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ABSTRACT
Robotic systems in confined environments rely on compact and dexterous actuators. In minimally invasive surgery, cable-driven
mechanisms remain standard but require high locking forces, causing tendon fatigue and friction. Magnetic actuation eliminates
the need for cable transmissions but suffers from low load-bearing capacity and lacks coaxial rotation. We present a magnetic
rotary actuator (MAGTWIST) that exploits a traveling wave to achieve a large motion range, stepless rotation, and controllable
(un)locking.MAGTWIST features an undulating belt, inspired by peristalsis, andmade from a thermo-responsive polymer. Torque
generated by an applied magnetic field engages sliders with the undulation, inducing localized deformation that forms a traveling
wave around a circular path. Switching between (un)locked states is done by Joule heating. Heating softens the belt within 3.0 s,
allowing the wave to travel in a circle arc of up to 270◦. Cooling restores stiffness within 5.3 s, halting the wave and achieving
stepless shape-locking. Once stiffened, actuation torque rises from 4.5 to 250 N⋅mm, securing the rotary position and increasing
load-bearing capacity. The tubular design with an inner and outer diameter of 4 and 8mm integrates as an end-effector in a robotic
manipulator, as demonstrated through gripping and in situ shape transitions during minimally invasive surgical tasks.
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Introduction

obotic systems are increasingly deployed in hazardous, confined
nvironments that are otherwise inaccessible to humans. Exam-
les include robots for in-space inspection, aeroengine main-
enance, search-and-rescue operations, and minimally-invasive
urgery [1]. Such robots require joints and actuators that are
ompact yet dexterous, delivering precise motion under tight
eometric constraints and high loads.

n minimally invasive surgery, robot-assisted systems are
esigned to mimic the skills of a clinician with hand-like
exterity [2, 3]. Replicating a human hand in a robotic system
equires, alongside pitch and yaw, a lockable rolling mechanism
his is an open access article under the terms of the Creative Commons Attribution License, which perm
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with 180◦ range of motion [4]. This functionality is typically
achieved using cable drives, which provide precise movements
and large forces to the robot. This comes at the expense of cable
friction, predefined degrees of freedom (DOFs), and mechanical
components like gears and pulleys, which pose challenges for
miniaturization [5].

In contrast to cable drives, magnetic actuation systems use
external magnetic fields to control magnetic components. The
human body is permeable to magnetic fields, making magnetic
actuation suitable for medical applications. Magnetic fields can
be generated externally to the human body using arrays of elec-
tromagnetic coils [6] or permanent magnets [7], and internally
using miniature coils embedded within surgical instruments [8,
its use, distribution and reproduction in any medium, provided the original work is properly
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]. However, the actuation of a magnetic device via magnetic
ields is limited to two rotational DOFs, as no torque can be
enerated around its magnetic moment axis [10].

agnetic actuation can be combined with selective stiffening
nd softening of robotic segments to circumvent this 2-DOF
imitation. This creates localized resistance to a magnetic field
ithin the robot structure, allowing control of individual DOFs
n an otherwise underactuated system [11]. Nonetheless, rigidly
ixed magnets constrain the system to predefined DOFs and
revent independent tip rotation. Integrating a lockable rotary
echanism into the magnet would enable dedicated tip rotation
nd, by reorienting the magnetic moment axis, expand magnetic
anipulation options beyond those of fixed magnets.

otary mechanisms are often designed using compliant joints
12–14]. They can be fabricated as a monolithic structure, reduc-
ng weight, part count, and backlash while enhancing precision
15]. Configured as 1-DOF flexure joints, they have been imple-
ented in tendon-driven laparoscopic andmagnetically-actuated
eurosurgical instruments [16, 17]. However, the finite bending
ature of traditional compliant joints renders themunsuitable for
80◦ hand-like rotation.

he principle of peristalsis can be an inspiration for overcoming
ange-of-motion limits in compliant elements. Peristalsis is a
ransport mechanism within the human body, consisting of coor-
inated muscle contractions that produce wave-like movements
n luminal structures such as the fallopian tubes, small intestine,
nd esophagus [18–20]. While numerous works have adapted
ave-like peristaltic actuation for transportation and locomo-
ion [19, 21–24], few have applied this principle to joint motion
r locking. Notably, Qi et al., used an elastic tube to modulate
he moving resistance of an inner pneumatically driven piston to
chieve a rotary motion [25]. However, onboard fluidic actuators
ose significant hurdles to miniaturization. Biomimetic research
n peristaltic pumps also led to actuators based on flexible mate-
ials like silicone, dielectric elastomers, or magnetic elastomers
26]. For the latter, Chossat and Shea designed a permanently
agnetized elastomer rotating actuator using traveling waves
27]. However, this non-miniaturized concept relies on friction
or torque transmission, which limits load-bearing capacity and
akes the transmitted torque inherently frequency-dependent.
imilarly, piezoelectric traveling-wave rotary actuators are highly
requency-dependent and rely on friction coupling. While they
rovide high positioning accuracy and rapid response, piezoelec-
ric actuation requires high voltages [28–30], which introduces
ardware and safety concerns in a surgical environment.

n contrast to friction-based traveling-wavemechanisms, tunable-
tiffness elastomers can transmit torque via form-fit by con-
orming to intricate geometries. Combined with a separate
agnetic component, torque can be transmitted magnetically
ndmodulated through the elastomer’s stiffness state. Elastomers
ntegrated with low-melting-point alloys (LMPAs) gain tunable
tiffness with a high stiffness-change ratio and rapid thermal
esponse, enabling applications in flat, multilayered structures
uch as sensors, flexible antennas, and robotic grippers [31]. In
inimally invasive surgery, LMPAs have been used to design
ariable stiffness catheters that ensure stability during surgical
asks and flexibility for navigation [32, 33]. However, the discrete
of 16
melting point of eutectic LMPA makes it difficult to achieve
gradual stiffness regulation, and its toxicity poses health risks if
not securely encapsulated [31].

Unlike LMPAs, shape memory polymers (SMPs) are biocompati-
ble and offer continuous stiffness regulation. SMP-actuators can
be designed to exhibit multiple transition temperatures triggered
by external stimuli such as heat, light, electric, or magnetic fields
[34, 35]. In addition, SMPs are compatible with 3D printing,
enabling the low-cost fabrication of complex geometries [36].
Shape memory alloys (SMAs) present a less cost-friendly alterna-
tive to SMPs, offering higher energy density that enables larger
stroke lengths. However, SMA-based rotary actuators typically
rely on tension wires or torsion springs [37–39], which require
intricate wire routing as the heat-induced memory effect scales
with wire length.

Here, we present a MAGnetically-driven rotary actuator
using a Traveling Wave with Integrated Stiffness Tunability
(MAGTWIST). Inspired by peristalsis, MAGTWIST addresses
constraints in range of motion and load-bearing capacity, while
enabling stepless rotation. An external magnetic field induces
a torque on an internal permanent magnet that drives sliders
against a variable-stiffness belt, generating a traveling wave.
The resistance to wave propagation depends on the elasticity of
the belt, which is modulated via Joule heating. In the soft state,
torque drives the wave in a peristaltic-like fashion to achieve
bidirectional rotation of 270◦, exceeding the 180◦ mobility of the
human hand. As a traveling wave does not depend on discrete
positions, MAGTWIST can rotate in a stepless manner. Upon
cooling, stiffness is restored, halting wave propagation and
achieving a shape-lock that withstands high torsional loads
for secure positioning. Beyond rotational fixation, the lockable
rotation enables intraoperative reprogramming of the magnetic
moment. Integrated into a continuum manipulator, MAGTWIST
can reorient its magnetic moment, and upon locking, enables
in situ shape reconfiguration under external magnetic fields.
Concurrently, surgical tools can be deployed through an internal
lumen, supporting tasks such as tissue resection, endoscopy,
and biopsy.

2 Design

This section presents the design of MAGTWIST, beginning
with the mechanism and operational principle, followed by a
finite element analysis of its structural mechanics. The thermal
and magnetic actuation strategy is then described, and finally,
experiments are conducted to characterize the reaction moment,
stall torque, and fatigue limits.

2.1 Mechanism and Operational Principle

The concept of MAGTWIST is illustrated in Figure 1. Inspired
by peristalsis (Figure 1A), the design inverts the usual cause-
and-effect relationship: A solid drives the wave to travel
(Figure 1B). This principle is embodied in a variable-stiffness
belt (VS-belt) featuring a protruding, outward-facing traveling-
wave (Figure 1C). It provides stepless rotation and controllable
(un)locking using thermal actuation. An integrated permanent
Advanced Functional Materials, 2026
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FIGURE 1 (A) Peristalsis involves wave-like muscle contractions in luminal structures that transport fluids and solids. (B) Reversed principle: a
solid object propels the wave, rather than a traveling wave propelling the solid. (C) A rotary mechanism with a variable-stiffness belt for traveling-wave
actuation. Joule heating enables (un)locking of the traveling wave, allowing stepless rotations. (D) An external magnetic field induces torque on the
permanentmagnet to propel the wave. Themagnet’s dipole lies in the traveling-wave plane. (E)MAGTWIST integrated in a surgicalmanipulator enables
tip rotation and, through reorientation of the magnetic moment, shape change. Human model adapted from Depositphotos (Image ID 386863794), used
under Standard License.
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 articles are governed by the applicab
agnet experiences torque in the plane of the wave, driving
liders against its contour (Figure 1D). As the magnetic moment
f the permanent magnet is linked to the rotation and locking of
he traveling wave, torques can be applied to any axis, enabling
ose changes when integrated into a continuum manipulator
Figure 1E).

AGTWIST targets applications in confined workspaces, featur-
ng an inner and outer diameter of 4 and 8 mm, respectively.
ntegrated with flexible bellows, it forms a compact, magnetically
teerable manipulator, as shown in Figure 2A(i–ii) (please refer
o Section 3 for details of the manipulator design). MAGTWIST
omprises coaxially nested inner and outer shaftswith theVS-belt
ositioned in between (Figure 2A(iii)). The VS-belt is anchored
o the inner shaft for torque transmission, while sliders built
nto the outer shaft partially deform the VS-belt into a wave
attern, as shown in the transverse section view of Figure 2B. As
hown in the sagittal cross-section view, a permanent magnet is
ixed to the outer shaft (Figure 2C). Under an external magnetic
ield, the magnet generates torque that drives the sliders against
he wave, thereby transmitting torque to the inner shaft. An
nd cap fixed to the distal end of the inner shaft serves as a
echanical stop, ensuring axial stability of the outer shaft and
S-belt.

t low temperature, the VS-belt remains stiff and its protruding
ave transfers torques from the outer shaft to the stationary
dvanced Functional Materials, 2026
inner shaft, thereby locking the outer shaft’s rotation. At elevated
temperature, theVS-belt becomes deformable, and the outer shaft
drives the traveling wave around the circumference. In this state,
the outer shaft is unlocked and can rotate around the stationary
inner shaft. Once the temperature drops, the VS-belt regains
stiffness, and the wave maintains its position against the sliders
through shape-lock.

The VS-belt consists of two layers of thermoresponsive polymer
encapsulating a heater element (Figure 2D). The heater is laser-
cut from a stainless steel foil and placed between the two layers
of polylactic acid (PLA) printed by fused deposition modeling
(FDM). Heat pressing is used to bond the layers together, after
which the assembly is formed into a belt shape (please refer to
section 5 for manufacturing details).

2.2 Numerical Analysis of Structural Mechanics

Numerical analysis is used to guide the design of MAGTWIST,
study its structural behavior during rotation, and the effect
of altered design parameters on its reaction moment charac-
teristic. This allows motion prediction under given loads and
the adaptation for designs for scenarios that require specific
actuation torques or operate within limited magnetic field
strengths. MAGTWIST is actuated by overcoming the deforma-
tion resistance of the VS-belt under imposed rotation and the
3 of 16
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FIGURE 2 (A) (i) MAGTWIST connected to flexible bellows forming a manipulator, (ii) Front view of MAGTWIST to scale, (iii) MAGTWIST
assembly in exploded view (B) Transverse cross-section view: Sliding elements enclose the undulation and transmit torque. (C) Sagittal cross-
section view: Torque induced on the magnet is transmitted from the outer to the inner shaft via the VS-belt (white line indicates torque-transmission
path). (D) Variable-stiffness belt consists of a heating element embedded between internal and external layers of thermoresponsive polymer. All units
are in mm.
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re
riction between adjacent components, both of which mani-
est as the reaction moment (MR). The actuation frequencies
n experiments are low (⩽ 1 Hz). Consequently, a quasi-
tatic approximation (without inertial effects) is assumed to
e adequate for capturing primary trends of interest, such as
ave-propagation behaviour and reaction moment profile. MR
s studied via quasi-static finite element model in COMSOL
ultiphysics 6.0, using a hyperelastic material feature with
emperature-dependent experimental data to model nonlinear
oftening effects of the VS-belt. Sliding-contact is modelled
sing a static Coulomb model within a quasi-static equilibrium
equence.

R is directly influenced by design parameters, including the
lider diameter (DSlider), the angle between sliders (β), VS-belt
hickness (tbelt), friction coefficient (µ), and operating tempera-
ure (T) (Figure 3A (i)). To assess the influence of each parameter
n MR, we conduct a one-factor-at-a-time sweep in which each
esign parameter is varied independently, and taking peak MR
ver the rotation angle (θ) in the soft state as the outcome. Next to
he design parameters, there are also state-dependent parameters
uch as the strain of theVS-belt (ϵbelt), the gap between theVS-belt
nd the central slider (dgap), and the contact angle between slider
nd VS-belt (ϕbelt) (Figure 3A (i)). These parameters vary during
otation and passively influence (MR). Fabrication and actuation
onstraints impose bounds of 0.6 mm for the VS-belt thickness,
.5 mm for the slider diameter, and 5 N⋅mm for the actuation
orque. These values serve as baseline constants in the subsequent
nalysis, except when they are themselves the parameter under
nvestigation.
of 16

a

2.2.1 Design parameter effects

Increasing β from 50◦ to 80◦ increases the distance between
the sliders, which reduces ϕbelt. Consequently, the VS-belt bends
less sharply as it propagates, reducing MR from 5 to 2 N⋅mm
(Figure 3B). Therefore, β of MAGTWIST is set to 55◦ to meet
the actuation torque requirement of less than 5 N⋅mm. In
contrast, increasing DSlider from 1.1 to 1.6 mm results in a
greater ϕbelt, causing MR to rise from 2 to 5 N⋅mm (Figure 3B).
As tbelt increases from 0.2 to 1.0 mm, MR rises from 2 to
18 N⋅mm as a result of the increased stiffness of the VS-
belt (Figure 3C). Raising the operating temperature from 20◦C
to 80◦C decreases MR from 203 to 4.2 N⋅mm as the VS-belt
material becomes soft at higher temperatures, thereby enabling
continuous stiffness regulation (Figure 3D). The friction coef-
ficient substantially affects MR due to contact between the
VS-belt and the inner and outer shaft, with the peak of MR
increasing from 2 to 11 N⋅mm as µ rises from 0.5 to 0.8
(Figure 3E).

2.2.2 State-dependent parameter effects

During θ ∈ [0◦, 270◦], the VS-belt elongates due to the tangential
tension exerted by the slider. As a result, ϵbelt increases notably
beyond 160◦, experiencing a total strain of 2.1% (Figure 3F).
This effect is accompanied by the increase of dgap up to
0.5 mm (𝑑gapmax ) (see Figure 3A(ii), G, and Video S1). Addi-
tionally, the stress distribution (σvM) within the VS-belt during
rotation and the contact pressures (pc) at its interfaces with
Advanced Functional Materials, 2026
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FIGURE 3 (A) (i-ii) Design parameters forMAGTWIST and their effects on systemperformance under simulation: (B) Slider angle (β) as a function
of reaction moment (MR). (C) Slider diameter (DSlider) as a function of MR. (D) Variable-stiffness belt (VS-belt) thickness (tbelt) as a function of MR.
(E) VS belt temperature (T) as a function ofMR. (F) Friction coefficients (µ) as a function ofMR. (G) VS belt strain (ϵbelt) and undulation gap (dgap) as
a function of rotation angle (θ). (H) Von Mises stress (σvM) within VS-belt as a function of θ. (I) Contact pressure (pc) as a function of θ. (B–D) Values
applicable to MAGWIST are labeled with red dashed circles.
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djacent components are studied. When MAGTWIST reaches
rotation angle of ≈39◦, a peak stress (𝜎vMmax ) of 12 MPa

s observed within the VS-belt (Figure 3H). The stress, σvM,
ubsequently levels off at 6.5 MPa and remains well below
he 53 MPa yield strength of the PLA material used. Two
ominant peaks in pc occur between the VS-belt and adja-
ent sliders: one at 23◦ with a magnitude of 1.9 MPa, and
nother at 78◦ reaching 1.25 MPa. Beyond the second peak,
c stabilizes near 0.9 MPa (Figure 3I). This analysis provides
uantitative design guidelines for torque control and reveals
tructural behavior that indicates potential load limits and
atigue mechanisms.

.3 Thermal Management

eyond the mechanical performance, effective thermal man-
gement is essential for regulating the stiffness of MAGTWIST.
he PLA used to fabricate the VS-belt is thermomechanically
nalyzed, followed by a thermal characterization of the VS-
elt itself.

he storage modulus (E′) represents the elastic, energy-storing
omponent, while the loss modulus (E″) quantifies the vis-
ous, energy-dissipating response. For PLA, E′ is temperature-
dvanced Functional Materials, 2026
dependent, as the dynamic mechanical analysis across 𝑇PLA ∈
[0, 80] ◦C shows a significant drop in E′ as temperature rises
(Figure 4A). The drop occurs around the glass transition tem-
perature (Tg ≈ 65◦C), which is identified by the peak of tan δ =
E″/E′. At Tstiff = 55◦C, PLA exhibits a storage modulus of 𝐸′

stiff ≈

2.7GPa, with E′ increasing further at lower temperatures. As the
temperature rises to Tsoft = 80◦C, PLA transitions into a soft state
with 𝐸′

soft ≈ 10MPa.

Building on these material characteristics, the effective operation
of MAGTWIST depends on the thermal response of the VS-
belt under different actuation currents. Short heating times
are achieved with higher currents: in air at room temperature
(Tair = 20◦C), the VS-belt is heated from Tstiff to Tsoft within
3 s at 1.0 A, followed by passive cooling back to Tstiff in an
average of 5.3 s (Figure 4B). Reducing the current to 0.7 A
increases the heating duration by 10 s. By applying a relatively
low current of 0.35 A, the VS-belt gradually transitions from
Tstiff to Tsoft in 84 s (Figure 4C). In this case, passive cooling
is prolonged to 18.2 s due to heat accumulation in adjacent
components. Currents of 0.25 A and lower are insufficient to
reach Tsoft. These results demonstrate that MAGTWIST can
reliably and reversibly switch between stiff and soft states within
seconds, a capability essential for rapid adaptation to surgical
scenarios.
5 of 16
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FIGURE 4 (A) Identification of the glass transition temperature (Tg) of the variable stiffness material. (B) Heating time at high currents and (C) at
low currents. (D) Thermal response of the Variable-stiffness belt submersed in water. (E) (i) Thermal images after gradual heating, (ii) Thermal profile
with exposed surface versus covered through silicone. In (B)–(D), the mean of three measurements is presented, with light backgrounds indicating
± standard deviation.
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he VS-belt’s thermal performance under high heat dissipation
onditions was assessed in water at a physiologically relevant
emperature (Twater = 37◦C) without forced flow (Figure 4D). The
esults indicate that a minimum current of 2.5 A is required to
each the actuation temperature of 80◦C, reflecting the medium’s
trong heat sinking due to convection and heat capacity. In
ontrast, only 0.35 A is needed in air (Figure 4D). Conse-
uently, the VS-belt requires 5.9 s to stiffen in water, which is
omparable to the 5.3 s it takes in air, despite the water being
t 37◦C.

or safe operation within the human body, the surface temper-
ture of a surgical instrument must remain below 41◦C [40].
uring the transition from the stiff to the soft state, themaximum
xternal surface temperature (Text) of MAGTWIST reaches 80◦C
ith an exposed VS-belt but is reduced to 40◦C when covered
ith silicone (Figure 4E(i)). This remains below the biotolerance
hreshold, minimizing the risk of thermal damage to human
issue (Figure 4E(ii)).

.4 Magnetic Actuation

agnetic actuation systems typically use arrays of electro-
agnetic coils [41,42] or robot-mounted magnets [7] to gen-
rate the magnetic field to control a permanent magnet.
he MAGWIST is equipped with a permanent magnet at
ts distal tip, such that magnetic torques can control its
rientation.

lectromagnets arranged in a Helmholtz configuration generate
highly uniform magnetic field. In such a field, a magnet
xperiences a magnetic torque (𝝉𝒎 ∈ ℝ3) that tends to align its
agnetic moment (𝐦 ∈ ℝ3) with the applied field (𝐁 ∈ ℝ3). The
agnetic torque is given by

𝝉𝐦 = 𝐦 × 𝐁. (1)
of 16
The torque reaches its maximum whenm and B are perpendicu-
lar, and it is zerowhen they are aligned. ForMAGTWIST, 𝝉𝒎must
overcome both the deformation resistance of the VS-belt and the
friction between adjacent components. This can be achieved by
increasing either the applied field B or the magnetic momentm
of the permanent magnet, which is expressed as

𝐦 =
𝐁𝐫𝑉

𝜇0
, (2)

where Br is the residual magnetic flux density, V the magnet
volume, and µ0 the permeability of free space.

As described by Equation (1), a magnetic moment cannot be
rotated about its magnetization axis, restricting magnetic manip-
ulation to two rotational DOFs [43]. This limitation is evident in
magnetically-driven manipulators with rigidly fixed magnets, as
they become unresponsive oncem aligns with B [32,33,44,45]. In
contrast, MAGTWIST provides a manipulator with bidirectional
270◦ tip rotation, allowing the two magnetically accessible DOFs
to be reoriented. This enables sequential access to any desired
rotation axis without imposing stress on the manipulator or
surrounding structures.

2.5 Design Validation

This section experimentally validates the torque response and
controllable locking function of MAGTWIST within a Helmholtz
coil setup that generates magnetic torque. The resulting reaction
moment (MR) is measured using a torque sensor (Figure 5A(i)).
Two actuation modes are applied in the experiments: dynamic
actuation with rotating fields of 15 mT amplitude at 0.8 Hz, and
static actuation with a linearly ramped magnetic field increasing
from 0 to 40 mT over 10 s (Figure 5A(ii)). While the dynamic
field produces continuous torque throughout the rotation cycle,
the static field applies a gradually increasing torque until a
snap-through event occurs.
Advanced Functional Materials, 2026
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FIGURE 5 (A) (i) Experiment setup with Helmholtz coil and torque sensor, (ii) Using rotating and ramped static magnetic fields. Rotating field
experiments: (B) Mean reaction moment (MR) over 0◦–270◦ comparing experiment and FEA. (C) Bidirectional measurements. (D) Reaction moment
across different actuation frequencies. (E) Cyclical fatigue loading of the variable-stiffness belt. (F,G) Static ramped field experiments: (F) Soft-state
actuation under a ramped field. (G) Stall torque in the stiff state. In (B, C, D, F, G), the mean is shownwith shaded regions indicating standard deviation;
panel (E) shows a representative trial.
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.5.1 Dynamic field actuation

igure 5B showsMR over θ ∈ [0◦, 270◦], in close agreement with
he results of the finite element analysis (FEA). Maximum peaks
f 4.2 N⋅mm (experiment) and 4.5 N⋅mm (FEA) are observed,
enoted as τsoft, which represents the torque required for rotation
t Tsoft. Figure 5C further shows MR measured bidirectionally
nder rotating fields, with a peak deviation of 0.35N⋅mmbetween
lockwise and counter-clockwise rotation. In Figure 5D, the effect
f actuation frequency (0.4–1.0Hz) ismeasured over θ∈ [0◦, 140◦]
ith the per-frequency mean ±SD shown. At each frequency,
wo reproducible peaks can be observed. Averaged across fre-
uencies, the first and second peaks are 4.12 (±0.20) N⋅mm and
.31 (±0.79) N⋅mm, respectively.

igure 5E shows a fatigue test with MAGTWIST undergoing
epeated load cycles of θ ∈ [0◦, 270◦, 0◦] at 1 Hz. As outlined in
ection 2.2, both strain (ϵbelt) and gap distance (dgap) increase
ver θ ∈ [0◦, 270◦] due to slider-induced stretching. As a
esult, the less constrained VS-belt is more prone to buckling
nd undergoes greater deformation as cycling continues. In
ddition, PLA exhibits time-dependent viscoelastic behaviour.
herefore, repeated load cycles may introduce localized plastic
eformation within the VS-belt material, potentially acceler-
ting material fatigue. This combination leads to traveling-
ave instability and failure after 38 cycles, with actuation
requencies >1 Hz expected to further decrease the load cycles
f FDM-printed PLA specimens due to mechanical fatigue
nd self-heating [46]. Load-cycle life could be improved by
educing local strain through optimized undulation geome-
ry, tighter tolerances, different polymer, supports to maintain
lider–belt contact, and adopting rolling elements to reduce
riction.

hese results confirm the accuracy of the simulation-based
R profile, highlighting frequency- and direction-dependent
dvanced Functional Materials, 2026
actuation characteristics, as well as fatigue limits and poten-
tial fatigue life improvements. Additionally, Figure S1 shows a
detailed view of the alignment andmechanical interactions of the
MAGTWIST components in the simulated model and physical
prototype.

2.5.2 Static field actuation

Actuating MAGTWIST with static fields offers an alternative
mode of operation when rotational fields are impractical due
to system constraints. However, static fields induce only 90◦ of
rotation per field direction; further rotation requires reorienting
the applied field. Under those conditions, at Tsoft, MAGTWIST
gradually alignswith the static field until it abruptly snaps at≈ 39◦
into full 90◦ alignment (Figure 5F). The snap-through occurs at
a torque of 6.3 N⋅mm, denoted as 𝜏softstat . Compared to τsoft, this
is higher by 1.8 N⋅mm due to static friction: torque rises until
the maximum static friction is reached, after which it abruptly
drops to the lower kinetic friction. In addition, the magnetic
torque decreases gradually over θ ∈ [0◦, 39◦] as the magnetic
moment moves away from perpendicular to the static field (see
Equation (1)).

The maximum stall torque is determined using a magnet
with a dipole moment of 8 A⋅m2. Across three trials at 20◦C,
MAGTWIST withstands an average stall torque of 250 N⋅mm
before the anchor of the VS-belt fractures. Compared to the
torque required for rotation in the soft state (τsoft ≈ 4.5 N⋅mm),
the measured stall torque of 250 N⋅mm represents a ≈ 56-fold
increase in stiffness, and exceeds the peak reaction moment
of 203 N⋅mm predicted by FEA (Figure 5G). These results
demonstrate a controlled switch between a low-torque state
for MAGTWIST rotation and a high-torque state for secured
positioning, an essential capability when used as a surgical end-
effector.
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Demonstrations

his section highlights the key advantages of MAGTWIST
hrough three demonstrations: The first demonstrates an exten-
ive range ofmotion through sequential obstacle navigation using
tepless rotation. The second demonstrates magnetic moment
eorientation with locking capability through distinct shape
econfigurations. The third combines tip rotationwith shape tran-
itions while utilizing the internal instrument channel, as shown
n a simulated tissue resection. In each experiment, MAGTWIST
s mounted on a continuum manipulator that combines low
lexural rigidity to allow bending, with high torsional rigidity to
educe undesired torsional effects. Two continuum sections are
onstructed from convoluted bellow tubes, reinforced with a
ouble-helix structure to enhance torsional rigidity. The manipu-
ator is divided into two segments. The distal segment comprises
AGTWIST, which (un)locks the rotation of the tip magnet,
hile the proximal magnet is fixed. The manipulator features an
nternal lumen for power supply and accessory deployment.

.1 Sequential Tip Rotation

his experiment demonstrates how MAGTWIST utilizes its wide
otation range on a manipulator to precisely control and guide an
bject through a series of obstacles.

AGTWIST is mounted on a robotic arm, with a manually
otatable external permanent magnet positioned beneath it
Figure 6A). Five acrylic plates, each with identical cut-outs,
re stacked with 8 mm gaps between them and rotated by 45◦
elative to each other to form an obstacle maze (Figure 6B (i)).
customized 3D-printed compliant gripper (3.8 mm diame-

er) is pre-inserted through the instrument channel to grasp a
0 mm long foam beam and guide it through the obstacle maze
Figure 6B (ii)). The gripper is engaged and released by manually
ctuating a handle.

n Figure 6C, the beam is initially positioned horizontally, at
45◦ angle to the first cut-out (Figure 6C (i)). To align with
he first cut-out, MAGTWIST is rotated 45◦ around the z-axis,
fter which the gripped beam is lowered and guided through
he first plate (Figure 6C (ii)). The 45◦ rotation and lowering
re then repeated while guiding the beam through each of
he plates in sequence (Figure 6C (iii–iv)). After guiding the
eam through all five cut-outs, the experiment is concluded by
ropping the beam at the 270◦ orientation by releasing the gripper
Figure 6C (iv)). See Video S2 for a complete demonstration. This
emonstration is performed with an average completion time of
35 s ± 18 s with successful placement of the beam in 2 out of 3
rials.

ermanent magnets generate non-uniform fields with strong
radients, making the shape reconfiguration of MAGTWIST
hallenging. Small changes in position and improper alignment
f the permanent magnet may induce spatially varying torques
long the manipulator, leading to unstable control. When prop-
rly aligned, however, forces generated by field gradients are
mall relative to the applied torque and do not impair rotational
ctuation.When actuatedmanually using an external permanent
agnet with a magnetic dipole moment of 230 A⋅m2, a minimum
of 16
reliably controllable angular displacement from rest of 2◦ ± 0.5◦
is achieved at a 130 mm distance (see Figure S2).

3.2 Shape Reconfiguration

Previous work on magnetic continuum manipulators with vari-
able stiffness segments have been developed to achieve selec-
tive bending [33, 44, 47, 48], or a combination of selective
bending and apical expansion [49,50]. Implementing multiple
fixed magnets along a manipulator’s length enables selective
control of individual DOFs without variable stiffness seg-
ments, but relies on highly localized magnetic fields, which
increases system complexity [43]. In contrast, fixed but oppo-
sitely magnetized magnets can be employed to achieve S-, C-,
and J-configurations under a uniform, non-localized magnetic
field [51]. However, a permanently fixed misalignment between
magnets constrains a manipulator’s deformation to 2D, planar
shapes.

MAGTWIST can overcome this bottleneck by rotating and
locking the distal magnet of a two-sectioned continuummanipu-
lator. Consequently, the manipulator can transition successively
between 2D and 3D shapes under a uniform, non-localized mag-
netic field (Figure 7A). When the magnetization of MAGTWIST
and the proximalmagnet are aligned in the absence of amagnetic
field, no torque is generated, and the manipulator remains in
an I-shape (Figure 7A(i)). Under a magnetic field of 20 mT,
both segments deflect in the same direction, and the manipu-
lator adopts a C-shape (Figure 7A(ii)). Rotating MAGTWIST by
180◦ creates a 180◦ misalignment between the magnetization of
MAGTWIST and the proximal magnet. Consequently, under a
magnetic field of 20 mT, the corresponding segments deflect in
opposite directions, causing the manipulator to adopt an S-shape
(Figure 7A(iii)). At 90◦ misalignment, MAGTWIST undergoes
out-of-plane bending, and the manipulator adopts an S-shape in
3D (Figure 7A(iv)). When the distal MAGTWIST is more exposed
to themagnetic field, it experiences a greater torque than the prox-
imalmagnet, and themanipulator adopts a J-shape (Figure 7A(v))
(see Video S3 for a complete demonstration). This demonstration
is performed three times with an average completion time of
118 s ± 20 s.

Shape reconfigurations are achieved by rotating MAGTWIST
under 20 mT in the soft state and by deflecting it under 30 mT
in the stiff state (Figure 7B). This approach uses a Helmholtz
coil to generate highly uniform fields, achieving a minimum
controllable angular displacement from rest of 6◦ ± 1◦ (see
Figure S2), with stopping possible at virtually any angle. Increas-
ing the field strength can further improve resolution, as smaller
angular misalignments then suffice to generate the required
torque. Notably, the distal MAGTWIST at the tip must rotate
relative to its proximal fixed counter-magnet. This rotation must
overcome both the restoring torque arising from their magnetic
interaction and the intrinsic actuation torque of MAGTWIST
(τsoft). A setup is designed to measure the maximum restoring
torque as a function of magnet spacing. This is achieved by
mounting the two magnets at right angles: one on a linear slide
and the other on a torque sensor (Figure 7C(i)). The experimental
results are in good agreement with the magnetostatic FEA,
showing that the restoring torque decays exponentially as the
Advanced Functional Materials, 2026
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FIGURE 6 Demonstration of MAGTWIST precisely guiding an object through an obstacle maze. (A) The device is mounted on a KUKA robot
arm for vertical motion, with a rotatable external permanent magnet (EPM) beneath providing magnetic torque. (B) (i) Five acrylic plates, each with
identical cut-outs rotated by 45◦ relative to the one below, form the maze, (ii) a 3D-printed compliant gripper, inserted through the instrument channel
and actuated manually via a handle, grasps a foam beam and guides it through the maze. (C) (i) Selected frames illustrate the process, with the beam
initially positioned horizontally at 45◦ to the first cut-out, (ii) MAGTWIST is rotated by 45◦ to align the beam with the first cut-out and then lowered
past the first obstacle layer, a sequence repeated for the second layer, (iii) the same rotation–lowering sequence continues through the third, fourth,
and fifth cut-outs, (iv) finally, the beam is placed on the ground, having been rotated step-wise through 270◦. Please refer to Video S3 for a complete
demonstration.
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agnet spacing increases (Figure 7C(ii, iii)). With the design
t hand, a 30 mm magnet spacing yields a restoring torque
f 0.5 N⋅mm, which must be accounted for when actuating
AGTWIST to achieve shape transitions in the two-section
anipulator.

.3 Simulated Tissue Removal under Magnetic
uidance

terine fibroids, also known as myomas, are the most common
enign tumours in women of reproductive age. They can cause
bnormal uterine bleeding, bowel dysfunction, and dyspareu-
ia [52]. Myomas are typically removed laparoscopically, called
yomectomy. When performed robotically, this procedure is
ssociated with significantly fewer complications [53]. During
laparoscopic myomectomy, large, dense fibrous myomas can
estrict the effectiveness of forceps. In such cases, the myomas
re removed using corkscrew myoma fixation devices, which
ary in thread design and pitch [54]. However, these instruments
ack an instrument channel, necessitating additional incisions
or tools such as a camera [55], thereby increasing patient
isks.
dvanced Functional Materials, 2026
To simulate a robotic-assisted myomectomy on fibrous tissue
using MAGTWIST, a custom-made myoma screw (8 mm diam-
eter) is mounted at the tip. A camera (0.9 mm diameter) and a
biopsy tool (2.3 mm diameter) are inserted through the 4 mm
lumen. A silicone model simulates a contorted organ structure,
while blueberries (target A and B) serve as stand-ins for uterine
fibroids (Figure 8A). The procedure is recorded from a top-down
perspective, with the oval inset showing the camera’s internal
view. The experiment is conducted inside a Helmholtz coil setup
to generate homogeneous magnetic fields for actuation.

Themanipulator is introduced into theworkspace from below via
a linear slide (Figure 8A). A static external field (Bext = 10mT) is
applied to induce a C-shape in the manipulator to reach target
A. Once target A is reached, the biopsy tool is deployed to collect
a sample (Figure 8B). MAGTWIST is then heated to 80◦C, and
a rotational magnetic field (Bext = 20mT) is applied to reorient
its magnetic moment (m1) by 180◦ relative to that of the fixed
magnet (m2) (Figure 8C). Due to opposite dipole directions ofm1
andm2, a subsequent static magnetic field (Bext = 20mT) induces
an S-shape in the cooled-down manipulator to reach target B
(Figure 8D). A 270◦ MAGTWIST rotation is then used to create
the screw’s drilling motion into target B (Figure 8D). Once the
9 of 16
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FIGURE 7 MAGTWIST rotation can be utilized for shape transformations in the stiff state: (A), (i) I-shape (no deflection), (ii) C-shape (magnetic
dipoles aligned), (iii) S-shape (magnetic dipoles misaligned by 180◦), (iv) 3D S-shape (magnetic dipoles misaligned by 90◦), and (v) J-shape (distal torque
amplification). Please refer to Video S2 for a complete demonstration. (B) Shape transformations are achieved by changing the magnetic moment of
MAGTWIST. (C), (i–iii) Experiment and simulation show the magnetic restoring torque decays exponentially with magnet spacing, reaching 0.5 N⋅mm
at 30 mm distance.

FIGURE 8 Simulation of robotic-assisted myomectomy using MAGTWIST. (A) Experimental setup with silicone model to replicate organ
structure, blueberries as targets A and B, and internal camera view. (B) C-shape induced by static field (Bext = 10 mT) to reach target A and deploy
biopsy tool. (C) Heating to 80◦C and application of rotational field (Bext = 20 mT) to reorient the magnetic moment (m1 vs.m2). (D) S-shape induced by
static field (Bext = 20 mT) to reach target B. (E) 270◦ MAGTWIST rotation to drill with myoma screw into target B. (F) Removal of target B through the
entry point. Please refer to Video S4 for a complete demonstration.

10 of 16 Advanced Functional Materials, 2026
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TABLE 1 Overview of the specifications of MAGTWIST.

Specification Value

Outer diameter 8 [mm]
Inner diameter 4 [mm]
Length 15 [mm]
Weight 5 [g]
Maximum range of motion 270 [◦]
Variabel-stiffenss belt thickness 0.6 [mm]
Slider diameter 1.5 [mm]
Slider angle 55 [◦]
Rotation torque in soft state 4.5 [N⋅mm]
Maximum stall torque in stiff state 250 [N⋅mm]
Minimum heating time 3 [s]
Minimum cooling time 5.3 [s]
Operating temperature 80 [◦C]
Maximum Power 50 [W]
Electrical Resistance 8 [Ω]
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crew is lodged securely within the target, the manipulator is
etracted, thereby removing target B and successfully simulat-
ng a myomectomy (see Supplementary Video S4 for complete
emonstration). This demonstration is performed five times with
n average completion time of 126 s± 12 swith successful retrieval
f target B in 3 out of 5 trials. It showcases that MAGTWIST can
apidly switch between locked and unlocked states, enabling both
hape changes for surgical site access and rotation-specific tasks.

Discussion

his work presents MAGTWIST—a novel rotary actuator,
nspired by peristalsis. An overview of its specifications is pro-
ided in Table 1, while Table S1 places MAGTWIST within the
roader context of existing actuation technologies, providing
benchmark across different performance attributes. The key
nnovation of MAGTWIST is the bidirectional rotation range
f 270◦, exceeding the 180◦ mobility of the human hand. The
orking principle is based on a traveling wave with shape
un)locking enabled by a tunable-stiffness polymer, allowing high
oad-bearing capacity.

revious studies have shown magnetically-actuated 2-DOF
risted end-effectors for neurosurgical and gastrointestinal resec-
ion tasks [11,56], as well as magnetic catheters for cardiac
blation and endoscopy [33,44]. Yet, none offer distinct end-
ffector rotation. Our novel traveling-wave concept is therefore
he first to introduce controllable and lockable tip rotation to
agnetically-actuated surgical instruments.

he load-bearing capacity of MAGTWIST primarily arises from
he traveling wave’s resistance to propagation, quantified by
he reaction moment (MR) between inner and outer shafts. To
nalyzeMR during wave propagation, FEA is used and validated
hrough experimental testing.MR rises markedly from 4.5 N⋅mm
dvanced Functional Materials, 2026
(4.2 N⋅mm FEA) in the soft state to 250 N⋅mm (203 N⋅mm FEA)
in the stiff state, a 56-fold (48-fold FEA) increase. Additionally,
the FEA highlights that MR is readily tunable through small
geometric edits, e.g., varying the VS-belt thickness from 0.2 to
1.0 mm, which spans nearly an order-of-magnitude change in
soft-stateMR,without significantly exceeding the overall architec-
ture. Moreover, continuous temperature variation of the VS-belt
enables continuous regulation of MR, allowing task-specific
load-bearing capacity.

The stiffness of the thermo-responsive VS-belt is tuned via Joule
heating. At room temperature in air, the heating response time
is 3 s at 1 A, and the cooling response time is 5.3 s. Owing to its
large surface-to-volume ratio, the VS-belt achieves a cooling rate
comparable to an active cooling strategy reported at 4.4 s [44]. An
active cooling system could be implemented to achieve cooling in
under 5.3 s.

Notably, heating behavior may differ in real biological environ-
ments, where tissue thermal conductivity, water content, and
perfusion rates influence heat dissipation. Although preliminary
results indicate constant heating characteristics in both air and
water, tissue heterogeneity and perfusion in vivo may reduce
heating and cooling efficiency, highlighting the need for real-
time temperature monitoring. The VS-belt is coated with silicone
to insulate its exterior to protect surrounding structures from
heat. However, an encapsulation failure would expose tissue to
temperatures near 80◦C, and could cause immediate thermal
injury. In addition, excessive leakage current poses a risk of
electric shock. Therefore, clinical implementation ofMAGTWIST
must comply with the IEC 60601-1 standards, which require the
leak current on the order of milli-to micro-ampere to prevent
electric shock, as well as safeguards against mechanical and
thermal hazards for robotically assisted surgical equipment [57].

Our proposed method of using a traveling-wave enables a 4 mm
inner lumen with an 8 mm outer diameter, compatible with
most commonly used trocars [58], easing the integration into
established clinical workflows. Moreover, 8 mm robot-assisted
laparoscopic instruments have been shown to significantly out-
perform 5 mm instruments in tasks such as peg transfer, circle
cutting, and intracorporeal suturing [59]. Nevertheless, load-
bearing components such as the inner and outer shafts are
currently 3D-printed. Manufacturing these parts from biocom-
patible metals such as titanium would permit further minia-
turization, potentially expanding MAGTWIST’s applicability to
endovascular procedures.

The VS-belt retains advantages of a compliant element, such as
eliminating the need for electro-mechanical components, simpli-
fying fabrication, and increasing precision. Traditional compliant
joints are usually limited to relatively small bending angles, as
they introduce geometric nonlinearities and accumulate stress
concentrations as the deflection increases [60]. Our traveling-
wave mechanism prevents stress concentrations, as the traveling
wave undergoes relatively stable deformation across 270◦. The
current 270◦ limitation stems from the planar heat-pressing
fabrication process, which introduces a seam and disrupts the
otherwise continuous ring structure of the VS-belt. Seamless
fabrication of the VS-belt, e.g., via 3D heat-forming, could remove
this discontinuity and enable full 360◦ rotation.
11 of 16
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he pick-and-place experiment (see Section 3.1) demonstrates
tepless 270◦ rotation, expanding the scope of magnetically-
ctuated end-effectors to tasks that require large and precise
ip rotation, such as grasping and cutting. Unlike conventional
echanical locking devices, which are constrained to discrete
ngagement positions [61], MAGTWIST enables, in principle,
nfinitely precise rotation through stepless engagement. This
s because the magnetic field strength—and thus the applied
orque—can be continuously controlled via the applied current.
n practice, however, precision may be influenced by factors
uch as non-uniform heating, non-uniform magnetic fields, and
S-belt-slider friction. While stick-slip does affect the onset of
otion, stopping can be achieved at virtually any angle. More-
ver, the close-up view in Video S1 shows no visually discernible
tick–slip events, suggesting thatmajor stick–slip effects are likely
egligible under the tested conditions.

s an end-effector, MAGTWIST uses rotation and subsequent
ocking to reorient its magnetic moment, thereby enabling
iverse magnetization profiles along a manipulator’s length. This
apability supports in situ shape transitions, allowing intricate
D and 3D configurations (see Section 3.2). Without a dedi-
ated rotational DOF, a reorientation of the magnet moment
ould require complex electromagnetic setups to generate highly
ocalized fields for each magnet, which does not exist for clin-
cal in vivo applications. By contrast, MAGTWIST can operate
nder uniformmagnetic fields, simplifying external field require-
ents, pointing toward new directions in magnetic manipulator
ctuation.

he combination of precise tip rotation and adaptable
haping provides access to hard-to-reach surgical sites and
nables demanding tasks, as demonstrated in the simulated
yomectomy (see Section 3.3). In this procedure, magnetically
nduced S- and C-shapes minimize interaction with the
nvironment during target access, while tip rotation drives
he myoma screw for target retraction. The integration of a
amera and biopsy tool further underlines MAGTWIST’s
ersatility.

uture developments of MAGTWIST will focus on extending the
otational range to 360◦ and transitioning to metal-based man-
facturing. In addition, integrating functions such as irrigation
nd suction, along with real-time feedback on force, shape, and
emperature, will enable closed-loop control and pre-clinical (ex
ivo) testing.

Experimental Section

.1 Materials and Fabrication of the VS-belt

o fabricate the heating element of the VS-belt, a thin foil (20 µm
n thickness) made of stainless steel (material no. 1.4301) with an
lectrical resistance of 0.072 × 10−6 Ωm and thermal conductivity
f 16.2 Wm−1 K−1 at 20◦C is used to achieve high-resistance. A
erpentine path is cut into the foil using a laser-cutter (Speedy
00, Trotec Laser, Austria) to increase the resistivity and uniform
eat distribution. This serpentine path forms an electrical circuit
oop with a resistance of 8 Ω at 20◦C. The heating element
s placed between two 3D-printed (fused deposition modeling)
2 of 16
sheets of polylactic acid filament (Ultimaker PLA, 2.85 mm,
MakerPoint, Netherlands) to form the 3-layered VS-belt. The
layers are then bonded together via heat pressing for 5 s at
170◦C. This creates a planar flexure that is then submerged in
water above (Tg) to shape it into a ring. The anchor is thinly
coated with high-temperature resin (RS-F2-HTAM-02, Formlabs,
United States) and cured using UV-C light for 30 min at 50◦C to
ensure rigidity duringMAGTWIST actuation. Afterward, 100mm
electrical wires for the power supply are connected to the heating
element. To prevent cable tension, a slack length is provided.

5.2 Materials and Fabrication of MAGTWIST

A diametrically magnetized ring magnet (HKCM Europe, grade
N40, 318~kJm−3, outer diameter 8 mm, inner diameter 4 mm,
length 9 mm) with an internal flux density of 1.25 T is used
to assemble MAGTWIST. The end cap, as well as the inner
and outer shaft, are 3D-printed on a Stratasys J750 3D printer
(Stratasys, United States) using transparent PolyJet photopolymer
(VeroClear, Stratasys, United States). The continuum bellows
tubes are fabricated from a semi-flexible composite (Agilus30–
eroClear, Stratasys, United States; Shore A90). The helical
structure embedded within the bellows is designed to enhance
torsional rigidity and has a pitch of 7.5 mm. It is fabricated from
a stiffer variant of the Agilus30-VeroClear composite and exhibits
an elongation at break of 30%.

5.3 Measurement of Reaction Moment

A 6-axis force/torque transducer (ATI Industrial Automation,
NANO 43, Apex, NC, USA) is employed to measure the reaction
moment, operating at an RDT (rate data transmission) of 7000Hz
with a 5 Hz sensor filter applied. The sensor remains stationary
during all tests. For statistical reliability, each measurement is
repeated three times.

5.4 Helmholtz Coil Setup

An electromagnetic coil setup is used for the design validation,
the shape reconfiguration demonstration, and the myomectomy
demonstration. It is capable of generating a maximum magnetic
field of 55 mT in any spatial direction within a cylindrical
workspace with equal radius and height of 65 mm [62]. The mag-
netic field strength and orientation are controlled by regulating
the currents in each coil.

5.5 Thermal Characterization

Thermal measurements in air are made using an infrared camera
(Ti400, Fluke Corporation, United States) that is placed 150 mm
from MAGTWIST. The measurement data are processed using
FLIR ResearchIR software, then analyzed and displayed using
MATLAB R2023. MAGTWIST is passively cooled at room tem-
perature between each measurement. In-water measurements
are obtained using a 1 mm diameter K-type thermocouple con-
nected to a thermocouple-to-digital converter module (Diligent
Pmod TC1, RS PRO, 134-6476) and an Arduino Nano during
Advanced Functional Materials, 2026
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esistive Joule heating (𝑡 ∈ [0, 20] s) and passive cooling (𝑡 ∈
180, 220] s). The thermocouple is positioned inside the undula-
ion of MAGTWIST and replaces the center slider of the outer
haft. Three measurements are collected for each applied current
f 0.6, 0.7, 0.8, 0.9, and 1.0 A in air, corresponding to powers of
.88, 3.92, 5.12, 6.48, and 8.00 W, respectively. For 2.5 A in water,
he power output corresponds to 50.0 W.

.6 Thermomechanical Characterization

he thermomechanical properties of the PLA are characterized
sing dynamic mechanical analysis with an EPLEXOR 2000
ystem (Gabo Qualimeter Testanlagen GmbH). The test involves
pplying a static preload to the samples, followed by sinusoidal
echanical vibrations at a frequency of 1 Hz. The temperature is
ncrementally increased from 0◦C to 80◦C at a rate of 2.5◦C per
inute. This method enables the evaluation of the PLA’s elastic
odulus as a function of temperature and strain rate.

.7 Finite Element Analysis

he reaction moment of MAGTWIST is simulated using COM-
OL Multiphysics 6.0 (COMSOL AB, Stockholm, Sweden),
mploying the Structural Mechanics module in combination
ith the Nonlinear Structural Materials module. The influence
f design parameters on the reaction moment is explored via
parametric sweep in which each design parameter is varied
ndividually. The VS-belt is modeled as a hyperelastic material
Neo-Hookean model), with temperature-dependent material
ata obtained from dynamic mechanical analysis implemented
ia interpolation functions in the Materials module to model
onlinear softening effects of the VS-belt. Boundary conditions
onsist of a fixed constraint to the anchor of the VS-belt, a
ixed constraint to the inner shaft, and a prescribed 270◦ rota-
ion to the outer shaft with a ramp factor of 0.001 to ensure
mooth loading. Inertia effects are neglected, and out-of-plane
eformations are assumed minimal, allowing the simulation to
e performed within a stationary study framework (quasi-static
onditions). Meshing is performed using a free triangular mesh
ith an element size of 0.05 mm, combined with boundary
ayer elements along the circumference of the VS-belt to capture
ear-surface effects. The model is analyzed in 2D to improve
omputational efficiency, leveraging the rotational symmetry
f MAGTWIST. Sliding contact between the VS-belt and the
hafts is modeled using a penalty method within a quasi-static
quilibrium sequence using a Coulomb friction coefficient of
.6. The nonlinear solver is configured using the double-dogleg
ethod, with a direct solver (MUMPS) employed for the system
f equations.

.8 Validation of Magnetic Model

he torque between the magnets is evaluated in a magnetostatic
EA using COMSOL Multiphysics 6.0 with the Magnetic Fields,
o Currents physics interface. A free tetrahedral meshwith a size
f 0.5 mm is applied within a cylindrical coordinate system, and a
arametric sweep is conducted in 1 mm increments to assess the
agnetic interaction. A testing apparatus is designed to evaluate
dvanced Functional Materials, 2026
the simulation accuracy and measure the torque between the
magnets experimentally. Two neodymium ringmagnets (used for
MAGTWIST) are held in a coaxial configuration: one magnet is
affixed to a torque sensor, and the other is rigidly attached to an
acrylic plate mounted on a linear slide. The dipole of the magnets
is misaligned by 90◦ to generate the maximum restoring torque.
Measurements are then recorded as the spacing betweenmagnets
is gradually increased in 2 mm increments.

5.9 Demonstration of Sequential Tip Rotation

MAGTWIST is connected to a robotic arm (Kuka LBR IIwa-
14 R820, Augsburg, Germany). A customized compliant gripper
is printed on a Stratasys J750 3D printer from transparent
VeroClear, with compliant flexures made from the semi-flexible
Agilus30–VeroClear composite (Shore A90). MAGTWIST rota-
tion is achieved using a N45 neodymium square magnet (length
120 mm, width 90 mm, thickness 20 mm). The robot arm
provides the verticalmotion, reducing the distance to the external
permanent magnet from 130mm to 50mm during operation. The
gripper is operated manually via a handle. As the target object, a
50 foam beam is used.

5.10 Demonstration of Shape Reconfiguration

MAGTWIST is mounted on a manipulator and suspended in the
Helmholz coil setup, and magnetic fields of ±20 mT are applied
to deflect the manipulator.

5.11 Myomectomy Demonstration

The myomectomy demonstration is conducted within the
Helmholtz coil setup. A silicone model, fabricated from Ecoflex
00-20 silicone rubber (Smooth-On, United States), pigmented
with red food dye and cured at room temperature for 24 h,
is used to mimic an organic structure. Blueberries serve as
the target tissue. For endoscopy and biopsy demonstrations, a
miniature camera of diameter 0.91 mm (MD-B1000-120-01, Mis-
umi Electronic Corporation, Taiwan) and a spike-free disposable
endoscopic biopsy forceps (Jiangsu ATEMedical Technology Co.,
Ltd., Changzhou, China) are used. To resect the target tissue, a
custom-built myomectomy screw is used and affixed to the tip
of MAGTWIST using adhesive (LOCTITE 401, Henkel Adhesive
Technologies).

5.12 Control and Power System

To control the actuation and heating currents, a triple-output DC
power supply (Aim-TTi EX354RT, Aim-TTi Instruments, UK) is
used for all experiments.
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