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Abstract— This paper presents a flexible needle guidance
system and its workflow that enables registration of computed
tomography (CT) and electromagnetic (EM) tracking systems
with a finite element (FE) simulator for needle-based percuta-
neous spinal injections. CT is used only pre- and postoperatively
for surgical planning and confirmation, while EM tracking is
combined intraoperatively with an FE-based needle controller
to track the planned needle trajectory and avoid obstacles.
Evaluation of the proposed system using a multi-layer soft tissue
phantom shows an average targeting accuracy of 0.4mm.

I. INTRODUCTION

Low back pain (LBP) is a prevalent musculoskeletal issue
that impacts millions globally, ranking as a major cause of
disability in terms of years lived with disability [1]–[3]. In
addition to common causes like injuries sprains, and strains,
other factors such as age, pregnancy, and weight gain can
also contribute to the development of LBP [4].

Spinal injections are minimally invasive, needle-based
procedures performed percutaneously to both diagnose and
alleviate LBP, often used in conjunction with diagnostic
imaging [5], [6]. For instance, during a lumbar facet joint
injection, the patient is positioned prone on the scanner
table while the physician inserts a spinal needle into the
targeted area, using either CT [7]–[10], magnetic resonance
imaging (MRI) [11]–[13], fluoroscopy imaging [14], [15] and
ultrasound [16]–[18] for real-time guidance. Once the needle
is correctly positioned, medication is injected.

Despite the significant improvements in needle placement
accuracy with intraoperative imaging, the frequent use of X-
rays exposes both patients and physicians to ionizing radia-
tion, increasing their risk of cancer and potentially limiting
treatment access for vulnerable populations [19]–[23]. It
is, therefore, paramount to reduce radiation exposure while
ensuring the accuracy of insertion during the procedure,
and recent advances in medical robotic systems and control
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Fig. 1: Needle manipulation system diagram. Green blocks
represent software and the blue blocks represent hardware.

methods are reducing the reliance on high-risk imaging
modalities. For example, Adagolodjo et al. [24] presented an
integrated system to perform fully robotic needle insertions
into a deformable foam. By tracking optical markers attached
on the foam and updating their finite element simulation,
the system is able to follow an arbitrary needle path with
an average error along the trajectory of 1.62 mm with a
maximum error of 3.73 mm. Kuntz et al. [25] developed a
medical robot that autonomously navigates a highly flexible
needle under EM tracking for lung biopsies. In live animal
studies, the authors report a targeting error of less than
5mm, around 40mm insertion depths. Squires et al. [26]
proposed an MRI-guided needle positioning system using
a buffer controller. It has a mean accuracy of 2.2 mm and
a standard deviation of 0.85 mm in a swine cadaver test.
Chen et al.’s ultrasound-guided needle insertion system could
reach a mean error of 0.9 mm with a standard deviation of
0.29 mm [27].

This paper builds on our previous work on FE-based
flexible needle manipulation for needle insertion control and
presents an integrated system for CT-guided spinal injections
with EM tracking. The rest of this paper is as follows:
Section II-B introduces the system’s architecture and com-
munication. Section II-C and Section II-D show the system’s
hardware design and fabrication. Section II-E and Section II-
F describe the planner and tracker based on FE simulated
as well as EM tracking system integration. Section III ex-
plains the integration of CT image system, including marker
segmentation, registration, needle segmentation and fitting,
and the target and obstacle definition. Section II-A explains



the entire workflow for our system. Section IV, Section V,
and Section VI present the experimental setup, results and
discussion, conclusion and future work, respectively.

II. NEEDLE GUIDANCE SYSTEM

A. System Workflow

Our system workflow is summarized as follows. After
positioning the robot with limit switches, the EM system
is registered to the FE simulator as detailed in Section III-
A. During this registration process, the needle manipulation
unit must be kept from the CT scanner at least 1 meter away
to minimize interference with the EM tracking system. The
methods of integrating tracking information and evaluating
EM disturbance are elaborated in Section II-E and [28].

Subsequently, the "patient" (phantom) and EM tracking
system are positioned under the CT scanner for a preopera-
tive scan, followed by these steps:

1) Segment the CT images and register them with the EM
tracking system, as described in Section III-B.

2) Segment and fit the needle, as outlined Section III-C.
3) Define target and outline obstacles using the method

described in Section III-D.
After defining the target and obstacles, the planner itera-

tively optimizes the plan to identify a minimally invasive
insertion strategy. This plan aims to accurately place the
needle tip at the target while navigating around obstacles and
minimizing excessive tissue compression. Once an optimal
plan is generated, the tracker executes a hybrid model
predictive controller with a bang-bang controller to track the
planned trajectory, utilizing a tip sensor as feedback.

Finally, the setup is repositioned under the CT scanner
for a postoperative confirmation scan to evaluate the actual
targeting accuracy.

B. System Architecture and Communication

As shown in Figure 1, the needle guidance system com-
prises three main components: the needle manipulation unit,
the planner and tracker, and the EM tracking system.

All the motors within the needle manipulation unit are
independently controlled by a motion controller (DMC-4143,
Galil Motion Control, USA). The channels controlling the
motor responsible for needle translation and the motor for
guide motion are configured as contour mode, enabling
simultaneous needle insertion and guide motion. Needle
rotation is performed before insertion and guides motion in
every single step, preventing the needle from deviating from
its predefined plane. The motion controller communicates
with two ROS2 nodes over Ethernet. One of the nodes serves
as a ROS2 server, which uses gclib (Version 2.0.8, Galil
Motion Control, USA) to send commands to the controller
based on MATLAB requests. The second node acts as a
publisher, broadcasting all encoder positions at 40Hz as
feedback to the planner and tracker.

An offline trajectory planner and an online tracker with
EM feedback control the needle manipulation unit [28].
For each target defined by CT image system, the planner
generates a path prior to moving the unit. Subsequently, the

Fig. 2: Experimental setup for needle insertion experiments
using a soft tissue phantom.

real-time tracker manipulates the needle according to the
planned trajectory via ROS2.

All EM references and the needle tip sensor (Aurora,
Northern Digital, Canada) are connected to a ROS2 publisher
by a USB port. Additionally, a tf2 node processes the
transformation data published by the publisher.

C. Needle Driver Design and Fabrication

As illustrated in Figure 2, the 2-DOF needle driver within
the needle manipulation unit translates and rotates the needle,
powered by two identical RE16 motors (Maxon Group,
Switzerland) with three limit switches (ESE-22MH54, Pana-
sonic Electronic Components, Japan). To minimize moving
mass and EM interference, the needle is not directly rotated
by the motor. Instead, a timing belt mechanism rotates
the needle via an aluminum hex bar, while the second
motor translates the needle using a lead screw and nut
mechanism. This configuration positions motors as far from
the workspace and the EM tracking system as possible.
The needle driver provides 110mm of axial translation and
continuous rotation. However, the needle’s rotation is fixed
at 0◦ and 180◦ in our experiments.

D. Movable Needle Guide and Linear Stage

A movable needle guide is actuated by a vertical linear
stage (Dover Motion, USA). A long aluminum profile allows
the linear stage to be situated far back beyond the field
generator region so as to eliminate interference introduced
by the linear stage to EM field. A long guide is used to make
the aluminum profile as far as possible from the sensor in
the needle and the field generator, reducing the interference
caused by the aluminum profile as in [29].

E. EM Tracking System Integration

There are three 6-DOF EM references mounted on the tis-
sue phantom, namely reference 0, reference 1, and reference
2. Figure 3 shows locations of all references. One 5-DOF
reference is embedded in the needle tip to track its position
and orientation except for rotation around the needle. All
references are covered by an electromagnetic field created



Fig. 3: Location of all frames and how they appear in CT.

by a generator and their orientations and positions w.r.t.
the generator frame would be logged by a ROS2 node and
published in ROS2 net in real-time. These transformations
are subscribed by another node and construct a ROS2 tf
tree. The needle tip is also added to the tree. The frame Fw

attached on ’reference 0’ is used as the base frame for the
EM tracking system, which means other references’ data are
processed w.r.t. Fw retrieved from ROS2. To offer real-time
feedback to FE simulator, a registration process is needed
and explained in Section III-A.

F. Needle Planner and Controller

Our planning and tracking framework is based on iterative
trajectory sampling within a FE simulator. The simulator
assumes an inextensible beam model for the flexible needle
and one-term Ogden-type hyperelastic material for soft tis-
sues [30]. The simulator updates the discretized needle states
vector X actuated by control inputs U with running the real-
time FE simulation forward in time. Three needle control
inputs considered in current work – translation, rotation, and
lateral guide motion – can be obtained iteratively through
the cross-entropy method by sampling from the simulator
and reducing the cost associated with each sampled trajec-
tory [28].

High targeting accuracy, low tissue damage, and obstacle
avoidance are desirable objectives for a needle insertion task.
Therefore, the cost J associated with each planned insertion
can be written as

J(X,U) = Jf (Xf ) +
∑
s

Js(Xs, Us), (1)

Fig. 4: Different paths generated by the planner in Ff . The
solid line and the dashed line are the needle manipulated
with/without obstacle avoidance.

where Jf is the final cost that includes targeting error and
total tissue compression, which can be recovered by the final
needle state Xf and the simulator; step cost Js includes
penalties to "risky" needle maneuvers that might cause tissue
damage, such as large needle guide translation and excessive
needle axial rotations. (Xs, Us) denotes the state and input
in one step. In addition to penalty terms considered in [28],
we include additional costs for the needle being too close
to or penetrating forbidden regions. We call these forbidden
regions "obstacles", which are integrated into the cost Jobs
as

Jobs = αJin + βJdist, (2)

where α, β are parameters to balance the impact from
different penalties. Jin is to detect if the needle’s points are
on or in the obstacles’ boundary.

Jin =

Nnodes∑
n=1

M∑
m=1

1(xn ∈ Om), (3)

where Om is a set of obstacles, M is the number of points
in Om and Nnodes is the number of nodes in X , xn is a point
in X , 1(·) is the indicator function, which equals 1 if the
condition is true, and 0 otherwise. Jdist is a proximity-based
penalty item.

Jdist =

Nnodes∑
n=1

M∑
m=1

max(0, dthresh − d(xn,Om)). (4)

dthresh is a distance threshold, excluding points that have
a distance larger than the threshold. d(xn,Om) represents
the minimum Euclidean distance from the point xn to the
obstacle Om.

d(xn,Om) = min
o
(i)
m ∈Om

∥xn − o(i)
m ∥, (5)

where o
(i)
m is one obstacle in Om.

Figure 4 shows the different paths that the planner gener-
ates in the same scenario. The solid line is the path with the
obstacle avoidance penalty Jobs. It avoids the obstacles we
defined instead of penetrating them like the dashed line path.
Once an optimal trajectory has been generated, the tracker
then follows the nominal trajectory while taking needle tip
EM reading as feedback [28].

III. CT IMAGE PROCESSING AND REGISTRATION

All CT scans are collected by using a cone-beam CT ma-
chine (Loop-X, BrainLab, Germany) whose smallest voxel
size is 0.46× 0.46× 0.46mm3. In order to define the target
prior to the procedure and ascertain if the needle tips reached
the target point after insertion, two CT scans are produced
during the whole workflow. A preoperative scan is performed
during initialization, i.e. the needle tip is on the skin surface
but has not yet been inserted. In this step, the target point and
any obstacles are selected. After the entire insertion process,
a postoperative scan is performed to evaluate the result of
insertion.



Fig. 5: Three main frames in the overall system and their
transformations. Ff stands for the FE simulator, Fc for CT
image frame, and Fw connects Ff and Fc.

As shown in Figure 5, the entire system mainly has three
frames Fw, Ff , and Fc ∈ SE(3). Fw is attached to the
reference 0 shown in Figure 3. Ff represents the coordinate
system used by the FE simulator, with its origin precisely
located at the point where the needle penetrates the surface
of the phantom. Fc contains all CT images.

A. Registration to FE Simulator

To convert needle tip’s coordinates w.r.t. Fw into Ff , a
registration is performed to determine the transformation T f

w

from Fw to Ff . Initially, the robot calibrates itself with the
help of limit switches. Then the needle tip is moved to a
suitable position. The first two positions located 3mm and
8mm away from the origin of the Ff (See Figure 3) should
be as close as possible to the center of the EM field, and
the needle manipulation unit should not touch anything when
moving, which would cause unexpected needle bending. The
third position is right on the origin of the Ff . Each position
has 50 samples and the mean values of these measurements
are used as #–pw

1 ,
#–pw
2 ,

#–pw
0 w.r.t. the frame Fw. At #–pw

2 , we
move the guide vertically up and record #–pw

3 using the same
method as in the previous step. This time we pick 5mm
according to the previous consideration. Three vectors could
be derived by

#–xw =
#–pw
2 − #–pw

1

∥ #–pw
2 − #–pw

1 ∥
, (6)

#–z w = #–xw ×
#–pw
3 − #–pw

2

∥ #–pw
3 − #–pw

2 ∥
, (7)

#–y w = #–xw × #–z w, (8)

With these vectors, the transformation T f
w ∈ SE(3) from Fw

to Ff is constructed by

T f
w =

[
#–xw #–y w #–z w #–pw

0

0 0 0 1

]−1

. (9)

B. Marker Segmentation and Registration

Figure 6 shows the overall workflow. To register the EM
tracking system with the CT image, three sets of 3mm diam-
eter copper markers are embedded in three 3D-printed parts,
each associated with an EM reference as shown in Figure 3.
Each set contains 6 markers, whose coordinates w.r.t. the
nearest EM reference are obtained from the Solidworks 2024

Fig. 6: Marker segmentation and registration workflow.

(Dassault Systems, Franch). As shown in Figure 3, copper
markers appear as nearly spherical clusters with intensities
higher than any other objects in CT images, as the phan-
tom and needle driver contain minimal metal components
detectable in CT. A threshold segmentation is performed
to identify connected regions, eliminating unexpected items
such as noise by checking their volume size. To isolate
the copper markers, a sphericity check filters out regions
that do not match the shape of a sphere. The centers of
segmented spheres are then used as their coordinates w.r.t.
Fc. Finally, an iterative closest point (ICP) algorithm is
executed to compute the transformation Tw

c from Fc to
Fw using copper markers coordinates w.r.t. both frames. As
detailed in Figure 7, all the copper markers in Fw align with
their counterparts in Fc.

C. Flexible Needle Segmentation and Fitting

1) Needle Segmentation: Figure 8 presents a flowchart of
needle processing. Similar to markers segmentation, it begins
with threshold segmentation. However, a lower threshold
is used for the needle due to its thinner diameter which
results in a lower intensity than the copper balls. This low
threshold helps preserve the needle’s details, preventing it
from fragmenting the needle into multiple segments. The
resulting 3D intensity image is converted into a set of point
clouds by identifying connected regions. There are still some
unexpected point clouds such as the bone model in this set
due to the low threshold. To remove these, we examine the
size of all the point clouds and eliminate those exceeding a

Fig. 7: Registration results. The red solid dots are copper
markers in Fw transformed from Fc and the black circles
are copper balls in Fw.



Fig. 8: Needle segmentation and fitting workflow.

specified point count. After removing large point clouds, the
binary image is converted into coordinates with a scale factor
extracted from the metadata of CT scans. A line check is then
conducted using a 5mm sphere centered at the centroid of
every point cloud. A ratio rline is given by

rline =
Nin

Nall
, (10)

where Nin denotes the number of points within the sphere,
and Nall is the total number of points in the cloud. The 5mm
sphere can filter out all the markers and most of the points
clusters whose rline is almost 1. We purge all the point cloud
whose rline is greater than a threshold. After observations
and tests, we determined that 0.4 is an appropriate ratio for
our usage, meaning 60% points of itself are in the 5mm
sphere and it cannot be a line we need. Following this, only
linear structures remain, though some curved wires persist.
To isolate the needle, a principle component analysis offers
a main direction vector of the points, indicating the possible
direction of the needle (see Figure 9). Starting from the
first point in the set and extending along the given direction
vector, a line in space is defined. Distances from all points
in the set to this line are then calculated, and the standard
deviation of these distances is determined. The points set
with minimum standard deviation is identified as the needle.

2) Needle Fitting: The main direction vector obtained in
the segmentation process is used as the needle’s principal
axis in the fitting process. The needle is segmented into 1mm
thick slices along the main direction vector, and centroids
of slices are treated as data points for the fitted line. The
number of slices, N , is determined dynamically. However,
the length of the slice N is partially ignored, as it might
not reach 1 mm due to an insufficient number of points.
As illustrated in Figure 9, a slice compensation is applied.
First, the centroids of the slice N and N − 1 are connected
to determine the center direction. Then, all the points in
the slice N are projected along this direction. The slice
compensation is derived based on the largest positive distance
and the center direction.

The needle tip often disappears in segmentation results,
because it becomes smaller in volume, which reduces its
intensity or causes it to fall below the resolution of the CT.
To address this, a tip compensation collinear with the slice
compensation is constructed. The length of it is derived as

Lc =
√
L2
b −D2 =

√
1.72 − 0.8 ≈ 1.5 mm, (11)

where Lb and D are the length of the needle’s bevel and
diameter measured by a caliper (Mitutoyo, Japan).

Fig. 9: Compensations in needle fitting. Slice N − 1 is 1mm
long but Slice N is shorter than 1mm.

D. Target Selection and Obstacle Definition

Before selecting the target and defining obstacles, we
should have a CT scan with the needle tip placed at the
origin of Ff . To pick targets from the CT image, the image
volume from the CT machine is rotated and sliced to align
with the Ff so that we can directly pick pixels in the CT
image. Picked pixels are rescaled to coordinates in the Ff .
With this basic process, we could define the insertion target
and the obstacles. As Figure 10a shows, the yellow cross
is the target and the blue circles are obstacles. After the
insertion process, the post-operation scan is also rotated to
the same orientation. The target and obstacles we selected
manually in the pre-operation image are transformed into the
post-operation image to check the result. Figure 10b shows
the final post-operation image.

IV. PHANTOM EXPERIMENT

Phantom experiments are conducted by using the setup
shown in Figure 2. The phantom had two layers with differ-
ent stiffness and a model bone was embedded in the deeper
layer [28], [31]. Two sets of experiments were conducted. In
the first experiment, we aim to evaluate insertion error using
7 targets selected in the phantom. These targets had a mean
depth of 37.6mm and a mean lateral offset is -0.3mm. The

(a) Pre-operation Scan

(b) Post-operation Scan

Fig. 10: Preoperative and postoperative CT images.



depth was chosen as it aligns with typical distances in clinical
practice [32], [33]. Due to the limited bending capacity of
the needle, there is a constrained region around this depth
that the needle can theoretically reach. The selection of
seven test targets was sufficient to cover this area. In the
second experiment, we aimed to verify the performance of
our obstacle avoidance algorithm. To simulate the injection
scenario, a narrow structure was defined to evaluate whether
the algorithm functions as intended.

V. RESULTS AND DISCUSSION

In the first set of experiments, all the targets and results are
listed in Table I. The first column shows the targets defined
in the CT image. ICP error indicates the registration error
when deriving Tw

ct , which is defined by

ER =

√√√√ 1

W

W∑
i=1

∥ #–p i − #–q i∥2, (12)

where #–q i represent points in the source frame. #–p i are points
in the target frame transformed into the source frame, and W
denotes the number of points in each point cloud. The second
column contains distances between the final tip position
reported by the EM tracking system and segmented from the
CT image. EM errors are differences between targets and the
EM tracking system’s feedback. The targeting column shows
errors between targets and needle tips from segmentation.

According to results in Table I, the ICP process was stable
and reliable, as it exhibits a variance close to zero. Although
it introduced a small degree of error in the registration
process, no significant interference was observed throughout
the procedure. Both EM result and targeting results had a
mean error less than 0.5mm, with no identified correlation
between targeting errors and CT-EM position differences.
Notably, an outlier bolded in Table I showed an EM error
of 0.39mm but 0.89mm between EM and CT results, along
with a targeting error of 1.24mm. One possible reason was
that a portion of the needle tip was out of the segmentation
plane, likely caused by damage from previous experiments.
Such damage may affect the needle trajectory.

Figure 10 illustrates the result of the second experiment.
The needle correctly avoided the obstacles we defined and
reached the target with a targeting error 0.63 mm.

TABLE I: Test Errors

Unit: mm. All targets and error are measured in Ff

Target (x, y) ICP Error CT to EM EM Targeting

42.08, 01.82 1.02 0.89 0.39 1.24
33.92, -02.58 1.01 0.07 0.41 0.47
32.22, 04.33 1.01 0.46 0.28 0.37
33.13, -03.66 1.02 0.16 0.43 0.29
43.73, -00.25 1.02 0.24 0.27 0.10
36.92, 00.12 1.01 0.24 0.14 0.11
35.78, 02.39 1.02 0.27 0.43 0.41
42.97, -04.79 1.01 0.15 0.37 0.24

Variance 0.00 0.06 0.01 0.12
Mean 1.02 0.31 0.34 0.40

VI. CONCLUSION AND FUTURE WORK

In this work, we have successfully built an FE-based
flexible needle manipulation system for needle insertion
control and presented an integrated system for CT-guided
spinal injections with EM tracking. Phantom experiments
demonstrated its targeting accuracy is 0.4mm, and it is
capable of avoiding obstacles. Future research will focus on
real tissue experiments, machine learning-based, more real-
time, computationally efficient control methods, and a more
integrated system workflow.
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