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Fig. S1. Schematic of structural configuration inside the modified VSNP-PAM hydrogel
networks. Under deformation, physically crosslinked, crystalline microdomains embedded
within the VSNP-PAM chains will slip and de-crosslink with hydrogen bonding to dissipate

mechanical energy, while maintaining a high elasticity at the same time.



Fig. S2. Transmission electron microscopy (TEM) image showcases the monodispersed vinyl
silica nanoparticles (VSNPs).
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Fig. S3. Comparisons of mechanical properties: strain (A) and tensile strength (B) of VSNP-

PAM hydrogels mixed with different concentrations of VSNPs expressed as the weight percent
(Wt%).
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Fig. S4. The VSNP-PAM hydrogel treated with solvent exchange displays less than 15% of loss
in its original weight under the ambient testing conditions (24 °C and 60% humidity) for 48 h.
Conversely, VSNP-PAM hydrogel without the prior solvent exchange displays more than 80%

of loss in its original weight under the same testing conditions.
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Fig. S5. Snapshots of the VSNP-PAM hydrogel with (top panel) and without solvent exchange

(bottom panel) during the dehydration experiments. (Photo credit: Yichen Cai, and Jie Shen,
KAUST)
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Fig. S6. SEM of MXene flakes on an AAO substrate.
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Fig. S7. XRD of Ti3AlC: MAX, TizCoTx MXene, and TisCoTx MXene-PpyNW, respectively.



Fig. S8. Real-time observation of the directionally wrinkled e-skin under an optical microscope.



Interface A 7

Diffuse %
& crosslink 7 hr

N\~ @ A= Topological adhesion:
PpyNWs VSNP MXene nanosheets )
A P @ Noncovalent bonding
4 -
©
Acrylamide Underlying Surface Covalent bonding

(monomer)  VSNP-PAM bulk VSNP-PAM layer
(post-polymerized)

Fig. S9. Schematic illustration shows that the first layer of PpyNW acts like a “double-sided
adhesive” to link the MXene with VSNP-PAM hydrogel. Interface A is stabilized by the
hydrogen bonding and topological adhesion between PpyNW and VSNP-PAM. An additional
layer of acrylamide monomers was deposited prior to the deposition of PpyNW. Upon
polymerization, these acrylamide monomers begin to crosslink into and entangle with the
VSNP-PAM networks which weaves in and becomes entangled with both PpyNW and VSNP-
PAM hydrogel. Interface B is held by the spatially abundant hydrogen bonding between PpyNW
and MXene.
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Fig. S10. Engineered interface with PpyNW. Cross-sectional SEM images of PpyNW-VSNP-
PAM (A) and MXene-PpyNW-VSNP-PAM (B).



>
w

H\\/-v—/—d N-H HZN_C:O c=0
PpyNW

S e = —_
> wne e < VSNP-PAM 2
Iz} ] g @
s c = © |MXene
[+ c
E 'SNP-P b= £ g
£ = E : 21
@ = £ : £ :
= c 2 Y 9 Y
g g : G : g :
= MXene-PpyNw F vsNP:PAM F MSNP-PAM = :
H MXerte-

PRI (PPYNW PpyNW,

Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

Fig. S11. Crosslinking through hydrogen bonding. (A) FTIR spectra of VSNP-PAM
hydrogel, PpyNW, MXene, VSNP-PAM-PpyNW composite, and MXene-PpyNW composite.
(B) Comparison of the characteristic peaks of -NH, H:2N-C=0, and C=O0.

FTIR spectra of VSNP-PAM hydrogel, PpyNW, MXene, VSNP-PAM-PpyNW composite,
and MXene-PpyNW composite are illustrated in Fig. S11. For VSNP-PAM hydrogel, the
observed peaks centered at 3,339 and 3,189 cm™! are attributed to the stretching vibration of
—NH from the acrylamide unit. The peak corresponding to H:2N-C=0 linkage is localized
between 1,600-1,700 cm™!, while the characteristic peak at 1,120 cm™ is assigned to the in-
plane rocking of -NH> (42). For PpyNW, peaks at 1,557 and 1,476 cm™ are due to the
antisymmetric and symmetric ring-stretching modes, respectively (43). The broad peak ranging
from 3,000 to 3,500 cm™ is attributed to -NH and —CH stretching vibrations. C-N stretching
vibration appears at about 1,309 ¢m!. ~OH and —C=0 absorption bands from MXene
nanosheets are observed at 3,404 and 1,639 cm’!, respectively (44). All of these results agree
well with literature (42-44). We observed the two distinct vibrational modes assigned to N-H
(from 2,945 to 2,903 cm™") and Ho2N—C=0 (from 1,655 to 1,635 cm™) along with a significant
redshift in the VSNP-PAM-PpyNW composite (45). Similarly, a discernable redshift of -C=0
band in MXene-PpyNW sensing layer (from 1,634 to 1,628 cm™') is also observed. Together,
these red shifts in N-H, H2N-C=0, and —C=0 vibrational modes indicate the formation of

spatially abundant hydrogen bonding within the interfaces of e-skin.
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Fig. S12. XPS spectra. (A-C) pure VSNP-PAM, (D-F) VSNP-PAM-PpyNW composite, (G-I)

pure MXene and (J-L) MXene-

PpyNW composite.

Wide scan spectra: A, D, G, and J. Narrow scan of Nis: B and E. Narrow scan of Ois: E, F, H,

and K. Narrow scan of Fis: [ and L. In order to characterize the hydrogen bonding between

MXene, VSNP-PAM and PpyNW, XPS spectra were recorded using monochromatized Al Ka

radiation (1486.6 eV). Fig. S12B and C show that pure VSNP-PAM hydrogel has amide

functional group of H2N—C=0, with Nis peak at 400.8 eV and O1s peak at 532.1 eV (46). Adding



PpyNW gives rise to the change of Nis spectra, i.e., three new peaks appear centering at 400.3,
400.6 and 403.8 eV, which are corresponding the benzenoid amine (—NH-), protonation
benzenoid amine (—N"H-), and protonation quinonoid imine (=N"H-), respectively (47). It is
noted that the Nis and Ois peaks shift to 401.3 and 532.9 eV (shown in Fig. S12E and F, and
Table. S1). As shown in Fig. S12H, four types of O atoms composed of Ois of pure MXene,
which are O-Ti (529.7 eV), O-Ti/OH (530.6 ¢V), O-C/OH (531.7 eV) and H20 (532.9 eV),
respectively. Fis region is composed of F-Ti (685.3 eV) and F-C (686.8 ¢V). These results are
in consistence with reported works (48, 49). After hybridized with PpyNW, peaks of O-Ti, O-
Ti/OH, O-C/OH, F-Ti, and F-C significantly shift to 530.5, 531.4, 532.8, 685.8, and 687.5 eV.
All these shifts in the core electrons of individual atoms indicate the decreased electron cloud
densities, suggesting that the N and O atoms on hydrogel and O and F atoms on MXene could

form hydrogen bonding with -NH groups on PpyNW.



Table. S1. XPS data of pure vinyl hybrid silica nanoparticle modified polyacrylamide

(VSNP-PAM) hydrogel and VSNP-PAM-PpyNW composite.

Elements Groups PVSNP-AM VSNP-PAM-PpyNW
Hydrogel (eV) (eV)
O1s HoN-C=0 532.1 532.9
Nis HoN-C=0 400.8 401.3

Table. S2. XPS data of pure Ti3C2Tx MXene and TizCoTx MXene-PpyNW composite.

Elements Groups Pure MXene (eV)  MXene-PpyNW (eV)
O-Ti 529.7 530.5
Ois O-Ti/OH 530.6 531.4
O-C/OH 531.7 532.8
Fus F-Ti 685.3 685.8
F-C 686.8 687.5




Fig. S13. Photographs showing the different surface adhesion of MXene and MXene-PpyNW

composites to VSNP-PAM hydrogels with 3M tape peeling tests. (Photo credit: Yichen Cai, and
Jie Shen, KAUST)



Table S3. Comparison between the VSNP-PAM and some representative hydrogel-based

sensors
Materials Strategies Sensing Working Gauge Factor Application
Type Range s
Poly (vinyl alcohol) = Embedding,  Piezoresisti 0-1.000% 1.5 (1,000% Strain
(PVA)-CNT (19) composite ve ’ ° strain) sensor
Polyvinylpyrrolidon =~ Embedding, . - 0 .
e (PVP)- composite/net P1ez<z,rees1st1 0-1,200% gt.jaﬁ) (200% 88;221
CNC/Fe*'(50) work
Poly(acrylamide) 3D Printing, Piezoresisti 0-200% 0.84 (40% Strain
(PAAm)-PDMS (36) composite  ve ° strain) sensor
Poly(acrylamide) . : . .
(PAAm)-Graphene ~ Crmocdding,  Plezoresisti 1 4500, 9 (3004 strain) Strain
composite  ve sensor
(31)
K-carrageenan- Double- Piezoresisti 0-1.000% 0.63 (1,000% Strain
PAAmM (52) network ve ’ ° strain) sensor
T : Piezoresisti Strain
PVA-Ti3C2Tx paste Embedd@g, 0-40% 25 (40% strain)
(17) composite e Sensor
Amorphous calcium
C;ZI;;ZSE;ECA;%- Ionic gel Capacitive 0-1 kPa 0.17 kPa! Psreelslzlcl)ie
(PAA)- alginate (53)
) ) ) Piezoresisti )
Ag/tannic acid (TA)- Embedd@g, ve& 0-400% 9 (30% strain) Strain
CNC (54) composite . sensor
Capacitive
Vmg;nl:)yt::g:i‘ehca Dynamic 0-2,800%  11.2 (x-direction Ssetzlonr
v SNII))) PAM interface Piezoresisti 0-30 kPa! 1,500%) Pressure
MXene-Polv pvrrole crosslinking, ve& 0-20 cm 16.9 (y-direction sensor
nanow}i,rle) Z Pre-strain in ~ Capacitive spatial 1,500%) Tactile
) both axis distance 6.74 -0.06 kPa!
(This work) sensor




Fig. S14. SEM image of the composite film (MXene-PpyNW) sprayed on pre-stretched VSNP-

PAM in x-direction only.
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Fig. S15. The relative resistance-strain curves of e-skin sensors based on MXene-PpyNW

composites prepared with unidirectional pre-stretching (x-direction only).
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Fig. S16. Relative resistance-strain curves of non-pre-stretched e-skin (N-S) and pre-stretched

e-skin (Y-S) at a stretching rate of 5% min'.



Fig. S17. SEM image of MXene-PpyNW composite film (N-S) shows scattered gaps after

several cycles of stretch-release process in the range of 0-500% strain.
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Fig. S18. Relative resistance-strain curves of PpyNW only (P-S) and MXene-PpyNW based

(Y-S) e-skin sensors at a stretching rate of 5% min™.
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Fig. S19. Cross-section SEM images of (A) PpyNW only and (B) MXene-PpyNW composite

films.
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Fig. S20. A-D, Frequency responses of the strain sensor (6 spray coating cycles) with strain

input frequency 0.05, 0.1, 0.2, and 0.25 Hz, respectively (dynamic strain 1,000%).
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Fig. S21. Capacitances of the e-skin sensor with different approaching conditions by finger and

an insulating object.
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Fig. S22. Stretchable e-skin sensor exhibits three functional modes based on the capacitive
sensing mechanisms.

As described in Fig. 5B, three types of capacitances are found to take effect individually or
cooperatively when subjected to external stimuli intimately or remotely. They were defined as
the plate electrodes capacitance (Cp), the fringing capacitance in the VHB overlay (Ct1), and the
fringing capacitance through the medium directly above the sensor (Cr2), respectively. The

sensor capacitance (C twtal) is the sum of the three capacitances above.

In the strain Mode 1, a large (> 1%) strain is applied to the e-skin as the underlying biological
skin stretches. Cp increases with the applied strain as a consequence of an increased surface
area of the electrodes, e.g., length (L) x width (W), and a decreased thickness of dielectric layers.
Changes in Cr and Cr are negligible compared to Cp. Therefore, increases in the sensor
capacitance Ciotal can be directly related to the increasing strain. Because the Mode 1 of
capacitive sensing mechanism is not accurate and applicable to large stretching (>1%). In our
work, we did not use Mode 1 for strain detecting, which was replaced by piezoresistive sensing

for strain detecting as shown in Fig. 4 in the main text.

In the proximity Mode 2, a foreign object, such as the finger, metal, or insulator approaches the
e-skin and gently touch the surface without pressure. This in turn disrupts the fringing electric
field above the sensor (Cr2). Since no geometrical deformation takes places, both Cp and Cri
remain constant and changes in Crotal correspond to Cr. The sensor functions by detecting small
changes in the electric field between its top electrode and the object in its proximity. When the
foreign object is an earthed, conducting medium (e.g., finger of user), Crotal decreases with Cr
by the charge being grounded through the finger. In parallel, if the approached object is
electrically insulating (€ > € air), or conducting but ungrounded (larger conducting surface area),
Ciotal increases with Cr. The increased Crotal by the ungrounded object is usually negligible to

the decreased Ciotal by the grounded object. Therefore, the stimulus response of sensors in



different surrounding environments can be distinguished.

In the pressure Mode 3, a pressure (P) is applied to the sensor surface, Cp and Cri increase with
the reduced distance between the electrodes, arousing the increase of Ciotal (the declined Ct is
subtracted). When the pressure continuously increases, the changes of C, become dominant for
Crotal, back to Mode 1 with strain larger than 1%. A similar mechanism is widely used in the
capacitive touch screens (55). Exploiting this proximity and pressure sensory capabilities
coupled with the strain sensing provides prospects for area adjustability and expandability for

multi-stimulus sensing.
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Fig. S23. Recognition of handwriting letters: “C”, “O”, “L”, and “I”” with same strokes.
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Fig. S24. Current-voltage curves of the e-skin sensor at different temperatures ranging
from 20 to 80 °C. MXene-PpyNW-VSNP-PAM based sensory system with a sensing capability
for temperature variation enables e-skins to communicate feelings through a skin-to-skin

contact physiologically.
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Fig. S25. Current response as a function of different wavelengths of light radiation for
different cycles. The current increases when the light turns on and decreases when the light

turns off. For each cycle, the light radiation duration is 60 s.
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Fig. S26. The MXene-PpyNW-VSNP-PAM e-skin can discriminate mixed stimuli

simultaneously:.
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Fig. S27. Real-time and in situ human wrist arterial pulse waveforms measurement with the
MXene-PpyNW-VSNP-PAM based e-skin sensor attached on the wrist of a test subject (Inset)
with an applied voltage of 1V. The right panel shows a zoomed-in tracing of a representative

waveform (blue dashed square). (Photo credit: Yichen Cai, and Jie Shen, KAUST)
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Fig. S28. Long-term performance during exercise studies for an e-skin sensor. (A)
Photographs of the smart knee support with an integrated MXene-PpyNW-VSNP-PAM e-skin.
(B) Monitoring of changes in electrical current during an exercise starting from warming up till
the end of a workout with the duration of an hour. Distinguishable and repeatable patterns
characteristic to specific exercises can be differentiated and systematically monitored after a

long interval of 24 hours (C). (Photo credit: Yichen Cai, and Jie Shen, KAUST)
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Fig. S29. Sensing nuance change in facial expressions. Sensing performance of the pressure
sensor mounted onto the cheek of a volunteer for real-time sensing of laughing (A) and cheek
puffing (B). By mounting the stretchable sensors on the cheek of volunteers, small facial muscle
movements can be detected easily when the subjects laugh and or puff cheeks as is evident by
the highly repeatable changes in the relative resistance of the sensor with high signal-to-noise

ratios (Fig. S29A, B).
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Fig. S30. Integrated e-skin with the effective dimensions of 3.0 cm x 3.0 cm assembled
from the capacitive arrays is capable of detecting and mapping the distribution of various
tactile signals and spatial pressures. (A) A photograph of “Point” stresses applied with a pair
of tweezers. (Photo credit: Yichen Cai, and Jie Shen, KAUST) (B) Corresponding stress
distribution mapping and (C) capacitance variation histogram for “Points”. (D) Photograph of
“Plane” stresses applied with a circular tape dispenser. (E) The stress distribution mapping
matches the outline of the “plane”. (Photo credit: Yichen Cai, and Jie Shen, KAUST) (F)
Corresponding capacitance variation histogram. When a pair of tweezers is used to tap the
sensor surface, local strains associated with points of contact were recognized. This is due to
the fact that real-time output capacitor intensity of the sensor hinges on specific locations of
contact (Fig. S30 A-C). Closely allied to the point mode, the multidimensional tactile sensing
image when a circular tape dispenser was placed directly on the sensing arrays are shown in
Fig. S30D. The resulting capacitance change and the color contrast mapping of the force
distribution mesh well with the hollow shape of the circular tape dispenser (Fig. S30 E, F). This
again underscores the potential of MXene-PpyNW-VSNP-PAM sensing arrays that could be
used for simultaneous spatial mapping of exerted pressure in distributions and locations.
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Fig. S31. Designs of shadow mask patterns for the printing of (A) interdigitated electrode arrays.
(B) A close-up view reveals detailed dimensions of the interdigitated electrode arrays. (C) An

array of squared openings for the interconnects.



Fig. S32. All-printable e-skins. Demonstration of an array of electrodes using a shadow mask
assisted spraying of MXene-PpyNW for both interdigital electrodes and interconnecting
components. The fully flexible electrode arrays can be conformally adhered to the curvilinear

surfaces of the thumb. (Photo credit: Yichen Cai, and Jie Shen, KAUST)
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