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1. Introduction

Shape and function in natural organisms converge toward geom-
etries with advantageous mechanical characteristics,[1–3] leading
to the formation of structural patterns across the natural world.[2]

Inspired by these natural design principles, soft robots transcend
the limitations of conventional rigid systems and create new

possibilities for diverse functional proper-
ties. State-of-the-art soft grippers have
enhanced the functionalities of robotic
manipulators through precision grasp-
ing,[4,5] adaptable gripping capabilities,[6–8]

fragile object manipulation,[9,10] and
embedded soft sensing elements.[11,12]

Additionally, soft materials enable the inte-
gration of unique properties like self-
healing,[13–15] mechanical computing,[16,17]

and intrinsic programmability[4,18–20] to
reimagine the capabilities of robotic end
effectors. Current soft grippers are
designed to be actuated with a variety of
stimuli, including magnetic and electric
fields,[19,21,22] temperature gradients,[23,24]

light energy,[25,26] and pneumatic or
hydraulic inputs.[27–29]

While these actuation schemes increase
the functional diversity of soft robots, they
all present unique challenges ranging from
slow response speed and low output force
for electric, thermal, and pneumatic inputs
to limited range of actuation for magneti-
cally responsive materials, respectively.
Embedding mechanical instabilities within

soft devices can overcome these limitations by triggering large
deformations and shape transitions in response to small changes
in external stimuli.[30] Elements such as prebuckled beams,[31]

multistable linkages,[32,33] or snapping doubly curved shells[34,35]

have been used to produce programmable rapid reconfigurations
for gripping tasks. Despite these advancements, current limita-
tions include difficulties in enabling soft robots with multiple
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Soft and lightweight grippers have greatly enhanced the performance of robotic
manipulators in handling complex objects with varying shape, texture, and
stiffness. However, the combination of universal grasping with passive sensing
capabilities still presents challenges. To overcome this limitation, a fluidic soft
gripper is introduced based on the buckling of soft, thin hemispherical shells.
Leveraging a single fluidic pressure input, the soft gripper can grasp slippery and
delicate objects while passively providing information on this physical interac-
tion. Guided by analytical, numerical, and experimental tools, the novel grasping
principle of this mechanics-based soft gripper is explored. First, the buckling
behavior of a free hemisphere is characterized as a function of its geometric
parameters. Inspired by the free hemisphere’s two-lobe mode shape ideal for
grasping purposes, it is demonstrated that the gripper can perform dexterous
manipulation and gentle gripping of fragile objects in confined spaces and
underwater environments. Last, the soft gripper’s embedded capability of
detecting contact, grasping, and release conditions during the interaction with an
unknown object is proved. This simple buckling-based soft gripper opens new
avenues for the design of adaptive gripper morphologies with tactile sensing
capabilities for applications ranging from medical and agricultural robotics to
space and underwater exploration.
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functional behaviors, such as fast grasping of delicate objects
with a sense of touch in complex environments.

To overcome these limitations, inspiration can be once again
drawn from the natural world. Among the numerous structural
patterns in nature, hemisphere-like geometries appear across
scales ranging from the microscale of viruses[36] and bacteria[37]

to the macroscale of fungi,[38] pollen grains,[39] plants,[40] and sea
creatures.[41] The folding of such hemispherical shapes repre-
sents largely observed encapsulation mechanisms among
proteins and immune cells to capture sugar molecules[37] and
grabs cellular debris and pathogens.[42] These patterns continue
at the macroscale, where hemispherical structures facilitate
diverse behaviors, from the attachment of marine leeches[43]

and the adhesion ofOctopus vulgaris suckers[44] to the locomotion
of jellyfish.[45]

Megalodicopia hians, a variant of the deep-sea Benthic tunicate,
developed large hemispherical oral siphons to catch floating
organic particles. Aided by the flow of water, these oral siphons
collapse around food, providing an efficient and energetically
favorable feeding mechanism.[46] Here, we seek to mimic the
motion of the oral siphon of the predatory deep-sea tunicate
(Ascidian, Ascidiacea) by introducing a new class of soft, pneu-
matic, buckling-based hemispherical gripper (Figure 1A and
Movie S1, Supporting Information). Deflating the hemispherical
gripper triggers a lobed mode shape that resembles the predatory
tunicate’s siphon (Figure 1B), which can be programmed to
selectively grasp, protect, and release fragile and slippery objects
in unstructured and confined environments (Figure 1C), all
while providing electronics-free tactile sensing.

To explore this new grasping strategy, we first demonstrate
with a combination of analytical and numerical models that

the free hemisphere experiences a buckling instability at a critical
pressure that follows a predictable cubic trend with respect to
slenderness ratio. We then combine numerical and experimental
methods to investigate the behavior of the buckling-based soft
inflatable gripper by applying a thin membrane on the equatorial
plane of the hemisphere. We identify geometric parameters that
enable constructive buckling for functional and universal grasp-
ing with a systematic exploration of the design space. Then, we
show how the properties of the soft inflatable gripper can be lev-
eraged for precise gripping and manipulation tasks of delicate
objects in complex and confined environments. Last, we demon-
strate that the hemispherical gripper showcases an electronics-
free sense of touch while it performs dexterous grasping and
manipulation tasks.

2. Results

2.1. Buckling Behavior of Free Thin-Shell Domes

The investigation of the hemispherical gripper first started with a
finite element (FE) model to predict the buckling behavior of a
free, thin hemispherical shell with radius R, thickness h, and cap
angle θ, subjected to a uniform internal pressure P (Figure 2A).
In the FE analyses (performed with the commercial package
ABAQUS 2020/Standard), we modeled the hemisphere using
four-node shell elements (S4R) and applied a neo-Hookean mate-
rial model with the mechanical properties of the rubber material
Elite Double 32 from Zhermack (see Section S1, Supporting
Information for details). Next, we conducted buckling analyses
to extract the critical buckling pressure and corresponding mode

A

C

B

Figure 1. Function and biomimicry of the hemispherical gripper. A) Schematic of the hemispherical gripper. A fluid cavity is created within a thin hemi-
spherical shell enclosed by an equatorial membrane. The fluid can be withdrawn or infused in the chamber through a pneumatic input at the shell’s apex.
B) Folding shape and feeding behavior of the predatory Benthic tunicate in images from The Blue Planet documentary.[58] Analogy with the hemispherical
gripper that mimics the shape of the deep sea tunicate to gently manipulate objects. C) Experimental snapshots of the hemispherical gripper grasping,
protecting, and releasing wet hydrogel spheres. The buckling-induced grasping mechanism of the hemispherical gripper based on the change in volume
ΔV ¼ ΔV=V0 of the fluidic cavity with initial volume V0.
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shape for multiple values of slenderness ratio h ¼ h=R and cap
angle θ (for more information, see Section S1 Supporting
Information, for details). Based on the FE analyses, the first buck-
ling mode exhibits a saddle shape with two pairs of upper and
lower lobes, which results in the loss of rotational symmetry
of the hemispherical shell (Figure 2A).

We noted that the in-plane deformation of the equatorial line
of the hemispherical mode shape resembles the lobed, elliptical
first mode of a circular ring.[47] Taking advantage of this obser-
vation, we developed an equivalent two-dimensional analytical
model to predict the critical pressure of the rotational symmetry-
breaking buckling for the hemispherical shell. Thus, we approx-
imate the hemispherical shell with the circular ring having the
properties of the equatorial line of the shell (Figure 2B). The
buckling pressure of a circular ring can be written as[47]

Pc ¼
E

4ð1� ν2Þ
h
r

� �
3

(1)

where E is the Young’s modulus, ν is the Poisson’s ratio, and r
and h are the ring radius and thickness, respectively. In our anal-
ogy, the circular ring represents the base ring of the spherical
dome with cap angle θ (Figure 2B), such that the slenderness ratio
can be expressed using a projection of the hemispherical radius

h
r
¼ h

R
csc θ (2)

By substituting Equation (2) to (1), we obtain the critical buck-
ling pressure Pc predicted by the 2D analytical model for the
spherical dome

Pc ¼
E

4ð1� ν2Þ
h
R

� �
3
csc3θ (3)

We found good agreement between the critical buckling pres-
sures predicted from the analytical model and our FE results
(Figure 2C,D). In Figure 2C, we demonstrate an observed cubic
relationship between the critical buckling pressure and the slen-
derness ratio h ¼ h=R for free hemispherical shells. This cubic
trend differs from the classical Zoelly quadratic relationship[48]

for thin-shell hemispheres with clamped boundary conditions.
The lower buckling threshold observed with respect to the
Zoelly theory is the result of the near-isometric deformation that
the free, thin, elastic shell can reconfigure into. In Figure 2D, we
report the nondimensional critical pressure Pc=ðEh3Þ as a function
of the nondimensional cap angle θ=

ffiffiffi
h

p
, and we show that both

analytical and numerical results follow similar trends with a sharp
increase in slope near the minimal and maximal values of the cap
angle, where the geometry of the hemispherical shell approaches
that of a circular plate and of a full spherical shell, respectively. The
numerical results for θ ¼ π also demonstrate good agreement with
the classical critical buckling pressure for full spherical shells[48]

(indicated by the square markers in Figure 2D).

2.2. Rational Design of the Hemispherical Gripper

Toward this goal, we explored a fully soft gripper made of a hemi-
spherical shell with a thin film covering the equatorial plane
(Figure 3A). The introduction of this elastic film creates an iso-
lated fluid cavity within the dome, which enables the use of

A B

C D

Figure 2. Buckling instability in free thin-shell domes. A) 3D numerical model: underformed shape and first buckling mode of the free hemispherical shell
with radius R, thickness h, cap angle θ, and applied internal pressure P positive pointing inwards. B) Two-dimensional analytical model of the hemi-
spherical shell based on the boundary edge of the spherical dome. C,D) Analytical and numerical results for the normalized critical buckling pressure with

respect to C) slenderness ratio h and D) normalized cap angle .θ=
ffiffiffi
h

p
. The squares represent the classical buckling pressure for a full sphere under

uniform pressure.[48]
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pneumatic input to actuate the hemisphere. We then investigated
the soft gripper’s response upon deflation (P > 0 as shown in
Figure 3A) of the internal cavity both numerically and experi-
mentally. To study the nonlinear deformation behavior of the
enclosed dome, we used the dynamic implicit solver in
ABAQUS 2020/Standard for FE volume-controlled simulations
by applying an incompressible fluid within the cavity (see
Section S1, Supporting Information for details). The highly com-
pliant Ecoflex 00-30 was chosen for the thin film, which we mod-
eled using an incompressible Gent material model[49] (see the
Section S1, Supporting Information for details). We explored
the gripper’s parameter space by fixing the cap angle θ ¼ π=2
and varying both the normalized film thickness t ¼ t=R and
the slenderness ratio over a range spanning 0.005 < t < 0.1
and 0.005 < h < 0.1. For each set of geometric parameters,
we obtained the corresponding dome’s pressure–volume defla-
tion curve and nonlinear deformed shape, which we used to clas-
sify the structures’ responses (see Section S1, Supporting
Information for details).

Leveraging the numerical pressure–volume deflation curves,
the critical buckling pressure of the hemispherical gripper can
be determined as a function of h and t (Figure 3B). As a result,
we found a nonlinear surface that includes two sharp transitions
splitting the design space into three discrete regions. By exam-
ining the deformed mode shape within these regions, we classi-
fied the behavior of the soft actuator into three distinct regimes
(Figure 3C): i) the “destructive” buckling regime (Regime 1),
ii) the “constructive” buckling regime (Regime 2), and iii) the
film deformation regime (Regime 3). The “destructive” buckling
regime occurs for geometries with high film thickness and low
shell thickness. In these geometries, the film stiffness outweighs
the shell stiffness, such that the film acts as a fixed boundary on
the shell. This boundary effect gives rise to a shell buckling
response typical of soft spherical shells with clamped boundary
conditions.[50,51] The “constructive” buckling regime arises when
the film and shell thicknesses are comparable and both structural
elements deform in unison. Here, the dome’s reconfiguration
closely aligns with the mode shape of the hemispherical shell
with no applied film. The third regime, referred to as the film
deformation regime, is governed by excessive deformation of
the film surface andminimal deformation of the shell. It is found

for high values of shell thickness and low values of film thick-
ness. Inspired by our numerical findings, we experimentally
validated our FE analyses by selecting three geometric configu-
rations, one from each regime. The elastic samples were manu-
factured with a combination of coating[52] and mold-and-cast
processes (see Section S2, Supporting Information for more
details) using Zhermack Elite Double 32 and Smooth-On
Ecoflex 00-30 for the hemispherical shell and the thin film,
respectively. Experimental pressure–volume curves were
obtained by deflating the hemispherical internal cavity using
air as the working fluid and accounting for compressibility
effects (see Section S3, Supporting Information for more details).

The first tested sample has slenderness ratio h ¼ 0.032 and
normalized film thickness t ¼ 0.076, such that it falls within
the destructive buckling regime. Figure 4A reports the
experimental and numerical pressure–volume curves of the
hemisphere, which shows the classic sudden drop in pressure
that corresponds to the catastrophic buckling onset for
jΔV=V0 ¼ 0.455j. This traditional, catastrophic shell buckling
response does not produce a mode shape conducive for grasping,
and instead suddenly forms a dimple that asymmetrically angles
the hemisphere away from its resting configuration (Figure 4D
and Movie S2, Supporting Information) Thus, in the context of
grasping, this regime produces nonfunctional, or “destructive,”
buckling behavior.

The second tested hemisphere has slenderness ratio
h ¼ 0.058 and normalized film thickness t ¼ 0.040, putting it
in the constructive buckling regime. In Figure 4, the predicted
FE pressure–volume curve of the hemisphere shows a sudden
change in slope at the onset of the rotational symmetry-breaking
buckling for jΔV=V0 ¼ 0.435j. By triggering this deformation
which pinches together the two lobes on the minor axis
(Figure 4E and Movie S2, Supporting Information), the shell’s
response facilitates secure grasping. Given these lobed mode
shape, the shells in this regime are the most functional
for manipulation tasks, so we classify them as undergoing
“constructive” buckling.

Our third hemispherical sample has slenderness ratio
h ¼ 0.094 and normalized film thickness t ¼ 0.034 and falls
within the film deformation regime. In Figure 4C, the numerical
pressure–volume curve of the hemisphere presents a fairly linear

A B C

Figure 3. Numerical exploration of hemispherical shell with equatorial film. A) Schematic of the numerical model of the hemispherical gripper with radius
R, shell thickness h, film thickness t, and cavity pressure P. B) Nondimensional critical buckling pressure as a function of the slenderness ratio h and
normalized film thickness t. The contours highlighted in black indicate where the behavior of the deflated shell transitions between deformation regimes.
C) Evolution of the three behavioral regimes (i.e., “destructive” buckling, “constructive” buckling, and film deformation regime) as a function of the
slenderness ratio and normalized film thickness h and t, respectively. The stars indicate geometrical parameters of tested experimental samples.
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trend without any appearance of a buckling instability. Similarly
to the “destructive” buckling regime, domes that fall within the
film deformation regime do not produce a significant deforma-
tion of the equatorial line to be harnessed to grasping tasks
(Figure 4F and Movie S2, Supporting Information). These obser-
vations about the grasping effectiveness of each regime reduce
the design space of hemispherical grippers to the “constructive”
buckling region bounded in blue in Figure 3C.

2.3. Grasping with a Sense of Touch

Given the constructive buckling regime ideal for grasping tasks,
we then sought to examine the grasping performance of the grip-
per with embedded sensing capabilities. Due to the deformable
nature of the gripper design, collisions with external objects
change the shape and volume of the gripper, creating measurable
differences in the operating fluid pressure.[53] Specifically, we
explore how the geometry of the hemispherical gripper uniquely
enhances the ability to discern environmental stimuli based on
the simple pressure response.

To test the hemispherical gripper’s sensing capabilities, we
connected the hemispherical gripper (h ¼ 0.052 and t ¼ 0.048)
and the pneumatic system to a commercial robotic arm to pre-
cisely and reliably control the motion of the soft actuator. The
hemispherical gripper is used to grasp a series of cylinders with
diameters dcyl;A ¼ 10mm, dcyl;B ¼ 20mm, and dcyl;C ¼ 30mm
and the resulting pressure-volume curves are compared to a ref-
erence curve, which corresponds to a trial of the gripper’s
deformation without grasping an object (Figure 5). Figure 5A
highlights the deflation response of the gripper, during which
the actuator first makes contact with the object and then, through
the two-lobed mode shape, grasps the object via pinching. The
downward spike at jΔV=V0 ≃ 0.035j occurs when the gripper
contacts the object, which is labeled as I. This contact deforms
the gripper’s membrane inwards, which suddenly shrinks the
internal volume of the gripper causing a jump in fluid pressure

(the jump is downward due to the previously defined sign
convention for fluid pressure).

Similarly, the moment that the object is pinched by the grip-
per’s lobes can be identified in Figure 5A as point II correspond-
ing to jΔV=V0 ¼ 0.636j for dcyl;A ¼ 10mm, jΔV=V0 ¼ 0.565j for
dcyl;B ¼ 20mm, and jΔV=V0 ¼ 0.484j for dcyl;C ¼ 30mm. Here,
a further inward deflection of the gripper’s lobes is restricted by
the contact with the grasped object. The constraint imposed by
the presence of the object causes the pressure to increase more
sharply with respect to the reference case (i.e., without object).
A similar pattern can be used to detect the moment the
gripper releases the object, which is highlighted as III in
Figure 5B. When the object is released (jΔV=V0 ¼ 0.594j for
dcyl;A ¼ 10mm, jΔV=V0 ¼ 0.529j for dcyl;B ¼ 20mm, and
jΔV=V0 ¼ 0.447j for dcyl;C ¼ 30mm), the constraint causing a
relative increase in fluid pressure disappears, causing the trial
curves to collapse back onto the reference curve. These sensing
events—contact, grasp, and release—can be detected without
introducing any external sensing elements, and each stimulus
scales with the properties of the object to reveal information
about its size and shape (see Movie S3, Supporting
Information). The sensitivity of the gripper can be characterized
by monitoring the fluid pressure within the gripper as indenters
of varying diameters are plunged into its thin film (see Section
S3, Supporting Information for details). The slope of the result-
ing pressure–displacement plot, which reflects how the fluid
pressure responds to incremental indentations, yields a measure
of the gripper’s contact sensitivity s that is found to be
0.175 kPamm�1 (see Section S3, Supporting Information for
details). This sensitivity value is compared to the sensitivities
of other pneumatic gripper and actuator designs in Figure 6.
Here, we observe that the hemispherical gripper outperforms
the other gripper designs, having almost twice the sensitivity
of the next highest (the commercial vacuum gripper, with
s ¼ 0.09 kPamm�1). This observation aligns with the unique
design of the hemispherical gripper: because the gripper’s lowest
stiffness component, its thin film, is in contact with the objects,

A B C

D E F

Figure 4. Modeling and Experimental Validation. A–C) Numerical and experimental comparison of the normalized pressure–volume curves for hemi-
spherical shells in Regime 1 (h ¼ 0.032, t ¼ 0.076), Regime 2 (h ¼ 0.058, t ¼ 0.040), and Regime 3 (h ¼ 0.094, t ¼ 0.034), respectively. D–F) Snapshots
of the numerical and experimental deformed shapes in Regime 1, Regime 2, and Regime 3, respectively, highlighted by the markers in the corresponding
pressure-volume curves. The numerical results include a transparency applied to the hemispherical shell to enable visualization of the film deformation.
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the gripper is more sensitive to pressure perturbation resulting
by the interaction with external objects. This is in contrast to
many classical pneumatic bending actuators where stiffer ele-
ments are placed in contact with the objects to enable their bend-
ing motion. Additionally, the hemispherical gripper has the

lowest operating pressure compared to the other grippers, with
only 1.5 kPa required to yield its grasping deformation. This attri-
bute makes the gripper simple and affordable to control, while
also providing potential important safety benefits in delicate
environments.

2.4. Object Manipulation in Complex Environments

After exploring the sensitivity of the hemispherical gripper and
benchmarking it against state-of-the-art pneumatic grippers, we
sought to uncover how it performed grasping objects with vary-
ing sizes, shapes, and stiffnesses. Figure 7A–D shows the soft
gripper (h ¼ 0.052, t ¼ 0.048) grasping and releasing a piece
of gelatin, a cube of tofu, a raspberry, and a screwdriver, respec-
tively, which vary strongly in size, shape, stiffness, and fragility.
The versatility of the hemispherical gripper is also demonstrated
by the grasping of multiple different objects in Movie S4,
Supporting Information. Similarly to Figure 5, we collected base-
line pressure–volume curves from the gripper without grasping
an object. These reference curves were then overlapped with the
experimental curves of the gripper recorded while performing a
grasping task. By highlighting differences between the reference
and experimental responses like we observe in Figure 5, we can
locate the contact, grasp, and release points that characterize the
interaction of the gripper with the grasped object in real time (see
Section S3, Supporting Information for details). Though the
responses are similar, we can observe certain qualititative differ-
ences such as the relatively small contact jump imposed by the
low stiffness piece of gelatin in Figure 7A. Additionally, the
contact-induced jump that occurs after the onset of buckling
at jΔV=V0 ≃ 0.42j in Figure 7D shows how the sensing events
are discernible regardless of when they occur during deflation.

The gripper’s extreme versatility and compliance also enable a
wider range of operations such as grasping objects underwater

A B

Figure 5. Embedded sensing capabilities. A) Deflation curves of a hemispherical gripper (h ¼ 0.052 and t ¼ 0.048) grasping cylinders of three different
diameters. The pressure–volume response for each cylinder trial is overlaid with a reference curve, which showcases the deflation response of the gripper
without a grasped object. By comparing the trial curves to the reference curve, interactions with the environment, including contact I) and the onset of
grasping II) can be detected. The stars on the deflation curves highlight the points at which the inset images were recorded. B) Inflation curves for the
grasping trials. By comparing the trial curves to the reference curve and monitoring when they converge, the moment the object is released can be
determined (III).

Figure 6. Comparison of grippers sensitivity performance. Comparison of
the hemispherical gripper’s average sensitivity and maximum operating
pressure relative to other pneumatic gripper designs. Data for all other
compared designs are tabulated within.[53]
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and in confined environments. Figure 8A,B and Movie S5,
Supporting Information, highlight the gripper being used to
remove litter in the form of a plastic bag and a mask, respectively,
from a small body of water. For these trials, the fluid within the
hemisphere was replaced by water, and the litter items were
grasped underwater and extracted outside the water to a separate
location. Since, when using water as the operating fluid, the
height of the robotic arm impacts the pressure within the system,
the initial value of the pressure P̃ corresponding to the initial
pressure head induced by the change in height is subtracted

from the pressure values. Though the gripper responds similarly
when within or outside of water, there is a pressure drop ΔPs

between the deflation and inflation curves that arises when
the fluid surrounding the hemisphere changes from water, when
submerged, to air.

Figure 9 depicts the gripper being used to perform a grasping
task through a constrained opening in a rigid plate. The gripper
is deflated to fit within the confined space and is then reinflated
to perform the grasping task. Once the task is completed, the
gripper is deflated once again to be removed from the confined

A B C D

Figure 7. Experimental grasping trials. A–D) Experimental snapshots and normalized pressure–volume curves of the hemispherical gripper (h ¼ 0.052
and t ¼ 0.048) grasping a piece of gelatin, a cube of tofu, a raspberry, and a screwdriver, respectively. The dashed lines represent the response of the
gripper without grasping an object. I) Contact, II) buckling, and III) release key points are labeled in all the experimental curves.

A B

Figure 8. Underwater Grasping Trials. A,B) Experimental snapshots and normalized pressure–volume curves of the hemispherical gripper grasping a
plastic bag and a mask, respectively, while submerged in water. In both trials, water is used as the operating fluid within the hemisphere rather than air.
To compensate for the pressure head changes induced by the motion of the robotic arm, the pressure head P̃ ¼ ρH2Ogz is subtracted from the measured
pressure values, where z represents the change in height of the robot arm relative to its initial height. The difference between the gripper deflating while
submerged in water while reinflating outside of water also leads to the maximum pressure differenceΔPs ¼ P̃def � P̃inf . The markers highlight the points
in the pressure–volume curves corresponding to the snapshots in the insets.
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space, where it can be reinflated back to its initial configuration.
Through the pressure measurements recorded during the defla-
tion, idle, and inflation phases, we can identify the interactions of
the hemispherical gripper not only with the grasped objects but
also with the surrounding environment. The pressure curve
gives the opportunity to classify of the contact, grasping, and
release points with the object, as well as to identify its passage
through the confined opening. Indeed, during the idle phase,
a large spike is observed when the soft gripper is inserted into
(t ¼ 26.9 s) and removed from (t ¼ 128.7 s) the tiny hole, respec-
tively. During insertion, the pressure spike is deeper because the
motion is opposite to the natural curvature of the soft gripping
shell. However, the spike is smaller when the soft gripper is
being removed, since it can fold more easily into a smaller diam-
eter shape. The response during this constrained experiment can
be found in Movie S6, Supporting Information.

3. Conclusions

In summary, we have introduced a novel class of hemispherical
gripper capable of manipulating fragile, slippery, and deformable
bodies, while simultaneously providing a simple, embedded,
responsive electronics-free sensing strategy. Enabled by a buck-
ling instability, this gripper reconfigures rapidly into a two-node
mode shape ideal for grasping and encapsulating objects even
within narrow and confined environments. We investigated
the design principles that can guide the development of grippers
that demonstrate this buckling phenomenon, which we har-
nessed to manipulate objects ranging in fragility, size, and shape.
The resulting large amplitude reconfigurations of the device
enable it to perform complex grasping tasks after being forced
through openings smaller than the size of the gripper itself.
Since the buckling instability is scale independent, the hemi-
spherical gripper’s grasping behavior, here demonstrated at
the centimeter scale, creates opportunities to develop large or
micro scale grippers based on the same fundamental principles.

The inherent simplicity of the design enables to collect
nuanced sensing information purely by monitoring the

pressure–volume response of the soft gripper while interacting
with the grasped objects and the confined surrounding environ-
ment. Contact, buckling, and release key points appear as
discernible inflection points in the pressure–volume collected
data, and they can be located real time. This data processing
is performed in real time, creating countless opportunities to uti-
lize the device in constrained, extreme, and low visibility environ-
ments without the need for additional sensing components.
These features combine to yield a simple, comprehensive solu-
tion to universal grasping that includes the embedded sensing
capability to extract meaningful information about live interac-
tions across any physical scale.

Variations of the proposed design can integrate remote control
using stimuli-responsive materials,[54] such as liquid crystal elas-
tomer shells[55] and magneto-active elastic shells.[56] Localized
shell imperfections[50] can also be seeded and harnessed to tune
the hemispherical shell buckling onset and preprogram the
gripper response. We anticipate that this highly responsive and
scalable soft gripper will set a new path for the next-generation
haptic devices and soft robots with electronics-free sense of touch
designed to operate in unpredictable environments.[57]

4. Experimental Section
Rigorous descriptions of the methodology used for each step of our

investigation are provided within the Supplementary Materials. The design
of the hemispherical grippers and the manufacturing process we utilized
are described in Section S1, Supporting Information. Section S2,
Supporting Information details the experimental setup we utilized, the
steps we took to account for compressibility, a discussion of the gripper’s
payload-to-weight ratio, and the methodology we adopted to label key
points from pressure data. Parameters used for the finite element method
investigations and the process we leveraged to categorize shells within our
design space are explored in Section S3, Supporting Information.

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

Figure 9. Grasping Through a Constraint. Experimental snapshots and normalized pressure–time response of the hemispherical gripper operating
through a constrained opening to manipulate a cherry tomato. I) Contact, II) buckling, and III) release key points are labeled in the experimental curve.
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