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ABSTRACT

Peristaltic locomotion and transport are fundamental biological mechanisms used in soft-bodied organisms (e.g., earthworms) and
anatomical structures (e.g., the gastrointestinal tract) to generate axial movement through coordinated muscle contractions. However,
bioinspired multipurpose peristaltic systems for both locomotion and transport remain underexplored. This work presents a small-
scale, lightweight, untethered, fully soft magnetic robot that locomotes in different environments and transports cargo within its
hollow body. It is composed of eight 1-mm-thick and 30 mm long elastomeric strips featuring helical magnetization profiles, generat-
ing peristaltic waves under uniform rotating magnetic fields (10-80 mT, 1-5Hz). A coupled magneto-mechanical finite-element
model numerically predicts the robot’s deformation and is experimentally validated (RMSE ~ 1 mm). Robot capabilities are demon-
strated through locomotion over solid cylindrical rods, reaching peak speeds of 33.45 mm min™" (1.1 body lengths min™), and inside
narrow lumina, yielding speeds up to 124.17 mm min~" (~4.1 body lengths min™"). Peristaltic cargo transport of solid spheres and
cylindrical rods within its lumen is also demonstrated. Multifunctional demonstrations combining cargo transport and locomotion,
including bridging lumina gaps, are also reported. The robot’s soft, lightweight, and untethered design allows operation in complex
environments without embedded power sources, enabling several potential biomedical and industrial applications.

1 | Introduction demands [2-4]. One such strategy involves peristalsis, which is

exploited by soft-bodied organisms like earthworms to crawl and

Bioinspired robotics seeks to replicate the efficiency and adapt-
ability of living organisms, drawing inspiration from the embod-
ied intelligence of their anatomical structures, which enables
them to perform and adjust to diverse and unstructured environ-
ments. In this regard, the musculoskeletal structures of animals
have become a primary source of inspiration for the development
of robots with enhanced versatility and robustness in real-world
applications [1].

Locomotion in animals occurs through a wide range of move-
ment strategies, each activated by precisely evolved anatomical
structures and adapted to specific environments and functional

burrow efficiently [5]. This type of locomotion relies on the pres-
ence of a hydrostatic skeleton, where internal fluid pressure pro-
vides structural support, enabling the coordinated contraction
and relaxation of muscles to generate movement. Since peristal-
sis is characteristic of animals with a musculoskeletal system
that lacks rigid structures, it represents a particularly valuable
principle in soft robotics. Apart from locomotion, peristaltic
movements of muscles are also a fundamental biological mech-
anism vital for numerous functions in animals and humans.
Peristalsis enables transportation of substances such as food
and fluids through rhythmic contraction waves propagating
along tubular soft structures, such as the esophagus, stomach,
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and intestines [6-8]. This ability of peristalsis to facilitate loco-
motion and transport has inspired the development of different
robotic systems, demonstrating how the same movement strategy
can be adapted to meet diverse functional demands.

In literature, peristalsis has been achieved using shape memory
alloys (SMA), tendon-driven, motor-driven, pneumatic, piezoelec-
tric, light-driven, or magnetic actuation. One of the earliest exam-
ples of peristaltic robots was a multisegment robot actuated using
SMA springs. Each segment had an SMA spring that contracted
longitudinally when heated, causing radial expansion of the sili-
cone shell. Upon cooling, the shell elasticity restored its shape.
The Meshworm used a similar approach, with coiled SMA
actuators around a braided mesh structure, enabling segmented
contraction and relaxation to replicate earthworm-like undulatory
locomotion [9, 10]. SMA actuators have also been reported com-
bined with tensegrity structures acting as individual segments
[11]. SMA actuation suffers from a low response time and is inef-
ficient as significant energy is lost through heating. Although SMA-
based solutions are often tethered, battery-powered options could
enable untethered operation, though this would increase the bulk-
iness of the robot [9]. Tendon-driven peristaltic actuation has been
shown on Softworm which is a robot made of a continuously
deformable mesh for pipe-inspection. Individual segments of the
robot can contract radially and expand longitudinally upon pulling
of the corresponding cables to translate the robot [12, 13]. While
tendon-driven actuation can achieve faster response time, it
requires complex routing and suffers from friction and backlash.
The need for intricate routing and multiple strings also makes
fabrication more complex. Additionally, tendon-driven systems
suffer from being tethered, limiting their reach for remote environ-
ments. Zhang et al. demonstrated peristaltic robots that utilize mul-
tisegment Sarrus linkage modules and cylindrical motor-cam-
driven transmission systems to achieve earthworm-inspired bur-
rowing and locomotion for underwater archaeological sampling.
While such system improves structural strength of the robot, it
is bulky, complex, challenging to be scaled-down, and tethered
[14]. Pneumatic peristaltic soft robots were demonstrated by
Nakamura et al. who used cylindrical actuators able to contract
longitudinally and expand radially upon pressurization. Multiple
actuators were arranged coaxially with a tension spring along
the axis acting as an endoskeleton and building up a complete peri-
staltic robot [15]. Similarly, pneumatic peristaltic robots have been
shown for multiterrain crawling, pipeline inspection, and intestine
inspection [16-18]. By programming the pressure profile of each
segment, such robots can move in different media and in confined
spaces [15, 16]. While all the above examples have no working
channels, which prevents them from carrying cargo, other peris-
taltic soft robots have been shown for transport applications.
Suzumori et al. and Uzawa et al. demonstrated segmented pneu-
matic systems capable of cargo transport [19, 20]. While pneumatic
systems are compliant, they also need tethered tubing which makes
the robot bulky and prone to leakage, thus significantly limiting the
feasibility of miniaturized, untethered systems.

Bio-inspired intestine robots have been demonstrated that utilize
coupled rotational-contraction dynamics of antagonistic chiral
Kresling origami structures and unidirectional valves to achieve
directional transport through peristaltic motion. The system
achieves high transport speeds, large payload capacity, and stable
operation across varying inclinations, but the dependence on a

servo-driven mechanism for wave propagation makes it difficult
to be miniaturized or untethered [21]. Piezoelectric peristaltic
micropumps have been demonstrated that utilize traveling waves
on polymer membranes to transport liquids [22]. In contrast to
SMA, tendon-driven, and pneumatic solutions, piezoelectric
actuators can be sub-cm scale but require a bulky control and
powering system [23]. While they have fast response times
and high precision, they suffer from being tethered and with lim-
ited deformation, and they require very high driving voltages. In
the attempt to go towards untethered soft peristaltic robots, a
light-driven device was demonstrated by Xia et al. using smart
hydrogels, capable of directional transport of liquids [24]. In
another work, Palagi et al. proposed a soft microrobot made
of liquid-crystal elastomers driven by structured monochromatic
light and able to generate traveling-wave motions to self-propel
[25]. While light-driven solutions can be untethered, lightweight,
and sub-cm scale, they still require a line of sight, complicated
lighting systems and they can suffer from slow response time.

In this context, magnetic actuation stands as a promising alter-
native approach, especially for locomotion in confined and com-
plex environments, as it enables untethered operation with an
off-board power source [26-30]. Additionally, magnetic solutions
can also be lightweight, simple to fabricate, and show program-
mable large shape transformations [26, 31]. For instance, Wen
et al. recently demonstrated magnetoactive bistable soft actuators
capable of large, programmable shape transformations under low
magnetic fields, leading to a promising energy efficient multi-
functional magnetic soft robotic system [31]. An example of
magnetic peristaltic robot was demonstrated by Dong et al. to
transport viscous fluids and solid cargo. Soft sheets composed
of magnetic cilia that produced an undulating motion were
attached to the inner wall of a tubular structure. By synchroniz-
ing the motion of the cilia along the length of the robot, a peri-
staltic wave is generated that transports cargo within the tube
[32]. Even though this design proves to be particularly interest-
ing, it cannot be exploited for locomotion, as the peristaltic move-
ment is restricted to the internal surface of the robot, limiting its
adaptability and its capability to respond to different functional
demands. Another example of a magnetic peristaltic robot was
introduced by Zhang et al. who demonstrated an intestine-
inspired tubular magnetic soft peristaltic pump, providing only
preliminary, gravity-assisted demonstrations of liquid and cargo
transport [33]. Additionally, this solution is particularly tedious
to fabricate due to the voxel-by-voxel assembly process, which
requires specialized and expensive machinery to achieve the
tailored magnetization profile. While these two studies show
the capability of magnetic peristaltic soft robots at the cm [32]
and mm [33] scales, they remain limited to transport tasks,
without addressing the potential of peristalsis for robot locomo-
tion. As evident from Table 1, none of the existing studies have
achieved a truly multipurpose system capable of effectively and
seamlessly merging locomotion and transport within a single
solution. Moreover, none of the locomotion studies have yet
shown locomotion on rods. This limitation arises either from
the absence of a free working channel due to bulky actuation
mechanisms or the need for stable anchorages that restrict free
movement. To overcome this gap, we propose a magnetic
peristaltic robot that leverages frictional interactions with
the surroundings to achieve both locomotion across different
environments through a bio-inspired approach and cargo
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TABLE1 | Summary of state-of-the-art peristaltic robots. The ability to perform locomotion and transport and the need to have tethers/line of sight

are highlighted for different peristaltic robot examples in the literature.

Study Actuation technology Untethered/no line of sight Locomotion Transport
[9] SMA No Yes No
[10] SMA No Yes No
[11] SMA/tensegrity structures No Yes No
[12, 13] Tendons No Yes No
[14] Sarrus-linkage/cam driven No Yes No
[15] Pneumatic No Yes No
[16] Pneumatic No Yes No
[17] Pneumatic No Yes No
[18] Pneumatic No Yes No
[19] Pneumatic No No Yes
[20] Pneumatic No No Yes
[21] Origami/motor No No Yes
[22] Piezoelectric No No Yes
[24] Light No No Yes
[25] Light No Yes No
[32] Magnetic Yes No Yes
[33] Magnetic Yes No Yes
Present Magnetic Yes Yes Yes

transport leveraging a hollow cylindrical body. The robot is
made of 8 thin sheets of soft magnetic material, each having
a spiral magnetization profile along its length, and assembled
side-by-side using soft silicone spacers. The magnetization
profile, as reported in the literature, enables the formation
of peristaltic waves along the length of the robot [33]. The
result is a fully soft, hollow cylindrical structure that is unteth-
ered and lightweight, offering an efficient and versatile solu-
tion with a unique combination of multifunctionality, robust-
ness, and fabrication simplicity. Our jig-assisted magnetization
method enables the generation of truly continuous spiral
magnetization profiles through a substantially simpler and
lower-cost manufacturing strategy, compared to fabrication
solutions proposed in literature [33]. Furthermore, through
smart exploitation of friction, the proposed robot exhibits
robust locomotion both on rods and within luminal environ-
ments and is able to transport solid objects. This work is
further supported by comprehensive numerical modeling of
both the overall robot behavior and its individual constituent
components.

2 | Results and Discussion
2.1 | Peristaltic Robot

The peristaltic robot (Figure 1) was 30 mm in length and 9 mm in
diameter with a 7 mm diameter lumen. An example helical mag-
netization profile within one of the eight soft magnetic composite
strips is shown in Figure 1B. The starting direction of the helical
magnetization profile at the top end of the whole robot is

illustrated on the left side of Figure 1C. When a magnetic field
is applied along the Y-axis, the top end contracts along the Y-axis
and expands along the X-axis, creating a constriction. If the mag-
netic field is now rotated, the entire robot also rotates or rolls on
the surface, as the robot essentially acts as a single magnetic
domain in this case. However, if the robot is prevented from rota-
tion (e.g., by friction), the constriction formed at the top, indi-
cated by black arrows in Figure 1D, propagates along the
robot length in the —Z direction when the applied magnetic field
(red arrows) rotates in the X-Y plane along the +Z direction, thus
generating a peristaltic wave. Conversely, rotating the magnetic
field in the —Z direction causes the peristaltic wave to travel in
the +Z direction. For a complete wave formation in the robot as
shown in Figure 1D, one full twist of the helical magnetization
profile along the length (L) is required (twist angle of 360° L ™).
This ensures continuous peristaltic motion of the robot with con-
tinuous rotation of the magnetic field acting uniformly along the
entire length of the robot. Using this motion, the robot can both
locomote and transport cargo (Figure 1E).

Each twisting unit produces a longitudinal twist when actuated.
The behavior of the strips was modeled and experimentally vali-
dated in terms of their twist angle under varying magnetic field
strength. The magnetic field induced torques on the twisting unit
were modeled as opposing tangential stresses on its boundaries
(Figure S1). Such distributed magnetic torques, which are diffi-
cult to represent directly in conventional continuum mechanics,
were first approximated in previous work by discretizing each
robot into ten equal magnetized elements [34]. Then, a refined
torque-mapping formulation that offers substantially improved
accuracy was subsequently developed [35]. The results indicate
that the model successfully captures the behavior of the twisting
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FIGURE1 | Small-scale magnetic peristaltic robot concept and working principle. (A) Peristaltic robot prototype. (B) Example of helical magneti-

zation profile in one of the magnetic composite strips. The arrows within the strip indicate the direction of magnetization. (C) When a magnetic field is

applied along Y, the top-most layer of the robot constricts. (D) If the robot is prevented from rolling, this constriction travels along the robot body when a

uniform rotating field is applied. The direction of rotation of the magnetic field, which acts uniformly along the entire body of the robot, is shown in red

following the right hand rule. (E) The robot can be used for locomotion and cargo transport applications.

units, accurately predicting the numerical values and the trend in
twist angles as the magnetic field strength increases (Figure S2).

The behavior of the complete robot, which is a combination of
twisting units (Figure 2), was similarly modeled under varying
rotating magnetic field strengths. The induced torques on the
robot used for the model are shown in Figure S3. As with a single
twisting unit, the robot was fixed at one end, and identical
boundary conditions were applied in the simulation. However,
unlike single twisting units, the complete robot shows peristalsis.
To validate the model, the robot prototype was actuated with the
magnetic fields rotating in the X-Y plane, perpendicular to the
robot axis. The shape of the robot in the Y-Z plane was captured
using a camera. Figure 2A shows a comparison of the experimen-
tally captured shapes with those generated by the model at fields
along X, Y, —X, and —Y directions at a strength of 30 mT. The
position of the narrowest section in the robot from the fixed
end was derived experimentally and compared with the values
from the model in Figure 2B. It is worth noting here that even
if the absolute minima for narrowest width occurs at the top end
when the field is applied in the —X direction, there is a local min-
ima at a position 24.13 mm from the fixed end, indicating that the
constriction has indeed traveled down from the top-end. The
deformation of the free end was also recorded using a camera.

Figure 2C shows a comparison of the experimentally captured
shapes with those generated by the model at four field orienta-
tions at a strength of 30 mT. For numerical validation, the con-
striction length of the free end along the X-axis measured from
experimental images was compared with model predictions. As
shown in Figure 2B,D, the model accurately predicts the robot
shape changes across magnetic field strengths and orientations.
The root mean square error (RMSE) between the experiments
and simulation in all four directions was found to be very
low, just 1.02mm for narrowest width position (Figure 2B),
and at most 0.75 mm observed in case of 20 mT field strength
for constriction length (Figure 2D). The model also predicts wall
contact at 35 mT when the field is applied in the -Y direction,
which was also observed experimentally.

Peristaltic locomotion relies on the propagation of rhythmic con-
traction waves along the body. Depending on how friction is mod-
ulated during the contraction phase, the resulting movement can
either oppose or align with the direction of wave propagation.
Without anchoring, the robot would simply rotate as if it was a
single magnetic dipole. Anchoring through friction not only pre-
vents the entire robot from rotating but also provides a stable point
against which the body can push, thus enabling forward locomo-
tion. The direction of movement depends on where the anchoring
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robot between the model prediction and experiments in Y-Z plane, when a magnetic field (30 mT) is applied as shown by red arrows. (B) The position of
narrowest width along Z-axis (shown with black arrows in (A) for varying magnetic field strengths and directions compared between model prediction
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shown by red arrows between the model prediction and experiments. (D) The constriction length along X-axis (shown with pink arrows in (C) for
varying magnetic field strengths and directions compared between model prediction and experiments (N =5). Scale bar: 5 mm.

occurs relative to the peristaltic wave [36]. When anchoring (fric-
tion) takes place in contracted regions, the body moves opposite to
the direction of wave propagation (friction-enhancing model). On
the other hand, when anchoring takes place in expanded regions,
the body moves along the direction of wave propagation (friction-
reducing model). This behavior has been exploited to control
the direction of robot peristaltic motion depending on whether
it moves on a cylindrical rod or within a narrow lumen
(Figure 3). The peristaltic robot moves opposite to the direction
of peristaltic wave over the rod (Figure 3A, anchoring at contracted
regions) and in the direction of the peristaltic wave inside the
lumen (Figure 3B, anchoring at expanded regions). This behavior
illustrates the critical role of friction in controlling peristaltic loco-
motion and highlights robot physical intelligence in adapting to
different environmental conditions or functional needs.

2.2 | Locomotion of the Peristaltic Robot

The magnetic robot was able to locomote over rigid cylindrical rods
(Figure 4). A 6 mm rod diameter was chosen because it increased
the frictional interaction between the actuated robot and the rod,
thus suppressing rolling. Instead, it gave rise to longitudinal peri-
staltic waves which resulted in locomotion of the robot (Figure 4A
and Movie S1). An example of distance traveled by the robot over a
rod 3D printed with Biomed Clear resin (Formlabs), tracked and
plotted against time is given in Figure 4B. A linear fit on this data
resulted in R* of 0.999 which confirmed the steady, constant speed
of locomotion. The robot achieved a similar average speed of just
over 6 mm min~' (approximately 0.2 body lengths min™) across
different rod materials (Biomed Clear, PET-G, PLA) when driven
by a 70 mT field rotating at 1 Hz (Figure 4C). Its ability to move
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moving. The figure illustrates how the same direction of rotation of magnetic field results in the same temporal sequence of shape changes but results in
locomotion in opposite directions in the two different configurations, i.e., over the rod (A) or inside a lumen (B). (A) When the robot travels over a rod of
6 mm diameter, friction acts on its contracted area and the locomotion is in the opposite direction as the peristaltic wave. (B) When the robot travels

inside a hollow lumen, friction acts on its expanded area and the locomotion is in the same direction as the peristaltic wave.

effectively over substrates with varying coefficients of friction (see
Supporting Information) demonstrates robust peristaltic locomo-
tion across diverse surface conditions. The possible combinations
of magnetic field strength and rotation frequency provided by the
electromagnetic actuation system are listed in Table S3. For each of
the possible actuation conditions, the resulting locomotion speed

speed increases both with increasing magnetic field frequency
and strength consistent with the state of the art theoretical predic-
tions [36]. Locomotion speed grows with driving frequency because
higher frequency generates more peristaltic cycles per unit time
and therefore greater net displacement per unit time, provided
the body can still follow the imposed frequency. It is also predicted

was measured (Table S4) and plotted in Figure 4D. Locomotion that the speed starts plateauing and does not increase indefinitely.
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FIGURE 4 | Linear locomotion of the peristaltic robot over a cylindrical rod of 6 mm diameter under rotating magnetic fields (70 mT, 1 Hz).

(A) Timestamped sequence of images showing the steady movement of the robot over a BiomedClear rod. (B) Distance traveled by the robot over a
BiomedClear rod plotted against time (70 mT, 1 Hz). A linear fit resulted in R* of 0.999. (C) Robot speed comparison over 6 mm rods made from different
materials (N=5). (D) Robot speed comparison on a 6 mm BioMedClear rod with different magnetic field strengths and rotational frequencies (N =5).
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In our experiments, we observe such behavior through asynchro-
nous motion especially at low field strengths as the plateauing
occurs at lower frequencies (Table S3). It is possible that such asyn-
chronous behavior at higher field strengths may occur at frequen-
cies beyond the limits of our field generator. Furthermore, the
peristaltic wave amplitude depends on the magnetic field strength
(Figure 2). However, due to the presence of the rod, increasing the
field only slightly enhances deformation of the robot, leading to a
modest increase in locomotion speed as observed in Figure 4D. For
low fields (0-20 mT), it is possible that the robot does not press hard
enough on the rod to create strong, well-localized “anchors” in the
contracted regions, so internal waves do not translate efficiently
into net motion. As the field increases, the normal force between
the robot and the rod in the contracted zones also increases,
strengthening the effective “anchors.” Beyond a certain limit
(80 mT), the normal force at the “anchors” is already saturated
and further increase in speed was not observed. Overall, the highest
mean speed observed was 33.45 mm min~' which was for 70 mT
field strength at 5Hz and which corresponds to approximately
1.1 body lengths min~!. Therefore, for further experiments,
70 mT field strength was used for further investigations of robot
behavior.

Apart from 6 mm rods, 4, 5, and 7 mm rods fabricated by the
same material (Biomed Clear) were also tested to investigate
the range of diameters for successful peristaltic locomotion
(Movie S1). Rods of 7 mm diameter, nearly matching the robot’s
internal diameter of 7 mm, resulted in no observable locomotion,
as the limited clearance prevented sufficient deformation and
radial contraction of the robot and thus failed to generate peri-
staltic waves. In contrast, rods of 5 and 4 mm diameters also
failed to produce locomotion, with the robot exhibiting rotation
following the magnetic field rather than peristaltic anchoring
and propagation. This asynchronous behavior arises because
the reduced normal force and contact area in these configura-
tions prevents the establishment of sufficiently strong, localized
“anchors” in the contracted regions. Therefore, 6 mm rod diam-
eter proved to be an optimal compromise to provide sufficient
deformation and strong anchor points for peristalsis.

The untethered soft robot proved also capable of leveraging peri-
stalsis to navigate inside a narrow hollow lumen (with internal
diameter 1 mm larger than the robot structure) made out from
the same Biomed Clear material as the rod (Figure 5A and
Movie S2). Once again, locomotion speed was observed to
increase with increasing rotating magnetic field frequency
(Figure 5B) as higher frequency generates greater net displace-
ment per unit time. In this case also the speed does not double
(or triple) by doubling (or tripling) the frequency and remains
slightly lower as predicted by Tanaka et al. [36]. The highest
mean speed observed was 124.17 mmmin~" (applied field:
70 mT at 5 Hz) corresponding to approximately 4.1 body lengths
min~'. Additionally, when the robot moves within a narrow
lumen, the robot is free to deform more in response to the applied
magnetic field. This is in contrast to the case when the robot
moves on a cylindrical rod, where the presence of the rigid
rod limits the deformations that the robot can achieve in
response to the external magnetic field. Consequently, the robot
moving within the narrow lumen achieves a higher speed
(Figure 5) compared to the case of movement over the rod
(Figure 4). Apart from 10 mm lumen, 11 and 12 mm lumina
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FIGURE 5 | Linear locomotion of the peristaltic robot in a
BiomedClear lumen of 10 mm diameter under rotating magnetic fields
(70 mT, 1 Hz). (A) Timestamped sequence of images showing the steady
movement of the robot in the BiomedClear lumen. (B) Comparison of the
speed of the robot inside the lumen with different rotational frequencies
of the magnetic field at 70 mT field strength (N =5).

fabricated again by BiomedClear were also tested. We found that
the robot shows asynchronous behavior resulting in unpredict-
able movement, due to reduced normal force which generates
weak anchor points (Movie S1).

The robot ability to exploit peristalsis to navigate into narrow
lumina under rotating magnetic fields could enable several
real-world applications. As proof of concept, we showed how
the robot could reach a target point featured by a structural dis-
continuity (i.e., a gap), exploit peristalsis to overcome the gap,
and continue its movement forward or reconnect the lumen
for allowing fluid transport (Figure 6). The robot was actuated
within a hollow flexible lumen whose internal diameter
(9.6 mm) was just slightly bigger than the diameter of the robot
(9 mm), propelling itself forward using peristaltic motion (70 mT,
3 Hz). Upon reaching the discontinuity in the lumen, the robot
continued its propulsion into the adjacent, axially aligned lumen,
effectively overcoming the gap (up to 9 mm) between the two
structures. At this point, the robot could continue its locomotion
forward or act as a bridge between the two lumina. Upon fluid
injection, the robot could help fluid transport thus allowing dis-
continuity bridging. This capability is supported by the soft
nature of the robot and by the adhesion between the flexible
lumen and the robot external surface. Notably, a perfect match
between the outer diameter of the robot and the inner diameter
of the lumen is not desirable as such a condition could substan-
tially hinder the peristaltic locomotion of the robot. Instead, the
soft robot under current experimental conditions enables peri-
staltic locomotion while maintaining sufficient conformity to
the lumen wall to support fluid transport. When water flow is
initiated, it quickly fills any small interfacial voids between
the robot wall and the flexible lumen, and no visible leak is
observed during operation (Movie S3).

2.3 | Cargo Transport

The transport capabilities of the peristaltic robot were demon-
strated with two types of cargo: a cylindrical rod and a spherical
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1 Bridging the gap

.|

FIGURE 6 | Overcoming and bridging gaps in lumen with the peristaltic robot. Scale bar: 10 mm.

bead. For the cylindrical cargo, a 3D-printed solid rod (4 mm
diameter, 90 mm length) was inserted through the hollow lumen
of the robot fixed at one end to prevent its translation or rotation.
Magnetic fields induced peristaltic locomotion, enabling the suc-
cessful transport of the rod (Figure 7A and Movie S4). The rod
diameter (4 mm) is smaller than the robot’s internal diameter
(about 7mm), so the robot does not form a tight grip. Instead,
the rod remains relatively free, bringing the friction-reducing
model into play. Therefore, the peristaltic wave advances along
the body and the rod translates in the opposite direction to the
wave, as predicted for transport inside a fixed peristaltic channel
[36]. The rod transport speed was found to be 7.85 =+ 0.69 mm min "
when the rod was transported towards the fixed end. However,
a reduced speed of 3.27 +1.18 mm min—' was observed when
the rod was transported away from the fixed end. This speed

L

B
g
s
L

i
FIGURE 7 | Example transportation capabilities of the robot under
rotating magnetic fields. (A) A 90 mm long 4 mm diameter cylindrical
cargo transported within its lumen and (B) a 6 mm 3D printed spherical
cargo transported to its open end with a continually rotating magnetic
field. Scale bars: 10 mm.

asymmetry is a direct result of the mechanical asymmetry intro-
duced by fixing one end of the robot, which constrains deforma-
tion and alters the frictional interaction at that end relative to
the free end. This end-to-end difference modulates the effective
anchoring pattern along the body, producing direction-dependent
locomotion efficiency. For the spherical cargo, a 3D-printed rigid
ball (6 mm diameter) was placed close to one end of the fixed
robot. When actuated by rotating magnetic fields (70 mT, 1 Hz),
the robot transports the ball to its free end (Figure 7B and
Movie S5). As the constriction propagated, each passing contrac-
tion locally trapped the bead and advanced it stepwise along the
lumen until it exited at the free end.

Robot responsiveness to magnetic fields could be further
exploited to perform locomotion through other mechanisms,
such as rolling. If the robot is free to rotate, as in the case when
the robot is lying on a flat surface, a rotating magnetic field
induces robot rolling. In this case, the robot can be conceived
as a single magnetic dipole moving uniformly and covering
longer distances while eventually carrying a cargo. This versa-
tility significantly expands the range of possible applications
for the proposed system. To demonstrate this capability, the
robot was used to guide a rigid cylindrical rod (6 mm) to a tar-
get where a sticky glue (Silpoxy, Smooth-On) automatically
held the cargo. Since both the robot and the cargo were free
to move, the robot demonstrated rolling behavior under rotat-
ing magnetic fields (Figure 8A,B). Once the cargo was in place,
rotating magnetic fields were used to move the robot away from
the cargo using peristalsis and then to roll it further away
(Figure 8C,D). This result showcases the robot ability to seam-
lessly integrate both locomotion and transport, demonstrating
its adaptability for diverse functional scenarios (Movie S6).
The permanent magnet used for actuation (>20 mT) was placed
under the robot when it was in the position shown in Figure 8A
for rolling the cargo to the target, and moved to under the robot
when it was in the position shown in Figure 8B for the rest of
the demonstration. Since the magnetic fields applied for this
demonstration were generated by a permanent magnet, uni-
form magnetic fields could not be generated and magnetic
gradients also inevitably come into play which deform the
robot slightly.
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FIGURE 8 | Transportation of a rigid cylindrical load to a target by
the robot and then moving away from it. (A) The robot rolls the rod
towards the target where it gets stuck due to the presence of sticky glue.
(B) The robot then translates over the rod till the rod is completely out of
the robot and then (C,D) the robot rolls away. Scale bar: 3 cm.

3 | Conclusions

In this paper we reported an untethered, lightweight, magnetic
soft robot leveraging peristalsis both to locomote in different
environments and transport cargo within itself. In this direction,
the results reported in this manuscript represent a significant
step forward with respect to the state of the art in terms of multi-
functionality and output performance.

By looking at traditional actuation strategies typically employed in
soft and bioinspired robotics, it is evident how the proposed ten-
don-driven and pneumatic peristaltic robots typically have sizes
in the range of tens of centimeters [12, 13, 15, 16, 19, 20]. The pres-
ence of tendons and tubing makes further miniaturization
challenging. In contrast, the peristaltic robot presented in this work
is at the centimeter scale, enabled by magnetic actuation, which
eliminates the need for onboard connections, thus making the prin-
ciple easily scalable. While SMA based peristaltic robots have also
been demonstrated [9, 10], these designs are not fully untethered
either, generally requiring electrical wiring and onboard heating
elements. Similarly, piezoelectric [22] and light-based [25] solu-
tions still depend on tethers or direct line of sight. In contrast,
the robot demonstrated in this paper operates in a fully untethered
manner, driven solely by externally controlled magnetic fields.

The use of magnetic fields as an actuation strategy for both loco-
motion and transport offers also interesting potentialities in terms
of workspace. Due to the programmed magnetization profile
embodied in the peristaltic robot structure, the remote magnetic

fields employed for actuation are easy to control and suitable also
for large-scale workspaces. Most of the demonstrations in this work
were performed within the workspace of a commercial electromag-
netic field generator which has high controllability but also a lim-
ited operational range, as the strength of the applied field decreases
with distance from the source. However, the workspace can poten-
tially be significantly enlarged by using a simple rotating perma-
nent magnet as demonstrated in Figure 8 and Movie S6, thereby
expanding the reach of such robots.

We also proved that the shift to an untethered multifunctional
design with potentialities in terms of size, weight and workspace
scaling did not cause a deterioration in the locomotion perfor-
mance, if compared with the state of the art. The maximum loco-
motion speed demonstrated by our peristaltic robot is 4.1 body
lengths min™" (70mT at 5 Hz). This exceeds the speeds reported
for SMA-based peristaltic robots, which range from 0.4 to 1.5 body
lengths min™ [9, 10], and pneumatic robots, which achieve only
0.1-0.21 body lengths min™" [13,14]. While the softworm reported
by Menciassi et al. [11] shows a slightly higher speed up to 6 body
lengths min™", it also presents several limitations compared with
the proposed design. Its weight is significantly higher (3.8 kg vs.
0.95 g for our robot), and it relies on a motor-driven mechanically
complex architecture with numerous cable-driven hoop actuators.
As a result, the overall structure is relatively bulky and difficult to
miniaturize, limiting its applicability in constrained environments.
Furthermore, the speed of the robot demonstrated here can be
further increased by optimizing the magnetic field strength and
frequency combination beyond what was attainable with our
commercial electromagnetic field generator.

Our robot is demonstrated to move over cylindrical rods, inside
narrow lumina, and across discontinuities in lumina. The relative
direction of motion between an object and the robot depends on
the contact mechanics, friction, and force transmission between the
two. By carefully controlling these interactions, peristaltic robots
can be optimized for different applications, whether for locomotion
or transporting objects internally. For our experimental conditions,
rod diameters approximately 15% smaller than the internal diame-
ter of the robot and lumen diameters approximately 7%-11% larger
than the outer diameter of the robot act as ideal conditions for loco-
motion. The peristaltic robot ability to move over solid rods and
within narrow lumina has significant potential medical and indus-
trial applications. The unique combination of soft compliance,
untethered magnetic actuation, and peristaltic locomotion makes
the proposed robot particularly well suited for operation in con-
strained and delicate environments where conventional rigid
robotic systems face limitations. In minimally invasive medicine,
the robot could support guidewire- and catheter-based interven-
tions by autonomously traversing vascular or luminal pathways
of suitable diameters while reducing contact forces, minimizing
the risk of tissue trauma and limiting any breaking issues.
Unlike conventional push-based catheter navigation, the distrib-
uted peristaltic propulsion mechanism can improve mobility in tor-
tuous geometries and across partially discontinuous pathways
while maintaining stable contact with surrounding structures.
Its hollow cylindrical architecture additionally enables the trans-
port or deployment of therapeutic payloads, miniature surgical
tools, stents, or sensing elements through confined anatomical
pathways, which could potentially help in medical implants
positioning. Beyond biomedical applications, the robot’s ability
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to locomote over rods, traverse narrow tubing, bridge gaps, and
transport internal payloads could enable inspection, maintenance,
or temporary repair operations in chemical, pharmaceutical, or
other industrial pipeline and tubing networks, particularly in envi-
ronments where tethered or rigid systems have limited accessibil-
ity. Furthermore, the fully soft structure and relatively simple jig-
assisted fabrication strategy provide a low-cost and mechanically
robust platform that could be adapted to application-specific geom-
etries and scales.

4 | Experimental Section
4.1 | Experimental Design

The primary objective of this study was to investigate how a hol-
low, magnetically actuated peristaltic soft robot can generate and
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FIGURE 9 | Fabrication of the peristaltic robot. (A) The magnetic composite was prepared by mixing equal weights of Ecoflex 00-10 and NdFeB
particles in a planetary mixer. A 1 mm thick film of this composite was produced using a film stretcher and a laser cutter was used to cut 8 strips of the

modulate peristaltic locomotion on cylindrical rods and inside
lumina. The dependency of locomotion on peristaltic wave
frequency, actuation amplitude, and the region of anchoring
along the robot body was also to be investigated. Another objec-
tive was to demonstrate that the same peristaltic robot can be
used to transport internal cargo of different geometries through
the robot lumen.

To address these objectives, the study was designed around five
modeling and experimental tasks. First, the behavior of single
actuation units was studied through torsion simulations and cor-
responding validation through torsion experiments under actu-
ating magnetic fields to confirm their spiral magnetization
profile. Second, multiple actuation units were simulated to
demonstrate that such combinations could enable the robot to
exhibit peristalsis. This model was subsequently confirmed
through experiments. A good overlap between simulated and
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composite. (B-D) These 8 strips of the magnetic composite in required dimension were given one full twist and fixed to a magnetization jig and mag-

netized resulting in a spiral magnetization profile in each of them. (E) 4 of the strips as shown were flipped by 180° and all of them were bonded together

with Ecoflex 00-10 which also acted as spacers between them to produce (F) the final robot.
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experimental behavior was achieved across both the single actu-
ation unit level and the multiunit peristaltic robot. Third, loco-
motion experiments were performed with the robot crawling
over 6 mm diameter rigid rods fabricated from different materi-
als—BiomedClear resin (Formlabs), PET-G (Polyethylene
Terephthalate—Glycol), and PLA (Polylactic Acid), in order to
test whether peristaltic locomotion is robust to changes in sub-
strate material while the geometric constraint (rod diameter) is
held fixed. Fourth, parametric actuation studies were carried out
by systematically varying the strength (10-80-mT) and frequency
(1-5 Hz) of spatially uniform rotating magnetic fields to quantify
how the robot speed depends on the applied field features.
Finally, cargo-transport experiments were carried out to examine
peristaltic transport of cylindrical rods inserted through the
lumen and spherical beads placed inside the lumen near one
end, with the robot itself fixed, to test how peristaltic constric-
tions can move objects placed in the inner cavity.

4.2 | Robot Prototyping

The preparation of the soft magnetic composite and the required
strips from it is described in Ilaria et al. [37]. The soft magnetic
composite was made by embedding NdFeB particles (MQFP-15-
7, Magnequench) in Ecoflex 00-10 silicone (Smooth-On) at a 1:1
weight ratio (Figure 9A). A 1-mm thick film was prepared from
the uncured composite using a film stretcher (TQC Sheen), from
which strips of desired dimensions were cut. Eight 30 X 2 mm
strips (Figure 9B) were twisted once (rotation by 360°) and
attached to the faces of a magnetization jig shaped as an octago-
nal prism (Figure 9C). A strong magnetic field (1.9 T) was applied
along a diagonal of the octagonal cross-section along the entire
length using a Vibrating Sample Magnetometer (EZ7,
Microsense) to magnetize the strips. Once removed from the
jig, the strips were untwisted and returned to their rest state, fea-
turing a spiral magnetization profile along the -Z axis
(Figure 9D). Four of the strips were rotated 180° (Figure 9E,F)
while maintaining the orientation of the remaining four, and
all eight strips were bonded together using Ecoflex 00-10, which
also served as spacer among adjacent strips, to assemble the robot
with an aspect ratio 3.3 (length: 30 mm, outer diameter: 9 mm,
Figure 1).

4.3 | Numerical Modeling

A single actuation unit and the complete robot were numerically
modeled in COMSOL Multiphysics using Solid Mechanics and
Magnetic Fields interfaces. The single actuation unit was mod-
eled as a hyperelastic material using a three-term Ogden formu-
lation to accurately capture its torsional deformation under
magnetic actuation. The Ogden parameters were obtained by fit-
ting the stress-strain data of the corresponding material. For the
full robot model, the eight magnetized strips were assigned the
same hyperelastic material model and Ogden parameters as
those used for the single actuation unit, while the non-magnetic
Ecoflex 00-10 spacer regions were modeled with the same three-
term Ogden formulation but with a different parameter set cali-
brated from tests on pure Ecoflex 00-10. All Ogden parameters
used in the simulations are listed in Table S2.

The magnetic fields applied in the simulations were static and
spatially uniform. The interaction between the applied magnetic
field B and the magnetization M was implemented using an
equivalent tangential-stress formulation, as developed in previ-
ous studies [34, 35]. In this approach, the distributed magnetic
torque is represented as opposing surface stresses on the bound-
aries of each strip. The full derivation and numerical implemen-
tation of this torque-mapping method are provided in Supporting
Information (Modeling a single twisting unit and Modeling the
full robot).

For both the single unit and robot models, one end of each struc-
ture was fixed, and the remaining body was allowed to deform
quasi-statically under the magnetic fields. Model predictions
were validated by comparing the twist angle (single unit) and
robot deformation and constriction length (full robot) with exper-
imental measurements.

4.4 | Experimental Validation

The fabricated robot was actuated in the Octomag system
(Magnebotix, Switzerland)—a commercial 8-coil magnetic field
generator. Octomag has a spherical workspace with 5 cm diame-
ter. To extend the workspace, the demonstration in Movie S6 is
carried out using a cylindrical N35 NdFeB (Neodymium Iron
Boron) permanent magnet (6 cm in diameter and 7 cm in length)
mounted on a robotic arm (Melfa RV-3S, Mitsubishi, Japan).
Robot locomotion videos were recorded using a commercial
phone camera (Mi 10T Pro, Xiaomi), and the Computer
Vision Toolbox in MATLAB (MathWorks) was utilized to track
the robot with virtual markers.

4.5 | Statistical Analysis
For the locomotion demonstrations, the speed values reported

are the mean and standard deviation of 5 repetitions on the same
sample.
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