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Fig. S1 The Energy Dispersive Spectrometer of the (a) CNT-Ecoflex Nanofins and (b) PDMS transferred vertical CNT
networks. Both the images demonstrate that no Fe catalysis remains on the microstructures formed after the transfer. Besides,
the vertical CNT network has high carbon atom percentage than that in the Nanofins, since the CNTSs in the Nanofins are

covered by Ecoflex, while the vertical CNT network is exposed outside.



Table S1. Summary of the performance of the stretchable strain sensor reported up to now. -6

Sensitivity (gauge factor)
i ini i Linearit
Active materials Sensmg Mlnlm'um MaX|m_um ) y of
mechanism detection detection . R)
Large Small strain
strain (< 10%)
Individual ZnO fine-wire Piezoelectric 0.2% 1.2% - 1250 - 1
ZnSnO3 nanowires Piezoelectric 0.08% 0.32% - 3740 - 2
P(VDF-TIFE)/Graphene Piezoelectric  0.008% 0.24% - 389 - 3
transistor
AgNWs/Ecoflex/AgNWs Capacitive - 50% 0.7 0.7 ~1 4
CNTs/PDMS/CNTs Capacitive 1% 300% 0.97 0.97 0.9999 5
SWCNTSs/Ecoflex/SWCNTs Capacitive - 50% 041 0.41 0.969 6
Graphene woven fabric Piezoresistive 2% 6% - 1000 - 7
Graphene nanosheet composite Piezoresistive 6% 800% 35 - - 8
Rubber/MWCNTSs/rubber Piezoresistive 8.3% 620% 43.4 5 - 9
Ag nanowire network Piezoresistive - 70% 5 1 0.94 10
CNT percolation network Piezoresistive - 1380% 1 ~0.1 0.98 1
CNT embroidered graphene Piezoresistive 1% 20% - 0.36 - 12
Aligned SWCNTs Piezoresistive - 280% 0.06 0.82 - 13
MWCNTSs forest/PU . . o 14
Composite Piezoresistive - 300% 32 0.3 -
Microcrack-assisted Ag Piezoresistive - 60% 150000 - 0989 15
nanowire network
Carbon
nanotube/polydimethylsiloxane Piezoresistive - 50% 15 11 - 16
composites
Vertical CNT-Ecoflex Piezoresistive 0.1% 500% 8.06 6.99 09952  Ihis
Nanofins work
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Fig. S2. Repeatability test of the CEN-based strain sensor for the high strain from 0 to 200% for more than 4000 cycles

with a strain rate of 40% s,



Vertical CNT network model

Since the ends of the vertical CNTs were embedded into the PDMS substrate, the cross-sectional view SEM
images of the samples were taken and shown in Fig. S1. To validate the microscopic mechanism of the vertical
CNT networks, we carried out a numerical simulation. First, a 2D model of vertical network was generated to
describe the cross-section distribution of the CNTs along the stretching direction. There are about 80 nanotubes

per micrometer for the sample with a density of 6.44 X 10'! cm. The CNTs in the network stand vertically with
a tilt angle within the range of 20°. So that, the nanotubes can contact with their neighbors and form enormous
conductive paths. Compared with the tube-tube contact resistance, the pristine resistance of the CNTs is negligible.
The tube-tube contact conduction of CNTs is believed to be a sort of tunneling effect. The general tunneling
resistance between two neighboring CNTs can be given by!’

h?d <4nd1/2me<p>
e2A\2m ¢ P h

Where h is the Plank's constant, e is the charge of electron, d is the distance between the two electrons, ¢ is the

height of the energy barrier, me is the static mass of the electron, and A is the contact area. The behavior of the
vertical CNT network was analyzed by the Monte-Carlo method and the total resistance of the film was calculated
by using the Kirchhoff’s current law and Ohm's law. To obtain the total resistance change under a specific strain,
the positions and orientations of all CNTs were calculated and the connectivity between CNTs was analyzed again.

The distribution of the connected nanotube joints and the morphology of the networks were shown in Fig.
S2a. The number and density of the joints decreased at the strain of 100%. The calculated relative change of the
resistance for the strains up to 100% by the model is presented in Fig. S2b. As the figure shows, the sample

exhibits high sensitivity at both large and small strains.



Fig. S3 The SEM images of the transferred vertical CNT networks. (a) The cross-sectional view of the 5 um CNT network.
(b) The cross-sectional view of 50 um CNT network. Most of the CNTs protrude out from the PDMS. The lengths of the

exposed CNTs are about 4 pm and 40 pm for the 5 wum and 50 wm CNT samples, respectively.
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Fig. S4. (a) Projected cross-sectional view of the vertical CNT networks at pristine length and 100% strain. (b)

Piezoresistive response for the vertical CNT-based strain sensor obtained by simulation.



Reliability properties of the reinforced vertical CNT networks

As the schematic diagram of the vertical CNTs networks shows in Fig. S3, the vertical nanotubes are controlled
by two forces: the interactions between vertical CNTs and the PDMS substrate, and the friction force between the
neighboring nanotubes. The strong binding effect between the substrate and the bottom of the vertical CNTs
ensures the nanotubes to move with the stretching of the PDMS substrate, resulting in the detachment of part of
the adjacent nanotube joints. However, the presence of the friction force prevents the detachment and the recovery
of the joints on the stretching/releasing cycles by decreasing the standing angles of the CNTSs, leading to low

sensitivities and poor reversibility, as shown in Fig. S4.
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Fig. S5. Schematic diagram of the movements of the CNTs under the effect of the binding between the substrate and CNTSs,

as well as the friction force between the connected nanotubes at the strain of 100%.
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Fig. S6. Effect of the applied strain on the reinforced vertical CNT networks. a) Resistance change versus strain for the

sample. The AR/R increases when the sample is stretched. However, the resistance cannot fully return to the original value

after the strain is released. The resistance continues to increase when strain exceeds the value, at which the strain was

released before. The sequence is repeated from 10% to 80%. b) Resistance change versus time in response to cycles of

stretching from 0 to 50%. The pristine resistance increases in the first two cycles, and then keeps reproducible.
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