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A B S T R A C T

3D-printed structured hydrogels hold significant promise for applications in human-machine interfaces, elec
tronic skins, and health monitoring. However, their development is hampered by the inherent conflict between 
rapid fabrication and slow growth of long-chain polymer, manifesting as low mechanical strength and high 
hysteresis. Herein, we developed an aqueous interfacial diffusive polymerization (AIDP) strategy by leveraging 
spatially distributed MXene to trigger the generation of free radicals at room-temperature. This strategy effec
tively decouples the 3D printing shaping process from the subsequent long-chain growth. The preliminary 
framework further polymerizes in the initiator bath and develops into a dense, highly-entangled network with 
time – a technique designated as 4D printing. As a result, highly uniform, resolution hydrogels (~162 μm in 
width) with large tensile strength (0.73 MPa) and remarkably low hysteresis (< 3 % at 200 % strain) are achieved 
simultaneously. These enhanced mechanical properties enable stable acquisition of electrical signals when the 
ion-conductive hydrogel functions as a strain sensor. Furthermore, the hydrogel was integrated into a smart 
glove, demonstrating real-time, wireless device manipulation through finger-joints-activity signal classification 
using machine learning algorithms. This work demonstrates significant potential for next-generation flexible 
electronics and bio-interfaces.

1. Introduction

Hydrogels are indispensable in artificial organs and tissues due to 
their exotic properties such as biocompatibility [1,2], hydrophilicity 
[3–5], and flexibility [6–10]. Developing elastic, ionic-conductive 
hydrogels capable of sensitively monitoring bioelectrical signals is 
important for the advancement of electronic skin [11,12], brain- 
machine interfaces [13,14], biomedical implants [15], and tissue 
regeneration [16], etc. To date, 3D printing of hydrogels has been 
extensively explored [17–19]. However, these as-printed hydrogels 
achived by extruding the inks with pre-polymerized network through 
the nozzle, typically exhibit compromised mechanical strength and large 
hysteresis that incompatible with the ever-increasing demands on the 

advanced hydrogels. In other words, balancing precise control over 
polymer network growth while achieving efficient printing of hydrogels 
with high-resolution has proven to be quite challenging [20]. To this 
end, introducing a time dimension into printing—allowing the prelim
inarily polymerized materials to change their structures over time—so 
called four dimensional (4D) printing, is expected to revolutionalize the 
hydrogels with exotic properties. Importantly, 4D printing not only in
herits all the advantages of 3D printing, but also enables the printed 
precursor inks to intentionally alter their shape, properties, or functions 
over time in response to external stimuli [21].

In recent years, 4D printing of hydrogels has primarily focused on 
two approaches: vat photopolymerization and direct ink writing (DIW) 
[22]. The photopolymerization-based 4D printing produces complex 
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hydrogels with high resolution [18]. For instance, Dhand et al. recently 
reported the use of photopolymerization strategy to rapidly solidify the 
hydrogel shapes and to initiate continuous redox polymerization 
thereafter, forming highly entangled hydrogel networks [23]. This 
photopolymerization-based 4D printing effectively resolves the contra
diction between the formation of highly entangled networks and the 
printing speed, nevertheless, issues including narrow selection of suit
able inks and the inhomogeneous polymerization during the curing 
stage greatly limit this strategy from massive application.

Alternatively, DIW-based 4D printing is known for the broad mate
rial choices, multi-material printing capability and cost-effective [24]. 
Nonetheless, due to the structural design and molding method of 
hydrogel network, this method suffers from lower resolution, poor me
chanical stability, and slower printing speed. For example, MXene-based 
hydrogels can be 4D printed assisted by the thermal stimuli, however, 
the formation of non-covalent bonds render brittle, unstable physical 
bridging networks in the hydrogel [25]. By designing physically 
entangled polymer chains, stretchable and mechanically robust hydro
gel structures can be realized [26]. Nevertheless, the printing speed as 
well as the controllable formation of entangled network remain major 
challenges. On the other hand, 4D printing of hydrogels in supportive 
baths has emerged as a new strategy for fabricating hydrogels with 
complex geometries at high resolution.

Recent advances suggest that diffusion-driven polymerization can 
overcome these trade-offs. Cai et al. [27] systematically categorized 
diffusion-enabled bioprinting into “into-ink,” “out-of-ink,” and “within- 
construct” paradigms, highlighting how directional transport of initia
tors or activators across interfaces can be harnessed as a design principle 
rather than treated as a limitation. Building on this concept, Ding et al. 
[28] demonstrated that diffusive influx of initiators, when coupled with 
anisotropic crosslinking, enables 4D living-cell constructs with pro
grammed shape morphing. More recently, Lee et al. [29] extended 
diffusion-activation to thermosets: activators in an embedding bath 
diffuse into the ink to unmask a dormant Ru catalyst, curing a polymer 
“skin” in situ.

Therefore, we have integrated our previously proposed unique 
mechanism of MXene-triggered initiator dissociation [30] with the 
distinctive printability and extrudability of MXene dispersions [31]., 
and we propose an AIDP strategy to rapidly 4D printing of elastic 
hydrogels with ultralow hysteresis. Once the inks (consisted of mono
mer, crosslinker, thickener and MXene flakes) are extruded into the 
initiator solution, the initiator rapidly diffuse into the ink and interact 
with MXene nanosheets, the latter greatly lowers down the decompo
sition enthalpy of the former, releases abundant free radials (⋅SO₄− ), 
triggers rapid interfacial polymerization and quickly solidifies the sur
face of 3D extruded filaments. As a result, the shape and geometry of the 
extruded filaments are well preserved without disassembling. The junior 
framework further polymerizes in the initiator bath and develops into a 
dense, highly-entangled network with time, leading to ionic-conductive 
(~4 S/m) hydrogels with superior elasticity, low hysteresis (2.93 %), 
high modulus (0.73 MPa) and self-healing capability, etc. We define the 
technology of extruding this ink into an initiator solution and subse
quently spatially growing and shaping the polymer over time as 4D 
printing technology. We further demonstrate the application of these 4D 
printed hydrogels as stretchable strain sensors, offering high sensitivity, 
long-term stability and minimal electrical hysteresis. We note that such a 
AIDP-assisted 4D printing strategy imposes less requirements on ink 
rheology and thixotropy, and eliminates issues such as undesired poly
mer diffusion. This approach is expected to be compatible with a wide 
variety of liquid-phase soluble initiators and precursor inks, facilitating 
room-temperature (RT) multi-materials 4D printing of hydrogels for 
wireless remote sensing and real-time monitoring of biological 
activities.

2. Experimental section

2.1. Materials

Titanium powder (99.5 %), aluminum powder (99.5 %), graphite 
(99 %), acrylamide (AM, AR), hydroxypropylmethyl cellulose (HPMC, 
15000 mPa.s), N, N′-methylene diacrylamide (MBAA, 99 %), ammonium 
persulphate (APS, 98 %, Adamas), sodium chloride (NaCl AR).

2.2. Synthesis of the Ti3AlC2 MAX phase

Graphite, titanium powder, and aluminum powder were blended in a 
molar ratio of 1.8:3:2.2 and subjected to ball milling for 18 h. The 
resulting mixture was then heated to 1600 ◦C and held at this temper
ature for 8 h in an argon environment. Once cooled naturally, the sin
tered block was pulverised and passed through a 400-mesh sieve to yield 
particles smaller than 38 μm. The powder was subsequently treated with 
9 M hydrochloric acid at 40 ◦C under continuous stirring for 72 h to 
eliminate intermetallic impurities. Following this, the powder was 
exhaustively washed with deionised water and dried under vacuum at 
80 ◦C for 6 h. The final MAX-phase powder was stored in a glovebox for 
subsequent applications.

2.3. Wet-etching of the Ti3C2Tx MXene

A quantity of 1 g of Ti3AlC2-MAX powder was gradually introduced 
into 20 ml of a mixed solution comprising concentrated HF (49 wt%), 
concentrated HCl (36 wt%), and DI-water in a volume ratio of 1:6:3. The 
MAX phase underwent etching at 35 ◦C for 48 h. Subsequently, the 
MXene product was purified via repeated centrifugation cycles using DI- 
water until a neutral pH of approximately 7 was attained.

2.4. Delamination of Ti3C2Tx MXene

To facilitate the intercalation of Li+ ions between MXene layers, 
multilayered MXene was agitated in a 20 mg/ml LiCl solution at 35 ◦C 
with a stirring speed of 300 rpm for 18 h. The LiCl was then eliminated 
through a series of centrifugation steps at 3500 rpm for 10 min, with the 
supernatant being discarded and the sediment redispersed in DI-water 
eight times. For the isolation of single-layer Ti3C2Tx nanosheets, the 
centrifuged MXene sediment was redispersed in DI-water and subjected 
to vigorous shaking for 30 min using a vortex mixer. The resulting 
suspension was centrifuged at 3500 rpm for 1 h to yield an upper 
dispersion containing few-layered MXene, which was subsequently 
centrifuged at 12000 rpm for 1 h. The MXene slurry obtained from the 
bottom of the centrifuge tube was homogenised with a Mayer rod, and a 
few drops of water were added to adjust the MXene ink to the desired 
concentration. To determine the solid content C of the prepared MXene 
ink, a sample of M grams was vacuum-dried at 80 ◦C for 12 h, with the 
resulting dried powder weighing m grams. By repeating this procedure 
ten times, the solid content C was calculated using the formula C = m/M.

2.5. Characterization

The structure of MAX was confirmed by X-ray diffraction (XRD, Cu 
Kα radiation, λ = 1.54178 Å, D/max 2550 V, Rigaku) and the 
morphology was studied by scanning electron microscopy (SEM, ZEISS 
Sigma 300), transmission electron microscopy (TEM, Japan-JEOL-JEM 
2100Plus), atomic force microscopy (AFM, Bruker Dimension Icon) 
and the elemental composition was characterized by Energy Dispersive 
Spectroscopy (EDS, OXFORD X-act one) and X-ray Photoelectron Spec
troscopy (XPS, Thermo Scientific ESCALAB Xi+), Electron paramagnetic 
resonance (EPR, Bruker-EMXplus) spectroscopy was employed to detect 
the sulfate radicals produced. 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO) was used as the trapping agent for the radicals generated 
from the dissociation of APS by MXene. Fourier Transform infrared 
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spectroscopy (FTIR) were recorded using a FTIR spectrometer (SHI
MADZU-IRTracer-100).

2.6. 4D printing

Ink preparation: The extrusion printing ink comprises acrylamide 
(monomer), MBAA (crosslinking agent), hydroxypropyl methylcellulose 
or HPMC (rheological modifier), and MXene slurry (trigger, ~50 mg/ 
ml). Here, W denotes the monomer-to-water mass ratio, while C repre
sents the crosslinking agent-to-monomer molar ratio. Initially, the 
monomer, water, and MXene slurry (W = 4:3) are combined and 
homogenised in a mortar grinder at 1500 rpm for 30 min. MBAA (C = 1 
× 10− 5) and HPMC (rheological modifier-to-water mass ratio = 1:16.7) 
are then introduced and mixed for 60 min to achieve a homogeneous, 
extrudable ink.

Preparation of the initiator solution: APS and water were blended in 
a 1:16 mass ratio, followed by 30 min of stirring, yielding the initiator 
solution.

Printing: A programmable three-axis pneumatic robotic deposition 
system (SM500ΩX-3ASS, MUSASHE), integrated with drafting software 
(MuCAD, MUSASHI), was employed to extrude-print highly elastic 
hydrogels. The process was conducted under consistent parameters: air 
pressure (30–60 kPa), nozzle speed (8–12 mm s− 1), and nozzle-to-base 
distance (350–450 μm). The prepared ink was dispensed through a cy
lindrical nozzle (14 G) into an initiator solution for mechanical testing. 
The pattern used for mechanical testing is printed in a snake like pattern 
to create a rectangular pattern (2 cm * 5 cm). For the subsequent 
printing of the strain sensor hydrogel and patterned structure, under the 
same conditions, we use a 21 G needle to print. For the finely arranged 
hydrogel structure printed in the article for optical microscope obser
vation, the 30 G needle tube is used for printing.

Post-printing, the hydrogel was extracted from the initiator solution 
following a 30-min dwell period. To eliminate surface residual APS and 
enhance ionic conductivity, the printed hydrogel was washed for 10 min 
with a sodium chloride aqueous solution (0.2 g/ml). It was then left to 
equilibrate at room temperature for 30 min prior to further testing.

2.7. Rheological characterization

Rheological properties were conducted on a rotational rheometer 
(MCR302, Anton Paar GmbH, Austria). All steady-state shear and dy
namic rheological tests were performed at room temperature using a 20 
mm stainless steel parallel plate. Dynamic stress sweeps were carried out 
at a constant angular frequency of 1 rad⋅s− 1. Within the linear visco
elastic range of each sample, a series of oscillatory frequency sweep 
measurements were conducted.

2.8. Tensile testing

Uniaxial tensile testing was performed on 3D-printed dog-bone 
specimens at a constant strain rate of 100 mm/min via an electronic 
tensile tester. To mitigate grip slippage or shoulder distortion, the ends 
of the printed strips were affixed with abrasive paper, guaranteeing no 
slippage during testing and ensuring all samples fractured within their 
linear elastic regime. Stress was computed as the ratio of measured force 
to the original cross-sectional area, whereas strain was derived from 
displacement relative to the initial gauge length. The Young's modulus 
was obtained from the linear segment of the stress-strain curve.

2.9. Conductivity measurements

The resistance (Ω) of the hydrogel was measured using a VICTOR 
4090C system. The relative resistance change was calculated by the 
following equation: 

ΔR
R0

=
Rr − R0

R0
×100% 

where Rr denotes the real - time resistance of the hydrogel during the 
deformation process, and R0 denotes the resistance of the hydrogel in the 
initial state. The gauge factor (GF) was defined as: 

GF =

(
ΔR
R0

)/

ε 

where ε represents the applied strain.
The electrochemical impedance spectroscopy (EIS) curves were 

measured using a CHI760E electrochemical workstation, within a fre
quency range from 10− 2 Hz to 106 Hz. The ionic conductivity (σ) of the 
hydrogel electrolyte was computed in accordance with the following 
equation: 

σ =
l

R × A 

L and A represent the thickness and the test area of the hydrogel elec
trolyte respectively, and R is the ohmic resistance derived from the high 
- frequency intercept of the semi - circle in the Nyquist plot.

2.10. Measurement of water content

The Swelling degree (SD) of the hydrogel is determined by 
comparing the weights of the samples at equilibrium. It is calculated 
using the following equation: 

SD =
m − m0

m0
×100% 

Herein, m represents the real - time weight of the hydrogel at various 
swelling times, while m0 denotes the weight of the original hydrogel 
prior to swelling.

2.11. Application of epidermal strain sensors

Subtle electrophysiological signals are acquired via encapsulated 
hydrogel electrodes and commercial copper electrodes. Human move
ments and sound signals are detected by adhering hydrogel to the 
human body, and current signals are recorded in real time using an 
CHI760E electrochemical workstation. All participants signed the 
informed written consent prior to the research.

2.12. Construction of the wireless signal acquisition device

A strain sensor was integrated into a voltage divider circuit, 
comprising a 100 kΩ series resistor with a 5 V applied voltage. Voltage 
signals of the five sensors were individually sampled through five 
analog-to-digital converter (ADC) pins on an Arduino Nano. Data 
transmission was facilitated via a Bluetooth module. The entire wireless 
device was powered by two 18,650 batteries connected in series.

2.13. Machine learning framework

During the training phase, gesture signals from five channels were 
acquired using a smart glove. Active segments and rest segments were 
differentiated based on voltage ranges. The average voltage within each 
active segment was computed to generate a five-element array. A pre- 
trained Residual Neural Network (ResNet), consisting of 32 convolu
tional layers and one fully connected layer, served as the starting point 
for transfer learning. Within the training model, feature vectors under
went dimensionality reduction through iterative processing across 
convolutional layers, followed by pooling layers and activation layers. 
Each gesture was repeated twenty times per participant to construct the 
training dataset. The parameters of model were adjusted to achieve 
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appropriate convergence. During the operational phase, all channel 
signals were continuously recorded, processed, and fed into the trained 
model. Corresponding gestures were dynamically recognized and 
translated into motion commands. These commands were wirelessly 
transmitted via Bluetooth to control a toy car equipped with an Arduino 
Uno microcontroller.

3. Results and discussion

3.1. MXene-triggered AIDP process

We start by describing the MXene synthesis. Ti3AlC2 MAX phase was 
sintered according to literature using titanium powder, graphite as Ti 
source, carbon source, respectively [32–34]. All XRD peaks are well 
indexed with the standard PDF card, together with the ternary layered 
morphology in the SEM image (Fig. S1), suggesting that the as- 
synthesized MAX phase (grain size ~25 μm) is of high-quality. Wet- 
etching of Ti3AlC2 results in accordion-like multilayered MXene 
(Fig. S2), which delaminates into MXene flakes with distinctly defined 
edges and a smooth surface upon manual shaking, as evidenced by the 
TEM (Fig. S3a). These flakes are ultrathin, as confirmed by the TEM and 
AFM (Fig. S3b).

Conventional hydrogel synthesis typically requires high-energy 

input, long polymerization time and/or high initiator (i.e., APS) con
centration, yielding hydrogels with mediocre mechanical properties and 
large hysteresis. Very recently, we demonstrated the unique yet general 
MXene triggering chemistry that allows the rapid production of hydro
gels at RT [30]. This fits exactly well with the 4D printing of hydrogels, 
as one needs to ensure the rapid solidification of the extruded filaments 
(at least on the top surface). As such, we propose the AIDP-assisted, 
high-precision 4D printing of robust hydrogels with highly entangled 
architectures enabled by the MXene triggering chemistry.

As schematically illustrated in Fig. 1a, the formulated inks are 
comprised of AM monomers, HPMC as thickener, MBAA as crosslinker 
and MXene flakes as the trigger. The high-molecular-weight HPMC 
renders pronounced steric hindrance in the ink, significantly retarding 
the free-flow of the filaments once 3D extruding into the dilute initiator 
solution. The initiator further diffuses into the extruded filaments where 
MXene further accelerates the production of free radials (⋅SO₄− ). These 
radicals initiate time-resolved in-situ polymerization of AM monomer 
inside the filaments, yielding long-chain polymers that evolve into a 
chemically crosslinked, highly entangled hydrogel network. This dy
namic polymerization mechanism facilitates the formation of hydrogel 
microstructures with exceptional elasticity and mechanical robustness. 
This AIDP-assisted strategy offers a versatile, RT-compatible platform 
for 4D printing of complex hydrogels, broadly applicable to systems 

Fig. 1. 4D printing of hydrogels enabled by the MXene triggering chemistry. a) Schematic diagram of AIDP hydrogel process b) Ti 2p and c) C 1 s XPS spectra of 
MXene-AM powders. d) EPR spectra of MXene-APS solutions. e) The real-time evolution of storage (G') and loss modulus (G") of the precursor solutions. f) FTIR 
spectra change of the precursor solutions reacting with APS solutions at RT.
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utilizing aqueous initiators and MXene-mediated radical triggers. It 
significantly expands the printable material library in DIW and in
troduces new avenues for constructing chemically tunable, mechani
cally resilient soft matter systems.

To elucidate the underlying mechanism of MXene-triggered AIDP, 
we conduct a series of spectroscopic and rheological analyses. As shown 
in the Ti 2p₃/₂ XPS spectra (Fig. 1b), pristine Ti₃C₂Tₓ MXene exhibits 
characteristic peaks at 455.0, 456.0, 457.3, and 458.45 eV, corre
sponding to Ti–C, Ti(II), Ti(III), and Ti(IV), respectively [25]. Upon 
introduction of acrylamide (AM), the relative intensity of the Ti–C and 
Ti(II) peaks significantly decreases, while Ti(III) and Ti(IV) signals are 
notably enhanced (Table S1). The shift toward higher binding energies 
suggests the interfacial electronic delocalization from MXene to AM, 
indicative of coordination interactions between the electron-rich MXene 
surface and AM monomers. The C–Ti bond peak shifts from 281.8 eV 
(pristine MXene) to 281.6 eV in the MXene–AM system (Fig. 1c and 
Table S2), further supporting the occurrence of charge transfer at the 
interface.

EPR spectroscopy provides direct evidence for the MXene triggering 
effect (Fig. 1d). While aqueous APS alone shows negligible radical sig
nals under ambient conditions, the addition of MXene instantly produces 
strong signals corresponding to sulfate and hydroxyl radicals. This 
observation aligns well with our reported mechanism, which MXene 
triggers the APS decompostion to ⋅SO₄− , the key to the accelerated AM 
polymerization at RT [30]. This is further confirmed by the modulus 
analysis. Upon contacting the APS solution, the storage modulus (G') and 
loss modulus (G") of the precursor ink rapidly increase within tens of 
seconds, confirming fast gelation triggered by MXene-mediated radical 
generation (Fig. 1e). The ink remains the viscoelastic fluid within 165 s 
(as G" > G'), beyond which phase change occurs from fluid to elastic 
solid (as G' > G“), indicative of solidification completion (at least on the 
ink surface). In contrast, the G' and G" shows little variation in the inks 
without MXene (Fig. S4). It's worth noting that our minutes-scale so
lidification time is much shorter compared to the rest of hydrogels' 
gelling time, suggesting the potentially scalable production of large 
hydrogels is cost-effective.

Over time, the sulfate radicals triggered by MXene flakes induce the 
generation of short-chain monomer radicals, which progressively 
propagate to form long-chain polymers. Due to the initiator (aq.) con
centration is low, this time-dependent polymer growth gradually forms 
highly entangled network structure within the printed filaments [35]. 
FTIR was employed to track the time-resolved monomer conversion [23] 
(Fig. 1f). Upon exposure to APS at RT, the intensity of the acrylamide 
C––C stretching peak in the ink decreases steadily. After ~9 min, the 
conversion of C––C double bonds reaches ~88.8 %, with ongoing 
polymerization observed thereafter (Fig. S5).

Collectively, both modulus and FTIR data confirm the plausibility of 
AIDP-assisted 4D printing enabled by MXene triggering chemistry. This 
allows rapid structural fixation of 3D-printed hydrogel filaments within 
a short timescale, followed by sustained chain propagation and network 
entanglement during post-curing with time. As such, our strategy is 
expected to achieve high-precision, rapid printing of resilient hydrogels 
with long-chain, entangled hydrogel networks, as will be discussed 
below.

3.2. Demonstration of AIDP-assisted 4D printing

Next, we demonstrate the AIDP-assisted 4D printing. The ink exhibits 
a shear-thinning, non-Newtonian behavior (Fig. 2a) with a thixotropy 
phenomenon (Fig. 2b). By applying a yield stress over 90 Pa, the ink G" 
dominates G', suggesting that the ink becomes flowable, allowing for 
continuous extrusion through the nozzle (Fig. 2c). Upon the removal of 
applied stress, the G' surpasses G", indicating that the shape of as- 
extruded lines can be well preserved with minimal swelling (Fig. S6 
and Video S1). Therefore, a variety of texts (such as MXene Sichuan 
university) and stretchable patterns (Fig. 2d and Video S3) as well as 

compressible cones arrays and 3D rectangular block (Fig. 2e, Fig. S7 and 
Video S4) are successfully printed, highlighting the broad applicability 
of our printing technique in producing stretchable, compressible 
hydrogel-based electronic skins. To reveal the printing accuracy, 
hydrogel lines were 4D-printed and imaged using the optical microscopy 
(Fig. 2f). The extruded hydrogel filaments tend to form trapezoidal or 
dome-like geometries (Fig. S8), a prerequisite of high-resolution print
ing. These printed lines are uniform and straight with a line width of 
162 μm and line spacing of 51 μm, respectively (Fig. 2g). The variation 
of line width is as low as 0.53 % while the gap variation is slightly higher 
(1.86 %, Fig. 2h). The high spatial uniformity in the rapid-printed 
structures indicate that our AIDP-assisted 4D printing holds a bright 
future in hydrogel-based electronic skins.

3.3. Analysis of highly entangled hydrogel networks

Recent work by Suo and co-workers demonstrated that under con
ditions of high monomer content and low crosslinker concentration, 
sparse chemical crosslinking induces dense chain entanglement [32]. 
Notably, such hydrogels retain low hysteresis, low friction, and high 
wear resistance even after reaching swelling equilibrium in water. To 
this end, we formulated precursor inks with a molar ratio of MBAA 
crosslinker to AM monomer (54.8 wt%) of 10− 5:1, and 4D printed 
polyacrylamide (PAM) hydrogels with highly entangled chains network 
at RT. The tensile stress–strain profiles of printed hydrogels strips vary 
profoundly with MXene content (Fig. 3a). The hydrogel printed with 
0.64 wt‰ MXene exhibits the highest Young's modulus (126 kPa), ten
sile strength (743 kPa), and fracture strain (~600 %). Insufficient 
MXene leads to less radicals to fully proceed polymerization, resulting in 
inferior mechanical strength compared to those triggered by a higher 
MXene content.

We further analyze the hysteresis behavior of as-printed hydrogel 
strips to evaluate the entanglement density of these networks. As shown 
in Fig. 3b, c, hydrogels with a low MXene content exhibit a hysteresis 
ratio of ~26 % at 200 % strain, indicative of loose network structures 
and poor stress dissipation due to low polymerization density. Never
theless, too much MXene content initiate excessive physical crosslinking 
and leads to increased hysteresis (Fig. S9). A lowest hysteresis ratio 
below 6 % is achieved in the hydrogel with 0.64 wt‰ MXene, suggesting 
the formation of highly elastic hydrogel networks at this optimal MXene 
content. Indeed, indivdual 4D-printed hydrogel stips also exhibit similar 
high modulus and low hysteresis as the bulk hydrogel (Fig. S10), which 
can be well maintained over 1000 cycles of large-deformation loading 
(Fig. 3d). Unlike traditional polymer hydrogels, the tensile response of 
4D printed hydrogels is almost independent of the stretching rate. 
Within the strain rate range of 20–200 mm/min, the optimized 4D- 
printed hydrogel exhibits a hysteresis ratio of 2.93 % at 200 % strain, 
demonstrating its excellent elasticity (Fig. S11).

Since the storage modulus (G') in the high-frequency region can be 
used to indicate the state of crosslinking and entanglement inside the 
hydrogel [36]. we employed the rheological measurements to unveil the 
advantage of entangled network in MXene-triggered 4D-printed hydro
gel over thermally polymerized networks in conventional hydrogels. As 
shown in Fig. 3e, the G' of the MXene-triggered 4D-printed hydrogel is 
approximately twice that of the conventional hydrogel. Since the 
monomer-to-crosslinker molar ratio and the swelling mass fraction are 
same in both hydrogels, the number of covalent crosslinking points is 
deemed as similar, it thus can be fairly assumed that MXene-triggered 
4D-printed hydrogel has a higher number of chains entanglements 
than the thermally initiated hydrogel.

Fig. 3f compares the swelling of MXene-triggered 4D-printed 
hydrogel with conventionally thermal-initiated hydrogel, showing a 
three times lower swelling than that of thermal-initiated hydrogel after 
immersing in water for 720 min (Fig. S12). This also demonstrates that 
MXene-triggered monomer crosslinking induces a greater number of 
entanglement structures [37]. The exceptional strength, together with 
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the minimal hysteresis and electrical property in our MXene-triggered, 
4D-printed hydrogel outperforms the rest of hydrogels known in terms 
of these key parameters (Fig. 3g and Table S3). For instance, polyvinyl 
alcohol (PVA) freeze-thaw hydrogels—known for their crystalline 
domains—deliver high tensile strength at the cost of compromised 
elasticity, while cast hydrogels exhibit low energy dissipation (hyster
esis) with unsatisfied mechanical strength.

3.4. Sensing performance of 4D printed elastic hydrogel

We 4D-printed a single line of hydrogel and conducted correspond
ing electrical performance tests. The single line exhibits a high stretch
ability (~600 %) and sensitivity over a large linear range (GF = 5.5), 
among other properties (Fig. S13a). We note that a sensitivity of 5.5 has 
not been reported over such a wide stretchablity range yet, suggesting 
the broad potential application of our 4D printed hydrogel for multiple 
scenarios sensing. EIS was used to evaluate the ionic conductivity of 
hydrogel lines printed with different MXene contents (Fig. 4a, 
Fig. S13b). The ionic conductivity decreases as increasing the MXene 
content, which can be fairly attributed to the denser crosslinked struc
ture enabled by the high MXene content, leading to sluggish ion 
migration. The encapsulated strain sensor based on 4D-printed hydrogel 
(Fig. 4b) exhibits an excellent elasticity with a low hysteresis, likely due 
to the highly entangled network structure of the hydrogel (Fig. 4c). To 

evaluate the stability of the sensor's electrical signal under different 
stretching frequencies, repeated stretches were applied at varying fre
quencies (0.1, 0.2, 0.5, and 1 Hz). The strain sensor demonstrates stable 
electrical signals under different frequencies (0.1–1 Hz, Fig. 4d), 
stretching magnitudes (10–90 %, Fig. 4e, f) or voltages (0–200 % strain, 
Fig. 4g), indicative of remarkably stable sensitivity in the 4D-printed 
hydrogel. The strain sensor responses within 3 s upon applying 50 % 
strain, guaranteeing potential swift detection without severe signal 
delaying (Fig. S14). Even after ~750 loading-unloading cycles at 100 % 
strain, the strain sensor showcases no obvious signal drift or fluctuation, 
confirming its high mechanical durability and long-term cyclic stability 
(Fig. 4h). Moreover, the abundant hydrogen bonds in the network en
dows the self-healing property in the 4D-printed hydrogel. As shown in 
Fig. S15a, the 4D-printed MXene hydrogel strip is able to conduct direct- 
current electricity to light up a bulb. After cutting the hydrogel, the bulb 
turns off, and by simply rejoining two cut strips, the bulb lights up again 
after 1.6 s (Fig. S15b). The self-healed hydrogel shows negligible initial 
conductivity drift after rejoining and maintains consistent electrical 
properties even under 25 % strain (Fig. S13c).

Moreover, the 4D-printed hydrogel-based strain sensor—featuring 
superior ionic conductivity, high elasticity, and minimal hyster
esis—enables precise monitoring of subtle electrophysiological signals 
(i.e., muscle activity, vocal patterns, and carotid artery signals in sports 
rehabilitation). For instance, when the strain sensor is placed on the 

Fig. 2. High precision hydrogel 4D printing. Rheological properties of the precursor inks with viscosity plotted as a function of a) shear rate and b) interval shearing 
time. c) Storage modulus (G') and loss modulus (G“) of the precursor inks versus shear stress. d) The real-time AIDP-assisted 4D printing of “MXene SiChuan 
University” (After forming in the initiator solution, remove it), as well as optical images of high-resolution of 4D-printed stretchable structures. e) AIDP-assisted 4D 
printing of hyrogel-based cones-like arrays (After forming in the initiator solution, remove it). Print optical images of f) gap and g) line of periodic hydrogels. h) Gap 
width and line width distribution and i) their variation of AIDP-assisted 4D-printed hydrogel lines.
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larynx during speech (hydrogel, MXene), it captures well-defined signal 
peaks with high repeatability (Fig. 5a, Fig. S16), suggesting the prom
ising applications for voice-based diagnosis of disorders like Parkinson's 
disease and PTSD. The strain sensor can be used for pulse detection, best 
evidenced by the monitoring of three primary waveforms (percussion-, 
tidal-, dicrotic-) in the recorded carotid pulse in Fig. 5b. Similarly, the 
4D-printed hydrogel-based strain sensor is capable of monitoring the 
handwriting (Fig. 5c) and finger movements (Fig. S17), showing 
consistent, posture-dependent signal patterns with great reproducibility. 
These findings highlight the strain sensor's versatility in post-surgical 
rehabilitation and its promising applications in tracking cardiovascu
lar and neurological health.

Advancing further, we embed 4D-printed hydrogel-based strain 
sensors into a multifunctional smart glove for wirelessly car controlling 
(Fig. S18a). As shown in Fig. 5d, the entire system comprises finger- 
joints-activity signal capture, data processing, wireless transmission, 
and smart car motion control. The captured signals are translated into 
sign language gesture recognition, and fused with state-of-the-art ma
chine learning algorithms, enabling wireless remote control of a car with 

multi-degree freedom. For signal-driven sign language gesture recogni
tion and translation, a convolutional neural network (CNN) machine 
learning algorithm classifies and identifies signals from distinct gestures 
(Fig. 5e). Fig. 5f displays signals from six gestures, demonstrating 
consistent repeatability across repeated motions.

The dataset was then split into two overlapping subsets: 80 % for 
training and 20 % for testing. Fig. S18b employs a confusion matrix to 
evaluate the machine learning model, which attains robust classification 
accuracy and stability after 100 training epochs. Live demonstrations, 
captured in Video S2 and images, show real-time wireless car control via 
a volunteer's armband equipped with 4D-printed hydrogel strain sensors 
(Fig. 5g). This showcases the versatility of our highly entangled, ion- 
conductive 4D-printed hydrogels for next-generation human-machine 
interfaces and flexible electronics.

4. Conclusion

In summary, we have developed a novel AIDP-assisted 4D printing of 
highly entangled hydrogels enabled by the unique MXene triggering 

Fig. 3. Mechanical properties of highly entangled hydrogels. a) Tensile stress-strain curves of hydrogels with different MXene contents at 100 mm/min. b) Loading- 
unloading tensile curves of hydrogels at strains ranging from 50 to 400 % at a deformation rate of 100 mm/min. c) Hysteresis of hydrogels at each strain cycle under 
different strain rates. d) Stress-strain curves of MXene-triggered 4D-printed hydrogel over 1000 loading-unloading cycles at a 100 % strain. The curves are hori
zontally offset for clarity. The cycling numbers are shown on the curves. Comparison one) modulus and f) Anti-swelling properties of MXene-triggered 4D-printed 
hydrogels with thermal-initiated hydrogel. g) Mechanical strength and hysteresis ratio comparison of MXene-triggered 4D-printed hydrogels with reported hydrogels 
with similar strength [38–46].
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chemistry. This approach overcomes critical limitations in conventional 
hydrogel printing—such as poor shape fidelity, uncontrolled polymeri
zation, and unstable networks—by leveraging: (a) MXene rapidly gen
erates sulfate radicals upon contact with aqueous APS, enabling 
instantaneous interfacial polymerization to lock extruded geometries 
(achieving high-fidelity 162 μm line resolution). (b) Time-dependent 
network evolution: Subsequent slow polymerization in a low- 
crosslinker/high-monomer environment constructs dense, highly 
entangled networks, endowing hydrogels with exceptional elasticity, 
ultra-low hysteresis (~2.93 %). The 4D-printed hydrogels exhibit 
outstanding ionotronic properties, including high ionic conductivity, 
strain-sensitive resistance, and self-healing behavior. These wearable 
strain sensors enable high-fidelity monitoring of physiological signals (e. 
g., laryngeal movement, carotid pulse) and construction of robust, 
controllable, real-time human-machine interfaces with >98 % gesture 
recognition accuracy. However, it is worth noting that the AIDP tech
nique described in this work relies on a diffusion-initiated polymeriza
tion process triggered by the initiator, which has been verified in our 
experiments. Meanwhile, the monomers also tend to diffuse outward 
through the hydrogel matrix, potentially leading to a radial gradient 
within the network structure and a gradual decrease in monomer 

concentration. This outward diffusion may further induce epitaxial 
growth of monomers on the hydrogel surface. These issues will be sys
tematically investigated in our future studies, with particular focus on 
the growth behavior of the hydrogel network and the additional func
tionalities that may be induced by such diffusion-mediated processes. 
Overall, this work establishes AIDP as a generalizable platform for 
fabricating structurally complex, functionally adaptive hydrogels, 
opening avenues for advanced bioelectronics, soft robotics, and 
personalized healthcare devices.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2025.170043.
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