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A B S T R A C T

Miniaturized magnetic soft robotic catheters offer significant potential in minimally invasive surgery by enabling remote active steering and reduced radiation 
exposure. However, existing magnetic catheters are limited by the absence of in-situ biomechanical force sensing, which is crucial for controlling the contact force 
exerted on surrounding tissues during surgical procedures. Here, we report an in-situ force sensing strategy for small-scale magnetic robotic catheters. A coaxial 
integration of ring-shaped permanent and fibre-based force sensors at the catheter’s distal end enables both active steering and precise force measurement. The force 
sensor is designed to be sensitive exclusively to contact forces perpendicular to its plane, achieving a sensitivity of 0.69 nm/kPa (or 0.38 nm/mN). By manipulating 
magnetic field patterns, the catheter can actively generate and control contact forces to tissues, using real-time feedback from the force sensor. We demonstrate the 
system’s force-sensing and force-control capability in isolated organs and tissue phantom during passage, verifying the catheter’s high force sensitivity and high 
steerability. The feedback-loop force control enhances procedural safety and efficacy for minimally invasive surgery, making it especially suitable for procedures such 
as transbronchial microwave ablation of lung nodules and cardiac ablation for atrial fibrillation.

1. Introduction

Minimally invasive surgery is increasingly favored for its ability to 
minimize trauma and shorten recovery times for patients (Yang et al., 
2023). Miniaturized catheters and guidewires offer significant potential 
for therapeutic and diagnostic interventions within small lumens (Zhou 
et al., 2021). To optimize steerability and improve procedural outcomes 
in these confined spaces, multi-functional capabilities – such as active 
steering (Yang et al., 2022; Zhang et al., 2021), variable stiffness 
(Piskarev et al., 2024; Agno et al., 2023), and unclogging motion (Lee 
et al., 2021; Li et al., 2024) - are necessary for soft catheters and 
guidewires. Magnetic soft catheters and guidewires, which are driven by 
external magnetic field are known for their high penetrability and 
biosafety, offer effective active steering within small lumens (Yang et al., 
2020, 2022; Kim et al., 2022; Azizi et al., 2019; Hong et al., 2021; Kuntz 
et al., 2022).

A notable example of this is Zhao et al.’s development of magnetic 
soft catheters, created by incorporating magnetic microparticles into a 

soft matrix (e.g., TPU and PDMS) (Kim et al., 2019). These catheters are 
capable of aligning their distal ends with the orientation of the magnetic 
field, facilitating precise navigation. By integrating the optical fibre into 
the catheterter as a functional core, these catheters provide an addi
tional capability for steerable laser delivery. Moreover, small integrable 
permanent magnets (ranging from micrometer to millimeter scale) have 
been widely utilized in magnetic soft catheters due to their high 
magnetization (Tiryaki et al., 2023). For instance, Tiryaki et al. inte
grated neodymium magnets at the distal end of an optical fiber rod, 
allowing magnetic steering within a 7-T MRI scanner (Tiryaki et al., 
2023). During magnetic steering and navigation, the interaction be
tween the catheter’s distal end and the surrounding generates a contact 
force. Excessive contact force, however, can cause significant mechan
ical damage to the lumen channel. Currently, the passage of catheters 
primarily relies on the surgeon’s tactile feedback, making it challenging 
to quantify the forces at the distal end (Lou et al., 2010). This is prob
lematic for ablation procedures (e.g., transbronchial microwave abla
tion of lung nodules (Hu et al., 2024) and cardiac ablation for atrial 
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fibrillation (Natale et al., 2014; Wang et al., 2022), where precise force 
control based on real-time feedback is essential to improving procedural 
outcome.

Force sensing enables feedback on the contact force between the 
catheter’s distal end and surrounding tissue, making force control 
feasible. Existing force-sensing strategies can be classified into two 
major categories: theoretical modelling (Wang et al., 2022) and physical 
force sensors (Lou et al., 2010). The former strategy typically relies on 
simplifying assumptions. For instance, Wang et al. used a programmed 
magnetic field to steer the distal end of a magnetic guidewire, estimating 
the force level using the finite difference method (Wang et al., 2022). 
However, this model assumes that the influence of friction and sliding 
between the distal end and tissue are negligible, which may limit its 
accuracy. In contrast, miniaturized force sensors provide direct detec
tion of contact forces, offering more reliable and precise feedback. These 

sensors such as piezoresistive, capacitive, and piezoelectric sensors, 
convert the applied force into electrical signals for real-time monitoring 
(Lou et al., 2010). Notably, Lou et al. utilized a cantilever-based pie
zoresistive sensor to measure contact forces (Lou et al., 2010). However, 
to ensure functionality within small lumens, including blood vessels, an 
encapsulation layer is required to isolate the sensor’s electrical com
ponents from the surrounding fluid.

Here, we introduce a contact force-sensing mechanism for magnetic 
soft catheters. The catheter integrates an optical fibre force sensor and a 
permanent magnet, enabling active steering under low magnetic field 
conditions. The in-situ force sensing capability provides real-time feed
back during the passage of the magnetic cathether (Fig. 1). Upon 
reaching the lesion site, the distal end of the catheter facilitates precise 
control of contact force generation. The microfabricated force sensor 
exhibits high sensitivity (0.69 nm/kPa = 0.38 nm/mN) and maintains 

Fig. 1. Schematic representation of ablation using magnetic robotic catheters. (A) Surgical application scenarios of the magnetic catheter, including trans
bronchial microwave ablation of lung nodules and cardiac ablation for atrial fibrillation. (B) Diagram of the soft catheter, highlighting the integration of a force 
sensor and a ring-shaped magnet. (C) The manufacturing process of the magnetic catheter includes the following steps: a. Spin-coating photoresist onto the silicon 
wafer. b-c. Deep etching on both sides of the silicon wafer. d-e. Fabrication of through-holes on the silicon wafer and glass wafer. f. Anodic bonding of the force 
sensor. g-h. Adhesive bonding between the force sensor and the magnet. i. Securing the optical fiber using fusion points. The catheter provides multiple func
tionalities, including magnetic steering (D) force sensing during navigation, and feedback control of contact force generation (E).
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high stability when in contact with surrounding fluid and tissue. We 
demonstrate the catheter’s primary capability, including active steering 
and force feedback, in both a bronchial phantom and an isolated organ 
model. Additionally, controlled force generation is validated in an iso
lated pig’s heart. This high-sensitive and stable force sensing approach 
holds significant potential for minimizing mechanical damage and 
enabling precise contact force control during surgical procedures, such 
as ablations for atrial fibrillation (Wang et al., 2022) and lung cancer 
treatments (Rose et al., 2006), within small lumens.

2. Results and discussions

2.1. Fabrication of magnetic soft catheters

The magnetic soft catheter comprises two important components: the 
force sensor and the ring-shaped magnet (Fig. 1B and C). The force 
sensor was fabricated using microfabrication and a glass-silicon bonding 
process. The optical fiber sensor comprises a silicon diaphragm, a glass 
pedestal, and a flexible optical fiber. The silicon diaphragm was created 

Fig. 2. Characterization of magnetic steering. (A) Schematic of the magnetic bending under an external magnetic field. The red arrow is the magnetization 
direction of the ring-shaped magnet. The red-to-blue arrows represent the external magnetic field. (B–D) Simulation of bending actuation under various field di
rections and field intensities. Bending actuation with various curvatures (F) and directions (G).
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by deep silicon etching on both sides of the silicon film. A metal film 
coated on the back side of the silicon diaphragm enhanced the light 
reflectivity. A Fabry-Perot (FP) cavity was created by bonding the silicon 
film with the glass pedestal. The optical fibre was directly integrated 
into the force-sensing structure to transmit force signals, with the flex
ible fibre fixed at the fusion point via a CO2 laser. The width of the force 
sensor is scalable due to the high-resolution microfabrication technol
ogy. For this study, the sensor was designed with a width of 2 mm to 
accommodate the dimension of small lumens (e.g., the sixth bronchi 
with diameter <3 mm) (Makevnina, 2018).

A ring-shaped permanent magnet, approximately 2.3 mm in diam
eter, serves as the magnetic component for steering the catheter’s distal 
end. The force sensor and magnet were coaxially integrated within a 
silicone tube, with the magnet fixed at the base of the sensor using the 
UV adhesive. This configuration ensures that the force sensor maintains 
direct contact with the tissue, thereby minimizing the impact of the 
distal end bending on the force sensing. Otherwise, the magnet is posi
tioned at the front side of the force sensor, preventing direct detection of 
contact forces by the silicon diaphragm. Additionally, the presence of 
the magnet increases the diaphragm’s thickness, resulting in reduced 
sensitivity.

2.2. Characterization of magnetic steering capability of soft catheter

Remote magnetic steering is achieved by aligning the distal end of 
the magnetic soft catheter with the direction of the external field 
(Fig. 2A). The field is generated by a moving magnet, measuring 15 mm 
in diameter and 20 mm in height. The ring-shaped magnet embedded at 
the distal end of the magnetic soft catheter is axially magnetized. When 
exposed to the external magnetic field, the distal end experiences a 
magnetic torque, allowing precise steering: 

T=M × B = MBsin(r − θ) (1) 

where M is the dipole moment, B is the field strength of the magnetic 
field, r is the field direction of the magnetic field, and θ is the orientation 
of the distal end. The distal end bends to a specific angle until the 
magnetic dipole moment is aligned with the magnetic field.

We employed a finite element analysis (FEA) to optimize and guide 
the magnetic steering of the catheter (Fig. 2B–2E). In the COMSOL 
simulation, the magnetic catheter consists of a silicon beam and a per
manent magnet. The diameter of the silicon tube is 2.5 mm, and the 
elastic modulus is 50 MPa. The magnet fixed at the distal end possesses a 
residual magnetization of 100 mT. For the magnetic field, we use an 
external field (0~100 mT) to generate the magnetic torque and bend the 
distal end. By adjusting the field direction and strength, we observed the 
catheter’s bending behaviour. The distal end experiences a magnetic 
torque under the external magnetic field, with the bending angle 
increasing to 60◦ as the field strength is increased from 0 to 50 mT. The 
bending of the magnetic soft guidewire can be controlled by changing 
the field direction. Simulation results confirm the feasibility of active 
steering through the integration of a ring-shaped permanent magnet at 
the distal end.

Fig. 2F shows the various curvatures of the catheter tip, with the 
bending angle increasing linearly as the field direction changes from 
− 150◦ to 150◦. The bending angle reaches 126◦ under a field strength of 
65 mT. Fig. 2G demonstrates bending in different directions at a fixed 
curvature. The active bending capability with diverse curvatures and 
directions underscores the catheter’s potential for steering its distal end 
in arbitrary directions under a magnetic field. These results confirm the 
high steerability of the magnetic soft catheter.

2.3. Force response characterization

The force sensor was characterized within a pressure tank, where the 
pressure applied to the sensor surface could be precisely modulated 

(range: 0~10 MPa, pressure control accuracy: 0.5% of full scale (FS)) by 
adjusting the nitrogen (N2) pressure in the tank (Fig. 3A and B). The N2 
pressure simulates the tactile pressure exerted on the tissue.

The Febry-Perot cavity was constructed between the fibre end and 
the inner surface of the silica diaphragm, where multi-beam interference 
occurs. When pressure is applied, the sensitive silicon diaphragm de
forms, resulting in a change in the cavity length L. This deformation 
causes a noticeable shift in the interference peaks, which can be 
measured using a spectrometer (Fig. 3D). The change in cavity length 
can be calculated through the spectra: 

∇L=
λ1oλ2o

2(λ1o − λ2o)
−

λ1λ2

2(λ1 − λ2)
(2) 

Where λ1o and λ2o are wavelength values corresponding to adjacent 
peaks or troughs with zero pressure, and λ1 and λ2 are wavelength values 
corresponding to adjacent peaks or troughs under a specific pressure.

The change in cavity length under a specific pressure P or force F can 
be calculated and expressed as follows: 

∇L=
3(1 − μ2)R4

16Eh3 P=
3(1 − μ2)R2

16πEh3 F (3) 

where P and F are the pressure on the surface of the sensitive silicon 
diaphragm, E and μ are Young’s modulus and Poisson’s ratio, h is the 
thickness of the silicon diaphragm, and R is the radius of the silicon 
diaphragm.

Previous studies suggest that a contact force range of 0.1~0.4 N is 
necessary to optimize the outcome of cardiac ablation. To meet this 
requirement, we designed the force sensor with a linear response range 
of 0~1 N. The thickness and radius of the sensitive silicon diaphragm are 
key factors in determining the upper limit of its linear deformation 
(∇Lmax≤0.3h). Consequently, the force response range can be expressed 
as: 

Fmax ≤
1.6πEh4

(1 − μ2)R2 (4) 

Based on the above relationship, the thickness of the silicon dia
phragm can be calculated as follows: 

h ≥
(1 − μ2)R2

1.6πE
Fmax (5) 

For a silicon diaphragm with a radius of 1.2 mm, the corresponding 
diaphragm thickness of 63 μm yields a contact force sensing range of 
0~1 N (0~884 kPa). This design allows for adjusting sensor parameters 
to accommodate various force response requirements, depending on 
specific surgical scenarios.

We defined the sensitivity as the ratio of the length change in the 
cavity to the pressure (or the force) 

S=
∇L
P

=
3(1 − μ2)R4

16Eh3 or S=
∇L
F

=
3(1 − μ2)R2

16πEh3 (6) 

The theoretical sensitivity is 0.692 nm/kPa through equation (6) (E 
= 129.5 GPa, μ = 0.278). We also use the FEA method to simulate the 
deflection of the silicon diaphragm under constant pressure. The 
deflection is 0.697 nm under the pressure of 1 kPa, resulting in a 
sensitivity of 0.697 nm/kPa in the simulation (Fig. 3C).

In the experiments, we recorded the cavity length under different 
pressures. The cavity length exhibited a linear decrease with increasing 
applied pressure, as depicted in Fig. 3E. This sensor demonstrates high- 
force sensitivity (0.69 nm/kPa) and a low non-linearity error (0.17 % 
FS), with the actual sensitivity closely matching the theoretical value. To 
assess repeatability, pressures ranging from 0 to 900 kPa were applied in 
100 kPa intervals, with each measurement repeated three times 
(Fig. 3F). A small difference in sensitivity was observed among the three 
tests. The regression coefficient (R2) between the cavity length and 
applied pressure exceeded 0.999, indicating that the force sensor 
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exhibited excellent repeatability. In addition, the sensor has a stable 
output of 17.76 μm in cavity length at a constant pressure of 200 kPa. 
The fluctuation of the cavity length (the difference between the 
maximum length and minimum length) is ~10 nm within 6 min 
(Fig. 3G). Moreover, the sensor showed a low hysteresis error of 0.95 % 
FS when the load was increased and decreased, indicating rapid 
response to external forces (Fig. 3H). The sensor’s outstanding perfor
mance in terms of sensitivity, stability, repeatability, and hysteresis, 

highlights its potential for accurate contact force sensing during surgical 
procedures.

2.4. In-situ force sensing in a bronchus phantom

We first demonstrate the fundamental force-sensing capability using 
an isolated lung organ to map the contact force. The magnetic catheter 
was fixed in a linear stepping motor, which allows movement along the 

Fig. 3. Force response characterization. (A) Schematic illustration of force sensor. (B) Schematic illustration of force sensor of force response test system. (C) 
Simulation of deflection of the silicon diaphragm under pressure. (D) Sensor spectra. The right panel is the shift of the spectra under 0.82 N force. (E) Force sensing 
range. (F–G) The repeatability, stability, and hysteresis of the force sensor under pressure.
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Z-axis (2 mm displacement) to contact the tissue. The catheter was then 
repositioned to different points to test contact force. Fig. 4A illustrates 
the force mapping of multiple points on the lung surface, confirming the 
feasibility of the contact force sensing. The contact force is 57.4~73.7 
mN. We further used the catheter to locate the tumour phantoms 
(Fig. 4B). We used hydrogel to mimic tissue, embedding high-stiffness 
objects within it to simulate tumors. The catheter moved horizontally 
in 5-mm intervals, pressing the phantoms to a depth of 2 mm. The 
contact force values on the hydrogel were measured to be less than 39.1 
mN, while the force values on the high-stiffness objects exceeded 290.0 
mN. This difference in force can be used to outline the lump phantoms, 
which include both ring-shaped and disk-shaped structures. The cath
eter successfully identified the 5-mm diameter hole in the ring-shaped 
lump. The mechanical feedback capability of the catheter shows great 
potential in assessing the mechanical properties of different tissue re
gions and determining health status.

The in-situ force sensing capability was further demonstrated using a 
bronchus phantom. During the catheter’s passage, the silicon diaphragm 
is sensitive only to the normal force. To prevent magnetic steering from 
affecting force sensing, the magnet is securely fixed at the base of the 
force sensor. When the distal end interacts with tissue, it experiences 
two types of forces: contact force and frictional force. To enhance the 
catheter’s lubricity and reduce the impact of surface friction on force 
sensing, a hydrophilic coating is applied to its surface. This coating 
ensures smoother navigation and more accurate force measurements by 
minimizing friction-related interference. The contact force at the inter
face between the distal end of the magnetic catheter and the tissue can 
be divided into normal and tangential components. The normal 
component of the contact force is particularly important, as it plays a 
critical role in determining the extent of mechanical damage at the 
contact point. In the experiment, the catheter initially approaches the 
bifurcation without applying an external magnetic field (Fig. 4C). Upon 
reaching the bifurcation, the distal end contacts the channel wall. and 
the force value was recorded (260 mN) from the force response curve. A 
magnetic field was then applied to bend to the distal to the right chan
nel. A 30 mT magnetic field induces a 30-degree deflection angle, 
facilitating the catheter’s passage. As the field strength gradually 
increased, the distal end bent slowly, with minimal contact force during 
bending, indicating that the effect of bending on force sensing was 
negligible. The catheter continued to advance until it contacted the 
channel wall at a second bifurcation, where a force value of 165 mN was 
recorded. The in-situ force-sensing capability ensures that the applied 
force remains within a safe range when contacting the lumen wall.

We recorded force values as the catheter navigated through an iso
lated pig’s bronchus (Fig. 4D). Initially, as the catheter is inserted, the 
force remains close to zero. Upon reaching a bifurcation and contacting 
the lumen wall, however, the force rises sharply to approximately 0.2 N. 
To traverse the bifurcation, we adjusted the magnetic field direction (30 
mT), enabling the magnetic catheter to avoid obstacles. Once the distal 
end circumvents the obstruction and enters the branch through mag
netic steering, the force value returns to zero. These results demonstrate 
the magnetic catheter’s capability to navigate bifurcations effectively 
using magnetic steering and real-time force feedback.

2.5. Feedback-loop force control in ex-vivo organ

We further demonstrated the precise control of contact force using 
the isolated pig’s heart model. Previous reports indicate that a contact 
force in the range of 0.1~0.4 N improves ablation outcomes (e.g., car
diac ablation). When the distal end comes into contact with the tissue, 
the applied force in the normal direction is crucial for performing the 
ablation effectively. Magnetic steering ensures the distal end can reach 
the targeted area. The force feedback allows us to control the force 
applied to the tissue based on localized force sensing. The contact force 
is regulated by adjusting the load by increasing the strength of the 
external magnetic field (Fig. 5A). For example, with the distal end in 

contact with the target lesion under the influence of a magnetic field, a 
contact point was established between the distal end and the targeted 
lesion. By decreasing the distance between the moving magnet and the 
ring-shaped magnet at the distal end, the field strength was increased 
(∇B), resulting in a higher contact load (F~ ∇B). The field direction 
stays the same to keep the location of the contact point.

The feedback-loop control algorithm modulates the load based on 
real-time force feedback. In the experiment, we guided the catheter to 
the atrium using magnetic steering. Initially, at the point of contact, no 
measurable contact force was present. The external magnet, mounted on 
a mechanical slide table, acted as the field generator, allowing precise 
control over both the field direction and strength. The system is capable 
of generating a magnetic field of up to 600 mT. By increasing the 
magnetic field strength, the contact force quickly rose to 0.2 N. Once the 
load reached the desired value (e.g., 0.2 N), the external magnet was 
held in place, and the distance between the external and ring-shaped 
magnets was maintained, ensuring the contact force remained stable 
for 10 s (Fig. 5B and C). If the force deviates from the target value, the 
load is dynamically adjusted to restore and maintain the desired force 
level. Then we further increased the field strength, and the contact force 
was switched to 0.35 N. As shown in Fig. 5C, the contact force can be 
adjusted from 0 to 1 N to achieve specific values, such as 0.2 N, 0.35 N, 
0.6 N, and 1 N. For instance, when targeting a force of 0.6 N, the actual 
force was maintained at 0.586 ± 0.03 N. The minimal fluctuation in 
contact force demonstrates the stability of the applied force. This precise 
force control highlights the effectiveness of the force-sensing mechanism 
in enabling feedback-loop control during surgical procedures.

3. Conclusion

We have developed a small-scall magnetic soft catheter and a method 
of sensing and feedback-loop control of contact force generated by the 
catheter. This innovative catheter integrates multiple functions, 
including magnetic active steering, in-situ force sensing, and feedback- 
loop force control. The ring-shaped magnet used in the magnetic soft 
catheter provides active steering during surgical procedures. The cath
eter can achieve a bending range of up to 126◦, facilitating rapid navi
gation of the distal end.

The optical-fiber-based force sensing capability demonstrates high 
sensitivity (0.69 nm/kPa), accurately measuring contact force. The in
tegrated force sensor at the distal end offers a broad force response range 
(0~1 N) and maintains robustness even under substantial forces. The 
advancement of the magnetic soft catheter is facilitated by a linear 
motor, which dynamically adjusts the applied force through variations 
in magnetic field patterns. This integration of force sensing and active 
steering enables the distal end to generate a controlled contact force at 
any position. Such feedback-loop control of contact force is essential for 
enhancing safety and efficacy in ablation procedures.

The magnetic catheter demonstrates significant potential for tissue 
palpation, obstacle identification, and navigation. It performs tissue 
palpation by interacting with the tissue through its distal end, identi
fying stiffness variations via force mapping. When the catheter en
counters a high-stiffness area, the force sensor provides feedback with 
elevated force values. The magnetic catheter is particularly sensitive to 
normal forces during its passage, allowing the distal end to detect ob
stacles through increased force readings. Active steering enables the 
catheter to avoid obstacles and continue navigating through lumens. 
Furthermore, automatic navigation of the magnetic catheter can 
enhance the efficiency of minimally invasive surgery. Force values serve 
as a critical index for this automated navigation. When the force value 
rises significantly, the catheter automatically responds by adjusting the 
magnetic field to circumvent the obstacle. Once the force value returns 
to near zero, the linear motor advances the catheter, facilitating 
continuous navigation.

The force sensor, fabricated using microfabrication technology, is 
millimeter-scale in size, making it ideal for applications in the bronchus 
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Fig. 4. In-situ force sensing. (A) Contact force mapping on the surface of the isolated lung organ. (B) Palpation on tumour phantoms. The hydrogel and high- 
stiffness objects (ring and disk shapes) were used to mimic the normal tissue and tumour. In-situ force sensing during the catheter passage in the bronchus phan
tom (C) and in the isolated bronchus model (D).

R. Li et al.                                                                                                                                                                                                                                        Biosensors and Bioelectronics 270 (2025) 116977 

7 



and cardiovascular systems. This fabrication approach offers scalability 
from micrometer to millimeter dimensions, enabling customization to 
meet specific application requirements. Additionally, microfabrication 
allows the force sensor to be produced in octagonal shapes, minimizing 
potential damage. Moreover, 3D photolithography with nano-scale 
fabrication resolution presents a promising method for creating round- 
shaped force sensors. This technique can directly integrate magnetic 
components by printing multiple materials. High-resolution fabrication 
methods have significant potential for developing magnetic catheters 
equipped with microscale force sensors and magnetic components. The 

diameter of the force sensor is crucial in determining its resolution. To 
achieve more precise tissue palpation, reducing the sensor’s diameter 
can enhance the spatial resolution of force detection and improve 
overall performance.

4. Methods

Fabrication of force sensor: The optic fiber-based force sensor was 
fabricated by assembling a sensing structure and an optic fiber. Firstly, a 
circular silicon diaphragm with a diameter of 1.2 mm and thickness of 

Fig. 5. Feedback-loop force control in the isolated pig’s heart. (A) Schematic illustration of force generation for cardiac ablation. The inserted picture in the right 
panel is the feedback-loop control algorithm. (B) The magnetic catheter applies contact force to the left atrium. (C) Control force generation on the isolated heart. The 
left panel is the magnetic strength with the distance between the fibre’s distal end and the external magnet. The right panel is the controlled force generation.
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63 μm was prepared using photolithography and etching processes. 
After the anodic bonding of a 300 μm-thick quartz, the Fabry-Perot 
cavity for force sensing was achieved. A 500 μm-thick silicon with a 
through hole of 0.9 mm diameter was fabricated to align the silicon 
diaphragm. A 1 mm-thick quartz with a through hole of 130 μm diam
eter was prepared to fix the external optic fiber. Then the silicon and 
quartz with a through hole were bonded with the Fabry-Perot cavity 
structure. The bonded four-layer wafer was cut into a single unit with a 
width of 2 mm and a thickness of 2.1 mm. Subsequently, the optic fiber 
was inserted the through hole and fixed, and the optic fiber-based force 
sensor was achieved.

Fabrication of magnetic soft catheter: Based on the force sensor design, 
we employed a ring-shaped magnet as the magnetic component, which 
exhibits a residual magnetization of 100 mT. A hole was incorporated to 
allow the fiber to pass through. The ring-shaped magnet features an 
outer diameter of 2.3 mm, an inner diameter of 1 mm, and a length of 
2.5 mm. A silicon tube was used for the coaxial assembly of the force 
sensor with the magnet. Additionally, UV adhesive was applied to bond 
the magnet at the base of the force sensor.

Magnetic steering: A magnetic field generator was developed using a 
cylindrical magnet (15 mm in diameter, 20 mm in height) fixed to a 
robotic arm. The direction of the magnetic field was controlled by 
adjusting the orientation of the cylindrical magnet, while the field 
strength was modulated by varying the distance between the cylindrical 
magnet and the ring-shaped magnet (0–100 mT). The catheter’s 
advancement was driven by a linear motor, with speeds adjustable from 
0 to 50 mm/s.

Force sensing characterization: The force sensors were characterized in 
a controlled pressure tank, where the surface pressure was regulated 
using nitrogen (N2). A fiber-optic connector linked the flexible fiber to a 
spectrometer, which monitored the position of the interference peak. 
Changes in the cavity length, induced by external forces, caused shifts in 
the interference peak, allowing the cavity length to be calculated based 
on the peak shift.

Fabrication of hydrogel tumour model: Firstly, Acrylamide (AAM), 200 
μL of N, N′-Methylenebisacrylamide (MBAA) aqueous solution (0.01 g/ 
mL), 5 mL of potassium persulfate (KPS) aqueous solution (0.01 g/mL) 
were added to DI water and stirred under an ice bath for 20 min. After 
that, 100 μL of crosslinker N,N,N′,N′-Tetramethylethylenediamine 
(TEMED) was added to the aforementioned mixture and stirred under an 
ice bath for 1 min. Then, the prepared solution was poured into a culture 
dish and naturally polymerised for 2 h at room temperature to obtain the 
PAM hydrogel.
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