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Surgical tasks in small tortuous lumens demand interventional instruments
with controllable mechanical adaptability. However, current microcatheters
lack a non-disruptive, integration-ready strategy for dynamic stiffness tuning—
critical for meeting the divergent mechanical demands for compliant steering
and stable advancement. Here, we present a microrobotic system based on a
helix-shaped magnetic soft microrobot (Helixoft) that compatibly integrates
with commercial microcatheters (down to 300 pum in diameter), enabling
continuous stiffness tuning (up to 40-fold) and precise steering, both con-
trolled magnetically, free of any other potentially harmful stimuli. Stiffness
tuning and active steering are independently controlled via a decoupled
control strategy by the helical motion and torque-driven bending of inde-
pendent microrobot components. This stiffness and structure reconfiguration
allow the integrated microcatheter to perform large-angle navigation, preci-
sion payload delivery, and localised tissue biopsy without unintended buckling
or tissue damage. We validate the system in both ex-vivo oviduct biopsy and
in-vivo drug delivery to the fourth-generation bronchi of live pigs. The Helixoft
system provides a minimally disruptive robotic strategy for the mechanical
reconfiguration in confined and sensitive luminal environments.

M Check for updates

Minimally invasive surgery (MIS) has significantly advanced modern
clinical practice, offering reduced trauma, fast recovery, and minimal
scarring, particularly for interventions within small lumens, such as
blood vessels, bronchi, and oviducts'’. Microcatheters are indis-
pensable tools for these procedures®>, enabling precise diagnosis and
treatment interventions, such as biopsy®®, stent placement® and
reagent delivery" ™. For performing complex tasks in intricate and
tortuous lumens, microcatheters must achieve precise control over
their steerability and compliance adaptability, for effectively man-
oeuvring through complex paths while maintaining sufficient
mechanical stability for performing tissue interactions without causing
unintended damage.

Previous efforts to enhance steerability have led to the devel-
opment of surgical catheters based on tendon-driven'*" and con-
centric tube structures'®', as well as conductive’** and magnetic
shape-transformable materials"***. Among these devices, magneti-
cally controlled soft catheters have demonstrated distinct advan-
tages, offering precise steerability through the highly penetrable and
biosafe actuation mechanism afforded by the magnetic field"*.
Various magnetic catheters, featuring functionalities such as active
navigation”, light delivery”®, thrombus removal®?°, and force
sensing®*?, were developed by Nelson et al., Zhao et al., our group,
and others. Such magnetic catheters, aligned by the magnetic tor-
que, allow for multi-degree-of-freedom orientation control within
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absolute spatial coordinates, without the need for antagonistic
tendons.

However, most magnetically controlled catheters have been
designed with constant stiffness, limiting their adaptability to the
dynamic mechanical demands of complex operations. In clinical
practice, an effective catheter is desired to remain soft during steering
yet sufficiently stiff during advancement®. The soft state facilitates
smooth navigation through tortuous lumens, whereas the stiff state
prevents buckling during advancement in straight luminal segments.
Additionally, catheters equipped with end-effectors, such as biopsy
needles® and graspers", also need such switchable stiffness states to
realise both safe navigation around sensitive tissues and efficient
penetration at target sites during procedural tasks®?°. Accordingly,
both the navigational and operational performances of microcatheters
fundamentally depend on achieving reliable and controllable stiffness
tuning.

Stiffness tuning strategies previously reported focused primarily
on two approaches: material-based and structure-based strategies.
Material-based strategies employed viscosity-tuneable materials, such
as magnetorheological®*° and electrorheological fluids****, or phase-
changing materials including shape-memory polymers****** and low-
melting-point alloys'>*****¢, These materials enabled stiffness tuning in
response to magnetic, electrical, or thermal fields. However, their
reliance on such intense stimuli raised considerable safety concerns
for delicate biological environments, including risks of toxicity, ther-
mal injury, and electrical damage. Additionally, integrating stimulus-
delivery elements, such as heaters or electrodes, faces significant
fabrication challenges, particularly when miniaturising the micro-
catheters for applications in small lumens.

Structure-based strategies, such as joint stacking”*°, particle
jamming®’, layer jamming’®, fibre jamming®, sliding sleeve, and con-
centric tube'”*?, were proposed by Yang et al., Zhang et al., and others
as more biocompatible alternatives for modulating catheter stiffness.
Although these structure-based strategies mitigated safety concerns,
such as thermal risks, they involved complex integration processes
and inevitably led to increased device size, restricting their applic-
ability in small and delicate anatomical environments.

Moreover, previous catheters based on material- and structure-
based strategies were primarily developed with diameters exceeding
2 mm, a compromise size requirement to accommodate bulky actua-
tion components, which in turn restricts their applicability mainly to
cardiac and gastrointestinal interventions. To date, downsizing
stiffness-variable catheters to diameters approaching 1 mm-—a critical
threshold for vascular and reproductive system applications—remains
a significant challenge®*5>>,

To address these challenges, we present a microrobotic system
comprising a helix-shaped magnetic soft microrobot (Helixoft) that
seamlessly integrates with commercial microcatheters, to enable
continuous stiffness tuning and arbitrary-directional steering, thereby
achieving adaptive navigation and controllable tissue penetrability
(Fig. 1). The Helixoft microrobot integrates both magnetic respon-
siveness and mechanical compliance through its constituent compo-
nents, a rigid magnetic helix and a soft microtube, enabling decoupled
control over the stiffness tuning and steering of the integrated
microcatheter, based on the material magnetisation-device
structure-field pattern triad design. Integrated onto microcatheters
with scalable diameters down to 300 um, the Helixoft enables con-
tinuous stiffness tuning across a 40-fold range, superior to previous
structure-based strategies that achieve only binary or discrete mod-
ulation states. The stiffness tuning and steering processes are solely
controlled by low-intensity magnetic fields with no need for thermal,
optical, or electrical stimuli that compromise tissue safety or micro-
catheter integrity. The Helixoft-integrated microcatheter can be also
attached with auxiliary microsurgical tools, such as mini-cameras,
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electrodes, and laser fibres, thereby enabling multimodal surgical
functionalities, such as on-board imaging or ablation. Supplementary
Table 2 summarises the performance of the Helixoft-integrated
microcatheter in comparison with representative variable-stiffness
and steerable catheters.

To quantitatively predict the pose of the Helixoft-integrated
microcatheter, we have developed a mechanical model capable of
accurately describing the microcatheter’s mechanical behaviour. We
establish both the precise numerical result and the approximate ana-
lytical expression for the trajectory of the microcatheter’s pose, pro-
viding a theoretical basis for precise control during operation.
Combined with the robotic catheter manipulator, magnetic control
and imaging modules, the Helixoft-integrated microcatheter performs
active navigation, precision payload delivery, and localised tissue
biopsy within complex luminal networks, as validated through in-vivo
bronchial interventions and ex-vivo oviduct biopsy. Together, the
Helixoft microrobotic system offers a generalisable control strategy
with minimal tissue damage for the steerability and stiffness tuning of
microsurgical instruments operation within small and sensitive ana-
tomical environments (e.g., bronchioles, cerebral vasculature, and
fallopian tube).

Results

Design and magnetic actuation principle of the Helixoft
microrobot

The Helixoft microrobot comprises a rigid magnetic helix, a soft
microtube, and a tubular distal end (Fig. 1). The rigid magnetic helix
and tubular end are composed of medical-grade stainless steel,
whereas the soft microtube is moulded from biocompatible silicone
elastomer (Supplementary Fig. 1). This combination of materials
ensures both compliance and biocompatibility for surgical applica-
tions. A cylindrical anchor is affixed to the soft microtube’s outer layer
between the rigid magnetic helix threads to prevent unintended
translational sliding of the rigid helix caused by frictional forces from
the surrounding tissue. To further reduce friction during navigation,
the entire microrobot is coated with a biocompatible lubricating layer.
The tubular end, currently fabricated from a commercial biopsy needle
for demonstration purposes, can be replaced with alternative bio-
compatible magnetic materials depending on specific purposes. The
open architecture and dimensional scalability of Helixoft allow for
seamless integration onto commercial microcatheters with diameters
as small as 300 pum via simple adhesive bonding,.

Continuous stiffness tuning of the Helixoft-integrated
microcatheter is achieved by dynamically rotating the helix to
adjust the length of the soft section of the Helixoft under a
rotating magnetic field (R-field) through programming the rota-
tion angle (Fig. 1). As the R-field rotates, the high-stiffness mag-
netic helix undergoes a screw-like helical motion, gradually
overlapping or uncovering the soft microtube, thereby tuning the
overall stiffness of the microcatheter. Steering of the Helixoft-
integrated microcatheter is achieved by aligning its magnetic end
under a static magnetic field (S-field) through programming the
field direction. For clinical safety, the system is designed to
operate in a sequential manner across distinct modes, including
stiffness tuning, advancement, steering, and biopsy. Before each
operation, the microcatheter stiffness is tuned under the R-field
to the appropriate state. During advancement through straight
luminal segments, the catheter is set to a high-stiffness state to
prevent distal buckling. When approaching bifurcations or tra-
versing tortuous lumens, its stiffness is reduced under the R-field
so that the magnetic distal end can bend the soft microtube
under the S-field for active steering. Upon reaching the target
site, the microcatheter is switched back to a high-stiffness state to
provide sufficient mechanical stability for biopsy or other
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Fig. 1| Conceptual illustration of the Helixoft microrobotic system for stiffness
tuning and active steering of microcatheters during interventional surgeries.
The system comprises four modules: a a Helixoft microrobot; b a robotic catheter
manipulator; ¢ a magnetic control module including electromagnetic coils and a
permanent magnet mounted on a robotic arm; d an imaging module based on a
C-arm computed tomography setup (C-arm CT) and an endoscopic mini-camera.
The Helixoft microrobot is mountable onto commercial microcatheters alongside
microsurgical tools (e.g., mini-camera, electrode, and fibre). Stiffness tuning of the
Helixoft is achieved through the magnetically controlled helical motion of its rigid
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helix component, which dynamically wraps around the soft microtube section. The
magnetic fields also control the microcatheter steering, while the robotic manip-
ulator controls the microcatheter advancement. R denotes the rotational field, and
S denotes the static field. The purple curved arrow indicates the rotation direction
of the helix, while the green arrow denotes its translational motion direction. The
red-blue gradient circular arrow represents the rotating magnetic field, and the
red-blue gradient straight arrow indicates the static magnetic field. The orange
arrow denotes the deflection direction of the tube. Anatomical elements (lung,
brain, uterus) are adapted from Freepik (free license).

manipulations. In practice, the Helixoft-integrated microcatheter
can be set to three predefined states, simplifying its use for
standard minimally invasive surgical scenarios without the need
for complex continuous tuning. The low-stiffness state enables
high flexibility for large-angle steering under the S-field, while the
high-stiffness state ensures structural rigidity for stable
advancement and tissue penetration. The medium-stiffness state
provides a balanced mechanical response, adaptable to varied
environmental conditions.

Mechanical modelling and pose prediction of the Helixoft-
integrated microcatheter

Modelling the stiffness tuning and magnetic steering is critical for
enabling efficient control of the navigational and surgical per-
formance of the Helixoft-integrated microcatheter (Fig. 2a). After
integration, the microcatheter’s average stiffness is dependent on
the overlapping length of the rigid helix and the soft microtube,
and thus tuneable through the rotation angle of the R-field.
Afterwards, with a given stiffness, the microcatheter bending
(orientation) is dependent on the magnetic torque, and thus

adjustable through the field direction of the S-field. Based on an
average constant curvature model, the microcatheter average
stiffness satisfies E/=(ZL + %)_II (see details in Supplementary
Notes 1 and 2)*. The pose of the microcatheter’s end is estab-
lished as:

] _ LMB,
sin(r—0) ~ " El
x=5sin@+(Lg+Ly)cosH @

y=51— cosB)+(Ls+Ly)sind

We achieve the microcatheter pose through both an analytical
solution after a certain approximation and a numerical solution by
solving the governing system of nonlinear equations. During model-
ling and measurement, the results are dependent on the microcatheter
size. For demonstration purposes, we focus on commercial micro-
catheters with diameters ranging from 300 pm to 1 mm, providing a
representative range of sizes and stiffness levels (Fig. 2b). The
numerical analysis is conducted using a hybrid optimisation method
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Fig. 2 | Modelling and characterisation of the Helixoft-integrated micro-
catheter. a Schematic of the microcatheter, showing key geometric parameters
(left) and the constant-curvature model (right). b Three Helixoft microrobots with
different stiffness ranges, mounted on microcatheters with distinct representative
properties at sizes of 300 um (thinnest diameter), 600 pm (largest stiffness tuning
range) and 1 mm (finest tuning precision) in diameter. ¢ Comparison results of
approximate analysis, numerical analysis, and experimental measurement of the
microcatheter’s pose (x, y, 6) under certain R- and S-field conditions. n =3 repeated
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experiments. d Motion sequences showing the stiffness tuning process of the
microcatheter through the screw-like helical motion of the rigid magnetic helix
under the R-field. The black arrow denotes the translational motion direction of the
rigid magnetic helix. e Sequential images showing the steering behaviour of three
microcatheters at low-stiffness states. f Motion sequences showing the magnetic
steering of the microcatheters at three stiffness states through the magnetic
alignment of the distal end under the S-field. Scale bars: 2 mm for (b and d); 4 mm
for (e and f).

combining a genetic algorithm for global search and a local optimi-
sation strategy. The approximate analytical expression is given as:
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Methodological details and results are shown in Supplementary
Note 2 and Fig. 2c.

Decoupled control for stiffness tuning and active steering of the
microcatheter

Effective decoupling control between the helix and the magnetic
distal end is crucial to eliminate interference between stiffness
tuning and active steering. Supplementary Movies 1 and 2
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demonstrate their decoupled motion, enabling sequential and
independent control of both functions through magnetic field
programming. Specifically, the radially magnetised rigid helix
responds to the R-field (3mT), producing screw-like helical
motion with a translational speed of up to 5mm/s to tune the
microcatheter’s stiffness (Fig. 2d). Steering is subsequently
achieved by aligning the radially magnetised end under the
S-field. The bending response depends on the preprogrammed
stiffness level. As shown in Fig. 2f, a1 mm-diameter microcatheter
achieves bending angles ranging from 24° at the high-stiffness
state (L;/L=0) to 73° at the low-stiffness state (L,/L=1), when
exposed to an S-field perpendicular to the distal end magnetisa-
tion. Adjusting the S-field direction further enables precise con-
trol of the bending angle, reaching up to 118° at the low-stiffness
state under a 150-mT S-field of oriented at 150° (Fig. 2e).

To avoid unintended bending of the microcatheter during helical
motion, the magnetic distal end is also radially magnetised. In contrast,
an axially magnetised distal end would bend and rotate conically under
the R-field, potentially causing tissue damage through friction and
compression. The present decoupling control strategy, based on the
material magnetisation-device structure-field pattern triad, enables
fully programmable and simultaneous regulation of both motion and
mechanical properties, promising as a generalisable decoupling con-
trol approach for magnetic soft robotic systems.

Control accuracy of the stiffness tuning and the

microcatheter pose

The prediction accuracy of the developed model on the average
stiffness and the distal end’s pose is validated by a standard three-point
bending test and real-time tracking, respectively. As shown in Fig. 2¢c
and Supplementary Figs. 2-5, both the approximate and numerical
solutions exhibit strong agreement with the experimental results.
Stiffness tuning results deviate across microcatheter sizes. For
instance, among the three demonstrated microcatheters, the 600-pum
microcatheter achieves the highest stiffness tuning range over 40-fold
(36 kPa-1500 kPa), whereas the 1-mm microcatheter achieves the fin-
est tuning precision during rotation (0.12kPa/deg). For a given
microcatheter, the magnetic end orientation increases almost linearly
with the S-field strength, while increasing the R-field rotation angle
progressively stiffens the microcatheter, reducing its bending
response. As stiffness rises, the microcatheter’s bending transitions
from a pure-rod behaviour toward a cantilever-like elasticity, deviating
from linearity.

Comparing the measured values of the microcatheter poses with
the numerical and simplified analytical solutions, we assess our mod-
el’s prediction accuracy by a classic mean absolute percentage error
(MAPE) value test, in which the MAPE value represents the average
deviation of the model’s predictions from the actual values (Supple-
mentary Fig. 6). Generally, a MAPE below 10% suggests highly accurate
forecasting, while 10-20% indicates good accuracy*>*°. For the distal
end’s pose coordinates of the microcatheter (x, y, 8) when the R-field
rotates 0, 3 and 6 turns, the MAPE values between the numerical model
and the experimental measurement are 4.7%, 5.1%, and 8.5%, respec-
tively. Based on our results, the model provides a highly accurate
prediction of the microcatheter pose (>91.5%), especially at the low
stiffness range (33 kPa-290 kPa).

Distributed stiffness control with a dual-segment module

To demonstrate the scalability of our stiffness tuning mechanism, we
have implemented a multi-segment design that enables multi-level
stiffness tuning across different regions of a single microcatheter”. As
shown in Fig. 3, a dual-segment stiffness tuning module is integrated
along the microcatheter. Each segment consists of a rigid magnetic
helix coupled to a soft microtube. Independent control of each helix is
achieved via the interplay between the magnetic actuation and local

friction. A permanent cylindrical magnet (1.5cm in diameter) gen-
erates a rotating magnetic torque, which increases as it approaches the
helix. When the applied torque exceeds the resistive torque, the helix
undergoes a screw-like motion, thereby enabling the stiffness tuning
of the corresponding segment.

To determine the resistive torque threshold of the helical motion,
the rotating magnet is moved toward the helix along the y-axis
(Fig. 3a). Helical motion is initiated at a critical distance of 100 mm,
corresponding to a field strength of ~0.5mT (where T, > T )-
Maintaining a constant radial distance (y,, = 80 mm), we then translate
the magnet laterally along the x-axis. Helical motion is observed when
the lateral offset x,, decreases to 40 mm (n=1,2, referring to the first
and second magnetic helix).

Simultaneous or selective control of individual segments is
achieved by adjusting the position of the actuation magnet. As shown
in Fig. 3b, placing the magnet at x; =5 mm and x, =5 mm with a con-
stant y, (80 mm) triggers both helices, switching them to a high-
stiffness state. Under x; =36 mm and x, =50 mm, the first segment is
switched to a low-stiffness state. Likewise, repositioning x, to 31 mm
(x; =44 mm) reactivates the second helix, resulting in a decrease in the
stiffness of the second segment.

By independently tuning the stiffness of the dual-segment mod-
ule, the microcatheter tip can exhibit multiple bending modes under
an S-field (20 mT), including C-shape (both segments in the medium-
stiffness state), L-shape (first segment in the low-stiffness state and
second segment in the high-stiffness state), and J-shape (first segment
in the medium-stiffness state and second segment in the low-stiffness
state) (Fig. 3c). Independent helix control enhances the adaptive
dexterity of the Helixoft system in complex luminal structures.

Demonstration of the surgical capabilities of the Helixoft system
in phantom lumens

To demonstrate its navigation and surgical functionality, the Helixoft-
integrated microcatheter is controlled using a combined system
comprising the aforementioned magnetic control module for steering
and stiffness tuning, along with a self-developed robotic manipulator
for precise advancement and withdrawal (Supplementary Fig. 7 and
Supplementary Movie 3). The advancement speed is dynamically
adjusted according to the luminal environment, with a speed range of
0-100 mm/s and a resolution of <0.5mm. The parameters of the
R-field and the S-field are modulated according to the theoretical
model described above.

The navigation capability is first demonstrated using a 300 pm-
diameter microcatheter to navigate a cerebrovascular phantom (ca.
1.5 mm in diameter) with successive bifurcations (Fig. 4a). The micro-
catheter initially advances smoothly in the straight main lumen but
fails to enter the branch in its high-stiffness state. After being modu-
lated to a low-stiffness state under the R-field, it successfully navigates
into the left branch and reaches the secondary bifurcation under the
S-field (20 mT). By changing the field direction, the microcatheter is
then redirected into the right branch in the 2nd bifurcation, high-
lighting its adaptability to complex and branching vascular
environments.

We further demonstrate the biopsy and payload delivery cap-
abilities in a carotid phantom, featuring a phantom lesion for biopsy
and a phantom aneurysm for payload delivery in the right and left
branches, respectively. The phantom is fabricated from biocompatible
hydrogel with a similar modulus (ca. 40 kPa) to real tissue, ideal for
testing the interaction and safety of the Helixoft-integrated
microcatheter®™. As shown in Fig. 4b, the Helixoft-integrated micro-
catheter at the high-stiffness state advances smoothly without buck-
ling in the straight section, controlled by the robotic manipulator.
However, at the bifurcation, a 20-mT S-field fails to generate sufficient
bending on the microcatheter due to its high stiffness, resulting in
damage in the undesired position. To address this, the microcatheter is
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withdrawn and modulated to the low-stiffness state under the R-field.
After that, the S-field is applied again, allowing the microcatheter to
smoothly steer into either the right or left branch.

For biopsy, the Helixoft-integrated microcatheter is initially gui-
ded into the right branch at the low-stiffness state. However, the
microcatheter buckles towards the phantom lesion (stained in red) and
fails to puncture it due to insufficient rigidity (Fig. 4c). To address this,
the microcatheter is switched back to the high-stiffness state and
successfully penetrates the lesion in the end. This ability to freely
switch among different stiffness states enables the Helixoft-integrated
microcatheter to dynamically balance the flexibility for navigation and
rigidity for mechanical intervention.

For payload delivery, the Helixoft-integrated microcatheter is
magnetically controlled to perform multi-stage bending to enter the
phantom aneurysm site (Fig. 4d). Initially, the microcatheter is steered
with a primary bending of ca. 15° under the S-field to be aligned with
the branch angle for smooth enter (Fig. 4b, t=29 s). As the tip
approaches the bottom wall, a secondary bending of ca. 40° is intro-
duced to prevent wall contact (¢=30s). This multi-stage bending
allows the microcatheter to gradually adapt to the luminal environ-
ment, minimising the risk of tissue damage during navigation. Upon
arrival at the target site, a mock drug (gelatin-based embolic agents
with red ink) is injected through the fluidic tubing at microlitre-scale
precision controlled by a microfluidic pump. This demonstration
validates not only the precision drug delivery capability of the Helixoft

system, but also its seamless integration and structural stability, par-
ticularly under bending stress.

Consequently, the Helixoft system demonstrates efficient navi-
gation, localised biopsy and intraluminal payload delivery. Its scalable
size, tuneable stiffness, active steering and non-disruptive control
offer a versatile solution for surgical tasks in narrow and tortuous
lumens with varying dimensions.

Validation of precision payload delivery in pulmonary inter-
ventional surgery of live pigs
Owing to its structural stability and compact size, the Helixoft-
microcatheter is fully compatible with commercial real-time surgical
imaging systems, such as X-ray fluoroscopy and endoscopy, and thus
directly applicable in clinical procedures. In this section, we demon-
strate the performance of precision payload delivery of the Helixoft-
microcatheter and its quantitative safety evaluation during a classic
pulmonary interventional procedure in live pigs (n=3). The micro-
catheter is magnetically controlled by a magnet embedded on a
robotic arm with six revolute joints, and monitored in real-time by a
digital radiography (DR) imaging setup (Fig. 5a). A commercial mini-
camera is integrated with the Helixoft-microcatheter for the intra-
tracheal visualisation of the bronchial anatomy during naviga-
tion (Fig. 5b).

The unique stiffness tuning capability of the Helixoft-integrated
microcatheter enables efficient deep bronchial navigation, reaching
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Fig. 4 | Steering, biopsy and drug delivery capability demonstrations of the
Helixoft-integrated microcatheter in hydrogel-based phantoms. a Navigation
through a narrow and tortuous vasculature phantom. The blue line indicates the
defined path. b Active steering performed at the bifurcation in a carotid phantom,
featuring a phantom lesion and phantom aneurysm in the right and left
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branches, respectively. The black arrow indicates the advancement or withdrawal
direction. ¢ Localised biopsy performed in the right branch through programmed
stiffness tuning. d Precision drug delivery performed in the left branch. Scale
bars: 4 mm.

the fourth-generation branches. Initially, the Helixoft-microcatheter is
set to a high-stiffness state, enabling it to smoothly enter the trachea
without buckling (¢=0s) (Fig. 5c). While this initial rigidity facilitates
stable insertion in the trachea, it brings risks of mechanical irritation at
bronchial bifurcations where the distal biopsy tip might scrape the
lumen walls, potentially inducing bronchospasms. To mitigate this
interference, the Helixoft-microcatheter is switched to the medium-
stiffness state, increasing its compliance and thus minimising the
mechanical mucosal irritation during navigation (¢=15-45s). The
stiffness tuning process can be observed in the X-ray images of the pig
in the prone position. Subsequently, magnetic steering is activated
under the S-field to guide the microcatheter into the primary bronchus
(t=60-75s, lateral position). Continuing forward, it reaches another
bifurcation and successfully enters the secondary bronchus
(t=90-105s). Owing to its small diameter, the microcatheter suc-
cessfully accesses the tertiary bronchi and quaternary bronchi (ca.
2 mm in diameter, t=120-145s). To validate the therapeutic delivery
capability of the Helixoft system, an anticancer drug solution (Dox-
orubicin) containing contrast agent is administered through the fluidic
tubing over a 15-s period (¢=160-175 s) (Fig. 5d). We employ a fluidic
control system to precisely regulate the amount of drug (Supple-
mentary Fig. 8). A total of 25 pL of liquid drug is delivered through the
microcatheter. The drug distribution is successfully monitored

through both the integrated mini-camera and the X-ray radiography in
the prone position (Supplementary Fig. 9). After administration, no
residual drug remains in the catheter lumen, confirming the dosing
accuracy. To assess the navigation success rate, ten independent
navigation trials are performed in total. Under combined real-time X-
ray and endoscopic imaging, all trials successfully reach the target
position (Supplementary Figs. 10 and 11). The mean navigation time
from the trachea to the quaternary bronchus is approximately 4 min.

The open architecture of our Helixoft system within compact size
enables seamless integration with auxiliary dual-modality imaging
modules, which allows real-time visualisation and precise spatio-
temporal controllability of the microcatheter during multi-stage
steering manoeuvres. Such synchronised control of a hybrid frame-
work with imaging and actuation modules effectively prevents unin-
tended contact with the lumen walls, ensuring smooth navigation, and
minimising the risk of tissue damage. Post-operative assessment con-
firms the safety profile of the intervention, as indicated by main-
tenance of stable body weight and normal activity in the porcine
models over a 7-day post-operative observation period (Supplemen-
tary Fig. 12). Furthermore, routine clinical blood analyses and histo-
logical examinations reveal no signs of acute inflammation or mucosal
damage (Supplementary Fig. 13, Supplementary Note 3, and Supple-
mentary Tables 3-6).
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Helixoft-microcathete

— Mini-camera

Prone position

Lateral position

Fig. 5 | Imaging-guided navigation and precision drug delivery using the
Helixoft-integrated microcatheter in the quaternary bronchus of a live pig.

a Surgery setup comprising a digital radiography (DR) imaging setup and a mag-
netic field generator mounted on a six-joint robotic arm. b Schematic (left) and
photograph (right) of the Helixoft-integrated microcatheter equipped with a mini-
camera for intraluminal imaging. ¢ X-ray guided navigation of the microcatheter

S

through bronchial bifurcations by multi-stage steering. d Precision drug injection
into the quaternary bronchus by the microcatheter. The bottom left inset shows the
enlarged X-ray image; the top right inset shows the corresponding live image
captured by the onboard mini-camera. The blue trace indicates the microcatheter
trajectory; the white dotted lines outline the bronchial contour. Scale bars: 4 mm
for (b); 3 mm for (c and d).

Demonstration of localised biopsy in real tissue

The Helixoft-integrated microcatheter combines programmable stiff-
ness tuning with magnetic steering, enabling precise force interaction
with delicate soft tissues. This capability is critical for performing
localised biopsies within narrow and sensitive luminal environments,
such as the oviduct, without damaging adjacent healthy tissue. In order
to observe the real-time interaction details between the Helixoft

system and physiological tissue, we use an ex-vivo porcine oviduct as
the biopsy demonstration model (Fig. 6 and Supplementary Movie 4).
This model provides a visually accessible and anatomically realistic
biomechanical environment, with complex physiological features such
as mucosal folds and mucus layers. Such a complex luminal environ-
ment introduces substantial friction and mechanical obstruction that
impede the microcatheter’s navigation.
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a High stiffness
Active steering

Fig. 6 | Localised biopsy demonstration using the Helixoft-integrated micro-
catheter in an ex-vivo oviduct. a Active steering of the Helixoft-integrated
microcatheter. In the high-stiffness state, the microcatheter advances through the
oviduct and causes unintended invasion on healthy tissue at the corner (0-2s). The
microcatheter is then switched to the low-stiffness state under the R-field, enabling
magnetic steering under the S-field (2-16 s). Finally, the microcatheter is switched

Low stiffness

to the medium-stiffness state and continues advancing through the corner
(16-37s). b Localised biopsy of the Helixoft-integrated microcatheter. In the
medium-stiffness state, the microcatheter buckles upon contact with the target
tissue (0-2 s). After switching back to the high-stiffness state (4-8 s), it successfully
penetrates the target tissue (11s). The black arrow indicates the advancement
direction. Scale bars: 3 mm.

Traditional catheters often fail to maintain controllable tissue
interaction during deep luminal biopsy missions, due to their inability
to transition effectively between compliant steering and rigid pene-
tration, frequently resulting in unintended buckling or tissue damage
during tissue access or navigation. In contrast, our Helixoft-integrated
microcatheter demonstrates adaptive performance through pro-
grammable stiffness control. In our demonstration, the Helixoft-
integrated microcatheter uses its high-stiffness state to advance
smoothly in the straight section of the oviduct until arriving at a corner
(Fig. 6a). At this point, if no stiffness tuning is implemented, the
magnetic tip collides with the lumen wall, causing unintended invasion
of healthy tissue (¢ =2 s). To navigate the turn safely, the microcatheter
is withdrawn and switched to the low-stiffness state under the R-field,
allowing sufficient steering controlled magnetically under the S-field.
After successfully navigating the lumen turn, the microcatheter is then
switched to the medium-stiffness state, maintaining a ca. 25° bending
angle to continue advancing. Upon reaching the target site, the
microcatheter is pushed toward the target tissue but fails to penetrate
due to buckling under insufficient stiffness. It is then switched back to
the high-stiffness state. After that, it finally successfully penetrates the
oviduct tissue (Fig. 6b). After biopsy, the microcatheter is withdrawn,
carrying the obtained tissue sample in its biopsy needle. This biopsy
demonstration highlights the programmable stiffness adaptability of

the Helixoft-integrated microcatheter in complex physical environ-
ments, enabling safe and effective interaction with target sites while
minimising disruption on environmental tissues.

Discussion
We have developed a microrobotic system comprising the robotic
manipulation, magnetic control, and imaging modules, centred
around a helical soft microrobot (Helixoft), to enable active stiffness
tuning and adaptable steering of commercial microcatheters. This
system addresses a long-standing challenge in MIS—the inability of
existing catheters to transition between high compliance for safe
steering and high stiffness for efficient advancement or tissue pene-
tration. By integrating Helixoft into microcatheters with diameters as
small as 300 pm, we achieve programmable mechanical reconfigura-
tion using only the magnetic field without reliance on thermal, elec-
trical, or optical stimuli, thereby avoiding tissue-disruptive side effects.
The key innovation of this system is its magnetically decoupled
control strategy, realised through a material magnetisation-device
structure-field pattern triad. This strategy allows independent actua-
tion of distinct components, achieving over 40-fold stiffness tuning
and directional steering up to 118° within complex anatomical net-
works. In addition, the Helixoft system allows rapid tuning by
increasing the magnetic field frequency to 20 Hz, which shortens the
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transition time and enables tenfold tuning in stiffness within 0.3s.
However, this rapid tuning mode is generally avoided in practice due
to stability concerns.

We have validated the surgical capabilities of the present system
in both ex vivo and in vivo models, including localised biopsy in por-
cine oviducts and deep-bronchial payload delivery under real-time
imaging in live pigs. The Helixoft system further supports the inte-
gration of microsurgical tools such as mini-cameras, electrodes, and
optical fibres, expanding its potential for imaging-guided diagnostics,
localised ablation, and multifunctional treatment in confined organ
systems including the lungs, brain, and reproductive tract.

During navigation, the microcatheter also experiences tangential
friction from the lumen wall, which primarily resists axial advancement
but has only a limited effect on active steering. With the imaging
feedback, the magnetic field precisely controls the Helixoft system to
dynamically modulate both its position and bending angle to adapt to
the lumen environment and minimise excessive tip—wall contact. In
addition, the catheter surface is coated with a low-friction hydrogel
layer, minimising the mechanical resistance during navigation. Vali-
dation in hydrogel phantoms, ex vivo tissue, and live porcine models
has confirmed the Helixoft’s high-performance navigation in complex
lumens.

While magnetically controlled catheters show great potential in
biopsy and payload delivery, their use in patients who have magnetic
implants, such as cardiac pacemakers or implantable cardioverter-
defibrillators, requires careful planning due to safety concerns related
to the interaction of these devices with magnetic fields®. In addition,
although these catheters are compatible with imaging modalities such
as CT and ultrasound, their combination with Magnetic Resonance
Imaging (MRI) would necessitate a redesign of the control strategy,
such as using the MRI scanner itself for both actuation and imaging®.
Potential safety risks, particularly thermal injury, would also need to be
carefully addressed.

In summary, the Helixoft microrobotic system offers a gen-
eralisable strategy for motion-driven mechanical programming of
minimally invasive instruments. By enabling real-time, non-disruptive
control over the mechanical behaviour of tools in complex environ-
ments, it establishes a foundation for intelligent robotic systems cap-
able of operating safely and precisely within the body’s delicate
luminal networks.

Methods

Fabrication of the soft microtube

All chemicals used in this paper were purchased from Sigma-Aldrich
(USA) unless otherwise specified. The soft microtube was fabricated
using Ecoflex-20 (Dongzhixuan Co., Ltd., China), a biocompatible
silicone-based elastomer. The soft microtube, with a thin wall thick-
ness, was fabricated through a one-step moulding process on the
commercial catheter. Specifically, two components of Ecoflex were
mixed at a 1:1 weight ratio, and the Ecoflex mixture was transferred into
a vacuum container to remove air bubbles. Afterwards, the Ecoflex
mixture was filled between concentric microtube walls with defined
diameter differences, allowing for a wide dimension range for the soft
microtube (0.3-1 mm). Furthermore, the Ecoflex mixture in the tube
was cured at 60 °C for 20 min. After moulding, the soft microtube was
directly integrated onto the commercial microcatheter, with both ends
of the soft microtube connected to the microcatheter tube. The inner
and outer diameters of the soft microtube match those of the com-
mercial microcatheter. Three dimensions of soft microtubes were
fabricated, including 300 pm, 600 pm, and 1 mm.

Fabrication of the Helixoft-integrated microcatheter

After fabricating the soft microtube, a small anchor was glued onto the
commercial microcatheter. The rigid magnetic helix was coaxially
assembled with the Ecoflex tube, with the length of the helix being

longer than that of the soft microtube. The soft microtube was con-
nected to the commercial microcatheter. (e.g., PE tube), which was
fixed at the distal end. The rigid magnetic helix was fabricated by
tightly winding a stainless-steel wire around a cylindrical metal rod,
where the helix diameter was determined by the rod’s diameter. The
pitch and number of turns were adjusted to tune the stiffness and
length of the structure. The rigid magnetic helix, with higher stiffness,
was coaxial with the soft microtube, which had lower stiffness.
Three rigid magnetic microhelices with varying dimensions—0.5 mm
(0.08-mm wire diameter, 0.3-mm pitch), 1.1mm (0.2-mm wire dia-
meter, 0.2-mm pitch), and 2 mm (0.1-mm wire diameter, 1-mm pitch)—
were matched individually with corresponding soft microtubes. The
tubular distal end was modular and material-selective, tailored to
specific functional requirements. For tissue biopsy, a stainless-steel
needle structure (outer diameter: 0.5 mm) was employed and partially
filled with an NdFeB-Ecoflex composite (10 wt% NdFeB particles) to
ensure magnetisation stability. The delivery channel for payloads was
defined by a fibre inserted during the composite filling process,
resulting in a channel approximately 100 pm in diameter. For appli-
cations without biopsy requirements, the distal head was fully
enclosed within the microcatheter. All magnetic components were
magnetised using a high-field magnetizer, with five magnetisation
cycles to ensure long-term stability of magnetisation®®®'. The magnetic
components (stainless steel helix, biopsy needle with NdFeB-Ecoflex
composite, ring-shaped NdFeB magnet, and pure biopsy needle) were
characterised using vibrating sample magnetometry (Supplementary
Fig. 14). A biocompatible lubricating layer of polydimethylacrylamide
(PDMAA) was coated onto the surface of the microcatheter. The
microcatheter was thoroughly cleaned by sequential rinsing with
ethanol and isopropanol to remove surface contaminants. The cleaned
microcatheter was treated with oxygen plasma (100 W, 1 min) to acti-
vate the surface, enhancing initiator attachment and polymer adhesion.
The helix was pre-treated by silanisation using APTES (3-aminopropyl-
triethoxysilane). After this, the catheter was immediately immersed in
an ethanol solution containing 10 wt% benzophenone for 20 min. This
step allows benzophenone to adsorb onto the activated surface. The
catheter was then transferred to an aqueous solution containing 20 wt%
N,N’-dimethylacrylamide and 0.5 wt% Irgacure 2959. The microcatheter
was soaked for 10 min to allow penetration of the monomer. Ultraviolet
(UV) light (365 nm) was applied for 1 h to initiate in-situ polymerisation,
resulting in the formation of a stable PDMAA coating on the catheter
surface. The coated catheter was rinsed thoroughly with deionised (DI)
water to remove any unreacted monomers or residual chemicals, then
dried under nitrogen flow. The microcatheter was sterilised using
ethylene oxide (EtO). This sterilisation process did not affect its mag-
netisation or structural integrity, as verified by surface magnetic flux
intensity measurements, repeated bending tests, and payload delivery
performance (Supplementary Fig. 15). Cytotoxicity and long-term
adhesion of the hydrogel coating were evaluated by cell culture
(BEAS-2B cell line, obtained from Saibaikang, Biological iCell-h023) and
by bending-cycle tests in saline, respectively (Supplementary Note 4
and Supplementary Figs. 16 and 17).

Stiffness test

The stiffness test was based on the three-point bending testing method
(MARK-10 EMS303). The force sensor had a force sensing range
(0-2.5N) and a resolutionof 0.0005 N. In the experiment, the sensor’s
motion speed was 3 mm/min, and the displacement was fixed. The
different types of stiffness were realised by changing the overlapping
length of the rigid magnetic helix and soft microtube. The stiffness
states were defined by helix pitch coverage length (L = turns x pitch)
together with the corresponding bending stiffness (£/), thereby
avoiding ambiguity related to catheter diameter. Specifically, for the
helix with a pitch of 1 mm and diameter of 2 mm, the three states were:
Low stiffness: (pitch coverage L;=0mm, E/=2.06x10"8 N-m?),
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Medium stiffness: (pitch coverage L;=3mm, E/=3.60 x10® N-m?),
and High stiffness: (pitch coverage L1 = 6 mm, £/=1.72 x 10”7 N-m?2). For
the helix with a pitch of 0.2 mm and diameter of 1 mm, the three states
were: Low stiffness: (pitch coverage L1 =0 mm, £/=1.72x107° N-m?),
Medium stiffness: (pitch coverage L1 =19 mm, E/=9.72x107° N-m?),
and High stiffness: (pitch coverage L; =3.8 mm, E/=7.43 x107 N-m?).
The control accuracy of the stiffness tuning and the microcatheter
pose was furthermore analysed using a classic MAPE value test with
MATLAB and Origin.

Magnetic control module

The magnetic control module employed either a coil system or a
permanent magnet mounted on a robotic arm. The coil-based module
consisted of three pairs of custom-built Helmholtz coils made of
copper wire and connected to a direct current (DC) power supply. The
three pairs of coils generated a three-axis magnetic field with 99% field
homogeneity, producing field strengths up to 30 mT within a 50-mm
spherical region over a frequency range of 0-20 Hz. The magnet-based
module used a permanent block magnet (45 x 45 x 21 mm) mounted
on a robotic arm, providing a maximum field strength of 200 mT. The
robotic arm with six revolute joints was used to manoeuvre the block
magnet. The magnetic control module generated the R- and S-fields for
stiffness tuning and active steering. In the coil-based module, field
strength and frequency were adjusted by varying the coil current, with
parameters controlled through a graphical user interface. In the
magnet-based module, the R- and S-fields were produced by rotating
or reorienting the magnet with robotic arm control, and the R-field
frequency was set by the motor rotation frequency (0-5 Hz). The coil-
based module was mainly used for benchtop experiments and 3D
phantom models, whereas the magnet-based module was applied
in vivo to provide a larger working space. To accommodate different
magnetic field penetration depths in vivo, magnets of varying sizes and
field strengths were selected accordingly. The microcatheter’s bend-
ing was tested over 100 cycles, with a control accuracy of less than 1°.
For the helix rotation, the strength of the R-field was 3 mT. For mod-
elling, the strength of the S-field was set at 150 mT to test the maximum
steering angle. The maximum steering angle was determined by gra-
dually increasing the deflection angle until rebound of the magnetic tip
was observed. For demonstrations in the phantom model and isolated
organ, the strength of the S-field was maintained at 20 mT. For
demonstration in the live pig, the strength of the S-field was 15 mT. The
influence of the gradient field was weak below 20 mT (Supplemen-
tary Fig. 18).

Advancement based on the robotic catheter manipulator

A friction wheel mechanism was designed to drive the microcatheter. A
pair of friction wheels was used to clamp the microcatheter. When the
two friction wheels rotate in opposite directions simultaneously, for-
ward or backward movement of the microcatheter is generated. The
maximum driving speed of the friction wheels was 100 mm/s, with an
positioning accuracy of better than 0.5 mm. Additionally, we designed
a driver that adapts to the modular structural layout, achieving a high
degree of integration for the wiring and sensors.

Payload delivery in the carotid phantom fabricated with tissue-
mimicking hydrogel

The phantom was based on the solidified 10% gelatin. Firstly, the
structure of the phantom with bifurcation and target area was
designed by software. And a mould was printed using a 3D printer
(Ultimaker S3, China). Then the 10% gelatin solution was filled into
the mould. Then the mould was cooled at 4 °C. The gelatin-based
embolic agent with red ink was chosen as the mock drug. The mock
drug stored in a 1.5mL tube can be pumped by a pressure pump
(Fluigent). The flow speed can be controlled by adjusting the pres-
sure. The pressure range was 0-2000 mPa. The sealing property of

the microcatheter was tested under high pressure (2000 mPa) dur-
ing the bending process. In addition, the microcatheter was com-
patible with a protective outer catheter (Supplementary Note 5 and
Supplementary Fig. 19).

Animal experiment

Animal experiments were conducted in accordance with procedures
approved by the Animal Experiment Ethics Committee (IACUC) of
Shenzhen LingFu TopBiotech Co., Ltd (approval no. TOPGM-IACUC-
2025-0012). Three six-month-old male Bama mini-pigs (about 30 kg)
were purchased from Fuhao Experimental Animal Breeding Center
(Beijing, China). The pigs were anesthetised with Zoletil 50 and main-
tained under isoflurane anesthesia. Prior to the procedure, the
microcatheter was soaked in PBS and sterilised under ultraviolet light
for one hour. The microcatheter, equipped with a mini-camera, was
inserted into the pig’s bronchial tree through the tracheal cannula, and
its movement within the bronchial tree was monitored using DR ima-
ging. The rigid magnetic helix, controlled by an external magnetic
field, enabled forward and backward motion to tune the micro-
catheter’s stiffness, facilitating navigation through bronchial bifurca-
tions and entry into the target area for anticancer drug injection. The
anticancer drug solution (Doxorubicin) containing contrast agent
(barium sulphate) was used in this study. Upon completing the injec-
tion, the microcatheter was carefully withdrawn along the original
path. Following the procedure, the pig was monitored for three days.
Pathological analysis was conducted during the observation period,
and the pig’s general condition and body weight were recorded
throughout the treatment. A required amount of mock drug was pre-
loaded into the reservoir connected to the microcatheter. The drug
solution was then delivered through the microcatheter. Following
delivery, an additional 100 pL of air (or saline)—corresponding to the
microcatheter’s internal dead volume (V=T - (dC/Z)2 -L.,whered, is
the internal diameter and L. is the length)—was injected as a flushing
buffer to ensure complete payload delivery.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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