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Self-folding broadly refers to the assembly of 3D structures by bending, 
curving, and folding without the need for manual or mechanized 
intervention. Self-folding is scienti�cally interesting because self-folded 
structures, from plant leaves to gut villi to cerebral gyri, abound in nature. 
From an engineering perspective, self-folding of sub-millimeter-sized 
structures addresses major hurdles in nano- and micro-manufacturing. 
This review focuses on self-folding using surface tension or capillary 
forces derived from the minimization of liquid interfacial area. Due to 
favorable downscaling with length, at small scales capillary forces become 
extremely large relative to forces that scale with volume, such as gravity 
or inertia, and to forces that scale with area, such as elasticity. The major 
demonstrated classes of capillary force assisted self-folding are discussed. 
These classes include the use of rigid or soft and micro- or nano-patterned 
precursors that are assembled using a variety of liquids such as water, 
molten polymers, and liquid metals. The authors outline the underlying 
physics and highlight important design considerations that maximize 
rigidity, strength, and yield of the assembled structures. They also discuss 
applications of capillary self-folding structures in engineering and medicine. 
Finally, the authors conclude by summarizing standing challenges and 
describing future trends.

human life. With innovations such as 
Henry Ford�s assembly line to Jack Kilby�s  
integrated circuit, it has become relatively 
straightforward to assemble complex 
macroscale machines and miniaturized 
devices.[1] In contrast, while the integra-
tion and assembly of inherently 2D and 
stacked devices are relatively facile at 
small size scales, i.e., below about 1  mm, 
using very large scale integration (VLSI) 
processes,[2] it is extremely challenging to 
fabricate and assemble nonplanar, curved, 
and angled 3D structures with dissimilar 
materials. The challenge is rooted in sev-
eral fundamental material and engineering 
constraints that are encountered at small 
size scales.[3�8] For example, due to large 
surface area-to-volume ratios, surface 
roughness, trapped charges, and local con-
densation, stiction increases signi�cantly. 
Consequently, manipulation and release of 
cargo by robotic probes become challenging 
during and after release in pick-and-place 
assembly.[9] In addition, high-throughput 
and high-resolution imaging that is needed 
for optical feedback-based microcomponent 
placement and precision registration is 

extremely demanding for 3D robotic assembly. Hence, it is well 
accepted that new paradigms such as self-assembly are needed 
for 3D small scale manufacturing.[10]

Self-assembly is a biologically inspired methodology of 
assembling integrated devices by allowing smart designed 
components or parts to interact with each other via mobility 
provided by thermal energy, �uid �ow, or other forms of 
mechanical agitation.[11] This concept was initially developed 
and investigated using noncovalent bonds and macromolecules 
within supramolecular systems[12] and was later adapted to non-
molecular nano-, micro-, and even macro-scopic parts.[10,13�16] 
While self-assembly is often associated with programmed aggre-
gation of many parts into organized structures, more recently, 
engineered bending, curving, and folding of micro- and nano-
structures has been used to assemble 3D functional devices. 
This review concentrates on these types of self-assembly tech-
niques that create organized structures by bending, curving, and 
folding, which we collectively refer to as self-folding. Speci�cally, 
this review only discusses self-folding using capillary forces, 
and the reader is directed elsewhere to excellent reviews on self-
folding driven by alternate forces derived from the release of dif-
ferential thin �lm stress or hydrogel swelling.[4,15,17�23]

While examining the forces that can be used for assembly at 
small size scales, it is evident that capillary forces offer several 
attractive characteristics. These forces can be applied across 
material classes and scale favorably at small length scales.  
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1. Introduction

Fabrication and assembly methods that seek to shape and 
change the form and properties of materials are central to 
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There is signi�cant evidence for the widespread use of capil-
lary forces in nature (Figure 1). A nonexhaustive list of exam-
ples includes the superhydrophobicity of plant leaves such 
as the lotus leaf and rose petals[24,25] with varying degrees of 
adhesion,[26] transpiration-driven inner liquid �ow, and the 
so-called cohesion-tension mechanism in plants,[27,28] trans-
portation of water droplets on cactus spines (Figure  1a),[29] 
actuation and blooming in some �owers,[30,31] capillary food 
transport in the beaks of shorebirds (Figure  1b),[32] actua-
tion of the hummingbird�s tongue,[33,34] condensation of bird 
feather bundles,[35] adhesion of tree frog toe pads (Figure 1c)[36] 
and of insect setae,[37] jumping[38] and locomotion of water 
striders (Figure  1d),[39�41] breathing of underwater insects and 
spiders,[42] designs of spiral bundles in spider webs,[43,44] col-
lapse of lung airways,[45,46] deformation of blood vessels,[47] and 
elastocapillary instability in mitochondrial �ssion.[48]

2. Theoretical Considerations and Relevant 
Parameters
2.1. Force Scaling

Forces that are used to perform functional engineering tasks 
scale with size. While multiple forces exert tangible effects at 
a given physical scale, the hierarchy of the magnitude of forces 
is scale speci�c. Relative magnitude is particularly important as 
one approaches the sub-millimeter scales. At these small scales, 
forces that scale with volume, such as gravity, inertia, and mag-
netic force, or those that scale with area, such as elastic forces, 
become less relevant as compared to surface tension, which 
scales with length (Figure  2a). This favorable relative scaling 
of capillary forces makes them dominant at micro- and nano-
scales, and justi�es the wide adoption of surface tension for 
the (self-)assembly and actuation of micro- and nano-structures 
(Figure 2b).[49] It is noteworthy that to date, 3D cubic and pyram-
idal nanoparticles with sizes as small as 100 nm and precisely 
de�ned functional facets with 15  nm resolved lithographical 
patterns in all three dimensions can be fabricated only by capil-
lary self-folding.[50] Since capillary assembly can be used up to 
self-fold lithographically patterned (inherently 2D) precursors all 
at once, the process can be highly parallel and applied at wafer-
scale, which is important for cost-effective batch manufacturing 
of 3D micro- and nano-structures. For example, 2D precursors 
for solder hinge-based capillary assembly can be patterned in 
parallel using photo- or nanoimprint-lithography, self-folded 
after release from the wafers en masse by heating, and even 
aggregated to form larger self-assembled devices (Figure  2c). 
Also, there is signi�cant versatility as the self-folding process is 
fairly material agnostic. Indeed, hydrogels and even atomically-
thin 2D materials, such as graphene and molybdenum disul�de 
(MoS2), were recently self-folded into microscopic polyhedral 
structures using capillary forces.[51�54]

2.2. Surface Tension

Surface tension quanti�es the free energy associated with 
interfaces that separate immiscible phases of matter. Surface 

tension subtends the tendency of interfaces to minimize their 
area and thus resist deformation, expansion, compression, cut-
ting, spreading, and other perturbations. Surface tension arises 
from a local imbalance in intermolecular forces at the interface 
between different materials or material phases.[56] Due to the 
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interfacial discontinuity, cohesion among molecules belonging 
to the same phase manifests as a net force tangential to the 
interface.[57] The force-based interpretation of surface tension, 
accordingly measured as force per unit length (i.e., N m�1 in 
SI units), is equivalent to the energy-based interpretation stem-
ming from Gibbs� thermodynamic derivation of surface tension 
as the variation in excess surface energy upon perturbation 
of surface area[56]�hence the equivalent measure of surface 
tension in J m�2. Surface tension is related to solid interfa-
cial energy, surface stress,[58] and work of adhesion,[59] and is 
equivalent to surface free energy only for one-component liq-
uids.[57] By the same token, surface tension is most commonly 
referred to liquids, i.e., to liquid/liquid or liquid/gas interfaces 
in particular.

Capillary phenomena are ubiquitous in natural (see Introduc-
tion) as well as in arti�cial domains: clumping of wet hair,[60] 
drops and bubbles, evaporation, capillary rise, jet instabilities, 
liquid-based cleaning and wetting are some manifestations 
familiar from time immemorial.[24] In spite of this, the scienti�c 
concept of surface tension was �rst introduced only in the 17th 
century,[57] and the earliest scienti�c studies and models of cap-
illarity and surface tension-related phenomena date back only 
to little more than two centuries ago�eminently through the 
works of Young, Laplace, Poisson, and Plateau.[24,55] Scientists 

and engineers active in micromechanics and nanoengineering 
may have �rst-hand experience with properties and effects of 
liquid surface tension, i.e., capillarity, if only because of, e.g., 
liquid coatings, cleaning and drying of substrates, bubble forma-
tion in microchannels, component soldering or self-assembly,[61] 
capillary coalescence of micro- and nano-structures,[62�64] or 
stiction issues[65�67] upon release of suspended micro-electro
mechanical systems (MEMS) structures.[68]

2.3. Forces and Torques

When considering �nite liquid volumes�as is the case for 
droplets and liquid bridges of speci�c interest here�two com-
ponents which make up the total capillary force need to be dis-
tinguished (Figure 2b).[55,61]

The surface tension force component is always tensile and 
acts at the triple contact line, i.e., the 1D interface among 
three adjacent phases (e.g., the border of a liquid (L) droplet 
sitting on a solid (S) substrate surrounded by vapor (V) or 
another (immiscible) liquid). The orientation of the force (per 
unit length) at the contact line ensues from the local balance 
of the interfacial tensions associated with the three interfaces 
(i.e., liquid/solid (LS), liquid/vapor (LV), and solid/vapor (SV) 
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Figure 1.  Examples of the use of capillary forces in nature. a) Photograph of Opuntia microdasys, a �owering plant in the cactus family with well distrib-
uted, centimeter spaced clusters of spines and trichomes. The inset shows water drops from fog that are driven from the tip to the base of a spin at a 
tilt angle of �45�; capillary forces are involved in this transport. Reproduced with permission.[29] Copyright 2012, Springer Nature. b) Photograph of a 
juvenile Wilson�s phalarope (Phalaropus tricolor) feeding. The transport of prey from the tip of the beak to the mouth of the bird involves a surface ten-
sion mechanism. The inset shows the prey suspended in the droplets trapped in its beak. Reproduced with permission.[32] Copyright 2008, the American 
Association for the Advancement of Science. c) Photograph of a white tree frog (Litoria caerulea) capable of attaching to smooth surfaces using toe pads 
that utilize a combination of forces including surface tension. Reproduced with permission.[36] Copyright 2006, Royal Society. d) Photograph of a Pyrrhalta 
beetle larva that arches its nose and tail to drive up water menisci using surface tension. Reproduced with permission.[40] Copyright 2007, Elsevier.
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interfaces in the example above). Such balance is captured by 
the Neumann relation, notably for liquid/liquid interfaces 
(e.g., droplets �oating on liquid beds) and for liquids resting 

on very soft substrates.[59] For droplets sitting on substrates 
whose rigidity makes the force component normal to the 
substrate inconsequential (i.e., Young�s modulus E  �  �), the 
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Figure 2.  Assembly using capillary forces. a) Graph showing the relative magnitude of forces as a function of size on a log�log scale. All the points 
represent different experimental data and the dashed straight lines represent scaling laws. Reproduced with permission.[55] Copyright 2013, Springer 
Nature. b) Schematics of the role of surface tension (�) and net capillary pressure (�p) in capillary self-folding. i) Capillary self-folding of a soft mem-
brane. ii) Capillary self-folding of rigid hingeless panels. iii) Self-alignment of locking hinges during capillary self-folding. c) Conceptual illustration of the 
highly parallel and hierarchical capillary assembly paradigm compatible with wafer-scale fabrication. Large numbers of 2D precursors can be patterned 
using photolithography, and self-folded in parallel in a single step to assemble polyhedral building blocks. Such building blocks can potentially be further 
self-assembled by aggregation to form 3D microarrays and metamaterials with well-de�ned patterns in all three dimensions.
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interfacial force balance at the triple contact line can be sim-
pli�ed and is typically expressed via the horizontal projection 
of the Neumann force triangle, better known as the Young�
DuprØ equation �SV � �SL  � � cos �. The Young�DuprØ equation 
inherently de�nes the (static) liquid contact angle �, a macro-
scopic though imprecise quanti�cation of liquid af�nity to the 
substrate;[69] in particular, lyophobic (lyophilic) substrates are 
evidenced by contact angles larger (smaller) than 90�, whereas 
perfect wetting is achieved for 0� � �.

The second component of the capillary force arises from the 
pressure difference �p across the liquid interface, whereby the 
ensuing surface curvature is supported by the surface tension. 
Described by the Young�Laplace equation �p � 2H�, this force 
component (of value equal to A�p, arising from net pres-
sure impinging on a liquid/solid contact area A) can be either 
tensile or compressive depending on the positive or negative 
sign of the mean curvature H of the capillary interface (e.g., 
the mean curvature is 1/r and 1/2r respectively for spheres and 
cylinders of radius r).

Both surface tension and Laplace components of the total 
capillary force scale linearly with length, and they are propor-
tional to the surface tension coef�cient � (e.g., in air and at 
room temperature: water, 72 mN m�1; ethanol, 22.4 mN m�1; 
hexadecane, 27.6 mN m�1; liquid metals �  400 mN m�1; refer 
to[70�72] for comprehensive lists of values of �). The surface 
tension coef�cient of a given liquid is additionally dependent 
on temperature and concentration of solvents, particularly of 
surface-active species (i.e., surfactants). Gradients of surface 
tension can be locally induced by temperature gradients, sur-
factant concentration gradients, or by liquid mixtures, and they 
can promote transient interfacial �ows[24,73] and hydrodynamic 
instabilities.[74] As a consequence, the total capillary force 
depends on liquid surface tension, liquid-to-substrate af�nity 
(contact angle), liquid volume, and geometrical and environ-
mental boundary conditions. All these are parameters that can 
be leveraged to tune magnitude, orientation, and sign of the 
capillary force when designing capillary self-folding structures.

For a given liquid density � and surface tension �, the 
(gravito)capillary length L g/C � ��  de�nes the size range 
below which capillarity dominates gravitational effects, 
including weight of objects and hydrostatic pressure. In this 
size range (e.g., below �2.7  mm for water at room tempera-
ture), the capillary force can additionally become comparable 
and even larger than the shear and/or bending stiffness of 
soft materials. As a result, capillary forces can microscopically 
deform soft substrates in close proximity of contact lines;[75] 
and capillary torques can macroscopically bend or fold uncon-
strained substrates larger than a corresponding (bending) elas-
tocapillary length L B/EC ��  ensuing from the ratio of bending 
stiffness B and surface tension.[59,76,77] For the common case of 
a curved sheet or membrane of thickness t and Poisson�s ratio 
�, B � Et3/12(1 � �2). Under the rubric of elastocapillarity,[59] 
the latter effects are relevant for the micromechanics and 
applications of self-folding reviewed below. It is worth noting 
that substrates with high degree of softness (i.e., E  �  10  kPa, 
typically polymeric or gel-based) or small bending compliance 
(including atomically thin ones[54]) became of wide interest and 
utility only recently, i.e., long after the earliest demonstrations 
of engineered microscale self-folding, which involved rigid  

substrates with well-de�ned folding lines. Suf�ce to mention 
that the work of Py et al.[78] that �rst described analytically the 
shape of elastocapillary-folded continuous strips and voxels 
appeared about 25 years after the important demonstrations by 
Syms and colleagues of capillary self-folding of micro-(opto-)
electro-mechanical systems (M(O)EMS).[72,79] The historical 
development of self-folded microstructures followed a different 
path from the conceivable logical sequence sketched in Figure 3 
that is outlined in the following section.

3. Types of Capillary Self-Folding
3.1. Elastocapillary Folding and Self-Wrapping

Py et  al. described how millimeter-sized voxels with roughly 
the shape of a polyhedron (e.g., a tetragon) can be self-folded 
by placing a liquid droplet of commensurate volume (less than 
80 �L) on a thin (40�80  �m), elastic, unconstrained, contin-
uous and mildly lyophilic sheet (made of polydimethylsiloxane 
(PDMS) in their case) with appropriate shape (e.g., a triangle) 
and of linear size larger than the bending elastocapillary length 
of the liquid/substrate pair.[78] Under these conditions, the thin 
�lm adheres to and spontaneously self-wraps around the droplet 
(Figure  3i). The folding is cumulatively driven by the ener-
getically favorable wetting of the lyophilic sheet surface by the 
droplet, whose capillary pressure applies a distributed bending 
deformation to the substrate, and by the (localized) bending 
torque associated with the tensile surface tension force insisting 
on the triple contact lines, which pulls the substrate inwardly 
(Figure  2bi). During the folding and as the liquid evaporates, 
the liquid/air area decreases while the elastic energy increases 
due to sheet bending. Py et  al. showed semi-analytically that 
the ratio of bending and surface energies determines the radius 
of curvature of the capillary folding, of the order of LEC, and 
that the critical dimension for folding Lcrit is proportional to 
LEC by a shape-dependent coef�cient S, i.e., Lcrit  �  SLEC. They 
also reported that several bending modes and wrapping states 
of different degree of stability can be distinguished depending 
on sheet shape, sheet size relative to LEC and droplet volume. 
Instead of reaching a maximum bending before reopening as 
the liquid volume decreased, suf�ciently thin sheets eventually 
encapsulated the evaporating droplet fully, forming a closed 
voxel with morphology dependent on sheet shape. Later experi-
mental and theoretical work by de Langre et al. con�rmed the 
switching among different modes of capillary folding, and 
additionally pointed to a transition from folded to unfolded 
state due to dewetting (i.e., unpinning of the droplet from the 
edges of the substrate) during elastocapillary wrapping of a �ex-
ible membrane.[80] The latter observation was echoed by further 
studies based on 2D[81] and simpli�ed 3D[82] models, according 
to which contact line unpinning should lead to a premature 
unfolding of the sheet compared to the pinned case and con-
sequently to an overestimation of Lcrit. Based on the model by 
Py et  al., recent experimental work by Bae et  al. showed that 
capillary self-folding can be conversely used to estimate Lcrit and 
from that, all other parameters being known, to determine with 
fair accuracy the elastic modulus of thin sheets of a variety of 
materials, ranging from soft (E � kPa, e.g. hydrogels (pNIPAM, 
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polyacrylamide) and polyimide) to stiff (E  � GPa, e.g. glassy  
polymers (PpMS)).[52] They also gave substantial experimental 
con�rmation of the theoretical values of S for triangular (7.0) and 
square-shaped sheets (11.9),[78,82] as well as of the independence 

of S from the value of the liquid contact angle. Using a droplet 
of ferro�uid on a thin triangular PDMS membrane, Jamin et al. 
described additional anisotropic shapes for capillary origami 
and evidenced an overturning morphological instability under 
the competing effects of elasticity, gravity, and an external mag-
netic �eld.[83] Gao and McCarthy further noted that suf�ciently 
thin substrates of materials normally considered hydrophobic 
also self-wrap around droplets,[84] pointing to the distinct role of 
liquid adhesion and wetting in the process.[85] Along the same 
line, Geraldi and coworkers showed theoretically and demon-
strated experimentally how rigid topographic structures,[86] and 
particularly a roughening hydrophobic coating making smooth 
surfaces superhydrophobic,[87] can completely suppress capil-
lary self-folding of thin soft sheets.

A few comments are in order here. First, on a continuous 
and smooth elastic substrate with unpatterned folding lines, 
pivot axes for capillary torque are not well de�ned and may 
depend on the exact initial placement of the droplet on the 
substrate, as well as on the kinetics of droplet deposition.[82] In 
view of this, pinning of the droplet on all edges of the sheet 
is recommended to avoid partial or nonreproducible results, 
particularly in case of partial liquid wetting. By the same 
token, upon liquid deposition on a substrate in air, the edge 
of the substrate topographically con�nes the liquid within its 
perimeter.[62] Second, Gauss� Theorema Egregium implies that 
conformal wrapping of planar surfaces, such as �at sheets, 
around nonplanar ones, like the surface of hemispherical drop-
lets, cannot be achieved unless stretching and bending (as in 
origami-inspired structures[20]) and/or cuts (as in kirigami[88]) 
are included in the wrapping structure. Therefore, droplet self-
wrapping necessarily involves stretching as well as bending 
of the substrate; conversely, continuous substrates can be 
tailored with cuts to achieve predetermined self-wrapping into 
3D spheroidal shapes and thus maximize the ratio of surface 
to enclosed volume.[78,89�91] Third, downscaling bene�ts elasto-
capillary folding, since LEC scales with sheet thickness t to the 
power of 3/2 and thinner substrates are associated with smaller 
critical lengths. Hence, 10�100  nm-sized nanostructures can 
conceivably be self-folded out of atomically thin sheets.[54] 
Fourth, closure of the voxel requires partial evacuation of the 
inner liquid (i.e., volume shrinking), which may take place by 
means of evaporation (e.g., water in air) or by dissolution in 
a solvent (e.g., chloroform in water[54]). Fifth, even upon full 
closure the voxel is hardly sealed, and in the absence of strong 
adhesion (due to, e.g., stiction, dissolved impurities or van der 
Waals interactions[92]) let alone mechanical �xation, the folding 
of the voxel is only temporary: if the bending energy exceeds 
the adhesion energy, the voxel unfolds upon full evaporation of 
the droplet and �nal drying of the substrate.

3.2. Hinged and Hingeless Folding Lines

Prede�nition of folding lines is crucial for predictability and 
repeatability of capillary self-folding. As importantly, in the 
design of self-folding 3D structures the introduction of folding 
lines goes along with the decomposition of the inherently poly
hedral target structure into a single, planar polygon referred 
to as the net.[93] The 2D net is composed by the faces of the 
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Figure 3.  Classi�cation of capillary self-folding mechanisms. i) Elas-
tocapillary folding of continuous soft substrates around droplets (i.e., 
self-wrapping). ii) Self-folding with mechanical hinges. iii) Hingeless self-
folding with multiple energetically equivalent �nal states. iv) Hingeless 
self-folding with mechanical locking. v) Hingeless self-folding with capil-
lary locking, capillary self-alignment, and potential dynamic reversibility.




























