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Abstract

Despite the fact that we live in a three-dimensional (3D) world and macroscale engineering is 3D,
conventional sub-mm scale engineering is inherently two-dimensional (2D). New fabrication and
patterning strategies are needed to enable truly three-dimensionally-engineered structures at small
size scales. Here, we review strategies that have been developed over the last two decades that
seek to enable such millimeter to nanoscale 3D fabrication and patterning. A focus of this review
is the strategy of self-assembly, specifically in a biologically inspired, more deterministic form
known as self-folding. Self-folding methods can leverage the strengths of lithography to enable
the construction of precisely patterned 3D structures and “smart” components. This self-
assembling approach is compared with other 3D fabrication paradigms, and its advantages and
disadvantages are discussed.

1. Introduction

At the macroscale, it is relatively straightforward and commonplace to make structures in
three dimensions. However, even tasks such as constructing simple cubic structures
patterned in all three dimensions are extremely challenging to achieve at the sub-mm scale,
especially in a parallel and cost-effective manner. One characteristic top-down approach to
fabricate patterned, three-dimensional (3D) microstructures essentially relies on
miniaturizing current macroscale processes. The micromilling approach employed by the
Japanese company Iriso Seimitsu, which produces patterned, 3D objects with sizes on the
order of several hundred microns, is an extreme case of scaling down macroscale
engineering methods to fabricate microscale objects. Their process is capable of milling 300
micron (£2 micron) brass dice, requiring the use of a 60 micron ball-end milling tool and
several hours of fabrication time for each die.[1,2] Thus, traditional top down machining is
currently limited with regards to high-throughput fabrication of three dimensional patterned
structures at sub-mm length scales. Moreover, there is a limit to how small macroscale
engineering approaches such as milling can be used effectively and economically; as
fabrication size scales continue to decrease, a different assembly paradigm is required.

2. Self-assembly

An emerging strategy looks to nature for inspiration on how to fabricate 3D structures at the
micro and nanoscale. In what may be considered the greatest feat of engineering, nature
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creates extremely complex structures patterned with utmost precision in all three dimensions
through a process known as self-assembly. Self-assembly is the process by which order
emerges from the interaction of a set of disordered components. Additionally, the natural
bottom-up fabrication paradigm arising from this process is fault tolerant and remarkably
efficient. One needs only to look at a salt crystal to observe these attributes. Salt
crystallization occurs in a highly parallel manner, generating periodic placement of sodium
and chlorine ions in three dimensions with extreme precision that extends well into the
macroscale. The process is remarkably robust in the sense that crystallization across the
globe yields similarly precise structures.

One area of self-assembly centers on the idea of combining small, discrete, 3D building
blocks into larger ordered structures. This concept has been applied in the fabrication of 3D
photonic crystal structures from various materials, such as bimetallic or latex spheres and
polystyrene particles.[3-7] A common method to self-assemble these structures is to prepare
a colloidal solution of the particles with a specific solvent, and then slowly evaporate the
solvent, leaving behind the particles in an organized array held by van der Waals forces.[8,9]
In the absence of any imposed constraints, colloidal crystallization of spheres typically
results in closed packed structures (Figure 1a). Several methods to direct the assembly in a
more controlled manner by using a template or other methods of confinement have been
developed.[8,10-14] As an example, a colloidal solution can be spatially confined as it is
processed in order to create small clusters, which can then be aggregated into large crystals
and arrays with greater complexity.[5,8,15] An interesting variant of this utilizes biological
structures as an assembly template.[16,17]. A more dynamic form of confinement utilizes
fluid flow fields in micro- and nanofluidic channels or sheared thin films to direct the
alignment of in particular, long-aspect ratio components. [13,18].

In order to further direct self-assembly and increase intricacy, one can use ‘smart’
components with innate traits such as magnetism or with patterned physical and chemical
recognition sites. A key element that remains only vaguely understood is engineering the
interaction processes and components such that only the desired structure is formed; i.e. the
rules controlling yield and fault tolerance in self-assembly are not yet fully understood.
Nevertheless, a brief overview of several efforts to self-assemble structures starting with a
variety of ‘smart” components is provided in this section; the recent review by Bishop et al.
discusses in great detail the nanoscale forces that are particularly important in self-assembly,
[19] and the review by Storhoff et al. details many strategies for self-assembling aggregate
functional structures. [20]

Self-assembly using biomolecules, such as ligands, peptides, proteins, DNA, and viruses,
has been employed to form ordered structures.[17,20-28] For example, specific peptides can
be adapted and designed to direct self-assembly and link components to form a variety of
things from hydrogels to nanotubes. Additionally, the inherent self-assembly properties of
DNA are highly programmable and versatile. These qualities have been harnessed and
engineered to fold DNA itself into tiles, tubes, and even cubes (Figure 1b).[25] Although
biomolecules provide unparalleled control over the interaction selectivity between
components, the lack of stability of these molecules in non-aqueous solutions and at
elevated temperatures can limit the applicability of these 3D structures.

Interestingly, a Japanese group recently utilized magnetic forces to self-assemble entire
cells.[29] First, magnetite cationic liposomes were taken up by cells, and then an external
magnetic field was applied to orient the cells in suspension. Subsequently, the cell surfaces
interacted with each other, forming a 3D tissue construct. With more development, this
incorporation of additional functionality into one of nature’s most complex ‘smart’
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components could enable directed self-assembly of complex, 3D tissue substitutes for tissue
engineering.[29]

‘Smart’ self-assembly can also be achieved without using biomolecular intermediaries. This
paradigm has been demonstrated by the Whitesides and Mirkin groups.[10,20,30-36] For
example, 10 micron scale lithographically-fabricated components, specifically shaped for
tiling, have been assembled into 3D mesoscale arrays[30] (Figure 1c) and 3D electronic
circuits with serial and parallel connectivity have been self-assembled on the mm scale using
patterned surface tension effects (Figure 1d).[31-33] In addition to shape matching and
capillary force self-assembly, numerous other methods exist, including self-assembled
monolayer linkages, magnetic and electric field-mediated assembly, and block copolymer
blends.[37-39] A comprehensive overview discussing many of these particular self-
assembly methods is contained in the review by Mastrangeli et al.[40]

Though showing great promise as small size-scale assembly techniques, the aforementioned
proofs-of-concept tend to be under-constrained in nature; that is, much effort must be made
to ensure the maximization of desired outcomes and minimization of defects for
reproducible, 3D fabrication. Highlighting the difficulty of this engineering is the fact that
Alien Technology Inc. is one of the few, if not only, companies that has successfully
commercialized a self-assembly method (shape matching) to date. However, as this area of
self-assembly matures, methods such as lithographic patterning and more deterministic self-
assembly approaches are also emerging as candidate methods to fabricate 3D micro and
nanometer-scale structures with high reproducibility and yields.

3. Three-dimensional lithographic patterning

Developed as the workhorse of the semiconductor industry, lithographic patterning is now
widely used to fabricate miniaturized electronic, mechanical, and microfluidic devices.
Lithographic fabrication methods have diversified a great deal from the traditional use of
light projection techniques to transfer a pattern onto a substrate. In addition to employing
beams of light sent through a mask, lithographic methods encompass the maskless
projection of laser light, electrons, ions, or molecules to modify a substrate. Lithographic
fabrication techniques can be extremely precise, but the methods are inherently two-
dimensional (2D) and typically pattern features in a single plane per step. Thus, lithographic
fabrication of 3D structures is oftentimes a culmination of many serial steps (layer by layer)
and can be quite time consuming. Direct templating lithographic techniques have emerged to
limit the serial nature of 3D fabrication to a reusable master structure; this master is then
repeatedly used to form daughter structures through subsequent molding or embaossing steps
in a more time-expedient manner. However, with lithographic fabrication methods, it is
often quite challenging to pattern the sides of the resulting structures, especially with
arbitrary curvilinear patterns.

In some layer by layer methods such as bulk micromachining[41] (Figure 2a) and surface
micromachining[42] (Figure 2b), conventional photolithography is used to transfer a pattern
onto the substrate for each layer. By again utilizing many sequential 2D steps, microscale
3D structures can be fabricated[42-45], but there are limitations such as low aspect-ratios,
particularly with conventional 2D photolithographic methods. One method to address the
low aspect-ratio limitation combines conventional photolithography with processes such as
wafer stacking and bonding, resulting in the fabrication of intricately complex, functional
micromachines.[44-47]

A method developed to overcome the aspect-ratio limitations of conventional 2D

lithography is the process of LIGA [X-ray lithography (X-ray Lithographie), Electroforming
(Galvanoformung), and Molding (Abformung)] (Figure 2c).[48, 49] It utilizes a synchrotron
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X-ray source and electrodeposition methods to fabricate a high-aspect ratio mold which can
be used directly, or for further modeling and embossing steps.[49] Even though only the
fabrication of the initial mold requires synchrotron X-ray sources, this method is not
accessible to all research groups. Variations on the LIGA concept using thick resists like
SU-8 (UV-LIGA)[50-52] and deep reactive ion etched (DRIE) silicon[53] have emerged as
more readily available techniques. These techniques can be used to make microstructures
with very high (greater than 50:1) aspect ratios.[54] However, the etching into silicon during
DRIE is currently very slow and oftentimes creates a scalloped trench in silicon due to the
slight undercutting of the gas.[54] A critical trait that structures fabricated solely using the
aforementioned methods often lack is 3D patterning, because the etching is difficult to direct
and the vertical sidewalls are therefore left unpatterned.

An approach that can reduce the amount of lithographic steps required and is capable of
fabricating a 3D patterned structure relies on freeing the substrate from its orthogonal, 2D
relationship with the projection source. Enabling the substrate stage to be freely rotated
along three axes allows multiple exposures from different angles, prior to a single combined
development process, to enable patterning in all three dimensions with fewer steps. X-ray
sources have been used for patterning[55,56] and a good example of this is featured in
Figure 2d, which depicts a 5 mm PMMA cube with interconnected 50 micron pores,[55] but
complex structures have been demonstrated using UV sources as well.[56-59]

Other methods forgo the use of a mask altogether and use instead a variety of different
techniques to directly fabricate the layers. These maskless or direct-write approaches include
techniques such as fused deposition modeling, inkjet printing, stereolithography, and
focused beam (electron and ion) and scanning probe lithography (SPL). Similar to the
previous methods, maskless fabrication of 3D structures is also based on the idea of
assembling numerous 2D cross-sections.

Fused deposition modeling relies on the sequential application of extruded plastic layers
which subsequently harden.[60] The process consists of feeding a plastic thread into a
nozzle that heats the plastic into a semi-liquid state and sprays it in layers while moving in
both horizontal and vertical directions. The object is built around a dissolvable support
structure to maintain the desired shape. This process is well-commercialized and has a
maximum resolution of about 100 microns. However, this technique is usually used to build
macroscale, as opposed to microscale, structures and is serial in nature.

Inkjet printing has been expanded from its original purpose of depositing dyes on paper to
depositing layers of molecules or various desired materials, including cells and biomaterials,
on a variety of substrates (Figure 3a).[61, 62] In one method, an inkjet printer is modified to
print a slightly acidic collagen solution onto a glass substrate in a specific pattern. The
substrate is then loaded onto a well plate and seeded with a solution of cells in media.
Another method involves printing a cell suspension directly onto a biocompatible gel in a
specific pattern.[63] In both of these techniques, the cells adhere and proliferate where they
have been patterned. Many layers can be printed to build up layers of cells into a 3D tissue-
like structure. Using a printer with an ink-paper resolution of 100 microns, cell patterns with
resolutions of 300-400 microns have been achieved. Theoretically, using a printer with a
higher ink-paper resolution would make cell patterns with higher (individual cell-sized)
resolutions possible. In addition to cells, gels and polymers have been printed using a similar
layered writing approach. Using robotic deposition, periodic 3D structures with sub-micron
resolutions have been printed. One important limitation of printing techniques is that the
materials used must be viscous enough that they do not spread drastically when printed, but
not so much that they clog the nozzle.

Small. Author manuscript; available in PMC 2011 April 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leong et al.

Page 5

Electron beam (EB) lithography focuses an electron beam to a spot on a substrate that is
sensitive to electron irradiation, such as polymethyl methacrylate (PMMA).[64] The beam is
rastered across the surface to directly write a pattern, which is subsequently developed away.
An additive variant of EB lithography, electron beam induced chemical vapor deposition
(EB-CVD) utilizes jets of precursor molecules in the proximity of the electron beam.[65]
The precursors adsorb onto the substrate, react with the electron beam, and deposit as a solid
residue. Focused ion beam (FIB) lithography is a similar technique that involves sputtering
heavy ions onto a substrate to modify the surface. It can be used with a wide variety of
materials, and has nm resolution.[66] lon milling is a subtractive process that physically
removes material via sputtering, whereas focused ion beam induced chemical vapor
deposition (FIB-CVD), much like EB-CVD, reacts the FIB with chemical precursors (i.e.,
phenanthrene precursors) to deposit material onto the substrate (i.e., diamond-like carbon).
[67-69] For these techniques, repeated rasterization of the beams across the surface are
required to effect height and depth changes. [67,68] Scanning probe lithographic methods
involve the rasterization of a sharp tip to write patterns on surfaces and even achieve the
precise positioning of atoms. [70-72] SPL can occur subtractively when the substrate is
exposed to energy via the probe tip to physically, chemically, or electronically deform the
substrate’s surface. A common form of this is local oxidation nanolithography, or atomic
force microscopy (AFM) anodization. Dip-Pen Nanolithography (DPN) a well-known
additive SPL process uses an AFM cantilever tip to transfer molecules to the substrate
surface.[71] Though capable of patterning with sub 100 nm down to 10’s of nm or less
resolution, issues such as beam/probe drift, accurate stitching of the writing fields with each
other, and alignment of patterns onto previously generated ones add complications to these
techniques. Implementation of multiple beam sources/probes would address the serial nature
of these techniques for 3D lithographic patterning, but at considerable cost in the near future
particularly for the beam sources, whereas the use of multiple SPL probes in parallel have
been demonstrated. [73-75]

Focused lasers can be used as irradiation source. Direct UV laser writing can be used for
both in-plane and out-of-plane exposure of photoresist by altering the focus and intensity.
Three-dimensional fabrication of suspended structures with 20 micron resolution has been
demonstrated.[59] Conversely, stereolithography utilizes a bath of liquid resin consisting of
monomer and UV-photoinitiators that polymerizes through the use of a one micron
resolution, focused scanning UV beam. A 5-20 micron thick layer of the resin is exposed to
a pattern and polymerized. After the layer solidifies, an elevator stage moves downward so
that a fresh layer of liquid resin can submerge the previous layer and be patterned. An
enhanced version of stereolithography which utilizes the non-linear effects of multiphoton
absorption (MPA) has recently emerged as an improved 3D fabrication method (Figure 3b).
[76-80] It has increased the maximum resolution to 65 nm for free-form structures, while
certain limited shapes have been fabricated with sub-25 nm resolution.[81] This method can
arbitrarily pattern side walls of structures, albeit in a serial manner.

Despite the demonstrated ability to fabricate 3D patterned objects, layer-by-layer methods
are still serial, usually not well-suited for mass production, and quite time consuming. To
help address these limitations, direct templating techniques can be used, where the master
template or stamp may be fabricated using any of the aforementioned, layer-by-layer
processes. The master is then brought in contact with a ‘softer’ substrate and subsequently
cured to transfer the pattern. The Fourkas research group has taken the novel approach of
hybridizing their MPA process with microtransfer molding (wTM).[82] In this method,
liquid polydimethylsiloxane (PDMS) is poured around 3D master structures, which were
first serially fabricated using MPA, and then cured to form a mold (Figure 3c). The elastic
nature of PDMS allows for the extrication of master structures that contain overhanging and
reentrant features, and when coupled with their membrane-assisted wTM process, enables
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the fabrication of closed loop features in the daughter structures.[83] This master structures
can be designed to mass-produce daughter structures and are reusable. However, extrication
of the structures from the PDMS can require careful manual detachment.

Nanoimprint lithography is another direct templating technique that uses a pre-patterned
stamp pressed into a softened polymer to emboss nanoscale patterns into a substrate.[84-86]
A stamp must first be fabricated, typically serially using methods such as optical, electron
beam, or focused ion beam lithography,[67,68] but it can then be used for parallel
fabrication, multiple times. The stamp and polymer substrate are heated above the polymer’s
glass temperature, pressed in contact for a period of time sufficient to allow the polymer to
flow and deform, cooled below the glass-transition temperature, and then separated.[85]
This process can be used to pattern 3D structures with high aspect ratios and low tens of
nanometer resolution in fewer steps than most lithographical processes. However, the
method is very sensitive to the material characteristics of the polymer, such as viscoelastic
behavior, thermal expansion coefficient, and pressure shrinkage coefficient, and produces
3D structures with smooth vertical sidewalls.

Electrochemical Fabrication (EFAB) is an automated, batch sequential technique that also
combines conventional lithography with other techniques (electrodeposition, etching, and
planarization) to reduce the overall fabrication process time.[87,88] In this method,
photolithography is used initially in the fabrication of a reusable stencil-like template; this
template is then brought in contact directly with a substrate during electrodeposition to
directly pattern the metal layers with a resolution of 20 microns. To form a 3D patterned
structure however, EFAB involves alternation between these techniques and etching of a
sacrificial metal as the final step to leave the finished structure behind (Figure 3d). EFAB is
technically still a layer-by-layer technique, but the use of direct templates at each step
dramatically reduces the amount of steps required when compared to conventional surface
micromachining. Additionally, photolithography and therefore a cleanroom, is not required
for the actual fabrication process each time. The process typically requires the use of metals
that can be selectively etched, but it may be extendable to other materials as long as they can
be electrodeposited and selectively etched.

Holographic lithography (or interference lithography) is a relatively new method for
patterning that, as opposed to the conventional 2D patterning methods, enables a non-
layered approach to 3D fabrication.[89-91] This method relies on a system of coherent light
waves to transfer a pattern from a holograph into photoresist. The holographic pattern can be
generated in numerous ways that combine the other lithographic techniques briefly
discussed already, such as microtemplate molding and photolithography.[92-96] With one
exposure, an intricate pattern can be transferred into the photoresist in all three dimensions.
In addition, electron beams can be used instead of lasers to achieve nanometer-scale
resolution.[89] However, these methods appear to be currently limited to the fabrication of
repetitive, arrayed patterns

In general, lithographic techniques have been successful at fabricating complex micron to
nanoscale 3D structures using a layer-by-layer approach, yet they tend to be time-consuming
and inherently serial. Additionally, many of the techniques are only capable of truly
patterning in two dimensions. Individually, neither the aforementioned lithographic
processes, nor previously described self-assembly processes provide efficient, fault-tolerant,
and parallel fabrication of truly 3D structures. However, structures considered relatively
simple to fabricate with lithographic means can be used as ‘smart” components for self-
assembly. A hybrid approach such as this can considerably reduce the steps required for the
overall assembly process. As alluded to earlier by the Whitesides group’s demonstrations of
lithographically-patterned tile assembly, one can leverage the strengths of both lithography
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and self-assembly to build complex components with great precision that spontaneously
assemble into a particular structure in a parallel fashion.[31,33] It remains crucial to further
reduce the level of uncertainty inherent in self-assembly to make more efficient use of its
advantages, increase yield, and provide better fault-tolerance, while decreasing fabrication
time.

4. Self-folding: A more deterministic form of self-assembly

Consider a construct composed of 12 lithographically-patterned, pentagonal panels. If the
assembly process starts with 12 unattached panels, the number of conformations into which
they can fuse is extremely large and unlikely to form a dodecahedron, for example (Figure
4a).[97, 98] Perhaps the panels would self-assemble like the Whitesides’ tiles discussed
earlier, or as a pentagonal prism, but how would one ensure the formation of a specific
configuration, such as a hollow dodecahedron? Once again looking to nature for inspiration,
we see that there have evolved complex binding rules (such as the base pair linkages in
DNA assembly), as well as specific sequential events (often aided by chaperone molecules),
in order to constrain the number of possible outcomes in molecular assembly. Many of these
rules are not entirely understood at this time, but one simple precept used in nature is to join
the interacting components together prior to final assembly. For example, proteins are
constructed from amino acids first joined together by peptide bonds. Linking components in
a specific pattern prior to assembly reduces the degrees of freedom and the change in system
entropy [99] , while guiding the interactions between components through the imposed steric
controls. This more deterministic self-assembly paradigm can be utilized to engineer
constrained systems with higher probabilities of assembling as desired. Thus, a ‘self-folding’
system can be engineered by functionalizing the linkages between the components to
actuate, and thus self-assemble, into a predetermined 3D structure (Figure 4b). The
components can be fabricated using the previously discussed lithographic means, and
hybridizing this with self-assembly can considerably reduce the steps required for 3D
fabrication, particularly during the lithographic portion, since the components (panels) can
be comparatively simpler than a lithographically fabricated, fully 3D structure. There are
numerous and diverse mechanisms that can be used to enable self-folding. They include
pneumatics,[100, 101] magnetic forces,[102-109] swelling of electroactive polymers,
[110-120] thermal and shape memory alloy actuation,[121-128] ultrasonic pulse impact,
[130-133] muscular actuation,[134, 135] stressed thin films,[136-154] and surface forces.
[97, 98, 155-184] Notable traits and limitations of these methods are summarized in Table 1.

Pneumatic self-assembly of 3D structures uses microballoons filled with fluid placed in the
flexible joint of a structure.[100,101] Made from materials such as PDMS or parylene,
microballoons expand when filled with a fluid, such as air, forcing the joint to curve and
fold the structure (Figure 5a). This actuation method is reversible over many cycles and can
be performed in biologically-compatible environments under ambient conditions. One
limitation is that objects assembled using this approach must be tethered to enable fluidic
actuation, and tend to be relatively large (mm-scale).

Utilizing magnetic force for self-assembly typically involves hinged structures with
integrated ferromagnetic materials that assemble when exposed to an external magnetic
field.[102,103] The structures are fabricated with materials, such as nickel, iron, or
permalloy, and the hinge typically consists of a flexible polyimide or a freely-rotating,
surface micromachined metal system.[104-106] The structure can then be actuated (typically
repulsively) to the vertical position by the induction of a magnetic field (Figure 5b).
Complex 3D structures can be built using this method, but there are a number of inherent
disadvantages. One is that the structures must remain attached to a substrate during folding,
or the magnetic field will move them away rather than pivot them. In addition, after the
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structure is actuated, either a locking mechanism is required to keep it in position (i.e., the
structure will set into slot on wafer), or other structures must be simultaneously actuated to
provide support. Designing and integrating the mechanisms that allow the structures to lock
into position is an added complexity, but one that is essential to prevent the collapse of
assembled structures upon removal of the magnetic field.

There are other variations of magnetic force assembly that have been developed to address
this issue. The Barbastathis group has utilized nanomagnets patterned onto silicon nitride
membranes connected by flexible hinges to self-align and fix the membrane position.[107]
They have also utilized dense arrays of magnetic carbon nanotubes grown onto foldable
titanium nitride membranes (Figure 5¢) which meet close enough upon magnetic actuation
for van der Waals forces to fix the membranes into position.[108] Another type of magnetic
self-folding utilizes permanent magnets, harnessing their intrinsic alignment qualities
without requiring an external field to be applied for assembly.[108,109] Magnetic materials
can be placed or patterned onto a 2D form such that when the form is released from a rigid
substrate, the attraction between magnets causes the sides of the structure to bend and join
together. This technique has been demonstrated at the mm scale using magnetic dipoles
attached to a flexible polymer form.[109] Permanent magnet self-folding does not require
the use of an additional locking mechanism to keep the final structure in place, but complex
processing may be required to enable scaling down, due to the difficulty in creating a
nanomagnet with high remanence.[107]

The swelling of polymers is used as a means of actuation and can be induced by
electrochemical or hydration methods.[110-120] Electrochemical methods typically use an
ionic polymer coupled with a metal support layer and placed into an electrolyte solution.
Alternatively, the whole actuator system can be self-contained, and is then able to operate in
dry environments.[112] This method can be implemented with a diverse mix of materials,
and the subtleties are discussed in more detail by Bar-Cohen.[118] When a potential is
applied, the polymer swells as solvated ions are attracted to counter ions trapped in the
polymer matrix; this volume change acts against the support layer and results in a strain.
This process is traditionally implemented with an external counter electrode and requires
operation in an electrolyte, but new schemes integrate the counter electrode into the metal-
polymer composite stack, allowing for further miniaturization of the structures.[112] This
technique has been used to make micro-robots (Figure 5d) and sealable cell clinics, as well
as microactuators.[114,115] Another variation of polymer swelling uses a bilayer of
dehydrated hydrogel and a support layer, where the hydrogel swells in water and expands
against the support layer to induce folding of 3D microwells (Figure 5e).[111]

Thermal actuation techniques rely on heat to deform specially designed structures into
position.[121-128] Thermal actuation is implemented in a variety of ways, such as utilizing
disparate thermal expansion coefficients of composite multilayer films (thermal bimorph
actuation),[121,122] thermal shrinkage of polyimide hinges patterned between movable
surfaces,[123,124] or shape memory alloys.[125,126] A thermal bimorph actuator is a
structure that contains two microbeams connected to anchors in series.[121,122] When an
electrical current is applied, resistive heating causes one of the beams to expand faster than
the other, and the structure bends. Since resistive heating is the driving force, the structures
are typically made with a conductive material and can be made at very small size scales. In
the work of Luo et al., a trilayer structure was used that was pre-curled from thin film
stresses and opened when thermally actuated (Figure 5f).

Polyimide is a highly flexible elastic material that can be used as a hinge material for
fabricating 3D microstructures (Figure 5g). When cured, cross-linking and outgassing of
various solvents in the polyimide occurs, and the polyimide shrinks. The hinges are v-
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shaped, and the polyimide contracts more at the top than at the bottom of the hinge, causing
bending. The amount of shrinkage is dependent on the curing temperature. Large bending
angles can be obtained by having numerous polyimide hinges connected in series. This
technique has been used to fabricate 3D flow sensors and actuators. Dynamic structures can
also be fabricated by selectively activating different hinges in a particular pattern.[123, 124]
One potential downside of this technique is that extremely high temperatures (about 200 to
400 °C) must be used to shrink the polyimide.

Shape memory alloys (SMASs) also rely on heat to actuate into position.[125] SMAs are
special metallic alloys that undergo reversible phase transitions while remaining solid. Self-
assembly using these materials harnesses the shape memory effect that is observed in the
various alloys. SMAs can be ‘programmed’ into certain spatial configurations for each
phase; these alloys can be made into a shape, deformed, and then when heated beyond a
phase-transition temperature, will return to their original shape. Actuators can be constructed
from SMA thin films, which will deflect into predetermined positions upon heating (Figure
5h). SMA thin films have numerous advantageous traits, including the capability to operate
at small size scales (micron to millimeter) and to be fabricated in parallel. They can also
achieve high power and strain, and require low actuation voltages. However they are hard to
integrate with micromachining because the thin films are difficult to pattern and require very
high temperatures for deposition. [126]

Ultrasonic pulses have also been used to actuate structures. Some of these methods use the
pulse directly to move the structure. One such technique by Kaajakari and Lal relies on
exciting the substrate using the resonance frequency to essentially pop the structure out of
plane.[129,130] Another method by the same researchers, referred to as thermal-kinetic
actuation, uses ultrasonic pulses to enable the phenomenon illustrated by the Crookes
radiometer.[131,132] The pulses are thought to reduce the static friction of the hinged
structures, and when coupled with heating and partial vacuum, enable the actuation of the
structures.[133] However, integration of locking mechanisms is necessary upon assembly,
and in the case of the thermal-kinetic actuation, there is only a small window of reduced
pressure (e.g. 10 mTorr to 10 Torr) conditions where the phenomenon is effective.

A new area of self-folding employs a biological, self-folding mechanism: the intrinsic
contractile function of muscles cells. Muscle cells can be selectively grown on patterned
metallic bilayers or polymer thin films to form a bionic hybrid structure. Cell contraction
can be induced by a variety of biochemical triggers or electric stimulation. Because the
muscle bundles are adhered to a flexible substrate, upon cell contraction, the whole
assembly will bend (Figure 5i,j). This technique has been used to create a variety of bio-
hybrid devices, including grippers and “walkers” with onboard reversible actuation.[134,
135] However, continued development in this area will need to address intrinsic limitations,
such as robustness and longevity, of biological materials.

Thin film stress-based assembly (TFSA) utilizes stress within thin films to assemble
structures. When bi- or trilayers of thin films (typically metallic or semiconducting) are
deposited, stresses can develop due to differences in thermal expansion coefficients, or
atomic lattice mismatch between the deposited films and substrates. Additionally, stresses
can develop due to intrinsic factors, such as grain boundaries that are controlled by atomic
diffusion and the type of deposition process used (e.g. sputtering, thermal evaporation). The
easiest way to enable TFSA is to couple one significantly stressed layer with a structural
layer to form a bilayer. When these bilayers are released from an underlying substrate on
which they were patterned, the significantly stressed thin film either contracts (tensile stress)
or expands (compressive stress) causing the bilayer to rotate. The magnitude of stress within
the composite film controls the radius of curvature; typical stresses are on the order of
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gigapascals. Several groups have demonstrated that stressed thin films can result in curled
assembles with curvatures ranging from the mm down to the nm scale (Figure 6a-c).
[136-142, 150, 152] Our group has expanded on this concept to construct containers and
packaging modules by patterning stressed bilayers between rigid panels so that they act as
hinges (Figure 6d).[153, 154]

By patterning large arrays of 2D metallic and polymer thin film sheets featuring rigid
segments, flexible-stressed sections, and hollow regions, we have fabricated coils, spirals,
cylinders, double volutes, and various interconnected structures.[143] It is interesting to note
that these sheets, ranging in size from 725 um to 12 mm and containing tens of thousands of
panels, can reproducibly fold into the pre-determined configurations. Figure 6e features a
millimeter/centimeter scale cylinder comprised of many elements functionalized to form a
scaffold for fibroblast cells. For a given 2D array of panels, altering the geometry of the
interconnections, degree of connectivity, and position of the hinges allows one to construct
numerous types of structures with varying curvature. Our research group recently fabricated
structures that incorporated bidirectional curvature; by being able to utilize both ‘mountain’
and ‘valley’ folds of origami at the microscale (Fig 6f). Using this technology, much more
interesting and complex 3D patterned structures can be easily fabricated and perhaps be
applied in the development of metamaterials.[144]

Another TFSA process, incorporating a joint composed of a polymeric trigger atop a thin
film driver bilayer, is used to make tetherless, self-actuating microtools. (Figure 7).
[145,146] Lithography facilitates the design of various combinations of differently-shaped
polygonal panels which are interconnected with flexible, stressed joints to self-fold into
microgrippers. Self-folding is triggered on-demand by the exposure of the polymer layer to a
range of chemicals or heating. In addition, the utilization of ferromagnetic material in the
panels allows for remote manipulation of the structures. Such on-demand self-assembling
microgrippers are used to perform several useful engineering functions on the sub-mm scale,
including in vitro biopsies[145] and picking and placing of objects[145,146].

Continued work in TFSA seeks to enable complex, nanoscale self-assembly by using hinges
with films that have higher stresses (such as those used to roll nanotubes (Figure 6c)).
[148-152] Other issues with TFSA that our group is addressing are reversibility and
reconfigurability of the hinges upon exposure to different stimuli.[147] Additionally, it will
be advantageous to find methods that increase the mechanical robustness of the nanoscale-
thick hinges.

Surface forces are one of the most widely explored methods for enabling self-folding. These
forces result when a surface tries to minimize its interfacial free energy by minimizing its
surface area. Since surface forces scale linearly with the characteristic length, while
gravitational forces scale with the length cubed, interfacial forces dominate at small length
scales, a favorable trait for the assembly of microstructures. One needs only look at the
curvature of a water droplet to recognize the importance of these forces in structuring
naturally-occurring assembles. Surface force-driven assembly makes use of the fact that
liquid surfaces will alter their shape so that their surface area is reduced. Solid structures
interconnected with liquid drops can be moved by the liquid as it alters its geometry to
achieve the minimal energy state. This concept was elegantly demonstrated at the
macroscale by the “capillary origami” experiments of Py et al.[155] who demonstrated that
when a water droplet was placed on a small PDMS sheet, the sheet folded upwards around
the droplet, eventually encapsulating it as the droplet diameter reduced from evaporation.
The concept of using easily meltable solids to drive assembly was originally developed for
micro-opto-electro-mechanical systems (Figure 8a,b) and is often implemented by
patterning and depositing the meltable hinges between moveable structures using standard
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photolithographic techniques.[156-170] Upon melting, released structures attached to the
hinge rotate out of plane, where the angle of rotation is a function of the hinge geometry.
Once the self-assembly has been completed, the hinges can be cooled and hardened, forming
mechanically-robust 3D objects. A variant on this method uses hydrophobic polymeric
liquids that coalesce in an isodense aqueous liquid and are ‘frozen’ in the desired form via
UV curing. [171]

Our group has extended surface tension-based assembly to the mass fabrication of
untethered, polyhedral structures (Figure 8c-f). The defining qualities of this technology are
the incorporation of sacrificial layers to completely release the structures from the substrate
and of fluidic locking hinges to seal the structures. Structures with significant complexity
can be fabricated in a highly parallel and efficient process. We have constructed polyhedral
containers with sizes ranging from 2 mm down to 100 nm that have curvilinear patterns in
the panels with dimensions ranging from hundreds of microns down to 15 nm on one or all
faces (Figure 9 a-c).[172, 173] The structures can be fabricated in various shapes, due to the
flexibility of patterning the 2D net precursors (Figure 8), and their hollow nature enables
their use as containers (Figure 9d).[174, 180-182] Additionally, the containers can be
designed with arrays of nm-scale pores through the panels (Figure 9¢),[175, 176] with the
implication that they can be used as 3D membranes for separations, sampling and cell
encapsulation therapy.[176, 177] The structures can be fabricated with materials that interact
with electromagnetic fields; hence, they enable applications in medical imaging and
chemical delivery.[174, 178, 180-182] Also, sensors can be designed into the structures by
using additional photolithographic steps.[183] However, an important limitation of surface
tension based assembly is the relatively high temperature (e.g., ~188 °C for 60%/40% Sn/Pb
solder) that can be required to melt the hinges; this can preclude self-assembly in the
presence of biological matter and other temperature-sensitive materials when using certain
hinge materials. Different hinge materials continue to be explored, however, and our group
has recently fabricated metal-free containers with polymeric panels and biodegradable
hinges, which are actuated at lower temperatures (~45 °C).[184]

Self-folding is a very viable method for fabricating patterned 3D structures, one that can
leverage the strengths of lithography and self-assembly. Self-folding can also be used to
fabricate truly 3D, ‘smart” components that are patterned in all directions. These
components could then be used as ‘smart’ building blocks in a subsequent self-assembly
process to form larger-scale 3D structures with increased complexity. Our laboratory is
pursuing this concept, by assembling self-folded cubes into larger 3D arrays using magnetic
forces (Figure 9f) and hydrophobic/hydrophilic interactions.

5. Summary and Outlook

In summary, the development and implementation of cost-effective sub-mm scale 3D
fabrication and patterning continues to be urgently addressed in order to facilitate further
progress in the era of miniaturization. Significant work has been accomplished in the fields
of self-assembly and three-dimensional lithography, with some examples presented in this
work. Though showing much promise in 3D miniaturized fabrication, there are presently
barriers that prevent those methods from being cost-effective and fault-tolerant. An
attractive alternative method enables the fabrication of miniaturized 3D structures by linking
panels with active hinges (self-folding).

Further exploration of this concept, by using active hinges that can be actuated reversibly in
response to various stimuli, also enables the assemblies to be reconfigured. The hinges in
these structures would function like biological or macroscale joints. It is conceivable that
this self-folding assembly paradigm could also be utilized with recently-developed myocyte
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bilayers to enable “living” hinges, which may enable the construction of hybrid structures
that respond to bioenergetic molecules such as ATP.[134,135] In this case, considerable new
challenges exist for keeping the living hinge viable for prolonged periods of time and in
abiological environments.

There is a continuing need to gain deeper understanding of naturally occurring self-assembly
processes and to unravel the rules that will allow for a priori design of robust assemblies
with high yield and fault tolerance. As an example, our group recently found that the
compactness of 2D configurations strongly influences self-folding yield by systematically
studying the self-folding of the eleven cube and octahedron nets.[98] We have also observed
that successful fabrication of complex structures, such as dodecahedra, can be facilitated by
implementing hierarchical assembly steps.[97] It is also conceivable that the mastery of
these rules will allow advanced 3D structures to be fabricated, and in turn enable the
practical realization of currently fictional concepts such as invisibility devices and injectable
mechanical surgeons.[185,186,187]
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Figure 1. Structures self-assembled using different methods

a) Scanning electron microscope (SEM) image of a 3D structure composed of 80-um
colloidal crystals. b) Molecular models of six DNA sheets in a cubic higher-order structure
(approximate edge lengths 40 nm). ¢) SEM image of a variety of Cr(~OH)|Au(~CH3)|
Cr(~OH) hexagonal plates. d) Photograph of an illuminated, millimeter self-assembled
aggregate of electronically-active LEDs; the LEDs on different truncated octahedra connect
to each other in serial loops, traced by powering pairs of leads.

a) Reprinted with permission from Reference [4]. Copyright 2005, American Chemical
Society. b) Reprinted with permission from Reference [25]. Copyright 2009, Nature
Publishing Group. ¢) Reprinted with permission from Reference [30]. Copyright 2001,
American Chemical Society. d) Reprinted with permission from Reference [31]. Copyright
2000, AAAS.
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1 mm

Figure 2. Structures fabricated using masked lithography

a) SEM of a structure with step sizes of 10 and 30 um etched into a silicon substrate. b)
Interdigitated gears of a multilayer microtransmission fabricated using surface
micromachining. ¢) UV-LIGA-fabricated PMMA microstructures exposed to two angled
irradiations. d) 3D PMMA scaffold made using X-ray lithography.

Reproduced with permission from Reference [41]. Copyright 1998, IEEE. b) Courtesy of
Sandia National Laboratories, Reference [188]. ¢) Reproduced with permission from
Reference [49]. Copyright 1998, American Institute of Physics. d) Reproduced with
permission from Reference [55]. Copyright 2006, IOP Publishing.
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500 um

Figure 3. Structures fabricated using maskless lithography

a) Parallel alginate hydrogel tubes made with inkjet printing. b) SEM image of a micro-
chain link obtained by two-photon induced polymerization. c) SEM images of a five-turn
coil master structure with interconnected membranes and the corresponding daughter
structures without the membrane. d) SEM image of two-direction fingers fabricated using
EFAB.

a) Reproduced from Reference [64]. b) Reproduced with permission from Reference [80].
Copyright 2001, Conference of Photopolymer Science and Technology. ¢) Reproduced with
permission from Reference [83]. Copyright 2006, National Academy of Sciences. d)
Reproduced with permission from Adam Cohen, Microfabrica Inc.
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Figure 4. Variations on the self-assembly theme

a) It is highly improbable that 12 free-floating pentagonal panels will self-assemble to form
a hollow dodecahedron. b) Tethering limits the number of possible self-assembly outcomes
and can be used to construct a hollow dodecahedron with higher probability.
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Figure 5. Implementation of various self-folding techniques

a) Pneumatically actuated microhand. b) SEM micrograph of magnetically assembled
microstructures with elastic hinges, where the vertical plates are held in place by the angled
lock-in plates. ¢) SEM micrograph of two TiN membranes with a carpet of Ni-tipped CNTs
on top of the membrane partially-folded due to stresses in the TiN hinge. When an external
magnetic field is applied, the membrane fully folds 180°. d) Photograph of an end effector
gripper using four 0.1 g fingers made of ionic polymer-metal composites. €) Optical
micrograph of a 3D microwell with multiple extensions self-folded from a hydrogel bilayer.
f) SEM micrograph of an SU8/DLC normally-closed microcage, which folds initially due to
residual stress and then opens when thermally actuated. g) SEM micrograph of a microcube
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fabricated using thermal shrinkage of polyimide. h) SEM micrograph of an SMA actuated
microgripper. i) Side view of a gripper composed of muscular thin films with lengthwise-
aligned anisotropic myocardium (on the concave surface) that draw the tips together upon
contraction j). The circles indicate the ends of the gripper.

a) Reproduced with permission from Reference [101]. Copyright 2006, American Institute
of Physics. b) Reproduced with permission from Reference [102]. Copyright 2005, IEEE. c)
Reproduced with permission from Reference [108]. Copyright 2008, American Institute of
Physics. d) Reproduced with permission from Reference [112]. Copyright 1998, IOP
Publishing. e) Reproduced with permission from Reference [111]. Copyright 2005,
American Chemical Society. f) Reproduced with permission from Reference [122].
Copyright 2006, Elsevier. g) Reproduced with permission from Reference [123]. Copyright
2007, Springer. h) Figure courtesy of Lawrence Livermore National Laboratory (LLNL),
Reference [189]. i,j) Reproduced with permission from Reference [135]. Copyright 2007,
AAAS.
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Figure 6. Thin film self-folding

a) SEM micrograph of a released structure assembled from stressed Cr-Ni-Cr thin films. b)
SEM micrograph of a SiGe-based nanotube formed along the edge of a stressed film sample.
c) Stressed thin films rolled into tubes as a hinge. d) Thin film curling properties can be
harnessed to use as hinges between stiffer panels. e) An optical fluorescence micrograph of a
cylindrical sheet composed of photoresist-covered chromium/copper bilayer hinges and
gold-covered nickel panels with live fibroblast cells (green) cultured on it. The polymeric
material used on the flexible hinges fluoresces red. f) Microscale metal origami with both
mountain and valley folds, enabled by bidirectional thin film self-folding to form a cubic
core structure with different patterns on the orthogonal surfaces.
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a) Reproduced with permission from Reference [138]. Copyright 2007, IOP Publishing. b)
Reproduced with permission from Reference [150]. Copyright 2001, Nature Publishing
Group. e) Courtesy of Mustapha Jamal. f) Reproduced with permission from Reference
[144]. Copyright 2009, American Institute of Physics.
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Figure 7. Thin-film self-folding microtools

a) SEM image of a microgripper with uniformly sized phalanges, b) SEM image of
microgripper with “elbow” c) Fluorescent micrograph of two microgrippers capturing viable
cells (green) when actuated with a biochemical trigger. d) Optical image of a microgripper
with captured cells excised from a sample of a bovine bladder (in vitro biopsy).
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300 um

100 um

Figure 8. Examples of structures assembled with surface-tension self-folding

a) Solder self-assembled plate with kickstands. The polysilicon plate was assembled using a
~200 um-diameter solder sphere and is 400 um wide by 600 um tall. b) Surface tension-
driven corner cube reflectors that interlock upon assembly, ensuring precise control over
folding angles. c-e) Hollow polyhedra self-folded using the surface tension process: c)
tetrahedral frustum, d) irregular octahedron, and e) dodecahedron. f) SEM image of a porous
cubic container showing precisely structured 50-mm porous arrays patterned through all
surfaces.

a) Reproduced with permission from Reference [159]. Copyright 2000, Elsevier. b)
Reproduced with permission from Reference [161]. Copyright 2005, IOP Publishing.
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Figure 9. Versatility in size, shape, porosity, and added functionality

a) Optical image showing cubic containers ranging in size from 50 um (arrow pointing to it)
to 2 um. Surface tension-driven self-assembly is a highly parallel process, enabling many
cubes to be folded simultaneously. b) 500-nm cubic, Ni structures with pattern Au on the
panels (J and U of Johns Hopkins University) and c) 100 nm cubes with patterned panels. d)
SEM micrograph of self-encapsulated glass beads within a 200 pm dodecahedral container.
€) SEM micrograph of a panel of a 200 um cube with ~80 nm pores. f) An optical image
with an aggregate of 200 um cubes assembled using magnetic forces.

b,c) Reproduced with permission from Reference [173]. Copyright 2009, American
Chemical Society. e) Reproduced with permission from Reference [176]. Copyright 2007,
Elsevier.

Small. Author manuscript; available in PMC 2011 April 18.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Leong et al.

Self-Folding Methods

Page 31

Table 1

Method Demonstrated Resolution  Notable Characteristics
Pneumatic mm Microballoon hinges expand when filled with fluid. Reversible and biocompatible
but must remain tethered to fluid supply
External Magnet um Ferromagnetic material folds when external magnetic field applied. Must be
tethered during actuation and contain locking mechanism

Permanent Magnet nm to mm Attractive force of permanent magnets folds flexible shape when released from

rigid substrate.
Electroactive Swelling um lonic polymer in electrolyte swells upon application of externally applied electric/
chemical potential.
Thermal Bimorph Actuation um Difference in thermal expansion between two layers causes folding when heated,
but requires very high temperatures for even very small folding angles.

Polyimide shrinkage um Highly flexible elastic hinges can be selectively activated but require very high
temperatures.

Shape memory actuation um to mm Specific materials deflect to predetermined orientation upon heating. Can achieve
large gripping force with low actuation voltage. Difficult to deposit and pattern
and requires programming of motion

Ultrasonic pulse impact um Ultrasonic pulses are used either to directly actuate a structure in place (via
vibration) or indirectly by reducing the static friction of the structure allowing a
thermo-kinetic effect to lift structures in place when coupled with heating. Only
works at partial vacuum due to drag forces.

Muscular Actuation mm to cm Harnesses contracting power of muscle cells to bend flexible substrate. Activated
by biochemical or electric triggers. Involves biomaterial which may not be stable
under many conditions.

Thin Film Stress nm to um Multilayer films deposited with specific process to achieve stress. Active
actuation not required for folding.
Surface Forces nm Utilizes surface curvature of liquids to move attached structures. Mechanically

robust if the liquid solidifies into position, but often requires relatively high
temperatures that are not biocompatible.
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