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3D POROUS MATERIALS

Programming 3D curved mesosurfaces using

microlattice designs

Xu Cheng"?1, Zhichao Fan?3+, Shenglian Yao*, Tiangi Jin2, Zengyao Lv'?, Yu Lan'?,
Renheng Bo'?, Yitong Chen®, Fan Zhang"?, Zhangming Shen®?, Huanhuan Wan?,

Yonggang Huang®’, Yihui Zhang"2*

Cellular microstructures form naturally in many living organisms (e.g., flowers and leaves) to provide
vital functions in synthesis, transport of nutrients, and regulation of growth. Although heterogeneous
cellular microstructures are believed to play pivotal roles in their three-dimensional (3D) shape
formation, programming 3D curved mesosurfaces with cellular designs remains elusive in man-made
systems. We report a rational microlattice design that allows transformation of 2D films into
programmable 3D curved mesosurfaces through mechanically guided assembly. Analytical modeling
and a machine learning—based computational approach serve as the basis for shape programming

and determine the heterogeneous 2D microlattice patterns required for target 3D curved surfaces. About
30 geometries are presented, including both regular and biological mesosurfaces. Demonstrations
include a conformable cardiac electronic device, a stingray-like dual mode actuator, and a 3D electronic

cell scaffold.

hree-dimensional (3D) cellular microstruc-

tures are ubiquitous in living organisms,

where they play diverse, irreplaceable roles

in 3D shape formation (7-4), synthesis and

transport of nutrients (5, 6), and regu-
lation of growth and reproduction (7, 8). For
example, the nonuniformly distributed cellu-
lar microstructures in the Physalis philadelphica
berry and the Silene vulgaris flower, which
form closed cages, offer a sufficient stiffness to
support their oval calyx sacs (Fig. 1A, left and
middle left); the intricate, vascular networks
in cabbage leaves can locally shrink and unilat-
erally thicken at reduced temperatures, lead-
ing to the formation of a multilayer spherical
shape (Fig. 1A, middle right); and the honeycomb-
like cellular microstructures with hexago-
nal chambers throughout the cell wall of the
Stephanopyxis turris diatom enhance the ef-
ficiency of its photosynthesis (Fig. 1A, right)
(I). Because of the high surface areas, large
pore volumes, and excellent mechanical and
thermal properties of cellular structures, cellu-
lar designs have been exploited in the develop-
ment of materials and functional systems (9, 10).
Examples include lattice materials and foams
with high specific stiffness, specific strength,
and impact resistance (3, 11-15); porous elec-
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trodes with small ion diffusion distances and
large percentages of active materials for high-
power lithium ion batteries (16, 17); artificial
tissues and organs with hierarchical vascular-
ized networks capable of oxygen and nutrient
supply and waste removal (5, 6, 18); electromag-
netic metamaterials capable of blocking, absorb-
ing, enhancing, or bending electromagnetic waves
(19); and metal-organic frameworks for water-
splitting and oxygen-reduction reactions (20).
Inspired by cellular biological surfaces such
as those shown in Fig. 1A, we developed a micro-
lattice design strategy as a powerful route to
achieve the desired stiffness distribution of 2D
microfilms, thereby allowing their transfor-
mation into programmable 3D curved meso-
surfaces using mechanically guided assembly.
We established both an analytical model and
a machine learning-based computational ap-
proach for the inverse design of target 3D curved
mesosurfaces from 2D microlattice patterns
with optimized distributions of porosity and
cell sizes. Although inverse design methods
of 2D-to-3D assembly have been reported for
strategies relying on spatial stiffness control of
thin films using thickness engineering (21, 22),
soft active materials with programmable strain
distributions (23-27), or constrained optimiza-
tion of geometries and rotations of unit cells
in Kirigami and origami tessellations (28-31),
the limitations of applicable materials and
length scales have impeded their utility in 3D
microelectronic devices (32, 33).

Microlattice design strategy for curvature
programming of 3D mesosurfaces

Figure 1 illustrates the key concepts and capa-
bilities of the bioinspired microlattice design
strategy. This strategy introduces a 2D thin film
with an engineered lattice pattern consisting of
spatially varying triangular units and micrometer-
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sized ribbons. The triangle lattice design ij Check for |

ploited instead of cellular designs with circ.....-
holes because of the relieved stress concentra-
tion and the excellent adaptability to complex-
ly shaped edges (fig. S1). Figure 1B presents a
schematic illustration of the microlattice de-
sign strategy using a circular design domain
R as an example. We used triangular lattices
to discretize the prescribed design domain
(fig. S2), dividing the domain into N trian-
gular units with M lattice nodes. L;;, (where k =
1, 2, 3) and ; are the side length and the po-
rosity of the i triangular unit (where i = 1, ..., N);
@; = 0 and 1 denote two limit conditions, i.e.,
the solid material region without any porosity
and the region without any material, respec-
tively. Considering the stretching-dominated
mechanism of the triangular lattice, the effec-
tive modulus (E;) scales with the relative den-
sity (p; =1 - @;) of the unit, i.e., E; o< (1 - @),
and therefore the distribution of microlat-
tice porosity serves as a crucial parameter to
adjust the stiffness distribution. We use Q to
denote the set of nodes (with M},,,q nodes in
total) that are bonded with a prestretched
elastomer (prestrains, ex and ey) in the me-
chanical assembly. Accordingly, the in-plane
displacements Dj; (Dj = [d;x; djy], j = 1, 2, ...,
Myona) are applied to this node set Q to trig-
ger the 2D-t0-3D assembly, where d;x and d;y
are the displacement components of the j‘h
node along X and Y directions. Once the po-
rosity distribution ¢;, the node set Q of bond-
ing sites, and the prestrain (ex and ey) are
given, the 3D mesosurface resulting from the
mechanical assembly can be determined, cor-
responding to a forward problem. Figure S3
provides a set of examples with the same square-
shaped design domain R, bonding sites, and
uniaxial prestrain (30%). Assigning different
porosity (¢;) distribution results in distinct 3D
surface geometries, indicating a crucial role
of porosity distribution in tailoring the as-
sembled mesosurface geometry.

The practical utility of the microlattice strat-
egy requires a rational inverse design method
as the theoretical basis. Herein, the inverse
design problem focuses on determining the
porosity distribution, bonding sites, and pre-
strain for a target 3D surface and a prescribed
number (V) of triangular units. An octopus-like
mesosurface serves an example to illustrate
the key procedure of the inverse design (Fig.
1C). The design target (fig. S4A) is derived by
simplifying the complex biological surface,
which consists of an axisymmetric “head” re-
gion and eight curvy “tentacles.” Discretizing
the head region into eight pieces of subsur-
faces interconnected in the central region
allows utility of a beam theory-based model
(see the supplementary text for details) to ob-
tain distributions of bending stiffness and
porosity in the 2D precursor. The various ten-
tacle shapes can be also reproduced using
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Fig. 1. Conceptual illustrations of curvature programming of 3D mesosurfaces
by bioinspired microlattice design strategy. (A) Optical images of a Physalis
philadelphica berry (left) and S. vulgaris flower (middle left) with oval, reticular
calyx sacs; multilayer spherical cabbage leaves with intricate, vascular networks
(middle right); and an S. turris diatom with a honeycomb-like cellular cell wall
[reproduced with permission from Jantschke et al. (1), copyright 2014, The
Royal Society of Chemistry]. (B) Schematic illustrations of forward and inverse
designs of 3D curved mesosurfaces in the framework of the bioinspired
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microlattice design strategy. Here, ¢; and Ly (where k =1, 2, 3) represent the
porosity and side lengths of triangular unit cell numbered i in the design
domain R, respectively, and D; is the displacement vector (djx, dy) of the node
numbered j in the bonding regions. (C) FEA and experimental results of the
inverse design of an octopus-like mesosurface with an optimized microlattice
pattern based on a discretized approach. (D) Two flower mesostructures

(left: D. stramonium, right: G. jasminoides Ellis) and bioinspired designs with
bonding sites distributed inside the 2D microlattice. Scale bars, 2 mm.
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this model. Then, the 2D microlattice pattern
can be generated, along with the node set of
bonding sites. The assembled 3D surface ge-
ometry based on finite element analysis (FEA)
and experimental measurements are both in
excellent agreement with the design target
(Fig. 1C and fig. S4, B and C). The maximum
principal strain is <1% in most regions of the
octopus-like mesosurface, indicating that the
fracture failure would not occur in commonly
used electronic materials (e.g., Si, Au, Cu, and
Ti) during assembly (fig. S4B). Here, the micro-
fabrication technologies (materials and meth-
ods and figs. S5 to S9) allowed fabrication of
patterned 2D microlattice in a bilayer of 200 nm
Cu and 12 pm polyimide (PI), with a minimum
ribbon width of 10 um. The experiments of me-
chanically guided assembly followed proce-
dures similar to those reported previously (fig.
S10) (34, 35).

The microlattice design strategy confers a
locally discrete yet globally continuous geo-
metric feature of the microfilm, which enables
a discreteness-mediated deformation mecha-
nism inaccessible to solid microfilms. Such a
discreteness-mediated deformation mecha-
nism mainly occurs in microfilms with inner
bonding sites, where localized deformations
usually develop. A circular-shaped microfilm
serves as an example to describe this mech-
anism, in which four symmetrically distrib-
uted inner bonding sites are assigned (fig. S11).
Although the structural geometry and loading
conditions are symmetric with regard to the
X and Y axes, the buckling deformations dis-
play two possible modes that are mediated by
the discreteness. For solid or densely distrib-
uted microlattice films, a chiral mode involving
twisting deformations is more energetically
favorable (fig. S11, B and C). When the micro-
lattice is sufficiently sparse to accommodate
bending-dominated deformations of ribbon
components, the symmetric mode becomes
more energetically favorable. Although the solid
microfilm shows a chiral buckling mode, the
twisting orientation is random and not control-
lable. Harnessing the discreteness-mediated
deformation of microlattice films offers an
avenue to 3D mesosurfaces with controlled
chirality, e.g., by introducing slightly reduced
porosity at the intermediate region of two
bonding sites (fig. S12). Figure 1D and fig. S13
present two mesosurfaces inspired by Datura
stramonium and Gardenia jasminoides Ellis,
in which the chirality is tailored by the porosity-
governed method (see the supplementary text).

Microlattice design methods for the rational
assembly of 3D mesosurfaces

A beam theory-based model allows the in-
verse design of 2D ribbon mesostructures and
axis-symmetric mesosurfaces (Fig. 2 and figs.
S14 to S20). By homogenizing a straight, ribbon-
shaped microlattice as a solid ribbon structure
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and using the Euler-Bernoulli beam theory, the
key design parameters [including the porosity
@(S) and the prestrain €] for a target ribbon
can be obtained analytically (see the supple-
mentary text and figs. S14 to S16). Most axis-
symmetric 3D surfaces are nondevelopable and
therefore cannot be assembled directly from
geometrically continuous 2D films without
involving large membrane strains (e.g., >5%),
which are not tolerable for most inorganic elec-
tronic materials. We introduce a discretization-
based approximation method to allow utility
of the beam theory-based model in the inverse
design of axis-symmetric mesosurfaces. The
method divides the target surface uniformly
into n subsurfaces (fig. S17), each of which
can be considered as a ribbon with a nonuni-
form width. Then, the porosity distribution
@(S) and the prestrain €. can be determined
for the target subsurface. Figure 2A presents
a hemispherical mesosurface approximated
with 10 subsurfaces (supplementary text), where
optical images and numerical simulations
of the assembled 3D mesosurface are in close
accordance with the target surface. The ex-
periments used a bilayer of 200 nm Si and
8 um PI in the fabrication, and the resulting
hemispherical mesosurface has a diameter
of ~2 mm (movie S1). Similarly, the proposed
method allows for the inverse design of spheri-
cal caps (100 nm Au or Ti and 8 um PI) (fig.
S18, A to C) and hemi-ellipsoidal mesosurfaces
(100 nm Au or Ti and 12 um PI) with various
aspect ratios (3, 2/3, and 1/3) (fig. S18, D to F).
Fairly close 3D mesosurfaces can be obtained
through use of only 10 subsurfaces in the
discretization (Fig. 2A and fig. S18, A to F).
These results illustrate the effectiveness of
the inverse design method based on the micro-
attice strategy.

Introducing inner bonding sites allows the
curvature of the assembled 3D mesosurface to
vary its sign, thereby expanding the range of 3D
mesosurfaces. Figure 2B presents a volcano-
like mesosurface (100 nm Ti and 8 um PI) with
a crateriform concavity (~1.4 mm in diameter)
at the central region. Assigning a high level of
porosity (90%) to the joint region of inner and
outer surfaces enables programmable folding
deformations to reproduce the geometric fea-
ture of the slope discontinuity (movie S2). With
use of a single inner bonding site, donut-like 3D
mesosurfaces can also be accurately attained
(fig. S18, G and H). Adding more inner bond-
ing sites allows combination of two or more
customized 3D mesosurfaces, enriching the
accessible range of axis-symmetric mesosur-
faces. Figure 2C, fig. S18I, and movie S3 pro-
vide two palace-like mesostructures composed
of a torus at the outer region and a cylinder (or
a hemisphere) at the inner region. Approx-
imately closed-form geometries are also possi-
ble, with two examples shown in Fig. 2, D and
E, and fig. S19, D and E.

24 March 2023

The above beam theory-based model also
allows for the inverse design of 3D mesosur-
faces with rotational symmetries, including
complex biomimetic mesosurfaces reconstructed
from real plants. For example, the blueberry
flower has five petals and a style, and their
shapes can be reconstructed through discrete-
point sampling to serve as our design target
(Fig. 2F, left, and fig. S20A). Then, the bilayer
2D precursor patterns and the prestrain can be
determined through the inverse design method
(Fig. 2F, middle left, and fig. S20B). The re-
sulting biomimetic microlattice structure is
shown in the middle of Fig. 2F. Similarly, a
biomimetric P. philadelphica berry surrounded
with a closed oval calyx sac can be inversely
designed and fabricated (Fig. 2G and fig. S20,
C and D). This inverse design method can be
further extended to curvy mesosurfaces with
a slight degree of asymmetry. In this case, the
mesosurface is discretized into a certain num-
ber of uneven curvy ribbons, and each ribbon
component can be reproduced by optimizing
the porosity distribution and prestrain. Two
examples are provided in Fig. 2, H and I, and
fig. S21, where the design targets mimic a gar-
den spider’s abdomen and an asymmetric
flowerpot.

Design of a strain-limiting frame to connect
bonding sites of as-assembled 3D mesosur-
faces allows their isolation from the bulky
elastomeric substrate without altering their
geometric configurations (fig. S22). On the basis
of this facile isolation method, freestanding
3D mesosurfaces with diverse configurations
are fabricated, including an octopus head-like
mesosurface, a hemi-ellipsoidal mesosurface,
and spherical caps, with the lateral size span-
ning from ~600 um to ~14 mm (Fig. 2J and fig.
S23). Mechanics modeling suggested that the
stiffness ratio between the 3D mesostructure
and the strain-limiting frame is the dominant
parameter that affects the shape fixation (see
the supplementary text and fig. S24,). In addi-
tion, the extended material compatibility, broad
applicable length scales, and rich structural
topology (Fig. 2, J and K, and figs. S25 to S27)
suggest versatile capabilities of the microlattice
strategy for designing 3D functional devices
and microsystems.

If the target 3D surface cannot be discre-
tized into a group of symmetric ribbons, then
the above beam theory-based model consider-
ing only bending deformations will not work.
Introducing a machine learning algorithm al-
lows for the establishment of a powerful in-
verse design method for 3D mesosurfaces with
both symmetric and asymmetric configura-
tions. Using the seashell surface as an example
(Fig. 3A), the method starts with discretizing
the 3D curved surface into a set of 3D feature
points (X;, Y;, Z;, © = 1 ... Np, where N, is the
total point number) using strategic cuts that
can capture key geometric features (i.e., radial
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Fig. 2. Inverse designs of 3D curved mesosurfaces based on an analytical
model. (A to C) Target geometry, porosity distribution of the 2D precursor
pattern, and corresponding FEA and experimental results for a hemispherical
mesosurface (A), a volcano-like mesosurface (B), and a palace-like mesosurface
(C). (D and E) Inverse design of closed-form 3D mesosurfaces: a suspended
spherical mesosurface (D) and a vase-like mesosurface (E). (F and G) Inverse
design of two plant mesosurfaces with bilayer layouts: blueberry flower (F)

and P. philadelphica berry (G). Green dots are sampled from the plant surfaces.
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(H) Target geometry, FEA, and experimental results of an asymmetric surface
that resembles the curved abdomen of a garden spider. (I) Similar results

for the inverse design of an asymmetric flowerpot. (J) 3D isolated mesosurfaces
with different aspect ratios and length scales (from millimeter to micrometer).
Scale bars, 5 mm, 1 mm, and 500 um in the three optical images from left

to right, respectively, and 100 um in the SEM images. (K) SEM image of a
hemispherical microsurface (30 nm Ti and 2.7 um PI). Scale bars: (A) to (1),

1 mm; (K), 100 um.
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Fig. 3. Inverse designs of 3D complex mesosurfaces using a point cloud-
based machine learning method. (A) Schematic illustrations of the process of the
inverse design for a seashell mesosurface (20 nm Tiand 7 um PI). (B) Target
geometries, discretization strategies, experimental results, and comparisons between
the computed point cloud (blue) and the design target (orange) for a pimento-like

ribs in this example). A point cloud-based ar-
tificial neural network (36) is exploited to pre-
dict the 2D point coordinates (#;, ;) and their
corresponding porosity (¢;) on the basis of the
training by generating a dataset through FEA
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(see the supplementary text and figs. S28 to
S32). Then, the 2D microlattice pattern con-
taining 12 separate ribbons and bonding sites
can be generated, given the optimal set of (z;,
Yi, ;) and prescribed meshing method. The

24 March 2023

mesosurface (200 nm Ti and 7 um PI), which is divided into discretized ribbon
components using a set of planes across a central line. (C) Similar results for a mask-
like mesosurface (20 nm Ti and 7 um PI) with regional discretization through radial
and parallel cuts. (D) Similar results for an ant-like surface (20 nm Ti and 7 um PI)
based on a cutting strategy similar to CT scanning. Scale bars, 5 mm.

loadings [i.e., displacements (A,, A,) and ro-
tation angle (©) of bonding sites in the X-Y
plane] applied to the 2D ribbon precursors
can be determined directly by the coordinates
of bonding edges in the 2D precursor and
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target seashell surface. Considering the neg-
ligible axial elongation or compression of
ribbon components during buckling deforma-
tions, each ribbon component typically requires
a distinct loading condition, indicating that
the entire seashell surface cannot be formed
through a single-step assembly on the same
substrate. Each ribbon component is assem-
bled on a separate substrate (see the supple-

mentary text) and then transferred onto the
same platform using the aforementioned
strain-limiting frame to form the entire 3D
mesosurface (figs. S33 and S34). Quantitative
comparisons of feature-point coordinates in
target seashell surface, FEA, and experiments
show a high degree of agreement (fig. S35).
Refining the discretization with more strategic
cuts leads to an enhanced agreement of the

resulting mesosurface and the design target
(fig. S36).

As illustrated above, the mapping between
3D complex mesosurfaces and 2D microlattice
films is actually simplified into the one be-
tween a set of 3D point cloud (X}, ¥;, Z;) and
another (&;,¥;, @; ). Therefore, the compu-
tational cost could be reduced considerably
to facilitate the inverse design of complex 3D

Fig. 4. Applications of 3D curved meso-
surfaces based on bioinspired micro-
lattice designs. (A) Optical image of a
breathable, hemispherical electronic
device that integrates mini-LEDs, chip
thermistors, and a heater. (B) Conformal
electronic device wrapped around the
cherry tomato, cactus, and apical region
of a pig heart. (C) Measured temperature

I (mA)

change of the heart surface (top) under a
finger press and during the thermal
ablation therapy in a local region of the
heart (bottom). Scale bars: (A) and (C),
1 mm; (B), 5 mm. (D) Optical image of a
stingray-like actuator with two circuits
arranged on two sides of the body. (E and
F) Optical images and amplitude
responses of two vibration modes (left:

top-down mode; right: left-right mode) of
the 3D actuator excited by Lorentz forces.
A and hg are the vibrational amplitude and
initial height of front tips of two “fins,”
respectively. Scale bars, 5 mm. (G to

1) Schematic illustrations of the 2D precur-
sor designs (G), FEA results of assembled
3D configurations (H), and corresponding
experimental results (I) of an electronic
cell scaffold. Scale bars in (1), 5 mm (top)
and 100 um (bottom). (J and K) Fluores-
cence-stained images and magnified
images of the electronic cell scaffold

with RPE cells. Scale bars: (J), 1 mm; (K),
200 um. (L) SEM images of local regions
after freeze-drying. Scale bars, 100 um.
(M) Impedance curves for electrodes |, Il
and IIl with three different conditions.

(N) Relative changes of the impedance
at 10 kHz as a function of the trypsin
treating time for three different elec-
trodes. The average values of four
independent experiments are shown with
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surfaces. The strategy used to discretize the
target surface is important in this method.
For 3D surfaces with an approximate rota-
tional symmetry, a set of planes that cross a
central line can divide the mesosurface into
discretized ribbon components. The pimento
and carambola serve as two mesosurfaces that
can be inversely designed following this dis-
cretization strategy (Fig. 3B and figs. S37 and
S38, A and B). Extraction of spatial coordi-
nates of feature points allows a quantitative
shape comparison between biomimetic micro-
lattice structures and target surfaces (Fig. 3B
and figs. S37, right, and S39, A and B). For
mesosurfaces without a clear symmetry, the
target surface can be first divided into certain
subsurface parts according to the geometric
feature, and then each part can be further dis-
cretized using an appropriate strategy (e.g.,
radial or parallel cuts). As an example, Fig.
3C and figs. S38C and S39C present results of
an inverse design for a target surface that re-
sembles a face mask. Here, the inverse design
begins with cutting the surface into three parts,
followed by discretizing these parts into five,
three, and five ribbon components, for the
“forehead,” “nose,” and “chin” parts, respective-
ly. Figure 3D illustrates the use of the proposed
inverse design method in generating an ant-
like mesostructure in which the main body
part is discretized using a cutting strategy sim-
ilar to computed tomography (CT) scanning.
The six legs and two tentacles are designed
separately and then added to the main body part
after its assembly. The entire ant-like microlat-
tice structure consisting of 4034 microtriangles
and 7826 microribbons accurately reproduces
the design target (Fig. 3D and figs. S38D and
S39D), showing the capability of the point cloud-
based method in designing highly complex 3D
mesosurfaces.

Device applications based on bioinspired
microlattice designs

The bioinspired microlattice designs allow the
construction of 3D electronic systems with the
desired curvature distributions for either con-
forming to or replicating the curvy surfaces of
biological tissues and organs. Figure 4A presents
a breathable, hemispherical electronic device
for cardiac sensing, optical stimulation, and
thermal ablation. This device consists of 11 blue
mini-LEDs, four chip thermistors, and one
heater, and copper wires (250 nm) sitting on
PI microlattice frames (10 um) serve as the elec-
trical connection (fig. S40). Here, we introduce
optimized serpentine structures as strain-
limiting frames in which the as-assembled
hemispherical shape can not only be well main-
tained in the freestanding state, but can also
be deformable to adapt to nonspherical sur-
faces to yield high signal-to-noise ratio tem-
perature sensing (Fig. 4B and Fig. 4C, top; fig.
S41; and movie S4). The microlattice design

Cheng et al., Science 379, 1225-1232 (2023)

not only reduces physical constraints [e.g., in-
terfacial adhesion and wrinkles (37, 38); fig.
S41F] on the heart, but also provides micro-
channels for the lubricating fluid in the peri-
cardium to avoid pericardiosymphysis. This
device could be used for the treatment of heart
arrhythmias (39). An array of blue micro-LEDs
could perform optogenetic therapy with large
area of optical stimulation, and the micro-
heater is capable of localized thermal ablation
to suppress abnormal electrical signals on the
heart surface (Fig. 4C, bottom).

Biomimetic 3D mesostructures that imitate
the dynamic characteristics of living organ-
isms are also possible using the microlattice
designs. Figure 4D, fig. S42, and movie S5 show
a stingray-like 3D mesostructure with a curved
body and a pair of “fan-shaped fins.” Two
circuits integrated with the fins can generate
periodically varying Lorentz forces to the 3D
mesostructure under a fixed magnetic field
(B) along the body length direction (Fig. 4D
and fig. S42). Different vibration modes can
be excited by varying current directions in the
two circuits and adjusting their frequency (Fig. 4,
E and F). The difference between measured
resonant frequencies (5 and 100 Hz) of these
two modes is evident, because of their dis-
tinct deformation features.

Development of 3D biological models and
platforms that mimic in vivo 3D microenviron-
ments has important implications for inves-
tigating fundamental behaviors (e.g., growth,
apoptosis, and pathogenesis) of cells. For ex-
ample, the retinal pigment epithelium (RPE)
cells in the 3D curved surface of the outer blood-
retinal barrier-vascular complex are essential
in transporting biological molecules between
the retina and blood, but existing culture mod-
els of RPE cells are limited to 2D planar geom-
etries (40). A spherical cap-shaped electronic
cell scaffold with integrated sensing capabilities
is presented here (Fig. 4, G to I; supplementary
text; and fig. S43), in which the curvature ra-
dius (~7.5 mm) is close to that of rabbit RPE.
RPE cells were planted on the 3D scaffold, and
then cultured for 15 days with the medium
changed every 2 days. Figure 4, J and K, pro-
vides fluorescent staining images of RPE cells
growing on the electronic scaffold. It can be
seen that RPE cells are uniformly spread across
the whole curved surface because of the rela-
tively closed configuration and micrometer-
sized lattices (5 to 62 um in microribbon length,
which is similar in size to the RPE cells) of the
3D scaffold. As evidence, Figs. 4K, bottom right,
and 4L and fig. S44- show that RPE cells could
cross the gaps between adjacent ribbon com-
ponents of the curved mesosurface to connect
with each other. Results of impedance mea-
surements based on the 3D electronic scaffold
are shown in Fig. 4, M and N. Because RPE cells
behave as dielectric materials when immersed
in culture media under electrical stimulation
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(41, 42), a distinct increase of impedance can be
observed after growth of RPE cells on the scaf-
fold (Fig. 4M). To test the sensitivity of imped-
ance measurements to physiological activities
of RPE cells, a trypsin solution was used to treat
these cells, and the time responses of imped-
ance were recorded (Fig. 4N). As the time of
trypsin treating increases, the impedance drops
rapidly and eventually stabilizes because trypsin
causes RPE cells to contract and partially detach
from the scaffold, as evidenced by the optical
images shown in Fig. 40 and fig. S45. These
results suggest the 3D electronic cell scaffold as
a noninvasive platform for studying real-time,
spatial distributions of physiological activities
(e.g., growth and apoptosis) of cells.

Conclusion

The bioinspired microlattice design strategy
and inverse design methods presented herein
allow for the rational assembly of 2D films into
desired 3D mesosurfaces with diverse geome-
tries, from regular surfaces (e.g., hemispherical,
spherical, hemi-ellipsoidal, and hemi-toroidal
surfaces) to highly complex surfaces (e.g., those
resembling a volcano, flower, fruit, octopus, and
ant). In principle, the microlattice designs are
applicable to a broad set of materials, including
but not limited to those demonstrated in this
work (silicon, metals, chitosan, polyimide, SUS,
and laser-induced graphene). Compared with
previous strategies (21-24) for local stiffness
control, the proposed microlattice design enables
fundamental advances in realizable geometries,
applicable materials, and length scales of the
assembled 3D surfaces (see the supplementary
text). Demonstrations in conformal 3D cardiac
electronic devices, a bionic dual-mode actuator,
and a 3D electronic cell scaffold suggest prom-
ising application opportunities in bioelectronics,
microelectromechanical systems, and micro-
robotics. Additionally, the microlattice strategy
can be used to design optical devices such as
optical metasurfaces with angle-dependent re-
flectance (fig. S46).
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Rational inverse design of 3D shapes

Nature has a wide range of tools for making cellular microstructures, such as those found in flowers, leaves, and other
biological tissues. Despite advances in printing techniques, patterning porous, curved surfaces can be challenging.
Cheng et al. developed an inverse design method to achieve complex three-dimensional (3D surfaces through a
subset of 2D films that are bonded together. Analytic modeling and computations to inverse design the 2D patterns
allow for control of the final porosity. A wide range of examples are provided, including changes in the sign of the
curvature. These structures can be fabricated from silicon, metals, chitosan, and polymers. —MSL
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