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Reconfigurable origami-inspired multistable

metamorphous structures

Chunlong Wang'?, Hongwei Guo?*, Rongqiang Liu?, Zongquan Deng?, Yan Chen', Zhong You®:*

Origami-inspired metamorphous structures can adjust their shapes and mechanical behaviors according to operational
requirements. However, they are typically composed of nonrigid origami, where required facet deformation compli-
cates actuation and makes them highly material dependent. In this study, we present a type of origami metamorphous
structure composed of modular bistable units, each of which is a rigid origami. The elasticity within the origami creases
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and switching of mountain and valley crease lines enable it to have bistability. The resultant metamorphous structure
has multistability, allowing it to switch among multifarious configurations with programmable profiles. This concept
was validated by potential energy analysis and experiments. Using this concept, we developed a robotic limb capable
of both lifting and gripping through configuration changes. Furthermore, we used the origami units to construct a
metamaterial whose properties could change with the variation of configurations. These examples demonstrate the

concept’s remarkable versatility and potential for many applications.

INTRODUCTION

Metamorphous structures have always attracted interests from sci-
entists and engineers. One essential feature of these structures is
their shape changing ability and accompanied change of mechanical
properties. More recent ones are programmable according to re-
quirements (I-7), and some are even adaptive to their operational
environment (8-13). There exists a family of metamorphous struc-
tures that are inspired by origami objects because these simple
objects often offer rich geometrical features unmatched by other
structures. Origami morphing structures have been extensively de-
veloped in fields such as robotics (14-21), mechanical metamateri-
als (12, 22-26) and aerospace deployable structures (27-29). To
achieve morphing, some origami structures rely on the switch of
mountain and valley assignments of creases to alter folding motions
(30-34), whereas others use flexibility of the materials to obtain
multistable metamorphous structures (5, 13, 19, 24, 25, 35-37). At
present, most such structures adopt a particular shape-changing
mechanism or design from which almost all functions are derived.
In other words, once the design of a structure is determined, rarely
can it acquire new configurations (and therefore new functional-
ities) beyond those associated with the original design (10, 11, 24,
25, 38-42). There is a distinct lack of reconfigurability.

Here, we present a new family of programmable and reconfigu-
rable modular multistable metamorphous structures. The constitu-
tive unit of the structure is composed of a pair of origami cells that is
bonded together. Kinematically the unit is a rigid origami with a mo-
tion bifurcation. However, we are able to show that the unit becomes
bistable when the active creases are elastic. Assemblies of such units
lead to metamorphous structures that can change their shapes and
are reconfigurable through switch of stable configurations of their
constitutive units. As a result, the mechanical properties and even its
functions can be altered within the same structure. The units are scal-
able and the concept is modular, and multiple stable configurations
of the structures are only related to the stiffness of the creases and the
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rest states of origami cells at which they are manufactured and thus,
independent of the materials of the rigid facets. These features pro-
vide the possibility of creating structures of all scales for target ap-
plications. To demonstrate this, we built, first of all, a robotic limb
capable of reconfiguring its operational profiles automatically to lift
or hold weights of various shapes, and second, a programmable me-
chanical metamaterial capable of altering its mechanical properties
such as Poisson’s ratios. Prototypes were fabricated to validate these
concepts. We expect that our multistable metamorphous structures
would facilitate the development of advanced metamaterials and re-
configurable morphing structures.

RESULTS

Geometry of the cells and unit

The origami unit is a combination of two similar origami cells. The
crease pattern of the first one, referred to as cell I, is given in
Fig. 1A. Black solid lines are mountain creases, whereas dashed
lines are valley creases. All the inclined creases are parallel, and the
rest are horizontal. It is a rigid origami pattern with a single degree
of freedom (DOF). 6, the dihedral angle between two triangular
facets on either side of the diagonal of the central rhombuses,
could be treated as an input that uniquely determines the folded
shapes of the cells, as given below the pattern. The key geometrical
parameters are dimensions a and b. Here, we first take a = b, and
a = n/4. Moreover, we let p = a. The crease pattern for cell II is
shown in Fig. 1B. It has the identical geometry parameters but op-
posite fold assignments to those in cell I except those around two
shaded central rhombuses. The edges of the rhombuses are dor-
mant creases. To meet the rigid foldable conditions, the creases
along their diagonals become valley creases. Its partially folded
shape is displayed beneath the pattern. The behavior of both ori-
gami cells is demonstrated in movie S1.

The origami unit, shown in Fig. 1C, is created by stacking cell II
on top of cell I and then bonding the shaded central rhombuses of
two cells and their corresponding left and right edges together, re-
spectively. This is possible when 0 angles in both cells are made
identical. The unit remains to be a flat-foldable rigid origami with a
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single DOF with 6 angles, now merged together, being taken as the
input, and it deploys and collapses easily.

The relationships between 0 and 8; as well as 8y;, which are the
dihedral angles between a triangular facet and its adjacent parallelo-
gram facet along one of the edges of central rhombuses for cells I
and II, respectively, can be obtained (text S1). We plot them in
Fig. 1E. It can be seen that when 6 = =, both cells are completely
flat. Decreasing O results in cell I being folded up with &; reducing
steadily along the blue path while 8;; remaining at x. If, instead, 6
is increased, i.e., the valley creases along the diagonal of rhombuses
in cell I are inverted to mountain creases, the dormant creases along
the edges of the central rhombuses are activated. oy decreases along
the black path, while J; stays unchanged as a constant =, indicating
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Fig. 1. Bistable origami unit. (A) Crease pattern and partially folded shape of cell |
where a = b =15 mm. (B) Crease pattern and partially folded shape of cell Il of the
same dimension. (C) Origami unit created by stacking cell Il on top of cell | and
bonding the shaded central rhombuses and left and right edges together, respec-
tively. (D) Configuration of the origami unit when cells | and Il are switched over.
(E) 8, and & versus 0 plot. 8 = & is the motion bifurcation state where both cells are
completely flat. (F) Transition process between different configurations of the unit
made from card (movie S1).
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that the creases along the edges of rhombuses of cell I become dormant.
Effectively, cells I and II are switched over, as shown in Fig. 1 (C and
D). This transition only occurs at 6 = n. In other words, 6 = is a
kinematic bifurcation point.

A card model of the unit was built in which the diagonal creases
of the two central rhombuses were cut open to reduce the influence
of the material thickness as the cells are bonded together at these
rhombuses when forming the unit, making these areas rather thick.
The transition of the unit between different states is shown in Fig. 1F
and movie S1. Two observations were made. First, by poking the
convex central vertex of the unit in a configuration close to the
bifurcation state with a probe, the cells snapped from one configura-
tion to another. Second, although it is theoretically possible both
cells deploy to an identical shape after passing the bifurcation state,
as indicated in Fig. 1D, this never occurred in practice for reasons
which we shall discuss next.

Bistability of the unit

In most origami models, the creases are not perfect mechanical joints
that can rotate freely. Rather, they exhibit certain stiffness. If the creas-
es are assumed to behave like linear elastic torsional springs with a
stiffness k per unit length whereas the facets are rigid (5, 32, 38), the

m
potential energies for each cell are I1_; = Z %kLi (d; — ;o) and
i=1

n
Me_; = 21 %ij (q)j —¢j0)2, where I1¢ | and Iy represent the po-
=
tential energy of cell I and cell II, respectively, m and n are total
number of creases in each cell, L is the length of a crease, and ¢ and
¢y are final and initial rest dihedral angles of a crease, which include
0 and 6 used earlier to describe motions of cells. Note that the di-
agonal creases of the two central rhombuses are not included in the
calculation since they were slit open when forming the unit. Hence,
the total potential energy of a unit IT = Ilc.; + I + Ig in which
Ig is the potential energy of the edge creases formed when the edg-
es of two cells are bonded together, and this energy can be calculated
using a formula similar to I1c.j or I1c 1. Obviously, the rest dihedral
angles ¢ are set by the initial state of a cell (text S2).

Now consider cell I with a rest angle 6;p = 7/2. Its normalized po-
tential energy (NPE) versus 6 curve is plotted in blue in Fig. 2A. It is
noticeable that the energy curve has two wells at 6 = 6;p = /2 and
0 = 3m/2. This indicates that cell I is a bistable structure with two stable
states. If cell IT is constructed exactly the same as cell 1, i.e., Oy = 31/2
because of the way that we define 0 in cell II, it will also exhibit two
stable states, one at O = Oyp = 3n/2 and the other at © = /2, drawn as
the green curve in Fig. 2A. The second stable state of cell IT matches the
first stable position of cell I. Hence, we can fold cell I to reach the con-
figuration with 6 = n/2 and then bond both cells together to create a
unit. The rest angles at the edge creases of the unit are set as the angles
when bonding of the edges takes place, and the associated energy is
plotted in red in Fig. 2A. The overall potential energy of the unit, I, is
given in Fig. 2B. It is symmetrical about the bifurcation state (8 = ),
and IT still has two wells at 8, = /2 and 6, = 3n/2, respectively, indicat-
ing that there are two stable states for the unit as expected. If we select
B0 = 7/3 and Byyp = 3n/2, the overall energy curve is no longer sym-
metrical, but it remains to have two wells at 0; =0.419t and 0, = 1.557x,
different from those angles of each cell (see Fig. 2C). When 6y = 27/3
and Oy = 3n/2, the energy curve shown in Fig. 2D is similar to those
of other units where two energy wells appear at 6; = 0.586n and
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0, = 1.442x. It can be concluded that if the creases behave like a
linear elastic rotational hinge, the origami unit becomes a bistable
structure whose stable states are related to but slightly different from
the stable states of each cell. Figure 2E gives contours of the angle 6
at two stable states when different initial rest states of the cells are
selected.

For all units, there always exists a localized NPE peak when
0 =7, e.g., the one shown in Fig. 2B. However, it is unlikely that the
switch between two stable states will follow the NPE curve over this
peak. Any small perturbation will result in the structure rapidly
snap from one stable state to another, similar to the snap-through
behavior in buckling of curved elastic beam systems (43). This is
confirmed by our observation of the card model shown in Fig. 1F
and movie S1. Moreover, the two cells will never take the same
shape as doing so will require higher NPE (text S2).

Experimental validation of bistable units

Three sample units, SU1, SU2 and SU3, were constructed. First,
three sets of cells were manufactured in their unstrained forms
using a 0.6-mm-thick elastomeric material, in which 6y = n/2, n/3,
and 27/3, respectively, while 0o was kept unchanged at 3w/2, and
0.4-mm-thick carbon fiber laminate sheet was cut and bonded to
each facet to maintain rigid origami and confine all deformation to
the creases (see Fig. 3A). Each cell II was then deformed to a shape
with its 0 close to Oy using a rig and then bonded with cell I to form
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Fig. 2. Potential energy of the origami unit. (A) NPE versus 6 curves for cell | with
60 = /2 (blue), cell Il with 8, = 3n/2 (green), and edge creases (red). (B) NPE of the
origami unit. (C) NPE versus 0 curves for each cell and the unit composed of these
cells where 6, = /3 and 6o = 3n/2. (D) NPE versus 6 curves for each cell and the
unit composed of these cells where 6, = 2r/3 and 6,,o = 31/2. (E) Contours of 6; and
0, of origami units with respect to different initial rest angles 6jp and 6.
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a unit. The edges of both cells were made slightly wider so that the
corresponding edges could be bonded together to form edge creases
of the unit (text S3).

We then measured the angles corresponding to two stable con-
figurations of the units, whose values are given in Fig. 3A. The ac-
tual angles are close to the theoretical ones with a maximum error of
16.7% (0, of SU2).

A total of four experiments were conducted for each unit. Starting
from each of its two stable states, a unit is compressed to move away
from this state either by either a lateral force (increasing 6), or a set of
in-plane point forces (decreasing 0) as indicated in Fig. 3B. The energy
curves were then obtained through integration of the measured forces
over the corresponding displacements. The NPE versus 6 plot of SUT is
given in Fig. 3C. The trend of experimental curves matches well with
that of analysis, although the computed NPE is overestimated. This is
because creases of the prototypes had finite width, whereas the
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Fig. 3. Fabrication and experimental validation of the bistable units. (A) Manu-
factured unstrained forms of cells I and Il and resulting units. (B) Measured forces
versus displacement in the force direction for SU1. (C) Energy plots for SU1.
(D) Transition process between two stable states of the first prototype when
pushed by a probe. Transition took place in the first and second photos of the
second row (movie S2).
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theoretical width of the creases is zero, and thus, the actual model is
less stiff than the analytical model.

Figure 3D shows the transition process of the first prototype by
an external stimulus (movie S2). It was noticed that the unit never
folded flat because the flat configuration does not correspond to any
stable state, and a snap-through process took place in less than 1 s as
shown in the first and second photos of the second row. Two stable
states of the unit were symmetric to each other.

[1%3 array]

Multistable robotic limb made from the origami unit

The origami unit is scalable and could be used as building blocks for
robots. Here, we use a robotic limb to demonstrate its vast possibili-
ties. Figure 4A shows the origami pattern and its partially folded
state for a limb consisting of a chain of three units where two units
are bridged together by an inverted unit. Note that, although we
state that there are three units, some facets of the neighboring units
are actually overlapping. In its front view, we use @ or © to mark the

Airnozzle SMA strip \_guet

Fig. 4. Multistable robotic limb. (A) Origami crease pattern and schematic diagram of the partially folded robotic limb. (B) Arrangements of SMA strips in an origami unit.
(€) Front views and the limb in eight stable configurations and its corresponding relaxed and contraction (folded) states. (D) The robotic limb lifts a weight (movie S4) or

grabs objects (movie S5).
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profile when a unit is convex up or down. This multistable robotic
limb consists of three main components: the origami skeleton, a set
of arc-shaped strips made from shape memory alloy (SMA) that are
mounted on the central vertex of each unit for reconfiguration, and
a flexible air-tight skin over the entire structure and a pump used to
deploy the skeleton in each configuration (text S4). Figure 4B shows
the arrangements of SMA strips in a unit in which a pair of them is
installed on either side of the central vertex, and thus, there were a
total of six SMA strips. Heating up one could force the vertex to in-
vert, resulting in the unit to switch from @ to & configurations, or
vice versa (movie S3). Unlike conventional actuators, an SMA strip
does not provide continuous control. Rather, it only provides an
impulsive moment to let the unit snap from @ to © and thus, much
simpler in design. Once the skeleton enters into a particular config-
uration, e.g., ©-®-O, the force generated by the SMA actuators
could be removed without causing the configuration change be-
cause each configuration is mechanically stable. However, its shape
can further change by altering the pressure in the bag. Since the limb
has three units, it has a total of eight configurations (2°). Figure 4C
shows those configurations.

The robotic limb has many potential applications. For instance,
when the limb is in ©6-@-@ configuration, it can lift a weight
(movie S4). To act as a gripper, it needs first to reconfigure from
O-®-0O to B-®-@ configuration through SMA strips and then it
grabs an object through its shape change activated by withdrawing
air from the airbag. The entire process is demonstrated in both
Fig. 4D and movie S5. In comparison with existing artificial limbs
with a single operation mode, this multistable pneumatic-driven
limb provides more operational programmability. It achieves, for
instance, lifting and gripping modes in one assembly. Moreover,
the gripper can also easily cope with objects of various shapes and
weights.

Reprogrammable mechanical metamaterials

Not only could the bistable units be placed in series to form an
artificial limb, it could also be extended laterally to create recon-
figurable and programmable mechanical metamaterials to achieve
desirable features such as negative Poisson’s ratio, variable stiff-
ness, and shape transformations.

Figure 5A shows an origami metamaterial built using 0.12-mm-
thick cards, whose pattern consists of three columns of units later-
ally. In the longitudinal direction, these columns of units are arranged
similarly to that of the multistable limb. The total number of columns
is seven, and thus, there are 21 units. The origami pattern is given in
Fig. 5B. In its original state, the metamaterial takes the shape of @, ©,
@, ©, @, ©, and @. Note that unit within the same column behave
exactly the same, i.e., they are either @ or ©, otherwise, the mountain
and valley rules would be violated. It has therefore a total of 128 stable
states (27) (movie S6) among which five symmetrical stable configu-
rations of the same metamaterial are displayed in Fig. 5A. The inter-
changeable configurations could be reached once external stimuli are
applied when the origami is close to its flat shape. We have investi-
gated the Poisson’s ratios of the metamaterial, which are defined as
functions of the folding ratio in the y direction (text S5). We placed an
acrylic plate on top of the metamaterial and two weights were placed
on top of the plate to impose a compressive force in the y direction.
The Poisson’s ratio, vx, and v, were then obtained, which are plotted
in Fig. 5 (C and D). v, was always negative and monotonically
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decreasing with the increase of the folding ratio, while v, could be
either positive or negative according to the folding ratio.

The number of distinct configurations of a reprogrammable me-
chanical metamaterial depends on the number of units in series. It is
C(n, 2) where n is the number of the units. Figure 5E shows a single
structure made from 11 units in four configurations out of 55 possible
ones. Each column shows the deployable sequence of the structure in
a particular configuration. Instead of using solely symmetrical
units where o = (see Fig. 1A), unsymmetrical ones could also be
included where o # . An example is shown in Fig. 5F with its four
configurations amongst many others. Use of unsymmetrical units
can lead to spiral profile, avoiding collision between first and final
units in a chain of units.

DISCUSSION

The reported work provides an origami-based building block for
multistable metamorphous structures that process many stable
configurations. This feature allows the structures to be recon-
figurable from one set of motions to a completely different set.
Once the reconfiguration takes place, the mechanical behavior
also changes accordingly with the new stable structural layout.
We have demonstrated a modular structural concept where the
geometric design of a unit can be efficiently exploited to custom-
ize its two stable configurations, and the behavior of individual
units gives rise to the overall reconfigurable feature that is rare in
such structures. Our findings are validated by experiments. It
was observed that the kinematic behavior of our physical models
was broadly close to the rigid origami behavior due to the fact
that they had a rigid folding-based designs, although various
materials of different stiffness were used. The method presented
in this work could be extended both to larger and smaller scales
metamorphous structures. As our mechanical metamaterials are
multistable, they can also be designed to achieve target geometry
configurations and physical properties. Although we only used
two examples to show the potential of our modular metamor-
phous structures, our research offers a new design paradigm for
the reconfigurable shape morphing structures and metamaterial
architecture that can potentially be used to realize multifunction-
al robotic systems, bioinspired morphing mechanisms, and ad-
vanced metamaterials.

MATERIALS AND METHODS

The bistable origami unit (Fig. 1) was folded using card paper
(0.2 mm thick, 160 g/m?). The origami metamaterials (Fig. 5) were
built using card paper (0.12 mm thick, 100 g/m?). Cells of three
sample units (Fig. 3) and the robotic limb (Fig. 4) were fabricated
with polyurethane elastomer (Hei-Cast 8400, 0.6 mm thick, Young’s
modulus, 12 MPa). Carbon fiber laminate sheet (0.4 mm thick,
Young’s modulus 230 GPa) was bonded to each facet of cells to
maintain rigid origami. The flexible air-tight skin is fabricated with
polyethylene film (0.15 mm thick). The details about prototype
fabrication are provided in texts S3 and S4.

SMA strips (edge length of 32.0 mm, width of 8.0 mm, and
thickness of 0.15 mm) of the robotic limb were heating up with a current
of 9.5A, power on 5.0 s. The air pump could provide a —90 kPa
vacuum with 15 liter/min air flow. The details of lifting and
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Fig. 5. Reconfigurable and programmable origami metamaterials. (A) Five selected symmetrical stable configurations of this metamaterial and corresponding fully compressed
(flat folded) states. (B) The origami pattern of the metamaterial. (C) Poisson'’s ratios vy, versus lateral folding ratio plots. (D) Poisson’s ratios v,, versus lateral folding ratio plots. (E) Four
possible configurations for the same origami structure. Each column shows the deployable sequence of the structure in a particular configuration. (F) The reconfigurable origami

structure in a more general form where each unit is different.

grabbing experiment details of the multistable robotic limb are
described in text S4. The mechanical testing of the sample units

was carried out on a tensile testing machine INSTRON 9350.
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