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A Self-Reconfigurable Variable-Stiffness Soft Robot
Based on Boundary-Constrained Modular Units

Mohammad Amin Karimi
and Matthew Spenko

Abstract—This article describes a soft robot based on boundary
constrained modular subunits. The loop-shaped robot consists of a
granule-filled elastic toroidal membrane with a series of modular
subunit robots attached to its exterior. The robot can operate both
as a soft robot to conform to external objects or navigate through
narrow corridors and as a rigid robot by jamming its internal
granules using a vacuum. The jammed state is useful for exerting
forces on the environment in object manipulation or locomotion
tasks. This article describes the robot’s design, object handling
capabilities, locomotion, shape formation, and ability to navigate
narrow corridors. We also present computationally efficient control
methodologies used for self-reconfiguration and target tracking,
which enable scaling the number of subunits to create larger sys-
tems. The robot’s scalability and the control methodologies are ver-
ified through simulation with ProjectChrono, a multibody dynamic
simulation platform. All other results are obtained experimentally.

Index  Terms—Boundary-constrained
jamming, scalability, self-reconfiguration.

OFT robots can offer many advantages over traditional
S rigid robots, including conformability to different object
geometries, shape changing, safer physical interaction with
humans, the ability to handle delicate objects, and grasping
without the need for high-precision control algorithms. As
such, they have been utilized in many robotic applications,
including arms and grippers [1]-[3], prosthetic devices [4], and
fish-like robots [5]. Despite these advantages, soft robots often
lack high force capacity, scalability, responsive locomotion and
object handling, and a self-contained untethered design, all of

which have hindered their adoption. To address these issues,
this article describes a robot comprised of several rigid robotic

swarm, granular
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subunits flexibly connected to their neighbors by a closed-loop,
granule-filled, soft membrane that can jam the particles with an
untethered vacuum [see Fig. 1(a)]. The robot was not designed
for a given application; instead, it serves as a general platform to
demonstrate this new concept. The jamming feature allows the
robot to exert relatively large forces on objects in the environ-
ment. The modular design resolves the scalability issue. Using
decentralized robotic subunits allows the robot to configure
itself in a variety of shapes and conform to objects, all while
locomoting. The result is a compliant high-degree-of-freedom
(DOF) system with excellent morphability.

Force capacity: To manipulate objects and exert relatively
large external forces, the robot can jam to modulate its stiff-
ness [6]. Jamming structures in robotics can be generally cat-
egorized into fiber [7], layer [8], or granular jamming [2], [9].
Moreover, combinations of these can increase stiffness variation
for compression, tension, bending, torsion, or shear loads [10].
The robot presented here uses granular jamming, similar to
the universal gripper [2], for its isotropic stiffness variation
properties and versatility in loading modes, i.e., compression,
bending, and shear loading [7], [11].

Scalability: Most elastomeric soft robots are fabricated using
soft 3-D printing, shape deposition manufacturing, or soft lithog-
raphy [12], [13]. When scaling these designs up, fabrication
becomes difficult and robustness may be reduced because of
manufacturing defects. Also, repairing or reconfiguring the robot
may prove challenging [14].

To overcome these issues, we have taken inspiration from
modular self-reconfigurable robots, which typically have good
scalabilty and robustness [15], [16]. However, other than a few
systems made with soft parts [14], [17], [18], these robots do
not exhibit the desired “soft” characteristics because they have
rigid (or no) physical connections [19], [20]. The key difference
in the robot described here is that the subunits do not need to be
soft; rather, the compliant connection between them enables the
collective to behave like a soft system.

Locomotion: The robot utilizes whegs (wheel-legs) [21] for
locomotion, which enables a high traction force, rudimentary
obstacle climbing, and a reasonable locomotion speed. Wheeled
locomotion of soft robots was introduced in earlier versions
of our work, where the initial design concept of a boundary-
constrained modular soft robot was presented [22], [23].

Tethering: Due to the challenges of packaging hardware in
soft robots, creating an untethered design is still an active
issue [24], [25]. The modular design presented here distributes
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the hardware to achieve a self-contained design. Additionally,
since the individual subunits do not need to be soft themselves,
the system can utilize traditional rigid actuators and electronics.
This is a major advantage since, despite the rapid evolution of
flexible electronics and soft actuators [12], they still face limita-
tions such as low responsiveness in shape memory alloys [26],
low force capacity in dielectric elastomer actuation [27], or large
equipment in fluidic elastomer actuation [28].

This article builds upon our prior work that presented the ini-
tial concept of a boundary-constrained modular soft robot [22].
This article presents a new robot design, highlights a new and
more detailed control methodology, further demonstrates the
robot’s ability to grasp and exert loads on objects, and introduces
the ability to navigate corridors and perform robustly when sub-
units fail. We also use a dynamic simulation to study scalability
and control strategies. Section II describes the robot’s design
and fabrication. Section III details the control methodology. A
dynamic simulation is presented in Section IV, and experimental
results are covered in Section V.

II. MATERIALS AND METHODS

This section details the robot’s design and fabrication as well
as the experimental test setup.

(©

(a) Robot is comprised of modular subunits connected to each other with a particle-filled compliant membrane. (b) Side view of the locomotion subunit.

The robot consists of 12 identical subunit robots, evenly dis-
tributed 18 cm apart along aloop-shaped flexible membrane. The
subunits’ heading angles are fixed with respect to the membrane
and can only move forward and backward orthogonal to the
tangent of the membrane at their connection point. However,
the robot can achieve complex motions by selectively activat-
ing or deactivating the subunits using optimization techniques,
further discussed in Section III. To enable particle jamming, the
membrane is filled with hollow spheres.

A. Modular Subunit

Fig. 1(b) and (c) shows the subunit components including a
wheg driven by a geared dc motor (Polulu 2371), two vibration
motors to reduce the subunit friction with the ground (Parallex
RB-PIx-314), and a miniature vacuum pump (Tulead Micro
Air Pump BO7W4HQXS5H) to control jamming. An Internet
of Things development board (Particle PHOTONH) enables
wireless control and communication with the subunits. A battery
shield (Sparkfun DEV-13626) connects a 1000-mAh lithium-ion
battery coupled with a buck—boost converter (Sparkfun COM-
15208) to the microcontroller. Two motor drivers (Sparkfun
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Three membrane geometries modeled in COMSOL with width, W, to radius, R, ratios of (a) W/R = 0.75, (b) 0.5, and (c) 0.25. As shown in (b), a

prescribed y displacement of —R/3 is applied to the five highlighted subunit mounting holes, bringing the membrane into contact with a fixed object of radius
0.2R. The normalized stored elastic energy reduces by 30%, and the maximum out-of-plane deformation decreases from 3.9 to 1.2 cm from (a) to (c), showing the

membrane’s enhanced conformability.

ROB-14451) control the wheg motor, vibration motors, and vac-
uum pump. The whegs are covered with silicone (McMASTER-
CARR 86915K22) and the subunits’ mass is adjusted to 350 g
using lead weights [see Fig. 1(a)] to increase the whegs’ traction.

When a subunit is not responsible for locomotion, the wheg
is retracted into its body and its vibration motors are activated to
reduce friction between the subunit and the surface. To quantify
this reduction, a load cell was connected to an individual subunit,
resulting in a force of 1.6 N. The kinetic friction force of the
subunit with the surface was 0.76 N with the vibration motors
activated, indicating a 52% reduction compared to the wheg
traction force. Alternatively, wheels would always protrude from
the subunit’s bottom, hindering the robot’s motion when not in
line with the subunit’s heading. The rationale behind this design
will become more evident when the control strategy is described
in Section III.

The vacuum pump (minimum pressure of —44 kPa and a
maximum flow rate of 2.5 L - s~ ! at 5 V) air inlets are arranged
in parallel such that the number of pumps alters the flow rate and,
subsequently, the jamming phase transition duration, measured
to be around 5 s.

B. Membrane

The membrane design was chosen to maximize conformabil-
ity to facilitate object grasping, shape formation, and locomotion
through narrow spaces. Low conformability of the membrane,
and its associated large out-of-plane deformation [29], can harm
robot performance by increasing the required driving force to
conform to an object or form a desired shape, interfering with
the whegs by lifting them from the surface, and increasing
the robot/surface friction. Membrane conformability is influ-
enced by many factors, including its geometry, thickness, and
mechanical properties [30]. Using the membrane loop-shape
design made out of polypropylene as a base design, this article
focuses on the membrane width, W, to radius, R, ratio, leaving
a more comprehensive optimization of the membrane properties
to future studies.

Three geometries were studied using COMSOL Multiphysics
5.5’s shell module, as shown in Fig. 2. The hollow membrane
geometry is characterized by its width, W, radius, R = 30 cm,

height, H = 3 cm, and surface thickness, 7" = 100 pym. The
width-to-radius ratios of the three geometries in Fig. 2(a)—(c)
varies between W/R = 0.25, 0.5, and 0.75, respectively. The
Young’s modulus £ = 1.1 GPa, Poisson’s ratio v = 0.4, and
density p = 0.9 g/cm?3 match the prototype’s polypropylene
material. The subunit mounting holes are modeled as rigid
connectors, with motion restricted along the z-axis. As shown
in Fig. 2(b), a prescribed displacement of d = —R/3 along
the y-axis is applied to the five highlighted subunit mounting
holes, with no constraint on their motion along the z-axis,
bringing the membrane into contact with a fixed object of ra-
dius r, = R/5. We used the membrane maximum out-of-plane
deformations and stored elastic energy to compare the three
membranes’ conformabilities and found it matches well with
our experimental observations. However, other parameters may
be used to quantify the conformability such as stress distribu-
tions and deformation characteristics, or time-dependent study
of the membrane buckling and wrinkle formation, that could
provide equal or better correlations; this is an active area of
research [29]-[31].

Fig. 2(a)—(c) shows that increasing the width of the membrane
from 0.25R to 0.75R increases the maximum out-of-plane de-
formation from about 1.2 to 3.9 cm. The deformation is driven
by the elastic strain energy, W, stored inside the membrane
during deformation [29], which reduces by 16% from case
(a) to (b) and by 30% from case (a) to (c). The normalized
strain energy values in Fig. 2(a)—(c) are obtained by dividing
the elastic strain energy by the maximum elastic strain energy,
W max = 0.61 J, corresponding to design (a). Results show that
a high W/ R ratio can hinder conformability and performance
due to large out-of-plane deformation, a result also observed
experimentally throughout the design process. The final design
uses a 100-pum-thick polypropylene membrane with an 8-cm
cross-sectional diameter (Aviditi Poly Tubing PT0504), which
results in a width and height of approximately 10 and 2.7 cm,
respectively. The larger width of the membrane compared to
the subunit diameter provides room for the granular material,
1-, 2-, or 4-cm-diameter polypropylene hollow spheres (CIC
Ball Company #PPH039730, #PPHO7870N, #PPH14960N),
to flow along the membrane interior. The different sizes were
used to experimentally characterize the robot’s stiffness and
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(a) Ant collective transporting an object by switching between roles as “pullers” and “lifters” (image taken from [32] ©2015 https://creativecommons.

org/licenses/by/4.0/CC BY 4.0). (b) Robot schematic and the position tracking parameters (top view). The circles indicate the subunits (.5;), and the radial lines
show the heading angle. t, which points from the robot’s center of geometry to the target, and i define the local coordinate system, which is rotated o from the
global coordinate frame. (c) In a simple target tracking task, the pullers (blue circles) provide thrust toward the target and the lifters (red circles) reduce their friction
by stowing their wheg and vibrating. (d) Target tracking with alignment. The lifter subunits move orthogonal to the target, which stretches the robot, aligns more
subunits toward the target, increases the number of pullers, and increases locomotion speed. (e) Target tracking through a narrow corridor. The lifters perform a

0.2-Hz rocking motion to prevent the robot from becoming stuck.

object handling properties. To install the subunits, mounting
holes 30% smaller than the subunits’ diameter were punched
onto the membrane to create an airtight seal after installing the
subunits.

C. Experimental Test Setup

The test stage was covered with paper (Savage SAV461253).
Subunits’ poses were visually tracked in real time [33] with
an overhead webcam (Logitec Brio 960-001105). Real-time
localization and control was conducted in the Robot Operating

System (ROS) . A dual-range force sensor (Vernier SEN-12873)
measured pulling loads.

III. CONTROL

This section describes the control methodology for target
tracking and shape formation.

A. Target Tracking

The ability to transition between soft and rigid states can be
advantageous to tracking, conforming to, and moving an object.

The robot can maneuver through obstacle-strewn environments
and conform to objects while soft. The stiff mode can be used
to firmly grasp an object, apply larger forces to move it, and
locomote faster by eliminating deformation.

1) Inspiration: Since the subunits are fixed in the membrane
and can only move forward and backward, not all of the subunits
can provide thrust toward the target. To track the target under
these constraints, we draw inspiration from recent work on ant
collectives cooperatively moving an object [32], [34]. Ants work
together such that they are classified either “lifters” that lift the
object or “pullers” that affect which direction the object is being
carried [see Fig. 3(a)]. Ants switch roles randomly and leave
and rejoin the effort to carry the object at random times. A few
puller ants attached to the load are able to steer the object while
being supported by an army of lifter ants.

We use optimization to select the subunits that will move the
robot toward the target, the “pullers.” The other subunits, the
“lifters,” assist by reducing their friction with the surface by
retracting their wheg inside the body cavity and activating their
vibration motors, as explained in Section II-A.

Authorized licensed use limited to: lllinois Institute of Technology. Downloaded on August 12,2022 at 18:24:18 UTC from IEEE Xplore. Restrictions apply.


https://creativecommons.org/licenses/by/4.0/

814

One difference between the robot and ant collective is that
ants rarely push the object (see the puller ants gathered to the
object’s front in Fig. 3(a) [32]). But the subunits can move both
forward and backward to pull and push the robot. Thus, as shown
in Fig. 3(b), the puller subunits are both on the front and back
of the robot (with respect to the target).

2) Implementation: The cost function to choose the subunit’s
role accounts for the robot’s translation only, which allows the
robot body to freely rotate. Similar to ant collectives, the subunits
will randomly change their roles as pullers and lifters due to the
robot’s nondeterministic rotation. Additionally, the cost function
only accounts for each individual subunit’s heading angle with
respect to the robot’s desired direction of motion to compute its
control input. This technique results in a highly efficient linear
optimization problem that enables high scalability.

To define the target tracking cost function, the subunit ¢’s
wheg’s force on the surface, f;, is first defined as

£; = 1 fu (cos (6; — )t + sin (6; — a)h) (1)

where t and 1 are the axes of the robot local coordinate system
[see Fig. 3(b)], n; € {—1,0,1} is the optimization variable to
determine the direction of motion of subunit ¢ (backward, none,
or forward), f,, = 1.6 N is the magnitude of the wheg traction
force, 6; is subunit ¢’s heading angle, and « is the rotation of the
robot’s local coordinate system [see Fig. 3(b)].

If subunit ¢ is inactive (1); = 0), the sliding friction f}, ; is

£ = (1= |n]) fit 2)

where f;, = 0.76 N is the kinetic friction of the subunit body
with ground when vibrating. This assumes that the subunit will
be pulled toward the target along the t-axis.

Combining the subunit sliding friction, f}, ;, and the wheg’s
traction force, f;, each subunit’s cost function is defined as

Ji=fi B —f; -t + £, -t 3)

The cost function minimizes the summation of the absolute
value of all subunits’ force along the n-axis. This minimizes
the deviation of all subunits in both the positive and negative
n-direction and maximizes the traction forces along t. Since the
subunits always provide thrust in the positive t-direction, we can
assume Zf\; i fuw cOS0; = Zf\;l [n; fuo cOS 0.

The total cost function for target tracking, Jiracking = vaz 1 i
is then given as

N
S (i sin (65 — ) = [ cos (6 — @) |+ (L = mi]) fi) -
=1

C))
Approximating | cos (6; — )| — |sin (0; — «)| as cos(6; —
a)? —sin(0; — «)? yields
N
Jtracking ~ Z (_ |771| fw COSs (2 (91 - 04)) + (1 - |77i|) fk)
i=1
&)

which is a linear function of |7;|. Finally, the optimization
problem is given as

0<|ml <1 (6)

min Jtrackmg

[7:
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Since (6) is a linear optimization problem, the result will always
be on the feasible region’s vertices, i.e., |7;] € {0,1}.
If — 4= < cos (2(6; — «)), i.e., the subunit’s heading angle is

nearly ahgned to the robot’s heading angle (the -t-direction),

then the derivative of the cost function with respect to |7/,

%{)k"w = —fwcos(2(6; —a)) —

subunit i (]n;| = 1) will reduce the cost function. If this condition
is not met for subunit ¢, then deactivating the subunit (i.e.,
[n;| = 0) will be the optimum solution. Note that if |n;| = 1, the
sign of 7); can be determined based on the presumed condition
0 < m;cos(0; — ).

a) Target tracking with alignment: The lifter subunits can
perform tasks other than just reducing their friction. For exam-
ple, if the lifters all move forward, as shown in Fig. 3(d), they
will stretch the robot to gradually align it, so more subunits face
the target and the number of pullers is increased. When the robot
is completely stretched into what resembles a thin ellipse, the
lifters are approximately equally spread at both sides of the robot
and will cancel out each other’s forces. Therefore, the lifters will
not prevent the robot from moving toward the target. In this case,
the motion of the pullers does not change, and they continue
pulling/pushing the robot toward the target. The downside of
this approach is increased friction of the lifters with the ground.
However, since the number of pullers is increased, there will be
fewer lifters and, subsequently, a higher locomotion force for
the robot as a whole.

To assess the robot’s alignment, we introduce the “normalized
alignment” variable, N A, which measures how well the subunits
are aligned to the +t-direction as

fr = 0, shows that activating

i=1 | cos (i — o))

N
and can vary between 0 and 1. If NA = 1, then all the subunits
are fully aligned with the t-axis. If NA = 0, then all of the
subunits are orthogonal to the t-axis. We use this parameter
as a criterion to activate jamming and preserve the robot con-
figuration once it is sufficiently aligned toward the target. The
closed-loop algorithm to combine target tracking, alignment,
and jamming is shown in Algorithm 1.

b) Targettracking in a corridor: When traveling through a
narrow corridor, we used another ant characteristic, an emergent
oscillatory motion that helps the collective escape dead ends and
bypass obstacles [34]. To implement this, the lifters implement
a 0.2-Hz rocking motion [see Fig. 3(e)].

NA—E

(7

B. Shape Formation

In this section, we explain the approach to shape formation by
defining a new cost function assuming that subunit ¢’s position,
X; = [x;, yi], and heading angle are known

N N
Jshape = Z Hsz - )(i,dH2 = Z ||AXi,d - AXZJV”2
i=1 i=1
where X; ; is subunit ¢’s position at time k, X; 4 is subunits’s de-
sired position, and AX; ,,, = X, k41 — X4 (m =k, d). Due
to the robot’s relatively low speed, the subunits’ heading angles
update at each time step and are considered constant between
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Algorithm 1: Target Tracking With Alignment and

Jamming.
1: Given
2: Subunit position {x1,y1, T2, Y2, ..., TN, YN
3: Subunit heading {61,602, ...,0n} >—7<6; <7
4: Target position {z,, Yo }
5: Optimization variables {71, 72, ..., 7N}

>n; € {71707 ]-}

6: Jamming included € { True, False }

7: while NV, |(zs — 20)% + (i — ¥0)?|| > 15 cm do

8: Compute N A from (7)

9: if NA < N Agesirea then
10: Compute 7;s for target tracking with alignment
11:  else if N Agesired < NA
12: ifJamming includedthen

13: Activate jamming

14: end if

15: Compute 7;s for target tracking without alignment
16: end if

17: fori = 0to Ndo
18: if ; = 1 then

19: Subunit ¢ moves forward

20: if 7, = —1then

21: Subunit ¢ moves backward

22: if 7; = Othen

23: Subunit 7 stows-in its wheg and vibrates
24 end if

25: end for

26: end while

k and k + 1. Under this assumption, subunit ¢’s displacement
from k to k + 1 can be simplified as

AXi,k =Nk HVM || 5t(COS (91'716))2 -+ sin (Qi,k)y) 9)

vyhere X and y are the global reference frame unit vectors, and
V1. is the subunit’s average velocity [see Fig. 4(a)]. Equations
(8) and (9) can be combined (dropping subscript k for clarity)

into

N
Taape = 0 [ (]| V]| 8)* + A%

i=1

The minimization problem is then min,, Joape subject to
n; € {—1,0,1}.

The optimization problem is solved in two ways. If either
cos (LAX,; 4 — 0;) or ||AX, 4| is zero, by substituting into
(10), the optimum solution will be n; = 0. Otherwise, the dif-
ference of the cost function for the two cases, Jshape, n,£0 —
Jshape, n; =0, 18 calculated as

||V1 | (St (HV@H 5t — 2777; ||AX¢,d|| COS (ZAXLd — 91)) .
1D
According to (11), if [[AX;4 cos(ZAX;q—0;)|| >
[I'V;]|6t/2, the optimum solution is 7; = sign(cos(£LAX,; 4 —

(© (d)

Fig. 4. Subunit motions when forming (a) line, (b) C-shape, (c) circle, and
(d) triangle.

0;)); otherwise, it is 7; = 0. We do not have the solution to the
full dynamics of the robot, which would compute || V||t for
each subunit; thus, we upper bound it as ||V;||madt = 4 cm
using the dc motor specs (60-r/min no-load speed at 5 V), wheg
periphery (4 cm), and assuming a time step of 4t = 1 s.

In summary, if ||[AX; 4 cos (LAX; 4 — 6;)|| > 2 cm, then
7n; = sign(cos (LAX; 4 — 0;)); otherwise, n; = 0. Fig. 4 illus-
trates the subunits’ motion for various shapes, which are also
demonstrated experimentally in Section V-C.

IV. SIMULATION

We used the ProjectChrono simulation engine with the Euler
implicit linearized time stepper, the projected symmetric succes-
sive over-relaxation solver, and the Chrono::SolidWorks add-on
to study locomotion and control [35]. Subunits are modeled by
contact body 1 in Fig. 5. The contact body’s diameter is larger
than the subunit diameter to adjust the maximum bending angle
among subunits to match the prototype, ~ 90°. Three spherical
contact bodies create the robot’s contact points with the ground
(contact bodies 2—4). The wheg’s contact body is modeled as a
set of six evenly distributed cylinders (contact bodies 5-10). The
membrane was modeled as two rigid links between two subunits
with two rotational DOFs, as shown by Links 1 and 2 in Fig. 5.

To verify the simulation, we compared it to an experimental
target tracking with alignment task [see Movie S1 in the sup-
plementary material and Fig. 6(a)]. The simulation path is more
uniform due to a lack of external disturbances and fewer DOFs in
the membrane. Fig. 6(b) shows the distance to the target versus
time and demonstrates a similar trend. The simulation’s mean
velocity is within 13% of the experiment’s, sufficiently close
for qualitative comparisons. Fig. 6(c) compares the normalized
alignments [see (7)]. We use the simulation in the next section to
study the robot behavior as the number of subunits is increased.
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Contact body 4

Contact body 3

Fig.5. Simulation model. The simple contact body definitions are highlighted
in red, and the two rotational DOF among the rigid links are depicted by Links
1 and 2.

V. RESULTS AND DISCUSSIONS

This section covers the experiment and simulation results, in-
cluding stiffness characterization, object handling, locomotion,
corridor navigation, and robustness to subunit failure.

A. Mechanical Characterization

The robot’s stiffness can be modulated to improve perfor-
mance, most importantly in locomotion and moving an object af-
ter grasping. In general, the robot should be highly conformable
in its soft state and as stiff as possible when jammed. In addition
to the effect of the membrane geometry, which was discussed in
Section II-B, vacuum pressure and granular material properties
such as particle size, shape, friction, and volume fraction affect
conformability and jamming stiffness.

To study the effect of the particle size and volume fraction,
the ratio of the particle volume to the interior volume of the
membrane in its fully inflated state, we measured the robot’s
stiffness in the soft and jammed states using a compression test
platform [see Fig. 7(a)]. In each test, the vacuum pressure was
changed between 0 kPa (soft state) and 44 kPa (jammed state),
and the interior particle size and volume fraction were changed
by using hollow polypropylene spheres with three diameters,
ie., 1, 2, and 4 cm, resulting in membrane width-to-particle
diameter ratios of W/d = 10, 5, and 2.5, respectively.

The robot was placed between the compressing plates in a
C-shape configuration [see Fig. 7(a)] to provide insight on the
robot’s object handling capabilities and its ability to preserve its
configuration. The volume fraction was varied for each particle
size between 20%, 30%, and 40%.
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Fig. 6. (a) Experimental and simulated paths in a target tracking with align-
ment task. (b) Distance from the robot’s center to the target. (c¢) Normalized
alignment. The desired normalized alignment was chosen by trial and error
to achieve a smooth performance (0.8 simulation and 0.75 experiments) and
experimental results are averaged over five trials.

Fig. 7(b) and (c) shows the results for 1-cm particles with a
40% volume fraction in the jammed and unjammed states. The
results show a nonlinear strain-stiffening behavior. In Fig. 7(b),
depending on exactly how the compressing plates engaged the
robot, the first few centimeters of displacement typically pro-
duced only little force even in the jammed state, while in the
initially unjammed state [see Fig. 7(c)], a sufficiently large dis-
placement led to mild jamming. Therefore, the robot’s average
stiffness plotted in Fig. 7(a) is calculated as the average of the
slope of the force—displacement curve over the full displacement
range shown, computed at 2-cm intervals.
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Fig. 7. Compression stiffness test averaged over five trials; error bars show
standard deviation. The membrane width, W, is 10 cm and the particle are
d=1 cm, 2 cm, and 4 cm. Force—displacement curves are shown for 1-
cm particles and 40% volume fraction in (b) jammed and (c) unjammed
states.

Fig. 7(a) shows that a smaller particle size leads to both higher
jammed stiffness and significantly lower unjammed stiffness,
especially for the maximum volume fraction (40%). In addition,
increasing the volume fraction increased both the jammed and
unjammed stiffness for all particle sizes. For instance, with 1-cm
particles, the jammed stiffness increases approximately 600%
when increasing the volume fraction from 20% to 30%, and the
stiffness roughly doubled again when raising the volume fraction
from 30% to 40%.

The jammed stiffness increases with a higher volume fraction
due to the higher number of particles, which leads to more
contact points. This results in more work required to overcome
friction and deform the robot in the jammed state.

The increase in unjammed stiffness seen in Fig. 7(c) beyond
15-cm results because the robot’s deformation is so large that
the available internal volume of the now buckled and wrinkled
membrane falls below the jamming threshold and produces
a passively jammed state [36]. For the 2- and 4-cm parti-
cles, the membrane-diameter-to-particle-diameter ratio (W/d)
is sufficiently small that finite size effects become important.
This means that the interaction between the particles and the
membrane will become much more significant, especially once
the membrane buckles in compression. As a result, there is a

significant jump in the unjammed stiffness for the 2- and 4-cm
particle samples at 40% volume fraction.

For the prototype, we, therefore, used 1-cm particles with a
40% volume fraction, given its high stiffness when jammed and
high compliance when not jammed.

B. Object Handling

The robot’s high conformability and tunable stiffness enable
it to approach an object, conform to it, secure the grasp by
jamming, and pull or push the object (see Movie S2 and Movie
S3 in the supplementary material). To test the effect of volume
fraction and particle size, we performed a pulling test [see
Fig. 8(a)—(c)] on a 0.5-kg 5-cm-diameter cylinder and a 0.5-kg
5-cm-wide cube. Both were covered with paper to maintain
consistent surface friction. For each particle size, the maximum
pulling force for three volume fractions [20%, 30%, and 40%;
see Fig. 8(d) and (e)] was tested. The results show the same
trend for both objects, but the maximum pulling force for the
cube is always greater, probably because the cube’s sharp edges
resulted in a better grip.

According to the experiments, the best volume fractions for
1-, 2-, and 4-cm particles are 40%, 30%, and 20%, respectively.
This trend shows that increasing the size of the granular particles
decreases the optimum volume fraction. This is explained by the
results in Fig. 7(a), which shows that the robot’s conformability
decreases when reducing the W/d ratio and increases when
reducing the particle volume fraction.

More importantly, the experimental results show that the
maximum grasping force belongs to the smallest particle size.
Fig. 7(a) shows that the 1-cm particle size has both the highest
conformability and the highest jammed stiffness, which both
positively affect the maximum grasping force. For 1-cm particles
with 40% volume fraction, the robot’s maximum pulling force,
~17 N, is reached while jammed for both the cube and the
cylinder [see Fig. 8(d) and (e)] because the objects were not
released and the pulling force was limited to the robot traction
force.

Fig. 8 shows the pulling force difference between jammed
and unjammed states. The difference is not proportional to the
stiffness variation results in Fig. 7. To explain this, note that
parameters other than stiffness, such as the subunits’ locomotion
force and the robot/object contact physics, may also affect the
maximum pulling force. In addition, as shown in Fig. 7, the
system has a nonlinear force—displacement profile that indicates
that stiffness depends on the initial jammed configuration and
its loading mode. Therefore, although the compression test is
used as a reference for qualitative analysis, the actual stiffness
variation may be scenario dependent.

C. Shape Formation

Shape formation enables the robot to optimize its configu-
ration for various tasks (see Fig. 9 and Movie S4 in the sup-
plementary material). For instance, forming a C-shape is useful
for grasping an object as shown in Section V-B, a triangular
shape is useful for pushing an object as shown in Movie S5
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Robot (a) engulfing an object connected to a load cell, (b) pulling it away from the load cell in jammed mode, and (c) releasing the object. (d) and (e)

show the maximum pulling force averaged over five tests for a cube and a cylindrical object, respectively. Error bars show the standard deviation. Three particle
sizes and three volume fractions of each particle size were tested on each object. The maximum pulling force of each particle size and their corresponding volume
fractions are displayed for both objects. The highest pulling forces for 1-, 2-, and 4-cm particle sizes (W/d = 10, 5, and 2.5) are achieved with 40%, 30%, and 20%
volume fraction, respectively. For 1-cm particles at 40% volume fraction, the maximum pulling force is reached while jammed since the object was not released

and the pulling force was limited to the traction force.

in the supplementary material, and a line shape can be used
to maximize the locomotion force or pass through a narrow
corridor, as described in Section V-E.

D. Target Tracking

In this section, we demonstrate three different cases of target
tracking. The first tracks a target position without alignment or
jamming. The second uses the alignment algorithm and the third
adds jamming. Movie S6 in the supplementary material shows
all three cases.

Fig 10(a) shows that when the target tracking with alignment
method is used, the robot’s mean velocity significantly increases
as the subunit heading angles align toward the target. Moreover,
the results demonstrate an additional 20% improvement in the
average velocity when jamming is activated due to eliminating
the robot’s deformation during locomotion.

The robot’s normalized alignment is shown in Fig. 10(b)
for the three target tracking cases. The results show that the
normalized alignment randomly oscillates in the case of target
tracking without alignment, whereas it converges to its desired
value, 0.75, in the case of target tracking with alignment and
target tracking with alignment and jamming. In addition, the
normalized alignment has less oscillation once it reaches its
desired value in the case of target tracking with jamming, which
shows the capability of the jamming feature to preserve a desired
configuration of the robot during locomotion.

To study target tracking when the number of subunits is scaled
up, we relied on the simulation environment. The robot was given
the same target tracking with alignment task for all cases (see
Movie S7 in the supplementary material). Fig. 11 shows that the
locomotion speed asymptotically decreases when increasing the
number of subunits (up to 35% when the subunits are scaled up
8x). By increasing the number of subunits, the robot undergoes
more deformation, which subsequently decreases the robot’s
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(a) (b)

Fig. 9. Robot performing shape formation for a (a) circle, (b) line shape,
(c) C-shape, and (d) triangle.

speed. To reduce this effect when scaling up the number of
subunits, jamming can be employed to increase the robot’s
speed.

E. Narrow Corridor Passing

Fig. 12 shows the robot passing through a narrow corridor
with two initial configurations while applying the 0.2-Hz rocking
motion to the “lifters,” as described in Section III-A.

F. Robustness to Failure

The robot’s distributed design preserves functionality if some
subunits fail. Fig. 13 shows the outcome when zero, two, four,
and six subunits fail (mimicked here with a disconnected battery)
in a target tracking task. The robot was initialized in a jammed
circular shape. The results show that the robot’s mean velocity
decreases with the same trend as the robot’s normalized driving
force in the direction toward the target, estimated as

f_ fve = ZieActive subunits | cos (01 — a)|
active = .
Sily | cos (6 — o)

Note that factive is normalized with respect to the maximum driv-
ing force of the robot in a circular configuration, i.e., factive =1
when all subunits are active, and factive = 0 when all subunits
fail. Additionally, f,cive is the same for the case of two and
four failed subunits, since the additional two failed subunits in
the latter case are initially perpendicular to the robot’s direction
of motion (cos (f; — «) is zero for these subunits). However,
the experimental result shows a slightly lower average velocity
for the case of four failed subunits, which we believe is due
to random rotation of the robot, which changes the heading of
the failed subunits, changing their role from lifter to pullers, in
addition to the inactive vibration motors of the failed subunits,
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Fig. 10.  (a) Distance to target (measured from the robot’s center, about ~25
cm when the periphery reaches the target) and (b) normalized alignment versus
time in target tracking without alignment, with alignment, and with alignment
and jamming. Results are averaged over five trials.
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Fig.11.  Simulationresults of robot average velocity versus number of subunits
in a target tracking with alignment task.

which leads to higher sliding friction. In the most extreme case,
with six subunits failed, the average velocity is reduced by 40%.

VI. CONCLUSION

In this article, the prototype design, fabrication, and
optimization-based control methodologies to track a target and
perform shape formation of a new type of soft robot based
on boundary-constrained modular subunits were described. The
design introduces both softness and modularity by using rigid
robotic subunits that are flexibly connected to each other by a
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averaged over three trials; error bars show standard deviation. faciive from (12)
is the sum of the active subunits’ driving force in the direction of the target
normalized with respect to the robot’s maximum driving force in a circular
configuration. The robot’s velocity decreases with a similar trend to fociive as
the number of failed subunits increases.

soft toroidal membrane. The robot is able to perform both as a
soft and rigid system by using a granular jamming mechanism
activated by a distributed on-board vacuum system.

The granular jamming mechanism and the object handling
capability were characterized as a function of particle size and
volume fraction. The results showed that the smallest particle
size exhibited both the highest conformability and jammed
stiffness. The result was verified by object grasping and pulling
tests. The robot exhibits capabilities of traditional elastomeric
soft robots, such as squeezing through a narrow corridor and safe
and robust object handling. In addition, the robot demonstrates

(b)

Robot passing through a narrow corridor in a (a) line-shape and (b) circular initial configuration (see Movie S8 in the supplementary material).

many advantages of using a modular design for soft robots,
including decentralized locomotion, robustness to partial failure
of its components, and a tetherless design.

The robot can form different shapes to enhance locomotion
and object handling. Jamming can further improve performance
by preserving a desired configuration during locomotion or
increasing the pulling force during object grasping.

A multibody dynamic simulation compared the robot’s per-
formance in a target tracking task as the number of subunits was
scaled up. The results showed that the robot’s average velocity
decreases asymptotically as the number of subunits is increased.
Our understanding is that the higher scale design resembles a
softer system that deforms more and, therefore, leads to more
energy dissipation during locomotion.

In future studies, we plan to implement distributed local
sensing and control to the system so that the robot does not
need to rely on an external tracking system for pose feedback.
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