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Magnetic continuum robots offer flexibility and controllability, making them promising for minimally
invasive surgery (MIS). However, the clinical application of these robots is relatively limited due to the
difficulty of integrating miniaturized triaxial force sensors and their single functionality. This paper
proposes a multifunctional magnetic catheter robot with magnetic actuation steering and triaxial force-
sensing capabilities. The robot features 3 channels at its tip that integrate multi-segmented magnets, a
novel triaxial force sensor, and various functional instruments. The sensor is calibrated, demonstrating
high sensitivity and accuracy. The steering characterization of the robot confirms that the catheter tip
exhibits effective flexibility and force sensing. Palpation experiments involving various hard lumps are
performed on porcine kidney, with results verifying that the robot can reliably detect abnormal hard lumps
within tissues. Additionally, palpation experiments in bronchial phantom demonstrate the robot’s imaging
and palpation capabilities for lung nodules with an integrated endoscope. Further, the robot, equipped
with biopsy forceps, successfully performs palpation and biopsy functions on simulated stomach polyps,
demonstrating its capability for effective tissue manipulation. By leveraging force-sensing capabilities
and integrating multifunctional instruments, the robot shows potential for expanded applications in MIS,
paving the way for important advancements in clinical procedures.
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Introduction

Minimally invasive surgery (MIS) has been widely used in the
interventional treatment of various diseases, including cardio-
vascular and cerebrovascular diseases, digestive system dis-
eases, and lung diseases [1-5]. Compared to traditional open
surgeries, MIS offers several key advantages, such as less inva-
sive, quicker postoperative recovery, and lower risk of compli-
cations [6-9]. However, conventional catheters commonly used
in surgery do not have active steering capability, and the lack
of force-sensing capability at the distal end of the catheter is
also a important challenge [10,11]. Without precisely sensing
the contact force between the catheter tip and surrounding tis-
sues, surgeons risk inadequate or excessive force control, which
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can lead to puncturing or tissue damage during operation [12].
Therefore, developing new catheters with active steering and
force-sensing capabilities can enhance surgical safety and
improve the flexibility of catheter operation, thereby helping
surgeons better complete interventional surgery [13,14].
Magnetic fields are safe and radiation-free and have been
widely used in biomedical applications [15-22]. Furthermore,
magnetic continuum robots (MCRs) with active steering capa-
bility have a reliable potential for clinical applications [23,24]
due to their flexibility and controllability, which is expected to
improve traditional interventional procedures. Recently, many
research teams have proposed several magnetically controlled
interventional surgery robots based on MCRs [23,25]. Nelson
and colleagues [26-29] have proposed several variable stiffness
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magnetic catheter robots for improving MIS. Zhao and col-
leagues [30,31] proposed a telerobotic neurointervention sys-
tem with magnetic soft guidewire for stroke treatment. Valdastri
and colleagues [32,33] designed a variety of magnetic catheters
for endoscopy or vascular intervention. Choi and colleagues
[34,35] have developed an electromagnetically controllable
micro-robotic intervention system based on magnetic guidewire.
Liu and colleagues [36] first proposed a flexible magnetically
controlled continuum robot and enlarged the effective working
space of the magnetic navigation system, verifying the robot’s
flexible steering ability in a set of narrow rings and a kidney
phantom. Subsequently, the team also proposed a novel opposite
magnetic catheter robot capable of deformation with large angles
and high-order curvatures, and completed its kinematic analysis
and pose control [37-39]. Xu and colleagues proposed several
magnetic soft guidewires and integrated magnetically controlled
guidewire robot systems for vascular interventional surgery
[40,41], and achieved stable control of the magnetic guidewire
by a dual-loop sliding mode control method [42]. While much
progress has been achieved in advancing traditional MIS through
the aforementioned research, most robots are still limited to
the steering functionalities, which consequently restricts their
operational versatility and clinical applicability. Recently, several
researchers have proposed several MCRs with functional tips to
achieve endoscopic imaging and diverse functional applications.
For example, Xie and colleagues proposed 2 variable stiffness
MCRs with functional tips for intracavitary interventional sur-
gery [43,44], and Misra and colleagues [45] proposed a variable
stiffness microgripper for tissue biopsy. Nevertheless, these
robots remain constrained by the absence of force-sensing capa-
bilities, which not only impede their progression toward intel-
ligent operation but also restrict their applicability in critical
diagnostic procedures such as palpation-based detection of
abnormal tissues or tumors. Thus, the advancement of force-
sensing technologies plays a crucial role in enhancing the tactile
perception capabilities of MCRs during tissue interaction while
also ensuring their safe clinical deployment through improved
operational control and risk mitigation [46].

Electrical force sensors have historically dominated the
application of distal force sensing in catheters due to their early
development and availability and their straightforward integra-
tion with existing electronic systems. However, these sensors
present some drawbacks, such as susceptibility to electromag-
netic interference, large size, and limited durability and sensi-
tivity [47,48]. In contrast, optical force sensors, particularly
those based on optical fibers, have rapidly gained prominence
in the field of medical robotics due to their superior elec-
tromagnetic immunity, miniaturization, and high sensitivity
[10,49-51]. For example, in cardiac ablation procedures, optical
force sensors provide precise force feedback, which is crucial
for avoiding tissue damage and improving surgical outcomes.
Among optical sensors, force sensors based on fiber Bragg grat-
ings (FBGs) have gradually become one of the mainstream
technologies for distal force sensing in catheters due to their
immunity to light intensity fluctuations and extremely small
size, providing a more reliable solution for force sensing [52,53].
Gan and colleagues [54] designed a highly sensitive biaxial FBG
force sensor for vascular interventional surgeries. Li and col-
leagues [55] designed a tri-axial FBG force sensor for the distal
end of a catheter used in cardiac ablation, providing precise
force feedback that helps maintain optimal contact with car-
diac tissue, thereby reducing the risk of tissue damage and
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improving procedural safety. Zhang and colleagues [56] pro-
posed a tri-axial FBG force-sensing microneedle for retinal
microsurgery. This sensor uses 3 optical fibers arranged at 120°
intervals around the circumference of a nitinol tube to sense
tri-axial forces, with each fiber containing 2 FBG sensing ele-
ments. Liang and colleagues [57] designed a novel tri-axial FBG
force sensor for medical robotics, featuring an innovative elas-
tomer structure that utilizes 5 optical fibers and 5 FBGs to
achieve high-sensitivity 3-dimensional (3D) force measure-
ments. The aforementioned FBG force sensors employ rela-
tively complex elastomer structures and multiple optical
fibers to decouple the tri-axial forces. This complexity makes
assembly cumbersome, increasing the risk of alignment errors
with the added fibers. Additionally, the sensor sizes are not
sufficiently miniaturized, posing challenges for integration into
catheters or various medical instruments.

To address the above challenges, we proposed a multifunc-
tional magnetic catheter robot with magnetic actuation steering
and triaxial force-sensing capabilities to improve MIS. The
entire robot consists of a magnetic multifunctional catheter tip
and a flexible catheter body, in which the 3 channels of the
catheter tip are respectively integrated with multiple segments
of magnets, a novel and compact FBG triaxial force sensor, and
a variety of functional instruments. The designed FBG force
sensor achieves miniaturization and simplifies the assembly
process. The sensor has a diameter of only 1 mm and realizes
triaxial force sensing on one optical fiber, which minimizes the
assembly error caused by a large number of optical fibers and
helps to better integrate with the magnetic catheter. Compared
with most existing MCRs, the proposed multifunctional mag-
netic catheter robot can not only actively steer and navigate
under the actuation of an external magnetic field but also obtain
real-time force feedback through the FBG force sensor inte-
grated at the tip. In addition, the biopsy forceps and endoscope
integrated in the working channel further enhance the opera-
tion capability and application range of the magnetic catheter
robot, such as palpation of lung nodules, palpation of kidney
tumors, and biopsy of stomach polyps in MIS. Therefore, our
work provides an effective reference and lays a foundation
for the multifunctional integration of MCRs, which helps to
improve the environmental perception and multifunctional
application capabilities of MCRs.

Results
Working principle

MCRs with active steering capabilities hold great promise for
clinical applications due to their flexibility and controllabil-
ity, which can enhance traditional interventional procedures.
However, most existing MCRs lack force-sensing capabilities,
limiting their potential for intelligent operation, and typically
feature only steering functions, which restricts their clinical
utility. To address these limitations, it is essential to design new
magnetic catheters that integrate advanced sensors and multi-
functional tips, enabling MCRs to sense their environment and
support multifunctional interventional procedures in conjunc-
tion with medical imaging and other medical devices.

In this work, a multifunctional magnetic catheter robot with
magnetic actuation steering and triaxial force-sensing capabili-
ties was proposed to improve MIS (Fig. 1A). The robot com-
prises a magnetic multifunctional catheter tip and a flexible
catheter body. The catheter tip is equipped with 3 channels,
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Fig. 1. Working principle and application scenarios of multifunctional magnetic catheter robot (MMCR). (A) The overall composition of the MMCR includes an external complete
diagram and a cross-sectional diagram A-A. (B) Magnetic actuation steering and triaxial force-sensing principles of the MMCR. (C) Multifunctional application scenarios
of MMCR in MIS. (i) Palpation of lung nodules in bronchial. (i) Tissue ablation for atrial fibrillation. (iii) Valve release assistance for transcatheter aortic valve replacement
(TAVR). (iv) Palpation of kidney tumors. (v) Biopsy of stomach polyps. (vi) Drug delivery for colon cancer. (All organ and human model images were created using BioRender

and then processed.)

each serving a distinct purpose: a magnet channel that inte-
grates a multi-segment magnet for magnetic responsiveness, a
sensor channel that houses an indigenously designed FBG tri-
axial force sensor, and a working channel that accommodates
various functional surgical instruments, such as biopsy forceps,
a flexible endoscope, and a laser fiber optic. Two important
capabilities of the magnetic catheter robot are magnetic actua-
tion steering and triaxial force sensing (Fig. 1B). Actuated by
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an external magnetic field, the magnetic tip can be flexibly
deflected by the magnetic force and torque, which helps to
quickly select the target path during intracavitary intervention.
The FBG triaxial force sensor provides real-time sensing of
contact forces with the surrounding environment, offering
force feedback information to support precise robot navigation.
When integrated with multiple functional surgical instruments,
the proposed magnetic catheter robot has the potential to
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achieve wider applications of MIS, including lung nodule pal-
pation, tissue ablation for atrial fibrillation, assistance in aortic
valve replacement, kidney tumor palpation, stomach polyp
biopsy, and drug delivery for colon cancer (Fig. 1C).

Fabrication and functional integration of

magnetic catheter

The fabrication process of the magnetic catheter is illustrated
in Fig. 2A and consists of the following 6 steps. Step 1 involves
injecting and curing Ecoflex. A silicone tube with an inner
diameter of 4 mm and an outer diameter of 5 mm is inserted
into a 3D-printed mold. A flexible composite of Ecoflex-0030
is prepared, injected into the mold, and cured at 25 °C for 2 h.
Step 2 is demolding and trimming. After curing, the 3-channel
catheter tip is obtained by removing the mold and trimming
the excess tube. The cross-section A-A of the tip comprises a
working channel, a magnet channel, and a sensor channel. Step
3 involves inserting multiple magnetic segments. N52-grade
NdFeB magnets (1 mm in diameter and 2 mm in length) are
inserted into the magnet channel of the catheter tip, with
their magnetic moments aligned to enable magnetic steering
under an external magnetic field. Step 4 is the insertion of
the FBG force sensor. The FBG force sensor is inserted into

its designated channel, and the interface between the sensor
cap and the silicone tube is bonded with silicone adhesive to
ensure stability. Step 5 is the integration of functional devices.
Various compatible medical instruments can be inserted into
the working channel at the catheter tip, such as a magnetic
endoscope with a ring magnet for endoscopic diagnostics or
biopsy forceps for tissue sampling. Step 6 involves connecting
the main silicone tube. The main silicone tube, with an inner
diameter of 2 mm and an outer diameter of 3 mm, is inserted
into the tail cavity of the catheter tip, ensuring a secure con-
nection. Upon completion, the magnetic multifunctional cath-
eter robot features a tip with an outer diameter of 5 mm and a
main body with an outer diameter of 3 mm, offering triaxial
force sensing and magnetic actuation steering capabilities.

A novel FBG triaxial force sensor was presented, comprising
a single optical fiber, a sensor cap, and an elastic structure, as
illustrated in Fig. 2B. The proposed structure consists of 2 pri-
mary components: an elastic body segmented into 3 sections,
each specifically responsive to forces in designated directions,
and a top tip designed for force application. The integrated
elastic structure was divided into 3 regions from top to bottom,
which were selectively sensitive to forces in the Z, X, and Y
directions, respectively. Each region incorporated an FBG to
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Fig. 2. Fabrication process and functional integration of magnetic catheter. (A) Detailed fabrication process. (i) Inject Ecoflex composite into the mold and cure. (ii) Remove
the mold and cut the excess tubing to obtain a 3-channel catheter tip. (iii) Insert multi-segment magnets into the catheter tip to obtain magnetic response. (iv) Insert the FBG
force sensor into the catheter tip and bond the interface with silicone adhesive. (v) Insert the functional device (e.g., magnetic endoscope and biopsy forceps) into the working
channel of the catheter tip. (vi) Connect the body silicone tube to the catheter tip to obtain a complete magnetic catheter. (B) Design and assembly of the FBG triaxial force
sensor, which consists of a single optical fiber containing 3 FBGs, a sensor cap, and an elastic structure. (i) Design structure and dimensions of the FBG force sensor.
(ii) Schematic diagram of the assembly of the FBG force sensor. (C) Actual assembly process and prototype of the FBG force sensor. (D) Prototypes and dimensions

of 2 magnetic catheters with integrated magnetic endoscope and biopsy forceps.
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measure contact forces along its corresponding axis. FBG1 was
positioned in a cylindrical cavity and exhibited exclusive sen-
sitivity to forces along the Z direction. To enhance the sensitivity
to axial forces while mitigating the influence of lateral elastic
strain, rectangular and parallelogram groove beam structures
were engraved on the surface. FBG2 and FBG3 were embedded
in 2 mutually perpendicular cantilever beams, facilitating effec-
tive decoupling of lateral forces along the X and Y directions.
A single-mode optical fiber with an acrylate coating and an
overall diameter of 0.25 mm was employed, with each of the 3
FBGs having a length of 2 mm and a reflectivity exceeding 50%.
The central wavelengths of the 3 FBGs were 1,545, 1,550, and
1,555 nm, respectively.

After processing all parts of the sensor, they need to be assem-
bled. An assembly platform was designed and built to facilitate
sensor assembly, as shown in Fig. 2C. First, the optical fiber and
the sensor cap were assembled. The optical fiber was fixed in an
optical fiber fixture, while the sensor cap was secured with glue
and a support fixture. The optical fiber fixture was then slowly
moved to vertically insert the optical fiber into the optical fiber
hole, and Loctite 4011 instant adhesive was used for bonding.
Next, the optical fiber was bonded to the elastomer components,
as depicted in the figure. The designed sensor was fixed in a
manual translation stage, and an ATI standard force sensor was
mounted on another manual translation stage. The optical fiber
was fixed in a fixture connected to the front end of the ATI
standard force sensor with glue, and the manual translation stage
was adjusted until the ATT standard force sensor reading reaches
0.2 N. Applying pre-tension to the optical fiber in advance helps
to avoid the chirp effect and ensures that the optical fiber
remained taut within the elastomer, thereby improving linearity.
After bonding, the disintegrator separated the optical fiber from
the fixture. It was necessary to wait for 24 h after each bonding
step to allow the Loctite 4011 adhesive to fully cure. The sensor
tip had a diameter of 1 mm and a length of 18 mm.

Finally, 2 magnetic multifunctional catheters were obtained
through the above fabrication method, namely, a magnetic
catheter with a magnetic endoscope and a magnetic catheter
with a biopsy forceps. Both of them had the ability of magneti-
cally driven steering and triaxial force sensing, and the dimen-
sions of the catheter tip were 5 mm in diameter and 46 mm in
length, and the outer diameter of the catheter body was 3 mm
(Fig. 2D).

Sensor calibration and magnetic catheter
steering characterization

After completing the fabrication and assembly of the FBG
force-torque sensor, it was necessary to build an experimental
setup to calibrate it using a standard ATT force-torque sensor
(Fig. 3A). Fiber optic at the end of the FBG force sensor is fused
to a fiber optic patch cable, which is then connected to the FBG
interrogator to record the center wavelength drift of the FBG
force sensor in real time. The ATI sensor recorded the detected
force data in real time, and by moving the displacement stage
to let the ATI sensor apply a contact force on the FBG force
sensor, and at the same time record the center wavelength drift
and the force value of the ATI sensor, and ultimately obtain
the results of the FBG force sensor in the 3 axes of Z, X, and
Y (Fig. 3B). The calibrated force sensitivity coeflicients are
KZ=494.86 pm/N, KX =1,338.99 pm/N, and KY = 623.35 pm/N,
and the designed sensor has high sensitivity.
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Dynamic response experiments on the force sensors were
conducted to verify the accuracy, hysteresis, and other param-
eters of the designed force sensors. According to the results of
the calibration of the FBG force sensor mentioned above,
the ATI sensor was used to continuously apply force to the
designed sensor in the 3-axis directions of Z, X, and Y, respec-
tively, and the respective force data were recorded in real time,
and finally, a comparison graph of the 2 force measurements
was plotted (Fig. 3C). From the graph, it can be seen that the
designed force sensor has high accuracy and good hysteresis
with root mean square error (RMSE) of 2.08%, 4.81%, and
1.09% in the 3 directions, respectively. Therefore, the designed
FBG force sensor has high accuracy in all 3 directions and can
accurately measure the contact force values in the subsequent
experiments.

After completing the structural design of the magnetic cath-
eter, the deflection simulation could be performed to prelimi-
narily verify the catheter’s steering ability and improve the
catheter’s size, thereby shortening the manufacturing cycle
of the catheter. Based on the Simulation Open Framework
Architecture (SOFA) platform, this paper conducted a deflec-
tion simulation of the designed magnetic catheter, selected 3
different catheter tip lengths, namely, L1 = 36 mm, L2 =46 mm,
and L3 = 56 mm, and set the relevant material parameters and
dimensions of the catheter, and then designed a cylindrical
magnet (with a diameter of 60 mm and a thickness of 60 mm)
and imported it into the simulation environment, and gener-
ated magnetic field distribution data to calculate the magnetic
force and torque on the catheter tip. In the simulation, the S
pole of the control magnet was slowly moved from 200 mm
away from the initial position of the catheter to 100 mm, and
3 sets of simulation results were obtained (Fig. 3D). It could be
seen from the figure that at the same working distance d, the
longer the catheter tip was, the greater the deformation caused
by the magnetic field acting on the tip, that is, the larger the
deflection angle, and at a distance of 100 mm, the turning angle
of the catheter with a tip length of L1 was close to 70°. In con-
trast, the catheters corresponding to L2 and L3 could both be
close to 90°. If the distance continues to shorten, the catheter
could deflect at a larger angle, so the latter 2 groups of catheter
lengths could meet actual application needs.

A magnetic catheter was manufactured with only FBG force
sensors, without functional devices, to characterize the rela-
tionship between the steering angle, steering force, and working
distance of the magnetic catheter. Experiments were carried
out in turn for 3 groups of tip lengths. The rigid part of the tip
was marked with red to facilitate the measurement of the
deflection angle with a camera. A cylindrical magnet (60 mm
in diameter and 60 mm in thickness) was installed on the end
of the UR10 robot through a fixture. The magnet was controlled
to slowly approach from 200 mm to 100 mm from the initial
position of the catheter. During the process, the working dis-
tance, the tip steering angle, and the triaxial steering force value
data of the tip were measured and saved, and finally, the change
curve between the 3 was drawn (Fig. 3E and F). In Fig. 3E, at
a distance of 100 mm, the steering angle of the catheter with a
tip length of L1 is 67°, while the catheters corresponding to L2
and L3 can reach 90°, which is consistent with the results of the
catheter simulation mentioned above. As can be seen from Fig.
3E the catheter tip is mainly affected by the steering force in
the Y-Z plane. Hence, the forces on the Y and Z axes are larger,
the X-axis force is the smallest, and, as the working distance
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Fig. 3. Sensor calibration and magnetic catheter steering characterization. (A) Experimental setup for FBG force sensor calibration. (B) Calibration results of FBG force sensor
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shortens, the steering forces on each axis gradually increase; at
the same time, the longer the tip, the greater the triaxial com-
bined force it is subjected to.

Ex vivo palpation of simulated tumor lumps in the
porcine kidney

Lesional tissues typically exhibit increased hardness compared
to normal tissues. To assess the ability of the designed magnetic
catheter to identify internal abnormal tissues during palpation
procedures, this study conducted experiments on palpating
hard lumps within the porcine kidney. The experimental setup
is illustrated in Fig. 4A (details are provided in Materials and
Methods), and a prototype magnetic catheter was fabricated
with an FBG-based force sensor capable of force measurement.
Two sets of palpation experiments were performed: discrete
palpation and continuous palpation. In the discrete palpation
experiments, silicone hard lumps of varying sizes, along with
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polylactic acid (PLA) hard lumps and steel hard lumps of dif-
ferent hardnesses, were embedded inside the isolated kidney
to simulate diverse lesion scenarios (Fig. 4B). A UR10 robotic
arm was utilized to press the magnetic catheter tip into the
isolated kidney by a depth of 1 to 2 mm at each of the 9 palpa-
tion points. The corresponding force applied at the catheter tip
was measured using an FBG interrogator to detect the presence
of lesions (Fig. 4C). The results revealed varying force values
detected by the FBG force sensor across the 9 positions. At
points 5 and 6, located within normal tissue without hard
lumps, the measured forces were minimal at 0.08 and 0.09 N,
respectively. At points 1 and 2, where PLA hard lumps were
present, and at point 3, where steel hard lumps were located,
larger and more varied force values of 0.19, 0.17, and 0.25 N
were recorded, indicating that force values increased in the
presence of anomalies. Furthermore, these force measurements
demonstrated distinct variations based on the hardness of the
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for 3 continuous paths with the catheter tip vertically at 90°. (F) Total palpation force values for 3 continuous paths with the catheter tip-tilted at 45°. (G) Palpation force for

a rectangular continuous path. (H) Palpation force for a diamond continuous path.

lumps, with greater force values detected for harder objects.
This confirmed the ability of the FBG force sensor to differenti-
ate the hardness of lesions during palpation. At points 4, 7, 8,
and 9, where silicone lumps of varying diameters were used,
the force values ranged from 0.19 to 0.41 N. Larger-diameter
silicone lumps produced higher force values, while smaller-
diameter silicone lumps resulted in lower force values. All force
values for lesions with hard lumps exceeded those recorded for
normal tissue without hard lumps, further validating the sen-
sitivity of the force sensor.

Continuous palpation experiments were conducted to better
simulate real-world scenarios and eliminate the need for con-
sistent pressure depth during each palpation cycle. Hard lumps
and elongated strips were placed inside the isolated kidney to
represent abnormal lesions and blood vessels typically encoun-
tered during continuous palpation (Fig. 4D). In these experi-
ments, the UR10 robotic arm was programmed to press the
magnetic catheter vertically at a 90° angle into the isolated kid-
ney at a depth of 1 to 2 mm, with slight variations due to the
uneven surface of the kidney. By controlling the end-effector
motion of the UR10 robot, the tip of the magnetic catheter
was guided to palpate the kidney surface along 3 distinct paths.
The combined force applied to the catheter tip was recorded
over the path by the FBG interrogator (Fig. 4E). The results
showed that force values detected along the paths with hard
lumps and long strips were significantly higher compared to
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regions without any such anomalies. To further evaluate the
effectiveness of multi-angle palpation, continuous palpation
experiments were also conducted on the isolated kidney at a
45° tilt, and the resulting color map of force values was obtained
from the FBG interrogator (Fig. 4F). The data indicated that
the force values measured at sites with anomalies were consid-
erably higher than those measured at normal tissue sites during
the 45° tilt. Additionally, 2 extra experiments were carried out
along rectangular and diamond paths to test the catheter’s per-
formance during continuous palpation at variable angles (Fig.
4G and H). The results also indicated a significant increase in
force for the abnormal region containing the lumps, with harder
lumps generating greater force. The dynamic process of the
experiments is shown in Movie S1. Through the above discrete
and continuous palpation experiments, it was confirmed that
the designed magnetic catheter effectively detects tissue abnor-
malities and distinguishes the regions containing vessels.

Endoscope-assisted palpation of lung nodules in

bronchial phantom

To validate the functional application of the proposed magnetic
catheter for the diagnosis of lung nodules, the lung nodule pal-
pation experiment was conducted in a bronchial phantom. The
experimental setup is depicted in Fig. 5A (details are provided
in Materials and Methods). A prototype magnetic catheter
integrating a magnetic endoscope and an FBG force sensor was
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developed (Fig. 5B), providing both endoscopic imaging and
force-sensing capabilities. The catheter tip measures 46 mm
in length and 5 mm in diameter, while the catheter body has
a diameter of 3 mm. Before the experiment, a highly realistic
lung bronchial phantom was customized, and 3 palpation
paths were designed for lung nodules of varying positions and
sizes (Fig. 5C). During the experiment, the magnet position
of the mobile magnetic actuation system was remotely con-
trolled using a joystick, which regulated the magnitude and
direction of the external magnetic field, thereby actuating the
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catheter tip to actively bend at the bronchial bifurcation and
deflect to the target branch. Simultaneously, the catheter
advancer was controlled to provide forward movement for the
catheter, thereby smoothly navigating to the lesion area. With
the assistance of endoscopic imaging of the magnetic catheter,
tissue images inside the bronchial are first acquired, which
could identify and distinguish whether the target in the image
was a lung nodule or normal tissue (see Fig. S6). After locating
the lung nodule, the catheter tip was controlled to move for-
ward to palpate the nodule, and the change in palpation force
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detected by the FBG interrogator was used to estimate the
hardness of the nodule.

During the palpation of path 1, the catheter tip completed
the palpation of lung nodule 1 in 40 s, detecting an abnormal
force peak of 0.24 N (Fig. 5D). Similarly, the palpation processes
for paths 2 and 3 took 50 and 61 s, respectively, with abnormal
force peaks of 0.31 and 0.29 N (Fig. 5E and F). The dynamic
process of the above experiments is shown in Movie S2. The
abnormal force detected by the catheter tip during palpation
of the nodules was significantly greater than the force recorded
during contact with normal tissue. The palpation results from
these 3 paths demonstrate that successful palpation of lung
nodules at different positions can be achieved by precisely con-
trolling the deflection and advancement of the magnetic cath-
eter tip. In addition, it should be noted that since the magnetic
catheter can exert magnetic actuation steering capabilities, the
catheter tip will not directly hit the middle tube wall of the
bronchial bifurcation (such as point M in Fig. S7), so the tip
will not bend passively. As a result, this experiment verified
that the proposed multifunctional magnetic catheter can fuse
dual-modal information (image and touch) to efficiently com-
plete the diagnosis of lung nodules.

Palpation and biopsy of simulated polyps in

stomach phantom

To validate the potential application of the proposed magnetic
catheter in stomach disease examination, we conducted palpa-
tion and biopsy experiments on simulated polyps using a stom-
ach phantom. The experimental setup is depicted in Fig. 6A,
and a magnetic catheter prototype integrating biopsy forceps
and an FBG force sensor was developed (Fig. 6B). This catheter
offers both tissue biopsy and force-sensing capabilities. The
catheter tip measures 46 mm in length and 5 mm in diameter,
while the catheter body has a diameter of 3 mm, and the biopsy
forceps have a diameter of 1.8 mm. A highly realistic stomach
phantom was acquired, and 3 palpation paths were designed
for simulated polyps of varying positions and sizes (Fig. 6C).
During the experiment, the magnet position in Fig. 6A was
remotely controlled using a handle to adjust the magnitude
and direction of the external magnetic field, thereby driving
the deflection of the catheter tip. Simultaneously, the catheter
advancer was controlled to provide forward and backward
movement for the catheter, enabling precise navigation during
the procedure.

For the 3 palpation paths, we controlled the steering and
advancement of the catheter tip to complete the palpation of
each polyp and recorded the resultant force changes on the
catheter tip over time using the FBG interrogator (Fig. 6D to
F). In the palpation experiment of path 1, the catheter tip com-
pleted palpation of polyp 1 in 26 s, with a peak abnormal force
0f 0.17 N detected. Similarly, the palpation processes for paths
2 and 3 took 21 and 41 s, respectively, with peak abnormal
forces of 0.13 and 0.15 N. The palpation results from these 3
paths demonstrate that by accurately controlling the deflection
direction and forward movement of the magnetic catheter tip,
effective palpation of polyps at different positions can be
achieved. The abnormal forces detected during contact with
the polyps were significantly greater compared to those during
contact with normal tissue, highlighting the capability of the
catheter to effectively identify abnormalities.

In addition, polyp 2 was selected as the target for tissue
biopsy. First, the catheter tip was maneuvered to the vicinity

Fu et al. 2025 | https://doi.org/10.34133/research.0681

of polyp 2, after which the biopsy forceps were advanced out
of the working channel. The tip of the forceps was opened
using the handle, and the forceps were then inserted into the
polyp to a depth of 1 to 2 mm. The forceps were subsequently
closed to grasp the polyp sample, and the biopsy forceps
were retracted from the channel to complete the biopsy pro-
cedure, successfully obtaining a small polyp sample (Fig.
6G). This experiment thus verified the palpation and biopsy
capabilities of the proposed magnetic catheter for stomach
polyps. The dynamic process of the above experiments is
shown in Movie S3.

Discussion

Current MCRs face important challenges of insufficient per-
ception and single functions. In this study, we proposed
a multifunctional magnetic catheter robot with magnetic
actuation steering and triaxial force-sensing capabilities.
The 3 channels at the robot’s tip are integrated with multiple
segments of magnets, a novel FBG triaxial force sensor, and
various functional instruments. The FBG triaxial force sen-
sor was calibrated, and the results showed that the designed
sensor has a compact structure, high sensitivity, and accu-
racy (the performance comparison with other similar sen-
sors is shown in Table S2). At the same time, the steering
characterization of the magnetic catheter also confirmed
that the catheter tip has good steering ability and force-
sensing ability. Discrete palpation and continuous palpation
experiments of various hard lumps were carried out on por-
cine kidneys, and the results verified that the proposed mag-
netic catheter could stably detect abnormal hard lumps in
tissues. For the magnetic catheter integrated with an endo-
scope, the palpation experiment of 3 lung nodules in a bron-
chial phantom was conducted to verify the imaging and
palpation functions of the magnetic catheter for lung nod-
ules. Subsequently, for the magnetic catheter integrated with
biopsy forceps, a simulated polyp palpation and biopsy
experiment was carried out in a stomach phantom to verify
the palpation and tissue biopsy functions of the magnetic
catheter for polyps.

Compared with most existing MCRs, the proposed multi-
functional magnetic catheter robot can not only actively steer
and navigate under the actuation of an external magnetic field
but also obtain real-time force feedback through the FBG force
sensor integrated at the tip. Additionally, the integrated biopsy
forceps and endoscope within the working channel further
enhance the operation capability and application scope of the
magnetic catheter. Therefore, our work provides an effective
reference and lays a foundation for the multifunctional integra-
tion of MCRs, which helps to improve the environmental per-
ception and multifunctional application capabilities of MCRs.
In the future, the multifunctional magnetic catheter robot pro-
posed in this article has the potential to be more widely used
in MIS by relying on its force perception and integrating more
functional instruments.

In future studies, we will further optimize the structure and
size of the proposed magnetic catheter, propose a real-time
tracking method for the catheter tip, and realize closed-loop
motion control of the catheter tip. At the same time, we will
also broaden the application scenarios and conduct some
in vivo animal experiments to further verify the magnetic cath-
eter’s potential in actual clinical applications.
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Materials and Methods

Material preparation of magnetic

catheter fabrication

The fabrication process of the magnetic catheter is shown in Fig.
2A. Ecoflex is a silicone composite (Ecoflex 00-30, Smooth-On
Inc., USA). When used, A glue and B glue are mixed in a 1:1
ratio to fill the catheter tip and provide flexible support for the
3 channels. The silicone tube used in the catheter tip has an inner
diameter of 4 mm and an outer diameter of 5 mm, and the size
of the main silicone tube is an inner diameter of 2 mm and an
outer diameter of 3 mm. The small magnet used in the magnet
channel is an N52-grade NdFeB cylindrical magnet (size is
1 mm in diameter and 2 mm in length). The biopsy forceps
(Changmei Medical Devices Co. Ltd., China) used in the working
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channel of the magnetic catheter have a diameter of 1.8 mm,
and the magnetic endoscope is a ring magnet (size is 0.6 mm in
inner diameter, 2 mm in outer diameter, and 2 mm in length)
passed through the endoscope line and reached the tip. The
endoscope tip is covered with a stainless steel sleeve to protect
the micro camera (model: OVM6946, Haijian Medical Co. Ltd.,
China), which is a common miniature camera module for medi-
cal use and is a core component of medical bronchoscopes and
urological scopes. The designed FBG triaxial force sensor mainly
includes optical fiber and elastomer. The optical fiber with 3
FBG (Yiqingchen Co. Ltd., China) was manufactured by fem-
tosecond processing technology to ensure optimal sensitivity
and precision. The elastomer (Xinpeng Co. Ltd., China) was
manufactured by 304 stainless steel, which was selected for its
biocompatibility and mechanical stability.

10
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Magnetic actuation model

Among the methods for describing the magnetic field of per-
manent magnets, the dipole model is often chosen due to its
computational simplicity [9]. In our experiments, the external
permanent magnet (EPM) can be approximated as a point
source, and therefore, it can be reduced to a magnetic dipole
model in a nonuniform field. The magnetic field B produced
by a dipole source on a small magnet inside the tip of a mag-
netic catheter can be expressed as

T
S (A
az|lp[|” \ [l |l

where yy =47 x 1077 T - m - A~!is the vacuum permeability,
pis the distance vector from the center of the external magnet
to the magnetic tip (p=P, — P,), I € R is an identity
matrix, and M is the magnetic dipole moment of the EPM.

The external magnetic field can exert a magnetic force F,,,
and a magnetic torque T, on the internal magnet at the tip of
the magnetic catheter, which together actuate the catheter tip
to an arbitrarily desired deflection, both of which can be
expressed as

F, = (m-V)B )

T,=mXB (3)

where m is the magnetic moment of the internal magnet at the
tip of the magnetic catheter. V is the gradient operator.

Principle and simulation of FBG force sensor

The force-sensing principle of the designed FBG triaxial force
sensor is shown in Fig. S1. When incident light passes through
the grating area where the FBG is located, only the light that
meets a specific wavelength is reflected, and the other light is
transmitted. This reflected light of a specific wavelength is called
the Bragg center wavelength. The Bragg center wavelength is
shifted when an external force is applied to the optical fiber to
cause strain at a constant temperature. The relationship between
wavelength shift and strain can be expressed as follows:

Ad=(1-p,)AAe (4)

where A/ is the Bragg center wavelength offset and p, is the
elasto-optical coefficient of the optical fiber. A is the Bragg cen-
ter wavelength. A« is the strain generated. Also due to:

o F
" E AE (%)
where is o the stress. E is the modulus of elasticity. F is the
applied directional force. A is the cross-sectional area of the

fiber. Therefore, the relationship between the center wavelength
offset AA and the force F can be written as:

Ae

(l—pe)/l
AE

AA= F=kF (6)

where is k a constant. From this, it is deduced that the central
wavelength offset A/ varies linearly with respect to the force F.
In this sensor structure, since each FBG is only sensitive to the
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force in a specific direction, the relationship of spatial force to
the 3 FBGs can be written as:

Ady =kyF, (7)
Aly = kxFx (8)
Ay =kyFy 9

where A4,, A4,, AAjare the wavelength offsets of FBG1, FBG2,
and FBG3, respectively. k, ky, ky are the force sensitivity coef-
ficients when subjected to axial force and transverse force.
F,, Fy, Fy are the axial force and transverse force.

Finite element simulation analysis of the designed force sen-
sor can predict its performance in advance. The finite element
model of the sensor was established in simulation, and the mate-
rial parameters of the sensor were applied to the model (see
Table S1). The elastomer of the sensor was made of 304 stainless
steel with good biocompatibility. After meshing, a static force
load of 0 to 1 N with an interval of 0.2 N was applied in the
7 direction, a static force load of —1 to 1 N with an interval
of 0.4 N was applied in the X direction, and a static force load
of —1 to 1 N with an interval of 0.2 N was applied in the Y
direction. After calling the static structural field module for
solution and calculation, the simulation results of the sensor in
the 3-axis directions were obtained (as shown in Fig. S2).

Figure S2A to C shows the strain of the force sensor when
the sensor applies different Z-direction axial forces, and the
strain of the sensor and the strain of the optical fiber when an
axial force of 1 N is applied; Fig. S2D to F shows the strain of
the force sensor when the sensor applies different X-direction
lateral forces, and the strain of the sensor and the strain of the
optical fiber when a 1-N X-direction lateral force is applied;
Fig. S2G to I shows the strain of the force sensor when the
sensor applies different Y-direction lateral forces, and the strain
of the sensor and the strain of the optical fiber when a 1-N
Y-direction lateral force is applied. It can be seen that the
3 FBGs are only sensitive to forces in specific directions. The
sensor simulation results show that there is a linear relationship
between the strain and the axial force in FBG1, a linear relation-
ship between the strain and the lateral force in FBG2, and a
linear relationship between the strain and the lateral force in
FBG3. The simulated axial sensitivity of the sensor is 271.9 pe/N,
and the lateral sensitivities are 1,400 ue/N and 1,920 ue/N,
respectively. The corresponding resolutions are 3.68, 0.71, and
0.52 mN, respectively.

Experimental setup for FBG force sensor calibration

The experimental setup mainly consisted of the designed FBG
force sensor, an FBG interrogator (SA-10002454, CASSTK Co.
Ltd., China; sampling rate: 100 Hz; resolution: 1 pm) used to
record the center wavelength drift of the FBG force sensor, an
ATI 6-axis force-torque sensor (Nanol7 SI-12-0.12, NC Inc.,
USA) used to calibrate the FBG sensor, an ATI acquisition card
(9105-NETBA, ATI Inc., USA) used to record the detected
force data from the ATI sensor, a displacement stage (KOHZU
Inc., Japan; resolution: 1 pm) used to let the ATI sensor apply
a contact force on the FBG force sensor, a power source, and a
PC. Before work, the FBG sensor is connected to the FBG
demodulator, which communicates with the PC via a network
cable, while the ATI sensor is powered by a power supply, which
is connected to the ATT acquisition card and further connected
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to the PC. All data are finally acquired through the software
interface on the PC.

Preparation of kidney palpation

The experimental setup for the kidney palpation studies included
a URI10 robotic arm, magnetic catheters integrated with FBG
force sensors, FBG interrogator, 3D-printed fixtures, freshly iso-
lated ex vivo porcine kidneys, and a range of hard lumps (Fig.
4A). The fixture secured the magnetic catheter’s silicone tube,
allowing a 60-mm flexible tip segment for free movement and
sufficient rigidity for effective palpation force detection, based
on the catheter tip lengths used in other palpation experiments
and kidney palpation needs. Various hard lumps and strips of
different materials and sizes were embedded within the kidneys
to simulate pathological tissues and vessels (Fig. 4B and D).
These lumps and strips were manufactured using 3D printing
and machining, including red silica spheres with diameters of 8,
10, and 12 mm, PLA hard lumps with a diameter of 10 mm, steel
hard lumps with a diameter of 10 mm, and strip hard lumps with
a length of 40 mm. During the experiments, the UR10 robotic
arm’s end movement was controlled using a joystick, which in
turn guided the clamped magnetic catheter tip to palpate discrete
points and continuous paths on the kidney surface. The force
values detected during the palpation process were recorded in
real time by an FBG interrogator (SA-10002454, CASSTK Co.
Ltd., China).

Experimental setup for bronchial and

stomach palpation

The experimental device used for palpation in the bronchial
phantom is shown in Fig. 5A, which specifically includes a
magnetic catheter, a mobile magnetic actuation system, a cath-
eter advancer, a bronchial phantom, an FBG interrogator, and
an endoscope processor. The mobile magnetic actuation sys-
tem (details are shown in Fig. S3) includes an N52-grade,
60-mm-diameter, 60-mm-thick cylindrical NdFeB magnet
(Jiangpeng Magnetic Materials Co. Ltd., China), a 3D-printed
magnet connector, and a UR10 robot (Universal Robots,
Denmark). The maximum magnetic field strength of the exter-
nal magnet is 650 mT. The end motion of the UR10 robot is
controlled to change the pose of the permanent magnet so that
the magnetic catheter can be deflected to the desired state
under the actuation of an external magnetic field. The catheter
advancer includes a linear propulsion module and a rotary
motion module, which has 2 degrees of freedom and can real-
ize the advancement, retraction, and rotation operations of
the catheter. Powered by two 42-stepper motors, the advancer
can offer an intervention speed range of 0 to 15 mm/s. The
catheter advancer can accommodate different devices with
diameters ranging from 2 to 6 mm, which can expand the
application scope of the advancer. The detailed structure of
the catheter advancer is illustrated in Figs. S4 and S5. The
bronchial phantom was made of soft silicone material by 3D
printing technology (TRANDOMED Co. Ltd., China) with
reference to the size of human lungs. The inner diameter of
the tube ranged from 3 to 20 mm, and 3 lung nodules were
reserved in the tube. The FBG interrogator (SA-10002454,
CASSTK Co. Ltd., China) was used to send and receive opti-
cal signals to the optical fiber and decouple the force on the
FBG sensor into wavelength drift. The endoscope processor
(OK-ES201-V4, JoinHope Image Technologyg Co. Ltd.,
China) was used to connect the endoscope line and the data
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acquisition card to obtain images and restore details and finally
transmit them to the computer terminal.
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