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Three-dimensional hierarchical morphologies widely exist in nat-
ural and biomimetic materials, which impart preferential functions
including liquid and mass transport, energy conversion, and signal
transmission for various applications. While notable progress has
been made in the design and manufacturing of various hierarchical
materials, the state-of-the-art approaches suffer from limited mate-
rials selection, high costs, as well as low processing throughput.
Herein, by harnessing the configurable elastic crack engineering—
controlled formation and configuration of cracks in elastic materials—an
effect normally avoided in various industrial processes, we report
the development of a facile and powerful technique that enables
the faithful transfer of arbitrary hierarchical structures with broad
material compatibility and structural and functional integrity. Our
work paves the way for the cost-effective, large-scale production
of a variety of flexible, inexpensive, and transparent 3D hierarchi-
cal and biomimetic materials.

configurable elastic crack engineering | true 3D replication |
hierarchical structures | biomimetic materials

hree-dimensional hierarchical structures are the fundamental

elements of numerous biological and artificial surfaces that
exhibit various fascinating functionalities useful for liquid and mass
transport (1-7), adhesion (8-11), signal transformation (12), struc-
tural coloration (13, 14), etc. For instance, many living organisms
evolved exquisite structures and functional materials for surviving in
harsh environments (15). One extreme case is the evolution of re-
entrant structures that show superior repellence to liquids even with
ultralow surface tension. The manifestation of these special archi-
tecture enables the skin of springtail beetles to repel various liquids
and dirt, and respire in humid and dirty environment (1, 5). An-
other extreme case is exemplified by Nepenthes alata that evolved
peristome arrays to offer the spontaneous, diode-like spreading
of liquid (6, 7). The diversity and complexity of structures result
in many unexpected combinations of functions, allowing biological
systems to survive and adapt to the challenges of life.

In recent years, extensive efforts have been directed toward
reproduction of these representative architectures, which is of
importance to the creation of a wide spectrum of biomimetic
and smart materials for practical applications (2-4, 9, 16, 17).
While breakthroughs in bioinspired engineering have achieved
a wide range of structures that enable various fascinating func-
tionalities, it remains a daunting challenge to mimic structural
hierarchy, material diversity, and functional sophistication of
living organisms in a facile and reproducible manner. So far,
these exquisite morphologies are generally achieved on rigid
materials such as polystyrene (PS) (2) and silicon (3, 16, 17)
using expensive and sophisticated microfabrication technolo-
gies and/or 2-photon 3D printing technologies. More impor-
tantly, these rigid engineered structures are mechanically
vulnerable to external load because of the concentration of
high local stress during their deformation, chemically susceptible
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to corrosives, topologically limited, and optically less attractive,
thereby preventing real-life applications. Thus, it is timely to
develop affordable and scalable strategies that enable the attain-
ment of structural and functional diversity on more diversified
materials.

In one of the most commonly used fabrication strategies, rep-
lication, the formation of cracks has normally been avoided due to
its detrimental nature. However, 3D hierarchical structures com-
monly consist of a variety of deadlocking regions (e.g., closed loop,
reentrant, high-aspect-ratio rods, and arrays), which can easily
trigger the uncontrolled crack formation and subsequent structural
failure during replication. Previous studies have also shown that
proper control of crack formation in rigid materials can give rise to
useful functionalities (18-22) such as atomic-scale pattern forma-
tion. Inspired by these studies, we develop a technique, termed as
configurable, elastic crack engineering (CECE), which transforms
the detrimental crack effect into a powerful tool for the faith-
ful, scalable, and cost-effective fabrication of various hierarchical
structures on a wide range of materials. As an immediate imple-
mentation, we also develop superrepellant surfaces and liquid di-
ode devices with unprecedented functionalities.

Significance

Despite emerging breakthroughs in the achievement of numerous
elegant biomimetic structures that impart fascinating functional-
ities, bioinspired materials still suffer from poor structural dura-
bility, chemical reliability, flexibility, and optical transparency,
as well as unaffordable cost and low throughput, thus prevent-
ing their broad real-life applications. In striking contrast to con-
ventional wisdom, we demonstrate that the usually avoided and
detrimental elastic crack phenomenon can be translated into
powerful configurable-crack engineering to achieve struc-
tures and functions that are impossible to realize even using
state-of-the-art techniques. Our approach dramatically en-
riches the freedom and flexibility in the design of materials to
mimic various natural living organisms and paves the road for
translating nature’s inspirations into real-world applications.
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Results

Concept of CECE. Our work mainly resorts to the unique features
of elastomer materials, i.e., superior elastic deformation and a
high level of configurability. Elastomers are usually amorphous,
and thus tend to randomly crack when subject to stress during
the replication process. To suppress the random cracks, we de-
velop a modified soft lithography process (Fig. 14) that enables
the formation of a configurable intermediate state during the
casting process, which allows a replica with true-3D shape to be
produced using a master structure through a casting step followed
by a molding step. The elastomer material in such an intermediate
state fulfills 2 requirements simultaneously. On one hand, it is soft
enough to bear a large elastic deformation and can spontaneously
develop cracks at the preferential location to allow easy peeling
from any master structure. On the other hand, it is rigid enough
to regain its original shape for the reliable creation of final
replicate structures.
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Fig. 1 schematically illustrates the principle of CECE, in which a
closed-loop structure is used as a master. Distinct from existing
methods, CECE is a 2-phase process (Fig. 14 and SI Appendix,
Fig. S1) characterized by 2 curing stages of the elastomer (Fig. 1B
and SI Appendix, Fig. S2). The images in the upper row of Fig. 14
present the spontaneous formation of a crack in the elastomer in
phase I when the closed loop is peeled off during the preparation
of the polydimethylsiloxane (PDMS) mold of the master structure.
The elastomer is cured at low temperature to give rise to a rela-
tively lower density of cross-linking and looser macromolecular
packing (23, 24). The Young’s modulus of as-prepared elastomer
is typically several orders of magnitude lower than that of the
closed-loop master microstructure, which ensures that cracks are
developed in the elastomer rather than in the master. During the
peeling-off process, cracks are generated along the direction of the
vertical peeling force. Since the subsequent molding process in-
volves relatively high pressure, the elastomer mold needs to be
self-sealable. Thus, to translate the intermediate elastomer into a
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CECE. (A) Schematic illustration of CECE for molding closed-loop structures. The upper row shows the controlled formation of the elastic crack in

PDMS in a casting process to create a PDMS mold from the master (phase I). The lower row shows the configurable seal/open of the crack in PDMS in a
molding process to create a replica of the master (phase Il). In phase I, PDMS is prone to large elastic deformation and cracking; in phase Il, PDMS is relatively
rigid and can keep the conformality. (B) Molecular-level mechanism of dynamical manipulation of the mechanics of PDMS (phases | and Il) by adjusting the
curing temperature and curing time. The dashed line denotes maximum E of PDMS when fully cured at high temperature. Note that temperature plays the
dominating role, leaving wide time windows for operation. (C) SEM images of the elastic crack formation in PDMS (phase 1) being pulled out from an array of
closed loops with diverse directions (/nset). (D) SEM image showing the process of separating PDMS (phase 1l) from the closed-loop replica. The elastic crack
self-sealed during molding and multiple intact closed-loop replicas were obtained.
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mature mold for the creation of 3D structure, we designed an
additional curing step at higher temperature, denoted as phase 11,
to enhance the stiffness, self-sealing, and configurability of the
elastomer. In this way, the crack keeps self-sealing during molding
and regains its original shape after this entire process, and the
shape and size of the as-formed elastic crack can be dynamically
manipulated in phase II, where a molding process is used to create
a replica of the master. On the other hand, phase I is proven
necessary, as without it cracks are randomly formed without the
preferred configurability, which is similar to the case of conven-
tional soft lithographic process (23).

To demonstrate the utility of CECE, we first designed a master
containing an array of closed-loop structures. After the fabrication
using two-photon absorption (TPA), PDMS is cast into the master
(SI Appendix, Fig. S34) to create a soft mold. PDMS was chosen
because its curing dynamics can be easily controlled by adjusting
the curing temperature and time (Fig. 1B and SI Appendix, Fig.
S2). The polymerization and curing are carefully controlled to
induce the crack formation at locked regions in the soft mold
during peeling from the closed-loop master (see SI Appendix,
section 1 for more details). As demonstrated in the SEM images
(Fig. 1C), the prepared PDMS in phase I bears a large deforma-
tion and can be completely released from the closed-loop struc-
ture. In contrast, as shown in SI Appendix, Fig. S44, without the
introduction of phase I, the cracking was randomly formed in
PDMS and both master and PDMS mold were damaged during
the casting process. Moreover, the crack formed in phase I can be
spontaneously opened (Fig. 1D) in phase II, making it possible to
create many replicas based on one mold. On the other hand,
without the introduction of phase II the crack formed in phase I is
not stiff enough to self-seal; as shown in ST Appendix, Fig. S4B, thin
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membranes are observed in the replica and thereby blocking the
hole of the loop during molding. Taken together, these experi-
ments suggest that the principle of CECE is essential for the
successful creation of hierarchical structures.

Mechanism Study. The controlled formation of crack for successful
CECE should meet two criteria: 1) the crack should be prefer-
entially formed in the PDMS mold rather than in the master.
Moreover, the crack should develop along the direction of vertical
peeling force; 2) the PDMS mold should be able to elastically
deform and can be released completely from the closed-loop
master. To provide a fundamental guidance for successful 3D
replication, we then investigated the reproducible formation and
configuration of the cracks in both phases I and II of CECE. In
phase I, the geometry of the master determines the stress distri-
bution in the PDMS, and thereby the eventual location and
direction of cracking. To study how the geometric features of
masters affect the crack formation, we developed a simple ana-
lytical model. As shown in Fig. 24, we define a cracking coefficient
n = Whmin/h to predict the location of the cracking, where W,
is the smallest width of the neck region and 4 is the height of
the locked part. Similarly, to quantify the required maximum de-
formation of PDMS elastomer for its complete release from the
master, we denote a deformation coefficient @ = Wiin/Wmax,
where W, is the largest width near the locked region. To provide
guidance for the rational design of proper master structures, a
phase diagram showing the effect of geometric parameters on the
crack formation behavior is mapped out (Fig. 2B). The CECE will
fail under the following two conditions: 1) when n < 100%, the
neck region breaks before the desired cracking emerges along the
direction of peeling force; 2) when 1/¢ < & (where ¢ is the ultimate
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Fig. 2. Mechanism study. (A and B) Study of the controlled formation of elastic cracks in phase I. (A) A 2D model is simplified from the cross-sectional view of
the closed-loop array for studying the crack formation process. Controlled crack formation takes place along the direction of the peeling force F;; failure
occurs when crack forms along the interface (referred to as neck region) of the locked part (darker orange). (B) A diagram predicting the controlled crack
formation. The experimental and simulation results for the geometries are provided in S/ Appendix, Fig. S6. (C and D) Study of configurable seal/open of the
elastic cracks in phase Il. (C) A geometric illustration showing the test of the configurability. The product loop is pulled out from the self-sealed elastic crack,
and the yield point of the loop is checked. (D) The relationship between the critical force F, to open the cracks and the interfacial area Aj, of the crack. The full
names for the abbreviations of polymers are provided in Materials and Methods.
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elongation of elastomer at break, ¢ = 250% for PDMS), the de-
formation of PDMS goes beyond its limit and as a result the mold
cannot be released during the separation process. To validate our
model, a series of PDMS molds were fabricated based on closed-
loop masters with various geometries # and ¢. Notably, the
cracking behaviors observed in our experiments are consistent with
the prediction shown in the phase diagram (SI Appendix, Figs. S5
and S64 and Table S1). We also performed finite-element analysis
to further reveal the stress distribution in PDMS molds (SI Ap-
pendix, Fig. S6B). Indeed, an increase in either 5 or ¢ leads to both
stronger stress and higher local deformation near the neck layer;
otherwise, the stress distribution and the deformation shift to the
bottom layer.

Based on a simple 2D model, we continued to evaluate the
configurability of a sealed crack with a given interfacial area (4,,)
by characterizing the required critical force (F>) to open it (Fig.
2C). A 3D geometric illustration is also provided in SI Appendix,
Fig. S7A. Briefly, we created a soft mold from a master containing
a set of closed-loop structures with fixed height # = 15 pm, and
different lengths [ Thus, the interfacial area of the crack can be
expressed as A, = hl. We used the mold to create replicas made of
materials with various flexural strengths (o). It is imaginable that in
the demolding process the replica material has to be stiff enough
to endure the drag during releasing through a crack in the mold.
The replica loop structure with low ¢ and large / were observed to
be misshaped because of this drag. Thus, we measured the maxi-
mum length of the faithful replicas and recorded it as the yield
point of the material with specific o (SI Appendix, Fig. STB). At the
yield point, the critical force can be expressed as F, = zor’/l, where
o is the flexural strength of the replica material, and r is the radius
of the closed loops (r = 2.5 pm). The critical force F> is found to be
proportional to A, (that is, zor’/l « hl) as plotted in Fig. 2D, in-
dicating a good configurability of the sealing/opening of the elastic
crack. Thus, for a given elastic crack, the required minimum
flexural strength of the replica material can be calculated through
o « hl?/mr” for guiding the material option. Our simulation suggests
that the local stress in the PDMS mold is also smaller than the
failure strength of PDMS during molding (S Appendix, Fig. S8),
making the reversible sealing and opening possible without dam-
aging either the mold or the replicas.

To thoroughly evaluate the performance and merits of CECE,
we further replicated a variety of representative 3D hierarchical
structures (i.e., a beaded probe, a helix, an arch, a multibeam, a
split ring, and a bull), resembling those emerging architectures
with promising functions. The masters of these structures (S

Appendix, Fig. S3 B-G) were fabricated using prototyping methods
that are expensive, time-consuming, and low throughput. More
importantly, these 3D hierarchical structures have been proven
challenging for replication using existing methods, owing to the
presence of multiple pronged nanoscale shapes (i.e., closed loop,
reentrant, high-aspect-ratio rods, and 3D arrays). For the doubly
beaded probe shown in Fig. 34, the aspect ratio (height/width) was
measured to be 20, which is larger than those in most existing
reports (25). We also successfully replicated a more complicated
2-cycle helix structure with high aspect ratio (Fig. 3B). This result
nicely demonstrated the remarkable configurability of CECE via
elastic deformation. To assess the lifespan of the elastic crack, we
used 1 PDMS mold to repeatedly replicate an arch structure for
cycles (Fig. 3C). Notably, the structure obtained after 50 cycles is
still exactly identical with the master (SI Appendix, Fig. S9),
demonstrating the superior robustness of our approach. As shown
in Fig. 3 D and E, with CECE we were able to create structures
with nanoscale beams and gaps, even down to 280 and 80 nm,
respectively. Finally, a microbull, representing the most compli-
cated arbitrary 3D structures producible using state-of-art tech-
niques (12), can also be faithfully replicated (Fig. 3F), revealing
the unprecedented capability of CECE and its full compatibility to
initial prototyping techniques. ST Appendix, Table S2 summarizes a
detailed comparison of characteristics between CECE and other
fabrication methods. Taken together, it is clear that CECE is a
unique technique for efficient and scalable replication of any 3D
microstructures.

CECE for Construction of True 3D Hierarchical Biomimetic Materials.
With the aid of CECE, we are able to construct virtually any 3D
hierarchical structures to impart preferred functions. We first
reproduced an artificial superomniphobic surface mimicking
the soft, semitransparent, and liquid-repellent springtail skin (Fig.
4A4). Fig. 4B shows the optical image of the as-fabricated, flexible,
transparent polypropylene (PP) surface exhibiting excellent repel-
lency to liquids even including hexane (surface tension: ~18.6 mN/m).
In particular, the surface also displays a superior dynamic wet-
ting property as evidenced by the complete rebounding of hex-
ane droplet (Fig. 4C). Such a superior wetting property is ascribed
to the presence of pillar arrays decorated with doubly reentrant
structures (Fig. 4 D and F), which are faithfully transferred
from their masters using CECE with the time and cost several
orders of magnitude lower than those of standard 3D prototyping
methods. Remarkably, owing to their strong flexibility and elastic
deformation, these doubly reentrant structures preserve their

Fig. 3. True-3D hierarchical structures replicated by CECE. (A) A doubly beaded probe. (B) A helix with two cycles. (C) An arch. (D) An array of fine closed
loops. (E) An array of split rings. (F) A microbull at two angles of view; such a structure represents the finest features achieved by 3D printing (12). The master
structures for these replicas are shown in S/ Appendix, Fig. S3. The methods for fabricating the master structures are described in S/ Appendix, section 2.
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Fig. 4. Biomimetic materials construction. (A-G) A flexible and superomniphobic surface with doubly reentrant arrays mimicking the skin of springtail. (A) Optical
image of a springtail with water droplets sitting on its skin. Image courtesy of Jan J. van Duinen (photographer). (B) Optical image of a blue-dyed hexane droplet
sitting on the transparent and superomniphobic surface. (C) Time-lapse photographs showing a hexane droplet bouncing on the superomniphobic surface. (D) SEM
image of the superomniphobic surface with an array of doubly reentrant structures. (E) Zoom-in image of the doubly reentrant structure. (F) Geometric illustration of
the buckling model for the robustness test, where k is the curvature of the bent surface. (G) Evolution of contact angles of water, ethanol, and hexane on the
superomniphobic along with the buckling cycles. (H-J) A flexible and anticorrosion liquid rectifier. (H) Time-lapse photographs showing 1 M NaOH solution direc-
tionally spreading upward on a curved rectifier. The solution was fed onto the surface at a rate of 20 uL/min. (/) SEM image of the as-fabricated plastic rectifier. (Inset)
A cross-sectional view of the reentrant structure. (J) Evolution of the rectification coefficient of the liquid rectifier during the robustness test against buckling.

structural integrity and liquid repellence during repeated bending
deformation. The bending test was conducted by using a buckling
device (Movie S1) with defined curvatures (%, as illustrated in Fig.
4F) at a frequency of 50 cycles per minute. For water and ultralow-
surface-tension liquids (e.g., ethanol and hexane), we did not
observe obvious decay in the dynamic wetting property until
the buckling cycles are up to 100,000 and 70,000, respectively (Fig.
4G and Movie S1). In contrast, for the counterparts based on rigid
materials, the surfaces are easily broken, and their liquid repellences
are lost after only several cycles of buckling. These complicated
reentrant structures can also be fabricated on other chemically
inert materials, e.g., polyethylene (PE), thus offering the po-
tential to achieve a wide range of functionalities.

Fig. 4H and Movie S2 show the spontaneous and directional
spreading of 1 M NaOH liquid along the as-fabricated liquid-
diode device based on PE material. Different from the liquid diode
fabricated on rigid silicon, the use of PE substrate not only endows
a high degree of flexibility, but also imparts enhanced chemical
stability against corrosives. Fig. 41 shows the morphology of the PE
rectifier, which is orderly decorated with capillary channels and
reentrant structures (highlighted by Fig. 4 I, Inset). The liquid di-
ode displays very stable liquid rectification performance even after
6,000 buckling cycles, suggesting its unprecedented robustness (Fig.
4J). Such a flexible and mechanochemically robust rectifier is po-
tentially suitable for adhering onto complex surfaces—in the form
of adhesive tape—for the directional transport of diverse fluids.

Li et al.

Conclusions

Taken together, we have demonstrated that CECE imparts
various important merits—including broad material compatibility,
high resolution, rapid and mass production, high accessibility,
and low cost—for the construction of true 3D architectures. In
particular, CECE expands the capability of material choices from
limited base materials (e.g., Si and photoresist) to a broad range of
engineering materials [e.g., polymers, and other printable mate-
rials including SiO, (26), metal (27), ceramic (28)]. Therefore,
CECE promises to pave the road for transferring biomimetic
materials into real-world applications. We expect further break-
through with CECE in several directions. For example, we can
further extend the complexity of processible structures [e.g., an
array of microhelixes (29)] by using more broadly tunable mold
materials or realize greater diversity of functions (e.g., self-adaptive,
layer-heterogenic, stimuli-responsive, time-programmed) by cre-
ating structures of hybrid or composite materials (30). In a wider
scope, we anticipate that further fundamental study on the
configurability of elastic cracks in terms of their orientation,
length, and width would help advance the nanotechnologies
(20-22) for precise and scalable pattern formation in a broad
range from atomic to macroscale.

Materials and Methods

Elastic Crack Formation. The elastic crack was generated by using modified
soft lithography by controlling the curing dynamics of PDMS. First, RTV 615
PDMS (General Electric) was thoroughly mixed in a 10:1 mass ratio of
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prepolymer to curing agent and degassed in a vacuum desiccator for 30 min.
Then, the PDMS mixture was poured on the closed-loop master and cured at
room temperature (22 °C) for 24 h (denoted as phase I). Note that PDMS
would cure sufficiently in 24 h at 25 °C to permit handling, while the time
window for the operation could be extended to 48 h. After that, the elastic
crack was formed by carefully peeling off the cured PDMS. The PDMS was
then baked for 30 min at 150 °C (denoted as phase Il). The temperature was
gradually raised (typically 10 °C per minute) from room temperature at the
beginning of baking.

CECE-Assisted Molding Process. The configurability of the elastic crack was
utilized for replication of true 3D hierarchical structures. The casting step was
conducted according to the procedure for the crack formation. Then the PDMS
mold was attached on a glass slide for molding thermoplastic plate. The
thermoplastic plate was hot-pressed with the PDMS mold at molten state for
1 min under a pressure of ~0.2 MPa. After that, the sandwich was cooled
down to room temperature gradually while the pressure was kept. The
product replica was obtained after the PDMS mold was peeled off. Ther-
moplastic materials such as low-density polyethylene (LDPE), linear low-
density polyethylene (LLDPE), high-density polyethylene, PP, PS, fluorinated
ethylene propylene (FEP), polyethylene terephthalate (PET), and acrylonitrile
butadiene styrene copolymers were employed for molding a set of beam
structures with lengths.

Biomimetic Materials Construction. The doubly reentrant structure was fab-
ricated by TPA and then transfer-printed to PP material. The fabrication
details are illustrated in S/ Appendix, Fig. S10. The liquid repellency was
evaluated by testing the rebound of water, ethanol, and hexane droplets
under Weber number ~0.5. The contact angles of the droplets were measured
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when the liquids reached static. The silicon liquid rectifier was fabricated using
standard MEMS process, as described elsewhere (3), and then transfer-printed
to PE material. The PE liquid rectifier was then treated with air plasma to de-
crease the apparent contact angles of water to ~15°. Then, 1 M NaOH aqueous
solution was fed onto the surface of the rectifier at a velocity of 20 pL/min,
and the spreading behavior was recorded with a camera.

Mechanical Robustness Test. The robustness of the biomimetic materials was
tested using a homemade buckling device. A strip (20 mm x 5 mm x 0.1 mm)
was fixed on the device and was buckled repeatedly at a frequency of 50 times
per minute. The curvature of the tested strip was repeatedly changed between
10 cm-"and 1 cm-". The liquid contact angles and the rectification coefficient
were measured after every 1,000 buckling cycles for monitoring the liquid
repellency of the superomniphobic material and the transport performance of
the liquid rectifier, respectively.

Data Availability. All materials, methods, and data needed to evaluate the
conclusions are present in the main article and/or SI Appendix.
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