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Abstract: In this paper, we present a new control strategy for continuous backbone (continuum) "trunk and ten-
tacle” robots. Control of this emerging new class of robots has proved difficult due to the inherent complexity of
their dynamics. Using a recently established full dynamic model, we introduce a new nonlinear model-based con-
trol strategy for continuum robots. The approach is applicable to continuum robots which can extend/contract as
well as bend throughout their structure. Results are illustrated using a three-section, six degree of freedom planar
continuum robot.
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1

A continuum robot can be loosely defined as a robot
with a continuously curving backbone [26] [32]. The
unconventional morphology of continuum robots is
largely the result of inspiration drawn from elements
in the Animal Kingdom such as octopus arms, squid
tentacles, and elephant trunks as seen in the prototypes
and designs outlined in [11], [19] [22], [25], [27], and
[31], among others. Continuum robots are most com-
monly used for whole arm grasping [1], navigation in
unstructured environments [3], as well as manipula-
tion of unstructured objects and payloads of various
shapes and sizes [9].

Their unusual design allows continuum robots to
work in congested environments and manipulate ob-
jects in spaces where traditional rigid-link robots with
parallel-jaw grippers would otherwise be unsuccess-
ful. While continuum manipulators have been de-

I ntroduction

Figure 1. Octarm Bending

Thus, to better understand and utilize such manip-

ployed outside the laboratory environment [2], [12],
given the sheer number of possible applications, most
iterations have been surprisingly confined to a test en-
vironment. This is primarily due to the inability to
model and compensate for the additional complexity
inherent in the continuum structures of the numerous
prototypes.
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ulators, the development of sophisticated mathemati-
cal models is essential. Kinematic models for vari-
ous types of continuum robots have been developed
and proposed. Chirikjian and Burdick [5] developed
kinematics for a general hyper-redundant manipulator
which restricted the manipulator curve-shaping func-
tions to a ‘modal’ form, allowing for quick computa-
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Figure 2: Octarm Whole Arm Grasping

tion of the inverse kinematic solution. This method is
hindered in practice by the ability of manipulators to

Figure 3: Octarm in Water

velovity and acceleration of the end-effector link and
thus developed the forward and inverse kinematics, as
well as the dynamic model. In [34], Yekutiedit al.
developed a biological octopus arm dynamic model

shape themselves as the curve-functions require. The based on muscular hydrostats (a muscular hydrostat

authors of [4] developed kinematics based on simi-
lar previously-designed models for a pneumatically-
driven kinematically redundant manipulator with a sil-
icone rubber tip which could be used for colonoscopy.
In [16], Jones and Walker extended early the kine-
matic developments in [10] for a general closed-form
solution based on standard Denavit-Hartenberg tech-

is the physiology that forms the structure of an octo-
pus arm). However,the model is based on linear ap-
proximations and not appropriate for dynamics-based
control development. Trivedit al. [30] developed a
non-closed-form, geometrically-exact dynamic model
for soft robotic manipulators based on the theory of
Cosserat rods, taking into account the large displace-

niques. The same authors added actuator length limits ments and deformations due to material nonlinearities

into the kinematic solutions derived previously [17],
resulting in more practical, but complex shapes and
solutions for continuum robot applications. Addition-
ally, Gravagne and Walker developed kinematics use-
ing wavelet decomposition to derive novel kinematics
for continuum robots [7] [8]. At this stage, kinematics
for continuum robots is well understood.

Dynamic modeling for continuum manipulators
has also been extensively analyzed. In [6], Chirikjian
was one of the first to develop dynamics for a contin-
uum robot, using an infinite degree of freedom model.
In [18], the authors developed dynamics for an eel-
like robot using a recursive version of the Newton-
Euler equation and the Cosserat beam model, along
with Navier-Stokes equations for fluid interaction in
underwater environments. However, this model re-
quired zero initial accelerations regardless of the ini-
tial joint positions. Matsuni and Sato [23] developed a
dynamic model for a snake-like robot having n-links.
However while the model could be considered ap-
plicable to a hyper-redundant manipulator, the links
were assumed to be rigid and thus the model was
not appropriate for true continuous backbone contin-
uum robots. Another dynamic model for a snake-like
robot with rigid-links was proposed in [21]. Lét
al. used the principles of virtual work to establish the
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and distributed loads. More recent work [24], [28],
and [29] has established closed-form Lagrangian dy-
namic models for continuum robots. That work forms
the theoretical foundation for the work in this paper.

Having developed kinematic and dynamic mod-
els, the next step would be to apply them towards the
development of model-based controllers to improve
the performance of the hardware. The main focus of
controller development is usually two fold; Obstacle
avoidance, whole-arm grasping or similar joint-level
control strategies, and/or end-effector position control
in the task-space. Some of the first known controllers
for continuum robots were proposed by Ivanestu
al. [13], [14], and [15]. In [14], the authors de-
veloped a highly specific set-point tracking variable
structure controller for a tentacle arm whose physical
model was based on composite materials consisting of
electrorheostatic fluids. In [13], the authors developed
an obstacle-avoidance controller based on the artificial
potential field method with the goal of a desired final
end effector position, using the dynamic model devel-
oped in [14]. In [15], the authors developed a sliding
mode controller along with a fuzzy controller for two
cooperating hyper-redundant robots. All these works
were restricted to simulations.

In this paper, the development is strongly moti-
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vated by improving the performance of the OCTARM
(OCTopus ARM) [9], built by Pennsylvania State
University and Clemson University, and closely re-
sembling an Octopus arm or an Elephant trunk. As
shown in Figure 4, the OCTARM is a 3 section ma-
nipulator having nine degrees-of-freedom; Each sec-
tion can bend with constant curvature along two axes,
as well as extend prismatically. The ability to extend
as well as bend is significant. A key advantage of con-
tinuum robots over traditional rigid-link manipulators
was highlighted by Walkeet alin [33], showing the
increased workspace afforded by the OCTARM due
to its planar extension capabilities.

A basic non-model-based controller for the OC-
TARM was developed and implemented in [1], how-
ever, it was designed to compensate for the unknown
dynamic model (subsequently, a kinematic model for
the OCTARM was proposed in [17], while the La-
grangian dynamics for the Octarm were developed in
[28] and [29]). None of the controllers described pre-
viously were found to be suitable for practical appli-
cation on the Octarm, due to either the specific na-
ture of the manipulator design, and thus the dynamic
model, or the design of the controller. Performance
was found to be either slow in response, subject to os-
cillatory motions, or both.

In this paper, we propose the application of a stan-
dard sliding mode controller developed for manipula-
tors whose models are based on the Lagrangian dy-
namics, albeit with slight modifications so as to fit
the structure of the Octarm’s continuum dynamics.
A Lyapunov-based stability proof is utilized for the
stability analysis of the proposed controller, and nu-
merical simulations are shown to highlight the effec-
tiveness of the proposed controller in comparison to a
standard dynamics-cancelling PD controller.

2 Control Development

2.1 Dynamic Modd

In this paper, we build on a recently established [28],
[29] continuum robot dynamic model formulation.
The work in [28], [29] provides for the first time a
closed form model, applicable to robot extension as
well as bending, which contains key properties (well-
established for conventional rigid-link robot struc-
tures) essential for nonlinear controller synthesis. In
particular, the overall model takes the familiar form,

7(t) = M(q)§+N(q,4)4+G(q)+B(q)+E(q), (1)

whereq(t) € IR"™ is the variable joint position)/(q)
andN(q,q) € R™ " are the inertia and centripetal-
coriolis matrices respectively. The ter@%q), B(q),
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Figure 4: Octarm

and E(q) € IR™ represent the effects of gravitational
energy, potential energy due to bending effects, and
potential energy due to extension, respectively, and
7(t) € IR™ is the control input. The model has the
following properties,

1. The inertia matrix\/(q) is symmetric and posi-
tive definite.

2. The matrix M — 2V is skew-symmetric and
satisfies the property
7 (M—2N)g:0vgelR" @)
which we will exploit in the controller synthesis be-
low.

2.2 Controller Synthesis

In the following, we use the dynamic model above
to extend and adapt the nonlinear control approach in
[20] to the case of extensible continuum robots. For
simplicity, in the following, we assume planar motion
of the Octarm in the plane perpendicular to gravity. In
this Ca5£(q) =0, andq(t) = [dl, da,ds, K1, Ko, /Qg]

(the extension lengths and bending curvatures for each
of the three sections). The following analysis is,
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however, general for full spatial motion and non-zero
gravity.

Let the manipulator section tracking erreft) €
IRS be defined as,

®3)

whereg,(t) € IR¢ is the desired manipulator position.
The first and second time derivatives of (3) are given

by

€=4q4d— ¢,

€=qq—q

€= a—
in which¢(¢) andg(t) € IR® represents the manipula-
tor section velocity and acceleration respectively, and
da(t) anddy(t) € RS represents the desired manip-
ulator section velocity and acceleration respectively.
Let 7(t) € IRS be the sliding surface defined as the
filtered tracking error such that

(4)

(5)

where a = diag[ay, ag, as, ag, as, ag], in which
a; > 0. Let g, € RS be the filtered trajectory given
by

r=oae-+é

qr = e + 4q. (6)
Theorem 1 Consider the controller
T:M(']'T+N+G+B+E+ngn(r), @)

in which M(q) € R, V(q,q) € RS, G(q),
B(q), and E(q) € IR® are the estimates oMy,
V(g,q4), G(q), B(q), and E(q) respectively. Using
this controller, the error reaches the sliding surface
described in (5) in a finite time. In addition, once on
the surfaceq(t) will go to g4(t) exponentially fast.

Proof: Consider a candidate Lyapunov function

V() = 5 Mg ®)
whose time derivative yields
. P
V(ir)y=r"Mr+ EM(Q)T. 9)

Substituting the time derivative of (5) in (9) and using
the property of skew-symmetry of the model stated in
Property 2 previously, results in

V(r)=rT[M§, + Ng.+G+ B+ E —7]. (10)

Thus, using the controller given by (7), the fol-
lowing result is obtained

. - - - - - 6
V(r) =T Mg + Ng+ G+ B+ E} — X kilril,
1=
(11)
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whereM = M — M, N =N - N,G = G -G,
B=B—-B,F=F—FE. Itis sufficient to choose
k; € IR such that

ki > || Mg+ Ng+G+B+E| |+n (12)
1

wheren; € IR > 0. Substituting (12) in (11) yields
the following inequality

. 6

V(r) < =3 nilri, (13)
from which it can be seen thaft) = 0 is reached in
finite time. Thus, from (5), when(t) = 0, é(t) = 0
ande(t) = 0 and once the system is in sliding mode,

the tracking erroe(t) converges to zero exponentially
faste

3 Controller Performance

To demonstrate the effectiveness of the control strat-
egy introduced in the previous section, in this section
we present the results of the controller applied to a
simulation of the OCTARM manipulator. In the fol-
lowing, all three sections of the robot are actuated.
For simplicity, the robot motions are restricted to the
plane orthogonal to gravity. The robot thus has six de-
grees of freedom, three of extension/contraction (one
for each link), and three for bending (again, one de-
gree of bending freedom for each link).

In the simulation, the robot is modeled using the
dynamic model of the previous section. The con-
troller in the simulation has additive white Gaussian
noise withSNR = 60 andinitial seed = 30 in-
troduced to simulate real-time errors due to model-
ing inaccuracies, sensor errors, time delays and other
similar unaccounted-for dependencies. The nominal
trajectories of the sections are an aggressive set of
exponentially-damped sinusoids given by

[ 0.35 + 0.01sin(27t) ]
0.35
0.4 + 0.01sin(2rt)
1+ 0.2sin(27t) ’
2+ 0.2sin(2mt)
3

(14)

and shown in Figures 5 and 6 The ability of the con-
troller proposed in this paper to track the trajectories
is compared with that of a conventional ‘inverse dy-
namics’ controller, i.e. PD controller with an inner
linearization loop [20].

The results for the standard (PD) controller are il-
lustrated in Figures 7, 8, 9, and 10 respectively. Note
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that the inverse dynamics controller includes all the
possible problems and caveats associated with sys-
tem inversion. This includes the possible presence
of non-minimum phase zeros. Additionally, the gains
required for optimal performance change depending
on the nature of the performance objectives and also
need to ensure that the system is critically damped.

The results for the controller introduced in (7) are
illustrated in Figures 11, 12, 13, and 14 respectively.
The hallmark of the sliding mode controller is that the
error only needs to be driven to the a switching sur-
face, after which the the system will not be affected
by any modeling uncertainties or disturbances. Also,
the additional caveats noted for the inverse dynamics
controller do not apply in this case. A comparison of
the plots in Figures 7, 8, 9, and 10 for the inverse dy-
namics PD controller, and Figures 11, 12, 13, and 14
reveal how the nonlinear controller successfully com-
pensates for the dynamic uncertainty.
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We have presented a new model-based nonlinear con-
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Conclusions

troller for continuous backbone "continuum” robots.
The model is based on a new formulation for con-

tinuum robot dynamics recently established in the
literature.
these dynamics, the controller is guaranteed to con-
verge despite inherent errors due to uncertainty in
model parameters. The results are applicable to con-
tinuum robots which extend as well as bend. Re-
sults of the controller are demonstrated via simula-

tion
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