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Soft Lattice Modules That Behave Independently
and Collectively

Luyang Zhao , Yijia Wu, Julien Blanchet, Maxine Perroni-Scharf , Xiaonan Huang , Joran Booth ,
Rebecca Kramer-Bottiglio , and Devin Balkcom

Abstract—Natural systems integrate the work of many sub-units
(cells) toward a large-scale unified goal (morphological and behav-
ioral), which can counteract the effects of unexpected experiences,
damage, or simply changes in tasks demands. In this letter, we
exploit the opportunities presented by soft, modular, and tensegrity
robots to introduce soft lattice modules that parallel the sub-units
seen in biological systems. The soft lattice modules are comprised
of 3D printed plastic “skeletons,” linear contracting shape mem-
ory alloy spring actuators, and permanent magnets that enable
adhesion between modules. The soft lattice modules are capable
of independent locomotion, and can also join with other modules
to achieve collective, self-assembled, larger scale tasks such as
collective locomotion and moving an object across the surface
of the lattice assembly. This work represents a preliminary step
toward soft modular systems capable of independent and collective
behaviors, and provide a platform for future studies on distributed
control.

Index Terms—Cellular and modular robots, soft robot materials
and design, biologically-inspired robots.

I. INTRODUCTION

THIS letter presents soft modules that can attach to one
another to form larger, more capable lattices. Different

shapes of lattice assemblies support different tasks, and we
demonstrate configurations performing locomotion, peristaltic
surface manipulation and prehensile gripping.

We are particularly interested in exploring the intersection
of work on soft and modular robots. While modular robot sys-
tems collectively reconfigure themselves to allow manipulation
or locomotion, flexible lattices allow deformation as well as
reconfiguration, motivating the exploration of new behaviors; in
this letter, we explore whole-body manipulation of a ball along
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the surface of the lattice. Eventually, we imagine that such a
system could be used as a rapidly deployable, flexible structure
with applications in disaster relief and construction, capable of
serving as a 2D conveyance for materials or as active scaffolding
for construction in hostile environments.

Soft robots constructed of flexible materials offer the possibil-
ity of simple mechanical designs, safe operation in the presence
of humans and delicate objects, excellent resistance to mechani-
cal impact, and compliance to adapt to uneven terrain [1]. Owing
to high force-to-mass ratio, high work density, and the capability
of being actuated by light on-board electronics [2], many soft
robots are actuated using spring-memory alloy (SMA) variable
length tendons [1], which can be combined with a flexible body
to enable limb-like bending.

Collective behavior to perform complex tasks has garnered
interest in recent years [3]. One thrust of prior research has been
on rigid-bodied units capable of rearranging into various chains
or circular configurations in order to achieve novel locomotive
capabilities [4]–[6]. Another thrust has been self-assembly and
reconfiguration of lattice-based systems, in which robot modules
are connected in a grid-like pattern [6].

The modules in this letter are composed of 3D printed skeleton
using a flexible Thermoplastic Polyurethane (TPU) material,
shaped like a pair of stacked tetrahedrons (Fig. 1(a)), and SMA
coils which are tethered to an Arduino located externally. SMAs
are selected as actuators of this modular system due to their high
force-to-mass ratio and high work density. The modules attach
together via specially arranged magnets located at the end of the
module arms.

We designed two methods of locomotion for the individual
module based off the principle of shifting the center of mass
to change the relative friction of the bottom three feet as they
slide along a surface. Once individual modules approach each
other, they engage in an attachment protocol that helps ensure all
four contact points are connected (Fig. 1(b)). We also developed
a walking gait for locomotion of three-module units that is
used to assemble a larger lattice (Fig. 1(c)). Once the lattice
is assembled, a peristaltic control algorithm is used to roll one
or more balls along the lattice surface. (Fig. 1(d)).

Peristaltic motion has been used in the robotics field as a
method of locomotion [7], [8], but little information is available
about the use of peristalsis (whole-body flexing) by robots
for object manipulation. We explore such manipulation using
the flexible surface in a way that resembles contact juggling
performed by humans. To further explore the capabilities of
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Fig. 1. System overview

these lattice modules we also tested prehensile module-based
gripper capable of grasping various objects. (Fig. 1(e)).

Ourprimary contribution is the instantiation of semi-soft lat-
tice modules capable of attachment and detachment on-demand,
enabling a rich application space including self-assembled struc-
tures and multi-functional robots. Taking inspiration and bene-
fits from soft robotics, modular robotics, and tensegrity robotics,
our proposed soft lattice modules locomote independently and
collectively. Collections of modules achieve faster locomotion,
and permit various manipulation strategies.

This letter is organized as follows. First, we discuss related
work, andthe design of our system, starting with a description of
the single module locomotion, followed by attachment into 3-
module, followed by multi-module locomotion and attachment
into a lattice, and then by peristaltic manipulation and module-
base gripper.We also discuss limitations of the current system,
and propose future work.

II. RELATED WORK

Our work lies at the intersection of soft robots and modular
robots and relates to much other work in these fields. Another
field of related work is tensegrity robots, in which the robot

structure is held intact through a combination of compressive
and tensional elements. Although our modules and system do
not rely on tensional forces when static, they behave much like
tensegrities when an SMA spring is activated.

A. Modular Soft Robots

Lee et al. [1] provide a review of soft robot research, including
an overview of fabrication methods (ours is 3D printed), actu-
ation methods (ours uses SMA wire), and control techniques.
Several modular soft robots are composed of repeating sections,
often arranged in caterpillar-inspired shapes and commanded
with traveling peristaltic waves. For example, the Zou catepillar
robot [9] used modular segments with pneumatic feet connected
in series and the Wormbot [10] featured custom audio speaker
assemblies embedded in sections. Both locomoted using peri-
staltic control strategies.

The use of magnetic attachment is also fairly common among
modular rigidand soft robots. Tosun et al. designed a connec-
tor embedded in planar face for rigid modular robots using
electro-permanent magnets where power is needed for changing
magnets state [11].The Kwok self-assembling finger robot [12]
demonstrated magnetic self assembly of robotic fingers to form
hexapods and grippers manually and remotely. The CBalls
modules [13] are soft robots composed of pairs or trios of
inflatable spherical bodies magnetically attached together and
driven through a rolling motion between bodies.

There are other soft robots described as modular, but which
use the word differently than we are using in this work. The
“Click-e-bricks” components [14] and The Limpet II [15] are
both described as modular, but this term is used to describe
interchangeable components, such as sensors or actuators, and
not that the individual robots work together as a collective.
The Omniskins Prior “robotic skins” (or omniskins) [16] are
reconfigurable components that afford new shapes rather than
collective robot swarms that can link together.

Another major distinction between this work and prior is that,
exceptKwok finger robots, none of these robots demonstrated
self-assembly, including self-locomotion and attachment. Jel-
locube is a soft robot that can jump individually [17]. Use-
vitch et al. [18] designed a modular shape soft robot allowing for
shape-changing, punctuated rolling and manipulation, but none
of them show attachment functionality.

Although rolling or jumping locomotion might be faster [13],
[17], [18], in this letter, we focus on walking and sliding motions
as they provide the needed precision for docking, as well as
multi-module locomotion.

B. Self-Reconfiguring Robots

Yim et al. [3] and more recently Parker et al. [6] pro-
vide reviews of re-configurable and self-assembling robots,
and points out important challenges of self-configuring robot
systems [19].These robots often assemble into a chain or lattice
arrangement. Yim et al. first presented locomotion gaits table of
rigid modular re-configurable robots [20].

SMORES [21] andSambot [22] modules are un-tethered and
fully autonomous reconfigurable robot (our system is teth-
ered), but are rigid-bodied and requires additional part for
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manipulation capability. ShapeBots [23] are shape-changing
robots capable of working together to perform object manip-
ulation, but cannot fully deform because the robots are rigid.

Motion planning is a significant challenge for a large amount
of modular robot and reconfigurable robot.Kilobots [24] collec-
tively make up a 1024-robot system capable of self-assembly.
Liu and Yim proposed a motion planning algorithm for self-
reconfiguration ability of variable topology truss [25].

C. Tensegrity Robots

The module design draws some inspiration from tensegrity
structures [26]. There is much prior research surrounding tenseg-
rity robots and their applications, following on seminal work
at NASA on the lightweight SUPERball, which is especially
well-adapted to maneuvering over hazardous terrain [27]–[29].
Soft tensegrity robots have also been explored for different
purposes. Rieffel and Mourel accomplished fast locomotion
using soft tensegrity robot actuated with 3 motors [30]. Lee et al.
fabricated soft tensegrity robots with 3D printing materials to
avoid additional pose-assembly process for single robot [31].
Zappetti et al. proposed a soft modular robot inspired by cy-
toskeleton of living cell based on tensegrity [32].

Soft biologically-inspired tensegrity robots, built with rods,
tension springs and motorized cables, lend themselves to many
different modes of motion [33]–[35]. These tensegrity structures
are known as “bio-tensegrity robots,” and take inspiration from
a variety of animals. Mirletz1 et al. used NASA Tensegrity
Robotics Toolkit (NTRT) to simulate morphology and control
of modular spine-like tensegrity robots [36], where they tested
on Octahedral and Tetrahedal complexes, which looks similar
to our module, but their module cannot locomote individually
or do self-assembly. Moreover, the connection between their
modules are strings, and ours are magnets, which means our
single module is more flexible and separable.

There is also much prior work on the coordination of non-
tensegrity multi-robot systems and usingthese systems for ob-
ject manipulation. There are many advantages to multi-robot
systems [37], and they are particularly well suited for the trans-
portation of large objects in hazardous environments. There are
a variety of approaches to coordinate the motions of robots in
these systems. For example, cluster space control [38] relies on
a pilot to use a joystick and manually coordinate four robots.
These robots can be used together for object transportation.
Decentralized control methods have also been studied that allow
robots to identify and approach a target object and move around
to transport it together [39]. The majority of such approaches rely
on the robots themselves to travel distances and move around
the surface, but there is less existing work on static robots to
pass objects between them.

III. MODULE DESIGN

A. Hardware Design and Assembly

An individual module is composed of a skeleton, SMAs
and spherical magnets. The shape of the skeleton is a pair of
symmetric stacked tetrahedrons, inspired by the geometry of a

Fig. 2. Top view of 2 pairs and 1 pair magnetic connectors

tetrahedral molecule (Fig. 1(a)). Each tetrahedron is composed
of four equal-length bars. The angle between each two neigh-
boring bars is cos−1(−1/3) ≈ 109.5◦, which is the same as the
bond angle of the tetrahedron molecule. The diameter of each
bar is smaller near the connection point for better flexibility,
with grooves for mounting SMAs. The skeleton is printed with
flexible TPU material with an infill density of 90% to achieve a
stronger adversarial bending force that helps restore a module’s
original shape after SMA contraction.

Given the small size of each module and the need for nine
actuators in order to achieve our target locomotive gaits and ma-
nipulation capabilities, we used one-way SMA (shape memory
alloy) coils (coil diameter, 3.45 mm; wire diameter, 0.51 mm,
Dynalloy) to actuate the robots. The end of each spring SMAs
is crimped with fishing wire and electric wire in a ferrule and
mounted to the grooves in the skeleton with the fishing wire.
The detwinned Martensite rest length of each SMA is longer
than the distance between two grooves to make sure that they
can be extended when the skeleton deforms because of SMA
actuation.The Austenitic (actuated) rest length of the actuators is
1.52 cm/1.42 cm/0.91 cm (vertical/diagonal/horizontal). When
installed, the detwinned Martensite rest length is set to be
8.0 cm/7.6 cm/4.4 cm, though this exact length changes with
actuation cycles due to variance in antagonistic forces applied
by other SMA actuators and the elastic energy stored in the
deformed soft skeleton.

Spherical magnets are affixed at the end of each tetrahedral
limb to enable the modules to connect together. We oriented the
polarity of the magnets in a circle as described in [40], where
each magnet in the loop is aligned head-to-tail and the magnetic
field inside the loop is either clockwise or counterclockwise.
Therefore, once all the magnetic balls are glued on the modules
with the same magnetic field direction, any modules can then be
attached together from all directions.

B. Choice of Spherical Magnets

The pull force of the spherical magnet has a strongly in-
fluences on the attachment property. We tested four sizes of
spherical magnets: 3/16,” 1/4,” 5/16,” and 3/8”. Six experiments
were done to evaluate their attachment properties including
the maximum distance that two modules can be attached by
magnetic force only and the minimum length that SMAs are
allowed to be contracted to avoid detachment of magnetic
connectors. The maximum distances were tested in two cases:
four feet facing each other (8 magnets) and two feet facing
each other (4 magnets). The minimum contraction length were
tested in four cases: two feet connected (Fig. 2(a)) and four
feet connected (Fig. 2(b)) while only SMAs in one module
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TABLE I
ATTACHMENT AND DETACHMENT EVALUATION

Fig. 3. Physical analysis of Shuffling pattern locomotion (top-down view of bottom legs).

contracted and SMAs in two modules contracted. Experimental
results are shown in Table. I, where 1.52 cm is the Austenitic rest
length of the vertical SMA. Results indicate that the magnetic
connection does not break even with maximum SMA actuation.
Based on the results, we chose the 1/4” diameter for locomotion
and peristaltic manipulation because of its low cost, and chose
the 5/16” magnets for gripper experiments that required larger
deformation while keeping modules connected.

IV. SINGLE MODULE LOCOMOTION & ATTACHMENT

A. Analysis of Locomotive Gaits

We have chosen two gaits (and a combination of them) for
single-module locomotion. The purpose of locomotion for single
module is to move towards other modules to assemble into a 3-
module unit for locomotion, where 3-module units are utilized to
assemble into a larger structure for manipulation. While there are
gaits that roll modules end-over-end to achieve fast locomotion,
the need for precise control during attachment motivated us to
instead explore gaits that cause the robot to slide along the floor
in an upright configuration.

Both gaits operate on the same principle: the module is
controlled in order to move the center of mass to reduce the
friction at contacts that are sliding forwards, while increasing
friction at contacts that are planted.

1) Single-Module Gait #1: Grab-and-Pull: In this grab-and-
pull gait (akin to breaststroke), the first step shifts the center of
mass backwards to plant the back leg while contracting the front
SMA to slide the front legs forward ( Fig. 4 a). Similarly, during
release of the front SMA, the robot rocks so that the center of
mass lies over the front two feet (Fig. 4 b). Therefore, after
switching the center of mass from back to front, the distance
moving forward h3 (Fig. 4 b) is equal to h1 − h2, where h1 and
h2 are the same when the center of mass is not switched and
kept in the center.

2) Single-Module Gait #2: Shuffling: In this pattern,the robot
walks by dragging left and right feet alternately without lifting
the feet from the ground. The physical analysis behind it is
similar to the grab-and-pull pattern. Fig. 3 shows the whole

Fig. 4. Physical analysis of Grab-and-pull pattern locomotion (top-down view
of bottom legs).

Fig. 5. Control signal for single module locomotion.

process, where the center of mass is switched to front during
contraction of left SMA and switched backward during recovery
process to intensify the impact of forward friction and weaken
the impact of backward friction. Then the right SMA works in
the same way symmetrically.

Importantly, if the contraction time of left and right SMAs
are different, the robot can rotate to the direction that is less
contracted, which means with this pattern, the upright robot can
move to arbitrary locations and orientations in the plane.

3) Single-Module Gait #3: Combined: We used the property
that motion of the center of mass is opposite in the two patters to
create a combined pattern with faster locomotion. Specifically,
the combined gait is “left→ front→ right → front”. Fig. 6 shows
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TABLE II
RUNNING TIME COMPARISON BETWEEN DIFFERENT PATTERNS (MOVING 2 CM)

Fig. 6. Combining Grab-and-pull and shuffling patterns

an example where the center of mass switches from front to back
when left foot is contracted & released and then the front bottom
SMA is contracted – the corresponding control signal is shown
in Fig. 5 (SMAs are labeled in Fig. 1(a); The labels Vx, Dx, Hxx
represent vertical, diagonal and horizontal SMAs respectively,
where x/xx is determined by the limb label). We ultimately
selected combined gait for the single-module locomotion and
attachment task.

B. Experiments

1) Locomotion Performance: To control the SMAs, we used
Arduino and 12 V DC power supply. 120 grit sandpaper supplies
a coarse locomotionsurface . To reduce drag, we used light,
flexible silicone insulated stranded wires for the tether.

We conducted some experiments to validate the effective-
ness of the two locomotion patterns. The grab-and-pull gait
took 8.3 min to travel 2 cm, or 0.00095body lengths per sec-
ond (BL/s), where 1.38 min was used to actuate and the rest
was used to cool the SMA actuators. The shuffling pattern
took 5.02 min to travel 2 cm, or 0.00157 BL/s,where 0.84 min
was used to actuate. For the combined gait, the time cost of
moving forward 2 cm is 3.15 min (median of 10 trials), or
0.00252 BL/s,where the actuation time is 0.75 min.

2) Strategies to Increase the Speed: Given the slow speeds
observed with the gaits mentioned above, we experimented with
several methods of expediting the locomotion (Table II).

Vibration: Since legs are unable to be lifted off the ground,
backward friction between the sliding legs and the ground in-
hibits movement speed. To reduce this friction, we alternately
actuate and relax the back vertical SMAs on a 50 ms : 1000 ms
(actuation : cooling) interval.

Cooling Fan: We tested putting a fan opposite to the direction
of motion to simulate locomotion in outdoor conditions.

Multiple Thinner SMAs: We tested replacing single SMAs
with multiple thinner SMAs to increase the surface area and
speed cooling, similar to the “stacked-ribbon” design [41].

C. Attachment Between Single Modules

Once two modules are in close proximity they enter an attach-
ment protocol to ensure a fully connected four-magnet bond

Fig. 7. Attachment between single modules

(Fig. 7). During this protocol, one module actively moves to-
wards the other one while the other module waits and cooperates
with the active module. Once two modules are close enough, the
head of the passive module leans outward to prevent the upper
magnets from attaching together, since an initial attachment of
the top magnetic balls can prevent successful attachment of the
bottom two balls because the modules are unable to shift their
center of gravity sufficiently to slide the bottom feet. When at
least one pair of bottom feet has been attached (Fig. 7(b)), all the
SMA actuators on the two modules are commanded to release
until returning to initial states. During this process, other pairs
of magnetic balls will be attached automatically as shown in
Fig. 7(c). For those exceptional cases where not allthe remaining
magnetic balls are attached automatically, the strategy we used is
to contract the four neighboring vertical SMAs simultaneously
and then contract the two front horizontal SMAs at the same
time.

D. Attachment Test

To test this attachment strategy we conducted an experiment
where we attached one of the bottom magnets and varied the
alignment angle between the modules. Fig. 7(b) is an example
with an approximately 10◦ alignment angle. We tested 5 trials
for each angle (0◦, 30◦, 60◦, 90◦, 120◦). The success rate was
100% for angles less than or equal to 90 degrees, while 4 out of 5
trials with 120◦ succeeded. Furthermore, for trials with angle 0◦,
30◦, and 60◦, the remaining pair of magnetic balls automatically
attached during recovery process. For trials with angle 90◦, 2
trials out of 5 required an additional approach after recovery to
help with attachment.

V. 3-MODULE LOCOMOTION & ATTACHMENT

The locomotion pattern of 3-module is like a three-legged
race, where the feet in between are strapped by magnetic balls
and only the left most and right most feet can move freely.

A. Physical Analysis of “three-Legged Race” Pattern

The principle of moving forward for 3-module unit is similar
to the combined Shuffling and Grab-and-pull pattern of single
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Fig. 8. Physical analysis of three-module locomotion (left-leg step, top-down
view of bottom legs)

Fig. 9. Control signal of three-module locomotion.

module locomotion, where left foot and right foot are alternately
moving forward, and the front SMA is actuated to speed up
the forward movements. The main difference and advantage of
three-module locomotion is that given the greater number of
ground contact points, feet can be lifted and advanced in the air
while maintaining stability, thereby eliminating sliding friction
and enabling significantly faster locomotion as compared to a
single module.

Take the left foot as an example. The first step is to raise the left
foot and move it forward in the air (Fig. 8(b)).The second step
(Fig. 8(c)) plants the outside back feet (nodes 3 & 5) by switching
the center of gravity backward while lifting and advancing the
center-back leg (node 4). The last step is to raise the front left
foot (node 1) and actuate the front horizontal SMA to reduce
the friction that influences the movement. As shown in Fig. 8(d)
only three feet remain on the ground. Finally, the three-module
can move the left side of the body forward (Fig. 8(e)). The
sequence will then be mirrored for the right side. Photos of the
gait sequence shownin Fig. 10 and Fig. 9 shows the control
signal for moving the left foot forward (Lx, Mx, Rx represent
the SMAs on the left, middle and right modules separately, with
x labelled in the same way as in Fig. 1(a), with limb labels (A,
B, C) for each module shown in Fig. 10(a)).

Fig. 10. A sequence of actions the 3-module takes to move the left feet forward

B. Experiments

To move forward for 2 cm, the running time of 3-module unit
was 2.35 min (median of 5 trials) and the cooling time for each
cycle was 12 s out of 22.6 s, or 0.0335 BL/s. This motion is faster
than a single module as each foot can be lifted and then moved
forward in air, allowing more forward displacement during each
cycle. A sequence of actions to move the left feet forward shown
in Fig. 10,

C. Attachment Between 3-Module Units

Fig. 1(c) shows an example of attaching four three-module
groups together. Unlike single-module attachment, the passive
module unit waits motionlessly instead of leaning backward
to cooperate, due to the complexity that would be required
for the leaning motion. Moreover, since the unit will not lean
forward as the single module does during locomotion, either the
bottom magnetic balls will be attached first when unit is leaning
backward or all balls (top and bottom) will attach simultaneously
when the unit is upright.

When a 3-module unit approaches the lattice it is common for
all magnetic connection points to snap together nearly simulta-
neously, but this is not always the case. Fig. 1 c3 shows a case
where only a partial connection is made between the orange unit
and the lattice. In this case, we used a rotation motion to pivot
the unit around the connected points until a full connection was
reached. Closing the loop with sensing and fully automating this
process is a next step in future work.

VI. NON-PREHENSILE MANIPULATION

In this section, we describe strategies to roll a single ball or
multiple balls along the surface of the structure. Ultimately, we
imagine transporting other objects or even modules themselves
along the surface, using lattice deformation as a whole-body
manipulation strategy.

A. Bi-Directional Linear Manipulation With SMAs in 3D

Vertical SMAs are actuated to change the shape of the top
surface to make the ball roll. Fig. 14(b) shows an example of
bi-direction linear manipulation.

An example of moving a ball from the left node to the right
node is shown in Fig. 12. The first step is to drag the left
node down vertically by actuating six connected vertical SMAs
(shown in Fig. 12(b)). During release of these SMAs, the height
of left node increases gradually. When the left node rises, the
ball might drop either left and right; to avoid this, before the
left node becomes flat, the first node connector SMAs (marked
in red in Fig. 12(c)) is actuated to give the ball velocity in the
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Fig. 11. Top and front view of lattice with 10 modules.

Fig. 12. Manipulation process

Fig. 13. Control signal of manipulation (1st node → 2nd node).

Fig. 14. (a) Path control of a ball (b) Bi-direction manipulation (c) Parallelo-
gram manipulation

desired direction. After 5 seconds, the second node connector
SMAs (marked in blue in Fig. 12(d)) is actuated to give the ball
a rightwards velocity towards a stable position on top of the
middle module. The corresponding control signal is shown in
Fig. 13 (vertical actuated SMAs are labeled in Fig. 11(a)).

B. Path Control of a Ball

Using the same principle, adding additional modules to the
lattice allows us to do path control of a ball along the top surface.
Fig. 14(a) shows an example of a 3x3 grid, where white edges
are the allowed paths to move through. Except bi-directional

TABLE III
GRIPPING CONFIGURATION SUCCESS RATES

manipulation, we alsotested parallelogram manipulation on this
surface (Fig. 14(c)) andmanipulating two balls on the top sur-
face, where as Fig. 1(d) shows, two balls move in opposite
directions without touching each other.

VII. GRIPPER FORMED FROM MODULES

We have also tested using a module-based gripper to grasp
various objects, as shown in Fig. 1(e). Top horizontal SMAs are
added for each module such that the object can be grasped when
both top and bottom horizontal SMAs on the inside boundary
are actuated. To grasp larger objects, top and bottom horizontal
SMAs on the outside boundary are actuated to open the gripper
at first. To avoid detachments between modules easily when
grasping heavy objects, we used larger ball magnets with 5/16”
diameter and 2.52 lbs pull force.

Objects with different weight/shape/size/surface as shown in
Fig. 1(e) were tested, and the results are shown in Table III.
The gripper appears capable of gripping a variety of objects
with a success rate that varies depending on the roughness of
the gripper and the weight/shape/size/surface of the object. To
increase the success rate, future work could test increasing the
roughness of the gripper, using magnets with higher pulling
force, using softer skeletons to allow more deformation, or trying
new arrangements of modules to grasp different objects.

VIII. CONCLUSION AND FUTURE WORK

In this letter, we instantiated soft lattice modules that be-
have both independently and collectively. Using these lattice
modules, we demonstrated preliminary steps toward the self-
assembly of robotic lattice structures and employed several
behaviors to perform collective and coordinated tasks.

Our system has several limitations and opportunities for fur-
ther development. At present, all the modules are tethered to an
Arduino which controls the lattice as a whole. To allow modules
be self-contained and autonomous, on-board computing, power,
and sensing would be required. The modules would need com-
munication through a contact-based mesh scheme or a wireless
scheme. Methods of realizing distributed control of the lattice
would need to be implemented.

Our single module locomotion strategy relies on friction, so
the speed is limited even on rough surfaces. However, for 3-
module locomotion, since the feet can be lifted, the speed is
much faster. We plan to explore moving more modules together
for centipede-type locomotion, and improve module design to
make it walk individually instead of sliding.

Our system is capable of self-assembly, but the magnets
present a challenge for self-disassembly. One potential approach
is to use the principle of “tug of war” to generate sufficient
detachment force, but detaching multiple connection points
simultaneously may be difficult and a hardware modification
is perhaps necessary for this purpose.
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Yet another direction for further development lies in simula-
tion. We have built a simple simulation using an energy-based
quasi-static model that estimates the configuration with the
minimal potential energy using Lagrange multipliers. Our model
assumes a pseudo-rigid bodied skeleton and requires further
development to better reflect the system dynamics.

REFERENCES

[1] C. Lee et al., “Soft robot review,” Int. J. Control, Automat. Syst., vol. 15,
no. 1, pp. 3–15, 2017.

[2] X. Huang, M. Ford, Z. J. Patterson, M. Zarepoor, C. Pan, and C. Majidi,
“Shape memory materials for electrically-powered soft machines,” J.
Mater. Chem. B, vol. 8, no. 21, pp. 4539–4551, 2020.

[3] M. Yim, Y. Zhang, and D. Duff, “Modular robots,” IEEE Spectr., vol. 39,
no. 2, pp. 30–34, Feb. 2002.

[4] F. Mondada et al., “Swarm-bot: A new distributed robotic concept,” Auton.
Robots, vol. 17, no. 2, pp. 193–221, 2004.

[5] S. Murata, E. Yoshida, A. Kamimura, H. Kurokawa, K. Tomita, and
S. Kokaji, “M-TRAN: Self-reconfigurable modular robotic system,”
IEEE/ASME Trans. Mechatronics, vol. 7, no. 4, pp. 431–441, Dec. 2002.

[6] L. E. Parker, D. Rus, and G. S. Sukhatme, Multiple Mobile Robot Systems.
Cham, Switzerland, Springer, 2016, pp. 1335–1384.

[7] H. Omori, T. Nakamura, and T. Yada, “An underground explorer robot
based on peristaltic crawling of earthworms,” Ind. Robot, vol. 36, no. 4,
pp. 358–364, 2009.

[8] S. Seok, C. D. Onal, R. Wood, D. Rus, and S. Kim, “Peristaltic locomotion
with antagonistic actuators in soft robotics,” in Proc. IEEE Int. Conf. Robot.
Automat., 2010, pp. 1228–1233.

[9] J. Zou, Y. Lin, C. Ji, and H. Yang, “A reconfigurable omnidirectional
soft robot based on caterpillar locomotion,” Soft Robot., vol. 5, no. 2,
pp. 164–174, 2018.

[10] M. P. Nemitz, P. Mihaylov, T. W. Barraclough, D. Ross, and A. A. Stokes,
“Using voice coils to actuate modular soft robots: Wormbot, an example,”
Soft Robot., vol. 3, no. 4, pp. 198–204, 2016.

[11] T. Tosun, J. Davey, C. Liu, and M. Yim, “Design and characterization of
the ep-face connector,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,
2016, pp. 45–51.

[12] S. W. Kwok et al., “Magnetic assembly of soft robots with hard compo-
nents,” Adv. Funct. Mater., vol. 24, no. 15, pp. 2180–2187, 2014.

[13] Z. Chen, C. Zhao, Y. Zhang, Y. Zhu, J. Fan, and J. Zhao, “C-balls: A
modular soft robot connected and driven via magnet forced,” J. Phys.
Conf. Ser., vol. 1207, Apr. 2019, Art. no. 012006.

[14] S. A. Morin et al., “Using ‘click-e-bricks’ to make 3D elastomeric struc-
tures,” Adv. Mater., vol. 26, no. 34, pp. 5991–5999, 2014.

[15] M. E. Sayed, J. O. Roberts, R. M. McKenzie, S. Aracri, A. Buchoux, and
A. A. Stokes, “Limpet II: A modular, untethered soft robot,” Soft Robot.,
vol. 8, no. 3, pp. 319–339, 2021.

[16] J. W. Booth et al., “Omniskins: Robotic skins that turn inanimate objects
into multifunctional robots,” Sci. Robot., vol. 3, no. 22, 2018, Art. no.
eaat1853.

[17] S. Li and D. Rus, “JelloCube: A continuously jumping robot with soft
body,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 2, pp. 447–458,
Apr. 2019.

[18] N. S. Usevitch, Z. M. Hammond, M. Schwager, A. M. Okamura, E. W.
Hawkes, and S. Follmer, “An untethered isoperimetric soft robot,” Sci.
Robot., vol. 5, no. 40, 2020, Art. no. eaaz0492.

[19] M. Yim et al., “Modular self-reconfigurable robot systems [grand chal-
lenges of robotics],” IEEE Robot. Automat. Mag., vol. 14, no. 1, pp. 43–52,
Mar. 2007.

[20] M. Yim, “A reconfigurable modular robot with many modes of locomo-
tion,” in Proc. JSME Int. Conf. Adv. Mechatronics, 1993, pp. 283–288.

[21] C. Liu, M. Whitzer, and M. Yim, “A distributed reconfiguration planning
algorithm for modular robots,” IEEE Robot. Automat. Lett., vol. 4, no. 4,
pp. 4231–4238, Oct. 2019.

[22] H. Wei, Y. Cai, H. Li, D. Li, and T. Wang, “Sambot: A self-assembly
modular robot for swarm robot,” in Proc. IEEE Int. Conf. Robot. Automat.,
2010, pp. 66–71.

[23] R. Suzuki et al., “Shapebots: Shape-changing swarm robots,” in
Proc. 32nd Annu. ACM Symp. User Interface Softw. Technol., 2019,
pp. 493–505.

[24] M. Rubenstein, C. Ahler, and R. Nagpal, “Kilobot: A low cost scalable
robot system for collective behaviors,” in Proc. IEEE Int. Conf. Robot.
Automat., 2012, pp. 3293–3298.

[25] C. Liu and M. Yim, “Reconfiguration motion planning for variable
topology truss,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2019,
pp. 1941–1948.

[26] R. E. Skelton, R. Adhikari, J.-P. Pinaud, W. Chan, and J. Helton, “An
introduction to the mechanics of tensegrity structures,” in Proc. 40th IEEE
Conf. Decis. Control, 2001, vol. 5, pp. 4254–4259.

[27] J. Bruce et al., “SUPERball: Exploring tensegrities for planetary
probes,” in Proc. 12th Int. Symp. Artif. Intell., Robot. Automat. Space,
2014.

[28] A. Sabelhaus et al., “System design and locomotion of SUPERball, an
untethered tensegrity robot,” in Proc. IEEE Int. Conf. Robot. Automat.,
2015, pp. 2867–2873.

[29] J. Bruce, K. Caluwaerts, A. Iscen, A. P. Sabelhaus, and V. SunSpiral,
“Design and evolution of a modular tensegrity robot platform,” in Proc.
IEEE Int. Conf. Robot. Automat., 2014, pp. 3483–3489.

[30] J. Rieffel and J.-B. Mouret, “Adaptive and resilient soft tensegrity robots,”
Soft Robot., vol. 5, pp. 318–329, Apr. 2018.

[31] H. Lee et al., “3D-printed programmable tensegrity soft robotics,” Sci.
Robot., vol. 5, no. 45, 2020, Art. no. eaay9024.

[32] D. Zappetti, S. Mintchev, J. Shintake, and D. Floreano, “Bio-inspired
tensegrity soft modular robots,” in Proc. Conf. Biomimetic Biohybrid Syst.,
2017, pp. 497–508.

[33] Q. He and M. Post, “An adaptable robotic snake using a compliant actuated
tensegrity structure for locomotion,” in Proc. Annu. Conf. Towards Auton.
Robotic Syst., 2020, pp. 70–74.

[34] S. Lessard et al., “A bio-inspired tensegrity manipulator with multi-dof,
structurally compliant joints,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots
Syst., 2016, pp. 5515–5520.

[35] A. Boxerbaum, K. Shaw, H. Chiel, and R. Quinn, “Continuous wave
peristaltic motion in a robot,” Int. J. Robot. Res., vol. 31, no. 3, pp. 302–318,
2012.

[36] B. Mirletz, I.-W. Park, T. Flemons, A. Agogino, R. Quinn, and V. Sunspiral,
“Design and control of modular spine-like tensegrity structures,” in Proc.
World Conf. Int. Assoc. Struct. Control Monitoring, 2014.

[37] T. Arai et al., “Advances in multi-robot systems,” IEEE Trans. Robot.
Automat., vol. 18, no. 5, pp. 655–661, Oct. 2002.

[38] I. Mas and C. Kitts, “Object manipulation using cooperative mobile multi-
robot systems,” in Proc. World Cong. Eng. Comput. Sci., vol. 1, 2012,
pp. 324–329.

[39] P. Song and V. Kumar, “A potential field based approach to multi-robot
manipulation,” in Proc. IEEE Int. Conf. Robot. Automat., 2002, vol. 2,
pp. 1217–1222.

[40] H. Segerman and R. Zwier, “Magnetic sphere constructions,” J. Bridges
Conf. Proc., 2017.

[41] T. L. Buckner and R. Kramer-Bottiglio, “Design parameters for stacked-
ribbon shape-memory alloy bending actuators,” in Proc. IEEE 4th Int.
Conf. Soft Robot., 2021, pp. 579–582.

Authorized licensed use limited to: Yale University. Downloaded on June 14,2022 at 20:00:26 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


