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Abstract. Deploying robots in space has been
difficult due to safety concerns and the need
to operate in confined weightless environments
that are complex and 3-dimensional. Some of
these concerns can be addressed by deploying soft
robots that can change shape, attach to surfaces
and climb robustly independent of gravity. ese
capabilities are already found in soft animals
such as caterpillars that move by controlling
body deformation instead of actuated joints.
To understand some control issues associated
with this lack of articulation, we created a soft
robot platform as a reduced physical model of
a caterpillar. is paper describes and discusses
a collection of design concepts that influenced
the fabrication and operation of these soft robots
to illustrate some advantages and constraints of
deploying soft robots in space.

1 Introduction

One of the continuing challenges in robotic engineering
is the design of robots that can adapt to unpredictable
complex environments or work in close association with
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humans. is is a particularly difficult issue in many
space applications. Robots that are designed to work
well in a factory on earth are generally difficult to adapt
to the confined weightless environment of an orbiting
vehicle. Such robots must also be designed to safely in-
teract with human operators because the potential costs
of even small injuries or damage to equipment is unac-
ceptable. For inspiration, we may turn to biology.

In order to achieve adaptability and robustness many
existing robot architectures are inspired by animals
and seek to replicate the extraordinary movement pat-
terns (i.e. Honda’s Asimo) [9, 24] and neural reflexes
(i.e. Boston Dynamics’ Big Dog) [23] of bipeds and
quadrupeds. ese approaches have been impressive
in producing stable locomotion but they currently re-
quire very high power output and sophisticated controls
using sensor feedback. ey are also potentially dan-
gerous, operating with powerful actuators and relatively
stiff materials.

An alternative bio-inspiration is the idea of mechan-
ical adaptation to the environment via soft mechanics.
is approach is much less common in robotics because
such high deformation systems are thought to require
even more complex feed-back. However, recent animal
studies suggest that high compliance can be exploited
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to produce self-adapting structures that decrease de-
mands on neural sensing. For example, soft-bodied ani-
mals can conform to a complex 3-dimensional substrate
without knowing its exact geometry [1, 5, 12, 15, 33].

We propose three major attributes that make soft
robots useful for space applications. Soft robots are:

1. Intrinsically safe (rather than “control safe”). Soft
materials dissipate forces and minimize the risk of
damage or injury through sudden impacts. e
full advantage of this property is only realized with
structures that are entirely soft; soft coatings on
hard robots can improve safety but at the cost of
increased weight, bulk and reduced motion preci-
sion.

2. Morphable (size-changing and versatile). Due to
the cost of space travel, a payload faces both weight
and volume limitations. Soft robots allow many
different ways to fold and may even use inflation
for deployment. is flexibility allows users to pack
and store these devices at many locations. e abil-
ity to change shape also makes these robots very
versatile. For access to narrow apertures the robot
can be long and thin but for sticking to smooth sur-
faces the robot might spread out and flatten itself.

3. Gravity independent (able to move in any orien-
tation). Because soft robots have a much lower
mass density than traditional machines they can be
constructed to operate in any orientation or in low
gravity situations. is feature has been demon-
strated in recent studies where it has been shown
that a soft bodied animal can use the same strat-
egy to crawl underwater, upside down, or to climb
vertically [32]. is capability would be an obvious
advantage for robots operating in space.

To make soft robots functional, there are also three
key components of the design and fabrication that must
be addressed:

1. A truly soft body. Highly deformable machines
are difficult to control using traditional approaches.
e complex material properties themselves be-
come an important design consideration.

2. Soft actuators. e development of soft actua-
tors continues to be a key requirement for the pro-
duction of autonomous soft machines. Because
current active materials vary tremendously in their

properties it is important to characterize their re-
sponses in detail to guide feature selection and final
integration.

3. Secure attachment devices. Any robot moving in a
space environment must interact safely with differ-
ent surfaces and be able to control its attachments.
Our studies of soft animals give some useful in-
sights into how this can be done very simply.

In this article we will describe how recent findings
from research on a soft animal have led to a better un-
derstanding of the benefits and challenges of soft robots.
Following a brief overview of the animal studies we will
concentrate on the design and characterization of three
key components (body materials, actuators, grippers)
used in our biomimetic soft robots. e robots we de-
scribe were not developed specifically for space environ-
ments but their development helps to illustrate some of
the key design and control areas for soft machines op-
erating in space.

2 Caterpillar locomotion as a case study

rough evolution over millions of years, animals have
developed an extraordinary range ofmaterials to support
their bodies and to move in different environments. By
studying these systems we expect to learn some of the
successful strategies that give animals robust and adapt-
able locomotion. One obvious example is that nervous
systems have coevolved with the complex materials and
tissues of the body. e nervous system and physical
plant are so closely integrated that neither has a func-
tion independent of the other. It is possible that future
robots will need to be designed in a similar manner with
a distributed “”neuromechanical” control system.

One very tractable system that has been exploited to
study these phenomena is the caterpillar,Manduca sexta,
which is the larval stage of a large moth (Fig. 1). Some
of the unique technical advantages of these animals have
already been discussed [31]. However, they also possess
characteristics that are of particular interest in space-
based applications.

Firstly, we have shown that crawling caterpillars have
minimum or no dynamics (they are quasi-static), the
body is generally in tension, and the movement of
each segment is preceded by an internal tensile load-
ing [16, 26]. e lack of dynamics reduces the depen-
dency on accurate temporal control and the body re-
mains soft and flexible. Having robots that can pull
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F . Physical modeling of caterpillar locomotion. (A) A
crawling caterpillar can be reduced to three elements: soft body ax-
ial deformation, tensile actuators, and substrate attachments. (B)
e reduced model is implemented using silicone rubber for the body
and shape memory alloy (SMA) coils as the actuators. Controllable
attachments are implemented as either retractable adhesion pads
or unidirectional gripping flaps. (C, D) Flexion is the primary
functional deformation in this soft robot design system. Embedded
SMA contractions drive the flexion.

themselves through very narrow spaces and bend around
intricate equipment is well-suited to space applications.

Secondly, the caterpillar does not have circumferen-
tial muscles [28] and its hydrostatic skeleton is not under
tight pressure regulation during locomotion. Caterpil-
lars with altered body volume and pressure (via saline
injection or hemolymph extraction) can still move effi-
ciently. is implies that caterpillar-inspired soft robots
do not have to rely on pressurization which could be
problematic in space application. Finally, caterpillar legs
are equipped with a fail-safe passive gripping mecha-
nism [17]. is system is based on two rows of minia-
ture grappling hooks (crochets) embedded in a soft cu-
ticular membrane. Clearly, the ability to grip and release
without significant energy expenditure could be of enor-
mous importance for a robot operating in a weightless
environment.

e rest of this article concentrates on what we
learned from designing a caterpillar-like robot. In par-
ticular we describe some of the critical nonlinear prop-

erties of the body materials and actuators and illustrate
how key elements of Manduca’s body design can be used
to create highly mobile devices.

3 Moving With a Soft Body

3.1 General design considerations

Based on our previous studies on caterpillar locomotion
[16, 26, 30], we can reduce a crawling caterpillar into
three key functional components: a highly deformable
body, muscle-like tensile actuators and a mechanism to
control grip (Fig. 1). We will start by presenting some
issues with controlling the movement of a soft body.

3.2 Position control?

Traditionally a robot’s workspace is defined by the joint
kinematics and limited by the joints’ ranges of motion.
It is often feasible to control such structures as state ma-
chines with some feedback compensation. In contrast,
it is extremely difficult to describe the kinematics of a
soft robot and without any articulation there is no easy
way to predict deformations [7, 10]. is is why most
models of soft structures are numerical and require com-
putation that cannot be accomplished in real time. Fur-
thermore, feedback about position is enormously chal-
lenging with so many possible configurations. Philo-
sophically, a soft robot should not “lock” into a specific
configuration and still be considered “soft”.

Caterpillars typically pull their bodies forward along
a single linear axis with muscles oriented predominantly
along the direction of travel. As long as there is suffi-
cient anterior grip, the exact body deformation does not
matter for locomotion. Indeed, there is no evidence that
the prominent stretch receptor organs play any role in
normal crawling [27]. is suggests that position con-
trol is not always necessary.

3.3 Nonlinearity is inherent in large deforming
bodies

Nonlinearity creates serious computational challenges
for traditional control systems. Unfortunately, soft bod-
ies are inherently nonlinear in their stress-strain re-
sponses due to large deformation. To illustrate some of
these properties in elastomers used to construct our soft
robots, we created a standard uni-axial test (Fig. 2A).
Homogenous silicone rubber is linearly elastic up to very
high strains in a tensile test but will then exhibit pseudo-
elastic behavior in the buckling state (Elastomer 1 & 2,
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F . Nonlinear behaviors from linear materials. (A) Sam-
ples of silicone elastomer used in the robot construction were tested
in tension and compression. (B) Stretching tests of two elastomers
(elastomer 1 and 2) with different stiffness values confirm that they
respond linearly in tension. Under compression they buckle, a non-
linear loading condition which depends on the initial conditions
(see text for details). Starting the compression test with an initial
preload changes the buckling profile completely (in blue). Prevent-
ing the buckling leads to a linearly elastic compression profile (dark
green). (C) When two different linear elastic materials are cured
into a laminate with one side stretched out, the sample naturally
buckles at resting state. is residual stress leads to pseudo-elasticity
(differing displacements during loading and unloading) and work
softening (changing curves with increased displacement).

Fig. 2B). In the buckling configuration, the compressive
force between the two ends is the greatest at the begin-
ning and decreases as buckling progresses. Interestingly,
an initial buckling bias preload can alter the loading
profile completely (Fig. 2B; dark blue curve). To show
that this nonlinearity comes from the loading condition,
we prevented one side of the pivoting pin from rotat-
ing in Elastomer 2 and performed the same test. is
constraint delayed buckling and allowed simple mate-
rial compression to occur. e resulting loading curve
followed a perfect linear trend (Fig. 2B; dark green).
Once the loading exceeded a threshold (e.g. ∼70mN),
the specimen buckled and reproduced the regular curves
with preload.

Another inherent nonlinearity in soft material is
residual stress. Most biological tissues are developed
by lamination and therefore contain residual stress [11].
We can simulate this condition in a silicon rubber speci-
men by curing one layer of rubber under stress to another
unstressed layer. is produces a material with a buck-
led resting configuration due to the residual stress (Elas-

tomer 3). In extension tests this specimen produces
load-stiffening behavior, which depends closely on the
amount of preload (Fig. 2C). In essence, any stretching
force has to unbuckle the specimen before it can engage
in the linearmaterial stretching. e unbuckling process
increases the material stiffness gradually as the polymers
align themselves to the loading direction. is behavior
is highly repeatable and very analogous to the soft cu-
ticle of caterpillars [14]. It is likely that nonlinearity in
biological systems is exploited as an intrinsic part of the
natural control system.

4 Soft actuators

4.1 Active materials as soft actuators

e biggest challenge in building a practical soft robot
of any kind is the lack of suitable actuators. Ideally the
actuators should be like muscle, deformable and pow-
ered by locally available energy-rich hydrocarbons. Un-
fortunately all the available synthetic soft actuators have
major limitations. e most deformable are chemi-
cally reactive gels (which are still far from practical as
actuators), and electroactive polymers [4]. Electroac-
tive polymers consist of two major classes, the ionic
polymer-metal composites (IPMCs) and dielectronic
polymers. It is difficult to interface these polymers with
other materials or even with conducting surfaces neces-
sary for their activation. e IPMCs must also be kept
wet and the diaeletronic polymers require very high elec-
trical fields. ese properties have limited their applica-
tion even in stable environments let alone the extremes
of space.

As an alternative, compliant actuators have been
made using pneumatic pistons, hydraulics, McKibbon
actuators [34], or inflating elastic compartments [25].
ese technologies all have their applications but obvi-
ously they require the ability to pressurize and store gas
or liquids using rigid materials and off board motors.

In our opinion there are two other existing technolo-
gies which hold most promise. Both rely on extreme
miniaturization of otherwise hard components to make
actuators that do not have a large impact on the bulkma-
terial properties of the robot. e first is to deploy linear
motors or small spooling motors pulling flexible cables
or compliant “tendons”. On a larger scale, this mecha-
nism is a common approach in research robots such as
ECCCEROBOT-2 [6] but it has not been attempted
in an entirely soft robot which will require motors an
order of magnitude smaller.
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e second approach is to use the crystalline tran-
sition properties of shape-memory alloys (SMAs, e.g.,
Nitinol). Although SMA wires are intrinsically hard,
when drawn to a diameter of less than 200 microns and
tightly coiled they are macroscopically as soft as fabrics
and able to exert strains of 100%. Although the temper-
ature dependency of SMAs is a serious limitation for ex-
travehicular space applications, we have used SMA coils
as a development tool to show how extreme non-linear
motors can be used to move soft robots

4.2 How does control differ in a soft actuator?

In a classic DC motor, the driving voltage roughly de-
termines the rotational speed and is largely independent
of changes in the timing of the input signal. If the mo-
tor is driving a load a feedback control circuit can be
used to linearize the system. In contrast, the perfor-
mance of soft actuators such as muscles or SMA coils
is critically dependent on stimulus timing, duration and
magnitude. It is possible to control SMA actuation to
reasonable precision using conventional feedback con-
trol in a well-defined rigid body motion (SmartServo
RC-1, Toki Corporation, Tokyo Japan). In a soft robot,
however, the constantly deforming body makes actuator
position control less useful. An alternative approach is
to characterize the actuator properties and use them to
tailor the robot motor commands.

As an example of this approach we systematically al-
tered SMA (Biometal Helix, BMX100, Toki Corpora-
tion, Tokyo Japan) pre-load (3 levels), resisting stiffness
(3 levels), and driving power (3 levels) while monitor-
ing the evoked force-length relationships using a uni-
axial Universal Testing Machine (Fig. 3A. Instron Inc.,
model 3366, Norwood, MA). Specifically, we measured
the peak force, peak displacement, and initial loading
rate. Although the nonlinear responses of SMA are
complex, some general trends can be used to design dif-
ferent operating conditions (Fig. 4).

4.3 Force and displacement

While peak force increases monotonically with me-
chanical resistance (Fig. 4A) and preload, the oppo-
site trend occurs for displacement (Fig.4B). is force-
displacement trade-off is not so different from the idea
of gearing except that the tradeoff has bias to an op-
timum. In other words, giving up a unit of displace-
ment does not trade in the same unit of force. One key
factor for this bias is appropriate preloading (Fig. 4C),

F . SMA test data analysis. (A) e SMA samples were
held in series with a load cell and an elastic cord for testing. (B)We
used low-frequency pulse widthmodulation signals to stimulate the
SMA samples. By controlling the current level and pulse duration,
the same amount of energy can be delivered to the SMA at different
durations. (C) Force developed by the SMA samples were recorded
under different preload and stimulation powers (Low power: PL,
Standard power: P0, High power: PH). is is repeated three
times and also with different resisting cord spring constants.

which boosts the force production without losing no-
ticeable displacement. In practice, we need to carefully
arrange the SMA actuator installation in the soft robot
to ensure appropriate preload and good performance.

4.4 Power and loading speed

Higher stimulating power allows SMA coils to develop
larger peak forces quickly (Fig. 4A–C). High power
stimuli ensure that all the crystals in the SMA alloy
transform into the austenite state at the same time,
leading to synchronized force production, analogous to
muscle fiber recruitment in animals. at’s also why ini-
tial loading rate increases with resisting load most dra-
matically at high power (Fig. 4D). Understanding these
speed-power curves allows us to drive different motions
with the appropriate speed ranges.

5 Passive Grip, Active Release

A key element for climbing in complex three-
dimensional structures is that the substrate must be
gripped reliably at multiple points. is grip must pro-
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F . Characterizing shape memory alloy actuators (A) For
each preloadQi and stimulation power Pi (A and B share the same
legend), increasing load stiffness induces higher peak forces. Over-
all, increasing preload also increases the peak forces but this effect is
most notable at high stimulation power. (B) e increasing peak
force in response to stiffer loads is accompanied by decreasing dis-
placements although the trends are less linear with low preload Q1
and small load stiffness. (C) In general, increasing preload induces
higher peak force in a linear fashion. (D) Increasing stimulation
power boosts the SMA initial loading rate. e trend depends on
the load resistance but not the preload.

vide enough traction to support the weight of the robot
or animal (when it is climbing or upside down) and
also provide an anchor for propulsive forces. e grip
must also releases in a failsafe way at the right timing
during forward movements. Caterpillars like Mand-
uca have solved this problem by using a passive grap-
pling hook system (crochets) that can be actively re-
leased without dragging or producing any resistance to
lift (Fig. 5, [16]). ese crochets can be deployed pas-
sively and as they contact a surface they orient to con-
form closely to the substrate. With an ideal substrate,
these micro hooks grip so well that forcing a caterpil-
lar off the substrate will tear some prolegs off the body
(personal observation). emost remarkable part of this
gripping system is that the crochets can be rapidly de-
tached through the activation of a single muscle regard-
less of the substrate roughness or the angle of attach-
ment.

Although hook-based gripping systems work very
well on relatively rough surfaces they are not suitable
for smooth artificial substrates such as metal or glass.

F . (A)e caterpillar Manduca sexta attaches to the sur-
face with soft limbs called proleg (B) Each proleg has rows of hooks
called crochets which are shown in detail in (C).

F . Retractable adhesion pads provide controllable grip.
(A) Retractable adhesion pad on GoQBot-III. (B) Schematics of
adhesion pad retraction mechanism. (C) Adhesion pad units for
testing traction performance. (D) e adhesion pad unit was
dragged across an acrylic surface by the load cell via a thin nylon
thread over a pulley at a constant speed of 1cm/s.
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e same general principle of passive grip and active re-
lease can be used in a controllable adhesion device. We
designed a simple retractable adhesion pad to provide
controllable body anchors for the soft robots (Fig. 6).
By adding polyorganosiloxanes (POS) to the platinum-
cure silicone mixture, we produced a tacky silicone tex-
ture. In general, the amount of POS added determines
how sticky the end product is [29]. To test the adhesion
performance, we dragged a set of experimental adhesion
pads across a smooth surface and measured the resisting
force (Fig. 6D).

F . Retractable adhesion pad test. (A) Without any ad-
hesion material, silicone rubber provides frictional force around
60mN given a normal force of 14.7mN. e retractable pad pro-
duces the similar traction and upon actuation, the friction can drop
below 20mN. (B) e adhesion pad delivers static traction force
close to 500mN before slipping. Once moving, the friction remains
twice that of pure silicone rubber provides. Actuation in this state
removes the friction almost completely (orange trace). Redeploy-
ment of the pad reestablishes the friction. Similarly, adhesion pad
can be retracted in the initial phase as well (olive green trace).

e friction from the silicone surface without ad-
hesion material is about 60mN (Fig. 7A, blue traces).
Retraction of the silicone surface drops the friction to
around 15mN (Fig. 7A, green traces). ese are the
performance references without adhesion pads. With
an adhesion pad the static traction increases almost 10
fold (Fig. 7B, brown trace). When sliding, the sticky
pad still maintains a friction level twice that of plain sil-
icone rubber. Retraction of the adhesion pad decreases
the friction to below 15mN (Fig. 7B, orange trace). As
the sticky pad is redeployed, the friction level recovers

to over 150mN in a sliding condition and is maintained
above 100mN consistently. e sticky pad can be re-
tracted early to remove friction during a static loading
phase (Fig. 7B, olive green trace) without affecting any
later operations. In summary, the retractable adhesion
pad can introduce an immediate >100mN traction to
a soft robot in motion and provide >400mN anchor in
the static condition. Typically our small crawling robots
exert forces on the order of 100mN. e adhesion pad
therefore can quickly slow down amoving body and lock
it in place.

6 Moving soft structures

F . Soft robot platforms based on caterpillar locomotion.
e left panel shows four representative robots and their basic in-
formation. e right panel shows the positions of the embedded
SMA actuators (red), adhesion pads (blue), and the overall body
configurations.

6.1 A family of soft inching robots

Having all the three components for soft robots is only
the first step. Controlling the soft structure to move is
yet another challenge. Based on the body plan outlined
previously (Fig. 1), we created a family of soft robots
to explore different possibilities for locomotion. Some
representatives are shown in Figure 8 with key design
parameters and schematics conveying the body plan and
actuator configurations. We will only pick out some ex-
amples for the purpose of this paper.
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SMA load tuning has been a big part of motion plan-
ning. In the earliest design, displacement was provided
by buckling the anterior segments of the robot. An ex-
ample is InchBot-III (Fig. 8A) which has a 15cm long
silicone rubber foam body shaped like a half cylinder.
In this anterior inching gait (Fig. 8A) the robot pulls
its body forward by flexing the anterior segment while
the posterior segment catches up to anchor the body
(Fig. 9A). Such body coordination requires that the pos-
terior segment responds faster and yet with smaller am-
plitude. is was achieved by preloading the posterior
segment slightly more and delivering higher power. e
activation speed and range of motion therefore can be
embedded into the robot itself.

F . Gait maps for the soft robots. From top to bottom, these
are 6 modes of locomotion for the caterpillar-like robots. From left
to right, schematic diagrams illustrate the body configurations in a
given gait pattern. Most of the robots have mechanisms for locking
down the body (noted by solid circles). Open circles represents at-
tachment devices in the retracted state to allow body displacement.
GaitsE and F use a pair of tail skids for lateral stability. e right
panel shows the patterns of stimulating pulse trains given to the
anterior flexor (red) and posterior (green) flexor respectively. is
diagram uses amplitude to show the stimulating power and thes
olid block length to show the timing. e exact timing might vary
slightly depending on the robot condition.

InchBot-XI is a radio-controlled soft robot with
two retractable adhesion pads and uses two different
gaits (Fig. 8B–C) to negotiate through a 1cm hole
(Fig. 8B). e entire hole traversal process relies on pre-
cise temporal-control of the body curvatures. e in-
troduction of the retractable sticky pads allowed more
tolerance in movement timing variation. With three re-
tractable adhesion pads, InchBot-VII propagates a dis-

placement in the anterior-grade manner up an incline of
45 degrees without any noticeable change in kinematics
(Fig. 8C). As illustrated in Fig. 9D, the InchBot-VII
initiates a crawl cycle by first releasing the posterior ad-
hesion pad and then pulling the posterior segment for-
ward. After replanting the posterior adhesion pad, the
mid-adhesion pad releases followed by a forceful con-
traction in the anterior segment. is transfers the body
contraction (buckling) forward. As soon as the mid-
adhesion pad reattaches to the substrate, the anterior ad-
hesion pad releases and moves forward. is simple “3-
point climbing” gait represents the fundamental mech-
anism of crawling in caterpillars [32]. Nevertheless, the
climbing gait of InchBot-VII climbed from flat-ground
to 45 degrees with the same kinematics (minimal slip-
ping and almost identical step length).

6.2 Simple gait transition

Many behaviors can be produced from the same gait
pattern by scaling the power and timing slightly. For
a soft robot with a loose-crawling gait (Fig. 9C), in-
creasing the actuator power amplifies the body flexion
and reduces the phase difference between posterior and
anterior flexions. Further temporal compression of the
gait pattern improves the body coordination and pro-
duces a fast inching gait (Fig. 9E) which is five times
faster than the 3-point climbing gait. However, am-
plified flexion means raising the center of mass much
higher. e probability of tipping over increases dra-
matically as the adhesion pads cannot always resist the
lateral tipping moments. Inching caterpillars seem to
also experience such trade-offs. Caterpillars typically
perform a fast crawl by cycling the waves of muscle con-
traction more quickly. However, in some cases, they
change from crawling to inching, thereby taking the
largest possible steps. Our soft robot shows that pac-
ing a crawling gait together with higher stimulation in-
tensity could result in a continuous transition to inching
gaits.

Interestingly, further increasing the actuator power
tipped the robot forward into a tumble. Such a phe-
nomenon prompted us to consider the possibility of
rolling locomotion. Surprisingly, caterpillars indeed do
perform such a rolling behavior under special condi-
tions. A group of small caterpillars Pleuruptya ruralis,
perform a backward ballistic roll when startled [2]. We
found several caterpillars from the same family (Cram-
bidae) in Costa Rica performing comparable escape be-
haviors (field observations, H. T. Lin and B. A. Trim-
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mer). Using this escape behavior as an inspiration and
kinematic model, we successfully reproduced ballistic
rolling (Fig. 9F) in several versions ofGoQBot [13]. On
a flat level surface, this mode of locomotion boosts the
speed over ten-fold. Development of these soft robot
gaits showed that gait transitions can arise from gradual
changes in a continuous manner for example by scaling
the gait timing and driving power.

7 Summary

e field of soft robotics is still relatively new and there
are very few widely accepted design principles for build-
ing highly deformable machines. We have taken a bio-
inspiration approach by searching for an animal that
achieves many of our locomotion goals. e caterpillar
is effectively a living prototype for a robot that is capa-
ble of climbing in complex three-dimensional structures
independent of gravity. By engineering the three key
components of caterpillar locomotion (i.e., soft body,
soft actuator and attachment mechanism) we demon-
strated that it is possible to produce coordinated loco-
motion.

For space applications in the absence of gravity, nei-
ther wheeled systems nor legged robots are likely to be
useful (they both require normal down force). To move
efficiently under microgravity any mobile robot (not
mounted on a structure) will need to fly or crawl. For ex-
ample, the NASA SPHERES robot uses a collection of
small CO2 thrusters to push itself around in the Interna-
tional Space Station [18]. Soft robots that can climb or
crawl provide convenient means to transport equipment
or to perform examinations. One can imagine a team of
soft robots traveling between space station modules to
perform inspections. ey can also be deployed outside
to check on solar arrays or antenna structures to evalu-
ate if a spacewalk is necessary. As a portable device, a
soft robot can fit between structures whenever the as-
tronaut needs a third hand for some specific procedures.
When not in use, soft robots can be easily folded up
and stored in some odd space which would otherwise
be considered a dead space. e morphing capability
not only benefits storage, but also provides alternative
method of gripping. Perhaps the most notable technol-
ogy for this role is the controlled jamming of granular
materials to produce a universal robotic gripper that au-
tomatically forms itself into arbitrary shapes to gently
but firmly grasp delicate or complex objects [3].

In terms of implementation, controlling soft struc-

tures might not be as far away as we thought. Any
complex mechanical system contains information in its
structure and materials [22, 21, 19, 8]. It is therefore
possible to offload some control to the structural me-
chanics [20], as many biological systems have demon-
strated. We have shown several ways to exploit the non-
linear behaviors that are inherent in soft structures. We
are not suggesting that our SMA-powered robotic plat-
form is a deployable space robot at the moment. Due to
the large temperature fluctuation in space, SMA actua-
tors would be limited to functions inside the climate-
controlled compartments of the spacecraft/space sta-
tion. However, this work has helped to discover new
approaches to controlling soft material structures and
highlighted some of the key factors that should be con-
sidered for designing and deploying soft robots for space
applications.
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