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ABSTRACT: Supramolecular flexible electronic devices are one
of the research hotspots due to their application in the fields of
chemistry, biology, and materials. Herein, we reported a slide-ring
supramolecular flexible electronic device, which is constructed by
acrylamide (AAm), acrylic acid (AA), carboxymethyl-α-cyclo-
dextrin (CM-α-CD), PEG20000 diacrylate (PEG20000DA), and
calcium chloride via the photoinitiated polymerization, displaying
not only the mechanical force-responded self-generation but also the human−computer information transfer. As compared with the
polymer hydrogel, the addition of α-CD polypseudorotaxane to the hydrogel has notably enhanced both the tensile length and the
tensile toughness, making it more suitable for flexible electronic device applications. The hydrogel can be stretched to ca. 15 times its
original length and quickly recovers after the external force is removed. In addition, it also exhibits a conductivity of 0.21 S/m,
demonstrating good electrical conductivity. Significantly, based on the slide-ring supramolecular array for energy harvesting, it can
generate an open-circuit voltage of 420 V using the contact separation method for testing, which can be used as a flexible electronic
device for human−computer information transfer.
KEYWORDS: slide-ring hydrogel, cyclodextrin, supramolecular, polypseudorotaxane, flexible electronic device

■ INTRODUCTION
The supramolecular slide-ring material has garnered wide-
spread attention due to its excellent ability on the enhance-
ment of polymer flexibility,1−4 self-recovery,5−7 and fatigue
resistance,8,9 and it is widely used to construct novel
macromolecular materials.10−13 During the research progress
of the slide-ring material, being mainly macrocyclic, the
cyclodextrin hydrophobic cavities can encapsulate guest
molecules for in situ polymerization or slide along the polymer
chains to form flexible slide-ring materials.14−19 Possessing the
sliding rings on the polymer chain, the hydrogel can be
responsible for stress, therefore improving the mechanical
properties of hydrogels. Recently, Ito et al. reported the slide-
ring hydrogel with a polyethylene glycol chain as the “line” and
hydroxypropyl-α-cyclodextrin as the “slide ring”.20 When the
coverage rate of cyclodextrin on the polyethylene glycol chain
was controlled at 2%, the hydrogel exhibited toughness similar
to the natural rubber. Bao et al. introduced the polyrotaxane
constructed from a polyethylene glycol backbone and sliding
cyclodextrins functionalized with PEG methacrylate side chains
as a supramolecular cross-linker into the PEDOT:PSS
system.21 The formation of the supramolecular topological
network effectively induced high conductivity, stretchability,
and photopatternability. Additionally, the work was further
applied to the collection of electromyography signals from the
octopus and the precise localized neural modulation of the rat
brainstem. Ke et al. reported a novel strategy for constructing

rotaxanes based on γ-cyclodextrin.22 The slide-ring cross-
linkers were prepared by forming a double-threaded structure
between γ-cyclodextrin and telechelic PEG, effectively
improving the mechanical properties of the hydrogels to
achieve both high elasticity and high toughness. In addition,
high-performance slide-ring stress sensors exhibiting high
sensitivity and a wide detection range were constructed using
3D printing. Liu et al. reported the polypseudorotaxane
constructed by hydroxypropyl-α-cyclodextrin and acrylamide-
PEG20000-acrylamide, followed by in situ polymerization of
rotaxane and acrylamide via photopolymerization.23 When
using 1,4-butanediol diglycidyl ether to cross-link the cyclo-
dextrin rings and adding calcium ions to enhance the ionic
conductivity, the obtained hydrogel showed good mechanical
properties and can be used in wearable strain sensors for real-
time monitoring of human motion signals. Although slide-ring
hydrogels have been applied in various fields,24−28 their use to
enhance the mechanical performance of flexible electronic
devices in self-generating human−computer information
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transfer systems has been rarely reported to the best of our
knowledge.29−33

Herein, we reported a self-generating supramolecular slide-
ring hydrogel material prepared by photoinitiated polymer-
ization of an acrylamide + acrylic acid + calcium chloride
mixture with the polypseudorotaxane cross-linker constructed
from PEG20000 diacrylate (PEG20000DA) and carboxymethyl-α-
cyclodextrin (CM-α-CD) sliding along the chain (Scheme 1).
In this system, acrylamide and acrylic acid served as
monomers, while rotaxane formed by PEG and carboxymeth-
yl-α-cyclodextrin acted as a cross-linker. I2959 was used as a
photoinitiator for UV polymerization, and calcium ions were
added to enhance conductivity. The main reason for calcium
ion conductivity could be that Ca2+ particles are charged
particles that can move freely in the solution. When an electric
field is applied, the charged ions migrate toward the electrodes.
The movement of ions allows the hydrogel to conduct
electricity. Compared to the polymer hydrogel, incorporating
α-CD polypseudorotaxane into the hydrogel significantly
improved both the tensile length and tensile toughness,
making it more ideal for flexible electronic device applications.
The slide-ring structure plays a crucial role in enhancing the
mechanical properties of hydrogel. The slide-ring hydrogel
with excellent mechanical properties and electrical conductivity
was applied to the flexible electrodes of the triboelectric
nanogenerator (TENG) to adapt to the deformation loss. As a
promising flexible electronic device, it not only enables energy
harvesting but also demonstrates excellent human−computer
information transfer capabilities under different motion
(walking, running) modes and sites (finger, wrist, elbow,
knee movements).

■ RESULTS AND DISCUSSION
CM-α-CD and PEG20000DA, either of which can be
synthesized through a one-step reaction, were assembled to a
polypseudorotaxane structure via host−guest interactions in
aqueous solution (Figures S1−S3). The 2D ROESY experi-
ment visually illustrated the formation of a rotaxane structure.
The signal of interior H-3/H-5 protons of CM-α-CD at 4.00−
3.75 ppm showed obvious NOE correlations with the signal of
−OCH2− protons of PEG at 3.69 ppm, indicating that the
PEG chain was threaded into the cavity of CM-α-CD (Figure
S4). Subsequently, a polypseudorotaxane aqueous solution was
added to the mixed solution of acrylic acid and acrylamide
containing a small amount of photoinitiator I2959. After the
addition of Ca2+ to cross-link the acrylic acid and CM-α-CD,
the solution was polymerized under ultraviolet light of 365 nm
to form the hydrogel in a white translucent state. In this
hydrogel, the copolymerization of acrylamide and acrylic acid
with polypseudorotaxane formed a three-dimensional network
structure, and the polypseudorotaxane was terminated by the
newly formed polyacrylamide-acrylic acid chain. The coordi-
nation bond between calcium ion and carboxyl group formed
another cross-linking network, providing the hydrogel a dual-
cross-linking structure.34 Simultaneously, the cross-linking
between calcium ions and carboxyl groups breaks prior to
the covalent bond network under external forces, thus
effectively dissipating the mechanical energy and enhancing
the toughness of the material. Due to the existence of cross-
linking bonds and hydrogen bonds, the hydrogel exhibited a
certain self-healing ability. Since the slide-ring hydrogel is
formed through the copolymerization of polypseudorotaxane,
acrylamide, and acrylic acid, it is difficult to measure the
amount of free cyclodextrins. However, the free CM-α-CD can
coordinate with calcium ions, further enhancing the mechan-
ical properties of the hydrogel. In a control experiment, we also

Scheme 1. Construction of CM-α-CD/PEG20000DA/AAM/AA Hydrogel and the Demonstration of Sandwich-Shaped TENG
with Motion Sensing
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prepared acrylamide hydrogels with polypseudorotaxane and
calcium ions, and cross-linking was only observed among CM-
α-CDs.

The CM-α-CD/PEG20000DA/AAM/AA hydrogel (CPAA
hydrogel) and CM-α-CD/PEG20000DA/AAM hydrogel (CP
hydrogel) were lyophilized and then tested by SEM (Figures
1a,b). SEM images of both hydrogels revealed distinct three-

dimensional porous network structures, with the pore sizes of
the CPAA hydrogel smaller than those of the CP hydrogel,
indicating the formation of a denser cross-linking network
structure in the CPAA hydrogel. The EDS analysis of the CP
hydrogel and CPAA hydrogel clearly showed the presence and
distribution of calcium ions, sodium ions, and chloride ions
within the hydrogel (Figures S5 and S6). The FTIR spectra of
the lyophilized CP hydrogel and CPAA hydrogel (Figure S7)
showed the characteristic peaks of amide at 3361, 3189, 1661,
and 1623 cm−1. Among them, the characteristic peaks at 3361
and 3189 cm−1 were assigned to the N−H stretching vibration,
the characteristic peak at 1661 cm−1 was assigned to the C�O
stretching vibration, and the characteristic peak at 1623 cm−1

was assigned to the N−H bending vibration. In addition, the
peak at 1428 cm−1 was assigned to the asymmetric and
symmetrical stretching vibrations of COO− in the carboxyl
group. The thermogravimetric test of the CPAA hydrogel after
drying was conducted (Figure 1c), where the hydrogel showed
good thermal stability below 200 °C. By comparing the weight
of the hydrogel before and after drying, the water content of
the hydrogel was calculated to be 62.9%. To further verify the
conductivity of the hydrogel, the resistance was measured by
electrochemical impedance spectroscopy, and its conductivity
was subsequently calculated to be 0.21 S/m. These results
indicated that the hydrogel possessed good electrical
conductivity, meeting the requirements for the TENG
electrodes (Figure S8).

The rheological tests of CPAA hydrogel and CP hydrogel
with various rotaxane contents were conducted to investigate
the mechanical properties of slide-ring supramolecular hydro-
gels (Figure 1d,e and Figures S9−S11). In the stress scanning
curves of both these hydrogels, as the stress increased from 0.1
to 1000%, the storage elastic modulus (G′) was first greater
than the loss elastic modulus (G″) and then gradually tended
to intersect, indicating the gradual destruction of hydrogel with
the increase of stress. In the frequency scanning curve, as
frequency increased from 1 to 100%, both G′ and G″ gradually
increased and remained parallel, while G′ was consistently
larger than G″, indicating that the hydrogel maintained a stable
state within this range. Notably, the difference in rotaxane
contents had no obvious effect on the rheological properties of
hydrogels. However, the storage modulus of the CPAA
hydrogel was significantly higher than that of the CP hydrogel,
confirming that the coordination cross-linking of calcium ions
and carboxyl groups enhances the mechanical property of the
hydrogel. Subsequently, the rheology of the CPAA hydrogel
was tested at a fixed frequency of 1 Hz with stepwise strain
(strain = 8000−1−8000−1%) at 25 °C to evaluate its self-
healing performance (Figure 1f). At a strain of 8000%, the
hydrogel was destroyed and lost its mechanical strength (G″ >
G′). Upon the reduction of strain to 1%, the reversible nature
of the coordination bond and hydrogen bond facilitated the
healing of the hydrogel network from the previously disrupted
sol state, leading to the rapid recovery of mechanical strength
(G′ > G″). The self-healing properties mainly contribute to the
coordination with the slide-ring structure and Ca2+, leading to
the reversible transformation between sol and hydrogel. The
self-healing efficiency is quantified based on the ratio of the
storage modulus before and after healing, and the efficiency is
calculated as 46.3%. These results confirmed the self-healing
property of the CPAA hydrogel network.

CP hydrogel and CPAA hydrogel with varying rotaxane
contents underwent tensile testing to assess their mechanical
properties, while tensile testing of the CP hydrogel without the
influence of a metal coordination bond was carried out to
demonstrate the effective enhancement of hydrogel mechanical
properties, with the addition of slide-ring structures. It was
observed that with increasing rotaxane content, the tensile
fracture length and the tensile toughness of the hydrogel
increased as the PEG:CM-α-CD ratio ranged from 1:0 to 1:10,
the tensile fracture length increased from 1285 to 1488%
(Figure S12), and the tensile toughness and the elastic
modulus also increased accordingly (Figure S13). The
presence of the rotaxane structure enabled the slide ring on
the chain to disperse the stress throughout the entire hydrogel,
thereby enhancing its stretching ability. However, due to the
low content of carboxyl groups in hydrogels, the cross-linking
with calcium ions was insufficient, and many rings were not
cross-linked and fixed. Therefore, it was speculated that adding
acrylic acid to increase the cross-linking site would further
enhance the effect of rotaxane on the hydrogels. The fatigue
resistance of CP hydrogel with a ratio of PEG: CM-α-CD of
1:5 was tested (Figure S14). The area of hysteresis loop was
large in the first stretching cycle, but in the subsequent cycles,
the hydrogel could almost recover completely and the area of
hysteresis loop was also greatly reduced almost without
hysteresis lag. This phenomenon was attributed to the
presence of a small amount of unpolymerized polypseudor-
otaxane in the hydrogel, which formed an unstable structure
irreversibly destroyed in the first cycle. Additionally, the cyclic

Figure 1. (a) SEM image of frozen-dried CM-α-CD/PEG20000DA/
AAM/AA hydrogel. (b) SEM image of frozen-dried CM-α-CD/
PEG20000DA/AAM hydrogel. (c) TGA curve of the CM-α-CD/
PEG20000DA/AAM/AA hydrogel. (d) G′ (storage modulus) and G″
(loss modulus) as functions of strain. (e) G′ and G″ as functions of
frequency. (f) Alternate step strain sweep (rheological self-healing
test) with the fixed frequency of 1 Hz. Amplitude oscillatory strain
levels of hydrogel were turned between 1 and 8000% (CM-α-CD/
PEG20000DA/AAM/AA hydrogel, PEG:CM-α-CD = 1:5).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c12962
ACS Appl. Mater. Interfaces 2024, 16, 68229−68236

68231

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12962/suppl_file/am4c12962_si_004.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12962?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12962?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12962?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12962?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c12962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


residue strain testing was conducted by subjecting the hydrogel
to 10 cycles under a strain of 500%. The residue strain was
7.95% after the first cycle, which remained basically unchanged
in the subsequent cycles and finally did not exceed 9% after 10
cycles (Figure S15).

The tensile test of the CPAA hydrogel with adding acrylic
acid was also performed, revealing that the hydrogel can be
stretched to >10 times its own length without fracturing
(Figure S16). Compared to the CP hydrogel, the CPAA
hydrogel exhibited significantly increased strength and tensile
toughness, but the tensile fracture length decreased due to the
increase of hydrogel plasticity caused by the elevated levels of
carboxyl group and calcium ion coordination. When the ratio
of PEG:CM-α-CD increased to 1:5, the strength of the
hydrogel increased, and the fracture length of the hydrogel also
significantly increased from 1078 to 1383% (Figure 2a),

accompanied by the increased tensile toughness from 1.10 to
2.27 MJ/m3 (Figure 2b) and the fracture energy from 19.56 to
58.8 kJ/m2 (Figure S17). That is, the addition of rotaxane to
CPAA hydrogel had a better effect on the mechanical
properties of the hydrogel, particularly increasing the tensile
fracture length due to the more extensive cross-linking of slide
rings on the chain, effectively avoiding the increase of hydrogel
brittleness. Moreover, the addition of acrylic acid also
increased the number of coordination bonds and thus
strengthened the mechanical properties of the hydrogel.
When further increasing the ratio of PEG:CM-α-CD to 1:10,
the tensile fracture length slightly decreased to 1119% and the
tensile toughness dropped to 1.60 MJ/m3, but the elastic
modulus increased significantly (Figure S18). This may be due
to the presence of excessive CM-α-CDs on the polyethylene
glycol chains, whose accumulation narrows the sliding range of
individual cyclodextrin and thus increases the hydrogel
brittleness. Considering that the CPAA hydrogel with a
PEG:CM-α-CD ratio of 1:5 exhibited the best mechanical
properties, it was chosen for the antifatigue test (Figure 2c).
The cyclic residue strain of the hydrogel was also tested by 10

cycles under 500% strain. After the first cycle, the residue strain
was 15.05%, which was higher than that of the CP hydrogel
and then remained basically unchanged in subsequent cycles
(Figure 2d). Through further fatigue threshold experiments, it
can be observed that the fatigue threshold of the CPAA
hydrogel with a ratio of 1:5 increased from 0.124 to 0.331 kJ/
m2 compared to the CPAA hydrogel with a ratio of 1:0. This
demonstrated that the addition of the rotaxane effectively
enhanced the fatigue resistance of the hydrogel (Figure S19).

As the ratio of PEG:CM-α-CD increased from 1:0 to 1:10,
the compressive strength of the CPAA hydrogel increased from
127.68 to 166.75 kPa, demonstrating the good resilience of
hydrogel (Figure S20a). Additionally, cyclic compression also
showed that the sample can approach the nondestructive
recovery from the second compression cycles (Figure S20b).
Subsequently, the CPAA hydrogel was applied to the flexible
electrode of the TENG with the single-electrode mode, where
the CPAA hydrogel electrode was sandwiched between two
layers of polydimethylsiloxane (PDMS) Sylgard 184 film for
encapsulation. A stretchable single-electrode TENG with a
three-layer structure was constructed by connecting the CPAA
hydrogel electrode with copper foil tape and copper wire. In
the TENG device, the slide-ring supramolecular array cross-
linking with Ca2+ is responsible for energy harvesting, therefore
providing the flexible hydrogel electrodes' energy-harvesting
ability. The hydrogel remained stable in the air for at least 1
day without visible hardening and bending but was basically
unchanged in PDMS or 3 M VHB 4905, indicating that the
encapsulation effectively maintained the stability of hydrogels
and prevented the water loss from the hydrogel. Two different
dielectric materials, VHB tape and latex sheets cut from latex
gloves, which are more inclined to lose electrons and therefore
have more frictional positivity, were selected for testing with
PDMS that has more frictional negativity.

The single-electrode TENG performance of the CPAA
hydrogel was evaluated using the contact separation method,
where the hydrogel was encapsulated by PDMS and VHB was
selected as another dielectric material. To evaluate the energy-
harvesting capability of the TENG, the effects of different
contact frequencies on the electrical output were also
investigated. During the test, the output voltage of the
TENG remained nearly unchanged with only slight fluctuation
over multiple cycles (Figure S21). When the frequency of
contact separation changed to 0.67, 1 and 1.4 Hz, the open-
circuit voltage (Voc) and the short-circuit charge quantity
(Qsc) values remained as 420 V and 6.0 nC, respectively, while
the short-circuit current (Isc) increased from 0.19 to 0.4 μA
with increasing frequency (Figure 3), demonstrating good
power generation performance. When replacing VHB with
latex as another dielectric material, Voc, Qsc, and Isc were
measured as 355 V, 5.0 nC, and 0.28 μA, respectively, at 1 Hz
(Figure S22). Similarly, when the encapsulation material of the
hydrogel was changed to VHB and the latex was selected as
another dielectric material to assemble the TENG, Voc, Qsc,
and Isc were tested as 175 V, 4.3 nC, and 0.08 μA, respectively,
at 1 Hz (Figure S23). Compared with that of the PDMS/VHB
pair, the difference in electron acquisition and loss ability of
PDMS/latex was smaller, while those of the VHB/latex pair
were the smallest. Consequently, less charge generated at the
interface, resulting in a decrease of voltage.

Accordingly, a proposed sensor was prepared using the
single-electrode TENG, with PDMS and nitrile gloves chosen
as the dielectric materials. When wearing nitrile gloves to press

Figure 2. (a) Tensile stress−strain curves of CM-α-CD/PEG20000DA/
AAM/AA hydrogels with different polypseudorotaxane components
(red, PEG:CM-α-CD = 1:0; light blue, PEG:CM-α-CD = 1:5; dark
blue, PEG:CM-α-CD = 1:10). (b) Tensile toughness of hydrogel with
the PEG20000:CM-α-CD ratios of 1:0, 1:5, and 1:10. (c) Tensile
loading−unloading curves of CM-α-CD/PEG20000DA/AAM/AA
hydrogels with PEG:CM-α-CD = 1:5. (d) Residue strain as a
function of cycle times at a strain of 500% (PEG:CM-α-CD = 1:5).
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the hydrogel encapsulated with PDMS, an obvious electrical
signal was generated during the pressing process. Different
electrical signals were observed when applying larger or smaller
pressure to the sensor quickly or slowly, reflecting the force
and speed of the pressing (Figure 4 and Supplementary Movie
1). When pressing the TENG with larger pressure, a higher
electrical signal was obtained, whereas when pressing with
smaller pressure, it led to the lower electrical signal.
Additionally, pressing the TENG quickly resulted in a higher
frequency of the electrical signal, while pressing slowly led to a
slower frequency. Therefore, the sensors based on the TENG

can effectively reflect the force and speed of pressing so that it
can be applied to pressure sensing applications.

In addition to pressure sensing, attaching the stretchable
TENG to the different body sites (finger, wrist, elbow, and
knee) served as a sensor for monitoring human motion (Figure
5a, Figure S24, and Supplementary Movie 2). For example, as
the fingers or wrists bent and straightened, the contact area
between the PDMS layer and the glove worn on the hand
changed, resulting in significant variations in the voltage
output. The monitored voltage changes increased with the
amplitude of the motion. Therefore, the motion sensor
detected the bending angles of fingers or wrists by analyzing
the changes in the output voltage, thereby monitoring the
frequency of the movement. Similarly, by attaching the TENG
to the skin at the elbow and knee, the range and frequency of
elbow and knee movements can be monitored. Moreover, due
to the excellent mechanical properties of the hydrogel, the
TENG was applied in high-pressure applications, such as
harvesting mechanical energy during walking and running
(Figure 5b). The TENG encapsulated with VHB was
assembled on the soles of shoes to detect walking/running
motion. Compared to walking, running generated the higher
frequency and pressure to the soles, resulting in an increase in
generated voltage from ∼50 to ∼200 V, indicating that the
TENG can effectively monitor the human motion state.
Notably, the hydrogel did not rupture after testing,
demonstrating its stability under high-pressure applications.
To further explore the energy harvesting capability of TENG,
the equivalent circuit of a self-charging system was constructed.
The alternating current generated by the TENG was converted
to direct current through a rectifier to charge commercial
capacitors. The 1 and 4.7 μF capacitors were charged at a
contact separation frequency of 1 Hz. By detection of the
voltage increase across the capacitors, it was confirmed that the

Figure 3. (a) Voc, (d) Isc, and (g) Qsc of a PDMS-VHB single-
electrode TENG with a contact separation frequency of 1.4 Hz. (b)
Voc, (e) Isc, and (h) Qsc of a PDMS-VHB single-electrode TENG
with a contact separation frequency of 1 Hz. (c) Voc, (f) Isc, and (i)
Qsc of a PDMS-VHB single-electrode TENG with a contact
separation frequency of 0.67 Hz.

Figure 4. Scheme of the working mechanism of the single-electrode hydrogel TENG and the electrical signal of sensor based on the single-
electrode TENG pressed with different force and frequency.
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TENG successfully harvested and stored energy in the
capacitors (Figure 5c and Supplementary Movie 3).

■ CONCLUSIONS
In summary, we successfully constructed a self-generating
slide-ring hydrogel using carboxymethyl-α-cyclodextrin (CM-
α-CD), acrylamide (AAm), acrylic acid (AA), PEG20000
diacrylate (PEG20000DA), and calcium chloride, which can be
applied in the human−computer information transfer system.
Herein, calcium ions coordinate with the carboxyl groups in
AA and CM-α-CD to establish a cross-linking network within
the hydrogel, facilitating the formation of a slide-ring
supramolecular structure. Experiment results demonstrated
that the incorporation of rotaxane effectively enhances the
mechanical properties of the hydrogels. When applying this
slide-ring hydrogel to the electrode of TENG, the slide-ring
hydrogel effectively promotes the generation of 102 V-level
voltage and μA-level electric current by simply rubbing the
hydrogel. Benefiting from the available voltage and current
changes of the slide-ring hydrogel corresponding to various
human body movements for different sites (finger, wrist,
elbow, knee) and modes (walking, running), the slide-ring
hydrogel can be used for self-generating flexible information
transformation from human skin to computer. We believe that
the supramolecular self-generating slide-ring hydrogel based on

cyclodextrin provides a fresh perspective for the preparation of
flexible electronic device materials.

■ EXPERIMENTAL SECTION
Materials. Bromoacetic acid, acrylamide (AAm), acrylic acid

(AA), and calcium chloride (CaCl2) dehydrate were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Polyethylene
glycol (PEG20000), acrylamide acryl chloride, and 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methyl propiophenone (I2959) were purchased from
Tianjin Heowns Biochemical Technology Co., Ltd. α-Cyclodextrin
was purchased from Zhiyuan Biotechnology Co., Ltd. Triethylamine
(TEA) was purchased from Beijing Bailingwei Technology Co., Ltd.,
without further purification. PEG20000 diacrylate (PEG20000DA) was
prepared by using reported methods.8

Preparation of CM-α-CD/PEG20000DA Polypseudorotaxane.
200 mg of PEG20000-DA was dissolved in 10 mL of deionized water,
and then a corresponding ratio of CM-α-CD was added. After an
ultrasonic treatment for 30 min, the mixture was refrigerated at 0 °C
for 48 h to get the polypseudorotaxane solution.
Preparation of the CM-α-CD/PEG20000DA/AAM Hydrogel.

200 μL of well-shaken CM-α-CD/PEG20000DA polypseudorotaxane
solution was added to a sample tube with 800 μL of 300 mg/mL
acrylamide aqueous solution, and then 1 mg of I2959 and 40 mg of
calcium chloride were added to the system. After the tube was shaken
until the mixture became clear, the mixture was transferred to a
Teflon mold, covered with a glass coverslip, and irradiated under UV
light (365 nm, using portable UV analyzer ZF-7A) for 15 min to get
the CP hydrogel.
Preparation of the CM-α-CD/PEG20000DA/AAM/AA Hydro-

gel. 200 μL of well-shaken CM-α-CD/PEG20000DA polypseudor-
otaxane solution was added to a sample tube with 600 μL of 300 mg/
mL acrylamide aqueous solution and 200 μL of acrylic acid, and then
10 mg of I2959 and 40 mg of calcium chloride were added to the
system. After the tube was shaken until the mixture became clear, the
mixture was transferred to a Teflon mold, covered with a glass
coverslip, and irradiated under UV light (365 nm, using portable UV
analyzer ZF-7A) for 20 min to get the CPAA hydrogel.

The hydrogel can also be prepared by thermal initiation. 200 μL of
well-shaken CM-α-CD/PEG20000DA polypseudorotaxane solution was
added to a sample tube with 600 μL of 300 mg/mL acrylamide
aqueous solution and 200 μL of acrylic acid, and then 1 mg of K2S2O8
and 40 mg of calcium chloride were added to the system. After
shaking up the tube until the mixture became clear, the mixture was
transferred to a Teflon mold, covered with a glass coverslip, and
heated in the oven at 60 °C for two h to get the CPAA hydrogel.
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Working mechanism of the single-electrode hydrogel
TENG and the electrical signal of sensor base on the
single-electrode TENG pressed with different forces and
frequencies (MP4)
Active motion sensor installed on the finger and wrist for
monitoring the motion state, along with the voltage
output of the motion sensor during repeated motion
processes (MP4)
Equivalent circuit of the self-charging system utilizing
energy obtained from TENG to power capacitors, along
with the voltage of 1 μF capacitor charged by the TENG
with the contact separation frequency of 1 Hz (MP4)
Synthesis and characterization of compounds, NMR
spectra, 2D ROESY, FTIR spectrum, SEM images,
representative EDS spectrum, rheological tests, electro-
chemical AC impedance spectra, tensile stress−strain

Figure 5. (a) Schematic of the active motion sensor installed on the
finger and wrist for monitoring the motion state, along with the
voltage output of the motion sensor during repeated motion
processes. (b) Schematic diagram of the active motion sensor
installed on the sole of the shoe for monitoring the motion state to
harvest walking and running energy, along with the voltage output of
the motion sensor during walking and running processes. (c)
Equivalent circuit of the self-charging system utilizing energy obtained
from TENG to power capacitors, along with the voltage of 1 and 4.7
μF capacitors charged by TENG with the contact separation
frequency of 1 Hz.
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curves, tensile toughness, residue strain, fracture energy,
fatigue threshold, Young’s modulus, compressive stress−
strain curves, open-circuit voltage (Voc), short-circuit
charge quantity (Qsc), and short-circuit current (Isc) of
the TENG and schematic of the active motion sensor
provided (PDF)
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