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MATERIALS SCIENCE

Origami and 4D printing of elastomer-derived
ceramic structures

Guo Liu', Yan Zhao', Ge Wu', Jian Lu"%*

Four-dimensional (4D) printing involves conventional 3D printing followed by a shape-morphing step. It enables more
complex shapes to be created than is possible with conventional 3D printing. However, 3D-printed ceramic precursors
are usually difficult to be deformed, hindering the development of 4D printing for ceramics. To overcome this limitation,
we developed elastomeric poly(dimethylsiloxane) matrix nanocomposites (NCs) that can be printed, deformed, and
then transformed into silicon oxycarbide matrix NCs, making the growth of complex ceramic origami and 4D-printed
ceramic structures possible. In addition, the printed ceramic precursors are soft and can be stretched beyond three
times their initial length. Hierarchical elastomer-derived ceramics (EDCs) could be achieved with programmable archi-
tectures spanning three orders of magnitude, from 200 pm to 10 cm. A compressive strength of 547 MPa is achieved
on the microlattice at 1.6 g cm ™. This work starts a new chapter of printing high-resolution complex and mechanically
robust ceramics, and this origami and 4D printing of ceramics is cost-efficient in terms of time due to geometrical
flexibility of precursors. With the versatile shape-morphing capability of elastomers, this work on origami and 4D
printing of EDCs could lead to structural applications of autonomous morphing structures, aerospace propulsion
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components, space exploration, electronic devices, and high-temperature microelectromechanical systems.

INTRODUCTION

Shape-morphing assembly, typically driven by capillary force (1),
mechanical inductor (2), shape memory mechanism (3), or frontal photo-
polymerization (4), is desirable for a diversity of applications such
as robotics (5), life science (6), biomaterials (7), and four-dimensional
(4D) printing (8, 9). To date, various materials, including polymers
(2, 3, 8), metals (2, 10), ceramics (10, 11), as well as graphene (12)
and silicon (2), have emerged in shape-morphing assembly. How-
ever, ceramic structures derived from soft precursors that allow elas-
tic deformation remained undiscovered.

Polymer-derived ceramics (PDCs), prepared through thermolysis
of polymeric ceramic precursors, exhibit remarkable properties of
conventional ceramics such as high thermal stability, chemical re-
sistance to oxidation and corrosion, and mechanical resistance to tri-
bology. The microstructures and properties of PDCs can be tuned
through tailored polymer systems and thermolysis conditions (13).
Additive manufacturing of ceramic precursors or polymerized com-
posites is a state-of-the-art technology to construct complicated ce-
ramic (14, 15) or glass (16) architectures. Currently, the printing of
soft matter is driving innovation in manufacturing (17). However,
the existing ceramic precursors are not flexible and stretchable. Thus,
we develop silicone rubber matrix nanocomposites (NCs) that can
be printed and deformed into complex-shaped elastomer structures,
as well as transformed into mechanically robust elastomer-derived
ceramics (EDCs).

RESULTS AND DISCUSSION

The novel silicone rubber NCs were ZrO, nanoparticle (NP)-
reinforced poly(dimethylsiloxane) (PDMS). PDMS, the dominant
elastomer in silicone systems (18), demonstrates its potential as ce-
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ramic precursors (19), as well as its flexibility (20) for origami folding.
Furthermore, because of the stretchability (21) of PDMS, self-shaping
assembly becomes promising. Crystalline ZrO, NPs with a primary
average size of 20 to 50 nm in diameter (fig. S1) were incorporated
into the PDMS matrix, forming a jammed network within the poly-
mer matrix (22), which improves the structural stability and elimi-
nates the shrinkage upon ceramization (fig. S2) (23). We developed
two ink systems with different types of PDMS, and the amount of
ZrO, NPs was 40 weight % (wt %) and 20 wt % in ink system 1 and
ink system 2, respectively. 4D printing of EDCs was achieved by the
DIW-morphing-heat treatment method (Fig. 1) and started with a
cost-effective 3D printing method called direct ink writing (DIW)
(Fig. 1B). The 3D-printed elastomer (Fig. 1A), together with the
metal wire or stretch device, was prepared for shape morphing. The
shape-morphing step could be versatile, including origami and 4D
printing. Take the simplest bending configuration as an example.
The ceramic precursors were deformed as a function of the pre-
strain. In origami (Fig. 1C), the metal wire was etched in HNOj after
the elastomer-to-ceramic transformation, and chemical resistance
of ceramics to corrosion guaranteed the structural stability during
the etching process. In 4D printing via method 1 (Fig. 1D), the pat-
terned joints and creases, together with programmed prestrains of
the substrate, determined resultant morphology of 3D-printed ce-
ramic precursors on the top. In 4D printing via method 2 (Fig. 1E),
designed patterns were printed on the prestretched precursors. Then,
programmable self-shaping was implemented with the release of
elastic energy stored in precursors. Furthermore, to reveal color
versatility in resultant ceramics, we applied a two-step method to
develop EDCs. This method converted PDMS NCs into first EDCs
via heating in argon or under vacuum, followed by heating in air,
yielding second EDCs. The second step was to obtain ceramics with
different colors, comparing to those ceramics that underwent the
single first step. First EDCs, as precursors of second EDCs, were
indispensable to form dense ceramics (fig. S3). Various complex-
shaped structures were made with the DIW-morphing-heat treat-
ment method, including cellphone back plate (Fig. 1, F and G) and
honeycomb (Fig. 1H).
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Representative periodic structures, including lattices and honey-
combs, were fabricated using the DIW-heat treatment method
(Fig. 2). The scalability of the DIW method was demonstrated by a
large-area elastomeric honeycomb (Fig. 2A). Isotropic shrinkage in
the transformations caused good shape retention (Fig. 2, B and C).
For ink system 1, heat treatment of first EDCs in air at 1000°C was
accompanied by 2.4% mass loss and 2.5% linear shrinkage, while heat
treatment of PDMS NCs in argon or under vacuum at 1000°C was
accompanied by 35% mass loss and 20% linear shrinkage. Scanning
electron microscopy (SEM) observation showed that the spatial reso-
lution of printed ceramic microstructures (Fig. 2D) achieved 200 um
(Fig. 2E), which was determined by the nozzle diameter and the
shrinkage during transformation. In the cross section of resultant
ceramic lattices, NPs with a diameter of 20 to 50 nm were observed
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(Fig. 2F). The degradation of the PDMS matrix with well-distributed
NPs in ink system 1 yielded porous ceramics with Brunauer-Emmett-
Teller (BET) surface areas of 184 and 138 m> g_1 for first and second
EDCs, respectively (fig. S4). Transmission electron microscopy (TEM)
images and pore size distribution of EDCs indicated that supra-
nanopores with a diameter of 2 to 10 nm (Fig. 2G and fig. S4) were
found. The suprananoporous ceramics, integrated with printed micro-
structures, could provide high flux and desired pore accessibility, for
example, in ceramic catalyst support. The programmable structural
hierarchy of the abovementioned EDCs spanned three orders of
magnitude, from 200 um to 10 cm. The resultant ceramics were
amorphous-crystalline dual-phase silicon oxycarbide (SiOC) matrix
NCs, as ascertained by TEM images and selected-area electron dif-
fraction (SAED) patterns (Fig. 2, H and I). The resultant ceramics had
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Fig. 1. Origami and 4D printing of EDCs via DIW-morphing-heat treatment method. (A) 3D-printed elastomeric lattices for origami. (B) Optical image of DIW of inks.
(C) Origami of ceramic structures derived from 3D-printed elastomers. (D and E) Two 4D printing methods, including method 1 (D) and method 2 (E), together with heat
treatment, convert 3D-printed elastomer into 4D-printed ceramics. Examples: (F) Flat (left) and curved (right) cellphone back plate. (G) Top view of 3D-printed flat cell-
phone back plate. (H) Curved ceramic honeycomb. The inset indicates the curvature of the honeycomb. Scale bars, 1 cm.
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Fig. 2. Additive manufacturing of EDCs. (A) 3D-printed large-scale elastomeric honeycomb. (B and C) 3D-printed microlattices (B) and honeycombs (C) of PDMS NCs
and first EDCs and second EDCs (left to right). (D to G) Hierarchical structures of second EDCs illustrated by a digital photo (D), SEM image of the microlattice (E), TEM
image of NPs (F), and suprananopores (G). (H and I) TEM images and SAED patterns (inset) of first EDCs (H) and second EDCs (1) illustrating amorphous-crystalline dual-
phase SiOC matrix NCs with suprananopores. The above first EDCs were obtained by heat treatment of ink system 1 at 1000°C under argon flow, and second EDCs were
obtained by heat treatment of first EDCs at 1000°C in air. (J and L) TEM image of first EDCs obtained by heat treatment of ink system 1 at 1300°C (J) and ink system 2 at

1300°C (L), illustrating rare suprananopores. (K and M) TEM image and SAED patterns (inset) of first EDCs obtained by heat treatment of ink system 1 at 1300°C (K) and ink
system 2 at 1300°C (M), illustrating amorphous-crystalline dual-phase SiOC matrix NCs.
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an average composition of SiO; 55C; 28Zrg 29 and SiO7.43Cy 31Zr; 9 for
first and second EDCs, respectively, while the average composition
of the amorphous matrix in first and second EDCs was SiO; 14C; 44
and SiO; 33Cy e9, respectively, as measured by energy-dispersive spec-
troscopy (EDS). First EDCs obtained by heat treatment of ink system
1 and ink system 2 in argon at 1300°C illustrated rare suprananopores
(Fig. 2, J and L). The resultant ceramics were also amorphous-crystalline
dual-phase SiOC matrix NCs (Fig. 2, K and M) and had an average
composition of SiO; 50Co g1Zr0 20 and SiOg 35Cp.03Z1¢ 13, respectively.
The flexibility and stretchability of the printed elastomer, as demon-
strated by some fundamental loading modes, such as bending, twist-
ing, and stretching, suggested possibilities for origami assembly (Fig. 3A).
The printed ceramic precursors can be stretched beyond three times
3D-printed B
elastomer

Prestrained
precursors

1st EDCs 2nd EDCs

3D-printed
elastomer

Prestrained
precursors

1st EDCs 2nd EDCs

their initial length (Fig. 3B and movies S1 and S2). Representative
ceramic origami structures with complex curvatures, mimicking a
butterfly, the Sydney Opera House, a rose, and a dress, were built
from 3D-printed precursors (Fig. 3C). The 3D-printed elastomeric
lattices underwent morphological transformation and were deter-
ministically constrained by the metal wire, yielding ceramic origami.
The printed periodic local patterns in elastomeric lattices improved
the foldability of global structures and guaranteed the programma-
bility in locating constraints. The equilibrium morphologies were
determined by balancing bending and stretching energies (24), and
this competition resulted in a thickness-dependent equilibrium state
(25). On the basis of Gauss’s theorema egregium (26), the stretch-
ability of the elastomer offers opportunities to building sophisticated

Stretching
(strain 200%)

Releasing
(strain ~10%) ||

Fig. 3. Complex origami of EDCs with mixed Gaussian curvature (K). (A) Flexibility and stretchability of printed elastomer presented by bending, twisting, and stretch-
ing (top to bottom). (B) Optical images of printed elastomer from 0 to 200% strain and then to ~10% strain. (C) Representative metal wire-assisted ceramic origami
mimicking a butterfly, the Sydney Opera House, a rose, and a dress (top to bottom). The insets indicate the location of constrains. (D and E) Positive K (spherical caps) and
zero K (cylinders) in ceramic origami. (F) Positive K (the outer region of the torus) and negative K (the inner region of the torus) in ceramic origami. (G) Zero K (cones and
cylinders) in ceramic origami. The above first EDCs were obtained by heat treatment of ink system 1 at 1000°C in argon (A) or under vacuum (C), and second EDCs were

obtained by heat treatment of first EDCs at 1000°C in air. Scale bars, 1 cm.
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structures with mixed Gaussian curvature (27) by changing distances
between points on the surface (24). Typical zero Gaussian curvature,
such as cylinders and cones, and positive Gaussian curvature, such
as spherical caps, were generated in ceramic origami, and negative
Gaussian curvature was exhibited in the saddle-shaped inner region
of the torus (Fig. 3, D to G). The DIW-morphing-heat treatment
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method allowed versatile transformations, including elastomers/
ceramics, soft/hard, large/small, black/white, and 3D printing/4D
morphing. Hybrid 3D printing and robotics also hold potentials for
improving this processing and product functionality (28), for ex-
ample, automatically applying programmable metal wires in the
3D-printed elastomer for origami. Likewise, kirigami assembly (29)

4D-printed
precursors
(experiment)

1st EDCs 2nd EDCs

Strain = 30% (x axis); 15% (y axis)

Strain in x axis (%)

Fig. 4. 4D printing of EDCs via method 1. (A) Representative 4D-printed EDCs with the Miura-ori design. (B) 4D printing process of ceramic Miura-ori with a maximum
compressive strain of 30% in the x axis and 15% in the y axis. The above first EDCs were obtained by heat treatment of ink system 1 at 1000°C under vacuum, and second
EDCs were obtained by heat treatment of first EDCs at 1000°C in air. (C) Phase diagram ('/,) of 4D printing of Miura-ori as an example to illustrate that a series of complex-
shaped ceramics with continuously variable geometries can be derived from a simple design. The series of ceramic Miura-ori were obtained by heat treatment of ink

system 2 at 1300°C in argon. Scale bars, 1 cm.
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can be integrated in the DIW-heat treatment method as another
powerful and customizable approach for 4D-printed ceramics. Hence,
the DIW-heat treatment method shows a promising future as a
module to lock elastomeric behaviors and time in ceramics.

Then, we developed two methods with the self-transformation
process to illustrate the possibility of 4D printing EDC structures.
In method 1, the Miura-ori design (fig. S5), as a kind of classic topo-
logical patterns (30), was grown with the assistance of a homemade
biaxial stretch device. The substrate and Miura-ori patterns were
3D-printed for this compressive buckling-induced self-morphing
process. The important geometric parameters of Miura-ori were illus-
trated in fig. S5. The ceramic precursors had well-designed creases
on the surface, which had lower bending stiffness that enabled easy
folding deformation of the structure. The substrate was prestretched
by a homemade stretch device, and the stretch device was controlled
by four stepping motors, whose rotation rates could be programmably
controlled. Then, the cuboid joints connecting the substrate and the
Miura-ori patterns were printed, and the printed Miura-ori pattern
was applied on the substrate with patterned joints. Afterward, releas-
ing prestrains in the substrate caused compressive buckling of the
Miura-ori patterns. The experimental results and finite element analy-
sis (FEA) predictions showed good agreement (Fig. 4, A and B, and
movie S3). Because of its periodicity and symmetry, Miura-ori can
also serve as the elementary geometric construction for engineering
more complex-shaped origami structures (27). In method 2, inspired
by the opening of plant seed pods (11, 31), representative topological
structures, including bending configuration, helical ribbon, and saddle
surface, were achieved by printing designed patterns on the printed
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Elastomeric bending
configuration

Ceramic bending
configuration

precursors with previously stored elastic energy (Fig. 5 and movies
S$4 to S6). For bending configuration, the patterns printed on the pre-
stretched precursors were aligned in the same direction of the stretch
force. For helical ribbon, the patterns printed on the prestretched pre-
cursors were aligned at well-defined angles of 45° relative to the di-
rection of stretch force. For saddle shape, the patterns were printed
on two sides of prestretched precursors. The important geometric
parameters were illustrated in Fig. 5. The self-morphing process was
programmed by controlling the releasing process of previously stored
elastic energy in printed elastomers, as shown in movies S4 to S6.

When it comes to some situations, for example, a series of complex-
shaped ceramics with similar geometries were required, this 4D
printing concept will show its cost efficiency in terms of time, be-
cause a series of complex-shaped ceramics with continuously vari-
able geometries can be derived from a simple design (Fig. 4C and
fig. S6). Various 4D printing methods can provide great freedom in
designing geometrically complex ceramics that are almost impossible
to create by any other method. Furthermore, shape-morphing capa-
bilities of stretchable elastomers can improve the adaptability of struc-
tural materials to versatile application environments (32), for example,
space exploration. 3D-printed elastomeric precursors can be folded to
save space and then spread into desired structures. After elastomer-to-
ceramic transformation, 4D-printed ceramics can be used as thermal-
resistant structures.

To characterize the mechanical robustness of these ceramic archi-
tectures, compression tests were performed on printed ceramic lattices
and honeycombs, for both first and second EDCs, and the results were
summarized in Fig. 6 and tables S1 and S2. Ceramic structures in this

Printed patterns

Prestretched precursors

Printed patterns

Prestretched precursors

Printed patterns

Prestretched precursors

Ceramic saddle
surface

Elastomeric saddle
surface

Ceramic helical
ribbon

Fig. 5. 4D printing of EDCs via method 2. (A to C) 4D printing of ceramics with the design of bending configuration (A), helical ribbon (B), and saddle surface (C), and
the definition of important geometric parameters [(A) d = 1.2 mm; (B) d = 0.7 mm, a = 45°; (C) d = 2.5 mm]. (D) Representative 4D-printed EDCs by printing programmed
patterns on prestretched precursors. Ceramic structures were obtained after heat treatment at 1300°C in argon. Scale bars, 1 cm.
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Fig. 6. Mechanical robustness of printed EDCs. (A) Compressive strength-density
Ashby chart. SiOC matrix NC architectures with high specific compressive strength
in this work (red stars) were compared with other ceramic structures, as reported in
the reference, and commercially available SiC foam and AlSiO foam. For our SiOC
matrix NC architectures, the tests were repeated at least three times. Error bars
denoted the SDs of the compressive strength values and densities. Please refer to
tables S1 and S2 for detailed information. (B) Strength-scalability synergy is achieved.
Architectured EDCs with simultaneous high strength and large scale in this work
(red stars) are separated from other reported ceramic structures. The scalability of
each additive manufacturing technique is exhibited by the maximum dimension
of resultant ceramic structures, as reported in the reference. The data representing
each reference work were selected from all the reported compression data and ex-
hibited the maximum specific compressive strength for a series of samples with the
same maximum dimension. For our SiOC matrix NC architectures, the data point
represents the average value obtained from 15 samples. Please refer to table S2 for
detailed information.

Liu et al., Sci. Adv. 2018; 4 : eaat0641 17 August 2018

work overcame the strength-scalability trade-off in printed ceramics
and were distinguished from previous works, including 3D-printed
SiOC microstructures (15) and ceramic/ceramic composite nano-
structures constructed by 3D laser lithography and atomic layer depo-
sition (33-35). Unlike most of the reported works using 3D laser
lithography (33-35), our large-scale ceramic architectures are of in-
terest for mechanical systems beyond the laboratory for it overcame
the challenge of scalability. A compressive strength of 547 MPa was
achieved on the lattice structure at 1.6 g cm™>, and the specific com-
pressive strength of our built EDCs was ~19 times as high as conven-
tional accessible SiOC foam (36). These light yet strong hierarchical
ceramic structures have great potential for the fabrication of multi-
scale mechanical metamaterials (37). Another advantage was that the
DIW-heat treatment method was cost-effective when compared with
other additive manufacturing techniques for ceramics because the
DIW-heat treatment method did not require expensive laser or ultra-
violet energy for 3D lithography techniques or sintering of ceramic
powders, which required high temperatures above 1600°C (for SiC
and Si3N4) (15)

CONCLUSIONS

The presented method can extend and be further developed to apply
to other binary and multiple component systems. These prestrained
EDC structures, based on an additive manufacturing technique, will
bring substantial benefits to a wide range of fields including aero-
space propulsion (38) and bio-inspired tough ceramic/organic hybrid
materials (39, 40). With the breakthroughs achieved in this develop-
ment of complex-shaped and mechanically robust ceramic origami and
4D-printed ceramics, more innovations and possibilities in ceramic-
related applications could be generated.

MATERIALS AND METHODS

Preparation of inks

For ink system 1, liquid PDMS (XE15-645, Momentive Performance
Materials) was formulated by mixing a PDMS prepolymer and a
curing agent at a 1:1 weight ratio. The ink mixture was manually
blended by a glass rod for 30 min. ZrO, NPs [40 wt % (11 volume %);
Tong Li Tech Co. Ltd.] were then added. After manually blending
or mixing by the triple roller mills (EXAKT 80E) for 2 hours, the ink
mixture was poured into a printing syringe and degassed for 2 hours at
room temperature. The ink was printable for over 8 hours at room tem-
perature, and its printability could last for over half a year if stored
in a refrigerator at —80°C (Thermo Scientific).

For ink system 2, liquid PDMS (SE 1700 Clear, Dow Corning)
was formulated by mixing a PDMS prepolymer and a curing agent
at a 10:1 weight ratio. The ink mixture was manually blended by a
glass rod for 30 min. ZrO, NPs (20 wt %; Tong Li Tech Co. Ltd.)
were then added, mixed by the triple roller mills (EXAKT 80E) for
2 hours, and poured into a printing syringe. Afterward, the ink was
centrifuged to remove gas bubbles.

Additive manufacturing of PDMS NCs

The 3D printing of PDMS NC architectures was conducted using a
3D printer (Regenovo Biotechnology Co. Ltd.). For ink system 1, the
printing plate was equipped with a heating plate with a temperature of
140° to 150°C. For ink system 2, the ink was printed at room tem-
perature. Each ink housed in a syringe was extruded through a nozzle
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(diameter, 260 or 410 um) with a controlled gas pressure and then
deposited onto the printing plate. The gas pressure was in the range
of 0.2 to 0.6 MPa at a printing speed of 10 to 50 mm s~* and adjusted
according to ink behaviors and the nozzle diameter. The height of
each printed layer was typically set as 0.8 times of the nozzle diameter
to achieve good adhesion between printed layers.

For ink system 1, the deposited ink was rapidly solidified and
could be easily removed from the heating plate. A final post-cure
was performed at 150°C for 15 min (ink system 1) or 30 min (ink
system 2) to guarantee sufficient degree of cross-linking, which was
necessary to limit undesired shape changes during heat treatment.
The 3D-printed polymer composites in Fig. 2 (B and C) were cut
into approximately 1 cm x 1 cm in area before heat treatment.

Synthesis of EDCs by heat treatment

For ink system 1, 3D-printed PDMS NC structures were heated to
1000°C in a tube furnace with an argon flow of 20 ml min~" or under
vacuum followed by natural cooling to ambient temperature in the
furnace, and the heating rate was 10°C min~'. Heat treatment at
1000°C in an argon flow of 20 ml min~' was accompanied by a
working vacuum pump. The obtained first EDCs from heat treatment
at 1000°C were then heated to 1000°C at a heating rate of 10°C min ™",
followed by natural cooling to ambient temperature in a furnace in
air, yielding second EDCs. First EDCs were also obtained by heating
PDMS NC lattices to 1300°C for 1 hour in a tube furnace with an
argon flow of 20 ml min", and the heating and cooling rates were
both 5°C min~".

For ink system 2, first EDCs were obtained by heating PDMS
NCs to 1300°C for 5 hours in a tube furnace with an argon flow of
20 ml min~", and the heating and cooling rates were both 1°C min™".
Second EDCs were obtained by heating first EDCs to 1300°C for
5 hours in a tube furnace in air, and the heating and cooling rates

were both 5°C min ™.

Origami of EDCs

The origami structures in Fig. 3 (A and C) were printed by ink sys-
tem 1. Six-layer triangular patterns (3 cm x 1 cm x 0.2 cm; nozzle
diameter, 410 pm; center-to-center ligament spacing, 2.2 mm) were
printed for the bending, twisting, and stretching and then manually
folded with the assistance of iron wires (wire diameter, 0.5 mm).
The length of the iron wire used in each example was about 6 cm.
Six-layer triangular patterns (6 cm x 6 cm x 0.2 cm; nozzle diame-
ter, 410 um; center-to-center ligament spacing, 1 mm) were printed
for the origami structure mimicking the Sydney Opera House, a rose,
and a dress in Fig. 3C, and the size of the similar triangular pattern
for the origami mimicking a butterfly was 6 cm x 4 cm x 0.2 cm.
The complex-shaped origami structures (Fig. 3C) were achieved by
manual folding with the assistance of copper wires (wire diameter,
0.2 mm). The length of the iron wire used in each example was
about 4 cm. The metal wires were manually threaded through the
folded 3D-printed lattice, locating constrains to support the elasto-
meric origami. The samples used in the metal wire-assisted origami
were heated to 1000°C in a tube furnace in argon (Fig. 3A) or under
vacuum (Fig. 3C) followed by natural cooling to room temperature
in the furnace, and the heating rate was 10°C min'. After heat
treatment, first EDCs and metal wires were put in a beaker filled
with 30 wt % HNOj. The metal wires were removed after about 10 min.
First EDCs were cleaned by deionized water and then underwent
heat treatment in air to obtain second EDCs.
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4D printing of EDCs via method 1

The Miura-ori structures in Fig. 4 (A and B) were printed by ink
system 1. A nine-layer triangular pattern (6 cm X 6 cm X 0.3 cm;
nozzle diameter, 410 um; center-to-center ligament spacing, 1 mm)
was printed as the substrate for the 3D-printed Miura-ori patterns.
The overall height of the three-layer parallelogram pattern was
~0.7 mm, and the one-layer crease was printed between the pat-
terns. Furthermore, the Miura-ori design was filled with square pat-
terns (nozzle diameter, 410 um; center-to-center ligament spacing,
1 mm). The cuboid joints (3.5 mm x 0.9 mm x 0.3 mm) connecting
the substrate and the Miura-ori patterns were printed using the
same prepolymer inks. Then, the whole device was heated at 150°C
for 15 min to solidify the joints. During the releasing process, the
rotation rates of the stepping motors in x and y directions were 2.43
and 1 rotation per second, respectively; hence, the releasing speeds
of the substrate in x and y directions were 4.86 and 2 mm s,
respectively. The above first EDCs were obtained by heat treatment
of ink system 1 at 1000°C under vacuum, and second EDCs were
obtained by heat treatment of first EDCs at 1000°C in air. The Miura-
ori structures in Fig. 4C were printed by ink system 2 with a similar
process.

4D printing of EDCs via method 2

The structures in Fig. 5D were printed by ink system 2. For bending
configuration, the precursor filled with a square pattern (60 mm x
10 mm x 1 mm; center-to-center ligament spacing, 0.5 mm) was
printed and then stretched to 30% strain. The patterns printed
on the prestretched precursors were filled in a cuboid of 50 mm x
9 mm x 0.21 mm, and the center-to-center ligament spacing was
1.2 mm. For helical ribbon, the precursor filled with a square pat-
tern (60 mm x 10 mm x 1 mm; center-to-center ligament spacing,
0.5 mm) was printed and then stretched to 120% strain. The pat-
terns printed on the prestretched precursors were filled in a cuboid
of 90 mm x 6 mm x 0.21 mm, and the center-to-center ligament
spacing was 0.7 mm. For saddle shape, the precursor filled with a
square pattern (60 mm x 60 mm x 1 mm; center-to-center ligament
spacing, 0.5 mm) was printed and then stretched to 20% strain. The
patterns printed on two sides of prestretched precursors were both
filled in a cuboid of 44 mm x 44 mm x 0.21 mm, and the center-to-
center ligament spacing was 2.5 mm. The nozzle diameter was
260 um. Ceramic structures were obtained after heat treatment in
argon at 1300°C.

Mechanical testing

Compression tests of EDCs in the form of 3D-printed microlattices
or honeycombs were performed using an MTS Alliance RT/30 or
MTS 810 testing machine, and the displacement rate was 0.5 mm
min~". Samples were bonded to steel sheets with glues before pol-
ishing and compression. An extensometer was used to measure the
displacement of the sample in the compression. The compressive
strengths of the structures were defined as the maximum load be-
fore collapse over the nominal cross-sectional area of the polished
top surface. Tables S1 and S2 list the detailed information of all the
samples in compression tests.

Tension tests of precursors in the form of 3D-printed solid cuboid
(75 mm x 10 mm x 1 mm) were performed using the Tinius Olsen
#H50KT Material Testing System, and the displacement rate was 50 mm
min "', Movies S1 and S2 show the tension testing of precursor print-
ing by ink system 1 and ink system 2.
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Characterization

SEM (Quanta 450 FEG, FEI) was used to observe the unit cell of
microlattices. The samples were coated with gold using a sputtering
system (Q150 T S, Quorum Technologies Ltd.) before SEM charac-
terization. To characterize porous structures inside EDCs, NOVA
1200e (Quantachrome Instruments) was used to obtain N, absorption-
desorption isotherms of EDCs. BET analysis was used to calculate the
specific surface area of EDCs. To obtain the pore size distribution of
EDCs, nonlinear density functional theory was used, and fitting errors
were below 0.5%. To characterize the size and the atomic structure of
ZrO, NPs, TEM images were obtained. To characterize structures of
EDCs, the TEM foils with a thickness of ~20 nm were prepared by
using focused ion beam. A JEM 2100F FEG TEM (JEOL) operated
at 200 kV was used for TEM analysis. The average composition of
resultant EDCs was measured by EDS.

Simulation

A 3D FEA was performed to simulate the evolution of the Miura-ori
structure driven by compressive buckling. The commercial software
Abaqus was used to conduct the simulations. The ceramic precur-
sors, substrate, and joints were modeled as solid bodies because the
lateral dimensions of the ceramic precursors and substrate were
much larger than the lattice space in experiments. The finite element
model is shown in fig. S5. Approximately 12,000 second-order
hybrid elements (C3D20RH) were used during the simulations, and
the convergence was examined. The dimension and size of the finite
element model were the same as those in our experiments. The
ceramic precursors and substrate were tied up with each other
through the intermediate joints. In the analysis, initial geometric
imperfections were introduced to the mesh to better trigger the
deformation behavior of the structure. Moduli and Poisson’s ratios
of ceramic precursors, substrate, and joints were all taken as 1 MPa
and 0.5, respectively.

During the simulation of self-shaping assembly of the bending
configuration, helical ribbon, and saddle surface, approximately 10,000
second-order hybrid elements (C3D20RH) were used. The finite ele-
ment model was shown in Fig. 6, the dimensions of which were the
same as those in experiments as well. Moduli of the ceramic precursors
and printed patterns were measured by the Tinius Olsen #H50KT
Material Testing System, and the values were 0.65 and 1.66 MPa,
respectively. The Poisson’s ratios were both taken as 0.5.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaat0641/DC1

Fig. S1. TEM image of ZrO, NPs.

Fig. S2. The effect of ZrO, NPs on the ceramization of precursors printed by two ink systems.
Fig. S3. The samples of elastomer, first EDCs, second EDCs, and oxidation results of the
elastomer for two ink systems.

Fig. S4. Porosity of EDCs.

Fig. S5. Schematic of Miura-ori with the definition of important geometric parameters ( =/, =
9 mm, ¢ = 1.8 mm, a = 75°) and relative locations of the patterned joints on the substrate.

Fig. S6. Phase diagram (%) of 4D printing of the Miura-ori with FEA simulation and elastomeric
experimental results.

Fig. S7. Comparison of ink system 1 and ink system 2 with some different advantages.

Table S1. Compression test samples with various conditions.

Table S2. Compression test samples in Fig. 4 (ink system 1, first EDCs from heat treatment in
argon at 1300°C).

Movie S1. Tension testing video of precursors (played at 10x speed) printed by ink system 1.
Movie S2. Tension testing video of precursors (played at 10x speed) printed by ink system 2.
Movie S3. 4D printing of ceramic Miura-ori.

Movie S4. FEA simulation showing shape morphing of the bending configuration.
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Movie S5. FEA simulation showing shape morphing of the helical ribbon.
Movie S6. FEA simulation showing shape morphing of the saddle surface.
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