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1. INTRODUCTION

In typical stereotactic neurosurgery, an entry point on the
skullcap is determined from which the target region inside
the brain is approached on a straight line, see, e.g. Rahman
et al. (2009). MRT or CT data provide information on
one or multiple target points in the brain, which the
cannula has to reach during operation, as well as on critical
regions inside the brain that should not be penetrated.
Stereotactic neurosurgery requires careful a priori design
and planning of cannula trajectories.

Here, we focus on a novel approach to mitigate negative
side effects due to the penetration of brain tissue. To
this end, we propose the usage of a cannula that is
composed of several pre-curved nickel-titanium tubes with
decreasing diameter such that their construction allows for
intertwining, see Fig. 1. Then, surgery planning includes
choosing an entry point on the skullcap, the cannula
design, e.g. how many and which type of cannula, and the
computation of control commands for the individual tubes
of the cannula. Using actively deformable cannulas offers
the possibility to reach multiple target points through one
entry point and may even allow to reach a target point in
view off critical regions inside the brain.

However, actively deformable cannulas give raise to an
infinite number of possible tube trajectories, such that it
is inevitable to support surgery planning by mathematical
optimization.

2. MODELING & OPTIMIZATION

We model the design and planning problem as a con-
strained optimization problem. The optimization variables
can be partitioned into design and control variables, see
Fig. 1. While the former have to be fixed before the
cannula is built, the latter can be adjusted later on, e.g.
after parameter identification or by model-based control.
Finding steering curves for the individual tubes of the

cannula can be modeled as an optimal control problem;
details are presented in the following.

Kinetic/Kinematic Model: We develop kinetic and
kinematic models, in which the configuration of the can-
nula and its history is decisive while the actual speed of
realizing that path can be ignored. Hence, time does not
play a role. However, in order to take the configuration
and its history properly into account, we artificially in-
troduce a time parameter. Within robotics terminology,
our planning problem is thus between a path and a trajec-
tory planning problem. Ordinary differential equations are
derived, whose solution trajectories are absolutely contin-
uous, which ensures smoothness of the computed path for
the cannula.

Additional Constraints: Both technical boundary con-
ditions, such as parameter ranges, mechanical material
characteristics (cf. Greiner-Petter and Sattel (2017)), and
medical aspects, such as intolerable lateral movements of
the cannula or the structure of the brain, have to be taken
into account as equality or inequality constraints on tube
trajectories.

Objective Function: We identified several different ob-
jective functions of interest. The length of the fully ex-
tended cannula, i.e. when the target region is reached,
should be minimized, which corresponds to a classical
Mayer-term in an optimal control problem. Moreover,
torsion of the elastic tubes may cause violations of the
follow-the-leader behavior, which leads to undesired lat-
eral movements of the cannula and, thus, severe damage
of tissue and therefore, has to be minimized. A similar
behavior can be observed due to hysteresis.

These objectives are potentially conflicting optimization
criteria. Thus, they have to be considered in a multi-
objective optimization framework and e.g. handled by
scalarization methods. A set of Pareto optimal solutions,
i.e. optimal compromises of the considered optimization
criteria, can greatly support decision making by allowing
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controls:
translation & rotation

cannula parameters:
number, ordering,

curvature, diameters,
material

Fig. 1. Picture of surgical instrument with optimization variables indicated: parameters of the cannula and controls.

the surgeon to choose in dependence of the individual
patient.

3. RELATED WORK

State-of-the-art surgery techniques are based on straight
cannulas that are steered via a stereotactic frame. How-
ever, recently, research has been done on actively de-
formable cannulas which provide more degrees of freedom
in design and control Burgner-Kahrs et al. (2015). In this
case, the mechanical model gains complexity, since inter-
action between the tubes have to be considered Greiner-
Petter and Sattel (2017).

Trajectory planning for medical applications is often ad-
dressed by stochastic, sampling-based, or heuristic op-
timization approaches, e.g. the Nelder-Mead method in
Bergeles et al. (2015) or rapidly exploring roadmaps in
Alterovitz et al. (2011); Torres and Alterovitz (2011). Fur-
ther, Monte-Carlo Simulations have been used in Burgner-
Kahrs et al. (2014) for workspace characterization. Ap-
proaches to collision avoidance for brain regions have been
considered in Lyons et al. (2009, 2010); Alterovitz et al.
(2011); Torres and Alterovitz (2011). In Anor et al. (2011),
simultaneous trajectory planning and cannula design is
presented. However, the approach does not use gradient
information but pattern search methods. Global solutions
are obtained via varied initial guesses. Optimal planning
for actively deformable cannulas by gradient-based tech-
niques has only been considered for simple kinematic can-
nula models in Lyons et al. (2009).

4. IMPLEMENTATION & OUTLOOK

Our approach to the design and planning problem of ac-
tively deformable cannula is to use model-based optimiza-
tion, more concretely, gradient-based nonlinear optimiza-
tion techniques. The optimal control problem is discretized
by transcription methods, see, e.g. Gerdts (2011). Medical
and technical constraints are added to the problem.

The development of structure-exploiting efficient optimiza-
tion software, e.g. WORHP, Büskens and Wassel (2012),
nowadays allows to use gradient-based optimization tech-
niques, as opposed to sampling heuristics, even in highly
complex applications with many variables and constraints.
Here, local optimality of solutions can be guaranteed and
the numerical solution offers further information in terms
of sensitivities, which can be used to study robustness
properties of solutions, for instance. Robustness is of ut-
most importance for the considered application in order to
cope with modeling errors and external disturbances.

In future, this contribution will be part of a trajectory
planning tool for a mechatronic instrument for stereotactic
neurosurgery.
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