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Abstract: The paper focuses on the control problem of a iligpgendant robot that performs the coil functiontlo#

grasping. First, the dynamic model of a tentacie aith continuum elements produced by flexible cosife materials
in conjunction with active-controllable electro-dhegical fluids is analysed. Secondly, both prokdeire. the position
control and the force control are approached. Tifiewties determined by the complexity of the nlmear integral-
differential equations are avoided by using a Jeagic energy relationship of this system. Energsetdacontrol laws
are introduced for the position control problemfokce control method is proposed, namely the DSM&had in

which the evolution of the system on the switching by the ER fluid viscosity is controlled. Nurmel simulations

are also presented.
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1. Introduction

The dynamic models of the tentacle
manipulators are very complex. [10] proposes a
dynamic model for hyper-redundant structures as
an infinite degree-of-freedom continuum model

and some computed torque control systems are

introduced and a sequential distributed control is

evolution of the system on the switching line by
ER fluid viscosity control.

2. Background
2.1. Thetechnological model

The paper presents a class of tentacle arms
that can achieve any position and orientation in 3D

suggested for a tentacle manipulator actuated by space, and that can perform a coil function for the

electro-rheological fluids.
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Figure 1. Tentacle arm

In this paper, the problem of a class of
hyperredundant arms with continuum elements that
performs the grasping function by coiling is
discussed. This function is often met in the animal
world as in the elephant’s trunk, the octopus
tentacle or the constrictor snakes. First, the
dynamic model of the system is inferred. Energy-
based control laws are introduced for the position
control problem. A force control method is
proposed, namely the DSMC method, implying the

grasping (figure 1). The arm has a high degree of
freedom structure or a continuum structure.
Technologically, these arms are based on the use
of flexible composite materials in conjunction with
active controllable electro-rheological (ER) fluids

The general form of the arm is shown in
figure 2. It consists of a numbeN) of 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 lastm elements i < N)
represent the grasping terminal. These elements
contain a number of force sensors distributed on
the surface of the cylinders. The sensor network is
constituted by a number of impedance devices [6]
that define the dynamic relationship between the
grasping element displacement and the contact
force.

2.2. The Theoretical Model

The core of the tentacle model is
3-dimensional backbone curveC that is
parametrically described by a vectgs) 0 R® and
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an associated frame(s)0R>3 whose columns
create the frame bases (figure 4).

ER fluid
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Figure 2. The arm form Figure3. The arm element

The independent parameteis related to the

arc-length at the origin of the curé s O [0, L],
N
where: L = Y'I;, wherel; represent the length of
i=1
the elements of the arm in the initial position. We
used a parameterization of the cu@éased upon
two “continuous anglesb(s) and q(s) (figure 4).
At each pointF(s,t), the robot's orientation is

given by a right-handed orthonormal basis vector
{éx, éy, éz} and its origin coincides with point
F=F(st), where the vector, is tangent and
vector e, is orthogonal to the cune@.

(b

Figure 4. The 3-dimensional backbone mode

The position vector on cun@is given by

r(st)=[x(st) y(st) zst)" 1)

S
wherex(s,t) = [sin6(s, t)cosq(s, t)ds
0

y(s,t)= ?cose(s',t)cosq(s',t)ds' ,

s
Z(s,t)=[sinqg(s,t)ds’, with s [0, 5]

dT =%dm(v>7g +v§ +v§ +V3),

where dm=pds.
We shall considerFg(st), Fy(st) the

distributed forces on the length of the arm that
determine motion and orientation in theandg-
plane. From [9], the mechanical work is:

L= II}(Fe (s,1)8(s, 1)+ Fy (s,r)q(s,r))des 2)

00

dv =dmiglz,

0, denote:  6(st)

q(s,t)zg—t(s,t).

where q =%(S,t),

3. Dynamic Model

In this paper, the manipulator model is
considered a distributed parameter system defined
on a variable spatial domai@ = [0, L] and the
spatial coordinats.

The distributed parameter model is

SS
p| [ (& (sing'sing" codq - ") + cosg cosq’) -
00

— 8 cosq'sing"sin(6" - ') +

+(¢)?(cosq'sing” cod®' - 6") -sing cosq’) +  (3)
+(&'F cosq sing cod® - 07) -
S
~gq"sin(g" - q))dsds’ + pg[cosqds = F,
0
SS
p| [ (d'sing’ cosy’sin(p" —6') +' cosyy cosy’ cogp” - 6) -
00 (4)

- (q')2 cosq' cosq" sin(G" - 9’) + (9’ )2 cosq' cosq" sin(G" - e') -
-6'¢'sing’ cosy" cod6” -6’ ))ds’ds" =Fg
where we used the notationsy =dq(s,t)/t,

i =0%(s t)fot”, Fy=Fy(st),sO[0,L],s O[0,9.

The state of this system at any fixed time t is
specified by the set(t,s), v(t,s)), wherew = [0 q]"
represents the generalized coordinates and
defines the momentum densities. The set of all
functionss 0 Q thatw, v can take on at any time is
the state function spadgQ). We shall assume that
I'(Q) O Ly(Q).

The control forces have the distributed
components along the arf(st), Fq(st), sU [0, L],
that are determined by the lumped torques,

0
— N
For an elementdm, the kinetic and _ ;
: Fals,t)=> dls—il Jig (t
gravitational  potential energy  will  be: 9( ) z‘l ( ) e|() ()
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N
Fq(s,t) = Z:lé(s— il )rqi (t) (6)
whered is Kronecker deltd; =1, =...=ly =1, and
Tgit)= (Péi - pé )S [dl/8 ()
()= (o} - P2 JsE/8, i=12...N  (®)

In (7), (8), p%i, péi, pai, p&i represent the
fluid pressure in the two chamber pabisg andS,

d are section area and the diameter of the cylinder,

respectively (figure 3).
The pressure control of the chambers is
described by the following equations, according to

[5]

dpb;
A (e)% = Ugki ©)

k

b (a ) 12,...,N

whereay;, bk. are the coefficients determined by the

-uqk,,k 12:i= (10)

fluid parameters and the geometry of the chambers

and a4(0)>0, hi(0)>0, where k= 12

N; 6,q0r(Q).

4. Control Problem

The control problem of the grasping
function by coiling is constituted from two
problems: the position control of the arm around
the object-load and the force control of grasping.

Cirsping
'r‘f"u.lu.m-_nl

T
L'aN

Figure 5. The coiling
function

Figure 6. The contact
between load and arm
element

4.1. Position contr ol
We consider that the initial state of the
system is given by oy =w(0,5)=[6y, o] .
vo=v(0s)=[o, o, where 6,=6(0,s),
g0 =9(0,s), s O [0, L] corresponding to the initial
position of the arm defined by the cur@g
Co:(Bo(s). ao(s))isolo. L] (12)
The desired point if (Q) is represented by

a desired position of the arm, the cur@ that
coils the load:

Cq:(64(s) aals)); sofo, L] (12)
In a grasping function by coiling, only the
last m elements o < N) are used. Let; be the

n
active grasping lengthy = >,

I=m
curve defines the boundary of the load and we
denote byO, the origin of the coiling function,
where O, is the intersection between the tangent
from origin O and the curveC, (figure 5). This
curve can be expressed using the coordinates

6 qor(Q).

Cp: (eb(sﬂ), qb(sD»; s“ofo, L) (13)
where L, is the length of the coiling measured on
the boundaryC, ands=L~I, +s”. We define the

. Let G, be the

position error bye, (t)

€p (t) =
= f(6lst)-85(s)*+ a(s)-ulS))es

L-lg
It is difficult to measure practically the
angleso, g for all s O [0, L]. These angles can be
evaluated or measured at the terminal point of each
element. In this case, the relation (14) becomes

N
eplt) = _Z((ei (t) - 66 ) + (ai (t) - awi)
1=m
The error can also be expressed with respect
to the global desired positidty

N
eplt) = . (ewi (1) + e (1)
i=1
The position control of the arm means the
motion control from the initial positiolC, to the
desired positiorC, in order to minimize the error.

(14)

(15)

(16)

Theorem 1. The closed-loop control system of the
position (3)-(10) is stable if the fluid pressumtrol
law in the chambers of the elements given by:

Ueji(t):_aji(e)( e (t) + kg ey (t)) (17)
ugi ()= by Okieq )+ kiZeq () a9)
wherej = 1,2;i = 1,2,...N, with initial conditions:
i (0) - P (0) = it~ k& e (0) (19)

pﬁi (0)- pqi 0) :( i —kéil)eqi (0) (20)

¢ (0)=0,6(0)=0,1=12...,N (21)
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and the coefficientskg; kq ke KM gre exert a desired forc&;y. If the contact with the
o e load is modeled as a linear spring with constant

positive and verify the conditions stiffness k., the environment force can be
Koi —g(k | ) — (kél k21), (22) approximated as:

8 Fei =kLiAw =k jA; sinAg; =k Ag; (29)
kit> k3! k§2 > K32; k11>k§,1, ket > k&%, (23) The error of the force control may be

introduced in the form of

4.2. The Force control ef = Fe~Fig (30)

The contact between an element and the load It may be easily shown that the equation

is presented in figure 6. It is assumed that the (28) becomes

grasping is determined by the chambers in the )

0-plane. Mg + k&efi +(ﬂ+d jeﬂ =d;f (h +dj id (31)
The relation between the fluid pressure and - L

the grasping forces can be inferred for a steady

state Theorem 2. The closed force control system is

asymptotically stable if the control law is

jk ( )ds+j f (s)Te( )j G(S)dsz 1 (h +k_ d +rq02)eﬁ -
0 (24) = a (32)
d Lo { - (h —kydi)Rg
= (pl_ Pz)sg ¢ >mo (33)
where - : i
_To 1] - 0D Propt_)s_mon. The DSMC control is ensurepl if the
T =[ } ()z[ ) } (25) coefficients ¢; of the control system verify the
-1 0 sin@ conditions:
andf(s) is the orthogonal force on the cur@g f(s) Ci2 > 4m (h +d, kL) (34)

IS Fe(an 0-plan T agq:q(s) in g-plane, respectively. The force control system is developed into
_ spatial discretization ,,...,91 IS two steps. In the first step, according to Theofem
introduced  and A=s.4-5, 6 =6(5), the trajectory of the error is controlled by thecto
i=12,...,1;. For small variationA@ around the f. In the second step, the viscosity of the fluid is
desired position8;q4, in the 6-plane, the dynamic increased and_ the trajec_tory syvitch(_as directly
model (3) can be approximated by the following toward the origin on the switching line (figure 7).
discrete model [7],

MAS; +GA8; +H;(Big +26;, 8ig, ag)-
~H(®ig, ag)=di(f -Fs)

where m =pSA, i=12,...,1;, H(®iy, qq) is a Transducee
nonlinear function defined in the desired position
(eid' Qd)1 qzq(v, 6, qd), G >0,
8,g0r(Q) andv is the viscosity of the fluid in 5. Simulation

(26)

Figure 7. The block scheme of the control system

the chambers. A tentacle manipulator (figure 8) with eight
H; (e. +AD. O )_ H (e. )[ elements is considered. The control problem in the
id i» Yd» Od id» dd . T
oH, 0-plane will be analyzed. The initial position ith
oR; | —h(6 , (27)
T g gd 86 =h(6ig. da) 28, defined by Cjy: (60( )_lsz and the grasping
=0d

and F4 is the external force due to the function is performed for a circular load defingd b

i 2
envwo‘lpr:ge:g]ﬁation (26) becomes, Cp: (X _XE) +(yD_ yg) =r®, where (XD' yD)
B~ . A represent the coordinates inf-plane. A
mAd, +C'(V’ 8. a )Ae' * (28) discretization for each element with an increment
+h(Big, dq)D6; =di(f; - Fg) A=1/3 is introduced.

The aim of the explicit force control is to
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7

Figure 8. Movement of tentacle manipulator

6. Conclusions

The paper treats the control problem of a
tentacle robot with continuum elements that
performs the coli function for 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
problems: 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 basic energy
relationship of this system and energy-based
control laws are introduced for the position cohtro
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 simulations are also
presented.
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