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Abstract
This study investigates the protrusion mechanism of the unsegmented marine worm Phascolosoma
stephensoni to inspire new actuation strategies for soft robotics. A magnetically driven, soft fluidic
transmission mechanism is developed to deploy a proboscis-like structure, achieving an elongation
ratio of up to 2.5 relative to the system’s initial resting length. The design integrates an active fluid-
filled trunk with four magnetic bending units (15 mm× 30 mm× 2 mm) and a passive proboscis
housed inside during rest. Under external magnetic fields, the units compress the trunk, driving
the proboscis deployment through fluid displacement, while hyperelastic passive strips enable its
retraction when the magnetic field is switched off. The units were fabricated from DragonSkin-10
silicone with 5 µmNdFeB particles at concentrations ranging from 40 wt% to 70 wt%. Increasing
particle content from 40 to 70 wt% yields a magnetization gain of up to∼200% and marked
improvements in bending performance. A trunk analytical model was developed and validated
with a 2.4% error to guide the proboscis design. Final performances were evaluated in terms of
proboscis displacement (up to 45 mm, i.e. a ratio of up to 2.5 relative to the system’s initial resting
length), internal pressure variation (up to 3 kPa), and tip force (up to 1 N). These results demon-
strate how optimizing magneto-mechanical properties enables a fully soft, wirelessly actuated flu-
idic transmission mechanism, paving the way for applications such as targeted delivery in con-
strained and delicate environments.

1. Introduction

The anatomy and biomechanics of biological organ-
isms have evolved to optimize both structure and
function across a wide range of tasks. Drawing inspir-
ation from natural systems enables the transfer of
their embodied intelligence into engineered devices,
paving the way for robots capable of adapting and
performing more effectively in unstructured and
dynamic environments [1–3]. In this context, several
bioinspired designs that mimic the musculoskeletal
architecture of various living beings have been pro-
posed to enhance the adaptability and versatility of
robots, enabling safe interaction with the environ-
ment as well as multiple degrees of freedom [4–7].
Among the diverse musculoskeletal designs found
in nature, invertebrates have emerged as a particu-
larly compelling source of inspiration in soft robot-
ics, due to their use of hydrostatic skeletons that

rely on internal fluid pressure to maintain shape and
enablemovementwithout the need for rigid compon-
ents. By contracting muscles against the fluid, force
is transmitted through internal pressure, providing
structural support while allowing highly flexible and
adaptable movements [8, 9]. This conversion of mus-
cular work into force or displacement is finely mod-
ulated through the deformation of soft tissues and
driven by the selective activation of muscle types spe-
cialized in either stronger or faster responses.

Among the vast class of invertebrates, worms
exhibit extremely wide functional and ecological
diversity in adapting and controlling movements
through muscle-driven mechanical responses in their
fully soft-bodied structures, thus enabling continu-
ous interaction with the environment in response
to external stimuli. However, most existing worm-
inspired devices focus almost exclusively on rep-
licating the peristaltic locomotion of segmented
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Figure 1. (A) (Top) biological worm used as a model for bioinspiration: P. stephensoni in its resting (left) and protruded (right)
configurations. (Bottom) schematic of the musculoskeletal system enabling proboscis protrusion. Starting from a state in which
the proboscis is retracted into the trunk due to the contraction of the retractor muscles (left), it is then protruded due to the con-
traction of circular muscles (right), which increase internal pressure while maintaining a constant coelomic fluid volume (V0),
thereby pushing fluid into the proboscis and driving its deployment. (B) (Top) artificial worm prototype in its initial (left) and
final (right) configurations. (Bottom) schematic of the actuation strategy. The bioinspired system features a fluid-filled artificial
trunk with four magnetically responsive bending units. (C) Schematic of the bending actuation units: each half of the unit (unit
length= l) shows a magnetization profile m through its thickness h, but in opposite directions. This thickness-wise magnetiza-
tion enables the unit to bend when an external magnetic field is applied along the+Z axis, resulting in trunk compression.

worms, involving wave-like contractions for for-
ward crawling. To achieve this, various actuation
strategies have been explored, including pneumatic
[10–14], magnetic [15–18], and thermal [19, 20]
actuation, shape memory alloys [21, 22] and dielec-
tric elastomers [23]. In contrast, unsegmented worms
have been much less studied, despite the fact that
their continuous body structure offers greater struc-
tural flexibility and potential for novel modes of
motion.
Marine Phascolosoma (P.) stephensoni (Sipunculidae,
Annelida) is an example of an unsegmented worm
which, owing to its lack of body segmentation, is cap-
able of undergoing significant morphological change.
Its body is composed of a proximal trunk and an
extendable anterior structure known as the probos-
cis, which can be protruded during specific behaviors
such as burrowing, exploration, or feeding. This pro-
trusion mechanism arises from the synergistic action
of the circular and longitudinal muscles working

together with the hydrostatic skeleton, which oper-
ates without volume changes. Initially, the proboscis
is fully contained within the trunk (figure 1). Then,
the contraction of the circular muscles surrounding
the internal fluid-filled cavity increases the coelomic
pressure. This rise in pressure drives the eversion of
the proboscis. Specifically, the proboscis does not
simply elongate by stretching its tissues, but instead
progressively unrolls outward as the internal pressure
increases.When free in seawater, P. stephensoni exhib-
its the ability to reach elongation percentages ranging
from 119 ± 42% to 217 ± 12% following proboscis
protrusion. Notably, in an agar-based hydrogel, the
worm has been observed to generate stresses of sev-
eral tens of kilopascals while navigating through the
medium [24].

A Sipuncula-inspired pneumatic design repor-
ted in the literature features a hollow, soft cyl-
indrical actuator enclosed within a rigid outer shell,
with a fluid-filled passive chamber at its core [25].
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When the soft actuator is pressurized, it compresses
the passive chamber, causing it to elongate up to
∼1.5 times its initial resting length. Furthermore, the
mechanism that extends the invaginated proboscis of
Sipuncula outward has inspired solutions such as vine
robots, in which a thin, inextensible soft tube is ever-
ted due to internal pressure, resulting in growth at
the tip [26–32].

As highlighted in table 1, these solutions rely
on pneumatic actuation and enable large elongation
ratios at high speeds. However, they require tethered
designs [26–28, 33], which lack the worms’ abil-
ity to dynamically respond to environmental stim-
uli, and even solutions with onboard actuation res-
ult in bulky designs, with diameters on the order of
10 cm or more, making them difficult to miniaturize
[34]. Conversely, smart materials offer the poten-
tial to embed responsiveness directly into the mater-
ial itself, thereby overcoming the bulkiness of tra-
ditional pneumatic actuation strategies and more
closely mimicking the adaptability of worms to
their surroundings [35]. These materials can act-
ively change their shape or mechanical properties in
response to external stimuli such as temperature, pH,
light, or magnetic fields. Importantly, some of these
stimuli can be controlled remotely, enabling wireless
actuation, which is a key advantage for applications
in confined, hard-to-access, or delicate environments
where tethered systems would be impractical.

In this scenario, magnetic actuation is particu-
larly advantageous because magnetic fields can pen-
etrate most materials without requiring physical con-
tact, unlike chemical stimuli such as pH, and without
line-of-sight constraints, as in light-based actuation.
In addition,magnetic actuation stands out for its abil-
ity to deliver precise control, safe interactionwith bio-
logical tissues, rapid response times, and high repeat-
ability, making it a promising solution across various
fields [37, 48]. Embedding hard magnetic particles
within a soft matrix allows for the imposition of loc-
alized magnetization patterns, enabling anisotropic
magnetization programming [38–41]. This aniso-
tropy supports the generation of distinct motion
primitives by dynamically reshaping the structure’s
geometry and achieving desired deformations under
external magnetic fields [38, 42–44, 48].

In bioinspired robotics, soft magnetic actuation
has been widely employed to develop worm-inspired
systems; however, most of these approaches focus
on replicating inchworm-like locomotion rather than
enabling substantial axial elongation [15, 36, 40, 45,
46]. Furthermore, most of these systems integrate
rigid magnets either along the body structure [15, 36]
or at the distal ends [45, 46], compromising the over-
all softness of the structure. One of the few worm-
inspired solutions capable of achieving elongation is
the magnetically driven folded diaphragm reported
by Lin et al [47]. Nevertheless, this system achieved
a limited displacement of only 5 mm in prototypes

with a diameter of approximately 20 mm. Aside from
this example, the use of magnetic actuation in axially
extendable systems has so far been limited to guid-
ing tip bending in pneumatic vine robots [27], and
its potential as a primary actuation strategy for linear
motion remains largely unexplored.

In this paper, we introduce a soft robotic architec-
ture inspired by Sipuncula worms that enables axial
displacement of a proboscis-like appendage through
a magnetically driven fluidic transmission mechan-
ism. The key novelty of this work lies in the integ-
ration of magnetically responsive bending units with
a fluid-filled chamber, such that external magnetic
fields induce localized bending wirelessly, generat-
ing internal fluid pressure that drives linear elonga-
tion without the need for wired or cabled connec-
tions. Unlike conventional soft systems relying on
pneumatic lines, rigid backbones, or tethered actu-
ation, the proposed design converts distributed mag-
netic deformation into controllable axial elongation
without rigid components, enabling untethered and
wireless operationwhile preserving the intrinsic com-
pliance of soft-bodied organisms. Particular attention
is given to the architectural and material trade-offs
governing performance, including stiffness gradients,
magnetic responsiveness, and fluid–structure inter-
action. We systematically characterize the elongation
behavior, defining the achievable displacement and
the force output at the system’s tip. The following
sections provide a detailed study of the design and
fabrication process, the experimental validation of the
proposed smart architecture, and highlight how the
synergy between magnetic actuation and optimized
soft material properties enables a new fluid-pressure-
based strategy for linear elongation.

2. Methods

2.1. Bioinspiration and design overview
The body of P. stephensoni can be divided into three
main parts (figure 1(A), supplementary video 1: bio-
logical inspiration and magnetically driven probos-
cis eversion mechanism animation): the proximal
trunk, which houses most of the muscles and internal
fluids; the intermediate proboscis, which can pro-
trude or retract into the trunk based on coelomic
fluid pressure and muscle contractions; and a distal
head, aligned with the trunk’s orientation and typic-
ally equipped with a mouth and sensory structures.
When the circular muscles in the trunk contract,
reducing its circumference, they compress the coelo-
mic fluid within the coelomic cavity of the hydrostatic
skeleton. According to Pascal’s principle, this com-
pression raises internal pressure, generating a push-
ing force and a fluid volume displacement from the
trunk into the proboscis, extending it outward. The
retraction phase is powered by specialized retractor
muscles that swiftly pull the proboscis back into the
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Table 1. A comparative table is provided to benchmark the proposed system against the state-of-the-art in vine robots, deployable soft structures, and magnetically actuated worm-inspired robots. The comparison includes key
performance metrics such as elongation ratio (defined as the ratio between the final and the initial length of the system), tip force, operating pressure, required actuation field strength, and bandwidth/speed. Additionally, the table
reports whether each system relies on tethered pneumatics or rigid structural constraints.

Max actuation

Max speed
∗

Max elongation ratio Max force field strength Tethered pneumatics Rigid parts Elongation

[36] Worm-inspired magnetic robot 8.9 mm s−1 0.28 N 45 mT No Yes No

[15] Worm-inspired magnetic robot 0.4 body length s−1 No Yes No

[16] Worm-inspired magnetic robot 1.67 mm s−1 ∼0.06 N 7 mT No No No

[25] Worm-inspired pneumatic robot ∼1.5 18 N 140 kPa Yes Yes Yes

[26] Vine pneumatic robot 10 m s−1 700 20 kPa Yes Yes Yes

[27] Vine pneumatic robot 20.7 kPa Yes Yes Yes

[28] Vine pneumatic robot 140 kPa Yes Yes Yes

[29] Vine pneumatic robot ∼30 N 20 kPa Yes Yes Yes

[30] Growing pneumatic robot 1.490 m s−1 20 N 150 kPa Yes Yes Yes

[31] Vine pneumatic robot 0.72 N 15 kPa Yes Yes Yes

[32] Vine pneumatic robot 0.309 m s−1 12 kPa Yes No Yes

[34] Vine pneumatic robot 6.1 cm s−1 80 N 3.45 kPa No Yes No

[37] Magnetic walking robot ∼0.25 mm s−1 40 mT No Yes No

[38] Magnetic soft robots No No No

[39] Worm-inspired magnetic robot 0.35 90 mT No No No

[40] Worm-inspired magnetic robot 80 mT No No No

[41] Magnetic walking robot 2 mm s−1 0.5 ∼250 mT No No No

[42] Magnetic walking robot 15 mm s−1 30 mT No No No

[43] Magnetic walking robot 2.46 mm s−1 13 mT No No No

[44] Magnetic walking robot 2.7 mm s−1 50 mT No Yes No

[45] Worm-inspired magnetic robot 12 mm s−1 (5 Hz) 12 mT No Yes No

[46] Magnetic walking robot 0.29 N No Yes No

[47] Worm-inspired magnetic robot 5 mm displacement 0.8 N 40 mT No No Yes

Our work Everting robot 90 mm s−1 2.5 0.95 N 250 mT No No Yes

∗ Max speed refers to elongation speed for systems relying on linear elongation and to locomotion speed for systems that move via crawling.
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trunk when contracted, enabling rapid retraction for
protection.

Like its biological counterpart, the proposed
solution includes a fluid-filled artificial trunk and
a deployable proboscis-like structure, on which a
sensor or an agent to be released can be integrated
(figure 1(B)). The trunk measures 30 mm in length
and exhibits a slightly bulged design with an aspect
ratio (L/D ≈ 1.5), approximately half that of sipun-
culid worms, which typically display trunk lengths
of around 12 mm and diameters of about 4 mm
(L/D ≈ 3). This design configuration was selected to
simplify fabrication and enhance structural stability
under internal pressure.

During the design process, the mechanical prop-
erties and magnetic responsiveness of soft materials
were strategically exploited to develop a fully soft sys-
tem capable of responding to magnetic stimuli and
wirelessly deploying its internal proboscis through
hydrostatic pressure. Specifically, the trunk wall
was fabricated from an ultra-soft silicone (EcoFlex-
0010, Shore hardness: 00–10), incorporating four
15 mm × 30 mm regions with a thickness of 2 mm
composed of a stiffer silicone (DragonSkin-10, Shore
hardness: 10 A) embedded with 70 wt% of NdFeB
hard magnetic microparticles (average particle size:
5 µm). These materials were carefully selected to
ensure that the trunk wall remained highly deform-
able, offering minimal resistance to the motion of
the magnetic bending units, while the embedded
segments provided increased actuation force thanks
to their higher stiffness, density, and magnetization.
The embedded regions function as actuation units
that mimic the role of circular muscles in biolo-
gical worms through targeted magnetization pro-
gramming. Specifically, theirmagnetization direction
causes them to fold inward under an external mag-
netic field aligned with the +Z axis, which leads to
a reduction in trunk volume and compression of the
enclosed fluid (∼20 ml of water). This deformation
generates hydrostatic pressure that drives the axial
deployment of the inner proboscis, effectively con-
verting magnetic input into linear extension without
requiring rigid components or tethered actuation.
An ultra-stiff silicone (Smooth-Sil 960, Shore hard-
ness: 60 A) was used to reinforce the trunk base,
as its high stiffness provides mechanical support
and structural stability during actuation. The pass-
ive proboscis is a 45 mm long, cone-shaped struc-
ture designed to accommodate nearly all the fluid dis-
placed by the magnetic artificial muscles. It is fab-
ricated from an ultrathin (200 µm) layer of ultra-
stiff silicone (Smooth-Sil 950, shore hardness: 50 A),
which remains compliant while providing the struc-
tural rigidity necessary to prevent undesired radial
expansion under internal fluid pressure.

When fully deployed, the proboscis enables the
system to achieve an elongation ratio of up to 2.5
times its initial resting length, closely mimicking

the morphological changes observed in sipunculid
worms. Specifically, the elongation ratio (λstructure) is
defined as:

λstructure =
Lf
L0

where Lf is the final length of the soft robotic structure
(75mm), and L0 is the initial length of the soft robotic
structure (30 mm) (table 2), corresponding to the
final and initial configurations shown in figure 1(B),
respectively. Specifically, the initial length is defined
as the height of the soft robotic structure when no
magnetic field is applied. In this initial configuration,
the trunk is not compressed by the magnetic bending
units, and the proboscis is retracted within the trunk.
Conversely, the final configuration occurs when an
external magnetic field actuates the bending units in
the trunk, compressing it and forcing the complete
protrusion of the proboscis. All lengths are referenced
along the centerline of the structure.

To replicate the retraction mechanism provided
by retractor muscles in Sipuncula worms, two passive
ultra-soft silicone strips (EcoFlex-0010, Shore hard-
ness: 00–10) measuring 20 mm× 2 mmwith a thick-
ness of 400 µm were symmetrically fixed from the
distal tip of the proboscis to the base of the trunk.
These strips act as elastic restoring elements that, once
the magnetic field is decreased, generate a retraction
force sufficient to drive the rapid and complete with-
drawal of the proboscis into the trunk, thus complet-
ing the actuation cycle.

2.2. Actuation units
2.2.1. Material characterization
Magnetic and mechanical properties of the mater-
ial employed for the actuation units were invest-
igated. To assess the impact of material composi-
tion on actuation performance and manufacturab-
ility, four different concentrations of hard magnetic
particles (40 wt%, 50 wt%, 60 wt%, and 70 wt%)
were evaluated using DragonSkin-10 (D10) silicone
as the polymer matrix. Although higher magnetic
particle loadings were initially explored, concentra-
tions above 70 wt% were found to introduce signi-
ficant processing challenges. In particular, increasing
particle content made it difficult to achieve uniform
dispersion within the silicone matrix, leading to local
variations inmagnetic andmechanical properties that
compromised actuation consistency. Higher particle
concentrations required substantially longer mixing
times to reach acceptable homogeneity. The extended
mixing process increased the temperature of the com-
posite, inducing partial premature curing of the silic-
one matrix prior to deposition with the film applic-
ator used to produce 1 mm thick layers. These effects
resulted in defects, non-uniform thicknesses, and less
reproducible actuation performance. For these reas-
ons, particle loadings above 70 wt% were not con-
sidered practically viable.

5



Bioinspir. Biomim. 21 (2026) 036007 I Cedrola et al

Table 2. List of the geometrical and experimental parameters used
in the design, modeling, and characterization of the magnetically
driven deployable structure throughout the manuscript.

Symbol Description

a Corner width

b Bulged state

cc Concave configuration

cv Convex configuration

w Width of the central trunk region

α Half-angle of the bending arc

θcc Bending angle in the concave configuration

θcv Bending angle in the convex configuration

Vo Volume of the trunk in its steady state

r Curvature radius of the bulged units

hb Height of the trunk in its steady state

t Arc length of the actuated bending unit

Ab Bending area

∆V cc Change in volume in the concave configuration

∆V cv Change in volume in the convex configuration

L Bending unit length

h Bending unit thickness

L0 Initial length of the structure

Lf Final length of the structure

λmat Elongation ratio of hyperelastic silicone material

λstructure Elongation ratio of the soft robotic structure

M Magnetization (i.e. the magnetic moment density per

unit volume)

m1 Magnetic moment

Bm Magnetic field for magnetizing

Ba Actuation magnetic field

α Bending angle

v1 Vector between end points of the reconstructed skeleton

v2 Vector along the length of the actuated unit

ρsilicone Silicone density

ρmix Composite density (NdFeB particles+ silicone)

ω Mass fractions

σ Nominal stress of hyperelastic silicone material

σm Saturation magnetization per unit mass

µp, αp Ogden material parameters

Fm Magnetic force

τm Magnetic torque

Mechanical properties of the soft magnetic com-
posite were evaluated by performing tensile tests in
accordance with the ISO 37:2024 standard, which
specifies methods for determining the tensile stress–
strain properties of elastomeric materials. The tests
were conducted using a uniaxial testing machine
(Instron 5695, Instron) with a 1 kN load cell.
Dumbbell-shaped samples were prepared and then
tested. Each test involved 50 deformation cycles at
a deformation speed of 200 mm min−1. The tensile
test results were obtained by testing five samples
for each silicone–magnetic particle combination, i.e.
D10–40 wt%, 50 wt%, 60 wt%, and 70 wt%.

Before performing the cyclic tensile tests, three
specimens for each combination of silicone and
magnetic particles under investigation underwent a
breakage test, and the corresponding elongation was
measured. As expected, the most rigid sample (D10–
70 wt%) showed the lowest strain at break, equal to

350%. This value was taken into account as a bench-
mark for performing cyclic tests, which were car-
ried out by setting a maximum strain of 100%. This
test allowed the investigation of a deformation range
substantially larger than that expected in the target
application while still remaining sufficiently below
the failure threshold to avoid specimen breakage dur-
ing testing.

The resulting stress–strain curves were fitted in
MATLAB using the Ogden hyperelastic model. Under
the assumptions of uniaxial stress conditions and an
incompressible, isotropic material, the Ogden model
defines the nominal stress (σ) of a hyperelastic mater-
ial as a function of the elongation ratio (λmat, defined
as the ratio between the final and the initial length of
the sample) and the material parameters, µp and αp,
using the following equation:

σ =
N∑

p=1

µp

(
λmat

αp−1−λmat
−
(

αp+2

2

))
. (1)

Then, the vibrating sample magnetometer
(Microsense, EZ9, USA) was employed to quantify
the magnetization of each silicone magnetic particles
combination. The samples were cut in a squared
shape (2 mm × 2 mm × 1 mm). The magnetic
moment (m1) along themagnetization directionwere
measured on five samples for each silicone magnetic
particles combination and then averaged across the
samples. The magnetization M (i.e. the magnetic
moment density per unit volume) was evaluated
considering the magnetic composite density (ρ), as
follows:

M

[
A

m

]
= σm

[
A ·m2

Kg

]
ρmix

[
Kg

m3

]
(2)

where ρmix indicates the density of the composites
and σm indicates the saturation magnetization per
unit mass, which was calculated from the magnetic
moment by dividing by the sample mass. The mass
was measured using a Quintix® analytical balance
(Sartorius Lab Instruments GmbH, Germany). To
estimate the overall density of the compositematerial,
composed of a silicone matrix and dispersed NdFeB
particles, the rule of mixtures was applied based on
mass fractions. When the composition is defined in
terms of weight percentage, the effective density ρmix

of the two-component system can be calculated using
the following inverse relation:

1

ρmix
=

ωsilicone

ρsilicone
+

ωNdFeB

ρNdFeB
(3)

where ωsilicone and ωNdFeB are the mass fractions of
the silicone and NdFeB particles, respectively, and
ρsilicone = 1.08 g cm−3 and ρNdFeB = 7.61 g cm−3

are their corresponding densities. This approach was
applied to composites containing 40 wt%, 50 wt%,
60 wt%, and 70 wt% of NdFeB particles.
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Figure 2.Magnetic bending actuation units function as artificial muscles within the proposed system. These units are fabricated
by mixing silicone with magnetic particles and forming films of the desired thickness h using a manual film applicator. The films
are then laser-cut into rectangular shapes. The resulting layers are magnetized in a folded configuration using a magnetizer that
applies a magnetic field of 3.5 T along the+Z-axis. As a result, the actuation units bend in response to an external magnetic
field.

2.2.2. Bending performances
As detailed in figure 2, the magnetic bending actu-
ation units were characterized by a thickness-wise
magnetization profile. Specifically, each unit consists
of two halves with opposing magnetization direc-
tions (one side magnetized positively and the other
negatively). In this way, under an external mag-
netic field applied along the Z-axis, the misalign-
ment between the field direction and the internal
magnetization induces a bending torque, producing
either concave or convex curvature depending on the
orientation. Consequently, a magnetic body with a
magnetic moment (m₁) placed in a magnetic field
(Ba) experiences a magnetic force (Fm) and a mag-
netic torque (τm), as given by equations (4) and (5),
respectively:

Fm =∇(m1 ·Ba) (4)

τm =m1×Ba. (5)

For the manufacturing of the actuation units
(supplementary video 2: fabrication and magnetiz-
ation process of the actuation units), DragonSkin-
10 silicone was prepared by mixing parts A and B
at a 1:1 weight ratio. NdFeB microparticles (average
particle size: 5µm;MQP-15-7-20065,Magnequench)
were then added at 70 wt% and homogeneously dis-
persed in the mixture using a planetary mixer (IGT
SimplyMix), after which the composite was degassed
for 1 min.

A 1 mm thick composite sheet was then fab-
ricated using a film applicator (Zehntner GmbH
Testing Instruments, Switzerland) and left to cure
overnight at room temperature. Then, rectangular
bending units (15 mm × 30 mm) were laser-cut
and subsequently folded and magnetized using an
impulse magnetizer (MAGNET-PHYSIK T-SERIES
MF-AsA-ø25.0× 60.0mm-1218).Magnetization was
performed using a single magnetic field pulse with
a peak intensity of Bm = 3.5 T to establish the
desired magnetization profile. The bending units
were designed to deform along their longitudinal
direction l (figure 1(C) and 2). Thus, during the
magnetization process, they were folded lengthwise
and magnetized through the thickness h. As a result,
the applied magnetic field was oriented perpendicu-
lar to the thickness direction of the actuation units.
A simple field-alignment jig was used during mag-
netization. Two square supports were employed to
maintain the desired orientation of the samples with
respect to the applied magnetic field, thereby minim-
izing misalignment and ensuring consistent magnet-
ization across specimens (see supplementary video 2:
fabrication and magnetization process of the actu-
ation units).

For each composite concentration, the bend-
ing performance was experimentally evaluated using
a commercial 8-coil electromagnetic field gener-
ator (Magneticbox). The applied magnetic field was
controlled in open loop through the system’s soft-
ware interface. Tests were conducted under varying
external magnetic field strengths (Ba = 10mT, 30mT,
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and 50 mT). Due to design symmetry, only half of
each bending unit was tested. Each test condition was
repeated five times on five different samples.

Images of the actuated bending units were cap-
tured and processed in MATLAB. Specifically, the
extraction of the bending unit’s skeleton enabled the
identification of the end points, thus allowing the cal-
culation of the bending angle α. Defining v1 as the
vector between the end points and v2 as the vector
along the length of the unactuated unit (see figure 5
in the results section), the bending angle αwas calcu-
lated as:

α=
180−

(
cos(v1·v2)−1

||v1||∗||v2||

)
2

. (6)

2.3. Artificial trunk
The artificial trunk was conceived as a fluid-filled,
bulged square prism (b = 2 mm) structure integrat-
ing four bending units, one on each side. Its optimal
designwas investigated to guide the subsequent devel-
opment of the proboscis, based on the maximum
volume of fluid that can be displaced during actu-
ation. A geometrical–analytical model was developed
to evaluate the variation in trunk volume during actu-
ation. Figure 3 presents the geometrical parameters
used in the model. The prototype deflection at the
rounded edges was not taken into account in the
model. The volume of displaced fluid depends on the
bending direction of the units, which can form either
a convex or concave shape.

In a steady state, when no magnetic field is
applied, the initial trunk volume V0 is calcu-
lated by considering two contributions, namely
the volume of the trunk without considering the
bulged region (V1) and the volume of the bulged
region (V2):

V1 =
[
(w+ 2 · a)2+π∗a2− 4 ∗ a2

]
· hb (7)

V2 =
1

2

[
4 ∗ rb2 ∗ 2 ∗αb ∗w− 4 ∗ hb ∗ t1b ∗w

]
. (8)

Due to the bulged configuration, a circular arc
is formed by the bending units, and rb corresponds
to its radius, while t1b = rb ∗ cos(αb) , as shown in
figure 3(A). The theoretical initial trunk volume V0

was found to be approximately 20 ml.
When the bending units bend inwards, a concave

configuration is obtained (figure 3(B)).
In this configuration, the bending units form

a circular arc with radius rcc when actuated and
exhibit a bending limit, as the units begin to interfere
with each other beyond a certain internal deflection.
Considering a circular sector of radius r and an arc
length equal to t, we assume that:

t1cc = rcccosα (9)

rcc = t1+ a (10)

a= rcccos(π −α) (11)

t2cc = rccsinα (12)

hcc = 2 t2. (13)

The application of the magnetic field results in a
change in the prototype volume∆Vcc:

∆Vcc = V0− Vfcc (14)

where the volume Vfcc = V1cc − V2cc represents the
trunk volume in the actuated configuration. The
volume V1cc corresponds to the volume of the square
prism after the height change (hcc), while V2cc is the
volume of the four lateral bulged regions, each with a
radius of c = 5 mm:

V1cc =
[
(w+ 2 · a)2+π∗a2− 4 ∗ a2

]
· hcc (15)

V2cc =
1

2

[
4 ∗ rcc2 ∗ 2 ∗αcc ∗w− 4 ∗ hcc ∗ t1cc ∗w

]
.

(16)

When the bending units bend outward
(figure 3(C)), a convex configuration is achieved,
and the change in volume depends on the degree
of bending (θcv), is there is no interference between
layers. For smaller bending, the bending units bulge
outward and can be assumed to take the shape of
an arc. However, for larger bending, the units are
observed to bend into a V-shape, and therefore the
volume calculation is based on a V-shape. The trunk
volume in the actuated configuration is:

∆Vcv = V0− Vfcv (17)

where the induced volume change (V fcv =
V1cv + V2cv) can be calculated considering the
volume change related to the height change (hcv),
whileV2cv is equal to the volume of the bulged region

V1cv =
[
(w+ 2 · a)2+π∗a2− 4 ∗ a2

]
· hcv (18)

V2cv =
1

2
[4 ∗ hcv ∗ dcv ∗w ] (19)

where the values of hcv and dcv were calculated as fol-
lows:

hcv = hbcos(θcv) (20)

dcv =
hb
2
sin(θcv) . (21)

The analytical model was experimentally valid-
ated through a set of tests to assess the amount
of fluid that the bending units can displace under
both directions of the magnetic field (supplement-
ary video 3: volume-change assessment for probos-
cis design). Specifically, prototypes were built con-
sisting of the trunk structure and a non-deformable
chamber placed above it to collect the internal fluid
displaced when the actuation units bend either into
a concave or convex shape, allowing the assessment
of trunk volume change. In this way, the change
in the fluid height (∆h) was measured, and the
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Figure 3. Geometrical model developed to evaluate trunk volume variation during actuation. (A) In the resting state, the actu-
ation units are bulged (b= 2 mm). Upon application of the magnetic field, the bending units respond to the stimulus, causing
the squeezing of the trunk. Depending on the direction of the magnetic field, either a (B) concave or (C) convex configuration
can be achieved.

volume change was calculated as ∆V = A * ∆h.
During the tests, the external magnetic field increased
up to 150 mT. Beyond this value, both configur-
ations collapsed onto themselves, preventing fur-
ther comparison. As the volume change in the con-
vex configuration strongly depends on θcv, it was
experimentally measured at 150 mT for properly
calculating the theoretical volume, and it resulted
in 44◦.

Tests were first conducted on trunk prototypes
incorporating 1 mm thick bending units. To fur-
ther increase the displaced fluid volume in the con-
cave configuration, additional tests were performed
on prototypes in which the 1 mm thick bending units
were modified by incorporating a groove along the
bending line, where the thickness was reduced from
1 mm to 0.5 mm. The groove acts as a mechanical
discontinuity that locally reduces stiffness, thereby
facilitating bending capability under magnetic actu-
ation. Then, the thickness of the grooved bend-
ing units was increased to 2 mm, thereby increas-
ing the amount of magnetic material incorporated.
Based on the obtained results, grooved bending units
with a thickness of 2 mm were fabricated and integ-
rated into the final trunk prototypes to enhance
fluid displacement capacity for proboscis actuation.
While the bending units used for initial bending
tests were produced using a film applicator, the
grooved bending units require the use of a dedicated
mold.

Knowing the amount of fluid volume that the
trunk can displace in a concave deformation, the pro-
boscis was subsequently designed as a conical struc-
ture with a total volume equal to 35% of the trunk
volume. This value, slightly lower than the maximum
displaced volume, was selected to optimize system
performance, ensuring reliable fluid transfer while
improving the efficiency of force generation during
actuation.

2.4. Manufacturing
The artificial trunk was manufactured using a mold-
ing technique, resulting in a continuous hollow struc-
ture with four magnetically responsive bending units
and passive interconnection areasmade of 1mm thick
E10 silicone. The bottom wall of the trunk was then
reinforced with a 1 mm thick layer of Smooth-Sil
960 silicone. The mold was designed using Autodesk
Fusion 360® (Autodesk Inc.) and included an inner
body and an external shell where the bending units
were positioned. The inner body was designed with a
height of 30 mm and a rounded square shape with a
radius of 4 mm.

Designed as a passive, cone-shaped structure,
the proboscis was made of Smooth-Sil 950 diluted
with 35% NOVOCS™ Matte (Smooth-On Inc.) by
volume. A dip-coating technique was employed to
create a thin-walled structure of 200 µm. The pro-
boscis was cured in an upside-down position to allow

9
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the silicone to flow downward, resulting in a very thin
final wall thickness.

After curing both the trunk and the proboscis,
the hyperelastic strips were attached to the worm-
inspired structure. Two strips, fabricated fromE10 sil-
icone, were fixed at one end to the base of the trunk
and at the other end 5 mm from the tip of the pro-
boscis. E10 silicone was selected for its high stretch-
ability; during eversion, it did not significantly limit
the deployment of the proboscis, while its spring-like
behavior facilitated its retraction. The strip dimen-
sions played a crucial role in achieving an optimal
trade-off between these two behaviors. The elastic
strips were cast with a thickness of 0.4 mm, a length
of 20 mm, and a width of 2 mm.

Finally, the worm-inspired structure was sealed
using silicone glue, and 17.5 ml of water was intro-
duced into the trunk via a syringe as the internal
fluid.

2.5. Performance characterization
To assess the performance of the final worm-inspired
soft structure, a N35 grade cylindrical external per-
manent magnet (EPM, outer diameter = 60 mm,
inner diameter = 10 mm, length = 70 mm) was
employed as a magnetic field source. The EPM was
modeled as amagnetic dipole withmagneticmoment
m2 (for r> 2 cm). Then, the magnetic field Ba (r)
produced by the dipole is [49]:

Ba (r) =
µ0

4π

(
3r(m2 · r)

r5
− m2

r3

)
(22)

where r denotes the displacement vector from the
center of the permanent magnet to the point at which
the field is calculated, and µ0 is the dipole permeabil-
ity constant.

In the experimental setup, the intensity and dir-
ection of the magnetic field applied along the Z-axis
were modulated by adjusting the pose of the EPM
through a robotic positioning system controlled in
open loop. The field strength ranged from 10 mT
(corresponding to r = 95 mm from the EPM) to
250mT (r= 5mm from the EPM) and wasmeasured
using a 3-axis Hall-effectmagnetic sensor (TLE493D-
W2B6, Infineon). To characterize the relationship
between magnetic field intensity and distance from
the EPM,measurements were repeated five times, and
the mean± standard deviation values are reported in
figures 6(A)–(I) (maximum standard deviation equal
to 2.17 mT). During these measurements, the Hall-
effect sensor was fixed at the same position as the
bottom base of the worm-inspired prototype during
the experiments, while themagnet wasmoved using a
robotic arm (Melfa RV-3S, Mitsubishi, Japan), start-
ing from an initial distance of r = 95 mm from the
sensor. Themagnetic field was continuously recorded
as the magnet approached the sensor. The distance
between the EPM and the sensor was controlled in

open loop through the robotic arm position control
software (RT ToolBox3, Mitsubishi, Japan), and the
magnet was progressively moved until the distance
reached r = 5 mm.

Tests were carried out using prototypes with and
without passive retractor muscles to evaluate their
influence on the overall actuation performance and to
assess whether the inclusion of these elements could
influence the stability of the structure. Three samples
were manufactured and tested for each configuration
(with and without retractor muscles). Each sample
was tested three times, and the resulting values were
averaged to calculate the mean and standard devi-
ation, enabling assessment of variability associated
with themanufacturing process. Specifically, the abil-
ity of the proposed solution to deploy the proboscis-
like structure in a controlled manner was assessed
by tracking its tip while increasing and decreasing
the magnetic field, using the experimental setup in
Figure S1A of the supplementarymaterials. Tip track-
ing was used to evaluate the proboscis displacement,
defined as the axial distance travelled by the probos-
cis tip during protrusion. The initial length (L0) cor-
responds to the height of the soft robotic structure
in its initial configuration, i.e. in the absence of an
applied magnetic field, when the proboscis is retrac-
ted inside the trunk (figure 1(B), left). At different
stages of protrusion, the current length L was recor-
ded, and the proboscis displacement was calculated
as the difference between the current length and the
initial length (L − L0), until reaching the final length
of 75mm (Lf), corresponding to a maximum probos-
cis displacement of 45 mm. All displacement meas-
urements refer to the central longitudinal axis of the
structure. The analysis included tip tracking along the
vertical (Z) direction, corresponding to the eversion
motion, as well as within the Z–X plane to assess
potential lateral oscillations of the tip during actu-
ation, using a custom MATLAB code (MathWorks,
R2023). Tip tracking was performed through a color-
based segmentation strategy in the HSV (hue, sat-
uration, value) space. Each frame of the video was
cropped to include only the area of interest and con-
verted to HSV; the pixels were then thresholded based
on their proximity to the reference values for hue, sat-
uration, and value. To improve robustness, the search
area in each framewas constrained to a circular neigh-
borhood centered on the previously detected tip loc-
ation. Morphological filtering was then applied to
remove noise and close small gaps, and the tip pos-
ition was identified as the uppermost pixel within
the segmented region. This frame-to-frame detection
with spatial constraints enabled reliable tracking of
the tip trajectory, which was subsequently converted
from pixels to physical units.

To monitor internal fluid pressure variations,
an MPXV4006 (NPX) pressure sensor was moun-
ted at the base of the prototype and connected to
a needle inserted into the device during actuation
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(figure S1(A), supplementary materials). Data were
acquired using a DAQ system (USB-6009, National
Instruments) controlled via LabVIEW.

In a second set of tests, pressure was meas-
ured simultaneously with tip force at different pro-
boscis displacements, ranging from 5 mm to the
maximum of 45 mm, using the experimental setup
in figure S1(B) of the supplementary materials.
The experimental setup included a 5 N load cell
(FS09, Inelta Sensorsysteme GmbH & Co.) con-
nected to a data acquisition system (USB-6009,
National Instruments), operated via LabVIEW for
signal recording (figure S1(B), supplementary mater-
ials). In all experimental tests, the prototype was posi-
tioned vertically under gravity on a rigid horizontal
plastic sheet. The device was unconstrained, with
the only boundary condition being frictional con-
tact between its base and the supporting plastic sheet.
Protrusion occurred freely in air, without mechan-
ical guidance or axial or lateral confinement. During
all the performance characterization experiments, the
speed of the EPM was maintained at 50 mm s−1.
Additional details on the experimental setup are
provided in the supplementary materials.

2.6. Dynamic characterization
To assess the ability of the final worm-inspired soft
structure to evert and retract its proboscis under
dynamic conditions, tests were performed by actuat-
ing the system at different magnetic field strengths.
The N35 EPM was mounted as the end effector of a
robotic arm (Doosan Robotics, Suwon, South Korea),
whose motion speed was controlled to enable modu-
lation of themagnetic actuation frequency. Three dif-
ferent magnet distance frequency values were tested,
namely f ₁= 0.5 Hz, f ₂= 0.6 Hz, and f ₃= 0.8 Hz. The
dynamic response under these conditions was evalu-
ated by tracking the motion of the proboscis tip dur-
ing both protrusion and retraction phases. As in the
performance characterization tests described above,
the tip position was tracked using a customMATLAB
code (MathWorks, R2023) based on a color-based
segmentation strategy in the HSV (hue, saturation,
value) space.

3. Results

3.1. Actuation units
The stress–strain curves resulting from tensile
tests at break, conducted on dog-bone specimens
using an Instron testing machine, are reported in
figure 4, while those from cyclic tensile tests fitted
using the Ogden hyperelastic model are shown in
figure 5(II). The Ogden model parameters (µp and
αp in equation (1) of each silicone–magnetic particle
combination are reported in table 3. The mechan-
ical characterization of the composites revealed a

progressive increase in stiffness with higher particle
content. As stiffness increased, the specimens exhib-
ited failure at lower strains during tensile tests at break
(figure 4). Nevertheless, even at the highest particle
concentration (70%), failure strains remained above
3 (i.e. a strain greater than 300%), which is far beyond
the strain levels expected in the proposed design and
therefore does not pose a limitation for the intended
application.

Magnetization measurements are reported in
figure 5(III). Based on equation (3), the estim-
ated densities of the composites were found to be
1.64 g cm−3 for 40 wt% NdFeB, 1.89 g cm−3 for
50 wt%, 2.21 g cm−3 for 60 wt%, and 2.71 g cm−3 for
70 wt%. Using the estimated densities together with
the saturation magnetization values, the magnetiza-
tionM was then calculated using equation (2).

The bending angle achievable by the actuation
units can be seen in figure 5(I). As expected, the
achievable bending angle was found to strongly
depend on the magnetic field strength and the con-
centration of hard magnetic particles embedded in
the composite structure. Indeed, the magnetization
properties of the material depend on two key factors:
the concentration of hard magnetic particles and
the elastomer density. Higher values of these factors
result in higher magnetization. This highlights the
importance of optimizing the balance betweenmech-
anical compliance and magnetic responsiveness to
achieve high-performance,magnetically actuated soft
structures.

Notably, increasing the particle content from
40 wt% to 50 wt% results in a pronounced enhance-
ment in bending performance, with an average
increase of approximately 44%, 16%, and 13% in
bending angle at 10 mT, 30 mT, and 50 mT, respect-
ively. This enhancement correlates with a substantial
gain in magnetization (from 6.75 × 10⁴ A m−1 at
40 wt% to 9.70 × 10⁴ A m−1 at 50 wt%), while the
mechanical stiffness remains similar, highlighting the
role of magnetic responsiveness in driving actuation.
Further increasing the particle content to 60 wt%
yields only marginal gains in bending performance
despite a continued increase in magnetization. This
indicates a potential saturation effect, where the bene-
fits of enhanced magnetization are offset by the
modest increase in stiffness, which begins to hinder
deformation.However, at 70wt%, amarked improve-
ment in bending angle is again observed across all
field strengths, suggesting that beyond a critical load-
ing threshold, the enhanced magnetic responsiveness
(magnetization equal to 1.26× 10⁵ A m−1 at 60 wt%
and 2.04 × 10⁵ A m−1 at 70 wt%, figure 5(III))
is sufficient to overcome the mechanical constraints
imposed by the stiffer composite. Based on these
results, a 70 wt% concentration was identified as
the optimal choice, combining superior bending per-
formance with preserved manufacturability.
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Figure 4. Break test results of dog-bone-shaped specimens made of DragonSkin-10 silicone filled with NdFeB hard magnetic
microparticles at different concentrations: (I) 40 wt%, (II) 50 wt%, (III) 60 wt%, and (IV) 70 wt%. Each plot shows the stress–
strain response of three independent samples subjected to a single uniaxial tensile test until failure. As the filler content increases,
the composites exhibit increased stiffness and a marked reduction in elongation at break, indicating increased brittleness.

Figure 5. The mechanical and magnetic properties of DragonSkin-10 at 40 wt%, 50 wt%, 60 wt%, and 70 wt% magnetic particle
concentrations were analyzed to assess the best compromise between manufacturability and bending capabilities of the actuation
units. (I) Comparison of the bending angle tests. For each configuration, the bending performance was evaluated by captur-
ing and analyzing MATLAB images of the actuated units under different magnetic fields. Skeleton extraction was applied to the
images to identify the endpoints of the structure and calculate the bending angle α. Additionally, for each configuration: (II)
cyclic stress–strain data were measured using an Instron testing machine, and (III) magnetization values were evaluated using a
vibrating sample magnetometer.

3.2. Artificial trunk
Tests conducted on trunk prototypes incorporat-
ing 1 mm thick bending units showed that the
concave design achieved a trunk volume change
of 3.04 ± 0.12 cm3, corresponding to 17.4% of
the initial volume (V0), whereas the convex design
produced a volume change of 0.88 ± 0.01 cm3,
corresponding to 5.04% of V0, demonstrating the
superior performance of the concave configuration.
Experimental tests carried out on the prototype with
1 mm thick bending units incorporating a groove
along the bending line showed a trunk volume change
of 3.8 ± 0.03 cm3 (21.7% of V0). Finally, tests con-
ducted on trunk prototypes incorporating 2 mm
thick bending units with the groove enabled a height

increase of ∆h = 1.286 ± 0.045 cm, correspond-
ing to a trunk volume change of 7.70 ± 0.26 cm3,
equivalent to 43.9% of V0 (supplementary video
3: volume-change assessment for proboscis design).
This result is also in good agreement with the the-
oretical predictions, with a relative error of about
2.4% between the analytical model (45%) and the
experiments (43.9%).

3.3. Performance characterization
Upon full proboscis deployment, the worm-inspired
structure reaches a final body length of 2.5 times its
initial length, closely mimicking the elongation cap-
abilities of real worms (figures 6(A)–(II) and (B)–
(II)). During tests, displacement occurred primarily
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Table 3. Ogden parameters for DragoSkin-10 at different NdFeB particles concentrations (i.e 40 wt%,
50 wt%, 60 wt%, and 70 wt%).

DragonSkin-10

40 wt% 50 wt%

µ1 = 1.54 E+ 00 α1 = 1.14 E+ 01 µ1 = 3.56 E+ 03 α1 = 5.07 E+ 00

µ2 = 1.96 E+ 07 α2 = 1.03 E-02 µ2 = 7.34 E+ 02 α2 = 0.001 E+ 00

µ3 = 5.07 E+ 03 α3 = 4.46 E+ 00 µ3 = 3.35 E+ 07 α3 = 5.13 E-03

R2 = 0.99 R2 = 0.99

60 wt% 70 wt%

µ1 = 1.74 E+ 07 α1 = 0.12 E-01 µ1 = 5.19 E+ 02 α1 = 8.73 E+ 00

µ2 = 3.90 E-07 α2 = 2.93 E+ 01 µ2 = 9.580 E+ 07 α2 = 3.60 E-02

µ3 = 3.34 E+ 03 α3 = 5.32 E+ 00 µ3 = 1.49 E+ 05 α3 = 1.84 E-01

R2 = 0.99 R2 = 0.99

along the Z-axis, with negligible lateral movements
(<1 mm) in the prototypes without passive hypere-
lastic strips. In contrast, the addition of hyperelastic
strips resulted in significantly larger lateral oscilla-
tions, reaching up to 5.06± 0.04 mm during deploy-
ment and 6.5 ± 0.05 mm during retraction. This
behavior can be attributed to the elastic restoring
forces generated by the strips; while they enable the
retraction of the proboscis, they likely introduced
asymmetric stresses during actuation, possibly as a
result of geometric or material imperfections intro-
duced during manufacturing.

As shown in figures 6(A)–(III) and (B)–(III), at
the beginning of the actuation, the pressure increased
sharply,marking the onset of proboscis displacement.
Beyond this point, the pressure curve leveled off, even
as the magnetic field strength continued to rise. This
stabilization likely occurred because the fluid was no
longer confined within the trunk but was progress-
ively transferred into the extending proboscis, where
material eversion accommodated the fluid without
further pressure build-up. While the worm-inspired
structure without retractor muscles reached a max-
imum pressure value of 2.53± 0.07 kPa, the structure
with retractormuscles required higher fluid compres-
sion to overcome the resistance of the hyperelastic
strips. Indeed, the maximum fluid pressure value was
2.94 ± 0.01 kPa. At low proboscis displacements, the
force response of the two configurations (with and
without hyperelastic strips) was comparable, with the
latter even showing slightly higher values (maximum
force of 1024.97± 63 mN and 956.15± 28.3 mN for
the prototypes without and with retractor muscles,
respectively; figures 6(A)–(V) and (B)–(V)).

At larger displacements, however, the trend was
reversed. As the elongation increased, the hyperelastic
strips underwent significant stretching, which con-
siderably amplified their restoring forces. This strain-
stiffening effect, intrinsic to hyperelastic materi-
als, progressively opposed the actuation, thereby

reducing the net force output of the prototypes with
strips relative to those without strips. For the proto-
type without strips, at a displacement of 40 mm (i.e.
5 mm before the maximum extension), the residual
force was interpreted as the force required to coun-
terbalance the force exerted by the strips while still
allowing proboscis eversion.

As expected, the internal pressure exhibited
a decreasing trend as the proboscis displacement
increased, reflecting the redistribution of fluid from
the confined trunk into the extended proboscis. It is
worth noting that when proboscis deployment was
complete, the pressure value was almost equivalent
to the maximum pressure recorded during previous
unconstrained displacement tests.

In this work, themaximummagnetic field applied
is limited by the capabilities of the EPM used in the
experiments, with the prototype positioned at 5 mm
from the magnet. Although higher field intensities
cannot be achieved under the current setup, it should
be noted that the applied field is already relatively
strong. Additionally, extreme curvature of the bend-
ing units is limited because excessive bending can lead
to self-contact between adjacent units, mechanic-
ally restricting further motion and reducing effective
actuation. As demonstrated by the model described
in section 2.3—artificial trunk, and schematized in
figure 3(B), in this concave configuration the bending
units form a circular arc with radius rcc when actu-
ated, and a bending limit is reached when the units
begin to interfere with each other beyond a certain
internal deflection.

Excessive bending could also compromise the
overall structural stability. In this respect, sufficient
stiffness of the bottom base is essential. Moreover, the
presence of a longitudinal groove along the median
line of the bending units helps mitigate potential
buckling phenomena by promoting controlled bend-
ing in the desired direction while suppressing unin-
tended deformations.

13



Bioinspir. Biomim. 21 (2026) 036007 I Cedrola et al

Figure 6. Performance of the worm-inspired structure without (A) and with (B) passive retractor muscles. (I) Magnetic field
intensity applied along the Z-axis by adjusting the EPM pose, ranging from 10 mT (r= 95 mm) to 250 mT (r= 5 mm). (II)
Deployment controllability: the proboscis tip was tracked along the Z- and X-axes (zoomed view), using the experimental setup
in figure S1(A) of the supplementary materials. (III) Fluid pressure variation during free proboscis deployment. (IV) Fluid pres-
sure variation, while also measuring (V) the tip force at different proboscis elongations, using the experimental setup in figure
S1(B) of the supplementary materials.
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Figure 7. Tip displacement of the proboscis during cyclic actuation at different excitation frequencies: (I) 0.5 Hz, (II) 0.6 Hz,
and (III) 0.8 Hz. The tracked displacement over time shows repeatable elongation–retraction cycles with peak displacements of
approximately 45 mm. Minor residual offsets after retraction are visible at some frequencies, likely due to fluid redistribution and
viscoelastic effects within the soft structure.

3.4. Dynamic characterization
The cyclic actuation behavior of the systemwas evalu-
ated at three different magnet movement frequencies
(0.5 Hz, 0.6 Hz, and 0.8 Hz), while the tip displace-
ment of the proboscis was tracked over time (figure 7
and supplementary video 4: dynamic response of the
magnetically driven deployable structure). The res-
ults show a consistent and repeatable response across
all tested frequencies, with the device reaching peak
displacements of approximately 45 mm during each
cycle.

Overall, the system exhibits stable periodic beha-
vior throughout the actuation cycles. A slight resid-
ual displacement can be observed at the end of some
cycles, indicating that the proboscis does not always
fully retract to its initial position. This small offset is
likely related to fluid redistribution and viscoelastic
effects within the soft structure. Nevertheless, the
deviation remains limited and does not significantly
affect the repeatability of the actuation, confirm-
ing the robustness of the proposed magneto-fluidic
mechanism over the investigated frequency range.

3.5. Potential applications
The system’s ability to generate linear movement,
combined with its fully polymeric, biocompatible
structure and high deformability, makes it a prom-
ising platform for a broad range of applications.
These include medical use, agritech, and environ-
mental exploration, where gentle interaction with
delicate elements such as biological tissues, plants,
or fragile ecosystems is required. Potential applica-
tions were explored in which the bioinspired system
could be employed for the projection or controlled
release of substances such as drugs, fertilizers, nutri-
ents, or seeds. A substance delivery scenario was sim-
ulated in which a small capsule was placed at the pro-
boscis tip (supplementary video 5: potential applica-
tions: delivery scenario and payload ejection). In one
configuration (figure 8(A)), the magnetic field was

increased gradually by controlling the motion of the
EPM through the robotic positioning system oper-
ated in open loop (EPM speed= 50mm s−1), and the
capsule was fixed at the tip of the structure, mimick-
ing a targeted and gradual release. In the second con-
figuration (figure 8(B)), the application of the mag-
netic field, again regulated in open loop via the EPM
motion (EPM speed = 100 mm s−1), induced a sud-
den extension and dynamic acceleration of the pro-
boscis tip, resulting in payload ballistic ejection.

4. Conclusions and discussions

Soft linear actuators are mainly inflatable systems in
which elongation is achieved through direct pres-
surization. The main objective of this work was to
develop a novel soft actuation strategy, in which lin-
ear motion is enabled by a bioinspired, magnetic-
ally driven fluidic transmissionmechanism. Different
solutions for fluidic transmission have been repor-
ted in the literature [50–54], often relying on pneu-
matic inflation of internal chambers. Upon pressur-
ization, these systems experience radial expansion,
typically constrained by rigid external elements to
favor axial motion. An example inspired by Sipuncula
worms is the solution proposed by Filogna et al [25],
which achieves an elongation ratio of approximately
1.5, compared to the 2.5 reached by our system.
Moreover, that approach relies on tethered pneumat-
ics and incorporates a rigid case to constrain the radial
deformation of an air-driven pneumatic chamber,
typically operated at pressures on the order of 140 kPa
(see table 1). In contrast, the present solution achieves
an elongation ratio of 2.5 through a wireless and
entirely soft architecture. This is enabled by a tailored
distribution of material stiffness, which intrinsically
regulates deformation direction and eliminates the
need for rigid constraints, while actuation is driven
by magnetic fields of approximately 250 mT.
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Figure 8. Sequential snapshots illustrating two distinct substance release modalities of the worm-inspired smart structure. (A)
Targeted and localized release: the capsule remains attached at the tip while the payload is gradually released. (B) Active impulsive
release: the capsule, resting freely on the tip, is rapidly ejected upon sudden extension induced by a sharp increase in the magnetic
field.

Similarly, other state-of-the-art systems inspired
by the protrusion mechanism of Sipuncula worms
rely on pneumatic actuation and therefore require
large external pumps to inflate the everting chambers
[26, 27, 32]. Although these approaches can achieve
extremely large elongations (up to 700%) and high
speeds (on the order of 10 m s−1), their reliance
on external pneumatic devices inherently limits their
applicability in specific contexts. For instance, the
presence of pneumatic lines poses significant chal-
lenges in environments that must remain sealed or
sterile, as they represent potential sources of leak-
age and contamination. Additionally, their reliance
on external drivers prevents the implementation of
fully untethered actuation strategies, while in solu-
tions with onboard actuation, it is difficult to mini-
aturize the system to dimensions below the order
of tens of centimeters [34]. As a result, the use of
such devices is constrained in compact, sealed, or
difficult-to-access environments. In contrast, the pro-
posed magnetically driven soft actuator enables flu-
idic transmission through untethered actuation, fea-
turing a magneto-responsive trunk and a fully pass-
ive proboscis inspired by the protrusion mechanism
exhibited by Sipuncula worms.

After identifying the optimal combination of sil-
icone material and magnetic particle concentration,
experimental results demonstrated that the soft struc-
ture successfully achieves both protrusion and retrac-
tion, mimicking the behavior of its biological coun-
terpart. Retraction was achieved by means of two

hyperelastic strips, attached at one end to the pro-
boscis and the other end to the trunk base. Upon
increasing the magnetic field, the soft robotic struc-
ture elongated up to 2.5 times the trunk’s initial
resting length, while the elastic strips exhibited an
elongation ratio of up to 4.5, owing to their intrinsic
softness. When the magnetic field was reduced,
the magnetic bending units recovered their initial
configuration, and the spring-like behavior of the
strips facilitated the retraction of the proboscis into
the trunk.

Although the integration of hyperelastic strips
introduced slight asymmetries (and consequently
minor reductions in stability) their presence was cru-
cial to achieve reliable retraction. Indeed, negative-
pressure-driven retraction alone could not guarantee
effective functioning.

The relationship between the bending of the
trunk actuation units and the resulting fluid displace-
ment was described through a mathematical model.
The model estimated a volume change of 45%, while
experimental measurements yielded 7.70± 0.26 cm3,
corresponding to a 43.9%volume change. This level
of agreement supports the model validity under the
tested conditions.

Experimental tests demonstrated that the mag-
netically induced bending motion of the actuation
units can be effectively converted into the lin-
ear displacement of a fully passive soft proboscis,
achieving output forces of up to 1 N. In contrast
to state-of-the-art systems, where magnetic fields are
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predominantly employed to enable inchworm-like
locomotion rather than controlled elongation [40, 45,
46], the proposed architecture achieves axial deploy-
ment through the synergistic coupling of magnetic
actuation and fluid-mediated pressure transmission.
Additionally, embedding magnetic particles within
the soft matrix eliminates the need for rigid compon-
ents, such as discretemagnets integrated into the body
structure [15, 36]. This hybrid mechanism enables an
efficient conversion of magnetically induced bending
into hydraulic pressure. As a result, the system gener-
ates higher tip forces than previously reported mag-
netically driven systems, reaching up to 1 N, com-
pared with 0.28 N in [36], 0.06 N in [16], 0.29 N in
[46], and 0.8 N in [47] (see table 1). Furthermore,
devices of comparable size relying on direct magnetic
actuation typically achieve displacements of only
about 5 mm [47], whereas the proposed magneto-
fluidic transmissionmechanism enables strokes of up
to 45 mm, corresponding to an approximately nine-
fold increase in displacement. These characteristics
make the proposed approach particularly suitable for
operation in constrained and delicate environments,
where conventional tethered soft robots face signific-
ant limitations.

Despite the promising performance achieved, sev-
eral factors currently define the operational limits
of the proposed system. One aspect concerns the
working fluid used inside the trunk. In the present
prototype, water was employed as the internal fluid
due to its simplicity and availability. However, water
can partially diffuse through silicone over time and
exhibits a small but non-negligible compressibility.
These effectsmay slightly reduce the efficiency of fluid
transmission during repeated actuation cycles. Future
work will therefore investigate alternative fluids with
lower permeability and different compressibility to
further improve actuation efficiency and long-term
stability of the system. In addition, themagnetic com-
posite used for the actuation units requires a com-
promise betweenmagnetic responsiveness andmech-
anical compliance. Increasing the concentration of
NdFeB particles enhances magnetization and bend-
ing torque but also increases the stiffness of the com-
posite, which can limit deformation capability and
potentially affect long-termdurability under repeated
actuation cycles. Finally, asymmetries in the actu-
ation behavior may arise from geometric or mater-
ial imperfections introduced during the manufactur-
ing process, such as small variations in particle dis-
persion, layer thickness, or bonding between com-
ponents, which may affect the symmetry of the sys-
tem. At present, the system is fabricated at the centi-
meter scale, largely due tomanufacturing constraints.
In the future, the adoption of advanced additive
manufacturing techniques may enable further mini-
aturization, allowing the device to reach dimensions
closer to those of the real worm and paving the way
for applications in different fields.
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