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A Multimodal, Enveloping Soft Gripper: Shape
Conformation, Bioinspired Adhesion, and

Expansion-Driven Suction
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Li Wen , and Yon Visell , Member, IEEE

Abstract�A key challenge in robotics is to create ef�cient meth-
ods for grasping objects with diverse shapes, sizes, poses, and
properties. Grasping with hand-like end effectors often requires
careful selection of hand orientation and �nger placement. Here,
we present a �ngerless soft gripper capable of ef�ciently generating
multiple grasping modes. It is based on a soft, cylindrical accordion
structure containing coupled, parallel �uidic channels, which are
controlled via pressure supplied from a single �uidic port. In�ation
opens the gripper ori�ce for enveloping an object, while de�ation
allows it to produce grasping forces. The interior is patterned with
a gecko-like skin that increases friction, enabling the gripper to lift
objects weighing up to 20 N. Our design ensures that fragile objects,
such as eggs, can be safely handled, by virtue of a wall buckling
mechanism. In reverse, the gripper can be de�ated to reach into
an opening or ori�ce then in�ated to grasp objects with handles or
cavities. The gripper may also integrate a lip that enables it to form
a seal and, upon in�ating, to generate suction for lifting objects with
�at surfaces. In this article, we describe the design and fabrication
of this device and present an analytical model of its behavior when
operated from a single �uidic port. In experiments, we demonstrate
its ability to grasp diverse objects, and show that its performance is
well described by our model. Our �ndings show how a �ngerless soft
gripper can ef�ciently perform a variety of grasping operations.
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Such devices could improve the ability of robotic systems to meet
applications in areas of great economic and societal importance.

Index Terms�Bioinspired adhesion, shape conformation, soft
gripper, suction.

I. INTRODUCTION

ROBOTIC grasping is challenging in many applications,
especially those that involve objects with varying sizes,

shapes, poses, and properties. This has motivated the develop-
ment of a variety of hand-like robotic grippers with multiple
�ngers [1]. It has also led to the development of propriocep-
tive, force, and torque sensors and algorithms and hardwares
for robotic perception of objects� shape, pose, and properties,
for planning and controlling robotic grasping, and achieving
form/force closure [2], [3]. Such grasping processes often in-
volve computational scene perception and understanding, or
online sensor feedback [4]. The uncertainties arising in practical
applications, and the limited compliance of many grippers, make
it especially challenging for robotic systems to handle fragile,
unfamiliar, or brittle objects.

Recent research on soft robotic grippers has led to several new
proposals for improving robotic grasping [5]. Compared to rigid
grippers, soft grippers ensure compliant interactions with objects
due to their intrinsic compliance. They may be fabricated using
techniques that are amenable to multimaterial customization,
including casting methods based on two component liquid poly-
mers. This has also led to many approaches to actuation, which
include electroactive polymer [6]�[8], electromagnetic [9], [10],
thermal or light reaction [11]�[13], chemical stimulation [14],
[15], and �uidic actuation via differential pressure [16]�[18].

Pneumatic grippers, which are often made of cast silicone
elastomers, have been widely investigated because of their low
cost, easy manufacturing, high performance, and environmental
robustness. They have been deployed in both terrestrial opera-
tion [19] and underwater sampling [20], [21]. More degrees of
freedom can be introduced in such grippers through the use of
multiple, separated air chambers, or by preprogramming bend-
ing locations via functional materials, which can improve the
adaptability of a gripper to objects of different sizes and shapes
[22]�[24]. The load capacity of such grippers can be improved
by employing variable stiffness structures and mechanisms,
including materials of greater or adjustable rigidity [25]�[29].
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These improvements can signi�cantly enhance grasping
performance.

However, both soft and rigid �ngered grippers present chal-
lenges in robotic grasping, due to the discrete contacts produced
by the �ngers and bending mode of actuation. For example, a
�ngered gripper may generate a reverse moment at the contact
point when touching objects, which may push the �ngers away
from the objects. And gaps between the �ngers and the target
object cannot be eliminated, which may inhibit grasping sta-
bility. Further equipping such grippers with auxiliary actuation
systems, such as suction cups, can enhance grasp stability at the
expense of greater complexity[30]�[33]. In most cases, when
grasping an object, a robot using �ngered grippers must account
for the positions and orientations of the �ngers in relation to the
geometry and pose of an object in order to determine a feasible
grasping solution.

Vacuum-driven, non�ngered grippers based on granular jam-
ming or the origami design, can overcome some of these limi-
tations by conforming to objects of arbitrary shapes [34]�[36].
However, such devices can only grasp objects by vacuuming
to contract the membrane to conform the gripper around the
object, limiting them to a single grasping mode. In addition,
achieving higher holding forces with such grippers requires
greater (negative) pressures, which may pose problems when
they manipulate very fragile objects.

Suction is another useful gripping strategy that does not
involve enveloping. Many suction grippers have been developed.
Inspiration from the suckers of octopus, cling�sh, and remora
have motivated designs that achieve improved suction forces
and adhesion to cambered or rough surfaces [37]�[39]. Related
engineering technologies, such as electroadhesion and shape
recon�guration, have also been used to improve the performance
of such grippers [40], [41]. However, the application of suction-
based grippers is often limited to objects with �at or nearly �at
surfaces.

In this article, we present a simple but multifunctional �nger-
less soft gripper that is able to grasp objects in a variety of poses,
sizes, and shapes. The gripper consists of an array of parallel
chambers in a soft accordion structure that forms a cylindrical
aperture. It is controlled via pressure supplied from a single
�uidic port. With this single control input, the gripper is able to
produce three different compliant grasping behaviors. In the �rst
mode (contraction-based grasping), in�ation opens the ori�ce of
the gripper for enveloping an object to be grasped. Subsequently,
de�ating it envelops the object and produces grasping forces.
The lifting capacity is improved via a bioinspired, gecko-like
patterned skin, increasing the shear force. The design facilitates
a wall buckling mechanism that ensures that fragile objects,
such as eggs, can be safely handled. In the second grasping
mode (expansion-based grasping), the gripper can in�ate to
expand into an opening or ori�ce for grasping objects with
handles or openings. The third grasping mode (expansion-driven
suction) is enabled by augmenting the gripper with a lip that
enables it to form a seal with �at objects. Subsequently in-
�ating the gripper (and thereby expanding the interior region)
produces a suction that enables the gripper to lift objects via �at
surfaces.

The structure of this article is as follows. We �rst describe
the structure and implementation of this device, then present
a design analysis describing the gripper expanding radius with
the relationship of applied pressure and the number of chambers.
In a series of experimental results, we verify the analysis with
experiments, explain how the gripper ensures grasping perfor-
mance and safety, demonstrate its ability to grasp diverse objects
by adapting to their shapes, and characterize the forces produced
by the gripper and other performance attributes in each of the
three grasping modes. We then analyze the predictive ability of
the analytical model, the characteristics of the gripper, and the
failure cases for grasping, before concluding. The contributions
of this work include a new method and device for grasping a
variety of objects by passively adapting to their shapes, methods
for producing several different grasping behaviors via the same
soft gripper, and a method of grasping that can simultaneously
achieve high load capacity via gecko-like adhesion and safely
handling of fragile objects by virtue of a wall buckling property.

II. STRUCTURE AND IMPLEMENTATION

The structure of the gripper is based on a cast silicone main
body that enables the gripper to perform multifunctional grasp-
ing via a single �uidic port (see Fig. 1). The gripper is composed
of a main accordion structure, which contains 22 parallel cham-
bers connected to a single �uidic port, and three fasteners, which
are used to seal, in�ate, and de�ate the gripper [see Fig. 1(a2)].
To increase the load capacity of the gripper, we add a gecko-like
skin to the inner surface [see Fig. 1(a3)]. The gecko-like skin has
multiple lines of micro wedges. In its default, unloaded state,
only the tips of the wedges touch an object. However, when
loaded in shear, the wedges lay over, and the real area of contact
greatly increases, producing adhesion[42]. This adhesion creates
an adhesion-controlled friction force, similar to the familiar
load-controlled friction force, but created by the adhesion force
instead of the normal force. It is this adhesion-controlled friction
force that we levarge to increase the shear force capabilities of
our gripper. Functionally, the use of microwedges means very
little normal force needs to be applied to achieve a signi�cant
shear force. The chambers form a cylindrical aperture. Each has
a width of 6 mm, a length of 9.2 mm [see Fig. 1(b2)], a height
of 65 mm [see Fig. 1(a2)], and a wall thickness of 1.2 mm. To
facilitate the contraction and expansion motions of the gripper,
we designed the chambers with a honeycomb-like shape that
guarantees their anisotropic motion. Under de�ation, the cham-
bers can easily fold along the circumferential direction, causing
the aperture to shrink to a smaller circumference [see Fig. 1(a1)
and (b1)]. Under in�ation, the chambers expand primarily in
the circumferential direction, rather than in the radius direction.
This causes the aperture to expand, producing a shape similar
to that of a lotus �ower [see Fig. 1(a3) and (b3)]. The motion of
the gripper is also illustrated in Supplementary Video S1. These
in�ation and de�ation behaviors enable two modes of grasping,
based on contracting around an object or in�ating within an
object aperture. Application of positive pressure enables the
gripper to �swallow� the object, while subsequent application of
negative pressure causes it to envelop and conform to the object
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Fig. 1. Design and operating principle of the gripper. (a1) Gripper contracts as pressure is decreased, closing the aperture. (a2) This is enabled via an array of
22 parallel channels embedded in a silicone accordion structure, all connected to a common �uid port. (a3) In�ating the gripper causes it to expand, exposing the
gecko-like skin covering the interior region. (b1) Negative differential pressures, contraction is produced via folding of the soft accordion structure. The inset panel
shows the folding motion of one chamber. (b2) State of the gripper without any input pressure change. The inset panel shows the dimension of the rested chamber.
(b3) Expansion of the gripper is produced through positive pressure supplied to the channels, which causes the accordion structure to spread. The inset panel shows
the expanding motion of one chamber.

for lifting. This process is reversed in the interior grasping mode,
for which the gripper is �rst de�ated to insert into an aperture
in the object, then expanded in order to grasp it.

The gripper is primarily molded from low viscosity platinum
catalyzed silicone polymer (Mold Star 15, Smooth-On Inc.,
USA). The fabrication process is illustrated in Fig. 2. We �rst
prepare all the ABS molds for the gripper using 3D printing
(Stratasys F270, Objective3D, Australia). Then, we transfer
print the gecko-like skin, which is prefabricated via a micro-
machined mold with a patterned texture [43], onto the wall of
the shaft mold [see Fig. 2(a)] via dry adhesion. Subsequently, we
assemble the shaft mold, chamber mold, and shell mold together
and �ll it with uncured silicone rubber, which is made by mixing
the polymer resin binary components in equal volume. After
degassing in a vacuum container for thirty minutes, we place a
cover on top of the mold assembly and allow it to cure for eight
hours. A small amount of excess silicone rubber is expelled
through the riser [see Fig. 2(b)].

III. DESIGN ANALYSIS

The workspace of the gripper determines the smallest and
largest objects it can grasp. The smallest object that can be
grasped is determined by the minimum gripper aperture, which

Fig. 2. Fabrication of the gripper is based on a multipart casting procedure.
(a) Transfer printing is used to apply the patterned gecko-like skin to the surface
of the shaft mold. (b) After assembling the chamber mold, shell mold, and shaft
mold, uncured liquid silicone rubber is poured into the mold assembly, which is
completed via a cover mold.

depends on the number and dimensions (principally thickness)
of the chamber. The largest graspable object size is determined
by the maximum gripper aperture, which occurs at a pressure
for which the accordion structure becomes maximally unfolded.
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