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Summary As seen throughout the natural world, nanoscale fibers exhibit a unique combi-
nation of mechanical and surface properties that enable them to wind and bend around each
other into an immense diversity of complex forms. In this review, we discuss how this versa-
tility can be harnessed to transform a simple array of anchored nanofibers into a variety of
complex, hierarchically organized dynamic functional surfaces. We describe a set of recently
developed benchtop techniques that provide a straightforward way to generate libraries of
fibrous surfaces with a wide range of finely tuned, nearly arbitrary geometric, mechanical,
material, and surface characteristics starting from a single master array. These simple system-
atic controls can be used to program the fibers to bundle together, twist around each other into
chiral swirls, and assemble into patterned arrays of complex hierarchical architectures. The
delicate balance between fiber elasticity and surface adhesion plays a critical role in deter-
mining the shape, chirality, and higher order of the assembled structures, as does the dynamic
evolution of the geometric, mechanical, and surface parameters throughout the assembly pro-
cess. Hierarchical assembly can also be programmed to run backwards, enabling a wide range
of reversible, responsive behaviors to be encoded through rationally chosen surface chemistry.
These strategies provide a foundation for designing a vast assortment of functional surfaces with
anti-fouling, adhesive, optical, water and ice repellent, memory storage, microfluidic, capture
and release, and many more capabilities with the structural and dynamic sophistication of their
biological counterparts.
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Introduction

It’s difficult to find a process in the natural world that
does not rely on nano/microscale fibers aligning, bundling,
or winding around each other. Plants strengthen them-
selves to stand upright by twisting cellulose fibrils into
a spiral as they grow [1,2]; bones adapt to impact by
helically intertwining collagen fibers around an axis nor-
mal to the force [3]. We hear when sound bends bundles
of cilia [4], each of which is itself a bundle of sliding,
reorienting microtubules [5], and we remember through sta-
bilizing proteins winding around axons and axons bundling
into nerve fibers. Beetles crawl upside-down by cluster-
ing and unclustering adhesive fibers on the bottom of their
feet [6], and the genetic code copies itself through DNA
strands winding into helices [7], coiling into chromatin fibers
[8], and assembling into chromosomes. Nature’s choice of
fiber assembly as a modus operandi likely derives simply
from a fiber’s proportions: the high surface area to volume
ratio provides both a multitude of ways to interact along
its length and the corresponding mechanical flexibility to
bend into many different configurations — particularly at
the nanoscale where the combination of high aspect ratio
and small radius makes fibers especially soft, with bend-
ing forces often on a par with surface attraction forces
[9]. The resulting versatility makes it possible to create
an assortment of dramatically different materials from the
same starting fibers [10]: plants control the stiffness and
toughness of wood by varying the helix angle of their cel-
lulose fibrils [2], and the completely different mechanical
properties of wood and bamboo have been attributed to
differences in the number and orientation of microfibrils
[1]. Since the initial product of fiber assembly is com-
monly a fiber itself, with a new compliance and surface
profile, the process can repeat itself to produce a series
of multiscale fiber bundles, each with unique properties and
increasing hierarchical complexity. Moreover, the energy dif-
ferences among the many possible configurations are often
small, such that the assembled fibers can readily reconfigure
dynamically.

One of the most interesting ways nature makes use of
these fiber properties, and one that holds increasing allure
as a nanotechnology design strategy, is to create com-
plex functional surfaces from arrays of surface-anchored
fibers. By aligning, assembling, and moving in a coordinated
manner, anchored fibers generate a vast assortment of emer-
gent surface behaviors. The water resistance of hairy plant
leaves [11] and insect legs [12], the reversible adhesion of
setae-covered gecko feet [13], the responsive temperature
regulation of furry skin [14], and the sensing [15], self-
cleaning, and swimming [16] of ciliated cells have generated
intense interest in using this strategy to design functional
surfaces with anti-fouling [17], microfluidic mixing [18,19],
particle trapping [9], drug delivery, dry adhesive [20],
water-repellent [21—23], self-cleaning, optical [24,25], and
thermal [26] properties. All of these collective behaviors
rely on the complex mechanical and surface characteristics
of the individual fibers: directed beating patterns depend on
bending asymmetry [27], and adhesion depends on a combi-
nation of fiber shape and compliance [13,28]. Yet fabricating

synthetic fibers with nanoscale precision and complexity is
notoriously difficult with top-down methods, especially over
a large area. Here, then, as in the natural systems, the
capacity of nanoscale fibers to self-assemble into so many
diverse composite patterns, with hierarchical control over
compliance and surface properties, potentially offers a per-
fect opportunity to program an immense assortment not
only of fibers but of tunable surface behaviors that arise
from their coordinated large-scale interactions. At the same
time, the surface-anchored configuration itself offers the
potential for a unique level of control over the assembly pro-
cess. The fact that the base of each fiber stays fixed can be
used to introduce asymmetry into how fibers meet, deform,
and associate; can generate long-range order; and provides a
restoring force that makes each stage of assembly inherently
reversible [9].

And yet, the complex, winding, dynamic structures that
would seem to follow naturally from the marriage of surface-
anchored mechanics with nanoscale fiber properties are
almost completely absent from synthetic fibrous surfaces.
Instead, under the name ‘‘lateral collapse’’, surface-based
fiber assembly has historically been the losing end of a
battle to fabricate stable fiber arrays in the first place.
The tendency of fibers to bend and interact of course
makes them prone to random, uncontrolled associations
[29]. Although recent progress has produced design crite-
ria for overcoming this problem [30—32], and interest in
using nanofiber self-assembly as a surface fabrication step
isincreasing [33—36], the need to prevent chaos still weighs
down most efforts to program specific structures. On the
technical side, by the time fibers are made stiff, short, or
non-adhesive enough to prevent spontaneous interaction,
the possibilities for programming assembly are substan-
tially reduced. Once assembly does occur, the desire to
stabilize the new structure likewise complicates program-
ming reversibility. Harnessing the self-organizing potential
of anchored fibers is, therefore, a formidably tricky bal-
ance, particularly since the array design must also meet
the requirements for specific downstream functions. On the
conceptual side, the design principles that do exist for pro-
grammed assembly are largely inherited from the prevention
studies. Since these tend to focus on finding the simplest
route to stability, they consider only a few parameters of
the fiber arrays, often in isolation. Within this technical and
conceptual framework, several promising structures have
been assembled [25,37—40], but much of the potential that
nature reminds us is inherent to nanoscale fiber assem-
bly has long gone unaccessed and has rarely even been
looked for.

We have sought to cast a wider net and found that
by simply taking a more comprehensive approach to pro-
gramming the fibrous surface, we not only gain access to
previously unthinkable structures, but can begin to map
out strategies for rationally designing them. Like much
of the previous work, we use the capillary forces gen-
erated by an evaporating liquid to orchestrate motion
of the fibers. As has been well studied, this method
brings fibers together if the meniscus between them
provides enough force to overcome their resistance to
bending [9,31]. However, this apparent simplicity belies a
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Figure 1 Integrative approach to programming nanoscale
fiber self-assembly.

sobering assortment of factors that collectively influence
the net force felt by each fiber, how it responds, how
fibers interact with each other once they meet, and what
happens after the surface dries. To use this complexity
to our advantage, we have explored a correspondingly
wide assortment of surface parameters related to the
mechanics, fiber geometry, surface chemistry, capillarity,
and overall array configuration (Fig. 1). Surface chemistry
has previously been considered as an all or nothing way
to keep fibers apart or glue them together, but never as
a more subtle way to control assembly size, shape, or
dynamics. The 2D lattice of the array has been painstak-
ingly pre-patterned [39], but simple 3D variations, such
as fiber orientation, have likewise not been considered as
programming elements. Similarly, anisotropy in fiber geom-
etry [36,40] and material composition has received limited
attention despite its widespread use in nature. The role
of capillarity has certainly been recognized, but rarely
the influence of surface contour on pinning [41]. Beyond
programming individual surface features, we exploit the
subtle interplay between different parameters to develop
an integrated, collective strategy for controlling assembly
of nanofibers.

Programming all of these features systematically and
combinatorially would be nearly impossible if we had to
fabricate a new master array from scratch every time
we adjusted a parameter. In this review, we first discuss
the set of simple benchtop techniques we have devel-
oped for straightforwardly generating libraries of fibrous
surfaces from a single master surface. These methods pro-
vide an indispensable foundation for all of our subsequent
work by allowing us to create arrays of nanofibers that
can respond to force and assemble in arbitrary, highly
programmable ways. We then discuss the fascinating col-
lection of self-assembled structures that can be generated
from these simple but finely tuned surfaces, and provide
programming criteria for creating specific shapes with con-
trolled hierarchical organization. Based on the principles

derived from this work, we present a strategy for endow-
ing the assembled structures with a wide range of dynamic,
responsive behaviors through rationally chosen surface
chemistry.

Fabrication platform and parameters: from A
toz

a. Benchtop soft lithographic double-casting
method

Over the last several years, we have developed a com-
prehensive materials-based platform for the fabrication of
bio-inspired surfaces and nanofibers whose assembly can
be finely controlled. In contrast to conventional fabrication
techniques, such as photolithography and electron-beam
lithography, our platform does not require use of a clean
room and is easily performed on the benchtop. Many
degrees of freedom—material, geometric, mechanical,
dynamic—can be programmed starting from a single, sim-
ple master structure. And whereas conventional methods
to produce regular arrays of surface-attached nanofibers
are restricted to a very limited choice of materials
and a highly sophisticated and expensive fabrication pro-
cess, our approach enables application of a wide range
of materials, including metals, polymers, and ceram-
ics.

At its core, our fabrication platform adopts and sig-
nificantly extends the soft lithography method originally
pioneered by Whitesides et al. [42]. Soft lithography
is extremely effective for faithful replication of micro-
fabricated substrates in an elastomeric polymer such as
polydimethylsiloxane (PDMS). However, fabricating high-
aspect-ratio (HAR) fibers inspired by biological structures
such as neuromasts or cilia requires more stability and rigid-
ity than provided by such a soft elastomer. In our approach,
therefore, we employ a double-replication approach, and
we cast the final replica in the material or materials of
choice. With this basic approach, it becomes possible to
tailor the properties of HAR structures’ stability, stiff-
ness, and actuation through material design, to modify
the symmetry of the nanostructure array through specific
deformations of the elastomeric mold during casting, and
to effect nontrivial transformations of the nanostructure
geometry and surface chemistry following the casting step
[43—46].

In the overall fabrication platform (Fig. 2), the initial
master surface can be formed by standard lithographical
techniques, grown bottom-up (for example, nanowires), or
even be a live biological sample [47]. Nearly any topography
can serve as a master surface, with the main requirement
being that the negative mold must be able to peel off or
detach easily, ensuring that the master remains undam-
aged and is faithfully replicated. The master can also be
treated with a nonstick surface chemistry such as fluorinated
silane to aid peel-off. From a fabrication design perspec-
tive, parameters such as the fiber spacing, radius, length,
etc., can be specified in the master, but these parameters
can also be extensively modified downstream in our plat-
form. In Fig. 2A, we have taken a Si nanofiber array that
was produced by Bosch etching, a pulsed etching-passivation
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Figure2 The overall fabrication platform for bioinspired arrays of high-aspect-ratio nanostructures. (A) SEM image of an exemplary
original nanostructured surface—a silicon master bearing a square array of 8-um-high fibers with a diameter of 250 nm and a pitch of
2 um. The inset is an EDS spectrum. (B) Liquid PDMS or other elastomeric negative mold precursor is poured onto the master, which
may be treated with an anti-sticking agent, and cured. (C) The cured PDMS is peeled off from the master. (D) The negative PDMS
mold, which contains an array of high-aspect-ratio wells corresponding to the nanofibers of the positive master, can be surface-
treated with an anti-sticking agent. (E) SEM image of the PDMS mold, revealing the high-aspect-ratio wells. (F) Liquid precursor
(polymer, liquid metal) is poured onto the negative PDMS mold and cured. Alternatively, ceramic precursor may be deposited by
atomic layer deposition. (G) The PDMS mold is peeled from the cured positive replica. (H) SEM image of an exemplary nanostructured
replica fabricated from epoxy resin. The inset is an EDS spectrum. The replicated structure is geometrically indistinguishable from
the master shown in (A). (I—-P) Schematic 3D renderings of various deformations of the PDMS mold, which allow arbitrary array-
level geometric control with finely tuned geometries and nontrivial configurations [43]. The unmodified mold (center) can be: (l)
compressed along the [100] direction, (J) stretched along the [100] direction, (K) torsioned about the [00 1] axis, (L) uniformly
concavely curved, (M) sheared along the [100] direction, (N) compressed along the [00 1] direction, (O) stretched along the [110]
direction, or (P) uniformly convexly curved. (Q) Top view of an epoxy nanofiber array fabricated using a compound shear and 45°
extension of the mold. (R) Geometric control of the replica via negative mold deformations can be compounded, for example a
[110] extension and a shearing-induced tilt. (S) A wide range of materials may be used for the final nanoarray. SEM image is of
ceramic nanofibers cast from a PDMS mold by ALD. (T—W) Casting of the replica material in liquid form enables arbitrary Young’s
modulus—at least 5 orders of magnitude—and other material properties. Furthermore, it is possible to fabricate multi-material
replicas that provide spatial control of stiffness, magnetization, etc. and introduce functional gradients in the system [53]. As an
example, rigid fibers may be flexibly tethered to a rigid substrate via an elastomeric layer for controlled actuation only at the base.
(X) Surface chemistry can be modified independently of the materials choice by plasma treatment or thiolation. (Y) Schematics
showing the step-by-step feature-level geometric control of Structural Transformation by Electrodeposition on Patterned Substrates
(STEPS). The dimensions of the features can be finely tailored independent of the array parameters using this part of the fabrication
platform [45]. The three schemes employ either a sputter-coated metal electrode (type ), evaporated metal electrodes from the top
(type Il), or evaporated metal electrodes at an angle (type Ill). Green: parent substrate, yellow: metal coating, blue: polypyrrole.
(Z) SEM insets show the gradually increasing diameter of cylindrical fibers and the decreasing space between adjacent fibers as
type | deposition progresses from right to left; an array of conical nanostructures transformed by type Il from cylindrical fibers;
directionally bent conical structures transformed from upright cylindrical fibers using STEPS type Ill.
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technique that allows very high aspect ratio structures to be
made [48]. The pitch (center to center distance between the
fibers) is ap =2 wm, fiber radius ro =125nm and fiber length
lo=8 pm, for an aspect ratio of 32.

We cast a negative replica of the fibrous master in
either PDMS or other nonstick materials, such as polyfluo-
ropolyether (PFPE) and paraffin (Fig. 2B—E). PDMS offers a
number of advantages: it is inert, reusable, and inexpensive.
It is compliant and elastically deforms up to 300% strain,
such that it releases well even from rough master topogra-
phies. A PDMS mold can even be used to cast PDMS replicas
by applying a fluorinated layer to the mold surface. In any
case, the mold (Fig. 2D and E) has an array of wells, into
which the final replica material is cast in liquid or vapor form
and solidified (Fig. 2F). The mold is then either peeled off
(PDMS, PFPE) (Fig. 2G) or heated and sacrificially dissolved
(paraffin). Fig. 2H shows an epoxy replica of the original
silicon HAR nanofiber array, which is indistinguishable by
SEM.

b. Breaking the one-to-one replication barrier with
elastomeric mold deformation: array-level
geometry control

The fabrication of fibrous surfaces with varying geomet-
ric parameters using a basic one-to-one double-replication
procedure can become prohibitively expensive, requiring
customized Si masters for each new design. Moreover,
conventional lithography limits fabrication to normally ori-
ented nanofibers. In biological systems, however, natural
high-aspect-ratio fibers are often oriented in various direc-
tions and have a range of anisotropic cross-sections with
important functional implications [49,50]. For example,
tilted fibers are critical to the adhesive properties of
gecko feet, while the elliptical cross-section of superficial
neuromasts—structures that detect water flow on the sur-
face of fish—allows them to discern the direction of fluid
flow [51,52].

One breakthrough of our approach is that the replica-
tion no longer needs to be a one-to-one process. Nontrivial
geometric transformations from the master to the replica
are easily achieved by deforming the flexible negative PDMS
mold after casting but before solidifying the final replica
material. The mold deformation technique allows us to form
a wide range of nanofiber array geometries, including differ-
ent 2D lattice symmetries and fiber cross-sectional shapes,
all based on the same original master [43]. We can uniaxi-
ally extend, compress, bend, shear, or twist the mold shown
in Fig. 2D to transform the original geometry, as shown in
Fig. 21—P. PDMS is an optimal mold material in this regard
because its low Young’s modulus and high elastic limit dif-
ferentiate it from rigid molds that strictly permit one-to-one
replication.

There are several types of array-level geometric con-
trol enabled by PDMS mold deformation, and the range
of possible outputs is summarized in Table 1. For exam-
ple, by applying extension or compression to the negative
mold along any direction in the plane of the substrate, we
are able to transform an originally square lattice symmetry
to rectangular or rhombic, and an originally circular fiber

cross-section to elliptical (Fig. 21—J). The deformation mag-
nitude and direction simultaneously determine the final
unit cell of the nanoarray and the degree of cross-section
anisotropy. Hence, this is a proportional transformation pro-
cess, and there is a coupling of feature and array-level
geometry control. Tilted structures with a desired orienta-
tion are formed by applying shear to the mold, as shown in
Fig. 2M. The magnitude and direction of the shear directly
determine the resulting nanofiber tilt angle and direction.
The length of the fibers, (5, can be changed by compressing
the negative mold perpendicular to the 2D array (Fig. 2N),
and macroscopically curved nanofiber substrates (Fig. 2L
and P) are easily designed to match an arbitrary contour.
Most importantly, any combination of deformation types
can be applied either in parallel or in series (via multiple
double-replication cycles) for sophisticated geometric con-
trol. Fig. 2Q shows a top view of an example of an epoxy
nanostructured surface fabricated using a compound shear
and 45° extension of the mold.

c. Control of the mechanical and other properties
by material selection

Another key advantage of our fabrication platform is the
ability to specify the materials comprising the fabricated
nanofibers. Whereas conventional lithographic procedures
are limited essentially to silicon, the Young’s modulus of
a double-replicated nanostructure can vary from less than
one MPa to hundreds of GPa [43,44]. Using this method one
can form replicated nanostructures from synthetic as well
as biological polymers (e.g., epoxy, hydrogels, silk, shape
memory polymers), metals with a low melting point (e.g.,
Wood’s and Field’s alloys), and ceramics deposited through
atomic layer deposition (e.g., alumina), as shown in Fig. 2R.
Furthermore, the Young’s modulus of the array can be finely
controlled by varying the ratio of two different prepolymers.
Indeed, by variably mixing two epoxy formulations, we have
produced epoxy nanofiber surfaces with a modulus ranging
from tens of MPa to several GPa [43]. The modulus range of
such a two-polymer system was extended another order of
magnitude through compositing silica nanoparticles in the
polymer matrix, reaching tens of GPa. A modulus-versus-
composition calibration curve based on a series of material
tests provides us the means to control fiber modulus and
functions such as assembly [9].

In addition to using ceramic—polymer composites for
programming the mechanical stiffness of a nanofiber, we
can also introduce magnetic responsiveness by incorporat-
ing magnetic particles in the fibers. These particles can be
drawn to the tips of the fibers using a magnet prior to poly-
mer curing, such that applied forces will lead to efficient
bending.

Beyond monolithic replicas comprised of a uniform
material system and mechanical properties, we have
extended our method to make possible spatially defined
multi-material nanofibers for sophisticated sensitivity and
assembly behavior (Fig. 2T—W). To achieve this, multiple
casting materials are stratified during the casting process
depicted in Fig. 2F to vary relevant properties along the
height of the structure. The fibers may be fabricated from
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Table 1 Deformation-induced changes in the geometry of the replicated nanostructures.?
Parameter Deformation type
No deformation Stretching/ Stretching/ Shearing along Compression
compressing compressing [100] along [001]
along [100] [110]
a ag 1/3ag<a<3ag ap<a<2.1ay a=ap a=aop
b bo =ag 3ag>b>1/3ag b=a b=ag b=a
q
,, 6o =90° 6=60 12.5°<0<167.5°  0=6g 6=00
b
Tilt (¢)
o,
ltf/ to=0 t=to t=to 0<t<63.4° t=t
1
Fiber lengths (l) lo = lo (= lo 10 <l< 5[0 1/3[0 <l< 10
Cross
section
= ri=r2=ro ry<rz ri<r; ri=r2=ro ry=rz>ro
square rectangular rhombic square square
20 array symmetry O O o O N "0 O O O
O O () (D) o O MOINNG) O O

@ The calculations were made using the reported PDMS extendibility parameter of 300% and Poisson’s ratio v=0.5 [87].

a stiff replica material (shown in green), for example, while
the bulk substrate is flexible (shown in red); or there can be
a compliant interlayer linking the stiff nanostructures and
the stiff substrate. To fabricate a multi-material nanoarray,
additional steps are added to the core fabrication process.
Once the replica prepolymer is applied to the negative
mold and allowed to fully penetrate the wells, the excess
is removed. At this point, a compliant interlayer can be
spin-coated on at a lower speed and cured, followed by
regular casting of the substrate [44]. Material property gra-
dient control between the bulk and nanofiber materials is
possible, for example by varying the degree of crosslinking
of one material layer before interdiffusion with the next
layer.

Such a ‘‘flexible anchoring’’ configuration, depicted in
Fig. 2W, is of great functional interest. Biological structures
such as the superficial neuromasts of fish depend on stiffness
gradients and anisotropy [54], pointing to important appli-
cations in the fabrication of engineered nanoarrays for flow
sensors and sophisticated artificial cilia. The higher elastic
range of motion allowed by flexible anchoring points also
suggests that these nanostructures are mechanically more
resilient than their monolithic analogues.

In addition to spatial control over material composi-
tion, we can also vary the surface chemistry of the fibers
(Fig. 2X) by using plasma treatment or functionalization.
These treatments allow us to modulate the mechanical and

adhesion properties independently and extend our control
over surface-related phenomena such as wetting.

d. Beyond proportional transformation:
feature-level control of geometry, mechanics, and
function

Up to this point, our fabrication platform has augmented
the core double-replication process with both extensive
material and array-level geometry control. Yet program-
ming mechanics, geometry, and function at the feature
level, independent of the array-level properties, has not
been possible. For example, deformation of a mold in the
[h kO] direction intended to change nanoarray symmetry
also changes the fiber cross-section, which may or may not
be desired.

Recently we have developed a new nanofabrication
method that allows an array of nanofibers to be precisely
re-shaped by the deposition of conductive polymers. This
method, referred to as ‘‘Structural Transformation by Elec-
trodeposition on Patterned Substrates’’ (STEPS), breaks the
proportional transformation barrier and makes it elemen-
tary to change feature-level dimensions and to produce
nontrivial 3D transformations—all without changing the 2D
lattice. The transformed nanofibers can then be used as
masters for double-replication into the desired materials.
Tapered, anisotropic, curved, and overhanging shapes can
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all be readily made by STEPS, and isolated nanostructures
can even be bridged to form continuous networked arrays
for new classes of bioinspired applications [45].

To produce feature-level geometric transformations, a
metal layer (e.g., gold or platinum) is first deposited onto a
HAR nanofiber array. Since our original Si nanofiber master
is fabricated by the Bosch process, an iterative etching
process, both the Si and replicated epoxy fiber walls are
scalloped rather than smooth (which affects the metal layer
and polymer deposition as discussed below). The metal
layer functions as an electrode, and when the sample is
placed into a conductive monomer aqueous solution and
voltage is applied, conductive polymer (e.g., polypyrrole)
starts to electrochemically deposit on the metal. The
rate of deposition is controlled by changing the voltage,
while the size and shape of the resultant HAR fibers are
precisely controlled by adjusting both the voltage and total
electrodeposition time [45].

Fig. 2Y summarizes three process schemes for con-
trolling the feature-level geometric control of scalloped
fibers. Depending on the metallization method, each scheme
enables specific transformation types. In scheme I, a
continuous electrode is formed by isotropic sputtering. Elec-
trodeposition on sputter-coated electrodes (type ) results
in a smooth, conformal film that increases the fiber dimen-
sions by the deposited thickness in all directions. This
effectively increases diameter without significantly chang-
ing length. At the same time, the spacing between adjacent
pillars decreases and the space-filling factor of the sub-
strate increases, as shown in Fig. 2Z for a square array of
HAR nanofibers. In STEPS types Il and lll, a set of discon-
tinuous electrodes is formed by line-of-sight electron beam
evaporation on the tops of sidewall scallops. These isolated
electrodes set the stage for our unique ability to modify
nanofiber profile along the axial direction; hence, what is
typically seen as a fabrication defect of the Bosch process is
exploited in STEPS [55]. The large continuous electrode on
the substrate surface causes polymer to deposit only there
initially, but this layer eventually connects to the ring elec-
trode on the first scallop and bridges the gap. From then on,
the polymer continues jumping the ‘‘rungs’’ of an electrode
‘‘ladder’’ and the resulting gradient of deposition time
from basal to distal ends of the nanostructure leads to the
conical transformation as shown in Fig. 2Y,ll. This enables
applications such as mechanical reinforcement of nanoar-
rays for robustness [45], controlling fiber assembly-based
particle capture properties, etc. New anisotropic geome-
tries furthermore become possible when metal electrodes
are deposited onto the nanostructures at an angle, form-
ing C-shaped electrodes on each fiber scallop (Fig. 2Y,llI).
Electrodeposition on this substrate forms a polymer back-
bone on one side of each fiber, causing it to bend like a
bimetallic strip. Such a curved geometry is distinct from and
complements the straight tilted geometry produced by mold
shearing. These curved nanostructures allow further control
of anisotropy in assembly.

Perhaps most importantly, with the capability to create
either continuous or stepwise gradient patterns from a sin-
gle master structure, the final nanofiber arrays no longer
need to be uniform over their entire area. We can perform
either continuous or stepwise withdrawal of the substrate
from the electrodeposition bath, leading to a gradient of

electrodeposition time along the substrate withdrawal
direction and therefore to a gradient of geometrical param-
eters. Multiple gradients, such as orthogonal or triaxial, can
even be fabricated on a single substrate by rotating the
axes of gradients over two or more electrodeposition steps.
The resulting combinatorial libraries have made it possible
for the first time to systematically study the combinatorial
effects of geometric parameters on surface properties on
a single substrate. This capability allows us to co-optimize
the surfaces for self-assembly and a wide range of down-
stream applications, including nanotopographic cues for
bacterial and cell behavior on patterned substrates, screen-
ing mechanical robustness of different taper profiles against
abrasion, memory and storage, ciliary transport in microflu-
idics, fluid flow sensing, dry adhesion, and water and ice
repellency [24,56—58].

e. Unifying the fabrication platform to program
nanostructure performance

The mechanics of nanofibers is a key issue when designing
surfaces for functional assembly processes and applications
in actuation/sensing. To control the mechanical sensitivity
of the nanoarray, we may systematically apply the dif-
ferent parts of our fabrication platform, combining mold
deformation, material selection, and STEPS feature-level
transformation. Considering the final nanostructure, when
a capillary or other stimulus force F acts on the tip of a
nanofiber of length [, perpendicular to the fiber, the tip
deflection § is given by §=FI[3/3El, where E is the Young’s
modulus and [ is the moment of inertia [59]. For a fiber
with a circular cross-section of radius r, the moment of
inertia is given by I=mr*/4. Given typical values for epoxy
nanofibers of E=1GPa, (=8 um, r=125nm, a force of about
1.1nN is needed to deflect the tip of the fiber by 1 um.
To control fiber flexibility we can adjust the radius (which
scales as fourth power), the length (cubic power), the mod-
ulus (linear dependence), or any combination thereof [43].
As both geometric and material parameters control the
nanoarray sensitivity, we consider the ‘‘effective stiffness’’
Seffect =F/8, where § is the deflection, to help determine
what strategy to employ for a target flexibility range. For
nanofibers of arbitrary dimensions and materials, the ratio
of their Seffect allows their direct comparison, e.g., for a
circular cross-section:

Stepect _ <E1> (12)3(r1)4
Soeffect E; L r

Complex 3D microstructures with tightly tuned mechan-
ics can be fabricated simply by combining multiple STEPS
methods, e.g., starting with a modified-feature nanoar-
ray or its replica, and evaporating a new set of metal
electrodes and performing subsequent STEPS procedures.
Moreover, serial composition of STEPS can be combined
through iterative mold—cast cycles with the mold defor-
mation and materials selection aspects of the overall
fabrication platform for virtually limitless programming
possibilities. Indeed, all these sub-methods can be com-
bined over one or multiple fabrication cycles to yield an
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Figure 3  Empirical characterization of fiber mechanical properties. (A) Sample preparation for single fiber measurement by AFM
and scan of five silicon nanofibers (h=6.8 pm, rpase =150nm, ryip =90nm). A cross-section is mounted at 90° such that the AFM
cantilever tip can test the mechanical properties of single nanofeatures in bending. The contact-mode scan shows the 1 um interval
locations along five silicon nanofibers where force and displacement were measured to validate mechanical characterization by AFM
in reference to Euler beam theory. (B) Empirical best-fit effective stiffness curves for 1 um interval locations along the lengths of
the five silicon nanofibers. These curves show an average decay of power ~3, in excellent registry with the inverse cubic relation
of effective stiffness to cantilever length in the analytically predicted curve (inset). This helps confirm that the AFM-based single
nanofeature characterization approach is viable and accurate. (C) The fatigue life of a single epoxy fiber ({=9.0 um, rpase =1.05 um,
rvip =0.85 wm), important for long-term applications, is characterized by AFM. The stiffness of the nanofiber monotonically increases
by 30.6% over 15,000 load cycles applied at 16 Hz and 91 um/s, consistent with strain hardening behavior, which decreases the
nanofiber’s sensitivity. After this point the stiffness rapidly drops off and structural failure occurs. (D) Using AFM characterization,
the effective stiffness of HAR epoxy microfibers is measured to be 17.22N/m, and the hysteresis of the load-unload curve is
measured, highlighted in green. Such minor hysteresis of 32% reveals that epoxy nanofibers are primarily elastic in their behavior
in this bending range.

enormous range of mechanical, geometric, and material
properties.

Relatively scant attention has been devoted to the
mechanical robustness and fitness for technological appli-
cation of nanofibrous surfaces beyond the bench. Along
the lines of our previous nanoindentation study on a gra-
dient of micropost taper profiles [45], the studies that have
been reported principally rely on ensemble measurements
[60—63]. Others are even coarser, applying such test meth-
ods as bulk abrasion [64]. Systematic mechanical tests of
individual HAR surface nanofibers have not been described
to our knowledge.

Empirical fiber mechanical properties for
validating design and evaluating applications

a. Motivation for an empirical characterization
method

Designing functional nanoarrays with specific mechanical
properties is only possible if we are able to characterize
their real behavior and calibrate our predictions with empir-
ical results. Indeed, we have up to this point relied on

b. Atomic force microscopy (AFM) for
single-structure measurements of engineered

Eulerian beam mechanics to predict and design the sensi-
tivity of a HAR nanostructure to the applied force. Given
that these structures are in the submicron range, where
surface area to volume ratios are significantly higher than
in the macroscopic regime, it is not necessarily a given
that macroscale beam mechanics can be applied without
correction. Furthermore, many mechanical properties of
nanoarrays cannot easily be modeled a priori because of
their complexity and nonlinearity.

polymeric nanostructures

Taking a cue from atomic force microscopy (AFM) measure-
ments of hanowire bridges and cantilevers [65—67], we have
applied AFM to perform the single-structure mechanical
measurements of our engineered fibers. We have devel-
oped a sample preparation method in which the test fibers
are oriented horizontally so that the AFM cantilever can
accurately apply z-direction bending forces. Spring constant
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calibration was performed for each cantilever used, allow-
ing the mechanical properties of an individual fiber to be
probed. Specific test locations were programmed along with
open or closed loop test parameters.

To validate AFM-based single fiber measurement, we first
tested the bending stiffness of HAR silicon fibers (h=6.8 pm,
I'vase =150 nm, ryip =90 nm), shown in Fig. 3A. By testing sil-
icon, a very well characterized material, we sought to
compare the empirical and analytical bending behavior. As
noted above, Euler beam mechanics predicts an inverse
cubic relationship between the bending stiffness of a can-
tilever and the length at which a force is applied (Fig. 3B,
inset). The empirical stiffness-length curves are plotted
in Fig. 3b, yielding a power relationship of —3.06+0.2,
highly consistent with the analytical value. In addition, the
measured effective stiffness of the silicon nanofibers was
consistent with its geometry from SEM images and its elastic
constants. Thus the AFM characterization method has been
shown to be viable and accurate, opening new avenues to
measure the dynamic and nonlinear mechanical properties
of bioinspired nanofibers.

c. Application-critical dynamic mechanical
properties: strain hardening, fatigue,
viscoelasticity

Unlike effective stiffness, a number of application-critical
aspects of our polymer nanoarrays are difficult to pre-
dict a priori. Fatigue life and strain hardening at the
micro/nanoscale, for example, should be measured empiri-
cally [68,69], and these have critical bearing on application
fitness. For example, synthetic cilia and neuromasts must
flex constantly in performing their function, but their sensi-
tivity would change with time in the case of strain-induced
stiffening or accumulation of fatigue damage. The per-
formance characteristics would therefore drift over the
operating lifetime of the nanoarray, which itself is expected
to be finite.

We cyclically deflected and relaxed a square epoxy
microfiber ({=9.0 um, rpase =1.05 um, rep, =0.85 um) by AFM
tip and tracked its effective stiffness evolution, shown
in Fig. 3C. A maximum tip displacement of 0.8 um from
the initial position was maintained in each load cycle.
The effective stiffness of the fiber was found to increase
monotonically from 10N/m by 30.6% over 15,000 load
cycles (applied at 16Hz and 91 um/s), consistent with
strain hardening behavior. After this point, the stiffness
rapidly dropped off, indicating structural failure. From our
empirical characterization it is apparent that (1) the force
sensitivity of epoxy HAR p-structures will decrease over
time; (2) alternatively, more energy will be needed to sus-
tain a given displacement; and (3) epoxy nano/microfibers
are subject to fatigue failure after an order of 10,000
cycles at 16Hz. These empirical properties are critical
to consider in suitability assessment for different applica-
tions.

An additional nanofiber response property that is diffi-
cult to predict is viscoelasticity. A large relaxation time
and hysteresis in the load-unload cycle would limit the
frequency of stimuli that can be detected in sensor appli-
cations, for example, and high-speed assembly or actuation

would require more energy. Applying our AFM characteri-
zation to a slightly thicker epoxy nanofiber that measured
17.22N/m, we were able to characterize its load—unload
behavior (Fig. 3D). The area highlighted in green depicts
the hysteresis loop for a force curve of 20 uN (max deflec-
tion=1.5um, rate of deflection =6 um/s). This hysteresis of
32% of work done reveals that epoxy nanofibers are still
primarily elastic over this bending range. At higher load
frequencies, however, the hysteresis will of course increase
[58] and should be considered in the application context.

Programming self-assembly

Self-assembly of nanoscale fibers has been reported in a
variety of synthetic systems such as soft lithographic stamps
[29], semiconductor and metal nanowires [70], carbon nano-
tubes [40,71], and polymer microstructures mimicking the
foot of a gecko [20]. Yet, few of them approach the level
of control over assembly size and shape seen in biological
systems such as the beetle Hemisphaerota cyanea, which
precisely modulates the assembly and disassembly of its
tarsi to control its foot adhesion to a surface [6]. The
programming capabilities made possible by the fabrication
techniques described above have now enabled us to begin to
develop an integrated understanding of the factors involved
in controlling assembly and to create a wide assortment of
nontrivial structures from simple nanofiber arrays.

In recent years, several studies have modeled capillary-
induced self-assembly in terms of the competition between
capillary force and the opposing elastic force [33,38,72].
Each analysis focused on a particular system and param-
eters, but in terms of the scaling relation, the derived
equations can be summarized as

E.  D*ycos’ @ yh?® cos? 6
Er D*(p—D)*E/h3 D2(p—D)*E

where N is the average number of fibers in one assembly, E,
is the capillary interaction energy, Er is the elastic energy
term, h is the height of the fibers, y is the surface tension
of the liquid, D is the diameter of the fiber, p is the dis-
tance between the fibers, E is the Young’s modulus of the
fiber, and 0 is the equilibrium contact angle of the liquid
on the surface of the fibers. While this relation was suf-
ficient to describe assembly under the specific conditions
investigated, it nonetheless lacks several general features.
Assembly is predicted strictly by minimizing the energy of
the final assembled structure, without taking into account
the kinetics of the process [9,73]. In addition, the direct
fiber-to-fiber adhesion force that holds the final structures
together after the liquid dries is not included as a factor.
Finally, the relation considers only the number of fibers in
the final structure and provides no insight into the evolution
of the final assembly pattern and how complex assemblies
and geometries such as chiral structures and hierarchical
patterns might be formed.

To develop a more comprehensive understanding, we
have used fiber arrays with systematically controlled prop-
erties as a model system. The typical array configuration
was a square lattice with spacing ranging from 0.9 to 2 um,
and the fibers generally had a circular cross-section, a diam-
eter between 250 and 500 nm, and a height between 5 and
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Figure 4 Assembly of fibers into diverse shapes and hierar-
chical architectures. (A) Clusters of fibers connected at the
tips (left), twisted into a chiral bundle (center), or zipped
together (right). Scale bar=1um. (B) Schematic and (C) cor-
responding SEM images showing the hierarchical assembly of
fiber arrays into higher order chiral structures. Blue lines in
the schematics indicate menisci forming as a liquid evaporates.
Scale bar=4pum. (D) Plot showing stepwise kinetics of hierar-
chical assembly.

8 wm, comparable to the length scale seen in many biologi-
cal systems [12,13]. Fibers were assembled by immersing the
surface in a wetting liquid, generally ethanol, and letting the
liquid evaporate at ambient temperature.

Even at the elementary level of four-fiber clusters, this
system produces an assortment of unique shapes. In some
cases, the fibers form an arched structure, with the fibers
touching only at their tips (Fig. 4A, left). While this con-
figuration exhibits fourfold symmetry consistent with the
square lattice, in other cases the tips slip such that the fibers
cross instead of meeting head-to-head, and the fibers wind
around each other to form a chiral structure (Fig. 4A, cen-
ter). In still other cases, the fibers likewise interact beyond
the tips over an extensive contact area, but they remain
connected at the tips and simply zip together along their

length to produce an achiral bundle (Fig. 4A, right). A self-
assembled chiral structure has not been reported in any
other mesoscale system composed of an array of surface-
attached fibers, so it is particularly striking that it arises
simply by varying basic geometric and surface parameters,
without any initial chirality in the building blocks or envi-
ronment as required in other systems [74—76]. We find that
chirality emerges specifically within a limited window of
diameter, elastic modulus, and surface adhesion strength.
High stiffness, resulting from either a large diameter or a
high elastic modulus, appears to prevent chirality by disfa-
voring the extra bending required for fibers to twist around
each other. In addition, strong surface adhesion prevents the
tips from slipping from their initial contact point, leading
instead to formation of a zipped structure. However, since
the extra bending associated with formation of wound (or
zipped) structures requires a stronger interaction force to
counteract the elastic restoring force, the adhesion must
be strong enough to hold the structure together. Control-
ling shape and chirality therefore relies on modulating the
delicate balance between elastic and adhesion forces [77].

These various shapes can then serve as building blocks
for creating complex higher order structures. For example,
chiral bundles interact with each other to form larger-scale
chiral architectures through a series of hierarchical steps
(Fig. 4B and C). After an array of first order clusters forms
(Fig. 4B and C, Il), these clusters can combine to form second
order assemblies (Fig. 4B and C, Ill). This process continues
through formation of third, fourth, and higher order struc-
tures, with complexity increasing at each stage, as long as
the driving force remains strong enough to counteract the
elastic restoring force [78] (Fig. 4B and C, IV). The kinet-
ics of the assembly shows stepwise growth of the assembly
size, such that the array proceeds through each hierarchical
stage in unison (Fig. 4D).

As with the shape of the assembled bundles, controlling
the number of hierarchical stages also relies on balancing
the mechanical and surface properties of the system. Con-
sistent with the sizes predicted by the previous models, the
size of the assembly is inversely proportional to the diam-
eter of the fibers (Fig. 5A). A similar trend is observed for
increasing elastic modulus. We noted, however, that for the
largest diameter fibers, the final size of the assembled bun-
dle is always lower than predicted. Following the assembly
process in real time showed that this anomaly results from
partial disassembly: consistent with the predictions, larger
assemblies initially form in the wet system when capillary
force brings them together, but they dissociate as the sys-
tem dries, presumably because the adhesion force is not
strong enough to hold them together [77]. Although adhe-
sion has received little attention compared to elastic and
capillary force terms, the surface adhesion between fibers
clearly plays a critical role in determining the final size of
the assembly.

We directly assessed the influence of surface adhe-
sion on hierarchical assembly by systematically modifying
the surface chemistry of the fibers by plasma treatment.
Though we do not have a quantitative value, the adhe-
sion increases with increasing plasma treatment time. The
trend we observe is completely opposite from what might
be expected based on the disassembly discussed above:
the cluster size decreases as adhesion strength increases
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Effects of changing the properties of fibers on size and shape of the assembly. (A) Plot showing the relation between the

fiber diameter and the number of fibers per assembled cluster. (B) Plot of the number of fibers per assembled cluster as a function
of plasma treatment time. Since the plasma treatment simultaneously increases fiber surface adhesion and decreases diameter, the
corresponding fiber diameters are shown on the top axis of the graph for each plasma treatment. Note that the number of fibers per
assembly decreases with increasing plasma treatment time even though the diameter of fibers decreases. (C—F) Left column shows
schematics of the method used to fabricate various anisotropic fiber arrays and right column shows SEM images of the corresponding
assemblies formed from each array. The insets show high-magnification images of the corresponding SEM images. (C) Fibers with
elliptical cross section and a rectangular lattice form anisotropic cluster shapes. The long axis indicates the direction in which the
tensile force was applied to an elastomeric mold (scale bar =50 um). The inset shows the elliptical cross section of the fiber (scale
bar=1pum). (D) Upright fibers with a square lattice array form four-fiber clusters. (E) Fibers tilted along a lattice direction form
an array of achiral two-fiber clusters. (F) Fibers tilted slightly off a diagonal lattice direction form chiral two-fiber clusters with a

uniform handedness. Scale bars =10 um for (D—F).

(Fig. 5B). Although plasma treatment slightly reduces the
fiber diameter by etching, this effect would also be expected
to produce larger assemblies with increasing treatment time
since it decreases the effective stiffness. This unexpected
trend can be understood by considering the hierarchically
evolving shape changes that accompany increasing adhe-
sion. As discussed above, strong surface adhesion produces
clusters that are zipped together along their length (Fig. 4A,
right). This structure may be more difficult to bend, possibly
analogous to the collaborative stiffening effect described for
macroscopic systems [79].

Introducing anisotropy into the system provides a way
to achieve even finer control over size, shape, and chi-
rality. Anisotropic fibrous surfaces are commonly observed
in biological systems, such as on the feet of water strid-
ers and geckos [12,50]. By deforming the elastomeric mold
during surface fabrication as described above, we have
introduced various types of anisotropy into the fiber geom-
etry and the configuration of the array. Stretching the mold
to produce fibers with an elliptical cross-section and a
rectangular lattice leads to anisotropic higher order clus-
ters as shown in Fig. 5C. The differences in cluster size



46

A. Grinthal et al.

09 B0 SEL

Figure 6

HAXHEKEKEKERK

- :

-

N a
g
s

Vool
S SR

ole o 4 & 0 o 0 @

[ B

Ns s ras e
Gyt s ifae
~

e.® 00 00

S s v e

R R RV
~
s /M s v e v e e

es s po00adNa
# e oo e 0w b e
VR N N
3% 3 %08 88 b

FAS

XKAAKX

*s 0008 0w
e s e b aa®w bh

-
-
[
.
L]
L]
L ]
®
.
.
'Y
.

e o 4 &
s
e o & 8

Long-range order of assembly. (A) Large area view of the assembled fibers showing multiple domains and domain bound-

aries represented in color (scale bar=100um). (B) SEM image showing a single domain with uniform long-range order formed by
controlling movement of the meniscus during evaporation (scale bar =100 wm). The inset shows the magnified view of the corre-
sponding image showing uniform domain formation. (C) SEM image of fibers assembled under a honeycomb mask (scale bars =20 pum).
(D) SEM image of fibers self-organized into a Moiré pattern by an evaporating liquid sandwiched between two periodic fibrous sur-
faces (scale bar =20 um). (E) Writing of arbitrary letters in nanofiber arrays by repeated exposure to an electron beam in spot mode

(scale bar=10 um).

along the directions corresponding to the long and the short
axes are consistent with the differences in elastic force
terms expected from the corresponding geometries [77].
If we instead shear the mold, we generate tilted fibers,
thus changing the orientation over the whole array while
maintaining the original 2D square lattice. This approach
produces different effects depending on the direction of
the tilt. For example, while an array with normally ori-
ented fibers forms four-fiber clusters (Fig. 5D), the same
array with fibers tilted along a lattice direction forms exclu-
sively two-fiber clusters (Fig. 5E). If the fibers are tilted
slightly off the lattice direction, two-fiber clusters again
form, but rather than random chirality the clusters now
have a uniform handedness (Fig. 5F). Combined with bal-
ancing the overall elastic, capillary, and adhesion forces,
simple small variations in the array can thus be used not
only to introduce chirality into the system but to establish
the handedness.

While these parameters provide a means for program-
ming the shape and size of each assembly, controlling the
long-range order of the system presents an additional chal-
lenge. Even for a square lattice, multiple domains tend to
form due to random nucleation and propagation of clusters
as shown in Fig. 6A. The system parameters contributing to
long-range order were studied numerically [80] by modeling
assembly as an irreversible sequential adsorption process on
a square lattice. When four-fiber assemblies form on an ini-
tially empty lattice, they locally increase the probability of
forming nearby clusters, thus generating ordered domains on
a local scale. During this process, addition of adjacent fibers

to the initial cluster is suppressed, analogously to excluded
volume interactions for hard squares, due to the fact that as
a fiber initially bends toward one neighbor to form a cluster,
the neighbor on the other side experiences a weaker cap-
illary force in that direction and tends to bend away from
the forming cluster. However, two choices remain for the
location of neighboring clusters. If they form directly next
to the original cluster, the long-range order is preserved,
but if they form at a diagonal position the order is disrupted
and multiple domains are created. Using two parameters,
we explained how these parameters control the likelihood
of cluster formation at adjacent and diagonal positions.
This study suggested that controlling the evaporation
process might promote long-range order by preventing
assembly from propagating in a random manner. Consistent
with this idea, we have shown that controlling meniscus
movement allows us to form a large area with a single
domain (Fig. 6B) [81]. The evaporation process can be fur-
ther manipulated to control the long-range pattern of the
assembly. By placing a patterned mask over the array, we
can induce bending of the posts along preferential directions
such that the overall assembly forms long-range patterns
along the boundaries of the patterned regions of the mask
(Fig. 6C). Moreover, if the periodicity of the mask pattern
approaches that of the nanofiber array, we can induce deter-
ministic bending of the fibers to form an ordered pattern on
the scale of the substrate. In particular, we have introduced
a novel approach to pattern formation in the nanofiber
arrays, in which a liquid sandwiched between two peri-
odic fibrous surfaces is reshaped by Moiré interference and
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Figure 7 Scheme of the experimental set-up for the study of adhesion effects on the self-assembly of microfibers. When fully
immersed in a wetting liquid, microfibers are initially in an upright position and do not interact (A). During solvent evaporation (B),
the fibers are brought together (C) if the capillary force C that drives bending is stronger than the restoring elastic force E (C>E).
After the solvent dries, C is lost and the only force opposing E is the adhesion force A. Intermolecular bonds between assembled
fibers are expected to have formed at this stage and to contribute to A. Clusters will disassemble, if A;<E (where A; denotes
interfiber adhesion resulting from exposure to Solvent 1) (D); be only moderately stable if Aj~E (E); or be very stable if Aj>E
(F). Introduction of different solvents can change the chemical environment and affect adhesion (A — A;) by altering the bonding
network between fibers, allowing one to induce reversibility of self-assembly (G). Solvent 2 will induce disassembly if A; <E (G),
but clusters will remain stable if A; >E (H). For the array of fibers, the magnitude of Ay or A; relative to E is directly read out as
the percentage of stable clusters, allowing quantitative comparison of the adhesion force for different surface modifications and
chemical environments. Representative micrographs (D—F, top view) illustrate the resulting assembly patterns.

creates lasting imprints of the Moiré pattern upon evapora-
tion (Fig. 6D) [82].

For more precise control at the local level, we can intro-
duce artificial nuclei at specific locations by assembling
fibers using an electron beam [83] before introducing a lig-
uid. By controlling the spacing of artificial nuclei, we can
enhance long-range order. Electron beam-induced assem-
bly can also be used to create surface-specific patterns by
localizing the electron beam at desired locations (Fig. 6E).

Encoding dynamic and reversible
self-assembly with surface chemistry

Beyond creating arrays of static structures, the function of
self-assembled systems often requires structural stability to
be balanced with the capacity to undergo dynamic cycles
of assembly and disassembly. The results from our group

described above [9,77] and those from others [33] point to
the importance of fiber surface adhesion in determining the
stability of assembled structures. Building on this insight, we
have developed a strategy for rationally encoding reversibil -
ity by systematically varying the surface chemistry of the
fibers [84], allowing us to program our assembled structures
for dynamic, responsive behavior mimicking that of many
biological systems.

As a model system for calibrating the influence of
different surface chemistries, we used a simple fiber array
whose geometric and mechanical properties were chosen
to yield clusters of at most four fibers. Structures satisfying
this condition consisted of microfibers 1.5 um in diameter
and 10 um in height, with a pitch of 8 um, and made of
epoxy resin UVO114. We modified the surface chemistry by
coating the fibers with a thin gold layer and functionalizing
with self-assembled monolayers (SAMs) of organic molecules
attached via a thiol group. The terminal functional groups of
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Still frames from a movie showing reversible localized cluster formation and erasure in a microfiber array patterned

with regions functionalized with C{oc—COOH. (A) Dry microfiber array with no clusters. (B) Capillary-induced patterned clustering in
the presence of ethanol. (C) Stable patterned clusters after evaporation of ethanol. (D) The clustered microfiber array immediately
after exposure to chloroform. (E) Almost instantaneous complete disassembly of the clusters in chloroform. (F) Dry, unclustered
array after evaporation of chloroform. The reversible clustering can be triggered multiple times by alternating exposure of the
array to ethanol and chloroform. Frame dimensions are 470 pum x 385 um.

the SAMs were chosen to provide a spectrum of intermolec-
ular bond strengths, from the weak van der Waals bonds for
methyl-terminated SAMs, to the range of hydrogen bonds
for NH,-, OH-, and COOH-terminated SAMs, to the strong
covalent bonds in the case of SH-end groups. For finer
tuning, we also varied the carbon chain length for each
functional group. Specifically, we used the following surface
molecules: cysteamine (SH(CH;);NH,, thereafter referred
to as C,;—NH;), 3-mercapto-1-propanol (SH(CH,);0H,
C3—0H), 11-mercapto-1-undecanol (SH(CH;){;OH, C{;1—0H),
3-mercaptopropionic acid (SH—(CH;),COOH, C,—COOH), 11-
mercaptoundecanoic acid (SH—(CH;)10COOH, C;,—COOH),
1,2-ethanedithiol (SH(CH,),SH, C,—SH), 1,9-nonanedithiol
(SH(CH3)9SH, Co—SH), and 1-dodecanethiol (SH(CH;){;CHs,
C41—CH3). The schematic of the experimental design and
the rationale behind it are represented in Fig. 7. This
system provides a straightforward way to gauge the effect
of surface chemistry on adhesion by keeping the elasticity
and largely the capillarity components constant.

We found that, following evaporation-induced assembly
(Fig. 7A—C), the stability of the assembled clusters is highly
sensitive to the surface chemistry of the fibers. For short-
chain molecules, the assembly stability, read out as the
percentage of stable clusters, roughly parallels the strengths
of the chemical bonds expected to form by the respective
functional groups: H.-:NH;~H-..-OH<H...0=COH <RS—SR
(or RS—Au). For each functional group, the cluster stabil-
ity can be further modulated by varying the carbon chain
length. In general, SAMs with longer carbon chains pro-
duce more ordered monolayers and hence more stable
clusters than their shorter homologs. SAMs terminated with
SH groups are also influenced by chain length but show the

opposite trend: a long carbon chain (as in C—SH) nearly
eliminates stable clusters. This likely results from the SH
group on the end of the highly flexible carbon chain loop-
ing back to bond to the same fiber, exposing mostly weakly
bonding hydrocarbon chains rather than SH groups, and thus
showing behavior similar to that of C;;—CHjs.

Overall, this sensitivity to surface chemistry provides a
straightforward way to fine-tune the assembling system for
complete reversibility, high stability, or a wide range of
intermediate stabilities simply by choosing an appropriate
surface modifier. In these examples, cluster stability directly
corresponds to the tendency to undergo spontaneous disso-
ciation when the systemdries, as determined by the strength
of the adhesion force, A4, relative to the elastic restoring
force E (Fig. 7D—F). For example, although no stable clus-
ters are observed for fibers modified with weakly bonding
C41—CHj3; SAMs, our real-time monitoring of the evaporation
process clearly shows the formation of the four-fiber clusters
covering the whole surface during the initial stages of evap-
oration and their quick disassembly as soon as the sample
dries [84].

To program the system for inducible rather than spon-
taneous reversibility, we take advantage of the fact that
the chemical environment can influence the chemical bonds
responsible for adhesion. For example, polar protic sol-
vents, such as water or ethanol, can directly disrupt the
hydrogen bonds between SAM functional groups, while non-
polar solvents such as chloroform can act through disturbing
first the highly ordered structure of the monolayer, effec-
tively “‘unzipping’’ it and, as a result, quickly destroying
the tightly knit hydrogen bond network that holds the fibers
together. Such a mechanism should apply specifically to
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relatively weak non-covalent bonds, such as the hydrogen
bonds between COOH or OH groups. In the terminology
presented in Fig. 7, changing the chemical environ-
ment can change the adhesion from A; to A;, and will
induce disassembly if A, <E. We found that the stable
clusters formed by fibers functionalized with C;;—OH,
C,—COOH, and C4—COOH were easily disassembled by
water or organic solvents, such as ethanol, acetone,
and chloroform. The rate of disassembly of the clusters
decreases in the order that roughly follows the increase
of the dielectric constant of the solvent: chloroform
(fastest rate) > acetone > ethanol ~ water, suggesting that
“‘unzipping’’ the monolayers by non-polar solvents (that
likely starts at the regions with a higher monolayer disorder)
occurs at a faster rate than the disruption of the fairly tightly
connected hydrogen bonding networks by polar and protic
solvents. In contrast, the clusters held together by S—S or
S—Au bonds remain stable, even after prolonged exposure to
these solvents. Significantly, after the solvent-induced disas-
sembly, the clusters can be easily reformed by re-immersing
the samples in ethanol and drying.

This fine control over cluster stability allows us to achieve
an exceptionally high level of spatial and temporal control
over the self-assembly process. Using microcontact printing
to pattern the surface with defined regions of strongly bond-
ing SAMs, we have demonstrated that the clustering pattern
can be switched on and off selectively. Fig. 8A—F presents
still frames from a movie showing one cycle of exposure of
a dry patterned micropillar array (Fig. 8A) to ethanol and
then to chloroform. The patterned clusters are formed in
ethanol (Fig. 8B and C) and then quickly erased by chlo-
roform (Fig. 8D—F). The process can be repeated multiple
times with the clusters that are coded on the surface being
regenerated and erased, analogous to the reversible assem-
bly and reassembly of the tarsi of the beetle Hemisphaerota
cyanea [6].

Our experimental results demonstrate the critical role
that chemical adhesion forces play in determining the stabil-
ity of self-assembled clusters of microfibers. Clearly, simple
modifications of the surface chemistry allow the assem-
blies to be tuned for nearly any degree of reversibility
and selective assembly/disassembly. Changes in the solvent
environment can dramatically alter the molecular interac-
tions and lead to a very quick switching between the stable
clusters and fully disassembled fibers. We believe that such
fine control over stability and reversibility of self-assembly
on the mesoscale can lead to a new generation of dynamic
materials with tunable adhesive, optical, and other proper-
ties [85].

Summary and outlook

The advances discussed in this review reveal the tremen-
dous diversity and complexity that can be generated from a
simple nanofiber array, just by working with the most basic
parameters of the system and manipulating the delicate
balance among competing forces. Without any complicated
pre-patterning, we program not only whether fibers come
together but how they bundle along their length, twist
around each other into chiral swirls, assemble into pat-
terned arrays of complex hierarchical architectures, and
reversibly disassemble in response to environmental cues.

This control derives from a small but powerful set of low-
cost benchtop techniques we have developed that allow us
to systematically vary multiple features of the fibers and
array geometry starting from a single master surface. The
phenomena we describe are undoubtedly just a small sam-
ple of the self-assembly possibilities that can be achieved
through these means. With the endless programming permu-
tations and combinations the techniques make available, we
can begin to take much greater advantage of the conforma-
tional and dynamic versatility that likely makes nanoscale
fibers such a ubiquitous feature of the natural world.

Modulating the complex interplay between fiber elastic-
ity and surface chemistry will be one of the most critical
components of realizing this potential. The unique relation-
ship between surface and mechanical properties that occurs
at the nanoscale is, after all, the defining feature that gives
nanoscale fibers their versatility. While chemical interac-
tions may dominate at smaller scales and bulk mechanics at
larger scales, the subtle balance between them in our sys-
tem is clearly a major determinant of nearly every aspect
of assembly, from shape to chirality to hierarchy to dynam-
ics. Surface chemistry and macroscale mechanics have not
traditionally been studied together, but the fabrication and
characterization techniques we present provide a straight-
forward way to fine-tune both the elastic and the surface
properties of the fibers independently, through both rational
design and empirical calibration of various parameters.

An equally critical design element for developing func-
tional surfaces will be understanding and manipulating the
dynamics of the assembly process. We have shown that
assembly proceeds through a series of discrete hierarchical
stages, with each stage producing a new array of structures
with new geometry, symmetry, and mechanical and surface
profiles. Each step, therefore, leads to a distinct surface
for either a downstream application or the starting point
for another round of assembly. From a general programming
perspective, this means that global energy minimization
based solely on the initial properties of the surface will often
be insufficient for predicting the final structure. The com-
plex kinetics of the continuously evolving shape, mechani-
cal, and other parameters plays a fundamental role and will
need to be taken into account. At the same time, the emer-
gence of new surface properties at every step provides an
opportunity to use self-assembly principles to design smart,
dynamic surfaces. We have shown that hierarchical assem-
bly can run in reverse, and that modifying the fiber surface
chemistry can be used to specify the degree of reversibility
as well as to introduce responsiveness to changes in the envi-
ronment. These controls open up the possibility of switching
or gradually changing the emergent physical, biological,
optical, adhesive, and other properties of the fibrous sur-
face in response to specific stimuli, and of designing surfaces
that capture and release particles or generate microfluidic
mixing as the fibers associate and dissociate.

The combined self-assembly and general surface fab-
rication capabilities offered by the approaches presented
here provide the foundation for transforming the design of
functional fibrous surfaces across a wide range of fields.
The fabrication strategies on their own have already shown
promise in programming surfaces for controlling bacterial
patterning, cell behavior, water and ice repellency, and fluid
flow sensing and can be directly applied to dry adhesion,
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memory and storage, and microfluidic transport processes
[45,56—58]. The capacity to co-program each surface for
hierarchical, reversible self-assembly brings each applica-
tion to a new level of sophisticated design and dynamic,
adaptive behavior.
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