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Section 1. Materials and methods

Materials

All chemicals were used without further purification. Polyvinyl alcohol (PVA, lot number
30153160, molecular weight 75000 to 80000, 98% hydrolysis, Sinopharm Chemical Reagent Co.,
Ltd). 1-Butyl-3-methylimidazolium tetrafluoroborate (lot number A060002, molecular weight
226.03, Energy Chemical). 1-Buty-3-methylimidazolium acetate (lot number XW2840497581,
molecular weight 198.26, Energy Chemical). 1-Ethyl-1-methylpyrrolidinium bromide (lot number
E1050, molecular weight 194.12, Energy Chemical). 1-Butylpyridinium hexafluorophosphate (lot
number B2196, molecular weight 281.18, Energy Chemical). 1-Butylpyridinium bromide (lot
number H26995, molecular weight 216.12, Energy Chemical). Sodium hydroxide (NaOH, lot
number W810069, Energy Chemical). Potassium hydroxide (KOH, lot number 06055, Sigma-
Aldrich). Barium hydroxide (lot number B50460, Acmec biochemical). Carboxylated cellulose
nanofibers (CNF, lost number C11118234, diameter 50nm, length 1-3um, Macklin Reagent).
Deionized (DI) water was made in the laboratory.

Preparation of PVYA-OH hydrogels

PVA and ILs was dissolved in distilled at 98 °C under stirring until the solution became
homogeneous. Different solution of PVA/ILs was poured into a large plate, after gelation using a
high concentration solution of NaOH to form PVA-OH hydrogels. The number in PVA-OHx
represents the content of NaOH in PVA-OH hydrogels.

Preparation of NaOH/CNF Solution

NaOH/CNF solution was prepared by dissolving CNF (1 wt%) in NaOH and deionized water at -
15 °C for 1 h. According to most references, the method contributes to break the hydrogen bonds
inside the CNF and prevents its aggregation. The remaining solution was stored in a refrigerator at
-15 °C.

Preparation of PVA/ILs/CNF Solution

The solution of PVA/ILs was firstly prepared by dissolving PVA powder and ILs in deionized water.
The solution was heated in an oil bath at 98 °C with stirring for 1 h. Subsequently, the aqueous
solution of CNF was added in PVA/ILs solution and stirred for another 1h at room temperature.
Rheological characterization

The rheological behavior of hydrogel ink and other individual components solutions was
investigated by the rheometer (ARES-G2, TA Instruments) with a coaxial two parallel plate model,
in which the clamp diameter is 25mm and the gap is lmm. The plate temperature was set from 70
°C to 90 °C, and the frequency was from 102 Hz to 102 Hz. Storage (G') and loss moduli (G") were

probed via frequency test at y = 0.1% strain amplitude that lie in the linear viscoelastic region. By



following the principle of time-temperature superposition, master curves of G’ and G" over a wide
frequency range were constructed at a reference temperature of 80 °C.

Mechanical property determination

At least five dumbbell-shaped specimens were used for all tensile strength tests on the test machine
(2030, Zwick/Roell) at a strain rate of 50 mm/min. The stress-strain curves were measured by using
the specimens (length x width x thickness of work region is 25 mm x4 mm %2 mm) at room
temperature. The stress was evaluated by dividing the force by the initial cross-sectional area of the
specimens, and the strain was evaluated by dividing the deformed length by the initial length. In
addition, the area under the stress-strain curves was integrated to characterize the toughness. A
cylindrical specimen (29 mm D x 12.5 mm H) was used for a typical compressive test on the same
test machine at a compressive rate of 30 mm/min.

Morphology Characterization

All hydrogel specimens were frozen-drying using a SCIENTZ-10N/A freeze-dryer (Ningbo Scientz
Biotechnology co., Ltd.) for characterization of the microstructure of the PCI hydrogels. The freeze-
dried hydrogels were sputtered with gold after brittle fracture. Subsequently, the specimens were
carried out imaging using a CLARA GHM SEM (TESCAN).

X-ray Characterization

All hydrogel specimens were performed on XRD (D8 Focus, Bruker) to compare the crystallinity
by Cu-Ka radiation in a 26 range of 10° to 50°. The scan speed was 3°/min.

Thermal properties characterization

The thermal properties of PVA-OH were investigated using a differential scanning calorimeter
(DSC) (DSC 204F1, NETZSCH instruments, Germany). To prepare samples for DSC, the dried
samples were weighed (between 5-10 mg) in standard aluminum pans, sealed with lids, heated at
the rate of 20 °C/min from 25 to 230 °C using nitrogen as a purge gas.

Chemical properties characterization

The chemical structure of PVA-OH were analyzed with proton nuclear magnetic resonance
("HNMR) spectroscopy, and Fourier transformed infrared (FTIR). FTIR spectroscopy (VERTEX70,
Bruker, Germany) was performed using the attenuated total reflectance (ATR) mode in the range of

400-4000 cm'.



Section 2. Figure S1 to S13
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Fig.S1 Porosity images of PVA-OH hydrogel samples with different alkali concentrations
calculated by Image J software. Detection of [BMIM]BF, distribution in PVA-OH hydrogel samples

by energy dispersive spectrometer (EDS) analusis of F element.
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Fig.S2 The structural formula of cations used in Fig.2j and k.
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Fig.S3 Photos of mechanical properties of PVA-OH, hydrogel samples (All samples are treated
by freeze-thaw cycles). (a) The original length and weight of the sample is 8.5cm and 1.55g,
respectively. The PVA-OH, o hydrogel sample can lift 0.5kg (b) and 1.0kg (c) dumbbells. The PVA-
OH, hydrogel sample can be stretched over 5 times longer than the original length with (d) or

without (e) a knot.
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Fig.S4 (a) The frequency dependence of the dielectric constant and dielectric loss. (b) Ashby charts
of the Sensitivity of PVA-OH sensors versus various other PVA-based hydrogels. (c) Comparison
of sensitivity at 80% strain with flexible strain sensors reported.

Ionic liquids in systems endow PVA-OH hydrogels with great conductivity, permit vessel models
to have more novel functions. The variations of real (¢’) dielectric constants and dielectric loss (tan
d=¢’’/¢’) in hydrogels with respect to the frequency are governed by the intrinsic polarization of
interaction. It is evident that the €” of PVA-OH hydrogels decreased gradually with increasing the
content of NaOH over the test frequency, which is primarily ascribed to the enhanced complexation
restrains the accumulation of charges and reduces the intrinsic polarization (Fig.S4a). The
sensitivity of the sensor represented by the relationship between the relative resistance change and
the tensile strain of the PVA-OH hydrogel (Fig.S4b). The ratio of the two is defined as the gauge
factor (GF) to characterize the sensitivity of its tensile strain sensing. It can be observed that the
sensitivity exhibits piecewise linear characteristics. The GF changed from 3.9 (0-200%) to 13.2
(200-400%) and finally reached 18.7 with large strains (400-500%). The excellent sensitivity
ensures a clear electrical signal response even at low strains. Compared with previous literature, the

GF of PVA-OH hydrogel is significantly higher than others at 80% strain (Fig.S4c) [1-16].
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Fig.S5 The transparency of PVA/ILs medium with different content of CNF

The transparency of PVA/ILs medium reduced gradually with the increase of CNF content.
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Fig.S6 Schematic diagram of shear force with alkali/CNF solution flowing through the micro

needle
As the tip moves, the NaOH/CNF locally fluidizes and then rapidly solidifies, leaving a drawn
cylinder in its wake. Subsequently, NaOH diffuses into PVA/[BMIM]BF,/CNF gel medium,

solidifies and forms a cavity.
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Fig.S7 Photos of four micro needle with different diameter.
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Fig.S8 Photos of various 3D hollow hydrogel structures fabricated by this strategy. (a) A hollow
hydrogel structure with the shape of pulmonary vessels and its enlarged image (b) 3D printing
hydrogel spiral tube with the diameter of 308.1 um and the length of 12.7 cm. (c¢) Injected orange
liquid into the hydrogel spiral tube. (d) Front view and (e) top view of 3D model of spiral lines with
large diameter. (f-g) Photos of spiral tubes by 3D printed in PVA/[BMIM]BF4/CNF gel medium.
The stain was added in injected material (alkali/CNF) to distinguish from the medium. (h-i) Photos

of hollow spiral tubes fabricated by this strategy.
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Fig.S9 Fabricate ultrathin hydrogel membranes by doctor-blade method. (a) Schematic
representation of fabricating ultrathin hydrogel membranes with different doctor blade. (b)
Transparency of ultrathin hydrogel membranes. The dashed and solid lines indicate the samples
with or without freeze-thaw cycles, respectively. (¢) Transparency of ultrathin hydrogel membranes
prepared with different thickness of doctor blade. The green and blue columns indicate the samples
with or without freeze-thaw cycles, respectively. (d) Four thicknesses of hydrogel membranes
prepared by four thicknesses of doctor blades (25, 75, 150 and 250 um). Each sample was prepared

ten times by the same method to reduce errors. (e) Photos of transparency of ultrathin hydrogel

membranes with different thicknesses.

Schematic of the membrane applicator used in this work is shown in Fig.S9a. It works on the
principle of doctor blade coating technique to yield uniform thin membranes of the
PVA/[BMIM]BF, solution onto the substrate (polyethylene terephthalate, PET film with thickness
of 0.5 mm). The thickness of hydrogel membranes was controlled by different doctor blade fitted
with an adjustable micrometer scale to adjust the height of the blade (from 25 to 250 um) and the
speed of the doctor blade is 20 mm/s. Then both PET film and PVA/[BMIM]BF, solution was

immersed into NaOH (2.0 mol/L) to solidify and obtain an ultrathin hydrogel membrane.
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Fig.S10 Illustration of the fabrication process of hydrogel sensors with refined structure and
properties. (a-b) Preparation of precision structure hydrogels by stereo lithography appearance
(SLA) and template method. (c) Photo of a negative circuit board template by 3D printed. (d) The
positive hydrogel replica and SEM image. (e) Electrical signals of hydrogel sensors (15 mm L % 10
mm W X 0.8 mm H) under the shape changes of bending, twisting and stretching. (f) Hydrogel

sensor was attached to fingers and detected the electric signals of finger bending.

A resin circuit model was first prepared by SLA 3D printing. Subsequently, the pre-rinsed resin
circuit model was used as the negative template which then coating PVA/[BMIM|BF, and NaOH
solution sequentially to fabricate the positive hydrogel replica. The positive hydrogel replica can be

peeled conveniently due to no interaction between hydrogel and resin.
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Fig.S11 (a) Cell survival rate of leaching solution of different hydrogel samples. (b) Photo of rat

osteoblasts used in this section.
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Fig.S12 The diameter of vessels of different organs and fabricating parameters of hydrogel tubes

with similar structures.

Hydrogel vessels fabricated by this strategy can used as the in vitro realistic hands-on platform for

simulating the endovascular intervention, overcoming those issues including the lack of spatial

information in X-ray angiography for diagnosis and treatment, the inappropriate choice of medical

devices caused side effect, and the limited nonliving training platforms.
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Fig. R13 Relative resistance variation of the conductive hydrogel upon stretching

The gauge factor (GF) [1-3] is a crucial indicator of the hydrogel's resistance change with strain,
representing the sensitivity of the relationship between resistance and strain in the hydrogel. The
sensitivity of hydrogel sensors progresses through three stages as strain levels increase. GF values
are 1.9 for strains below 150%, 4.8 between 150% and 400%, and 13.7 between 400% and 500%.

Consequently, the sensitivity of PVA hydrogel flexible sensors improves with higher strain levels.
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Fig.S14 The schematic illustration of the friction process without (a) and with (b) water.
Fig.S13 illustrates a schematic diagram of the friction testing process of PVA-OH hydrogels, and
the average coefficient of friction (COF) was collected by employing a ball-on-disk tribometer with
a reciprocating sliding contact mode in (or no) water lubricants. Each measurement was performed

with 300 sliding cycles at a fixed frequency of 1 Hz.



