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E N G I N E E R I N G

Reconfigurable modular origami for tunable 2D 
symmetry groups
Weiqi Liu1,2†, Qun Ren3†, Yunjie Wang4, Zhuang Zhang4, Xiuyu Wang5, Yongshan Liang3,  
Hao Huang5, Jiayao Ma1,2, Hanqing Jiang4*, Yan Chen1,2*

Symmetry correlates with the physical properties in many fields, such as electromagnetics, optics, acoustics, etc.; 
thus, tunability among different symmetry groups is highly desired in the corresponding systems to achieve mul-
tiple functionalities. However, among the limited cases of altering symmetry motifs, the major methods rely on 
the refabrication or reassembly. Here, inspired by modular origami, we propose a set of single-degree of freedom 
(DOF) reconfigurable modules with rich symmetry configurations through the inherent kinematic bifurcation. 
Subsequently, all 17 space groups in the Euclidean plane can be achieved with only two sets of module tessella-
tions, which can be reversibly tuned by a simple binary pressurization strategy for air pouches. Furthermore, the 
selection rules of multipole quasibound states in the continuum via symmetry group tuning in metasurface are 
established by combining electromagnetic antennas. This work opens a promising avenue to program the proper-
ties of reconfigurable metastructures based on tunable symmetry.

INTRODUCTION
Symmetry is a ubiquitous phenomenon, deeply rooted in natural 
plants, animals, artificial architecture, Islamic motifs, and so on (1, 2). 
In mathematics, symmetry typically refers to geometric objects that 
are invariant under certain operations or transformations, such as 
translation, rotation, or glide reflection. On the Euclidean plane, 
there are only three classes of discrete symmetry groups in periodic 
structures, which encompass all transformations under which an 
object remains invariant (3, 4). These three symmetry groups in-
clude two families of rosette groups [two-dimensional (2D) point 
groups], 7 frieze groups (2D line groups), and 17 wallpaper groups 
(2D space groups) in finite designs, monotranslational designs, and 
bitranslational designs, respectively. The presence of symmetry in 
geometric shapes not only contributes to their aesthetic appeal but 
also serves as a fundamental concept underpinning numerous sci-
entific principles and applications across various scales and disci-
plines (5, 6), ranging from predicting the properties of crystals (7), 
enhancing the physical properties of engineering structures (8, 9), 
designing architected materials with extreme properties (10, 11), ma-
nipulating the electromagnetic (EM) properties of metamaterials 
(12–16), to inducing higher-order topological phases (17–19).

Because symmetry is closely coupled with the system’s specific 
properties, the tunability among different symmetry groups can cer-
tainly induce multiple functionalities, such as stable signal propaga-
tion, diverse nonreciprocal effects in reversible mechanical diode 
(20), and anisotropic morphing in metamaterials (21), while also 
underpinning the study of symmetry-protected bound states in the 
continuum (BICs) and their transformation into quasi-BICs (qBICs) 

(22–24), which has attracted notable interest recently. However, it is 
still a major challenge to achieve dynamic symmetry tunability. At the 
macroscale, unit cells of rotating square structures can transform 
between nonchiral and opposite chiral morphologies under tensile 
strain, enabling deformable metamaterials with advanced applica-
tions in dynamic near-field imaging and tunable double-focus met-
alenses (25). There is no system able to transform among all symmetry 
groups with generality, scalability, reversibility, and low energy con-
sumption. For the micro- and nanoscale systems, one example is that 
by changing the environmental temperature, microgeometric pa-
rameters of the Kagome structure can be varied, leading to sym-
metry tuning and programmable Poisson’s ratio of the structure 
(26, 27). At the current stage, the low actuating force restricts the 
capacity of deformation between limited symmetry configurations.

Kinematic-based origami, with its flexible design space, powerful 
deformation capability, and wide range of property tunability, also 
plays a crucial role in designing architected structures with tunable 
symmetry (28–31). Previous efforts have exploited shape transfor-
mation of rigid origami to tune chirality (32, 33). Nevertheless, the 
ability of such structures to tune symmetry groups is somewhat lim-
ited, as they can only be deformed between two final configurations. 
Reconfigurable origami, with its ability to undergo multiple shape 
transformations through crease topological morphing or intro-
duced strategic cuts (34–37), holds great promise for achieving tun-
ability over a broader range of symmetry groups within a single 
structure (38, 39). However, constrained by the geometry of the 
original pattern or the control complexity of the multi-DOF system, 
these typically rely on manual manipulation and are limited to sev-
eral symmetry configurations. Therefore, dynamically and revers-
ibly accessing a broad spectrum of symmetry groups, especially 
across all 17 wallpaper groups, remains an open question.

To address these challenges, we turn to modular origami, a sub-
field of origami that involves folding multiple sheets into individual 
units or blocks that are subsequently assembled into a transform-
able structure (40–45). Unlike traditional origami, where the basic 
unit of kinematic analysis is a vertex, modular origami shifts the fun-
damental analysis unit to independent closed-loop systems formed 
by rigid components around cuts or holes. These closed loops are 
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kinematically equivalent to planar, spherical, or spatial linkages, pro-
viding enhanced reconfiguration capabilities. In particular, the single-
DOF module origami with kinematic bifurcation not only enables 
rich symmetry configuration changes but also offers a simple yet effi-
cient actuation strategy for reconfigurable structures. In this work, we 
developed a set of single-DOF reconfigurable modular origami by 
connecting blocks into a spatial 7–revolute (7R) linkage, capable of 
realizing rich symmetry configurations through kinematic bifurca-
tion. By tessellating only two sets of these modules, we demonstrate 
the dynamic generation of all 17 wallpaper groups in the Euclidean 
plane via a simple and efficient actuation strategy. Furthermore, we 
establish selection rules for multipole qBICs via symmetry tuning in 
metasurfaces, leveraging the interplay between symmetry and EM an-
tenna design. Our approach provides a promising paradigm for tun-
able symmetry in reconfigurable metastructures, paving the way for 
programmable physical properties across diverse applications.

RESULTS
Design of the modular origami unit and the n-unit 
symmetry modules
The design of a modular origami unit is fundamentally guided by 
the concept of kinematic bifurcation (46), where a mechanism can 

evolve into multiple motion paths due to its inherent geometric con-
straints. Linkages with kinematic bifurcations are usually accompanied 
by symmetric geometric parameters, and such bifurcation-induced re-
configuration often causes symmetry breaking in the configuration. 
To harness this characteristic, we constructed a plane-symmetric 
spatial 7R linkage specifically configured to support bifurcation 
(Fig. 1A). Then, the geometric parameters (a, b, and α) of the target 
spatial 7R linkage are mapped onto modular origami components, 
which are then sequentially assembled to realize the desired kinematic 
behavior, including bifurcations. Specifically, as shown in Fig. 1A, we 
construct a modular origami unit by bonding two thin rectangular 
sheets (side length a ×  t2), two rectangular blocks (side length 
t1 × t2 × t3), and two triangular panels (base length b, base angles β 
and γ, thickness t1) around an isosceles trapezoidal panel [angle α 
between the two legs, leg length t2, thickness t4, shorter base length 
2acos(α/2)] sequentially to form a closed loop. Assuming that all 
components are rigid and can fold only along the connected edges, 
which act as revolute joints with axes indicated by red center lines, 
this modular origami unit is kinematically equivalent to a spatial 7R 
linkage with one DOF (fig. S1). Hence, dihedral φ1 (φ1 ∈ [0, π]) can 
be taken as the input to determine its motion with the kinematic 
curves shown in Fig. 1B. However, when the two rectangular sheets 
are vertical at configuration B0 with φ1 = φ2 = φ3 = φ4 = π/2, a 

Fig. 1. Construction of n-unit (n = 3, 4, 5, and 6) symmetry modules using a modular origami unit with kinematic bifurcation. (A) Components of a modular ori-
gami unit and its geometry. A single modular origami unit is composed of two thin rectangular sheets (side length a × t2), two rectangular blocks (side length t1 × t2 × t3), 
two triangular panels (base length b, base angles β and γ, thickness t1), and an isosceles trapezoidal panel [angle α between the two legs, leg length t2, thickness t4, 
shorter base length 2acos(α/2)]. Axes of joints are indicated by red center lines. (B) Motion path φ5 versus φ1 and corresponding configurations of the modular origami 
unit with b∕a =

√

2 , α = 90°, β = 45°, and γ = 90°. Configurations i, ii, iii, and iv are motion sequences, while configuration B0 is the bifurcation point. (C) Design space 
where a modular origami unit can be reconfigured between M1 and M2 paths. The blue area represents b/a > cos(α/2), and the markers represent b/a = 1/sin(α/2) when 
α = 120°, 90°, 72°, and 60°. (D) Construction of n-unit (n = 3, 4, 5, and 6) symmetry modules with an unfolded 2n-sided shape. The additional thin rectangular sheets (side 
length a × t4) used to connect the two neighboring modular origami units are shown in ice blue.
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kinematic bifurcation occurs, as revealed by closure equations of the 
7R linkage (text S1). If two rectangular sheets swing in the opposite 
directions, then the unit follows a plane-symmetric path M1, the 
blue path i-B0-ii, governed by the dihedral angle relationship that

Conversely, if the sheets swing in the same direction, then the 
unit involves the asymmetric path M2, the black path iii-B0-iv, gov-
erned by the dihedral angle relationship that

The bifurcation between the symmetric path M1 and the asymmet-
ric path M2 exists when b/a > cos(α/2), corresponding to the blue re-
gion in Fig. 1D (for detailed analysis, see figs. S2 to S4 and text S2). For 
general design parameters, the modular origami unit exhibits richer 
bifurcations, involving paths M1 to M5, as illustrated by the represen-
tative configurations and motion sequences in fig. S5 and text S3. Paths 
M1/M2 and M3/M4 are differentiated by whether the triangular pan-
els adopt bulged-out or nested-in configurations, respectively; howev-
er, these result in equivalent symmetry configurations, rendering them 
redundant from a functional standpoint. Besides, path M5 is kinemat-
ically invalid due to panel interference. Considering that the triangular 
panels in the M3 and M4 paths obstruct the assembly of wallpaper 
groups, we set geometric parameters to b/a > cos(α/2), β = (π – α)/2, 
and γ ≥ α/2, thereby retaining only the M1 and M2 paths.

The kinematic analysis reveals that two rectangular blocks are 
always horizontally positioned and maintain an angle π – α whether 
moving along the M1 or M2 path (fig. S6). Therefore, we can con-
struct n-unit symmetry modules by arranging n modular origami 
units with α = 2π/n in a circular array, where each pair of neighbor-
ing units shares a common rectangular block. Here, only n = 3, 4, 5, 
and 6 are considered to cover the whole 2D symmetry groups. Sub-
sequently, these symmetry modules form a 2n-sided profile in the 
top views of  Fig.  1D. To achieve a compact folded configuration, 
b/a = 1/sin(α/2) (black line in Fig. 1C), β = (π – α)/2, γ = α/2, and 
t3 = 2a must be met. Without loss of generality, we can set that all 
modular origami units have t1 = t2 = t4 = a/2. To ensure that the 
mechanical assembly of n units retains a single DOF, we inserted 
two additional ice-blue sheets, each with length a, between neigh-
boring units to form a 7R closed loop with α = 0. The motion se-
quence of the 7R unit is depicted in fig. S7. The configurations of the 
7R unit with α = 0 are not independent; instead, they are defined by 
the swing direction of the blue rectangular sheets in the two neigh-
boring modular origami units with α  =  2π/n. Eventually, a set of 
single-DOF n-unit (n = 3, 4, 5, and 6) symmetry modules is con-
structed, as shown in the 3D views in Fig. 1D.

Reconfiguration of n-unit symmetry modules with tunable 
2D point groups
Because of the n-fold symmetry in the n-unit module composed of 
identical units, both the kinematic compatibility and bifurcation are 
well preserved. For the four-unit symmetry module in Fig. 2A, the 
top configuration is the bifurcation point, as four modular origami 
units with α = 90° are all in the bifurcation configuration, i.e., each 
of them can choose to move either in the M1 or M2 path. This re-
sults in 24 =  16 combinations. For a 7R unit with α =  0 used for 
connection, its motion depends on whether two neighboring mod-
ular origami units move within the range φ1 ∈ [0, π/2) or φ1 ∈ (π/2, 
π]. This expands the total combinations to 2 × 16 = 32. However, 
two conditions for kinematic compatibility must be satisfied at the 
same time: (i) The motion transmitted through the transmission 
loop finally returns to the input, and (ii) n modular origami units 
need to form a closed-loop polygon throughout the folding and un-
folding process (fig. S8 and text S4). Because of the limitation in the 
side lengths of the ice-blue rectangular sheets, simultaneous inward 
folding of the blue sheets on both sides of any 7R unit with α = 0 
violates the second condition (fig. S9). Therefore, only 25 combina-
tions are compatible. Among the 25 compatible combinations, 18 
cases can overlap with themselves through rotation or reflection 
symmetry operations (fig. S10). Last, only the seven configurations 
at the bottom of Fig. 2A are distinct.

Figure 2A shows the reconfiguration process among seven dis-
tinct configurations through a common bifurcation point of the 
four-unit symmetry module (movie S1), while Fig. 2B plots the cor-
responding geometric dimensional variations, i.e., the width (W), 
breadth (B), and height (H) in the x, y, and z directions (text S5). It 
can be observed that when all four modular origami units U1 to U4 
move along the plane-symmetric path M1 governed by φ1 where φ1 
∈ [0, π/2], the four-unit symmetry module exhibits d4 point group 
(dn indicates both n-fold rotational and reflectional symmetry), as 
shown in Fig. 2A. In this case, the compatible module expands bidi-
rectionally from a smaller square in the xoy plane to a larger one 
until it reaches bifurcation configuration, also the configuration 
with maximum height, as shown by the blue curve representing BI 
and WI in Fig. 2B. If two alternating units, e.g., units U2 and U4 in 
case II, switch to the asymmetric M2 path after passing through the 
bifurcation point, while the other two units remain in the symmet-
ric path M1 where φ1 ∈ [0, π/2), then the four-unit symmetry mod-
ule still satisfies the kinematic compatibility conditions, but its 
symmetry reduces to c2 point group (cn indicates only n-fold rota-
tional symmetry). Conversely, if it is neighboring units rather than 
alternating units, such as U1 and U4 in case III, which switch to the 
asymmetric path M2, then the symmetry of the compatible four-
unit symmetry module becomes d1 point group. In these two cases, 
only one of two dimensions in the xoy plane changes, e.g., BII and 
BIII in cases II and III (blue curve in Fig. 2B), while WII and WIII are 
invariant to changes in height (black curve in Fig. 2B). Other com-
patible possibilities are cases IV to VII, as listed in Fig. 2A. Specifi-
cally, when the configuration of all four units is in the asymmetric 
path M2, the symmetry is denoted as c4 [case IV in Fig. 2 (A and 
B)]. In case V, although all four modular origami units U1 to U4 
move along the plane-symmetric path M1, unlike in case I, the two 
alternating units (e.g., U2 and U4) belong to φ1 ∈ [0, π/2), and the 
other two units belong to φ1 ∈ (π/2, π]. In this case, the module ex-
hibits d2 point group. Furthermore, the compatible cases VI and VII 
are similar to cases II and III, respectively, with the difference that 
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Fig. 2. Reconfigurable n-unit symmetry module with tunable 2D point symmetry groups. (A) Reconfiguration of the four-unit symmetry module accompanied by 
tunable symmetry. Seven distinct configurations originate from the same bifurcation point, i.e., the top configuration, where all four units simultaneously sit at φ₁ = 90°. 
The key reflection axes are represented by center lines, while the centers of two- and fourfold rotational symmetry are represented by rhombuses and squares, respec-
tively. (B) The variation of the geometric dimensions, i.e., the width (W) and breadth (B) in x and y directions, with the height (H). (C) The total number of configurations 
and distinct configurations versus the number n of units within the module. (D) Point group distribution of bifurcation configurations of n-unit symmetry modules, where 
gray dots represent the existence of point groups. (E) Prototypes with 10 2D crystallographic point groups, i.e., d1, d2, d3, d4, d6, c1, c2, c3, c4, and c6, constructed from 
four- and six-unit symmetry modules.
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one of the two units in the M1 path belongs to φ1 ∈ [0, π/2), and the 
other belongs to φ1 ∈ (π/2, π]. Consequently, their symmetries are 
d1 and c1 point groups, respectively. In cases IV to VII, both dimen-
sions BIV/BV/BVI/BVII and WIV/WV/WVI/WVII in the xoy plane are 
invariant to changes in height, as shown by the black curve in Fig. 2B. 
In summary, there are a total of 25 cases that satisfy kinematic com-
patibility conditions (fig. S10) for the four-unit symmetry module, 
but due to the similarity of the orthogonal directions, there are only 
seven different bifurcation configurations and six types of point 
groups, i.e., d4, c4, d2, c2, d1, and c1 point groups.

We also investigated kinematic bifurcation and symmetry changes 
for three-, five-, and six-unit symmetry modules (fig. S11). Figure 2C 
summarizes their total number of configurations and distinct con-
figurations, while Fig. 2D shows the point group distribution of 
these configurations of n-unit symmetry modules. As n increases 
from 3 to 6, the number of total configurations also grows rapidly 
from 9 to 101. Specifically, the three-unit symmetry module exhibits 
d3, c3, and c1 point groups, the five-unit symmetry module exhibits 
d5, c5, and c1 point groups, while the six-unit symmetry module 
exhibits d6, c6, d3, c3, d2, c2, d1, and c1 point groups (gray dots 
in Fig. 2D). Because of these symmetry properties, the number of 
distinct configurations for n-unit symmetry modules reduces mark-
edly. In general, arranging n modular origami units with α = 2π/n 
into a circular array around the z axis obtains the n-unit symmetry 
module with arbitrary dn or cn point groups (two families of rosette 
groups). Owing to the powerful kinematic bifurcation, four- and 
six-unit symmetry modules are sufficient to cover all 10 2D crystal-
lographic point groups, i.e., d1, d2, d3, d4, d6, c1, c2, c3, c4, and c6, 
which are demonstrated by prototypes in  Fig.  2E (for fabrication 
details, see Materials and Methods).

Module tessellations with tunable 2D line and space groups
Building upon the symmetry modules, an important challenge is to 
determine whether these reconfigurable modules can be systemati-
cally tessellated to achieve all 7 frieze patterns or 17 wallpaper pat-
terns in a unified platform (3,  4). We address this challenge by 
leveraging consistent geometric connection rules, i.e., merging rect-
angular blocks while tuning the local bifurcation states of the mod-
ules to modulate global symmetry. This strategy enables the creation 
of a reconfigurable metastructure in which multiple symmetry 
groups can be accessed from a single physical implementation.

In mathematics, there are exactly seven frieze groups (also 
known as 2D line groups), denoted as p111, p1a1, pm11, p1m1, 
p112, pma2, and pmm2. A systematic classification of these groups 
is provided in table S1. Using only the four-unit symmetry module 
in a linear tessellation, we successfully reproduce all seven frieze 
groups (gray strip in Fig. 3A and construction details in fig. S12). 
The frieze pattern with the p111 line group is formed by repeatedly 
applying a translation to the four-unit symmetry module with c1 
point group under the condition of merging rectangular blocks. If 
the geometric operation to the modules with c1 point group is 
glide reflection and translation, then the symmetry of the resulting 
frieze pattern becomes p1a1 line group. Similarly, applying con-
tinuous reflections of the module with c1 point group about verti-
cal reflection axes results in pm11 line group. If the module with c1 
point group is reconstructed to the state with c2 or d1 point group 
and is in a translational arrangement, the resulting frieze pattern 
exhibits p112 or p1m1 line groups. In contrast, if it is not a trans-
lational arrangement but a continuous reflection, then the frieze 

pattern exhibits pma2 or pmm2 line groups. Despite their symme-
try differences, all seven frieze groups are derived from a four-unit 
symmetry module with identical connections. Thus, the seven 
frieze groups can be interconverted through local bifurcation-
induced reconfiguration.

Now, let us consider a geometric object that repeats regularly 
through translation in two nonparallel directions. It has been dem-
onstrated that any infinite 2D pattern belongs to one of the 17 dis-
tinct wallpaper groups, also known as planar crystallographic 
groups, or 2D space groups, classified by combinations of transla-
tion, rotation, reflection, and glide reflection (table S2). On one 
hand, a subset of these wallpaper groups, specifically those with 
one- or twofold rotational symmetry, can be systematically con-
structed by extending the seven frieze patterns described earlier. 
For instance, under the condition of merging rectangular blocks, 
the p1, pg, and pm wallpaper groups are obtained by vertically 
stacking the frieze patterns p111, p1a1, and pm11, respectively, in 
an orderly fashion (Fig. 3A). The p2 group arises by vertically shift-
ing copies of the frieze pattern p112. Meanwhile, reflection-based 
operations applied to p1a1, pmm2, and pma2 generate the cm, 
pmm, and cmm wallpaper groups, respectively. Glide reflections of 
p1m1 and p1a1 produce the pmg and pgg wallpaper groups. On the 
other hand, fourfold wallpaper patterns can be realized by combin-
ing motifs with lower symmetry using combinatorial operations or 
by directly using motifs with higher symmetry. For example, the 
p4g wallpaper group can be constructed by rotating a four-unit 
symmetry module with c2 point group four times, followed by bi-
directional translations. Alternatively, directly repeating modules 
with c4 or d4 point groups in both directions yields the p4 or p4m 
wallpaper groups. Using this framework, we constructed 12 of the 
17 wallpaper groups with one-, two-, and fourfold rotational sym-
metry based on four-unit symmetry modules (Fig. 3A). In these 
constructions, the modules are connected in the same way across 
different wallpaper groups, meaning that these 12 2D space groups 
can all be realized through a single structure (movie S2). Besides, 
all modules in specific wallpaper groups have the same dimension-
al variation in the x or y direction according to Fig. 2B, so the tes-
sellations are compatible. However, the remaining five wallpaper 
groups (p3, p3m1, p31m, p6, and p6m), which require three- or 
sixfold rotational symmetry, cannot be generated using four-unit 
modules. To achieve these symmetries, we introduce either a 
three-unit symmetry module (fig. S13) or a six-unit symmetry 
module. Figure 3B illustrates examples of constructing these five 
additional wallpaper groups using six-unit symmetry modules. 
The beehive structure is formed with six identical modules in a 
circle around the center module by merging rectangular blocks. 
Depending on whether the center module has c3, d3, c6, or d6 
point groups, the obtained beehive structure belongs to the p3, 
p3m1, p6, or p6m wallpaper groups. The p31m wallpaper group is 
constructed a little differently in that the center module has d6 
symmetry and surrounding it are six modules with c3 symmetry, 
and neighboring d3 modules are mirror images of each other, with 
the axis passing through the center of d6 modules. Similarly, the 
modules are connected in the same way in these five wallpaper 
groups, so that they can be realized in a single structure (movie S3). 
Up to this point, the full set of 17 2D space groups can be compre-
hensively realized using only two modular systems: either the com-
bination of three- and four-unit modules or the combination of 
four- and six-unit modules.
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Actuation methods of the module and tessellation
The inherent kinematic bifurcation enables the proposed origami 
modules and their tessellations to have diverse configurations with 
distinct symmetry groups. Our one-DOF origami modules and their 
tessellations offer a programmable and reversible symmetry tuning 
strategy with minimal external intervention.

To enable dynamic transitions between symmetry configurations 
of the four-unit module, we implement a dual-layer pneumatic ac-
tuation system comprising 12 independently controllable air pouch-
es, as illustrated in Fig. 4. The upper-layer symmetry selectors consist 
of eight air pouches (A to H), symmetrically arranged on both sides 
of the four hinges of the four-unit symmetry module (fabrication 

Fig. 3. 2D line and space groups constructed by the four- and six-unit symmetry modules. (A) Seven frieze groups (gray area) and 12 wallpaper patterns with distinct 
symmetry groups constructed by the four-unit symmetry module. (B) Five wallpaper patterns with distinct 2D space groups constructed by the six-unit symmetry mod-
ule. The key reflection axes and glide reflection axes are represented by red center lines and black dotted lines, while the centers of two-, three-, four-, and sixfold rota-
tional symmetry are represented by rhombuses, triangles, squares, and hexagons, respectively.
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details in Materials and Methods). Without pressurization (P = 0, 
denoted as “0” in the binary coding system), the soft air pouch has 
negligible thickness and can rotate freely with the origami hinge. 
Upon pressurization (P > 0, denoted as “1”), the air pouch tends to 
straighten, stiffen, and exert a moment on the hinges, causing the 
origami module to change shape. It was found that there are a total 
of three relative orientations for two neighboring triangular panels 
in a 7R unit for all possible configurations for a four-unit symmetry 
module, i.e., φ6 = 0, φ6 = 90°, and φ6 = 180°, as shown in Fig. 4B. 
Hence, inflating air pouch B alone (represented by “01”) leads to the 
φ6 = 90° configuration, while inflating air pouch A (represented by 
“10”) alone results in the φ6 = 180° configuration. If both A and B 
are not pressurized (represented by “00”), then the two neighboring 
triangular panels will remain in a configuration φ6 = 0°. The lower-
layer deployment actuators comprise four air pouches (I to L), each 
embedded in the ice-blue sheets that connect adjacent 7R units of 
the four-unit symmetry module (Fig. 4C). Meanwhile, a prestretched 
latex loop was added to the thin sheets to form a pneumatic-tendon 
coupling system enabling reversible folding-unfolding motion, while 
experimental investigation of interaction between the origami hinge, 
the latex loop, and the pneumatic air pouch is shown in fig. S14 and 
text S6. Without pressurization (0), the elastic latex loop keeps the 
thin sheets tightly attached, maintaining a dihedral angle of 0° (fold-
ed state). Upon pressurization (1), the air pouch inflates and sepa-
rates the thin sheets, increasing the dihedral angle toward 180° 
(unfolded state). Upon deflation (0), the elastic restoring force re-
tracts the sheets and restores the original folded geometry, enabling 
fast and reversible shape change. We observe three distinct global 
shapes of the four connected trapezoidal panels, i.e., a compact 
square, a rectangle, and an expanded square, as shown in the top 
view (Fig. 4D). These correspond to binary inputs of “0000,” “0101,” 
and “1111,” respectively. Together, the upper-layer symmetry selec-
tors and the lower-layer deployment actuators enable programma-
ble symmetry control of the four-unit module within seconds 
(see Fig. 4E and movie S4). For instance, a fully folded configuration 
in case I can be attained by retracting the module from the bifurca-
tion configuration in ~1 s by deflating all air pouches, with the con-
trol strategy coded as “00000000, 0000.” Moreover, partially folded 
configurations, corresponding to c2 and d1 point groups, respec-
tively, can be reached from the bifurcation point using the control 
codes “00010001, 0101” and “00000101, 0101.” Similarly, fully un-
folded configurations in cases IV, V, VI, and VII, corresponding to 
c4, d2, d1, and c1 point groups, can be achieved with control codes 
“01010101, 1111,” “10001000, 1111,” “01000110, 1111,” and “01010010, 
1111,” respectively. Thanks to the kinematic constraints of the mod-
ule, the system exhibits strong robustness and fault tolerance, and 
although the synchronization of the air paths is less than perfect, the 
experimental results show that it all arrives at the target configura-
tion (movie S4).

While our actuation strategy is originally designed to follow 
strictly defined kinematic paths derived from ideal linkage analysis, 
we find that the physical system exhibits inherent compliance due to 
hinge clearances and material flexibility. This structural compliance 
effectively broadens the feasible transition pathways beyond those 
directly connected by the ideal bifurcation topology, allowing the 
system to reversely reconfigure from the compact d4 configuration 
directly to any of the other symmetric configurations, even those 
not directly connected (see movie S5). Furthermore, the dual-layer 
pneumatic actuation system also supports continuous geometric 

transformations that expand or contract the overall configuration 
(e.g., from a compact square to a rectangle and then to an expanded 
square or vice versa, as shown in movie S6).

Having demonstrated that the shape of the origami module can 
be controlled by pressurizing embedded air pouches, we now extend 
this approach to the 2 × 2 tessellation. As depicted in Fig. 4F and 
movie S7, we strategically activate air pouches in the upper-layer 
symmetry selectors and the lower-layer deployment actuators, there-
by achieving all 12 configurations corresponding to the 12 wallpa-
per groups in Fig. 3A through the pressurization of the air pouches 
based on individual module control rules.

The implementation of this simple binary pressurization strategy 
using air pouches demonstrates the inherent elegance and robust-
ness of our one-DOF reconfigurable modular origami design. De-
spite the nonlinear and highly coupled kinematics of the system, the 
bifurcation behavior of the module can be steered effectively with-
out relying on complex feedback control or synchronization.

Selection rules of multipole qBICs via origami module 
symmetry tuning
Building on our symmetry-tunable origami platform, we propose a 
plasmonic origami metasurface composed of copper tetramers with 
symmetric geometric parameters, periodically arranged on a me-
chanically reconfigurable substrate made of a flame-retardant or-
ganic material (FR4), as illustrated in Fig. 5A. The initial structure 
(p4m-90°) exhibits full symmetry, and by tuning the dihedral angle 
φ1 (Fig.  5B), we gradually reduce the symmetry to a lower-order 
group (pm-75°, 45°, 15°, and 0°), eliminating rotational symmetry 
while retaining mirror reflections. To reveal how symmetry governs 
EM behavior, we investigate the BICs supported by our origami 
metasurface in the 0.8- to 1.6-GHz range (see text S7 and Materials 
and Methods for simulation details). BICs are unique resonant 
modes that exist at frequencies where radiation is allowed, yet they 
do not radiate because of symmetry-based selection rules (24). In 
our system, when the metasurface retains full symmetric p4m-90° 
configuration, the symmetry of the resonant modes is incompatible 
with that of the free-space radiation channels. This symmetry mis-
match prohibits radiation, causing the mode to be perfectly confined 
inside the structure, i.e., a phenomenon known as a symmetry-
protected BIC, characterized by a theoretically infinite quality (Q) 
factor. When the symmetry is gradually broken from p4m-90° to 
pm-0° by tuning the dihedral angle φ1, these protective selection 
rules are lifted. The previously confined mode starts to couple weak-
ly to radiation, becoming a qBIC. This evolution is quantitatively 
captured in our simulations: The two BICs at ~1.15 and ~1.50 GHz 
with Q factors of 1628 and 1032 at the Γ point evolve into qBIC I and 
qBIC II, respectively (Fig. 5C). The band structures (Fig. 5D) further 
confirm the symmetry-governed nature of these resonances, high-
lighting how the originally degenerate BIC branches split and de-
form into radiative qBIC bands as the structural symmetry is 
lowered. The electric field distributions (Fig. 5E) provide additional 
insight into this transition. In the fully symmetric p4m-90° configu-
ration, BIC I and BIC II appear as eigenmodes with electric field 
vectors of equal magnitude and opposite directions (indicated by 
black arrows), resulting in destructive interference and no net far-
field radiation. These modes are strongly confined and exhibit extreme-
ly high Q factors, leading to ultranarrow linewidths in the transmission 
spectrum. Therefore, aside from a low-Q, broad-linewidth reso-
nance near ~1.2 GHz, originating from the coupling between another 
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Fig. 4. The symmetry tuned by pneumatic actuation. (A) The four-unit symmetry module equipped with eight upper-layer air pouches (A to H), which are symmetri-
cally arranged on both sides of the four hinges. (B) Working principle of a pair of upper-layer air pouches: Pressurization induces a moment on the hinges and changes 
the relative orientation between neighboring triangular panels (φ6 = 0°, 90°, or 180°). (C) Four lower-layer air pouches (I to L), together with prestretched latex loops, are 
integrated into the thin sheets connecting adjacent 7R units, forming a pneumatic-tendon coupling system that enables reversible folding-unfolding motion. (D) Three 
distinct global configurations, i.e., compact square, rectangle, and expanded square, result from different activation patterns of the lower-layer actuators (binary codes 
0000, 0101, and 1111, respectively). (E) Experimental results of the four-unit symmetry module with d4, c2, d1, d2, c4, d1, and c1 symmetries, where air pouches A to L are 
coded in binary as 00000000, 0000; 00010001, 0101; 00000101, 0101; 10001000, 1111; 01000110, 1111; 01010101, 1111; and 01010010, 1111, respectively. (F) Twelve 
configurations of distinct symmetry groups of a single 2 × 2 tessellation.
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eigenmode and the incident EM wave and unrelated to the BICs, no 
observable resonance valleys are present in the transmission spec-
trum for these modes, despite their existence (Fig. 5B). When the 
symmetry is reduced to pm-0°, the original BIC mode undergoes 
symmetry breaking, resulting in the disruption of the destructive 
interference condition of the counter-propagating electric field and 
the generation of a net electric field component. This causes the origi-
nally bound energy to radiate outward in the form of a leakage wave, 
leading to a notable decrease in the Q factor and an increase in the 
resonance linewidth, resulting in typical asymmetric Fabry-Perot res-
onance valleys qBIC I and qBIC II in the transmission spectrum.

We extended this analysis to 12 different symmetry groups (each 
with configurations ranging from 90° to 0°), finding that symmetry 
fundamentally governs the emergence and tunability of qBICs, as 
shown in fig. S15, while the degree of deformation mainly induces a 
frequency shift (fig. S16). Figure 5F summarizes the selection rules 

of BICs via origami module symmetry tuning. First, all trapped 
BICs, decoupled from the far field, exhibit relatively high symmetry 
and sufficient compound symmetry (e.g., p4m and pmm have per-
pendicular reflections but neither local nor global chirality). Taking 
the simulated EM spectra of p4m-90° and pmm-0° in Fig. 5F as an 
example, they display a single, well-defined resonance peak, indicat-
ing weak EM coupling within the structure. Second, highly trapped 
BIC structures benefit from strong global chirality (p1, p2, and p4) 
or a combination of mirror symmetry and local chirality (cm, cmm, 
and p4g), which produces notable narrow-band resonance charac-
teristics at multiple frequency points. Taking the simulated EM 
spectra of cmm-0° in Fig. 5F as an example, there are multiple deep 
and narrow resonance peaks, effectively enhancing the localization 
of EM waves and increasing resonance strength over a broader fre-
quency range. Last, because of the introduction of glide reflection 
(pg, pmg, pgg, and p4g), the symmetry of the system is markedly 

Fig. 5. Motion-sensitive multipole of plasmonic qBICs. (A) Schematic of the proposed reconfigurable origami-based metasurface with embedded EM antennas. 
(B) Analytically calculated transmittance of the metasurface as transforming from p4m-90° to pm (0°, 15°, 45°, and 75°) symmetry group. (C) Simulated Q factors of the 
eigenmode in the k-space in the vicinity of the Γ point. The inset is the first Brillouin zone. (D) Simulated band structure with the eigen frequency of the p4m-90° metasur-
face near the Γ point. (E) The spatially resolved electric field intensity distributions and vector orientations of p4m-90° and pm-0° configurations. Arrows on the EM an-
tenna for qBIC1 and qBIC2 represent electric field intensity distributions. (F) Simulated and experimental verification of symmetry-governed selection rules for multipole 
qBICs. Simulated (solid curves) and experimentally measured (blue dotted lines) transmission spectra of four metasurfaces (configurations p4m-90°, pmm-0°, cmm-0°, and 
pmg-0°) demonstrate the role of symmetry in governing the emergence and tunability of multipole qBICs over the 0.8- to 1.6-GHz frequency range. Sim., simulated; Exp., 
experimental.

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2025



Liu et al., Sci. Adv. 11, eady3812 (2025)     12 November 2025

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

10 of 12

broken, and the BIC resonance is not fully maximized (partially 
trapped BIC). For instance, the simulated EM spectra of pmg-0° 
in  Fig.  5F display broad and shallow resonance peaks, indicating 
relatively weak coupling and limited constraint of EM waves. To ex-
perimentally validate these findings, we fabricated and character-
ized four metasurface prototypes corresponding to the simulated 
configurations (p4m-90°, pmm-0°, cmm-0°, and pmg-0°), with a de-
tailed experimental setup presented in text S8 and fig. S17. The mea-
sured transmission spectra (blue dotted lines in  Fig.  5F) exhibit 
good agreement with the simulated results (solid curves) in terms of 
resonance positions and trends, thereby supporting the symmetry-
governed selection rules for multipole qBICs. Minor discrepancies 
in amplitude and linewidth are attributed to the finite size of the 
fabricated array, which deviates from the ideal infinite periodicity 
assumed in simulations. This finite-size effect introduces edge scat-
tering and boundary mismatch, slightly shifting resonance frequen-
cies and reducing spectral contrast. In summary, symmetry tuning 
plays a critical role in modulating system response, enabling highly 
selective and sensitive BICs and offering insights for designing mul-
tifunctional optical devices, particularly for plasmonic-based filters 
and sensors.

DISCUSSION
In this study, we presented an approach to achieve active tunable 
symmetry groups in reconfigurable structures via inherent kine-
matic bifurcation behavior of a single-DOF origami module meta-
surface and demonstrated its potential application in high-EM 
selection with multipole qBICs via antenna-integrated plasmonic 
metasurfaces. A comprehensive kinematic analysis was first con-
ducted on the single-loop modular origami unit to reveal the effect 
of design parameters on bifurcation behavior. Then, these units can 
be assembled into various single-DOF modules with folded n-
polygon and unfolded 2n-polygon shapes with bifurcations. Our 
investigation revealed that it has the potential to realize a variety of 
discrete symmetry groups, including two families of rosette groups 
(2D point groups), 7 frieze groups (2D line groups), and 17 wallpa-
per groups (2D space groups), within a unified design framework. 
Notably, because of the rich geometry and configurations, two 
modules, i.e., four- and six-unit symmetry modules, are sufficient 
to realize 10 crystallographic point groups. The linear tessellation 
of four-unit symmetry modules is sufficient to realize seven line 
groups by manipulating the reconfiguration of modules within tes-
sellations. Meanwhile, the planar tessellation of four-unit symmetry 
modules can realize the first 12 of the 17 space groups with one-, 
two-, and fourfold rotational symmetry, while the planar tessellation 
of three- or six-unit symmetry modules can realize the last 5 of the 
17 space groups with three- and sixfold rotational symmetry. We 
also explored whether it is possible to achieve all 17 wallpaper sym-
metry groups using a single module with a higher number of units 
because increasing the number of units within a module enhances 
its point group coverage. However, in practice, the construction of 
wallpaper groups with different symmetry operations imposes in-
compatible lattice and connectivity constraints, which results in at 
least two distinct module architectures to achieve all 17 wallpaper 
symmetry groups (construction of wallpaper groups with the 12-unit 
symmetry module is shown in fig. S18). We demonstrated experi-
mentally that the shape and symmetry of such origami modules can 
be actively tuned and controlled in a completely predictable manner 

by strategically activating inflatable pouches. To exemplify the poten-
tial implications of symmetry group tunability, we further established 
qBIC selection rules for antenna-integrated plasmonic metasur-
faces through EM simulation and experiment, demonstrating how 
symmetry-engineered reconfigurability directly governs EM multi-
polar interactions. Because of the current fabrication and system 
integration limitations, the measurements were performed on dis-
crete, fixed-configuration prototypes rather than on a fully reconfigu-
rable origami platform. However, this approach provides a controlled 
and rigorous means to isolate and verify the key physical mecha-
nism, i.e., the modulation of multipole qBICs through symmetry 
tuning, without the confounding factors of actuation and mechani-
cal vibrations. Unlike typical reconfigurable antennas that focus on 
active modulation of near-field and far-field radiation characteristics, 
such as frequency tuning, polarization control, and beam steering, 
achieved via material deformation or structural chaining (47–51), our 
work introduces a nonradiative antenna platform integrated with 
reconfigurable modular origami, enabling high-Q resonances via 
simple symmetry tuning.

This work introduces a promising paradigm for reconfigurable 
structures featuring tunable symmetry, which not only broadens the 
range of tunable symmetry groups within a single structure but also 
paves the pathway for multifaceted design in multiphysics fields 
such as electromagnetism. The unique advantage of the single-DOF 
design lies in its unparalleled simplicity and efficiency, minimizing 
complex control mechanisms and eliminating the need for struc-
tural refabrication. Furthermore, leveraging the modular nature of 
our origami architecture, where flat sheets are folded into discrete 
volumetric units, we were able to embed electronic components 
such as micro air pumps, lithium-ion batteries, and Bluetooth-
controlled voltage switches within the origami structure. Control sig-
nals can be wirelessly transmitted via Bluetooth, triggering selective 
pressurization of the embedded pouches and enabling untethered 
reconfiguration (for fabrication details, see fig. S19). Anticipating fu-
ture advancements, the integration of 4D printing techniques at the 
microscale and untethered actuation strategies, such as magnetic, 
thermal, or optical fields combined with programmable responses, 
holds the promise of augmenting the versatility and adaptability of 
the proposed reconfigurable EM antenna-integrated metasurfaces, 
thereby unveiling intriguing prospects for future exploration and 
development. Meanwhile, the 17 symmetry groups within a unified 
design framework proposed here can be used as a cornerstone to 
deeply explore the intrinsic correlation between symmetry and mul-
tiphysical properties of EM, optics, acoustics, etc., which may lead 
to the establishment of a previously unexplored theoretical frame-
work of interdisciplinary integration.

MATERIALS AND METHODS
Fabrication of the origami module
Patterns of thick-panel components of the four-unit symmetry 
module were fabricated from thin cardboard first using an efficient 
laser-cutting technique. Then, they are connected by CPTFEG trans-
parent tape (thickness = 0.08 mm) to form the rectangular blocks 
(20 mm by 20 mm by 80 mm), triangular panels (the length of the 
leg = 40 mm, and thickness = 20 mm), and trapezoidal panels (the 
length of the leg is equal to the lengths of the lateral edge, i.e., 20 mm). 
Meanwhile, blue thin rectangular sheets (20 mm by 40 mm) were fab-
ricated from polyethylene terephthalate (PET) with a thickness = 1 mm 
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using a laser-cutting technique. At last, blocks and PET sheets are 
stuck together with adhesive tape (3M, 8959) to be the four-unit 
symmetry module.

Fabrication of the pneumatic actuators
To actuate the origami modules, we fabricated air pouches. Initially, 
the air pouches A to H were formed by placing the edges of two 
pieces of thermoplastic polyurethane (TPU)–coated fabric (60 mm 
by 20 mm) (TPU-N20D, Jiaxing Inch Eco Materials Inc., China) of 
thickness t = 0.03 mm into a heat-sealing machine (Deli 16499, Deli 
Group Co. Ltd., China). To allow inflation, an air tube with a diam-
eter of 1 mm was then inserted and glued into the TPU-coated fab-
ric, before embedding it on two sides of neighboring rectangular 
panels through double-sided adhesive (3M, 55236). Last, the origa-
mi modules were actuated by inflating the air pouches using syring-
es attached to the air tubes. For the four additional air pouches (I to 
L), each was integrated into a pneumatic-tendon coupling system con-
sisting of two PET sheets (40 mm by 20 mm and thickness t = 1 mm), 
a central air pouch (identical to pouches A to H), and a prestretched 
latex loop (diameter = 20 mm; Deli 3212, Deli Group Co. Ltd., China). 
The latex loop was anchored at both ends of the PET sheets and 
threaded through the middle section between them under tension.

EM simulation method
This article uses the radio frequency EM frequency domain module 
of COMSOL Multiphysics for finite element simulation. The metal 
conductor tetramer material is set to copper, with a conductivity of 
5.8 × 107 S/m and a thickness of 0.035 mm. The substrate material is 
FR4, with a relative dielectric constant of 4.3 and a thickness of 
0.6 mm. It is arranged in a periodic manner in the x and y direc-
tions. The boundary condition is set to Floquet period, and the z 
direction is set to air and a perfect matching layer, with thicknesses 
of 300 and 150 mm, respectively. The x-polarized light is vertically 
incident on the surface of the element along the z axis, and the grid 
is set as a physical field control grid. The complex characteristic fre-
quency is calculated from w = w0 – iγ, and the Q factor is calculated 
from Q = w0/2γ. The transmission spectrum and field distribution 
were calculated in the frequency domain through computational 
research. Frequency domain solution was used to calculate the 
transmission spectrum and field distribution.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S19
Tables S1 and S2
Legends for movies S1 to S7

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S7
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