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ABSTRACT

This paper presents a new architecture in soft robotics that utilizes particulate pmming technology. A novel
concept of actuation is described that utilizes jamming technology to modulate the diection and magnitude of the
work performed by a single central actuator. Jamming \activators" modulate work by jamming and unjamming
(solidifying and liquifying) a granular medium coupled to a core actuator. Theseideas are demonstrated in
the Jamming Skin Enabled Locomotion (JSEL) prototype which can morph its shape and achieve locomotion.
Next, a new actuator, denoted a Jamming Modulated Unimorph (JMU), is presented in aldition to the JSEL
topology. The JMU uses a single linear actuator and a discrete number of jamnnig cells to turn the 1 degree of
freedom (DOF) linear actuator into a multi DOF bending actuator. Full characterizat ion of the JMU actuator is
presented, followed by a concluding argument for jamming as an enabling mechanism faoft robots in general,
regardless of actuation technology.

Keywords: soft, robotics, jamming

1. INTRODUCTION

A completely soft and deformable robot is a desirable platform for traversing unpredictable terrain, navigating
through small holes, or even for interacting with humans where unintentional in i ction of harm is of great concern.
One of the primary di culties in soft robotics is actuation; not only are soft actuators uncommon but a soft
transmission or skeletal structure to extract useful work from the actuator can also be challenging to design and
tune. Several soft actuation technologies exist, including Shape Memory Alloy actuairs, Electroactive Polymer
Actuators, and McKibben actuators also known as pneumatic arti cial muscles (PAMs). Several \soft" robots
using these technologies have been created. For instance, a continuum robot for maniptilan by Neppalli and
Jones utilizes McKibben-like pneumatic actuatorst but its high DOF (Degree of freedom) is realized with one
actuator for each DOF, making size, power use, and control a problem. Shape Memorlloy (SMA) has been
used by Sugiyama and Hirai to create a soft crawling and jumping robo£ but this robot is not truly soft because
sti elastic frame elements are required as return springs for the SMA. Electpactive Polymer Actuators (EAPS)
are promising soft actuators (Meijer et. al® provides a good review of the technology in a power delivery
context) and soft robots from the technology such as the earthworm robotby Choi et. al.* have been produced.
However, it remains a challenge to extract work output from EAPs in a completely soft context due to sti
framing elements around the actuators.

A limiting roadblock for a high degree of freedom robot (soft or not) is that using conventional transmissions
with available actuators would require a very large and impractical number of discrete actuators. This large
number of actuators would lead to a very large, power intensive robot that vould be di cult to make smaller
and untethered. The approach presented here is di erent from previous work in that it usesa variable compliance
transmission to extract work output from a central, soft actuator to achi eve a completely soft actuation scheme.
The transmission rigidity is changed with the e ect of jamming, in which a granular material can transition
between a liquid-like and solid-like state. The concept of a jamming transition vas rst introduced by Nagel and
Liu® and also Cates et af to explain the onset of rigidity in a wide range of amorphous materials, includig
dense colloids, molecular glasses and macroscopic granular materials. A de¢a discussion of the phenomenon
of jamming will not be presented here but can be found in O'Hern et al’
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In the context of using jamming in a robotic mechanism, it is important t o denote the di erence between
\actuators" and \activators" as was previously introduced. 8 The conventional term actuators are robotic ele-
ments that do work on the robot's external environment; simple examples wouldoe DC motors that drive wheels
to navigate an environment. The term activators here will be used for elemerd that jam/unjam (or change the
rigidity of) component parts of the robot. These activators perform no work on the environment and hence can
be low power, miniature devices (depending on the jamming mechanism).

2. JAMMING FOR ROBOTIC APPLICATIONS

To the authors' knowledge, jamming has never been used in the context of a mobile rolbo The work of
of Mitsuda et. al.® comes the closest to using jamming in a robotic mechanism; in that case, to prade force
resistance feedback in a haptic device. This paper introduces the idea of using jamming tdange rigidity of
structural elements in a robot, thereby modulating the magnitude and direction of the robot's actuator(s') work
output.

2.1 Jamming for Changes in Flexural Rigidity

As described brie y above, jamming is the mechanism by which particulate materid can transition between a
liquid-like and a solid-like state. The most commonly experienced form of jamnng can be achieved with a small
change in con ning volume of the granular material, for instance through application of a vacuum. However, in
systems comprised of more microscopic constituents, such as colloids or raollar liquids, temperature is another
relevant control parameter and jamming coincides with the temperature-dependent glasgansition. Furthermore,
jamming and unjamming can be driven by applied stresses, such as shear. The phase gliam introduced by
Nagel and Liu® shows how jamming in its most general form is controlled by three key parameirs: the degree
of geometrical con nement (given by the particle packing density), the temperature, and the applied stress.
For this work, the focus will be on jamming occurring due to a pressure di erentid which we will call vacuum
jamming. Vacuum jamming is commonly experienced in products such as vacuum packed co eehich is shipped
in a sti (solid-like) brick. When this brick is punctured, releasing the con ning vacuum, t he co ee particles
behave liquid-like. Though jamming itself can do no net external work on the environnent to enable mobility,
it can be used to modulate the work performed by another actuator. For instance, cosider the simple case
of a ball made up of a jammable material with a balloon in its interior. When the interior balloon is in ated
and the jamming medium is in its liquid state, the balloon can do work through the ball to the environment.
However, when the jamming medium is in a solid state, the balloon does no work othe environment as long
as the jamming medium does not yield. This example is in essence the mode in which the tsobot designed
herein operates.

Virtually all particulate (granular) material exhibits the phenomenon of vacuum jamming. However, the
strength of the e ect can vary based on the size, shape, and compressibility of the p#cles. Fig. 1 shows the
e ective exural modulus vs. vacuum level for several commonly available particulate materials. Cylindrical
beams with exible polymer walls were made lled with each particle type, and three point bending tests were
performed to evaluate how the modulus of these materials vary with vacuum level Not surprisingly, the gure
shows that large spherical particles (1.9mm glass spheres) do not exhibit the jamed strength that the rougher
shaped particles exhibit. However, if more liquid-like behavior in the unjammed gate is required, then spherical
particles still exhibit jamming while owing very well in the unjammed state. Pa rticle choice is then motivated
by application; further discussion of this and metrics for liquid-like behavior have been o ered previously®

2.2 Jamming Skin Enabled Locomotion

The rst prototype demonstrated that uses jamming as a mobility mechanism is the Jamming Skin Enabled
Locomotion robotic prototype.® A side view diagram of the robot appears in Fig. 2. The robot is comprised
of many (in this case 20) cellular compartments that enclose a uid-lled cavity (in the simplest case air).
The cellular compartments contain jamming material each of which can be jarmed (made rigid) by applying a
vacuum or unjammed (made exible) by releasing the vacuum. The central uid- lled cavity ist he only actuator;
pumping a uid into this cavity is the actuation mechanism. The robot is a good example of the concept of
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Figure 1. E ective modulus vs Vacuum Level for various granular material . Figure taken from®
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Figure 2. Jamming skin enabled locomotion (JSEL) topology both unactuated ( 2(a)) and actuated with a subset of the
cells jammed(2(b)). Figure taken from. 8

\activators" vs \actuators” in that there is only a single actuator (the cen ter cavity) but the robot has a very
large number of degrees of freedom (20).

The JSEL robot prototype is pictured in Fig. 3. The robot was fabricated from highly elastic silicone
rubber (Eco ex 30 from Smooth-On!%) using an investment casting molding process. Glass beads were used
as the granular jamming medium, and external vacuum lines were used to jam/unjam the cét. Even though
pneumatic actuation is used to both activate the jamming material and for its lone actuator, this prototype is
used only as a proof on concept for jamming as a mobility mechanism. Non-vacuum basedmming techniques
will be discussed in following sections.

The JSEL prototype can perform a simple rolling gait, shown in Fig. 4. In the gait, a cylinder shape is
formed by pushing out two sides of the robot. With all cells jammed, the cell behind he robot touching the
ground is unjammed and the central cavity is in ated, pushing out a \foot" that rolls the robot forward. This
is repeated for each cell on an annular ring around the robot to achieve continugs rolling motion.

3. JAMMING MODULATED UNIMORPH

As an additional representative example of jamming modulated actuation, the Jamnming Modulated Unimorph
(JMU) is presented, shown in Fig. 6(b) and diagrammed in Fig. 5. The JMU uses asingle pneumatic (or
hydraulic) linear actuator known as a McKibben or arti cial muscle actuator (als o known as a Pneumatic



Figure 3. JSEL prototype ® alongside a U.S. quarter for scale. The robot is tethered and each of the 20 ells on the robot
are numbered as shown.

Figure 4. Composited gures of the JSEL prototype 8 rolling over one revolution. One cell is highlighted to better
demonstrate its motion.

Arti cial Muscle (PAM)). These pneumatic linear actuators were originally in vented in the 1950's for use in
arti cial limbs 1!.%2 McKibben actuators use a braided mesh as a transmission element surrounding an expandabl
balloon. As the balloon in ates, the mesh translates this radial expansion inb a longitudinal contraction of the
actuator. Actuators such as these have been extensively modeled and such an analysiill not be presented
here!® The McKibben actuators used in the JMU are a fairly standard recipe of a thin waled latex tubing for
a central balloon and polyester cable sleeving for the mesh transmission. TheddcKibben actuators achieve
approximately 25% strain, withstand pressures up to 80 psi, and provide contration forces in excess of 100N at
maximum pressure. A McKibben actuator is shown in Fig. 6(a). Blocked force atthe distal end of the actuator
and free displacement (strain) for a typical McKibben actuator run up to 50psi (maximum pressure with an
acceptable factor of safety) are shown in Fig. 7.

The McKibben actuator is used as the solitary actuator that jamming cells modulate in the IMU. A McKibben
is run longitudinally down the center of several exible jamming cells; the JMU in Fig. 6(b) contains three
jamming cells. Fig. 5 shows a conceptual cross section of the actuator with twoamming cells, for both the
case of a generic linear actuator and for the specialized case of a McKibben actuatowhen the McKibben is
pressurized with no cells jammed, it contracts linearly. However, when one cell is fjamed and the McKibben
actuator is pressurized, the jamming cell behaves as a sti beam. The lever arm fronthe central axis of the
actuator to the center of the jamming cell creates a moment that bends the actuator awg from the jammed
cell. The angular free displacement () and the blocked force Eg) of the IMU segment can be easily predicted
assuming a uniform radius of curvature to be

=5 1)
Fg = B d ()

where L is the length of the actuator, is the unloaded strain (contraction) generated by the McKibben (typically
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Figure 5. Operation principle for JMU (Jamming Modulated Unimorph) u sing a generic linear actuator (5(a)) and
customized for a McKibben actuator (5(b)).
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Figure 6. A McKibben actuator (6(a)) and a JMU (6(b)). For scale, the McKib  ben actuator is 90mm in length.

25%), d is the lever arm between the central axis of the McKibben actuator and each jamming c&land Fyk is
the blocked contraction force of the McKibben actuator.

With three jamming cells, the one degree of freedom McKibben actuator is transformednto a four degree of
freedom actuator as each cell introduces one bending degree of freedom, plus the contractidagree of freedom
when no cells are jammed. It is interesting to note that six total angles of bendingare realized by this design as
two cells can be jammed at once with the third unjammed to bend in the direction of the unjammed cell. The
jamming cells in the JMU are e ectively a transmission in which one can adjustthe rigidity of the di erent links.
The increase in DOF here is not without cost; the output force of the actuator is much bwer due to the small
lever arm that generates the moment that bends the actuator. This lever arm can be adjugd, with an increase
of force leading to decreased angular de ection. For a lever arm of 7mm (the actuator stvan in Fig. 6(b)), force
output at the distal end of the JMU and the angular de ection for the JMU are plotted in Fig. 8. The output
of the JMU can also be thought of as a moment, with the plotted force being muiplied by the length of the
JMU (90mm) to calculate the moment. Fig. 9 shows the JMU relaxed and actuatedthrough its three bending
degrees of freedom from an end-on (axial) viewpaoint.
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Figure 7. Blocked force vs pressure(7(a)) and strain vs pressure (7(b)for the custom miniature McKibben actuators.
. Blocked Force vs Pressure 3 JMU Free Displacement vs Pressure

2.5 30
é 6\25,
g7 520
15 g iy
1 g
° 8 10
“o.5 5

0 _20 0~ 40 50 10 20_ 30 40 50 60 70

Pressure ?pso Pressure ?p5|)
@ (b)

Figure 8. Blocked force vs pressure(8(a)) and free displacement vs pessure (8(b))for the JMU. Saturation in angular
displacement is noticed at pressures greater than 50 psi.
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Figure 9. End-on view of the JMU actuator showing its three bending de grees of freedom.

3.1 Scalability of IMU

The JMU actuator not only has a high number of DOF, but its simplicity also makes the actuator highly
scalable. McKibben actuators scale up or down well, and the jamming e ect scales up inde nigly and down to
near the characteristic particle size; therefore the JMU actuator can be scaled upradown without a degradation
in performance. Fig. 10 shows a JMU of the same scale as that in Fig. 6(gR.5 cm) alongside a smaller, 1cm

diameter JMU.
4. ROBOT DESIGN USING THE JAMMING MODULATED UNIMORPH

The Jamming Modulated Unimorph has a large number of applications in robotics One can imagine the
JMU as a component part in walking, crawling, or swimming soft robots. Here, a simple example of a worm



Figure 10. A 2.5cm diameter JMU alongside a miniature, 1cm diameter JMU sho wing the ability of the JMU topology to

scale up or down.

type crawling robot is demonstrated as a representative soft mobile robb

4.1 Jamming Modulated Unimorph (JMU) Worm

Two JMU segments were linked together to form a cylindrical, soft bodied 8 DOF pbot. The robot was
actuated with o board vacuum (-10 psi gauge) and pressure (50 psi gauge) via a tetheof small silicone tubing.
Three soft silicone rubber feet were attached to the robot for concentrated ground amtact. A cross sectional
diagram of the robot is shown in Fig. 11 and the constructed robot prototype is shown in Fig. 12.
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Figure 11. Diagram of two JMU segments attached to form an 8DOF \worm" robot.

Figure 12. Two JMU segments attached to form an 8DOF \worm" robot.

The jamming worm robot can crawl via an actuation sequence as follows, shawin Fig. 13. The beginning
state of the robot is shown in Fig. 13(a). First, the tail end of the robot is curved upward with the rear JMU,



(@)

(b)

(©

(d)

(e)

(f)

(@)

Figure 13. Walking sequence for the jamming worm (two JMU segments align ed axially).

taking weight o of the rear foot as shown in Fig. 13(b). The JMU cell that w as jammed to curve upward is
then unjammed, contracting the rear JIMU and putting the rear foot back on the ground (13(c)). The rear IMU
is now in a contracted state; it is then unactuated (extended) with its bottom jamming cell activated (jammed)
at the same time that the front JMU is actuated (contracted) with its top cel Is jammed, lifting the middle foot
o the ground and moving it forward (Fig. 13(d) shows the foot o the ground, Fig. 13(e) shows the foot placed
back down). The cells on the rear JIMU segment are now unjammed, and the front JMU segent is unactuated
with its top cells jammed, curving the front section up and forward (13(f)) . When these cells are unjammed, the
front foot is placed back down on the ground (Fig. 13(g)), and the worm has eturned to its initial state having
moved forward 5mm. This step sequence when performed in real time takes approrately 1.25 seconds, giving
a forward movement speed of 24 cm/min.

It is important to note that this step sequence does not rely on directional friction; if this simpli cation
was made, only the contraction degree of freedom and none of the bending degrees of freedomuldde needed
for forward movement but the robot would not be capable of moving over rough srfaces, turning, or moving
backwards. The extra degrees of freedom that the jamming cells of the JMUs allowofward and backward
movement (nearly) regardless of the friction properties of the surface it is walking on; the robot is picking its
body up o the ground and moving it forward rather than sliding it. The high DOF a Iso allow the jamming cells
on the side of each section to be used to turn left or right, or even to turn in phce in a circle (yaw).



5. CONCLUSION AND FUTURE WORK

Achieving a completely soft robot has been di cult to achieve with current roboti cs technology due to limi-
tations not only in actuation but also in transmission systems. Though mutiple soft actuators exist (McKibben
actuators, Electroactive polymers, Shape memory alloy wires), they have rtobeen utilized to their full extent
in a soft robot due to di culties extracting work output from them. A solution ha s been presented herein that
relies on a rigidity change in a granular material, jamming, that allows a material to transition from a liquid-like
state to a solid-like state.

Several examples of using jamming have been presented, all using the idea of jamming toodulate the
magnitude and direction of work performed by a generic soft actuator. The idea oflow power \activators"
which transition jamming material from its liquid to solid state a nd back was introduced and discriminated
from actuators that perform work on an environment. All examples in this publication utilize vacuum based
jamming. While there are obvious limitations to this approach (vacuum pumps ae di cult to make completely
soft and energy e cient), there may also be multiple solutions to overcome them. Work is ongoing on biased
soft materials and chemical reactions that can achieve low power, soft vacuum pups. Optimization of the GER
(giant electrorheological) e ect, originally identi ed by Wen et. al., ** is under way to achieve jamming with
simple low power electrical excitation. It is the goal of this work to combine the idea of jamming modulated
actuation with electrically actuated activators to achieve a tetherless, compgtely soft robot.
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