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Origami Crawlers: Exploring A Single Origami Vertex for

Complex Path Navigation

Davood Farhadi,* Laura Pernigoni, David Melancon, and Katia Bertoldi*

The ancient art of origami, traditionally used to transform simple sheets into
intricate objects, also holds potential for diverse engineering applications,
such as shape morphing and robotics. In this study, it is demonstrated that
one of the most basic origami structures—a rigid, foldable degree-four
vertex—can be engineered to create a crawler capable of navigating complex
paths using only a single input. Through a combination of experimental
studies and modeling, it is shown that modifying the geometry of a
degree-four vertex enables sheets to move either in a straight line or turn.
Furthermore, it is illustrated that leveraging the nonlinearities in folding
allows the design of crawlers that can switch between moving straight and
turning. Remarkably, these crawling modes can be controlled by adjusting the
range of the folding angle’s actuation. This study opens avenues for simple
machines that can follow intricate trajectories with minimal actuation.

1. Introduction

While traditionally regarded as an art form, origami has recently
made a profound impact on engineering applications, playing
a pivotal role in the design of deployable and reconfigurable
structures, %], metamaterials with programmable responses!’~]
and mechanical logic elements.[1®!!] Further, origami principles
have provided an opportunity to simplify and accelerate the fabri-
cation of robots, since they enable their manufacturing from a flat
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composite through folding.'*'7]  Be-
yond simplifying the manufacturing
process, origami has also enabled the
design of grippers to encapsulate delicate
specimens!!®! and efficient crawlers.['*-23]

In applications, crawlers are typically
required to follow arbitrary trajectories.
This is commonly accomplished by em-
ploying multiple actuators, each assigned
to a specific gait, and coordinated through
control circuits.'#2*26] The pursuit of
simpler strategies for achieving locomo-
tion along arbitrary trajectories remains
a significant challenge in robotics.””] In
the case of soft machines, this challenge
has been addressed by implementing
actuation through a magnetic field?4%
and by integrating pneumatic control
circuits.’*31) Conversely, for rigid-body
linkages, diverse gaits from a single actuation have been success-
fully achieved by incorporating passive actuators to modify the
effective length of the linkage.[3>3*]

In this work, we leverage the highly nonlinear kinematics of
origami to create a crawler capable of following complex trajecto-
ries with a single input. We focus on one of the simplest origami
building blocks, the degree-four origami vertex,[>>7] and demon-
strate through a combination of experiments and modeling how
the position of the central vertex and the orientation of the creases
significantly impact its crawling ability and resulting trajectory.
Guided by our model, we identify designs that can move straight
when the folding angle is actuated within a certain range and
turn when actuated in another range. This enables the creation
of simple machines that can follow complex trajectories by sim-
ply controlling the folding angle at the actuated crease.

2. Results

We consider a rectangular sheet with width b and height h
and embed four creases to create a generic degree-four vertex
(Figure 1A). The flat state configuration of the sheet is defined by
four sector angles, 6; (i =1, ..., 4), the orientation of the creases
with respect to the rectangular sheet, defined by the angle 6, and
the position of the central vertex, specified by the coordinates (x,,
¥,)- Our focus is on developable (for which Y0, = 2z) and rigidly
foldable (for which. 6, < 36, ) configurations.’! While these
configurations may not always fulfill the flat foldability criterion
(i.e., 8, + 0; # =), their kinematic is characterized by a single
degree of freedom (Movie S1, Supporting Information). To actu-
ate the origami sheet, we attach an inflatable pouch to the valley

© 2025 Wiley-VCH GmbH
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Figure 1. Multimodal crawling locomotion of a degree-four origami vertex. A) Schematic of a degree-four origami vertex with mountain folds (blue lines),
and a valley fold (red line). B) Physical prototype actuated by pressurizing an inflatable pouch attached to the valley fold. The pressure profile used for
actuation is shown on the right, together with the corresponding evolution of the folding angle . C—E) Experimental results for C) Design I, D) Design
I, and E) Design Ill. Snapshots of origami sheets at different times during loading cycles and frames from videos recorded during tests in which the
samples were subjected to multiple inflation/deflation cycles.
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crease (Figure 1B) and increase its pressure from P, to P ..
in 0.5 s. This inflation step is immediately followed by a defla-
tion phase, in which the pressure is reduced back to P, over
0.5 s. This applied pressure profile induces an asymmetric rate
of change in the folding angle of the valley crease, . As shown
in Figure 1B, p rapidly decreases from f,.. to B, within 0.1
seconds during inflation and returns more gradually to g, dur-
ing deflation.

In Figure 1C,D, we show results for two different origami
sheets, both with b = 90 mm, h = 130 mm, but different an-
gles 0, and 0, as well as vertex coordinates. Specifically, De-
sign [ features an asymmetric pattern with angles (6,, 6,, 05,
0,)=(109°,79°,80°,45°) and vertex coordinates (x,, y,) = (45, 80)
mm (Figure 1C). In contrast, Design II, characterized by angles
(64, 9,, 65,0,)=(110°,70°,70°, 90°) and vertex coordinates (x,, y,)
= (45, 50) mm, exhibits an axis of symmetry aligned with the long
edge of the sheet (Figure 1D).

In Figure 1C(i)-(ii), D(i)-(ii) we show snapshots of the origami
sheets att =0, 0.1, 0.5, and 1 s, while in Figure 1C(iii),D(iii), we
report frames recorded during tests in which we cyclically actu-
ated the origami sheets. Note that a green marker is placed on the
central vertex to track the motion of the samples. Four key obser-
vations can be made. First, the orientation of the creases signif-
icantly influences the folding of the sheet, thereby determining
the location of its center of mass. This, in turn, dictates which
edges and vertices are in contact with the substrate, as high-
lighted by the red lines and markers in Figure 1C(i) and the red
markers in Figure 1D(i). Second, since the folding angle f rapidly
decreases during inflation (Figure 1B), all contact points slip due
to the dynamic nature of the process (Figure 1C(i),D(i)). Third,
since the deflation process occurs at a comparatively slower rate
(Figure 1B), contact points with higher static friction forces tend
to stick and act as anchor points (Figure 1C(ii),D(ii)). Fourth, at
the end of the loading cycle, both sheets move following the tra-
jectory outlined by their anchor points (Figures 1C(ii),D(ii)). Con-
sequently, upon cyclic actuation, Design I crawls toward the left
(Figure 1C(iii); and Movie S2, Supporting Information), while
Design II moves straight (Figure 1D(iii); and Movie S3, Support-
ing Information).

The results of Figure 1C,D underscore the potential of exploit-
ing the nonlinear kinematics of the origami sheets for locomo-
tion, albeit with each design limited to a predefined trajectory.
However, it is important to note that certain origami sheets offer
opportunities for motion along arbitrary trajectories. As an exam-
ple, in Figure 1E, we present results for an origami sheet (Design
III) with b = 90 mm, h = 135 mm, (x,,y,) = (27, 36) mm, and
(0, 65, 65, 6,)=(140°,100°, 60°, 60°). We find that for 157° < §
< 163° this origami sheet moves forward upon cyclic actuation,
while for 130° < f < 135° it turns left (see Movie S4, Support-
ing Information). This change in locomotion is due to a shift in
contact points. For # > 155°, an edge and a vertex of the sheet
are in contact with the substrate (highlighted by red markers in
Figure 1E). However, when f decreases below 155°, the shape
change causes the origami device to establish new contact points
at the three edges of the origami sheet (also highlighted by red
markers in Figure 1E). This shift in contact points changes the
anchor point and, therefore, leads to a different crawling mode.

Next, we develop a quasi-static model to systematically ex-
plore how the fold arrangement within the origami sheet af-

max
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fects its crawling trajectory. While an origami sheet itself is a
single-degree-of-freedom mechanism, its interactions with the
substrate introduce three additional degrees of freedom: the com-
ponents of displacement of its center of mass in the plane of
the substrate, and the rotation around an axis perpendicular to
the substrate. Since these degrees of freedom are controlled by
friction, predicting the trajectory traced by the origami sheet re-
quires determining the frictional forces. To this end, we first in-
troduce an equivalent spherical linkage to derive explicit equa-
tions describing the kinematics of the origami sheet as a func-
tion of the folding angle B.13%] We then numerically identify the
three vertices in contact with the substrate upon actuation (see
Sections S3A-C, Supporting Information for details). Once the
contact points and folded configurations are determined, we im-
pose equilibrium to calculate the normal forces at the contact
points, N, and then compute the static friction forces at each con-
tact point as:

F = i'(y)N (1)

where 1° is the experimentally measured static coefficient of fric-
tion, which depends on the angle formed by the face of the
origami in contact and the substrate, y (see Sections S2B, Sup-
porting Information).

As an example, in Figure 2A-B, we show the predicted folded
configurations, contact points, and evolution of frictional forces
for Design III. Our model, consistent with our experiments, pre-
dicts a shift in contact points. Specifically, for § > 155°, the model
predicts that one edge (v;-v;) and one corner (vg) will be in con-
tact with the substrate, whereas for # < 155°, there are three point
contacts (v, vg, V). According to our model, for f > 155°, the edge
v;-V, experiences higher static friction forces, while for g < 155°,
the contact point v, bears a greater frictional force (Figure 2B).

Having determined the static frictional forces at the contact
points, we proceed to calculate the tangential forces, f' at these
points. Although the system is statically indeterminate (with
three equilibrium conditions to determine six unknown tangen-
tial force components - fx and fy at each of the three contact
nodes), it is crucial to recognize that to achieve locomotion, one
contact point must stick while the other two must slip. The stick-
ing contact point must satisfy the sticking criterion:

[f'I < w'(w)N (2)

whereas the slipping contact points must satisfy:

[f'l = w'(w)N ©)

Therefore, an origami sheet can crawl upon actuation if the equi-
librium equations are satisfied with two contact points meeting
Equation (3) and one satisfying Equation (2). The latter acts as an
anchor point, and we fix its in-plane coordinates to calculate the
trajectory traced by the sheet as the pouch is deflated (see Sec-
tion S3D, Supporting Information for details).

In Figures 2C,D, we present the predicted trajectory traced for
Design III for a single cycle of actuation with 157° < g < 163°
and 130° < f < 135°, respectively. We observe that in the first
case, the sheet moves almost straight, with the tangent to the
curve changing by 0.56° over an 11.95 mm step size, while in the

© 2025 Wiley-VCH GmbH
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Figure 2. Comparison of experimental and numerical results for Design 111. A) Numerically predicted location of contacts (highlighted in red) for g =
157° and 130°. B) Numerically predicted evolution of the static friction forces at the contact nodes as a function of folding angle f. The ranges of g used
in the tests shown in Figure 1E to move straight and turn are indicated by the green and blue shaded areas, respectively. C,D) Numerically predicted
displacement of the center of mass of the sheet for a complete actuation cycle with (C) 157° < f < 163° and (D) and 130° < § < 135°. E) Comparison
of the numerically predicted (dashed line) and experimentally observed (continuous line) trajectory traced by Design Il when subjected to 14 loading
cycles with 157° < < 163° followed by 55 loading cycles with 130° < g < 135°.

second case, the tangent to the curve changes by 1.5° over only
a 2.14 mm step size, initiating a turning movement. Upon
cyclic actuation, the first scenario results in a straight trajec-
tory, whereas the second scenario leads to a turning motion (see
Figure 2E). Both outcomes align well with the experimental re-
sults, with minor discrepancies attributed to uncertainties in
measuring the folding angle, slippage of the anchor point dur-
ing deflation, and not accounting for centroid displacement dur-
ing inflation.

Having established a model that accurately captures the tra-
jectory of our origami sheets upon actuation, we then use it to
systematically explore the design space. To this end, we investi-
gate the response of more than two million sheets with b = 90
mm, h € [1, 1.5]b, 6, € [20°, 30°, 40°, ..., 170°], 8, € [10°, 30°, 50°,
. 350%), x, € [- 0.7, 0.5, —0.3]band y, € [~ 1.2, -1, —0.8, —0.6,
—0.4]b. In our analyses, the folding angle g is initially decreased
from 180° to 120° and then returned to 180° in increments of
0.5°. Out of the 579,215 designs that are rigidly foldable, we find
that 243,067 fail to achieve locomotion due to their inability to
stand (indicated by negative normal forces), facet collisions dur-
ing folding (where dihedral angles at mountain folds reach 2x),
or the absence of an anchor point during deflation. To rational-
ize the behavior of the remaining 336,148 designs that do crawl,
we calculate the local curvature k of the predicted trajectory dur-
ing deflation. We classify a portion of the trajectory as straight if
k < 5% 107> mm™, and as curved otherwise, using the angle
formed by the tangent to the trajectory with the horizontal axis
to distinguish between left and right turns (see Figure 3A; Sec-
tion S3F, Supporting Information for details).

As shown in Figure 3B, we find that many designs sup-
port multiple distinct crawling modes. Some achieve multimodal
crawling without altering their anchor point (N, = 0), solely

change
leveraging their nonlinear kinematics. In contrast, others uti-
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lize changes in contact points to vary their crawling mode (note
that designs with Ny,,,,,. > 2 are disregarded as they typically re-
sult in inefficient locomotion). The former results in a continu-
ous trajectory characterized by a broad range of «, while the lat-
ter exhibits discontinuous transition points along the trajectory
(Figure 3A). Among the 229,073 designs with Ny,,,e < 2,47.77%

can support only one crawling mode. Specifically, 25.89% move

A \Y
@
e Yom
\ Lms
R(B)=1/x(B)
\‘\ Contact changes

y

T_;x
X 40 B Voo =0
c
2 30 B Noange = 1
[0}
©
‘S 20 Nehange = 2
3
e 10
=
z

o

b

TO AN B Ty

Different modes of crawling locomotion

Figure 3. Parametric study. A) Schematic of a typical trajectory for the cen-
ter of mass of an origami sheet upon a loading cycle. B) Classification of
the considered 229,073 designs based on their supported crawling modes.

Bar colors indicate the number of contact changes, Ncpange-
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Figure 4. Designs supporting a single mode of crawling. A) Normalized net step size, L/b, versus total curvature k1 (rad) for all designs supporting a
single mode of crawling. Marker colors indicate the number of contact changes through a loading cycle, Nyange B) Numerically predicted evolution of
the position of the contact point during i) inflation and ii) deflation for Design IV. C) Snapshots of Design IV at different times during a loading cycle
and frames from videos recorded during tests in which the sample is subjected to multiple inflation/deflation cycles. The magenta dashed line indicates

the numerically predicted trajectory.

exclusively straight, and 21.88% turn exclusively. Furthermore,
46.52% of the designs support two modes of crawling: 40% move
both straight and turn, 4.94% can turn left and right, and 1.58%
move straight but can change direction. Finally, 5.71% of the de-
signs exhibit three modes of crawling. By controlling the range of
actuation of the folding angle, these designs can crawl straight,
turn left, or turn right.

In Figure 4, we focus on designs that support only one crawl-
ing mode, most of which have N,,,,. = 0. To evaluate the perfor-
mance of these designs, we calculate the length of the trajectory
they trace (L) and the total change in the angle of the tangent to
the trajectory, which is equivalent to the total curvature (k;), as
changes from 120° to 180°. In Figure 4A, we report L/b and x
for all designs. The results indicate that both L and k- can change
largely by tuning the geometry. Specifically, focusing on designs
capable of crawling straight (i.e., designs with x; ~ 0), we find
that the step size can be greatly increased compared to that of
Design II reported in Figure 1. Our model predicts that a design
with h = 1.5b, (6,, 6, 65, 0,) = (150°, 110°, 50°, 30°) and (x,, y,) =
(0.5, 1)b (which we refer to as Design IV) will effectively behave as
a biped (Figure 4B), achieving L = 0.83b (more than twice that of
Design II) and k= 0.1 (see Movie S5, Supporting Information).
In Figure 4C, we show the experimental results for Design IV,
which fully confirmed the numerical predictions in terms of both
folding mode and trajectory. In our experiments, we pressurize
the pouch attached to the valley fold to vary g between 140° and
165°. In each actuation cycle, the origami sheet moves by approx-
imately 37.2 mm, which closely matches the model prediction of
42.1 mm. Consequently, this design requires only six actuation
cycles to move approximately 225 mm, whereas Design II takes
fifteen cycles to cover the same distance.

Our systematic exploration of the design space reveals that
an origami sheet can not only move straight in one direction or
turn but also support two different locomotion modes. These de-
signs include those that can move both straight and turn (simi-
lar to Design III in Figure 1E), as well as designs that can either
turn or move straight in two different directions. In Figure 5,
we focus on designs that move straight with a step length L™

Adv. Mater. 2025, 2502293
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along a direction forming an angle a™ with the horizontal axis
when " < f < p,..,and along a direction forming an angle a™
with steps of length L™ when §? < f < f,,7.. Our model iden-
tifies 11,312 such designs, all with Ny,,,q = 1, and in Figure 5A,
we show a = |a™ — a™| and L,,;,/b = min(L™, L") /b for all of
them. We find that the geometry of the sheets significantly affects
both the step size and the angle between the two supported direc-
tions of motion. For example, for a design with h = 1.5b, (0,, 6,,
0,, 0,) = (100°, 100°, 60°, 20°), and (x,, y,) = (0.7, 0.9)b (which
we refer to as Design V), our model predicts « = 177° and L,
= 0.12b. In contrast, for a design with h = 1.5b, (6,, 0,, 65, 0,) =
(140°, 40°, 100°, 50°), and (x,, y,) = (0.7, 0.4)b (which we refer to
as Design VI), it predicts « = 38° and L,,;,, = 0.19b. Note that for
the former (™1, g1 | g2 | "2 )=(125°, 140°, 156°, 165°), while

for the latter (871, ‘g™ 52 'gm2 \—=(150°, 170°, 120°, 149°).

In Figure 5B, C, we report experimental results for Design V
and Design VI, respectively. For Design V, we find that when 129°
< B < 135°, one edge and a corner are in contact with the sub-
strate (highlighted in red in Figure 5 Bi). However, if § > 155.4°,
the center of mass of the origami sheet falls outside the trian-
gle formed by the contact points, causing it to tip over (Figure 5
Bii) and make contact with the substrate through three vertices
(highlighted in red in Figure 5 Biii). In contrast, for Design VI,
one edge and a corner are always in contact with the substrate,
but the corner in contact changes at f =~ 149° (highlighted in red
in Figure 5C(i)-(ii)). These changes in contact make Design V and
Design VI move along two straight lines separated by an angle «
=165° and 39°, respectively, when actuated within § € [g"] , p7"! ]
and g € [p"2, B2 ], see Movies S6 and S7 (Supporting Informa-
tion). Thus, our experimental results confirm an effective change
in the direction of motion by controlling the range of actuation
for .

Finally, in Figure 6, we consider designs that can move straight
and turn in two different directions. These designs move straight
with a step length L™ when " < f < . and turn left and
right with a step length L™ and L™ when g2 < g < 2, and
B < B < B, respectively. Our model identifies 13,070 such

min

© 2025 Wiley-VCH GmbH
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Figure 5. Designs capable of moving straight in two different directions. A) Angle between the two supported directions («) versus normalized minimum
step size (L,,;,/b) for all designs capable of moving straight in two different directions. B—C) Snapshots of (B) Design V and (C) Design VI at different
times during a loading cycle, with frames from videos recorded during tests in which the samples are subjected to multiple inflation/deflation cycles.

Magenta dashed lines indicate the numerically predicted trajectory.

designs, with 1,458 achieving this with N, =0, 5,913 with

change
Nepange = 1, and 5,699 with Ny, = 2. In Figure 6A, we report
Lo, = min(L™, L™, L") and L; = 2;1 L™ for all these designs.

To highlight the combined contributions of contact changes and
nonlinear kinematics, we aim to identify a crawler with Ny, ..
= 1 that can consistently achieve large step sizes across all three
crawling modes. This requires maximizing both Ly and L, . To
this end, we select an origami sheet characterized by h = 1.5b, (6,,
0,,0,,0,) = (130°,90°, 70°,90°), and (x,, y,) = (0.3, 1.2)b, referred
to as Design VII. Although a few other N, = 1 designs showed
slightly better performance in simulation, they were impractical
for experimental testing. At large folding angles, the pneumatic
tubing in these designs rubbed against the substrate, reducing
reliability. Our model predicts that Design VII, with N,q = 1,
has L =0.65band L, = 0.17b, indicating it can move with large
steps both straight and when turning in either direction. In ex-
cellent agreement with the model, our experiments show that for
157° < B < 162°, three vertices are in contact with the substrate

(highlighted in red in Figure 6B(i)), resulting in a left-turn crawl-

A B
157° <B < 162°
¢ N(hrmge =0
= Design VII
\]5 02 Nc/nmge = /
g Notange = 2 %
£
k7
k) 0.15
o
£
2 ®
=g
g o
w
Q
2
123
goos
©
£ &
o [ J
z Y

0 . Iy
0 0.2 0.4 0.6 0.8 1 12
Normalized theoretical total net step size L /b

ing motion (green portion of the trajectory in Figure 6B). How-
ever, at # < 154°, this contact configuration becomes unstable,
and the sheet establishes new contact with the substrate through
an edge and a vertex (highlighted in red in Figure 6B(iii)). This
change in contact configuration allows Design VII to crawl in a
straight line when actuated within the range 135° < f# < 139° for
67 cycles. Furthermore, when the range of actuation is increased
to 140° < p < 152° (Figure 6B(iv)), a right-turn crawling motion
is achieved with the same contact configuration due to the non-
linear kinematics of the origami (See Movie S8, Supporting In-
formation). As such, these results confirm that both changes in
contact and nonlinear kinematics can be exploited to control the
crawling direction of origami sheets.

3. Discussion and Conclusion

In summary, we have demonstrated that the nonlinear kinemat-
ics of origami sheets can be exploited to realize a crawler capa-
ble of multimodal locomotion when actuated with a single input.

135°< B < 139°
(iil)

PiA08 =B = 1o2a

Figure 6. Designs supporting three modes of crawling. A) Normalized minimum step size L,,;,/b versus normalized total step size Ly/b for all designs
supporting three modes of locomotion. Marker colors indicate the number of contact changes through a loading cycle, N¢panee B) Snapshots of Design
vl at different times during a loading cycle and frames from videos recorded during tests in which the sample is subjected to multiple inflation/deflation
cycles. The magenta dashed line indicates the numerically predicted trajectory.
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We specifically considered one of the simplest origami building
blocks — a rigid degree-four vertex — and identified designs that
can move straight and turn both left and right by simply control-
ling the range of folding for the actuated fold. Our results show
multimodal behavior arising through three distinct mechanisms
i) Shape-substrate contact change: A change in the set of contact
points is triggered purely by the sheet’s shape evolution and its in-
teraction with a flat substrate (e.g., Designs IIT and VI). This tran-
sition is fully reversible: returning the folding angle f to its orig-
inal range restores the initial contact set and the crawler’s previ-
ous gait. ii) Tipping-induced contact change: when the center of
mass crosses the boundary of the support tripod, the sheet tips
over, and a new set of contacts is established (e.g., Design V and
the left-turn — straight switch in Design VII). Once tipped, the
sheet remains on the new configuration; the transition is there-
fore not reversible under normal actuation unless the crawler is
manually reset. iii) Non-linear kinematics and unchanged con-
tact nodes: With the contact set unchanged, nonlinear folding
kinematics alone yield different gaits depending on the actuation
range (e.g., the straight < right-turn switch in Design VII). This
approach is reversible: changing the f range suffices to toggle
between modes.

While this study focused on crawling, the rich nonlinear me-
chanics of origami could be further exploited to achieve other lo-
comotion gaits, such as walking, swimming, rolling, and jump-
ing. For instance, transitioning to a circular or curved boundary
could enable rolling locomotion by continuously relocating the
center of mass.*®! Additionally, it has been shown that a sim-
ple degree-four vertex can be programmed to be multistable.*¢]
The rapid movements triggered by snapping in multistable de-
signs could potentially be used to make the origami sheets
jump.[“*#1] Moreover, multistability could allow for hysteresis-
dependent path generation, creating asymmetrical ellipsoidal
gaits, and opening up possibilities for walking and swimming
locomotion gaits.

In this study, we use a single-chamber inflatable pouch sized
to the facet, which limited the folding range closing from 180°
to 125° and the actuation frequency to about 1 Hz. Increasing
the pouch width can produce a larger folding range, where the
folding angle # can close from 180° to 85°.1*?1 A larger folding
range yields a larger step size, broadens the design space, and
enables more complex behavior. However, they come with trade-
offs: larger pouches respond more slowly due to the increased
air volume that must be exchanged, and they are not suitable for
all designs, as they require larger surface areas for attachment. To
address these limitations and improve actuation performance, re-
cently proposed strategies can be employed. For instance, cascad-
ing multiple pouches can achieve an even greater range, closing
B toward 0°,13] while incorporating kinking mechanisms can ac-
celerate actuation.*¥] In addition, recent advances in smart and
active soft materials, such as shape memory polymers,*! lig-
uid crystal elastomers,[*®*”] magnetic elastomers, 491 and dielec-
tric elastomers,*®! could be leveraged to integrate actuation di-
rectly into the folding mechanisms. Although our crawlers oper-
ate predominantly in open-loop mode, incorporating emerging
stimuli-responsive materialsl®*2) would enable greater adapt-
ability and facilitate closed-loop control. In addition, the flat
origami platform can be scaled and integrated with soft, minia-
turizable actuation schemes!®® to perform small-scale robotic
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tasks. By leveraging these materials for both actuation and
sensing, future untethered systems will gain enhanced perfor-
mance and versatility, paving the way for more complex robotic
applications.

4. Experimental Section

Details of the design, materials, and fabrication methods are summarized
in Sections S1, S2, and S3 (Supporting Information). The fabrication pro-
cess is detailed in Section S1 (Supporting Information). The experimen-
tal procedures, including actuation procedures, testing for the static co-
efficient of friction, and the pressure-volume relationship of the inflatable
pouch motor, are described in Section S2 (Supporting Information). The
numerical model to predict the locomotion behavior of a generic degree-
four origami vertex is detailed in Section S3 (Supporting Information). This
included the geometric description, crawling locomotion analysis, com-
parison of numerical and experimental results, and the results from the
parametric study.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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