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Abstract— Linear Actuator Robots (LARs) are frameworks
of high-extension linear actuators that can change shape
through the coordinated actuation of their members. The lack
of robustness of LARs constructed from rigid electromechanical
actuators motivates the development of LARs constructed from
compliant actuators. However, the limited load carrying ability
of compliant LARs requires intelligent control architecture
to maximize performance. We propose methods to compute
optimal control policies that provide for LAR locomotion while
maximizing structural stiffness to external forces.

I. INTRODUCTION

Linear actuator robotics is a class of robotic systems that
achieves shape change through the coordinated deformation
of a fixed topology of modules [1]-[3]. This shape change
can be used for a multitude of tasks including locomotion,
manipulation, and shape morphing (Fig. 1). These systems
have been built and proposed for space exploration and
search and rescue operations to maintain mobility in irregular
terrain and access small spaces for exploration and storage
[4]-[6]. More advanced LARs could utilize the shape change
by forming dynamic and self-erecting architecture, camou-
flaging by mimicking local topography, and interaction with
humans by forming useful objects like ramps, stairs, tables,
or chairs.

In previous work, LARs were constructed with rigid
electromechanical actuators. This rigid construction has the
critical disadvantage of robustness to shock. With no mech-
anism to absorb and dissipate energy, the rigid electrome-
chanical actuators break or jam after exposure to high impact
forces. This is an important limitation for space exploration
applications where the system must survive landing on the
planet and rolling or falling down in unstructured environ-
ments. For this reason, research on LARs has diminished
as focus shifted to tensegrity robotics. Tensegrity robots are
systems comprised of a set of rigid rods in pure compression
connected together by a network of cables in pure tension [7].
These systems have exhibited an inherent compliance that
allows them to withstand high impacts [8]. This compliance
is an important advancement over the current state of the
art LAR. However, tensegrity robots lack the dramatic shape
changing ability that LARs have and tensegrity robots are
difficult to control due to their complexity and nonlinear
coupling between components. Therefore, there is potential
for a LAR that is capable of withstanding high impact forces.

LARs constructed from compliant pneumatic reel actua-
tors may offer the robustness of the tensegrity robot with
the shape changing ability of LARs [9]. Prototypes of LARs
constructed with pneumatic reel actuators do exhibit energy
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Fig. 1: In this figure, a LAR composed of 108 linear actuators
and 34 vertices morphs from a pyramid to a cube (top right),
and locomotes with a crawling gate (bottom right).
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Fig. 2: A tetrahedron constructed from Pneumatic Reel
Actuators. Links of this tetrahedron have an extension ratio
of 5.4:1. The volume of the robot in its largest configuration
is 160 times the volume of the robot in its smallest config-
uration.

absorbing qualities due to their compliance. However, these
compliant LARs do not have as high of a load carrying ability
as their electromechanical counterparts. The actuators can
buckle when the network assumes certain configurations. In
order to carry heavy loads, the LAR must stay in configura-
tions that provide the network with stiffness to gravitational
forces. Therefore, it is important to control a LAR in a way
that maximizes the network’s stiffness to expected forces.
Previous work on the control of LARs has not focused on
attaining any optimality conditions. In [10], distributed con-
trol is enabled by selecting a network topology in such a way
to reduce the kinematic complexity. These simple topologies
consist of a repeated graphical motif of a tetrahedron or
an octahedron and can be described as minimally rigid — a
property that simplifies the control and will be defined below.
However, the control techniques used by [10] do not apply to



arbitrary graph topologies. Other work has proposed simple
control algorithms employing repetitive punctuated rolling
gaits for locomotion of space exploration linear actuator
robots [11]. More recently, [12] used differential kinematics
to derive general solutions to kinematics and controllability
for arbitrary network topologies.

In this work, I investigate how to control a LAR that
maximizes the network’s stiffness to gravitational forces
and minimizes control input. This could have implications
on the load carrying ability of the network, disturbance
rejection during locomotion, and ability to assume certain
target configurations. In Section II I will describe the model
used to represent the LAR dynamics and the kinematic
constraints. In Section III I will describe the optimal control
approach and simulations showing their results. A discussion
of the results is given in Section IV. Section V contains
concluding remarks.

II. MODEL FORMALIZATION

A. Graph Theory

The linear actuator robot is mathematically represented
as a framework consisting of a graph and vertex positions.
The graph is denoted as G = {V, E} where V = {1,...,n}
is a set of vertices (or nodes) and ¥ C VzV is a set
of edges. The graph is connected, undirected, unweighted
and has a constant topology. In this paper, the vertices are
embedded in three dimensional space, R3, and have position
vectors p; = [pm,piy,piz]T. We will use the terminology
of vertices and nodes interchangeably throughout this paper.
We define a position vector of the entire framework as
p = [plTx,...,pfw,plTy,...,pgy,plTZ,...,p,sz]T. The length of
an edge of the graph is the euclidean distance between the
nodes: Lij = ||’Uj — Uz”

B. Graph Rigidity

A rigid framework is defined as a framework where the
only possible motions of the vertices that can occur without
changes to the edge lengths are rigid body transformations
of the entire framework. A more detailed mathematical
definition of rigidity is given by Asimow and Roth, and
will not be repeated here [13]. A minimally rigid graph
is a rigid graph where the removal of any link causes
the graph to lose rigidity. These minimally rigid graphs
provide a lower bound on the number of links necessary
to constrain a certain number of vertices. When a linear
actuator robot is minimally rigid, the lengths of the actuators
can be changed independently of one another. Increasing
the number of actuators necessarily over constrains some of
the vertices of the network. Therefore, the lengths of some
linear actuators cannot be changed without other actuators
changing as well. An infinitesimally rigid framework is
rigid even to theoretically infinitesimal perturbations of the
vertices. For examples of non-rigid frameworks, minimally
rigid frameworks, rigid frameworks, and over-constrained
frameworks, see Fig 3.
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Fig. 3: (i) A non-rigid framework. Arrows show the direction
nodes can be moved with no change to lengths. (i) A
minimally infinitesimally rigid network. (iii) The network has
the same topology as (ii), and is rigid but not infinitesimally
rigid, and hence not controllable. No controlled motion is
possible in the direction of the arrows. (iv) An additional
edge is added to (ii), meaning the structure is no longer min-
imally rigid. Motions of the actuators must be coordinated,
and can not always be made independently.

C. Differential Kinematics

We can find the differential kinematics by taking the time
derivative of the lengths of the edges:

dL? . . . )
— = 2L L = 2(pi = ) Bi+ 2(; = p) By (D)

Rewriting in matrix form

Lz] 1
bl = R | @
Li,j T,

In this equation, R(x) is a scaled version of the well
known rigidity matrix [13,14]. If the matrix R(z) is of
maximum rank, we say the framework is infinitesimally
rigid. While the properties rigidity and minimal rigidity are
determined simply by the topology of the graph, infinitesimal
rigidity is also dependent on the configuration z. Infinitesi-
mally rigid frameworks are a subset of rigid frameworks, but
the converse is not true.

D. Kinematic Constraints

Four types of physical constraints must be satisfied to
guarantee feasibility of a given framework (G, p). The first
of these constraints is that the lengths of all of the edges
must fall within a fixed minimum and maximum length range
that the linear actuators are capable of attaining. The actuator
length, L;;, is the length of the edge, e;;, connecting vertices
1,7 and is computed as the euclidean distance between the
two vertices. We can succinctly write this constraint using
the graph laplacian, £, and the Kronecker product:

L2, <pUL@ Ip < L2 3)

min max

The second type of physical constraint is that the actuators
cannot physically intersect each other. To determine if two
actuators within a framework cross, the minimum distance
between them must be greater than the diameter of the
actuators, d,;,. If the actuators do not have a cylindrical
geometry, then d,,;, can be taken as the diameter of the



smallest circle that can be inscribed by the actuators cross-
sectional geometry. The minimum distance between actuators
connecting vertices 4, j, and k, [ is:

it = minl|(p; + o(p; — pi) — (pr + (01— i)l @

where «,7y € (0,1). The actuator collision constraint can
now be written as:

dii > dpin¥{i, 5}, {k, 1} € E (5)

The third type of physical constraint is collision with the

environment. The linear actuator robot is obviously unable to

pass through obstacles it may encounter in the environment.

We can describe the motion of the LAR with respect to the
environments with the equation:

F=Ci (6)

where the C' matrix relates the motion of the nodes (&)
with the changing environment (F). The exact form of
C can be determined based on how contact between the
structure and the environment is modeled. For our purposes,
we assume that nodes in contact with the environment do
not move.Adding these constraints to our dynamics equations
yields:

[ﬂ = {g] [#] = Hi. (7)

If the system is infinitesimally minimally rigid, and a min-
imal set of constraints is applied that is linearly independent
of the link constraints, the combined matrix [R7 CT]7 is full
rank and square, and hence invertible,

@:Hurﬂﬂ. ®)

If the system is not minimally rigid, then the network
is over-constrained and additional constraints on the lengths
of the actuators are needed to ensure feasibility of the
framework. This is the fourth type of constraint. In this case,
the differential kinematics can be written as:

iH@mﬂQﬂ 9)
(10)

Where L,, and F,, is the minimal set of input lengths
needed for minimal rigidity which is related to the network
state = by the matrix H,!'(x). Hy(z) describes the rela-
tionships between the minimal set of input lengths and the
over-constraining lengths.

III. OPTIMAL CONTROLLER
A. Problem Statement

In this section we examine how to control a LAR that
satisfies optimality conditions for some given penalty func-
tion. Specifically of interest here is how to control a LAR
that employs a punctuated rolling type gait in a manner
that maximizes the networks stiffness to gravitational forces
and minimizes control input. I identify two problems that
are relevant. The first is moving the network from one
configuration to another under an optimal control policy.
The second is to select an optimal configuration the network
should assume for tipping. Combing these two problem
together, we will find a set of control inputs that drives the
LAR from any feasible initial condition to the optimal tipping
configuration in a manner that minimizes a penalty function
based on the network’s stiffness and control input.

B. Optimal Control Policy

To find an optimal control policy, we use a variational
approach to the optimal control problem [15]. We seek an
admissible control input u* for a system subjected to the
dynamics

&= H(x) 'u. (11)

which is described in more detail in Section II. This optimal
admissible control input should drive the system to follow
an admissible trajectory x* that minimizes our performance
measure:
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In the equation above, S(z) is the well known stiffness
matrix from the direct stiffness method [16], g is the expected
force acting upon the LAR like gravity, and A is a scalar
weighting. We then formulate the following Hamiltonian
equation:

H o= ¢"8(2)7"S8(2) g
+ Ml H(z)"TH(z) u (13)
+pTH
The necessary optimality conditions are
oH
P = — 14
=% (14)
oH
. OH |
P=a (15)
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= — 1
0 ou (16)

A two point boundary value problem can now be used
to solve the system of differential equations (14) - (16).
It should be noted that this analysis is able to incorporate
the equality constraints but does not capture the inequality
constraints discussed in Section II.
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Fig. 4: Optimal trajectories for the tetrahedral LAR. The LAR is shown in its initial configuration (blue) and its optimal
tipping configuration (red). The path of the unconstrained node is shown in orange.

C. Optimal Tipping Configuration

The second problem of finding the optimal tipping con-
figuration will now be discussed. For the LAR to initiate a
tip, the center of mass of the LAR must exit the support
polygon, which is formed by the convex hull of the nodes
of the framework on the ground plane. The center of mass
of the LAR should exit the face of the support polygon that
is perpendicular to the desired direction of motion. If we
assume a lumped-mass model whereby the mass of the LAR
is concentrated at the nodes, we can express the center of
mass constraint as:

a7

where M is a R3%3" mass matrix. The objective we will
minimize is the total deformation due to a unit force applied
to the network as it tips. The direction of this force is
dependent on the network orientation on impact with the
ground. We can write this optimization problem as:

TooOM = Mz

1S (2) /Il

minimize
xX
subject to

TOOM — Mzx

L?nin < pT[L ® Id]p < L?nax (18)
dij 2 dmin ¥ {3,5},{k, 1} € E

F=C#

H.(2) H —0

D. Simulation

The optimization problems discussed in Section III-B and
Section ITI-C were simulated for a single tetrahedral LAR.
Optimal control policies were determined for the tetrahedral
structure that bring the LAR into the optimal tipping con-
figuration. A few examples of the optimal trajectories found
by this method are shown in Fig. 4.

IV. DISCUSSION

While the methods proposed in Section III work efficiently
for the single tetrahedral structure shown in Fig. 4 more
work needs to be done to fully characterize the performance
of the method on frameworks of varying topology. The
single tetrahedral LAR framework is the most basic three
dimensional case. As more actuators and vertices are added
to the LAR the framework may lose minimal rigidity and
the configuration space will grow significantly. There will
be an increasing need to fully represent all constraints and
more local minima with jeopardize our ability to find a
global minimum. This will drive the need to apply a direct
method approach to finding the optimal control policy that
can include the inequality constraints imposed by the robot
kinematics.

This paper focuses on network stiffness for the optimality
criterion. However, it may be interesting to consider other
metrics for optimal control. For example, one may want a
solution that encourages sparsity, minimum completion time,
or smoothest trajectory.



V. CONCLUSION

We have presented methods to optimally control LAR con-
figuration and determine optimal tipping configurations that
maximize the stiffness of the framework to external forces.
Although there is still much to improve on these techniques,
the methods proposed in this paper are the first time LAR
control policies have been placed within an optimal control
framework. This preliminary work encourages future work
on optimal control of LARs.

REFERENCES

[11 M. Fujii, H. Yokoi, and Y. Kakazu, “Modeling and movement control
of mobile sma-net,” in Computational Intelligence in Robotics and
Automation, 2003. Proceedings. 2003 IEEE International Symposium
on, vol. 1. IEEE, 2003, pp. 253-258.

[2] C.-H. Yu, K. Haller, D. Ingber, and R. Nagpal, “Morpho: A self-
deformable modular robot inspired by cellular structure,” in 2008
IEEE/RSJ International Conference on Intelligent Robots and Systems.
IEEE, 2008, pp. 3571-3578.

[3] K. Stoy, A. Lyder, R. F. M. Garcia, and D. J. Christensen, “Hierarchical
robots,” in IROS Workshop on Self-Reconfigurable Modular Robots,
2007.

[4] G. J. Hamlin and A. C. Sanderson, “Tetrobot modular robotics:
Prototype and experiments,” in Intelligent Robots and Systems’ 96,
IROS 96, Proceedings of the 1996 IEEE/RSJ International Conference
on, vol. 2. 1EEE, 1996, pp. 390-395.

[51 S. Curtis, M. Brandt, G. Bowers, G. Brown, C. Cheung, C. Cooperider,
M. Desch, N. Desch, J. Dorband, K. Gregory et al., “Tetrahedral
robotics for space exploration,” IEEE Aerospace and Electronic Sys-
tems Magazine, vol. 22, no. 6, pp. 22-30, 2007.

[6] K. Tadakuma, R. Tadakuma, K. Nagatani, K. Yoshida, M. Aigo,

M. Shimojo, and K. Iagnemma, “Throwable tetrahedral robot with

transformation capability,” in 2009 IEEE/RSJ International Conference

on Intelligent Robots and Systems. 1EEE, 2009, pp. 2801-2808.

C. Paul, J. W. Roberts, H. Lipson, and F. V. Cuevas, “Gait production

in a tensegrity based robot,” in Advanced Robotics, 2005. ICAR’05.

Proceedings., 12th International Conference on. IEEE, 2005, pp.

216-222.

A. P. Sabelhaus, J. Bruce, K. Caluwaerts, P. Manovi, R. F. Firoozi,

S. Dobi, A. M. Agogino, and V. SunSpiral, “System design and

locomotion of superball, an untethered tensegrity robot,” in Robotics

and Automation (ICRA), 2015 IEEE International Conference on.

IEEE, 2015, pp. 2867-2873.

[9] Z. Hammond, N. Usevitch, E. Hawkes, and S. Follmer, ‘“Pneumatic
reel actuator: Design, modeling, and implementation,” in International
Conference on Robotics and Automation, 2017. ICRA 2017. leee,
2017, pp. 883-888.

[10] W. H. Lee and A. C. Sanderson, “Dynamics and distributed control
of tetrobot modular robots,” in Robotics and Automation, 1999.
Proceedings. 1999 IEEE International Conference on, vol. 4. 1EEE,
1999, pp. 2704-2710.

[11] M. Abrahantes, A. Silver, and L. Wendt, “Gait design and modeling
of a 12-tetrahedron walker robot,” in 2007 Thirty-Ninth Southeastern
Symposium on System Theory. 1EEE, 2007, pp. 21-25.

[12] N. Usevitch, Z. Hammond, S. Follmer, and M. Schwager, “Linear
actuator robots: Differential kinematics, controllability, and algorithms
for locomotion and shape morphing,” in International Conference on
Intelligent Robots and Systems, 2017. IROS 2017. Ieee, 2017, p. In
Review.

[13] L. Asimow and B. Roth, “The rigidity of graphs,” Transactions of the
American Mathematical Society, vol. 245, pp. 279-289, 1978.

[14] L. Krick, M. E. Broucke, and B. A. Francis, “Stabilisation of infinitesi-
mally rigid formations of multi-robot networks,” International Journal
of Control, vol. 82, no. 3, pp. 423-439, 2009.

[15] D. E. Kirk, Optimal control theory: an introduction. Courier
Corporation, 2012.

[16] M. J. Turner, “Stiffness and deflection analysis of complex structures,”
Jjournal of the Aeronautical Sciences, 2012.

[7

—

[8

—



