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Towards MRI-guided Flexible Needle Steering

Using Fiber Bragg Grating-Based Tip Tracking

Pedro Moreira, Klaas Jelmer Boskma and Sarthak Misra

Abstract— The use of magnetic resonance (MR) images for
needle-based interventions offers several advantages over other
types of imaging modalities (e.g., high tissue contrast and no
radiation). However, MR-guided interventions face challenges
related to electromagnetic compatibility of medical devices and
real-time tracking of surgical instruments. This work presents a
flexible needle steering system that combines an MR-compatible
robot and a Fiber Bragg Grating (FBG)-based needle tip
tracker. The MR images are used to localize obstacles and
targets, while the FBG sensors provide strain measurements
for online estimation of the needle tip position. A pre-operative
planner defines the needle entry point and desired path, while a
model predictive controller calculates the needle rotation during
the insertion. To the best of the authors knowledge, this is the
first work that fuses MR images and FBG-based tracking to
steer a flexible needle in closed-loop inside the MR bore. The
system is validated by steering a bevel-tipped flexible needle
towards a physical target in gelatin phantoms and biological
tissues. The needle reaches the target in all trials with an
average targeting error of 2.76 mm. Disregarding the target
displacement during the insertion, the average targeting error
drops to 1.74 mm. The preliminary results demonstrate the
feasibility of combining MR images and FBG-based needle
tip tracking to steer a flexible needle in clinical procedures.
In order to move towards to a clinically-relevant application,
the design of a flexible Nitinol biopsy needle is also presented
and evaluated by experiments in a prostate of a bull. The
flexible needle presented a curvature 2.5 times larger than
a conventional biopsy needle while maintaining the ability to
collect tissue samples.

I. INTRODUCTION

Needle insertion is a common procedure in minimally

invasive surgery. In the last decade, steerable flexible needles

were introduced to reduce targeting errors and to allow ma-

neuvers around anatomical obstacles. Bevel-tipped flexible

needles naturally bend when they are inserted in soft-tissues

and can be steered by rotating their base during the insertion.

Manual steering of such a flexible needle is not intuitive,

therefore a robotic system is needed to accurately steer the

needle towards a target [1].

An accurate needle tip tracker is essential in robot-assisted

needle-based interventions. Medical imaging modalities such
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Fig. 1. The MIRIAM robot is an magnetic resonance (MR)-compatible
robot that can steer a flexible needle towards a target in biological soft-
tissues. The system is capable of inserting, rotating and firing a biopsy
needle to collect tissue samples. The needle is integrated with 12 Fiber
Bragg Grating (FBG) sensors. The FBG-based needle tip tracking is used
to provide the tip position during the insertion, while the MR images are
used to define obstacles and target locations.

as ultrasound (US), magnetic resonance (MR), and computed

tomography (CT) are often used to provide feedback of the

needle tip and target locations during the insertion. US imag-

ing is a popular modality due to its relatively low cost and

real-time imaging [2]. However, US images do not present

a high tissue contrast and cancerous lesions in early stage

might not be visible [3]. CT offers a higher tissue contrast

than US, but there are potential risks for the patient and the

surgeon related to the exposure to ionizing radiation [4]. MR

imaging offers a high tissue contrast without radiation. Real-

time MR imaging is needed to track the needle during the

insertion, however it has some limitations. Artifacts induced

by the needle in the real-time MR images impose additional

challenges to implement a needle tip tracker for robotic

applications. Moreover, a real-time imaging protocol is not

always available and for most scanners it is difficult to

interactively control the scan parameters [5]. Therefore, just

a few studies have been published so far with MR-guided

flexible needle steering.

Patel et al. presented one of the few works with MR-

guided flexible needle steering [6]. The experiments were

performed in homogeneous gelatin phantoms and the needle

tip was tracked in image slices of 10 mm, which is unfeasible

for experiments in biological tissue. In our previous work,

our group has presented an novel MR-compatible robot for

prostate biopsies (the MIRIAM robot) [7]. However, due to
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the lack of a real-time imaging protocol, the insertion was

divided in several steps and an MR scan was performed

at the end of each step, increasing the total insertion time.

A solution to overcome the lack of an accurate real-time

needle tip tracker for MR-guided interventions is the use

Fiber Bragg Grating (FBG) sensors.

The use of FBG-based shape estimation of flexible in-

struments has been already investigated [8]–[10]. Park et al.
presented a needle with 6 FBG sensors with a deflection es-

timation error below 0.4 mm [11]. The needle deflection ob-

tained with the FBG-based estimation was compared with the

same information provided by MR images. Roesthuis et al.
performed the validation of a flexible needle equipped with

12 FBG sensors [12]. The three-dimensional (3D) needle

shape was reconstructed and compared with the deflection

estimated from camera images and theoretical deflection

models. Seifabadi et al. presented the design and the ini-

tial validation of an MR-compatible needle with 12 FBG

sensors with a tracking error of 0.5 mm [5]. However,

the experiments were performed outside the MR scanner.

Although MR-compatible needles with FBG sensors have

already been introduced, no closed-loop experiments inside

the MR scanner have been presented so far.

This work presents a novel robot-assisted flexible needle

steering that combines MR images and FBG-based needle

tracking. The MR images are used to detect the target

location, while the FBG-based needle tracker provides the

online needle tip position during the insertion. A 9 degrees-

of-freedom (DOF) MR-compatible robot is used to insert

and rotate the needle within the MR scanner (Fig. 1). MR-

guided needle steering experiments in biological tissues are

presented in order to evaluate the proposed method. The main

contribution of this work is the integration of FBG sensors to

steer a flexible needle in the MRI environment. To best of the

authors knowledge this is the first experimental evaluation

of closed-loop flexible needle steering inside the MRI bore

using FBG sensors and a model predictive controller. Addi-

tionally, this work also presents and evaluates a novel flexible

Nitinol needle designed to collect tissue samples. Although

flexible needle steering has been an active research topic in

the last decade, most of the previous work presented so far

with flexible needles (e.g. [13]–[16]) use a solid Nitinol wire

with a bevel tip as a needle, which might have a limited use in

a clinical application. Therefore, a clinically-relevant flexible

needle is an important step towards the implementation of

clinical procedures using such needles.

The paper is organized as follows. Section II introduces

the methods for the flexible needle steering using the MR

images and the FBG-based estimation. Section III presents

the design of the flexible biopsy needle. The experimental

results steering the flexible needle in biological tissues and

the evaluation of the flexible biopsy needle are presented in

Section IV. Finally, Section V provides the conclusions and

directions for future work.

Fig. 2. The MIRIAM robot has five rods with adjustable lengths, which
orient the needle driver that is able to insert, rotate and fire the biopsy
needle [17].

II. MR- AND FBG-GUIDED NEEDLE STEERING

This section describes the MIRIAM robot, the pre-

operative planning, the FBG-based needle tip tracking and

the steering controller. The design of a flexible biopsy needle

is also presented.

A. MR-Compatible needle insertion robot

The MIRIAM (Minimally Invasive Robotics In An MRI

environment) robot is an MR-compatible system primarily

designed for prostate biopsies [7]. The robot has 5 rods with

adjustable length, which are actuated by piezoelectric motors.

The rods provide translational and rotational motion for the

needle driver (Fig. 2). The needle driver inserts and rotates

the needle using piezoelectric motors and fires the biopsy

needle using pneumatic actuation. A control tower containing

all the components needed for the robot’s low-level controller

(e.g., real-time computer, motor drivers and air compressor)

is located in the control room to avoid electromagnetic inter-

ference. The robot was already validated in a MAGNETOM

Aera 3T scanner (Siemens AG, Germany) and no significant

image distortion was observed [7]. The robot operation is

supervised from the MR control room through the Graphical

User Interface (GUI). The clinician visualizes in the GUI

the pre-operative images to select the obstacles and target

location, which are used for the pre-operative planning.

B. Pre-operative path planning

The pre-operative path planner defines the best entry point

in order to reach the target while avoiding possible obstacles.

The clinician selects obstacles and target locations on the

pre-operative images displayed in the GUI. The robot is also

localised in the pre-operative images (with respect to the

fixed MR scanner) using the fiducial located in the needle

driver. The algorithm determines the shortest path direction

connecting the insertion region and the target. The needle

path is then computed along the path direction using a

needle deflection model [13]. The model considers the needle

deflection as a circular motion in the direction of the bevel

tip angle. The planned path (P) is then represented by a

sequence of points along the needle path, such that P =[
p1 p2 ... pi

]
, where pi ∈ R

3 are the coordinates of

each point on the path. If a collision with obstacles occurs,

alternative paths are computed by incrementally rotating the

original path about the vertical axis. If a viable solution that
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Algorithm 1 Pre-operative planner

Input: (Iins,ptar,pobs) {Insertion region (Iins), target

(ptar) and obstacle (pobs) locations}

Dir ← CheckShortestDirection(ptar)

for ptip = ptar : Iins do
Path ← NeedleDeflectionModel(ptip,Dir)

end for
if NoCollision(Path,pobs) then

EntryPoint ← CalculateEntryPointAndAngle(Path)

return EntryPoint
end if
for i = 0 : 3000 do

PossiblePath(i) ← ExpandTree(ptar,pobs)

end for
Path ← SelectBestPath(PossiblePath)

EntryPoint ← CalculateEntryPointAndAngle(Path)

return EntryPoint

respects robot constraints and obstacle avoidance cannot be

found, an algorithm based on the well-known concept of the

rapidly exploring random tree is used. A tree (T ) is expanded

from the target location to the insertion region (Iins) by

randomly sampling needle rotations (inputs) and using the

same needle deflection model to expand the branches. Any

path that arrives at the insertion region without obstacle

collision is considered a viable path. The path with the least

amount of needle rotations is extracted from the tree and the

entry point and robot orientation are calculated. An overview

of the pre-operative path planner is presented in Algorithm 1.

C. Needle tip tracking

An accurate needle tip tracking is crucial for a closed-

loop flexible needle steering. An FBG-based tracker is used

to provide the needle tip pose during the insertion. The

experiments are performed with a flexible bevel-tipped Niti-

nol needle integrated with an array of 12 FBG sensors,

divided along three optical fibers. The sensors are co-located

in four different locations along the needle shaft (Fig. 3).

FBG sensors reflect light of a certain wavelength, which is

called the Bragg wavelength. The wave reflection and the

grating period is affected by variations in mechanical strains.

The shift in the Bragg wavelength is used to calculate the

strains at each FBG sensor [12]. An algorithm estimates the

curvature and the direction of each group of co-located FBG

sensors based on its strains values. The measured strain in

each sensor is given by:

εk(l) = κ(l)rfnsin(ϕ(l) + αfn) + ε0(l) (1)

where l is the distance between the sensor and the needle

base, rfn and αfn are the position and orientation of the

fiber center at the cross section with fn referring to the

fiber number. The curvature (κ(l)) and its direction (ϕ(l))
are computed from the set of measured strains [12]. A spline

interpolation is performed to find an approximate value of

curvatures and directions along the entire needle.

Fig. 3. The Nitinol needle contains three optical fibers, each one with
four Fiber Bragg Grating (FBG) sensors. The strains are measured by the
reflected light wavelength. The measured strains from the co-located FBG
sensors are used as an input for the estimation of the needle curvature (κ)
and its direction (ϕ). The curvature information is used to interpolate and
reconstruct the needle shape.

A numerical method is applied to reconstruct the needle

shape using a finite number of segments (i) along the entire

needle shaft. A series of homogeneous transformation linking

the segments along the needle shaft is performed to calculate

the needle tip position (p), so that[
p0
i+1

1

]
=

[
R0

i p0
i

0 1

] [
pi
i+1

1

]
, (2)

where R0
i ∈ SO(3), p0

i ∈ R
3 and pi

i+1 ∈ R
3 are the rotation

matrix, the element position in the global reference frame and

the element position with respect to the previous element,

respectively. At each element, the estimated curvature is used

to calculate the origin of the next element frame (pi+1). For

further details regarding shape reconstruction, we refer the

reader to our previous study [12]. The needle tip position

with respect to the fixed MR scanner is calculated by an

homogeneous transformation defined by the position and

orientation of the needle driver. A Kalman filter is then

applied to remove the noise in the position and orientation

information, which is used by the needle insertion con-

trol as feedback.

D. Needle steering controller

Flexible needles with an asymmetric tip bend when in-

serted into tissues. Such needles can be steered towards a

target by rotating its base [2]. A predictive controller to

steer the needle towards a target can be implemented using

a needle deflection model and a preplanned path. Consider

the discrete needle deflection model as follows [13]:

xk+1 = f(xk, uk), (3)

where x ∈ X ⊆ R
6 and uk ∈ U ⊆ R are the system states

(position and orientation of the needle tip) and the system

input (needle axial rotation), respectively. The subscript k
indicates the discrete index. The constrains X and U are

given by

X :=
{
x ∈ R

6|xmin ≤ x ≤ xmax

}
, (4)
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Fig. 4. The overall control architecture used to steer the needle. The pre-
operative planner uses the magnetic resonance (MR) images to define the
needle entry point and the best needle path. The preplanned path is used by
the steering controller, which defines the needle axial rotation. The needle
tip position during the insertion is provided by an Fiber Bragg Grating
(FBG)-based needle tip tracker.

U := {u ∈ R|umin ≤ umax} . (5)

The steering controller defines the needle axial rotation

(uk) to guarantee that the needle will follow the planned

path and reach the target. In this work, a 3D steering

algorithm based on Nonlinear Model Predictive Controller

is implemented to define the needle axial rotation. Such a

controller computes the sequence of control inputs (u ∈
R

Np ) in a prediction horizon (Np ∈ N
∗) that minimizes a

cost function (Jk) that defines the desired system behavior.

For the needle steering, the cost function is defined to

guarantee that the needle follows the path, while reducing

the amount of needle axial rotations. The cost function Jk is

then defined as follows:

Jk =

Np∑
j=1

(xk+j − pk+j)We(xk+j − pk+j) +

Np∑
j=1

wru
2
k+j ,

(6)

where We ∈ R
3 is a weight matrix and wr ∈ R is a

weight constant. By selecting the values of We and wr, the

controller will prioritize the reduction of the path error or

needle rotations. A gradient-based algorithm is used to find

the solution for the optimization problem. From the sequence

of rotations (uk+1|k+Np), only the first one is applied. At

the end of each iteration the needle is inserted using a fixed

insertion step (xins) and then a new sequence of rotations

is computed. Fig. 4 presents an overview of the controller

developed to steer a flexible biopsy needle.

III. DESIGN OF A FLEXIBLE BIOPSY NEEDLE

Most of the clinically-approved needles are made of

stainless steel because of its high strength and biocompatible

properties. Needles (e.g., the BIO-CUT needle from Stery-

lab, Italy) fabricated with non-magnetic materials are also

available for MR-guided procedures. The BIO-CUT needle

is a standard guillotine-type biopsy needle used for taking

samples of tissues in the prostate, kidney and liver. It has a

bevel tip, which causes needle deflection during the inser-

tion. However, the clinically-approved needles have lower

flexibility and reduced steerability than the Nitinol needles.

The design of a flexible biopsy needle allows for a com-

bination of the steering capabilities of a flexible needle with

the ability to take tissue samples as a conventional biopsy

Fig. 5. The biopsy needle consists of a stylet which can be extended and
retracted from the cannula. During insertion the stylet is retracted and will
be extended at the target site. Following this, the needle cannula is shifted
over the stylet so that a tissue sample is obtained, which can be retrieved
after the needle retracts.

needle. In this work, an MR-compatible bevel-tipped biopsy

needle is designed and evaluated. The outer part (cannula)

of the needle is a Nitinol tube with an outer diameter of

1.2 mm and an inner diameter of 1.0 mm. The inner part

(stylet) is a Nitinol wire with a diameter of 0.8 mm. Nitinol

is chosen due to its biocompatibility and flexibility. The distal

end of both cannula and stylet have a bevel tip of 30◦ (Fig.

5). Different from the BIO-CUT needle, the bevel tip of the

cannula and the stylet are parallel in order to increase the

needle curvature.

After the needle reaches the target, the stylet pulled out,

and then the cannula is fired to collect tissue samples.

The indent near the tip of the stylet serves as a tissue

compartment. The sharp edges of the compartment helps

the cannula to cut the tissue sample. In order to evaluate

the performance of the designed flexible biopsy needle, its

flexibility and tissue sample size are compared to the BIO-

CUT 18G biopsy needle. The results are presented in the

following section (Section IV-C).

IV. RESULTS

In this section, we present the experimental plan and

results used to evaluate a flexible needle steering controller

that combines MR images and FBG-based needle tip track-

ing. Experiments with the flexible biopsy needle are also

presented to demonstrate the feasibility of clinical procedures

using flexible Nitinol needles.

A. Experimental plan

The experimental validation of the system is divided into

two groups. The first group of experiments validates the nee-

dle steering controller, while the second group demonstrates

the feasibility of using a flexible biopsy needle.

1) Flexible needle steering: The flexible needle inte-

grated with 12 FBG sensors is steered towards a physi-

cal target, whose location is defined in pre-operative MR

images. The experiments are performed in two different

phantoms (Fig. 6):

• Case 1: The needle is steered towards a target while

avoiding obstacles in a gelatin phantom. The phantom

is prepared with a mass ratio of 90% water and 10%

gelatin (Dr. Oetker, The Netherlands). The obstacles

and targets are spheres of radius 3 mm, fabricated from

Polyvinyl chloride (PVC).

• Case 2: The needle is steered towards a target placed

inside an ex-vivo biological tissue (chicken breast).

The biological tissue is embedded in gelatin (same

concentration as in Case 1).
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Fig. 6. The experiments are performed in two soft-tissue phantoms.
The gelatin phantom from Case 1 (left image) contains obstacles located
between the insertion region and the target. The obstacles and targets are
made of Polyvinyl chloride (PVC). The biological phantom from Case 2
(right image) is made of gelatin and biological tissue. Spherical targets are
embedded inside the chicken breast.

2) Evaluation of a flexible biopsy needle: The flexibility

of the biopsy needle and BIO-CUT needle are compared by

inserting them into a gelatin phantom using the MIRIAM

robot. Each needle is inserted 100 mm into the phantom

with a constant bevel tip orientation. The gelatin phantom is

prepared with a mass ratio of 85% water and 15% gelatin.

The capability to collect tissue samples is evaluated by

experiments in an ex-vivo prostate of a bull. First, the needle

is inserted into the prostate, and then the needle is fired using

the pneumatic actuation of the robot.

B. Flexible needle steering

Eight insertions trials are performed for each experimental

case. The experiments are performed in the Esaote G-Scan

Brio scanner (Esaote SpA, Italy) located at the University of

Twente and used for research purposes (Fig. 7). MRI scans

are acquired with a 3D turbo T1 imaging protocol (TR = 16

ms and TE = 50 ms) with a voxel dimension of 0.70 mm.

The scans are performed before and after the experiments

for pre-operative planning and final evaluation, respectively.

The FBG-based tracking provides the feedback during the

insertion and no real-time MR images are used. The path

planner defines the best entry point based on the position

of obstacles and targets. The needle insertion starts after the

robot positions the needle driver at the desired entry point.

The steering controller is tuned with an insertion step (xins)

of 3 mm and a prediction horizon (Np) of 7 iterations. The

weighting matrix (We) has its diagonal values set to 10,

while wr is set to 2. These gain parameters are chosen for

optimal steering results.

Fig. 7 shows a representative result of insertions in gelatin

phantom and biological tissue. The needle appears in the

images thicker than its own diameter due to the induced

artifact around the needle shaft. The needle reaches the target

in all 16 trials, with a average targeting error and standard

deviation of 1.95 ± 0.38 mm for Case 1 (gelatin phantom

with the obstacles) and 1.53± 0.67 mm for Case 2 (biolog-

ical tissue). The targeting error is calculated based on the

information provided by the FBG-based tip tracker, where

the error is the distance between the needle tip position and

the target location defined in the pre-operative MR images.

The targeting error is also calculated based on the MR images

acquired after the insertion in order to evaluate the influence

of target motion. A set of axial MR images visualizes the

Fig. 7. The experiments are performed in the magnetic resonance
(MR) Esaote G-Scan Brio scanner (Esaote SpA, Italy). One representative
insertion of each experimental case is presented. The blue inset (top image)
shows one insertion into a soft-tissue phantom with obstacles. The needle
reached the target location while avoiding a obstacle. The dashed blue inset
shows the cross-sectional view of the target after the needle insertion. The
red inset (bottom image) shows one representative insertion into biological
tissues. The dashed inset shows the cross-sectional view of the target.

cross-section of the target to calculate the Euclidean distance

between the needle tip position and the center of the target.

The error calculated by the MR images is larger than the

FBG-based targeting error due to the displacement of the

target during the insertion. The needle tip pushes the target

before puncturing it because of the stiffness of the PVC

target. The average targeting error and standard deviation

calculated by the MR images are 2.33±0.41 mm for Case 1

(gelatin phantom with the obstacles) and 3.19 ± 0.67 mm

for Case 2 (biological tissue). These are preliminary results

obtained in the Esaote G-Scan Brio due to the availability

of the scanner. The MR-compatibility of the MIRIAM robot

have already been validated in the 3T MAGNETOM Aera

scanner [7]. The larger field of view of the 3T scanner will

facilitate the visualization of the robot fiducial and targets

in the same set of images. Using such a 3T scanner will

reduce the errors associated to the detection of the target

location with respect to the robot, hence improving the

targeting accuracy.

C. Evaluation of a flexible biopsy needle

Five insertions into a gelatin soft-tissue phantom are

performed using the designed flexible biopsy needle. The

results are compared with the performance of the clinically-

approved BIO-CUT needle. The needles are inserted 100

mm inside the phantom using the MIRIAM robot with a

constant orientation. The deflection of the needle from a

straight path is then measured. The average deflection and its

standard deviation obtained with the flexible biopsy needle
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is 20.72 ± 1.03 mm, while using the BIO-CUT needle is

8.32 ± 1.07 mm. The flexible needle has a curvature 2.5

times larger than the BIO-CUT needle, which results in a

greater steerability. A t-test demonstrates that the result with

the two needles is statistically significant (p < 0.0001).
In addition to the curvature analysis, the needle is also

tested to evaluate its capability to collect tissue sample. The

length of the tissue sample collected from a prostate of bull

is measured in 5 trials for each needle (Fig. 8). An average

tissue sample length of 6.76±2.11 mm and 6.38±1.58 mm

are obtained for the BIO-CUT and the flexible biopsy nee-

dles, respectively. The lack of vascularization and internal

pressure in ex-vivo tissues impairs the amount of material

collected in both cases. A t-test shows that the difference in

tissue sample size is statistically not significant (p = 0.7807).

V. CONCLUSIONS

In this work, we present flexible needle steering that

combines MR images and FBG-based needle tip tracking.

The system integrates an MR-compatible robot with a pre-

operative planner and a needle steering algorithm. The model

predictive controller uses the feedback provided by the FBG-

based tip tracker to steer the needle in biological tissue. The

system is evaluated with experiments in gelatin phantoms and

biological tissues. In all 16 trials the needle tip reaches the

target and the average targeting errors calculated by the FBG-

based tip tracker is 1.74 mm, which is within the range of the

smallest clinically significant prostate tumor (diameter of 5

mm) [18]. The feasibility of performing clinical procedures

with flexible needles, such as biopsies, is demonstrated using

the novel flexible biopsy needle design. The needle flexibility

and ability to collect tissue samples are tested and compared

to a clinically-approved needle. The flexible needle presented

the same capability to collect tissue samples and a curvature

2.5 times larger than the clinically-approved needle.
Future work will focus on implementing a real-time MR

imaging protocol to estimate target motion during the pro-

cedure and improve targeting accuracy. Such a protocol can

also be used develop a needle tip tracker that fuses real-time

MR images and FBG sensors, increasing the reliability of the

system. In addition, we are currently integrating the FBG-

sensors in the flexible biopsy needle. Cadavers and animal

studies are also planned in order to bring our system closer

to the clinical use.
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