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8 ABSTRACT: The development of a method for integrating
9 highly efficient energy conversion materials onto soft, bio-
10 compatible substrates could yield breakthroughs in implan-
11 table or wearable energy harvesting systems. Of particular
12 interest are devices which can conform to irregular, curved
13 surfaces, and operate in vital environments that may involve
14 both flexing and stretching modes. Previous studies have
15 shown significant advances in the integration of highly
16 efficient piezoelectric nanocrystals on flexible and bendable
17 substrates. Yet, such inorganic nanomaterials are mechani-
18 cally incompatible with the extreme elasticity of elastomeric substrates. Here, we present a novel strategy for overcoming these
19 limitations, by generating wavy piezoelectric ribbons on silicone rubber. Our results show that the amplitudes in the waves
20 accommodate order-of-magnitude increases in maximum tensile strain without fracture. Further, local probing of the buckled
21 ribbons reveals an enhancement in the piezoelectric effect of up to 70%, thus representing the highest reported piezoelectric
22 response on a stretchable medium. These results allow for the integration of energy conversion devices which operate in stretching
23 mode via reversible stretching and release deformations in the wavy/buckled ribbons.
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25 Biomechanical energy represents a feasible source of contin-
26 uous power for wearable or implantable devices.1-7 Since
27 such applications operate via strain-driven modes, they require
28 the associated energy converting devices to be both flexible and
29 stretchable. Recent research has accelerated in the implementa-
30 tion of highly efficient nanoscale piezoelectric energy harvesters
31 on unconventional substrates and in unusual form factors for
32 bendable energy harvesting.2,3,5,6,8 Yet, stretchability remains a
33 more difficult prospect, as the strains involved can exceed the
34 fracture limits of the most efficient piezoelectric crystals. Poly-
35 meric polyvinylidine fluoride (PVDF) nanofibers are naturally
36 flexible and stretchable, accommodating a maximal strain of 2%
37 or higher.9 However, this advantage is offset by the relatively
38 weak electromechanical coupling, with a piezoelectric coefficient
39 of -25 pC/N.10 On the other hand, most highly efficient
40 piezoelectric inorganic ceramic materials are mechanically brittle.
41 For example, lead zirconate titanate (PZT, Pb[Zr0.52Ti0.48]O3)
42 has a piezoelectric coefficient ∼10 times higher than that for
43 PVDF11 but an elastic modulus of 50-100 GPa7 and amaximum
44 tensile strain of 0.2% before fracture.12 Nanoribbons of
45 PZT,5,13,14 zinc oxide (ZnO),2,3 or barium titanate
46 (BaTiO3)

15,16 printed onto stretchable elastomeric or flexible
47 plastic substrates are thus susceptible to cracking, slipping, or
48 delamination during operation.17,18 Thus, despite their higher
49 fundamental performances, these drawbacks naturally limit the

50power generating capabilities of such hybrid devices, by requiring
51large forces to compress the materials and rendering the devices
52susceptible to mechanical failure.
53Here we present a new approach for the generation of hybrid
54energy harvesting materials, which can simultaneously display
55high piezoelectric performance while retaining mechanical in-
56tegrity under both stretching and flexing operating modes.
57Inspired by recent work in rendering electronic materials
58stretchable,19-21 our approach takes advantage of the nanoscale
59thicknesses of piezoelectric ribbons to rationally form wavy
60ribbon geometries on soft substrates, such as poly(dimethyl-
61siloxane) (PDMS).19,22,23 By utilizing prestrains in PDMS to
62buckle the ribbons, these structures can accommodate signifi-
63cantly higher compressive and tensile poststrains via changes in
64the wave amplitudes rather than destructive strains in the
65materials. Most importantly, localized probing of the buckled
66regions reveals enhanced piezoelectric response, allowing for the
67generation of stretchable energy harvesting devices.
68Figure 1 F1a illustrates our approach.5 PZT ribbons (5-10 μm
69wide and 250-500 nm thick) were patterned on a magnesium
70oxide (MgO) host substrate as described previously5,13 and
71subsequently released from the mother substrate using
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72 phosphoric acid (85% concentration, 75 �C, ∼50 s). A slab of
73 PDMS (∼2mm thick) was then elastically stretched and brought
74 into conformal contact with the ribbons. Peeling off the PDMS
75 allowed for complete transfer of the PZT ribbons to the
76 elastomer via adhesive van der Waals forces in the surface-
77 dominated ribbons. Finally, releasing the prestrain in the PDMS
78 led to a compressive force in the PZT ribbons as the PDMS
79 relaxed to zero strain, leading to periodic de-adhesion and
80 buckling. The resulting wavy geometry is a result of the transfer
81 of mechanical compressive energy into bending energy.
82 Figure 1b shows a scanning electron microscopy (SEM) image
83 of PZT ribbons transferred using unstrained PDMS, while
84 Figure 1c shows PZT ribbons with a wavy/buckle structure
85 induced by the prestrained PDMS.
86 The resulting geometry of the wavy/buckled ribbons is
87 determined by several factors, including (1) the interaction
88 between the PDMS and the ribbons, (2) the flexural rigidity of
89 the PZT ribbons, and (3) the amount of prestrain in the
90 compliant PDMS. For example, as seen from previous theoretical
91 and experimental studies on ribbons,19,22,24,25 a combination of
92 small prestrain in PDMS and strong adhesion may not lead to
93 buckling, since the ribbons remain in contact with the substrate.
94 In contrast, PZT ribbons buckle due to the large prestrain and
95 moderate to weak PZT/PDMS adhesion. The result is that
96 originally flat ribbons of length L0 will adopt a sinusoidal buckling
97 profile characterized by wavelength L and amplitude A, such that
98 L0 becomes the contour length of the buckle. Supposing the
99 relatively thick PDMS is completely relaxed, (L0 - L)/L is then
100 simply the prestrain from PDMS.
101 In order to estimate the wavelength and amplitude of the
102 buckled regions, we consider the total energy in the system as the
103 sum of the energy from the uniaxial strain in the ribbon and the
104 energy due to bending,26 adding an adhesion energy term
105 between PZT ribbons and PDMS. Using an analytical method
106 (see Supporting Information), the wave/buckle length and
107 amplitude in periodic structures can be calculated by minimizing

108the total energy, resulting in
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109Here, h is the thickness of PZT ribbons, wad is the adhesion
110energy per unit area between the PZT and PDMS, E is the
111Young’s modulus of PZT, and εpre is the prestrain of PDMS.
112In practice, variations in the ribbon thickness, the adhesive
113force, and the strain restoration could cause the ribbons to form
114aperiodic structures containing buckles with long intervening flat
115regions. For example, Figure 2 F2a shows buckled PZT ribbons
116under high (8%, top image) and low (2%, bottom image)
117prestrain conditions. These results support the idea that larger
118prestrains lead to more periodic structures, with smaller pre-
119strains yielding isolated buckles. Panels b and c of Figure 2 show
120experimental wavelength L and amplitude A data points, respec-
121tively, overlaid on curves calculated using the preceding equa-
122tions for ribbon thicknesses of 250 and 500 nm. Notably, the
123experimental data agree well with the calculations using para-
124meters E = 71 GPa and Wad = 0.12 N/m, particularly when the
125prestrain is large. When εpre e 0.02, the measured wavelength
126and amplitude are larger than the calculated value, due to the
127existence of long flat, unbuckled regions, indicating that at low
128prestrains the hybrid adhered state is lower in energy. Future
129work will allow us to control the geometry of the buckling more
130rigorously by, for example, chemical patterning of the PDMS
131stamp to define adhesion areas.27

Figure 1. Formation of wavy/buckled piezoelectric PZT ribbons. (a) From top to bottom: PZT ribbons were patterned on an MgO substrate and
undercut etched to release them from the mother substrate; a slab of prestrained PDMS was laminated against the ribbons and peeled off quickly;
retrieved PZT ribbons were transferred onto PDMS and formed wavy/buckled structures upon strain relaxation. (b) SEM image of PZT ribbons transfer
printed to PDMS with zero prestrain. (c) PZT ribbons spontaneously buckled under prestrained conditions.
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132 A key question is whether PZT ribbons formed using pre-
133 stretched elastomers are capable of sustaining larger tensile strains
134 due to their wavy/buckled geometry. To test this stretchability,
135 hybrid structures containing flat ribbons and wavy/buckled PZT
136 ribbons were sequentially mounted on a tensile stage and observed
137 by SEM in situ during deformation. Figure 3F3 shows the results. For
138 PDMS containing flat PZT ribbons, fracture initiated almost
139 immediately with a low applied tensile strain (<1%) and propagated

140quickly into brittle fracture (Figure 3a), consistent with PZT’s bulk
141failure strain of∼0.2%.12 By contrast, similar experiments on wavy/
142buckled PZT ribbons formed using an 8% prestrain do not show
143any stress cracks with applied tensile poststrains (up to >8%) and
144even under compressive strains (-1%) (Figure 3b). This stretch
145and release process was repeated for several cycles without obser-
146ving any crack formation. This stretchability is enabled by the ability
147of the wavy/buckled PZT ribbons to vary their wavelength and
148amplitude to accommodate an applied poststrain.
149Figure 3c shows the length and amplitude of the buckles with a
150range of applied poststrains. The initial wavelength and ampli-
151tude were 150 and 18 μm, respectively. With increased post-
152strain, the wavelength increases linearly with poststrain as shown
153by the red data fit line, until the applied poststrain reaches the
154prestrain value, at which point ribbon slippage occurs. With
155compressive strains, slippage commences at a relatively smaller

Figure 2. Engineering wavy ribbon geometry via prestrain. (a) Top:
SEM image of wavy/buckled ribbons formed with large PDMS prestrain
(8%). Bottom: SEM image of wavy/buckled ribbons formed with small
PDMS prestrain (2%). (b, c) Experimental data and calculated fitting
lines (from eqs 1 and 2) describing the buckle wavelength (b) and
amplitude (c) as a function of various prestrains (black, 250 nm thick
ribbons; red, 500 nm thick). A total of 10 data sets were used for the
statistical analysis.

Figure 3. Application of tensile and compressive poststrains. (a, b)
SEM images showing the stretching of flat ribbons (a) and wavy/
buckled ribbons (b) on PDMS under progressive tensile strains. Scale
bars: 20 μm. (c) Plots of the change in wavelength and amplitude of
buckled ribbons as a function of applied compressive or tensile post-
strains. The red line is a linear fit of the experimental wavelength data,
while the blue line is calculated from eq 2.
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156 strain due to the largemodulus of PZT and the increased bending
157 energy. Similarly, the amplitude decreases with increased post-
158 strain in order to maintain a constant ribbon contour length with
159 changing wavelength. This amplitude can be calculated from eq 2
160 by substituting εpre with εpre- εpost, as shown by the blue line in
161 Figure 3c. In other words, imposing a poststrain εpost on ribbons
162 formed with a prestrain εpre yields equivalent geometries to
163 ribbons released from a εpre - εpost prestrain, as shown by the
164 strong agreement between the data points and calculations.
165 Interestingly, in both the static and stretched states, fractures
166 were not observed in the wavy/buckled ribbons even with the
167 originally destructive tensile poststrain (up to 8%). This can be
168 explained by the small residual strain present after ribbons relax
169 into the wavy geometry. Following the preceding mechanical
170 analysis, the uniaxial strain at the midplane of the ribbon is
171 determined to be εmid = -4.5 � 10-5, which is 3 orders of
172 magnitude smaller than the prestrain and remains a constant
173 along the extent of the buckles. The maximum surface strain in
174 PZT ribbons occurs at the peak and trough locations where the
175 curvature is largest, εmax = kh/2, where k is the curvature. Thus,
176 for a ribbon thickness of 500 nm, and a prestrain of 8%, the
177 calculated value of maximum surface strain is 6.3 � 10-3, which
178 is 1 order of magnitude smaller than the prestrain.
179 Previous studies on PZT thin films have suggested that in-
180 plane tensile or compressive strains, either applied during
181 measurement28 or residual from the annealing procedure,29

182 can significantly affect the piezoelectric response due to perov-
183 skite domain reorientation.30-32 For example, a 45 MPa com-
184 pressive stress in PZT films can lead to a 37% increase in
185 piezoelectric displacement.29 Another factor that may enhance

186the piezoelectric response is strain gradient induced polarization,
187or the “flexoelectric” effect,33 which is particularly prominent in
188thin films due to the larger strain gradients.34-36 Finally, it has
189been shown that the substrate clamping effect can reduce the
190piezoelectric response of thick PZT films by up to 62% relative to
191bulk values of the piezoelectric charge constant, d33.

37

192An intriguing question is whether the piezoelectric response is
193altered in buckled PZT ribbons relative to their flat counterparts.
194Piezoelectric force microscopy (PFM)38 allows for the local
195probing of the piezoelectric effect at various points along the
196ribbons, including at wavy and flat regions. Figure 4 F4a shows the
197PFM experimental setup. Buckled PZT ribbons containing a Pt
198underlayer were generated with wavelengths of 80 μm and
199heights of 11 μm, and the PFM tip was brought into contact
200with the top of the ribbons. Next, an ac modulating voltage was
201applied between the tip and Pt underlayer, and the piezoelectric
202response amplitude was measured at the tip. Figure 4b shows the
203typical piezoelectric response amplitude as a function of applied
204ac voltage, as the modulating voltage was swept from 1 to 10 V.
205PFM measurements were performed at flat and buckled regions
206of the ribbons and were taken before and after poling at 100 kV/
207cm for 30 min. The piezoelectric coefficient, d33, was determined
208from the slopes of the measured lines as described previously.5,39

209Figure 4c shows statistical d33 values taken from flat and buckled
210positions along the ribbons, before and after poling (10 V, 30
211min). The data show that d33 values in the flat regions before and
212after poling are ca. 40 and 75 pm/V, respectively, while those in
213the buckled regions are ca. 80 and 130 pm/V, respectively.
214Significantly, this value of 130 pm/V is a 70% increase over the
215response at the flat region and thus represents the highest

Figure 4. Local probing of piezoelectric response in buckled ribbons. (a) Schematic illustration of the PFMmeasurement performed on a ribbon buckle.
(b) Representative piezoelectric displacement in buckled and flat regions of wavy PZT ribbons, as functions of the applied ac tip bias, before and after
poling. (c) Average piezoelectric coefficients d33 retrieved from the PFM line slopes, before and after poling, and at various locations. Five sets of
measurements from different buckles were used for the statistical analysis. (d) Calculated profile of a buckled ribbon and the corresponding strain
gradient as determined from eq 4.
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216 reported piezoelectric charge constant value on a flexible
217 medium.5

218 To understand this piezoelectric enhancement, we calculated
219 the uniaxial strain and strain gradient along the length of the wavy
220 ribbons. The midplane uniaxial strain is given by

εmid ¼ π2A2

4L02
-

εpre
1þ εpre

ð3Þ

221 which yields a midplane stress of 8.5 MPa. This uniaxial strain is
222 independent of the position, such that the midplane strain εmid

223 and stress (σmid = Eεmid) are the same everywhere in the ribbons
224 and are functions of prestrain only (since A and L0 are functions
225 of prestrain only). Given the small magnitude of the uniaxial
226 midplane strain, and the fact that it is a constant along the
227 ribbons, we conclude that this strain does not account for the
228 observed location-dependent enhancement. By contrast, in the
229 buckled PZT ribbons, the strain gradient k is calculated as

k ¼ -
2π2A
L02

cos
2πx
L0

� �
ð4Þ

230 which is a function of the location x. The strain gradient reaches
231 positive and negative maxima at the peak and trough locations
232 and is zero in flat ribbon regions. The maximum strain gradient
233 can be as high as 3.0 � 104 m-1, which is several orders of
234 magnitude larger than those achieved by four-point bend tests.34

235 It can thus be concluded that this large, location-dependent strain
236 gradient accounts for the piezoelectric enhancement. Further,
237 the lack of substrate clamping in the elevated buckles is also
238 expected to contribute to the increased piezoresponse.37

239 In order to demonstrate a proof-of-principle test of wavy
240 piezoelectric ribbons in stretchable systems, the ribbons were
241 integrated into energy conversion devices. PDMS samples

242containing wavy/buckled ribbons were contacted by two spots
243of silver paint at the ribbon ends, connected to a current meter,
244poled at 10 kV/cm for 5 h, and mounted on a tensile stage for
245reversible stretching and releasing (strain ∼0-8%). Figure 5 F5a
246schematically illustrates this experiment setup, while Figure 5b
247shows the stretching stage and the ribbons under test, respec-
248tively. Peaks in the current signal were recorded at the moments
249of stretching and releasing, as indicated in panels c and d of
250Figure 5, which are from samples consisting of 5 wavy ribbons
251(effective cross-sectional area,Across≈ 12.5� 10-6 mm2) and 10
252wavy ribbons (Across ≈ 25 � 10-6 mm2), respectively. On the
253basis of the current peaks, the current density is calculated to be j
254= I/Across≈ 2.5 μA/mm2, which compares favorably to the peak
255current density measured in vertical PZT nanowire-based
256devices.8 The energy harvesting here is explained by overall
257changes in the midplane strain upon stretching and releasing, as
258described by eq 3.
259In summary, nanothick ribbons of the piezoelectric ceramic
260PZT have been rendered stretchable via printing onto pre-
261strained elastomeric substrates and releasing the strain to form
262buckled ribbons with engineered wavelengths and amplitudes.
263The wavy shapes of the ribbons can accommodate order-of-
264magnitude larger poststrains relative to their flat counterparts
265and thus are suitable for implementation in devices with challen-
266ging form factors. Further, the buckled ribbons display enhanced
267piezoelectric performance, thereby representing a promising
268hybrid materials platform for wearable or even implantable
269energy harvesting devices (using encapsulated PDMS).27 Yet, a
270number of key challenges remain. In particular, future work will
271help us understand in more detail: (1) the relative contributions
272of substrate clamping and the flexoelectric effect enabled by the
273strain gradient to the enhanced piezoelectric response, (2) the
274ability to print buckled PZT ribbons over large areas, as has been

Figure 5. Energy conversion from stretching wavy/buckled PZT ribbons. (a) Schematic illustration of the experimental setup. (b) Top: photograph of
the hybrid chip mounted on a stretching stage, with silver paint contacts separated by 0.5 mm. Bottom: optical micrograph of wavy ribbons bridging
silver-paint contacts. (c, d) Short-circuit current measured from devices consisting of 5 (c) and 10 (d) ribbons under periodic stretch (8% strain) and
release.
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275 accomplished with flat ribbons, and (3) a better understanding of
276 the hard inorganic/soft polymeric interface and its longevity
277 under mechanoelectrical cycling.
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Derivation of equations for the amplitude and wavelength

Our goal in this part of the supplement is to obtain analytical expressions for the dependence of the wave-
length and amplitude of the buckled regions of the PZT ribbons adhered to the PDMS substrate. Our
expressions will also give us estimates of the strain-gradient and mid-plane stress/strain in the PZT ribbons.
These quantities play a significant role in determining the piezoelectric response of the PZT ribbons. Our
analysis follows the framework of Song et al. to which we add an adhesion energy term.

In our experiments PZT ribbons about 250-500nm thick adhere to pre-strained PDMS substrates that are
about 2-3mm thick. For large pre-strains the PZT ribbons ‘de-adhere’ upon relaxation (see fig. S1). The
deflection of the neutral plane of the PZT ribbon is assumed to be given by w(X) for −L0

2 ≤ X ≤ L0
2 ,

where:

w(X) =
A

2

(
1 + cos

2πX

L0

)
=

A

2

(
1 + cos

2πx

L

)
, (1)

where A is the amplitude of the sinusoidally buckled region, L is the wavelength of the buckled sinusoid

x= -L/2 x= +L/2

w

x

Relaxed PDMS

h

Pre-strained PDMS

PZT ribbon of thickness `h’
is adhered to the PDMS.

Buckled ribbon

(a) (b)

X = -L0/2 X = +L0/2

Fig. S1: Schematic of the experiment. (a) PZT ribbons of thickness h ≈ 250 − 500nm are adhered to pre-
strained PDMS of thickness 2-3mm. (b) When the PDMS is allowed to relax the PZT ribbons ‘de-adhere’
in some regions to form sinusoidal buckled shapes. The red lines in the ribbon are in compression and the
green lines are in tension. The neutral plane or mid-plane is the black dashed line. The deflection of the
neutral plane is given by w(X) where X refers to a material point on the neutral plane. The wavelength
of the sinusoidal buckled region is L in the deformed configuration. L(1 + εpre) = L0 where εpre is the
pre-strain applied on the PDMS.

in the deformed or current configuration, L0 is the wavelength in the reference configuration, x(X) =
X + u(X) is the current position of a material point X and u(X) is the displacement in the X direction.
Note that L and L0 are simply related through the pre-strain which is prescribed in the experiment:

εpre =
L0

L
− 1. (2)

We have assumed in writing the above expression that the PDMS is completely relaxed. This is a good
assumption since the PDMS is few thousand times thicker than the PZT ribbons. Both A and L0 (or L) are
unknown and our goal is to determine how these quantities vary with the pre-strain εpre. We will do so by
minimizing the energy with respect to A and L0. To calculate the energy we first need to know the uniaxial
strain in the mid-plane and the bending strain which vary through the thickness of the ribbon. Note that for
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a beam with large deflections and moderate rotations

dw

dX
= −Aπ

L0
sin

2πX

L0
, (3)

d2w

dX2
= −2Aπ2

L2
0

cos
2πX

L0
, (4)

εmid =
du

dX
+

1
2
(
dw

dX
)2. (5)

The mid-plane force per unit breadth is N = Ehεmid and we expect from equilibrium that dN
dX = 0 since

there are no body forces in the X-direction. By substituting the expressions for w(X), dw
dX etc., we can

integrate dN
dX = 0 once and obtain:

du

dX
=

A2π2

4L2
0

cos
4πX

L0
+ C1, (6)

so that, after one more integration,

u(X) =
A2π

L0
sin

4πX

L0
+ C1X + C2, (7)

where C1 and C2 are integration constants. Now by requiring that u(L0
2 ) − u(−L0

2 ) = L we find C1 =
L
L0
− 1. Now using the expression for dw

dX we find that

εmid =
du

dX
+

1
2
(
dw

dX
)2 =

π2A2

4L2
0

+
L

L0
− 1,=

π2A2

4L2
0

− εpre

1 + εpre
, (8)

which is independent of X . This means that the mid-plane strain εmid and stress (which is σmid = Eεmid)
are same everywhere in the buckled parts of the PZT ribbon and are a function of pre-strain only since
A and L0 are functions of pre-strain only. We are now ready to compute the energy of the configuration
described by w(X). The energy is composed of a bending energy U bend, a mid-plane energy Umid, and an
adhesion energy Uadh. In the following we compute all contributions to the energy per unit breadth of the
PZT ribbons.

U bend =
∫ +

L0
2

−L0
2

1
2

Eh3

12

(
d2w

dX2

)2

dX =
Eh3

12
π4A2

L3
0

, (9)

Umid =
∫ +

L0
2

−L0
2

1
2
Ehε2mid dX =

1
2
EhL0

(
π2A2

4L2
0

− εpre

1 + εpre

)2

, (10)

Uadh = WadL0. (11)

where Wad is the adhesion energy per unit area between the PZT and PDMS. Note that de-adhering of the
ribbon over length L0 causes an increase in the energy of the ribbon just as bending and compressing it does.
The total energy of the ribbon is then

U tot(A,L0) =
Eh3

12
π4A2

L3
0

+
1
2
EhL0

(
π2A2

4L2
0

− εpre

1 + εpre

)2

+ WadL0. (12)

To find A and L0 we set
∂U tot

∂A
= 0,

∂U tot

∂L0
= 0. (13)
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Fig. S2: Comparison of two theories for buckling of PZT ribbons with experimental data. In both the
panels, the blue solid line and blue dashed line correspond to h = 500nm, while the red solid and dashed
line correspond to h = 250nm. The solid lines assume that the ribbons de-adhere and buckle, while the
dashed lines assume that the ribbons buckle without de-adhering. (a) plots the amplitude, and (b) plots
the wavelength as functions of the pre-strain. It is clear that the theory which assumes de-adhering of the
ribbons captures the trends seen in the experimental data.

Note that minimizing with respect to the wavelength L in the deformed configuration is equivalent to
minimizing with respect to L0 since they are related through the given value of εpre. Setting the derivatives
above to zero yields two equations:

π2h2

3L2
0

+
π2A2

4L2
0

− εpre

1 + εpre
= 0, (14)

−π4A2h2

2L4
0

− 3π4A4

16L4
0

+
(

εpre

1 + εpre

)2

+
π2A2

2L2
0

εpre

1 + εpre
+

2Wad

Eh
= 0. (15)

These are two simultaneous equations in the two unknowns A and L0, and they can be solved to give,

L0 =
πh√

εpre

1+εpre
−

√
ε2pre

(1+εpre)2
− 6Wad

Eh

, (16)

A =
2L0

π

√
εpre

1 + εpre
− π2h2

3L2
0

. (17)

The wavelength in the deformed or current configuration can be computed immediately as L = L0
1+εpre

. The
expression for L0 involves a square root in the denominator. To ensure that we have real values of L0 (or
the wavelength) we require

ε2pre

(1 + εpre)2
≥ 6Wad

Eh
, (18)

which boils down to ε ≥ εc where εc is a critical strain and is given by

εc =
1√

Eh
6Wad

− 1
. (19)
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The critical strain εc increases as Wad increases, which is in agreement with intuition. The expressions for
L0 and A above are similar to those for the case when the ribbons buckle into sinusoidal patterns while still
being totally adhered to the substrate. The expressions for L0 and A for the totally adhered case are:

L0 =
πh
√

εc
, (20)

A = h

√
εpre

εa
− 1, (21)

where εa = 0.52[Esub(1−ν2
rib)

Erib(1−ν2
sub)

]2/3 is a critical strain for buckling, and Erib and νrib are the Young’s mod-
ulus and Poisson ratio for the ribbon material and Esub and νsub are the corresponding quantities for the
substrate material. Fig. S2 shows the curves obtained from both these theories (buckling with de-adhering,
and without de-adhering) together with the experimental data. The wavelength of the sinusoids in the fully
adhered case is a constant independent of the pre-strain. This is not the case in our experiments. Further-
more, the amplitudes in the fully adhered case are much smaller than those seen in the experiments except
for very small pre-strains. On the other hand, the predicted wavelength and amplitude of the sinusoidal
buckles assuming de-adhering of the ribbons match the experimental data very well. This, together with the
EM images in the main text, suggests that this is a case of moderate adhesion where releasing the pre-strain
results in a competition between adhesion energy and bending energy in the ribbons.
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Fig. S3: Mid-plane stress (a) and strain gradients (b) as functions of the pre-strain. The mid-plane stress is
always compressive and the strain gradients through the thickness are large.

The strain gradient through the thickness of the ribbon (due to bending) is nothing but the curvature
d2w
dX2 = −2Aπ2

L2
0

cos 2πX
L0

. The strain gradient is a function of X and it changes sign at X = ±L0
4 . The

maximum magnitude of the strain gradient is 2π2A
L2

0
and it occurs at the center and the two ends of the

buckled region. Note that using the expression for A we can write the mid-plane strain, εmid = −π2h2

3L2
0

,
which is always compressive. This, again, is in agreement with intuition. In fig. S3 we plot the mid-plane
stress and the strain gradient as functions of pre-strain. Note that the strain-gradients are very large and
could lead to the ‘flexoelectric’ effect in the PZT ribbons.
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