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channels, [ 11,12 ]  and tune the chemistry, [ 13 ]  
adhesion, [ 14,15 ]  wetting, [ 16,17 ]  and optical 
characteristics [ 18 ]  of surfaces, among other 
examples. 

 In comparison to other buckling 
modes, delamination—wherein a sup-
ported elastic thin fi lm subject to a com-
pressive mismatch strain undergoes 
debonding from the substrate and forms 
blister-like structures—has received rela-
tively little attention with regards to appli-
cations in responsive materials or soft 
actuators. Although well-known from the 
perspective of failure of a diversity of thin 
coatings including paint, metals and inor-
ganic materials, [ 19,20 ]  graphene [ 21–25 ]  and 
polymer fi lms, [ 26–32 ]  and of recent interest 
in the growth of biofi lms, [ 33–35 ]  only a few 
studies have sought to exercise control 
over this process to defi ne switchable 
materials. Notably, Huck and co-workers 
demonstrated the triggered electrochem-
ical delamination of cross-linked polymer 
brush fi lms from patterned electrodes, 

although in this case the process was irreversible. [ 36 ]  Very 
recently, Rogers and co-workers have relied on delamination 
buckling of metal fi lms with patterned adhesion to generate 
reversibly tunable 3D structures, [ 37 ]  while Zhao and co-workers 
have used delamination of graphene fi lms to tune surface wet-
ting and transparency. [ 38 ]  

 Desirable materials for the fabrication of soft actuators 
should allow for large-scale, rapid, and reversible deformations. 
Polyelectrolyte gels have received considerable attention in this 
regard, [ 39,40 ]  as they can reversibly undergo pronounced changes 
in shape or size in response to a wide range of stimuli [ 26,40–43 ]  
including changes in pH, ionic strength, temperature, light 
intensity, solvent composition, and electric or magnetic fi eld 
strength. The electrically responsive characteristics of these 
materials are particularly attractive with regards to integra-
tion into microfabricated electrical control systems. [ 44,45 ]  For 
example, Park and co-workers recently described a nanostruc-
tured polyelectrolyte electroactuator consisting of sulphonated 
block copolymers and ionic liquids, [ 46 ]  which allowed for rapid 
response rates (<1 s), reasonably large strains (up to 4%), and 
reproducible actuation at below 1 V. Similarly, some of us previ-
ously reported that the application of modest voltages (2–4 V) 
to thin polyelectrolyte hydrogel layers allowed for rapid (≈1 s) 
actuation of surface creases. [ 47 ]  

 In the current report, we describe the reversible electrically 
actuated delamination and buckling of a thermally responsive 
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  1.     Introduction 

 Elastic buckling instabilities of thin polymer fi lms including 
wrinkling, creasing, folding, and global buckling modes pro-
vide both a rich set of fundamental questions in elasticity and 
a variety of potential applications. [ 1–5 ]  From the latter perspec-
tive, buckled thin fi lm structures have been integrated into 
devices to prevent failure under large deformations, [ 6–8 ]  provide 
mechanically gated electrical switches, [ 9 ]  improve the effi ciency 
of organic solar cells, [ 10 ]  regulate transport in microfl uidic 
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poly( N -isopropylacrylamide- co -sodium acrylate) (PNIPAM) 
polyelectrolyte gel layer on micropatterned electrode surfaces. 
Through a two-step mechanism corresponding to electrochemi-
cally triggered delamination at a fi rst critical voltage, followed 
by gas bubble formation at a second critical voltage, we dem-
onstrate that large out-of-plane displacements can be achieved, 
with rapid switching at modest triggering voltages (from −3 
to −6 V). Using thermally triggered deswelling of the gel, we 
show that it is possible to return the gel to its initially fl at and 
adherent state, enabling reproducible formation of buckled 
structures through multiple cycles of actuation.  

  2.     Results and Discussion 

 We consider the electrically triggered delamination and buck-
ling of anionic PNIPAM copolymer gel surfaces supported 
on silicon substrates micropatterned with gold interdigitated 
electrodes (IDE) with widths  w , spaced by an edge-to-edge 
distance  a , as illustrated in  Figure    1  . A silane coating is used 
to maintain adhesion of the gel to the regions of the surface 
not covered by electrodes (without which, the gel is subject to 
extensive delamination upon swelling; see Figure S1a in the 
Supporting Information), while a thiol monolayer provides 
an electrochemically switchable bonding of the gel to the gold 
microelectrodes. [ 48–51 ]  We also fi nd that the thiol monolayer 
reduces the formation of bubbles due to electrolysis of water 
(Figure S1b, Supporting Information). The well-known thermal 
sensitivity of PNIPAM gels, [ 52,53 ]  which undergo deswelling as 
temperature is increased, provides a simple means to modulate 
the compressive mismatch strain within the surface-attached 
gel, and therefore the elastic driving force for delamination 
and buckling. The gel is maintained in a phosphate buffered 
saline (PBS) solution (ionic strength = 150 × 10 −3   M ) and ini-
tially allowed to reach swelling equilibrium at a fi xed tempera-
ture prior to electrical actuation. We characterize the degree of 
swelling in the gel by the ratio of the swelled thickness  H , to 
the initial, as-prepared thickness  h . 

  Upon increasing the DC electrical potential ( Φ ) applied 
between the anode and cathode lines in the IDE array, we 
observe a two-step electrochemical delamination and buck-
ling process, as detailed in  Figure    2   for the case of  h  = 25 µm, 

 w  = 60 µm, and  a  = 120 µm (see also Movie S1 in the Supporting 
Information). Over the anode regions, we see the development 
of creases and craters as explored in a previous report, [ 47 ]  which 
we will not consider further here. Over the cathodes, the gel 
thickness increases slightly due to electrochemically induced 
modulation of the swelling. [ 54,55 ]  We quantify this behavior by 
plotting  A / H  (Figure  2 g), with  A  representing the maximum 
vertical distance between the top surface of the gel and the 
underlying substrate, which reveals a slow increase in thick-
ness starting at an applied potential of around −2 V. At a fi rst 
critical voltage (around −4 V), the gel can be seen to delami-
nate from the cathode and buckle out-of-plane through a pro-
cess of localized nucleation and rapid lateral propagation of 
blisters over a distance of at least 0.75 mm within 1 s. Inter-
estingly, cross-sectional imaging of the fi lm by laser-scanning 
confocal fl uorescence microscopy (LSCM) reveals only a very 
small gap between the electrode surface and the gel, along with 
a clear region where the delaminated bottom surface of the gel 
exhibits self-contact. Once the gel has undergone delamina-
tion, the buckled features remain in place after turning off the 
applied potential, at least over a time-scale of 6 h. These ‘stage 
I’ blisters also exhibit secondary buckling along the direction of 
the electrodes, which take irregular morphologies under some 
conditions (Figure  2 b), and periodic ‘telephone-cord’ struc-
tures under others (Figure  2 e). We will discuss these features 
in more detail below, and note that similar observations (self-
contact and telephone-cord morphologies) were reported by 
Velankar and co-workers [ 28 ]  for swelling induced delamination 
of cross-linked polymer fi lms. 

  Further increases in applied potential do not noticeably infl u-
ence the delamination blisters, until a second critical voltage 
where the buckled gel infl ates into a straight-sided blister, 
often referred to as an “Euler column”. [ 31,56,57 ]  These features 
also appear by localized nucleation and rapid lateral propaga-
tion with speeds up to 1.5 mm s −1  along the electrode, and 
yield quite pronounced contrast in bright-fi eld optical micros-
copy, suggesting a large refractive index difference. Imaging by 
LSCM (Figure  2 e,f) reveals a shape that is nearly a cosine in 
cross-section with a large gap between the bottom gel surface 
and the electrode. These features remain stable after turning 
off the applied voltage over times of at least 1 h, and do not 
revert to either stage I blisters or planar surfaces. 
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 Figure 1.    Microfabrication and actuation of gel fi lms. Schematic illustration of the fabrication and actuation of a responsive gel-based fi lm supported 
on an interdigitated electrode array. The gel fi lm is preswelled to a level  H / h  in the vertical direction in PBS solution prior to electrochemical actuation.
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 We fi rst consider the electrochemical and mechanical phe-
nomena underlying this two-step delamination process. Stage 
I delamination is triggered by reductive desorption of the thiol-
monolayer at the cathode, a process also employed by Huck and 
co-workers for electrically triggered debonding of thin fi lms. [ 36 ]  
Cyclic voltammetry (CV) measurements (Figure  2 h) reveal that 
this process occurs at −1.02 V, relative to Ag/AgCl, for a homo-
geneous planar gold electrode covered with a self-assembled 
monolayer of the thiol used here, and that this value is insensi-
tive to the presence of a hydrogel coating. The value also agrees 
well with those from previous reports. [ 50,51 ]  This value cannot be 
directly compared to the critical potentials necessary to trigger 
stage I delamination in the IDE geometry, as the potential drop 
at each electrode is unknown, although a sudden increase in 
electrochemical current between the micropatterned electrodes 
(Figure S2, Supporting Information) at a voltage similar to that 
required for stage I delamination is consistent with this process 
being electrochemically driven. The potential for stage I delami-
nation depends on the swelling state of the gel ( Φ  I  = −3.8 V 
for  H / h  = 1.9 vs −4.5 V for  H / h  = 1.5), indicating that electro-
chemical reduction alone is not suffi cient to explain the phe-
nomenon, but that the onset of debonding and buckling also 
depends on the level of compressive stress in the gel. (We note 
that the temperature to achieve  H / h  = 1.5 is also higher than 
that for  H / h  = 1.9 by ≈10 °C, but an increase in temperature 
would be expected to increase the electrochemical current at a 
given potential, which should facilitate delamination, whereas 
the opposite trend is seen.) 

 Stage II buckling is driven by formation of a gas bubble 
between the cathode surface and the gel, presumably as the 
pressure of dissolved hydrogen generated by electrolysis of 
water becomes suffi ciently large to enable nucleation of a gas 

bubble. This assertion is substantiated by the dramatic growth 
in volume of the region between the bottom surface of the gel 
and the electrode (Figure  2 d–f), which occurs on a time-scale 
that is too rapid to be explained by poroelastic transport of 
water across the gel thickness, as well as by the pronounced 
increase in optical contrast, and therefore refractive index dif-
ference (Figure  2 b,c), from stage I to stage II blisters. Further-
more, the electrochemical current shows a second pronounced 
jump in the vicinity of stage II delamination (Figure S2, Sup-
porting Information), suggesting that this process is driven by 
an increase in the rate of electrochemical hydrolysis. The crit-
ical potential was again found to depend on the swelling level 
of the gel ( Φ  II  = −4.6 V for  H / h  = 1.9 vs −5.1 V for  H / h  = 1.5), 
suggesting that bubble nucleation is also coupled to the elastic 
energy of the gel. 

 We next turn to the origin of the distinct morphologies of 
the delamination blisters found in stage I and II. When the gel 
is initially delaminated from the electrode, it can buckle out-
of-plane to relieve the compressive elastic stresses generated 
by confi ned swelling. However, it is not free to buckle into an 
arbitrary confi guration, but is also instantaneously constrained 
to preserve its volume. Gradually, the gel may absorb water 
from the overlying aqueous medium and therefore increase in 
volume; water can also be transported across the gel and into 
the region between the gel and electrode. At long times, the 
gel should therefore be able to adopt an equilibrium confi gura-
tion (while still bonded to the surrounding substrate regions), 
and the pressure within the fl uid under the gel should equalize 
with that above the gel. We note that the importance of this 
volume constraint on buckling of soft membranes was invoked 
by Velankar and co-workers [ 28 ]  to explain their similar observa-
tions, and was recently shown by Stone and co-workers to play 
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 Figure 2.    Experimental characterization of two-stage delamination buckling. a) While the surface is initially fl at, increasing the applied potential results 
in b) stage |—delamination and buckling, followed by c) stage ||—formation of a straight-sided ‘Euler column’. The scale bar is 50 µm. LSCM 3D 
reconstructed images show d) a stage | delamination exhibiting a regular ‘telephone cord’ morphology, and e) a stage || Euler column. f) Cross-sectional 
profi les extracted from the LSCM images are compared for stage I (dotted line) and stage II (solid line), with the self-contacting region indicated by 
the arrow. g) The stepwise actuation is shown by plotting the normalized out-of-plane displacement of gel ( A / H ) as a function of the applied voltage 
at two different swelling ratios,  H / h  = 1.9 (squares), and  H / h  = 1.5 (circles), ( h  = 25 µm,  w  = 60 µm,  a/w  = 2). h) Cyclic voltammetry measurements 
show the reduction of the thiol Au bond at −1.02 V.
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an important role in the context of delamination buckling of 
lipid membranes. [ 58 ]  

 To shed additional light on the transition between stage I and 
stage II blisters, we performed fi nite element simulations using 
the commercial software package Abaqus. As a qualitative anal-
ysis, only a cross-section of the gel perpendicular to the elec-
trode strip is simulated, and the deformation of the cross-sec-
tion is constrained to plane strain condition. Since the gel layer 
is debonded from the electrode but bonded to the substrate else-
where, the swelling causes the debonded gel to buckle up and 
form self-contacting regions, as shown in  Figure    3  a. Substantial 
out-of-plane compression is generated near the tip of the self-
contact, which can drive the blister to buckle along the out-of-
plane direction, i.e., to adopt a telephone-cord like morphology. 

  Note that the buckling of the debonded gel requires the dif-
fusion of water into the gap between the debonded gel and the 
electrode. At the initial stage of the buckling, the diffusion of 
water may be much slower than the elastic deformation of the 
gel. The gap may thus be negatively pressurized relative to the 
bulk solution. In Figure  3 b, it is shown that with a pressure of 
−5 µ in the gap, the debonded gel is tightly constrained against 
the electrode, leaving only a very small volume between the 
gel and the electrode. As the water gradually diffuses through 
the gel, the pressure difference between the gap and the bulk 

solution eventually disappears and the equilibrium buckling in 
Figure  3 a is obtained. 

 When gas is evolved from the electrode, the gap may be posi-
tively pressurized relative to the bulk solution. In Figure  3 c, it is 
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 Figure 3.    Buckling mechanism. a) The debonded gel buckles above the 
electrode upon swelling. There is signifi cant out-of-plane compression 
near the tip of self-contact. b) When the gap between the debonded gel 
and the electrode has negative pressure relative to the bulk solution, the 
debonded gel may be tightly constrained against the electrode. c) When 
the gap between the debonded gel and the electrode has positive pres-
sure relative to the bulk solution, the self-contact opens up. There is less 
out-of-plane compression near the top of the buckled gel.

 Figure 4.    Effects of surface plasma treatment on gold electrodes and 
actuation voltages. Optical images of a planar gold electrode surface 
treated with O 2  plasma for times of a) 2 min, b) 4 min, c) 8 min, and
d) 15 min show a progressive increase in the size and number of buckled 
features; the scale bar is 20 µm. e) The critical voltages  Φ  I  (squares) 
and  Φ  II  (circles) both decrease with increasing plasma treatment time. 
Parameters for this experiment are:  h  = 25 µm,  H  = 45 µm,  w  = 60 µm, 
 a  = 90 µm. f) The critical voltages  Φ  I  and  Φ  II  are plotted as a function of 
 w,  with  H/h =  1.8 and  a/w  = 2.
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shown that with a pressure of 1.5 µ, the self-contact opens up, 
leaving a large volume between the debonded gel and the elec-
trode. The out-of-plane compressive stress is greatly released. In 
addition, the blister cross-section becomes wider. Both changes 
reduce the favorability of the serpentine morphology, contrib-
uting to the straight-sided morphology of stage II blistering. 

 As nucleation events are essential to determine the onset of 
both stages—nucleation of a debonded region in stage I, and 
of a gas bubble in stage II—it follows that the process ought to 
be highly sensitive to the presence of defects on the electrodes. 
Indeed, as summarized in  Figure    4  a–d, buckled features gener-
ated on the gold surface during oxygen plasma facilitated both 
steps. For increasing times of plasma exposure, the density and 
sizes of defects both increased (Figure S3, Supporting Informa-
tion), coinciding with a reduction in magnitude of both  Φ  I  and 
 Φ  II  by more than 1 V (Figure  4 e). For treatment times longer 
than ≈20 min, the initial delamination and bubble nucleation 
were simultaneous, leading to the direct formation of a straight-
sided blister. Elsewhere in the paper, however, we fi x the treat-
ment time at 5 min or below, where defects are minimal and 
there is a clear separation between stage I and II. 

  As the onset of both stages also depends on the elastic energy 
of the gel, a dependence on the lateral electrode dimensions, 
and therefore the size of the debonded region, is to be expected. 
To evaluate this effect, samples on IDE substrates with  w  
ranging from 20 to 200 µm were prepared, and delamination 
of gels with  h  = 25 µm was studied at a fi xed swelling ratio of 
1.8. As shown in Figure  4 f,  Φ  I  exhibits a strong dependence on 
 w , increasing in magnitude from −3.6 V for  w  = 60 µm, up to 

−4.2 V by  w  = 40 µm. Interestingly,  Φ  II  shows a much weaker 
dependence, beginning at ≈−4.7 V and increasing in mag-
nitude by no more than 0.1–0.2 V over the same range. This 
suggests that bubble nucleation is less strongly coupled to the 
elastic energy of the gel than is debonding, which is also con-
sistent with the smaller observed shift in  Φ  II  due to changes in 
swelling level, as described above. For values of  w  = 30 µm and 
below, no clear stage I buckling is observed; instead, debonding 
becomes coincident with bubble formation. 

 As summarized in  Figure    5  a, three basic morphologies were 
found for stage I blisters, depending on the degree of swelling 
of the gel layer: isolated blisters (1.3 ≤  H / h  ≤ 1.5, Figure  5 b), 
channeled but irregular blisters (1.5 ≤  H / h  ≤ 1.7), and regular 
telephone cord blisters (1.7 ≤  H / h  ≤ 1.9, Figure  5 c). The nor-
malized amplitude of these stage I features also increases 
with preswelling, from an average  A / H  = 1.53 at  H / h  = 1.3 to 
 A / H  = 2.31 at  H / h  = 1.9 (Figure  5 d;  h  = 25 µm,  w  = 60 µm, 
 a/w  = 2). Stage II blisters show a similar trend, although are 
consistently slightly larger in amplitude (Figure  5 d). Further-
more, the value of  A  for stage II blisters can be easily tuned by 
variations in the electrode width  w  (Figure  5 d). 

  In addition to straight-sided Euler columns, it is also pos-
sible to achieve localized debonded blisters using a circular 
electrode geometry, as shown in Figure  5 f,g (and Movie S2, 
Supporting Information). The gel surface locally debonds above 
the circular cathode to a stage I blister, and then infl ates into 
a stage II blister with a spherical cap. With the voltage main-
tained, or switched off, the spherical bubble does not propagate 
down the straight portion of the electrode, but instead remains 
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 Figure 5.    Structure of delamination blisters. a) Schematic illustration of stage | delamination as unchanneled isolated blisters (optical observation 
in panel (b), the scale bar is 50 µm), channeled blisters with (optical image in panel (c)), and telephone cord structures. (d) The normalized out-of-
plane displacement for stage I (square) and stage II (circle) as function of the preswelling ratio,  H / h.  Parameters for this experiment are:  h  = 25 µm, 
 w  = 60 µm,  a  = 120 µm. e) The amplitude of stage II blisters increases with electrode width, as shown for  H / h  of 1.9 (triangle), 1.7 (circle), and 1.5 
(square). f) An optical image and g) a 3D reconstruction from LSCM for a localized Euler blister on a circular electrode with diameter of 120 µm, the 
width of ring is 60 µm and the distance between the ring and central electrode is 60 µm.
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stably located above the circular region. Such a device could 
potentially be used, e.g., as an adaptive valve in a microfl uidic 
system, or a reconfi gurable pixel in a tactile display. 

 Finally, we consider the possibility for cyclic actuation of 
delamination blisters by taking advantage of the deswelling 
of the thermally sensitive PNIPAM copolymer hydrogel. After 
driving stage II delamination and turning off the applied 
potential, a gel with initial thickness of  h  = 25 µm is heated 
to 40 °C. As shown in  Figure    6  a, the straight-sided buckle 
decreases in amplitude over a time-scale of ≈600 s, and the 
gel is eventually restored to a planar state. We characterize 
the rate of this process by a plot of the vertical defl ection ratio 
A t H

A H

( )−
−

 as  t  1/2 /( A–H ) (Figure  6 b), where  A ( t ) is the defl ec-

tion at time  t . This plot shows an initially linear trend with a 
slope that yields a diffusion constant of  D  = 6.7 × 10 −11  m 2  s −1 , 
which is similar in magnitude to that for poroelastic relaxation 
of these gels. [ 59 ]  After the normalized amplitude has recov-
ered to about half of its initial value, however, a break in the 
curve is seen and full recovery to the fl at state proceeds more 
slowly. Importantly, when the gel is subsequently reswelled 
by cooling to 30 °C, no delamination is observed, indicating 
that the thiol groups remaining on the bottom surface of the 
gel after delamination are able to reestablish adhesion to the 
electrode surface. Repeated electrochemical delamination tests 
(Figure  6 c) indicate good reproducibility over 11 cycles with a 

triggering voltage of 4.5 V, with no evident 
degradation or permanent delamination. 
Cyclic voltammetry measurements, per-
formed about 20 min after recovery to the fl at 
state, also reveal thiol reduction during each 
actuation cycle, further supporting the re-
establishment of gold thiol bonds (CV data 
are shown in Figure S4 in the Supporting 
Information for ten cycles). Although the 
magnitude of the reduction peak decreases 
over the fi rst four cycles, it reaches nearly 
a steady-state value in subsequent cycles, 
indicating that a signifi cant fraction of thiol 
groups can be reversibly reduced and reoxi-
dized over multiple cycles. 

    3.     Conclusion 

 In summary, we have described the two-
stage electrochemically driven delamina-
tion buckling of hydrogel fi lms supported 
on micropatterned interdigitated electrodes. 
Reductive desorption of the thiol adhesion-
promoting layer, coupled with compressive 
swelling stresses in the fi lm, drives delami-
nation at a fi rst critical potential into a 
tightly folded blister that exhibits secondary 
buckling into irregular or telephone-cord 
structures. At a second critical potential, 
electrolysis of water is suffi cient to nucleate 
a bubble between the gel and the electrode 
surface, leading to rapid infl ation of the 

blister into a straight-sided ‘Euler column’. Both morphologies 
remain stable following the removal of the applied potential, 
although thermal deswelling of the gel can be used to restore 
the system to a planar and well-adhered state. We expect that 
the ability to controllably, reversibly, and rapidly drive delami-
nation blistering of hydrogel fi lms may fi nd applications 
including as soft actuators, micro/nanofl uidic devices, or sur-
faces with tunable properties.  

  4.     Experimental Section 
  Microelectrode Fabrication and Surface Treatment : A silicon substrate 

covered with ≈100 nm of silicon oxide was cleaned using an ultrasonic 
bath (Branson 5510, 495 W, 40 kHz) with acetone for 15 min, followed 
by fabrication of Cr/Au electrodes (≈10 nm/≈100 nm thicknesses) 
by standard photolithographic patterning, e-beam evaporation, and 
lift-off in acetone. Patterned substrates were next cleaned in a Harrick 
Expanded Plasma Cleaner at 18 W and 300 mTorr (fl owing oxygen) for 
a defi ned time period. After cooling the substrate to room temperature 
within a protection atmosphere of nitrogen, it was transferred to 
a beaker fi lled with 50 mL of toluene containing 4 × 10 −3   M  of bis(2-
methacryloyl)oxyethyl disulfi de (Sigma–Aldrich) and 25 × 10 −3   M  of 
3-(methacryloxy)propyltrimethoxysilane (Gelest) for 12 h to coat the 
gold and silicon oxide regions, respectively, with adhesion-promoting 
layers. 

  Gelation and Device Assembly : Gelation of the aqueous based PNIPAM 
polymer was performed using a pregel solution with volume of 200 µL, 
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 Figure 6.    Temperature-induced recovery and cyclic actuation. a) A time series of LSCM cross-
sections during an actuation-recovery cycle for a gel with  h  = 25 µm, preswelled to  H / h  = 1.9 at 
30 °C, on an electrode with  w  = 60 µm. After electrochemically triggered stage II delamination, 
the sample is heated to 40 °C, causing it to deswell and return to the fl at state, where it remains 
stably even after cooling back to 30 °C. The dashed line at  t  = 600 s indicates the initial thick-
ness of preswollen gel. Scale bar: 20 µm. b) The normalized amplitude follows an apparently 
diffusive scaling at short times with a diffusion coeffi cient of 6.7 × 10 −11  m 2  s −1  (slope of the 
dashed line). c) The normalized out-of-plane displacement of a single stage II blister shows 
good reproducibility over 11 cycles of actuation and recovery under a triggering voltage of 4.5 V.
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containing 825 × 10 −3  M  of  N -isopropylacrylamide, 115 × 10 −3   M  of sodium 
acrylate, 4.5 × 10 −3   M  of  N , N ′-methylenebisacrylamide, and 5 × 10 −3   M  of 
rhodamine-B methacrylate. After mixing and degassing under 1 mTorr 
for 15 min, 0.3 µL of  N , N , N ′, N ′-tetramethylethylenediamine and 1.0 µL 
of a 10 wt% aqueous ammonium persulfate solution were added. The 
mixture was loaded into a reaction chamber consisting of the anchoring 
substrate and a glass cover slip, separated by spacers (Kapton HN fi lms, 
DuPont) to defi ne the gel thickness (8, 13 or 25 µm). Gelation was 
completed in 30 min under the protection of a nitrogen atmosphere. 
Gel layers were rinsed with a phosphate buffer saline solution (Sigma–
Aldrich) after disassembling the reaction chamber, and a testing 
chamber assembled using the gel covered substrate along with thicker 
(76 or 128 µm) Kapton spacers and a clean coverslip. The gap was 
fi lled with a phosphate buffer saline solution with an ionic strength of 
150 × 10 −3   M . 

  Electrical Actuation and Characterization : Gels were allowed to 
equilibrate for 10–30 min at the desired temperature prior to testing. 
Observation of delamination was conducted using an upright optical 
microscope (Zeiss Axiotech Vario) in brightfi eld refl ection mode, or a 
Zeiss LSM 510 META laser scanning confocal fl uorescence microscope, 
where a HeNe laser (wavelength 543 nm) was used to excite the 
rhodamine fl uorophore (detection fi lter: 560 nm). The cyclic voltammetry 
measurements were carried out with a WaveNow USB Potentiostat (Pine 
Tech, US) at a scan rate of 20 mV s −1 . A TENMA DC power supply was 
used for applying the electric potentials. Experimental data processing 
and numerical analysis were performed using Zeiss LSM, ImageJ, 
Photoshop, and Matlab software. 

  Finite Element Simulations : Finite element simulations were 
conducted using the commercial simulation package – ABAQUS. The 
gel was modeled as an incompressible Neo-Hookean material model 
under plane-strain conditions, and the material was simulated in a 
cross-sectional plane perpendicular to the electrode strip. The gel layer 
was taken to be freestanding over the electrode, but bonded to the 
substrate elsewhere. The initial thickness of the gel was taken to be 0.3 
of the width of the electrode. An isotropic, uniform expansion by 40% 
in volume was applied through thermal expansion to match the typical 
level of swelling in the experimental system, and the pressure in the 
region between the debonded gel and the electrode was controlled to 
mimic the effects of infl ation of a gas bubble. The Explicit Dynamic 
solver was used in the simulation, and the static results were obtained 
after the kinetic energy was dissipated.  
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