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Introduction

This presentation reports on continuing research into the modelling and simulation of a fl xible wire that
is guided by an enclosing tube. Both the wire and the tube have approximately a cross-section bounded
by circles, but their centre lines can be sinuous curves in space. The input motion and forces are at
one end of the wire, called the base or the proximal side, and the motion and forces at the other end,
called the tip or the distal side, constitute the required output. Owing to the fl xibility and non-linear
effects of contact and friction, the transmission of motion and force from one end to the other is rather
indirect, which causes problems in the precise control. In many cases, tip feedback can be used, but
in cases in which the tip is inaccessible, collocated control at the base has to be used. Examples of
applications can be found in engineering as in the dynamics of drillstrings [1] and medical applications
such as catheters [2] and glass micropipettes guided in PTFE tubes [3]. The purpose of the modelling and
simulation of these systems is a prediction of their behaviour, a better understanding of this behaviour
and improvements of their designs and ways of operation.

Model

The wire and the tube are both modelled as beams that can interact through contact. Both are discretized
with two-node finit elements. The wire is highly fl xible and is retained by contact with the tube, which
is stiffer, or even rigid, and can furthermore be supported by an elastic foundation. The contact in normal
direction is described by a penalty approach, which assigns a finit stiffness and a damping to the contact.
Friction according to a smoothed friction law can also be present. The contribution of the distributed
contact force to the virtual work expression is integrated by a three-point Lobatto quadrature (Simpson’s
rule), which can integrate third-order polynomials exactly, where the end points of an element of the
wire and a point in the middle of the element are taken as integration points. This choice also ensures
that, except possibly at the ends due to imposed boundary conditions, there are as many integration
points as there are degrees of freedom in a lateral direction of the wire, so for a large contact stiffness,
all integration points can remain in contact with the tube wall. The normal force between the wire and
the tube is a non-linear function of the indentation with C1-continuity with a simple jump discontinuity
in the second derivative, so a local quadratic convergence rate of a Newton–Raphson iteration to fin an
equilibrium point can be expected.

Simulation

The equations of motion of the system are generated with the aid of the fl xible multibody code SPACAR
[4] with a user routine added to it for the specificatio of the contact forces between the wire and the
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tube. The resulting equations are integrated with the standard explicit fourth/fift order Runge–Kutta–
Fehlberg method [5] with a variable step size. With proper scaling of the problem and a judicious choice
of the error bounds, this integration method proved to give reliable simulations.

Conclusion

Today’s computing power makes it possible to simulate this kind of system with a general-purpose
multibody code. The models can be more detailed than was possible in special-purpose programs in 1993
[1, 2]. Further improvements can be expected from the use of implicit integration methods, especially for
cases in which the motion is almost quasistatic during large parts of the motion. Moreover, comparisons
with experimental test results are planned.
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