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Abstract. A novel interactive virtual needle insertion simulation is pre-
sented. The insertion model simulates three-degree-of-freedom needle
motion, physically-based needle forces, linear elastostatic tissue defor-
mation and needle flexibility for the planning and training of percuta-
neous therapies and procedures. To validate the approach, an experi-
mental system for measuring planar tissue deformation during needle
insertions has been developed and is presented. A real-time simulation
algorithm allows users to manipulate the virtual needle as it penetrates a
tissue model, while experiencing steering torques and lateral needle forces
through a planar haptic interface. Efficient numerical computation tech-
niques permit fast simulation of relatively complex two-dimensional and
three-dimensional environments at haptic control rates.

1 Introduction

One of the most common procedures employed in modern clinical practice is the
subcutaneous insertion of needles and catheters. In many cases, such procedures
are difficult to plan and to perform, and can lead to significant complications if
performed incorrectly [1,221B[4]. Physically-based virtual planning and training
environments are being developed [21[5, [0} 71[8,910]; however, the majority of
these systems use largely phenomenological and heuristic models that have not
been validated, and that are not generalizable. While perhaps effective for the
simulation of predominantly 1-DOF problems [6], these approaches may not
be suitable for problems involving more complex soft tissue anatomy, needle
placement optimisation, trajectory planning and automatic control, where more
detailed verifiable knowledge of the biomechanical interaction between surgical
needles and soft tissues is required. In prior work, needle insertion forces have
been determined for gelatine [T1], ex vivo porcine and bovine tissues [5l[12]. In
each case, only the resultant force acting at the proximal end of the needle was
measured, while in fact penetration forces are distributed along the entire length
of the needle axis, resulting from physical phenomena such as cutting/fracture,
sliding, friction, stick-slip friction, tissue deformation, tissue displacement and
peeling [5]. The needle driving forces measured previously are the integration of
this force distribution along the needle shaft.
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Fig. 1. The complete experimental setup: a robotic manipulator with instrumented
epidural needle mounted, a tissue phantom and a CCD camera.

This paper presents a new methodology that has been developed to experi-
mentally determine needle forces during soft tissue puncture, as well as a simu-
lation algorithm for needle insertion mechanics, and is organised as follows. In
Section 2, an experimental system for measuring planar tissue phantom defor-
mations during probing and needle insertion is described. Soft tissue modelling
and parameterization using a linear elastostatic model is used for estimating
the force distribution that occurs along a needle shaft during insertion, as is
outlined in Section 3. A numerical simulation of a needle insertion based upon
estimated needle force distributions is discussed in Section 4. Issues of real-time
performance and haptics are also addressed. Conclusions and discussion of future
work are provided in Section 5.

2 Experimental System
to Measure Planar Tissue Deformations

An experimental setup, shown in Figure[ll, has been developed in order to mea-
sure the relationship between needle force and 2-D tissue phantom deforma-
tion during insertion. A 17 guage Tuohy needle is instrumented with a 6-DOF
force/torque sensor (ATI Nano-17 SI-12-0.12), and is manipulated by a 3-DOF
planar device [13]. The planar motion of a soft tissue phantom (constructed using
a polyvinyl chloride compound) is measured by means of a single CCD camera
that is mounted above the needle insertion workspace. Images from this camera
are used to track the motion of a set of markings that are applied to the top
surface of the phantom, thereby measuring the deformation of the sample.

3 Needle Insertion Force Model

The relationship between measured insertion force and tissue deformation is
characterised by a material model. Forces that occur along the needle shaft are
estimated based upon this model, since the direct measurement of needle forces
by an instrumentation technique is a challenging problem. If the relationship
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Fig. 2. (a) Estimated forces at material mesh nodes. (b) Estimated needle force distri-
bution.

between tissue force and displacement is known, then the distribution of force
applied along the needle shaft can be computed given only the tissue motion
resulting from needle penetration.

Tissue deformation is complex and is still the subject of much research
(e.g., [14l[15l[16] and many others). In general, tissue modelling is complex be-
cause of inhomogeous, non-linear, anisotropic elastic and viscous behaviour. As
a first approximation, this study focuses on linear elastostatic models that are
discretised using the Finite Element Method, yielding a set of 2n linear equations
that describe tissue deformations in two dimensions:

K(2n><2n)@ = i ) (1)

where u and f are displacement and force vectors for nodes lying on the mesh
discretisation [T7]. Such models are characterised by two parameters, namely
Young’s Modulus and the Poisson Ratio, which are identified from boundary
probing experiments [18§].

An example of tissue phantom forces, derived using experimental measure-
ments and the linear elastostatic material model, is shown in Figure (a). Fig-
ure BIb) illustrates the force distribution that is found to occur along the needle
during insertion. This distribution is taken from the estimated tissue phantom
forces that lie at nodes along the needle, and indicates that axial friction between
the needle and the tissue phantom is relatively uniform along the needle shaft. A
force peak located immediately behind the needle tip rises approximately 30%
above the friction force, and may be attributable to material cutting. Needle
force distributions were determined using experimental measurements taken for
a single, fixed needle insertion rate of 1mm/s, which is typical in clinical practice.

4 Needle Insertion Simulation

Virtual needle insertions are simulated using a numerical material model and
the needle shaft force distribution that has been derived. A virtual needle is
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Fig. 4. Simulated needle steering with needle flexibility. Lateral needle motion causes
needle flexion, steering the needle toward the target (shown as a disk embedded in the
tissue).

advanced into a linear elastostatic model that is discretised using the Finite Ele-
ment Method [I8], while needle shaft forces, distributed as shown in Figure BIb),
are applied to model mesh nodes that lie in the path of the needle.

Simulated needle insertions that are based upon the estimated needle forces
are shown to reproduce results similar to those observed experimentally. Figure Bl
shows a simulated needle insertion into the side of a rectangular tissue model
that is rigidly fixed along one edge. The needle axis is initially coincident with
a “virtual biopsy target”, but fails to intercept the target (shown as a disk),
due to tissue deformation. Figure [ illustrates needle steering (to correct an
off-target needle) with a model that includes needle flexibility. Note the non-
minimum phase type of response as the base of the needle is moved away from the
target, laterally. The potential of physically-based needle insertion simulations
for planning and training purposes is thus illustrated.

A real-time implementation of the needle insertion simulator allows users to
experience both visual and kinesthetic feedback while executing a virtual planar
needle insertion. The haptic simulation system is described in detail in [I7]. Real-
time computation of needle insertion into soft tissue is complicated by the “curse
of dimensionality” that is established by the large number of linear equations
required to describe even small models.

The behaviour of a continuum model discretised by the finite element method
is observed through the behaviour of a finite set of mesh nodes. For large volumes
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Fig. 5. (a) Mesh nodes lying along the needle are constrained along the 'z-axis, and
either slip or stick along the ‘y-axis. (b) New intercept nodes are identified by searching
within a small neighbourhood centred at the most distal needle node.

of tissue that are finely discretised, the size of matrix K in Equation () becomes
large due to the large number of material nodes at which force or displacement
need to be solved. For needle insertion simulation, it is not necessary to consider
the motion of nodes that are not visible (e.g. interior nodes), or the forces applied
at nodes that are not in direct contact with the needle shaft. In Figure Bl it is
evident that the large majority of mesh nodes are neither visible nor palpable;
therefore, the system of linear equations can be reduced to Ky uy,, = f,,,
where only the behaviour at a small subset W of mesh nodes (called working
nodes) is explicitly considered. At run-time the subset of working nodes W is
selected and the system matrix reduced to Kyy. As the needle penetrates the
tissue surface, it intercepts hidden nodes that need to be re-introduced into
the reduced system by simply adding new matrix rows and columns that are
derived directly from K, which is precomputed. The matrix reduction approach
is similar to the condensation techniques discussed in [15], and the Boundary
Element Method selected by [14]; however, in this work access to the interior of
tissue volumes is retained for quick inclusion when needle penetration occurs.

4.1 Boundary Conditions and Needle Constraint

Mesh nodes that are in contact with the needle are constrained by the needle as
shown in Figure [Bl(a).

If the needle is rigid, then the lateral position of the node is fixed along the
lx-axis, which constitutes a displacement boundary condition. Along the needle
shaft, the node force or node displacement may be constrained, depending upon
its state of contact with the needle (i.e. sticking to the needle, or slipping) [L§].
If the node is free to slide along the needle shaft, then a force boundary condi-
tion is applied along the 'y-axis, and a constant force consistent with the force
distribution is applied to the slipping node. If it is in the stuck state, then the
node is constrained to lie at a fixed point on the needle, along the y-axis.

The system of equations in Ky is rearranged in order to reflect the resulting
inhomogeneous collection of boundary conditions:

Kwuy=f, — Kpyxy=y,, , (2)

where z,,, and Y,y are formed by exchanging elements between u,,, and f "
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Needle node boundary conditions change frequently during simulation, de-
pending upon the commanded motion of the needle. A single boundary condition
change can be expressed as an inexpensive low rank update:

Ci.Ir;
(K =Ky = ——, (3)
pi

where p; is the i pivot of K;\,l; ¢; and r; are the it column and i*" row of K;\,l,
with the exception of their i** coordinates, which are set to (p; +1) and (p; — 1),
respectively. ( K;Vl)’ is the new system matrix and vectors z,, and Y,y must
be adjusted accordingly (i.e. by exchanging displacement and force variables).
This approach to boundary condition changes results in an O(N?) computation
rather than the O(N?) operation required to re-invert stiffness matrix Kyy, in a
way that is similar to the capacitance matrix strategy presented by James and

Pai in [14].

4.2 Local Coordinate Changes

The coordinate system shown in Figure [(a) is fixed to the needle; therefore,
as its orientation changes it is necessary to effect local coordinate changes in
K ;vl. When the boundary conditions are uniform, this results in a simple affine
transformation:

O’LLW _ K;\/l OfW = luw _ ATK;le lfW

where %uyy, and °fyy are displacement and force vectors in a nominal system co-
ordinate frame, while 'uy, and 'fy, are the vectors after rotating the coordinate
frame at the i’ node by an angle §. Matrix A is composed of (2 x 2) rotation
submatrices on its diagonal [T§].

If node 7 has different boundary conditions along its two coordinate axes, then
such a tranformation is not possible, due to the mixed force and displacement
variables in z,y, and y,, . The local coordinate transformation for a node that is
sliding along the needle axis has the following form:

Xy = (M — Ky N) " (KM~ Ny,
where M and N are sparse transformation matrices. Due to the properties of
M and N, (M — K;\}N ) is shown to be inexpensively inverted, and the new
system computed [18]. Node coordinate frames must be updated incrementally
from one simulation sample period to the next, according to the change in needle
orientation angle Af. If the needle is curved or flexible, then the local coordinate
system transformations will vary along the length of the needle shaft.

4.3 System Solution

The reduced system matrix K;vl evolves from sample period to sample period,
due to boundary condition and local coordinate system updates, and is used
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Fig. 6. Interactive virtual needle insertion in a planar environment.

to solve for x,,, the vector of unknown node forces and displacements. Node
positions are updated for graphical rendering of the scene and needle node forces
are integrated for feedback via the haptic interface. The interactive real-time
model shown in Figure [ consists of 361 nodes and is computed at a rate of
500Hz by a 450MHz P-III PC, without any particular effort to optimise code.

5 Conclusion

This paper presents a system for interactively simulating virtual needle insertions
that is based upon experimentally determined needle insertion mechanics. A
novel approach for estimating needle shaft forces and tissue behaviour using a
measurement system and soft tissue deformation models has been developed. It
is based on the established Finite Element Method and parameters identified
during experiments.

The haptically-enabled virtual insertion environment allows users to manip-
ulate a three-degree-of-freedom needle as it penetrates a discretised inhomo-
geneous linear elastostatic tissue model. Unlike existing single axis simulation,
steering torques and lateral needle forces can be felt, while tissue model defor-
mation is observed. Real-time simulation of this model is challenging due to the
large system of equations involved, as well as frequent topological and boundary
condition changes that occur as the needle moves into the tissue model. We have
developed a fast algorithm for interactive needle insertion with force feedback,
without loss of model detail or degradation in global response. The haptic simu-
lation, described in [I7], achieves a sample rate of 500Hz for a 2-D virtual tissue
model and planar haptic interface, using a desktop PC. While it was developed
for modelling 2D tissue phantoms, the method can be generalised to 3D.

Needle mechanics measurements and simulations are of interest for the de-
velopment of physically-based virtual planning and training systems that are
aimed at reducing the incidence of complications in clinical practice. Current
and future work will explore 3-D modelling techniques, further biomechanics ex-
periments, non-linear material models, the effects of material inhomogeneities
and dynamics (including needle feed rate dependence), as well as model-based
planning and control of needle insertion procedures.
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