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Abstract

An active needle is proposed for the development of MRI guided percutaneous procedures. The
needle uses internal laser heating, conducted via optical fibers, of a shape memory alloy (SMA)
actuator to produce bending in the distal section of the needle. Active bending of the needle as it is
inserted allows it to reach small targets while overcoming the effects of interactions with
surrounding tissue, which can otherwise deflect the needle away from its ideal path. The active
section is designed to bend preferentially in one direction under actuation, and is also made from
SMA for its combination of MR and bio-compatibility and its superelastic bending properties. A
prototype, with a size equivalent to standard 16G biopsy needle, exhibits significant bending with
a tip rotation of more than 10°. A numerical analysis and experiments provide information
concerning the required amount of heating and guidance for design of efficient optical heating
systems.

l. Introduction

In the field of interventional radiology, procedures such as biopsies or punctures are
performed using an imaging device for guidance. MR scanners are very interesting devices
in this context: the radiologist and the patient are not exposed to any ionizing radiation, and
the images provided by MR scanners have a high level of contrast and sufficient resolution
to identify small structures such as early stage tumors.

One of the factors limiting today the accuracy of such gestures is the needle deflection
during the insertion [1]. The control of the needle path, previously achieved with a rigid
body assumption [2], thus evolved towards needle steering [3] by including needle-tissue
interaction models, to predict the behavior of the needle from its geometry and tissue
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modeling. A simple insertion strategy was introduced in [4], the needle is simply rotated by
180° when the estimated deflection reaches a given threshold. More complex control
strategies have subsequently been developed to compensate for needle deflections and even
to avoid anatomical obstacles. In [5], [6], the authors propose to manipulate the needle from
its base, outside the patient body, using a robotic system to create forces and moments on
the needle in a similar way to the approach used by clinicians. The stiffness of the tissues at
the entry point may limit such a steering strategy and the robotic system must be designed to
provide mobilities in addition to those required for needle insertion and rotation about the
long axis.

In [7], [8], [9] relative displacements between concentric needles, or a prebent needle
integrated into a straight cannula, are used to generate a needle trajectory. From a design
point of view, an even simpler approach to steer a needle is to use the asymmetry of the
needle to create forces on the needle during its insertion. The only degrees of freedom to
control are then the insertion and the axial rotation of the needle. Needles with asymmetric
bevels are submitted to an unbalanced field of forces during the insertion [10], [11]. This
phenomenon can be used [12] to steer thin needles. Various complex curves are obtained by
combining the needle insertion and self-rotation movements [13], [14], [15].

In this paper, we propose an extension of needle steering using interactions between the
needle and the tissues. The design consists of a needle capable of active bending that, in
combination with the normal insertion forces and the ability to rotate the needle about its
long axis, allow it to be steered to reach small tumors or other sites. The actuation system is
entirely compatible with MR imaging and the diameter, at 1.65 mm, is compatible with
standard prostate biopsy needles. In section 11, the main design features are introduced. An
experimental study of the device characteristics and assessment of the optical heating
requirements are then provided in section 111 before concluding on the next steps in the
development of the active needle.

Il. Active needle design

A. Related work

The design of an active needle was considered of interest in [16], but no entirely MR-
compatible active biopsy needle has been presented in the literature. Tang et al. developed a
needle with a magnetized compliant section near the tip that is controlled by an external
magnetic force [17], which is obviously not MR-compatible. The thin tip also makes the
needle susceptible to buckling. Yan et al. proposed a smart needle concept, with a
piezoelectric material deposited on the needle to create a continuous bending effect along
the needle [18]. However, this design is not optimized for steering the needle tip during
insertion.

The principle of an active needle can also be related to active catheters [19] e.qg., for
navigation in blood vessels. Several such systems have been developed [20], [21], [22],
however their design cannot be directly exploited for an active needle because of the very
different mechanical interactions that exist between a needle and tissues, as compared to the
interaction of a catheter with blood flow.
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MR-compatible actuation technologies have also been developed for robotic devices.
Pneumatic [23] or hydraulic [24], [25] systems are of interest, the latter presenting an
impressive power/volume ratio. However, integrating such technologies in a 1-2 mm
diameter needle remains a formidable challenge. Among the actuation technologies that
present a high power/volume ratio and MR-compatibility, Shape Memory Alloys (SMA) are
of particular interest. By activating thermally a phase transition in the SMA microstructure,
this material can be used as an actuator.

Joule heating with an electric current is usually adopted to obtain SMA contraction. An MR-
compatible device can be designed using such an approach [26], however artifacts will be
created if actuation and MR imaging are performed concurrently. Optical heating has been
proposed to actuate an SMA forceps for minimally invasive surgery in [27] and for
contraction of an embedded SMA in a smart composite [28]. Both studies demonstrate the
feasibility of optical SMA actuation, and therefore MR-compatibility can be obtained by
considering the use of optical fibers to direct laser light to an SMA wire actuator.

B. Main design features

1) Principle of an active biopsy needle—A biopsy needle is considered for the design
of the active needle. It is composed of two main parts: an inner stylet and an outer cannula.
During a biopsy, the two elements are inserted together to reach the biopsy site. Then, the
inner stylet is removed and a biopsy probe is inserted to perform the biopsy. For the
proposed device, the active element is the inner stylet initially inserted with the cannula

(Fig. 2).

The active element introduces one degree of freedom in the needle body. Combinging active
bending with needle insertion and axial rotation movements, it becomes possible to control
the needle trajectory, following a similar approach as used previously for needle steering
with beveled needles.

The inner stylet has a maximum diameter of 1.35 mm, at the location of the active element,
corresponding to a 18G needle. With the external cannula, the overall diameter is equal to
1.65mm, which is equivalent to 16G devices, used for instance for prostate biopsies.

2) SMA for actuation with TFBG for optical activation—To promote compactness
and effective heat transfer, the optical fibers should run parallel to the needle axis and
transmit heat over a finite length of the SMA wire. The core diameter of the optical fiber is
approximately 100 um and the exiting laser illumination can produce excessive local heating
if it is not distributed. One solution to this problem is to use tilted fiber bragg gratings
(TFBG) to heat the SMA wire from the side of an optical fiber.

A TFBG is written on the core of the optical fiber. It acts as a wavelength-specific reflector
[29], characterized by the grating period d and its tilt angle €. The tilt angle can be on the
order of 45°, and the grating length is usually about 5 mm. The reflected wavelength is
defined by A = 2dngg with nets the effective refractive index in the fiber core. By removing
the fiber cladding, the power emission out of the fiber is maximized, and can reach 55% of

Rep U S. Author manuscript; available in PMC 2015 October 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ryu et al.

Page 4

the laser power emitted through the fiber [30]. In this manner, homogeneous heating can be
obtained over lengths up to 50mm [31].

3) SMA for MR compatible superelastic structure—The phase transition of SMA is
used for actuation, but also to provide the flexibility needed to deflect the needle. SMA
exhibits a so-called superelastic domain: if the temperature is high enough, the material is in
its austenite phase. A stress increase can then induce a phase transition towards the
martensite phase. This stress-induced phase transition is characterized by a large plateau in
the stress-strain domain. We propose here, in a similar way to the needle design introduced
in [32], to use this large elasticity domain for the body of the active device. This approach
allows the needle to achieve high deflections, due to device actuation or to interaction with
tissues, without the occurrence of any plastic deformation.

C. Design implementation

1) Integration—The actuation mechanism is based on a machined SMA tube and SMA
wire. The flexible part of the SMA tube is 25 mm long, with a series of slits with rounded
ends (to reduce stress concentrations) on one side (Fig. 2). The number of slits and the
distance of 30 um between two consecutive slits are chosen so that the slits close fully under
maximum actuation. In this way, the device is always in a configuration for which the wire
can generate a tension during its contraction, independent of the external interaction forces.
Once the slits have closed, the needle becomes considerably stiffer with respect to additional
bending loads.

In addition to the SMA wire, the SMA tube contains optical fibers for heating and sensing.
These elements, presented in the following section, are inserted in a flexible multi-lumen
PTFE tube to obtain and maintain their alignments. High density PTFE material is relatively
transparent to mid-infrared light, thereby allowing most of the emitted power from the fibers
to reach the SMA wire.

2) Actuation—The SMA wire has a diameter of 0.25 mm. In the current design, a Flexinol
wire is chosen (Dynalloy Inc, Tustin, CA). It can generate, according to the manufacturer’s
specifications, up to 4% of strain when heated to 90°C. This temperature is high compared
to safe temperatures for human tissues, which are on the order of 45°C. However, SMA
alloys can receive heat treatments to lower their phase transition temperature to 55°C [33].
The outer cannula, made of PTFE, introduces an additional thermal insulation with respect
to tissue. Moreover, the bending actuation will be applied only for short periods of time, to
alter the path taken by the needle as it is inserted. Under these conditions, surrounding
tissues should be able to sustain the resulting temperature increases.

Two fibers are embedded in the device to heat the SMA wire. Each of them integrates a
TFBG so that four heating areas, including the fiber tips, are positioned along the 18 mm of
SMA wire.

3) Sensing—Optical sensing techniques are preferred for an MR-compatible device. In
addition to the fibers with TFBGs, the design includes one optical fiber with a standard FBG
and one optical fiber for estimating temperature and curvature, respectively. The estimated
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curvature information can be converted into mechanical strain along the temperature sensing
fiber and the SMA wire. The strain-compensated temperature and the strain on the SMA
wire enable closed loop control of bending angle.

D. Behavior evaluation using numerical simulation

Steering performance is intrinsically linked to the steering control strategy and the
mechanical properties of the tissues in interaction with the needle. In this paper, we focus on
two intrinsic properties of the device. The first is the maximum deflection of the needle
when no force is applied on the needle tip is determined. This deflection describes the
achievable trajectory correction when using a simple retract-then-insert strategy, where the
needle is almost completely retracted, deflected, and inserted again. Second, the needle
stiffness is evaluated to estimate, with a very simple interaction model, the potential
behavior of the device in tissue.

Finite Element Analysis (FEA) is performed using An-sys software. Superelastic behavior
of the SMA can be simulated, in isothermal conditions. As a consequence, we do not
perform a thermo-mechanical simulation but only a mechanical simulation, using the SMA
wire specifications provided by the manufacturer and an experimentally identified Young’s
modulus for the tube under the conditions of interest.

1) Needle deflection—The SMA wire can be described [34], [35] as a spring for which
displacement depends on the force generated by the phase transition in the material and the
stiffness of the surrounding elements connected to the wire. The deflection is therefore
evaluated in 3 steps. First, the stiffness describing the action of the flexible tube on the wire
is evaluated. Next, the wire behavior during contraction is determined. Then, the needle
deflection is found by simulating the bending of the SMA tube with the determined loading
conditions.

The axial wire stiffness is 29 N/mm, and the stiffness of the tube is estimated using FEA
equal to 43 N/mm. Using the wire description introduced in [34] and the manufacturer’s
specifications, the action of the wire on the SMA tube can thus be modeled as a 10 N force.
The simulated needle deflection is represented in Fig. 4(a). The maximum deflection is 2.23
mm, which represents a bending angle of 4.6°, considering from the FEA results that the
rotation begins at the first slit on the SMA tube. The Von Mises stress reaches 233 MPa in
the tube (Fig. 4(b)). The superelastic plateau is defined for the material by a stress of 520
MPa. The superelastic effect is therefore not required during contraction of the wire but may
be used to remain in an elastic domain when external loads are applied.

If a simple retract-then-insert needle insertion strategy is used, the deflection angle results in
a trajectory deviation of 4.8 mm when the needle is inserted by 60 mm, an average length to
reach the prostate during a biopsy [36]. The device performance seems therefore relevant for
the application. As outlined earlier, its performance in terms of needle steering depends on
the control strategy that will be implemented. A more detailed analysis will be achieved in a
future work.
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2) Needle stiffness—The SMA tube is not symmetric with respect to the needle axis. As
a consequence, axial forces exerted by tissues at the tip will induce bending, similarly to a
needle with an asymmetric bevel. Compensating for this phenomenon is straightforward,
and involves rotating the needle about its long axis. We wish, however, to estimate the
magnitude of force that will cause the slits to close up, i.e. beyond which active steering is
no longer possible until the needle is rotated.

The bending stiffness, defined as the ratio between the moment applied on the active part of
the needle and its curvature, is estimated using FEA at 1493 NmmZ. Let us consider a very
simple model of interaction with the tissue, with a purely axial force exerted on the needle
tip. This force must then be equal to 12.6 N to reach the maximum deflection estimated
previously. This value seems satisfactory, as the axial force only reaches for instance 10 N
when puncturing a prostate capsule [37], and is significantly lower after this puncture.

lll. Prototype and Experimentation

A. Prototype

For this preliminary study, only the SMA tube and wire are assembled (Fig. 1). The tube
slits are laser machined (Lumenous Inc, Sunnyvale, CA) on a NiTI tube (Johnson Matthey
Medical Inc, West Chester, PA). In this version of the device, the SMA wire is pressed on
the SMA tube using a grooved needle, manufactured using electro-discharge machining.

B. Evaluation of the prototype

1) Active needle deflection—In this experiment, the active needle prototype is activated
using conventional Joule heating (Fig. 5). The vertical deflection is evaluated using a vision-
based measurement of the 15 mm long needle tip. The measurement accuracy of the tip
displacement is approximately 0.17 mm, so that the angle is evaluated with an accuracy of
0.25°.

First, the heating is performed with a current of 1A, the current suggested by the
manufacturer. The power emitted by Joule heating is then equal to 0.36 W. The tip reaches a
maximum deflection of 2.12 mm, within 5% of the value predicted with FEA.

The current in the wire can be increased without wire breakage. Higher deflection is then
observed: 4.21 mm (8.8°) and 4.98 mm (10.4°) for currents of 1.5 A and 2.0 A, respectively.

2) Device stiffness—Stiffness evaluation is achieved by clamping the one end of the
active part on a metallic breadboard to minimize the presence of any additional flexibility.
Different masses are attached to a fixed point on the part to create a force perpendicular to
the needle axis, and the vertical tip deflections are measured.

The relationship between the displacement of the needle tip and the applied force is
represented in Fig. 6. The behavior predicted using FEA is superimposed. Assuming simple
beam bending, the bending stiffness of the device corresponds to 1451 Nmm?, which is
consistent with the expected bending stiffness. However, the prototype has a 5% lower
stiffness than the value assessed numerically. The main potential source of discrepancy is
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the SMA behavior; the Young’s modulus may be lower than expected. In particular, the
laser cutting of the slits may have affected the structure with the presence of martensite, the
most flexible material phase, at room temperature. Further investigation with material
testing is needed.

C. Optical heating

An experimental study was performed to help in the design of the optical heating system,
and evaluate the efficiency of the optical heating that may be expected.

1) The experimental set-up—An apparatus was constructed to assess the heating
performance using optical fibers of a single SMA wire. The apparatus (Fig. 7) is a lever
mechanism, actuated by the SMA wire, whose displacement is measured using a spring-
loaded dial gauge. The dial gauge applies a resisting force of approximately 1 N to the lever
tip. A 0.25 mm diameter, 40 mm long, Dynalloy wire is used. Measurement resolution is
0.025 mm at the tip of the lever, which makes it possible determine the wire contraction
using a kinematic model with a resolution of 2 um. To perform the heating, two multimode
fibers (105um core diameter) are connected to 976nm lasers (Alfalight Inc, Madison, WI).
The use of two fibers allows a simulation of multi-point heating, albeit less evenly
distributed than with TFBGs. The optical fibers and the SMA wire are positioned in the
same plane. The fibers are spaced 15 mm apart and oriented perpendicular to the wire,
almost in contact with it.

2) Results—The wire contraction is represented in Fig. 8. The displacements observed
when using only one fiber, with two fibers, and after displacing the two fibers 5 mm distant
from the wire. The results are compared to the results obtained when the wire is heated
uniformly by Joule heating using a constant current of 1.4 A, producing 2 W for the 40 mm
of wire. The dynamics and the amplitude of the contraction in this case provide a reference
for the optical heating results.

First, the maximum power from the optical fiber tip is evaluated. Above 0.38 W, heating
with the fiber tip nearly in contact with the wire leads to the wire breakage due to the small
spot size.

Using one fiber to perform the heating, the wire contraction is equal to 25% of the
displacement obtained with Joule heating, with a comparable initial contraction rate. This
tends to show that about 10 mm of wire has contracted during the 8 seconds of heating.

With two fibers, the total power emitted is 0.76 W. The wire displacement reaches 58% of
the 40 mm wire contraction obtained by Joule heating. In other words, about 23 mm of wire
is contracted with the optical heating in about 8 seconds. The initial contraction is faster than
with the Joule heating. Since the heating is more localized, the wire is submitted to strong
thermal gradients, and the maximum temperatures exceed those from Joule heating.

When increasing the distance between the fibers and the SMA wire, the wire no longer
receives most of the power emitted by the fiber tips. Measurement with a power meter
shows that each fiber sends 0.16 W to approximately 5 mm of wire. The heating effect is
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still significant: the wire displacement is slightly greater than obtained with a single fiber in
contact, with comparable dynamics. This configuration, similar to the effect that can be
obtained with the use of TFBGs, appears promising: the power for optical heating remains
limited, with 0.32 W to obtain a contraction of more than 10 mm of wire, and heating along
the length of the wire, instead of spot heating, limits overheating that can lead to breakage.
With refinement of the optical heating system and of the transfer of power into the wire, the
bending requirements can be satisfied.

V. Conclusion

In this paper, a new design for an MR-compatible active needle is proposed. Combining
SMA, for its shape memory and superelastic effects, and optical heating using TFBGs
allows us to propose a device matching the size of a standard biopsy needle with significant
active deflection capabilities. A first prototype is presented, with an evaluation of its
performances. The potential of optical heating is then experimentally evaluated. Information
about the required power for the SMA wire heating has been determined, and the effect of
uniformity of heating are evaluated. Further work will focus on the integration of TFBGs to
actuate the needle with SMA wires, presenting a lower contraction temperature, and on the
development of closed-loop bending and temperature control strategies adapted to the
steering capabilities of the device.
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Fig. 1.
Inner stylet of the proposed active biopsy needle
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Fig. 2.
The inner stylet of an active needle design
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Fig. 3.
Principle of a Tilted Fiber Bragg Grating
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Fig. 4.
FEA: (a)Tip deflection(scale 1), (b)von-Mises stress in the tube
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Fig. 5.
Vertical deflection of the active needle tip with Joule heating
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Fig. 7.
Experimental set-up for the evaluation of the optical heating
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Comparison of wire displacement during optical and Joule heating
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