
IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. SEPTEMBER, 2025

A Soft Reprogrammable Permanent Magnet for Magnetic Soft Robots
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Abstract—Magnetic soft robots promise unprecedented med-
ical applications due to their untethered motion and control
capabilities. These magnetic soft robots, which are navigated
by external magnetic sources, can be designed to change their
shape or mechanical properties under magnetic fields. However,
keeping the modified state constant often requires a continuous
power supply with high energy consumption. Changing the
magnetic properties of soft magnetic robots can overcome this
energy demand. To this end, we present a novel soft and
reprogrammable permanent magnet whose magnetization can
be remotely switched on and off by a short-duration, low-
energy external magnetic pulse. It is suitable for on-board
use in magnetic soft robots, either to modify the magnetic
properties of such robots or to actuate certain functionalities.
Based on this concept, two untethered millimeter-scale magnetic
soft robots are developed for applications in capsule endoscopy
and medical grasping. The predominant feature of the proposed
robots is that, apart from navigation, only state change requires
an external power supply, and state retention is enabled by
the onboard reprogrammable permanent magnet. The proposed
novel magnet allows soft magnetic robots to perform specific
tasks without physical tethering by enabling remote state change.
The presented concept opens new opportunities for magnetic
soft robots to achieve energy-efficient, untethered operation with
remotely programmable states, offering significant potential for
advanced biomedical applications.

Index Terms—Soft Robot Designs and Applications, Robotic
Soft Materials, Magnetic Robots, Medical Robots and Systems

I. INTRODUCTION

Magnetic soft materials find broad application areas such as
small-scale untethered soft robots [1]–[6], metamaterials and
origami robots [7]–[9], and flexible electronics and sensors [6],
[10]–[12]. Small-scale, mobile magnetic soft robots, operating
independently or within a continuous system, hold significant
potential for facilitating medical procedures, both for diagnosis
and treatment [13], [14]. These miniature and flexible robotic
devices can be remotely controlled through wireless power
transfer, even within the human body [15]. This non-intrusive
accessibility in tight and enclosed spaces, offered by these
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small-scale untethered robots, opens up possibilities for a
range of applications, including micro-factories [16], bio-
sensing [17], and various healthcare applications [18]–[20].
These applications encompass targeted drug delivery [19], [21]
and minimally invasive surgery [18]–[20] as well.

Magnetic soft robots commonly hinge on electromagnets
(EMs) or permanent magnets (PMs) for motion and control.
EMs are great for controllability but require a continuous
power supply. Conversely, PMs do not require a power source.
However, bulky industrial robotic arm setups are required
to control the direction of the magnetic field of PMs [22],
[23]. Magnetic soft robots, which are navigated by either
EMs or PMs, can be designed to change their shape or me-
chanical properties under magnetic fields. However, keeping
the modified properties constant often requires a continuous
power supply with high energy consumption. Changing the
magnetic properties of soft magnetic robots can overcome this
energy demand. Reprogramming of magnetic properties, in the
current state of the art, is performed by heating above the
Curie temperature of magnetic particles where the magnetic
domains of the particles are reoriented by an applied external
magnetic field. The heat requirement makes in-vivo magnetic
reprogramming currently impossible.

An alternative method for actuating soft robots is the use of
electro-permanent magnets (EPMs) [24]–[31]. EPMs reduce
the energy consumption associated with EMs and improve the
controllability of PMs. EPMs use permanent magnets as the
source of the magnetic field, and a coil is used to control the
state of this permanent magnet assembly by applying pulses.
By changing the direction of one of the two magnets inside,
the magnetic fields of the magnets support or dampen each
other, resulting in an ON and OFF state. In the ON state, the
magnetization direction of both magnets is the same, resulting
in the source of a net magnetic vector. In the OFF state,
the net magnetic force exerted by the EPM is zero because
the magnetic fields of the two magnets cancel each other
out. Because EPMs are rigid and rely on tethered power
transmission, they are suitable for external power supplies.
However, the fact that they are rigid and tethered poses a
challenge for their on-board use in magnetic soft robots, which
may be necessary to change the magnetic properties of such
robots.

In this study, we propose a novel soft and reprogrammable
permanent magnet (srPM) that is suitable for on-board use in
magnetic soft robots either to modify the magnetic properties
of such robots or to actuate certain functionalities. We present
the design and development of the srPM and its use in two
medical applications: (1) a soft magnetic capsule for targeted
drug delivery and (2) a soft grasper for remote and untethered
manipulation. The srPM has two controllable states, ON and

This article has been accepted for publication in IEEE Robotics and Automation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LRA.2025.3619705

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: BOSTON UNIVERSITY. Downloaded on October 11,2025 at 16:39:03 UTC from IEEE Xplore.  Restrictions apply. 



IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. SEPTEMBER, 2025

OFF, in which it exerts significant and near-zero magnetic
flux, respectively. The srPM can change state with a short
duration, low energy external magnetic pulse. This novel
concept of remote and untethered magnetic reprogramming
and reconfiguration of small-scale soft robots goes beyond the
current state of the art. The magnetic capsule based on the
srPM is made entirely of soft components that promise active
functions for targeted drug delivery, biopsy and therapeutics.
The srPM-based grasper takes advantage of magnetic forces to
open and close a gripper. It can be used for biopsy or fixation.
The design, characterization and evaluation of the novel srPM,
and the development of two new magnetic soft robots based
on the srPM are presented in this paper.

A. Literature Review on Reprogrammable Magnetic Soft
Robots

Different strategies have been proposed to enable facile
reprogramming of the magnetization patterns of magnetic
materials. Based on the physical alignment and fixing of
the magnetic particles during curing via lithographic or 3D
printing techniques, magnetic programming approaches are
introduced for encoding discrete 3D magnetization profiles in
small-scale soft materials [1], [5], [6].

Alapan et al. [32] proposed a new approach that enables
magnetic programming by heating above the Curie tempera-
ture of the ferromagnetic particles and reorienting magnetic
domains with an external magnetic field applied during cool-
ing. Their soft machines are composed of chromium dioxide
(CrO2) microparticles with an average diameter of 10 µm
embedded in a PDMS elastomer. CrO2 is a ferromagnetic
material with a Curie temperature of around 118 °C. The pro-
posed laser-based heat-assisted magnetization strategy enables
local reprogramming with a spatial resolution of 38 µm.

G. Dong et al. [33] developed a magnetic vitrimer with
magnetic particles mixed with a polymer network containing
abundant dynamic covalent bonds. When the temperature is
elevated to the exchange temperature of covalent bonds, the
viscous magnetically responsive material undergoes large de-
formations. Magnetic vitrimer is produced of epoxy monomers
stoichiometric mixtures of two sulfhydryls that are embedded
with magnetic particles (Fe3O4) into the polymer matrix.

To reprogram magnetic materials, phase-change materials
with relatively low melting temperatures, such as polyethy-
lene glycol [34] or polycaprolactone [35], are also used to
encapsulate the magnetic particles in the polymeric matrix.

W. Li et al. [36] proposed a self-vectoring electromagnetic
soft robot demonstrating shape morphing and locomotion
capabilities. It is designed with two magnetic coils, a planar
spiral, and a 3D helix, which corresponds to a vertical flux
actuator (module V) and a horizontal flux actuator (module
H), respectively. The square shape of the two actuator modules
allows them to assemble in different configurations.

Sun et al. present a dynamic reprogrammable magnetic
soft machine (drMSM) including a flexible resonant circuit
[37]. Reprogramming is achieved through addressable heating
of specific regions in the machine. The machine consists of
multiple branches of an inductor, a capacitor, and a resistance

wire connected in series. By adjusting the capacitance in each
branch, distinct resonant frequencies are defined. The heating
field selectively targets and heats the branches that resonate at
those frequencies. As the low-melting alloy melts, the NdFeB
particles within the liquid chamber align with the applied
magnetic field.

In 2025, Sodomka and Mach made electro-permanent elas-
tomer (EPE) that can be switched ON and OFF similarly to
an electro-permanent magnet [38]. Two ferromagnetic ma-
terials, namely, NdFeB and strontium ferrite (SF-D360) are
mixed with Dragon Skin FX-PRO. The size of the sample is
17x17x2.5 mm. They achieved 67 mT of remanent magneti-
zation in the ON and 2.1 mT remanent magnetization in the
OFF state. Their EPE needs 620 mT to change between states,
which is quite challenging to apply externally.

Johnson and Kramer-Bottiglio proposed a compliant EPM
that mixes AlNiCo and NdFeB magnetic powders in a matrix
[39]. Although they have achieved a soft EPM that can carry its
own weight and vice versa in the OFF state, the magnetization
in OFF states is not close to zero because mixing magnetic
particles leads to magnetic interaction of the adjacent powders
[40], [41]. Besides, the magnetic flux density is not close
to zero on the surface at the OFF state due to the lack of
the directed alignment of the magnetic field that is normally
achieved by magnetic caps of EPMs. Therefore, there is
still a gap in the field in terms of efficiently and remotely
reprogrammable magnetic soft robots.

II. DESIGN AND IMPLEMENTATION

A. Design of the Soft and Reprogrammable Permanent Magnet

The concept of the srPM is based on a permanent magnet
setup having two operation states depending on its magnetic
flux density. In the ON state, the srPM acts like a permanent
magnet, and in the OFF state, the magnetic flux density of
the srPM is reduced to zero. The srPM consists of one hard
magnet, NdFeB, and one semi-hard magnet, AlNiCo, in the ax-
isymmetric configuration as shown in Figure 1. It has NdFeB
inside, and AlNiCo surrounding it with magnetorheological
elastomer (MRE) caps at the poles. The AlNiCo and NdFeB
magnets have similar remanence, so when the magnetization
directions are opposite, their total magnetic flux density is
nearly zero. The MRE caps are used to efficiently direct
magnetic flux inside the srPM.

The volume ratio of the flexible magnets and the geometry
of the srPM are two important design parameters. The volume
ratios of the flexible magnets are chosen to maximize the flux
density of the srPM in the ON state. The geometry of the
srPM is determined by the finite element analysis given in
Sec. III-D to minimize the flux density of the srPM in the
OFF state. Based on these analyses, the NdFeB magnet core
diameter is set at 2 mm and the AlNiCo outer diameter is set
at 4 mm. The total length of the srPM is 6 mm with a diameter
of 4 mm.

B. Fabrication of the srPM

The srPM consists of three materials: flexible AlNiCo, flex-
ible NdFeB magnets, and MRE caps. Flexible AlNiCo is made
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Fig. 1. Soft and reprogrammable permanent magnet. (a)The design of the
srPM is axially symmetric. It consists of a cylindrical NdFeB composite,
a hollow AlNiCo composite, and two MRE caps at the ends. A fabricated
sample of the srPM, which has a length of 6 mm and a diameter of 4 mm,
on a 2C. (b) In the ON state (left), the magnetization direction of the NdFeB
and the AlNiCo are the same, resulting in a high magnetic field. In the
OFF state (right), the magnetization directions are opposite and counteract
each other, resulting in a near-zero field. The black arrows indicate remanent
magnetization.

Fig. 2. Fabrication processes: Mixed and degassed uncured Alnico mixture is
poured into the first mold, and metal rods are inserted for the NdFeB opening.
After it is cured in the oven and the metal rods are removed, the cured and
degassed NdFeB mixture is poured into the holes formed by the metal rods.
Afterward, the NdFeB and AlNiCo mixtures are cured in the oven, the srPMs
are removed from the first mold with a pair of tweezers gently, and they are
placed in the second and third molds, subsequently for MRE caps, and the
same procedure is performed for MRE caps.

of Dragon Skin 30 (Smooth-On Inc.) and AlNiCo powder
(American Elements). Dragon Skin with AlNiCo powder of
a 40% volume ratio is added together and mixed until ho-
mogeneous. The mix is poured into a 3D-printed acrylonitrile
styrene acrylate mold. The mold is placed at 80 ◦C oven for
30 minutes to cure. After the flexible AlNiCo magnet is cured,
it is replaced in another mold for a flexible NdFeB magnet.
The same process is also used for the NdFeB magnet with
NdFeB powders (QP-S-11-9-20001, Magnequench, Co. Ltd.).
NdFeB mixture is poured on the mold, which AlNiCo magnet
is replaced, and it is placed at 80 ◦C oven for 30 minutes to
cure. Pouring the mixture on top of the cured part eliminates
the need for adhesive. The same procedure is repeated for
MRE caps with carbonyl iron particles (CIP) (Nanokar). MRE
parts are poured at the end of the AlNiCo and NdFeB parts
in two stages. In the first stage, only one side is cured, and in
the second stage, the other MRE cap of the srPM is cured.

Fig. 3. Two robotic applications of the soft and reprogrammable permanent
magnet. Blue regions indicate NdFeB, and red regions indicate AlNiCo
composites. Black arrows indicate remanent magnetization in the material,
and the red arrows indicate the externally applied magnetic field. (a) A single
srPM. (b) Schematics of the capsule robot (left) and the grasper (right). (c) An
MRE capsule chamber and an MRE add-on are attached to the robots with the
Silpoxy. The NdFeB chamber cover and the srPM are separately magnetized
with magnetic field H. The NdFeB grasper finger and the srPM are separately
magnetized in opposite directions. The chamber cover and the grasper finger
are assembled with Silpoxy. The assembled state refers to the ON state, where
the capsule chamber cover and the grasper finger are in the open position. (d)
After a magnetic pulse is applied to change the magnetization direction of
the AlNiCo magnet, the srPM turns to an OFF state, resulting in the closure
of the lid and the gripper (e). The prototypes of the capsule and the grasper.
They are shown when they are in the open position.

C. Magnetization of the srPM

The srPM is initially magnetized with a custom-made pulse
magnetizer. The pulse magnetizer uses capacitor discharge
energy to create a magnetic pulse inside a coil with a 20
mm inner diameter, where the coil compromises 100 wraps of
insulated copper wire with a 1.5 mm diameter. Two capacitors
(450V 470µF ) are utilized to discharge the energy over
the coils. After the initial magnetization, the magnetization
directions of the AlNiCo magnet and the NdFeB magnet are
the same. Thus, the SrPM is in the ON state.

To change the state of the srPM, a 180 mT magnetic field is
required to change the magnetization direction of the AlNiCo
magnet without completely affecting the NdFeB magnet. The
magnetization direction of the AlNiCo magnet can be changed
by an external short-duration, low-energy magnetic pulse.
A custom-built electromagnet assembly consisting of two
electromagnets is used to change the state of the srPM. The
srPM is placed between the two electromagnets, and capacitor
discharge energy is used to create a magnetic pulse across the
coils. Each electromagnet coil consists of 1000 turns of copper
wire with 0.8 mm diameter on a 45 mm diameter permalloy
80 core. The magnitude of the magnetic pulse required to
change the magnetization of the semi-hard AlNiCo magnet
is approximately 200 mT. The required capacitor discharge
energy is 42.3 J, and the power is 4.23 kW. The pulse duration
is 10 ms.

D. Robotic Applications

We have implemented the srPM in two milli-scale soft
robots for medical applications: (1) a soft magnetic capsule for
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targeted drug delivery and (2) a soft grasper for non-invasive
in-vivo manipulation. The srPM-based magnetic capsule is
composed entirely of soft components that promise active
functions for targeted drug delivery, biopsy and therapeutics.
The srPM-based grasper uses magnetic forces to open and
close a gripper. It can be used for biopsy or fixation.

1) Soft Magnetic Capsule: The capsule robot consists of
an srPM and a flexible NdFeB magnet whose magnetizations
are opposite. The magnetizations of the srPM and the flexible
NdFeB magnet are opposite. Thus, when the srPM is in the
ON state, the srPM and the magnet push against each other,
and the capsule is opened. When the srPM is in the OFF
state, the magnetic MRE cap attracts the NdFeB cover, and the
capsule is closed. For the capsule robot, the srPM is extended
with a 2 mm thick hollow MRE cylinder with a 6.2 mm3

cavity in the center, which works as a drug chamber. The
drug chamber is closed with a flexible NdFeB cover of 1 mm
in height and 4 mm in diameter. To produce the NdFeB cover,
NdFeB powders with a 40% percent volume ratio are mixed
with Dragon Skin 30. The NdFeB cover and the srPM are
magnetized in opposite directions and stuck together with a
support leg serving as a hinge with Dragon Skin 30. The leg
that holds the NdFeB magnet is made from Dragon Skin 30.
The silicone legs are fixed inside the cavity of the MRE cap
with the Silpoxy. The magnetized NdFeB cover was placed on
the Dragon Skin leg and fixed with Silpoxy. The NdFeB cover
is attached to the cavity with a Dragon Skin 30 rubber leg.
Before the assembly is completed, the srPM and the NdFeB
cover are magnetized separately in opposite directions. The
magnetization of the srPM and the flexible NdFeB magnet
are opposite. Thus, when the srPM is in the ON state, the
srPM and the magnet push against each other, and the capsule
is opened. When the srPM is in the OFF state, the magnetic
MRE cap attracts the NdFeB cover, and the capsule is closed.
The shape of the MRE cap and the thickness of the NdFeB
cover are designed to hold at least two grams of a drug inside
during locomotion. An illustration of the capsule robot and the
working principle can be seen in Figure 3 (the left column).

2) Soft Grasper: The grasper consists of an srPM and a
flexible NdFeB magnetic finger. When the srPM is in the
ON state, the magnetization direction of the NdFeB finger
is opposite to that of the srPM, resulting in a repulsive force
between them. This repulsion causes the gripper finger to move
away, opening the gripper. When a magnetic pulse is applied
to switch the srPM to the OFF state, its total magnetization
approaches zero, eliminating the repulsive force. At this point,
an attractive force between the NdFeB finger and the MRE
cap causes the NdFeB finger to deform, closing the gripper.
A Dragon Skin 30 rubber spacer is attached to the top of
the srPM module. The NdFeB finger is positioned on top of
the rubber spacer. The Dragon Skin, which makes the NdFeB
finger stand out, was cut from 1.25 mm thin layers cured in
an aluminum mold. The Dragon Skin is stuck to srPM with
Silpoxy. An NdFeB cover is manufactured with a 40% percent
volume ratio with Dragon Skin by curing it in a cylindrical
mold with a 1 mm height. A full cylinder NdFeB and a cut
notch are merged into one, forming a grasper finger. At this
stage, srPM and NdFeB fingers are separately magnetized in

the reverse direction and stuck together with Silpoxy.

III. CHARACTERIZATION AND SIMULATION

The magnetic and mechanica properties of the flexible
components comprising the srPM are evaluated before the
design is finalized.

A. Magnetic Characterization of the srPM

The magnetic measurements are taken for three srPM sam-
ples, each in ON and OFF states, on both sides, with five
points per side. In the ON state, the magnetic field exerted by
the module is 22.72 mT on average with a standard deviation
of 0.35. In the OFF state, the magnetic field exerted by the
module is 3.23 mT on average with a standard deviation of
0.26.

1) Matrix Material Experiment: The matrix materials of
the magnetic soft materials have great importance based on
their mechanical properties and chemical stability. Since the
prior studies suggest that the particles may rotate inside the
elastomeric matrix [42], an experiment is designed to see how
hard magnetic materials act on different matrix materials. Four
matrix materials are tested to choose the appropriate one for
this study. The first matrix material is Ecoflex 00-30 with
low-viscosity (3000 cps) silicone oil. Silicone oil decreases
viscosity at the uncured stage, facilitating the uniform mixing
of magnetic powder into the elastomer and resulting in a softer,
more flexible magnet after curing. The other matrix materials
are Ecoflex 0030, Dragon Skin 30, and Sil 960. Cylindrical,
flexible magnets with 10 mm diameter and 16 mm length were
manufactured with different matrix configurations for AlNiCo
and NdFeB. All flexible magnets include a 40% volume ratio
of magnet powders. Matrix compositions are EcoFlex 0030
with a 20% weight ratio of silicone oil, EcoFlex 0030, Dragon
Skin 30, and Sil 960, respectively. Prior to the test, all the
samples are magnetized. Flexible magnets are exposed to
pulses of varying magnitudes in the direction opposite to
their magnetization, and their remanent magnetization is then
measured. Magnitudes of the pulses are 0, 5, 10, 15, 20, 25,
30, 40, 60, 80, 100, 120, and 150 mT, respectively. Three
samples were tested from each matrix powder configuration,
and six values were read from the flexible magnet’s north
and south surfaces from random points. The results given
in Figure 4 indicate that as matrix materials get softer, the
remanence magnetization of the flexible magnet decreases, and
the flexible magnet becomes more susceptible to the applied
magnetic field. The sample with silicone oil is affected most
by the applied magnetic field. These results give clues about
the reason for the sensitivity of the applied magnetic field.
Adding silicone oil decreases the density of the cross-links in
the polymer; this makes the polymer softer and easier to tear.
Moreover, high viscosity of the Sil 960 prevents homogenous
mixing of the elastomer with magnetic particles.

2) SEM Analysis: To solidify the results obtained from
the matrix material experiment, samples were scanned under
the scanning electron microscope (SEM). The SEM images
were collected with back-scattered electrons mode. The SEM
images of flexible NdFeB and AlNiCo magnets with matrix
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Fig. 4. Results of the matrix material experiments for (a) flexible NdFeB
magnets and (b) flexible AlNiCo magnets, (c) and the srPM. Each point is the
mean of three specimens, and the error bar represents the standard deviation.

Fig. 5. SEM images of the NdFeB and AlNiCo samples are shown. The first
column displays NdFeB samples, while the second column shows AlNiCo
samples. The top row (a, d) represents samples with EcoFlex containing
silicone oil, the middle row (b, e) shows EcoFlex without oil, and the bottom
row (c, f) displays samples made with Dragon Skin. The images are 1000
times magnified.

materials of Ecoflex 0030 with oil, Ecoflex 0030 without oil,
and Dragon Skin 30 without oil with a magnification of 1000
times can be seen in Figure 5. SEM images reveal that there
are cavities around the powders in the samples that contain
silicone oil. AlNiCo particles in the sample containing silicone
oil catch the elastomer matrix, despite the cavities, thanks
to their uneven shapes; however, the NdFeB particles seem
free to rotate inside the matrix due to their spherical shape.
This observation supports the results of the matrix material
experiments, which showed minimal changes in the behavior
of AlNiCo magnets, whereas the NdFeB magnets exhibited
more significant differences. Those results indicate that the
change in the remanence magnetization after exposure to low
magnetic fields is probably caused by the physical movements
of the particles rather than the particles’ internal magnetic
domains.

3) VSM Experiment: The magnetic properties of flexible
magnets are the most important factor in the performance of
srPM. The magnetic properties of the NdFeB particles (of
spherical shape, 50 µm in diameter) and their composite are
obtained from the manufacturer data [43]. However, detailed
magnetic properties of the purchased AlNiCo powder are not
available. Since the full magnetization curve is needed for the
state change of the flexible AlNiCo magnet and for simu-
lation purposes, the hysteresis curves of the flexible AlNiCo

powders and flexible magnets were obtained using a Vibrating
Sample Magnetometer (VSM) (Quantum Design PPMS 9T).
Key findings from the analysis include the remanence and
coercivity values of the flexible magnets: approximately 150
mT and 50 kA/m for flexible AlNiCo and 300 mT and
250 kA/m for flexible NdFeB, respectively. These magnetic
properties are used for magnetic simulations of the srPM.
From those experiments, Ecoflex 0030 and Dragon Skin are
the best candidates for matrix materials, and Dragon Skin
outperforms Ecoflex 0030 as the NdFeB matrix in the matrix
material experiment. Thus, Dragon Skin is chosen as the
matrix material.

B. Mechanical Characterization of the srPM

Mechanical characterization is essential for the design of
robots based on the srPM. These tests are performed using a
custom-built tensile test platform designed for precision and
control. The platform is built on linear rails and is controlled
by a micrometer driven by a Nema 17 stepper motor controlled
by an Arduino Uno. Motion is transmitted via a belt and pulley
system that connects the stepper motor to the micrometer.
A 500 g capacity load cell (DigiKey) is used for force
sensing, and 3D-printed fixtures are used to securely mount the
specimens. A 2D digital image correlation (DIC) technique is
used to analyze the deformation. The specimens are speckled
with spray dye to create a pattern to track local deformations.
A high-resolution CCD camera (Pike F505B, Allied Vision
Technologies) captures images for this analysis. The results of
the tensile test, , indicate that the material exhibits a slightly
nonlinear behavior with a small hysteresis during the loading
and unloading cycles.

DIC samples of MRE were manufactured using silicone
rubber and carbonyl iron particles. Two parts of the silicone
rubber are mixed to fabricate matrix materials. After matrix
materials were mixed, a volume ratio of 40% CIP was added
to the mixture and blended till gets homogenous (around 2
minutes). The mixture was placed in a vacuum chamber for 3
minutes to degassing. The mixture was poured into 3D-printed
molds and cured in the 80 ◦C oven for 30 minutes. The same
procedures were repeated for AlNiCo and NdFeB particles.

C. Force Applied by the srPM

To evaluate the performance of the srPM, the force it applies
to an iron piece is measured in both its ON and OFF states. The
test is conducted with the same test setup with the mechanical
characterization test with some modifications. The srPM is
attached to a 100 g load cell (DigiKey) on one end while the
other end remains free to move and touch the iron piece. The
load cell and the srPM assembly are allowed to move toward
a fixed iron piece, and force measurements are recorded at the
point of contact. In the ON state, the srPM exerts a force of
19 mN, with a standard deviation of 0.38 mN. In the OFF
state, the force decreases to 7 mN, with a standard deviation
of 1.1 mN.
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D. Simulation of the srPM

Magnetic simulations are conducted using ANSYS
Maxwell. The flexible AlNiCo and NdFeB components are
modeled as simple permanent magnets, with their properties
characterized using values obtained from VSM analyses. The
MRE parts are modeled as soft magnets.

To validate the srPM model in the simulations, an iron piece
is placed at the bottom of the srPM with a 0.1 mm air gap to
measure how it is affected by the magnetic field generated by
the srPM. The diameters of the flexible magnets are selected as
design parameters, while the magnetic forces are used as the
cost function. The magnetic force in the OFF state should be
low enough that the magnet cannot support its own weight,
whereas it is aimed to be maximized in the ON state. The
geometry of the srPM is finalized in line with the result. The
calculated attraction forces between the iron piece and the
srPM module are 18 mN in the ON state and 5 mN in the
OFF state, aligning closely with the experimental results in
Section III-C. For the capsule robot in the ON state, the srPM
generates a repelling force of 53 mN and an attracting force
of 46 mN on the cover. For the gripper robot, the repelling
and attracting forces are calculated as 15 mN and 26 mN,
respectively.

To assess whether these forces are sufficient to bend the
gripper finger for grasping, mechanical simulations are per-
formed. The material properties for these simulations are
derived from DIC-assisted tensile testing experiments.

IV. EVALUATION AND DEMONSTRATION

A. Robot Capabilities

This study presents two robotic applications, namely the soft
magnetic capsule and the soft grasper, in order to demonstrate
the capabilities of the srPM. A series of experiments were
conducted on the capsule and the grasper to demonstrate their
potential for future medical applications.

The primary functions of the targeted drug delivery capsule
are twofold: firstly, to seal a package, and secondly, to deliver
it to its destination. To facilitate the testing of the capsule,
it is first filled with blue food colouring (dye), closed to
seal it, and then placed within a glass container filled with
water. The capsule is then moved within the container in the
presence of an external magnetic field of approximately 5
mT, thereby demonstrating its locomotion capability and the
absence of leakage. Following the leakage test, the container is
placed between the electromagnets described in Section II-C
to demonstrate how it is opened up to release its package. The
capsule is then exposed to a 200 mT magnetic field, which is
used to trigger the desired response. The experimental footage
can be viewed in Figure 6.

The grasper uses magnetic forces to open and close a gripper
for potential biopsy or fixation applications. Therefore, the
gripping force of the gripper is measured. Measurements were
performed on different specimens to account for the effect
of friction between the gripper and the specimen, as well as
the geometry of the specimens. Different types of paper with
different thicknesses are used for thin samples. The papers
are textured paper (0.25 mm), sandpaper (0.15 mm), and

cardboard (1.25 mm). The results are 1.8 g, 1.3 g, and 6.8
g, respectively. Different sizes of copper wire are used for
wire-like materials. The results are 1.6 g for 2 mm diameter
wire and 2.6 g for 1 mm diameter wire.

B. Demonstration

A wrinkled, tissue-like silicone phantom is manufactured
using silicone rubber (RTV-2 Mold Silicone, Aydın Kompozit).
It is used to demonstrate the capabilities of both robots: the
soft magnetic capsule and the soft grasper.

The capsule robot is navigated to the target area on the
phantom using manually-controlled permanent magnets placed
beneath the phantom. The movement of the robots is achieved
by rotating a permanent magnet of size 10 x 40 x 40 mm to
create a rotating magnetic field. The magnitude of the field
is around 10 mT. Then, the electromagnets described in II-C
are placed manually in a way that the magnetic field to be
applied is aligned with the longitudinal axis of the srPM. Once
positioned, the capsule is fixed to the phantom by applying a
magnetic field perpendicular to the capsule magnetization axis
for a clear view of its drug chamber cover. A pulsed magnetic
field amplitude of 200 mT is then applied to the capsule using
the electromagnets to actuate the srPM, triggering the release
mechanism and opening the cover to simulate drug delivery.

The scenario for the grasper is to grip a splinter (a copper
wire) embedded in the phantom. The grasper is guided to the
splinter using the external permanent magnets located under
the phantom. Both position and orientation are important for
the grasper as it needs to grip the target with its finger.
During this movement, a 5 mT magnetic field is applied
to the grasper. Once the target is reached, the grasper grips
the splinter securely by actuating the srPM. To stabilize the
position of the grasper, a magnetic field perpendicular to
its magnetization direction is applied to lock it in place. A
perpendicular magnetic field is required for a robot to preserve
its position; otherwise, it will sway with the applied magnetic
pulse. Finally, the electromagnets apply a pulsed magnetic
field amplitude of 200 mT to grip the splinter firmly.

V. DISCUSSION AND CONCLUSION

In this study, a novel concept for in-vivo magnetic re-
programming and reconfiguration of small-scale soft robots
is proposed that goes beyond the current state of the art

Fig. 6. Demonstration of the soft magnetic capsule underwater. (a) The
capsule is closed to seal the package inside, and (b) it is opened to release
the package. The blue colour is a dye representing the package.

This article has been accepted for publication in IEEE Robotics and Automation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LRA.2025.3619705

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: BOSTON UNIVERSITY. Downloaded on October 11,2025 at 16:39:03 UTC from IEEE Xplore.  Restrictions apply. 



IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. SEPTEMBER, 2025

Fig. 7. Gripping force measurement setup. The grasper is tested while
carrying various specimens: (a) a sandpaper of 1.3 g, and (b) a copper wire
of 2.6 g.

by eliminating the heat requirement and by enabling repro-
gramming under only a magnetic field. We introduce a soft
counterpart to the classical electro-permanent magnet. Unlike
the classical EPM, this reprogrammable permanent magnet
is soft and designed to operate without a coil for remote
control functionality. It is suitable for on-board use in magnetic
soft robots either to modify the magnetic properties of such
robots or to actuate certain functionalities. By enabling remote
state change, the srPM allows soft magnetic robots to perform
specific tasks without physical tethering, complementing their
untethered steering capability. This is our main and most
significant contribution to the current state of the art in this
study.

In addition, the srPM is cost-effective and can be easily
fabricated for various applications. Operating with minimal
energy consumption makes the srPM a practical solution for
various applications including medical robotics.The energy
consumption is related to the srPM design, i.e., the required
magnetic field to magnetize the AlNiCo, which is specific to
the material type. A low coercivity AlNiCo grade requires a
low magnetic field, resulting in low energy demand. The pro-
posed reprogramming strategy has significantly lower energy
consumption than the heating-based reprogramming strategies,
which consume around 1400 J just for heating the material
[32].

Towards this goal, we developed two untethered millimeter-
scale robots based on the proposed novel srPM: a capsule
robot and a medical grasper. The developed srPM measures
6 mm in length and 4 mm in diameter. The robots match
this diameter and are 10 mm in lenght. These robots can be
remotely controlled and can switch states with a short duration,
low energy external magnetic pulse.

In the two robotic applications, switching between ON
and OFF states could have also been achieved by using
soft magnetic composites instead of the proposed srPM. The
advantage of using srPM is that the magnetic field around the
srPM is close to zero when it is in the OFF state. Thus, it does
not cause any repulsion or attraction forces at the OFF state.
Some applications, such as a valve for ferrofluids, magnetic
jamming, or maybe self-assembling robots, can benefit from
this property. Although the selected application scenarios in
this study do not necessarily benefit from this property, they
are feasible enough to show the capabilities of the srPM.
Further and more complex applications are left as future work.

The state of the srPM can be switched with a single mag-
netic pulse, which provides low energy consumption. However,

despite the low energy requirement, the magnetic pulse is
of high magnitude, requiring significant power. Powering the
electromagnets directly from a power supply would require
a high-capacity power source, which is typically bulky and
expensive. Alternatively, we used a more efficient and cost-
effective solution that is based on a capacitor and pulse
generator to provide the required power. Alignment of the
magnetic pulse with the srPM is critical for effective operation,
which can be challenging. This alignment problem can be
overcome by increasing the amplitude of the pulse or applying
magnetic fields in different orientations. For more precise
control, the magnetic signature of the robot can be tracked
by magnetic sensors over the body.

Another important result of this study is the demonstration
of the mechanical movement of particles embedded in the
elastomer matrix. The rotation of these particles depends on
both the properties of the elastomer matrix and the shape of the
particles. If these factors can be tuned so that rotation occurs
only after a certain threshold, this could be used for magnetic
programming of soft magnetic robots.

The proposed magnetic robots and srPM hold great promise
for future medical applications such as targeted drug delivery
and minimally invasive surgery. Their simple design allows
for easy scaling and modification to meet specific needs. They
are fabricated using straightforward manufacturing processes,
making them cost-effective and accessible for a wide range of
untethered procedures. The absence of potentially hazardous
components, such as batteries, enhances their safety in the
event of an accident. One of their most notable features is their
low energy consumption, which further contributes to their
practicality and efficiency in medical settings. Although the
remote and untethered reprogrammability and control of the
robots is a promise for in-vivo applications, biocompatibility
of the materials must be addressed as future work. The
biocompatibility of the magnetic powders used in this study
can be a problem, especially for relatively long exposures.
To surmount this, powders can be coated with biocompatible
materials like silica. Instead of Silpoxy, uncured Dragon Skin
can be used as an adhesive for biocompatibility. Besides the
promise for in-vivo application, their low energy consumption
further contributes to their practicality and efficiency in a
possible medical setting.
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