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Abstract: In this paper a problem of a class of hyperredohdams with continuum elements
that perform the grasping function by coiling isalissed. This function is often met in the
animal world as in the case of elephant trunk dopas tentacle. First, the dynamic model in
3D-space is developed. The equations that desttrébeotion of the arm that carries a load by
coiling are inferred. The stability of the motios discussed. Numerical simulations of the
motion towards an imposed target are presented.
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Introduction

Hyperredundant arms are a class of arms that daevacany position and orientation in 3D-
space. The control of these systems is very comgiiexa great number of researchers have tried
to offer solutions. In [2], Gravagne analyzed tiheeknatical model of “hyper-redundant” robots,
known as “continuum” robots. Important results webgained by Chirikjian and Burdick [3]-[5]
which laid the foundations for the kinematical theof hyper-redundant robots. Their results are
based on a “backbone curve” that captures the rseapic geometric features of a robot. The
inverse kinematical problem is reduced to detemmginthe time varying backbone curve
behavior. New methods for determining “optimal” bypedundant manipulator configurations
based on a continuous formulation of kinematics developed. Mochiyama has also
investigated the problem of controlling the shaparoHDOF rigid-link robot with two-degree-
of-freedom joints using spatial curves [6], [7], 88 presents the state of the art of the continuum
robots, outline their areas of application andodtice some control issues.

In other papers [10, 11] several technologicaltsmhs for actuators used in hyper-redundant
structures are presented and conventional contstgisis are introduced.

In this paper, the problem of a class of hyperrédnb arms with continuum elements that
performs the grasping function by coiling is disegs This function is often met in the animal
world as in the case of the elephant trunk (Fig.otjopus tentacle or constrictor snakes. First,
the dynamical model presented in [2] is develomedD-space. The equations that describe the
motion of the arm that carries a load by coiling euferred.

The paper is organized as follows: section |l pmesehe hyperredundant structure with
continuum elements; section 1l studies the dynamiziel in 3D-space; section IV presents the
control algorithm; section V verifies the contrals by means of computer simulations.
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Load (m, .7, ;)

Fig. 1. Elephant trunk Fig. 2. Distribution of forces around the object-load

Technological model

The paper studies a class of hyperredundant armas, dan achieve any position and
orientation in 3D space, and that can perform &faoaction for the grasping (Fig. 2). The arm
is a high degree of freedom structure or a contimstructure.

Technologically, these arms are based on the usélegible composite materials in
conjunction with active controllable electro-rhegikal (ER) fluids that can change their
mechanical characteristics in the presence ofraactfields.

The general form of the arm is presented in Fidt 8onsists of a number (N) of elements,
cylinders mode of fiber-reinforced rubber. There &ur internal chambers in the cylinder,
each of them containing the ER fluid with an indival control circuit. The deformation in each
cylinder is controlled by an independent electrohwytic pressure control system combined
with the distributed viscosity control of the ERuifl. The chambers of the segment have
reinforced rubber walls with fiber in a circulara@ition. Thus, it is easy to deform it in axial
direction while it resists deformation in the rddiirection. The cylinder can be bent in any
direction by appropriately controlling the pressimehe four chambers. The electrical control
of the ER fluid viscosity is obtained by an eled&onetwork distributed on the length of the
cylinder.

.
- Section A-A
..\k P

IR

High Voltage
Controller

Fig. 3. The cylinder structure

The technological model can be considered as otteargontrol, highly flexible and elastic
backbone. We shall assume that the backbone nevetsbbeyond the “small-strain region”
where an applied stress produces a strain thatverable and observes approximately linear
stress-strain relationship. Similarly, the systesnfrictionless and any other damping and
friction are neglected.
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The last m elements (M<N) represent the graspmgnal. These elements contain a number
of force sensors distributed on the surface onctfieders. These sensors measure the contact
with the load ensure the distributed force contfaling the grasping. The sensor network
constitutes a number of impedance devices [12] Fgge3) that define the dynamic relationship
between the grasping element displacement ancbtitact force.

Theoretical model

The essence of the hyperredundant model is a 3rdimeal backbone curv€. The
independent parametsiis related to the arc-length from the origin of turveC, se [0, L],

N
where:L = ZIi and |, represent the length of the elemeintd the arm in the initial position.

i=1
The position of the poins on curveC is defined by the position vectar=r(s), se[0, L]
and the orientation is given by two continuum asgis) and q(s). It is assumed that the

bending of the element is produced by the fluidspuee control in the -plane chamber and
theng-plane chamber (Fig. 4).

a)
Fig. 4. The tentacle movements: a) initial position; Bpsi: & — plane bending; c) step 8:— plane
bending

The position vector on cun@is given by:
r(s)=[x(s) ¥(s) )", (1)

where  x(s)= Esin 0(s')s',
y(s)= —E sing(s')cosd(s')ds’, @)

z(s):'icosq(s’)cose(s')ds’ ,s'elo, ¢

For a dynamic motion, the time variable will beramtuced, r =r(s,t). The arm has
equivalent bending stiffne&d with linear mass density and rotational inertial density

a) Noload arm

The kinetic and potential energies are:
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T:%_:[I(92+qz+p||f2||)ds, 3)

L

wherer , 4, g denotear(t's), ae(t,s)’ aq(t,s), respectively.
ot ot ot

The bending of the arm is determined by the distetl torquesr, , 7
each chamber of the cylinder:

i=12...,N in

qi’

ﬂdZ

:(pm_ paz)'? (5)
ﬂdZ

qi = (pq\I - pqaz)'ﬁ (6)

where p,,, P,,, Py, P, arethe fluid pressures in eadhq — pair of chambers artiis the

diameter of the cylinder.
The distributed moments can be defined as:

z
iR

Mm,(st)=>7,(t)5(s-s) (7)

N

z
N

M, (s,t)=27,(1)5(s-9) (8)

N

with s Z|k,l—1,2 (N-1).

The arm can be also considered as a linear vistae@amping mechanism with damping
coefficientb.

The grasping forcef (s) is a distributed force along the last elementshefarm (Fig. 2).
We denote byw the generalized coordinate vector:

Y
q

and the moment vector as:

mH
M = (20)
m,
Using the same procedure as in [2], the dynamicahoiidthe arm can be derived as:
82
| &+bao—El =Af+M (1)
Ss*
of
f=— 12
= (12)
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with the boundary conditions:

£ a6(t,L) . E aqlt, L)

; =7 13

os * 0s * (13)
cosd 0

where A=| singqsind —cosqcostd (14)

—cosgsing —singcosd
b) Load arm

The load of the arm is represented by a circulalybaith diameterd, and massam, . The
position of the load can be approximated by thetarer, (t)=r(L,t). We denote bywo_, f_,
t, . 7, the positions, force and the torques at the et pbthe arm:

(

f (t)=f(L,t) (15)
)
)

The kinetic energy will be:

=210+ )+l bis 2 ) +
0

L (16)

1, .
+§|&95+E|ql_qf

where |, and | represent the inertia. moments of the load witipeesto & andq rotations,
respectively.

We will discuss a light-weight arm in which the gtational component of the arm is
neglected with respect to the load. The potentabitational energy will be:

L
V, = [ m gcosqcosts (17)
0

From (4), (16), (17), the dynamic model can belgakrived,

.. ’w
| &+bao—El pe +mgC= A f+I (18)
of
[ =— 19
A== (19)
|6, +E122 (20)
mi +f =0 (21)
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(22)

where C— [—sm qcosh 0 }

0 —cosqgsing
I, =diag(l,,!,) (23)
Control algorithm

We consider that the initial state of the systegiven by:

w, =0(0,5)=[0,, q,[ (24)
#(0,9)=[6,, o] =[o. of (25)
where {ZZ Z Zgg 3 (26)

corresponding to the initial position of the arnfided by the curveC, :

Co:(6,(s) (), sefo, L] (27)

The desired position is represented by the c@ye
C,:(6.(s) a,(), seo L] (28)
with @, =[0, O] (29)

We define bye, (t,s), e, (t,s) and lt) the position errors:
e, (t.5)=0(s.1)-0,(s) (30)
e,(t,s)=a(st)-q,(s), with se[0, L] (31)

or the global error:
)= [[ots)-0,6)+Gs0-a,Gs @2

Theorem. The control system of the position for a load @& grasping function by coiling is
stable if the distributed torqueses have the form:

Tg = Tua _kdaéa (Si *t)_kpaea (SI 't) (33)
Tq\ = qui - kdqiéq\ (SI ’t)_ kpqieq\ (SI ’t) (34)
where 7, and r,, are the desired static holding torques [3, 4] &npd, k., k

positive control coefficients.
Proof. See Appendix.

o Kog are

Simulation

A hyperredundant manipulator with 6 elements isstaered. The position control problem
is first analyzed for the initial positionrO:(4.5, 0, —0.5) and the final position
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r. =(1 35 35). A discretization for each element with an increma :IE is introduced

and a MATLAB code is applied. The result is presdrin Fig. 5.

Position Control

Z Axis

Initial Position

Y Axis

X Axis

Fig. 5. No load position control

A control algorithm for an arm with 11 elementsttbarries a circular load by coiling ifi-
plane are simulated in Fig. 6. The initial positisngiven by r, =(5, 0, 0) and the final

positionisr. =(15, 0, 5).

POSITION AND GRASPING CONTROL

2z Axis
T

I I I
2 1 0 1 2 © 3 4 5 3 7
X Axis

Fig. 6. 2D control of position and grasping with load

Then, the same algorithm is applied for a 11-eldraem in 3D space, with a circular load
between initial positionr, =(4, 2, 1)and final positionr, =(, 3, 4). The result of the

simulation is presented in Fig. 7.
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GRASPING and MOTION

Final PositBRyl

Z Axis

Inital Position

Y Axis

Fig. 7. Grasping the load and motion with the load
Conclusion

The paper considers the control problem of a hygemdant robot with continuum
elements that perform the coil function for gragpiffhe structure of the arm consists of
flexible composite materials in conjunction witttime — controllable electro-rheological fluids.
The dynamic model in 3D space is developed. That&ns that describe the motion of the
arm that carries a load by coiling are inferred.e Tétability of the motion is discussed.
Numerical simulations of the motion towards an isgmbtarget are presented.

Appendix

We consider the following Lyapunov functional [2]:

v(t)zllj P+ 1o+ El(@jz ds+
2% os

(A.1)
1 ... 1., . 1
+§ erL rL +ECOL | L0, +E;kpie|2(si ,t)
The time derivative will be as follows:
| .
V(t)=[| prTi+ o1+ E1.28. % 4s4
0 0s 0S
(A.2)

FmlE ol 6+ Y ke (s e (s )

i=1

For a desired position:
w, =[0,, q,]" =const

and using the dynamic model (18), (19) and the Haoncondition conditions (20), (21), the
relation (A.2) can be rewritten as:
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2
o ATt Bl L8
S
I
V()= . ’w ds+
J; s —bw+El <
-mgC+A"f +7
+o! (z, =16, )+ (A.3)

+3 ke (5,8 (5, 0] 1 o, + M,
i=1

Substituting the control (...) in (A.3), we obtain:

V(t)=-3 k& o, <0 (A.4)
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