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Abstract — The paper focuses on the control problem of
a tentacle robot that performs the coil function of the
grasping. First, the dynamic model of a tentacle arm
with continuum elements produced by flexible
composite materials in conjunction with active-
controllable electro-rheological fluids is analyzed.
Secondly, both problems, i.e. the position control and
the force control are approached. The difficulties
determined by the complexity of the non-linear
integral-differential equations are avoided by using a
very basic energy relationship of this system. Energy-
based control laws are introduced for the position
control problem. A force control method is proposed,
namely the DSMC method in which the evolution of the
system on the switching line by the ER fluid viscosity is
controlled. Numerical simulation is also presented.
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1. INTRODUCTION

A tentacle robot is a hyper-degree-of-freedom (HDOF)
manipulator and there has been a rapidly expanding
interest in its study and construction lately. The control
of these systems is very complex. In [1], the control by
cables or tendons designed to transmit forces to the
elements of the arm in order to closely approximate
the arm as a truly continuous backbone was analyzed.
Gravagne [2] analyzed the kinematical model of
“hyper-redundant” robots, known as “continuum”
robots. Important results were obtained by Chirikjian
and Burdick [3-6] which laid the foundations for the
kinematical theory of hyper-redundant robots.
Mochiyama has also investigated the problem of
controlling the shape of an HDOF rigid-link robot with
two-degree-of-freedom joints using spatial curves
[7,8]. In [9, 10], the “state of art” of continuum robots
are presented. In other papers [11, 12], several
technological solutions for actuators used in hyper-
redundant structures are presented and conventional
control systems are introduced. Another paper [13]
proposes a dynamic model for hyper-redundant
structures such as an infinite degree-of-freedom
continuum model and some computed torque control
systems are introduced. In [14], a dynamic model for

an ideal planar tentacle system is presented and
optimal control solutions are discussed. The difficulty
of the dynamic control lies in the determined by
integral-partial-differential ~ models  with  high
nonlinearities that characterize the dynamics of these
systems. In [15], the dynamic model for 3D space is
inferred and a control law based on the energy of the
system is analyzed.

In this paper, the problem of a class of tentacle arms
with continuum elements that performs the grasping
function by coiling is discussed. First, the dynamic
model of the system is inferred. The difficulties
determined by the complexity of the non-linear
integral-differential equations, which represent the
dynamic model of the system, are avoided by using a
basic energy relationship of this system. Energy-based
control laws are introduced for the position control
problem. A force control method is proposed, namely
the DSMC (Direct Sliding Mode Control) method, the
evolution of the system on the switching line by ER
fluid viscosity control.

2. BACKGROUND

2.1. Technological model

The paper studies a class of tentacle arms that can
achieve any position and orientation in 3D space, and
that can perform a coil function for the grasping
(Figure 1).
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Figure 1. The tentacle grasping arm

Technologically, these arms are based on the use of
flexible composite materials in conjunction with active
controllable electro-rheological (ER) fluids that can
change their mechanical characteristics in the presence
of electrical fields. The general form of the arm is
shown in Figure 2. It consists of a number (N) of
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elements, cylinders made of fiber-reinforced rubber.
There are four internal chambers in the cylinder, each
of them containing the ER fluid with an individual
control circuit. The last m elements (m < N) represent

the grasping terminal. These elements contain a
number of force sensors distributed on the surface of
the cylinders. These sensors measure the contact with
the load and ensure the distributed force control during
the grasping. The sensor network is constituted by a
number of impedance devices (see Figure 3) that
define the dynamic relationship between the grasping
element displacement and the contact force.
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Figure 3. The cylinder
structure

Figure 2. The force sensors
distribution

2.2. Theoretical model

The essence of the tentacle model is a 3-dimensional
backbone curve C that is parametrically described by a

vector r(s) e R® and an associated frame ¢(s)e R

whose columns create the frame bases (Figure 4). The
independent parameter s is related to the arc-length
from the origin of the curve C, s € [O, L], where:

L=>1, (1)

where /; represent the length of the elements i of the

arm in the initial position.
The position of a point s on curve C is defined by the
position vector:

F=7(s), selo, ] )

For a dynamic motion, the time variable will be
introduced, 7 =7(s,¢). We used a parameterization of
the curve C based upon two “continuous angles” H(S)
and q(s) [3-6] and the length variable u (Figure 4). At
each point F(s,t) , the robot’s orientation is given by a
right-handed orthonormal basis vector {Ex, e, EZ}
and its origin coincides with point 7 =7(s,z). The
position vector on curve C is given by:

F(s,t):[x(s,t) y(s,t) z(s,t)]r 3)

where the three parameters that appear in the relation
s

(3) are as follows: x(s,t):Isin@(s',t)cosq(s',t)ds',
0

S

s

y(s,t): .[cosH(s’,t)cosq(s’,t)ds' > Z(S;t) = ISiHQ(S’J)dS’ >
0 0

with s’ e [0, s].

[EY] ()
Figure 4. (a) The backbone structure; (b) The
backbone parameters

We can adopt the following interpretation [2, 6]: at any
point s, the parameters x(s,z), y(s,) and z(s,)
determine the current position and ¢(s) determines the
robot’s orientation. The robot’s shape is defined by the
behaviour of functions @(s) and ¢(s). The robot
“grows” from the origin by integrating to get F(s,t),
s € [O, l]. The velocity components are obtained by

deriving the corresponding parameter of the robot
movement [16]. For an element dm, where
dm = p-ds, the kinetic and gravitational potential

energy will be:

dT =%dm(v§ +v§ +v? +v5) @)
dV=dm-g-z ()
From (7) and (8), we obtain:
l S ey , . ’ 2
1 —g'sing'sin @'+
T=—pJ. j . ds' | +
2 +6'cosq'cos b’
o{\o
S S ’ ' 2
—q'sing’cos@’ —
+ j . ds'| + 9)
0 —0'cosq'cos b’
s 2 L
+J'q'cosq'ds' ds+5pju2ds
0 0
ls
V=pg“sinq'ds'ds (10)
00

The elastic potential energy will be approximated by
the bending of the element [10]:
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an

Ver =k§ﬁ(q3 +0?)
i=1

We assumed that each element has a constant
curvature and a uniform equivalent elasticity
coefficient £ (constant on all the length of the arm).
We shall consider Fj(s,?), Fq(s,t) the distributed

forces on the arm length that determine motion and
orientation in the &- and ¢ -plane. From [14], the

mechanical work is:

L1
L:Ij F,(s,7)0 sz' +F( )q(s,r))a’rds (12)
00

(s,t) and c}(s,t):

The energy-work relationship will be

[7()+ 7 (0)]-[7(0)+ ¥ (0)]=
= J‘J'(Fa (5,7)0(s, )+ F, (s, 7)d(s, T))dz’ds (13)

where 6"(s, t) = %

%(s,t).

where 7(z), T(0)and ¥(z), ¥(0) are the total kinetic

energy and total potential energy of the system at the
time ¢ and 0, respectively.

3. DINAMIC MODEL

The robot model is considered a distributed parameter
system defined on a variable spatial domain
Q=[0, L] and the spatial coordinate s. The dynamic

model is derived by using Lagrange equations:

0 or ST SV S, )
5(56"(@@} - 56(1,5) " 56(t, S) 500.5) =Fp(14)
0 or ol SV é-Ve B

E(fsq(r,s))‘aq(z,s)* S M A A

where 9/8(), &/5() denote the classical and

functional partial derivatives. From (9), (10), (11), the
distributed parameter model becomes,

P smq sin g cos(q —q )+cosq'cosq")—

o'——,tn

’

cosq'sing"sin(0"—0')+

!

+

’

+

S
I
-6
¢
(6] cosq'sin g" cos(0’—6")-

-q'q" sin(q" —q'))ds’ds”+pgjcosq'ds' =F

(cos¢'sing" cos(0'—0")—sing' cos¢")+ (16)

s
p.”. g'sing'cosq” sin(6’”—6”)+
00

+0'cosq'cosq"cos(0"—6')-

( ')2 cosq'cosgq sm(H"—H')—i— (17)
( ’)2 cos g’ cos ¢"sin(9"—0')—
—0'4'sin g’ cos q" cos(0" - 9’))ds’ds" =F,
where we used the notations: ¢'=dg(s',¢)/ér,
i'=%q(s o, F,=F,(s1), selo, L],

s' e [0, s].

The state of this system at any fixed time ¢ is specified
by the set (a)(t,s),v(t,s)), = [9 q]T
represents the generalized coordinates and v defines

the momentum densities. The set of all functions
s €Q that @, v can take on at any time is the state

space F(Q). We shall that
rN(Q)c L,(Q).

The control forces have the distributed components
along the arm, Fg(s,t), Fq(s,t), se[O, L] that are
determined by the lumped torques,

where

function assume

N
Fyls,t)=") " Sls ~il)ey, (1) (18)

i=1

N
F,(s.)=> (s =il), (1) (19)

i=1
where o is Kronecker delta, [/, =1, =...=1y =/,

and

76,(t) ( Pe)g dfs (20)
7, O)=p, —p2 Js-d/s. i=12...N (1)

In (20), (1), py. P4 Py » Po represent the fluid

pressure in the two chamber pairs, 8, ¢ and S, d are

section area and the diameter of the cylinder,
respectively (Figure 5).

Figure, S4sI'he cylinder driving

The pressure control of the chambers is described by
the equations:
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dpk
A (9)& = U

22
4 (22)

dpk,
bki(q)%:uqki, k=12;i=12,..,N (23)

where a,; , bki are the coefficients determined by the

fluid parameters and the geometry of the chambers and
a,;(0)>0, b,,(0)>0, 0,4 eT(Q).

4. CONTROL PROBLEM

The tentacle arm control problem of a grasping
function by coiling is generated from two
subproblems: the position control of the arm around
the object-load and the force control of grasping.

4.1. Position control

We consider that the initial state of the system is given
by

@y = o(0.5)=[6. qo]" (24)
vo =v(0,5)=[0, 0] (25)
where 6, = H(O,S) , qo = q(O,s) , s € [0, L] ,

corresponding to the initial position of the arm defined
by the curve C,

Co: (90( ), %(5))756[07 L]

The desired point in F(Q) is represent by a desired

(26)

position of the arm, the curve C, that coils the load,

o, =104, a,]" . vi=[0. 0] (27)

Cy :(Qd(s), ‘Jd(s))a SE[Oa L]

In a grasping function by coiling, only the last m
elements (m<N ) are used. Let /, be the active

(28)

grasping length,

=1, (29)
Let C, be the curve defines the boundary of the load
and we denote by O, the origin of the coiling
function, when O, is the intersection between the
tangent from origin O and the curve C; (Figure 6.b).

This curve can be expressed using the coordinates

0, q)eT(@).

Cy :(Hb(s*) qb(s*)), s" e[O, Lb]

(30)

where L, is the length of the coiling measured on the

boundary C, and s=L-/, +s".

Initial
Position
0 S
load <,
2 A Grasping
t »
Position (Cy) elgmen * X
(a) ()
Figure 6. (a) The grasping position; (b) The grasping
parameters

We define the position error by e, (t)

= T (6(s.1)- 6, (s))+ (g(s,1)— g, (s))ds (31)

It is difficult to measure practically the angles &, g

for all se[0, L]. These angles can be evaluated or

measured at the terminal point of each element. In this
case, the relation (31) becomes

N

) (6)= Z((gi(t)_gbi)""(qi(t)_qbi )

i=m

(32)

The error can also be expressed with respect to the
global desired position C,

N
z edl

i=

@):i(ea )+ ey 0)

i=l1

(4:()-44))

(33)

(34)

The position control of the arm means the motion
control from the initial position C, to the desired

position C, in order to minimize the error.

Theorem 1. The closed-loop control system of the
position (16), (17), (22), (23) is stable if the fluid
pressure control laws in the chambers of the elements
are given by:

ugi(0) = a0k ea 1)+ /224 )

g (0)= =, Ok e, () K122, 0)

where j=12;i=12,...,
p(0)- p3(0) =k} ~ k3 a (0)
Ph(0)- p20)= (k) ~ k2 i (0)

(35)
(36)
N , with initial conditions:

(37)

(38)
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¢4(0)=0, ¢,(0)=0

and the coefficients kg, k,;, kg"

(39)

, kg are positive

and verify the conditions

Sd Sd
b =l -3, kg =2l -x2) a0
kgt > kg5 ki > kg ky >kl k> ko (41)

4.2. Force control

The grasping by coiling of the continuum terminal
elements offers a very good solution to remove the
uncertainty connected to the geometry of the contact
surface. The contact between an element and the load
is presented in Figure 7. It is assumed that the grasping
is determined by the chambers in the @ -plane.

‘}/VS(
\ fl ¢

Grasping

element

Figure 7. The grasping force

The relation between the fluid pressure and the
grasping forces can be inferred for a steady state as:

! ye(%ﬁ+if S\Ta(s I (s)ds = (p, pzm%i4b

as?
~ |0 1| ~ cos@
T = 0(s)=|
-1 0 siné@

and f(s) is the orthogonal force on the curve C,,
f(S) is FH(S) in @-plane and Fq(s) in g-plane,
respectively.
A spatial discretization s,,5,,...,5;; is introduced and
A=s;y - with 6; = 6’( ) and i=12,...,1] .
small variation A@; around the desired position 6,

in @-plane, the dynamic model (16) can be
approximated by the following discrete model [12]:

where

(43)

;s For

m;AG; +c, A0, + H, (0, +AO;, 04, q4)-
(44)
_H(eizb ) (ft et)
where m; = pSA, i=12,...,], H(Hid, qd) is a

nonlinear function defined on the desired position
Oa> q4)s ci=cilv. 6, q4)>0, 6.qeT(Q),
with v - the viscosity of the fluid in the chambers.

Fa e Ab;
—:T—» Eq(26), (27) HEq(Zl) —>
Fie

Hi(‘gid+A9i» O » qd)_H(gid’ qd);

. oH; 45
= 00 |o=0, AO; = h; (eida ‘Id)'Aei 43)
q= ‘M
F,; is the external force due to the load.
The equation (44) becomes,
miAéi+c,-(v, o;, qd)A9i+ (46)
+h (6> 44)-A0; =d;(f; - F.;)
The aim of the explicit force control is to exert a

desired force Fj;. If the contact with the load is
modeled as a linear spring with constant stiffness %, ,
the environment force can be modeled as:

F, =k AG, 47)

The error of the force control may be introduced in the
form of

ez =F,—Fy (48)

It may be easily shown that the equation (46) becomes

m.

iy S h; h;
Eeﬁ +Eeﬁ 4{7“11')@/1‘ =d, f; _[7+di)Fid (49)

Theorem 2. The closed force control system is
asymptotic stable if the control law is

fi= d((h vhyd; +mio e, —(h —kyd, )Fy )(50)

L i

¢; >m;o

(D

In this paper, the force error control may be improved
by using the Direct Sliding Mode Control [12].

Proposition. The DSMC control is ensured if the
coefficients c¢; of the control system verify the

conditions:

¢t >4m;(h +dk;) (52)

The condition (52) can be verified by increasing the
viscosity of ER fluid. The force control system is
developed into two steps. In the first step, according to
Theorem 2, the trajectory of the error is controlled by
the force f;. In the second step, the viscosity of the

fluid is increased and the trajectory switches directly
toward the origin on the switching line. The block
scheme of the force control is presented in Figure 8.

ransducer <

Figure 8. The force control system
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5. SIMULATION

A hyperredundant manipulator with eight elements is
considered. The mechanical parameters are: linear
density p =2.2kg/m and the length of one element is

[ =0.05m. The initial position is the defined by

Cy :(6’0 (S)=£j. A discretisation for each element
2

with an increment A =1/3 is introduced.

A force control for the grasping terminals is simulated.
The phase portrait of the force error is presented in
Figure 9. First, the control (26), (27) is used and then,
when the trajectory penetrates the switching line the
viscosity is increased for a damping coefficient
E=1.15.

FORCE CONTROL PHASE PORTRAIT

a/at(torce error)

. . . . . .
0.5 1 1.5 2 25 3 3.5
force error

Figure 9. The force control phase portrait

6. CONCLUSION

The paper treats the control problem of a tentacle robot
arm with continuum elements that performs the coil
function of grasping. The structure of the arm is given
by flexible composite materials in conjunction with
active-controllable electro-rheological fluids. The
dynamic model of the system is inferred by using
Lagrange equations developed for infinite dimensional
systems.

The grasping problem comprises in two subproblems:
the position control and the force control. The
difficulties determined by the complexity of the non-
linear integral-differential equations are avoided by
using a very basic energy relationship of this system
and energy-based control laws are introduced for the
position control problem. The force control is obtained
by using the DSMC method in which the evolution of
the system on the switching line is controlled by the
ER fluid viscosity. Numerical simulation is presented.
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