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ABSTRACT

In this paper we describe extensions and improvements
upon prior work on “active cells”--small contractile
electromechanical elements used in large numbers to create
actuated composite structures. Each element (cell) consists of
square fiberglass end-pieces encapsulating a bias spring within
two telescoping tubes, actuated using two contractile shape
memory coils, and occupying approx. lcm® when fully
contracted. The end-pieces contain conductive interfaces to
nearby cells, thus allowing channeling of power through a
connected network of cells to provide actuation far from the
source of electrical current. Prior work developed the conceptual
structure of such a cell as well as preliminary prototypes. This
paper describes the attachment of cells to each other and to rapid-
prototyped cell interconnects -- as well as improved fabrication
techniques for the shape-memory coils -- resulting in robust
actuation for each cell, and the creation of considerably more
complex chained and networked composite structures. A detailed
exploration of appropriate interconnect mechanisms, powering
schemes to provide network-level structural deformations, and
examples of multi-cell structures are presented.

INTRODUCTION

This paper explores the development of an existing concept
prototyped in our prior work [1] to create contractile
electromechanical cells that are able to interface with one
another to create complex load-bearing structures. The project
was inspired by the complex structures found in nature that use
relatively simple electrochemical cells to create large swaths of
highly articulable macroscopic tissues. Specific examples of
such structures include peristaltic motion of the gastrointestinal
tract, rhythmic activation of cardiac muscle, and many others.

A careful look at a complex tissue such as from the human
heart shows the principal action of the structure comes from cells
that are simultaneously structural and contractile. The mobility

of the entire structure occurs through structured activation of
these cells by nearby pacemaker cells.
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Fig. 1 Improvements to Active Cells in scaling, fabrication and

performance (top: original prototype, bottom: new active cell).
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Fig. 2 Pin connections (top) to improve inter-cell contact.
Lower contact resistance causes less heat buildup at the end-
caps. Adjacent cells are also held close to each other (bottom),
enabling compact assembly.

Our initial efforts engineered a simple rapidly prototyped
cell that used shape-memory alloy (SMA) as the contractile
element that was activated by resistive heating from an off-board
power signal.

Related work:

The concept of creating actuated materials is not new.
Existing work has focused on creating reconfigurable robotic
modules [2,3], foldable or deformable composite structures
[4,5], and rigid structure through magnetically joining “pebbles”
[6]. An important related inspiration is in the study of variable
geometry trusses and adaptive structures, which explore many of
the concepts our work implements [7,8].

Almost all of the previous approaches were motivated by the
allowable form-factors for a particular compositing process.
Explored processes include laminar compositing of shape
memory materials with epoxies, silicates, and other metals
[9,10], Nitinol reinforced concrete [11], and flexible rods with
low-count shape memory fiber [12,13].

More recent work more closely related to our approach has
been the encasing of a Nitinol braid into a tube or solid sphere

[14] and the creation of a cellular material where the pressure in
each chamber affects the bulk material properties [15]. Our
previous work considers the packing of cells for connectivity
[16,17], neglecting any specific cell design, and our other work
presented previously at this conference uses a similar approach
of considering “cells of materials” for conductive pathways [18].

One of the key differences between this work and previous
approaches to “smart materials” methods is the simplicity of the
cells’ designs, as well as their assembly; the proposed designs
use easily fabricated fiberglass cells with Nitinol coils to create
contractions of the cell. We take a design-oriented approach,
where the user can design the active element and choose any the
assembly architecture to better tune the overall structural and
deformation properties.

CELL DEVELOPMENT

The choice of actuation using Nitinol requires the
corresponding selection of a biasing mechanism that allows the
contracted cell to return to its rest position. The selection of such
a biasing spring is a non-trivial exercise, requiring the evaluation
of the austenitic and martensitic phase change that brings about
the effective stroke of the cell, alongside the stiffness of the
biasing spring. The procedure for determining the rest length and
stiffness of this bias spring is detailed in our prior work [19].

Structural changes:

To scale down the cells (previous cells were approximately
1 in square in cross section, with rest length of about 1.5 in.), we
used 1 cm? fiberglass boards as end-caps to the cells, allowing
the incorporation of connectors as well as the brass tubing on one
board. We further reduced the wiring for a second power channel
through the cells: while this reduced the operational bandwidth
of any series of cells, it further scaled down the cell size and
simplified fabrication methods. The rest of length of a cell is
approximately 1.75 cm. A fully contracted cell is approximately
1cm long.

Inter-cell connections:

An important consideration in the feasibility of multicellular
structures is the inter-cell interfacing mechanism. Initial testing
with magnetic latching methods illustrated the difficulty of
having four points of contact between adjacent cells, since any
backlash during motion would weaken or break inter-cell
contact. To solve this problem, we used a pair of electrical pins
on each face of the cell to establish reliable contact between cells

(Fig. 2).

MULTI-CELL STRUCTURES

The feasibility of using Active Cells to create large-scale
structures depends largely on the ability to connect cells in large
numbers. We tested the scalability of such connections using
rapidly prototyped “nodes” that connected to a variable number
of cells. The cells and nodes thus formed a network of edges and
vertices respectively, where every node (and cell connections
terminating at that node) is internally connected to maintain a
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particular potential given the distribution of power sources in the
network.

Interconnecting nodes:

Nodes in this multi-cell network are designed to be common
points of contact for several cells. While electrically a node is a
single-potential location in the large circuit that is the cell
network, a node must also appropriately transmit the mechanical
deformations that occur through cells contracting. Each node
contains a cell-coupler that mimics the end-cap of the cell, and
is thus easily connected and disconnected from adjacent cells.
During normal operation, the connection force threshold is lower
than expected, allowing the node to maintain low connection
resistance and keeping interfacial power dissipation low.
Additionally, the cell-couplers branching out from a node meet

Fig. 5 Simple active cell network: square grid. Four nodes
connect four links (cells). Activation of cells involves setting a
potential difference between any pair of nodes. Inset shows
alternative starting state.

Fig. 6 Triangular active cell network: demonstrates the use of
the pin joint (node) in the network to create planar structures.

Fig. 4 Mechanical mates between cells and nodes. Multiple
links (cells) can meet at a node. Each node mechanically acts as
a pin joint.

at a pin joint in the center of the node, allowing free relative
rotations about this center.

Effectively, simply connecting cells and nodes together
creates a kinematically mobile series-parallel network of
resistances. Each cell in this network has a known resistance and
each node allows several such resistances to be electrically
connected while simultaneously allowing rotations at each of the
connections.

Simple articulated structures:

In order to demonstrate these multi-cellular structures, we
first connected four Active cells in a square grid using four nodes
(Fig. 5). This structure is structurally simple and has predictable
performance when the cells are activated. To activate a given
cell, an electrical potential difference is applied at the two
adjacent nodes to that cell. Naturally, such a potential difference
causes current to flow in two parallel paths, with 75% of the
input current flowing through the selected cell and 25% of the
input current flowing through the remaining three cells. By
keeping the voltage difference on for a small amount of time, the
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Fig. 7 A network of cells in the nominal state (Left) and two different activation schemes (Center and Right). In each configuration,
the cells that are active are shown in red and the cells that are inactive are shown in green.

selected cell is activated and the cell contracts, while the
remaining cells do not.

A second simple structure uses three cells and three nodes
arranged in a triangle (Fig. 6). Activated as the square-grid, this
structure demonstrates the possibility to tile large surfaces with
polygons, modifying the local geometry and stiffness by
selectively activating cells.

In the absence of boundary constraints on the cell structures,
the entire structure deforms as any local deformations take place.
If the structure’s external boundary is fixed, any local
deformations cannot deform the structure, but instead translates
to local stiffness changes. Both global deformations and
selective stiffness changes are thus realizable goals for active cell
structures.

INCREASING STRUCTURAL SCALE

The practical success of building simple structures using
Active Cells begs several questions about scalability. Among
these, an important first step is to investigate the control large
networks of cells. Simulations into the structural deformations of
a network of nodes and contractile links show the importance of
physically grounding nodes in a large structure. Fixed and
selectively-mobile nodes create widely varying structural
response to cell activation.

Simulations:

While this paper has focused primarily on the building
blocks that will be used to form larger structures (see Fig. 5 and
6), we have conducted preliminary experiments to assess both
these building blocks as well as larger ensembles of cells
arranged in a plane.

In Fig. 7, we show the results of three simulations in which
we solve for the position of cells in a rectangular grid. Here, we
assume that the cells on the left of the structure are still allowed
to move along the Y-axis, but their position along the X-axis is
fixed. The configuration of the structure is determine by finding
a static equilibrium that minimizes the stored elastic energy over
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Fig. 8 Two potential basic building blocks of larger structure:

(Top) square lattice of cells and (Bottom) triangular lattice of cells
in three different configurations of active/inactive cells. In each
configuration, the cells that are active are shown in red and the

cells that are inactive are shown in green.

all cells. The cells that are in their relaxed state (Martensitic
Nitinol elements) are shown in green, while the cell in their
contracted state (Austenitic Nitinol elements) are shown in red.
The network of cells in Fig. 7 is shown with cells connected
on a rectangular grid, however other basic geometric elements
are also possible. In Fig. 8 we demonstrate through simulation
multiple configurations of two different potential building blocks
for structures made of active cells. The number of potential open

space deformations is(;:), where n is the number of sides and k

is the number of actuated sides. Here, as previously, the inactive
cells are shown in green and the contracted cells are shown in
red

In the literature, most variable geometry trusses are
designed with links that are rigid linear actuators, and as such,
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determining the position and orientation of the points on the truss
is an extremely difficult and computationally intensive problem
of solving the highly parallel inverse kinematics. On the other
hand the analysis of the shape of the structures we propose is a
much simpler process, though still somewhat computationally
expensive, of finding the minimum energy configuration of the
ensemble of cells. Thus, our simulations assumed we start at a
known configuration of the system and we perform a
minimization of the stored elastic energy of the system to solve
for the current configuration of the ensemble.

Hardware implementation:

This simulation framework for determining the
configuration of deformed structures of actives cells will provide
methods for both determining structure given control inputs, as
well as for validation of models. We are currently in the process
of fabricating a sufficient number of cells and interconnects to
perform larger scale testing of structure made of these active
cells. The planned hardware implementations will also provide
a test bed for further research into control systems appropriate
for controlling both the stiffnesses and deformation of the
structures as a whole, as well as for localized stiffness and
deformation control.

CONCLUSION

We describe the design of improved Active Cells:
electromechanical contractile elements able to be connected to
each other and to rapidly-prototyped attachment nodes to create
large-scale structures. We describe preliminary efforts at creating
these macrostructures targeted towards one of two major
applications: large-scale external deformations of the global
structure through activation of internal cells, and stiffness
changes in the structure using selective cell activation when
fixed boundary conditions exist in the structure. By establishing
the feasibility of studying modular macrostructures using Active
Cells, this paper opens up the possibility of further research into
important mathematical and engineering problems associated
with such macrostructures.

ACKNOWLEDGMENTS
This research was supported by the United States Air Force
Office of Scientific Research under Grant #FA9550-11-1-0093.

REFERENCES

[1] Swensen J. P., and Dollar A. M., 2013, “Active-Cells for the
Construction of Redundant and Configurable Articulated
Structures,” Volume 1: Development and Characterization of
Multifunctional Materials; Modeling, Simulation and Control of
Adaptive Systems; Integrated System Design and
Implementation, ASME, p. V001T01A013.

[2] Yim M., Shen W. W.,, Salemi B., Rus D., Moll M., Lipson H.,
Klavins E., and Chirikjian G., 2007, “Modular Self-
Reconfigurable Robot Systems [Grand Challenges of Robotics],’
IEEE Robot. Autom. Mag., 14(1), pp. 43-52.

i

[3] Moses M., Yamaguchi H., and Chirikjian G., 2009, “Towards
cyclic fabrication systems for modular robotics and rapid
manufacturing.,” Robot. Sci. Syst.

[4] Hawkes E., An B., Benbernou N. M., Tanaka H., Kim S.,
Demaine E. D., Rus D., and Wood R. J., 2010, “Programmable
matter by folding.,” Proc. Natl. Acad. Sci. U. S. A., 107(28), pp.
12441-5.

[5] Shepherd R. F., llievski F., Choi W., Morin S. A., Stokes A. A.,
Mazzeo A. D., Chen X., Wang M., and Whitesides G. M., 2011,
“Multigait soft robot.,” Proc. Natl. Acad. Sci. U. S. A,, 108(51),
pp. 20400-3.

[6] Gilpin K., Knaian A., and Rus D., 2010, “Robot pebbles: One
centimeter modules for programmable matter through self-
disassembly,” 2010 IEEE International Conference on Robotics
and Automation, IEEE, pp. 2485-2492.

[7] Wada B. K., Fanson J. L., and Crawley E. F., 1990, “Adaptive
Structures,” J. Intell. Mater. Syst. Struct., 1(2), pp. 157-174.

[8] WADAB., FANSON J. L., CHEN G. S., and KUO C. P., 2003,
Intelligent Structures, CRC Press.

[9] Mcknight G., Doty R., Keefe A., Herrera G., and Henry C., 2010,
“Segmented Reinforcement Variable Stiffness Materials for
Reconfigurable Surfaces,” J. Intell. Mater. Syst. Struct., 21(17),
pp. 1783-1793.

[10] Rogers C. A., Liang C., and Jia J., 1991, “Structural modification
of simply-supported laminated plates using embedded shape
memory alloy fibers,” Comput. Struct., 38(5-6), pp. 569-580.

[11] Czaderski C., Hahnebach B., and Motavalli M., 2006, “{RC}
beam with variable stiffness and strength,” Constr. Build. Mater.,
20(9), pp. 824-833.

[12] Pfaeffle H. J., Lagoudas D. C., Tadjbakhsh I., and Craig K. C.,
1993, Design of Flexible Rods with Embedded SMA Actuators.

[13] Banerjee A., Bhattacharya B., and Mallik A. K., 2010, “Optimum
Discrete Location of Shape Memory Alloy Wire for Enhanced
Actuation of a Compliant Link,” J. Mech. Des., 132(2), p.
021001.

[14] Heller L., Vokoun D., Sittner P., and Finckh H., 2012, “3D
flexible NiTi-braided elastomer composites for smart structure
applications,” Smart Mater. Struct., 21(4), p. 45016.

[15] Luo Q., and Tong L., 2013, “Adaptive pressure-controlled
cellular structures for shape morphing I: design and analysis,”
Smart Mater. Struct., 22(5), p. 55014.

[16] Swensen J. P., and Dollar A. M., “The connectedness of packed
circles and spheres with application to conductive cellular
materials,” PLoS One.

[17] Swensen J. P., and Dollar A. M., 2012, “Towards Hyper-
redundant and Super-configurable Articulated Structures,”
Proceedings of the ASME conference on smart materials,
adaptive structures and intelligent systems (SMASIS).

[18] Nawroj A. 1., Swensen J. P., and Dollar A. M., 2013, “A Bulk
Conductive Polymer Using Embedded Macroscopic Copper
Cells,” Proceedings of the ASME conference on smart materials,
adaptive structures and intelligent systems (SMASIS).

[19] Swensen J. P., and Dollar A. M., 2014, “Optimization of Parallel
Spring Antagonists for Nitinol Shape Memory Alloy Actuators,”
IEEE International Conference on Robotics and Automation
(ICRA 2014), Hong Kong.

5 Copyright © 2014 by ASME



