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Theory Section

Estimation of Strains for Exposed and Unexposed Au Films
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Figure S1. Shear lag model to estimate strains in both exposed and unexposed Au films. (a)
Schematic diagram of shear lag model considering a device layer with an effective tensile
rigidity. (b) The non-uniform device layer can be divided into two parts: exposed Au film and

composite consisting of the photoresist layer and the unexposed Au film.

A shear lag model is developed to estimate strains in both exposed and unexposed Au films
mounted on a compliant PDMS substrate in the four-layer structure (Figure 1d).[51:S2] As
illustrated in Figure S1a, the PI layer is modeled as an elastic beam sustaining both stretching
and bending loads, and the compliant and thick PDMS layer is modeled as a shear lag to
transmit non-uniform shear stress = between the PI layer and the device layer. As illustrated
in Figure S1b, a non-uniform device layer can be divided into two periodically distributed

parts: exposed Au film and composite consisting of unexposed Au film and photoresist layer.

For composite, the tensile rigidity is Fcomp/tcomp = Ephpr + Eguha, in which E,.E, h, and h,
denote the plane-strain modulus and thickness for the photoresist layer and unexposed Au
film, respectively. For the sake of simplification, in our shear lag model, the device layer in
Figure Slb is treated as a wuniform layer, the effective tensile rigidity is
Eorhaen = EcomplicompE muhtau/[(1 = BIE compleomp + PEauhian]| in  which $represents the length
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fraction of composite in the non-uniform device layer as illustrated in Figure S1b. The device
layer becomes a uniform Au film when ¢ approaches 0.
The force and moment equilibrium equations for the device layer and PI layer as illustrated

in Figure Sla are

AN ey dNp, dMp;  Thp,
-7=0 +7=0 +—=0 (S1)
dx , dx , dx 2

in which Ny, and Np; are axial forces for the device layer and the PI layer, Mp; and 7 are
bending moment in the PI layer and the non-uniform shear stress transmitted by the PDMS
layer, respectively. The force and moments can be related to the displacements as

T 342
Ephp,"d“w
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where Ep1 = Enif(1- VPZI) denotes the plane-strain modulus of the PI layer, the device layer has
an axial displacement ug.,, while up; and “PI represent the axial and lateral displacements in
the PI layer, respectively.

The shear stress t between the device layer and the PI layer is a function of displacements
in the device layer and the PI layer as

GPDMS

hPI)d(‘)PI (S3)

Uy, —Up;+ | R +—
dev PI ( PDMS 2 | dx

hPDMS
in which Gppys is the shear modulus of the compliant PDMS layer.
Substituting Equation (S1) and (S2) into the second derivative of Equation (S3), yielding an
ordinary differential equation as

d*t GPDMS{ 1 4 6hPDMS
el + + =0 (S4)

dx® hPDMS\Fdevhdev E'Plh'Pl EPIhPIZ

For the four-layer structure as illustrated in Figure 1d, the bottom PI layer is stretched by a
weight W while the four-layer structure is bent on a stainless tube with a radius of curvature of

o =4 mm. Therefore, the boundary conditions of the shear lag model are
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Mp;=

in which L represents the half-length of the device layer. Finally, we can determine the shear
stress ras

_ asinh (fx)

e Bcosh (BL) (S6)
GPDMS[ W 2hppyst hp B /GPDMS{ 1 N 4 6hppys
a= — = - - - -
where  eows|Ephe 20+ e | g \/ Roous\Egeshaes  Epthpr Epjhp .
The membrane strain Edev = @aer/dX i
-1 a cosh (SL) - cosh (Bx
€ gy = = Tdx=— (B )h - (Bx) s7)
Egevhaen X BE 4o ,hger cosh (L)
which yields an effective mean strain to the device layer as.
1 a tanh (BL)
“ler = Zf e = [1 BL (S8)
0 B Edevhdev

By applying this effective strain to the non-uniform device layer as illustrated in Figure S1b,

different tensile rigidities in the exposed and unexposed Au film regions lead to the strain re-

L. . . unexposed __ 7 eff /T
distribution. ~ Simply, we can  have ¢ Au Eaevhaeofdev/ Ecompheomp  and

exposed _ T, eff 13 . . . . .
au = Faelaevfde/EmuMau, in which B is a function of the length fraction .

For the four-layer structure as shown in Figure 1d, we have Ep;= 3 GPa, vp;= 0.3, hp;= 75
um, EPDMS =1 MPa, VPDMS = 046, hPDMS =1 Mm, EAu =82 GPa, VAau™ 042, hAuZSO nm, and

Ep.= 7.5 GPa, vp; = 0.28, hp, = 4.6 um, The half-length of the device layer is L =5 mm, the

tensile load W= 0.2 N is caused by the 20 g weight and the radius of curvature # = 4 mm.
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Figure S2. Strains in both exposed and unexposed Au films with varying length fractions o

obtained from mechanics model.
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Figure S3. SEM images of straight Cu nanocracks with an average width smaller than 100

nm.
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Figure S4. Dynamic response curves of the Au/PDMS nCBSS in 0-1% strain range.
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Figure SS. Hysteresis test of the Au/PDMS nCBSS at a speed of 0.1 mm/min.




Figure S6. The 2 x 2 array of the Au/PDMS nCBSS.
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Figure S7. The homemade equipment for bending the PDMS sheet.

10



o
(<]

a

m n ! PDMS

Au/Cr - Photoresist

Figure S8. Fabrication of the 2 x 2 array of the Au/PDMS nCBSS. (a) Adhere the PDMS
sheet to a PI film and sputter a Cr film and an Au film. (b) Spin-coat a positive photoresist. (c)
Pattern the photoresist. (d) Etch the exposed gold and chromium. (¢) Bend the PDMS sheet. (f)
Remove the photoresist. (g) Spin-coat a positive photoresist. (h) Patten the photoresist. (i)
Sputter a Cr film and an Au film. (j) Spin-coat a positive photoresist. (k) Patten the
photoresist. (1) Etch the exposed gold and chromium. (m) Remove the photoresist. (m) Detach

the PDMS sheet from the PI film.
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Table S1 Comparison of the GFs of different nCBSSs in 0-1.2% strain range

Materials Crack patterning methods (Sé;i;:glty Stretcl}z;/t:;hty (Sle gi};l:tlrt;n) Ref.
Pt/PUAY Directly bending 2000 2 980 S3
Au/PET Directly stretching 1600 2 1628 S4
ITOY/PET Directly stretching 4000 2 918 S5
Pt/PUA Directly bending 2000 2 2500 S6
PEDOT:PSS® /PDMS Directly stretching 1100 2 436 S7
Au/PL Directly stretching 10000 2 2943 S8
AgNws? /TPU Directly stretching 1108.91 1.5 484 S9
Pt/PUA Directly bending 16000 2 4535 S10
Au/PUA Stress concentrating 2 x10° 10 992 S11
Au/PDMS Directly stretching 5888.59 2 793 S12
Au/P1 Directly stretching 650 2 571 S13
CNT-KH5509/PDMS Directly stretching 1280 2 1632 S14
rGOY/PDMS Directly stretching 466 10 158 S15
Pt/PDMS Directly stretching 1560 2 712 S16
Au/PDMS Directly stretching 5000 - S17
Au/PDMS Directly stretching 5000 e S18
Au/PDMS PAnCP 19883 1.2 19883 This work

3 PUA (polyurethane acrylate); ® ITO (indium tin oxide); ® PEDOT: PSS (poly (3,4-
ethylenedioxythiophene): poly(4-styrene sulfonatesulfonate); ¥ AgNws (silver nanowires); ©
KH550 (3-aminopropyltriethoxysilane); ? rGO (reduced graphene oxide).
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