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Abstract— Untethered miniature surgical tools could signif-
icantly reduce invasiveness and enhance patient outcomes in
robot-assisted laparoscopic surgical procedures. This paper
demonstrates the feasibility of performing semi-autonomous
suturing tasks using an untethered magnetic needle controlled
by an external electromagnetic manipulator. The electromag-
netic manipulator can generate magnetic torques and gradient-
based pulling forces to actuate the magnetic needle. Here,
we develop and implement a semi-autonomous 2.5D control
method for controlling the in-plane position and both in-
plane and out-of-plane orientations of a magnetic needle for
suturing on tissue-mimicking agar gel phantoms. The method
includes recognizing needles and incisions, planning trajectory,
and performing suturing with visual feedback control. We
conduct two mock suturing tasks using both continuous and
interrupted techniques on 1% agar gel phantoms with 2 cm
and 3 cm incision sizes. The results demonstrate precise needle
control, with an average root-mean-square position error of
1.01 mm and 1.12 mm across tasks. The system also achieved
submillimeter-level suture spacing accuracy, comparable to
surgeons using state-of-the-art surgical robots. These findings
highlight the feasibility of using untethered magnetic suture
needles for minimally invasive suturing procedures.

I. INTRODUCTION

Robot-assisted minimally invasive surgery (MIS) has revo-
lutionized surgical practices by allowing complex procedures
through small incisions or natural orifices [1], which reduces
tissue damage, accelerates recovery, and minimizes post-
operative infections and discomfort [2]–[4]. Suturing and
ligation inside the body are crucial yet challenging aspects
of these procedures, demanding precise control in confined
spaces [5]. While recent developments in surgical robotic
systems have demonstrated enhanced precision with ad-
vanced vision feedback [5] and planning [6], they still require
large manipulators that occupy significant space inside the
patient, increasing the risks of unwanted tissue damage, scar-
ring, and infection [7], [8]. Addressing these issues remains
a key goal in advancing surgical robotics. Especially for
intraperitoneal bladder wall lacerations during laparoscopic
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Fig. 1. (a) The electromagnetic system and camera. (b) Magnetic suture
needle. (c) Overview of the workspace, sutured sample, and the needle.

surgery, commonly repaired by intracorporeal suturing la-
paroscopically or an exploratory laparotomy, which demand
less invasive suture procedures [9].

Magnetic manipulation presents a promising advancement
for robot-assisted MIS to further reduce invasiveness by
enabling untethered guidance of magnetic surgical tools (i.e.,
suture needles) inside the human body [10], [11]. Magnetic
suture needles with attached threads can be wirelessly guided
by external magnetic fields to perform tissue penetration,
suturing, and ligation tasks [12]. Previous works in this
domain have demonstrated innovative magnetic needle de-
signs with excellent manipulation capability for different
tasks, including 2D teleoperation for tissue suturing and
ligation [12], autonomous 2D navigation [13], autonomous
2D localization and control in environments with blood and
tissue [14], 2D teleoperation for ex-vivo tissue suturing [15],
and 2D teleoperation of impact-based hammer needle for
tissue penetration [16] and tissue mimic suturing [17].

Despite recent advancements, most existing studies re-
strict needles to two-dimensional planar motions, reducing
their effectiveness in realistic surgical scenarios. Moreover,
no research has demonstrated autonomous suturing using
a tetherless magnetic needle. Motivated by clinical needs
and research gaps, this study presents a visual feedback-
based approach for semi-autonomous 2.5-dimensional (2.5D)
control of an untethered magnetic suture needle. The sys-
tem is designed for suturing tasks in tissue-mimicking gel
phantoms, simulating a scenario where a small endoscopic
camera and a magnetic needle are used in the aquatic
environment of the intraperitoneal bladder. By integrating a
top (z-axis) electromagnetic coil with a planar (x-y plane)
electromagnetic manipulation system and a visual feedback
method, semi-autonomous 2.5D control of both position and
in-plane or out-of-plane orientation of a magnetic needle
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could be achieved. Using this method, we demonstrate the
feasibility of performing continuous and interrupted suturing
tasks in phantoms with varying incision sizes. This control
strategy for suture needles holds promise for autonomously
maneuvering around tissues or organs to execute out-of-
plane stitches for the first time, facilitating the deployment
of untethered magnetic needles in robot-assisted surgeries.

The paper is organized as follows: Section II introduces
the electromagnetic robotic surgical manipulator and the
experimental testbed. Section III explains the dynamic model
for actuating the magnetic needle. Section IV elaborates on
the control methods utilized in our experiments. Section V
shows the two suture tasks completed and analyzes their
results. Finally, Section VI concludes the paper by summariz-
ing our achievements and discussing potential improvements.

II. MAGNETIC SURGICAL SYSTEM

Our magnetic surgical system includes an electromagnetic
manipulation system, magnetic surgical tools (e.g., mag-
netic needles), tissue-mimicking gel samples in a 3D-printed
workspace, and a digital camera for visual feedback. The
following sections describe all the system’s components.

A. Electromagnetic Manipulation System

In this study, a 12-coil planar electromagnetic system
(VORIACS: Variable Outer Radius Individually Addressable
Coil System) along with a top coil for out-of-plane control
is utilized to generate external magnetic fields and manip-
ulate magnetic needles for surgical tasks. The VORIACS
system consists of four coil stack units, with each unit
containing three concentric coils with variable outer radii,
surrounding a 100 � 100 � 100 mm3 center workspace.
Detailed specifications of the VORIACS system can be found
in [18], [19]. In addition to the 12 planar coils, a top
coil is positioned 10 cm above the workspace plane, as
shown in Fig. 1(a). All 12 planar coils in the VORIACS
system are independently controlled by six motor drivers
(Roboclaw, 2x60AHV) operating in two-channel mode. The
six motor drivers are powered by six power supplies (SL
Power, TF3000A60K) rated at 60 V and 50 A. The top coil
is individually controlled and powered by a seventh motor
driver and a 24 V power supply, which can generate up to 4
miliTesla at the center of the workspace. A dedicated CPU
(i7-13700KF) running a custom MATLAB script interfaces
with the motor drivers through a Teensy microcontroller. The
microcontroller starts the motor drivers using pulse width
modulation signals to power the coils.

B. Magnetic Suture Needle

1) Needle design and fabrication: The electromagnetic
system can exert magnetic forces and torques on any mag-
netic needle to penetrate and steer it through tissue for a
suturing task. The applied magnetic force on a needle is
described by Fm = m �rB, where m denotes the magnetic
dipole moment vector of the magnetic agent, and rB is the
magnetic field gradient of the electromagnets. Commercially
available stainless steel suture needles are soft magnetic
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Fig. 2. (a) Force measurement setup. (b) Representative penetration force
measurement data for 1.0% agar gel sample. P1 indicates the puncture point
for the magnetic needle. The red-colored solid line and the shaded area
represent the mean and standard deviation of the force data, respectively.

(e.g., their magnetization changes with the applied magnetic
field), have a low magnetization, and may require a signifi-
cantly large magnetic field gradient to generate the required
forces for tissue penetration. Alternatively, a needle with
neodymium iron boron (NdFeB) permanent magnets could
have a strong magnetization and may be suitable for suturing
tasks with our electromagnetic system. Therefore, we have
designed a custom magnetic needle consisting of a sharp
stainless steel needle tip (diameter 1.6 mm) attached to a
polyimide tube (inner diameter: 1.7 mm, wall thickness 0.032
mm) with embedded two cylindrical neodymium permanent
magnets (each with 1.5 mm diameter, 5 mm height, and
magnetic dipole moment of 0.00989 Am2). A 3D-printed
part with a closed thread eye is also attached at the tail of
the needle to hold a 6-0 silk suture thread. Fig. 1(b) shows
the needle and its components.

2) Tissue-mimic penetration force assessment: Suturing a
tissue or tissue-mimicking sample would require penetrating
it with a suture needle and pulling the needle through it. To
evaluate the penetration forces for pulling the customized
magnetic needle through tissue-mimicking agar gel samples,
we conduct force tests using a force measurement setup
as shown in Fig. 2(a). In the setup, a magnetic needle is
attached to a force and torque sensor (F/T Sensor: mini40,
calibration: SI-20-1 calibration, ATI Industrial Automation)
with 3D-printed fixtures, and the sensor is attached to a
motorized linear actuator that maintains a constant speed
while pushing the needle through agar gel samples. Agar
gel samples with 1.0% (comparable elastic modulus [20]
to human bladder wall [21]) and 1.5% (mimics gastric
tissue [22]) are prepared (i.e., dissolving 1 gram and 1.5
grams of agarose powder in 100 mL deionized water yields
1.0% and 1.5% agar gels, respectively) and utilized for the
tests. Using a data acquisition (DAQ) system (myRIO-1900,
National Instruments), we measure forces on the needle at
10 Hz frequency while inserting the needle through agar gel
samples until a complete penetration is achieved.

Fig. 2(b) shows the force exerted on a magnetic needle as a
function of time during the penetration of a 4 mm thick, 1.0%
agar gel sample. Upon initial contact with the gel, the needle
experiences a rebound force, as indicated by positive force
values in the plot. As the needle starts penetrating the sample,



the resistive force (acting in the opposite direction of the
needle’s motion) increases, reaching a negative peak at the
puncture point (P1). Three samples of both 1.0% and 1.5%
agar gel are tested. The mean puncture force for the 1.0%
agar gel is 19.75 millinewton (mN), with a standard deviation
of 2.29 mN, while the 1.5% agar gel shows a mean puncture
force of 45.43 mN and a standard deviation of 5.90 mN.
Using the magnetic field data and needle magnet properties,
we calculate the maximum pulling force the system can apply
at the center of the workspace to be 24.86 mN. This force is
sufficient for penetrating the 1% agar gel but is inadequate
for the 1.5% agar gel. Consequently, we select the 1.0% agar
gel for preparing tissue-mimicking phantoms.

C. Tissue-Mimicking Agar Gel Phantom and Workspace

To accurately simulate suture scenarios, we design and
fabricate tissue-mimicking agar gel phantoms in a 3D-printed
workspace that mimics the typical shape of a tissue with
incision, as shown in Fig. 1(c). The 40 mm high 3D-printed
workspace features a 100 � 100 mm2 square-shaped box
with a peg at the bottom-left corner and a central rectangular
cavity for positioning the agar gel phantom.

The agar gel phantom, featuring a central groove repre-
senting an incision, is composed of 1.0% agar. This concen-
tration is achieved by dissolving agarose powder in water
at a weight-to-volume ratio of 1:100. The solution is heated
to boiling temperature to ensure complete dissolution before
the mixture is poured into a custom 3D-printed mold. After
cooling to room temperature, the polymerized agar gel is
removed from the mold and affixed within the cavity using
super glue. Finally, the workspace is filled with pure glycerin
to submerge the agar to simulate an aquatic environment of
the intraperitoneal bladder wall.

D. Vision Feedback and Needle Tracking

Autonomous manipulation of a magnetic needle requires
continuous and precise tracking of both its position and
orientation. In our system, a vertically mounted top digital
camera (BFS-U3-13Y3, FLIR) provides constant visual feed-
back, while a MATLAB script implementing an HSV color
filter-based tracking algorithm allows tracking the orange and
red colored segments of the needle’s body, which represent
the front and back ends, respectively. By tracking these two
colored areas, the algorithm calculates their centroids and
connects them with a line. The midpoint of this line defines
the needle’s centroid, while the orientation of the line cor-
responds to the needle’s planar orientation. Given the strong
magnetization of the needle, which aligns with the externally
applied magnetic field, its out-of-plane orientation can be
estimated based on the direction of the applied magnetic
field. This method allows accurate tracking of both the in-
plane position and in-plane or out-of-plane orientation of the
magnetic needle, enabling its autonomous manipulation.

III. DYNAMIC MODEL OF MAGNETIC ACTUATION

A gradient magnetic field exerts both force and torque on
a magnetic agent. In this study, the magnetic needle contains

small permanent magnets located at the center of its body,
acting as a magnetic agent. The force F is discussed earlier,
and the torque T acting on the magnetic needle is given by

T = m�B, (1)

where B is the magnetic field vector, which scales linearly
with applied currents.

The navigation of the magnetic needle in the x-y plane
is controlled using eight electromagnetic coils, and the
relationship between the forces, torques, and associated coil
currents is described by
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where Fx and Fy are the forces along the x- and y-directions,fBi is the current-normalized magnetic field generated by
the ith electromagnetic coil, and Ii is its corresponding
current. An additional top coil positioned directly above the
workspace and oriented along the z-axis of the workspace
facilitates open-loop controlled in-plane and out-of-plane
manipulations. When activated, this coil induces the sharp-
ened tip of the needle to tilt either upwards or downwards as
it attempts to align with the magnetic field direction produced
by the top coil. Together with the other eight coils placed
along the x-y plane for horizontal actuation, this config-
uration enables the needle to exhibit 2.5D manipulability.
This allows the needle to navigate obstacles such as an
uneven agar surface, mimicking the challenges of uneven
tissue surfaces and elevated incision gaps in surgical settings.
However, magnetic forces and torques from the top coil are
not included in (2), as the top coil is under open loop control,
which does not contribute to the closed-loop dynamics and
will be explained in later sections.

The magnetic needle is sufficiently light and surrounded
by sufficiently low viscosity fluid, to enable quick alignment
with the magnetic field direction, eliminating the need to
consider torque in this study. As a result, (2) can be further
simplified to (3) as2664
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where Bx and By form the unit vector of the desired
direction. The fBix and fBiy are the components of fBi

along the x- and y-axes, respectively. We can express (3) as
C = AI , where (3) builds a mapping from the desired force
and direction to the input currents through matrix A. This
matrix bases on the linear relationship between input currents
of all coils and the magnetic field B and its gradient rB at
all points within the workspace. This relationship has been
established in our previous study [19] through finite element
analysis. We solve (3) using the method of singular value



decomposition (SVD) and a singularity solver [19], which
allows controlling the needle in closed-loop by dynamically
adjusting the input currents to all coils.

IV. SEMI-AUTONOMOUS 2.5D CONTROL METHOD

Our control method includes recognizing incisions, plan-
ning waypoints and penetration points, and performing su-
turing with 2.5D maneuvers under visual feedback control.
At the beginning of each suture task, the incision within
the workspace is recognized, with waypoints and penetration
points specified by the path planning algorithm. Under visual
feedback control, the needle then operates in navigation
mode to approach these waypoints and switches to pene-
tration mode to penetrate the gel phantom at the penetration
points. Pulling mode is subsequently activated to extract the
thread from the gel phantom. The functionality of each mode
will be detailed in the following subsections.

A. Incision Recognition and Path Planning

We utilized a pre-trained Segment Anything Model (SAM)
[23] implemented in MATLAB to identify incisions within
the workspace, guided by a human operator. At the start of
each suturing session, the system captures a snapshot of the
workspace. The operator then selects the region of interest,
prompting SAM to segment and highlight the identified
incision for the operator to either approve or request a re-
segmentation based on their assessment. Upon approval, our
path planning algorithm takes over and generates a trajectory
that distributes suture points evenly across the incision based
on the task type and the detected incision shape.

B. Navigation Mode

For needle guidance in liquid, an optimized closed-loop
control approach using 8 coils out of 12 coils is implemented
to prevent redundant power burden and overheating of coils.
A standard PID controller is used to compute the desired
forces acting on the needle, while the desired field direction
is determined directly from the desired orientation of the
needle. The forces and fields in (3) can be derived from (4)
by�
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where e is the vector from the needle’s current position to
the desired position. θdes is the desired orientation, and kp,
ki, and kd are 5.5, 0.1, and 1, respectively, with a unit of
10−4 to compensate the difference in units conversion during
calculations. The navigation mode operates at 22% of the
maximum current capacity, which is sufficient for moving
the needle both freely and precisely within the workspace.

C. Penetration Mode

In penetration mode, the top z-axis coil and all three coils
on one side are activated at 60% and 95% of their maximum
current capacity, respectively. This configuration provides
control over the needle’s out-of-plane orientation and delivers
the maximum penetration force while maintaining system
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Fig. 3. (a) Video snapshots showing suturing a 2 cm incision with a single
magnetic needle. (b) Top and front views of the sutured tissue-mimic gel
sample with suture spacing and bite depth measurement.

stability and preventing overheating. Once the needle aligns
with the designated penetration points, the operator directs
the control system to switch to penetration mode, enabling
the completion of the gel phantom penetration process while
ensuring both system and procedural safety.

D. Pulling Mode

In the pulling mode, the system uses the same PID
controller as the navigation mode but with 47% of maximum
current capacity to efficiently extract the thread from the
phantom and tighten the stitches while maintaining precise
needle movement. Additionally, the top z-axis coil is acti-
vated for maneuvering the uneven surface of the incision.

V. EXPERIMENTS AND RESULTS

We design two distinct suture scenarios to mimic real
surgical scenarios with varied incision sizes. Task 1 simulates
the suturing repair of a bladder wall intraperitoneal injury
featuring an incision size of 2 cm. Such an incision requires
a single-layer closure using a running non-locked stitch with
a single needle [9]. On the other hand, Task 2 tackles a larger
incision size of 3 cm, which could have broader applications
in surgical repairs. The results from the two suturing tasks
are described in detail in the following sections.

A. Task 1: Small Incision Suturing with Single Needle

Fig. 3(a) shows video snapshots of the suturing Task 1,
where a 1% agar gel phantom, mimicking a bladder wall
injury with a 2 cm incision, is sutured using a single needle
in four continuous stitches. After the first stitch, the needle



Fig. 4. (a) Magnetic needle’s actual trajectory (colored dots) along with the
estimated trajectory (dashed line) compared to the desired trajectory (black
solid line) for a small incision suturing with a single needle. (b) Position
error vs time plot for the small incision suturing with a single needle.

maneuvers around the peg to a distant point (see Fig. 3(a)
at 55 s), simulating the looping of thread around the scope
to pull enough thread for subsequent stitches. Following the
second stitch, the needle circles the peg again to tighten the
stitch (see Fig. 3(a) at 147 s).

The suture needle’s actual trajectory compared to the
desired trajectory for Task 1 is visualized in Fig. 4(a) using
colored dots to denote the temporal sequence of movements.
Note that due to the camera’s limited frame rates (30 fps),
consecutive recorded positions of the needle may appear
significantly separated. This typically occurs when the needle
moves too rapidly, such as exiting the sample after complet-
ing a stitch. In these instances, trajectories are estimated by
connecting consecutive distant points with dashed lines. The
desired trajectory of the magnetic suture needle, composed
of multiple waypoints, is depicted as a thin black solid line
in Fig. 4(a) with waypoints marked in circles.

Fig. 4(b) illustrates the trajectory tracking position error
of the needle during Task 1 throughout a suturing session.
The average root-mean-square (ARMS) position error of the
needle for Task 1 was 1.01 mm across three trials. Notably,
the two sharp spikes in the error magnitude were caused by
the counterforce exerted by the thread during its extraction
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Fig. 5. (a) Video snapshots showing suturing a 3 cm incision with two
magnetic needles. (b) Top and front views of the sutured tissue-mimic gel
sample with suture spacing and bite depth measurement.

from the sample. This unexpected counterforce can lead to
sudden deviations from the needle’s desired path.

B. Task 2: Large Incision Suturing with Two Needles

Task 2 uses the interrupted stitching technique for larger
incisions that require multiple sutures to effectively manage
closure when a single suture thread is insufficient. Initially, a
needle and thread are used to complete the first three stitches.
Upon completion, we remove the first needle, leaving the
thread in place to continue closing the incision. A new needle
with thread is then introduced to perform the remaining three
stitches, as shown in Fig. 5. Each needle in Task 2 is also
directed to a diagonal far point after the first stitch to ensure
sufficient thread is pulled out to complete the remaining
planned stitches (see Fig. 5 at 20 s and 236 s).

Fig. 6(a) shows the needle’s actual, estimated, and desired
trajectories for one of the three test sessions conducted for
Task 2. The tests conclude with an ARMS position error of
1.12 mm across three test sessions. The primary contributors
to this error were the thread pulling and the positional
discrepancy between the entry point of the second needle
in the workspace and its initially designated waypoint.

C. Suturing Task Assessment

Three tests are conducted for each suturing task to assess
the consistency and accuracy of the suture outcomes using
two primary evaluation metrics: suture spacing and bite
depth. Suture spacing refers to the distance between consec-
utive entry and exit points of the incision and is measured per
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