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Abstract:

Recent technical advances in minimally invasive surgery
have been enabled by the development of new medical
instruments and technologies. To date, the vast majority of
mechanisms used within a clinical context are rigid,
contrasting with the compliant nature of biological tissues.
The field of robotics has seen an increased interest in
flexible and compliant systems, and in this paper we
investigate the behaviour of deformable multi-segment
structures, which take their inspiration from the ovipositor
design of parasitic wood wasps. These configurable
structures have been shown to steer through highly
compliant substrates, potentially enabling percutaneous
access to the most delicate of tissues, such as the brain. The
model presented here sheds light on how the deformation
of the unique structure is related to its shape, and allows
comparison between different potential designs. A finite
element study is used to evaluate the proposed model,
which is shown to provide a good fit (root-mean-square
deviation 0.2636mm for 4-segment case). The results show
that both 3-segment and 4-segment designs are able to
achieve deformation in all directions, however the
magnitude of deformation is more consistent in the 4-
segment case.
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I. Introduction

A. Clinical Motivation

With the advent of advanced medical devices, traditional
open surgical procedures are increasingly being replaced
with minimally invasive (MI) alternatives. This shift in
surgical approach has been brought about by technical
advances in minimally invasive techniques, achieving
reduced patient trauma, shorter recovery time, lower
chance of infection and reduced scarring [1]. A common
MI method is percutaneous intervention, used for clinical
access in procedures such as drug delivery, biopsy and
brachytherapy, to name but a few. Steerable needles are a
promising technology, developed to provide greater
targeting accuracy and access to clinical targets which are
unreachable via rigid instruments. Crucial to steering these
needles, is the ability to predict their behaviour and
interaction with soft-tissue.
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B. Biological inspiration

Engineers have often looked to emulate or draw
inspiration from biological systems, which via the process
of evolution have developed ingenious solutions to the
problems of sensing, locomotion, manipulation, etc. In the
quest to find a safe place for their offspring, certain
parasitic wasps have evolved to possess a long slender
channel, called an ovipositor, for depositing their larvae
deep within a host. The Sirex noctilio wasp, pictured in Fig.
1, uses its multi-segment ovipositor to penetrate the bark
and bore through the wood of conifers to lay its eggs [2].

Fig. 1. Woodwasp, Sirex noctilio, boring into wood
with its ovipositor to lay eggs. Credit: Natural
Sciences Image Library of New Zealand.

Parittotokkaporn et al. [3] were the first to take
inspiration from the reciprocating motion of the ovipositor,
whereby different segments are inserted alternatively, and
developed a needle which was able to achieve tissue
traversal with a lower insertion force. Frasson et al. [4]
subsequently demonstrated that a 2-segment needle design
could perform 2D steering through a soft substrate with a
controllable curvature, and later Secoli et al. demonstrated
that 3D steering was achievable with a 4-segment needle.
A nonlinear adaptive control strategy was implemented,
based on a linear model of the needle, and shown to guide
the needle along 3D trajectories [5]. With the increase in
number of segments, and complexity of the design, the
steering behaviour was no longer well described by the
linear model, which motivates the development of a
mechanics-based model for the deformation of these
unique structures.

C. Needle steering

Numerous needle designs have been proposed for
steering through soft tissue, as outlined by van de Berg et
al. [6]. The steering mechanisms are classified into seven
different categories: base manipulation [7], duty-cycled
bevel tip (with and without pre-curve) [8, 9, 10, 11], pre-
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curved stylet [12], active cannula [13, 14], programmable
bevel tip [4, 15, 16], tendon actuated tip [17, 18] and most
recently, optically controlled needle [19].
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Fig. 2. Structure of the ovipositor, showing the
olistheter mechanism which constrains relative
motion to the axial direction. [20]

Finite element analysis [21, 22], beam theory [23, 24]
and spring foundations [25] have all been used to derive
deflection models for steerable needles. Specifically,
Oldfield et al. [20] considered the deflection of the
programmable bevel-tip needle design, but the analysis is
restricted to 2D. The deformation model presented here is
the first to consider the complex geometry of the needle
design and the effects on the 3D deformation.

I1. Modelling flexible multi-segment structures

In previous works, the shape of the needle tip has been
shown to control the steering of the needle. The tip shape
of an n-segment needle is determined by the relative
positioning of the n segments, as shown in Fig. 3. For
convenience, each segment's extension is measured relative
to a reference plane that moves with the needle tip. These
distances are termed the segment offsets and together form

an offset vector that describes the tip configuration o; € R™.

It should be noted that this representation has a single
redundancy: the common-mode displacement of all
segments. In the model presented here, this redundancy is
given meaning, with the reference plane notionally
describing the boundary between the needle tip, which
controls steering, and the needle shaft, which has been
shown to approximately follow the trajectory described by
the tip.
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Fig. 3. Rendering of the 4-segment needle
showing how the offsets o; control the tip
shape.

A. System description

A 2D representation of the beam-bending problem is
shown in Fig. 4 for the 4-segment case. The tip force for
each segment i, f; € R?, is shown acting on the needle tip
in the undeformed state. The needle tip is partitioned into
portions of constant cross-section. Each portion j has
length [; with corresponding second moment of area ij €
R?*2. The deflection w; € R* and rotation 8; € R* of
each portion are shown for the needle tip in the deformed
state. It is also convenient to define a set J; of segments
comprising the portion (e.g. /3 = {1,2}). In the following
sections, Ry € SO(2) denotes a matrix that represents an
anticlockwise rotation of the coordinate system by an angle
0ie.
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Fig. 4 - 2D representation of the proposed
multi-segment deformation model.

B. Tip Forces

The point load f; acting on each segment is assumed
equivalent to the uniform pressure that would be
experienced as the needle traverses soft tissue. The axial
component is neglected as only transverse deflections are
of interest. Figure 5 shows the cross-section of the needle,
comprising the four segments, with the respective tip forces
shown.

For an n-segment needle the expression for the tip force
fi in the needle tip coordinate system 7 is as follows:

fix 0
fi=(3")= E Rey
fi,y mag;l{tude&s:)(—_lz
direction

with the force magnitude F equal for all segments.
When viewed axially, the forces acting upon the needle are
symmetric and sum to zero. The ability to control the
direction of deformation is due to structure's configurable
nature.
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Fig. 5. Axial and side views of the
transverse forces acting upon the faces at
the tips of the segments.
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C. Internal reactions

The second step is to determine the shear force and
bending moment acting along the needle tip. Initially, they
are calculated at the changes in cross section, given by the
portion boundaries. In Figure 7, a 2D representation of a
portion j is shown. A virtual cut is considered at the portion
boundary and the resultant shear force s; and bending
moment m; are shown. As above, for the 3D bending
sj,m; € R are replaced by the corresponding s;, m; € RZ.

Fig. 6 - Internal bending moment m; and
shear force s; shown for portion j.

The resultant s; and m; are calculated as follows

S.
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Note the rotation R= is necessary so that a force along

2

the x-axis corresponds to a moment about the y-axis and
vice-versa.

For a general cross section, the geometrical
contribution to the bending stiffness is given by the second
moment of area tensor

[1 xx 1 xy]
I=
IZY X Iyy

where I, and I, are the second moments of area
about the centroidal perpendicular axes x-x and y-y
respectively, and I, = I, is the corresponding product
moment of area.

Assuming that all segments have the same cross section
geometry, it is sufficient to calculate the second moment of
area tensor for a single segment I;. The transformed second
moment of area tensor for any segment i can therefore be
calculated as follows

I, =R I,Rzr

T
2 i-1) 12 i-1)

Assuming frictionless contact between the segments,
the second moment area tensor for portion j is simply equal
to the sum of the second moment of area tensors for the
comprising segments, i.e.

Jj

The Euler-Bernoulli beam equation is as follows

e

where s is length along the beam, k(z) is curvature,
m(z) is the bending moment, w(z) is deflection, E is the
Young's modulus and I is the second moment of area tensor.

Rearranging yields

2
= %Rng‘lm (1)

For 0 < z < [; measured along a single portion j, the

bending moment as a function of z is

Substituting (1) into (2), integrating twice with respect
to z and applying continuity conditions at the portion
boundaries yields the expressions for the rotation and
deflection of each portion.

Forj=1,..,n
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previous force moment
ij
w; = ( " ) = le=]_
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= w,_, + ,60,_; +2-Re'i7Rzs; + Z=R"1;'m;
i Y T AR
previous rotation force moment
With fixed boundary conditions at the base:
0y, =w, = (0)
0 0 0

The deflection of the furthermost point of the tip is
therefore given by w,,, the model predicted tip deflection.

III. Finite Element Study

As a first step to evaluate the validity of the model,
Finite Element Analysis (FEA) is performed on the 3-
segment and 4-segment needle geometries and the
observed deflections are compared with model-predicted
deflections.

A.  System description

The segments of the structure were meshed with linear
hexahedral elements of type C3D8R. A mesh convergence
study confirmed stability for deformation with respect to
mesh size. For the analysis, the interaction between
segments is frictionless and the material is linear elastic
with Young's modulus E and Poisson's ration v. The
second moment of area tensor for a segment's cross-section
is I. The loading at the tip of each segment is provided by
a uniform pressure p, acting on the bevelled faces of area
A, which are cut at an angle a. Therefore the equivalent
transverse force magnitude, as defined in the model, is F =
pAcos(a) . The analysis was performed with Abaqus
explicict, using the 'smooth' loading profile and the
parameters given in Table 1. Deflection was measured at
the tip node of the furthermost extended segment.
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Table 1 - Parameters used in the Finite
Element study, along with respective units

Parameter Value (units)
E 15MPa
v 0.33
p 0.005N mm™2
a 300
for n=3
T ’; T 1 T0.2582 ’—ﬁ.ﬁg{}’n:m; B
L —0.1155  0.3120
A 3.015 mm?
F; 0.0131N
for n=
T _I_ T 0082 T 0022007
1 —0.0220 0.2147 | ™M
A 2.813 mm?
F; 0.0095N

B.  Results and discussion
The resultant tip deformations for the offset
configurations trialled are shown below in Table 2 for both
the 3-segment and 4-segment needles.

Table 2 - Finite element simulation
results, showing axial view of needle tip
deflections. An equal load is applied to
each segment tip.
Tip Tip
configuration . configuration
e Deflection ©
(mm) (mm)
{01,02,03,04} {01,02,03}

Ad: A3:
{20,20, 10, 10} {20,20,10}
B4: B3:

{20, 18,10, 10} {20,18,10}
C4: C3:
{20,16, 10,10} {20,16, 10}
D4: D3:
{20,14, 10, 10} {20,14,10}
E4: E3:
{20,12, 10, 10} {20,12,10}
F4: F3:
{20,10, 10,10} {20,10,10}

Deflection

G4: G3:
{20, 10,10, 12} {20,10,12}
H4: H3:
{20,10, 10, 1 {20, 10,14}
14: 13:
{20,10,10,16} {20,10,16}
J4: J3:
{20,10,10,1 {20, 10,18}
{20,10, 10,20} {20, 1() 2(]}

\\"lll’o-

The tip node deflection for each configuration, w,, is
shown in Fig. 7 and Fig. 8 for the 3-segment and 4-segment
needles respectively, along with the deflection path as the
load on each segment is increased from O to F;.

4
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Figure 7 - Comparison between Finite
Element simulation results and model
predictions for the deflection of 3-
segment needle tip.
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Figure 8 - Comparison between Finite
Element simulation results and model
predictions for the deflection of 4-
segment needle tip.

The root-mean-square deviation (RMSD) between the
Finite Element simulation and the model predicted values
was 0.1664mm and 0.2636mm for the 3-segment and 4-
segment cases respectively. Fig. 7 and Fig. 8 both show the
increased deflection for offset configurations with either a
single or two segments forward, agreeing with previous
observation of the needle steering [26]. Additionally,
asymmetry due to the needle geometry is observed in both
sets of results. The tip deflection paths are "quasi-linear”,
with non-linearity becoming a greater factor as the
deflection increases.

By the comparing the deflection behaviour of the 3-
segment and 4-segment structures, we can make
predictions about how the steering behaviour will differ.
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One of the immediately discernible differences is the
variation in deformation magnitude with direction. The
ratio of maximum to minimum deflection is 1.703 for the
3-segment case and 1.235 for the 4-segment case,
suggesting that the steering behaviour will be more
consistent for the 4-segment design. This is desirable for
both control and trajectory planning.

II1. Conclusion

In this paper, we have presented a model for the
deformation of flexible multi-segment structures, which
have previously been shown to steer through highly
compliant substrates. The model was evaluated via
comparison with a set of finite element simulations,
performed with 3-segment and 4-segment needle
geometries, and was shown to provide a good fit, with a
root-mean-square deviation of 0.2636mm for the 4-
segment case.

The results show that the relationship between the
configuration of the needle tip and resultant deformation is
highly nonlinear, with maximum deformation achieved
when a single segment is extended. The results also show
how the magnitude of deformation varies with direction,
with the 4-segment needle providing more consistent
deformation than the 3-segment case, suggesting this
design is preferable for applications where multi-
directional steering is required.

In future work, we hope to develop a full steering model
for the multi-segment needle, based on the deformation
model presented here. The model allows us to predict how
the needle cross-section affects the system behaviour, and
this will be used to inform future design iterations.
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