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A B S T R A C T   

Ionogels with high stretchability, conductivity, self-healing and self-adhesive performances have shown great 
application potential in flexible electronics. In this study, a dual-crosslinked ionogel, denoted as APIx, was 
synthesized, showcasing versatile functionalities contingent on the ionic liquid (IL) content. Notably, API50, 
featuring high IL content, exhibited exceptional flexibility (1418 %) and conductivity (0.31 S m− 1), which 
conferred upon it exemplary strain-sensing performance, manifesting in rapid responsiveness (50 ms), height-
ened sensitivity (GF = 3.38), and whole-strain range linearity (R2 = 0.998 at strains ranging from 10 % to 900 
%). Leveraging these properties, the API50-based sensor was successfully integrated into an integrated circuit to 
fabricate diverse electronic devices for applications such as smart switches, signal transmission, and human-
–machine interaction. Conversely, ionogels with lower IL content displayed noteworthy shape memory char-
acteristics, providing thermal responsiveness suitable for temperature alarm devices. Furthermore, these ionogels 
were employed to fabricate a triboelectric nanogenerator (API-TENG) exhibiting exceptional electrical output 
performance (134 V and 1.26 W m− 2). This underscores their potential in sustainable power sources and self- 
powered sensors for monitoring human motions. Collectively, this research introduces a novel strategy to 
advance the utilization of ionogels in human–machine interaction, energy harvesting devices, human healthcare, 
and wearable electronic devices.   

1. Introduction 

The rapid development of soft electronic products in diverse fields 
such as smart robotics [1–3], energy harvesting [4–6], and human mo-
tion monitoring [7–9], has intensified the demand for multifunctional 
soft conductive materials. These applications necessitate materials with 
exceptional stretchability and mechanical adaptability to seamlessly 
conform to the flexible contours of the human body [10]. Flexible strain 
sensors are particularly important as they convert mechanical stimuli 
into electrical signals. To meet future demands, strain sensors must 
exhibit key characteristics, including stretchability, repeatability, rapid 
response, wide adaptability, and high sensitivity [11]. Researchers are 
actively engaged in designing various types of strain sensors, exploring 

possibilities using soft gel materials, such as hydrogels [12,13], orga-
nogels [14,15], and ionogels [16,17]. However, hydrogels and organo-
gels encounter challenges in dry environments, where preventing 
internal solvent evaporation is critical. This challenge compromises 
flexibility and conductivity, severely limiting their applicability in 
flexible electronics. In contrast, ionogels, characterized by the thermal 
stability and nearly zero vapor pressure of ionic liquids [18–21], emerge 
as a superior alternative choice. 

Despite the extensive utilization of ionogels in various applications, 
including self-healing [22,23], transparency [24], and 3D printing 
[25,26], challenges persist in the multifunctional sensing domain. 
Numerous researchers have focused on developing strain sensors for 
detecting human motion [27–29]. For instance, there has been 
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considerable interest in low-cost, high-performance flexible electronic 
device design and array integration [30–32]. However, the current 
strain sensors often face challenges such as high hysteresis under 
external forces across the entire strain range, residual strain, and real- 
time resistance deviation from the baseline [33]. These issues 
frequently lead to multiple gauge factor (GF) values within the strain 
range, resulting in inaccurate predictions of external deformations 
[34–36]. Introducing nanofillers has proven effective in addressing this 
concern, but an excess of fillers can create modulus differences between 
hydrogel matrices, impacting the sensor’s response time [37–39]. A 
significant factor contributing to this challenge is the substantial 
chemical and physical property differences between most gel matrices 
and the conductive phase, leading to poor filler dispersion in the gel 
matrix [40–42]. During polymer tensile strain, inadequate dispersion 
and physical bond rupture result in heightened local stress, leading to 
alterations in Poisson’s ratio and consequently impacting the material’s 
sensing capabilities to a certain degree. Therefore, reducing the physical 
bonds between polymers and enhancing filler dispersion has become a 
challenge. 

The rapid recovery of strain or resistance changes is crucial for 
designing wearable sensors, such as gas sensors and strain sensors. While 
the preservation of the resistance change is also beneficial for specific 
applications, such as temperature sensors and smart switches [43–45]. 
However, there have been few reports on integrating temperature sen-
sors with strain sensors thus far. Nonetheless, fixing the strain change of 
sensors poses another challenge. Shape memory, an inherent feature in 
shape memory polymers, allows materials to recover from a temporary 
shape to a predesigned shape upon exposure to external stimuli [46,47]. 
This provides an ideal method for reversibly fixing the resistance change 
of sensors, a concept that has been scarcely reported. Nonetheless, the 
integration of a material with versatile functions remains a significant 
challenge. 

In this study, we present a multifunctional ionogel (API) reinforced 
by ionic liquid (IL) modified zinc oxide (IMZnO). Due to its enhanced 
affinity and dispersion resulting from modification, IMZnO effectively 
enhances internal friction between molecules, leading to tighter inter-
face bonding and improved conductivity. Additionally, the IL used as a 
solvent not only enhances the solubility and stability of the polymer but 
also avoids the occurrence of physical bonds provided by water as a 
solvent. Furthermore, the ionogel provides thermal stability and low 
volatility, enabling stable performance at high temperatures [48–52]. 
Meanwhile, the proportion of ionic liquids plays a pivotal role in 
determining the physical properties of the ionogel, thereby enabling the 
creation of ionogels with diverse properties tailored for specific appli-
cations. Strain sensors developed using high-IL-content ionogels 
demonstrated exceptional sensitivity, consistency, and reproducibility 
in sensing signals across extensive tensile deformations. These sensors 
can be integrated with circuits to create multifunctional electronic de-
vices, including smart switches, temperature alarms, and human-
–machine interaction systems. Differently, ionogels with lower IL 
content demonstrated excellent shape memory performance, endowing 
the ionogel-based sensors with thermal responsiveness for application in 
temperature alarm devices. Additionally, ionogels as stretchable elec-
trode materials have enabled the development of triboelectric nano-
generators (TENGs) for energy harvesting, pressure sensing, and human 
motion detection. This research highlights the immense potential of 
multifunctional ionogels in flexible sensing, rehabilitative medicine, 
human–machine interactions, virtual/augmented reality, and the met-
averse domain. 

2. Results and discussion 

2.1. Preparation and characterization of API ionogels 

The synthesis of multifunctional ionogels, incorporating ion- 
modified zinc oxide (IMZnO) and ionic liquid 1-Ethyl-3- 

methylimidazolium ethyl sulfate ([C2mim][EtSO4]), was achieved 
through a straightforward free radical polymerization process involving 
2-Acrylamide-2-methylpropanesulfonic acid (AMPSA) and poly 
(ethylene glycol)diacrylate (PEGDA 1000) as chemical cross-linkers 
(Fig. 1). In the polymer cross-linked network, AMPSA serves as the 
main chain while PEGDA acts as the cross-linker, ensuring high elasticity 
and stability of the polymer segments. This polymer network, combined 
with the filler network formed by IMZnO, creates a dual-network 
structure, enhancing the conductivity and sensing performance of the 
polymer. As shown in Fig. 1(a), ZnO was chemically modified initially to 
achieve a more uniform dispersion in the ionic liquid (Figure S1), and 
the successful modification of ZnO can be confirmed by FTIR 
(Figure S2a). In Figure S2(b), peaks observed at 1569 and 1170 cm− 1 

correspond to the imidazole ring and − C = S vibration in the ionic liquid 
[C2mim][EtSO4] [53]. Additionally, peaks at 1112 and 1043 cm− 1 were 
belong to the characteristic peaks of O = S = O, while the absorption 
peak at 1727 cm− 1 signified the C = O vibration, demonstrating the 
copolymerization of AMPSA and PEGDA [54,55]. These findings 
collectively underscore the successful preparation and chemical char-
acterization of API ionogels. As shown in Figure S3, a comparison of 
SEM images of ZnO and IMZnO reveals that the surface of IMZnO ap-
pears more continuous and dense than that of ZnO. This difference is 
attributed to the presence of a coating of an ionic liquid organic layer on 
the surface of IMZnO. This indicates the successful modification of 
IMZnO, enhancing the affinity of IMZnO particles to the polymer matrix, 
leading to a tighter interface bonding. Additionally, the surface of ion-
ogel with added IMZnO appears rougher, which can strengthen the 
interface bonding between the IMZnO and the matrix, thereby 
improving the mechanical properties of APIx. 

For soft gel-based sensors, exceptional mechanical properties are 
crucial for practical applications and the service life of ionogels in 
flexible devices. Hence, the ionic liquid content of ionogels, denoted as 
APIx (x representing the weight percent of ionic liquid), was adjusted to 
achieve desirable tensile performance. Fig. 2a and Figure S4 demon-
strate an inverse relationship between fracture elongation and fracture 
strength with increasing ionic liquid content. The fracture strength 
decreased from 5.19 MPa to 0.11 MPa, while the fracture elongation 
increased from 24.8 % to 1418 % with the increasing ionic liquid con-
tent. This heightened stretchability was attributed to the plasticization 
of the ionic liquid, essential for the application of ionogels as soft sen-
sors. However, excessive ionic liquid (beyond 50 %) proved detrimental 
to the mechanical performance of ionogels due to a decrease in the 
interaction between polymer chains. 

The self-healing capability of ionogels is indispensable for expanding 
their applications and prolonging their lifespan in diverse environments. 
A breaking-healing test with API50, showcasing the highest stretch-
ability, demonstrated the ability to stretch over 300 % strain again after 
healing at room temperature for 30 min (Fig. 2b). The healing efficiency 
increased with the extension of healing time, with API50 recovering 85 
% of its initial mechanical strength within only 2 h (Fig. 2c and 
Figure S5). Beyond mechanical self-healing, electrical self-healing 
properties were investigated by connecting API50 into a circuit with a 
blue light-emitting diode (LED). The LED was lit up due to the ionic 
conductivity of ionogels, extinguished when the ionogel was cut into 
two parts, and re-lit instantly upon reconnection, demonstrating the 
ionogels’ electrical self-healing capability (Figure S6 and Video S1). This 
was further validated by the resistance variation during the healing 
process (Fig. 2d and Figure S7), indicating repeatable healing at 25 ◦C or 
− 5◦C. The high healing efficiency of ionogels was attributed to abun-
dant recyclable hydrogen bonds and ionic coordination interactions. 

The ionogels also exhibited excellent antifreezing and self-adhesive 
performances, indispensable for the reliable application of flexible 
electronics. API50 maintained high flexibility at − 15 ◦C, demonstrating 
its suitability as an electrode material under low-temperature conditions 
(Fig. 2e). Moreover, API50 exhibited strong adhesion to various sub-
strates, with adhesive strengths onto acrylic board, aluminum tape, 
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Fig. 1. (a) IMZnO synthesis process; (b) Schematic representation of the ionic gel structure; (c) Schematic illustration of internal charge in the ionogels.  

Fig. 2. (a) Mechanical properties at different ionic liquid contents; (b) images of self-healing process; (c) Stress–strain curves of API50 at different self-healing times; 
(d) Electrode self-healing ability at different temperatures; (e) Thermal imaging and digital photos at low temperatures; (f) Adhesion strength of API50 on different 
substrate materials; (g) Digital photos of adhesion strength of API50; (h) Conductivity of ionogels. 
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copper tape, glass, and iron block measured at 110.55, 160.68, 190.03, 
190.65, and 28.21 kPa, respectively (Fig. 2f and g). This high adhe-
siveness was attributed to the abundant functional groups in ionogels, 
forming various non-covalent interactions with substrates, including 
hydrogen bonds, metal coordination and electrostatic interactions 
[56–58]. Additionally, the dynamic metal coordination bonds in the 
ionic gel provide a dissipation mechanism, requiring additional energy 
for the expansion of interface cracks. 

2.2. Strain-sensing performance 

In addition to flexibility, self-healing and self-adhesive characteris-
tics, conductivity stands as a crucial parameter for wearable devices 
recording electrical signals. Fig. 2h and Figure S8 illustrates a positive 
correlation between ionic liquid content and conductivity; the 
maximum conductivity of API60 reached 0.35 S m− 1. Enhanced con-
ductivity can be attributed to two factors: firstly, the ionic liquid acts as 
a solvent, facilitating the uniform dispersion of polymer chains and 
IMZnO in the gel, forming a more coherent conductive network struc-
ture. Secondly, an increase in ion concentration promotes ionic con-
ductivity, enhancing the overall conductivity of ionogels. 

Next, the feasibility of API50 with desirable stretchability and con-
ductivity as strain-sensors was investigated by monitoring the real-time 

resistance change (ΔR/R0) under different strains. The results show that 
the ΔR/R0 value increased gradually with the increase of strain, and 
maintain consistency at a certain strain, highlighting the stable and 
repeatable responsiveness of the ionogel sensor to strains across a wide 
range from 10 % to 900 % (Fig. 3a and b). To assess the sensitivity of 
different sensors [59], their respective gauge factors (GF) were calcu-
lated. The results revealed that API50 exhibited a constant GF of 3.38 
across the entire strain range, with a high linearity of R2 = 0.998 (Fig. 3c 
and S9). The increased internal friction in the ionogel leads to tighter 
bonding between interfaces, preventing significant changes in the ma-
terial’s Poisson’s ratio. This results in stable deformation during tensile 
strain, leading to a consistent relationship in resistance change. As 
shown in Figure S10, compared to the case without additives, the 
addition of IMZnO increases the loss factor, indicating an increase in 
internal friction with IMZnO addition [60]. So the ionogel sensor 
without IMZnO showed incoherent linear relationships with GF of 2.5 in 
the range of 0–70 % and 1.57 from 70 % to 450 % (Figure S11). This 
emphasizes that the physical deformation of the ionogel could be pre-
cisely detected due to the outstanding linearity of the API50-based 
sensor across the entire strain range. Additionally, the ionogel sensor 
also exhibited fast response and recovery time about 50 ms (Figure S12), 
which is close to that of human skin (≈100 ms) [61]. Then the long-term 
stability of the ionogel sensor was conducted by a consecutive 3000 

Fig. 3. (a) Relative resistance change of API50 under small strain (10–100%); (b) relative resistance change of API50 under large strain (100–900%). (c) relative 
resistance change of API50 under strain ranging from 10% to 900%; (d) 3000 cycles of loading–unloading tests on API50 gel at 100% strain; (e) relative resistance 
change at different finger bending angles; (f) schematic diagram of the integrated circuit; (g) relative resistance change under SOS Morse code; (h) illumination of 
different LED lights through bending fingers at various angles; (i) the control of a robotic hand through a strain sensor. 
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loading–unloading cycles at 100 % strain (Fig. 3d). The results showed a 
stable response of ΔR/R0 value of the sensor, demonstrating its 
outstanding stability and durability as strain sensors. Compared to 
previously reported gels-based sensors, the API50 sensor demonstrated 
exceptional flexibility, a wide detection range, high sensitivity and 
linearity (Table S3). 

To validate the performance of API50 under extreme conditions. As 
shown in Figure S13a, we conducted tests on ion gels after a 2-hour self- 
healing process. During the testing, the change in strain sensitivity of 
API50 within the 0–300 % strain range after self-healing closely 
resembled that before self-healing. However, deviations in the GF values 
between the two were observed after a strain of 300 %, suggesting that 
the cross-section may not have fully healed. Further stretching poten-
tially induced some minor cracks on the cross-section, affecting elec-
tronic transmission and resulting in a decrease in the corresponding GF 
values. Complete healing might necessitate a more extended duration. 
Moreover, we examined the resistance variations of API50 at distinct 
temperatures (Figure S13b). At 60 ◦C, there was a slight GF increase due 
to heightened molecular activity and improved movement of charge 
carriers, while preserving a linear correlation. However, at 80 ◦C, sig-
nificant alterations occurred in the gel structure due to weakened 
intermolecular forces and increased flowability, leading to a remarkable 
upsurge in GF values and abrupt modifications. Subsequent assessments 
were carried out under diverse humidity conditions (Figure S13c). The 
API50 was exposed to environments with varying humidity levels for 1 
h, followed by strain sensitivity testing. The results showed a decreasing 
trend in GF values with increasing environmental humidity. This phe-
nomenon is ascribed to water molecules adhering to the gel surface, 
thereby diminishing resistance. Furthermore, in elevated humidity set-
tings, the presence of water molecules triggered further expansion of the 
gel structure, resulting in reduced resistance. Consequently, as humidity 
rises, the gel’s resistance diminishes, culminating in a GF increase. 

Given the excellent sensitivity and high linearity of the API50 sensor, 
it can used as a strain sensor to monitor human kinematics, like finger 
bending (Fig. 3e). The ΔR/R0 signal increases gradually with the 
bending angles, enabling the distinction of finger motion. Leveraging 
this resistance change induced by deformation, the API50 sensor can be 
used in smart switches, signal transmission, and human–machine 
interaction. Integrated into a circuit system comprised of an Arduino 
microcontroller and an Analog-to-Digital Converter (ADC), the API50 
sensor captures resistance changes caused by strain, converts them into 
changes in analog voltage values, and facilitates the realization of 
various applications controlled by strain change (Fig. 3f). For instance, a 
smart switch controlling different LED lights was devised as shown in 
Figure S14 and Video S2. At original state, the yellow LED was on, then it 
was off and the red LED was on accompanying with the stretching of 
API50 sensor to a specific strain (300 %) due to the increase of resis-
tance, finally the green LED was on when the strain was over 600 %. The 
results demonstrated the API50 sensor can indeed be used as a multiple 
switch to control different LEDs by strain. 

To explore the application of the API50 sensor in signal transmission, 
it was affixed to a finger to create an encrypted signal transmission 
system using Morse code to match finger bending with resistance 
changes. This resistance change will produce distinct analog electrical 
signals simultaneously to control LED lights through the multiple 
switches, which can be also used to transmit Morse code by light signals. 
For the light signals, we defined the blue light as a “dot,” the green light 
as a “dash,” and the white light as the completion of a signal trans-
mission segment. As demonstrated in Fig. 3g and Figure S15, the API50 
sensor was able to transmit short messages, such as “SOS”, “WATER”, 
and “DANGER”, through finger bending according to electrical signals, 
while these signals also could be recognized by the change of LED lights 
(Fig. 3h and Video S3). The strain sensors demonstrated the capability of 
transmitting messages through the circuit system via electrical and light 
signals simultaneously, showcasing the tremendous potential of the 
API50 sensor in multi-channel signal communication. Moreover, the 

API50 sensor was employed for human–machine interaction to control 
robot behaviors. As depicted in Fig. 3i and Video S4, four API50 sensors 
were attached to the fingers and their resistance changes induced by 
fingers bending were collected and processed by the Arduino, subse-
quently sent instructions to a robotic hand for remote control. The ro-
botic hand replicated different gestures following the change in human 
hand, demonstrating the application prospect of the API50 sensor in 
human–machine interaction and the metaverse domain. 

2.3. Shape memory properties 

While API50 with high ionic liquid (IL) content demonstrated 
excellent strain-sensing performance due to its high resilience and 
conductivity, the ionogels exhibited noteworthy shape memory prop-
erties when the IL content was below 20 %. Differential scanning calo-
rimetry revealed that ionogels with IL content over 30 % possessed a 
glass transition temperature (Tg) below 30 ◦C, contributing to their high 
elasticity at room temperature. Conversely, when IL content decreased 
to 10 %, Tg increased to 85.2 ◦C, creating the potential for shape memory 
properties. (Figure S16) In the shape memory cyclic process (Fig. 4a), a 
straight sample was stretched to a certain strain at 100 ◦C (above Tg) and 
the temporary shape was fixed at room temperature. After that, the 
sample was reheated to 100 ◦C again to recall its original shape, and 
shape fixation ratio (Rf) and recovery ratio (Rr) were used to evaluated 
the shape memory properties. As illustrated from Table S2, all the ion-
ogels with IL content lower than 20 % exhibit excellent shape memory 
performance, especially API10 with Rf and Rr both over 98 %. Utilizing 
this shape memory feature, API10 was employed to fabricate a tem-
perature alarm device. 

Similar to the circuit system in Fig. 3f, the API10 sensor was con-
nected to an integrated circuit with the addition of a Bluetooth module 
for wireless signal transmission (Fig. 4b), and a resistance value was set 
as the alarm threshold. Once the resistance change reached the 
threshold, the red LED will be turned on and sends a warning message to 
the phone. The shape memory performance of API10 allowed the strain 
change to be fixed by the shape fixation process at room temperature, 
preserving the resistance change of the ionogel. Resistance changes were 
successfully preserved at different strains by shape fixation (Figure S17), 
with a high linear relationship between strain and ΔR/R0 value ensuring 
reliability for temperature alarm devices. As the temperature rises, the 
stretched API10 will recover to its original length induced by the ther-
mal responsive shape memory effect, with its resistance change 
decreasing simultaneously (Figure S18 and Figure S19). Thus, the alarm 
system will be triggered upon the resistance reaching the threshold due 
to the increase of temperature. In Fig. 4C, API10 demonstrated high 
stability in 10 shape memory cyclic tests, maintaining almost the same 
resistance change after shape recovery at 100 ◦C. To validate the feasi-
bility of the temperature alarm device, an alarm threshold of resistance 
change was set as 1000 % and its corresponding shape recovery tem-
perature was about 80 ◦C according to Figure S19. Then the temperature 
alarm function was further demonstrated in Fig. 4d and Video S4. In the 
initial state, the green LED indicated normal working status with the 
stretched API10 sensor (75 % strain). Once the sensor was heated to 
80 ◦C, its length contracted to about 2.4 cm, leading to the decrease of 
resistance change lower than the threshold of 1000 %. Subsequently, the 
alarm system was triggered: the red LED was lighted up, and the Blue-
tooth module sent a danger signal to the phone at the same time. The 
alarm system ceased when the sensor was stretched and fixed at room 
temperature again, indicating the end of the crisis. Based on the tem-
perature alarm function of the API10 ionogel, it can be used to monitor 
pipeline temperature in real-time (Fig. 4e). The system issues an alert 
when the pipeline temperature is abnormal, signaled by the red LED and 
wireless signal. 
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2.4. The output performance of ionogels-based TENG 

In addition to the strain sensors and temperature alarm devices based 
on strain-resistance effect, the ionogels exhibit potential for the fabri-
cation of triboelectric nanogenerators (TENGs) for power supply and 
self-powered sensors. Specifically, a sandwiched ionogel-based TENG 
(API-TENG) operating in single electrode mode was assembled by 
encapsulating ionogels into silicone. The working principle, depicted in 
Fig. 5a, relies on contact electrification and electrostatic induction 
[62,63]. In the initial state, when a nitrile glove (positive tribo-material) 
touches the silicone surface, equal amount positive and negative surface 
charges will be on the two materials due to tribo-electrification (Fig. 5a 
(i)). Upon separation, negative charges on the silicone surface attract 

positive ions within the ionogel (Fig. 5a(ii)) creating a positive ions layer 
at the ionogel-silicone interface. Simultaneously, negative ions accu-
mulate at the ionogel-Cu wire interface, forming an electrical double 
layer [64]. (EDL) (Fig. 5a(v) and (vi)). During this process, electrons 
flow from the Cu wire to the ground through an external circuit until the 
establishment of an electrostatic equilibrium. Once the two friction 
materials are adequately separated, the final charge balance inhibits the 
continuous movement of electrons, resulting in the cessation of power 
generation (Fig. 5a(iii)). When the nitrile glove approaches the silicone 
again, this process is reversed, and the electrons will flow from the 
ground to the ionogel-Cu wire interface. Thus, an alternating current can 
be generated by the repeatable contact-separation process of the two 
tribo-materials. 

Fig. 4. (a) Shape memory performance of API10; (b) schematic diagram of using a strain sensor as a temperature alarm device; (c) relative resistance change for 
different lengths over 10 cyclic operations; (d) physical representation of using a strain sensor as a temperature alarm device; (e) real-time temperature prediction 
using the temperature alarm for industrial pipelines. 
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API-TENGs with varying IL content were fabricated to explore the IL 
content’s effect on output performance. The output performance 
exhibited an increasing trend with IL content, with API50-TENG 
demonstrating the highest output, characterized by open-circuit 
voltage, short-circuit current, and transferred charge values of approx-
imately 134.3 V, 1.90 μA, and 41.74 nC, respectively (Figure S20). This 
specific configuration, API50-TENG, was employed in subsequent ex-
periments. The output performance at different frequencies showed 
increased short-circuit current with frequency, while open-circuit 
voltage and transferred charge decreased slightly (Figure S21). To 

assess the output power of API-TENG, the current and power density 
were measured across varying load resistance at a frequency 1 Hz 
(Fig. 5c). It is clearly shown that the peak power density of the TENG is 
approximately 1.26 W m− 2 when the load resistance was 100 MΩ, while 
the maximum current density was about 6.025 mA m− 2. Then the long- 
term stability of the API-TENG was also tested, As shown in Fig. 5d; 
under the condition of 2 Hz, the output voltage almost remain the same 
after 6000 cyclic tests, indicating the excellent stability and reliability of 
the API-TENG. Given that TENG devices inevitably experience various 
deformations in practical applications, we further tested the output 

Fig. 5. (a) Working mechanism of the API-TENG; (b) open-circuit voltage at different IL content; (c) current density and power density at different resistances; (d) 
Open-circuit voltage after 6000 cycles. 

Fig. 6. (a) Equivalent circuit of the API-TENG; (b) Charging different capacitors using the API-TENG; (c) Illuminating 100 LEDs with different API-TENGs; (d) 
Powering LEDs with capacitors charged by the API-TENG after capacitor charging; (e) Open-circuit voltage of the API-TENG under different pressures; (f) GF 
corresponding to the output voltage under different pressures. 
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performance of the API-TENG under different strains (Figure S22). It can 
be found that the open-circuit voltage of API-TENG indeed decreased 
with the increase of strain due to the decrease of ionogel’s conductivity, 
and it almost recovered to the raw value when the original length of the 
TENG was restored, demonstrating its stability and reliability after un-
dergoing various deformations scenarios in practical applications. 

The self-powered property of the API-TENG was evaluated by inte-
grating it into a rectified circuit (Fig. 6a). The charging efficiency of the 
API-TENG for different commercial capacitors (1 μF, 2.2 μF, 22 μF, 33 
μF, and 220 μF) was presented in Fig. 6b, and the results revealed that 
the charging speed decreased with the increase of capacitor capacity, 
while it still only took 88 s to charge the 220 μF capacitor to 2.0 V. In 
addition, the API-TENG could be also directly used as the power source 
to light 100 LEDs without reliance on other energy system, demon-
strating its application as sustainable power supply (Fig. 6c and Video 
S6). Furthermore, utilizing the electrical storage capacity of the capac-
itors, the electricity generated by the API-TENG could be easily har-
vested, stored and drive other electronic devices at any time. As an 
example, a 33 μF capacitor could be charged to 5 V within 30 s by 
tapping the API-TENG, and the stored energy could then light up a LED 
for 20 s (Fig. 6d). Overall, these results indicates that the API-TENG 
holds great prospect as a self-powered source for various electronical 
applications. 

The API-TENG, owing to its exceptional self-powered property, could 
serve as a self-powered pressure sensor for wearable electronics. The 
output performance of API-TENG under varying applied pressure 
demonstrated a positive correlation between output voltage and applied 
pressure across low, medium, and high-pressure regions (Fig. 6e and f). 
In the low-pressure region (0 to 2.5 kPa), the sensitivity reached up to 
8.3 V kPa− 1; while it was 2.3 and 0.6 V kPa− 1 in the medium-pressure 
region (2.5 to 25 kPa) and high-pressure region (25 to 62.5 kPa), 
respectively. These results demonstrate the exceptional performance of 
API-TENG self-powered sensors across various pressure ranges, show-
casing unique advantages compared to previous self-powered sensors 
(Table S4). Based on its pressure sensing performance and high flexi-
bility, the API-TENG functioned as a self-powered sensor for human 
motion monitoring. As presented in Fig. 7a–d, the API-TENG sensor was 
strategically attached to different joint parts including fingers, wrists, 
elbows, and knees, to capture biomotion signals. It is clearly shown that 
a voltage signal was generated and then increased accordingly with the 
increase of bending angles for various joints, which was attributed to the 
increase of pressure on the sensors. Moreover, the results also showed a 
high linear response behavior (R > 0.99 in Figure S23) between the peak 
voltage and bending angles, demonstrating the reliability and accuracy 
of the API-TENG for real-time self-powered biomotion monitoring. In 
addition to joint motions, the API-TENG sensor also can be employed to 
monitor gait motion by attaching it to the insole. As shown in Fig. 7e, the 

peaks voltages for walking, running and jumping activities were ~ 36 V, 
~69 V, and ~ 91 V, respectively, allowing for the recognition of human 
motion states. This versatile application potential positions the API- 
TENG as a promising tool for wearable biomotion sensors in health-
care and rehabilitation. 

3. Conclusion 

In summary, we have developed a series of API ionogels with tunable 
performance for various flexible sensors depending on the IL content. 
The high-IL-content ionogel, API50, exhibited remarkable stretchability 
(1418 %), high conductivity (0.31 S m− 1), self-healing, anti-freezing, 
and self-adhesive properties. These features made it well-suited for 
flexible strain sensors. The API50-based strain sensors demonstrate 
rapid responsiveness (50 ms), excellent sensitivity (GF = 3.38), and 
linearity across a wide tensile strain range (10 % to 900 %). Capitalizing 
on its excellent strain-sensing performance, the API50 sensor can be 
integrated into various multifunctional electronic devices, including 
smart switches, signal transmission systems, and human–machine 
interaction circuits. Differently, the ionogels with low IL content 
(API10) exhibited outstanding shape memory performance with Rf and 
Rr both over 98 %, endowing the ionoge-based sensors with thermal 
responsiveness for application in temperature alarm devices. Further-
more, the ionogels are employed to fabricate ionogel-based triboelectric 
nanogenerators (TENGs). Among them, API50-TENG stood out with the 
highest output performance, including open-circuit voltage, short- 
circuit current, and power density values of 134 V, 1.9 μA, and 1.26 
W m− 2, respectively, which was able to light up 100 LEDs in series. 
Based on its excellent self-power property, the developed API50-TENG 
demonstrated excellent self-powered pressure capability with a sensi-
tivity of 8.3 V kPa− 1, which could serve as wearable self-powered sen-
sors to detect various human motions with high accuracy. Therefore, 
this work introduces a straightforward strategy for fabricating multi-
functional ionogels with strain-sensing, temperature alarming, and self- 
powered capabilities. The demonstrated versatility opens up promising 
practical applications in intelligent wearable devices, human–machine 
interaction, and soft robotics. 

4. Experimental section 

4.1. Preparation of IMZnO 

Zinc oxide nanoparticles (2.1 g) were dispersed in 70 mL of deionized 
water through ultrasonication for 30 min. Subsequently, 30 mL of a 
mixture of DC5700 and methanol (DC5700: methanol = 1:2) was added, 
and the solution was mechanically stirred for 24 h at room temperature. 
The intermediate product of zinc oxide-DC5700 was then filtered, 
washed, and dried. After dissolving the intermediate product in 
dichloromethane, 10 mL of NEPS was added, and the solution was me-
chanically stirred for 12 h at room temperature. The resulting mixture 
was subjected to liquid–liquid extraction with deionized water to obtain 
IMZnO. 

4.2. Preparation of API 

A dispersion was created by mixing 1 % wt of IMZnO in 3 g of water. 
Subsequently, 0.8 g of PEGDA and a specific amount of 1-ethyl-3-meth-
ylimidazolium ethyl sulfate (10–60 % of the total mass) were added, 
followed by 30 min of ultrasonication. Next, 2.5 g of AMPSA and 0.05 g 
of Ammonium persulphat (APS) were added, and the mixture was me-
chanically stirred for 1 h. The composite hydrogel was then poured into 
a 60 mm culture dish and dried in an 80 ◦C oven for 16 h. 

4.3. Materials and characterization 

For convenience, the materials, instrument and detailed 

Fig. 7. Open-circuit voltage signals generated by different human motions: (a) 
Finger; (b) Wrist; (c) Elbow; (d) Knee; (e) Open-circuit voltage generated by 
different gaits. 
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characterization are available in the supporting information. 
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