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S1. Supplementary theoretical analysis
S1. 1. A beam model for evaluating strain on the inner surface of the peeled soft microfilms
The deformation in the stiff membrane was determined by the compressive strain in the soft microfilm, because the adhesion between the stiff and the soft layer is strong enough to avoid delamination in this work. Therefore, determining the strain in the soft microfilm is a key issue. To calculate the compressive stain in the whole bending region of the bilayer, we approximated the bending soft microfilm as a cantilever beam with large deflection,S1 as shown in Fig. S1. 
[image: ]


Figure S1. Schematic illustration of the bending region of the microfilm under perpendicular peeling. s and θ are the arc length and the angular deflection of the beam, respectively;  is the peeling angle; X and Y are the horizontal and vertical coordinates of the bending beam, respectively. f0 is the adhesion strength per unit width between the soft microfilm and rigid substrate; L is the total length of the part with compressive strain in the whole bending region, marked with a dashed blue arc. Curvatures of both two ends of the compressed part are approximated to 0. s is the displacement in the compressive part. s = 0.16 ts is the deviation length of the maximum curvature, corresponding to the maximum compressive strain, from the clamped point (s = 0). l is the total length of the straight beam before peeling. Es is the Young’s modulus, I is the moment of inertia of the beam and ts is the thickness of the beam (microfilm).

The study in Ref. S1 provides a normalized expression of the large deflection of a Euler-Bernoulli cantilever beam. For the convenience of calculations, we implemented denormalization of the large deflection expression as below,

   (S1)

where = /2 and a = (f0L2/EsI)1/2.
[bookmark: _Hlk113950912]
S1. 2. The correction of the deformation at the clamped point
[bookmark: _Hlk87308368]According to the beam model, the compressive strain, ε(s), on the inner surface of the bending region can be expressed as

  ,                                                                     (S2)
where k(s) is the curvature of the bending region and can be written as

                                             (S3)

Where  = Es/(1-μs2), Es is the Young’s modulus of the soft film; μs is the Poisson ratio of the soft microfilm.
The strain profile in the deflected beam can be calculated by Eqs. S1-S3 in principle. The calculations show that the compressive strain reaches a maximum at the clamped point. Ideally, the theoretical maximum strain, ε(0), appears at the clamped point (s = 0), along with the theoretical maximum curvature, k(0). ε(0) and k(0) can be written as

,                                                                    (S4)

.                                                           (S5)
[bookmark: _Hlk87211256][bookmark: _Hlk87349506]However, the beam model cannot correctly describe the strain distribution in the region near the clamped end since the strain must be continuous across the clamped point. In fact, the maximum strain always deviates from the clamped point, as schematically illustrated by the blue solid line in the top panel of Fig. S2A. The deviation lengths are determined by experiment through measuring the distance between the maximum deformation point in the stiff film and the clamped point (i.e., the very peeling front), which turn out to be in a range 0.12ts-0.18ts and an average of 0.16ts (lower panel of Fig. S2A). In the strain profile calculated from the beam model, we take the value at s = 0.16ts as the practical maximum strain. The as-corrected maximum strain ε = ε(0.16ts) is about 0.93ε(0), because the as-corrected maximum curvature k = k(0.16ts) = 0.93k(0). Therefore, the as-corrected maximum strain (hereinafter abbreviated as the maximum strain), ε, can be written as 

.                                                           (S6)
Figure S2B shows the calculated bending profiles of a series of micro-PDMS films with different thicknesses according to the beam model after considering the deformation correction of the clamped point. In addition, Figure S2C compares the calculated and experimental profiles of three bending bilayers (with ts = 36, 62, and 114 μm). The experiments are in good agreement with the corrected model. We ignore the effect of stiff SiO1.8 nano-membranes on the bending profile of the microfilm. Figure S2D shows the strain distribution and the corrected maximum strains in these bending microfilms. The values of as-corrected maximum strains ε are collected in Fig. S2E.
[image: ]
Figure S2. Analytical results calculated with a beam model after considering the deformation correction of the clamped point. (A) Top panel, schematic illustration of the correction of maximum strain in the strain profile. Red dotted line is the strain profile of an ideal bending beam, while solid line represents practical distribution of compressive strain in the bending microfilm. The segment of practical strain profile between “a” to “b” can be satisfactorily estimated by an ideal beam model. The practical maximum strain is at the point “a”. Lower panel, ts-dependent deviation length between the maximum deformation point in the stiff membrane and the clamped point, which are in a range 0.12ts-0.18ts and an average of 0.16ts. (B) Calculated profiles of perpendicular bending microfilms with different thicknesses. (C) Comparison for calculated (cal) and experimental (exp) profiles of the bending region of the microfilms. (D) Top panel, distribution of compressive strain in the bending regions of a series of soft microfilms. Lower panel, the corrected maximum strains in the beams with different ts are the intersection points of the corresponding strain profiles with the gray line; 0.16 ts is the average deviation distance between the maximum strain point and the clamped point (i.e., the very peeling front) for all the analyzed microfilms. (E) The values of as-corrected maximum strain ε in the bending region of a series of microfilms.

S1. 3. Determination of critical value tn of the parameter t (t = A-2 ts/tm). 
[bookmark: _Hlk106571527][bookmark: _Hlk87307996]For a membrane with a crease period of nλ0 (n = 1, 2, 4), the total deformation of membrane in a crease period is localized to the creased region, which corresponds to the shrinkage Δn of the inside of the peeling microfilm in one period length, as schematically illustrated in Fig. S3. Δn can be used to assess the deformation of the membrane and can be read as, 

,                                                                    (S7)
where l is the length of the flat microfilm prior to buckling instability.
[image: ]
[bookmark: _Hlk106226913]Figure S3. Schematic illustration of the shrinkage of the inside of microfilm Δn within a cease period nλ0 (n = 1, 2, 4). 

Since the evolution degree of buckling structures is determined by the maximum strain in the bending region, we replace ε(s) with the maximum strain ε as the average strain in a crease period. Therefore, Δn scales as

,                                                         (S8)


[bookmark: _Hlk101426551][bookmark: _Hlk56767015]where 0.93 is an approximate correction factor of the maximum strain. Accordingly, the maximum strain [] is corrected as (see Eq. S6).
[bookmark: _Hlk96541739][bookmark: _Hlk96615246][bookmark: _Hlk96458489]Meanwhile, the critical wavelength for the wrinkling instability λ0 can be expressed as (2) 


[bookmark: _Hlk95816650][bookmark: _Hlk96620422] ,                                               (S9)

[bookmark: _Hlk96459069][bookmark: _Hlk113951446][bookmark: _Hlk96458363]where  = Em/(1-μm2), Em is the Young’s modulus of stiff membrane, μm is Poisson ratios of stiff membrane; and tm is the thickness of stiff membrane. Therefore, λ0 is proportional to the stiff membrane thickness and independent of the thickness of soft microfilm (ts). Note that the thickness of the soft layer is approximated as infinite for deriving Eq. S9. In our bilayer systems, ts ranges from tens to hundreds of microns, while tm varies from tens to hundreds of nanometers. Thus, ts is larger than tm by three orders of magnitude. Therefore, the thickness approximation is reasonable within the scope of this paper. However, the critical wavelength (λ0) is determined by both the thicknesses of the stiff and soft layers when the two thicknesses are closed to each other (3-6). 
Combining Eqs. S6 and S8 with Eq. S9, we have

                                                             (S10)
[bookmark: _Hlk61447454][bookmark: _Hlk54305942][bookmark: _Hlk105703461]Next, we try to establish the expression of critical value tn of parameter t (= A-2 ts/tm). First, according to the stepwise dependence of the crease surface perimeters (λ) on the soft film thickness (ts) (Fig. S4A and B), we define the soft film thickness at the tuning point of distinct crease surface perimeters as critical thickness tsn (n = 1, 2, 4). The critical value tn of parameter t can be then expressed as A-2 tsn/tm, i.e., tn = A-2 tsn/tm. 

[image: ]
[bookmark: _Hlk106569162]Figure S4. Dependence of crease surface perimeters (λ) on ts as well as dependence of the critical thickness (tsn) of the soft microfilm on tm. (A) Crease surface perimeters (λ) in a series of bilayers with a given tm = 155 nm and λ0 = 12.81 μm. Gray lines are nλ0, λ0 is analytical results obtained by Eq. S9. (B) λ in a series of bilayers with a given tm = 281 nm and λ0 = 23.22 μm. The thickness of soft microfilm ranges from 20 to 300 µm in both two series of bilayers. (C) Experimental two critical thicknesses of soft microfilm ts1 and ts2 (as marked in (A)and (B)) in five groups of SiO1.8/PDMS bilayers and their dependence on tm (two gray dashed lines, calculation results obtained by Eq. S12). (D) Normalized ts1 and ts2 by the corresponding λ0 (squares), along with two fitting lines (dotted lines). Vertical bars represent standard error.










[bookmark: _Hlk87306562][bookmark: _Hlk87341337]In this work, the fracture appears along the bottom line of the crease. Therefore, the fracture pattern and crease pattern correspond to each other, and the crease surface perimeter can be accurately determined by measuring the period of the fracture pattern after peeling. We measured the critical soft film thickness (tsn) with five groups of SiO1.8/PDMS bilayers according to the turning point of distinct crease surface perimeter, as shown in Fig. S4C. The thicknesses of stiff SiO1.8 films for the five groups of samples are 138, 155, 194, 232 and 281 nm, respectively. The thickness of soft microfilm varies from 20 to 300 µm in each group. Based on experimentally measured tsn, we can obtain the critical for onset of crease with a period of nλ0 (n = 1, 2, and 4), denoted as , according to Eq. S10. The statistic average of the calculated / is equal to 0.96, close to 1 (Fig. S5A). Therefore, we can approximately assume that is independent of n, and thus can be written as .  is shown to monotonically increases with tm (Fig. S5A). Fitting this monotonic dependence shows that  are proportional to the square root of tm (Fig. S5B), expressed as

.                                                       (S11)

Substituting  in Eq. S10 with Eq. S11, we obtain the critical soft film thickness tsn (shown in S4) at the tuning point of distinct crease surface perimeters 

,                                                            (S12)
and the corresponding critical value tn of parameter t (= A-2 ts/tm) at the tuning point of the n order wrinkle instability

,                                                        (S13)
i.e., the buckling instability will terminate at order n, if t is below tn. 

[image: ]









[bookmark: _Hlk105613875][bookmark: _Hlk106310324][bookmark: _Hlk106699783]Figure S5. Critical shrinkages of the microfilm for onset of creases with a surface perimeter of 1λ0 () and 2λ0 (). (A), (solid squares) and  (solid circles) as functions of tm based on measured ts1 and ts2 in five groups of bilayers. The variation of / with tm is shown by olive triangles, with a statistic average of 0.96. (B), Normalized  and  by 13.7(f0tm/)1/2.

[bookmark: _Hlk116292092]

S2. Simulation results of finite element
[bookmark: _Hlk116298614][bookmark: _Hlk86744793][bookmark: _Hlk86918145]To better understand the distinct instability order of the buckling evolution in bilayers, we set up finite element to model the stiff membrane and soft microfilm with software packages ABAQUS 6.14. The quasi-static method was adopted and a very small initial geometric imperfection was introduced into the model for post-buckling analysis (7). Figure S6A presents the simulation results of a stiff/soft bilayer with tm = 155 nm, ts = 60 μm and t = 0.056. When the bilayer is slightly bent, wrinkles appear in its compressed side. The wrinkles gradually evolve into double-perioding as the bilayer is more bent, similar to the experimental results. The calculated von Mises stress in the stiff membrane exhibits a relatively regular distribution for the wrinkles (top panel of Fig. S6B), but becomes scattered with a pronounced peak when the period-doubling appear (lower panel of Fig. S6B and inset). The peak lies at the wrinkle bottom that is deviated from the very peeling front, just as what is observed in our experiments. This deviation further proves the necessity of correcting the deformation of the clamping point mentioned above. Thus, the ultrahigh stress at the wrinkle bottom leads to fold/crease appearance and eventual fracture of stiff membranes. 
The simulations can reproduce the wrinkle-to-fold-to-crease transitions in a series of stiff/soft bilayers, which agree with experiments in terms of final instability mode and the evolution process (Fig. S7).


[image: ]
Figure S6. Finite element simulations of the buckling behaviors in the perpendicular bending region. (A) Three-step illustrations of morphological evolution from wrinkles to period-doubling by finite-element simulations. (B) Distributions of von Mises stress in the stiff membrane at the corresponding steps, with the stress concentration at the crease bottom highlighted in the inset. The ultrahigh stress at the crease bottom leads to eventual fracture of stiff membranes. The dashed lines mark the positions indicated by dash lines in (A), and the shaded regions correspond to the visible parts of the bilayer in (A). The yellow arrow points to the displacement-controlled loading direction. Here, tm = 155 nm and t = 0.056. 
[image: ]
Figure S7. Side view of buckling patterns in the bending region of peeling bilayers with constant tm of 155 nm yet different ts from finite element simulations. (A) Wrinkles gradually evolve into single creases in a bilayer with ts = 29 µm, t = 0.027. (B) Wrinkles and period-doubling in a bilayer with ts = 60 µm, t = 0.056. (C) Wrinkles, period-doubling, quadruple folds and quadruple-creases simultaneously appear in the bilayer with ts = 150 µm, t = 0.141; inset, the cross-section of a quadruple-crease.

S3. Extended Data 
[image: ]
Figure S8. The λ0 in SiO1.8/PDMS bilayers with A = 82.66. (A) Dependence of λ0 on the thickness of soft film (ts) for tm = 155 nm, squares represent experimental results and dotted gray line is the analytical result obtained by Eq. 1. (B) The demonstration of surface parameter and horizonal span of one period buckling structure.


[image: ]
[bookmark: _Hlk106309072]Figure S9. Front view of buckling patterns in the bending regions of a series of SiO1.8/PDMS bilayers with constant tm of 155 nm yet different ts. (A), Schematic illustration of how the buckling patterns is imaged by SEM. (B-G), SEM images, various buckling patterns. The thickness contrasts are 187.09 (B), 232.25 (C), 400 (D), 580.64 (E), 735.48 (F) and 916.13 (G). 232.25 and 735.48 are two critical thickness contrasts, respectively. 1λ0, 2λ0, and 4λ0 represent fracture periods due to the single, double, and quadruple creases, respectively. The difference of the period of one kind of crease/fracture is mainly attributed to the varying curvature in the bending region which causes same region with different lengths in the front view images. 


[image: ]
Figure S10. Ordered fractures/creases in different bilayers after the peeling treatment. (A) Ordered fractures with a period of 8λ0 in SiO1.8/PDMS bilayer with tm = 108 nm, ts = 366 μm, and t = 0.49. λ0 = 8.93 μm. (B) Aligned micro-ribbons made from fractured PMMA membranes on PDMS films. tm = 3.2 μm. ts are 100 μm (i), 114 μm (ii), and 380 μm (iii). (C) Confocal laser microscopy image, showing aligned micro-ribbons made from a bilayer-graphene on PDMS film. Bilayer graphene was prepared by chemical vapor deposition (purchased from Xianfeng Nano Co., Ltd. China) and transferred to PDMS layer via wetting transfer method. (D) An Au nanomembrane (tm = 300 nm) with nanoscale grooves on PDMS film. (E) Dependence of crease surface perimeter and fracture period (λ/λ0) on thickness contrast (ts/tm). The critical value of ts/tm in the dashed line is equal to A2tn, tn obtained by Eq.3 of main text. (F) Dependence of λ/λ0 and final instability order (n) on t. t = ts/(λ0A) = A-2 ts/tm. “stretch” and “peel” indicate the stretching and peeling experimental results, respectively. Vertical bars represent standard errors. λ/λ0 are results of peeling experiments. n corresponds to the results of stretching experiments and references. The dashed lines are the predictions of our model, and critical values tn of t are obtained by Eq.3 of main text. 

  [image: ]


[image: ]
Figure S11. Fracture in the crease bottom. (A) Top panel, SEM image of buckling structures in a bending SiO1.8/PDMS bilayer with tm = 155 nm and ts = 114 μm; w represents the region with primary single wrinkle, while d-f, and q-f is for the region with double, and quadruple folds, respectively; q-c represents the region with quadruple-creases; serial numbers i-iii represent three mill locations of focused ion beams (FIB) for characterizing cross-sections of creases in the bending bilayer. Lower panel, FIB images taken at the locations i-iii in the top panel, illustrating the fracture process of SiO1.8 membrane at crease bottom. (B) SEM image of the front view of a crease; and FIB images taken at the locations i-iii in the crease, showing the fracture growth along the crease bottom.


Table S1. The parameters of the bilayer films used in this work and references cited in Fig.3 of main text. “exp.” represents experiments.
[image: ]

#1 The period and instability order of MoS2/PDMS system are calculational results.

#2 , considering the influence of soft film thickness (ts) for small thickness contrast (ts/tm ≤ 10) (8).
#3 ref. 9 (or S11) indicates the reference in main text is No. 9, while in Supplementary Information is No.11.
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