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loping mechanical metamaterials with programmable properties is an emerging topic

receivingWwigdg attentions. While the programmability mainly originates from structural multistability in
esigned metamaterials, here it is shown that the non-flat-foldable origami provides a new
platform to achieve programmability via its intrinsic self-locking and reconfiguration capabilities.
Workg with the single-collinear (SC) degree-4 vertex origami tessellation, it is found that each unit

cell can self-lock at a non-flat configuration and therefore possesses wide design space to program its

by switching the deformation modes of the constituent cell from pre-locking folding to post-locking

pressiflg, its stiffness experiences a sudden jump, implying a limiting-stopper effect. Such stiffness

jump j generﬂ'zed to multi-segment piecewise stiffness profile in a multi-layer model. Furthermore, it

is revealed that via strategically switching the constituent cells’ deformation modes through passive or
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active means, the n-layer metamaterial’s stiffness is controllable among 2" target stiffness values.

Additionally, the piecewise stiffness can also trigger bistable responses dynamically under harmonic

L

Phighlighting the metamaterial’s rich dynamic performance. These unique characteristics of

—_—

crip

se rigami present new paths for creating programmable mechanical metamaterials with in-

mechanical properties.

I;.

Manuscript

Mechanic aMaterial has become an important research area due to their unprecedented

S

mechanica ies and performance that cannot be obtained in a bulk material. The unusual

U

macro-scal ties of metamaterials are primarily determined by purposefully designed small-

scale architéctures. For example, the penta-mode metamaterials receive very large bulk modulus but

f

[1,2]

very small odulus from specially designed conical-beam lattice structure ; auxetic

d

metamaterials negative Poisson’s ratio are achieved through various re-entrant structures,

[3-51.

chiral s or rotating rigid structures ; negative stiffness has also become a reality in

M

ploiting the instability of the basic structures %!, Recently, developing adaptive

metam

and programmable mechanical metamaterials and metastructures becomes another emerging area

I

that recei attention ¥ The main purpose of this direction is to control the structural
mechanicars and the associated functionalities through in-prior programming of the design
oron-line t the configuration.

g

In stigations, origami has been identified as an ideal platform to implement

{

programm mechanical metamaterials. Origami is the ancient art of paper folding that

transforms two-dimensional (2D) flat sheets into complex three-dimensional (3D) geometrical

@ delicate crease patterning and coordinated folding. Origami has received significant
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interests in diverse fields because of its excellent 3D shaping ability and simple tailoring of topology
(18231 particularly, origami provides two powerful features to tailor mechanical properties: structural

reconfigur and alter the underlying topology. For example, the well-studied Miura-ori

reconfig# :::and structural multistability. On one hand, origami folding is an effective way to
tesseIIanr!Feneralized to organize arbitrary smooth heterogeneously curved surfaces ?*: and
modular origamigtechnique offers architected materials with extraordinary re-configurability so that
a wide ramualitatively different characteristics can be obtained **\. On the other hand,
bistability wstability have been identified in certain origami patterns such that by switching
among dif ble states the structural mechanical properties can be reversibly reprogrammed
[26—30]. In a

these, the scale independence of origami folding further expands its applicability

in metamagrial development; one pattern can be scaled up to architecture size ***? or scaled down

toa nanorrmel (33341 without altering the basic folding-induced properties.

In e propose and demonstrate a new mechanism to achieve programmability in

origami-base materials. Here rather than relying on structural multistability, a self-locking-
based strengthening mechanism is employed to tune the kinematical and mechanical properties.
Note that Se current state of the art of origami engineering mainly centralized on flat-foldable
origamis b ey could significantly reduce the size and volume of the structure and therefore
facilitate pa g and transportation; however, flat-foldable origamis account for a very small
portion of!Ee origami library. For example, in the simplest degree-4 vertex origami family, flat-
foldableMncluding the well-studied Miura-ori 5>*) only cover very limited design space;
the majori'Eertex origamis are non-flat-foldable #”*®. Instead of being folded flat, they will

“self-lock” at a ngasflat configuration prescribed by the crease pattern 2. Hence it is interesting to

explore r the broader design library of non-flat-foldable origamis would provide new bases

This article is protected by copyright. All rights reserved.
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for creating reconfigurable metamaterials, and whether the additional “locking” would become a

new tool other than multistability to program mechanical properties. Nevertheless, the research on

t

exploiting the_mechanical properties of non-flat-foldable origamis is still largely nonexistent.

To ad ate of the art, in this research we focus on a representative non-flat-foldable
||

degree-4 tex origami, the single-collinear (SC) pattern, and combine experiments with finite

element (FEf anal¥8es alongside analytical models to explore a reconfigurable origami metamaterial,

G

whose stiffness_can be discretely programmed and tuned through the locking of constituent cells.
Under the nigfd-foldable assumption, the SC origami would self-lock at prescribed configuration,

therefore offering) extra design freedom beyond the traditional Miura-ori to program the

LS

metamater ability and relative density. While for a practical non-rigid SC origami, its

N

deformati s two qualitatively different modes: the pre-locking folding and the post-locking

pressing. The mental difference between the two modes lies in the origin of the stiffness. In

a

the foldi he origami exhibits relatively low stiffness that comes from the bending of the

crease; while j pressing mode, the origami will have much higher stiffness that is attributed to
the bending or twisting of the origami facets. Hence, when switching between the two modes, the
structural !lffness experiences a significant jump, giving rise to a two-segment piecewise profile.
The stiffn property is generalized by connecting multiple SC cells in series into a
metamateri ose stiffness can take different values corresponding to different locking
configuratigs. We show that the stiffness can be reversibly programmed via either passive or active

switchin“nstituent cells’ deformation modes. Finally, we demonstrate that the locking-

induced pleceW|s stiffness additionally endows the metamaterials with unique dynamic

characteristics, highlighting its broad range of potential applications in morphing and vibration
control!

This article is protected by copyright. All rights reserved.
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The concept of self-locking origami mechanical metamaterials is shown in Figure 1a-c, where the
basic constituent element is a degree-4 vertex origami cell with a single pair of collinear creases (i.e.,

an SC cell). In rigid irigami, the cell is composed of four inflexible zero-thickness parallelograms that

are con ur creases. The vertex is the point where four creases intersect. The geometry of
an SC cell racterized by two collinear crease lengths a,, a,, two zig-zag crease lengths
b, b,,an angles 7, 7, (Figure 1a). Without loss of generality, we assume

0<y, SrPIgRE™), <y, < 7 —y,.Rigid folding of an SC cell is a one degree-of-freedom (DoF)

motion, w illbstop at a non-flat configuration due to the binding of facets ‘I’ and ‘Il’ (since
7 <7,) Pjuc
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Figure 1. Kinematics of self-locking origami mechanical metamaterials. a) Geometry and self-locking of an
SC cell, where the collinear creases are denoted. It can be homogeneously constructed into b) a 2D SC
sheet and ¢) 3D blocks (nested-in and bulged-out configurations), which inherit the self-locking
capabilitHg external forces, the SC origami cell, sheet, and blocks can fold effectively from a
flat state (s
more facet

g to a partially folded state (stage ‘ll’) and finally self-lock at stage ‘lll’ because two or
that direction. Wi designs, a large range of d) the deformability # and e) the normalized relative
vqume!/mhe reciprocal of the normalized density) at the self-locking configuration can be

ether. The arrow with double strokes indicates the limiting of further deformation in

achieved b ming the sector angles y, and y,; here the 3D cell is stacked by two identical SC
cells, and bgb mh. In d) and e) the symmetric part corresponding to 7 /2 <y, <7z is omitted.

phenomenon amed as “self-locking.” As the constituent element, the SC cell can be periodically

S

repeated irections into a 2D sheet (Figure 1b). Moreover, two SC cells satisfying

compatibility conSikraints (Section IA, Supporting information) can be stacked into a 3D cell (in

Ul

nested-in or -out configurations), which can be further tessellated in three directions into a

3D block ( . For simplicity and without loss of generality, this paper only considers the case

that the in bulged-out configuration. If assuming ideal kinematic constraints at the

an

connections between two SC cells or two 3D cells, the 2D sheets and 3D blocks remain a single DoF
for folding an serve self-locking capability; their folding kinematics and self-locking behaviors

are co rmined by the constituent SC cells.

|

The ki ics of a rigid SC cell depends on both the crease lengths and the sector angles. Here

we focus g @ portant kinematic quantities: one is the SC cell or the 3D cell’s foldability (77)

defined as i@ between the maximum foldable length (AL __ ) and the maximum length (L),

e, n=AL 7L , where AL =L —L, , and Ly is the length at the self-locking

max

configurati ther is the 3D cell’s relative density ( p ) defined as the ratio between the mass

of all facet nd the enclosed volume (V'),i.e., p=m/V (Section IA, Supporting Information).

e study a 3D cell composed of two identical SC cells, with b, /b, =1. Figures 1d and

This article is protected by copyright. All rights reserved.
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le illustrate the effects of the sector angles y, and y, on the deformability 77 and the reciprocal of

the normaized dsmsity at the self-locking configuration (1/ g, ) (see other cases with b, /b, =2

and b2/b1&gure S3 and S4, Supporting information). It reveals that the SC pattern

possessis Wder design space than the traditional Miura-ori for metamaterial development,

where the Lly occupies the diagonal y, = 7, , a degenerate case of the SC design. Figures 1d

and le alsOjceveald large range of achievable 77 and pg, ; while on the contrary 77 and p; are not

C

programm@blgfforfthe Miura-ori designs. Therefore, by tailoring the design parameters (q,, a,, b,,

S

b,,and y,, 7,), oge has a large space to regulate the metamaterials’ foldability and relative density.

U

We r e that in addition to the above homogeneous tessellation based on a single type

n

of SC cell, self-locking origami metamaterials can also be heterogeneously constructed based on

a;

multiple differ t-foldable Miura-ori cells. With geometry constraints, two Miura-ori cells can be
connec and remain a single DoF for folding. At the connection between two Miura-ori

cells, a ell is generated, which prevents the overall hybrid origami from folding flat, i.e., the

M

hybrid origami receives extra self-locking ability. More details on the kinematics and advantages of

heterogen nstructed self-locking origami can be found in Section IB, Supporting Information.

Proof @ pt self-locking origami prototypes can be fabricated with different materials via

Oor

different . As examples, we fabricate four prototypes of the 3D stacked SC cell, namely, an

n

{

assembled steel prototype, a 3D-printed Flexible Photoreactive Resin (FPR) prototype, a 3D-printed

Elasto Pla prototype, and a silicone elastomer prototype (based on soft lithography

U

technique) 2a, detailed prototyping materials and procedures can be found in Section IIA,

Suppor mation). In the steel prototype, the facets and creases are very thin, and the steel

A

This article is protected by copyright. All rights reserved.
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facets are much stiffer than the polyethylene creases so that rigid folding can be well ensured before
self-locking. In the 3D-printed prototypes and the silicone elastomer prototype, the facets are
designeMm in thickness, and the creases are much thinner than the facets (e.g.: 1, 2, or
3mm) to ing. To prevent stress concentration, the transitions between facets and
creases-are!q:mooed, and the vertices are perforated. Note that in practice, using one material to

prototype based,on 3D-printing or soft lithography techniques is desirable. However, in these

C

prototypes, ease and facet thicknesses cannot be ignored, and the stiffness difference

between fatet§fan creases may not be significant enough such that zero-thickness and rigid-folding

S

kinematics e fully assumed.

Ny
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Figure 2. Prototypes of 3D SC cells and their mechanical responses under compressions. a) From left to
the right showing the steel prototype, the 3D-printed EP prototype, FPR prototype, and the silicone
elastomer prototype. The force-deformation curves (top) and the linearly-fitted stiffness (bottom) of b)
the stetH

, ¢) the EP prototype (with collinear-crease thickness 1 mm), and d) the FPR

prototypes gllinear-crease thickness 1 mm, 2mm, and 3mm, respectively) are given, where the

solid curve e shaded bands denote the averages and standard deviations of four tests,

respectively. The coefficient of determination (R°) is given for each case. e) The von Mises stress

distribuﬂ)nm model obtained from FE analyses, where the collinear creases are 2-mm in thickness.

L

Note ur compression, an ideal rigid origami cannot be compressed after reaching the

self-locking owever practically, the prototypes’ materials have flexibility such that they can

be furtheVWed after locking. Hence in addition to kinematics, we also investigate the
mechanicamy changes induced by self-locking through experiments and FE analysis, with the
3D cells as examples in the follow-up studies. We first perform displacement-controlled compression
tests on tg steel prototype, the EP prototype, and the FPR prototypes; the obtained force-
deformati s are displayed in Figures 2b~2d, respectively. A common characteristic is
revealed in thesé tests that when passing through the self-locking point, the force-deformation

curves show icant changes of slopes. Linear regression analyses indicate that such slope
increas d to the jumps of equivalent stiffness. If defining A as the ratio between the

=32.5 for the steel prototype,

steel

Agp =29 QEP prototype, and Awpg 1om =46, Aepr 2mm = 29+ Aepr 3mm = 2.0 for the FPR
prototypes with collinear-crease thickness 1 mm, 2 mm, and 3 mm, respectively. The essence of
these s@ps lies in the different origins of stiffness in the pre-locking and post-locking

. In the pre-locking mode, the cell’s deformation mainly comes from folding, and

post-Iockir! stiffness and the pre-locking stiffness, we have A

deform

the stiffness mainljoriginates from the bending stiffness of the creases. While in post-locking mode,

folding is lar; rohibited by the binding of certain facets; in addition to crease bending, the

origami ill also be bent or twisted, giving rise to a noticeable increase of stiffness. This is
This article is protected by copyright. All rights reserved.
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evident from the FE analysis on the FPR model, where under displacement-controlled compression

the stress distribution gradually extends from the creases to the facets and becomes significant after

i

P

self-locking (Figure 2e). Hence after self-locking further compressive deformation will be constrained
by the rel r stiffness, providing that the deformation does not exceed the limit for

| . .
mechanicalor material failure.

]

ExperijffientsQlso indicate that the pre-locking and post-locking stiffness values depend on the

G

crease and facetmaterials been used. For example, the pre-locking stiffness of the steel prototype is

S

relatively | se of the flexible creases made of polyethylene films and pre-bent spring-steel

stripes; whereas tlie post-locking stiffness receives a more than 30 times increase that results from

Gl

the rigid s ts. For another example, the pre-locking and post-locking stiffness of the EP

prototype higher than those of the FPR prototype (with the same geometry) because the

elasto plasfics ch more rigid than the flexible photoreactive resin (see material characterization

all

in Secti rting Information). Moreover, the relationship between the stiffness values and

the crease thi s is revealed through experiments and numerical analysis. Figure 2d illustrates

V'

that by increasing the thickness of the collinear creases of the 3D cells, both the pre-locking and

post-locking stiffness of the FRP prototype enjoys certain growth; while the corresponding stiffness

[

jump ratio es instead because the facet thickness is constant and the locking-induced

O

stiffness-inc remain largely unchanged. These findings enable us to effectively program the

pre-lockingland post-locking stiffness via tuning the geometries and materials of the creases or

3

facets. he experiments and FE analyses can be found in Section IIC and Section IlIA,

{

Supporting Information.

Ul

A
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With the locking-induced stiffness jump in a single 3D cell, a reasonable hypothesis is that if
several self-locking cells with the same geometry but different stiffness profiles are connected in
series, ahstiffness with multiple stiffness segments can be achieved because of multiple
asynchron ing. Here we remark that if the cells are connected under ideal kinematic
constraintsean cene will fold following kinematics and will self-lock simultaneously, giving rise to only

one stiffness jump. However, in a non-ideal scenario where weak kinematic constraint, or

CI

particularly$ matic constraint is applied to the connections, the constituent cells are no longer

kinematically f€lat€d. Their folding and locking are independent and could be asynchronous, and

$

multiple-s iecewise stiffness can thus be achieved; this is manifested by experiments and FE

U

analyses. | periment, we connect three layers of FPR prototypes in series (namely, layer #1,

#2, and #3%rom top to bottom); each layer consists of two cells with the same geometry (see the

[

inset of Fi he collinear-crease thickness of the cells in layers #1, #2, and #3 is 1 mm, 2 mm,

d

and 3mm, pE€étively, and all the other creases are of the same thickness, 1 mm), and they are

assemble rigid plates in opposite orientations to ensure stability. The plates in

V]

Author

This article is protected by copyright. All rights reserved.
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four tests, respectively. b) By actively locking certain cells prior, new locking configuration and new
stiffness values can be achieved during compressing. c) Photos of the three-layer metamaterial under
displacemept-contrglled compression, where the locking points are indicated by arrows. d) The
equivalewlodels. e) Stiffness values obtained from experiments (circles) and FE analyses
(squares) cg ding to the eight different configurations. Solid and dashed lines denote the

experimen

d FE-based target stiffness, respectively. All the stiffness values are normalized with

respect to the stiffness at the non-locking configuration ‘0’.
I I

neighborinM are rigidly connected, while the prototypes in neighboring layers are not

kinematically constrained so that their folding and locking are independent to each other. Hence,

G

when beinggo ssed, deformation of the three-layer prototype is no longer 1-DoF; rather, due to

S

force balanc&among layers, the cells in layer #1 first self-lock and enter the pressing mode due to

their relatively | pre-locking stiffness, and then the cells in layer #2 and layer #3 self-lock

Cl

successive 3c). Figure 3a reports the experimental and FE force-deformation curves during

n

a displacement-controlled compression test. By identifying the locking points in experiments and

numerical @na the force-deformation curve is divided into four segments (i.e., no lock, layer #1

d

locks, | W28 ock, and layers #1, 2, 3 lock) with different slopes, which correspond to four

stiffness s with gradually increasing values.

M

In addition to the piecewise stiffness obtained in the above passive compression process, the

three-IayeMterial could exhibit other stiffness values if the locking configuration of each
constituen be actively controlled. To show this potential, in FE analyses we first lock the
cells in la "Mayer #3, or layers #2 and #3 by applying a compressive force so that the
corresp stay in the pressing mode, and then proceed to compress the model through

t

displacem I. Figure 3b shows the force-deformation curves and the linearly-fitted stiffness,

U

where ne configurations that cannot be achieved in the passive compression process are

observe s layer #2 locks prior to layers #1 and #3. These new configurations thus correspond

A

This article is protected by copyright. All rights reserved.
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to new stiffness values. Details on the multi-layer experiments and FE analyses can be found in

Section IIC and IIIB, Supporting Information.

{

To be rstand the nature of the programmable stiffness observed in our experiments
and FE ana ) ivalent spring model is developed (Figure 3d). A single self-locking cell can be
H I

modeled b¥two linear springs connected with a rigid plate. The two springs are of different lengths

and differ stiffiess. Their length difference represents the foldable length determined by the

G

origami geometik the longer spring stiffness &, denotes the pre-locking stiffness originates from

S

crease bending, Whereas the shorter spring stiffness k, indicates the stiffness increase coming from

U

the bendi isting of the facets (generally, K, < ). Hence at the beginning stage of

compressi@h, the longer spring is compressed, corresponding to the pre-locking folding mode with

[

stiffness & he shorter spring will be contacted, and after that both springs take effect,

d

corresponding to the post-locking pressing mode with an increased stiffness k, + &, . Such a single-

cell model ca connected in series, e.g., Figure 3d also shows a n-layer model, where the

constituent layers are identical in geometry but different in spring stiffness values (for layer i, the
longer andsgorter spring stiffness are kn and kiz, respectively, i=1, 2, ..., n). Theoretically, based on
whether e@tituent cell stays in the folding mode or the pressing mode, the n-layer model
possesses 2" different locking configurations, corresponding to 2" stiffness values providing that
the con@s' stiffness profiles are prior obtained (see Section IVA, Supporting Information).

Furtherw target stiffness is achievable and on-line controllable by strategically switching

the modes of thellconstituent cells through passive or active means. As an example, Figure 3e

displays&cking configurations of the three-layer prototype and the corresponding target

This article is protected by copyright. All rights reserved.
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stiffness, as well as the stiffness resulting from experiments and FE analysis. This excellent in-situ

stiffness tunning capability well illustrates the power of self-locking.

{

Our ¢ experimental and numerical results indicate that by exploiting the self-locking

origami in p metamaterial would be equipped with limiting-stopper functionality. That is,
|

within the @ermitted range, the compressive deformation can be easily achieved by folding because

of the low @re-locKing stiffness; while beyond the range, further deformation will be limited by high
post-locking_stiffness. Such limiting-stopper effect is desirable in shape morphing applications,
where the changing process need to be realized via low actuation, while the target

configuration (i.e.fthe locked configuration) calls for high carrying capacity and the ability to limit

b

excessive ions. Moreover, the abovementioned excellent programmability of self-locking

1

origami ofi limiting-stopper with strong tunability. The permissible deformation can be

tailored vi@l a the geometry design of SC cells, or more preferably, through adjusting the

dl

composidi ra-ori cells in a heterogeneous construction; and the effect of the stopper can be

controlled b ng the pre-locking and post-locking stiffness through crease and facet material
selection. In addition to constraining compressive deformations, the limiting-stopper functionality
can also b! extended to bi-directional via connecting two pre-compressed origami components

(Figure 4a) i-directional limiting can be symmetric or asymmetric in terms of the permissible

range and t ping effect.

This article is protected by copyright. All rights reserved.

15



WILEY-VCH

(b) Mass m

- Base
Base excitation

pt
:

Mass m
AW [l WA
Locke -t —> WWWW WWWWH
H I - -
> Base
L EBW W S
L
~-—HH
Lacked / ‘ Deformation
(c) 20 _Linear 8+ ]
= ; foeponse A SANAAAANANN
510// ---------------- | E QUVVVVVVVY
) ] < -8t ‘ o
A
£-10+ 20
< Simulation <4vvvvvvvv
20 Averaging method 17,0 Hz -8l ‘ ]
5 10 15 20 25 17.0 17.2 17.4
Frequency [HZ] Time [s]
Figure 4. Sming-stopper effect and its dynamic characteristics. a) A schematic illustration of the
self-locking “®ri i metamaterial with bi-directional limiting-stopper effect; insets show the
configu terogeneously-constructed self-locking origamis. The arrow with double strokes

indicates the of further deformation in that direction. b) Schematic illustrations of a bi-directional
limiting- under base excitations and its equivalent dynamic model. c) The relative amplitude-
frequen

]

(left) and characteristic time-histories (right) of the lumped mass under harmonic
base excitations. The base excitation amplitude is 2mm. The right-top and right-bottom show the low-
amplitude afid high-amplitude time histories of the relative displacement at excitation frequency 17.0 Hz.

§

While ve reported results all fall in the static realm, the locking induced piecewise

O

stiffness ca er trigger extraordinary dynamics when subjected to periodic excitations. For

example, Bigure 4b shows a lumped mass that is connected to the base via a self-locking

g

metam bi-directional limiting-stopper functionality; the base is subjected to harmonic

{

base excit system can be equivalently described by a single DoF lumped mass model with

piecewise stiffness, profile. Figure 4c shows the relative amplitude-frequency responses of the

U

system n the dynamic analyses can be found in Section V, Supporting Information). Results

A
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from numerical analyses are denoted by grey shadow, with the light and dark grey representing the
coexisting responses with high and low amplitudes at the same excitation frequency, respectively.
The respoeHalso predictable by using the method of averaging (solid curves), where the
unstable s bifurcation point are represented by dashed lines and diamond marker,
respectﬁewionumerical and approximation analyses clearly illustrate a dynamically bistable

region wherf bj high-amplitude and low-amplitude responses are possible. Comparing with the

correspon r system (dotted curve), the self-locking metamaterial exhibit a much wider band

of high-anwesponses, which can be utilized for broadening the effective bandwidth of

[40]

vibration a or energy harvesting . On the other hand, in the linear resonance zone,

surprisingly’ plitude is significantly depressed, which has the potential to be exploited for

vibration i!lation (a2l
It is mng that other origami locking mechanisms have also been proposed, which can

be cate two major types. In the first type, locking is achieved by contacting or assembling

[43]
’

of additional nical locking elements, including alignment features and locking latches as

well as angle lock layers . In the other type, active-material based locking mechanisms, such as
surface-ter!on-driven liquid locking hinges ™®***®! and shape memory composites *”, are employed
for fixing t ure at a specific configuration. Our approach shows fundamental differences and
advantages e prior art, mainly in two aspects. First, previous locking mechanisms only aimed
at fixing th!origami structure at specified configuration during folding, our approach can meanwhile

significaMe mechanical stiffness and dynamical responses. Second, the presented facet-

binding baseE !ocSﬁ' g mechanism neither calls for additional mechanical locking elements nor needs

active materials: fich simplifies the design and improves the overall robustness.
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In conclusion, we have combined experiments and numerical analyses to demonstrate that the
non-flat-foldable origamis provide a new platform for the design of metamaterial with
program#inematic and mechanical properties. The programmability originates from the
locking an tion of the non-flat-foldable origami. Specifically, we have shown that the SC
cell, a ty-piimwing origami, could significantly expand the geometry design space so that the

correspondi tamaterial’s foldability and relative density can be programmed in a wide range.

£

Moreover, ompression the SC origami exhibits a jump of stiffness because of the switch of

deformati des, yielding a piecewise linear stiffness profile. This is verified by our proof-of-

$

concept pr made of different materials via different methods and FE analysis. Importantly,

L

the consti -locking cells with the same crease pattern but different piecewise stiffness

profiles cafl be connected in series with no kinematic constraint so that locking of the cells will

)

happen as usly under compression, generating a multi-segment piecewise stiffness. The

d

stiffness cantal e on-line controlled via strategically locking the constituent cells if active folding
mechanism edded. The self-locking origami metamaterial proposed here presents two main

differe

M

pect to the existing origami metamaterial: first, unlike the rigid-foldable origami,
here both the origami geometry and the composition materials play roles in achieving the target
stiffness; secona, !He stiffness programmability does not originate from structural multistability but

research ates in the kinematics and statics realms, this research demonstrates that the

from a str g mechanism induced by self-locking. Additionally, while the current origami

locking-in Ice p|icewise could also trigger nonconventional dynamics under harmonic excitations,
including plitude response at the liner-resonance zone and broad bandwidth of high
amplitudeﬁ Last but not least, while here the studies are based on prototypes at centimeter
scale m@ed types of material, the proposed design can be extended to different material
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and scales. For example, by using photolithography for patterning and electrodeposition for
fabrication, the facets and creases can be scaled down to 15 um and 1.5um, respectively **!; the high
precisio#—'hography can further reduce the origami size to nano-meter level B4 As such, our
study pro pportunities for designing mechanical metamaterials and metastructures

capable-of*c ieving customizable kinematical, mechanical and dynamical properties with tunable

piecewise sif fnj profiles that can be of particular interest for potential applications in morphing,

vibration c d energy harvesting.
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The table g @ ts entry should be 50-60 words long, and the first phrase should be bold. The
entry shoulthbewfitten in the present tense and impersonal style.

An origami mechanical metamaterials with programmable locking-induced piecewise stiffness is
demonstrated for the first time. The kinematical and mechanical properties of the metamaterial can

be strategi ed by switching the deformation mode of constituent cells between pre-locking
folding andPp cking pressing. The capabilities demonstrated here present new paths for
achieving amhability in metamaterials and metastructures.

U

Keyword: degree-4 vertex origami, piecewise stiffness, limiting stopper, mechanical metamaterials,
metastrucytres, origami dynamics
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Self-Lockin i Mechanical Metamaterial
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ToC figure{(Please choose one size: 55 mm broad x 50 mm high or 110 mm broad x 20 mm high.

i

Please do not use any other dimensions))
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