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Abstract

Surfaces with tunable microscale textures are vital in a large variety of technological
applications, including heat transfer, antifouling and adhesion. To facilitate such broad-scale use,
there is a need to create surfaces that undergo reconfigurable changes in topology and thus,
enable switchable functionality. To date, there is a relative dearth of methods for engineering
surfaces that can be actuated to change topology over a range of length scales, and hence, form
tunable hierarchically structured layers. Combining modeling and experiments, we design a
geometrically patterned, thermo-responsive poly N-isopropylacrylamide gel film that undergoes
controllable hierarchical changes in topology with changes in temperature. At the bottom, the
film is covalently bound to a solid, curved substrate; at the top, the film encompasses
longitudinal rectangular ridges that are oriented perpendicular to the underlying cylindrical
curves. At temperatures below lower critical solubility temperature (LCST), the swollen gel
exhibits 3D variations in polymer density and thickness defined by the gel’s top and bottom
topography. As the temperature is increased above LCST, the interplay between the upper ridges
and lower curves in the gel drives non-uniform, directional solvent transport, the nucleation and
propagation of a phase-separated higher-density skin layer, and the resulting pressure buildup
within the film. These different, interacting kinetic processes lead to an instability, which
produces transient microscopic blisters in the film. Through simulations, we show how tuning
the width of the ridges modifies the propagation of a skin layer and creates localized pressure
build-up points, which enables control over the emergence, distribution, and alignment of the
microscopic blisters. Additionally, we provide a simple argument to predict the size of such
microscopic features. Experiments confirm our predictions and further highlight how our
computational model enables the rational design of topological transitions in these tunable films.
The development of actuatable, hierarchically structured films provides new routes for achieving
switchable functionality in actuators, drug release systems and adhesives.

Introduction
The ability to precisely tune and manipulate the way surfaces interact with their
immediate environment has important health,! energy,? and economic implications.?> Motivated



Soft Matter

by the desire to reconfigure surfaces for changing environments, there has been significant
interest in developing stimuli-responsive polymeric surfaces, which can be triggered using an
external stimulus to exhibit novel, switchable functionality.* Manipulating the topology of
stimuli-responsive surfaces> %s vital’1%o tailoring the surface for functions ranging from
adhesion and friction,!® to heat transport,”> to particle transport!'! and bioadhesion'?. The
dimensions, geometry, and hierarchical structure of a surface all affect these functions and
indeed, many surfaces can now be designed to exhibit switchable feature sizes!? and changeable
fundamental geometry.'# Nonetheless, there is still a relative dearth of approaches for creating
hierarchically structured, reconfigurable surfaces whose features can be controlled across
multiple length scales. Here, we combine modeling and experiments to design multilayer films
consisting of a gel and a rigid substrate, where the topology of both the top and bottom layers are
shaped simultaneously to encompass distinct geometric patterns. The spatial and temporal
interplay between the patterned gel and an external stimulus gives rise to controllable non-
equilibrium behavior, which produces films with three-dimensional hierarchical morphologies.
This level of control over the geometric patterning and system’s dynamics permits the responsive
gels to be tailored across the micro- and macro-scales and thus, the approach could be used to
design hierarchical, reconfigurable surfaces that are optimally designed for switchable adhesion,
antifouling and cell manipulation.

Stimuli-responsive gels have been studied extensively for forming switchable
morphologies!> ¢ due to their significant expansion and contraction with small changes in
stimuli. The global mutability of these gels is mediated by the physical properties of the
constituent polymers, because the solubility and phase behavior of these polymers are sensitive
to the external stimuli.!” For example, under appropriate heating conditions, changes in polymer
solubility can lead to phase separation at the gel’s surface that affects the transport of water out
of the system; the removal of water then in turn influences the overall flexibility of the network.
These coupled dynamic interactions can also give rise to instabilities and gradients in polymer
density and hydrostatic pressure!® 1 that produce distinct deformations in the gel’s surface. For
instance, when thermoresponsive gels containing poly-N-isopropylacrylamide (pNIPAAM,
lower critical solution temperature, LCST ~32°C) are heated at sufficiently high ramp rates to
temperatures above 35°C in water, morphological blisters (micron scale bumps) appear in the
surface of the gel. 17> 1?

We recently showed that the spatial localization of such surface blisters can be tuned by
covalently bonding the pNIPAAm gel layer to an underlying rigid, structured substrate.!” The
structured substrate affects both the degree of swelling of the gel, and the spatiotemporal
dynamics of polymer densification and hydrostatic pressure development within the gel during
contraction. The latter two processes dictate the sequence of topographical changes that occur
when the temperature is ramped over 35°C and cause transient morphological blisters to be
localized to well-defined regions on the surface of the gel.!”

Building on these studies, we attempt to create more controllably architected layers by
patterning both the bottom and the top surface of the gel and thus programming its complex
topological reconfigurations. Figure 1 shows an example of such structure formation: the
thermoresponsive pNIPAAM gel is cured on the rigid, curved substrate with one-dimensional
cylindrical bumps (oriented along the x direction) under the confinement of a microstructured
mold with rectangular ridges oriented perpendicular to the grooves on the bottom surface (along
the y direction). This form of patterning creates structural heterogeneities and variations in the
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gel thickness in both the lateral and vertical directions. Though the template and microstructured
mold individually exhibit topological variations in only x and y, respectively, the preswollen gel
cured between the template and mold exhibits continuous variations in height (z direction) along
both x and y, and when submerged in water at room temperature, the swollen gel displays
complex topology and curvature gradients in all three dimensions.

As we describe below, the dynamics of forming three-dimensional (3D) gradients in this
patterned gel gives rise to hierarchically actuatable features with tunable anisotropy. Through
simulations, we specifically show how the formation and propagation of a skin layer, and the
directional passage of water within the gel are influenced by the width of the ridges on the gel’s
top surface. Additionally, we find that regulating the rate of skin layer propagation in the x and y
directions permits control over the appearance and directionality of transient microscopic blisters.
Based on the mechanical properties of the skin layer and emergence of hydrostatic pressure, we
propose a simple argument to estimate the dimensions of these blisters. The modeling studies
provide guidelines for achieving control of the overall topology of the gel layer through
architecting the boundaries of the gel. The corresponding experiments support the simulation
results and suggest a path forward for the rational design of hierarchically actuatable
topographies from stimuli-responsive gels.

Methods and Materials
Computational approach

As illustrated in Fig. 1, we model a thermo-responsive gel (colored in blue) that is attached to a
solid, curved substrate (in red). Viewed in the xz-plane, the substrate resembles a truncated circle with
length L = 100 and height 4, = 28 in units of the lattice spacingly, where
Lo = 5um (see below). The bottom of the equilibrated gel layer fills the vacancy between the bumps to
form a 500um X 150um X 350um rectangular prism with a thin gel layer on the edge (Fig. 1B; A4,=
10pum). This setup was studied in our previous work 7 to probe the dynamic, synergistic interactions that
can occur between a deformable gel coating and solid substrate. Notably, such coatings are ubiquitous in
manufactured materials and goods; thus, understanding this interfacial behavior is vital for a range of
technological applications. In particular, we found that when the gel collapses under a rapid ramping to a
high temperature (7 = 36 °C with a rate 5°C/min), the gel phase-separates into an upper skin layer of
high polymer volume fraction (¢ = 43%) and a lower region of low polymer volume fraction (¢ < 10%).
The formation of the skin layer begins on the thin gel layer above the bump in this substrate and
propagates to the thicker gel region at the center of the crevice.!” The inhomogeneity in the thickness of
the gel induces a gradient in the hydrostatic pressure. Regions of high pressure (near the center of the
crevice) eventually deform the gel surface by forming transient water blisters, which burst through the
skin layer.?% 2! This process is reversible and controlled by the propagation of the skin layer and thus, the
geometry of the underlying substrate. (If the shape of the substrate, for example, is a truncated circle with
a different curvature than in Fig. 1 or a triangular structure with a downward-pointing tip, the kinetics of
the process will remain qualitatively the same as long as the geometries induce similar pressure gradients.)
To gain greater insight into the distinct, interfacial self-organization and potentially augment the
functionality of the gel coating, we now extend our previous study !7 by creating hierarchically structured
gel layers that are cured in the presence of the curved substrate and an overlying mold, which introduces
ridges protruding away from the top of the gel layer.

To carry out this study, we implement the gel lattice spring model (gLSM), which is a
finite element method that allows us to numerically solve the discretized equations for the
elastodynamics of the gel. The structural evolution of the local volume fraction of polymer, ¢, is
governed by the following continuity equation?? 23:

P eV (v, (1)
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where v(® is the polymer velocity. All equations are presented in the dimensionless form,
assuming that length and time are measured in the respective units of Ly and T (see below). We

assume that it is solely the interdiffusion of the polymer and solvent that contributes to the gel
dynamics and neglect the net velocity of the polymer-solvent system.>* The latter assumption is
specified through the following equation:
dpv® + (1 — p)v® =0, )
where v(®) is the velocity of the solvent. The dynamics of the polymer network is taken to be
purely relaxational; 2> 2* consequently, the elastic forces acting on the deformed gel are balanced
by the frictional drag due to the relative motion of the solvent. This force balance is expressed as:
V- 6 =vo(ksT) "'LE/To{($) (VP —v©) (3)
where 6 is the dimensionless stress tensor (measured in units of vy 1kBT ), Vg is the volume of a
monomeric unit within the chains, and 7 is temperature.2* The prefactor vo(kgT) ~*L/T, in

front of {(¢) in eq. (3) is used to write this equation in dimensionless form. The polymer-
solvent friction coefficient, {(¢), is approximated as:?

(@) = {(do)(Plo) 4)

where ¢ is the local volume fraction of the polymer in the undeformed gel. This approximation
is valid in the semi-dilute and intermediate regimes (i.e., ¢ < 0.5, which is always satisfied in the
following calculations). If the stress tensor ¢ is known, then Egs. (2)-(4) give:

V0 = o1 - 9)(F/p) V-6 )
where Ag = kgT (vo{(Ppo)L5/To) 1 is the dimensionless kinetic coefficient.
The stress tensor 6 is obtained from the energy density of the deformed gel, u(l4,1,13) %3
& = 215 2(waly + wal)l +217 2wy B —21%w,B™" (6)
Here, I is the unit tensor and B is the left Cauchy-Green strain tensor. The invariants of this
strain tensor, I; (i=1,2,3), are specified as: I{ = trfi, I, = %[(trﬁ)z - tr(ﬁz)], I3 = detB.
Additionally, w; = 5ru(l1,113).
The energy density u(l4,I,,I3) consists of the elastic energy density associated with the
deformation of the gel, u,;, and the polymer-solvent interaction energy density, urgy:

u = ug(I1,13) + upy(l3) (7)
The elastic energy u,; describes the rubber elasticity of the crosslinked polymer network?® 27 and
is proportional to the crosslink density in the undeformed polymer network c:

Up = (I =3 — InI/?) (8)
The expression for upy takes the following Flory-Huggins form: 2

1

upy = 132[(1 = $)In (1 — ) + xru($.TG(1 — $)] )

Here, yry(¢,T) is the polymer-solvent interaction parameter. The term [ é/ 2=¢/ ¢o appears in

the equation because the energy density is defined by a unit volume in the undeformed state.?
Substituting Eqs. (7)-(9) into Eq. (6) yields the following relationship between the stress (
6) and strain (B) tensors:

& = —P($) + couoB (10)
The pressure P(¢) is defined as
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P(¢) =—[¢ +1n (1 = ¢) + x($)¢°] + covo(2¢0) (11)
with y(¢) = xo + x1¢- xo(T) = (6h—Tés)/ kgT with &h and §s being the respective changes
in the enthalpy and entropy per monomeric unit of the gel. 2

We assume that the bottom gel sample is adhered to a surrounding glass chamber, which
are arranged in the xy and yz plane. Therefore, in the xy (yz) plane, the velocity of boundary
nodes for the gel satisfy the condition v (v%) = 0 . The no slip boundary condition is imposed on
the interface between the gel and curved substrate. The free boundary condition is applied to the
top gel ridge since there is no restriction.

The above equations and imposed boundary conditions are solved numerically using the
gLSM,?% wherein a 3D deformable gel is represented by a set of general linear hexahedral
clements. Initially, the sample is undeformed and consists of (Ly—1) X (L, —1) X (L, —1)
identical cubic elements, where L; is the number of nodes in the i-direction, i = x, y, z; the linear
size of the elements in the undistorted state with ¢pg = 0.129 1is set to Ly = 1. The solid bumpy
substrate is modeled by frozen gel nodes; the velocities of the frozen nodes is to zero and
polymer volume fraction is fixed at @pym, = 1.

We utilize parameter values that are based on the experimental data for poly(N-
isopropylacrylamide) (PNIPAAm), which displays a LCST.?® The polymer volume fraction in
the undeformed gel is set to ¢y = 0.129 and the crosslink density in the undeformed polymer
network is c¢g = 5.76 x 10 ~* (unless specified otherwise). For the gel-solvent interaction

Sh—T§
parameters, we set y1 = 0.518, and y(T) = %, where 6h = —12.4 x 10 ™14, and &5

= —4.7 x 10 716 In Eq. (5), we use the dimensionless kinetic coefficient Ag = 100.2% 30 We set
our units of length and time to be Ly = 5um and Ty = 1.25s, respectively, to ensure the diffusion

coefficient L(Z)/TO = 2 x 10 “¢em?2s 713! The physical size of the system with 100 x 70 x 30
elements at 31°C is 500um X 350um x 150um. Hence, the length of the truncated circle
forming the bump (Fig. 1a) is 500um and height 140um; the height of gel ridge is 50 ym and
the thickness of the gel on the top of the bump is 10um. From here in, the simulation quantities
are presented in the physical units (time measured in seconds and length in microns) to allow the
reader to correlate the model parameters to the experiments.

Materials

Lenticulated plastic sheets (50 lines per inch, with bump-to-bump pitch ~500 pum) were
purchased from Pacur and Lenstar. Epoxy OGI178 was purchased from Epotek.
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (13F-silane), glycidyl methacrylate (GMA),
polyethylene glycol diacrylate (PEGDA, Mn 700), Darocur 1173, ethylene glycol and 1-butanol
were used as received from Sigma Aldrich. Pyrromethene dye 546 was obtained from Exciton.
N-Isopropylacrylamide (NIPAAm) monomer was purchased from Sigma Aldrich and
recrystallized in 1 : 1 hexane/toluene mixture overnight at 4°C to remove impurities. Alkyne-
functionalized BODIPY-R6G fluorescent dye was purchased from Lumiprobe.

Covalent bonding of epoxy ridges to glass coverslips

Corrugated template created from epoxy resin was fabricated using a method described
previously. !7 In brief, lenticulated structures obtained from Lenticular lens plastic sheets (50LPI)
were plasma cleaned, silanized in 13F vapor silane under desiccated vacuum conditions and used
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as masters for molding. PDMS (Sylgard, base : curing 10 : 1) was poured onto the masters, cured
for 2 h at 70°C and peeled off the plastic bumps to reveal PDMS inverse replicas of the bumps.
A 50 mm base layer of epoxy mixture was UV-cured (Dymax Model 2000 Flood UV Curing
System, light intensity of 18 mW cm2 for 5 mins) under the confinement of a PDMS slab onto
22 mm plasma-treated square glass coverslips. After peeling the PDMS slab off the surface,
epoxy bumps were cured on the epoxy base by pressing 1 cm square PDMS inverse replicas of
lenticulated bump structures to the surface and infiltrating with epoxy-GMA mixture through
capillary filling. The ensemble was UV-cured for 5 mins and the PDMS molds were
subsequently peeled off.

Covalent bonding of microstructured gel to epoxy template

Microstructured silicon wafer molds were prepared using conventional photolithography
approaches. In brief, adhesion promoter (HMDS) and positive i-line photoresist (SPR700-1.0,
about 2 um height) were spin-coated onto a clean wafer, soft-baked at 95°C for 60 s, patterned
using a direct write laser tool (Heidelberg, Maskless Aligner, 405 nm laser at about 125 mJ cm ™
s1), hardened at 115°C for 60s, and developed in developer CD-26 for around 90s. The
photoresist-patterned silicon wafer was then ion-etched under optimized Bosch conditions (SPTS
Technologies) to nominal height and rinsed in acetone/isopropanol to remove residual
photoresist. The resulting silicon microstructures were treated with plasma and passivated with
13F-silane under vacuum for more than 6 h. The silicon masters were then used to prepare
polydimethylsiloxane (PDMS) negative moulds. PDMS prepolymer (base-to-hardener ratio of
10:1, wt/wt) was poured onto the master, cured at 70°C for 2 h, and peeled from the masters to
obtain negative moulds. PDMS negative moulds were stored in 13F-silane vapour environment
for more than 3h.

The microstructured PDMS molds were overlaid on top of the epoxy ridges, and gel
solution was infiltrated into the cavities between the PDMS mould and the epoxy ridges. The
ensemble was UV-cured (Dymax Model 2000 Flood UV Curing System, light intensity of 18
mW cm? for 5 min). Subsequently, the assembly was submerged in water, and the PDMS mould
was gently released using a pair of tweezers. The assembly remained in water for at least 12 h
before testing to release any uncured monomer.

Confocal imaging of the gel during heating

To visualize changes in surface morphology that occur as the temperature is changed, the
sample was imaged in a thin flowcell with a glass window (channel height over the surface
channel ~350 um) placed on a feedback-controlled resistive heating stage controlled by a PID
temperature controller (Instec STC200 precision temperature controller) and cooled by water
pumped from an ice-water bath (7" = 0°C). Prior to all experiments, the top of the stage
temperature was carefully calibrated with a digital thermometer (Omega HH1384) equipped with
a K-type. Thermocouple to within 0.3°C of the setpoint temperature indicated on the temperature
controller. For each experiment, the heating stage was heated to 37°C at 5°C/min, and the
fluorescence of the system was tracked for at least 10 minutes. Under these conditions, the
flowcell equilibrates to the temperature of the heating stage within a few seconds. To obtain side
view cross-section images, fluorescence confocal z-stack images were collected at 1 = 450 s
(Zeiss upright LSM 510, 20 water objective, 0.5 NA, lex = 88 nm, 1 Airy unit pinhole) with
separate channels for reflected laser light (lambda = 488 nm), fluorescently labeled epoxy
(pyrromethene 546), and hydrogel fluorescence (BODIPY-R6G).
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Results and Discussion

Modeling the gel topology. We first performed simulations to investigate the range of
behavior that can be exhibited by a multilayer composite system containing a pNIPAAM film
patterned with rectangular ridges of different widths (w) on the top surface and covalently bound
to a rigid, curved substrate at the bottom. The details of the simulation are provided in the
Methods section. Briefly, the gel is initially equilibrated at 7= 31°C; it is then cooled below the
critical transition temperature to 7 = 22°C and equilibrated at this temperature for 2500s. Under
these conditions, the gel swells to form the structure in Figs. 2A and B (top view). To aid in
visualizing the system, we plot only the portion of the curved surface (in red) that lies close to
the bound gel layer. For relatively narrow ridges wyge = 50pum and 100um, we simulate the
presence of both ridges, which lie sufficiently far apart (greater than 50um) to avoid direct
contact during swelling. Thus their mutual interaction can be neglected. When wyqe. 1s increased
to 250um and 500um, we model the ridge as a single overlying layer, allowing us to save
computation time; the behavior in one wide ridge captures the behavior observed experimentally,
as discussed further below. (In the latter cases, the width of solid bump w; is chosen to be 30um
wider than the ridge, i.e., 230um and 530um, respectively). The color bar in Fig. 2 indicates the
polymer volume fraction in the gel.

The hierarchically structured gels shown in Fig. 2 display two distinct morphological
features. First, the portions of the thermo-responsive gel that are in contact with the curved
surface display an inhomogeneous degree of swelling: the portion near the crevice, which is the
strip between the two bumps, undergoes a greater temperature-dependent change in height than
the thin layer near the top of the bumps due to the significantly higher amount of polymer in this
region. Second, the deformation of the protruding ridge is influenced by a competition between
the topology of the underlying gel and the inherent phase behavior of the LCST gel.

At T = 22°C, for wyge = 50um and 100um, the deformation of the ridge is mainly due to
the stress generated by the underlying swollen gel at the crevice. Careful inspection of Figs. 2B (i)
and (ii) shows that the polymer concentration in the center of the gel ridge is relatively lower
(dark blue in the color bar) than at the edges (lighter blue), indicating that the center of the ridge
is stretched in the lateral direction by the underlying distended gel. For an even narrower width
(Wrigee = 25 pm as shown in Fig. S1), the ridge forms a wrinkled structure that is similar to
instabilities observed in films that are mechanically deformed.?* As the ridge width is increased
t0 Wiigee= 250um and 500um, the inherent phase behavior of the LCST gel plays a dominant role
in dictating the structure of the layer. Namely, the entire layer is swollen at 7' = 22°C, with the
width reaching a maximum as it bulges out in the middle of the two lateral edges (Fig. 2B (iii)
and (iv)) where the gel has the greatest freedom to expand.

Previously, we showed that when the temperature is ramped up to at 7= 37°C (above the
LCST) at a rate of 5°C/min, the gel collapses and phase-separates into a relatively dense skin
layer, with a polymer volume fraction of ¢ = 43%, and an underlying region with a lower
polymer volume ranging from ~12% close to the bump sites to ~7% at the crevice sites.!” The
denser, less permeable skin layer inhibits the penetration of water that is expelled when the shell
collapses. Consequently, the water is preferentially squeezed along the x and y directions in Fig.
2, with a higher water concentration being localized above the crevice (since there is more free
volume in this region than the narrow layer under the bump). The preferential accumulation of
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water causes a localized buildup in the hydrostatic pressure, which leads to the formation of
small blisters, or “bubbles” on the gel surface.

To gain insight into how the boundaries introduced by the gel ridges could affect bubble
formation, here we examine the evolution of the skin layer for different widths of the ridge.
Figures 2C and 2D reveal the respective side and top view of the gel at 7 = 37° for different
values of wyqe. The temperature is ramped up at a rate of 5°C/min, leading to the collapse of gel.
For wyiqee = 50um, the skin layer forms quickly and covers the entire surface of the ridge at ¢ =
653.75s (Fig. 2D (1)); the side walls (along the y-direction) still display blue regions with low
polymer volume fraction. Thus, we expect that the water expelled from the collapsing gel would
leak out of the side wall (along y) without forming blisters on the surface. As the ridge width is
increased to W, > 50um, the skin layer near the side walls (along y) develops faster than on the
top surface of the ridge, as evidenced by the relative polymer volume fractions in the system (see
color bar). Consequently, the expelled water is forced to escape through the top surface of the
ridge (areas of light blue) as the gel collapses. For wyqe = 100um at ¢ = 656.25s (Fig. 2D (i1)),
regions of low polymer fraction on top of the ridge display an anisotropic elliptical shape, with
the long axis along the x-direction. When the ridge width is increased to wyg,e = 250um at t =
661.25s, the blue region on the ridge top adopts a more isotropic shape (Fig. 2C (ii1)). When wyigge
=500um at t = 661.25s, the region of low polymer volume fraction changes orientation, forming
an anisotropic shape along the y-direction (Fig. 2D (iv)).

The formation of these different shapes can be explained by the development of the skin
layer, which we obtain by measuring the propagating velocity at the “frontier”, which constitutes
the line separating the regions of low (blue) and high (orange) polymer volume fraction on top of
the ridge. Given the symmetry of the frontiers in Figs. 2B-2D, we adopt polar coordinates, with
the origin being at the center of the low polymer volume region (in blue) and the reference
direction being along the x-axis. The frontier is evaluated at 90 sections, which are separated by a
distance of four angular degrees. A point in the frontier satisfies two conditions: 1) the polymer
volume fraction at the site is greater than 0.4, and 2) the site lies closest to the origin within the
section. As shown in Fig. 3A, the frontier (marked in red) is consistent with the structure of the
skin layer shown in Fig. 2D.

After defining the frontier in each time frame, the propagating velocity is obtained by
measuring the displacement of the frontier grid point (within a given section) in two consecutive
time frames, as shown in Fig. 3A. Figure 3B shows the temporal evolution of the horizontal v,
(black) and vertical v, (red) propagating velocity. Here, v, is averaged over the velocity on grids
located in polar angles [-3°, 3°] and [177°, 183°], and v, in [87°, 93°] and [267°, 273°]. When the
gel relaxes above the critical temperature, the contraction of the gel is governed by the collective
diffusion of the polymer relative to the solvent. Time for a diffusive process scales as H?, where
H is the characteristic height of the gel. Thus the velocity (and hence the rate of gel contraction
and the development of the skin layer) scales as (1/H?), where the numerator represents a skin
layer that is equal to the grid size. Since the geometry of the underlying bump is invariant along
the y direction (in any x-z plane), v, should be insensitive to both time and ridge width. As shown
in Fig, 3B, the plot of v, as a function of time (red curve) is relatively flat, with a magnitude that
remains close to one. On the other hand, the gel thickness / increases along the x-direction
toward the center of the skin layer (at the center of the surface), and the black curves in Fig. 3B
are consistent with the fact that v, scales as (1/H?).

This anisotropy in the formation of the frontier allows us to control the shape of this
leading edge by altering the ridge geometry since the ratio of the frontier dimension in the x-
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direction relative to that in y-direction could be estimated as ( w ) at a given time ¢, where
L is the gel length and w4 1s the ridge width. To obtain this approximation, we note that if the
skin layer has been developing for ¢ time steps, the skin layer frontier will travel a distance along
the y-direction that is ~ vy # since vy is nearly a constant. The width of the region enclosed by the
frontier along the y-direction is then wyge — 2vy ¢. Similarly, the frontier will travel f vy, dt from 0
to t. The dependence of v, on ¢ can be obtained from Fig. 3B. Thus, we obtain the aspect ratio
given above. (Note the propagating velocity is well defined during the development of the skin
layer, but is not well defined after the skin layer has formed. The calculation is only valid in the
certain range of time frames, which are shown in Fig. S2.)

The contraction of gel causes a buildup of hydrostatic pressure, which eventually drives
the water to bulge through the skin layer, form bubbles and modify the topology of this layer. As
shown in Fig. 4, the region of maximal hydrostatic pressure is coincident with the frontier of the
skin layer. This coincidence occurs because the frontier encompasses the greatest changes of the
polymer volume fraction and thus leads to the greatest deformation of the gel, as well as the
hydrostatic pressure. As the width of the gel is increased, the steepest gradients of these
quantities change orientation, with the long axis of the structure changing from the horizontal to
vertical. We thus anticipate that the alignment of the formed bubbles will also change; this
prediction is confirmed in the experiments described further below.

Our gel lattice spring model (see Methods) does not include an explicit description of the
solvent molecules (which are instead described by the diffusion terms in the reaction-diffusion
equation), and thus cannot be used to directly characterize the formation of blisters such as the
location of emergence and size. Such information is critical for dynamically controlling the
topography of gel interface.!” In particular, the dimensionality of blister characterizes the degree
of gel local deformation, which is difficult to access in experiments.!” We thus combine our
simulation and the classic theory of elastic membrane to estimate the blister size; the results
agree with experimental measurements as discussed further below.

Analog to the blisters formed due to the hydrostatic pressure causing water to bulge
through the skin layer, we consider an axisymmetric elastic membrane, which is inflated by
injecting water through a circular tube under a uniform pressure, where the strain energy density
is applied: 32

W= g(ll —3) (12)

as shown in Fig. 5. The material constant £ equals to the shear modulus C" for thin membrane3?
and /, is the trace of left Cauchy-Green deformation tensor. Note Eq. (12) is known as an energy
density function for neo-Hookean incompressible material.>?> This model has been successfully
applied in the evaluating the size of blister formed on the flat substrate under fluidic pressure* or
on the surface of cylindrical gel when the gel collpases.'® Given the undeformed member
thickness 4, uniform pressure P and tube radius R, the height of circular blister § reaches
equilibrium and follows the relation (Eq. (40) in Ref. 32):32
PR 4R [ 1

= 1— : (13)
2 3
Cho (1+ G (14 @R))
Under the condition of large deformation § > R, we obtain
4CMhy
6= P (14)
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Note that § is proportional to 1/P, suggesting if a blister with large deformation is in the
equilibrium state, the pressure inside a larger-sized blister is smaller in magnitude than for a
smaller blister. In our study, the skin layer with a high polymer volume fraction is less permeable
to the solution®* and thus plays a role as the thin elastic membrane. The hydrostatic pressure

causes water to bulge through the skin layer, forming blister. Therefore the shear modulus is
¢skin

$o
crosslinking density, ¢ the initial polymer concentration, ¢4, the polymer concentration in

1
determined by the mechanical properties of the skin layer: C = 5co 5 kpT,?? where ¢y is the

. 1 AN - - . .
skin layer and kj, the Boltzmann constant. P = 5tr(6) is the sum of two contributions including

the elasticity of the polymer network and the osmotic pressure.!” We can measure these
54x107*% | .

0 with Ly = 5um the element size, ¢
= 0.129 and ¢4;,~0.43. Since the presence of blisters is observed in experiments at # = 725s,
the corresponding thickness of skin layer is in the order of magnitude of Ly: ¢ = Lo = 5um.

Since the hydrostatic pressure P is inhomogeneous in the gel (as illustrated in Fig 4), we take its
maximum value in the simulation at = 725s and get P =8 x 10 —* % Using Eq. 13, we finally
0

quantities from our gL.SM simulation such as: ¢y =

obtain the diameter of the emerging elastic balloon: §~ 42 pum.

Experimental demonstration of the emergent gel topography. We conducted the
following experiments to confirm the spatial localization and dimensions of microscopic blisters
predicted by simulations. The rigid, corrugated template underlying the gel was fabricated from
epoxy resin doped with glycidyl methacrylate through a double molding process, and the
thermoresponsive pNIPAAm gel was covalently bonded to it via UV-curing under the
confinement of a microstructured silicone mold structured with periodically spaced rectangular
grooves. The grooves were spaced w,= 256 um apart and had widths of wyjgee = 128 um, 256 pm
and 512 pm. The details of the fabrication process are detailed in Materials and Methods. The
structure of the gel before swelling in water is shown in Fig 6A.

Upon submerging in water, the gel-template hybrid surface swelled to exhibit complex
topology and curvature variations, shown schematically in Fig. 6Bi. We heated the gel rapidly to
37°C (above LCST) at 5°C/min and used confocal fluorescence microscopy (set to maximum
pinhole size, to capture changes within +50 um of the top of the gel surface) to track changes in
the surface of the gel for 450 s (schematic of the temperature ramp is shown in Fig 6Bii). Under
these heating conditions, the gel reaches the setpoint temperature of 37°C within ¢ ~ 180 s, and
the surface continues to evolve under a constant external temperature of 37°C. Representative
images of the gel surface obtained using confocal microscopy are shown in Fig. 6C at
=0/T=22°C (top row) and at r=450s/7=37°C (bottom row). For gels with wygee =128 pm, the gel
surface changes smoothly with no detectable inhomogeneities. In contrast, for gels with widths
of Wrigge = 256 pm or 512 pm, circular inhomogeneities of ~50 um in diameter were observed in
the fluorescence intensity of the gel. As shown previously, these structures disappear upon
decreasing the temperature below the phase transition temperature, and reappear after ramping
the temperature from 22°C back to 37°C (Supplemental video, SV1).

The formation of these inhomogeneities correspond to the formation of microscopic
blisters, which we further verified using confocal microscopy. Z-stack images that were acquired

10
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at =750s after heating began confirm the presence of ~5-10 um microscale blisters on top of the
gel for wyigge = 256um and 512 pm, as shown in the topographic maps presented as insets in
Fig.6C (bottom row). Individual slices of the z-stack image can also be found in SI (Fig. S3). As
predicted by the simulations, the formation of the microscopic blisters occurs for wyjgee = 256 pm
and 512 pm (SI Fig. S4), but not for wygee = 128 pum, which can be attributed to the slow
diffusion of water out of the gel through the surface relative to the rate of the skin layer
formation for these two cases. The average diameter of each protruding bump was ~50 um (SI

Fig. S4), which is quite consistent with the ~42 pm value derived by the simulations. We note
M

H
that the size of the blister is related to the crosslinking density ¢q (rg = % ) not only through

the shear modulus, but also through the hydrostatic pressure P. Since a gel with a higher
crosslinking density is more resistant to deformation, the skin layer is expected to form later, and
the pressure P is expected to increase with increases in crosslinking density. The latter
observation is confirmed in a recent study of blister formation on a cylindrical gel !8. Future
studies are needed to determine the dependence of the size of the blisters on the crosslinking
density, and the slightly larger experimental value compared to the simulations might be
explained by the difference in the crosslinking density in the synthesized gel.

Furthermore, experimental data clearly shows that the orientation of the microscopic
blisters depends on Wrjgee. In particular, for the gels with narrower ridges (Wrigge=256 pum), an
array of microscale blisters appearing upon heating is aligned in the x-direction along the
rectangular grooves on the top surface, while for the gels with wider ridges (Wyjgge=512 pm),
arrays of blisters switch to a perpendicular y-direction and develop across the rectangular groove.
This result is consistent with the simulations presented above, which show that the skin layer
formation and hydrostatic pressure buildup occur more rapidly along the y-direction compared to
the x-direction within the narrower gel ridges (for wyigee=256 pm), and as the width of the ridge is
increased (for gels with wyig,=512 pm), the steepest gradients of polymer volume fraction in the
developing skin and the pressure build-up change orientation.

Conclusion

In this work, we used a combination of simulations and experiments to show how
multilayer films consisting of surface-structured stimuli-responsive gels bonded to a curved,
rigid substrate can be actuated by stimuli to exhibit 3D, tunable, and hierarchical changes in
morphology. Using a model system containing a pNIPAAm gel with rectangular ridges on the
top surface oriented perpendicular to bumps on an underlying template, we showed how the gel
and gel-template boundaries shape the dynamics of solvent transport, phase separation and skin
layer development within the gel when the gel is heated rapidly above its LCST. Our
comprehensive modeling shows that the variation in the gel thickness in all three directions
defined by the geometry of the gel’s top and bottom surfaces leads to the asymmetric diffusion of
the solvent, which gives rise to anisotropy in the shape of the skin layer frontier and
directionality of hydrostatic pressure gradients. Through experiments, we confirmed that these
gradients correspond to the formation of tunable and hierarchically actuatable surface
morphologies, with small microscopic blisters emerging on the macroscopic structure of the gel
ridges. Importantly, the simulations and experiments show that the size and the orientation of
these blisters are defined and can be controlled by the width of the gel ridges shaping the top
surface.

Our work points to the crucial role of architecting the geometric boundaries of the gel, to
program the transformation pathways of stimuli-responsive gel composite films. Moreover, this

11
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work provides insight into how finite element simulations can be harnessed to guide the
development of stimuli-responsive films with designed topological reconfigurations. We
anticipate that such hierarchically actuatable topologies will open new avenues toward
multifunctionality in actuators, drug release systems and adhesives.
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Figure 1: 3D gL.SM simulation configuration for a gel confined to a topographically
patterned surface with step variations in height z as a function of y. (A) Front (xz-plane), (B)
side (yz-plane), (C) top (xy-plane), and (D) overall view of the structured gel sample (colored in
blue) on solid bump (red). The cross section of bump is a truncated circle with length L =500 pm
and height 4, = 150 um. The top gel contains two separated ridges and resembles a canal
structure with width w,= 100 um , gap w,= 80 pm and height 4,= 50 pm.
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Fig 2. The directionality of skin layer propagation on the surface of the gel depends on the width of
the gel ridge when the gel is step ramped quickly from 7 =22°C to 37°C. 3D representation (A), top
view image at 22°C (B), side view (C) and top view (D) image at 7= 37°C for gel with various
configuration of ridge widths: (i) Wyigee=50 pm (¢ = 653.75s), (ii) Wiigee=100 pm (z = 656.25s), (ii)

Wiidge=250 pm (¢ = 661.25s), and (iv) W;igee=500 pm (¢ = 661.25s) . Color bar represents the polymer
volume fraction in the gel.
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Fig 3. Anisotropy in skin layer formation and propagation in the x and y directions
depends on the width of the gel. A. Snapshots of instantaneous velocity field of skin layer
propagation for gels with simulation configuration (1) wyigee =100 pm, (i1) Wyigee =250 pm and (ii1)
Wridgge =500 pm in the same time frame as shown in Fig. 2D. B. Quantification of growth rate of
skin layer in the x direction (black) and y direction (red) for simulation configuration (1) Wrigge
=100 pm, (ii) Wyigge =250 pm and (iii) wyigge =500 pm.
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Fig 4. Anisotropy in hydrostatic pressure buildup due to anisotropic skin layer formation.
Wridgge = 50 um (A), 100 pm (B), 250 um (C), and 500 um (D) in the same time frame shown in
Fig. 2D. Color bars represent the hydrostatic pressure in the gel.
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Fig 5. Elastic theory predicts blister size. (A) Schematic of film inflated through the tube

under pressure. R is the tube diameter and 4, the thickness of the flat film. (B) Large
deformation of film with height §.
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Fig 6. A. Fluorescence z-stack confocal images of samples with patterned gel ridges (stained
with BODIPY FL, represented in green) bonded to lenticulated epoxy bumps (stained with
Pyrothene, represented in blue) before being swollen in water. Gel ridges are spaced 256 microns
apart and were molded with widths of w=128 microns, 256 microns, and 512 microns. B.
Schematic of experiment setup. (i) Samples were swollen overnight at 22°C. (ii) Samples were
heated to 37°C at a rate of 5°C/min to 37°C, and then allowed to equilibrate at 37°C for 5
minutes. Timelapse topview images were acquired every 2 s throughout the heating process. C.
Representative timelapse fluorescence images taken at t=0, T=22°C and t=450s, T=37°C for
samples with gel ridge widths of w=128 microns, 256 microns, and 512 microns. Inset:

Topography map of a stack confocal images showing the structure of gel ridges obtained from
fluorescent confocal z stacks.



