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A Mechanics-Based Model for 3-D Steering
of Programmable Bevel-Tip Needles

Thomas Watts , Student Member, IEEE, Riccardo Secoli , and Ferdinando Rodriguez y Baena , Member, IEEE

Abstract—We present a model for the steering of programmable
bevel-tip needles, along with a set of experiments demonstrating
the three-dimensional steering performance of a new, clinically vi-
able, 4-segment, preproduction prototype. A multibeam approach
based on Euler–Bernoulli beam theory is used to model the novel
multisegment design of these needles. Finite element (FE) simula-
tions for known loads are used to validate the multibeam deflec-
tion model. A clinically sized (2.5 mm outer diameter), 4-segment
programmable bevel-tip needle, manufactured by extrusion of a
medical-grade polymer, is used to conduct an extensive set of
experimental trials to evaluate the steering model. For the first
time, we demonstrate the ability of the 4-segment needle design
to steer in any direction with a maximum achievable curvature of
(0.0192 ± 0.0014 mm−1 ). FE simulations confirm that the multi-
beam approach produces a good model fit for tip deflections, with
a root-mean-square deviation (RMSD) in modeled tip deflection
of 0.2636 mm. We perform a parameter optimization to produce
a best-fit steering model for experimental trials with a RMSD in
curvature prediction of 1.12 × 10−3 mm−1 .

Index Terms—Medical robotics, robot kinematics, soft robotics.

I. INTRODUCTION

THE last few decades have seen an increase in popularity
of minimally invasive procedures, with a growing number

of conventional open surgical procedures now being performed
by means of rigid tool insertion, either through small ports in
the skin (e.g., laparoscopy) or a keyhole aperture in the skull
(e.g., keyhole neurosurgery). 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].

Amongst these, percutaneous interventions, where instru-
ments are inserted into the body through the skin, are gaining in
popularity. The most common of these is needle insertion into
soft tissue, used in inoculation, blood sampling, brachytherapy,
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Fig. 1. Diagram showing insertion of a 4-segment programmable bevel-tip
steerable needle into soft tissue. The shape of the tip is controlled by the relative
insertion of the 4 segments, which determines how the needle steers through the
tissue. We propose a multibeam model of the needle tip, as shown, to predict the
steering of programmable bevel-tip needles. The design of the cross-section is
shown, including an interlocking mechanism to hold the comprising segments
together, and a lumen per segment for clinical applications.

biopsy, anaesthesia, etc. Here, the efficacy of treatment and the
ability to perform a diagnosis are highly dependent on the ac-
curacy of the insertion.

Currently, percutaneous procedures are carried out with rigid
needles, however these have several limitations. Specifically,
they can only perform straight trajectory insertions, so obsta-
cles can limit or block access to the target site. Additionally,
the needle and surrounding tissue may deform during inser-
tion, which can cause the target to no longer lie on the needle
path.

Steerable needles have been developed to address these chal-
lenges and, as outlined by [2], can take on a variety of different
designs. The steering mechanisms are classified into seven dif-
ferent categories: base manipulation [3], bevel-tip (with and
without pre-curve) [4]–[7], precurved stylet [8], active cannula
[9], [10], programmable bevel-tip [11], [12], tendon actuated tip
[13], [14], and most recently, optically controlled needle [15].

Crucial to accurately steering these needles, is the ability to
model their interaction with the surrounding tissue. A model of
the needle motion can be used to

1) simulate the system behavior;
2) evaluate and improve control strategies (see, for instance,

model-based design method);
3) inform path-planning algorithms on the feasibility of

given trajectories; and
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4) predict how design modifications may affect needle
behavior.

Modeling of needle insertion into soft tissue is a challeng-
ing, and widely researched topic [2], with applications beyond
needle steering, including realistic haptic rendering for surgical
training. A comprehensive model should simultaneously con-
sider needle deflection, tool-tissue interaction forces, and tissue
deformation. Finite element (FE) analysis [16], [17], beam the-
ory [18], [19], and spring foundations [20] have all been used
to derive dynamic models for steerable needles. However, the
complexity of these models means they are often not suitable
for in-the-loop applications, which prevents their use in con-
trol strategies, and the high number of parameters introduced
means they are often loosely constrained [21]. The much sim-
pler kinematic, nonholonomic, bicycle model has been shown
to provide a good fit to experimental testing conducted with a
bevel-tip needle [7] and has also been considered for modeling
the Programmable Bevel-tip Needle (PBN) [22]. It is, however,
a phenomenological model, and so does not explicitly account
for needle design parameters or tissue properties; the model
parameters are found through regression.

The PBN, originally inspired by the ovipositor (egg-laying
tube) of parasitic wasps [23], comprises multiple slender seg-
ments. These are held together by the “interlocking mechanism,”
which constrains relative motion to the axial direction. By con-
trolling the relative insertion of segments, as shown in Fig. 1,
the shape of the needle tip can be continuously “programmed”
during insertion. The needle tip shape affects the interaction
with the surrounding soft-tissue, and the resultant steering of
the needle, as has been demonstrated in previous experimental
trials [24]. One of the key advantages of the PBN’s steering
mechanism, when compared with the popular bevel-tip needle,
is that it does not rely on transmission of torque from base to
tip. It can therefore be manufactured from a much more com-
pliant material, which allows greater steering ability in softer
tissues (e.g., brain) and makes it more suitable for long-term
implantation, as is required for chronic treatment.

To date, the control strategy for PBNs has assumed a linear
model with adaptive compensation for unknown nonlinearities
[25], [26]. However, to improve existing control strategies and
inform future design decisions, the highly nonlinear relationship
between the needle tip shape and steering needs to be better
understood.

This paper presents a mechanics-based steering model for
PBNs, which is suitable for in-the-loop application. An assumed
tool-tissue interaction force is applied to a needle tip deflection
model, which considers the multisegment structure as a set of
multiple cantilevered Euler–Bernoulli beams. The model is val-
idated, initially via a set of FE simulations, and subsequently
through experimental trials with the first medical-grade and clin-
ically sized PBN, the manufacture of which is also described
herein. In this paper, the needle’s ability to steer in any direction
is also demonstrated for the first time.

This paper is arranged as follows. In Section II, the PBN
steering model is presented and subsequently analyzed, to un-
derstand how needle design parameters affect steering character-
istics. In Section III, results from FE simulations are compared

Fig. 2. Body frame coordinates shown for a PBN. Angular and linear ve-
locities, ωx , ωy , ωz , and v are shown along with the corresponding curvatures
κ2 , κ1 , and torsion τ . These can be used to describe the twist motion of a
steerable needle, given in (3). For a PBN, it is assumed that τ ≈ 0.

with the model predictions. Section IV presents results from
a series of experimental insertions, with a 4-segment, medical
grade, 2.5 mm outer diameter PBN, from which best-fit model
parameters are found and the model-predictive capability eval-
uated. In Section V, an open-loop three-dimensional (3-D) sim-
ulated trajectory is demonstrated with our conclusions given in
Section VI.

II. PROGRAMMABLE BEVEL-TIP NEEDLE MODEL

The modeling of the PBN progresses as follows. Initially,
in Section II-A, we consider the motion of steerable needles,
and present the twist vector for a PBN, which motivates the
subsequent model. Section II-C sets out a permissibility condi-
tion, which the needle tip shape must satisfy during operation.
Sections II-D and II-E present the proposed force and Euler–
Bernoulli beam deflection model, respectively, which together
form the steering model. Section II-F considers how the model
parameters, such as number of segments or cross-section design,
affect the model-predicted needle behavior.

A. Steerable Needle Motion

The instantaneous linear and angular velocities of a rigid
body can be conveniently described by a twist ξ ∈ se(3) [27].
A general twist is represented by a vector, defined as follows:

ξ =

[
ω

v

]
6×1

with three elements for angular and linear velocities, denoted by
vectors ω and v, respectively. The twist motion for a steerable
needle tip is most conveniently expressed in body frame coordi-
nates, as shown in Fig. 2. A kinematic model of steerable needle
motion is subject to Pfaffian constraints on the linear velocity

vx = 0, vy = 0, vz =
ds

dt
= v

where s is the path length. If the pose of the tip frame is described
with respect to a spatial reference frame by a 4× 4 homogeneous
matrix Tt ∈ SE(3)

Tt =

[
Rt pt

01×3 1

]
(1)
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where Rt = [êx êy êz ] describes the tip orientation and pt the
tip position, then the instantaneous body-frame velocities vi, ωi

can be recovered from the twist matrix ξ̂b
Ω ∈ se(3)

ξ̂b
Ω =

⎡
⎢⎢⎢⎢⎣

0 −ωz ωy vx

ωz 0 −ωx vy

−ωy ωx 0 vz

0 0 0 0

⎤
⎥⎥⎥⎥⎦ = TT

t

dTt

dt
. (2)

In an analogous fashion, the instantaneous curvatures and
torsion of the body can be described by ξ̂b

K ∈ se(3)

ξ̂b
K =

⎡
⎢⎢⎢⎢⎣

0 −τ κ1 0

τ 0 κ2 0

−κ1 −κ2 0 1

0 0 0 0

⎤
⎥⎥⎥⎥⎦ = TT

t

dTt

ds

such that the curvatures κ1 and κ2 describe the change of the
tangent vector êz in the êx and êy directions, as defined in the
body-attached frame. The torsion τ describes the rotation of êx

and êy about the tangent vector. Assuming nonzero ds and dt

such that both ξ̂b
Ω and ξ̂b

K exist, simple application of the chain
rule shows

ξ̂b
Ω = TT

t

dTt

dt
= TT

t

dTt

ds

ds

dt
= v ξ̂b

K

for v �= 0. The general form for the body-frame twist ξb
G of a

steerable needle tip can therefore be expressed

ξb
G =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ωx

ωy

ωz

vx

vy

vz

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= v

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−κ2

κ1

τ

0

0

1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (3)

As previously demonstrated [25], [26], the tip geometry of the
PBN can be modified during insertion to affect a change in the
curvatures κ1 and κ2 . As the line of action of the needle-tissue
interaction force passes through the insertion axis, the tip does
not experience significant torsional moments, and therefore it is
assumed that τ ≈ 0. Hence, the twist for the PBN ξb

P , shown
alongside the twist for an axially rotated bevel-tip needle ξb

B as
reported by [28], is as follows:

ξb
P = v

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−κ2

κ1

0

0

0

1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, ξb
B = v

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

κ

τ

0

0

1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

Both twists lie within a 3-system of screws. The transforma-
tion for trajectory equivalence is the same as the transformation

Fig. 3. Rendering of an n = 4 PBN tip, showing (a) a permissible configura-
tion and (b) an impermissible configuration. During operation, it is crucial that
the needle acts as a single flexible body. The tip configuration shown in (b) has
two “free” segments that could drive the needle apart, and is therefore deemed
impermissible.

between the Frenet–Serret and parallel transport [29] frames

τ =
d

ds
tan−1 κ2

κ1

κ =
√

κ2
1 + κ2

2 .

The bevel-tip needle has an additional constraint with respect
to the PBN, in that the curvature κ is constant. This precludes a
straight trajectory, which may only be approximately achieved
via continuous rotation, to give a tight helical path.

B. Programmable Bevel-Tip Needle Operation

The tip shape of an n-segment PBN is determined by the rel-
ative positioning of the n segments, as shown in Fig. 3. For con-
venience, each segment’s extension may be 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 ∈ Rn . 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 no-
tionally 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, as
in “follow-the-leader” deployment [9].

We can describe the relative positioning of the n segments
with only n − 1 variables. These are termed the relative segment
offsets and together form a relative offset vector Θ ∈ Rn−1 , a
minimal set of coordinates. They are defined by the following
change of variables.

For i = 1 to n − 1

Θi = oi+1 − o1

l = max oi (5)

where l is a model parameter, termed the tip length (e.g., l = o1
in Fig. 3).

The problem of determining the trajectory evolution of a
PBN is therefore equivalent to finding the function f that maps
from the relative offset vector Θ ∈ Rn−1 , to the curvature



374 IEEE TRANSACTIONS ON ROBOTICS, VOL. 35, NO. 2, APRIL 2019

components κ1 and κ2 , as defined in (4)

κP =

[
κ1

κ2

]
= f(Θ,μ) (6)

where μ is a vector of model parameters and we define κP ∈ R2 ,
the curvature vector.

The relationship described by the function f(Θ,μ) is highly
dependent on the complex tool-tissue interaction at the tip. The
interaction has been studied and modeled in 2-D using FE meth-
ods [16], but the analysis is computationally costly and therefore
not suitable for in-the-loop applications.

By making assumptions about the nature of the force interac-
tion between the needle and surrounding tissue, and using linear
Euler–Bernoulli beam theory, we develop a simplified steering
model. The model predicts PBN steering for low speed tissue
traversal. Therefore, initial tissue puncture is not considered and
needle insertion velocity is assumed to be sufficiently low, such
that inertial and viscoelastic effects may be ignored and the
process is quasi-static.

C. Permissibility Condition for Tip Configuration

We first consider restrictions on the model input, which is the
offset vector that defines the shape of the needle tip. During op-
eration, it is crucial that the needle acts as a single, flexible body.
This requires that a tip configuration satisfies a permissibility
condition, which can be intuitively understood by considering
the two tip configurations in Fig. 3, shown for the case n = 4.

For an n-segment programmable bevel-tip needle, the per-
missibility condition for an offset vector o is derived below.
Note that the permissibility of a relative offset vector Θ may
be evaluated by first converting to an offset vector o via the
(reverse) change of variables in (5), with arbitrary l.

First, consider an index set I for the needle segments,
defined as

I = {1, . . . , i, . . . , n | n ∈ Z+}.
The corresponding set of offsets O describes the tip
configuration

O = {oi | i ∈ I, oi ∈ R}.
For segment i, the clockwise neighboring segment is denoted
i+ , given by

i+ = i (mod n) + 1 , i+ ∈ I.

Define ai , bj , ck as follows:

ai = sgn(oi+ − oi)

bj = aj+ − aj

ck =

{
1, if bk = −2

0, otherwise.

If ck = 1, the segment corresponding to k+ is termed “free”.
Physically, this corresponds to a segment for which the tip is
further extended than its neighboring segments. For an offset

configuration to be permissible, it must contain at most one free
segment, and therefore the permissibility condition is1

n∑
k=1

ck � 1.

It is worth noting that impermissible tip configurations only
exist for cases n � 4.

This permissibility condition must be satisfied to ensure the
needle acts as a single body during insertion, which is required
for the following proposed model.

D. Force Model

A comprehensive model for the forces generated by the
needle-tissue interaction would require a highly computation-
ally expensive, 3-D FE simulation, accounting for tissue hyper-
elasticity and crack dynamics. However, such a model would
not be suitable for the desired in-the-loop application. Here, the
loading is assumed to take a particular form, for which best-fit
model parameters are to be found. The form is based on prior
needle-tissue interaction force studies and physical intuition.

Assumptions:
1) The tool-tissue interaction forces are expected to act as a

distributed load, predominantly upon the beveled faces of
the segment tips. Since we are not interested in local de-
formation of the bevel faces, according to Saint–Venant’s
principle, we consider the distributed loads equivalent to
point forces acting normal to each segment’s bevel face.

2) Since the beam deflection model presented in the fol-
lowing section only considers transverse deflection, only
transverse force components are of interest.

3) The forces acting on a needle during insertion into soft
tissue contain contributions from tissue deformation, tis-
sue cutting and friction at the needle-tissue interface [30].
Friction forces act predominantly in the axial direction,
and are therefore disregarded. The forces acting on the
beveled faces are therefore assumed to comprise only de-
formation and cutting components. The assumed form of
these contributions is discussed.

4) The loading on the tip depends only on the tip configu-
ration, described by the relative offsets, and not the tip
deflection. This requires that the deflection of the tip is
assumed to be small, such that higher-order terms due to
force/deflection coupling are not significant.

As the needle is inserted, each segment displaces the tissue
directly ahead of it. As all segments have the same frontal area,
the deformation force contribution is assumed to act equally on
each segment tip. On the other hand, the cutting force contribu-
tion is expected to act with a greater proportion on the leading
segment tip, which works greatest to propagate the crack ahead

1Compactly, the permissibility of a given offset configuration may be evalu-
ated by the following Mathworks MATLAB2016b expression, which returns 1
if a given configuration o is permissible, and 0 if it is impermissible

sum(difc(sign(difc(o))) == −2) <= 1 (7)

where sum and sign are MATLAB functions and difc is the circular difference
function, i.e., difc([x1 , x2 , x3 ]) = [x1 − x3 , x2 − x1 , x3 − x2 ]
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Fig. 4. Forces f i are shown acting on the needle tip of an n = 4 PBN.
The axial view shows how a force angle deviation φi affects the direction of
force application on segment i. The positions of the segment centroids which
correspond to the segment neutral axes are shown, denoted di . The side view
shows the forces acting on the beveled segment faces. The z-component of the
force is ignored due to the assumption of pure transverse deflection. Note the
coordinate system, denoted η, is different to that of Fig. 2, and is attached to
the base of the needle tip.

of the needle. Consider a second (nonleading) segment: when
aligned with the leading segment, it should bear an equal force,
but as it is withdrawn, its contribution is expected to drop, ap-
proaching zero in the limit. A natural candidate for the cutting
contribution is therefore an exponential function, which decays
with distance from the leading segment tip.

As a result, the transverse tip force magnitude Fi , acting upon
segment i, is assumed to take the following form:

Fi = Fp
1
n

+ Fc
e−

l−o i
l c∑n

i=1 e−
l−o i

l c

(8)

where l − oi is the distance of segment i from the furthest ex-
tended segment. Fp and Fc are the total deformation and cutting
force acting on the tip, respectively, and lc is the cutting length
constant that effects how the cutting force is distributed along
the needle tip. Fp , Fc , and lc are all model parameters, that
are expected to depend on the surrounding tissue properties and
shape of the segment tips.

It has proved hard to reliably control the angle of the bevel
plane when fabricating PBNs. Therefore, a force angular devi-
ation term φi is introduced for each segment i. The direction of
the applied force on segment i is described by βi , as shown in
Fig. 4

βi =
π

n
(2i − 3) + φi.

The transverse tip force acting on segment i, as shown in
Fig. 4, is given by the vector f i

f i =

[
fi,x

fi,y

]
= Rβi

[
0

−Fi

]
= −Fi

[
sin (βi)

cos (βi)

]
(9)

where Rβi
∈ SO(2) denotes the matrix2 which corresponds to

a clockwise rotation for an angle βi .

E. Deflection Model

With the force distribution established, we now calculate the
resultant needle tip deflection. This will determine the model-
predicted curvature vector.

2For the following sections, all rotation matrices are defined similarly

Fig. 5. Deflections wj and rotations θj for portions j = 1 to n, of length pj ,
are shown in a 2-D representation of the 3-D beam-bending deflection model
for the case n = 4. oi are the offsets corresponding to the segments i, and the
forces f i are the respective tip loads, shown acting on the undeformed needle
tip. Note: the magnitude of deflection is exaggerated for the sake of clarity.

Assumptions:
1) The deflection of a single bending segment may be mod-

eled as an Euler–Bernoulli beam. It is therefore assumed
that the beam undergoes small deflections and is suffi-
ciently slender, such that shear strain effects are negli-
gible. The cross-section is assumed to be constant: the
effect due to slight taper from the bevel face is, thus, also
assumed to be negligible.

2) The axial load is assumed to be negligible as the axial
stiffness of the needle is much greater than the bending
stiffness. The axial component of the tip force and friction
acting along the needle shaft are therefore discarded and
only bending in the transverse plane is considered.

3) The friction force acting between segments is negligible
(see Section IV-A), such that no shear forces are trans-
ferred between segments. Each segment will therefore
bend about its own neutral axis.

4) The interlocking mechanism constrains relative transverse
motion of the segments. In tandem with the slenderness
and small deflection assumptions stated in (1), each of
the comprising segments therefore experience the same
curvature at any given cross-section of the tip.

In order to calculate the deflection of the needle tip under
the external loading of (9), the tip is partitioned into portions
of constant cross-section. Each portion j has length pj ∈ R and
corresponding second moment of area tensor Ĩj ∈ R2×2 . The
deflection wj ∈ R2 and rotation θj ∈ R2 are shown in Fig. 5. It
will be convenient to define the set Jj of segments comprising
portion j.

The internal reactions are calculated at the portion boundaries.
The shear force sj ∈ R2 and bending moment mj ∈ R2 , as
shown in Fig. 6, are found by balancing internal with external
loads. Note the rotation R π

2
is necessary so that a force acting

in the x-direction generates a moment about the y-axis and vice
versa

sj =
[

sj,x

sj,y

]
=
∑
Jj

f i (10)

mj =
[

mj,x

mj,y

]
=
∑
Jj

R π
2
f i

(
oi −

j∑
k=1

pk

)
. (11)
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Fig. 6. Internal bending moment mj and shear force sj shown for portion
j in a 2-D representation of a single portion. Îj is the second moment of area
tensor and z is the distance measured along the portion. Other parameters are
as in Fig. 5.

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

I =

[
Ixx Ixy

Iyx Iyy

]

where Ixx and Iyy are the second moments of area about the
centroidal perpendicular axes xx and yy, respectively, and
Ixy = Iyx is the corresponding product moment of area.

Assuming all segments have the same cross-section geometry,
it is sufficient to calculate the second moment of area tensor
for a single segment (e.g., I1 , the second moment area tensor
for the first segment). The transformed second moment of area
tensor for segment i, rotated by an angle γi , can therefore be
calculated as

γi =
2π

n
(i − 1)

Ii = Rγi
I1RT

γi
.

Considering the second assumption, the second moment of
area tensor for portion j is given simply by the following sum:

Îj =
∑
Jj

Ii . (12)

Considering the Euler–Bernoulli beam equation, the internal
bending moment m at each point along a beam is related to the
curvature κ as follows:

m =

[
mx

my

]
= −EIκ = −EI

[
κx

κy

]
= EIR π

2

d2w

dz2

where E is the Young’s modulus, which together with the second
moment of area tensor, forms the flexural rigidity tensor EI .
Rearranging yields

d2w

dz2 =
1
E

RT
π
2
I−1m. (13)

For 0 ≤ z ≤ pj measured along a single portion j, the bend-
ing moment m(z) is

m(z) = mj + (pj − z)R π
2
sj . (14)

Substituting (14) into (13), integrating twice with respect to
z and applying continuity conditions at the portion boundaries,
yields the expressions for the rotation θj and deflection wj of
each portion

θj =

[
θj,x

θj,y

]
=

dw

dz

∣∣∣∣
z=pj

= θj−1 +
p2

j

2E
RT

π
2
Î−1
j R π

2
sj +

pj

E
RT

π
2
Î−1
j mj (15)

wj =

[
wj,x

wj,y

]
= w|z=pj

= wj−1 + pjθj−1 +
p3

j

3E
RT

π
2
Î−1
j R π

2
sj +

p2
j

2E
RT

π
2
Î−1
j mj

(16)

with fixed end boundary conditions applied at the tip base (zero
rotation and deflection used by convention as curvature is inde-
pendent of beam position and orientation)

θ0 = w0 = 02×1 . (17)

From the deflection of the furthermost protruding segment tip
wn , the average curvature of the needle tip κ̂ is calculated. This
is the model prediction of the curvature vector κP in (6)

κ̂ =

[
κ̂1

κ̂2

]
=

2
l2

wn . (18)

In summary, the steering model follows the following steps,
detailed above.

1) Check permissibility of tip configuration (7).
2) Evaluate force model to return forces acting on segments

(9).
3) Identify needle portions.
4) Calculate shear force and bending moment at portion

boundaries (10) and (11).
5) Calculate portion cross-section properties (12).
6) Evaluate Euler–Bernoulli beam equation to find tip dis-

placement (15)–(17).
7) Return average curvature vector, calculated from tip dis-

placement (18).
A single evaluation, run on a standard desktop PC,3 takes an

average of 34 ms.

F. Model Observations

As a first means of evaluating the model, the effects of varying
the model parameters, summarized in Table I, are considered.
Of particular interest are those model parameters that can be
varied by design, namely: the number of segments n, the flexural
rigidity EI1 , and force angle deviations φi . Variation in each of
the design parameters is considered, whilst the remaining model
parameters are set to be the default values listed in Table I.

3Performed with a .mex file in Mathworks MATLAB2016b 64 bit, run on an
Intel(R) Core(TM) i7-4770 CPU @3.40 GHz
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TABLE I
MODEL PARAMETERS, RESPECTIVE UNITS AND DEFAULT VALUES

1) Number of Segments n: The model presented is applica-
ble to a general n-segment PBN. A comparison between the
achievable curvatures for different n indicates the ability of dif-
ferent designs to steer.

Fig. 7 shows the range of achievable curvatures κ̂ for different
n. The plots all exhibit rotational symmetry of order n, reflecting
the rotational symmetry of the needle design. A single-segment
needle (n = 1), has no ability to configure the tip, and is there-
fore limited to a single curvature. For a two-segment needle
(n = 2), κ2 = 0, and therefore the needle is constrained to cur-
vature within a single plane. A three-segment needle (n = 3)
is the minimum required to achieve steering in any desired di-
rection. The maximum curvature achievable varies by direction,
with the greatest achievable curvature corresponding to the sin-
gle segment forward configurations. For cases with n ≥ 4, there
are multiple tip configurations that result in the same curvature
vector κ̂, and again, the maximum achievable curvature is great-
est for the single segment forward configurations.

2) Flexural Rigidity EI1: The flexural rigidity tensor EI1
describes the segment cross-section’s resistance to bending. The
Young’s modulus E corresponds to the material property con-
tribution, and the second moment of area tensor I1 corresponds
to the geometric contribution.

For the special case where the flexural rigidity tensor is a
scalar multiple of the identity matrix, the achievable curvature
plot is symmetric within each quadrant, as shown in Fig. 7(c).
The real second moment of area tensor for the segment cross-
section of the 4-segment PBN, shown in Fig. 4, is calculated in
Dassault Systèmes SolidWorks and used to generate Fig. 7(d)

I1 =

[
0.1082 −0.0229

−0.0229 0.2147

]
mm4 .

In this case, the maximum curvatures, achieved in a single
segment forward tip configuration, no longer lie in the 45° di-
rections, due to the slight asymmetry in the segments’ cross-
section. There is also an increase in the variation of maximum
curvature with direction, with a marked increase in the predicted
curvature for the single segment forward directions.

3) Force Angle Deviations φi: The force angle deviations
φi account for the variation of the tip force direction between
segments. This arises due to variation in the angle of the bevel
cut plane. For an ideal PBN, φi = 0 for all i, and the achievable
curvature plot has rotational symmetry, as shown in Fig. 7(c)
and (d). Fig. 7(e) shows the effect of a nonzero force angle

deviation, specifically φ1 = 20°. It produces a quadrant specific
skew and rotational symmetry is lost.

III. FE SIMULATIONS

To evaluate the multibeam deflection model, FE simulations
using SIMULIA Abaqus FEA 6.14, were performed on the
geometry of our PBN, for the cases with n = 3, 4. Observed
deflections were compared with model-predicted deflections for
equivalent loading conditions: an equal pressure force applied
to each segment tip; and equivalent design parameters: same
Young’s modulus and second moment of area tensor.

A. Method

The segments of the PBN 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
ratio ν. 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 beveled faces of area A,
which are cut at an angle α.

During the simulations, all segments were subjected to the
same tip loading. An explicit analysis was performed with
SIMULIA Abaqus, using the parameters reported in Table II.
The analysis was quasi-static, therefore inertial and time-
dependent effects are negligible. The deflection was recorded
for the tip node of the furthermost extended segment.

For the comparison, the needle model (see Section III-C)
parameters E and I1 are those given in Table II. The equivalent
transverse tip force magnitude acting on segment i is Fi =
pA cos (α), with zero force angle deviations (i.e., φi = 0).
The tip length for all offset configurations is l = 20 mm. The
model predicted tip deflections wn are calculated for the same
tip configurations, listed in Table III.

B. Results and Discussion

The tip configurations used for the FE simulations are re-
ported in Table III, along with a visual depiction of the needle
tip deflections. The tip node deflection for each configuration,
wn , is shown in Fig. 8, along with the deflection path as the
load on each segment is increased from 0 to Fi .

The root-mean-square deviation (RMSD) between the FE
simulation and the model predicted values was 0.1664 mm and
0.2636 mm for the cases n = 3 and n = 4, respectively. Fig. 8
shows the increased deflection for offset configurations with ei-
ther a single or two segments forward. Additionally, asymmetry
due to the needle geometry is observed in both sets of results.
The tip deflection paths are “quasi-linear” with nonlinearity
becoming a greater factor as the deflection increases.

Sources of discrepancy between the model predictions and
FE results are attributed to the following:

1) nonsmall deflection: not considered in linear Euler–
Bernoulli, which assumes dw

dz � 1;
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Fig. 7. Model-predicted achievable curvatures are plotted for different design parameters. (a) n = 1, 2. (b) n = 3. (c) n = 4. (d) Nonidentity flexural rigidity
tensor EI1 (exact value given in the text). (e) φ1 = 20◦. They are generated by discretizing the space of all permissible tip configurations into 0.1 mm steps. The
other model parameters are set to the default values given in Table I.

TABLE II
PARAMETERS USED IN THE FE SIMULATION

2) transverse shear strain: not considered in linear Euler–
Bernoulli beam theory, which assumes slender beams (i.e.,
length 	 width);

3) torsion: the force acting on each segment does not neces-
sarily act through the shear center, and therefore torsion
may be induced in the segments;

4) nonlinearities: these arise due to nonperfect transmission
of stresses between segments, particularly at cross-section
discontinuities; and

5) cross-section variation: at the tip of each segment, the
bevel causes a gradual change in cross-section, whereas

the deflection model assumes constant cross-section
beams.

The first-order agreement is satisfactory. With the strong as-
sumptions made in the force model, we expect that the mag-
nitude of the errors seen here in the deflection model to be
small in comparison. The expected magnitude of these er-
rors in the context of the experimental trials are discussed
in Section IV-C.

IV. EXPERIMENTAL TRIALS

An extensive series of experimental needle insertions were
performed to evaluate the needle’s steering ability and the accu-
racy of the proposed model. These were performed by following
a similar protocol to our previous works [22], [23], [31].

The steering ability is quantified by the maximum achievable
curvature, the reciprocal of the minimum radius of curvature.
For an environment containing obstacles, a greater maximum
achievable curvature enables access to a larger proportion of
the workspace [32]. For the steering ability evaluation, a 10%
by weight bovine gelatin (Chef William Powdered Gelatine)
was used, as in the previous evaluation of flexure-tip steerable
needles [33]. A single segment forward configuration was used
with an offset of 20 mm.

The steering model predicts the curvature vector κP of a PBN
for a given tip configuration, determined by the relative offset
vector Θ. To evaluate the proposed model, insertions were per-
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TABLE III
FE SIMULATION RESULTS, SHOWING AXIAL VIEW OF PBN TIP DEFLECTIONS,

FOR CASES n = 3, 4

An equal load is applied to each segment tip, as specified in Table II. The
resultant tip deflections for each of the configurations are also presented in
Fig. 8.

formed for a range of tip configurations in a 6% by weight bovine
gelatin. The lower concentration of gelatin is more readily dis-
solved and therefore a more consistent set of phantoms can be
generated for the model evaluation trials. Uniaxial compression
tests were performed on three gelatin samples for each con-
centration. The shear moduli, obtained through an incompress-
ible Neo–Hookean hyperelastic model fit, were measured to be
(7.72 ± 0.08) kPa for the 10% sample and (3.05 ± 0.09) kPa
for the 6% sample, which we believe to be an acceptable first
approximation for human white matter [34].

A. Manufacture of a Medical-Grade Programmable Bevel-Tip
Needle

The experimental trials were performed with a new 4-segment
PBN. The fully assembled needle design has an outer diameter
of 2.5 mm, which is within the range appropriate for neuro-

logical instruments (e.g., RAUMEDIC NEUROVENT [35]).
The segments are manufactured via extrusion of medical-grade,
plasticized poly(vinyl chloride) with 86 Shore “A” hardness, by
Xograph Healthcare Ltd. To ensure low friction sliding between
segments, the needle segments are nanocoated with poly(para-
xylylene).

Fig. 9(a) shows the cross-section of a single segment, viewed
under a microscope. Each segment has a male and female part of
the interlocking mechanism, which connect to the neighboring
segments. A single 0.3 mm outer diameter lumen provides a
channel from base to tip of each needle segment, which could
be used for a variety of clinical applications, ranging from drug
delivery and cyst evacuation, to optical based diagnostic sensing.

The tip of each segment is ground to form a beveled face
at approximately 30° from the neutral axis. The plane of the
bevel is approximately aligned, such that the surface normal
passes through the central axis of the needle. Due to the flexible
nature of the material, an accurate alignment of the bevel plane
is difficult to achieve. The fully assembled PBN tip is shown in
Fig. 9(b).

B. Method

1) Experimental Design: The gelatin phantoms were kept
at a controlled room temperature of (21–22) ◦C. Deviations
from this temperature can significantly affect the mechanical
properties of the gelatin.

A set of 24 tip configurations, listed in Table IV, were used for
the insertions. Of these, 16 were used for performing the model
fit, and the remaining eight for model validation. Single and two
forward configurations achieve steering in all of the eight prin-
cipal directions, and have been used in previous studies [24].
Additionally, eight “mixed” configurations were selected, with
two nonaligned extended segments. These are chosen to pro-
vide a sufficient set of data to fit the cutting model parameters,
as identified in Section II-D. For model validation, eight “ran-
domized” configurations were generated, and checked to ensure
that they satisfy the permissibility condition of Section II-C.

For each tip configuration, at least seven insertions were per-
formed. To mitigate the effect of varying gelatin properties be-
tween boxes, the trials were performed in a randomized order.
The needle’s trajectory was recorded using a calibrated stereo
camera pair.4

2) Needle Insertion: The insertion of the four segments was
driven by a robotic system formed of four linear actuators, at a
predefined speed of 1 mm· s−1 , as in previous studies [22], [24].
The experimental setup is shown in Fig. 10.

The PBN was initially inserted 20 mm into the phantom-brain
gelatin, with all segments aligned. As the furthermost extended
segment was held stationary, the other segments were driven to
form the desired tip configuration. All linear actuators were then
driven in unison for a subsequent insertion of 100 mm.

4The stereo images were captured with two Logitech C920 HD Pro webcams
at fixed focal lengths. A ray tracing algorithm accounts for refraction at the
air-gelatin interface. A calibration test using a known geometry, positioned at
different locations and depths within the relevant workspace, showed RMS
positioning accuracy of ±0.80 mm, comparable to the commonly used NDI
Aurora EM tracker.
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Fig. 8. Comparison between FE simulation results and model predictions for the deflection of a PBN tip. (a) Case n = 3. (b) Case n = 4. Results are plotted
for the tip configurations listed in Table III, and rotational symmetry used to complete the plot for all directions. The deflection path shows the displacement of the
tip node as the forces acting on the segments are increased from 0 to Fi . The RMSD between the FE simulation and the model predicted values was 0.1664 mm
and 0.2636 mm for the cases n = 3 and n = 4, respectively.

Fig. 9. Microscope images of the 2.5 mm outer diameter PBN. (a) Single
segment showing the interlocking mechanism and lumen. (b) Tip of the fully
assembled PBN with all segments aligned.

3) Curvature Estimation: The estimation of the curvature
vector κexp from the resultant trajectory was calculated via the
following steps.

1) The best-fit steering plane was found using principal com-
ponents analysis, based on singular value decomposition.

2) The trajectory was orthogonally projected onto the best-fit
steering plane.

3) The Hyperfit circle-fitting method [36] was used to es-
timate the best-fit radius Rexp from which the curvature
magnitude κexp = 1/Rexp was calculated.

4) The angle of insertion Φexp is measured between the best-
fit steering plane and the horizontal plane in which the
needle is initially inserted.

The experimental curvature vector, measured for a given in-
sertion, is therefore

κexp = κexp

[
cos (Φexp)

sin (Φexp)

]
.

TABLE IV
TIP CONFIGURATIONS USED IN EXPERIMENTAL TRIALS AND THE

CORRESPONDING RELATIVE OFFSET VECTORS Θ

16 configurations are used for the model fit, with a further 8 randomized configu-
rations used for validation.

C. Results and Discussion

1) Steering Ability: The maximum curvature achieved was
0.0192 ± 0.001 mm−1 , with a representative insertion shown in
Fig. 10. Care should be taken when making direct comparison
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Fig. 10. (a) Diagram of experimental setup. The stereo camera pair tracks the 3-D position of the needle tip within the gelatin phantom. The needle insertion
is driven by the actuation system, comprising 4 linear actuators which can independently control each segment. The uninserted needle is supported in the trocar
tube, which holds the segments together. (b) Image of needle insertion, as seen from one of the stereo cameras, into the gelatin phantom; the surface markers allow
detection of the gelatin plane for refractive index compensation.

with other results, due to the high variability of gelatin mechan-
ical properties across different brands, preparation techniques,
and temperatures. However, the achieved curvature is signifi-
cantly greater than the 0.0083 mm−1 reported previously for the
flexure-tip needle under similar conditions [33]. We expect this
is due to the needle’s comparatively low flexural rigidity EI
(minimum of 1.62 N mm2 for a single segment) [2], paired with
the relatively large bevel face area.

2) Model Evaluation: The mean experimental curvature
vectors, along with a single standard deviation for both mag-
nitude and direction, are plotted for each tip configuration in
Fig. 11.

From the plot, we can clearly see the needle is able to steer in
any direction. The maximum curvature is achieved in the single
segment forward configurations, agreeing with results reported
previously by [24], and the model predictions from Section II.
This result also agrees with our intuition, as a single segment
has the lowest cross-section stiffness and, therefore, is expected
to experience the greatest deflection.

The two-segment forward configurations achieved greater
curvature than the mixed configurations trialled in this case,
a result that may initially be considered counter-intuitive, given
that the mixed configurations have a single leading segment.
However, the same trend was observed in the FE deflection
simulations in Fig. 8 and model predictions in Fig. 7. This in-
dicates that, in going from a two-segment forward to mixed
configuration, the reduction in needle-tip stiffness is offset by
a comparatively greater reduction in the loading, which is no
longer fully applied at the tip. We expect that, for mixed con-
figurations closer to the single segment forward configuration,
this tradeoff would be reversed, as is seen in Figs. 7 and 8.

The rotational symmetry of the plotted results reflects the
rotational symmetry of the PBN design. The rotational skew
effect due to the nonidentity second moment of area tensor is
also observed.

3) Best-Fit Model: The experimental curvature vectors from
the 16 configurations specified in Table IV were used to conduct
a parameter fit, in order to produce a best-fit model.

Of the model parameters presented in Table I, the number of
segments n = 4, Young’s modulus E = 15 MPa, and second
moment of area tensor

I1 =
[

0.1082 −0.0229
−0.0229 0.2147

]
mm4

are known. The remaining model parameters, listed in Table V,
were considered in an nonlinear optimization to find the best-
fit values that minimize the RMSD between experimental and
model predicted curvatures

RMSD(μ) =

√∑N
q=1 ‖κexp,q − κ(Θq ,μ)‖2

N

where κexp,q is the mean experimental curvature for tip con-
figuration q, which goes from 1 to N . κ(Θq ,μ) is the model
predicted curvature for relative offset vector Θq and model pa-
rameter vector μ.

The nonlinear optimization was performed with the Math-
works MATLAB GlobalSearch function. The force and
length parameters were constrained to be greater than zero, and
angles were constrained between ±45◦.

The resultant best-fit model parameters are reported in Ta-
ble V for the full 8-parameter model. The corresponding best-fit
model-predicted curvature vectors are plotted in Fig. 11 for the
16 “fitting” configurations identified in Table IV.

To evaluate the predictive capability of the model, the 8 “val-
idation” configurations, not included in the parameter fit, were
used. The experimental and model-predicted curvature vectors
for the validation configurations, evaluated with the best-fit pa-
rameters, are also plotted in Fig. 11. The RMSDs are summa-
rized in Table VI.
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Fig. 11. Curvature vectors are plotted for the tip configurations listed in Table IV. The experimental mean and standard deviation for each configuration’s
curvature vector are shown. The model-predicted curvatures, evaluated with best-fit parameters, are also plotted for both the 8-parameter and 3-parameter case.

TABLE V
BEST-FIT MODEL PARAMETERS TO EXPERIMENTAL DATA, OBTAINED VIA

NONLINEAR OPTIMIZATION

Values are given for 8-parameter and 3-parameter models.

For the 8-parameter model, the best-fit value for the defor-
mation force Fp was found to be zero. It should be noted this
does not necessarily indicate that the real deformation contri-
bution is negligible. If we consider the form of the assumed
loading, as defined in (8), it is greatly simplified. Therefore,
differentiating between constant and exponential terms does not
directly correspond to separating the deformation and cutting
contributions.

Noting that the force angular deviations Φi are also small,
we consider a parameter reduction. The 3-parameter model

TABLE VI
RMSD BETWEEN EXPERIMENTAL RESULTS AND MODEL PREDICTIONS

The configurations included in each set (Fitting, Validation) are detailed in Table IV.

considers fitting with only l, Fc , and lc ; all other parameters
in Table V are set to zero. Reducing the number of param-
eters, simplifies the model (and reduces potential sloppiness
[21]) so that fewer experimental trials are required for fitting, at
the expense of model accuracy. A subsequent optimization was
performed for the 3-parameter model, and returned the best-fit
values listed in Table I. The RMSD values are also reported in
Table VI.

For the model-fitting configurations, and particularly the sin-
gle and two forward configurations, the 8-parameter model was
able to provide a good fit to the experimental data, with RMSD
= 0.56 × 10−3 mm−1 . The increase to RMSD = 0.77 × 10−3

mm−1 for the 3-parameter model is modest. For both 8-
parameter and 3-parameter models, the unique steering char-
acteristics of the PBN are captured, specifically the relative
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curvature magnitudes between different tip configurations and
the variation in steering direction, including the clockwise skew
due to the nonidentity second moment of area tensor.

The predictive ability of the model is evaluated by comparing
the experimental and model-predicted curvature vectors for the
validation configurations. The RMSD for the 8-parameter model
of 1.12 × 10−3 mm−1 is greater than that for the model-fitting
configurations, as is to be expected, but all model-predictions
fall within two standard deviations of the experimental results.
The curvature magnitude is generally underestimated, which
could highlight a deficiency in the model requiring further in-
vestigation. It is also possible that this error is experimental,
given that this latter set of experiments were completed some
days after the original set used for model fitting.

Indeed, significant effort was made to mitigate sources of
error during the experiments, albeit with such a complex system,
identification, and elimination of errors presents a significant
challenge. Notable potential sources of discrepancy between
experimental and model-predicted results are as follows.

1) Validity of model assumptions, for example the highly
simplified point force loading, exponential cutting force,
small deflection model, neglected shear strain, and con-
stant segment cross-section.

a) Small deflection models are generally considered
valid for

(
dw
dz

)2 � 1. For the maximum curvature of
0.01 mm−1 (model-fitting experiments) and model-
fit tip length of 32.5 mm, the maximum ( dw

dz )2 =
tan(0.325)2 = 0.11. This is acceptable for the de-
sired model accuracy given the magnitude of other
error sources. However, it should be noted that
this error term increases in magnitude with higher
curvature. In particularly high curvature cases a
more complex large-deflection model may be more
appropriate.

b) In order for shear strain effects to be negligible,
such that Timoshenko beam theory (commonly
used for nonslender beams) is equivalent (for the
static case) to Euler–Bernoulli theory, EI

κt l2 AG � 1
should be satisfied. Variables and respective values
for our case are: Young’s modulus E = 15 MPa;
Second moment of area I = 0.2147 mm4 ; Tim-
oshenko shear coefficient κt = 5

6 ; Beam length
l = 32.5 mm; Cross-sectional area A = 1.1 mm2 ;
Shear modulus G = 5.64 MPa. Evaluating yields

EI
κt l2 AG = 0.824 × 10−3 which confirms that shear
strain effects are small in this case.

2) Reliability of manufactured segment tip shape, which may
affect the consistency of the forces generated.

3) Experimental errors in needle setup, where the segments
must be aligned via sight. Assumed to be of magnitude
0.50 mm.

4) Difference in proximal and distal offsets: see
Section V-C for detail. The maximum relative error be-
tween the opposing segments is calculated as 1.37 mm
with a trajectory average of 0.69 mm. This is compara-

ble in magnitude to other error sources, e.g., initial offset
alignment.

5) Variation in gelatin mechanical properties, which affects
the forces acting upon the needle.

6) Plasticity of poly(vinyl chloride), such that the needle
exhibits some “memory effect”, i.e., the curvature vector
of a given insertion may be influenced by the previous
insertion.

Given the magnitude of experimental variation, the agreement
between model predictions and experimental results is accept-
able, providing a vast improvement over the linear model, which
is currently employed for control of the PBN. The features iden-
tified in the experimental curvature plot match those observed in
the model predictions, specifically the relative magnitude of the
single and two forward configurations, and the skew in steering
direction associated with the PBN segment cross-section’s non-
identity second moment of area tensor. We, therefore, believe
the presented mechanics-based model captures the key steering
characteristics of the PBN and its unique multisegment design.

The experimental trials demonstrate, for the first time, that the
relative offset for a PBN can be used to control 3-D steering, to
achieve curvature in any direction and with variable magnitude.
This is the first known passive needle design to achieve such
a degree of steerability without the need for axial rotation. We
performed the experiments with a clinically sized, medical grade
PBN, confirming the potential of the design to target clinical
problems.

V. OPEN-LOOP STEERING SIMULATION

A. Trajectory Evolution

The model presented in Section II predicts the instantaneous
curvature of the needle tip trajectory, given the current tip con-
figuration. In Section IV, the tip configuration, and therefore
model-predicted curvature, was constant over the trajectory and
the model need therefore be evaluated only once per trajec-
tory. To predict the evolution of a trajectory for which the tip
configuration varies over time we proceed as follows.

Given a relative offset profile Θ(tn ), which describes the
changing needle tip configuration at discrete times tn , we wish
to find the time evolution of the needle tip trajectory Tt(tn )
as defined in (1). The presented model of Section II is used to
evaluate (6) and return the predicted curvature profile κP (tn ).
These curvatures, along with the desired insertion velocity v
form the body-frame twist ξb

P (tn ) in (4).
The adjoint matrix converts the body-frame twist ξb

P (tn ) into
the spatial-frame twist ξs

P (tn )

ξs
P (tn ) = Ad6×6(tn )ξb

P (tn )

where

Ad6×6(tn ) =

[
Rt(tn ) 03×3

p̂t(tn )Rt(tn ) Rt(tn )

]

and p̂t(tn ) is the skew-symmetric matrix formed from pt(tn ).
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Fig. 12. Plot showing model-predicted 3-D needle trajectory for the open-loop relative offset profile in Section V-B. The coordinate system is shown moving
along the trajectory with path projections shown in white.

The spatial-frame twist matrix ξ̂s
P (tn ), which takes the form

of (2), satisfies the following equation:

dTt(tn )
dt

= ξ̂s
P (tn )Tt(tn )

and therefore the trajectory evolution can be evaluated via the
exponential map

Tt(tn+1) = eξ̂s
P (tn )dtTt(tn )

where dt = tn+1 − tn . Conventionally we choose Tt(0) =
I4×4 , the identity matrix, which locates the origin at the start of
the needle trajectory.

B. Three-Dimensional Steering Simulation

We now demonstrate the 3-D trajectory evolution for a spec-
ified relative offset profile Θ(tn ), with tn = 0 to 100 s:

Θ(tn ) =
[
20 cos

(
2πtn
100

)
, 20 sin

(
2πtn
100

)
,

−20 cos
(

2πtn
100

)]
mm

The resulting curvature profile κP (tn ), evaluated with the
8-parameter model, is shown in Fig. 13. The simulated nee-
dle trajectory, for insertion speed v = 1 mm s−1 , is shown in
Fig. 12.

It is important to highlight that the model validation of
Section IV was only performed for trajectories with constant tip

Fig. 13. Plot showing the resulting curvature profile κP (tn ) for the open-loop
relative offset profile in Section V-B.

configuration, not the more complex trajectories demonstrated
above.

C. Offset Compensation

The linear actuators control the segment offsets at the proxi-
mal end of the needle. Due to the separation between segment
neutral axes, there is a path-dependent discrepancy between
proximal and distal offsets. Here, we quantify this effect and
present an equation to calculate the open-loop compensation re-
quired at the proximal end to achieve the desired distal offsets.
Note that as a follow on from Assumption 2 in Section II-E, ax-
ial compression of segments is not considered as axial stiffness
is assumed to be large with respect to axial loads.

The needle’s trajectory is described by the motion of the nee-
dle tip. Under the established assumption of follow-the-leader
motion, the center of the needle’s cross-section (origin of the
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Fig. 14. Plot showing the required offset compensation Δoi (tn ) at the prox-
imal end of the needle for the open-loop relative offset profile in Section V-B.
This compensation is calculated according to (19) and ensures that the rela-
tive offset at the distal end is as desired, accounting for the path-dependent
discrepancy described above.

xη , yη axis of Fig. 4) follows this tip trajectory. This trajectory
is a development of the twist ξP described in (4), with κP (s)
along the path from s = 0 to ltip , the insertion length of the tip
segment.

Segment i’s neutral axis has separation di from the needle’s
center, as shown in Fig. 4. If it is inserted a length li , with a
straight path assumed prior to s = 0, then simple differential
geometry yields the expression for its path length discrepancy
with respect to the needle center line, Δoi

Δoi = −
∫ li

s=0
di · κP (s)ds. (19)

Therefore without compensation, the error at the distal end
for each segment is −Δoi . To achieve desired distal offsets oi ,
the required proximal offsets are o′i = oi + Δoi .

Given the di for the needle, calculated in Dassault Systèmes
SolidWorks:

d1 =

[
−0.43

0.61

]
mm, d2 =

[
0.61

0.43

]
mm

d3 =

[
0.43

−0.61

]
mm, d4 =

[
−0.61

−0.43

]
mm.

The required compensation for the trajectory presented in
Section V-B, calculated via (19), is shown in Fig. 14. By sub-
tracting the calculated offset compensation from the offset pro-
file of Section V-B we can simulate the equivalent uncom-
pensated trajectory (not shown). The Cartesian tip discrepancy
between the end of the compensated and noncompensated tra-
jectory is 0.127 mm.

VI. CONCLUSION AND FUTURE WORK

Steerable needles have the potential to greatly improve clin-
ical access. To achieve accurate targeting it is crucial that their
steering behavior is understood. To this end, we have presented
a model for the steering of programmable bevel-tip needles. The
model sheds light on the steering mechanism, particularly the
importance of the needle’s geometry and multisegment design.
FE simulations and experiments showed good agreement with
model predictions, which captured the unique steering charac-
teristics, due to the multisegment design. The RMSD between

the experimental and model predicted curvatures was RMSD =
1.12 × 10−3 mm−1 .

In evaluating the model, we also introduced the first
clinically-sized, medical-grade PBN, which has been manu-
factured commercially via extrusion. The 4-segment design
includes a functional working channel in each segment, which
could be clinically exploited for applications such as drug
delivery, optical coherence tomography, laser ablation or cyst
evacuation. We showed, through an extensive set of fixed-offset
experimental insertions, that the manufactured PBN is capable
of steering in any desired direction with variable curvature,
without the need for axial rotation.

In future work, we plan to develop a needle simulation plat-
form based on the steering model presented. This will allow fur-
ther study into possible user-input mappings, control strategies
(including human-in-the-loop), and surgical training methods.

The 3-parameter model identified the parameters l, Fc , and
lc , which characterize the tool-tissue interaction, and therefore
determine the PBN’s steering behavior. We expect these to be
a function of the tissue properties: establishing this relationship
would allow prediction of the steering ability in different biolog-
ical tissues. In addition, we plan to carry out a series of in vivo
trials to evaluate the performance of the model under clinical
conditions (e.g., tissue heterogeneity, viscoelasticity, porosity).

We are already working on a demonstration of the needle’s
ability to describe more complex trajectories with variable cur-
vature magnitude and direction. Future sensorization of indi-
vidual segments via embedded fiber Bragg grating sensors will
allow accurate control of the distal offset and fault detection in
the unlikely case of segment separation.

This will be complemented by refinement to the design, in-
formed by the model parameter study, to improve needle steer-
ability and add functionality, e.g., shape-sensing, drug delivery,
in situ diagnostics.
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