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Achieving a prescribed 1- or 2-dimensional curvature from a flat shape, and their active modulation through
far-field intelligent control, is crucial for a range of technologically demanding applications. In this article,
we endeavor to exploit the bistable mechanics of waterbomb origami units, their strategic assembly, and
spatially sequential alteration of local stability states to develop a new class of active metasurfaces. Based
on a series of computational and experimental investigations, we propose a sequentially programmable
approach of far-field stimuli-responsive activation, exploiting locally controllable bistability for achieving
target curvatures that can hold their shapes without any external energy supply. A magnetic beam
amplification system is developed and tested, demonstrating contactless stability state inversion of
waterbomb units, which would essentially lead to prescribed curvatures in an origami-architected 1- or
2-dimensional domain. We further demonstrate that algorithmic control of localized stability states and
their dynamic inversion can lead to robotic locomotion. The presented concept of spatially sequential
stability state alteration, leading to the multifunctionality of actively reconfigurable metasurfaces, gripper
function, and robotic locomotion, will find critical engineering applications in the fields of active and
reconfigurable antennas, solar panels, aerodynamically adaptive aerofoils, soft robotics, energy-efficient
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grippers, biomedical apparatus, and programmable optical and acoustic devices.

Introduction

Origami (from Japanese ori, meaning “to fold”, and kami, mean-
ing “paper”) has been used as a documented art form since the
15th century, but was likely to have been used much earlier, as
paper was introduced to Japan in the mid-7th century. Only in
the mid-20th century has origami been used for the engineer-
ing purposes, and Koryo Miura, a Japanese astrophysicist, is
considered the first developer of origami patterns for use in
engineering [1]. He developed the Miura-Ori fold, which has
been heavily utilized as foldable structures like solar panels for
spacecraft and airbag expansion components [2,3]. Typically,
origami research for engineering is split into 3 categories:
expandable structures, complex origami shapes, and rigid light-
weight structures. The nature of foldable patterns allows for
highly expandable structures, which are essential in many criti-
cal environments where space is at a premium. For example,
launch mass and volume are very limited for space applications,
so having a mechanism that allows for a large surface area to
be compacted into a very small volume for transit is very ben-
eficial. It is for this reason that a large portion of research on
engineering origami is focused on space applications, mainly
deployable antennae and solar arrays [4-6]. Origami can be
used to create highly complex shapes, which facilitates the cre-
ation of elaborate structures. For example, some car interior
pieces on high-end performance cars are created from molds
created using origami shapes [7]. Carbon fiber parts are often
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manufactured using special molds that can be produced from
folding [8]. Folding can weaken a structure; however, when
done correctly using specific folds, it can strengthen the struc-
ture beyond the material’s inherent capabilities, while maintain-
ing very low weight compared to solid structures. In some cases,
it even reveals highly desirable mechanical properties including
improved specific strength and energy absorption capability
due to control in failure path, along with programmable specific
stiffness and Poisson’s ratios, leading to applications as a core
of sandwich panels, vibration modulation, energy harvesting,
and control devices [9-19]. The central theme of this paper is,
however, on exploiting multistability [20-22] of strategically
arranged bistable origami units to achieve targeted stable cur-
vatures in metasurfaces. A metasurface, in the current context
of shape and curvature modulation, is defined as a thin engi-
neered surface composed of many small, designed units (often
referred to as “unit cell” in the metamaterials literature [23-30])
whose local mechanical or geometric response can be pro-
grammed so that, as a whole, the surface can realize a target
shape or curvature distribution that would not arise from a
uniform conventional material. In other words, by varying the
properties or actuation of these subunits across the surface, one
can prescribe how the surface bends, stretches, or morphs in
space, effectively turning it into a programmable, spatially tai-
lored geometry rather than a passive sheet.

Based on folding’s geometric nature, properties, and applica-
tions, some common fold patterns in origami include Miura-ori,
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Waterbomb, Yoshimura, Kresling, Flasher, Blockfold, Eggbox,
Ron-Resch, and Barreto-Mars, among others [31-34]. Origami
waterbomb (WB) units are highly versatile fold patterns that
developed concurrent to other origami bases as the art form
evolved, especially in various applications on smart materials
and robotics. Modern forms of origami utilize WB bases regu-
larly, due to the symmetrical, simplistic, and modular design.
The most commonly used variants of WB are the 6-crease WB
(WB6) and 8-crease WB (WBS) variants, which consist of the
same 2 diagonal folds and an additional 1 or 2 folds (as shown
in Fig. 1B and C). Some well-known geometric properties of
WB units include developability, rigid foldability, flat foldabil-
ity, and bistability [31]. Developability means the ability of the
WB to be developed from folding a flat sheet. Flat foldability
indicates that WB can be fully folded into another flat configu-
ration (assuming zero sheet thickness). WB6 exemplify such
flat foldability nature. Rigid foldability, on the other hand, high-
lights the fact that WB units can be folded without inducing
any deformation of its constituting facets, and the (elastic)
deformations are only concentrated along the hinge-like creases
(folds). For mathematicians, WB can be used to create a mul-
titude of polyhedral shapes, including the cube, octahedron,
and dodecahedron [35]. For engineers, WB has one main desir-
able property, it exhibits multistability (mostly bistable) behav-
ior, meaning it has 2 stable states that it can switch between,
given an external stimulus. Both the 6- and 8-crease WB have
4 natural states. Since the first state is determined by the initial
folds, the WB has only 2 possible states, each sitting at an angle
where the creases are at the minimum rotational displacement
away from their set stable angles. The rigid-foldability charac-
teristic of WB enables the use of spherical trigonometry to
model its kinematics effectively. For instance, earlier, research-
ers [36,37] introduced a spherical trigonometry-based bistable
kinematic model for the generalized (N-fold) WB and split-fold
WB units. These WB units mostly conform to the rotationally
symmetrical nature (i.e., equal sector angles). Chen et al. [38]
have presented a comprehensive kinematic model for another
widely popular 6-degree WB unit cell and its tessellations,
where the zero-thickness facets as well as thick facets are dis-
cussed. They restricted the discussion up to a local symmetrical
folding mode, where 4 mountain creases share the same dihe-
dral angle, and 2 valley creases share a different but identical
dihedral angle. Rodrigues et al. [39-41] later relaxed this sym-
metric restriction by varying dihedral angles and presented the
kinematic and dynamic models. Zhang et al. [42] introduced
a stability design approach based on the Euler-Lagrange energy
functional, addressing the bifurcation motions of both 8-crease
and 6-crease WB bases. Pratapa and Bellamkonda [43] ana-
lyzed the folding kinematics and deployability characteristics
of 1-dimensional (1D) tessellated array of 6-crease WB bases
(also termed Yoshimura base) accounting for the thickness of
the facets (thin and thick). Mukhopadhyay et al. [44] intro-
duced a tubular metamaterial whose microstructure is inspired
by the 6-crease WB bases and uncovered a unique program-
mable deformation-dependent stiffness and shape modulation
characteristics. A similar study on the folding mechanics of
tubular WB-based metamaterial can be found in Ref. [45].
Grasinger et al. [46] presented an extensive multistability analysis
of the symmetric 8-fold WBs. They demonstrated the existence
of tristability in WB8 by introducing the concept of pretensioned
torsional springs and also touched the mechanical aspect of
quasi-1D arrays of such bases. Feng et al. [28] investigated the
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bistability of the flexible single-vertex origami bases (such as
arbitrary WB and Miura unit cells) utilizing the conical shell
model and the discrete creased model.

Previous research has covered many different areas and
potential uses of origami, from flat and tubular programmable
structures to multistability. However, much of the research
focuses in the analysis of single base units including their per-
fectly periodic tessellation and deformation behavior, while
very little research has been conducted on the uses of strategi-
cally assembled 1D or 2-dimensional (2D) arrays and target
curvature attainment. Additionally, real-time actuation (actua-
tion during motion) is relatively underinvestigated (more so
for multistable origami structures that can hold its stable states
at multiple configurations) as the focus has been on under-
standing the motion kinematics. For instance, origami-based
soft robotics and active metasurfaces require real-time and con-
trolled modulation of origami shape based on external actuation
[47-52]. The soft robots can be useful for a wide range of station-
ary applications such as manipulation, gripping, manufacturing,
safety, and healthcare [31,53,54]. Multimodal locomotion and
navigation such as crawling, swimming, and grasping are also
possible by using origami structural concepts [10]. Reconfigurable
metasurfaces are crucial for applications like active antennas,
morphing aerofoils and solar panels. Recently, Sharma et al. [55]
proposed graded derivatives of Miura-ori architectures, leading
to the possibility of a wide range of symmetric and asymmetric
1D curvatures. Such curvatures and deformed shapes do not
possess multistability; thus, to hold a particular curvature, there
needs to be continuous actuation. In the current work, we will
focus on multistable architectures that can retain shapes at dif-
ferent stability configurations.

Mechanical or stimuli-responsive (such as magnetic, electri-
cal, thermal, optical, pneumatic, chemical, etc. [32,56-65])
external actuation is a key component for lattice and origami-
inspired soft robotics, grippers, and shape-changing metasur-
faces. In this paragraph, we briefly review the actuation methods
adopted in the literature concerning metamaterials and meta-
surfaces (including soft robotics) to understand their advan-
tages and disadvantages [32]. Pneumatic actuation is widely
used in soft robots for gripping because of their ability to handle
delicate and small objects with on-and-oft control [66]. Pneumatic
actuation-based designs, however, may cause slow actuation
and rupture failures due to the high strains required for actua-
tion [50]. Vacuum actuation, which is similar to pneumatic
actuation except that the actuation is performed using negative
pressure, was exploited by Tawk et al. [67] to develop a linear
actuator. The advantage of vacuum actuation over pneumatic
actuation is that the actuators rely on negative pressure that
prevents high stress from building up upon activation. They
are also advantageous because vacuum actuators contract when
activated, which is ideal for applications with space constraints.
Li et al. [68] experimentally studied task-specific tunability of
a vacuum-actuated soft robotic gripper made of an origami
magic ball with a thin flexible membrane. Melancon et al. [69]
utilized the Kresling pattern as a foundational element to realize
inflatable tubular structures capable of switching between mul-
tiple deformation modes, while being globally actuated using
a single air-pressure input. Lee et al. [70] introduced a deform-
able wheel robot inspired by an origami design, utilizinga WB
origami pattern for its faces. The structure was constructed with
polyethylene terephthalate film, while the fold lines incorporated
fabric. The folding mechanism operated via a straightforward
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Fig. 1. Conceptualization of multistable origami metasurfaces based on bistable waterbomb units. The design cycle for the metasurface begins with the basic origami building
block (waterbomb module), which is extended to 1- and 2-dimensional functional assemblies including the introduction of active components for on-demand programmability.
(A) A generic N-fold symmetric waterbomb (WB-N) unit. (B) A special case of 8-crease symmetric waterbomb (WB8) when N = 8. (C) Typical representation of a rotationally
asymmetric 6-crease waterbomb unit, WB6 (note that it cannot be obtained from the generic WB-N module as a special case). (D) An overview of the exploitation of WB6 and
WB8 modules for developing 1D and 2D metasurfaces and soft-robotic grippers (including contactless magnetic actuation) through a combined numerical and experimental
investigation. (E) Effective metasurface curvatures (tessellation of multiple waterbomb units in a plane) obtained through strategic assignment of stability states of the
constituting waterbomb units locally. For the 2D curvatures, (c and d) primary and (e and f) secondary grid-like assemblies are proposed.

pulley system, which comprised a Kevlar wire encased in a
Teflon tube and coupled with a coil spring. Xiang et al. [71]
designed a continuum manipulator and soft gripper with a
cable-driven actuator. This actuator works by retracting a cable
that is embedded in strategic points in the structure. Eight
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cables were used to control the movement of the continuum
manipulator, while one cable controls the grabbing motion of
the soft gripper. This method managed to demonstrate the abil-
ity to cover a large range of motion by using the coupling effect
of 2 actuation sections. However, the stability of the overall
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actuator during movement remains a challenge. Treml et al.
[72] presented humidity-responsive actuators, integrated with
the WB-based origami model, enabling autonomous sensing
and transduction of an environmental signal into mechanical
signal. Using magnetic actuation methods shows significant
benefits over other actuation methods because a magnetic field
can penetrate through a wide range of materials and it is a
contactless mechanism. The actuation time compared to other
actuation methods is also relatively fast [73]. This means that
a noncontact actuation method can be achieved without a delay
in signal transmission. Noncontact actuation also means that
the actual robot can opt to not have the actuator built in, which
in turn reduces the weight. Soft actuators, inspired by animal
muscle movement, are suited to drive a wide range of soft
robots. One method for developing a soft actuator is by inte-
grating magnetically responsive soft materials that can change
their dimensions and, hence, stiffness when subjected to a mag-
netic field. These composite materials, also known as magnetic
elastomers (MEs) are created by mixing micro- or nanosized
magnetic materials into the elastomers [74,75] and gels [76].
Kitano et al. [77] utilized MEs and cable-driven actuators, com-
bined with an electromagnet to demonstrate the basic concept
of a manipulator. Electromagnets were used to create an attrac-
tive force, which increased the stiffness of the joint of the
manipulator. The cables buried in the manipulator could only
be pulled if the joint is not subjected to the attractive force.
Coordinating the electromagnets and cable allowed the manip-
ulator to bend toward a desired direction. Boyvat et al. [47]
took a different approach to magnetically controlling their
robots based on electromagnetic transmission, which was the
same technology as wireless charging in mobile phones. Power
was transmitted from an external coil to the internal coil via a
magnetic field. This power received by the internal coil was
then used to generate the current required for heat generation
that would deform the shape memory alloy used to construct
their robot. By deforming individual shape memory alloy, a
specific movement could then be produced accordingly. Bowen
et al. [78,79] provided a magnetically actuated dynamic model
for the self-folding behavior of origami unit (8-crease WB and
Shafer’s Frog Tongue), where magnetic material (magnetoactive
elastomer and permanent magnets) were patched onto the rigid
facets. The generated magnetic torque was used as the primary
actuating factor to manipulate the joint rotations of origami
bases. One limitation of this model arises from the use of mul-
tiple magnets on each facet. The increased overall mass and the
complex interactions between magnetic fields can lead to devia-
tions from the expected precise actuation modes. Cui et al. [80]
recently proposed a modified (magnetic) bar-hinge model to
analyze a similar origami structure, where panels (facet) are
made as the assembly of a soft substrate layer and a soft mag-
netically actuated unit layer. They demonstrated the proposed
model by applying it to 2 different case studies (6-crease WB
pattern and a soft gripper, made of square and triangular panels).
In this work, we will primarily focus on proposing magnetic actua-
tion in the present context of multistable metasurfaces, leading
to localized control and dynamic inversion of stability states.
However, it is worth mentioning that other actuation methods
can also be implemented for localized stability state inversion,
and the main contribution of this work lies in proposing the
concept of sequential and algorithmically distributed state altera-
tion for achieving active curvature reconfigurability rather than
developing a new actuation strategy.
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A careful review of the literature concerning origami meta-
materials and metasurfaces reveals that despite extensive research
on the mechanical behavior, kinematics, and stability of indi-
vidual WB origami units, much of the existing literature remains
focused on unit-cell level characterization, their periodic
assembly, or quasi-1D arrangements with limited capability of
active and bidirectional curvature control [44,46,81-85]. Prior
investigations have primarily addressed analytical modeling,
stability conditions, and material implementations of single or
isolated units and their perfectly periodic tessellations, often
neglecting their assembly into spatially programmable arrays
capable of achieving continuous and discrete curvature modu-
lation [86-91]. The aspect of multistability in origami meta-
surfaces (i.e., an array of connected unit cells) that has the
potential to hold prescribed shapes and curvatures along the
motion path without continuous supply of power has not been
adequately investigated. Considering an array of m X n WB
units, with each of the unit possessing 2 stable states, there can
be 2™ stable configurations of the metasurface, leading to a
vast scope of curvature modulation along with their dynamic
and sequential control [92-94] for achieving robotic motion
[95]. The challenge of real-time actuation, especially in distrib-
uted and sequential stability state alteration, remains largely
unaddressed in the context of multistable origami structures.
In particular, the controlled transformation of global shape by
locally altering bistable states across an array of units, without
compromising rigidity or introducing structural complexity,
has not been sufficiently explored. This opens a critical research
opportunity in architecting programmable curvatures through
coordinated dynamic local state transitions that has the poten-
tial for direct multifaceted functionalities like metasurfaces and
gripper as well as robotic locomotion. The need for fast, con-
tactless, and reversible actuation schemes further motivates the
integration of magnetically responsive systems for activating
localized stability state changes of constituting origami units.
This study aims to address these gaps by proposing a novel
design and deployment methodology for programmable ori-
gami metasurfaces based on algorithmically distributed stabil-
ity state alteration, supported by a magnetic beam-based actuation
strategy for real-time curvature control.

Achieving prescribed 1D or 2D effective curvatures in stable
configuration (refer to the illustrative subfigures corresponding
to metasurfaces in Fig. 1E) from a flat domain, and their active
modulation through far-field intelligent control, is crucial for
a range of engineering applications such as active and recon-
figurable antennas, aerodynamically adaptive aerofoils, soft
robotics, energy-eflicient grippers, biomedical apparatus, and
programmable optical and acoustic devices. In this article, we
would exploit the bistable mechanics of WB origami units, their
strategic assembly, and far-field stimuli-driven spatially sequen-
tial alteration of local stability states to develop a new class of
active metasurfaces. A comprehensive overview of the current
study concerning the constituting bistable WB units and their
assemblies leading to actively controllable curvatures is illus-
trated in Fig. 1. The present paper is organized as follows. In
the “Analytical modeling of elementary origami kinematics”
section, we present the theoretical models of bistability based
on 2 approaches: spherical trigonometry and bifurcation the-
ory, beginning with a generalized N-fold WB configuration.
Subsequently, we focus on the 8-crease WB as a specific exam-
ple of the N-fold structure and examine an alternative geom-
etry, the 6-crease WB (equivalent to a Yoshimura unit cell
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[43,96,97]; note that it is not achievable by N = 6 in a rotation-
ally symmetric WB configuration as discussed in the following
sentences), as a starting point for further discussions. WB con-
figurations are broadly categorized into 2 types based on the
sector angles. Configurations with equal sector angles between
adjacent creases are termed rotationally symmetric configura-
tions. In Fig. 1A and B, the WB configuration has a sector angle
of a between each crease. On the other hand, configurations
with different sector angles are termed rotationally asymmetric
WB configurations. For instance, Fig. 1C exemplifies a 6-crease
WB with 2 sector angles, a; and @,. In the “Conceptual assembly
for metasurface” section, we explore the functional assembly
and fabrication aspect of WB-based structures through digital
design and physical modeling. Numerical and experimental
demonstration of active origami metasurfaces is discussed there-
after, beginning with the evaluation of performance parameters
at the unit WB cell level. Following this, experimental tests are
presented and validated against numerical and theoretical mod-
els for various fabricated WB units and their assembled arrays.
Finally, the feasibility of magnetic actuation is demonstrated by
incorporating magnets in the WB structures. Considering a
range of strategic assemblies, we demonstrate the curvature
modulation in 1D and 2D arrays of WB units, leading to func-
tionalities like reconfigurable metasurfaces, gripper functions
and robotic locomotion. For appropriate contextualization of
the presented work, conclusions and engineering perspectives
are summarized at the end of this paper.

Results and Discussion

Analytical modeling of elementary

origami kinematics
In this section, we have briefly presented the theoretical analysis
at the level of single-vertex origami unit, before extending it
onto the global tessellated surface level, which is physically
tested and discussed in the later sections. This section is catego-
rized into 2 parts, where first the WB units with rotationally
symmetric geometry (equal sector angle of a) are discussed
based on kinematic and energy-based methods. Afterwards,
one instance of the WB units with different sector angles (i.e.,
6-crease WB) is presented. Figure 1A to C show the schematics
of the respective category of WBs with rotationally symmetric
and nonsymmetric configurations. The standard sign conven-
tion of fold angles and dihedral angles is maintained through-
out the study [98]. For instance, the fold angle (¢), which is the
relative rotation between the 2 facets, is taken positive (or nega-
tive) for valley (or mountain) folds, whereas the dihedral angle
(w) is 7 radian less the fold angle between the positive sides of
the 2 facets. In both cases, the system is taken as one degree of
freedom (dof). For instance, the angle (6) between the negative
Z-axis and the valley fold is assigned as the only input variable
to control the motion responses of the system (refer to Fig. 1A
to C). A few assumptions are maintained throughout the study,
which can be summarized as follows: (a) The facets (faces) are
taken as rigid (nonexistence of stretching or bending deforma-
tion) and they do not intersect with each other. (b) A single
WB unit consists of one single developable vertex (the sum of
all the sector angles, meeting at the central vertex is 2x), i.e.,
Y a; = 2x. (c) The WB remains intact throughout the motion,
with initially connected facets staying joined.

WaBs with rotationally symmetric geometry. To keep the discussion
general, an N-fold WB unit (N = {keN|k>6 and k is even})
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with N, =N /2 mountain creases and Ny, = N /2 valley
creases is considered. Note that the mountain and valley creases
alternate in the configuration. Considering Fig. 1A, the same
category of crease (mountain or valley) retains exactly the same
fold angles in all possible configurations of the origami unit
throughout its motion, which can be written as follows:

VM, S Wa, = 0 =V, TV (1A)

o =¥, = o =W, =¥y (1B)
The sector angle can be given asa = 27 / (N, + N ) for all the
crease folds. The stability analysis of such WB units can be done
using the potential energy function of the whole unit, which
can be given as follows:

UO) =Ny Skau (W s @ =t [+8 [5ko (wr@-wh)'] - @)

where k  ; and ky, can be termed the torsional spring-equivalent
crease stiffnesses for the mountain and valleys folds, respec-
tively. Here, the dihedral angles y 4 and y), following the
spherical kinematic based analysis of Hanna et al. [37], can be
summarized as follows:

Wp(0<O<m—a)=2r—cos'(1—2sin’0) (3A)

B . [ cos™! (1—2sin*@sin’a)
v, (0<0<m/2)=27w—2cos™" |cotatan

2

[ cos™! (1—2sin’*@sin’a)
—2cos™! | cotOtan B

' (3B)

_ L

wy(r/2<0 <7 —a)=2cos™" S asm220 >
sin(cos~! (1-2sin’*@sin’a) )

[ cos! (1—25in295in2a)
—2cos™! | cotatan 3

' (3C)

Note that each 0 corresponds to a different folded con-
figuration of the WB unit. It can be seen that the mountain
angle, v, is independent of the number of crease, N. The
wﬁ/1 = Wi/t (90) and w@ = w% (90) are the corresponding rest
dihedral angles of initial stress-free configuration. Equation (3)
highlights the dimension-independent nature of WB fold
angles, although the potential energy in Eq. (2) does depend
on the dimension of the specimen, such as the height of the
vertex and the fold dimensions. As in the present study, we
mostly consider the testing of 8-crease WB (WB-N: N = 8)
(refer to Fig. 1B)-based origami surfaces; the dihedral angles
corresponding to its valleys can be calculated from Egs. (3B)
and (3C) by substituting N = 8 into it; however, the same cor-
responding to the 4 mountains will be the same as Eq. (3A).
Besides the approach discussed so far, a robust kinematic model
considering the bifurcation (BF) motions for the 8-crease
(square) WB can be established [42], where the total potential
energy [U(8)] of the system is given as the combination of 2
potential energies corresponding to 2 distinct bifurcation states.
This can be written as follows:
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Table 1. Dihedral angles (4, y,) of WB8 concerning bifurcation

Ynm Yy

cose(sine-n/i)]

sind—1/2c0s20

Bifurcation motion - | 20 2z — 2cot™! [

Bifurcation motion- Il 2(zx—0) 2cot™ [M]
sing+1/2c0s29

U(0) =min|Ug, (0), Upp,(0)]  VOE[O 7] (4)
Here, Ugp, and Ugg, are the potential energy functions corre-
sponding to first and second bifurcation motions, respectively.
The closed-form expressions of Uy, and Uyp, are the same as
Eq. (2); however, the dihedral angles (yy4, ;) corresponding
to each bifurcation state are different from the earlier kinematic
model. The closed form expressions of dihedral angles for both
BFs are summarized in Table 1. According to Eq. (4), for each
value of 6, the WB (WB8) will select the configuration with
the minimum potential energy, among 2 possible bifur-
cated configurations. In the present study, for obtaining
adequate confidence, both the aforementioned models are
utilized to calculate the inverting forces and the comparison
study with the experiments is given in the “Numerical and
experimental demonstration of active origami metasurfaces”
section.

WBs without rotationally symmetric geometry. Here, the WBs
with 2 different sector angles (a; and a,) are presented. A
6-crease WB can be exemplified in this category (refer to Fig.
1C). It is important to note that the term of 6-crease unit here
is different from that of the 6-crease model (WB-N: N = 6),
which can be derived from an earlier symmetric N-fold WB
unit (refer to the discussion on WBs with rotationally sym-
metric geometry). As this kind of nonrotationally symmetric
6-crease WB unit (WB6) is not included in the general set of
symmetric WB-N, the theoretical models for such unit are
highlighted in this section.

Based on the current WB without rotational symmetric
geometry, N, = 4and Ny, = 2, whereas the 2 sector angles can
be written as «; = 7 /N, and @, = 7 / Ny, A 3D coordinate
geometric approach is used to derive the dihedral angles of the
creases in WB6 here. The derivation is given in Section S1 (refer
to the Supplementary Materials) and the final explicit expres-
sions for the angles are summarized here

vy (0<0<7/2)= m+cos!(2sin@—1) (5A)

U/M<7r/250f<7r>=0 (5B)

1—3sinf

0<O<r/2)= —1(
wy0s 7/2)=cos 1+siné

) 0
y/v<7r/2<9f§7f):2<77_9f> (5D)

It is important to note that the expressions here are derived
based on 2 possible stable configurations shown in Fig. 1C, b

Mondal et al. 2026 | https://doi.org/10.34133/research.1287

Table 2. Dihedral angles (1> ¥ ,) of WBE concerning bifurcation

Y m ¥y

Bifurcation T
motion - |

. . -~ _1[ 3cos26;-1
o))

and c. Also, note that it may seem that the shapes of the 2 stable
states shown in Fig. 1C are preassumed and that the derivations
are carried out based on them. However, this is not the case.
The existence of these stable shapes can be conceived from the
perspective of a bifurcation generally occur at the fully unfolded
state (0f = 6 = x /2) during its folding motion. The 2 stable
shapes lie on distinct bifurcated motion paths, each corre-
sponding to a local potential energy minimum of the associated
path. This bifurcation perspective is discussed in the following
paragraph and thus offers an advantage of this approach com-
pared to conventional geometry-based kinematic analysis. The
angle 6 varies until it reaches the unstable flat configuration
(0 = & / 2); afterwards, its value becomes constant at z /2 for
all the configurations beyond this unstable position. Now, to
get the dihedral angles for all the configurations beyond this
position, another input angle, 6, needs to be used as the dof,
which can be defined as the angle between the larger triangular
facet (without valley) and the negative Z-axis. Note that the
angle 6, could have been used in the formulation for below this
position as well instead of using 6; however, the 6 is used here
for the sake of simplicity in the formulation. It is needed to be
clarified here that this WB is also a single dof and either 6 or
6y can be used as its dof. The expression of total potential
energy, U (0 \Y% 0f> based on this model, will be similar to that
of Eq. (2).

A bifurcation-based kinematic model [42] for the present
6-crease WB is presented here, wherein the potential energy
can be stated as the minimization of potential between 2 pos-
sible bifurcated motions (configurations).

U(0v6f> =min[UBF1<0v0f), UBF2<0v0f)] V6, €[0
(6)

The dihedral angles (y 4, yy) corresponding to 2 bifurcation
motions are summarized in Table 2.

Remarks on crease stiffness and inverting force: To simulate
the folding of creases, we use a torsional spring concept repli-
cating hinge joints. This concept of folding is similar to a
method called a small-length flexural pivot [99]. Here, the
crease regions are considered as an individual flexible (contrary
to rigid assumption for facets) compliant structure that achieves
movement or flexibility through the bending (flexure) of its
material. Following this concept, the equivalent stiffness of the
creases (k,, and ky,) can be given as EI/L_, where EI is the
flexural stiffness and L. is the length of the crease between 2
facets, joining at this crease. However, the crease stiffnesses in
actual physical models largely depend on its actual geometry
and material properties.
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In the present study, the force required to invert the origami
structure from one of its stable states (M;) to another state
(M,) is measured by examining the potential energy stored in
the system, U(), as the WB’s vertex is brought to its current
stable position [defined as z = (L/2)cos#)] under the influ-
ence of an externally applied force, F, directed along the Z-axis.
Consequently, the force F(6) can be expressed as follows:

au@  du@de 2 duU@®) 7

dz d0 dz Lsin@ do )
where L is the side length of the WB (WB8 and WB6) (consid-
ered square-shaped in the current analysis). As the force (F) is
a function of 6, it will be seen that it reaches maximum at the
bifurcation point (f = z /2) where inversion from M, to M,
occurs through snapping. Therefore, the value of this critical
inversion force can be calculated as F( =z /2). This value is
crucial to know as it directly gives an idea of how much mini-
mum force needs to be generated by the present external mag-
netic system (discussed later) to get contactless actuation for
present origami units.

Remarks on rest fold angles (y/ljw 1//%) for the WB: Here, we
have presented a brief understanding concerning how the rest
angles (which are normally taken as a known quantity, often
measured based on the behavior of the physical sample) for the
mountain and valley creases can be conceptualized qualitatively
through analytical means. In real settings, if we are considering
making creases from sheets or papers or films (which are gener-
ally used in the origami art), the sheet is folded along the crease
line as per the design. In fact, Feng et al. [100] have beautifully
highlighted 2 specific folding methods by means of compres-
sion and pure bending to form a crease on the plain sheet.
Among these 2 methods, the compression-based forming pro-
cess is common and widely adopted in the origami art. In this
method, the sheet is first compressed between 2 rigid plates to
the extent where the distance between 2 plates becomes close
to double the thickness of the sheet and then the plates are
released. After the release, residual plastic deformation at the
crease location is retained, which forms the crease and keeps
it sustained at a particular natural crease angle, which can be
called rest angle in the present context. Such extremely local-
ized plastic deformation in the crease line is realized in the
second forming method as well. The extent of localized plastic
deformation of the sheet material eventually decides the rest
angle as well as the rotational stiffness of the crease. Furthermore,
the flattening of this newly formed crease by some external influ-
ences (such as loading, weight, etc.) can make the crease sus-
tained at a new rest angle, which essentially make rest angles
folding history dependent [101]. However, for the sake of ana-
lyzing origami-inspired mechanical structures, we generally
idealize the creases as individual torsional springs (with some
nonzero rotational stiffnesses). Such an assumption can be made
practical in origami behavior by designing the creases as hinge
joints with added torsional springs within it. As torsional springs
typically come with a specific free leg position (the angular ori-
entation of the spring’s legs when it is in an unloaded state), set
during the manufacturing process, the rest angle depends on
this [102]. However, the effect of external influences (such as
spring material fatigue or weight of the structure) on changing
the initial rest angle cannot be overlooked in this case as well,
for a more accurate analysis spanning across the service life.

Although the natural rest angles cannot be obtained directly
due to their dependence on various parameters, such as those

F(O) =~
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related to plastic deformation and manufacturing conditions,
the effect of external parameters (e.g., the structure’s mass) on
the preassumed rest angles (wﬁ/1 and 1//1;) of the origami struc-
ture can be addressed analytically. Such analytical models can
be used for qualitative understanding and can be adopted with
appropriate parameters tuning for more quantitative charac-
terization. As both the rest angles are the function of the 0r1—
entation angle 6, we are introducing another parameter 9
which defines the initial natural rest value of # in massless WB
unit. The angle 6 refers to the initial rest configuration right
after release from plastic deformation in massless sheet-based
origami, or the configuration of origami-inspired mechanical
structure with torsional springs at their free leg positions. After
the inclusion of mass effect, this initial rest angle will be satu-
rated at another value (let us define it as o/ »)> Which needs to be
determined. To determine the same, the energy minimization
with added gravitational potential energy term is utilized. For
that, the location of mass center Cy; (refer to Fig. S2A and B)
of the whole WB unit needs to be obtained as

Zf‘il m;x;

N 8)
2,‘:1 m;

Here, m; denotes the mass of the individual facet. R and r denote

the center of mass of the WB unit and its individual facet,

respectively. N is the number of creases present in the unit,

which is 8 for WB8 and 6 for WB6. As uniform and same mass

(mf) for each facet is considered (i.e., m; = mf), Eq. (8) can be

further simplified as follows:

R=2 Y ©)

The mass center r; for the individual facet can be calculated
from the coordinates of the triangular facet (refer to Fig. S2C)
as follows:

R=

3 3 3
1 i i i
= ;(Zx;z+ i+ Zz}k) (10)
j=1 j=1 j=1

Considering the coordinate system shown in Fig. S2, (x! 1 yi zi)
will be (0 0 0). The exact expressions for (x’ x) y2 2)and( xy y; z;)

are provided in Section S2. The final closed-form expression of
R for WB8 (refer to Fig. S2A) can be obtained as

\/— cost (sinG B ﬁ) Lcost |

2
R=—| Y= Lcos| Z +atan + k=—
6 2

h—heon )k
\/Ecoszé? +sinf 6 ( om)

(11)

The same for the WB6 unit (refer to Fig. S2B) can be derived
as follows:

2L cos @ 2L cos @ .
R=- f+ ! _[k=-
? 9<c0529f+1>

By calculating - from the above expressions of R, the gravi-
tational potential energy stored in the unit at a given folded
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configuration # (as shown in Fig. S2A and B) can be given
as U, = Nmgghcoyy, where g is the acceleration of gravity.
Therefore, the total potential energy of the system will now be
Ui=U+U, [as defined in Eq. (2)], which is then minimized
numerically to determine the stable configurations. Among 2
stable points, the first one is taken as the new rest configuration,
associated with the rest angle Hg, which can be termed the final
rest angle.

In this context, if the magnetic setup is attached at the cen-
tral vertex of the unit (as discussed in the “far-field magneto-
active control of metasurface shape and curvature” paragraph
below), the mass of the tip magnet will also influence the rest
configuration. This can be taken into consideration by its asso-
ciated potential energy as U, = Mppaggh, where my, is the
total mass of the magnet setup. It is above the flat configuration
by h = 0.5Lcosé. Thereafter, by a similar way of energy mini-
mization of the new total energy U, = U + U, + Uy, We can
get rest configurations.

Remarks on the effect of surrounding WB units: As in the
present paper, the WB units are extended to an equivalent
surface level through geometric assembling and the bistable
nature of individual units are exploited later to achieve effec-
tive curvature at the global level; the effect of neighboring
WB units on the bistable behavior of an individual unit is
discussed here. Let us consider one quasi-1D array of n num-
ber of identical WBs (WB8), attached along the edge (refer
to Fig. 2C and F, where crease connection between 2 WB8
units are illustrated). Here, the configuration of individual
units can be of either M, state or M, state. The overall poten-
tial energy (U,) of such WB assembly can be given mathemati-
cally as follows:

n n—1
U= Y U+ ) U
j=1 j=1
n n—1 1
=) U+ [—kf* J — f“] 138
Z ]Zf > (v —yi*h) (13B)

(13A)

Here, j is the index notation to denote the jth edge joint
(crease connection) between jth and (j+1)th WB units. U/
denotes the elastic potential energy of the jth unit [refer to
Eq. (4)]. Now, the extra potential energy, resulted due to unit
assembling, can be quantified mathematically by the term U/*.
Following a similar analogy concerning the above expression
for 1D arrays, the corresponding expression for 2D metasur-
face will include a multiplication factor on the second term
(associated with U7*), since in a 2D assembly of arrays, each
unit is typically surrounded by more than one unit. Similar
to the normal creases (mountain and valley) of each unit, the
interunit creases can also be analyzed by treating these as tor-
sional springs with an equivalent spring stiffness k/*. Here, the
v/ and y/*! denote the dihedral angles of the jth and (j+1)th
WB, respectively, at their jth crease joint. The generation of
K/* of the interunit torsional spring can be associated with the
possible dihedral angle mismatch, resulted at the interunit con-
nection of the array. The effective magnitude of k/* is related
to many factors such as the assembled origami fabrication
schemes and the material used. In the ideal scenario, a per-
fectly ideal rigid interunit crease connection can be described
mathematically as K* > o0 [103].
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Now, coming to the aforementioned dihedral angle mis-
match, the compatibility condition states that during an entire
rigid-folding process, the angles associated to the interunit
crease should be identical, i.e., y/ = y/*], as all facets in the
assembly are considered as fully rigid, and all creases act per-
fectly as hinges [46,104]. This theoretically makes U/* = 0, at
each crease joint. As the inverting (reaction) force (F) can be
related to potential energy as F = — V U,, the critical inverting
force of the multiunit system during local and sequential stabil-
ity state alteration of the WB units can still be calculated based
on the total energy of the assembly during the motion stages.
Note that the total energy is dependent on the crease angle
deformation of all the creases forming the entire metasurface.
However, considering that the energy contribution from the
surrounding units are negligible, we only consider the energy
associated with a single WB unit for calculating the inversion
force without compromising working accuracy (confirmed
further by experimental investigation later in the paper).

Conceptual assembly for metasurface

Origami architecture with locally controllable bistability. A series
of geometric models is analyzed to investigate how multiple
WB units might be connected to form an array. The primary
objectives of modeling are to investigate the interactions
between adjacent WB units in such an array, to study the impact
of changing the bistable state of a WB on the global curvature
of the array, and to analyze the range of possible global curva-
tures the array can take on given the various input parameters
(fold angle) and the state of local stability corresponding to
each of the WB units. The procedure is outlined here for both
WB6 and WBS units, with a greater emphasis on WB8 due
to its functional advantages as discussed later in the paper.
Modeling is split into 3 key stages: the modeling of a single WB
module, the modeling of a 1D array, and the modeling of a 2D
array (refer to Fig. 1). Once the models are constructed, a cur-
vature analysis is performed for the 1D and 2D array models
(referred to here as metasurfaces).

The details of computer-aided design (CAD) models for WB
units and their assembly are provided in Section S4. The method
used to connect multiple WB8 units in a 1D array is to connect
adjacent WB units at the edges and to introduce a rigid con-
nection between the facets of adjacent WB units such that the
facets remain parallel. In case of a 1D array of the WB6 units,
the long edge of the larger facet is connected to the same edge
on the adjacent WB. A rigid connection is again introduced
between these facets such that they remained parallel. This even-
tually satisfies the required kinematic compatibility condition
between neighboring WB units [46]. The basis for attaching
multiple WB units requires that each individual WB remains
as a quasi-rigid structure in its stable state. This means that all
possible deformation modes of a single WB has to be repre-
sented by separate configurations of the assembly. This meth-
odology allows the WB assembly to assume multiple different
shapes, while at any time the assembly itself remains fixed in
that state. This makes connection between adjacent WBs easy
for a geometric model to calculate, as each WB shape is pre-
defined due to bistability. For the WB8 unit, the deformation
modes that are present in the 1D array occur due to the differ-
ence in the rest angle between the 2 bistable states. For imple-
mentation into a 1D array, there are 8 relevant deformation
modes to consider (refer to Fig. S7B). The deformation modes in
Fig. S7B, a to d, represent WB8-M, and the deformation modes
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K Crawling locomotion of gripper type metasurface: Conceptual illustration

(K-i) The strip of metasurface: single directional locomotion
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—> Magnetization

(K-ii) Four-armed gripper type metasurface: multidirectional locomotion

X-directional locomotion Y-directional locomotion

® Magnetic actuation centers =— Contact points (high friction)

Fig. 2. Strategic primary and secondary assembly of multiple waterbomb units for metasurfaces with multifaceted functionality. (A to F) Assembly of 2 waterbomb units
(WB8) with different stability states. The first case considers 2 waterbomb modules, i.e., (A) jth and (B) (j+1)th WB, at their M, states. The second case considers 2 waterbomb
modules i.e., (D) jth and (E) (j+1)th WB, at their M; and M, state, respectively. In both cases, 2 WB units are assembled at their jth joint (C and F). Here, the jth joint (crease
connection) is considered to be rigid (thus, not an origami folding joint), which mathematically can be equivalent to a torsional spring with infinite spring stiffness. All the
facets are assumed to be ideally rigid throughout the folding process. Such rigid-folding assumption and kinematic compatibility condition enforce the equality of the dihedral
angles, y; and y;,; of jth and (j+1)th WB at their jth crease joint. The WB8 units can be assembled into metasurfaces to achieve various curvatures. (G) 1D array of units.
(H) Various curvatures through primary metasurface assembly. (I) Various curvatures through secondary metasurface assembly. (J) Conceptual illustration of locomotion of
a generic metasurface (formed using 1D or 2D array of multiple waterbomb units) exploiting frictional anisotropy and sequential periodic alteration of stability states locally.
(K) Conceptual illustration of magnetically controlled single and multidirectional locomotion of a gripper-type architecture.

in Fig. S7B, e to h, represent WB8-M,. The concept of an inter- M, will influence both geometries, which will result in y,, fall-
polation angle y . has been introduced here. Facets that fall ~ ing somewhere between the rest angle for M; and M,. The
on the boundary where a WB in M, is connected to a WB in interpolation angle was chosen as the midpoint of the 2 rest
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angles for the remainder of this study based on experimental
observation. However, if more accurate curvature analysis is
required, further modeling and analysis would need to be car-
ried out to determine the actual interpolation angle that could
then be incorporated. For the WB6 WB, the only 2 deformation
modes that can be present in the 1D array are the M, and M,

configurations with y, set to wf,wl and 1//{,\/12, respectively.

The overall curvature of the assembly is obtained based on
the stability states of individual constituting WB units that can
be controlled independently. The connection method and the
locally controllable switching between the deformation modes,
discussed so far, is applied to a 1 X 16 WB8 unit array. This
method allows the WB units to invert selectively and fully
defines the curvature of the entire array. Two key factors influ-
ence the global curvature of the array: the inversion state of
each WB (M, and M,) and the rest angle (y,) in each state. By
independently varying these variables, the effect of each WB
unit on the global curvature of the array is observed. Initially,
the rest angles from the numerical formulation (refer to the
“Analytical modeling of elementary origami kinematics” sec-
tion), based on the geometric dimensions of CAD models, are

used (wf,w‘ =120°, 1//{,\42 = 132°). Figure S7C shows a range of
representative global curvatures achieved by using different
combinations of inversion states with these rest angles. The
model demonstrates that through different inversion patterns

(A=U(i)j)_”)k){M1.1,]\/Ij2, ,Mi"},where i iy ke(l2)),

the array can achieve a range of different geometries. Because
of the rest angles used, the WB in the M, state can result in an
abrupt change in curvature. The different geometries (2N num-
ber of possible geometries, where N is the total number of WB
units) that the structure can take is limited in order to prevent
self-intersection. In reality, it is possible to achieve a wider
range of rest angles by changing the stiffness of the creases and
the weight of the facets and by prestressing the structure in
either stable state. Figure S7D exemplifies another case of how,

by altering the rest angles (x,uf,w1 = 160°, wf,wz = 110°), more
subtle curvatures in the structure are achieved. In a similar way,
Fig. S7E presents the possible arrays based on WB6 units with

nonzero wf,wl and q/f,wz. An assembly model is produced for the
WB8 2D array as well, using the same connection method as
proposed for the 1D array model. Figure S7F shows this WB8
array model with the key inversion combinations demon-
strated. A WB6 model is not constructed for 2D arrays, as
attaching the WB units along the edge of the shorter facet pre-
vents the adjacent units from inverting.

In the above discussion, we have presented a few cases dem-
onstrating the possibilities of achieving 1D and 2D curvatures
(unidirectional and bidirectional) along with targeted discon-
tinuous shapes. Notably, the scope of such curvature attainment
increases significantly as the number of constituting WB units
increases. The shape of the 1D or 2D domain, representing an
effective surface, can be actively modulated to possess multiple
globally stable shapes, by altering the stability states of indi-
vidual WB units locally. In addition, it is possible to achieve a
secondary-level assembly of multiple 1D WB arrays to form
grids with single and multiple joints creating a vast domain of
possible stable states (refer to Figs. 1E, e and f, and 2I and Fig.
S7H, f). Thus, we essentially propose 2 different schemes of 2D
active metasurface: (a) Primary metasurface assembly: 2D sur-
face curvatures are obtained based on a continuous array of
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WB units that can be locally controlled to possess different
individual stability states, (b) Secondary metasurface assembly:
2D curvatures can also be obtained by a secondary grid-like
assembly of 2 or multiple 1D WB assemblies. Each of the WB
units can be independently controlled to possess different local
stability states. It is possible to attach 2 1D arrays in a single
joint using WB8 (Fig. S7H, f), while a greater number of 1D
arrays can be connected in WB units with more symmetric
creases.

Physical realization of the metasurface models. Physical pro-
totypes of the metasurfaces are investigated first using origami-
grade paper models [101], followed by structural polymers. In
the experimental quantification using paper models, the vari-
ables are taken as the thicknesses of the paper (120, 160, and
300 grams per square meter [GSM]), the number of creases
(WB6 and WBS), the number of WB units in the surface to be
investigated, and the method used to attach the individual WB
units into arrays. Various thicknesses of single WB units are
combined into several arrays by using cellophane tape. The
other method used is folding a single sheet of paper into an
array of constituent WB units. As in the initial modeling
and theoretical analysis, a force is applied to the center vertex
of one WB unit locally for the inversion to occur; a similar
approach is also followed in the experimental investigation.
Depending on the inversion state of the WB units locally, a
global curvature would appear in the metasurface.

For the WB8 paper model, the mountain creases remain as
mountain creases even after a force is applied to invert the WB
unit to the other stable state, and the valley creases remain as
valley creases as well. The only change in the structure during
the inversion is that the angles (y,,,and yr,) between the creases
and the origin would change. The total increment or decrement
of the rest angles depends on the internal energy stored in the
paper. Therefore, the greater the internal energy, the greater the
inversion and the higher the angle of inversion. The WB6 struc-
ture also demonstrates a bistable behavior; however, applying
a force at the tip does not cause inversion between visually
similar-type states like WB8. Such varying phenomena can be
understood based on a shift in the bifurcation path driven by
the minimization of stored energy (refer to the discussion on
the “Origami unit-level performance analysis” paragraph). The
single unit model samples with different paper densities are
shown in Fig. S7G, wherein a difference in the rest angles can
be noted. Further, there is a significant difference in their
inversion force due to the difference in energy barrier. The
configurations with multiple WB units are shown in Fig. S7H,
a to e, with single and double curvature. Interestingly, 2 1D
assemblies can be connected in mutually perpendicular con-
figurations with a common WB unit at the joint, leading to a
gripper structure (Fig. S7H, f). Such WB-based grippers are
able to capture objects of irregular shapes due to the locally
controllable (conformal to the irregular object shape) bistabil-
ity in the arms and achieve higher gripping force due to the
bistable joint.

In the context of WB assemblies, one key difference of WB6
and WB8 units under consideration is in terms of the 1D and
2D metasurface construction. Because of the inconvenience in
multidirectional control of WB6 units, an array of WB6 units
cannot change its global shape in more than one direction due
to the lower number of valley creases in a single unit. It can
only bend in one direction when inverting (refer to Fig. 1C).
Thus, WB6 under consideration is normally deemed suitable
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for 1D assemblies, whereas WBS is suitable for both 1D and
2D assemblies. For this reason, we have focused more on WB8
assemblies in the current investigation.

After performing the computational analysis and paper-
based modeling, a more in-depth investigation is carried out
using engineering-grade materials, especially for accounting
the rigidity of the facets. For that, polylactic acid (PLA) is
chosen as it allows for quick and repetitive prototyping [105].
Note that PLA is not good as a crease material; however, it can
be ideal for the facet design. The experimental investigation
is performed on the level of both single unit and 1D array. For
manufacturing of all the PLA facets, fused deposition model-
ing (FDM) is used through a Creality CR10-Smart machine
with a 300 X 300 mm bed size. Further, Mylar-based origami
models and their testing, to demonstrate polymer origami
configurations without additive manufacturing, are accom-
plished to evaluate the effectiveness in applications like origami-
inspired robotic gripper, with a proof of concept analyzed
subsequently. For recording the force and displacement curves
corresponding to bistability of single WB units and their
assembly, an INSTRON 5569 electromechanical test machine
(Instron Corp., MA, USA) is used [106] with 500 and 100 N
load cells.

The response of a single unit is important for the comparison
of theoretical data and finding the required inversion force. To
accommodate this, the first step that needed investigation is
the way to attach the facets of a single unit. A range of different
crease materials are chosen and tested. The initially selected
tapes (as crease material) are masking tape, duct tape, kinesiol-
ogy tape, and high-temperature polyester tape. To understand
the different properties of the tapes (with a constant width of
25 mm), initial tensile testing is completed, which involved
cutting sections of the tapes and then applying an increased
tensile force until the tape fails (refer to Table S3). From the
recorded data, the Young’s modulus could be calculated, along
with understanding how the tapes would react under a certain
force. This information is utilized in the theoretical analysis.
After this analysis, the high-temperature polyester tape was
disregarded as its adhesive property was not as strong as ini-
tially thought. Besides tapes, it is demonstrated that paper-like
material (300 GSM) can also be used as another crease com-
ponent. However, the integration of the paper-like material
within the PLA facet is done through 3D printing-based special
facet designing techniques. The first technique involves creating
a notch (C section) within the edge of the PLA facet, allowing
the material (paper) to be inserted within and fixed with glue.
The thickness of these facets is increased to 2.0 mm to allow
the facets to be printed. The second technique involves using
a Stop-Start (SS) printing technique. This entails designing and
editing the center layer of the model to accommodate the crease
material. The crease material can then be inserted within the
samples by stopping the machine at the correct point and then
continuing the print. The layers that accommodate the crease
material have volumes continuing through it, stopping the
material from slipping out of the facet. Both the fabrication
techniques are depicted with the help of arbitrary triangular
facets in Fig. S4 and shown in the context of the present WB8
unit in Movie S5. Such techniques allow for more flexibility
when selecting the crease material. The testing results of single
units and assembled metasurface models based on chosen
crease materials are discussed in the “Origami metasurface level
active programmability” paragraph.
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Numerical and experimental demonstration of active

origami metasurfaces

Origami unit-level performance analysis. Here, we first discuss
the theoretical analysis-based results (refer to the “Analytical
modeling of elementary origami kinematics” section) at the
unit WB level, taking a general N-fold WB as the starting point.
The WBs are taken as rotationally symmetric and bistable in
nature. The tunability of the bistable behavior is explored here
by exploiting its various primary geometric parameters, par-
ticularly the number of creases, crease stiffnesses, and initial
rest angle. Figure 3A depicts WB units with number of total
creases varying from 6 to 20. In each case, the dimension is
kept the same (for instance, the side length, r, and the number
of mountain and valley creases, i.e., Ny, = Ny,). The apparent
stable configurations corresponding to M, as well as M, are
shown for each unit here (refer to Fig. 3A, ato fand g to ). The
stable configuration can be evaluated based on the analysis of
its stored potential energy due to the folding of WB units. Here,
the amount of folding and motion behavior are quantified
based on one single parameter (dof), which is 6. Figure 3C
shows the changes in the dihedral angles corresponding to the
mountain and valley folds with the change of 8. It can be
observed that with the increase of crease numbers, an increase
in the valley folds is realized within 0° < 6 < 90°, whereas the
same trend gets inverted in the range 90° < 6 < 180° Formation
of any dihedral angle is not feasible in the range of 180° < 6 < 360°
because of the facet intersection. Now, regarding the mountain
angle, the independence with 6 is observed throughout its
entire range. All the WB units hold the same mountain fold
angle, validating Eq. (3A). Another interesting point to note
here is that all the WB units hold the same (zero) valley fold
angle at 6 = 0° however, WB units permit different maximum
values of # at which the valley fold angle becomes 180°. For
instance, the 6-crease WB permits a maximum range of 6 up
to 120°, whereas the unit structure with 10 creases provides
0 = 144°, where its valley fold angle becomes 180°. The reason
for the existence of such a maximum limit of § can be attributed
to the same facet intersection at this region of 6. Figure 3C also
validates the fact that fold angles become zero at the flat planar
configuration (i.e., § = 90°) of the WBs.

According to Eq. (2), Fig. 3E plots the stored potential
energy of different configurations from 6 = 0° to 6 = 180° of
the WBs with crease number ranging from 6 to 40. Note that,
here, as the initial rest angle is taken at @ = 60° for all the mass-
less WBs, the first stable state is found to be at 60°. However,
there will be a shift of initial rest angle position and the first
stable position if masses are taken into consideration, which
we will discuss in a later section. With the increase of crease
numbers, 3 important observations are noticed in Fig. 3E.
Firstly, a consistent increase of potential energy with the num-
ber of creases is found throughout the M region (0° < € < 90°);
however, in the M, region (90° < 6 < 180°), especially after
the second minima, this trend gets inverted. For instance, after
0 = 115.5° all the WB units show a decrease in potential energy
with increasing crease numbers. Secondly, the first stable con-
figuration for all the WB is found exactly at its initial assumed
rest angle (6, = 0, = 60°); however, in the case of second
stable configuration of WBs, 8, is found to be shifted toward
180°. The higher is the number of crease (N), the higher will
be the value of ,;, and the lower will be the potential energy
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Fig. 3. Stability insights of generic symmetric N-fold waterbomb units. (A) The stable configuration sets (M; and M,) of N-fold waterbomb with N = 6 to 20. (B) Contour plot of
the stable angle corresponding to M, as a function of crease stiffness ratio (k , / ky;) and number of similar creases (N, or Ny,). Note that, here, the initial rest (stable) angle
is set at 6, = 60° for all N-fold units. (C) Variation of mountain (blue-colored) and valley (red-yellow graded lines) fold angles as a function of given angle 6 for different
N-fold waterbombs. In the case of the mountain angle (¢,,). it is independent of the number of creases in the waterbombs. (D) Contour plot of the maximum inverting force
for My to M, configuration transformation as a function of crease stiffness ratio (k,,, / k;;) and number of similar creases (N, or Ny,). Here, the initial rest (stable) angle is set
at ey, = 45° for all N-fold units. (E) Variation of the potential energy [U(6)] as a function of given angle 6 for different N-fold waterbombs with the same initial rest angle of 45°.
(F) Contour plot of potential energy barrier (height of energy wall) between bistable configurations (M; and M,) as a function of crease stiffness ratio (k,, / k,;) and number
of similar creases (N, or Ny,) with an initial rest angle of 60° (G) Variation of required force, F(6) as a function of given angle  for different N-fold waterbombs with the same
initial rest angle of 60°. Note that in all the above figures, the red arrow (—) denotes an increase of waterbombs’ crease number.

corresponding to this stable position. In other words, increased  The variation characteristics of second stable angle 8, is dis-
creases reduces the asymmetric nature of bistability of the WB.  cussed in more detail in Fig. 3B. Thirdly, an increased number
For instance, the WB8 holds its second stable configuration  of creases offers increased height of the energy wall (barrier),
with a potential energy of 1.265 J at @ = 99°, whereas the WB40  required to overcome for transition from the first stable con-
holds the same with a potential energy of 0.432 Jat @ = 115.5°.  figuration to the second stable configuration. The energy wall
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can also be termed the potential energy barrier (Uy,,4ie,)> Which
will be found at & = 90°. This height of energy wall and its char-
acteristics are further explored in Fig. 3F by varying not only
the number of creases (N, = Ny, = N /2) but also the crease
stiffness value (k, = ky). The trend suggests that as the crease
number and stiffness increases, Uy, increases synergistically.
This can be attributed to the increased individual equivalent
spring energy and the number of spring, storing this energy.
Figure 3B highlights the shift of the second stable angle as a
result of change in the crease stiffness ratios and the crease
number of the WB. It is observed that at the higher crease
number, there is a decreased dependency of 6, with stiffness
ratio. On the other hand, when the stiffness ratio is low (<0.5),
the change in the 6, with respect to crease number is more
pronounced in the lower value range of N /2 and eventually its
value get saturated in higher value range of N /2. As the stiff-
ness ratio increases, such trend is maintained, but the width of
saturation zone increases.

Based on the potential energy characteristics discussed so
far, the nature of forces required to invert the bistable shapes
of WB can be drawn. Figure 3G shows the force-displacement
profiles for the WBs with crease number varying from 6 to 40.
Note here that the force (point load) is applied at the vertex of
each WB along the negative Z-axis and displacement is quanti-
fied using the parameter 6. However, in actual case, the dis-
placement (of vertex) is r cos, and the valley crease length, ,
is set at unity in the present case study. The force can also be
seen from another perspective, which is that here the force,
F(0), is the required force to keep the WB in the same configu-
ration 6. According to this, the force required to keep the WBs in

their stable configurations is zero, i.e., F <9 M, ) =F(0y, )=0.

As the first configurations for all order WB s setatf) = 6 = 60°
(refer to Fig. 3E), the required force is found to zero at this exact
location in Fig. 3G. The higher is the crease number, the higher
force is required for the transition between the 2 stable states.
At a certain critical point (8 =90°), a snap-through phe-
nomenon will occur under the application of a maximum force,
F, o Similar to Fig. 3E, in the M, region of Fig. 3G, WB6
will reach the second stable state quickly, and the higher crease
number is, the higher force is required for it to reach the sec-
ond state. For the maximum transition force, F,,, Fig. 3D
presents a critical investigation on the combined effect of
stiffness ratio and crease number. To enhance the applicabil-
ity of the analysis, the force is normalized as F,,, /ky and
stiffness ratio is normalized as (k / ky,). Both parameters offer
a direct combined proportionate relationship with F, ,,. While
we present a detailed discussion of the architecture of sym-
metric WB units in this section, for the present study, we choose
an 8-crease symmetric WB (N = 8) so that a decent amount
of influence of the stiffness ratio (refer to Fig. 3B) and of the
required force for the bistable transition can be maintained
(refer to Fig. 3G).

Figure 4 presents an in-depth investigation considering
8-crease WB (WB8) to analyze the effects of influencing param-
eters. Figure 4A to D highlight 4 cases with 4 different initial
rest angles (6, = 10°,40°,70°,and 100°), but with the same
dimension (r = L /2 = 1). Note that L is the side length of the
unfolded flat WB8 unit. The potential energy utilizing the
spherical kinematic model [36] and the bifurcation theory [42]
is plotted against its single dof (i.e., 8). It can be noted that out
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of 2 permissible bifurcation paths, the structure will tend to
follow the one with less energy path and the bifurcated point

is obtained exactly at @ = 90° in all 4 cases. The resultant final
path is predicted quite well by the spherical kinematic model.
However, the bifurcation theory is, in general, more accurate
in predicting the motion path based on its potential energy
profile than the spherical model. For instance, in the last 2 cases

with 6, = 70°and 8, = 100° (refer to Fig. 4C and D), the struc-

ture will tend to retrace and follow the bifurcation path II after
0 =116.4° and 0 = 129°, respectively. However, the spherical
kinematic model fails to predict these phenomena here. Figure
4A and B, a and b, show the 2 stable configurations for all the
4 cases and their corresponding stable angle (6, and 6,/),
calculated from the potential energy profiles in Fig. 4A and B,
c. Figure 4D, a to ¢, highlights one case where the initial stable
configuration (6, = 6, = 100°) is taken in the M, region and
shape transition happens from M, to M|, whereas in rest three,
a typical left to right direction (M, to M,) along the potential
energy profile is presented. Analysis on the third scenario
(0, = 60°) is further detailed in Fig. 4F and G. Figure 4E pres-
ents a contour plot highlighting the interplay between the
crease stiffness and the initial stable angle in determining the
second stable angle. The crease stiffness is given here as a stift-
ness ratio to capture the simultaneous variation of valley and
mountain stiffness in a 2D contour form. To show the numeri-
cal results, the valleys are considered to possess unit stiffness.

The initial stable angles (6;) near the flat configuration
(6 = 90°) consistently lead to a second stable configuration that
is also close to this flat configuration. As 6, moves further
away from the flat, unfolded configuration, 8, similarly devi-
ates more from it. On the other hand, a higher stiffness ratio
results in a higher value of 6, . However, 6, can only be
maximized up to 135° due to its self-contact folding boundary
condition [46], as shown by the empty region of the contour
plot, beyond which the geometry becomes unfeasible to
achieve. Figure 4F pinpoints a specific case of 8,; = 60° from
this contour plot, highlighting the potential energy profile at
all the points of this line. In other words, the variation of the
potential energy stored in all the permissible configurations
(0 £ 0 <135°) of the WB with crease stiffness ratio ranging
from 1 to 6 is plotted. It has been noted that the influence of
stiffness ratio is more pronounced up to the second stable
angle; afterwards, the relative influence has reduced substan-
tially. The second stable configuration shifts toward the flat
planar configuration as the stiffness ratio decreases, which also
validates the observation obtained in Fig. 4E. In essence, a
lower stiffness ratio results in weak bistability in the system.
Finally, based on this potential energy profile, the peak invert-
ing force is calculated and explored under the combined
influence of the WB’s overall dimension (side length, L) and
stiffness ratio (k  / ky) (refer to Fig. 4G). Such investigations
in terms of stiffness ratio and dimensions can particularly help
in the selection of materials compatible with the adopted
actuation mechanism (magnetic actuation is discussed later
in this paper).

Figure S8 presents a discussion on the rotationally asym-
metric 6-crease WB (under consideration in this paper) and
its bistability. Figure S8A to D show the bistable configurations,
evaluated based on the comparatively more accurate bifur-
cation theory. As mentioned during the discussion on WBs
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Fig. 4. Stability states of symmetric 8-crease waterbomb units. (A to D) The bistability of WBS, predicted by the spherical kinematic method (SKM) [81] and bifurcation
theory (BF) [42] is shown by plotting the potential energy ratio as a function of angle 6 for the 4 different initial rest angles (). The bistable configurations [i.e., (a) and (b)] of the
waterbomb corresponding to 6, and 8, are shown for all 4 cases. The 4 rest angles assumed here are as follows: (A) 6, = 10°, (B) 6, = 407, (C) 8, = 70°, and (D) 6, = 100°.
The last rest angle highlights the case of configuration transformation from M, to M,. (E) Contour plot of the stable angle corresponding to M, as a function of the first stable
angle (8,) and the crease stiffness ratio (k ., / k). Because of neglecting the effect of the mass factor of the waterbombs, the first stable angle can be calculated from the initial
assumed rest angle, 8. Note that the empty region of the contour plot highlights the infeasible geometry due to facet intersections. (F) Variation of the potential energy [U(6)]
as a function of given angle ¢ for different stiffness ratios of waterbombs (k,,, /k,, =1 --- 6) with the same initial rest angle of 60°. The arrow (—) highlights the increment
direction of the stiffness ratio. (G) Combined influence of the crease stiffness ratio and the dimension (side length, L) of the waterbomb square on its maximum inverting
force, Fax = F(0=7/2), required for the bistable state alteration.

without rotationally symmetric geometry, unlike WBS8, the ~ The initial rest angles in all 4 cases and angles corresponding

configuration of WB6 can be better described by the general-
ized coordinate 6, instead of only 6. This is because  becomes
fixed at 90° in the M, state, while 6 varies continuously and
uniquely with each configuration during the folding process of
the WB6 unit, regardless of whether it is in the M, or M, state.
M, and M, states offer 2 nonidentical stable configurations
where 0 becomes 90° in the M, state for almost all the cases.
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to their stable configurations are described by both the angles
(05, 0). The strength of bistabilitx[ decreases with the increase
of the initial stable (rest) angle 8, . Figure S8D shows the sce-
nario with the weakest stability among the 4 configurations.
Figure S8E shows the relationship of 2 dihedral angles of the
mountain (y ,,) and valley (yy), and the alternate position
angle (9) with the generalized coordinate angle 6. Following a
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parabolic increase in the M, state, a plateau stage of = 90° is
achieved throughout the M, state of the WB6. A similar obser-
vation is found in the case of y , ; as well, where a plateau stage
of 180° is achieved. It is also evident from the second stable
configurations of the WB6 in Fig. S8A to D, b, where the fold
angles in all 4 mountains become zero. Now, regarding the
valleys’ dihedral angle, a continuous variation throughout the
state (in M, and M, both) is obtained except at 6 = 90°, where
a sharp jump in its value is noticed. Figure S8F and G highlight
the potential energy and the inverting force profile for the WB
with 0}) = 60 (refer to Fig. S8D), for different stiffness ratios and

the side lengths. A similar trend is observed as Fig. 4F and G.
It is important to note that the Uy, and F,,, of WB6 are
seemingly higher than those of WB8. However, it is not strictly
true as these 2 parameters are plotted within the generalized
coordinate, 6, not in 6. If a true comparison is carried out for
the WB in 6 coordinate only, WB8 (with 8 creases) is expected
to have a higher energy barrier between the stable states and
require a higher inverting force compared to WB6 (with 6
creases). For instance, in the case of the initial rest angle
0 = 36.869 in both the WB, the Uy, ie; in WB8 is found to be
69.89% higher than that in WB6. This is a result of the increased
number of creases and the resultant geometry of the second
state of the WB8 being more stable compared to the WB6.

So far, the effect of facet mass has not been accounted for in
the presented numerical results. Here, we have shown the influ-
ence of the facet masses on the initial rest angles of the WB. In
the preceding results, it has been observed that the first stable
angle resides exactly at the same assumed rest angle; in other
words, 8 = 0. This equality sustains in the case of WB with
negligible masses. However, there will be a shift of the first
stable angle from the initial rest angle in the case of WB facets
with nonzero masses. Note that, in the latter case, the assump-
tion of rigid facets is still taken care of. Based on the analysis
given in the “Remarks on rest fold angles (qjﬁ/l, 1//%) for the WB”
paragraph, Fig. S9 shows 2 case studies for the WB8 and WB6
each, where the 2 influential parameters (crease stiffness and
facet masses) are varied simultaneously to see how it affects the
rest angle. For the WB8 (refer to Fig. S9A and B) and WB6
(refer to Fig. S9C and D), the initial rest angles 6‘5 (which is, in
general, a result of residual plastic deformation in sheet-based
origami or the free-leg position of torsional spring in origami-
based mechanical structure) are taken at 45°. All the cases
shown in Fig. S9 illustrate that an increase in the facet’s weight
(my) tends to stabilize the origami unit toward a rest configura-

tion close to the flat planar state (§ = 0{; = 90°), whereas an
increase in crease stiffness (k,, or ky) resists this tendency,
wherein an interplay among the crease stiffness, facet mass,
and dimension becomes evident. Figure S9E and F, on the
other hand, show 4 different masses of magnetic setup that are
implanted onto the vertex of a WB8 unit with 2 different sizes.
It can be observed that as the mass of the setup is increased,
the first rest configuration tends toward a flatter configuration,
which corroborates our intuition as well. Further, with the
increase of magnet masses, the possibility of getting rest con-
figurations with lower crease stiffnesses has also reduced.
Before investigating the metasurface level behavior, we have
carried out a few initial experimental testing at the unit cell
level (refer to Fig. S10A), comparing different samples with
each other to give a brief overview of the bistability along with
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the inversion force (primarily focusing on the inversion from
M, to M,). To allow the models to be tested in an INSTRON
5569 electromechanical test machine, a range of jig configura-
tions and designs are examined to find the optimal design. In
such experimental testing, jigs are required to constrain the
model, stopping it from moving around or applying force onto
the structures at a particular point. To keep the models in place
but allow the inversion to occur, few sufficiently rigid jigs with
a hollow center (Central Inversion Cavity) are chosen to be
printed out of PLA that meet the strength requirement (refer
to Fig. S11). To apply the force to the unit, 2 different sized jigs
are finally used for the initial and final testing due to the attach-
ment size difference between the 500 N and the 100 N load cell.
The jig setup of the initial and final testing is shown in Fig.
S10B. Because of the pointed shape of the WB central vertex
and the initiation of snapping-based state inversion before
reaching perfect flat position, a small diameter of the pressing
rod does not affect our ability to apply an effective point load
here. Note that, here, the term “initial testing” refers to the
testing in which the force and displacement curves for all WB
sample types (refer to Fig. SI0A) are recorded using a 500 N
load cell. Based on these results and the criticality of the inver-
sion responses, a few selected types are later narrowed down
and tested more precisely using a lower load cell, i.e., 100 N,
which is referred to here as “final testing”. For instance, in the
initial testing, the maximum force before inversion is identified
for each sample, along with the displacement it occurs at (refer
to Fig. S10D). From these results, a range of different critical
aspects can be identified. Firstly, the double-layered masking
tape requires a significantly greater inversion force when com-
pared to the other samples. For instance, this force is 194.562%
higher than the force in those with the single-layered masking
tape. This shows that the stiffness of the crease material will
significantly alter the force required to invert the sample. This
concept is also shown by the difference between the 2 C-section
samples, which had a different thickness of paper. The thicker
and stiffer paper resulted in a greater inversion force. Secondly,
from these results, the kinesiology tapes start inverting at a
lower displacement than the rest of the samples. This is likely
due to the stretchy property of the tape forcing the structure to
invert, allowing it to return to its original prestressed state. This
shows that, by prestressing the crease material in targeted
mode, the state change of the structure will be more pro-
nounced. From this analysis, the double-layered masking tape
is chosen to be tested further. The double-thickness paper
model is also chosen to be tested further but with 300 GSM
paper. The SS samples additionally give the highest precision
for inversion force, which is desired between samples when
applied in an array. This is likely due to the samples having a
constant crease thickness, as the sample is printed as a whole
unit rather than manufactured as individual facets like all the
other C-section samples and tape samples. For the final testing
of the single units, 3 repeats are manufactured for the 2 different
WB units; additionally, each repeat is tested 5 times. The dif-
ferent samples tested are shown in Fig. S5. As mentioned previ-
ously, for the final testing, the 100 N load cell now is utilized.
This allows for more accurate recorded data and trends. The
initial and final force-displacement tests, corresponding to Fig.
S10B, are shown in Movie S1. The inversion force required for
both stable states (M; and M,) is investigated to be able to com-
pare the difference. The results concerning the maximum force
before inversion for each sample are shown in Fig. SI0E and F
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for M, and, M, respectively. From these results, the SS WB units
continued to show high repeatability between the samples and
between the individual test of each sample. For the double-
layered masking tape samples, a significantly greater force is
still recorded when compared to the SS samples; however, the
repeatability between samples is significantly lower. This is due
to the samples not having an even crease thickness due to the
movements of the facets during manufacturing. When compar-
ing the inversion force required for both states, the samples
show a similar trend for inversion from both states. For the
double-layered masking tape samples, there is more overlap
between the sample tests in M, but showing lower precision.
The force to convert the samples from M, to M, requires sig-
nificantly less force than the opposite state change. Note that
fatigue is an issue that is seen within the testing of each indi-
vidual sample. Before each individual test, the samples are
prestressed and folded to make sure the effect of fatigue is
minimized. For the final crease material, double-layered mask-
ing tape is chosen due to the higher inversion force required to
change its state. Even though the repeatability between samples
is not as high, due to the bistable nature of the WB units, high
precision is not needed in the application of external stimuli
for generating the critical inversion force. This is one of the
major advantages of the current work in obtaining targeted
shape modulation of the metasurfaces.

Finally, at this stage, validation of the analytical results in
case of a single WB8 origami unit is performed against the finite
element analysis (FEA) results and the experimental mean data
from the sample (refer to Fig. S10C). The details regarding the
FEA implementation are given in Section S5. Note that, for the
experimental data, the one with the 3D printed PLA and SS
variation is considered. This is done to get the most accurate
comparison, as both the analytical and numerical results
assume rigid facets and perfect torsional springs as the creases.
The experimental data show a good correlation with the ana-
lytical and FEA data, although the exact value of crease stiffness
could not be determined precisely as it is difficult to manufac-
ture the SS units with exact crease widths. Despite this, the
maximum force (~0.5 N) value found is very similar, indicating
the robustness of the analytical framework discussed in the
paper in predicting the inversion force.

Origami metasurface level active programmability. Figures
1E and 2G to I demonstrate the active modulation capability
of 3 separate kinds of origami metasurfaces through sequential
and algorithmic alteration of local stability states of the WB
units: (a) 1D arrays, (b) 2D arrays, and (c) grid-like secondary
architectures of multiple 1D arrays. It becomes evident from
the figures that 1D arrays can assume a range of curvatures and
shapes depending on the local stability states of each WB unit.
Likewise, different unidirectional, bidirectional, and other tar-
get shapes are achievable in the continuous 2D array of WB
units and grid-like secondary architectures. In this context, the
aspect of postmanufacturing active shape modulation in a
single specimen should be noted. Interestingly, the secondary
architecture with one joint leads to the design of origami grip-
pers, as shown in Figs. 1D and 5A and E A critical feature of
such grippers is the ability to hold irregular objects due to the
capability of controlling the local stability states in each of the
arms (i.e., conformability to the shape), in addition to control-
ling the stability state of the joint that results in the gripping
action. In this context, we would like to emphasize that the focus
of the present paper is to propose a framework for modulating
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the geometry of origami-architected 1D or 2D surfaces, where
metasurfaces, gripper, and robotic crawling are presented as
potential applications. In other words, the gripper is presented
here primarily as a proof-of-concept application of the pro-
grammable sequential state-alteration strategy developed in
the present work, rather than as a dedicated study of force-
optimized grasping. Based on the kinematic and energy
descriptions, together with the further geometric and kinematic
formulations, the gripping force is expected to depend on (a)
the number of origami units in the gripper arm, which deter-
mines the overall compliance and achievable curvature for a
given configuration of inverted states, and (b) the geometric
parameters and crease stiffness of each unit, which govern the
unit-level resisting moment and stored elastic energy during
switching, and therefore influence the contact force transmitted
to the grasped object. To clarify this dependence while main-
taining the manuscript’s focus on programmable deployment,
we have provided a general energy explanation to rationalize
the force trends in Section S3.

In the preceding sections, we have discussed the computa-
tional and experimental investigation of the bistable nature of
WB origami units, which is the basic building block for devel-
oping 1D and 2D metasurfaces. Here, we first focus on the
experimental demonstration of multiunit WB architectures
to assess the effect of surrounding units. Therefore, the test is
carried outona 1 X 3 array considering 2 cases: in the first case,
the force is applied to a single unit of this array; in the second
case, the force is applied evenly to all the units of the array
simultaneously and thereafter the force for one single unit is
calculated by dividing the total force by the number of units.
The model test for the second case is shown in Fig. SI0H and
Movie S2. Note that, for the 1D array testing, a new base and
top jig are manufactured as the base jig needed to be able to
accommodate 3 units. During testing, the force-displacement
responses are recorded. The models in the array are kept
within the same state (here, only M, is investigated) before
the application of the force. Figure S10G shows that there are
no significant effects on the inversion force values when units
are attached in an array compared to the testing of a stand-
alone single WB unit. Note that in Fig. S10G, by the term “1D
Multi”, we refer to the aforementioned second case, whereas
the term “1D Single” refers to the first case. Such observation
allows the single unit force to be taken as the base required
force when magnetic actuation is applied, as discussed in the
following section.

Another 1 X 14 WB array is manufactured to understand
the behavior of the array depending on the local stability state
of each unit. Figure S10I shows some of the possible geometries
(that can be actively modulated in a single specimen) depend-
ing on the stability state of each unit. Figure S10I, a and b, show
the array when all the units are in the same state (M, or M,).
When all the units are in M, the angle of curvature is greater
than when all the units are in M,—this is due to the rest angle
of respective states. By having a combination of states, the mod-
els can have significantly different geometries (refer to Fig. S10I,
cand d). When one unit changes its state, there is a noticeable
geometry alteration to the neighboring unit, considering the
new angle between the connecting facets.

For the 2D modeling of metasurfaces, 3 different attachment
methods are experimentally investigated (refer to Fig. S6). In the
first attachment method, the masking tape is used to attach the
center of each facet of the 1D arrays. In the second attachment
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method, masking tape is used to attach the outer corner vertices
of the facets of each unit in the 1D array. In the third attachment
method, the earlier 2 methods are merged simultaneously,
where the masking tapes are used to attach the center of each
facet in both directions. Each method is analyzed by inverting
different units to see the behavior and the limitations of the
attachments. For instance, in the third method, the complete
inversion of a singular unit is stopped within the array, with
only inversions of more than one unit being possible. If more
units are attached to the array, the units that are within the
center of the array would not be able to invert. For the first
method, as the facets are attached in the middle, this restricts
the separation movement of them when the valley creases
would decrease in angle. This means the rest angle would not
be able to change as before. The second method also has this
restricting movement, although this is not significant. From
this initial analysis, it is shown that the attachment method
must not restrict the movement and motion of the units. From
the previous single-unit crease material selection, kinesiology
tape provided the flexibility and strong adhesive property, which
are required for the attachment of the 2D array. Kinesiology tape
is then applied following the second method onto a 4 X 4 array.
The motion behaviors depending on the state of individual
units are shown in Fig. S10]J. The configuration with all units
in the M, stable state shows more global curvature compared
to the case when all units are in the M, stability state, primarily
due to their respective rest angles.

So far, in this paper, we have (a) investigated the bistable
states and required inversion force for WB units (WB8 and
WB6) and (b) demonstrated the ability of achieving a range of
different curvatures in 1D and 2D arrays of WB units through
algorithmically controlling the stability states of the constitut-
ing WB units locally. In the following subsection, we will dis-
cuss a contactless approach of controlling the local stability
states through magneto-active actuation that can be algorithmi-
cally programmed from a remote location to achieve a range
of target shapes (on-demand) using a single specimen.

Far-field magneto-active control of metasurface shape and
curvature. As previously noted, the central vertex of a WB unit
only needs to move along the Z-axis when inverting from con-
figuration M, to M,, or vice versa. This key insight allows for
the implementation of far-field magnetic actuation [95,107]
that follows the WB’s central vertex, provided that the move-
ment of the WB is properly constrained. Specifically, all sides
of the WB must be limited to restricted movement along the
X-axis and Y-axis during actuation, in line with the conventions
used in the theoretical framework. Such assumptions hold good
in the current framework of tessellated WBs with reasonable
extent for applying the analytical results concerning critical
inversion force. It may be noted in this context that the pro-
posed piece-wise distributed bistable actuation mechanism
allows a significantly higher flexibility in terms of the accuracy
demand of critical inversion force compared to conventional
monostable structures while targeting a specified shape. Aslong
as the applied actuation force is higher than the critical inver-
sion force and it does not affect the structural integrity, the
proposed metasurface would function as per target objectives.
Given that permanent magnets have 2 poles, a permanent mag-
net is attached to the central vertex of a WB model to observe
its behavior in response to another magnet (or equivalent exter-
nal magnetic field) held close by. By controlling the polarity of
the external magnets, the embedded magnet can experience
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force (either an attractive or repulsive), which forms the basis
of the magnetic actuation.

Seven different types of permanent magnets, illustrated in
Fig. 5B, are studied and analyzed, as detailed in Table S4, before
selecting the final magnet for the actuator. These magnets cho-
sen are then tested with the setup shown in Fig. 5B. One magnet
is secured to the base of the INSTRON 5569 machine, while
the other magnet is secured to the moving part on top. The
distance is then varied to obtain the relationship between air
gap distance against force (refer to Table S5). Note that some
of the results are not available because the forces are too small
for the load cell to record. Assemtech Magnet, N42 Magnet,
and N35 Magnet(a) are removed completely from the results
as none of the data could be recorded for the range of air gap
distance. The results show that the N52 Magnet gives the best
results because it provides sufficient force for a wide range of
air gap distance. Therefore, it has been decided to proceed with
the N52 Magnet. In this context, it may be noted that we have
used a permanent magnet for its simplicity in demonstrating
the concept. However, more sophisticated and powerful exter-
nal magnetic sources based on electrical coils (electromagnet)
can be adopted depending on the inversion force magnitude—
following similar principles as discussed here.

The active magnetic control is essential for dynamically man-
aging the magnetic gripper or origami structure. For that, ini-
tially, a normal electromagnet (electromagnet consisting of a
coil of wire wrapped around a ferromagnetic core) is tested
to check the possibility of producing similar magnetic forces
within certain air gap distances found in the case of the embed-
ded N52 magnet (refer to Table S5). Note that, here, the electric
current is taken as an external variable factor to control the
strength of the produced magnetic forces. It is found that within
the available range of electric current in the testing laboratory,
the produced force is not enough to invert the stable states of the
WB. Such a finding can be attributed to many factors, such as
the typical reduction in magnetic field density that occurs with
distance in standard electromagnets, decrement in the current
due to increment of the coil resistance with heat, etc. While we
have not proceeded with using electromagnets for the current
tests (since our objective here is to demonstrate the possibility
of magneto-active stability state inversion only; the method
of achieving the magnetic field is not the current focus), this
remains an attractive way depending on the available range of
current and coil parameters. To overcome this, a special setup
utilizing the concept of amplified magnetic beam [108] is intro-
duced (refer to Fig. 5C, ¢). According to Bushman [108], arrang-
ing 5 permanent magnets with the same poles pointed toward
the center can significantly amplify a magnetic beam and can
counter the loss of magnetic field density in normal electromag-
nets. This solution is ideal as a focused linear magnetic field
beam aligns best with the magnetic actuation requirement of
displacing the WB vertex in the Z-axis direction. Furthermore,
by using this method, we have eliminated the need to utilize
bigger and stronger permanent magnets, where the magnetic
strength would have remained underutilized and undesirably
interact with the surrounding unit cells. Based on the concept
of amplified magnetic beams, a more precise control on the
sequential stability state alteration can be achieved. Manipulating
weaker magnets to fully utilize the pull force is better than only
using a small percentage of an excessively strong magnet, which
would pose safety hazards such as pinching of skin as well as
making it impossible to use it near electronics and machines.
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Fig. 5. Active programmability of the multistable states in origami metasurfaces. (A) WB8 assemblies with vertex magnets actuated by an external magnetic field. (B) Magnet
strength test setup (air gap vs. force). (C) Magnetic actuator: (a) strength test setup, (b) polarity-switching design, and (c) Bushman-type amplified magnet [108]. (D) Conceptual
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As shown in Fig. 5C, b, a setup is designed to hold the N52
magnets in such a way that resembled the above method [108].
In addition, this design has the flexibility of switching perma-
nent magnets’ poles to generate a north or south pole magnetic
beam, which would be used to generate an attraction or repul-
sion force accordingly. A test is then conducted to find out the
attraction and repulsion force generated by the magnetic actua-
tor. The magnetic actuator is secured to the bottom of the
INSTRON 5569 machine, while another N52 magnet is secured
to the top of the machine and attached to a 100 N load cell. The
results are then recorded in Table S6. The results prove that the
developed magnetic actuator design shows a significant increase
in magnetic force (either an attractive or repulsive) compared
to the force produced by the single N52 magnet. With the force
produced being sufficient to invert the WB model embedded
with an N52 vertex magnet, we thereafter proceed to the inte-
gration of magnet to the origami and assembly stage.

After designing and gathering the necessary force data, a
permanent magnet is incorporated into the WB models. The
magnet is first attempted to be secured at the vertex of the WB
models using cellophane tape, although this approach leads to
3 issues. First, the tape stiffens the creases of the WB, increasing
the force required for inversion. Second, the tape restricts the
movement of the WB, resulting in a slight alteration of its bista-
bility (refer to Fig. 5E, a). Third, the tape is not strong enough
to hold the magnet securely, leading to uncontrollable displace-
ment and rotation of the magnet under magnetic forces. Figure
5E, b, shows the implementation of the N52 magnet, secured
using superglue in a 100 mm X 100 mm WB vertex. Superglue
is an ideal choice because of its sufficient strength to hold the
magnet in place without significantly affecting the WBs creases
or its bistability. Note that a hole is cut in the center of the paper
to accommodate the magnet. Such a hole has minimal effect
on the WB bistability. Afterwards, a support structure (as
shown in Fig. 5E) is designed to restrain the WB movement so
that the vertex can only move along the Z-axis while the sides
can only move in-plane. A test is performed using this structure
to observe if the magnetic actuation concept is working. The
test is carried out by securing the magnetic actuator on the top
of INSTRON 5569 and the support structure is secured to the
base, with a WB placed in the support structure. The top part
of the machine is then slowly lowered until the WB is inverted,
and then the air gap distance is recorded. This test is presented
in Movie S3. The test reveals that the 160 GSM WB manages
to invert from M, to M, when subjected to a repulsive force at
22 mm and from M, to M, when subjected to an attraction
force at a 46.3-mm air gap distance. Following this test, an N52
magnet is also embedded in the Mylar WB with the same setup
as the 160 GSM paper WB, and the test is repeated, as shown
in Fig. 5E, c.

In the preceding paragraphs, we have demonstrated experi-
mentally that the stability state of a WB unit can be altered
based on far-field magnetic actuation. Such a concept can sub-
sequently be implemented in assembled arrays of multiple WB
units for achieving on-demand target curvatures through algo-
rithmically altering the local stability states in metasurfaces
(refer to Figs. 1E and 2G to I). To this end, different prototypes
of the robotic gripper are developed based on the concept of
secondary assembly to show a potential application of the pres-
ent work. Such designs include the 2-, 4-, and 8-armed gripper.
It may be noted in this context that such soft origami robotics
are inherently suited for the interaction with delicate materials,
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and their conforming characteristics are generally able to exert
compliant forces, unlikely to damage the object.

The present armed grippers are essentially envisioned as 1D
array, or an assembly of such arrays, with the number of WB
units adaptable to match the gripping force and object dimen-
sion requirements. However, the units (at the end of gripper
arms) are not ideal as tactile gripping surfaces. Therefore, to
achieve effective gripping, an extended triangular-cut origami
fold end is utilized, which can be used as a spike grip directly
(see Movie S4), or can have a small rubber pad attached to
provide a larger tactile surface (Fig. 5F), ultimately forming a
very rigid lightweight end section. As shown in Fig. 5F a, a
2-armed gripper using Mylar is created consisting of 10 WB
units and a rubber pad can be attached at each end in the afore-
mentioned manner. Only having 2 arms allows stabilization of
the load in only one axis, and the soft nature of the structure
makes it unable to function properly. To achieve better stability,
higher numbered arms are designed. For instance, 4- and
8-armed grippers are 2 and 4 1D arrays connected at a central
point. For these designs, smaller-sized N52 magnets at the cen-
tral vertices of the innermost units on the arm are integrated
(refer to Fig. 5F, b and c). The first unit in each arm is the best
location for the actuation of individual arms. Various actuation
points can be used, wherein the central unit can move all the
arms simultaneously in the 4-arm configuration along with
additional local stability control in each of the arms. The
8-armed gripper demonstrates significantly higher lifting capa-
bility, but the design does not have central unit stability control.
Note here that the Mylar prototypes are created using a specific
origami/Kirigami cutting machine named Silhouette Cameo
4. Based on manufacturing ability, the proposed concepts can
be extended to different sizes of the grippers as per the require-
ment. As shown in the prior parametric studies (refer to Fig.
4G and Fig. S8G), decreasing the size of the units leads to a
higher inverting force because of the reduced moment arm size.
In other words, scaling down the gripper unit size requires
either the scaling up of the magnetic force needed to actuate
the unit inversion or the reduction of the distance between
actuating magnet and the units. The gripper prototypes shown
in Fig. 5E can be actuated preferably at very close ranges, due
to the fact that the units are created with smaller side lengths
(around 33) in the Silhouette Cameo 4 machine.

In the current demonstration (refer to Fig. 5F, d, and Movie
S$4), the gripping force is strong enough for the 4-armed gripper
to grip and lift reasonable weight. Analytical energy-based
insights into the gripping force quantification are provided in
Section S3. Interestingly, smaller grippers can lift several times
their own weight more easily due to the increased inverting
force. The present active far-field actuation strategy provides
a scope of dealing with much higher weight objects by on-
demand increasing the inversion force through the application
of additional magnetic field during the lifting operation. Figure
1D presents conceptual schematics of a few gripping modes for
the soft grippers, which can be achieved by rationally placing
magnetic actuation centers in present WB based gripper
designs. For instance, the transition between quadruple contact
mode and the neutral no-contact mode in the 4-armed gripper
can be achieved just by the inversion of the central unit, similar
to Movie S4. On the other hand, multiple-unit inversion in the
same gripper can enable the distributed mode, leveraging mul-
tiple contact points across a soft surface, distributing the force,
and allowing for stable grasping of objects with complex shapes.
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Moreover, the precision pinch mode is also possible, which
utilizes a small, focused contact area, typically at the fingertips,
to achieve precise grasping and manipulation.

In the current context, we would like to highlight that the
focus of the present paper is to propose a framework for modu-
lating the geometry of the origami-architected 1D and 2D sur-
faces, where the gripper is shown as a potential application. In
the experiment demonstrated in Fig. 5E, we have illustrated
that bistable state inversion can be achieved with the applied
magnetic force with certain threshold nonzero values. Although
we used permanent magnets in this proof-of-concept test,
the key point is the existence and magnitude of the required
(threshold) magnetic force, rather than the specific choice of
magnet. For instance, it is mentioned that N52-based magnet
strength at a distance around 22 to 46.3 mm from the vertex
is capable of state inversion. This result can be a good indica-
tor for future application-specific magnet setup design. The
electromagnet-based mechanism shown in Fig. 5D can also
be used to provide the required actuation force. As shown in
Fig. 5F, we have demonstrated the feasibility of state inversion in
a gripper-like array; however, a fully magnetically driven grip-
per demonstration is beyond the scope of the present work, as
that will require a dedicated design for gripper applications.

Supplementary conceptual note on self-actuation and remote
magnetic control: Building on the preceding discussions on
electromagnetic actuation, here we propose the concept of self-
actuation and remote magnetic control of the WB unit cells
locally. Figure 5D shows an illustrative design of one such WB
unit that can transition between its 2 stable states without appli-
cation of any external mechanical force. An ultra-lightweight
cylindrical tube setup containing the magnet arrangement is
attached to the WB via 4 rods connected to the outer ends of
the mountain creases and a rigid string attached to the central
vertex of the WB. The other end of the rigid string is glued to
a permanent magnet housed within the lower side of the tube
between 2 stoppers. This permanent magnet is positioned such
that it can move only along the Z-axis (i.e., the axis of the cylin-
drical tube). At the upper portion of the tube, a static cylindrical
component made of ferromagnetic material and wrapped with
a solenoid coil is integrated. This component acts as an elec-
tromagnet when an electric current flows through the coil. The
direction and flow of the current (and thereby, the direction of
applied force) can be controlled remotely via an electronic cir-
cuit housed on the origami module. The nearly zero-deformable
facets of the WB offer suitable locations to place electronic
circuit components [109]. When current flows through the coil,
it induces magnetic poles in the ferromagnetic core, which then
interact with the permanent magnet. If the force is repulsive,
the permanent magnet moves in the negative Z-direction and
applies a tip force via the tip-force applier to the central vertex
to invert the WB’s M configuration to M,. To return to the M,
configuration, the current direction is reversed, flipping the
magnetic poles and creating an attractive force that pulls the
WB’s vertex back. The overall inversion of the WB always
involves deforming the structure by pulling the central vertex
upward and pushing the outer vertices downward, or vice versa.
This principle is ensured by the 4 rods attached to the structure.
The principle is somewhat similar to the design of the support
structure (WB sample holder) shown in Fig. 5E used for the
snap-through testing of the magnetic actuator. Interestingly,
beyond the ability to remotely and precisely (without influenc-
ing the surrounding units) control the stability states of the WB
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modules locally through integrated circuits, the proposed design
also provides the scope of a self-sustained power source through
placing solar panels in the origami facets when the proposed
metasurfaces are used for space applications.

Soft robotic untethered locomotion through sequential stability
state alteration. An array of interconnected bistable WB units,
each capable of snapping between 2 stable configurations, can
achieve untethered locomotion through a coordinated sequence
of local transitions, actuated remotely via magnetic fields. Each
unit stores elastic energy in its bistable geometry and, when trig-
gered, rapidly snaps from one state to the other, producing a
localized shape change. When this snapping is carefully sequenced
across neighboring units (e.g., from rear to front), it generates a
directional wave of deformation that propagates through the
structure. This wave induces net movement by exploiting asym-
metries in friction [110] or contact with the ground: during each
snap, the structure momentarily deforms, shifting its center of
mass forward while frictional anchoring prevents backward
slip [111]. The magnetic actuation allows individual units to be
addressed without physical contact, enabling precise temporal
control over the snap-through events. As each unit snaps and
resets in a programmed rhythm, the cumulative effect is a crawl-
ing or peristaltic-like motion, allowing the structure to locomote
without wheels, legs, or continuous sliding surfaces, achieving
true untethered, shape-driven mobility.

An embedded permanent magnet strategy can be followed
for sequential actuation, wherein each bistable unit in the struc-
ture contains a small permanent magnet, typically integrated
into or attached to a specific region of the unit. Locomotion
can be achieved by applying an external magnetic field gradient,
generated by movable permanent magnets, electromagnetic
coils, or Halbach arrays, that exerts a directional force or torque
on the embedded magnet. When the external field is positioned
or modulated in a periodic sequence, it creates a magnetic force
on the targeted unit, destabilizing its current configuration and
triggering it to snap into its alternate stable state. By carefully
sequencing the position and timing of these external fields,
specific units can be activated one after another, producing a
controlled wave of snapping transitions across the array. This
enables contactless, programmable actuation of individual
units, allowing the structure to achieve shape change and loco-
motion without any onboard power or wiring. In principle, a
2D WB array can achieve forward, backward, rotation, and any
other possible motion cases depending on the algorithmic
actuation control of the WB units to alter their local stability
states. The simplicity of this approach makes the proposed WB
arrays especially attractive for the dual functionality of shape-
changing metasurface (or gripper) and untethered soft robots.

Figure 2] and Movie S6 present a schematic representation
of the locomotion of a metasurface. The 2D metasurface in its
unfolded flat configuration can be visualized as multiple con-
nected strips in 2 perpendicular directions (refer to Fig. 2],
where a single such strip is highlighted). The constituting strips
possess similar architectures and stability states at any point in
time during locomotion. In nonflat configurations (obtainable
through appropriate assignment of stability states in all the WB
modules, as demonstrated in Fig. 2H), the WB metastructure
can form a bidirectionally curved surface. When the metasur-
face initiates locomotion along a particular direction (e.g., the
X-direction), the curvature of all the array strips along the
X-direction is varied through state inversion of the units (refer
to Fig. 2], ). The asymmetric friction at the rear and front
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contact points with the rough ground can be exploited in a
controlled manner (as shown in Fig. 2]) to achieve directional
locomotion. Such frictional asymmetry provides an effective
constraint, and the resulting reaction forces lead to motion due
change of bistability states in targeted WB units. Here, an ide-
ally rigid interunit crease connection (refer to the “Remarks on
the effect of surrounding WB units” paragraph within the
“Analytical modeling of elementary origami kinematics” sec-
tion, i.e., K* — o0) constrains the surrounding edges of the
actuated unit during state switching. It may be noted that even
though the overall structure may deform due to applied exter-
nal magnetic fields (global elastic deformation), there can be
local bistability inversion in the WB units, wherein the con-
nections work more like constraining boundaries. This will
depend on the required inversion force that the magnetic field
needs to generate, the aspect of which is investigated compre-
hensively in the manuscript. Since the global elastic deforma-
tion of the structure is recoverable, this component disappears
when the external magnetic source is turned off, while the effect
of local bistable stage switching is retained. In this context, the
proposed mechanism in Fig. 5D could be more effective for
local actuation and bistability control. Of course, one needs to
keep in mind that our objective in the paper is to show that
local control of bistability states can lead to programmable cur-
vature, wherein applications such as robotic motion are envis-
aged. The general self-actuating magnet mechanism in Fig. 5D,
which can be integrated to realize local state switching, can be
particularly attractive for the effective control of stability states.
Because this mechanism is driven by minimal electrical stimuli,
individual state switches (self-contained magnetic actuators)
can be controlled remotely through on-board electronics.

Similar to the X-direction, curvature control by state inver-
sion of the array strip along the perpendicular (Y) direction
enables locomotion along the Y-direction as well (see Fig. 2],
ii). Note that the WB units near the edges of the 2D metasurface
and their state inversion play the most crucial role in achieving
effective locomotion in this 2D plane. Figure 2K shows the
locomotion of a gripper using the same principles as the meta-
surface. For example, the 1D strip of WBs (analogous to a
2-armed gripper) shown in Fig. 2K, i, moves in a single direc-
tion via sequential state inversion of the 2 end WB units. Note
that this inversion can be actively controlled using an external
magnetic field, as mentioned earlier concerning the discussion
on far-field magneto-active control of metasurface shape and
curvature. Two such strips can be attached perpendicularly to
form a 4-armed gripper, as shown in Fig. 2K, ii. Sequential
active inversion of the end units of a particular strip can then
be used to produce crawling locomotion in the direction of that
strip, and eventually, it will result in in-plane locomotion of the
gripper along the desired direction.

Based on the proposed active WB arrays through introduc-
ing sequential and periodic stability state transition of selected
WB units, we unravel an unprecedented class of dual function-
ality. It is possible to have a stationary metasurface with active
modulation capability of its curvature or a soft robotic gripper
(working on a particular spot), and then have untethered loco-
motion to move it to a different spot for performing further
metasurface or gripper operations in the new location. This
unprecedented multifunctional design showcases how a single
active origami framework with algorithmically distributed state
alteration can seamlessly transition among metasurface morph-
ing, gripping, and locomotion tasks.
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Summary of contributions and perspective

The contribution of this article is 3-fold: (a) developing system-
atic analytical frameworks for characterizing the bistability of
symmetric and asymmetric WB units with generic number
of creases, and their magneto-active actuation; (b) proposition
of 1D and 2D surface programming using primary and second-
ary assembly strategies that exploit algorithmic stability state
inversions introducing the notion of a “digital brain”; and (c)
prospective applications of the origami-based active surface
curvature modulation framework in the fields of programmable
meta-surfaces, conformable grippers, and robotic locomotion.
In the following paragraphs, we provide further perspectives
on such contributions of this article.

The primary contribution of this paper is to present a novel
class of origami metasurfaces that can achieve and actively
modulate surface curvature based on local and distributed con-
trol of the stability states of the constituting WB units. A range
of 1D and 2D metasurfaces has been proposed, wherein uni- or
bidirectional curvatures and other target shapes can be realized
through far-field alteration of the WB units. For developing the
2D metasurfaces, 2 different strategies have been ideated by the
continuous assembly of the WB units and a secondary grid-like
assembly of multiple 1D architectures. As a special case, such
secondary assembly is demonstrated as soft robotic grippers
when there is just one joint in the architecture, leading to 2 or
more arms. A range of analytical, numerical, and experimental
investigations have been carried out systematically to demon-
strate the concept of multistable origami metasurfaces and their
active curvature control.

Systematic and comprehensive analysis of generic symmetric
and asymmetric WB units and their bistability characteristics
is scarce to find in literature. We have started the investigation
with the analytical modeling of a symmetric, arbitrary number
of creases in a single WB unit, which is further analyzed for the
8-crease WB modules as a special case of interest. Subsequently,
the analytical model for a nonsymmetric 6-crease WB is pre-
sented. The primary objective of the analytical investigation
here is to predict the motion behavior and critical inversion
force for stability state alteration of a single WB module. The
critical inversion force predicted by analytical models is vali-
dated with separate finite element-based numerical simulations
and experimental characterization. A far-field magnetic actua-
tion strategy (including the conceptual illustration of self-
powered contactless actuation) is conceptualized for precisely
controlled stability state alteration of the WB units. Based on
such active WB-based building blocks, a range of 1D and 2D
metasurfaces is demonstrated for achieving prescribed curva-
ture from a flat shape, and their active modulation through
far-field intelligent control.

It can be noted that more WB units in the assembly would
expand the scope of attaining different on-demand curvatures
and shapes, wherein a background algorithm (analogous to a
“digital brain”) can decide the necessary stability states of each
of the constituting WB units (i.e., building blocks). The digital
brain would typically consist of an optimization algorithm with
the stability state of each building block as design variables and
the objective as target metasurface shapes. It should also be able
to compute the necessary magnetic field for the inversion of a
building block WB unit locally, depending on its surrounding
stability landscape. Machine learning-based approaches can be
involved for improving the computational efficiency of the digi-
tal brain, especially in the case of power-constrained scenarios
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like space applications and engineering scenarios with very low
reaction time. It is noted in this context that the proposed piece-
wise distributed bistable actuation mechanism allows a signifi-
cantly higher flexibility in terms of the accuracy demand of
critical inversion force compared to conventional monostable
structures while targeting a specified shape. Further, the active
far-field actuation strategy provides an unprecedented scope
of dealing with higher weight lifting in robotic grippers or
maintaining the target metasurface shape and structural integ-
rity under unintended operational loads (such as wind or
solar storm) by on-demand modulation of the inversion force
through the contactless application of algorithmically con-
trolled additional magnetic field during the operation.

Based on the proposed active WB arrays through introducing
sequential and periodic stability state transition of selected WB
units, we unravel an unprecedented class of multifunctionality
when the proposed digital brain is further trained in the tem-
poral domain. It is possible to have a stationary metasurface with
active modulation capability of its curvature or a soft robotic
gripper (working on a particular spot), and then have untethered
locomotion to move it to a different spot for performing further
metasurface or gripper operations in the new location.

Conclusion

This paper exploits the bistable mechanics of WB origami units,
their strategic assembly, and spatially sequential alteration of
local stability states to develop a new class of active metasur-
faces. While the main focus of this paper is to establish the
ability of curvature modulation of a range of WB-based tessel-
lated architectures, the scope of far-field contactless actuation
for local stability state inversion of the WB units and the appli-
cations in the field of active meta-surface, conformable gripper
design for irregular objects and robotic locomotions are dis-
cussed for contextualization. The unprecedented multifunc-
tional design further showcases how a single active origami
framework with algorithmically distributed state alteration can
seamlessly transition among metasurface morphing, gripping,
and locomotion tasks. The concept of spatially sequential and
algorithmically controlled stability state alteration of WB archi-
tectures will find critical applications in the fields of active and
reconfigurable antennas, aerodynamically adaptive aerofoils,
soft robotics, energy-efficient grippers, biomedical apparatus,
and programmable optical and acoustic devices.

Methods

The computational and experimental approaches for demonstrat-
ing the concept of the origami metasurface are explained within
Results and Discussion. Further Supplementary Materials
are provided on (a) Kinematic model of six-crease asymmetric
waterbomb units (WB6) (refer to Section S1), (b) Coordinates
of vertices of waterbomb facets (refer to Section S2), (c) Energy-
based gripping force analysis (refer to Section S3), (d) Computer-
aided design of origami architectures (refer to Section S4),
(e) Finite element implementation of waterbomb units (refer
to Section $4), and (f) Supplementary results and visual expla-
nations (refer to Section S6).
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