cope with complex humid environment in practical use. In general,
the study not only demonstrates ionogel’s structure and mechanical
properties in detail, but also discusses the anti-bacterial property
and environmental stability of ionogel. After the sensor is made,
the research steps into sensitivity, sensing stability, and underwater

sensing performance of ionogel.

2. Experimental

2.1 Materials

ILs 1-ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA]),
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIM][TFSI]), and 1-ethyl-3-methylimidazolium tetrafluoroborate
([EMIM][BE,]), were purchased from Monils Chemicals (Shanghai)
Co., Ltd (Shanghai, China). TPU was obtained from DuPont. Methyl
ethyl ketone (MEK) was provided by Chengdu KeLong Reagents Co.

2.2. Preparation of TPU/IL ionogel

In order to select the most suitable IL to combine with TPU to obtain
the ionogel with better mechanical property, TPU was mixed with
different types of ILs in various solvents and eventually dried to get
ionogel. After choosing the most effective IL by the above process,
TPU and IL were mixed in MEK at ratios of 4:1, 2:1, and 1:1. Then,
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the obtained ionogel was dried out and named as TPU/IL-4:1, TPU/
IL-2:1, and TPU/IL-1:1 respectively. Since the thickness of ionogel
was around 100 um, Silver (Ag) electrode could connect to both ends
of ionogel to create a strain sensor.

2.3 Characterization

A Perkin-Elmer FTIR spectrometer was employed to acquire
the Fourier transform infrared (FT-IR) spectra. A UV-1800
spectrophotometer (Shimadzu) was utilized to collect the UV-
visible transmittance spectra. The morphology and structure of
ionogel were observed using a field emission scanning electron
microscope (XL-30 ESEM FEG microscope, FEI Company). A
potentialstat with alternating current (AC) was used for impedance
spectroscopy (Princeton, PARSTAT MC) to determine the ionic
conductivity (o;) of the ionogel. A tensile test machine (Instron
4465) was used to analyze the mechanical properties and resilience
of the ionogel with a stretching rate of 20 mm min. A Q800 (TA
Instrument) was used to carry out dynamic mechanical analysis
(DMA) by testing the temperature dependence of G” and G” with
a heating rate of 3°C/min and a frequency of 1 Hz. The digital
images were captured using a Nikon D7100 camera. Hangzhou
LinkZill Technology Co., Ltd. supported the wireless system. S.
aureus ATCC 6538 and E. coli ATCC 25922 were incubated in
nutrient broth at 37°C for 16 hours and diluted in nutrient broth
to yield a density of 1 x 10° cfu/mL. Different concentration of
TPU or TPU/IL-1:1 solution was incubated with the bacterial
suspension for 24 hours, after which an aliquot of 200 pL of the
samples was aspirated to measure ODyg, at regular intervals. In
addition, 10 pL of the bacterial suspension was spotted at intervals
on nutrient agar plates along with the samples and incubated at
37°C for 24 hours for visualization of the anti-bacterial effect,
which was recorded with a camera.

3. Results and Discussions

3.1 Preparation and structure of the ionogels

After combining different types of ILs with TPU, compatible raw
materials with stable ionogel were selected. In subsequent studies,
different proportions of TPU were mixed with IL [EMIM][TFSI]
in MEK and dried to form homogeneous ionogel. The preparation
process of ionogel is shown in Figure 1. The ionogel with different
proportions was characterized by FT-IR, as shown in Figure

Figure 1. The preparation process of the ionogel
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Figure 2. The characterization of TPU/IL ionogel: (a) FT-IR spectrum; (b) EDS analysis of the ionogel
TPU/IL-1:1; (c) SEM photo of ionogel TPU/IL-1:1; (d) Localized enlargement of the SEM photo

Figure 3. The EDS analysis of TPU/IL-1:1

Figure 4. The SEM photo of (a) TPU/IL-4:1 and (b) TPU/IL-2:1

2a. It was obvious that the characteristic absorption peak 37
belonging to polyurethane (1695 cm™) and IL [EMIM][TESI]
(the characteristic absorption peak of S-N-S, S=O, and C-F are
located at 1055 cm™, 1198 cm™, and 1201 cm™) appeared in the IR-
spectra of ionogel.”” The microstructure of the prepared ionogel
was observed by SEM and EDS. The EDS analysis of TPU/IL-1:1
ionogel, shown in Figure 2b and Figure 3, demonstrated that C,

N, O, S, and F elements in IL were evenly distributed in the gel
system. As shown in Figures 2c, 2d, 4a, and 4b, a great number of
microscopic channels can be found inside the prepared ionogel,
used for conductive ion transport in IL when energized. Also, the
pore size and number of the microscopic channels increase with
the increasing ratio of IL. As a result, it indicates that the ionogel
has been successfully prepared.
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Figure 5. The structural characterization of TPU/IL ionogel: (a) Transmittance of ionogel
(the inserted photo is the TPU/IL-1:1 on the top of the university logo); (b) XRD spectra

As shown in Figure 5a, all ionogel maintained a transmittance of
above 90% in the visible light zone. Taking TPU/IL-1:1 as an example,
it was placed on the top of the emblem of Sichuan University. The
emblem could still be clearly seen through the ionosphere. The
XRD results shown in Figure 5b indicated that with the increase of
IL content, the crystalline part between the hard segments in the
original TPU was gradually dissolved or partially dissolved. The peak
intensity of the crystal was also gradually weakened at the same time.
Therefore, it reflected the transmittance and crystallinity of ionogel.

3.2 Stretchability of the ionogels

As shown in Figure 6a, the mechanical property of TPU/IL-X
was measured by tensile test. With the addition of IL [EMIM]
[TFSI] loading, the tensile strength of ionogel decreased, while
the fracture strain increased at first and then decreased after
adding IL. From TPU to TPU/IL-1:1, the tensile strength of the
sample ranged from 55.4 MPa to 23.1 MPa, and the fracture strain
varied approximately from 888% to 1037%, as shown in Figures

6b and 6¢c. The above mechanical behavior may be related to the
swelling or dissolution ability of IL on TPU, thereby reducing
micro-phase separation and crystallization of PU chains.’® %
To verify the mechanical durability of ionogel, each prepared
material was subjected to 50% strain by continuous tensile tests,
as shown in Figure 6d, Figure 7a, and Figure 7b. After ten repeated
tensile tests, all samples exhibited a large hysteresis curve. Except
for the residual strain of about 8% in the first cycle, the tensile
strength decreased slightly in the rest of the nine tensile cycles.
The hysteresis curve of ionogel was slight, with only about 4%
of residual strain. The above results could be attributed to the
irreversible fracture of some cross-linked points in ionogel during
the first tensile process, which could not be recovered during
the relaxation process. Therefore, it showed a slight decrease in
strength in subsequent stretches. Since the combined effect of
ionic bonds and hydrogen bonds in ionogel allowed to maintain
constant tensile strength in the following nine tensile cycles, a
slight hysteresis curve and reduced residual strain were observed.
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Figure 6. Stretchability of ionogel: (a) Stress-strain curves of ionogel with different types
of ILs; (b) Stress data of stress-strain curves; (c) Strain at break data of stress-strain curves;
(d) Different strains exerted on TPU/IL-1:1 by subsequent tensile tests
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Figure 7. (a) The ten cyclic tensile tests TPU/IL-2:1; (b) The ten cyclic tensile tests TPU/IL-4:1;
(¢) Cyclic stretching with three ratios of different stretching rates; (d) Ten times tensile strength
change of the same tensile rate

What is more, the tensile strength and cycle number curves, as
shown in Figures 7c and 7d, indicated that all ionogel samples had
stable mechanical properties, which in turn led to the expectation
that, with satisfactory stretchability, the prepared ionogel could
meet the functional requirements of wearable devices.

3.3 Environmental stability of the ionogels

In order to verify whether ionogel has good environmental
stability, we have tested ionogel’s thermal stability characterized by
thermogravimetric analysis (TGA). As shown in Figure 8a, ionogel
had a thermal stability of Tsy, close to 300°C. After that, TPU/IL-1:1
was placed in an open fume hood for one month and showed little
quality change during the evaluation period, as shown in Figure 8b.
The above experimental results showed that the prepared ionogel
had proper environmental stability and maintained a stable gel
state in a heated environment or at room temperature. Moreover,

as shown in Figure 8c, we have performed a dynamic mechanical
analysis of ionogel to verify its transition temperature. Considering
the low freezing point of ILs, ionogel presented a glass transition
temperature at -63.3°C, which indicated that ionogel could remain
flexible in sub-zero temperatures.

3.4 Anti-bacterial property of the ionogels

As IL has certain anti-bacterial properties,*”*" ionogel made of
IL and TPU is expected to inherit some degree of bactericidal
reactions. The experiment we did was evaluated with two common
bacterial strains, including S. aureus and E. coli. As shown in
Figure 9, the inhibition circle increased with the increase of IL
content. To further investigate the inhibition effect of TPU/IL-1:1
against bacteria, we co-cultured ionogel with each microorganism
to observe its survival rate, shown in Figures 10a and 10b. After 24
hours of co-incubation, the growth of both bacteria was inhibited,
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Figure 8. Environmental stability of ionogel: (a) TGA; (b) The mass changes of TPU/IL-1:1 in
an open fume hood over one month; (c) DMA of TPU/IL-1:1
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Figure 9. The inhibition circle of the ionogel with different IL contents against two bacteria:
(a) S. aureus; (b) E. coli
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Figure 10. Anti-bacterial property of TPU/IL-1:1: (a) S. aureus; (b) E. coli; (c) Lithographs
at different co-cultured sampling times.

and the anti-bacterial efficiency of ionogel was maintained above
99% for both microorganisms. Lithographs at different co-
cultured sampling times were illustrated in Figure 10c.

3.5 The ionogels as strain sensor

As shown in Figure 1la, we measured the ionic conductivity of
TPU/IL-4:1 to TPU/IL-1:1 under ambient conditions. The ionic
conductivity increased with the increase of IL load from 2.1 S cm™ to
11.8 S cm™, which was related to IL [EMIM][TFSI]. Also, the massive
and dense channels inside ionogel facilitated ionic transportation
and access to EMIMY cations.

The sensitivity of the ionogel sensor, expressed as Gauge Factor
(GF), could be obtained from the mathematical fitting of the relative
change of resistance (AR/R) and the strain plot. The relative change
of resistance varied with the mechanical strain of the sensor, as
shown in Figure 11b. After fitting a straight line in the range of 0%
to 150%, the slope of the curve with the variation of AR/R,was 1.8

JALCA, VOL. 119, 2024

in value. Compared to other ionogel sensors reported so far,*>** the
prepared ionogel sensor had a relatively high sensitivity and wide
sensing range. With the ionogel sensor in five cycles at different
elongations with 1%, 5%, 10%, 20%, 50%, and 100%, the signal
change of AR/R, was shown in Figures 11c and 11d. Furthermore,
five hundred cycles were performed under 50% stretch in Figure 11e.
To be specific, in five hundred uninterrupted load-unloading cycles,
the ionogel sensor exhibited elasticity and fatigue resistance, with
little change in AR/R, signal. As shown in Figure 11f, the response
time of the ionogel sensor was 128ms.

Because the ionogel sensor had a low glass transition temperature,
it could meet the functional requirement in the minus 20 degrees
environment. Therefore, the GF plot could be measured in sub-
zero conditions, as shown in Figure 12a. Since the sensitivity of the
ionogel sensor was almost the same as the original condition, the
GF curve could be fitted to a straight line with a slope of 1.8 even
at a temperature of -20°C. As shown in Figures 12b and 12c, the
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Figure 11. The strain property and relationship between stains and electrical resistance:
(a) Ionic conductivity of ionogel; (b) GF curve of ionogel sensor; (c) Five successive load-unloading
cycles at 1% to 10% strain of ionogel sensor; (d) Five successive load-unloading cycles at 20% to 100%
strain of ionogel sensor; (e) 50% strain for 500 cycles; (f) Response time.

tensile test of the ionogel sensor was carried out at the same negative
temperature of -20°C. The test result showed that the sensing ability
(AR/R, signal) of the ionogel sensor remained stable and could
almost replicate the response in its original state.

Based on the hydrophobicity of IL [EMIM][TFSI], the ionogel sensor
is expected to have a certain degree of hydrophobicity. In order
to prove that the ionogel is hydrophobic, the sensing ability (AR/
R, signal) test of ionogel was conducted underwater. As shown in
Figure 12d, the GF plot was almost the same as the original state. The

variation of the sensing signal also remained stable during the cyclic
stretching process, as shown in Figures 12e and 12f.

The above experiments show that the prepared ionogel sensor is not
affected by either low temperature or humid environments.

3.6 The ionogel as human skin sensor

With the sensing ability for a wide range of strains and different
environmental conditions, the ionogel sensor could be used to
monitor various movements of the human body. In the following

a b= C
i 1% 5o 1% = W% - - -50% 100%
200 -20 °C e
1/ (5]
- - . z
z . go g
- -5 - e
5w - qamw =
L7 GF=18
’
, o
2
F
0 - . . . o = ) _» 0 0 o0
Strain (%) Time (s) Thme (5)
d e
1% - - -5% -~ 10% 208 | W% - - -S0% - 100%
w b underwater »
5
& < g,
2l 2, 2
GF=18 '
:
3 b '
i % : 5
0 :
1] 0 o0 150 @ ] ' ® I (5]
Strain (%) Time (s) Time (s)

Figure 12. The strain property and relationship between stains and electrical resistance: (a) GF curve of ionogel sensor
at -20°C; (b) Five successive load-unloading cycles at 1% to 10% strain of ionogel sensor at -20°C; (c) Five successive
load-unloading cycles at 20% to 100% strain of ionogel sensor at -20°C; (d) GF curve of ionogel sensor underwater;

(e) Five successive load-unloading cycles at 1% to 10% strain of ionogel sensor underwater; (f) Five successive
load-unloading cycles at 20% to 100% strain of ionogel sensor underwater.

JALCA, VOL. 119, 2024



38 Super Robust, Anti-Bacterial Polyurethane Ionogel

a b 10 C 20
10 Beam Nod
sk
g
:f(. L 3
=
=
atk
0 L L ) L L L L L
0 4 6 8 10 0 4 6 8 10 0 4 6 8 It
Time (s Time (s Time (s
d ime (s) & w me (s) f me (s) =
60
60
Elbow ‘ Walk Jump .
60 -4
.\T § a0 F
of 40 I
20 ¢
20
/
0 B 4 ; v 0 2 % . 10 16 ? : :
l - Tin:e (s) ‘ " Time (s) ¢ 5 11["]imc @ 15 2

Figure 13. Relative resistance changes of TPU/IL-1:1 ionogel for various human movements.
(a) Beam; (b) Smile; (c) Nod; (d) Bend elbow repeatedly; (e) Walk; (f) Jump.

experiment, the ionogel sensor was connected to a wireless system
attached to different parts of the human body. Specifically, the
wireless system was connected to a mobile phone via Bluetooth to
monitor the real-time response of the ionogel sensor’s resistance
during use. The testing system could accurately detect some
subtle facial expressions of the human body, such as beaming and
smiling, as shown in Figures 13a and 13b. When the volunteers
repeatedly performed facial expressions, the resistance of the
ionogel sensor changed with the body movements, corresponding
to a regular changing waveform of the mobile application interface.
As shown in Figure 13c, as the volunteers bent the neck attached to
the ionogel sensor, the application interface displayed the regular
waveform accordingly. Unlike the results evaluated in the tensile
test in the laboratory, a different waveform could be generated
since the deformation of ionogel varied along with the volunteers’
movements. In addition, due to the high tensile property of
ionogel, large-scale movement signals of human body could even
be detected, as shown in Figures 13d, 13e, and 13f. What is more,
when the ionogel sensor was attached to the volunteers’ elbows and
knee joints, the mobile application interface showed large changes
in the waveform as the volunteers walked, jumped, or repeatedly
bent their elbows.

4. Conclusion

The study successfully created a robust ionogel by combining IL with
TPU. The prepared ionogel not only has great mechanical property

JALCA, VOL. 119, 2024

and environmental stability, but also has anti-bacterial property
and electrical conductivity. By making it into a sensor, the ionogel
possesses adequate sensitivity (GF=1.8) and a fast response time of
128ms in the strain range of 0 to 150%. Also, it has stable sensing
performance even in sub-zero or underwater environments. What is
more, the durability of the ionogel can be explained by the mechanical
property of TPU used in its preparation process, while the ionogel’s
anti-bacterial property and low freezing point characteristics are
inherited from the IL test. The introduction of the IL hydrophobicity
further endows the ionogel with the ability to work underwater,
broadening the application scenario of the ionogel sensor.

In subsequent studies, we will spray the ionogel on leather to produce
electronic skin which could respond to external stimuli and make
leather materials “alive.” Using leather as a base material for flexible
and wearable electronics demonstrates a value-added commitment
to upgrade cycles for low-value leather. We strongly believe that such
a design could not only lead to new flexible electronic products, but
also help unlock the potential of multifunctional electronic skin. For
instance, a leather insole sensor could monitor the plantar pressure
distribution of the diabetic foot to help intervene and treat injuries
by understanding patients’ body response to the damages.
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