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Abstract— Flexible, steerable, soft needles are desirable in
Minimally Invasive Surgery to achieve complex trajectories
while maintaining the benefits of percutaneous intervention
compared to open surgery. One such needle is the multi-segment
Programmable Bevel-tip Needle (PBN), which is inspired by the
mechanical design of the ovipositor of certain wasps. PBNs
can steer in 3D whilst minimizing the force applied to the
surrounding substrate, due to the cyclic motion of the segments.
Taking inspiration also from the control strategy of the wasp to
perform insertions and lay their eggs, this paper presents the
design of a cyclic controller that can steer a PBN to produce a
desired trajectory in 3D. The performance of the controller is
demonstrated in simulation in comparison to that of a direct
controller without cyclic motion. It is shown that, while the
same steering curvatures can be attained by both controllers,
the time taken to achieve the configuration is longer for the
cyclic controller, leading to issues of potential under-steering
and longer insertion times.

I. INTRODUCTION
In Minimally Invasive Surgery (MIS) the ability to achieve

complex tool trajectories, combined with the clinical ad-
vantages of percutaneous intervention [21] has led to the
research field of flexible needles [6]. Needle insertions are
highly prevalent in both diagnostic and intervention medical
procedures, including biopsy, ablation, brachytherapy and
fluid delivery and extraction. The success of these procedures
is dependent on the precision and accuracy of the tip place-
ment at the target position and orientation. These procedures
can be aided by steerable devices, as such devices can
accurately achieve target placement, increase the workspace
of the needle, as well as avoid critical areas or obstacles
along the way, including nerves, vessels and bones [15]. This
is of particular importance in neurosurgery, where straight
line trajectories can be undesirable for, e.g., deep brain
stimulation due to anatomical reasons, as targets can be
blocked by eloquent brain tissue [6].

Exhaustive reviews of steerable, flexible needles can be
found in [16], [18]. Bevel-tip needles [13], pre-curved nee-
dles and concentric tube needles [20], [5] can achieve non-
straight paths by mechanical design, as curvature is achieved
by the application of off-axis reaction forces at the needle
tip from the resulting motion against tissue. 3D steering is
achieved via rotation along the needle axis, however such
movement can induce a torsional moment on the tissue [12],
which can induce unwanted tissue damage. 3D steering can
also be achieved by actuated needle designs, such as tendon-
driven needles [9] and shape-memory material designs [8].
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Fig. 1. Biocompatible clinically-sized Programmable Bevel-tip Needle.

Whilst promising due to their steering performance, these
systems have problems of miniaturization, sterilizability and
mechanical complexity. To find a needle design that can
steer in 3D without axial rotation, and without requiring
complex actuation mechanisms, we can look to nature for
inspiration, where evolution has already optimized the design
of natural systems to perform complicated tasks. One such
example are ovipositing wasps, whether parasitic (egg-laying
in host larvae) or non-parasitic (eggs are inserted into some
substrate, such as wood). These wasps can successfully
penetrate and steer through a medium in order to lay eggs
in a safe chamber. Their ovipositors - thin, flexible needle-
like structures - can also avoid buckling whilst steering in
3D; two attractive traits for medical needles. The ovipositor
consists of several longitudinally inter-connected chambers
which can slide axially against one another, and steering
is achieved by varying the distal offset of the valves via
protracting one of the them at a time [4]. The chance
of buckling is minimized through the use of directional
serrations near the top of the ovipositor, which act as anchors
against the substrate as a neighboring valve is advanced,
creating stabilization and decreasing the axial push required
for insertion. The cyclic motion, whereby one valve is pulled
backwards and anchored, whilst the other is pushed further
into the substrate, enables the forward motion to be achieved
with a near-zero net force, placing no theoretical limit on its



Fig. 2. System Architecture for Neurosurgical Procedures.

length [7]. The three segment fruit-fly parasitoid ovipositor
was found to steer in any direction relative to their body
orientation, always using a reciprocal motion profile when
steering through a stiff substrate to minimize the net pushing
force required [4].

The wasp ovipositor was the basis of inspiration for
Programmable Bevel-tip Needles (PBNs). PBNs consist of
multiple segments with bevel tips held together via an
interlocking mechanism. The first PBN, codenamed STING,
was presented in [7] and consisted of a 2 segment, 4.4mm
outer diameter (OD) rubber prototype, capable only of pla-
nar steering. Following design iterations and plastic rapid-
prototyping, 4 segment PBNs capable of 3D steering with
12mm OD [10], 8mm OD [2], and 4mm OD [3] were
presented. Finally a clinically acceptable, extruded biocom-
patible prototype of 2.5mm OD was presented in [14].
Shown in Fig. 1, the PBN has an interlocking dove-tail
mechanism. A PBN with a 7 segment, nitinol wire design
[16] has also been developed where the rods are linked
together via a tube holder.

Cyclic motion of the segments can minimize the required
pushing force, which also decreases the displacement and
strain applied on the surrounding tissue. This was shown
to be true in simulation and in trials with laser reflective
seeded phantom gels for planar steering [11], [14]. It is
hypothesized that minimizing tissue strain minimizes tissue
damage, which is the subject of ongoing clinical trials with
sheep beginning this year. This paper extends the 2D cyclic
controller design [14], and presents the first work towards
the design of a 3D cyclic controller. Needle steering in 3D
is demonstrated in simulation, and the performance of the
controller is compared to that of a 3D direct controller.

II. METHODOLOGY

A. Design

The cyclic controller is designed with inspiration from
the ovipositor cyclic motion profiles, where segments slide
relative to one another in a back and forward patten, in order
to minimize the pushing force required to part a substrate.
For steering in 3D, the controller needs to account for the
motion of four different segments that make up the PBN.
This low level cyclic controller fits into a larger architecture
of needle insertion system, shown in Fig. 2.
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Fig. 3. A 4 segment probe with the curvature planes and axes
.

For a neurosurgical procedure, the system architecture is
envisioned to include a human surgeon/operator, a joystick,
models of the needle, a low-level controller, the mechatronic
system and a visual interface. A desired path that the needle



should follow will be pre-planned based on Magnetic Reso-
nance Imaging (MRI) images and displayed to the operator
via the visual interface. The path the operator then commands
with the joystick is defined by two varying curvature values,
defined in the Parallel Transport Frame (PTF) or Bishop’s
frame [1] of the needle (see Fig. 3). These curvature values
are passed to the inverse model of the needle, which returns
the required offsets between the needle segments to achieve
that curvature. These required offsets serve as the inputs to
the low-level controller, which generates the motion profiles
(containing cyclic motions) for the motors to move the
segments and create the commanded offset.

The expected curvature of the needle, based on the forward
model of the needle converting segment offset to curvature,
as well as the actual curvature of the needle (as measured
by sensors including Fibre Bragg Gratings embedded within
each segments and intra-operative 3D Ultrasound to detect
the gross geometry) can then be shown to the operator via
the visual interface, who can use the joystick to adjust the
curvature commands, closing the control loop. The display
of actual and commanded curvature is necessary as the non-
holonomic constraints and kinematics of the needle mean
it is not possible for the needle to instantaneously change
curvature. By visually showing the two different paths (actual
and commanded), the operator will also be informed to
leave sufficient time for the system to update before over-
correcting the commanded curvature. This paper specifically
integrates the Inverse Model, Cyclic Controller, Forward
Model and Simulation modules shown in system architecture
in Fig. 2.

A 3D linear inverse model, presented in [17] and based
on an unmanned, aerial vehicle, is used to approximate the
relationship between desired curvature and segment offsets
via an optimization function. These segment offsets are then
sent to both a low level cyclic controller which determines
the velocity and displacement profiles for the motor to follow,
as well as a low level direct controller which determines the
velocity and displacement profiles when no cyclic motion
is applied. To compare the performance of the low level
controllers, the segment displacement configuration is sent
to a forward model that converts segment offsets to achieved
curvature and simulates the path taken. This forward model
is based on multi-segment beam deformation and was first
presented in [19].

The cyclic controller is largely based on the work pre-
sented in [14] with the following key improvements:

1) Offset commands between all four segments can now
be processed (rather than just one offset which was
previously used for planar steering) to achieve 3D
steering.

2) The profile window is reduced to 2 seconds (rather
than 8 seconds) which increases the cyclic controller
frequency.

3) The algorithm is interruptible when the target point is
reached by any segment within a predefined resolution.

B. Simulation

The controllers have been implemented in SIMULINK
and MATLAB 2017b c© (MathWorks Inc). New cyclic and
direct profiles, based on the current desired offset from
the inverse model module, are generated every 2 seconds.
Our previous work [14] used an 8 second window however
recommended this window be shortened to have a faster
control frequency and input processing rate. The trade off is
that the cyclic profile occurs in less time, resulting in shorter
movements which can lead to less smooth motion. For this
reason, shorter windows than 2 seconds were discarded, and
2 seconds chosen in simulation to analyze the response. The
needle has a net velocity of 1mm/s, such that there would
be a constant insertion into the brain during a neurosurgical
procedure. This design has been chosen from feedback from
a neurosurgical advisory board who expressed a preference
that a predictable and automatic insertion speed during a real
procedure would be desirable, as opposed to the option of
manual speed control. Offsets between segments are achieved
by the cyclic controller by pushing forward and retracting the
segments at velocities of 5.5mm and 0.5mm respectively,
whilst still maintaining the overall net speed (defined at the
mid point of all segment positions). A percentage pullback
(how far each needle segment retracts during a cyclic motion)
of approximately 30% is used, as this value was found to best
minimize tissue strain and deformation in [11]. Other control
parameters are summarized in Table I.

TABLE I
CONTROLLER PARAMETERS

Parameter Symbol Value Unit
Cyclic Period Tc 2 s
Cyclic Frequency f 0.5 Hz
Number of segments Segnum 4 -
Minimum radius of curvature R 70 mm
Net Velocity Velnet 1 mm/s
Forward Velocity Vel f wd 5.5 mm/s
Retraction Velocity Velret 0.5 mm/s
Percentage Pullback Pullback 27 %
Maximum Stroke Factor S f 50 %
Maximum Stroke Length Smax 4.1 mm
Minimum Stroke Length Smin 1.4 mm
Segment Period Forward SP 0.5 s
Segment Period Forward Max SPmax 0.75 s
Segment Period Forward Min SPmin 0.25 s

After defining the cyclic period, segment velocities and
maximum stroke factor, it is possible to define the maximum
achievable offset by any one segment over the full cyclic
controller period as in Eq. 1, resulting in a maximum
achievable offset of 1.5mm per cycle.

(1)Offsetmax = Tc · f/2 · (Vel f wd · SPmax +Velret · SPmin)

− Tc · f/2 · (Vel f wd · SPmin +Velret · SPmax)



Whilst the desired offset from the human operator is larger
than this value, the maximum offset will be commanded,
until the system can achieve the desired configuration within
one cyclic period. New offset commands are only processed
at the cyclic period of 2 seconds. The velocity profiles of
each segment are determined in this way, and then offset in
time from each other by T c/Segnum = 0.5s. This ensures the
segments do not all move forward at the same time, but rather
move cyclically with respect to one another. To generate the
direct motion profile, the desired offset is achieved using the
Forward Velocity. Once achieved, the velocity profile returns
to the Net Velocity until a new offset command is processed
at the same rate as that for the cyclic controller.

III. RESULTS

To test the performance of the controllers, a desired path
with a double bend in 3D was generated at the limits of
the maximum achievable needle curvature (before reaching
buckling) to simulate the greatest change in needle configura-
tion we can expect to see under real experimental conditions.
The curvatures of the PTF k1,k2 (mm−1) defined in the two
otho-normal planes (respectively the Y and Z planes as in
Fig. 3) were selected as:

[k1 k2] = [CY CZ ] = [−0.0072, −0.0048;
0.0143, 0.0095]

corresponding to radius of curvature (R) (mm) of:

[RY RZ ] = [−139, −208;
70, 105]

The inverse model resulted in relative desired offsets (DO)
(mm) between the four segments of:

[DO11, DO12, DO13, DO14] = [0, −10.3, −17.2, −6.9;
0, 20.6, 34.3, 13.7]

where the subscript corresponds to the segment numbers the
offset is between. These commands are relative to the current
needle configuration.
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Fig. 4. Cyclic Controller velocity profile for each segment.
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Fig. 5. Direct Controller velocity profile for each segment.

The corresponding velocity profiles for the cyclic and di-
rect controllers are depicted in Figs. 4 and 5, respectively, and
the displacement profiles for the cyclic and direct controllers
in Figs 6 and 7, respectively.
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Fig. 6. Cyclic Controller displacement profile for each segment.

The trajectory taken by the needle over a total insertion
length of 100mm from the simulated forward model module
for the two controllers is shown in Fig. 8. An insertion length
of 100mm was chosen as this is typical maximum length for
a human neurosurgical procedure.

IV. DISCUSSION
There are some important considerations to note from

the velocity and displacement profiles. It takes a longer
time for the cyclic controller to achieve the same offset
configuration than that for the direct controller, due to the
limitation of maximum achievable offset per cycle, as defined
in Eq. 1, which does not apply to the direct controller. To
demonstrate this effect, a single bend of maximum curvature
was simulated and the displacement profiles of the controllers
is shown in Fig. 10.

Indeed, for the commanded curvature and corresponding
offset configuration of:

[CY CZ ] = [0.0143, 0.0143]
[DO11, DO12, DO13, DO14] = [0, 20.59, 41.19, 20.59]
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Fig. 7. Direct Controller displacement profile for each segment.

0

0

y (mm)

-5

2

x (mm)

1
0

-1-10

20

40z
 (

m
m

)

60

80

Cyclic

Direct

Fig. 8. Simulated trajectories of the low level controllers.

equivalent to the minimum achievable turning radius (or
maximum curvature) of the needle of 70mm, it takes the
direct controller 7.5 seconds to achieve the configuration,
versus the 58 seconds it takes the cyclic controller. Note
that the displacement offset at these time points is the
required offset plus the displacement resulting from the net
insertion speed of 1mm/s. The cyclic controller is still able
to achieve the necessary, maximum curvature, it just takes
longer to do so. This means the path the needle follows
to achieve the desired curvature is not as ’tight’ as that
for the direct controller, though once achieved it maintains
the required turning radius as that for the direct controller.
As the simulated net speed of the needle is constant, it
is hypothesized that the cyclic controller will under-steer
compared to the direct controller due to this response, and
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Fig. 9. Errors between the cyclic and direct controller trajectories.

0 10 20 30 40 50 60

Time (s)

0

50

S
e
g
.1

D
is

p
 (

m
m

)

Cyclic

Direct

0 10 20 30 40 50 60

Time (s)

0

50

100

S
e
g
.2

D
is

p
 (

m
m

)

0 10 20 30 40 50 60

Time (s)

0

50

100

S
e
g
.3

D
is

p
 (

m
m

)

0 10 20 30 40 50 60

Time (s)

0

50

100

S
e
g
.4

D
is

p
 (

m
m

)

X: 7.495

Y: 48.67

X: 58

Y: 102.2

Fig. 10. Displacement profiles for a single bend from the cyclic and direct
controllers, showing values reached when the desired offset was achieved
for the direct controller (left) and cyclic controller (right) ignoring Segment
1, which always has a desired offset of 0mm.

this is clearly seen in Fig. 8. The axes errors (top) and the
Euclidean error (bottom) between the two paths is shown
in Fig. 9. The error increases with the insertion length,
as the cyclic controller is not able to achieve the desired
curvature in the same time as the direct controller. This result
is more visible in 3D steering, compared with 2D steering,
as errors between the direct and cyclic trajectories are more
pronounced when there is a change of plane of the steering
arc.

V. CONCLUSIONS & FUTURE WORK

The presented results highlight important areas of future
controller design work. Given that a cyclic controller is
desirable due to the lessened tissue strain it places on the
brain, but has worse trajectory tracking performance as
shown with this simulation study, future designs will need
to incorporate a considered solution to the trade-off between
insertion times and cyclic motion profiling. Possible design
directions include to:

1) Develop a closed loop controller around the cyclic
controller which can incorporate an adaptive speed
profile depending on the desired configuration.



2) Assume the human operator can correct the perfor-
mance in real-time and keep the open loop cyclic
controller design as is.

3) Use a combination of direct and cyclic motion profiles
according to the magnitude of offset configuration
change to benefit from the timely response of the direct
controller and cyclic profiles from the cyclic controller.

Each of these design directions have different considerations
to take into account - the first requires a non-constant
insertion speed profile which may not be acceptable to
neurosurgeons and increases the complexity of the low level
controller, the second heavily relies on the operator’s skill to
adequately compensate the controller error (to be evaluated
in future human study trials) and the third may result in ac-
tuation profiles where cyclic motion is not used, hence more
strain is applied on the surrounding tissue. Future research
and experiments, particularly under laboratory conditions
using both phantom and ex-vivo tissue, will be required to
quantify the performance and adequacy of the above design
methodologies.
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