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Supplementary Materials

Characterization of MXene (Ti3C») nanosheets

The Raman and XRD spectra were obtained from vacuum-filtrated film of the obtained
MXene nanosheets. The Raman spectrum (fig. S1b) exhibits peaks at 202, 586 and 722
cm't, corresponding to the Aig modes of TizC202. The peaks at 285 and 629 cm™ can be
assigned to the Eq of TizC2(OH)2 and Eg of TisC2F», respectively (36). These peaks reveal
the presence of -OH, -O and —F functional groups on TisC2Tx MXene surface. The
broadening feature around 374 cm™ is difficult to be assigned to specific vibration modes,
however it is typical of TisC2Tx MXene (36, 37). The XRD pattern presents one major
peak at ~7°, which corresponds to the (0002) planes of TizC, MXene (28).
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fig. S1. Characterization of MXene (Ti3C2Tx) nanosheets. (a) Schematic for the

synthesis of MXene nanosheets; (b) Raman spectrum; and (c) XRD spectrum of MXene

film.

Tensile fracture behavior of pristine hydrogel.

To demonstrate the stretchability of pristine hydrogel, a rectangular piece of pristine
hydrogel with a length of 2.5 cm was stretched at a low rate until mechanical failure
occurred between 49 cm and 55 cm, which translates to a maximum stretchability of 2,200%

(fig. S2a). Two cut pieces form one piece upon gentle touching; however, when stretching,



necking emerges at the contact interface followed by mechanical failure under further
stretching (fig. S2b). Clearly, the healability of the pristine hydrogel is inferior to the
MXene-modified hydrogel.
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fig. S2. Tensile fracture behaviors of pristine hydrogel. (a) Stretchability demonstration

of pristine hydrogel; (b) self-healable performance of pristine hydrogel.



Schematics of the uniformly dispersed polymer-clay network structure of M-hydrogel

When MXene nanosheets are added into the PVA hydrogel system, their surface
functional groups (-OH, -F, -O, etc.) can create secondary cross-linking (such as hydrogen
bonding) with PVA chains and water molecules as shown in fig. S3b. The secondary
cross-linking prevents aggregation of the MXene nanosheets through bonding with PVA
chains. As a result, the 3D-network structure composed of homogeneously dispersed
MXene nanosheets and entangled PVA chains can be formed (fig. S3a).
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fig. S3. Schematics of the uniformly dispersed polymer-clay network structure of M-
hydrogel. (a) Uniform distribution of MXene nanosheets within the PVA hydrogel matrix;
(b) hydrogen bonds (H-bonds) between PVA chains, water molecules, and MXene

nanosheets.



Experimental setup for testing electromechanical responses of M-hydrogel under

compression
The syringe filled with M-hydrogel (4.1 wt%) was used for electromechanical

compressive tests as shown in the inset of fig. S3. The gauge length and diameter of the
M-hydrogel in the syringe were 15 mm and 10 mm, respectively. The resistance of M-

hydrogel decreased 60% at a compressive strain of 3%.
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fig. S4. Experimental setup for electromechanical responses of M-hydrogel under

compression.



Electromechanical response of M-hydrogel to vertical motion of object on its surface

A model experiment was conducted to demonstrate the viscoelastic property of M-
hydrogel. This was accomplished by pushing a round PDMS tip with a 3-mm radius
against the M-hydrogel contained in a rigid case (inset of fig. S5¢) with the dimensions of
26.4 mm x 26.4 mm x3.1 mm (fig. S5a). As figure S5b indicates, the resistance of M-
hydrogel increased when the tip was immersed in M-hydrogel. To test the frequency
response of M-hydrogel, the electric responses were measured at the frequencies of 0.1,
0.25, and 1 Hz, with an amplitude of 2 mm (lower schematic fig. S5a). figure S5d presents

the corresponding results.
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fig. S5. Electromechanical response of M-hydrogel to vertical motion of object on its
surface. (a) Schematic of experimental set-up; (b) immersed distance of PDMS tip in M-
hydrogel (red) and corresponding volume change (blue); (c) resistance change during
immersion, inset depicting the residual deformation after the disengagement of the PDMS
tip; and (d) electrical response of M-hydrogel to immersion cycles under different motion
frequencies.



Anisotropic electric responses of M-hydrogel to tensile and compressive strain

A model experiment was conducted to explore why motion in the direction of the current
can reduce resistance (Fig. 3C). The compressive and the tensile strain were designed to
be the same as the copper plate moved, and figure S6a displays the corresponding series
circuit. The Rrens and Rcomp represent the resistance of the piece of M-hydrogel under
tensile strain and under compressive strain, respectively (both resistances include contact
resistance between the copper plate and M-hydrogel). If the sensitivities to tensile and
compressive strain were the same, there would be no change in the total resistance because
resistance changes in the compressive and tensile regions are the same as the copper plate
moves. However, figure S6b demonstrates that the total resistance decreases when the
copper plate moves in the current direction; thus, the decrease of Rcomp is higher than the

increase of Rens because of the anisotropic sensitivity to compressive and tensile strains of

M-hydrogel.
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fig. S6. Anisotropic electric response of M-hydrogel to tensile and compressive strain.
(a) Equivalent circuit and (b) resistance change showing the anisotropic response of M-

hydrogel to tensile and compressive strain.
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fig. S7. Motion direction sensing comparison between the pristine hydrogel and M-
hydrogel. Resistance change of pristine hydrogel due to motion on its surface (a) vertical
to the current direction and (b) parallel to the current direction. Resistance change of M-
hydrogel based E-skin to (c) rectangular and (d) circular motion on its surface. Resistance
change of pristine hydrogel based E-skin to (e) rectangular and (f) circular motion on its
surface; unlike M-hydrogel, pristine hydrogel cannot detect difference in motion

directions and pathways.



Mechanism of the speed-sensitive property of M-hydrogel

When an object undergoes uniform motion on the M-hydrogel surface, there is no
additional deformation (trace) beyond the deformation due to the weight of the object
when the speed of motion is lower than the relaxation speed of the M-hydrogel surface
(fig. S8a). However, additional traces are uniformly created when the motion velocity
surpasses the relaxation speed, which results in larger deformations (fig. S8b).
Furthermore, when the object undergoes uniformly accelerated motion, even larger
deformations emerge, as the speed increases after exceeding the relaxation speed of M-
hydrogel (fig. 8c). Therefore, in Figure 3F, the downward peaks in region “II”” for objects

undergoing accelerated motion with higher initial velocity start earlier and have a greater

height.
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fig. S8. Mechanism of the speed-sensitive property of M-hydrogel. including
schematics for motion with constant velocity (a) less and (b) greater than the relaxation

speed of M-hydrogel and (c¢) for uniformly accelerated motion.
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fig. S9. Handwriting and vocal sensing performances of pristine hydrogel. (a-b)
Resistance change of pristine hydrogel towards “OK” written by two volunteers; unlike
M-hydrogel, pristine hydrogel cannot detect different writing styles. Vocal-sensing
performance of pristine hydrogel towards similarly sounding letters (c) “B,” (d) “D,”

and (e) “E” ; unlike M-hydrogel, pristine hydrogel cannot detect the subtle differences in

different syllables.



table S1. GF comparison between the M-hydrogel (4.1 wt %)-based sensor and recently

reported hydrogel-based sensors.

Base gel Conductive filler Gauge factor (tensile strain) Ref
SWCNT 1.51 (1000%)
Poly (vinyl alcohol) (PVA) Graphene 0.92 (1000%) 31
Silver nanowire 2.25 (1000%)
PVA/ Poly\(/liar\lyllar;yrrolidone Fe" 0.478 (200%) 29
Polyacrylamide (PAAmM) LiCl 0.84 (40%) 32
PAAM Graphene 9 (30%) 12
PAAM K-carrageenan 0.23 (100%) 33
PVA MXene (TisC2Ty) 25 (40%) This

work




