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SUMMARY

The practical success of soft robotics depends largely on actuators with advanced shape-morphing capabil-
ities for tasks such as dexterous manipulation and adaptive locomotion. Traditional soft machines have faced
limitations caused by the complexity of managing multiple operational modes within a single device. To
address this, we introduce highly adaptable morphing machines that combine modular origami and kirigami
designs with pneumatic snap-through and snap-back of bistable shells at tile junctions or kirigami creases.
Controlled pressure triggers selective snapping at creases, enabling programmed shape transformations
along multiple paths. Our analytical and computational framework predicts system morphology and dy-
namics, guiding the design of snap inflatable modular metastructures (SIMMs). Utilizing SIMMs, we have
developed soft robots capable of navigating diverse terrains and performing multifunctional tasks, demon-
strated by “3D spinning ball” and “2D quad-tessellation” modes. This research advances morphing capabil-
ities from a single input source, opening new possibilities for applications including minimally invasive sur-

gery and search and rescue.

INTRODUCTION

Soft actuators capable of flexible interaction with complex envi-
ronments have recently drawn great interest as a viable solution
to perform functions previously unachievable by conventional
rigid robots." Drastic shape morphing of soft bodies opens a
wide range of new functionalities including manipulation of arbi-
trary objects® ® and locomotion through harsh environments.”~'?
However, the full potential of these soft systems is yet to be real-
ized, as the complexity of actuation and control introduces sig-
nificant challenges. Increased functionality in soft robotics often
requires complex combination of mechanisms and actuations
dedicated for each specific motion."®>'® This approach not
only escalates the complexity of the design but also imposes de-
pendency on additional, typically rigid, components that can
hinder the system’s flexibility. Auxiliary rigid components for pre-
cise control, such as regulators and valves, underscore a pivotal
restraint in exploiting the inherent compliance of these soft
elements, ultimately limiting their adaptability and functional
versatility.'® As a consequence, there is a pressing need for inno-
vations that facilitate multimorphing capabilities without employ-
ing the rigid control elements. Simplifying the design to reduce
rigid parts also decreases the overall system weight, volume,
cost, and complexity. Recent attempts to increase the number
of actuation modes per input control in pneumatic actuators,
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such as the deploy-stretch mechanism,'” the time lag effect
via viscous flow,'® and the strain-hardening effect,’® have
been limited to relatively simple sequential morphing and thus
incapable of multipath actuation and control of each mode.

Among numerous programmable structures, one approach to
overcome such difficulties is by utilizing the concept of origami or
kirigami.'%'"1720-24 Through precise patterns of folding and
cutting, origami and kirigami provide ways to attain desired
topologies and mechanical behaviors by concentrating the
deformation in the creases and cuts (flexible) rather than the
planar areas (relatively stiff) of the material.>® Furthermore,
the intrinsic adaptability of hybrid ori-kirigami designs is
emerging as a promising strategy for advanced tasks that
require both softness and sufficient rigidity of the system.”®
Recent advances in modular origami metastructures have suc-
cessfully demonstrated shape-morphing capabilities through
the use of assembled modules.?” However, these systems still
rely on multiple onboard rigid, electric motors for actuation and
control, which limits the versatility and potential applications of
origami and kirigami designs.*®

While a large number of soft machines activated by chemical,
thermal, and electromagnetic stimuli have been studied, pneu-
matic or hydraulic actuators have proven to be useful for applica-
tions requiring strong, scalable, and rapid actuation.®?° Inflat-
able actuators are commonly used for expansion, contraction,
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Figure 1. SIMM with multimorphing capability
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(A) Schematic illustration and (B) experimental image of a snap unit and a SIMM activated by pressure.

(C) The folding angle-pressure (¢ —

P) diagram and (D) the corresponding illustration of hysteretic transition cycle of the SIMM combined with bellows-shaped

extension actuator. Green solid and dashed lines correspond to snap-through folding and snap-back unfolding procedures, respectively. Orange solid lines

correspond to continuous extension and contraction actuations in each state.

bending or twisting, and combinations of these modes.*° While
these actuators primarily achieve motions through gradual and
continuous deformation upon the supply of pressure, the recent
advancements in soft pneumatic systems exploit nonlinearities
associated with buckling or snapping instability, enabling
rapid shape-shifting.***>*'=*"  Furthermore, snap-through
buckling elements often grant multistability to the system by
connecting two or more bistable units and then independently
triggering the instability of each unit.>® Such multiple equilibrium
states provide a solution to the problem of pneumatic systems
continuously consuming power to maintain their deformed
structure.”®99742

In this work, inspired by modular origami and kirigami design
principles and multistable structures, we introduce a snap inflat-
able modular metastructure (SIMM) mechanism that achieves
multiple reversible modes with a single pressure input. While
traditional origami and kirigami principles involve cutting and
folding thin sheets, our approach adapts these concepts to
three-dimensional, pneumatically actuated structures. This inno-
vative approach significantly reduces the system’s physical
complexity by minimizing reliance on auxiliary rigid components
such as valves and mechanical connectors, which are typically
essential for multifunctionality in traditional systems. By simpli-
fying the hardware, we decrease the overall system weight, vol-
ume, cost, and complexity, and enhance the functional capabil-
ities of soft systems. We start with describing the concept of
SIMM and show how bistable shells are used as dynamic snap
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hinges to fold and unfold the system into different patterns.
Upon investigating the morphing cycle of the system, we theo-
retically identify the shell parameters that determine the snap-
folding angle and snap-transition pressure and verify them with
experimental and computational results. Then we demonstrate
that assembling different snap modules into various modular
origami and kirigami shapes can create multimorphing designs
with versatile, adaptive properties such as multiterrain locomo-
tion and unconventional object grasping.

RESULTS

Reversible multimorphing SIMM

A single snap unit is constructed by attaching a pneumatic cell,
shaped as a cuboid, to a bistable elastomeric shell of a spherical
cap shape surrounded by a flat rim; i.e., the shell snaps through
upon positive pressure (inflation) and snaps back upon negative
pressure (deflation) as shown in Figures 1A and 1B (see also Fig-
ure S1 in the supplemental material for additional details). To
designate the two equilibrium modes of bistable states, we
employ a binary code, denoting the initial pre-snap collapsed
mode as s° and the post-snap popped-up mode as s'. The over-
all SIMM is an assembly of interconnected snap units. Each unit
is linked by a flat, flexible hinge to guide the folding pathway of
the structure. To ensure spontaneous unfolding during snap-
back, a thin tendon connects the snap units. The length of the
tendon is precisely determined to maintain its original length
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(A) Computational results of snap-through sequence of a spherical cap shell clamped at the edge of the square-shaped rim support, obtained by finite element

analysis.

(B) Schematic illustration of folding of a SIMM upon snap-through of shells. Two adjacent snapped shells form a snap-folding angle « by tangential contact. The
red dashed lines represent the simplified analytical profile of the post-snapped shell.

(C) Dependence of a on the normalized rim-clamped length L and overall height of post-snapped shell H predicted by our theoretical model. hisfixed as 1/6. The
gray region represents physically impossible space. The data points for polygonal SIMM with n snap units, the spinning ball (SB) robot, and the quad-tessellation

(QT) robot are indicated in the plot.

(D) Snap and snap-back pressure plotted against the analytically predicted parameter, EL~2h6 sin 6/(1 — v). We use the rim clamp conditions with L= 3/2and
t = 1 mm, and Poisson’s ratio v is assumed to be 0.5. Solid and dashed lines correspond to the lines of best fit for snap and snap-back pressures, respectively.

Symbol color indicates the values of A = 12(1 — »2)"/*(\/R/h)6.

(zero-stress state) in both modes, while undergoing momentary
stretching just after the shells snap-back, which provides tension
force pulling the units back together. In such a manner, the shells
on the snap units work as dynamic snap hinges, pushing and
pulling the neighboring cells and, as a result, folding the system
into different patterns (see methods, fabrication of SIMMs, for
details).

We now define the morphing cycle of a basic SIMM comprising
two identical snap units (Figure 1C). We start from the initial pre-
snap mode s, corresponding to the negative (inward) curvature
of interconnected shells, and gradually increase the activation
pressure P following path 1. Here, the pressure refers to the value
relative to the atmospheric pressure. Once P exceeds the critical
shell snap pressure Ps(P > Ps), the shells snap through and pop
out to attain the positive curvature, path 2. Then the two adjacent
shells push each other, corresponding to the post-snap mode s,
where the snap-folding angle defined as the angle between the
two neighboring snap units as shown in Figure 1A is «. In path
3, the pressure in the snap units is reduced to the critical pressure
for snap-back Pgp. Then the shells snap back to their initial states.
Consequently, the tendon pulls the units back together, and the
structure unfolds to the straight configuration of initial pre-snap
mode s, path 4. This hysteretic behavior creates a unique
path-dependent morphing cycle of SIMM.

It is unnecessary to constantly supply pressure to maintain
each mode thanks to the bistable shells. We also note that
monostable snap-through structures that allow for spontaneous

recovery upon removal of stimuli can be used if necessary. We
can determine such structural stability of shells by tuning the
geometric parameters (Figure S2C).

The nonlinear, stepwise response of snap-through can be in-
tegrated with various other continuous pneumatic actuators,
such as a bellows-shaped pneu-net as shown in Figure 1D.
Since our SIMMs store energy in bistable shells without defor-
mation until a threshold strength of stimulus is reached, we
can decouple the activation of the pneumatic actuator units
from snap transformation of cap shells with only one input pres-
sure. For instance, within the pressure range Psp, < P < Ps, we can
extend or contract the bellows-shaped pneu-net without trig-
gering the transformation between modes s® and s'. The bellows
actuators can be extended or contracted in either the straight
(within path 1) or the folded (within path 3) configuration, allowing
for multiple functions with a single pressure input.

Analysis of shape-shifting properties of SIMM

Although starting from the same planar form, origami and Kkiri-
gami patterns can significantly differ in their final shapes de-
pending on the folding order and the magnitude of folding angle.
Therefore, to fully harness the shape-morphing potential of
origami and kirigami patterns, precise individual control of
different creases and cuts is crucial, which correspond to snap
hinges in our SIMMs. To this end, we employ shells of varying ge-
ometries, whose snap-through properties are predicted through
our analytical model (Figures 2A and S2). In the following, we
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analyze the snapped profile and the critical snap pressure of the
shells as functions of the geometric parameters defined in Fig-
ure 2B: mid-plane radius R, shell thickness h, opening angle 6,
rim thickness t, and half cuboid width L.

The snap-folding angle « is defined as the angle formed by the
two adjacent snapped shells that are in tangential contact with
each other. Exterior geometry of post-snapped shell (Figure S3)
gives the snap-folding angle as

1 8
L2+(H - g° —

a = 2tan”

1 ~
2t ’1{7H— }
+2tan L( 8)
(Equation 1)

where the non-dimensionalized parameters are such that L=1 /
R, H = H/R, h = h/R,and 8 = 1 +%F). In our model, the snap-
folding angle « is assumed based on the geometric rigidity of the
shells, which are thick enough to maintain a minimum thickness-

to-radius ratio (h) to avoid substantial deformation under point
forces such as the weight of neighboring cells. The specific
threshold for this slenderness ratio, which ensures that the shells
support the geometric assumptions without significant bending
or indentation, is discussed in detail, along with the derivation of
the geometric model, in Note S1, analysis of snap-folding angle.
Our analytical model is consistent with experimentally and

computationally measured « for various shells with 1< H< 3

and 0.1<h<0.5 (Figures S3B and S3C). The color map in Fig-
ure 2C constructed by our analytical model illustrates the depen-

dency of the snap-folding angle « on such factors as Hand L,
enabling a design strategy for selecting appropriate shell geome-
tries for target structures. Data points corresponding to various
polygonal SIMMs with n snap units are presented in the figure.

To control the folding order of origami and kirigami, it is neces-
sary to precisely engineer the snap and snap-back pressure of
different shells, Ps and Pg,. We analyze the energies associated
with the shell deformation to predict the snap pressure P of shells
with rim-clamped boundary conditions. For the shells used in
our experiments, we find that edge deformation governs the
overall shell deformation. The strain energy potential of the shell
region, Weqge, induced by (additive) natural curvature «, can be
scaled as:*®

Eh ., ,(R\} .
thl{ (F) S"’Ta7

where E and v are Young’s modulus and Poisson’s ratio, respec-

tively. The potential energy induced by uniform pressure, de-

noted as Ilp = P [Wsdw, can be scaled as Ilp ~ Ph?kL2.** By
w

Wedge (Equation 2)

scaling the two energies, Weqge ~ I1p, We establish a pressure-
curvature analogy similar to that of a complete sphere,*”

K~ %ﬂ*%h*wip (Equation 3)

sing ~

This implies that a pressure P exerted against the convex
side of a spherical shell is analogous to a curvature stimulus «.
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Substituting the critical curvature stimulus at snapping,
ks ~ 0/v/Rh,** in Equation 3, we finally scale the snap-through
pressure of rim-clamped shells as a function of E, E, ﬁ, and 6:

P, ~ L-2R0sin 6.

a li_ ) (Equation 4)

Figure 2D demonstrates that our scaling aligns well with
both experimental and computational results for the snap-
through pressure across shells with varying values of A =
[12(1 — V2)]1/4(\/R/h)09. This parameter, which scales the
ratio between the stretching and bending energy densities
(~ (€S/£b)1/4), is often used for determining various shell behav-
iors, such as the stability of spherical shells, as illustrated in
Fig. S2C.*¢ The snap-back pressure Py, also conforms to our
scaling, reflecting similarities in the snapping mechanism,
although it is influenced by residual stress.

In our model, we adopt a theoretical framework that assumes
idealized axisymmetric deformations of perfect shells, focusing
primarily on edge bending while neglecting any prior local buck-
ling effects. However, shells with imperfections may exhibit sig-
nificant local buckling, requiring an alternative approach to pre-
dict snap-through pressures accurately. One way to deal with
these situations is by deliberately introducing controlled imper-
fections, such as localized dimple-like defects, to modulate the
buckling behavior.*’*® Precisely engineered imperfections
could significantly reduce the imperfection sensitivity to defects,
and allow the system to achieve desired snap-through pressures
with accuracy. This work concentrates on the established model
for Ps in order to demonstrate capabilities of multimorphing
SIMM mechanisms, with further details on managing imperfec-
tions reserved for future research. Further discussion on the deri-
vation of Pg, as well as the diverging trend observed beyond the
specified pressure ranges in Figure 2D and the effect of imper-
fections, can be found in Note S2: supporting theory for snap-
through pressure.

Principles of path-dependent morphing transition

After demonstrating the controllability of snap-folding angle and
shap pressure using shells with varying geometry, we now
construct a multimorphing structure whose deformation can be
controlled by a single pressure input. Each state of the n-shell
dicates the bistable state of the i shell. The index i is arranged
according to the sequence of snap pressures, placing shells with
higher snap pressures at the sequence’s end. The snap-folding
angle, snap-through pressure, and snap-back pressure of the
i shell are denoted as «;, Ps;, and Py, respectively.

Figure 3A demonstrates an example of morphing transition of
SIMM consisting of three snap units having two interconnecting
shell pairs with different snap criteria, termed “thin” and “thick”
for low and high snap-through pressure. Starting from the
straight configuration s%, during the inflation stage (solid lines),
the thin shell pair snaps first, as pressure is increased to P =
P51, forming an inverted L shape s'. Then at higher pressure
P = Ps>, the thick shell pair snaps, forming an inverted-C shape
s'. During the deflation stage (dashed lines), the thin shell pair
snaps back first at P = Pg, 1, forming a rotated-L shape s°7,
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Figure 3. Morphing transition patterns of SIMMs

(A and B) Schematic illustration (A) and (B) corresponding pressure-state diagram for the path-dependent transition cycle of a SIMM system consisting of three

aligned snap units.

(C and D) Schematic illustration (C) and (D) corresponding pressure-state diagram for the path-dependent transition cycle of a SIMM system with four aligned
snap units. Green solid and dashed lines correspond to snap-folding and snap-back unfolding procedures, respectively. Orange lines represent the possible

pathways of continuous pneumatic actuations in each state.

(E) Classification of morphing transition patterns in SIMM, utilizing basic cuboidal snap units.

and then the thick shell pair snaps back at lower negative pres-
sure P = Pgy,», restoring the structure to its initial state s°°. Note
that the thin shell pair always snaps and snaps back prior to the
corresponding action of the thick shell pair, and thus the interme-
diate states have different shapes during the inflation (inverted-L)
and deflation (rotated-L) stages. In other words, we can achieve
all possible configurations otherwise unachievable through an-
hysteretic morphing mechanisms, with combinations of acti-
vated (1) and deactivated shells (0) through precise sequencing
of pressure inputs (Figure 3B). This allows the system to leverage
maximum of 2" number of configurations instead of just 2n, for n
number of different types of shell pairs used.

To transition from the initial all-zero state s®C to an arbitrary
0 (pre-snap) or 1 (post-snap), the protocol for the input pressure
cycle is as follows: first, identify the largest index k for which

ax = 1, indicating the shell pair that snaps last. The snap-
through pressure criteria for the k' shell is Psx. Subsequently,
find the largest index / <k where a; = 0, establishing the snap-
back pressure, Pgy, for the " shell. This iterative process of
alternating between 1s and Os progresses until the first shell
(@1). To achieve the desired state, the pressure is sequentially
adjusted: first increased to Ps to activate the snap-through of
the targeted shell pair(s), then decreased to Pg,; for snap-
back, and so forth, following the established sequence until all
specified states are reached. For example, in the case of a tri-
ple-shell SIMM, to transition from the state s°° to s'°', the pres-
sure is first increased to Ps 3, activating the snap-through for all
three types of shell pairs. It is then decreased to Pgy 2, causing
the first two shell pairs to snap back and, finally, the pressure
is increased once more to Ps 1, to re-activate the snap-through
of the first shell pair as shown in Figures 3C and 3D.
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Combined with the design principle of snap-folding angles,
this approach leads to a wide array of modular origami and Kkiri-
gami shapes distinguished by their connectivity and the dimen-
sion of configuration space, as illustrated in Figure 3E and Fig-
ure S6. We see that our adaptable, transformable structures
can realize modular kirigami architectures. It is worth noting
that the adaptability of our approach is not limited to variations
in snap-folding angles and pressures; snap units of varied geom-
etries, such as tetrahedrons (Figure S7), can be employed to
achieve desired modular origami and kirigami shape morphing.
Incorporating concepts such as rotational joints and rigid bar-
linkages, as explored in modular architected materials,’” and ex-
tending these to include deformable bar-linkages to represent
continuous pneumatic actuators could further enhance the sys-
tematic assembly and versatility of these structures. Further-
more, these snap units can be pneumatically actuated to func-
tion in any configuration, allowing us to showcase examples of
multifunctional soft robots in the following.

Multiterrain locomotive soft robot

We now present a soft robot constructed on the basis of SIMM
that can adaptively metamorphose into multiple forms for multi-
terrain locomotion including crawling and cable climbing.
Although several soft climbing robots have been demonstrated
previously,’**°° their locomotions have been limited on a single
terrain. Inspired by the spinning ball origami (also known as Twir-
ligig, see also Figure S10A), here we develop a crawling soft
robot capable of conformable locomotion on two distinct ter-
rains, a flat surface and a curved cable, using a single input pres-
sure control for both transformation and locomotion (Figure 4;
Video S1).

We build a single snap unit of an elastomer cuboid with an inte-
rior gas chamber having two bistable cap shells at the two oppo-
site faces as shown in Figure 4A. By attaching the snap units to
both ends of a bellows-shaped extension actuator, we construct
a single-extension snap module (Figure 4B). Next, we align three
extension-snap modules side by side and connect the neigh-
boring snap units via flexible hinges and tendons, replicating
the configuration of a three-strip Twirligig (Figure 4C). This corre-
sponds to a soft pneumatic robot capable of shifting shapes be-
tween flat (mode s°) and cylindrical (mode s'), and of elongating
and recovering in both the flat and cylindrical modes. We affixed
ratchet legs to both upper and bottom surfaces of each snap unit
for the robot to selectively hook and release the terrain (ground or
cable) depending on the body posture for directional propulsion
(Video S2).

Initially, our robot can crawl like an earthworm on flat surfaces
(mode sP). The robot wriggles forward by periodically extending
and returning to its initial length as the actuation pressure oscil-
lates between 0 and P = 13 kPa (<Ps = 13.5 kPa) (Figure 4D).
Although three pressure tubes are depicted in the figure, it
is important to note that these tubes are interconnected,
converging into a single channel at the end of the setup, which
simplifies the control system by reducing the number of indepen-
dent pressure sources required for operation. When the robot
reaches a cable, it curls up into a 3D cylindrical shape (mode
s'"), grasping and enclosing the cable by snapping all the shells
at pressure P = Ps = 13.5 kPa (Figure 4E). The transition to
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mode s’ occurs in less than 0.1 s, utilizing the inherently fast na-
ture of snap-through dynamics, which contrasts sharply with the
slower cyclic locomotion of the robot. The cyclic locomotion
is constrained primarily by the frequency of the pneumatic con-
trollers (1/4 Hz in our demonstrations) and the influx of air. Once
transformed, the robot extends and recovers periodically, now in
acylindrical shape, to propel itself on the cable (0 < P < 13 kPa).
The flexible structure, realized by both the consisting soft mate-
rials and the gaps in between the extension actuators, resem-
bling kirigami cuts of a Twirligig, enables the robot to smoothly
bend while climbing the curved section of the cable (Figure 4F).
When the pressure is decreased to P = Pg, = — 5 kPa, all the
shells snap back, and the robot reconfigures into its flat mode
sP, losing its grip of the cable and landing on the ground (Fig-
ure 4G). Simultaneous folding or unfolding of all the snap hinges
enhances the robot’s capability to transition seamlessly between
different terrains. Furthermore, the robot’s highly compliant
structure allows it to adeptly navigate through narrow curved
tunnels 3.2 mm wide—only 1.16 times the height of the
robot—with curvature 0.08 mm~'. This capability is demon-
strated as the robot smoothly transitions from the tunnel to
climbing vertically along a cable (Figure 4H). The robot can
bend up to 180° without damage, constrained only when the
front and rear cells make contact. It is also worth noting that dur-
ing the transition from the tunnel to the cable, the front cells
initially wrap around the cable while the rear cells are still inside
the tunnel. The structural conformability demonstrated here
further highlights the potential of our SIMM robots as multifunc-
tional, adaptable systems for various scenarios and environ-
ments (Video S3).

Bidirectional locomotive and deployable soft robot

Here, we present a reversibly deployable soft robot that employs
planar kirigami tessellation combined with modular origami and
transforms by pneumatically controlled snapping at cutting pat-
terns. To demonstrate the adaptability of our design to various
deployable structures, we selected quad-tessellation (QT), also
known as rotating rectangles. This 2D kirigami pattern, formed
by making partial cuts in flat sheets, enables compact forms to
expand into more open structures. We build a single bending-
shap module by attaching a bistable cap shell at one end of
pleated-cuboidal bending actuator as shown in Figure 5A. The
two-by-two array of these bending-snap modules, connected
via flexible hinges and tendons between the cap shells, yields
a transformable robot, as shown in Figure 5B. The QT robot
can assume three different shapes according to the opening
and closing of the edges: the x-directionally aligned closed
shape, the deployed shape with an empty square hole, and the
y-directionally aligned closed shape.

We employ two types of shells having distinct sets of
snap-through and snap-back pressure (type 1: [Ps1,Psp1] =
[18, — 7] kPa, type 2: [Ps 2, Psv 2] = [24, — 12] kPa), which allows
us to reach the x- or y-directionally aligned closed shapes in a
controlled manner. Starting from x-directionally aligned closed
configuration corresponding to mode s with all the cap shells
snapped back (P<Ps1), increasing the interior pressure
(Ps1 < P<Ps») snaps the type 1 shells (mode s'°), which opens
the robot to unveil the square hole. Further increase of the
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Figure 4. Multiterrain locomotive soft robot
(A) Schematic of the snap unit and (B) the extension-snap module.
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(C-H) Schematic of the SIMM spinning ball robot (C). The robot transforms from ground crawling mode s° to cable climbing mode s'. The robot can (D) crawl on a
flat surface, (E) relocate from ground to a cable by instantaneous snap-through, (F) compliantly climb the cable, (G) relocate back from the cable to ground by
snap-back, and (H) maneuver from a narrow tunnel to a vertical cable. Scale bars, 20 mm.

pressure (P > Ps») snaps the type 2 shells (mode s''), which
closes the robot but at a configuration 90° rotated counter-
clockwise. For cyclic bending, the interior pressure oscillates
periodically between 0 and 17 kPa, staying below the snap-
through threshold of type 1 shells (P < P51 = 18 kPa) to maintain
bending without initiating snap transitions. Reducing the pres-
sure below Pg, 1 causes the robot to open again due to snap-
back of the type 1 shells (mode s°'). Although the two different
modes, s’ (thin shell snapped) and s°' (thick shell snapped),
have distinct shell configurations, they result in identical de-
ployed shapes in terms of modular origami and kirigami pattern,
reducing the unique configurations of the robotto 22 — 1 = 3.
Further decrease of the pressure (P <Ps,) closes the
robot with snap-back of the type 2 shells (mode s%). The result-

ing configuration is identical to the original x-directionally
aligned QT.

We demonstrate a potential application of the QT robot by at-
taching ratchet legs on the bottom of bending-snap modules
(Video S4). The pleats on the top and sides of the cuboid, with
the assistance of a stiffer layer on the bottom, allow the actuating
unit to bend over with the positive interior pressure and return to
the straight configuration at zero or negative pressure. Thus, pe-
riodic oscillations of the pressure input between 0 and Ps 1, as
shown in Figure 5C (0 <t <160 s), enables the aligned QT robot
to propel itself like an inchworm as shown in Figure 5D. A net
attached to the bottom of the QT robot is deployed when s'0 is
reached by increasing the pressure over Ps1 (t = 160 s in Fig-
ure 5C), which can be used to store and carry a target as shown
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Figure 5. Shape-shifting and deployable soft robot
(A) Schematic of the bending-snap module.

(B) Schematic of the SIMM QT robot. Utilization of two types of shells with different snap thresholds enables the transition from x-directionally aligned closed
mode s to kirigami deployed mode s'° or %! to y-directionally aligned closed mode s''.

(C-E) Experimentally measured time-pressure curve and corresponding snap-folding angle ¢ (C) corresponding to the robot locomotion and cargo (or the
rescued) transportation in (D and E). The robot first (D) crawls in the x-direction to approach the target position and then (E) snaps open to deploy the cargo net.
Once the target is safely placed on the net, the robot transforms to mode s'' and crawls in the y-direction.

(F) The robot snaps back into mode s°! to release the target. Scale bars, 20 mm.

in Figure 5E (t = 172 s). The robot is closed in a direction perpen-
dicular to the original by the increase of pressure over Pg» (t =
192 s in Figure 5C), and then crawls in a path perpendicular to
the original via periodic oscillations of the pressure (192 s < t<
214 s in Figure 5C), as shown in Figure 5E. The ratchet legs are
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configured so that the robot can move in its aligned direction
even after QT rotation (Figure S13; Video S5). The cargo net,
attached only to the four outer edges, can expand to an interior
volume of up to 45 cm 2, which is 84% of robot’s body volume.
Therefore, it can store cargo undamaged, thanks to its
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hammock-like drooping when closed. Finally, the cargo net is
opened by changing to mode s' as the pressure is reduced
below Pg, 1, allowing the target to be taken out, as shown in
Figure 5F.

DISCUSSION

Our study highlights the potential of a soft and foldable structure
with snapping internal connections, presenting a simple yet
effective approach to achieving multifunctionality in pneumatic
actuators. Our mechanical model of shell snapping, based on
the geometric relationships and energy minimization allows us
to predict both shell snap pressure and the resulting snap-
folding angle, which are scalable in magnitude and size. To this
date, the actuation of soft robots utilizing elastic structural insta-
bilities mainly addressed rapid motion and high energy release
during snap-through buckling.>**"*' Our work broadens the
scope by emphasizing on utilizing snapping structures as a con-
trol mechanism for controllable shape transformations.

By combing n types of shells with different critical transition
stimuli, the SIMM system can attain up to a maximum of 2"
different configurations, making the system highly programma-
ble. Each state can be achieved by precisely ordered control
of pressure that motivates selective snapping at designated lo-
cations. We have introduced a simple classification system for
transformable shapes based on cell connectivity and dimension,
yet future work is called for to fully exploit the vast array of poten-
tial designs.

Leveraging the novel concept of snap inflatable modular meta-
structures, our research introduces reconfigurable soft robots
for multifunctional applications, controlled by a single pressure
input. We present two designs that exemplify the ingenuity of
SIMM: the spinning ball and QT robots. The spinning ball robot,
inspired by Twirligig, showcases adaptability across various
terrains through its ability to transition between flat and cylindri-
cal modes. The QT robot, drawing from the rotating rectangles,
is capable of crawling, payload transport, and turning direc-
tions, achieved by incorporating shells with two distinct snap
pressures.

The design strategy proposed in this work is a promising solu-
tion for the multifunctional capability of soft robots by harnessing
the multistability of curved elastic shells and reconfigurable
modular origami and kirigami structures. The ability to trigger
the instability of each snap unit with a single input significantly
simplifies the system without compromising potential combina-
tional reconfigurability.>” Furthermore, the SIMM is composed of
widely used silicone elastomer and thus can be effectively inte-
grated with existing elastomer-based soft systems.

Soft pneumatic actuators can be scaled from micro to macro-
scales, with applications extending to extremely large robots.*®
Similarly, our snap-through folding principle with modular
assemblies offers significant scalability potential while posing
several challenges. For instance, scaling to applications
involving heavy payloads, such as an actual person instead of
the demonstrated figurine, will require further research to
enhance material strength and optimize pneumatic control
mechanisms. Key considerations for scaling include the defor-
mation principle’s applicability across length scales, material se-
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lection, manufacturing complexity, and actuation time. Non-di-
mensionalization of spherical shell parameters (R, h, L, H, {)
confirms that critical pressure and folding angles remain consis-
tent across scales. However, structural rigidity, as detailed in
Note S1, scales differently and may decrease with reductions
in radius and thickness, making the snapped hinge more sus-
ceptible to indentation from external forces.

In this work, we solve the snap-through behavior using linear
elasticity within the continuum mechanics framework. This
approach, assuming a constant modulus, is suitable as the
strains in the system range mostly remain within the linear elastic
regime despite geometric nonlinearity. However, localized re-
gions, such as the rim boundary, may experience higher strains
(~0.5), potentially exceeding the linear range. While insignificant
for this study, extreme geometries or unconventional shell struc-
tures may require advanced models (e.g., hyperelasticity) or dy-
namic analyses to account for strain-rate effects. Material selec-
tion poses challenges due to these localized strains, but the
majority of the structure experiences significantly lower strains
(typically below 0.05), mitigating fatigue concerns and allowing
the use of a broader range of materials. Future work could
explore alternative structures such as conical shells,®* which
exhibit lower strain distributions, or bistable origami units,**
which may enhance robustness across scales. Scaling pneu-
matic or hydraulic actuation introduces additional challenges,
particularly the time required for flow transfer. Larger actuation
volumes and channel lengths amplify viscous effects, slowing
pressurization and depressurization, while miniaturization may
encounter similar issues due to reduced channel widths. The
rapid movement of snapping structures partially mitigates these
limitations,*° but the time to reach the critical snapping point re-
mains a challenge warranting further study.

Extending our design to complex machines presents unique
constraints. For example, the spatial volume occupied by snap-
ped shells must remain unobstructed until snap-back occurs,
limiting certain configurations. Connections between cells
must ensure kinematic compatibility to allow deformations
such as extension or bending without interference. Systematic
strategies, such as leveraging computational tools for inverse
design, creating libraries of morphing configurations, or
exploring alternative polyhedral geometries, could address
these challenges and unlock new possibilities for modular as-
semblies tailored to specific applications. Incorporating deform-
able bar-linkages into the modular design could further expand
the range of achievable configurations, combining discrete
shap-through transitions with continuous actuation functions
for enhanced reconfigurability.

On the other hand, while our SIMM mechanism significantly
reduces the reliance on auxiliary components, a minimal number
of external control components remain essential for managing
precise pressurization sequences. Moving forward, integrated
control strategies such as fluidic logic could further simplify the
actuation process,”'®>° potentially eliminating the need for
external valves and regulators. Future studies could concentrate
on utilizing recent developments in electronics-free pneumatic
circuits®® to achieve untethered actuation of SIMM. Such devel-
opment could greatly enhance the utility of our system in sce-
narios where minimizing space and weight is essential. Upon
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combination with a myriad of foldable structures, our study lays
the groundwork for diverse applications of morphing systems
with deployability, scalability, and controllability in such fields
of minimally invasive surgery and search and rescue operations.

METHODS

Fabrication of SIMMs

A basic snap unit is composed of a pneumatic cell having an
elastomeric spherical cap shell surrounded by a flat rim. A single
SIMM is constructed by connecting the two snap units with a
flexible hinge and a tendon. The shells (1:1 ratio mixture of
Smooth-Sil 950/Dragon Skin 30, Smooth-On) and pneumatic
cells (1:1 ratio mixture of Dragon Skin 30/Dragon Skin 10,
Smooth-On) are made of silicone-based elastomers by injecting
uncured elastomers in 3D-printed molds and curing for 1 h in the
oven at 50°C. Flat, flexible hinges are laser-cut from a piece of
fabric (polyester 100%, 0.2 mm thickness) into rectangular
shapes. Pieces of the tendon are fabricated by injecting uncured
elastomers (1:1 ratio mixture of Smooth-Sil 950/Dragon Skin 30,
Smooth-On) into a tygon tube with an inner diameter 0.8 mm
(E-3603, Saint-Gobain) as a mold and curing for 1 h in the oven
at 50°C. After fully curing a long strip of tendon, it is pulled out
of the tube to be cut into different lengths for use. These compo-
nents are bonded by applying uncured elastomer (Dragon Skin
30, Smooth-On) on the interfaces and curing for 1 h in the oven
at 50°C.

Measurement of snap properties

Measurement of the snap-through and snap-back pressures,
along with the corresponding snap-folding angle, is performed
by clamping the edges of the square-shaped rim support of
shells between two 3-mm-thick acrylic panels. The clamped
shells and the acrylic panels are bolted onto an empty 3D printed
chamber with a tube connected to a nitrogen tank for gas supply
as a pressure source. Pressure values at the moment of snap-
through Pq of various shells are monitored using a digital pres-
sure gauge (Autonics, PSAN-C01CV). The snapped shells are
clamped in a reversed fashion to measure the snap-back pres-
sure Pg, in the same procedure (Figure S2).

Young’s moduli of elastomers are measured using ASTM D
412 series dog-bone specimens under uniaxial loading by an
Instron 34SC-1 mechanical testing machine with a 500-N load
cell at a loading rate of 100 mm/min. The measured values are
given in Table S1.

Computational analysis of snap properties

The FEM (finite element method) simulation is performed us-
ing a commercial package, ABAQUS/STANDARD. Consistent
with the experiments, the structures are modeled as incom-
pressible hyperelastic material, neo-Hookean solids, with
reduced hybrid 3D elements, C3D8RH with minimized distor-
tions. The shells are discretized with regular mesh with 72 and
5 elements in the azimuthal and thickness directions. For the
meridional direction, equivalent mesh sizes are located de-
pending on the opening angle ¢ (between 12 and 30 ele-
ments). The plates are discretized with regular mesh with 36
and 5 elements in the planar and thickness directions, respec-
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tively. All analyses are based on the nonlinear geometric basis
and convergence test.

The simulations are implemented with three steps: snap,
relaxation, and snap-back motions. Comparing the three ana-
lyses (1) static Riks (arc length method), (2) static with energy dis-
sipations, and (3) quasi-static dynamics, we verify the results,
validating with experimental data.

(1) Snap motion: first, the shells are loaded by uniform pres-

sure, P, = 2E/[3(1 — 12)]"2(h/R)? to find the snap pres-

sure, Ps. Static Riks, static with energy dissipations, and
quasi-static dynamics methods are used.

Relaxation: the uniform pressure is removed to find the

snapped shell geometries. Static with energy dissipations

and quasi-static dynamics methods are used.

(3) Snap-back motion: last, the snapped shells are loaded by
uniform pressure, — P, describing the depressurization
and snap-back motion to find the snap-back pressure,
Py,. Static Riks, static with energy dissipations, and
quasi-static dynamics methods are used.

S

Fabrication of spinning ball robot

We fabricate cubic snap units (1:1 ratio mixture of Dragon Skin
30/Dragon Skin 10, Smooth-On) with snapping shells (R =
6mm,h=1mm, §=105") ontwo opposite sides using the method
prescribed above. A total of eight cylindrical magnets of diameter
3 mm and thickness 1 mm are inserted inside the corners of con-
tacting faces, one in each corner, to assist the adhesive forces of
the folded units. Flat, circular magnets are attached to the bottom
of the snap units to assist the stabilization of the cylindrical mode.
One lateral side of each unit is punched with a ventilation hole to
allow airflow through the extension actuator.

An extension actuator made of elastomer is fabricated by
adhering two identical half-bellows together, each molded using
two-part 3D printed molds. The bellows design was selected
over other directional extension and contraction mechanisms,
such as the McKibben actuators® or fiber-reinforced actua-
tors,®” due to its simple fabrication process, which eliminates
the need for additional components. After comparing three
different designs, we selected a bellows actuator made of
Dragon Skin 10 (Smooth-On), with an initial length of 20 mm
and a wall thickness of t = 1 mm. This design achieved a suffi-
ciently large elongation (1.97 times its original length at
13.5 kPa) without significant ballooning, making it suitable for
the intended application.

Then, two snap units are attached along the two ends of a sin-
gle extension actuator to prepare a single extension-snap mod-
ule. Acrylic ratchet legs fabricated by laser cutting are attached
to both the top and bottom sides of snap units, two on each side,
to ensure motion even when the robot lands upside down during
transition between terrains. We then connect three snap-exten-
sion modules side-by-side with flat, flexible hinges made of fab-
ric as above to create a SIMM spinning ball robot. Details of the
design are presented in Fig. S8-S10.

Fabrication of QT robot
A cuboid-shaped pneumatic cell with a pleated top (1:1 ratio
mixture of Dragon Skin 30/Dragon Skin 10, Smooth-On) is
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attached to a stiffer bottom layer (1:1 ratio mixture of Smooth-Sil
950/Dragon Skin 30, Smooth-On) of 2 mm thickness to fabricate
a bending actuator. This design, incorporating a corrugated top
and arelatively stiff bottom, enables angular deformation of up to
36.3" at 17 kPa for a single bending-snap module. Then, a shell is
attached on one side of the bending actuator to prepare a single
bending-snap module.

Two types of shells with different thicknesses (R =6 mm, h =1
and 1.2 mm, 0 = 105°) are used to discriminate their snap-transi-
tion thresholds. By cross-orienting four bending-snap modules
diagonally in a 2%x2 array so that the different types of shells
make face-to-face contact, we create a SIMM QT robot. Flat,
rectangular magnets are attached to the inner side walls of
the snap units to assist the stabilization of the closed modes.
The rescue net is bonded along the bottom inner edges of
bending-snap modules so that it can fold and deploy together
with the robot. Acrylic ratchet legs are attached to the bottom
side of the modules to yield asymmetric friction coefficients.
The legs are arranged so that the functional legs (front and
rear) are always directionally oriented upon mode change. De-
tails of the design are presented in Figures S11-S13.
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NOTE S1. ANALYSIS OF SNAP-FOLDING ANGLE

The snap-folding angle « presented in the main text can be obtained as follows. We start by assuming that the
shells minimally deform due to the presence of neighbouring cells. To validate this assumption, we reference the
classical analytical solutions by Pogorelov, which predict significant nonlinear indentations in thin, spherical shells
subjected to concentrated point forces.' Specifically, the non-dimensionalized indentation depth ¢ relative to the shell

thickness h is given by
¢ 1 (R\’/ F\?
o (z) <ﬁ) ! (51)

where ¢ = 0.19 is a numerical coefficient, and the formula applies to deep shells as long as the deformation remains
localized in shallow regions.?

From Eq. (S1), it becomes clear that shells with rather larger thickness h and a lower slenderness ratio n = R/h
are less likely to deform under external point loads. For a typical shell used in our experiments with parameters
h=10"3m,n =6, E = 10° Pa, an external force required to indent the shell by its own thickness (¢ = h) would be:

F= 3chh2\/% (%) = 3(7)(0.19)(10°)(10~*)2(1)(1/6) = 0.30 N. (S2)

Thus, a single shell can withstand a load of about 0.03 kg without indenting more than 1 mm, which is sufficiently
greater than the 0.01 kg weight per module, including auxiliary pneumatic parts, used in our demonstrations. In
addition, magnets embedded on the lateral sides of each cell assist in aligning the shells for each mode, with an
attractive force of less than 0.5 N—precisely calibrated to avoid interfering with the transformations, depending on the
design. This helps reduce the load on shell surfaces even when the robots assume configurations where cells press
against each other.

Therefore, we proceed by deriving the snap-folding angle based solely on the geometrical relations. To simplify
the analysis, as guided by experimental observations, we approximate the profile of a post-snapped shell to be the
same as the pre-snap shell, with the addition of a cylindrical base of height & (Fig. 2B and S3A). For this assumption
to be valid, the distance of the apex from the rim support of snapped shell, H, should to be equal to Hy + h, where
Hy is the height of the apex measured from the rim support of the initial pre-snap shell. From geometrical relations,
Hy = (R+ h/2) (1 — cos@). Comparing the experimental and computational results of H with initial pre-snap height
Hy, we observe the relation H = H, + h, thereby validating the model for the profile of the post-snapped shell
(Fig. S3B). By utilizing this simplified geometrical representation of a post-snapped shell, we obtain the analytical
expression for a.

We denote the center point of the spherical cap as O and project it onto the imaginary upper surface of rim support
to obtain point S. The folding hinge point and shell contact point are denoted as F and C, respectively (Fig. S3A). Then
the snap-folding angle is twice the sum of the two angles « = 2 (/OFS + /OFC). As the length of OS is H—R—%, the

length of OF = \/OS" + SF is \/IZ + (H — R — /2)2. Therefore, CF = | = \/IZ + (H — R — h/2)% — (R + h/2)2.
Summing up the angle of the two triangles, we obtain:

a=2{tan"! R+% +tan~! (LR_%> . (S3)
VI2+(H - R—18)2 — (R+ L2 L

By non-dimensionalizing the length parameters using the shell radius R, the snap-folding angle is given as in the
main text:

o= tan ! p +tan~! i H-p . (S4)
a \/z2+(]§1_5)2_52 a [L( )]

Fig. S3C shows that our analytical predictionsA are consistent with the experimentally and computationally obtained
« for various shells with 1 < H < 3and 0.1 < h < 0.5.



NOTE S2. SUPPORTING THEORY FOR SNAP-THROUGH PRESSURE

We provide supporting theory for the scaling analysis of snap-through pressure presented in the main text. We
first divide the rim-clamped shells into two distinct regions: spherical shell and rim support, to calculate the energy
accumulated by changes in curvature. The potential energy of shell region, II,, induced by curvature x again
decouples into bulk and boundary terms II,, = —Wpyk — Wedge.> Each term reads

Eh 4(1+ )2
Wouk =~ 57— (3 V) <E> /@/\Pgdw (S5)
and
_ Eh 2(1+y)2j£ AR
WEdge_S(l—l/Q) 3 h*k q 7 t ds. (S6)

We also consider the strain energy of rim support, Uy, using Koiter’s classical shell energy to scale stretching and
bending terms as Up = Us+Up ~ Et/ (1 —1?) [, ep dw+Et*/ [12 (1 —v?)] [, xp dw, where ¢, and x;, are strain and
curvature of rim, respectively. With the expressions of four energy components Wy, Wedge, Us, Up, We compare
each component to find the dominant factor of shell deformation.

First, we examine cases where the rim undergoes considerable amount of stretching before the shell starts to
deform. Experimental and computational results reveal that for shells with high slenderness ratio (n = R/h > 1),
the predominant behaviour before snap-through is the outward bending of the shell edge. For those shells that
deviate from the classical shell assumption (n = R/h ~ 1), the rim support undergoes extensive stretching before
the bending of the shell edge occurs. We can rationalize these assumptions by comparing the two scenarios,
pure stretching of the rim support without deformation of the shell and pure bending of the rim support with edge
bending of the shell. For the former case, where only the rim is stretched, the elastic energy of the system is
approximated as Us ~ Et/(1—v?) [, 2 dw ~ [Et/(1—v?)] ¢2Ap. For the latter case, shell deformation Wi
and Wegge also contribute to the total elastic energy of the system. Using the scaling result of Pezzulla et al® and
assuming axisymmetric deformation, the two energies are approximated as

Eh  4(1+v)

~ 4.2
Wouk =~ SA-9) 3 h*k“27(1 — cos @), (S7)
and
Eh  2(1+v),, o (R\?_ .
Wedge ~ S =9 3 hk 5 27 sin 6. (S8)

Moreover, the bending energy of rim support is approximated as Uy, ~ {Et?/ [12 (1 — v?)]} k3 Ap. The ratio of the
energies involved in the two scenarios then becomes

~ Whuk + Wedge + Up
— 7 ~

3 :
Eh _A(+v) h*Kk?27m(1 — cos ) + Eh  2(04v) p 42 (%) ® 2mwsinf + 7Etgyz)ng/lp

r
(S9)
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where A, = (2L)? — n(Rsin6)? is the area of the rim support. At the moment of snap-through, the tangential plane
on the shell boundary becomes approximately horizontal, and the critical curvature within the boundary layer scales
as k ~ 0/v/Rh.2 This also allows us to assume the rim support as a quadrant of circle with constant curvature



kp ~ 1/Ry ~ /(2L — 2R sin §). Substituting the relations into Eq. (S9), we obtain

r— Whuk + Wedge + U
Us

(S10)
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where ~ is a numerical prefactor of order 1. We see that the snapping of shells with high n, small 4, and high L/R
exhibits the ratio I" <« 1, implying the dominant roles of bending of the rim support and shell edge with the effect of
rim stretching negligible. When T is large, indicating the scenario where the bending contributions are overshadowed
by the effect of rim stretching, the behavior of the shells diverges from this bending-dominated mechanism. Fig. S4A
replots Fig. 2D, with the symbols coloured according to the energy ratio of Eq. (S10). Indeed, for shells exhibiting a
large value of T", which are positioned on the right-hand side of the figure and for which n < 2, there is a noticeable
deviation from the linear fitting relation derived from the scaling analysis in the main text. As we focus on snapping
structures that minimize stretching deformation of rim support (preventing excessive bulging of the folding hinge), the
following analyses specifically consider the latter case with lower values of (h/R) 6.

Now we compare Wyyk, Wedge, @and Uy to determine which energy dominates for the deformation of the shells of
the latter case. Comparing the two energy components within the shell region Wy and Weqge,

4 (é (%)21_ sin® 9) (%)

T

Wedge  (1/ h)*?

Whulk tan (9/2) ’ (81 1 )

we find that for the majority of shells within the experimental conditions (n > 1), Wedge dominates over Wy as
illustrated in Fig. S4B. Then, through a comparison of shell edge and rim bending energies

W, ((%)2—511@9)23 m\? (R\?
e \\1) 3 (_) (_) 02 sin 6, (S12)
o (§) —Fsin®o ™\t \D

we find that shells with high 7 and large 6 would exhibit shell edge dominated snap-through (Wedge /Up > 1). Another
factor significantly affecting the deformation is the relative thickness of the shell compared to the rim support, h/t.
Specifically, when the shell thickness is very thin and comparable to the thickness of the rim (e.g. h ~ 1 mm), as
shown in the leftmost region of Fig. S4C, the effect of rim bending becomes significant.

Therefore, we conclude that the elastic energy of large, thin shells (but thicker than the rim support), as observed
in the intermediate regions of the figure sets (200 < E/ (1 —v) L~2hfsinf < 500), can be accurately modelled by
solely considering the outward bending of the shell boundary. Hence, we proceed to scale the shell boundary work,
Wedge, and pressure potential, ITp, as presented in the main text, and determine the critical pressure at snap-through
for rim-supported shells:

E (L\*/(h\ . E g,
Psmm<§) (E)GSIHGN(I—V)L hfsin 6. (S13)

Enhanced scaling can be obtained by incorporating the shell bulk energy neglected above. By scaling I1p with
Wedge + Whuik, modified critical pressure at snap-through for P reads:

e (5) (3

Fig. S5 shows that the linear fitting of the experimental and computational results to P, are slightly improved com-
pared to Ps.

In summary, depending on the geometrical parameters of shell and rim support, the major deformation modes
differ. If the shells are too small in radius, thick, and deep, stretching of rim support and shell bulk deformation
dominate the system. In contrast, if the shells are too thin, comparable to the thickness of rim support, the effect of
bending in the rim support becomes more pronounced. Otherwise, rim-clamped shells exhibit snap-through primarily

h % E N, . 73
1+<}_%) tan@} ~ (l—u)L h9$1n9(1+h tan@). (S14)




dominated by shell boundary-deformation, the scenario employed above.
In our prediction model, we primarily consider axisymmetric deformations where edge bending is dominant, and
no prior local buckling occurs. The critical buckling pressure, derived from linear buckling analysis, is given by

2
Py = % (%) , (S15)

which establishes the upper limit for the buckling in spherical shells.* Comparing this with the snap-through pressure
P, we find:

55 -2 1gsime. (S16)

cr

This suggests that for shells with high L and & and low 6, axisymmetric edge bending will predominantly dictate
snap-through. If the thin and deep shell is tightly clamped near the edge local buckling will occur and reduce the
threshold pressure considerably. Moreover, if the shell has any imperfections, the actual buckling pressure can
drop to as low as 20% of P, further affecting the phenomenon. A potential solution to address this imperfection
could be intentionally implementing controlled defects,>® as discussed in the main text. By designing shells with
a significantly large defect (6/h > 0.3), we can achieve a plateau in buckling threshold reduction. This approach
effectively decreases the imperfection sensitivity, ensuring a more robust and predictable snap-through.
Additionally, we have observed the stability of shells through our experimental results. When the shells are too

thick, small, and shallow, characterized by a small dimensionless shell parameter A = [12 (1 — v?)] /4 0\/R/h, the
system loses its bistability (Fig. S2C). Utilizing such monostable shells in SIMMs would enable an autonomous
snap-back mechanism, albeit with a trade-off in the multistability of the system.

It is important to note that while these effects are acknowledged, our primary focus in this study is on providing
intuitive guidance for shell design as soft actuators. Specifically, we concentrate on constructing snap hinges with
varying rigidity by modifying material and geometrical parameters of the shells.

NOTE S3. SYSTEMATIC LIBRARY OF MORPHING CONFIGURATIONS

We present an example of constructing a morphing library to systematically organize reconfigurable designs using
modular assemblies and the SIMM principle. This methodology facilitates the identification and classification of
morphing configurations based on connectivity and hinge placement. For simplicity, the library in Fig. S6 utilizes
cubic cells connected by snap hinges with a snap-folding angle of 90°.

Each design in the library achieves distinct reconfigurations via snap-through folding, determined by the connec-
tivity between pneumatic cells and the placement of snapping shells. The naming format specifies: (1) the interface
between cells where the snapping shell is located, and (2) the face where the rotational hinge is attached. As shown
in Fig. S6A, face numbers are assigned to each cube face according to a planar map. For instance, the design
shown in Fig. S6B, consisting of one snapping shell placed at face 3 of cell A (connected to face 4 of cell B), with the
rotational hinge on face 1 of both cells, is denoted as A3-B4-1. Using three pneumatic cells and two distinct snapping
shells across the interfaces, eight unique designs with different morphing sequences are identified, as depicted in
Fig. S6C. The resulting morphing positions of cell C are tracked in 3D space, with their trajectories represented as
colored dots in Fig. S6D.

This library can be further expanded by integrating continuous pneumatic functions into each cell and utilizing
computational tools or inverse design methodologies. These advancements could enable the development of more
sophisticated and multifunctional systems designed for a wide range of applications.



Materials Young’s Modulus [MPa]

Dragon Skin 10 0.19 4+ 0.0059
Dragon Skin 30 0.50 + 0.015
Smooth-Sil 950 0.76 + 0.023

Dragon Skin 30: Dragon Skin 10 1:1 0.34 +0.012
Dragon Skin 30: Smooth-Sil 950 1:1 0.65 + 0.035

TABLE S1: Tensile test results of Young’s moduli of different silicone-based elastomers and their mixtures.
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FIG. S1: Snap-through and shap-back transitions of a single snap unit. Computational results showing (A) pressure-apex
position curve and (B) pressure-volume change curve for a snap unit with R = 12 mm, h = 2 mm, 6 = 90°, and L = 20 mm
under cyclic pressurization and depressurization. The snap-through pressure Ps and snap-back pressure Py, are determined as
6.5 kPa and -2.7 kPa, respectively, corresponding to points of significant volume change.



I
monostable I bistable 200

| 150

|. 100

P.: [kPa]

|=f°°"

‘L_Ang .AQ v

FIG. S2: Snap-through measurement of rim-clamped shells. (A) Top and side view of rim-clamped shell. (B) Experimental
set-up for shell snap measurement. 1: Nitrogen gas tank, 2: Pressure regulating valve, 3: Digital pressure gauge, 4: rim-
clamped shell, 5: CMOS camera. (C) Experimental and computational result of snap-back pressure versus dimensionless shell
parameter A = [12 (1 — uz)]l/‘l@\/R/h. The transition from monostable to bistable behavior occurs at A ~ 4.5 for the rim-
clamped boundary conditions. Symbol colours indicate critical buckling pressure of complete sphere of the same radius R and

thickness A, Fer = {25/[3 (1 - 12)]"/*} (n/R)*.
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FIG. S3: Determination of folding angle of the SIMM. (A) Schematic illustration of the model for exterior profile of post-snapped
shell. (B) Experimentally and computationally measured post-snapped height H compared with Hy + h. Symbol colour indicates
shell thickness h. (C) Comparison of experimental and computational results of snap-folding angle « versus analytically obtained
amodel- The symbol colour indicates snapped height H. Empty symbols and coloured symbols correspond to experimental and

computational data, respectively.
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FIG. S4: Snap-through and snap-back pressure with symbols whose colours indicate energies associated with shell
deformation. Experimental and computational result of snap-through pressure with the symbol colours indicating energy ratios:
(A) (Wbulk + Wedge + Ub) /U51 (B) Wedge/Wbqus and (C) Wedge/Ub-
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FIG. S5: Comparison of original and modified snap-through pressure. Comparison of (A) pressure scaling Ps obtained by
assuming the dominant energy as Weqge (7> = 0.86) and (B) modified scaling P: obtained by assuming the dominant energy as

Wedge + Whouk (r* = 0.91).
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FIG. S6: Example of a systematic library of morphing configurations using cubic cells. (A) A planar mapping assigning
numbers to cubic cell faces for systematic identification of snapping and hinge connections. (B) Example design A3-B4-1 consists
of two cubic cells, showing a snapping shell at face 3 of cell A (connected to face 4 of cell B) and a rotational hinge at face 1
of both cells, enabling transitions between pre-snap (s°) and post-snap (s') states. (C) Eight unique designs derived from three
pneumatic cells and two snapping shells, each showing distinct morphing sequences and configurations. (D) Final morphing
positions of cell C tracked in 3D space.
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FIG. S7: Morphing pattern of SIMMs using tetrahedral snap unit. (A) Snap-transition of a tetrahedral snap unit having a cap
shell on one of its facets. (B) Three-dimensional closed-loop transition from a cubic configuration to a star-shaped configuration
using tetrahedral SIMMs.
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FIG. S8: Characterization of extension-snap module. (A) Design of a cubic snap unit. (B) Geometry and (C) deformation of
the bellows-shaped extension actuator. Bellows of the initial length L = 20 mm is elongated to (1 + €) L upon inflation by pressure
P. Elastomers, Dragon Skin 10 and Dragon Skin 30, are used to compare elongation with different wall thicknesses t = 1 and 2

mm. Ps and Py, indicate shell snap and snap-back pressure of the snap unit, respectively.
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FIG. S9: Design of tendon for spinning ball robot. (A) Geometry of the tendon at pre-snap mode s and post-snapped mode
s', positioned at meridional angle +. (B) Length of the tendon at pre-snap mode, so, and at post-snapped mode, s, plotted with
1. The two tendon lengths are identical as s = 15.9 mm when ) = 106°, which is adopted in the robot design.
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FIG. S10: Design and assembly of spinning ball robot. (A) Design of a three-cell spinning ball origami with two kirigami cuts,
fabricated using a sheet of paper. The sequence illustrates the transformation: 1) flat compact state (top-left), 2) flat deployed
state (top-right), 3) cylindrical compact state (bottom-left), and 4) cylindrical deployed state (bottom-right). (B) Ratchet leg design
of spinning ball robot. The inclined legs enable the robot undergoing periodic lengthwise oscillation to crawl in a rectified fashion.
The direction of locomotion is specified with a large black arrow. (C) Front view of ground crawling mode s° and cable climbing

mode s’.
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FIG. S11: Characterization of bending-snap module. (A) Geometry and (B) deformation of the bending-snap module. The

pleated structure on the top bends to curvature s upon inflation by pressure P. Ps1, Ps»> and Py 1, Psp2 indicate shell snap and
snap-back pressure of shell 1 and shell 2, respectively.
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FIG. S12: Design of tendon for quad-tessellation robot. (A) Geometry of tendon of pre-snap and snapped shell positioned
at the meridional angle ¢ for the design of the quad-tessellation robot. (B) Length of the tendon at pre-snap mode, s, and at

post-snapped mode, s, plotted with ). The two tendon lengths are identical as s = 14.8 mm when ¢» = 59°, which is adopted in
the robot design.
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FIG. S13: Design and assembly of quad-tessellation robot. (A) Front (F-) and rear (R-) leg designs of the quad-tessellation
robot. Dash sign (-) is used to indicate the alignment of the legs. (B) Orientation of legs to ensure directional locomotion for both
z-directionally-aligned closed mode s° and y-directionally-aligned closed mode s''. The direction of locomotion is specified with
a large black arrow. (C) Bottom view of the robot. The cargo net encloses an interior volume of =45 cm? in its closed mode.

SUPPLEMENTAL REFERENCES

1. Pogorelov, A. V. (1988). Bendings of surfaces and stability of shells. American Mathematical Soc. 72.

2. Abbasi, A., Yan, D., & Reis, P. M. (2021). Probing the buckling of pressurized spherical shells. J. Mech. Phys.
Solids. 155, 104545 .

3. Pezzulla, M., Stoop, N., Steranka, M. P., Bade, A. J., & Holmes, D. P. (2018). Curvature-induced instabilities of
shells. Phys. Rev. Lett. 1720, 048002.

4. Zoelly, R. (1915). Ueber ein Knickungsproblem an der Kugelschale (Ph.D. thesis) (ETH Ziirich).

5. Lee, A., Jiménez, F. L., Marthelot, J., Hutchinson, J. W., & Reis, P. M. (2016). The geometric role of precisely
engineered imperfections on the critical buckling load of spherical elastic shells. J. Appl. Mech. 83, 111005.

6. Ki, K., Lee, J., & Lee, A. (2024). Combined influence of shallowness and geometric imperfection on the buckling
of clamped spherical shells. J. Mech. Phys. Solids. 785, 105554.



	XCRP102448_proof_v6i2.pdf
	Snap inflatable modular metastructures for multipath, multimode morphing machines
	Introduction
	Results
	Reversible multimorphing SIMM
	Analysis of shape-shifting properties of SIMM
	Principles of path-dependent morphing transition
	Multiterrain locomotive soft robot
	Bidirectional locomotive and deployable soft robot

	Discussion
	Methods
	Fabrication of SIMMs
	Measurement of snap properties
	Computational analysis of snap properties
	Fabrication of spinning ball robot
	Fabrication of QT robot

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References



