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ARTICLE INFO ABSTRACT

Keywords: Soft materials are widely used in engineering applications due to their flexibility, energy absorption capability,
Soft materials and low prototyping cost. These characteristics make such materials an ideal basis for designing complex,
Structural i.n-stability compliant mechanical systems, addressed in soft robotics. Additionally, they often exhibit significant material
Hyperelasticity and structural nonlinearities, which can be exploited through snap-through instability to achieve rapid and
:ﬁ?gntch;) St;lge}hl:uckhng enhanced mechanical responses. While snap-through behavior has been extensively studied in the literature

for soft spherical shells, this contribution extends shell geometries considering an axisymmetric elliptical
generalization using fluidic actuation. A comprehensive framework is proposed for capturing the snap-through
behavior of soft axisymmetric elliptical shells through numerical and experimental methods, utilizing volume-
and pressure-controlled methods. A general geometric formulation is introduced to describe elliptical shells,
and finite element models are developed to analyze their nonlinear snapping behavior. The numerical results
are validated using a dedicated experimental setup capable of reproducing both control methods. The results
show that axisymmetric simulations provide an efficient and reliable tool for parameter studies, while dynamic
3D simulations closely follow the stable branches of the quasi-static equilibrium paths. Equivalent energy-
release geometries are identified, revealing a linear relation between key geometric parameters that enables
the structural response to be tuned without changing the overall actuator size. The experiments confirm that
volume control provides a more robust characterization of snap-through, whereas pressure control is more
sensitive to control-loop limitations. Overall, the results demonstrate that elliptical shells offer additional
geometric flexibility while preserving the performance of spherical snap-through actuators.

Fluid-structure interaction

1. Introduction dynamic motion. A simple example of snap-through buckling can be

seen in Fig. 1/(a).

Elastic structures can exhibit multiple equilibrium configurations
when their geometry, boundary conditions, or material properties allow
more than one local minimum in the total potential energy landscape.
Such systems are commonly referred to as multistable structures, and
they are capable of maintaining distinct configurations without con-
tinuous external energy input. Among these, bistable structures, which
possess two stable equilibrium states separated by an unstable config-
uration, represent one of the simplest and most widely studied classes
of multistable systems [1]. Transitions between equilibrium states typ-
ically occur through elastic instabilities, during which the structure
moves rapidly from one configuration to another. These transitions
are driven by the accumulation of elastic strain energy under external
loading. As the load increases, the system approaches a critical point
where the current equilibrium path loses stability, triggering a sudden
release of stored energy and a rapid transition to another stable con-
figuration [1-5]. This phenomenon, often referred to as snap-through
buckling, is characterized by highly nonlinear structural behavior and
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The phenomenon is usually characterized by the force-displacement
relationship, which is highly nonlinear even in the case of linear
material behavior. Fig. 1/(b—c) represents the characteristic curve of
the presented spherical arc, which is the set of all the points that
satisfy the static equilibrium equations [2,3]. Some of the equilibrium
points are unstable, making them impossible to reach in a real situation
(see dashed lines in Fig. 1/(b-c)). In measurements, one can either
use force or displacement controlled methods, which capture the snap-
through and snap-back phenomena of the system, respectively. When
the force is controlled, upon reaching the critical loading point (F,,),
the system jumps to its other stable state. The same happens during
the displacement control method when the critical displacement point
(D,,) is reached.

The snap-through instability in shells and plates is a significant area
of study in structural mechanics [7-14]. Traditionally, buckling and
snap-through are considered undesirable failure modes in structural
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Fig. 1. The snap-through buckling of a spherical arc. (a) The snap-
through buckling of the spherical arc is induced by the increasing force F(r)
at point P. (b) The force-displacement curve (red curve) of the spherical
arc, regarding the vertical displacement of point P, using force-controlled
method, showing the snap-through when the critical force F, is reached.
(c) The force-displacement curve (blue curve) acquired using displacement-
controlled method, showing the snap-back when the critical displacement D,,
is reached [6]. The dashed lines in (b—c) represent the unstable equilibrium
path [3].

mechanics [15]. It is also remarkable that a systematic discrepancy
was found between theoretically obtained and experimentally observed
buckling pressures [8,16], which posed additional challenges for the
accurate design of thin-walled structures. Consequently, extensive re-
search efforts were undertaken to improve the theoretical models and
enable more efficient and reliable design of such structures [17].

In contrast, recent developments demonstrate that these instabil-
ities can be deliberately utilized as functional features [15]. Several
examples can be mentioned in soft robotics: snapping can be utilized
to achieve rapid actuation and enhanced performance. Rapid actua-
tion can be reached, even for slow actuation speeds [2,3,5,18-22].
Recent research focused on the response of artificial muscles [23,
24], bioinspired robots [25,26], elastic jumpers [27,28], grippers [29],
energy harvesters [30] and energy dissipation mechanisms [31-34].
Soft robotic systems are constructed from a variety of components,
leading to considerable variability in geometry [18]. Commonly, these
geometries include spherical shells used in jumpers [27,35,36] and
soft valves [37,38], curved plates, beams and panels [5,39-42], mem-
branes [5,43] and rings [44]. Snapping has been also actively in-
vestigated in the field of mechanical metamaterials [45-54]. Further
applications include morphing composite laminates used for aerospace
structures [55-61] and vibration-based energy harvesting [62-65].
Snapping is also used in MEMS structures [66-69] and in Optical MEMS
design [70-73].

Most recent studies further demonstrate that snap-through and
buckling phenomena remain active research topics across shell struc-
tures, soft systems, and instability-based metamaterials. Patterned soft
spherical shells have been shown to exhibit controllable buckling mor-
phologies and multiple snap-through events under indentation [74],
while contact-induced eversion of axisymmetric shells has been ana-
lyzed to clarify the transition between stable deformation and snap-
ping [75]. Further developments include bistable dome shells with
tunable energy barriers [76], rate-dependent snap-through in viscoelas-
tic metamaterials [77], and spontaneous crumpling of active spherical
shells [78]. Recent studies have also investigated fluid-induced snap-
through of spherical shells [79], snap-through buckling of elliptic
paraboloid shallow shells [80], imperfection sensitivity in multi-defect
hemispherical shells [81]. These developments confirm the continued
relevance of shell buckling and instability-driven design.

The present work builds upon these foundational studies by intro-
ducing a comprehensive framework for the numerical and experimental
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analysis of snap-through instability in hyperelastic shells characterized
by axisymmetric elliptical geometries. The elliptical formulation of the
shells enables a more generalized geometric description of the problem,
which opens the route for robust parameter studies. While snap-through
behavior has been extensively investigated in spherical shells [27,36,
82,83] and plates [84-87], alternative geometries can offer additional
design flexibility. In particular, elliptical shell geometries introduce
additional geometric parameters, which expand the accessible design
space compared to spherical shells defined by a single curvature. This
increased geometric freedom enables a more detailed tuning of the
structural response, allowing the critical load, deformation path, and
energy release associated with snap-through to be adjusted through
geometry. From a design perspective, this flexibility may also enable
more efficient structural solutions, where similar mechanical perfor-
mance can be achieved with reduced material usage or more compact
geometries compared to equivalent spherical shells. Such improve-
ments are particularly relevant for applications where mass and volume
constraints are critical. Another practical motivation arises from man-
ufacturing considerations. In soft shell systems fabricated using molds,
geometric deviations may occur due to mold wear, deformation during
the curing process, or other fabrication imperfections. To account for
these imperfections, researchers often used intentional surface defects
and indentations in the mathematical models [74,88-90]. On the other
hand, the elliptical formulation can be potentially used to account for,
compensate, or even deliberately introduce controlled imperfections
in future designs. Understanding how these parameters influence the
mechanical response is therefore an important step toward robust and
tunable multistable structures.

Despite the extensive literature on snap-through instabilities in
spherical shells and related soft structures, the role of axisymmetric
elliptical shell geometries has not been systematically addressed. This
represents an important lack in the literature, since spherical shells
provide only a limited geometric design space, whereas axisymmetric
elliptical geometries introduce additional parameters that can be uti-
lized to substantially affect the critical pressure, deformation path, and
energy release during instability. The present work addresses this gap
by formulating an axisymmetric elliptical generalization of soft shell
snap-through and by combining parametric finite element analyses
with experimental validation. This contribution aims to quantify the
influence of ellipticity and provides relations for tuning the snap-
through response in a wider geometric design space compared to purely
spherical shell configurations.

To analyze the snap-through phenomena, axisymmetric simulation
models are built in Asaqus, which follow the quasi-static solution
approach. These models are used to analyze the effect of the geometric
parameters, thus they function as a basis of geometry selection for more
advanced, 3D finite element simulations. The results of the numerical
simulations are validated using measurements performed on a self-
developed setup. The methodology of the work can be seen in Fig. 2. In
this work, we are limiting the investigation to axisymmetric responses,
because preliminary tests and observations indicate that, for the shell
geometries considered, the snap-through behavior is predominantly
axisymmetric. This simplification allows us to focus on the main de-
formation mechanisms while still providing a good approximation of
the actual response.

The work is separated into six main sections, including the present
Introduction. Section 2 presents the geometric formulation of the prob-
lem, while Section 3 focuses on the modeling of the material behavior.
Section 4 details the implementation of the numerical simulations, and
Section 5 presents the experimental methodology, which is employed
to validate the numerical results both quantitatively and qualitatively.
Finally, Section 6 summarizes the results, and Section 7 concludes the
paper by highlighting the main findings.
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Fig. 2. The methodology of the present work. The parametric, quasi-static axisymmetric simulations provide the basis of the geometry selection, while implicit
dynamic 3D simulations and experiments using a fluidic control board provide the main results for the quantitative and qualitative comparison, for both volume-

and pressure-controlled scenarios.
2. Geometric formulation

This section introduces the geometric description of the investigated
axisymmetric elliptical shell and the surrounding container. The formu-
lation defines the main design parameters used later in the parameter
studies and numerical simulations.

The elliptical characterization of the shell geometry provides a
general framework to perform parameter- and sensitivity studies. This
formulation provides the possibility to analyze the precise relation of
the geometry and the characteristics of its snap-through. The elliptic
form factor enables us to tune the geometry depending on the specific
soft robotic application. In the proposed method the elliptical, silicone
rubber shell is placed inside an ABS (Acrylonitrile Butadiene Styrene)
plastic container.

The snap-through instability will be induced by the internal pressur-
ization P(V) of the cavity formed by the shell and the container. The
proposed geometry (seen in Fig. 3/(a)) can be completely defined by
the minor- and major semi-axes of the elliptical shell (4, B), the shell’s
thickness (¢), base radius (R), base thickness (,), its opening angle (6),
and the geometric dimensions of the container, namely the height (H)
and the thickness (v).

To formulate this geometry in a reproducible parametric form,
the coordinates of the visualized points are derived by analyzing the
intersection points of primitive geometric lines. Although the main
dimensions are illustrated in Fig. 3/(a), the following analytical re-
lations provide the basis for the automated model generation used in
the FE (finite element) simulations. The coordinates of the points in the
denoted (x, y) coordinate system are given by Egs. (1) to (11).

P1=<0,B—%), m
P, = (0, B+%), @
P, = <o, H), 3)

P, = <0, H+U>, 4
r2 cos? 0
Ps = 1- 5 ~A12)+U,H+U, )
t
\U (2+3)
r2cos? g
P = 1- A2, H|, 6)
1
\{ (z+5)
r2cos? 6
P; = 1- B ~A[2)+v, r,cos@|, 7
t
\{ (5+5)
r2cos? 0
P; = 3 -Ag, rocos@|, 8
1
\U (2+3)
Py = <R, recosé'), )]
Py= <R, re0059—1b>, (10)
(recost‘}—t)2 )
P, = 1——2 c A2 r,cos0—t, |, an
1
(2-3)
where A, and A, are
A=A+t A, =A-"L 12
p=At3 m=A-5 a2)

and r, is the distance of an arbitrary point on the ellipse from the origin,
defined by the opening angle 6. The relation of r, and # can be obtained
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Fig. 3. Geometric description. (a) The proposed geometry of the elliptical shell and its environment, where the snap-through instability will be induced. The
geometry is defined by the P, — P, points, whose coordinates are calculated by the geometric parameters as the minor- and major semi-axes (A, B), the thickness
(1), base radius (R), base thickness (z,), the opening angle (6) of the shell, and the container height (H) and thickness (v). Note, that this is a generalization of
the geometry proposed in the literature [27]. The model consist of two different materials: the container is made out of ABS plastic, while the shell is fabricated
from silicone rubber. (b) The interpretation of the length of the vector pointing to an arbitrary point on the ellipse (r,), defined by the opening angle ().

from the polar-form of the ellipse, given as
AB

r, = ,
\/Azsin2<’2—’—9>+B2cosz<’2—'— )

which can be interpreted using Fig. 3/(b).

13)

3. Material characterization

As previously mentioned, the analyzed model is composed of ABS
and silicone rubber materials. This section presents the material char-
acterization for the silicone shells and the ABS container. Since the
snap-through response involves finite-strain elastic deformations, par-
ticular attention is given to the experimental characterization and
hyperelastic modeling of the silicone materials.

3.1. Material models for the silicone rubber shells

In this study, a finite strain pure elastic behavior of the soft silicone
material is assumed, which is widely applied in snap-through prob-
lems [3,5,27,37,38,91]. Constitutive material models for hyperelastic
materials are derived from the so-called strain energy density function

W = W(C), 14)

where C = FTF is the right Cauchy—-Green deformation tensor and F is

the deformation gradient. For isotropic materials, it can be shown that
W =W(C)=WU,, 1, I;) = W(A, 4y, A3), (15)

where 1|, I,, I; are the principal invariants of C, while 4;, 4, and 44
are the principal stretches. The Cauchy stress tensor is given by

2 oW (C)

=ZF FT, 16
°=7 TaC 16
in which
J = det(F) = 4, Ay A3 a7)

is the volume ratio, which takes the value of J = 1 for incompressible
materials. The principal stresses can be obtained as

w ow
O = Akm, and Pk = m, (18)

for k = 1,2, 3, where ¢ and P denote the Cauchy and the nominal stress,
respectively. In this study, the shells were fabricated from two kinds of
materials: the ELASTOSIL M 4601 A/B silicone (which will be referred
to as ELASTOSIL for short), and the RTV2 silicone. Their properties
are summarized in Table 1. The stress-strain characteristics of the
materials were determined through uniaxial tensile and compression
tests using an Instron 3345 Single Column Universal Testing System,
equipped with an Instron 2519-107 5 kN load cell. The tensile tests
were conducted on multiple dogbone shaped specimens, according to
the ISO 37 standard, compression tests were performed on cylindrical
specimens, in accordance with the ISO 7743 standard (see Fig. 4/(a)).
The displacement—force characteristics were recorded by the testing
system, with great reproducibility, as shown in Fig. 4/(b). The trans-
verse behavior of the material is captured via high resolution video
recording and binarization post-processing techniques, illustrated in
Fig. 4/(c). The stretch in the longitudinal direction is denoted with
Ay = 4, while the transverse stretches are denoted with 4, = 43 = Ar.
As stated previously, if the material is incompressible, then

J=det(F) = AjAyhy =1 19)
holds, from where the transverse stretches can be calculated as:
1 1
h=ly=lp=——=—. (20)
Vi a2
A general expression for the transverse stretch is given by
dp =27, 1)

where v is the Poisson ratio, which takes the value of v = 0.5 for
incompressible materials. By fitting models to the experimental results
in the form of Eq. (21), the Poisson ratio can be obtained, which are
vp = 0498 and v = 0.491 for the ELASTOSIL and RTVZ2 material,
respectively. A graphical comparison of these experimental results to
this theoretical relation is presented in Fig. 4/(d). As the materials are
nearly incompressible, their behavior was captured with incompressible
hyperelastic material models. This also means that the uniaxial tension
is equivalent to equibiaxial compression, while the uniaxial compres-
sion is equivalent to equibiaxial tension, through the superposition of
the hydrostatic stress. Viscoelastic effects are neglected in the present
model, since the dynamic characteristics of the snap-through process
are mainly governed by inertial effects, which are explicitly captured in
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Fig. 4. Material testing by uniaxial tests. (a) Tension (dogbone) and compression (cylindrical) specimens and the relevant specimen dimensions used for
uniaxial material tests. (b) Measured nominal stress—stretch (P — 1) curves (gray lines) for the RTV2 material with their average (red line). The measurements
showed great reproducibility. (c) Binarization image processing technique applied on a cylindrical specimen. The number of the material white pixels in the region
of interest is used to calculate the transverse stretch. (d) The acquired relation of the longitudinal and transversal stretches (4 — 4;) for both tested materials
(red and blue lines) and the theoretical curve (black markers) for incompressible behavior (v = 0.5). The fitted Poisson’s ratios (v, vg) are denoted in the legend,

which indicated that the incompressibility assumption can be applied.

the dynamic finite element simulations. Including viscoelasticity would
also lead to delayed snap-through phenomenon, which was already
demonstrated for beam metamaterials [77] and which are beyond the
scope of this study.

Multiple hyperelastic material models were fitted to the experimen-
tal data, including the neo-Hookean (NH), the Mooney-Rivlin (MR),
and the Ogden (O) models, where the corresponding strain energy
functions define as:

WNH(]1) = CjoI; - 3), (22)

WMR(I, 1) = CioI) = 3) + Cyy (I, = 3), (23)
N o

WOy, g, dg) = 3 =5 (AT + 25 + 45 = 3). (24)

i=1 %

First, second and third order Ogden models were fitted, from which the
second-order model provided the best fit, while maintaining a relatively
low number of parameters and capturing the stress stiffening properties
in the tensile region. The fits were performed using a quality function
with the help of the minimize function in SciPy, PytHoN, using the SLSQP
method. The quality function is defined as the root mean square error
between the model predictions and the experimental results as

M mod exp \ 2
_ |1 A -F

i=1 i

where M is the number of data points, PI.mOd is the nominal stress given
by the material model, and P denotes the nominal stress acquired
by the experimental results. Between these models, the second-order
Ogden model provided the best fit for both materials, which was
validated by calculating the coefficient of determination R? as

M eXp mod ) 2
o1 (0P 6

I (BT - PY’

Table 1
Important properties of the ELASTOSIL and RTV2 materials.

Silicone Density at 23° Mixing ratio (A:B) Shore hardness Color
ELASTOSIL 1.13 g/cm? 9:1 28 Shore A Reddish-brown
RTV2 1.3 g/cm? 25:1 40-45 Shore A White

where P is the mean of the experimental dataset. The fitted mate-
rial parameters are summarized in Table 2, while the obtained fits
are visualized in Fig. 5. The stability of every material model was
evaluated with the Drucker-stability criterion. It is also known, that
residual stresses could develop during the molding and curing process,
which could influence the mechanical behavior of the specimens signif-
icantly [92-95]. In this study, these residual stresses are not considered,
however a systematic study was performed to determine the sensitivity
of the snap-through based on the specific material parameters (see
Appendix A.1). The study is performed by analyzing the deviation in
the output variable (pressure-volume curve) due to a disturbance in
one of the parameters in the fitted second-order Ogden models. The
analysis reveals that errors in the y parameters (which are related to the
material stiffness) lead to more pronounced deviations in the resultant
critical pressures. This result highlights that the snap-through can be
sensitive to molding imperfections, such as inhomogeneous regions or
inaccurate geometry.

3.2. Material model for the ABS container

The plastic container, which is used to create an enclosed volume
with the shell inside it (highlighted with orange in Fig. 3/(a)) was
a solid 3D print from Zortrax Z-ABS. This material is modeled using
an isotropic, linear, elastic material model with a density of p =
1195 kg/m?, elastic modulus of E = 1.08 GPa and a Poisson’s ratio of
v=0.3.
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Fig. 5. Material models fitted to the experimental data. Fits produced for the measured nominal stress—stretch (P —4) curve (black markers) for (a) ELASTOSIL
and (b) RTV2 materials using neo-Hookean (red dashed curve), Mooney-Rivlin (yellow dashed curve) and Ogden (blue curve) models. The acquired parameters
are summarized in Table 2, where the coefficient of determination R? (calculated using (26)) showed that the second-order Ogden model provides the best fit
for both of the investigated materials. Also important to note, that the Ogden model is capable to capture the stiffening effect in the tension range for the (a)

ELASTOSIL material.

Table 2
Parameters of the fitted incompressible Ogden hyperelastic material model for
the used silicone rubbers.

Silicone y#; (MPa) a; (1) H, (MPa) a, (1) R? (%) 0 (%)
ELASTOSIL 1.05- 107! -2.325 3.90- 1072 3.339 95.86 11.04
RTV2 2.77 - 107! -0.671 3.57-1072 4.769 99.97 2.44

4. Numerical simulations

This section describes the finite element framework developed to
analyze the snap-through response of the shells. In this study, we will
limit the investigations to axisymmetric snap-through, as initial experi-
mental results showed that the shells tend to experience the instability
with relatively good symmetry. Two distinct numerical simulation
techniques are provided to characterize the snap-through behavior
of the hyperelastic shell. The first, 2D method is based on a quasi-
static approach, where the RIKS (arc-length) numerical method [14] is
utilized to capture the equilibrium curve of the shell. To investigate the
dynamics of the problem, more complex, 3D simulation models were
also developed. A complete simulation environment was developed
in ABaQus 2020/StanDARD, through PyrHoN scripting. The environment
is capable of automatically building, calculating, and evaluating the
problems based on the input parameters (geometry, materials, solver
settings). The geometry is automatically created by using the derived
analytical geometric equations for the significant points listed through
Egs. (1) to (11). In order to achieve numerically stable results, a mesh
convergence study was performed for both approach, whose details can
be seen in Appendix A.2. The study showed, that convergent solutions
can be obtained if the thickness of the shell is discretized with at
least 5 elements. In all developed simulations, the nonlinear geometric
option was used with general solver tolerance of 1073, Aside from the
boundary conditions and loading methods detailed in the subsequent
sections, no additional contact interactions or constraint definitions
were applied within the models.

4.1. Linear buckling analysis

To investigate the fundamental stability characteristics of the shell
and select the appropriate modeling approach, a linear buckling anal-
ysis was performed. The numerical model was constructed using the
three-dimensional geometry, ensuring that asymmetric mode shapes
can appear. The 3D models were built by revolving the 2D sketches
around the axis of symmetry. The parametric models were discretized
with 8-node bilinear brick elements, using reduced integration and

hybrid formulation (C3D8RH). The applied boundary conditions reflect
the conditions shown in Fig. 3/(a). During this analysis, a nominal
distributed pressure of 1 Pa was applied directly on the surface of the
shell. By solving the associated eigenvalue problem, the fundamental
mode shapes and their corresponding load proportionality factors (1, p)
were extracted. The obtained results indicate that the ratio of the semi-
axes (B = A/B) has an emphasized dependence on the initial buckling
modes. Specifically, for low B values, the axisymmetric mode shape
occurs at a lower load proportionality factor compared to the asym-
metric modes. However, as the ellipticity increases, this behavior shifts
significantly, and the asymmetric mode shapes become considerably
more dominant. For these higher ellipticity geometries, the asymmetric
modes occur at lower load levels and introduce complex spatial de-
formations. Because these robust asymmetric phenomena could deeply
affect the highly nonlinear snap-through behavior of the shells, relying
solely on two-dimensional axisymmetric simulations is insufficient.
Therefore, the development of full 3D simulations is necessary to
accurately capture the complete spatial and dynamic response of the
system. It should be emphasized that while this linear analysis provides
valuable preliminary insights, it inherently cannot capture the full
complexity of the finite-strain snap-through phenomena. Consequently,
these results serve primarily as qualitative guides.

4.2. Axisymmetric simulations

In order to explore the effect of the design parameters (4, B, 1,0), an
axisymmetric model was developed, due to the lower computational
cost compared to more refined models. The discretization was per-
formed with the built-in medial axis meshing algorithm, using axisym-
metric 4-node bilinear elements, with the hybrid formulation (CAX4H).
The mesh size automatically adapts to the geometric parameters, en-
suring that the thickness of the shell is discretized with at least five
elements. The mesh quality was verified by monitoring the element
aspect ratio, which was kept below 10 to avoid excessive distortion and
ensure reliable numerical accuracy. The partitioned geometry, and the
created mesh is illustrated at Fig. 7.

To simulate the enclosed fluid, the fluid—cavity interaction was used
with a hydraulic fluid (water), which has a density of p = 1000 kg/m?
and a bulk modulus of K = 2.1 GPa. The cavity surface was selected
from the model accordingly, while a reference point was created, which
is responsible to capture the pressure data. A symmetric and a fixed
boundary condition was imposed on the model, as it can be seen
in Fig. 8. The pressure of the cavity was set to 50 kPa, which was
found high enough to induce the snap-through of the soft shells. The
equilibrium solutions were determined using the arc-length method,
which is accessed using a quasi-static RIKS step, with solver parameters
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Fig. 6. Mode shapes from the linear buckling analysis. The resultant axisymmetric and asymmetric mode shapes and their load proportionality factor (4, p)
from the linear buckling analysis. As the ratio of the semi-axes B = B/A increases (larger B corresponds to more ’elliptic’ geometry), asymmetric modes occur
at significantly lower load levels which could introduce complex deformation during the instability. The fringe color represents the total deformation, which is

scaled by a factor of 5-1073.

(a) (b)

Container” |
(Partition 2) | Axis of
! symmetry
v v

Shell (Partition 1)

Fig. 7. The axisymmetric FE model. (a) The partitioned geometry of the
shell (Partition 1) and the container (Partition 2) to achieve structured mesh.
The partition is created by defining a section line at the intersection of the
shell and the container. (b) The meshed geometry with CAX4H elements, with
the medial axis algorithm.

as the minimum arc length increment size of 1 - 10732, maximum arc
length increment size of 5 - 1073, initial arc length increment size of
1 - 107'° and maximum number of increments of 10000. With these
settings, the numerical solution will evolve until the number of in-
crements are reached. It should be noted, that a thicker shell require
more increments, than shallow designs. After the shell snaps to its
other stable position, the meaningful information from the simulation
are acquired, the remaining increments will be used to inflate the
geometry, which does not hold any important information regarding
the snap-through phenomena. To stop the simulation after the snap-
through, a stop condition was introduced for the simulations defined
by the maximum vertical displacement of the pole point (v,,.). The
stop criterion is defined as

pole

STOP, if vy 2 2H e, 27)

pole

where H,. is the original pole height of the shell, measured from the
base of the shell. Fig. 9 depicts the pole point and the stopping con-
ditions imposed by the geometric relations. With this, the simulation
will automatically stop, if the snap-through is reached, which saves
computation time while performing parameter studies.

The nonlinear response of a shell can be characterized by the
resultant equilibrium curve, by calculating the released energy dur-
ing the snap-through. In this paper, the equilibrium curve of the
shell is interpreted as the pressure-volume curve, which is the out-
put of the fluid—cavity interaction. The evaluation is performed with

( a) Fixed constraint (b)

+RP-1

Cavity reference
point
Lox Lox

Symmetry

Cavity surface

Fig. 8. Boundary conditions of the axisymmetric FE model. (a) The
mechanical boundary conditions (symmetry and fixed constraints) (b) The
defined fluid-cavity interaction with the cavity surface (purple lines) and its
reference point (RP-1). For axisymmetric models, the axis of symmetry does
not need to be selected, ABaqus handles the formulation of the cavity according
to the axisymmetric representation.

PytHON, by detecting the limits points during the snap-through, then
performing numerical integration using scientific packages. The visual
interpretation of the AE energy is illustrated by Fig. 10.

4.3. Dynamic simulations

To capture the time-dependent behavior of the snap-through be-
havior, 3D dynamic simulations were developed. The same geometric
modeling and meshing techniques were utilized as in the linear buck-
ling analysis. The resultant geometry and the generated mesh is shown
in Fig. 11. Structured mesh is achieved by partitioning the geometry,
to drive the medial axis meshing algorithm. The global mesh size was
calculated from the geometric parameters, using the same approach as
in the 2D models (the thickness is discretized with at least 5 elements).

To model the fluid-structure interaction of the model, the same
fluid-cavity interaction was defined using parameters from the 2D
simulations. The required boundary conditions are illustrated in Fig.
12. The numerical solution is obtained by using an implicit dynamic
step, with a time period of 1s, with minimum, maximum and initial
size of the time increment as 1 - 107'%s, 5. 1073s and 5 - 10735,
respectively. The maximum number of increments was set to 10000.
Note, that there is no extra condition to stop the simulation, because
the dynamic simulation environment enables us to drive the simulation
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Fig. 9. Geometric interpretation of the pole point and the stop criterion.
The pole point (P’) is the inner point of the shell, located at the axis of
symmetry. The vertical displacement (in the direction of the blue arrow) of the
pole point is denoted as v,,,.. The snap-through is identified and the simulation
is stopped, when the pole point P’ reaches the stop point P,,. This is done
by monitoring Eq. (27) in every timestep.
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Volume change, AV (m?) x107°

Fig. 10. The visual interpretation of the released energy during the
snap-back. The pressure inside the cavity (p) is changing with respect to
the volume change (4V), which gives the pressure-volume change curve,
obtained by quasi-static simulations. The dashed line represent the unstable
equilibrium path, which is the result of the quasi-static calculation. The snap-
back instability initiates at Point , which corresponds to the primary limit
point, where the quasi-static equilibrium path reverses direction in AV. Point
denotes the corresponding state on the lower stable branch, which is found
by the intersection of the vertical line and the equilibrium path. The shaded
area in light blue denotes the released energy AE during the snap-back, and
can be calculated by integrating the curve between the designated points.

by controlling the pressure of the enclosed cavity. With this, important
characteristic information can be achieved about the shells, as it was
showcased in Fig. 1/(b).

4.3.1. Pressure-controlled method

The pressure-controlled simulation is based on the explicit defini-
tion of the pressure evolution in the cavity, using a pressure boundary
condition on the cavity reference point, with an amplitude function. A
linear function was used to ramp the pressure, as this is the idealized
scenario followed by the measurement approach.

4.4. Volume-controlled method

To perform volume-controlled simulation, the evolution of the cav-
ity volume should be prescribed. The simulation framework is not
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capable to do this in an explicit way, thus a thermal analogy is intro-
duced. Specifically, the volumetric expansion of the cavity is driven by
applying a prescribed temperature field to the enclosed fluid, utilizing
its thermal expansion properties to control the internal volume. The
thermal expansion of a fluid in Asaqus is defined as

V(T) =V, [143a (T -Ty) = 3a (T; = Tp)] . (28

where V(T) is the current volume at temperature 7, while ¥ is the
initial volume, « is the thermal expansion coefficient, Tj, is the reference
and T, is the initial temperature. If the thermal expansion coefficient
is constant, the reference temperature can be emitted, which results to

V(T) =V, [143a(T-T;)]. (29)

Assuming an artificial thermal expansion coefficient of « = 1/°C and
an initial temperature of 7; = 0 °C, the relative volume change is
calculated as

Vi -V, _ AV _ ar, (30)
Vo v

where AV (T) is the change of the volume due to temperature T. For
example, if the cavity volume doubles, the left-hand side of Eq. (30)
becomes 1, thus the required temperature to achieve this can be ex-
pressed as Tp, = 1/3 °C. Using this methodology, the simulation can be
controlled with a temperature boundary conditions. An initial 7, = 0 °C
temperature field is applied to fluid—cavity reference point, then this
field is ramped to a value of T = T, using a linear amplitude function.

5. Experimental method

This section presents the experimental procedure used to validate
the numerical predictions. The fabrication of silicone shell specimens
and the fluidic measurement setup are described, with emphasis on the
application of both volume- and pressure-controlled actuation.

5.1. Specimen fabrication

The shells were fabricated from the materials described in Section 3.
The two components of the silicones were mixed in the ratio given by
the datasheets, then degaussed in a vacuum chamber to remove most
of the air bubbles from the mixture. The silicones were poured into
3D printed Zortrax Z-ABS molds, according to the selected geometries.
The ELASTOSIL material was cured in a drying chamber at 65°C for
30 min, while the RTV2 material was cured at room temperature for
24 h. After curing, the shells were removed from the molds, and any
excess material was trimmed off. Some of the fabricated shells can be
seen in Fig. 13.

5.2. Measurement setup

The experimental setup is based on the pressurization of the en-
closed cavity, which is formed by the shell and the plastic container.
The shell is placed inside a measurement container, which is sealed.
The concept is based on the fluidic control board from Soft-Robotics
Toolkit [96]. To apply the required distributed pressure on the shell, the
cavity is inflated with water, using the Kamoer KLPO1 diaphragm pump.
The fluid flow in the system is controlled by a set of M&M solenoid
valves, which are operated by an Arduino UNO R3 microcontroller using
PWM signals. The pressure of the cavity is monitored by a pressure
sensor at every time instance. The data acquisition and the control is
performed by the microcontroller at a data rate of 400 Hz. The main
sketch of the experimental setup is illustrated in Fig. 14, while the
physical board can be seen in Fig. 15. The whole setup is operated by
a laboratory power supply, which provides the DC voltage for the pump
and the solenoid valves. Note, that the absolute volume of the cavity is
not the same during the measurements and the simulations due to 3D



B. Piri and S. Berezvai

International Journal of Mechanical Sciences 326 (2026) 111883

Fig. 11. The 3D (implicit dynamic) FE model. (a) The partitioned geometry to achieve structured mesh. Extra partitions were introduced to drive the meshing
algorithm, so the model is basically formed by the identical 4 quadrants. (b) The partitioned geometry, sliced in half for visualization purposes. (c) The meshed

geometry with C3D8RH elements, with the medial axis algorithm.

Fixed constraint

Cavity reference point

(b)

" Cavity surface

Fig. 12. Boundary conditions of the 3D (implicit dynamic) FE model. (a) The mechanical boundary condition (fixed constraint in the upper edge). (b) The
defined fluid—cavity interaction with the cavity surface (highlighted in purple) and its reference point (RP-1). These definitions yield to a completely closed cavity.

Fig. 13. Fabricated shells. Samples of the fabricated silicone shells, from
the ELASTOSIL (reddish-brown) and RTV2 (white) materials, with geometric
parameters: A = 20 mm, ¢ = 3.5 mm and 6 = 65°, while B was varied among
16 mm, 20 mm and 24 mm. Note that two specimens are present for the
B =24 mm case, resulting in the eight specimens depicted. These geometries
yield to B= B/ A values of 0.8, 1.0 and 1.2, respectively.

printed design. Therefore, to characterize the snap-through behavior,

the relative volume change of the cavity AV is used as

V-V
)

AV =

, (31)

where V' is the current volume of the cavity, while Vj, is the initial
volume. This volume change during the simulations is calculated from
the flow rate of the pump, which was determined experimentally,
over a range of operating voltages, indicated in Appendix A.3. The
experiments were performed using a flow rate of O = 200 ml/min.
The linear characteristic observed for the pump volume flow-rate (see
Fig. 25) provides an efficient case for the volume-controlled method,
however, this benefit cannot be utilized during pressure-controlled
measurements. In this case, the primary manipulated variable is still
the volume, with pressure acting only as a secondary resulting metric.

The design of the measurement board provides the possibility to
perform volume- and pressure-controlled experiments, similarly to the
3D simulations. The volume-controlled method regulates the system by
controlling the flow rate of the pump. The pressure-controlled method
is based on a feedback loop, where the recorded pressure data is

Measurement container

Pressure sensor

Data acquisition
and control

Fig. 14. Sketch of the experimental setup. The pressurization is performed
by the pump with a fluid (the fluid source is a water tank), while the fluid flow
is controlled by solenoid valves. The data acquisition of the pressure sensor
and the control is performed by an Arduino microcontroller, connected to a
computer.

DC - DC
converters

Measurement
container

Diaphragm
pump

Solenoid
valves

Pressure
sensor
Arduino UNO
microcontroller

Fig. 15. The fluidic board. The measurement board with its main com-
ponents: the Kamoer diaphragm pump is driven by an Arduino UNO R3
microcontroller. The fluid flow is controlled by M&M solenoid valves. The
tubing consists of @6/4 polyurethane tubes, connected with metal watertight
tube fittings.
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compared to the prescribed values. To follow the prescribed pressure
curve, the solenoid valves are opened and closed by a PID controller,
whose parameters were determined experimentally using the PID Tuner
module of MariaB, using measurement samples. The opening and clos-
ing sequence of the solenoids were recorded in timestamps, which were
used to calculate the volume flow rate. During the experiments, linear
volume and pressure curves were used, to ensure direct and efficient
comparison with the simulation methodology.

6. Results and discussion

This section presents the numerical and experimental results ob-
tained for the investigated axisymmetric elliptical shells. First, a broad
parameter study is used to identify representative geometries and to
examine how the main design parameters influence the released en-
ergy during snap-through. The selected geometries are then analyzed
in detail by comparing axisymmetric simulations, 3D dynamic sim-
ulations, and experimental measurements under both volume- and
pressure-controlled conditions.

The main focus is on the agreement between the different methods,
the practical limitations of the experimental control strategies, and the
influence of elliptical geometry on the snap-through response. It is also
demonstrated how elliptical shell geometries can provide additional
design flexibility compared to spherical shells.

6.1. Geometry selection

Preliminary parameter studies were performed using the axisym-
metric simulations, to select interesting geometries. The major semi-
axis (A = 20 mm), base radius (R = 34 mm), base thickness (7, =
2.0 mm), shell thickness (+ = 3.5 mm), container height (H = 50 mm)
and container thickness (v = 3.5 mm) were kept constant during the
analyses. To efficiently analyze the remaining system parameters, the
following dimensionless parameters were defined:

=8 -1 -0 (32)
A A [
where 6,; = 90° is the reference opening angle. The parameter study

involved varying these non-dimensional parameters in the ranges de-
fined by Table 3. This resulted in a total of 1428 different geometries,
which were run in a batch analysis. The snap-through behavior was
characterized by the released energy during the instability, which is
calculated by the area under the pressure-volume curve, as it was
illustrated in Fig. 10. This energy was non-dimensionalized by the
initial shear modulus of the material (y4,) and the major semi-axis of
the shell (A) as

AE

AE = )
M0A3

(33)

A wide range of the analyzed shells did not experience snapping, or
they could only be realized using pressure-controlled measurements
and simulations. These results are not illustrated in the followings.
The dimensionless released energy map, shown in Fig. 16 shows that
the shell thickness has significant effect on the snap-through behavior,
which correlates with the expectations: thick shells can store more
strain energy, which is released during snapping. Results varying by
orders of magnitude are found in the 7 = 0.175 slice, so the more precise
investigation takes place in this parameter range. The value of the B
and the § parameters are also significant factors. For a fixed value of 7,
the desired energy level AE, was introduced, with a correlation error
of

Py

10

With this, geometries whose energy level equals AE, within a 6 E range
can be searched for. The extracted geometric points for multiple energy
levels, and fixed 7 = 0.175 values are illustrated in Fig. 17. The resultant

(34

10
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Table 3
Minimum, step, and maximum values for the non-dimensional
parameters (B, 7, §) used in the parameter study.

Parameter Minimum Step Maximum
B () 0.8 0.025 1.2
71 0.1 0.025 0.175
6 0.6 0.02 1.0
Table 4
Selected geometric parameters for the detailed
analysis.
No. B (1) Type
1. 0.8 Elliptical segment
2. 1.0 Spherical segment
3. 1.2 Elliptical segment

points follow a linear trend, therefore linear fits were produced in the
form of

0=mB+b, (3%

where m and b are the parameters of the fitted linear equation. Fig. 17

shows that the slopes of the fitted lines are similar, which is assured by

the standard deviation of m as
Z?:] (mi - mavg)

Oy = 723%,

(36)

so the lines can be characterized by the average of the slopes as m,,.
With this assumption, the lines are parallel, which means that they can
be translated into each other by varying parameter . Namely, param-
eter m defines the linear relation between B and @, while parameter b
correlates to the released energy level AE as

m~@0/B and b~ AE. 37)

Note, that this property is also true for different 7 values. Geometries
with parameters that satisfy Eq. (35), can release the same amount
of energy during snapping. This property can be utilized during the
design of a soft actuator, where geometric constraints are present. It is
important to clearly define the validity limits of this proposed linear
design rule. Currently, this relation is confirmed to be valid for the
analyzed ELASTOSIL and RTV2 materials within the investigated geo-
metric parameter ranges. However, it is expected to hold even beyond
these specific bounds, as notable data scattering was not observed at
the edges of the analyzed parameter space. It must be noted that this
result is derived solely from the axisymmetric analyses, meaning the
dynamics and potential asymmetric buckling modes are not captured
and could alter the precise response.

Upon these findings, for future analyses and measurements, { =
0.175 and 6 = 0.75 were kept constant, while B was varied, resulting
in three main types of geometries, summarized in Table 4.

6.2. Results of the experimental tests

The developed methods will be evaluated using qualitative and
quantitative approaches. For this, the relative volume change AV has
already been defined, and the non-dimensional pressure is defined as

p=L.

Ho
For every fabricated shell, 5 measurements were performed with both
control methods. The recorded pressure and volume data were non-
dimensionalized using the methods described above. The experimental
results are summarized in Fig. 19. The curves shown on the graphs
represent the average of the measurements, smoothed by a Savitzky—
Golay filter from SciPy, PytHon, with a window size of 7 data points,
using second degree polynomials. The noise-to-signal ratio is the worst

(38)
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Fig. 16. Dimensionless released energy (AE) map from the quasi-static simulations. The released energy map for the set of input parameters: B, 7, 6, defined
in Eq. (32), for the ELASTOSIL material. The parameters were changed in a systematic way, summarized in Table 3, which resulted in a total of 1428 simulations.
The fringe colors of the dots represent the magnitude of the dimensionless released energy. Note, that these dimensionless results are independent of the specific
material choice. The results show that the thickness has a significant effect on the released dimensionless energy.
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Fig. 17. Energy equivalent geometries. The results highlighted the presence
energy equivalent geometries, with different energy levels and fixed 7 = 0.175.
Two geometry is said to be energy equivalent, if their dimensionless released
energy matches with a calculated correlation error of 6E using Eq. (34). The
colors show the magnitude of the released dimensionless energy. The markers
visualize the discrete geometric points and simulation results, while the dashed
lines are fitted trend lines. The coefficient of determination (R?) illustrates that
the linear fits are excellent, confirming a strong linear relationship between the
B and 6 parameters.

for the B = 0.8, and best for the B = 1.2 case. The volume-control
method could capture the snap-through for every geometry. The ini-
tial part of the inflation follows a linear relation, which is captured
correctly by both control methods. After reaching the critical pressure,
the instantaneous snap-through was experienced in every case.
Interesting to note, that the B = 1.2 geometry for the ELASTOSIL
material, illustrated in Fig. 19/(c), experienced a second snapping
instability. We attribute this secondary snap-through behavior to the
classical inflation instability that develops as the shell expands in
its second stable state. The occurrence of this phenomenon appears
to be strongly geometry-dependent and was only observed for the
most elliptical configuration, suggesting that increasing ellipticity may
promote the emergence of additional instability modes during contin-
ued inflation. The observed secondary inflation instability may also
be influenced by dominant non-axisymmetric deformation modes (see
Fig. 6); however, a detailed analysis of this phenomenon is beyond
the scope of the present work. A comprehensive investigation of the
interaction between the primary snap-through and this secondary in-
stability, as well as their dependence on shell geometry, is therefore

11

left for future studies. It is also remarkable to notice, that the pressure-
controlled simulations showed consistent discrepancy. The experienced
critical pressure was lower than what was experienced with the volume-
controlled method. Also, the instantaneous snap to the other stable state
was not recorded, which can be attributed to control imperfections:
the finite response times of the solenoid valves are comparable to the
timescale of the snap-through. This is illustrated in Fig. 18, where
a prescribed pressure history is compared to the actual measurement,
with the actuation performed by the solenoid valves. It can be seen, that
in the initial inflation, the desired curve is followed with fairly good
precision, but upon the snap-through, the control loop tries to follow
the sudden change, which results in large overshoots. To quantify the
effect of the nonlinear inflation curve, simulations were performed with
an ideal, and the measured pressure curve (see Fig. 18/(b)).

It was also observed that the released energy is higher for the B =
1.0 and B = 1.2 shells. Their behavior is highly nonlinear, the distance
between the two stable states are larger. This allows for fast and large
displacements, even when the actuation is slow. Based on these results,
the volume-controlled approach is a more stable and robust method to
characterize the snapping behavior of the shell by qualitative means.

6.3. Results of the numerical simulations

The results of the numerical simulations are presented in Fig. 20.
As it is expected, the FE simulations correlate with each other well.
Small discrepancy can be found between the numerical methods around
the limit points, but in general, they are well described by the axisym-
metric simulations, therefore they can be applied confidently to study
a wide range of geometric and material parameters, while remaining
computationally efficient. The dynamic simulations experience a small
numerical oscillation upon snapping to the other stable state. However,
once the solution is settled, it remains stable (see Fig. 26/(d)). Good
agreement is found between the experiments and the simulations, with
small differences in the limit points. The initial inflation part of the
FE models follow the experiments very well, in general. The largest
differences are noted on the B = 0.8 case for the RTV2 material
graphed in Fig. 20/(d), where the measured p — AV curve follows
a different trend. The non-dimensional pressure-volume curve of this
shell differs from all the others: the instability is not as drastic, due
to its combination of geometric and material parameters. It is also
important to note, that the second snap-through is not accessed with
the simulations for the B = 1.2 case for the ELASTOSIL material, in
Fig. 20/(f). Upon this, the stable solutions after the instability also
follow different trends. However, good agreement is found in the stable
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Fig. 18. Comparison of the prescribed and recorded pressure history. (a) Comparison between the prescribed and the recorded pressure history of an
RTV2 shell, using the B=12 geometry. (b) Results of the 3D pressure-controlled simulation using the ideal (blue) and the real (red) pressure history. The

results indicated that under ideal conditions, there is no deviation during the uploading path, and the differences observed after the P,

critical pressure in the

pressure-volume change curve are negligible. (c) The operation of the solenoid valves during the inflation.

branch after the snap-through for other geometries. The displacement
fields were similar in all cases: an example for both control methods
are presented in Fig. 21, where the numbers are corresponding to a
designated point on the p — AV curve, showed in Fig. 20.

6.4. Comparison of methods

A quantitative analysis was performed by comparing all obtained
results from the different methods with the result of the axisymmetric
simulations. Exact values for the snapping pressure (p,) and the snap-
ping volume change (4V,), along with their standard deviation values
from the measurements are summarized in Table 9 in Appendix A.4.
The relative errors between the methods for the ELASTOSIL material
are summarized in Fig. 22.

Excellent agreement can be seen between the numerical methods,
while it can be seen that the volume-controlled measurement performs
better for the B = 0.8 case, whereas the pressure-controlled method
performs better for more ‘elliptical’ shells. It was observed that the
error of the pressure-controlled measurement method decreases as B
increases, which occurs because these shells require a longer time
to reach snap-through, allowing the control loop to operate more
efficiently. However, it is important to note that these errors do not
quantify the recorded pressure history, it only quantifies the error of the
recorded pressure at the instant of the snapping. The computed errors
of the volume-controlled method remains almost constant across the
different geometries. It is important to note that the RTV2 material is
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almost twice as hard as ELASTOSIL on the Shore scale, which is also
reflected in the ratio of their initial shear moduli. However, the results
indicate that their qualitative behavior is similar, which shows that the
critical pressure is not determined solely by the shear modulus, but also
depends on the nonlinear behavior.

The remaining discrepancies may be partly attributed to neglected
physical effects in idealized FE models, such as residual stresses, geo-
metric imperfections, local thickness variations, and non-axisymmetric
deformation modes. These effects can influence both the critical pres-
sure and post-snapping response, although the overall agreement indi-
cates that the dominant snap-through mechanism is still captured with
the proposed model.

By comparing the same relative error for shells made from the RTV2
material, the results shown in Fig. 23 are obtained. Similarities to the
previous case can be seen; however, in this case, the volume-controlled
measurement methods performed better.

It should be noted, that analytical and semi-analytical solutions
exist for related spherical shell problems [97-99], but they are lim-
ited to simpler material models, such as neo-Hookean formulations
or strain—energy functions with integer exponents. These methods use
the well-developed shell theories [100], but their extension of such
approaches to elliptical shells with fitted Ogden-type material models
with real exponents lies outside the scope of the present work and is
considered a possible direction for future research.
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Fig. 19. Measurement results for the selected geometries. Dimensionless pressure-volume change curves from the measurements. The first row (a—c)
corresponds to the ELASTOSIL, the second row (d-f) corresponds to the RTV2 material. The columns represent the different values of B = B/A, which is
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Fig. 20. Simulation results for the selected geometries. The simulation results are compared with the volume-controlled experiments (gray). The first row
(a—c) corresponds to the ELASTOSIL, the second row (d—f) corresponds to the RTV2 material. The columns represent the different values of B = B/A. Larger B
parameter means that the shell is more elliptic. The axisymmetric simulations (green) are used to capture the equilibrium path of the shell. The volume-controlled
(blue) and the pressure-controlled (red) methods capture the instantaneous snap-through from one stable state to another stable state. The illustrated points on
graph (a) are corresponding to the deformation map at that specific point, shown in Fig. 21.
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Fig. 21. Illustration of the 3D snap-through simulations. Visualization of the deformed shapes for the volume- and pressure-controlled simulation case, for
B = 0.8 geometry, made from the ELASTOSIL material. The fringe color represents the total displacement (magnitude of the displacement vectors at each material
point). The numbers correspond to the marked points of the non-dimensional pressure - volume change curve (p — AV) curve shown in Fig. 20/(a).
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Fig. 22. Comparison of the acquired critical pressures for the ELASTOSIL material. The acquired relative pressures are compared in a quantitative way, by
calculating e,,;. This quantity denoted the relative error of the critical pressure (p) with respect to the critical pressure acquired with the quasi-static axisymmetric
simulations (p,,). Larger B parameter means that the shell is more elliptic. The bar colors represent the different methods: volume- and pressure controlled
scenarios, from both the simulations and the measurements.
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Fig. 23. Comparison of the acquired critical pressures for the RTV2 material. The acquired relative pressures are compared in a quantitative way, by
calculating e,,;. This quantity denoted the relative error of the critical pressure (p) with respect to the critical pressure acquired with the quasi-static axisymmetric
simulations (p,,). Larger B parameter means that the shell is more elliptic. The bar colors represent the different methods: volume- and pressure controlled
scenarios, from both the simulations and the measurements.

6.5. Benefits of the elliptical geometry spherical shells as well, which are used for baseline comparison. The
released energies are said to be equivalent, if the difference in their

The benefit of using an elliptical geometry can be emphasized if we numerical value is less than < 1%. With this, the following results can
look at sample geometries from Fig. 16. This parameter study includes be seen, which are summarized in Table 5. The result show, that we can
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Table 5
Equivalent geometries, where no. 1. is the baseline spherical geometry, while
no. 2. and 3. are elliptical geometries, with different parameters.

No. B () o i@ AE (1)

1. 1.0 0.56 0.125 2.999 1074
2. 0.9 0.56 0.125 29921074
3. 1.1 0.56 0.10 3.002-107*

achieve the same energy level with different actuators, compromising
between the radial dimension and the thickness. Shells with higher
geometric ellipticity require a smaller thickness to achieve the same
actuation level.

The results demonstrate that elliptical shells are capable of repro-
ducing the same energetic response observed in spherical shells when
the overall form factor and material properties are kept constant. In
particular, the strain energy stored during the snap-through process
reaches comparable levels for both geometries. From a design per-
spective, this result confirms that elliptical shells can serve as viable
alternatives to spherical shells in applications relying on snap-through
driven energy release. Specifically, in traditional spherical shells, the
geometry is defined by a single curvature, which inherently limits the
accessible design space by strictly coupling the height of the actuator
to its base width. Elliptical geometries overcome this limitation by
introducing an additional geometric parameter that decouples these
spatial dimensions, enabling a more detailed tuning of the structural
response. This increased geometric freedom allows the critical snap-
through load and total energy release to be independently adjusted
through the ratio of the semi-axes (B) and thickness (7). Consequently,
if a soft robotic application imposes strict vertical space constraints
but demands a specific energy release threshold, the elliptical design
space enables more compact and efficient structural solutions com-
pared to equivalent spherical shells. Ultimately, this multi-parameter
tuning capability provides a direct engineering advantage for inte-
grating predictable snap-through actuators into complex, space-limited
mechanical systems.

7. Conclusions

The present work investigated the snap-through behavior of soft,
elliptical shells. A comprehensive framework was presented, spanning
geometric description, numerical simulations, and experimental val-
idation, that can be applied to characterize the instability behavior
of a wide range of fluidic actuators. The simulation methodology
showed that good agreement can be found between the different control
methods, which enables us to characterize the phenomena based on the
desired application. A relation between the geometric parameters was
expressed, which can be used to tune the behavior of the instability. The
numerical models are validated through experiments, with qualitative
and quantitative analysis. The 3D simulations accurately capture the
underlying mechanics but are computationally demanding, while 2D
models offer a favorable balance between accuracy and efficiency, mak-
ing them suitable for extensive parameter studies. While the numerical
models successfully capture the dominant mechanics, the results indi-
cate that precise critical pressure predictions are sensitive to material
parameter uncertainties and unmodeled residual stresses from the fab-
rication process, highlighting an area for future model refinement.
The volume-controlled case is easy to replicate in the experiments,
while the pressure-controlled method is difficult, due to the need for
a precise control loop, which should be tuned for every geometry.
It was found that the numerical and experimental results correlate
well, even for high AE energy levels, which opens the possibility of
using the presented methods to design fluidic actuators that can benefit
from the instability. The results showed that the phenomenon is highly
nonlinear, and it is advisable to use multiple methods to characterize
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the snap-through instability to get an accurate sense of the behavior.
The main findings are summarized in the followings.

Equivalent released energy level geometries were found using ax-
isymmetric simulations. Upon this, different geometries can be trans-
lated into each other, using the linear relation which was found be-
tween the design parameters B and 6. The dynamic numerical sim-
ulations follow the equilibrium path acquired from the quasi-static
simulations, in its stable regions. Small oscillations can be detected
upon snapping, but after their decay, the solutions remain smooth. The
proposed experimental setup is found to be more accurate with the
volume-control method. The pressure-driven measurements are qual-
itatively worse, due to the finite response time of the control loop. The
nonlinear material behavior contributes to the effect of snap-through
significantly, especially in cases where B > 1.

The elliptical shell design provides additional geometric flexibility
while preserving the energetic performance characteristic of spheri-
cal shells. The results show that comparable levels of released strain
energy during snap-through can be achieved by adjusting the shell
ellipticity and thickness, without changing the overall form factor. This
enables designers to tailor the structural response through geometric
parameters rather than relying solely on size or material modifications.
Consequently, elliptical shells represent a promising alternative for ap-
plications where spatial constraints require adaptable yet energetically
equivalent snap-through actuators.
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Appendix

A.1. Material parameter sensitivity study

While residual stresses (which may influence the material behavior)
are not explicitly considered in the present work, uncertainties in
the identified material parameters may also affect the predicted snap-
through response. To evaluate the robustness of the numerical results,
a sensitivity analysis of the constitutive material parameters was per-
formed. The baseline parameters were obtained from the experimental
fitting procedure described in Section 3.1. This study was performed
with the ELASTOSIL material, and the

B =08, 6=0.75, 7=0.175 (39)
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Fig. 24. Results of the material sensitivity study. A sensitivity study is performed in case of the ELASTOSIL material, for the material parameters of the
second-order incompressible Ogden model (x;,;, #, and @,). The graphs illustrate the resultant relative error (e;, according to Eq. (41)) in the obtained pressures
() as a function of the dimensionless volume change (4V), due to an introduced error in a single material model parameter. The shaded (gray) regions represent
the uncertainty ranges, which are bounded by the black curves, the resultant curves from the simulation cases. The rows are corresponding to a single Ogden
material parameter, while the columns correspond to an introduced error in that parameter.

geometric case. Each material model parameter was varied individually
while keeping the remaining parameters fixed at their fitted values. The
variations considered were

6

b (40)

ar = £1%, 2%, £5%, +10%.

For each perturbed parameter set, the presented quasi-static simulation
was performed. This approach allows the isolated influence of each
parameter on the predicted snap-through response to be evaluated.
The resulting pressure-volume curves were non-dimensionalized and
a relative error was calculated as

ey = w, (41)

Dorg

where ps and p,,, are the non-dimensional pressure results using the
perturbed and the original material model, respectively. The results
are summarized in Fig. 24. These analyses showed that the snap-
through response is more strongly influenced by variations in y; than
by changes in «,. Furthermore, the captured results are significantly
influenced by the precision of the u, parameter. The sensitivity of a,
parameter is more pronounced than the influence of «; parameter,
but it is still negligible compared to the y; and u, parameters. The
critical pressure was also calculated for each set of simulations. Relative
errors were calculated between the critical pressures obtained from the
disturbed and the original material parameters, providing information
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Table 6

The relative change in the critical pressure (§; ) due to
the material parameter disturbance (6pa,). The quantita-
tive comparison showed that the small perturbations in
the « parameters lead to negligible differences in the

recorded pressures.

o B S O Gt B Gy B By B
1 028 +0.03 b +0.01
£2 s +0.06 oA +0.03
B L e IF 006
£ 54 03 S 2

about the sensitivity of the critical point to material imperfections.
These results are summarized in Table 6.

In general, the snap-through response shows a higher sensitivity
to the u parameters, which are related to the material stiffness. The
influence of the a parameters are almost negligible. However, it is
important to note, that these material parameters provide the acquired
fits as a system, so a small correction in one parameter would lead to
a whole new set of parameters, which provide the best fit based on the
proposed quality function.
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Fig. 25. Diaphragm pump characteristics. The measured flow-rates (Q) of
the pump at different input voltages (U). The red markers denote the discrete
measurement points, while the black line illustrated the fitted linear trend line.
Based on the coefficient of determination (R?), a very good linear relationship
is formed between the applied input voltage and the resulting fluid flow-rate.

A.2. Mesh convergence study

A mesh convergence study was performed to assess the sensitivity of
the results to the discretization. The study was conducted on both the
quasi-static and the dynamic finite element models proposed in Sec-
tion 4. A thin (f = 0.1) and a thick (f = 0.175) shell were analyzed, with
the ELASTOSIL material, while B = 1.2 and = 0.75. The shell thickness
was discretized using 2, 4, and 8 elements, and the simulations were
repeated for each mesh density. The results showed negligible variation
beyond the mesh with 4 elements through the thickness, indicating
that the solution is mesh-independent. Small numerical oscillations
can be seen in the dynamic models, due to the inertial effects. These
oscillations did not change the response significantly. The instability
initiates from the same stable path for each mesh density. Following
the transient phase of these oscillations, the second stable branch is

®y (2 elements)

®y (4 elements)

Thin shell, £ = 0.1 (b)
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Table 7
Number of elements (N, ) for every generated mesh.

Model type 2D (quasi-static) 3D (dynamic)

T Ny, N, Ny, Ny, Ny, Ny,

0.1 74 288 1051 7052 60776 487 072

0.175 83 274 1090 6292 68618 502644
Table 8

Root mean square errors between the ¢, — ¢ models.

Model type 2D (quasi-static) 3D (dynamic)
i) ep,—¢, (%) €p,-¢, (%)

0.1 1.98 2.13

0.175 1.86 2.06

found, which remains stable. The results are showcased in Fig. 26. The
resultant element numbers for each model are summarized in Table 7.

The root mean square error along the whole solved domain were
calculated between the ¢, — ¢ case with

2
<ﬁfb4 ; ﬁjﬁs >
5

where M is the number of the data points, p?“ and ﬁ?“ are the non-
dimensional pressures. This shows that the gained numerical precision
is negligible compared to the change in computational cost (see Table
8).

Based on these, a discretization with 5 elements along the shell
thickness was adopted for subsequent simulations, providing a good
compromise between numerical accuracy and computational cost.

LM
X

i=1

Chs—tps = (42)

A.3. Pump characteristics

The characteristics of the diaphragm pump is defined by a voltage—
volume flow rate curve. In order to deduct this relationship, several
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Fig. 26. Results of the mesh convergence study. For all geometries and simulation types, simulation results are graphed using 2 (blue dashed curve), 4
(red dotted curve) and 8 (black curve) elements along the thickness. (a) Thin shell, quasi-static simulation. (b) Thick shell, quasi-static simulation. (c) Thin
shell, dynamic (volume-controlled) simulation. (d) Thick shell, dynamic (volume-controlled) simulation. (¢) The @ detail illustrates a smaller section of the (d)
subfigure. The magnitude and duration of the numerical oscillations during the dynamic snap-through remain largely independent of the chosen discretization.
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Table 9

International Journal of Mechanical Sciences 326 (2026) 111883

Numerical values obtained for the snapping pressure (5,), snapping volume change (4V,) and the corresponding standard deviation

value for the measurements for the ELASTOSIL and RTV2 materials.

Material Method B=08 B=10 B=12
By (1072 4V, ) b, (1072 av, (1) s (1072 4V, ()

Volume-controlled sim. 4.4 0.19 8.3 0.19 12.0 0.24

ELASTOSIL Pressure-controlled sim. 5.2 0.13 8.3 0.18 12.0 0.23
Volume-controlled meas. 43+05 0.17 +£0.01 9.1+0.5 0.20 +0.02 140+0.5 0.27 +£0.02
Pressure-controlled meas. 45104 0.17 +£0.01 79+0.6 0.18 +0.02 120+0.5 0.25 +0.02
Volume-controlled sim. 1.7 0.13 3.5 0.19 7.7 0.24

RTV2 Pressure-controlled sim. 2.0 0.09 3.5 0.19 7.7 0.24
Volume-controlled meas. 2.1+£02 0.13+0.01 3.1+£03 0.18 +0.01 7.1+£04 0.24 +£0.02
Pressure-controlled meas. 1.3£0.1 0.12+0.01 27+02 0.16 + 0.01 6.2+0.6 0.21 +£0.05

voltage inputs were applied (U = 5, 6, ...12 V) and the pump was
operated for a minute, in order to transport water from a source to
a destination vessel. The volume of the fluid at the destination vessel
was measured by the weight of the water using a precision scale. The
measured flow-rate values and the fitted linear line is shown in Fig.
25. It is important to note, that the pump cannot operate below 5 V
input voltage.

A.4. Quantitative results

The critical points for each shell were determined, including their
numerical values and associated measurement deviations. These results
are tabulated (see Table 9) to provide a quantitative comparison of the
different methods.

Data availability

Data will be made available on request.

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91]

[10]

[11]

[12]

[13]

Harne RL, Wang K. Harnessing bistable structural dynamics: for vibration
control, energy harvesting and sensing. Wiley; 2017, http://dx.doi.org/10.1002/
9781119128052.

Hu N, Burgueno R. Buckling-induced smart applications: recent advances
and trends. Smart Mater Struct 2015;24(6):063001. http://dx.doi.org/10.1088/
0964-1726/24/6/063001.

Pal A, Restrepo V, Goswami D, Martinez RV. Exploiting mechanical instabilities
in soft robotics: Control, sensing, and actuation. Adv Mater 2021;33(19). http:
//dx.doi.org/10.1002/adma.202006939.

Cao Y, Derakhshani M, Fang Y, Huang G, Cao C. Bistable structures for
advanced functional systems. Adv Funct Mater 2021;31(45). http://dx.doi.org/
10.1002/adfm.202106231.

Chi Y, Li Y, Zhao Y, Hong Y, Tang Y, Yin J. Bistable and multistable
actuators for soft robots: Structures, materials, and functionalities. Adv Mater
2022;34(19). http://dx.doi.org/10.1002/adma.202110384.

Crisfield M. A fast incremental/iterative solution procedure that handles “snap-
through”. Comput Struct 1981;13(1-3):55-62. http://dx.doi.org/10.1016/0045-
7949(81)90108-5.

Zoelly R. Ueber ein Knickungsproblem an der Kugelschale [Ph.D. thesis], ETH
Zurich; 1915, http://dx.doi.org/10.3929/ETHZ-A-000091951.

von Karman T, Tsien H-S. The buckling of spherical shells by external pressure.
J Aeronaut Sci 1939;7(2):43-50. http://dx.doi.org/10.2514/8.1019.

von Karman T, Tsien H-S. The buckling of thin cylindrical shells under axial
compression. J Aeronaut Sci 1941;8(8):303-12. http://dx.doi.org/10.2514/8.
10722.

Carlson RL, Sendelbeck RL, Hoff NJ. Experimental studies of the buckling of
complete spherical shells: The buckling behavior of electroformed spherical
shells under uniform external pressure is examined in rigid and soft testing
systems. Exp Mech 1967;7(7):281-8. http://dx.doi.org/10.1007/bf02327133.
Berke L, Carlson RL. Experimental studies of the postbuckling behavior of com-
plete spherical shells: The results of experiments on the postbuckling behavior
of electroformed spherical shells under uniform external pressure are presented.
Exp Mech 1968;8(12):548-53. http://dx.doi.org/10.1007/bf02327517.

Hoff NJ. Some recent studies of the buckling of thin shells. Aeronaut J
1969;73(708):1057-70. http://dx.doi.org/10.1017/50001924000051289.

Koga T, Hoff NJ. The axisymmetric buckling of initially imperfect complete
spherical shells. Int J Solids Struct 1969;5(7):679-97. http://dx.doi.org/10.
1016/0020-7683(69)90088-2.

18

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Riks E. An incremental approach to the solution of snapping and buckling
problems. Int J Solids Struct 1979;15(7):529-51. http://dx.doi.org/10.1016/
0020-7683(79)90081-7.

Kochmann DM, Bertoldi K. Exploiting microstructural instabilities in solids
and structures: From metamaterials to structural transitions. Appl Mech Rev
2017;69(5). http://dx.doi.org/10.1115/1.4037966.

Tsien H-S. A theory for the buckling of thin shells. J Aeronaut Sci
1942;9(10):373-84. http://dx.doi.org/10.2514/8.10911.

Thompson JMT. Advances in shell buckling: Theory and experiments.
Int J Bifurc Chaos 2015;25(01):1530001. http://dx.doi.org/10.1142/
s0218127415300013.

Schmitt F, Piccin O, Barbé L, Bayle B. Soft robots manufacturing: A review.
Front Robot AI 2018;5. http://dx.doi.org/10.3389/frobt.2018.00084.

Zhang C, Yin X, Chen R, Ju K, Hao Y, Wu T, Sun J, Yang H, Xu Y. A review
on reprogrammable bistable structures. Smart Mater Struct 2024;33(9):093001.
http://dx.doi.org/10.1088/1361-665x/ad6724.

El-Atab N, Mishra RB, Al-Modaf F, Joharji L, Alsharif AA, Alamoudi H, Diaz M,
Qaiser N, Hussain MM. Soft actuators for soft robotic applications: A review.
Adv Intell Syst 2020;2(10). http://dx.doi.org/10.1002/aisy.202000128.

Majidi C. Soft robotics: A perspective - current trends and prospects for the
future. Soft Robot 2014;1(1):5-11. http://dx.doi.org/10.1089/s0r0.2013.0001.
Tang Y, Chi Y, Sun J, Huang T-H, Maghsoudi OH, Spence A, Zhao J, Su H,
Yin J. Leveraging elastic instabilities for amplified performance: Spine-inspired
high-speed and high-force soft robots. Sci Adv 2020;6(19). http://dx.doi.org/
10.1126/sciadv.aaz6912.

Kim JY, Mazzoleni N, Bryant M. Modeling of resistive forces and buckling
behavior in variable recruitment fluidic artificial muscle bundles. Actuators
2021;10(3):42. http://dx.doi.org/10.3390/act10030042.

Cui Y, Hu J, Dong Z, Li B, Chang C. Temperature-triggered inflatable hydrogel
muscles with snap-through instability for untethered robots. Nat Commun
2025;16(1). http://dx.doi.org/10.1038/541467-025-58731-4.

Han Y, Dong Y, Zhang Z. Bistable click mechanism for dipteran flight robot.
Int J Mech Sci 2024;281:109555. http://dx.doi.org/10.1016/j.ijjmecsci.2024.
109555.

Hou X, Li S, Xie F, Deng Z. Bistable actuator tuned via flexible hinges for
bioinspired jellyfish robot. Int J Mech Sci 2026;325:111805. http://dx.doi.org/
10.1016/j.ijmecsci.2026.111805.

Gorissen B, Melancon D, Vasios N, Torbati M, Bertoldi K. Inflatable soft jumper
inspired by shell snapping. Sci Robot 2020;5(42). http://dx.doi.org/10.1126/
scirobotics.abb1967.

Tang D, Zhang C, Pan C, Hu H, Sun H, Dai H, Fu J, Majidi C, Zhao P.
Bistable soft jumper capable of fast response and high takeoff velocity. Sci
Robot 2024;9(93). http://dx.doi.org/10.1126/scirobotics.adm8484.

Cai X, Tang B. Self-adaptive bistable gripper with fin ray effect for versa-
tile grasping. Int J Mech Sci 2025;295:110279. http://dx.doi.org/10.1016/j.
ijmecsci.2025.110279.

Devarajan K, Santhosh B. Performance enhancement of snap-through vibration
energy harvester with displacement amplifier. Int J Mech Sci 2023;253:108391.
http://dx.doi.org/10.1016/j.ijmecsci.2023.108391.

Lee S, Shim J, Lee P-S. Self-restoring energy dissipation mechanism via a
contact-driven buckling mode transition. Int J Mech Sci 2025;303:110610.
http://dx.doi.org/10.1016/j.ijmecsci.2025.110610.

Shan S, Kang SH, Raney JR, Wang P, Fang L, Candido F, Lewis JA, Bertoldi K.
Multistable architected materials for trapping elastic strain energy. Adv Mater
2015;27(29):4296-301. http://dx.doi.org/10.1002/adma.201501708.

Wang Z, Zhao F, Fu Y, Deng F, Zeng L, Cui J. Towards energy har-
vesting through flow-induced snap-through oscillations. Int J Mech Sci
2023;254:108428. http://dx.doi.org/10.1016/j.ijmecsci.2023.108428.

Giri TR, Mailen R. Controlled snapping sequence and energy absorption in mul-
tistable mechanical metamaterial cylinders. Int J Mech Sci 2021;204:106541.
http://dx.doi.org/10.1016/j.ijmecsci.2021.106541.

Jin L, Yang Y, Maldonado BOT, Lee SD, Figueroa N, Full RJ, Yang S. Ultrafast,
programmable, and electronics-free soft robots enabled by snapping metacaps.
Adv Intell Syst 2023;5(6). http://dx.doi.org/10.1002/aisy.202300039.


http://dx.doi.org/10.1002/9781119128052
http://dx.doi.org/10.1002/9781119128052
http://dx.doi.org/10.1002/9781119128052
http://dx.doi.org/10.1088/0964-1726/24/6/063001
http://dx.doi.org/10.1088/0964-1726/24/6/063001
http://dx.doi.org/10.1088/0964-1726/24/6/063001
http://dx.doi.org/10.1002/adma.202006939
http://dx.doi.org/10.1002/adma.202006939
http://dx.doi.org/10.1002/adma.202006939
http://dx.doi.org/10.1002/adfm.202106231
http://dx.doi.org/10.1002/adfm.202106231
http://dx.doi.org/10.1002/adfm.202106231
http://dx.doi.org/10.1002/adma.202110384
http://dx.doi.org/10.1016/0045-7949(81)90108-5
http://dx.doi.org/10.1016/0045-7949(81)90108-5
http://dx.doi.org/10.1016/0045-7949(81)90108-5
http://dx.doi.org/10.3929/ETHZ-A-000091951
http://dx.doi.org/10.2514/8.1019
http://dx.doi.org/10.2514/8.10722
http://dx.doi.org/10.2514/8.10722
http://dx.doi.org/10.2514/8.10722
http://dx.doi.org/10.1007/bf02327133
http://dx.doi.org/10.1007/bf02327517
http://dx.doi.org/10.1017/s0001924000051289
http://dx.doi.org/10.1016/0020-7683(69)90088-2
http://dx.doi.org/10.1016/0020-7683(69)90088-2
http://dx.doi.org/10.1016/0020-7683(69)90088-2
http://dx.doi.org/10.1016/0020-7683(79)90081-7
http://dx.doi.org/10.1016/0020-7683(79)90081-7
http://dx.doi.org/10.1016/0020-7683(79)90081-7
http://dx.doi.org/10.1115/1.4037966
http://dx.doi.org/10.2514/8.10911
http://dx.doi.org/10.1142/s0218127415300013
http://dx.doi.org/10.1142/s0218127415300013
http://dx.doi.org/10.1142/s0218127415300013
http://dx.doi.org/10.3389/frobt.2018.00084
http://dx.doi.org/10.1088/1361-665x/ad6724
http://dx.doi.org/10.1002/aisy.202000128
http://dx.doi.org/10.1089/soro.2013.0001
http://dx.doi.org/10.1126/sciadv.aaz6912
http://dx.doi.org/10.1126/sciadv.aaz6912
http://dx.doi.org/10.1126/sciadv.aaz6912
http://dx.doi.org/10.3390/act10030042
http://dx.doi.org/10.1038/s41467-025-58731-4
http://dx.doi.org/10.1016/j.ijmecsci.2024.109555
http://dx.doi.org/10.1016/j.ijmecsci.2024.109555
http://dx.doi.org/10.1016/j.ijmecsci.2024.109555
http://dx.doi.org/10.1016/j.ijmecsci.2026.111805
http://dx.doi.org/10.1016/j.ijmecsci.2026.111805
http://dx.doi.org/10.1016/j.ijmecsci.2026.111805
http://dx.doi.org/10.1126/scirobotics.abb1967
http://dx.doi.org/10.1126/scirobotics.abb1967
http://dx.doi.org/10.1126/scirobotics.abb1967
http://dx.doi.org/10.1126/scirobotics.adm8484
http://dx.doi.org/10.1016/j.ijmecsci.2025.110279
http://dx.doi.org/10.1016/j.ijmecsci.2025.110279
http://dx.doi.org/10.1016/j.ijmecsci.2025.110279
http://dx.doi.org/10.1016/j.ijmecsci.2023.108391
http://dx.doi.org/10.1016/j.ijmecsci.2025.110610
http://dx.doi.org/10.1002/adma.201501708
http://dx.doi.org/10.1016/j.ijmecsci.2023.108428
http://dx.doi.org/10.1016/j.ijmecsci.2021.106541
http://dx.doi.org/10.1002/aisy.202300039

B. Piri and S. Berezvai

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Abe T, Hashiguchi I, Nakahara Y, Kobayashi S, Tarumi R, Takahashi H,
Ishigami G, Sano TG. Snap and jump: How elastic shells pop out. Adv Robot
Res 2025;1(2). http://dx.doi.org/10.1002/adrr.202500041.

Zhang X, Oseyemi AE, Ma K, Yu S. Entirely soft valve leveraging snap-
through instability for passive flow control. Sensors Actuators B: Chem
2022;367:132035. http://dx.doi.org/10.1016/j.snb.2022.132035.

Qiao C, Liu L, Pasini D. Bi-shell valve for fast actuation of soft pneumatic
actuators via shell snapping interaction. Adv Sci 2021;8(15). http://dx.doi.org/
10.1002/advs.202100445.

Tong D, Hao Z, Liu M, Huang W. Inverse design of snap-actuated jumping
robots powered by mechanics-aided machine learning. IEEE Robot Autom Lett
2025;10(2):1720-7. http://dx.doi.org/10.1109/1ra.2024.3523218.

Wu Y, Guo G, Wei Z, Qian J. Programming soft shape-morphing systems by
harnessing strain mismatch and snap-through bistability: A review. Materials
2022;15(7):2397. http://dx.doi.org/10.3390/mal5072397.

Wu S, Baker GL, Yin J, Zhu Y. Fast thermal actuators for soft robotics. Soft
Robot 2022;9(6):1031-9. http://dx.doi.org/10.1089/s0r0.2021.0080.

Guo J, Liu Y, Wang C. Unfolding equilibrium paths in inflated beams: snap-
through and tracking. Int J Mech Sci 2025;304:110691. http://dx.doi.org/10.
1016/j.ijmecsci.2025.110691.

Peretz O, Mishra AK, Shepherd RF, Gat AD. Underactuated fluidic control of a
continuous multistable membrane. Proc Natl Acad Sci 2020;117(10):5217-21.
http://dx.doi.org/10.1073/pnas.1919738117.

Zhao Y, Hong Y, Qi F, Chi Y, Su H, Yin J. Self-sustained snapping drives
autonomous dancing and motion in free-standing wavy rings. Adv Mater
2022;35(7). http://dx.doi.org/10.1002/adma.202207372.

Yan S, Wu L, Wen Y, Sun J, Zhou J. Snap-through instability in mechanical
metamaterials. Responsive Mater 2025;3(1). http://dx.doi.org/10.1002/rpm.
20240035.

Tan X, Chen S, Zhu S, Wang B, Xu P, Yao K, Sun Y. Reusable metamaterial
via inelastic instability for energy absorption. Int J Mech Sci 2019;155:509-17.
http://dx.doi.org/10.1016/j.ijmecsci.2019.02.011.

Restrepo D, Mankame ND, Zavattieri PD. Phase transforming cellular materials.
Extrem Mech Lett 2015;4:52-60. http://dx.doi.org/10.1016/j.em].2015.08.001.
Dykstra DMJ, Busink J, Ennis B, Coulais C. Viscoelastic snapping metamaterials.
J Appl Mech 2019;86(11). http://dx.doi.org/10.1115/1.4044036.

Mao J-J, Wei Z, Ke L-L. Gravity-guided snapping sequence in 3D modular
multistable metamaterials. Int J Mech Sci 2025;285:109793. http://dx.doi.org/
10.1016/j.ijmecsci.2024.109793.

Xu R, Chen C, Sun J, He Y, Li X, Lu M-H, Chen Y. The design, manufacture and
application of multistable mechanical metamaterials-a state-of-the-art review.
Int J Extrem Manuf 2023;5(4):042013. http://dx.doi.org/10.1088/2631-7990/
acf96a.

Peng Y, Niloy I, Kam M, Celli P, Plucinsky P. Programming bistabil-
ity in geometrically perturbed mechanical metamaterials. Phys Rev Appl
2024;22(1):014073. http://dx.doi.org/10.1103/physrevapplied.22.014073.
Rafsanjani A, Pasini D. Bistable auxetic mechanical metamaterials inspired by
ancient geometric motifs. Extrem Mech Lett 2016;9:291-6. http://dx.doi.org/
10.1016/j.em1.2016.09.001.

Zhu Y, Xu F, Zhou Q, Dai X. Tunable negative stiffness of snap-fit multistable
lattice metamaterials. Int J Mech Sci 2026;315:111421. http://dx.doi.org/10.
1016/j.ijmecsci.2026.111421.

Pan Y, Gao Q, Sun B. Real-time reprogrammable snapping mechanical
metamaterial with nonlinear force-displacement responses. Int J Mech Sci
2026;316:111473. http://dx.doi.org/10.1016/j.ijmecsci.2026.111473.

Zhang Z, Li Y, Yu X, Li X, Wu H, Wu H, Jiang S, Chai G. Bistable morphing
composite structures: A review. Thin-Walled Struct 2019;142:74-97. http://dx.
doi.org/10.1016/j.tws.2019.04.040.

Mattioni F, Gatto A, Weaver P, Friswell M, Potter K. The application of residual
stress tailoring of snap-through composites for variable sweep wings. In: 47th
AIAA/aSME/ASCE/AHS/aSC structures, structural dynamics, and materials con-
ference; 14th AIAA/aSME/AHS adaptive structures conference; 7th. American
Institute of Aeronautics and Astronautics; 2006, http://dx.doi.org/10.2514/6.
2006-1972.

Mattioni F, Weaver PM, Potter KD, Friswell MI. The application of thermally
induced multistable composites to morphing aircraft structures. In: Davis LP,
Henderson BK, McMickell MB, editors. Industrial and commercial applications
of smart structures technologies 2008. SPIE; 2008, http://dx.doi.org/10.1117/
12.776226.

Diaconu CG, Weaver PM, Mattioni F. Concepts for morphing airfoil sec-
tions using bi-stable laminated composite structures. Thin-Walled Struct
2008;46(6):689-701. http://dx.doi.org/10.1016/j.tws.2007.11.002.

Nicassio F, Scarselli G, Pinto F, Ciampa F, lervolino O, Meo M. Low energy
actuation technique of bistable composites for aircraft morphing. Aerosp Sci
Technol 2018;75:35-46. http://dx.doi.org/10.1016/j.ast.2017.12.040.
Costantine J, Tawk Y, Christodoulou CG, Banik J, Lane S. CubeSat deployable
antenna using bistable composite tape-springs. IEEE Antennas Wirel Propag Lett
2012;11:285-8. http://dx.doi.org/10.1109/lawp.2012.2189544.

Liu P, Tang J, Guo Y, Li Y. Snap-through behaviors of bistable composite
panel in centrifugal environments. Int J Mech Sci 2025;288:110036. http:
//dx.doi.org/10.1016/j.ijmecsci.2025.110036.

19

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

International Journal of Mechanical Sciences 326 (2026) 111883

Pan D, Ma B, Dai F. Experimental investigation of broadband energy har-
vesting of a bi-stable composite piezoelectric plate. Smart Mater Struct
2017;26(3):035045. http://dx.doi.org/10.1088/1361-665x/aa5b41.

Arrieta AF, Hagedorn P, Erturk A, Inman DJ. A piezoelectric bistable plate
for nonlinear broadband energy harvesting. Appl Phys Lett 2010;97(10). http:
//dx.doi.org/10.1063/1.3487780.

Lee AJ, Inman DJ. A multifunctional bistable laminate: Snap-through mor-
phing enabled by broadband energy harvesting. J Intell Mater Syst Struct
2018;29(11):2528-43. http://dx.doi.org/10.1177/1045389x18770895.
Scarselli G, Nicassio F, Pinto F, Ciampa F, lervolino O, Meo M. A novel
bistable energy harvesting concept. Smart Mater Struct 2016;25(5):055001.
http://dx.doi.org/10.1088/0964-1726/25/5/055001.

Derakhshani M, Berfield TA. Snap-through and mechanical strain analysis of
a MEMS bistable vibration energy harvester. In: Rafiee M, editor. Shock Vib
2019;2019(1). http://dx.doi.org/10.1155/2019/6743676.

Nikpourian A, Ghazavi MR, Azizi S. Size-dependent nonlinear behavior of a
piezoelectrically actuated capacitive bistable microstructure. Int J Non-Linear
Mech 2019;114:49-61. http://dx.doi.org/10.1016/j.ijnonlinmec.2019.04.010.
Litvinov I, Refaeli D, Liberzon A, Krylov S. Effect of overheat and direct
flow loading on the MEMS bistable flow sensor. Sensors Actuators A: Phys
2024;372:115312. http://dx.doi.org/10.1016/j.sna.2024.115312.

Shi Z, Martincic E, Moulin J, Lefeuvre E, Lamarque F. Case study of a MEMS
snap-through actuator: Modeling and fabrication considerations. Micromachines
2022;13(5):654. http://dx.doi.org/10.3390/mil13050654.

Aksyuk VA, Simon ME, Pardo F, Arney S, Lopez D, Villanueva A. Optical MEMS
design for telecommunications applications. 2024, http://dx.doi.org/10.48550/
ARXIV.2403.04078.

Huang H-W, Lee F-W, Yang Y-JJ. Design criteria for a push-on push-off MEMS
bistable device. J Microelectromech Syst 2016;25(5):900-8. http://dx.doi.org/
10.1109/jmems.2016.2574874.

Sulfridge M, Saif T, Miller N, O’Hara K. Optical actuation of a bistable MEMS.
J Microelectromech Syst 2002;11(5):574-83. http://dx.doi.org/10.1109/jmems.
2002.803417.

Yang Y-J, Liao B-T, Kuo W-C. A novel 2 x 2 MEMS optical switch using
the split cross-bar design. J Micromech Microeng 2007;17(5):875-82. http:
//dx.doi.org/10.1088/0960-1317/17/5/005.

Wu Y, Chen P, Liu J, Zheng H. Buckling behavior of soft spherical shells
with patterned surface under indentation. Int J Mech Sci 2024;270:109113.
http://dx.doi.org/10.1016/j.ijmecsci.2024.109113.

Huang W, Liu Z, Liu M, Hsia KJ. Snap-through eversion of axisymmetric shells
under contact indentation. Proc R Soc A: Math Phys Eng Sci 2024;480(2300).
http://dx.doi.org/10.1098/rspa.2024.0303.

Albertini F, Tarantino MG, Daniel L. Mechanical behavior of embedded
bistable dome shell with tunable energy barrier asymmetry. Int J Mech Sci
2024;263:108762. http://dx.doi.org/10.1016/j.ijjmecsci.2023.108762.

Liu T, Deng R, Jin L, Cai J. Rate-dependent and delayed snap-through behaviors
of viscoelastic metamaterials. Int J Mech Sci 2024;283:109664. http://dx.doi.
org/10.1016/j.ijmecsci.2024.109664.

Gandikota MC, Das S, Cacciuto A. Spontaneous crumpling of active spher-
ical shells. Soft Matter 2024;20(17):3635-40. http://dx.doi.org/10.1039/
d4sm00015c.

Ledda PG, Garg H, @stergaard-Clausen V, Rudzki LK, Madary A, Pezzulla M.
Fluid-induced snap-through instability of spherical shells. Phys Rev Lett
2025;135(23). http://dx.doi.org/10.1103/1tqy-d53p.

He X-T, Yin J-M, Luo M-W, Chang H, Sun J-Y. Snap-through buckling
of elliptic paraboloid thin shallow shells with bimodular effect. Structures
2025;80:110060. http://dx.doi.org/10.1016/j.istruc.2025.110060.

Derveni F, Choquart F, Abbasi A, Yan D, Reis PM. The most severe imperfec-
tion governs the buckling strength of pressurized multi-defect hemispherical
shells. Mech Mater 2025;204:105295. http://dx.doi.org/10.1016/j.mechmat.
2025.105295.

Park J-S, Kim J, Lee A, Kim H-Y. Snap-through inversion of elastic shells
swelling via solvent diffusion. Soft Matter 2023;19(42):8213-20. http://dx.doi.
org/10.1039/d3sm01020a.

Stein-Montalvo L, Lee J-H, Yang Y, Landesberg M, Park HS, Holmes DP. Efficient
snap-through of spherical caps by applying a localized curvature stimulus. Eur
Phys J E 2022;45(1). http://dx.doi.org/10.1140/epje/s10189-021-00156-0.
Sajadi B, Goosen H, van Keulen F. Electrostatic instability of micro-plates
subjected to differential pressure: A semi-analytical approach. Int J Mech Sci
2018;138-139:210-8. http://dx.doi.org/10.1016/j.ijmecsci.2018.02.007.
Naesby A, Naserbakht S, Dantan A. Effects of pressure on suspended microme-
chanical membrane arrays. Appl Phys Lett 2017;111(20). http://dx.doi.org/10.
1063/1.5004261.

Medina L. Bistability-latching criteria in pre-pressurised and electrostatically
actuated curved microplates. Thin-Walled Struct 2024;203:112169. http://dx.
doi.org/10.1016/j.tws.2024.112169.

Medina L, Gilat R, Krylov S. Bistable behavior of electrostatically actuated
initially curved micro plate. Sensors Actuators A: Phys 2016;248:193-8. http:
//dx.doi.org/10.1016/j.sna.2016.07.027.


http://dx.doi.org/10.1002/adrr.202500041
http://dx.doi.org/10.1016/j.snb.2022.132035
http://dx.doi.org/10.1002/advs.202100445
http://dx.doi.org/10.1002/advs.202100445
http://dx.doi.org/10.1002/advs.202100445
http://dx.doi.org/10.1109/lra.2024.3523218
http://dx.doi.org/10.3390/ma15072397
http://dx.doi.org/10.1089/soro.2021.0080
http://dx.doi.org/10.1016/j.ijmecsci.2025.110691
http://dx.doi.org/10.1016/j.ijmecsci.2025.110691
http://dx.doi.org/10.1016/j.ijmecsci.2025.110691
http://dx.doi.org/10.1073/pnas.1919738117
http://dx.doi.org/10.1002/adma.202207372
http://dx.doi.org/10.1002/rpm.20240035
http://dx.doi.org/10.1002/rpm.20240035
http://dx.doi.org/10.1002/rpm.20240035
http://dx.doi.org/10.1016/j.ijmecsci.2019.02.011
http://dx.doi.org/10.1016/j.eml.2015.08.001
http://dx.doi.org/10.1115/1.4044036
http://dx.doi.org/10.1016/j.ijmecsci.2024.109793
http://dx.doi.org/10.1016/j.ijmecsci.2024.109793
http://dx.doi.org/10.1016/j.ijmecsci.2024.109793
http://dx.doi.org/10.1088/2631-7990/acf96a
http://dx.doi.org/10.1088/2631-7990/acf96a
http://dx.doi.org/10.1088/2631-7990/acf96a
http://dx.doi.org/10.1103/physrevapplied.22.014073
http://dx.doi.org/10.1016/j.eml.2016.09.001
http://dx.doi.org/10.1016/j.eml.2016.09.001
http://dx.doi.org/10.1016/j.eml.2016.09.001
http://dx.doi.org/10.1016/j.ijmecsci.2026.111421
http://dx.doi.org/10.1016/j.ijmecsci.2026.111421
http://dx.doi.org/10.1016/j.ijmecsci.2026.111421
http://dx.doi.org/10.1016/j.ijmecsci.2026.111473
http://dx.doi.org/10.1016/j.tws.2019.04.040
http://dx.doi.org/10.1016/j.tws.2019.04.040
http://dx.doi.org/10.1016/j.tws.2019.04.040
http://dx.doi.org/10.2514/6.2006-1972
http://dx.doi.org/10.2514/6.2006-1972
http://dx.doi.org/10.2514/6.2006-1972
http://dx.doi.org/10.1117/12.776226
http://dx.doi.org/10.1117/12.776226
http://dx.doi.org/10.1117/12.776226
http://dx.doi.org/10.1016/j.tws.2007.11.002
http://dx.doi.org/10.1016/j.ast.2017.12.040
http://dx.doi.org/10.1109/lawp.2012.2189544
http://dx.doi.org/10.1016/j.ijmecsci.2025.110036
http://dx.doi.org/10.1016/j.ijmecsci.2025.110036
http://dx.doi.org/10.1016/j.ijmecsci.2025.110036
http://dx.doi.org/10.1088/1361-665x/aa5b41
http://dx.doi.org/10.1063/1.3487780
http://dx.doi.org/10.1063/1.3487780
http://dx.doi.org/10.1063/1.3487780
http://dx.doi.org/10.1177/1045389x18770895
http://dx.doi.org/10.1088/0964-1726/25/5/055001
http://dx.doi.org/10.1155/2019/6743676
http://dx.doi.org/10.1016/j.ijnonlinmec.2019.04.010
http://dx.doi.org/10.1016/j.sna.2024.115312
http://dx.doi.org/10.3390/mi13050654
http://dx.doi.org/10.48550/ARXIV.2403.04078
http://dx.doi.org/10.48550/ARXIV.2403.04078
http://dx.doi.org/10.48550/ARXIV.2403.04078
http://dx.doi.org/10.1109/jmems.2016.2574874
http://dx.doi.org/10.1109/jmems.2016.2574874
http://dx.doi.org/10.1109/jmems.2016.2574874
http://dx.doi.org/10.1109/jmems.2002.803417
http://dx.doi.org/10.1109/jmems.2002.803417
http://dx.doi.org/10.1109/jmems.2002.803417
http://dx.doi.org/10.1088/0960-1317/17/5/005
http://dx.doi.org/10.1088/0960-1317/17/5/005
http://dx.doi.org/10.1088/0960-1317/17/5/005
http://dx.doi.org/10.1016/j.ijmecsci.2024.109113
http://dx.doi.org/10.1098/rspa.2024.0303
http://dx.doi.org/10.1016/j.ijmecsci.2023.108762
http://dx.doi.org/10.1016/j.ijmecsci.2024.109664
http://dx.doi.org/10.1016/j.ijmecsci.2024.109664
http://dx.doi.org/10.1016/j.ijmecsci.2024.109664
http://dx.doi.org/10.1039/d4sm00015c
http://dx.doi.org/10.1039/d4sm00015c
http://dx.doi.org/10.1039/d4sm00015c
http://dx.doi.org/10.1103/ltqy-d53p
http://dx.doi.org/10.1016/j.istruc.2025.110060
http://dx.doi.org/10.1016/j.mechmat.2025.105295
http://dx.doi.org/10.1016/j.mechmat.2025.105295
http://dx.doi.org/10.1016/j.mechmat.2025.105295
http://dx.doi.org/10.1039/d3sm01020a
http://dx.doi.org/10.1039/d3sm01020a
http://dx.doi.org/10.1039/d3sm01020a
http://dx.doi.org/10.1140/epje/s10189-021-00156-0
http://dx.doi.org/10.1016/j.ijmecsci.2018.02.007
http://dx.doi.org/10.1063/1.5004261
http://dx.doi.org/10.1063/1.5004261
http://dx.doi.org/10.1063/1.5004261
http://dx.doi.org/10.1016/j.tws.2024.112169
http://dx.doi.org/10.1016/j.tws.2024.112169
http://dx.doi.org/10.1016/j.tws.2024.112169
http://dx.doi.org/10.1016/j.sna.2016.07.027
http://dx.doi.org/10.1016/j.sna.2016.07.027
http://dx.doi.org/10.1016/j.sna.2016.07.027

B. Piri and S. Berezvai

[88]

[89]

[90]

[91]

[92]

[93]

[94]

Paulose J, Nelson DR. Buckling pathways in spherical shells with soft spots.
Soft Matter 2013;9(34):8227. http://dx.doi.org/10.1039/c3sm50719j.

Derveni F, Abbasi A, Reis PM. Defect-defect interactions in the buckling
of imperfect spherical shells. 2023, http://dx.doi.org/10.48550/ARXIV.2305.
14932.

Ismail M, Mahmud J, Jailani A. Buckling of an imperfect spherical shell
subjected to external pressure. Ocean Eng 2023;275:114118. http://dx.doi.org/
10.1016/j.oceaneng.2023.114118.

Overvelde JTB, Kloek T, D’haen JJA, Bertoldi K. Amplifying the response
of soft actuators by harnessing snap-through instabilities. Proc Natl Acad Sci
2015;112(35):10863-8. http://dx.doi.org/10.1073/pnas.1504947112.
Mukherjee S. Influence of residual stress in failure of soft materials. Mech
Res Commun 2022;123:103903. http://dx.doi.org/10.1016/j.mechrescom.2022.
103903.

Merodio J, Ogden RW, editors. Constitutive modelling of solid continua, In:
Solid mechanics and its applications, 2nd ed.. vol. 262, Cham: Springer; 2025,
Literaturangaben.

Merodio J, Ogden RW. Extension, inflation and torsion of a residually stressed
circular cylindrical tube. Contin Mech Thermodyn 2015;28(1-2):157-74. http:
//dx.doi.org/10.1007/s00161-015-0411-z.

20

[95]

[96]

[971

[98]

[99]

[100]

International Journal of Mechanical Sciences 326 (2026) 111883

Merodio J, Ogden RW, Rodriguez J. The influence of residual stress on finite
deformation elastic response. Int J Non-Linear Mech 2013;56:43-9. http://dx.
doi.org/10.1016/j.ijnonlinmec.2013.02.010.

Zheng W, Panagiotis P, Ali A, Alexandre C. Soft robotics toolkit. 2023.
Taghizadeh DM, Bagheri A, Darijani H. On the hyperelastic pressurized thick-
walled spherical shells and cylindrical tubes using the analytical closed-form
solutions. Int J Appl Mech 2015;07(02):1550027. http://dx.doi.org/10.1142/
$1758825115500271.

Hill J. Buckling of long thick-walled circular cylindrical shells of isotropic
incompressible hyperelastic materials under uniform external pressure.
J Mech Phys Solids 1975;23(2):99-112. http://dx.doi.org/10.1016/0022-
5096(75)90019-8.

Hill JM. Critical pressures for the buckling of thick-walled spherical shells
under uniform external pressure. Quart J Mech Appl Math 1976;29(2):179-96.
http://dx.doi.org/10.1093/qjmam/29.2.179.

Hutchinson JW. Buckling of spherical shells revisited. Proc R Soc A: Math Phys
Eng Sci 2016;472(2195):20160577. http://dx.doi.org/10.1098/rspa.2016.0577.


http://dx.doi.org/10.1039/c3sm50719j
http://dx.doi.org/10.48550/ARXIV.2305.14932
http://dx.doi.org/10.48550/ARXIV.2305.14932
http://dx.doi.org/10.48550/ARXIV.2305.14932
http://dx.doi.org/10.1016/j.oceaneng.2023.114118
http://dx.doi.org/10.1016/j.oceaneng.2023.114118
http://dx.doi.org/10.1016/j.oceaneng.2023.114118
http://dx.doi.org/10.1073/pnas.1504947112
http://dx.doi.org/10.1016/j.mechrescom.2022.103903
http://dx.doi.org/10.1016/j.mechrescom.2022.103903
http://dx.doi.org/10.1016/j.mechrescom.2022.103903
http://refhub.elsevier.com/S0020-7403(26)00737-X/sb93
http://refhub.elsevier.com/S0020-7403(26)00737-X/sb93
http://refhub.elsevier.com/S0020-7403(26)00737-X/sb93
http://refhub.elsevier.com/S0020-7403(26)00737-X/sb93
http://refhub.elsevier.com/S0020-7403(26)00737-X/sb93
http://dx.doi.org/10.1007/s00161-015-0411-z
http://dx.doi.org/10.1007/s00161-015-0411-z
http://dx.doi.org/10.1007/s00161-015-0411-z
http://dx.doi.org/10.1016/j.ijnonlinmec.2013.02.010
http://dx.doi.org/10.1016/j.ijnonlinmec.2013.02.010
http://dx.doi.org/10.1016/j.ijnonlinmec.2013.02.010
http://refhub.elsevier.com/S0020-7403(26)00737-X/sb96
http://dx.doi.org/10.1142/s1758825115500271
http://dx.doi.org/10.1142/s1758825115500271
http://dx.doi.org/10.1142/s1758825115500271
http://dx.doi.org/10.1016/0022-5096(75)90019-8
http://dx.doi.org/10.1016/0022-5096(75)90019-8
http://dx.doi.org/10.1016/0022-5096(75)90019-8
http://dx.doi.org/10.1093/qjmam/29.2.179
http://dx.doi.org/10.1098/rspa.2016.0577

	Snap-through of soft elliptical shells under volume- and pressure-control
	Introduction
	Geometric formulation
	Material characterization
	Material models for the silicone rubber shells
	Material model for the ABS container

	Numerical simulations
	Linear buckling analysis
	Axisymmetric simulations
	Dynamic simulations
	Pressure-controlled method

	Volume-controlled method

	Experimental method
	Specimen fabrication
	Measurement setup

	Results and discussion
	Geometry selection
	Results of the experimental tests
	Results of the numerical simulations
	Comparison of methods
	Benefits of the elliptical geometry

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix
	Material parameter sensitivity study
	Mesh convergence study
	Pump characteristics
	Quantitative results

	Data availability
	References


