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In areas from assembly of machines!" to surgery,”! and from
deactivation of improvised explosive devices (IEDs) to
unmanned flight, robotics is an important and rapidly growing
field of science and technology. It is currently dominated by
robots having hard body plans—constructions largely of
metal structural elements and conventional joints®—and
actuated by electrical motors, or pneumatic or hydraulic
systems. Handling fragile objects—from the ordinary (fruit)
to the important (internal organs)—is a frequent task whose
importance is often overlooked and is difficult for conven-
tional hard robots; moving across unknown, irregular, and
shifting terrain is also. Soft robots may provide solutions to
both of these classes of problems, and to others. Methods of
designing and fabricating soft robots are, however, much less
developed than those for hard robots. We wish to expand the
methods and materials of chemistry and soft-materials science
into applications in fully soft robots.

A robot is an automatically controlled, programmable
machine.! The limbs of animals or insects—structures
typically based on rigid segments connected by joints with
constrained ranges of motion®—often serve as models for
mobile elements of robots. Although mobile hard robots
sometimes have limb-like structures similar to those of
animals (an example is “Big Dog” by Boston Robotics),!
more often, robots use structures not found in organisms—for
example, wheels and treads.

The robotics community defines “soft robots” as:
1) machines made of soft—often elastomeric—materials, or
2) machines composed of multiple hard-robotic actuators that
operate in concert, and demonstrate soft-robot-like proper-
ties;” here, we consider only the former. Soft animals offer
new models for manipulation and mobility not found, or
generated only with difficulty and expense, using hard robots.
Because materials from which this class of devices will be
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fabricated will usually be polymers (especially elastomers),
they fall into the realm of organic materials science. The use
of soft materials allows for continuous deformation. This type
of deformation, in turn, enables structures with ranges of
motion limited only by the properties of the materials.

Soft robots have the potential to exploit types of
structures found, for example, in marine organisms,”! and in
non-skeletal parts of land animals.”) The tentacles of squid,
trunks of elephants, and tongues of lizards and mammals are
such examples; their structures are muscular hydrostats.*!!
Squid™? and starfish!™>'*l are highly adept locomotors; their
modes of movement have not been productively used, and
permit solutions of problems in manipulation, locomotion,
and navigation, that are different from those used in conven-
tional hard robotics.

The prototypical soft actuator—muscle—developed
through the course of evolution. There is currently no
technology that can replicate the balanced performance of
muscle:["! it is simultaneously strong and fast, and enables a
remarkable range of movements (such as those of a tongue).
Muscle-like contraction and dilation occur in ionic polymeric
gels on changes in the acidity or salinity of a surrounding ionic
solution, but actuation in macroscopic structures is mass-
transport limited, and typically slow.'” Other electroactive
polymers (EAPs) include dielectric elastomers, electrolyti-
cally active polymers,l” polyelectrolyte gels,'®! and gel-metal
composites.!*!

Pneumatically-driven McKibben-type actuators are
among the most highly developed soft actuators, and have
existed for more than fifty years; they consist of a bladder
covered in a shell of braided, strong, inextensible fibers.!'")
These actuators can be fast, and have a length-load depend-
ence similar to that of muscle!” but possess only one
actuation mode—contraction and extension when pressuriza-
tion changes. They are, in a sense, an analogue to a single
muscle fibril; using them for complex movements requires
multiple actuators acting in series or parallel. Pneumatically-
driven flexible microactuators (FMAs) have been shown to
be capable of bending, gripping, and manipulating
objects.”>*] Roboticists have explored scalable methods for
gripping and manipulating objects at the micro and nano
scales.”" The use of compliant materials allows grippers to
manipulate objects such as fruit®! with varied geometry.””)

The field of robotics has not yet caught the attention of
soft-materials scientists and chemists. Developing new mate-
rials, techniques for fabrication, and principles of design will
create new types of soft robots.

The objective of this work is to demonstrate a type of
design that provides a range of behaviors, and that offers
chemists a test bed for new materials and methods of
fabrication for soft robots. Our designs use embedded
pneumatic networks (PneuNets) of channels in elastomers
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that inflate like balloons for actuation.”” We used a series of
parallel chambers embedded in elastomers as repeating
components. Using intuition and empirical experimentation,
we stacked® or connected these repetitive components to
design and test prototypical structures that provide complex
motion. In this type of design, complex motion requires only a
single source of pressure. Appropriate distribution, config-
uration, and size of the PneuNets determine the resulting
movement.

We selected pneumatic systems as a strategy for supplying
energy (compressed air at 7 to 28 kPa or 1-4 psig). Air has low
viscosity, and permits rapid actuation; since air is compres-
sible, it is easy to store, light and environmentally benign.
When pressurized, the channels expand in the regions that are
most compliant or have the lowest stiffness (Figure 1). In
homogeneous elastomers, such regions are those defined by
the thinnest walls (i.e., by the structure with the lowest
resistance to stretching). Pressurization and expansion in
these regions further thins the walls, and increases the volume
of the channel. To accommodate the asymmetric elongation
of two opposite walls of the channel, the structure surround-
ing the expanding volume bends. Upon pressurization, a

a) Pm < P < P,

Figure 1. The directionality of the curvature in actuated PneuNets
depends on 1) the geometry of the channels, 2) the properties of the
materials surrounding the channel, and 3) the proximity of the channel
to free surfaces. a) For channels formed in uniform materials (top
row), upon pressurization, the portion that has the thinnest wall will
expand first, as it requires the least amount of force (or pressure) to
deform. Further pressurization continues to thin that wall and con-
sequently bends the top surface, and forms a concave shape. When
the same geometry is used to fabricate PneuNets in composite
materials (bottom row of (a)), the stiffer material (whose Young's
modulus, E, is larger) will bend, and the more flexible material (lower
Young's modulus) will expand. In this situation, even though the
channel is closer to the surface at the bottom, it is constrained by a
stiffer material, thus the bottom surface will form a concave shape.
b) Finite element analysis of a channel fabricated in a homogeneous
elastomer expanding under pressure. c) A series of cross-sectional
slices of pressurized channels. To obtain these structures, we injected
dyed Ecoflex (black) in the PneuNets, cured the dyed Ecoflex, and cut
cross-sections. After filling the channels with Ecoflex, we cured and
sectioned the expanded structures. Scale bar is 5 mm.
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single channel spanning the length of a rectangular slab causes
the slab to bend around the axis of the channel. Multiple
channels have an additive effect; upon pressurization, an
actuated network of channels can generate complex shapes in
elastomeric structures.

Describing the expansion of thin-walled balloons analyti-
cally is a well understood problem, but the complex structure
used here, where different walls have different thicknesses,
and the inflation is constrained on one dimension, does not
have a simple analytical model. We can, however, use finite
element analysis to model expanding structures (Fig-
ure 1b).523

The choice of materials, coupled with the design of the
channels, determines the response of the device to applied
pressure. The pressure necessary to achieve a particular
amplitude of actuation scales with the stiffness of the
materials. Figure 2b compares the performance of PneuNets
fabricated from different materials. When pressurized to
14 kPa (2 psig), the rectangular slabs in the stiffer material
had a minimum radius of curvature of approximately 15 cm.
The same structure made from a softer, more elastic material,
had a radius of curvature of approximately 1.5 cm. Passive
and active loading capacity of actuators (the maximum
sustainable load) correlates to the stiffness of the materials

Figure 2. a) A completely elastic cycle of a PDMS-Ecoflex PneuNet
undergoing pressurization and depressurization. b) Left: a fully pres-
surized PneuNet fabricated entirely in PDMS (any further pressuriza-
tion leads to failure); right, a fully pressurized PneuNet of the same
design fabricated entirely out of Ecoflex. c¢) With properly selected
materials, it was possible to control the actuated shape of the
PneuNet; three devices had channels with the same unpressurized
geometries and dimensions, but had different responses to pressuriza-
tion: left, the strain-limiting layer was the thickest layer of Ecoflex
(bottom layer), and upon pressurization, the device formed a convex
shape; middle, the strain-limiting layer was a membrane of PDMS as a
top layer, and upon pressurization, the device actuated opposite of
that shown to the left and formed a concave shape; right, a polyester
fabric was the strain-limiting layer and the device also formed a
concave shape. All structures when not pressurized were

5 cmx5 cmx5 mm; the abbreviations for the materials are: E, Ecoflex;
P, PDMS, and F, polyester fabric.
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used for fabrication—stronger materials are able to support
larger loads, but typically cannot sustain very large strains.
Agility—the ability to create intricate movements, and to do
so rapidly—requires bending to small radii of curvature, and
is thus easier to achieve in materials able to sustain high
strains.

Composite structures, in which materials with different
stiffnesses join to form a channel, are useful for programming
the directionality of actuation, and provide properties that
benefit from the combined mechanical properties of the
different materials. As with single-material devices, the
composite channels expand upon pressurization at the most
compliant region. Since the different compliances are now not
controlled by the channel design, but largely determined by
the choice of materials and their layout, the region made from
a softer, more elastic material will expand (compare different
designs in Figure 2c¢).

We used two silicone elastomers (polydimethylsiloxane
(PDMS, Dow Corning Sylgard 184) and Ecoflex 00-30 (a
siloxane produced by Smooth-On; http://www.smooth-
on.com)) because they are easily accessible, are easy to
work with, bond well to each other to form multilayer
structures, and are relatively inexpensive. PDMS is trans-
parent and has a Shore A hardness of 50.** It is elastic and
can withstand repeated bending, but fractures above a
maximum strain of 150 % . As a result, PDMS has a limited
range of deformation, and is best suited for the more rigid
parts of a structure—parts that bend but do not stretch.
Ecoflex is translucent and has a hardness below the Shore A
scale.’¥ It fractures only above a maximum strain of 900 % ;5!
it is more flexible than PDMS, and therefore, it is suitable for
components with larger strains/displacements (i.e., the layers
of actuation). Because it is so soft, Ecoflex, if unsupported,
will bend under its own weight (PDMS will not). Composite
structures, comprising layers of PDMS and Ecoflex, balance
the rigidity of PDMS with the flexibility of Ecoflex for
optimal function. Alternate materials are useful for the
fabrication of devices—composites with paper, textiles,
carbon-, glass- or metal fiber are possible: for example,
Figure 2c, right shows a device in which the strain-limiting
layer is a 100 um thick polyester fabric encapsulated in
Ecoflex.

Forming channels in silicones and other elastomers is a
well understood, widely used technique in soft lithography
and microfluidics.®”! Here, we have applied these techniques
to the construction of soft robotic PneuNets. We prepared the
molds using 3D printing;*** we first designed the molds
using computer-aided design (CAD; Alibre, Inc.) and gen-
erated them using a three-dimensional (3D) printer (Stra-
taSys Dimension Elite) with acrylonitrile butadiene styrene
(ABS) plastic; 3D printing is a rapid, low-cost process, and
well suited for rapid prototyping (see Supporting Informa-
tion, Figure S2). We formed the channels by first casting a
prepolymer in the mold, partially cured the molded prepo-
lymer by a short (15 min) baking step, and removed the
resulting open-channel structure from the mold. To fabricate
the final closed-channel devices, we bonded the partially
cured, molded open-channel piece to a flat membrane by
manually applying a thin coat of uncured prepolymer (of the
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same material as the membrane) to serve as an adhesive. We
joined the parts and let the entire structure cure fully by
baking it at 60°C for 3 h.*®!

A fully soft robotic gripper provides a demonstration of
the class of soft structures that can be generated with these
methods. This gripper incorporates a starfish-like structure
with pneumatically driven soft actuators fabricated in elasto-
meric composites. When compressed air pressurizes the
PneuNet of channels, the soft actuators bend, extend, or
contract to a pre-programmed shape.

PneuNets can generate a wide (if not universal) variety of
movements. We have fabricated elements (“fingers”) which
curl around an axis perpendicular to the length of the device.
Slabs that coil in a helix use channels that are at an angle with
respect to the long axis of the finger. The tilting angle of the
channels (positive or negative) determines the handedness of
the helical structure (Figure S1). Combination of multiple
elements in a single structure forms networks capable of
complex movement. For example, by placing six of these
elements radially around a common inlet, we formed the
starfish-like structure shown in Figure 3.

Multilayer structures, where layers of actuation sandwich
passive layers, can form devices with a wide range of motions.
A three-layer starfish-like structure consisting of two active
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Figure 3. a) A single multifunctional device comprises multiple, inde-
pendently prepared, and joined layers. The schematic shows the three-
layer design of a device, which can change its curvature from concave
to convex upon actuation of the two active layers pattered in Ecoflex. A
PDMS membrane seals both PneuNets and also serves as a separation
layer. b) The upper figure is a schematic for the geometry of the in-
plane channel of the active layers in (a). The tip-to-tip diameter is

9 cm. The photographs demonstrate the fabricated device with a wide
range of curvature achievable by curling upwards or downwards (from
concave to convex). c) A 14 cm (tip-to-tip diameter) starfish gripper,
with a modified surface facing up has thinner, but longer arms, and is
capable of gripping larger, irregularly shaped objects. The top is the in-
plane schematic of the distribution of channels. The arrows indicate
small polyethylene tubes used to supply compressed air for actuation.
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layers separated by a single flat membrane provides an
example (Figure 3a and b). Each of the top and bottom
Ecoflex-based layers contained one set of embedded chan-
nels, which ran almost the entire lengths of the legs. Between
these two molded layers, a flat PDMS membrane served to
seal both sets of channels. By actuating the individual
networks, the device could continuously change its shape
from convex to concave (Figure 3b). The freedom to design
each layer separately, and then join them in a single device,
made it possible to tailor the structure of each part to achieve
a function. For example, a ridged texture added to a layer
enhanced gripping (Figure 4).! This textured surface is more
compliant than a solid surface of the same material and
provided more traction. Other physical or chemical modifi-
cations to the gripping surface could also be applied.*”!

Figure 4. a) A close-up photograph showing a textured surface which
has been modified independently of the PneuNets. A set of ridges
formed in Ecoflex provided better traction than a flat surface (this
texture is more compliant than a solid surface because half of the
volume has effectively been removed, and each ridge is pliable and
deforms easily). b) A photograph demonstrating an actuated leg on
the gripper; the individual chambers that make up the network are
visible. The minimum radius of curvature achieved in this design is
less than 5 mm.

To demonstrate a soft structure with immediate potential
for use, we built starfish-like grippers. The active parts of
these structures are fully soft: PDMS and Ecoflex are the only
materials used for fabrication; the polyethylene tubing and
nylon string used for lifting are not. The trilayer structure
used here consisted of one active layer made of Ecoflex, a
closing PDMS membrane and a gripping layer formed of
Ecoflex. The gripping layer was either a solid layer of Ecoflex
or a textured surface shown in Figure 4. Each of the networks
for actuating the individual legs used a common inlet.
Polyethylene tubing inserted in the inlet delivered air for
actuation. The actuated legs of the gripper curled about axes
perpendicular to the long axes of the legs. When we applied
pressure to the PneuNets in the top active layer of the device,
the legs curled downward. The actuated response by the
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effective curling of the six legs was capable of gripping objects
such as an uncooked egg or an anesthetized mouse (Figure 5).
The soft gripper did not damage/harm the egg or the mouse
during manipulation.

Figure 5. The top row shows a 9 cm tip-to-tip PneuNet gripping an
uncooked chicken egg. A string suspends the gripper and assists in
lifting the egg; a tube, visible on the left side of the gripper, runs into
the central portion of the gripper to provide pressurized air for
actuation. On the bottom, a modified version of the starfish-based
gripper with 14 cm tip-to-tip distance; thinner and longer fingers can
pick up a live anesthetized mouse; here also, a string (dashed arrow)
suspends the gripper, and a tube (solid arrow) from the side provides
compressed air. A video of the gripper in action is available in the
Supporting Information.

By picking up smooth polypropylene spheres with
increasing diameter and weight, we tested the loading
capacity of the grippers. We used spheres with diameters of
2.5,5,7.5,and 10 cm and incrementally loaded them with free
weights until the gripper failed to lift and maintain a grip on
the sphere. This test showed that the grippers described here
were able to maintain a grip on spheres with diameters up to
10 cm and loads up to 300 grams. Adding a modified surface
such as that depicted in Figure 4 to both grippers improved
their ability to lift larger and heavier spheres. The Supporting
Information includes tabulated values for the maximum loads
attained.

Soft robots are promising for applications that require
robotic interactions with delicate objects, and where the use
of feedback sensors is too cumbersome, difficult, or costly to
install. The flexible pneumatic manipulators, upon gripping,
do not concentrate stresses in the way that rigid manipulators
do—the soft pneumatically actuated interface distributes the
force over the entire area of contact. Patterning topography
into the gripping surface created alternating gaps of air and
Ecoflex, increased the compliance of the surface and
improved their ability to grip fragile objects. Because the
PneuNets do not use articulated joints the soft grippers can
manipulate many irregularly shaped objects. Even when
actuated by a single inlet, fingers with PneuNets can have
different local curvatures along their length. Therefore, edges
or protrusions on an object do not interfere with the actuation
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or gripping, and the compliant gripping surface can closely
follow an irregular surface. Distributed pneumatic networks
also increase the flexibility of actuation: if a part of the
network is prevented from expanding (actuating), the
remaining part of the network will still be able to function
properly. PneuNets do not require high power to deliver
versatile function. For the devices described here, we estimate
a consumption of about 4 W per stroke. Continuous feeding
of power to maintain an actuated (or gripped) state is not
necessary: when a simple valve is closed, the device (gripper)
remains in the inflated/closed state. Rates of gas permeability
through the elastomers and leaks at inlets limit the duration,
but our un-optimized prototypes were able to maintain the
same shape for 10 min without significant changes in shape,
and required 60 min for full deflation.

The soft materials described here are not suitable for
manipulating heavy objects. The methods, however, are
versatile and, with an appropriate choice of materials, could
be extended to applications that require high loads. Hydraulic
actuation—actuation using fluids rather than gas—are ame-
nable to similar designs and are useful for situations that
require greater force, or incompressible robotic modules, or
density (of the robot) matched to that of an aqueous
environment (for example, for applications underwater).

Soft robotics offers many opportunities to organic materi-
als science, especially in areas related to soft elastomers. The
system of actuation described here—one based on pneumatic
expansion in easily fabricated networks of small channels—
will, we believe, provide a test bed for new materials—
especially elastomers—and concepts of design for soft robots
and robotic components. Development of elastomeric mate-
rials with high strength, which can also sustain large strains
without fracture, would enable soft robots that are both agile
and strong. Materials with actively tuneable compliance could
be useful for agile machines that could locally change the
properties of the material and enable fundamentally new
strategies for manipulation. Soft robots with components that
are electrically conductive, optically transparent, independ-
ently functional (e.g. as sensors, fluidic devices, transducers or
analog computers) or biocompatible could open entirely new
types of applications, but would require materials with
appropriate properties. Materials with anisotropic mechanical
properties along different directions, or with different
mechanical behaviour at different pressure ranges (such as
elastomers based on cross-linked block copolymers that have
different stress-strain relationships depending on the applied
strain due to the different extensibility of the two blocks),
would provide the basis for a wide range of non-linear
motions. New adhesives would make it easier to bond layers
and would facilitate fabrication.
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