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Abstract

We propose an algorithmic framework of a pluripotent structure evolving from a simple compact structure into diverse complex 3D
structures for designing the shape-transformable, reconfigurable, and deployable structures and robots. Our algorithmic approach
suggests a way of transforming a compact structure consisting of uniform building blocks into a large, desired 3D shape. Analogous to
a fertilized egg cell that can grow into a preprogrammed shape according to coded information, compactly stacked panels named the
zygote structure can evolve into arbitrary 3D structures by programming their connection path. Our stacking algorithm obtains this
coded sequence by inversely stacking the voxelized surface of the desired structure into a tree. Applying the connection path obtained
by the stacking algorithm, the compactly stacked panels named the zygote structure can be deployed into diverse large 3D structures.
We conceptually demonstrated our pluripotent evolving structure by energy-releasing commercial spring hinges and thermally
actuated shape memory alloy hinges, respectively. We also show that the proposed concept enables the fabrication of large structures
in a significantly smaller workspace.

Keywords: shape-programmable structure, origami, zygote structure, deployable structure, pluripotent evolving structure

Significance Statement

Origami-inspired structures have enabled shape-transformable or deployable structures such as expandable solar cells in space. A
more interesting question for such shape-transformable structures is how we can design a pluripotent structure that transforms
into diverse shapes, analogous to the zygote in nature that changes its shape and size into a huge, complex living organism. We pro-
pose a computational approach for an origami-based zygote structure. Like an amino acid sequence organizes a complex protein, our
algorithm finds a coded sequence that guides the simple zygote structure consisting of uniform panels into desired complex shapes.
Combined with recent 4D printing or origami-robot techniques, our concept of the zygote structure can enable portable, deployable, or
3D-shaped devices and robots.

Introduction preprogrammed shape (Fig. 1A) (11-13). In addition, proteins with
complex 3D structures are synthesized with a combination of

Nature-inspired shape-programmable structures have generated - ) ) :
only 20 amino acids. The preprogrammed information called co-

substantial interest in mathematics, applied physics, computer

science and graphics, materials science, robotics, and biological en-
gineering (1-7). Diverse structures in nature are sometimes con-
structed by a combination of basic units under simple, rational
algorithms (8, 9). For example, complex patterns on leaves are com-
posed of a single geometry and its repetition called a fractal, e.g.
veins on a leaf branch off in the form of a self-similar geometry
(10). The living organism also grows and evolves based on the
combination of four units (i.e. DNA consisting of combination of
four nucleotides). This coded information determines how a small
zygote (a fertilized egg) proliferates and grows into the

dons in mRNA determines the sequence of the amino acids
(Fig. 1B) (14-16). In other words, nature may consist of simple geom-
etry and an algorithm determining their combination.

Analogous to these growing and evolving systems of
nature, researchers have shown that the rational design of sim-
ple unit structures can realize shape-programmable structures
(17, 18). One of popular strategies is origami or kirigami (art of
paper folding and cutting) structures. For example, Cho and
colleagues suggest a fractal cut pattern that can program the
shape of a kirigami-inspired deployable structure with only
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A Programmed Shape Transformation of Zygote c '
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Fig. 1. Concept of the pluripotent evolving structure. A) A tiny zygote differentiates into a preprogrammed shape guided by coded information consisting
of only four units (i.e. a DNA consisting of four types of nucleotides). Zygotes with different coded information grow into diverse shapes. B) Codons in
mRNA program the shape of proteins, which is the sequential connection of only 20 amino acids. A polypeptide chain, which is a single chain in which
twenty amino acids are connected in order of the preprogrammed sequence in the codon, transforms into its corresponding 3D structure (i.e. a protein).
C) Analogous to these shape-programming systems in nature, our pluripotent evolving structure starts from stacked panels named the zygote structure,
and it deploys into final structures guided by coded information. D) Our stacking algorithm inversely finds the connection path and folding angles of each
panel in the zygote structure to transform it into diverse 3D shapes in a large space increasing as 4N x 3N according to the number of panels N. E) The
stacking algorithm approximates a target 3D surface with square panels first and compactly stacks them with a single-strip structure by finding a
Hamiltonian path on a dual graph on the target surface (see Movie S1). F) The single-chain structure can be further compacted by dividing the stripified
panels into K components (see Fig. S3). G) By connecting paper panels according to this connection path, we could prepare a compacted structure and
deploy it into a 3D turtle model, which has an almost 144 times larger scale.
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two cut motifs and their hierarchical arrangement (19). Recent
studies have focus on the computational design of such origami
or kirigami structures (17, 20-24). For example, Choi and col-
leagues reported a computational inverse design method of kir-
igami tessellations by wusing an objective function that
minimizes the deviations between kirigami tessellations and
the target shapes under defined boundary constraints. With
simple cut patterns on a planar sheet, they obtained various
deployed 2D and 3D kirigami shapes (22). They further devel-
oped their inverse design algorithm with an additive approach
that enables the creation of a large variety of rigid-deployable,
compact reconfigurable kirigami patterns (24). Another strategy
is developing rational algorithms that construct desired struc-
ture with building unit blocks, rather than starting from a pla-
nar sheet. However, most previous computational approaches
(i) were based on the disassembly and re-assembly of unit
blocks, (ii) allowed the variation of unit blocks (i.e. building
blocks have different sizes or shapes), or (iii) had limited de-
ployability (i.e. the ability to expand its scale) (25-29). For ex-
ample, Luo and colleagues developed a computational
framework named legolization, in which arbitrary 3D struc-
tures are constructed by assembling basic building blocks;
however, their algorithm requires disassembly and re-
assembly for shape reconfiguration that hardly incorporate
with recent self-folding systems for automation (27). Zhou
and colleagues proposed a computational design approach
that can enable the reconfiguration of a structure consisting
of singly connected boxes into another shape through a se-
quential folding process (i.e. without a disassembly process);
however, they allowed variation of the unit blocks rather
than uniform building blocks preferred in diverse and efficient
shape programming (28). Yu and colleagues suggested an algo-
rithm that can be used to construct arbitrary 3D shapes with a
single-chain structure consisting of uniform building blocks.
Their single-chain structure can transform into diverse 3D
structures by means of layer-by-layer coiling and stacking
under computational guidance (29). Nevertheless, their algo-
rithm has limited deployability because their coiling algorithm
fills extra blocks into the inside of the final structure.

In this study, we first propose an origami (the art of paper
folding)-inspired  algorithmic approach for both shape-
programmable structures (i.e. a structure that can change its shape
into the desired form) and deployable structures (i.e. a structure
that can change its size from a compactly small scale to a signifi-
cantly large scale) consisting of uniform building blocks. In contrast
to origami-based modular robots, which have mostly focused on
shape transformation from a 2D state to a 3D structure or from a
3D shape to another 3D shape of a similar size (30-32), we aim to de-
velop a super-compact structure consisting of uniform building
blocks that can transform into diverse large 3D shapes, analogous
to a pluripotent shape-transformable system in nature. Similar to
the natural system, our shape-programming framework of pluripo-
tent evolving structure, named a zygote structure, consists of fully
connected thin, uniform building blocks. Controlling its connection
path with a computationally designed coded sequence, it can be de-
ployed into the preprogrammed structure.

Results and discussion
Basic concept of zygote structure

Fig. 1C shows the basic concept of our pluripotent evolving struc-
ture called zygote structure. All the building blocks are uniform

square panels in our system. Starting from a given compactly
stacked panels, we connect them according to the prepro-
grammed connection path (i.e. the computationally designed
coded sequence) that can expand itinto a desired 3D origami struc-
ture. A panelis physically connected with the upper or lower pan-
el through one of its four sides by a rotational hinge. We
constrained the rotation angles of the hinge to 90°, 180°, or 270°
(Fig. 1D). In our simulation for the shape transformation, the
hinges are designed to be stretchable to avoid the folding errors
caused by thick panels (see Fig. S1). After connection, the stacked
panels become a fully connected single-chain structure (which
will be called a “stripified panels” hereinafter) that can be un-
folded and reconfigured into a 3D origami structure. The compact-
ly stacked structure can be transformed into diverse 3D structures
according to the connection paths, as if the genetic codes re-
present certain physical features of creatures (11-13). In this
framework, the number of possible connection paths increases
exponentially with the number of panels N (proportional to 4" x
3 since each panel has to be connected to an upper or a lower
panel through one of four sides and the hinge can have one of
three angles (90°, 180°, or 270°). Then, the key question is how
we can find the coded sequence for a specific shape efficiently in
this large search space. The computer science community has de-
veloped answers to this problem (28, 29). Rather than searching
for the stacked state in this large space, previous studies have fo-
cused on finding connection paths of panels tessellating the sur-
face of 3D structures before compacting them. Similar to these
previous approaches, our stacking algorithm finds the path that
can compactly stack 3D structures to solve this inverse problem.

Fig. 1E shows our stacking algorithm that transforms a 3D
structure into stacked panels in which all panels are connected
in a single-strip structure. To achieve this, we first approximate
a curved 3D surface with square panels via voxelization (33).
Then, we represent the voxelized surface as a dual-graph G=
<V, E>, where each node in V corresponds to a square panel and
each edge in E corresponds to a rotating hinge connecting the
two neighboring panels. This inverse problem can be solved by
finding the Hamiltonian path P, i.e. a path that visits all of the ver-
tices on the given G, as illustrated in Fig. S2A. In general, the
Hamiltonian path problem (HPP) is nondeterministic polynomial-
time complete (NP-complete); however, Hamiltonian cycles must
exist in the dual graph of the voxelized mesh as a four-regular
graph (34). To solve this HPP, we used the traveling salesman prob-
lem (TSP) solver, which finds a Hamiltonian cycle, i.e. a path with
identical start and end, with minimum cost (35). Once a
Hamiltonian cycleis found, we break the cycle at an arbitrary pos-
ition. This inverse programming can be operated in almost linear
time by the number of panels (Fig. S2B shows the operation time
for diverse 3D surfaces). Cut and folded along P, the tessellated
3D surface can be transformed into stripified panels and stacked
into a columnar pile. The stripified panels can be more compactly
stacked with multiple piles, as shown in Fig. 1F. The yellow boxes
in Fig. 1F show the conceptual configuration of the compaction
process (details for this compaction process are illustrated in
Fig. S3). Finally, we inversely use P as the connection path for
shape programming, i.e. P for stacking can inversely guide the
compactly stacked panels to deploy into the target 3D structure.
For example, Fig. 1G shows the experimental result that compact-
ly stacked square sheets connected by the coded sequence can de-
ployintoa 3D turtle structure that has a 144 times larger bounding
box size. More importantly, we can deploy stacked panels into dif-
ferent 3D structures just by re-arranging their connection path by
finding alternative or different Hamiltonian paths for diverse 3D
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surfaces (Movie S1) as long as we can tessellate surface of a struc-
ture with the same number of panels.

In this aspect, we refer to given initial stacked panels as zygote
structures to represent that this initial simple structure can de-
ploy into diverse 3D structures under the guidance of the coded
sequence, analogous to the zygote cell in an organism that is div-
ided and grows into the preprogrammed shape. This computa-
tional design strategy can potentially contribute to the
development of versatile, deployable, and shape-programmable
structures, especially when combined with recent 4D-printing
techniques or origami robots.

Implementation of tree-stacking algorithm into
zygote structure

In practical realization, stripified panels can result in significant
inaccuracy for transforming the compactly stacked structure
into the 3D surface (or vice versa) because even small noises in
the motion control of the folding hinges can be cumulated along
the connection-path and cause large gaps or overlaps in the final
structure (see Fig. S1C) (36). This problem can be reduced by rep-
resenting the zygote structure as a spanning tree T in the graph G
rather than a single Hamiltonian path P. While all vertices in P are
<2 degree nodes (i.e. every panel can be physically connected with
only two adjacent panels except the first and the last panel), the
spanning tree T allows high-degree nodes (HDNs) with greater
than three connections. Fig. 2A shows the conceptual configur-
ation of the zygote structure in which panels are connected with
a tree-path T rather than a single Hamiltonian path P; panels in
a pile are connected with a Hamiltonian path, and each pileis con-
nected with hinges called bridges. The panels having bridges cor-
respond to the HDNs in T.

Fig. 2B details this tree stacking using an example of the plane
sheet approximated with 12 x 12 quads (note that our stacking al-
gorithm is valid for not only closed 3D structures but also un-
closed structures such as a plane sheet). We first divide G with K
subgraphs Gs. A Hamiltonian path P in Gs can potentially stack
the corresponding panels into a single pile, i.e. the number of par-
titions determines the number of piles in the zygote structure.
Multiple P in G increase the pluripotency of the zygote structure.
One way to achieve this is to increase the number of edges, |E(Gs)|,
within G, since the diversity of inding P also increases due to high-
er inner connectivity. We also aim that all the piles have the same
heights, i.e. each subgraph has the same number of vertices. This
increases the deployability (i.e. volume expandability) of the pluri-
potent evolving structure. This partitioning problem can be con-
sidered as a balanced graph partitioning problem (37), which
divides a graph into K components having an equal or similar
size while minimizing the total weight of the edges connecting dif-
ferent components. In our system, all the weights of edges are set
to 1. In this case, the generalized Fiduccia-Mattheyses algorithm
can easily minimize the number of edges in the cut (38).
However, the Fiduccia-Mattheyses algorithm starts from a ran-
dom partition and optimizes it for the minimal cut length, so it
does not guarantee an exactly equal number of vertices in K com-
ponents and may result in unbalanced stacked panels (Fig. 2C)
(39). To address this limitation, we repeat the Fiduccia—
Mattheyses algorithm until it finds a balanced partition in which
all components have the same number of nodes (Fig. 2D).
Although this approach is a quite simple and brute-force alterna-
tive, this method was sufficient for partitioning models with few
hundreds to thousands of meshes into <10 components.

After partitioning, we consider the placement of piles to maxi-
mize the connectivity between Gs. We set a hypergraph Gpyper as a
2D grid. Each node Unyper in Gryper cOrresponds to a subgraph G;
and occupies a single grid cell of the 2D grid, as shown in
Fig. 2E. When the number of edges in G between two subgraphs
E(G;, st) >0, an edge ehyper, ; CONNECES Unyper i and Unyperj With the
weight of the edge W(hyper;;) =E(G], G}). Then, we can find the
optimal hypergraph G, as

Gi’lyper =argmax Z W(ehyper)
Chyper € J

This optimization problem can be solved by a dynamic-
programming solver designed for subset sum problem (40).

Then, each K component finds an arbitrary Hamiltonian path P!
(Fig. 2F). To construct a valid tree path, a Hamiltonian path P!
should be adjusted to be connectable with its adjacent
Hamiltonian path P/ on both the 3D structure and zygote struc-
ture, ie. at least two adjacent nodes in each neighboring
Hamiltonian path on the 3D structure should also be adjacent in
the stacked state. To enforce this requirement, we optimize P lo-
cally in each pile G to maximize connections between piles: (i) we
select an arbitrary reference node Unyper,r in Gpype,- Depending on
their topological distance from Unyper, in Ghyper, any child node
Unyper,i 18 linked to its parent node Unyper,. (i) Let vl be the xth
node in P’; we place the stacked pile of P!, which corresponds to
Unhyper,i, N€Xt to P with ui1 and Uj1 being the bottom. Then, we recur-
sively update the P' based on P/ until there are some vl in P' that
potentially be connected to node vl in P (see Fig. S4). This match-
ing function is defined as

1, if the edge vi, vl existsin G

X)) =
fmaten (%) 0, otherwise

which checks every pair of nodes vl and Ul in P'and P’ that are on
the same height x in the stacked configuration. (iii) We update P'
using

min (H(P"), (H(P))

P' = argmax Z

Plin Gy x=1

Jmaten (X) - fgeo maten (X)

where fgeo maten(X) i the geometric matching function (Fig. 2G
shows that PP is updated to topologically match P4, All P! are recur-
sively updated in this way.). If there is already a hinge connecting

v, and v, where the potential hinge between v, and v}, should be
in the stacked configuration, they cannot be linked since connect-
ing them will result in nonmanifold geometries, as shown in
Fig. S5. If faten(X) violates this constraint, fgeo matcn(X) =0; other-
Wise, fgeo maten(X) = 1. (iv) To ensure this geometric matching con-
straint, we locally cut the P' and change the orientation of vi. For
this process, we record all the xs that satisfy fmatcn(X) = 1 and putin
a sorted vector X and ensure X; < xi,1 If |X] = 1, which means that
there is only one matching component, we can simply rotate the
entire pile along with vi,. However, if |X| > 1, vl has to be detached
i.e. we break P'. We denote such a broken edge as

i i
fromv,_; or v,

el ... Then, vl and U} can be connected by an edge e!

! atch connect-

ing the neighboring piles (Fig. 2H). We callsuchel , , asa “bridge.”
In our pluripotent evolving structure, these HDNs having three
neighbors, including the bridge, correspond to the high-degree
panels (i.e. panels corresponding to the HDNs) having three hinges
(i.e. 2 hinge corresponding to the bridge connects panels in two ad-
jacent piles, while the others connect the upper or lower panels).

Finally, we obtain a zygote structure in which all panels are con-
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Fig. 2. The tree stacking algorithm with balanced partition. A) Rather than stripified panels corresponding to a Hamiltonian path, the tree-path structure
reduces cumulative folding errors for nonzero thick panels and provides better load-bearing capabilities for practical application. B) For a given plane

sheet structure approximated with 12 x 12 square meshes, our tree-stacking algorithm partitions the graph on it using the Fiduccia-Mattheyses

algorithm. C) However, the Fiduccia-Mattheyses algorithm does not guarantee an equal number of panels in each partition and results in nonuniform

heights of piles in the zygote structure. D) To obtain the zygote structure in which all piles have the same heights for maximized pluripotency and

(continued)

€20z 1snBny 0| uo Jasn Ajsiaaiun [euonep |noes Aq g1+9/0//2z0pebd/g/z/e1onie/snxauseud;woo dno-oiwepese//:sdiy woll papeojumod



6 | PNAS Nexus, 2023, Vol. 2, No. 3

nected in the tree path as

Ts=UP +UE!

Hatch =Y Eb e for all i in{1, k)

where El__ . and E{ _, are the sets of all matching and broken
edges in pile P'. This tree-stacking algorithm effectively reduces
the large gaps or overlaps in the final structure by preventing
the accumulation of folding errors (see Fig. S6) (36).

The tree-path Ts generated by the tree-stacking process can in-
versely guide the zygote structures having the same configuration
of panels into an arbitrary target 3D structure. For example, Fig. 21
shows that a voxelized 3D fish model approximated with 144
square meshesis stacked into a zygote structure with 4 piles, which
is the same as the zygote structure corresponding to the plane
model approximated with 12 x 12 meshes (Fig. 2J and Movie S2).
This implies that we can develop diverse structures from a single
zygote structure by controlling only the connection path and fold-
ing angles of hinges guided by the coded sequences, i.e. the Ts can
be used as a coded sequence for our pluripotent evolving structure.

It should be noted that at this stage, our tree-stacking algorithm
does notinclude collision-free motion planning of the panels during
transformation since our main objective is to find the connection
paths that can guide the zygote structure into diverse 3D shapes.
However, motion planning algorithm can be incorporated into our
tree-stacking algorithm based on the previous works (36, 41). In
addition, our tree-stacking algorithm aims for a different objective
than recent polyhedron unfolding algorithms. In contrast to a poly-
hedron unfolding algorithm that flattens a 3D-meshed structure
onto a 2D plane without self-overlapping, the panels may overlap
if we flatten the zygote structure onto a 2D plane along the tree
path (42, 43). If it is desired to create the flattened configuration
and net a planar structure, we can require a 2D grid such that
each node occupies a single grid cell, and all nodes are connected
along Ts. For instance, in case of the T corresponding to the 3D
fish approximated with 144 panels, there are grid cells that are oc-
cupied by more than two nodes, as shown in Fig. 2K (i.e. more than
two panels can overlap in the flattened configuration). Even a single
Hamiltonian path P can generate its self-overlapped planar figure,
as shown in Fig. 2L. In this study, we do not consider self-collision
or overlapped panels in flattened planar figures; therefore, all the
possible connection paths obtained in the above process can be
regarded as possible solutions. However, a global optimization
problem with more restrictions could be established, such as min-
imizing the folding angles of hinges and the number of overlapping
panels in flattened planar figure or avoiding self-collision during
transformation.

Demonstration of algorithmic zygote structure

Fig. 3 shows examples of our zygote structure. According to the
coded sequence generated by the tree-stacking algorithm, a

Fig. 2. (Continued)

zygote structure having 4,000 panels with 4 piles can evolve (i.e.
deploy) into a chicken, a vehicle, and a fish model (Fig. 3A and
Movie S3. Fig. S7 shows another case using 498 panels). Besides
pluripotency, scale expandability is another advantage of the
pluripotent evolving structure. It is obvious that the size of the
evolved structure is related to the thickness of each panel. To
quantitatively compare the volume compaction/expansion ratio,
we used package volume, which is widely used in the shipping in-
dustry (44). Package volume measures the cuboid box size to com-
pactly pack an object. In other words, the package volume
expansion ratio (referred to as “VER” hereinafter), defined as
s, measures the ratio of bounding box volume (Length x
Width x Height) between the zygote and evolved 3D structures
(see Fig. S8). When the length of square panel L is 100 times the
thickness t (i.e. L=100xt), the VER is 791, 431, and 1,077 for
each chicken, vehicle, and fish model, respectively.

The number of panels (i.e. resolution) also affects VER. In gen-
eral, the feasibility of tree stacking for high-resolution models (i.e.
3D models consisting of many panels) is determined by the num-
ber of partitions rather than the number of panels. More partitions
are much more expensive to compute, as each pile must have at
least one HDN, or the entire algorithm must restart. In addition,
the equal size partitioning process is also expensive for more par-
titions since we must repeat the Fiduccia-Mattheyses algorithm.
When we increased the number of piles to >6 for the 4,000 panels
case, the algorithm fails to find the solution. Meanwhile, our im-
plementation using the state-of-the-art TSP solver Concorde (35)
could find Py in each partition efficiently so that our pluripotent
evolving structure can have high-resolution 3D models if we re-
strict the number of partitions.

For experimental demonstration, we generate a pluripotent
evolving structure with 92 panels (Fig. 3B and Movie S4). A zygote
structure with 2 piles can evolve into a vehicle having 13.7 VER or a
fish having 15.6 VER when the length of square panel L is 20 times
the thickness t (i.e. L=20xt). We prepared 92 plastic panels
(20cm x 20 cm x 1 cm size), triangular magnets for 90° and 270°
rotating hinges, and cuboid magnets for 180° rotating hinges
(Fig. S9 for detailed information). We attached the magnets on
the side faces of the plastic panels according to the coded se-
quence of the 3D vehicle model. Then, we could easily transform
it into the 3D vehicle guided by the coded sequence generated by
the tree-stacking algorithm. Although only four panels meet the
ground (wheels of the vehicle) and there are no internal supports,
the final vehicle structure stably maintains its shape without col-
lapse. The 3D vehicle can be folded back to the initial zygote state,
and we can transform it again into the 3D fish model just by re-
arranging the magnets (i.e. simply detaching the magnets and re-
attaching them) according to its coded sequence (Fig. 3C and
Movie S5). Fig. S9 shows a further demonstration with magnetic
toy blocks or paper boxes.

deployability (i.e. volume expandability), we simply repeated this partition process until it generated a uniformly balanced partition. E) Each partition is
stacked into a single pile, and each pile is connected with one of its adjacent piles to construct a fully connected tree-path. For this process, we set a
hypergraph that determines the placement and connection between piles on a 2D grid. F) Then, we find a Hamiltonian path on each partition. The
number on panels shows the sequence of each panel in the Hamiltonian path (corresponding to the height in the stacked configuration), i.e. the numbers
on the panelsindicate the sequence of vertices vy, i.e. a panel having number X corresponds to the xth node in P'. G) The Hamiltonian paths are adjusted to
make a bridge that can connect two neighboring piles in both unfolded 3D and stacked configuration (Hamiltonian path on partition Bis adjusted and the
11th to 14th panels in A and B partitions become neighbors in both 3D and stacked configuration). They are connectable with hinges called bridges. H)
Finally, the geometric matching process checks potential panels having double hinges on a single side caused by the bridge and locally adjusts it to a valid
connection path (see Figs. S4 and S5 for further description). I) When we apply this process for the 3D fish model having the same number of panels (144
panels), (J) it generates the same zygote structure, which implies that a zygote structure can deploy in both the plane sheet structure or the fish structure
just by controlling their connection path. (Movie S2 shows the tree stacking sequence). In our tree-stacking algorithm, we allow the overlapping of its
unfolded figure. Both overlapped panels (K) between different partitions or (L) in a partition can be seen in the flattened configuration of the tree-path.
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Fig. 3. Algorithmic results of the pluripotent evolving structure and its demonstration with magnets. A) The coded sequences generated by the
tree-stacking algorithm can guide the zygote structure (i.e. compactly stacked panels) into diverse 3D structures, such as a chicken, a vehicle, and a fish.
When the length of each panel is 100 times the thickness (L = 100 x t), the package volume expansion ratio (VER) is 791, 437, and 1,077 for each model (see
Fig. S8 for a further explanation of VER). B) We simply demonstrated our pluripotent evolving structure with 92 panels. A zygote structure can evolve (i.e.
deploy) into a vehicle and fish model, each having 13.7 and 15.6 of VER (L =20 x t) according to the coded sequences. C) We could simply demonstrate it
with plastic panels by attaching triangular or rectangular magnets on the side of the panels (see Movie S5). The final structures were robust and reliable
without collapse, especially even for the vehicle structure in which only four panels were placed on the ground.

Practical implications of zygote structure

We conceptually show that our zygote structure can be used as
the fabrication platform for overcoming the limited working
space. Fabrication of a large structure may require a large area lar-
ger than the final product, e.g. making a large structure difficult
and sometimes impossible without assembly due to limited work-
space area or volume. Deployable structures that can overcome
these limitations are suggested in diverse research fields involving
architecture and robotics; however, most of them consist of bars

and construct open scaffold structures (45-47). In contrast to pre-
vious deployable structures, our pluripotent evolving structure
can represent the external shape of the desired structures with
thin panels. Fig. 4A-D illustrates that a 3D printed zygote struc-
ture having 92 panels with 2 piles can evolve into objects that
are significantly larger than the printable size of the 3D printer.
Our 3D printed panel has a size of 9 cm x 9 cm x 0.48 cm and has
holesinits rounded side so thatit can embed a cylindrical magnet
with a diameter of 2mm and length of 3 cm, as shown in
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Shape Memory Alloy

Fig. 4. Self-transformable pluripotent evolving structure and a conceptual demonstration of overcoming the limited fabrication space using the
pluripotent evolving structure. A) Our pluripotent evolving structure enables overcoming the limited workspace since it can be fabricated in a compacted
zygote structure and evolve (i.e. deploy) into huge structures. For example, we printed a zygote structure with 92 panels 23 cm x 18 cm x 9 cm in size. B)
Each panel (9 cm x 9 cm x 0.48 cm size) can embed cylindrical magnets in its holes in its rounded sides (see Fig. S10). Without an additional
reconfiguration process (i.e. detaching and reattaching hinges), (C) the printed pluripotent evolving structure evolves into an airplane model (81 cm x
72 cm x 18 cm, VER = 31.3) is folded back into the zygote structure, and (D) then evolves again into a fish model (63 cm x 27 cm x 27 cm, VER = 15.6). Both
3D structures have more than 12 times or 5 times larger package volume sizes than the printable size of the commercial 3D print (23 cm x 19 cm X 20 cm).
E) We also demonstrate self-deployable pluripotent evolving structure with a zygote structure having 14 panels with two piles that can evolve into L- or
I-shaped 3D structures without self-collision. F) We prepared three types of mechanical hinges that rotate 90°, 180°, or 270° by welding a steel bar on
commercial spring hinges. G) Attached the spring hinges according to the coded sequences, the zygote structure rapidly evolves into the L-shaped
structure when we simply throw it into the air. It is also possible to fold back into the zygote state and reconfigure it by rearranging hinges. Then, it
transforms it into an I-shaped structure in the same manner (see Fig. S12 and Movie S6). H) We also showed that stimuli-responsive materials can be
introduced in our pluripotent evolving structure. The SMA sheets are preprogrammed to be folded at 90°, 180°, or 270°. I) By attaching them to the stacked
papers according to the coded sequences, we could realize a stimuli-responsive self-evolving structure (see Fig. S13 and Movie S7).
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Fig. 4B. These cylindrical magnets are used as universal hinges for
all 90°, 180°, or 270° rotations, which enables shape reconfigur-
ation without rearranging the hinges (i.e. without detaching and
reattaching the hinges in the zygote state). In addition, our panel
design enables inserting magnets even inside of the printed zygote
structure (Fig. S10). Since all holes aligned along the four sides of
each panel are exposed in the stacked configuration, we caninsert
magnets as the compactly printed configuration. According to the
algorithmic result, we printed a zygote structure with 92 panels
and 2 piles (Fig. 4A). For printing, we introduced small gaps be-
tween panels (0.2 mm) to prevent their adhesion. The final printed
zygote structure has a size of 23 cm x 18.2 cm x 9 cm. Then, we in-
serted the cylindrical magnets in all of the holes of the panels (to-
tal 368 magnets). As shown in Fig. 4C, it could evolve (i.e. deploy)
into an 81 cm x 72 cm x 18 cm airplane model with 31.3 VER by
folding panels along its corresponding coded sequence. It could
be folded back into the zygote state without an additional detach-
ing process and could evolve again into a 63 cm x 27 cm x 27 cm
size fish model (Fig. 4D). Both 3D structures have larger dimen-
sions than the printable size (23 cm x 19 cm x 20 cm, marked in
red in Fig. 4C and D). We acknowledge that the pluripotent evolv-
ing structure with higher resolution may practically result in un-
stable or floppy structures because it deploys into hollow 3D
structures; however, this issue can practically be mitigated by
adding additional hinges connecting the cut edges only at the tar-
get state or adding internal support. For robust final structures, it
may potentially be integrated with internal folding struts inside
the unit panels.

Our demonstration with a 3D printer further implies that our
zygote structures can be incorporated with recent 4D-printing
techniques (48-50) or origami robots (51-53). The zygote structure
can easily incorporate these self-transformation systems because
thin panels as building blocks have advantages in terms of light
weight and integration with novel stimuli-responsive materials
than volumetric building blocks (17, 52-56). To integrate the
origami-robot techniques in our zygote structure, we introduce
energy-releasing spring hinges and thermally actuated shape
memory alloy (SMA) hinges in our pluripotent evolving structure.
We are the first to demonstrate a shape-reconfigurable structure
that can transform into multiple targets starting from a compact
structure consisting of a thin, uniform panel. Figure 4E shows a
simple zygote structure having 14 panels with 2 piles that can be
deployed into an L- or an I-shaped 3D structure (Fig. S11 shows
the flattened planar figures of both 3D structures with mountain-
valley fold lines). We experimentally demonstrate the deployable
zygote structure by assembling 3D printed 14 panels with commer-
cial spring hinges; their rotation angles were controlled to be 90°,
180°, or 270° by welding steel bars on the spring hinges (Fig. 4F).
The spring hinges can be inserted into one of four sides of the 3D
printed panels (Fig. S12). First, we connected stacked panels with
the spring hinges according to the coded sequence for the I-shape
structure. Simply thrown into the air, it rapidly deploys into the fi-
nal 3D structure, and the unfolded structure maintains its shape
without additional supports. Then, we could transform it to the
zygote structure easily by folding back guided by the hinges and de-
taching them and reconfiguring it into the L-shape structure in the
same way (Fig. 4G and Movie S6). This demonstration using spring
hinges enables fast and robust shape transformation, while recent
stimuli-responsive self-folding systems experience delays caused
by phase transformation or alignment of materials (17).

We further demonstrate that our pluripotent evolving struc-
ture can be combined with recent self-folding systems based on
novel stimuli-responsive materials. Most of these systems are

composed of functionalized or layered thin sheet-like structures
(54-56). In other words, whether incorporating thin sheet-like
hinges is possible is the key criterion to test the potential feasibil-
ity of introducing stimuli-responsive hinges. To demonstrate this,
we simply introduce SMA sheets into our pluripotent evolving
structure. We prepared 5mm x 10 mm thin SMA sheets. They
are folded to 90° and fixed, annealed at 450°C for an hour, and
quenched in water. This process preprograms the shape of SMA
sheets. Overlapping the programmed SMA by folding it in half
with either 90° or 270°, we could prepare SMA hinges that can ro-
tate and stop either at 90° or at 270°. Hinges for 180° rotation are
prepared in the same manner (Fig. 4H. Detailed process is de-
scribed in Fig. S13). Then, we prepared two zygote structures con-
sisting of 14 pieces of paper and attached SMA hinges to each
zygote structure guided by the coded sequence for each I- or
L-shaped structure. Fig. 4] and Movie S7 show that the pluripotent
evolving structure can deploy into the two 3D structures when we
apply heat by a commercial heat gun. Stimuli-responsive materi-
als have enabled diverse shape-transformable structures, but its
integration with a computationally guided design system as in
our study has been rarely reported.

In this study, we simply demonstrate a pluripotent evolving
structure consisting of 14 panels with spring hinges or SMA
hinges. Although physically realizing a zygote structure consist-
ing of many panels with such stimulus-responsive hinges is cur-
rently challenging, further development of mechanical and
electrical dynamic systems for hinges and panels, such as recent
hydraulic- or motor-based moving hinges and MEMS panels (57-
59), may enhance the structural stability during shape transform-
ation. In addition, we believe that recent origami robots that
embed circuit boards, sensors, or batteries can be applied to real-
ize a functionalized shape-programmable origami robot (51-53).

Summary

We proposed the concept of the pluripotent evolving structure for
designing a shape-transformable, reconfigurable, and deployable
structure. Computational inverse design using our tree-stacking
algorithm enables finding the connection paths that inversely
guide compactly stacked uniform panels called the zygote struc-
ture into an arbitrary 3D structure. We demonstrated that our
framework provides a shape-programmable structure with both
high pluripotency and deployability. For example, we showed
that this inverse design approach could transform a compact zyg-
ote structure having 4,000 panels into a chicken, a vehicle, and a
fish model having 791-, 431-, and 1,077-times package volume
sizes than their initial state. Thin building blocks in our zygote
structure not only lead to extremely high deployability (i.e. vol-
ume expandability) but also potentially bring better feasibility
for self-transformation combined with diverse self-folding mech-
anisms based on thin-film materials. We experimentally demon-
strated the self-transformation of our pluripotent evolving
structure with commercial spring hinges and SMA sheets. This
further implies that our self-transformation system can be fur-
ther incorporated with recent 4D-printing systems. In addition,
it has versatile application rather than previous shape-
programmable structures since conventional functionalized thin
materials or fabrication processes for thin-film materials can be
easily incorporated into the thin, uniform unit panels of our pluri-
potent evolving structure. One potential application is the design
of wearable devices and robots, in which our pluripotent evolving
structure provides tight conformability to the underlying shapes
or human body. Recent autonomous origami robots embedding
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circuit boards or microcontroller can be applied to achieve it (51—
53). In these aspects, our concept for pluripotent evolving
structures not only contributes to the development of rational al-
gorithms for shape-programmable structures in computer sci-
ence and graphics, materials engineering, and architectures but
also provides new insights into the development of portable, de-
ployable, or 3D-shaped devices and robots in engineering fields in-
volving materials engineering, electronic engineering, aerospace
engineering, and robotics.

Materials and methods

We implemented the proposed stacking algorithm in C++. All
data, including the running time illustrated in the
supplementary materials, are collected on a MacBook Pro with a
2.5 GHz Intel Core i7 CPU with 16 GB memory running macOS
10.12. For the 3D-printed panels, we used commercial polylactic
acid filaments. For the experimental demonstration with the
SMA sheets, we used 0.125mm thick nitinol foil (purchased
from AVENTION Co., Ltd.)

Supplementary material

Supplementary material is available at PNAS Nexus online.
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