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Multipolar magnetized magnetoactive elastomers
for actuation and locomotion applications

T.I. Becker, M. Reiche, L. Zentner

Mechanics of Compliant Systems Group, Department of Mechanical Engineering, Technische Universitét

Ilmenau, 98684 Ilmenau, Germany

During the last three decades of intensive
research on magnetoactive elastomers
(MAEs) containing magnetically soft (MS)
micron-sized particles, a growing interest
has emerged in studying elastomers filled
with magnetically hard (MH) particles.
Due to their high coercivity and ability to
retain significant remanence over time af-
ter magnetization, MH particles enable
the synthesis of permanently magnetized
MAEs that open new application opportu-
nities as functional elements in advanced
devices.

Shape-programmable bending

The form of a cantilever is one of the most
common mechanical spring-mass sys-
tems, widely used for sensor elements
and various technical applications. Canti-
levers made of permanently magnetized
MAEs offer advanced capabilities, as their
deflection shape can be programmed by
applying magnetic fields of low to moder-
ate strength. The extent of this program-
mability depends on the type of material
composition and the manner in which the
cantilever is initially magnetized.

20t 1

» (mm)

-10¢ H,

———+ 40
0 20 40 60
x (mm)

Figure 1: Bending shapes of the bipolar magnetized
MAE cantilever containing only MH particles under
gravity and under different vertically applied uni-
form magnetic fields Ho: solid lines - numerical cal-
culations; markers — experimental measurements

We study, both theoretically and experi-
mentally, the static bending deformation
of horizontally fixed, initially straight MAE
cantilevers with bipolar permanent mag-
netization along the length axis. The can-
tilevers are examined under the combined
action of vertically applied gravity and
uniform magnetic fields of varying
strength (Figure 1). All four studied canti-
levers have a fixed concentration of
10 vol.% MH particles, while the content
of MS particles varies between 0 and 30
vol.%. In [1], we developed a magneto-
mechanical model based on finite-strain
theory under the plane-stress approxima-
tion for a two-dimensional cantilever. The
model demonstrates good agreement be-
tween numerically calculated and experi-
mentally measured equilibrium shapes of
the cantilevers up to moderate concentra-
tions of MS particles.

The developed modeling framework re-
quires only a few material parameters and
can be extended without additional level
of complexity on any multipole magnet-
ized MAE beam of application interest.
Figure 2 shows that the three-pole MAE

a) microscopic image of
MAE of mixed content

v ;! J
&

matrix

with MS

particles %

MH

particle \

b) magnetization in a folded
configuration

A A A A A

¢) bending in an upward
magnetic field

d) bending in a downward
magnetic field
lg

Figure 2: MAE cantilever of mixed content: a) micro-
scopic image of the surface; b) imparting a three-
pole magnetization profile; ¢) and d) bending in a
vertical uniform magnetic field of 40 kA/m, com-
pared to the original shape caused by gravity (trans-
parent gray)
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cantilever exhibits a more intricate bend-
ing shape in a uniform magnetic field
compared to the two-pole cantilevers dis-
cussed above. This highlights the in-
creased flexibility and programmability
offered by higher-order magnetization
patterns.

Locomotion based on magnetic field-
induced bending

On the basis of three-pole magnetized
MAE beams of mixed (MH & MS) content,
we develop different prototypes of vibra-
tion-driven locomotion systems for:

- one- and bi-directional locomotion

along a straight or inclined line;
- vertical upward locomotion;
- planar locomotion on a horizontal
surface,

featuring additional capabilities such as
load carrying and step-like obstacle over-
coming [2,3,4]. All our locomotion sys-
tems employ the motion principle of cyclic
interplay between asymmetric friction
forces due to bristles and inertial forces
from magnetic field-induced bending vi-
brations of the magnetized MAE beam.
Obliquely oriented bristles set a preferred
motion direction. The use of a minimal
number of actuators, implemented as al-
ternately voltage-driven electromagnetic
coils to generate MAE bending vibrations,
is beneficial for soft robotics applications.
Experiments reveal that the locomotion
systems exhibit a strong resonance de-
pendence of linear velocity on the excita-
tion frequency of the integrated coil (Fig-
ure 3). The resonant motion is theoreti-
cally analyzed using a rigid-body model
with two degrees of freedom, based on
the principles of vibrational mechanics. An

100 I/Jﬂ.(lﬂ"
— — =y ipo=1:4
I 3 [ — Py tpo=1:2
80 H! —e— FExp. data
w60t
£
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~ 40
20 +
0 = — . e
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Figure 3: Linear velocity of the vibration-driven mul-
tipole MAE bristlebot as a function of the coil’s exci-
tation frequency (see [3] for details)

analytical expression is derived for the
maximum velocity achievable under mag-
netic excitation, independent of the sur-
face on which the rigid-body model
moves. Furthermore, a design recommen-
dation for the optimal bristle inclination
angle is proposed, depending only on the
length ratio of the model’s rods.

The motion capture analysis performed
for the planar locomotion system reveals
that the excitation frequencies of two coils
control the system velocity and the move-
ment direction (Figure 4).

left-curved
trajectories

fr [Hz]

20

40 60 100
fr [He]

\

Figure 4: Frequency combinations enabling straight
and curved trajectories of the vibration-driven mul-
tipole MAE bristlebot for planar locomotion

right-curved
trajectories
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Hydrothermal Synthesis of Ferrite Nanoparticles

S. Behrens

Institut fir Katalyseforschung und -technologie, Karlsruher Institut fir Technologie

Due to their low cost, interesting mag-
netic properties and high stability in air,
ferrite nanoparticles are of great interest
for various biomedical and technical appli-
cations. In a new project, the continuous
hydrothermal synthesis of highly crystal-
line ferrite nanoparticles (i.e., spinel-type
MFe204 and magnetoplumbite-type
MFe12019) will be addressed.
Scandium-doped BaFei12019 platelets were
obtained by hydrothermal synthesis in an
autoclave from the corresponding nitrate
precursors and NaOH. The lateral dimen-
sions depended on the reaction tempera-
ture and increased from 7 nm (160 °C) to
70 nm (240 °C) to 168 nm (340 °C) (Fig.
la-d), while their height was about 5 nm
[1, 2]. The easy axis is parallel to the
crystallographic ¢ axis and perpendicular
to the platelet plane.

(%
Pkl W

50 nm 300 nm

Fig. 1. Sc-doped BaFe12019 platelets syn-
thesized in a batch autoclave (reaction
temperature: a) 210 °C, b) 260 °C, c) 310
°C, und d) 340 °C) [1, 2].

Continuous flow processes, in which the
reactants are continuously dosed and the
process parameters are automatically
controlled, are suitable for scaling the
synthesis of clusters or nanoparticles to
larger quantities [3, 4]. Continuous hy-
drothermal synthesis (CHTS) in near- or
supercritical water enables the rapid and
continuous production of highly crystalline
particles in an environmentally friendly
reaction medium. Supercritical water

(scH20 374 °C, 22.1 MPa) has liquid-like
densities and mass transfer properties
that are intermediate between those of
gases and liquids. Therefore, scH20 has
many interesting properties with respect
to particle synthesis. A CHTS plant de-
signed by M. Tlrk [6] was recently set up
and put into operation in our laboratories
(Fig. 2). We successfully demonstrated
the synthesis of CeO2 particles (300°C,
400 bar) using SEM and online monitoring
of nanoparticle formation by dynamic light
scattering.

-1 v

Fig. 2. Batch autoclave and pIan con-
tinuous hydrothermal synthesis in scH20.

Future work will address the continuous
flow hydrothermal synthesis of spinel-
and magentoplumbite-type magnetic na-
noparticles in supercritical water for use
in 3D-printed polymer composites.
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Cracking the Code of Anomalous Diffusion:
Simulation Meets Experiment in Ferrogranular

O. Bilous!?, Kirill A. Okrugin!, A. Lakkis?,
R. Richter?, S.S. Kantorovich!

1University of Vienna, Kolingasse 14-16, Vienna, 1090 (Austria)
2Experimentalphysik V, Universtét Bayreuth, 95440 Bayreuth (Germany)

Introduction

Anomalous diffusion in driven granular
suspensions defies classical Brownian
paradigms, as evidenced by recent stud-
ies of vibrated granular monolayers and
active particulate systems [1-3]. In fer-
rogranular layers, which couple magnetic,
hydrodynamic, and contact forces,
transport becomes highly nontrivial with
subdiffusive transport and hopping dy-
namics [4, 5]. While qualitative models
exist, no study to date has achieved a
quantitatively accurate match to experi-
mental diffusion metrics in such strongly
interacting, driven systems. We investi-
gate this dynamic using both theoretical
[4, 5] and experimental [4-6] methods.
This investigation was conducted with and
without a magnetic field applied perpen-
dicular to the layer. We focus on the fer-
rogranulate system, which contains differ-
ent total area fractions and changes the
concentration of magnetic and steel
beads.

Methods

We consider a quasi-two-dimensional
layer of millimetre-sized magnetic g,,= 3
and glass g,= 4 spheres. The spheres are
modeled with combined Stockmayer and
Weeks-Chandler-Andersen potentials,
while magnetic interactions are captured
via central dipoles. Thermal fluctuations
are simulated through effective shaking
amplitudes. Leveraging simulation with
ESPResSo 4.1.4 alongside experiments,
we evaluate the interplay of particle ar-
rangements, clustering, and diffusion
properties, expanding on previous work
that highlighted subdiffusive particle dy-
namics in vibrated films and magnetic
systems [4-6].

Both experiments and simulations cover
varying particle area fractions ¢g, ¢m
and three magnetic inductions B* = 0.0,
0.5, 1.0.

Numerical results

Key metrics such as the diffusion expo-
nent an and the normalized diffusion co-
efficient D/DO reveal critical insights into
ferrogranular dynamics:

o Diffusion exponent a (Fig. 1)
from mean square displacement
(MSD).

o Effective diffusion coefficient
D/D,, normalized by the single-
particle diffusion coefficient D, =

ksT/y.
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Figure 1: Diffusion exponent a versus particle area
fraction for glass (a), single magnetic (b), all mag-
netic (c), and clustered particles (d). Circular, dia-
mond, and star markers correspond to B* = 0.0,
0.5, 1.0.

As we can see from Figure 1 the diffusion
exponent, an, indicate for: 1) Glass par-
ticles (Fig. 1a): a = 1 across all area
fractions and magnetic inductions, indi-
cating normal diffusion; 2) Single mag-
netic particles (Fig. 1b): a remains
near unity, showing weak dependence on
®m or B*; 3) All magnetic particles (Fig.
1c): a < 1 at high ¢m and low B*, indi-
cating cluster-mediated subdiffusion. 4)
Clustered magnetic particles (Fig.
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1d): Strongly subdiffusive at high ©®m;
effect diminishes at higher B*.

Figure 2 shows the effective diffusion co-
efficient, D/D,, normalized by single-par-
ticle diffusion, highlighting the role of area
fraction and magnetic induction: 1) Glass
particles maintain nearly constant D/D,.
2) Clustered particles exhibit reduced mo-
bility due to crowding and magnetic inter-
actions. 3) Single magnetic particles show
enhanced D/D, at high B*, reflecting di-
polar repulsion. 4) Increasing ¢m suppres-
ses diffusion for clustered particles, with
the effect amplified at intermediate and
high B*.
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Figure 2: Effective diffusion coefficient D/D, as a

function of g (top axis) and ¢m (bottom axis) for

three magnetic inductions: (a) B* = 0.0, (b) B* =
0.5, (c) B* = 1.0.

These results reveal a competition be-
tween magnetic clustering and field-in-
duced dispersion, modulated by particle
area fractions and supplementing theoret-
ical predictions [4, 5]. Increasing mag-
netic induction promotes mobility for sin-
gle particles while constraining clustered
particles, capturing the complex interplay
governing diffusion in ferrogranulate sys-
tems.

This study demonstrates that anomalous
diffusion in ferrogranulates results from
the interplay between magnetic clustering

and field-induced particle dispersion, both
governed by area fraction and magnetic
induction. By combining experimental and
theoretical analyses, it provides a phy-
sics-based framework to unravel trans-
port phenomena in driven granular sys-
tems with long-range interactions.
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Quasi-static shear of structured magnetic suspen-
sions

D. Borin, S. Odenbach

Technische Universitdt Dresden, 01069 Dresden, Germany

The standard method for studying the
rheological behaviour of magnetorheo-
logical (MR) suspensions is rotational or
oscillatory rheometry using a plate-plate
geometry. To avoid the influence of
magnetostatic forces on the rheometer
rotor, non-magnetic plate-plate configu-
rations, in particular those made of tita-
nium, are typically used in laboratory
experiments. However, in the case of a
smooth non-magnetic surface, the
measured yield of the magnetic suspen-
sion is associated with the slippage of
particle structures on the upper plate of
the rheometer, rather than with the
breakup of aggregates. Moreover, in MR
devices, the suspension is usually in con-
tact with ferromagnetic material. Accord-
ingly, for the correct characterisation of
the behaviour of the MR suspension in
terms of its potential application, the
working geometry of the rheometer must
correspond to the conditions in which the
suspension is exposed into the MR de-
vice. Replacing the standard non-
magnetic plate-plate geometry with fer-
romagnetic steel plates has been done in
a few studies before and a significant
increase in the transmitted shear stress
was demonstrated using conventional
flow curve measurements, see e.g. [1,2].
In this study, we examine the influence
of the magnetic properties of the rheom-
eter plate surfaces on the quasi-static
deformation of a structured magnetic
suspension. Quasi-static shear allows us
to obtain values of the static yield stress
of the MR suspension and make observa-
tions about the possible physical mecha-
nisms of interaction between magnetic
particle aggregates and the surface of
the measuring geometry, as well as the
mechanisms of particle structure fracture
under the action of the applied shear
load. In our investigation, we take into
account the morphology of magnetic par-
ticle aggregates formed as a result of
structuring. Known researches consider
highly filled suspensions characterised by

the formation of network-like clusters,
but not separate chain aggregates.
Based on the data of microstructural
studies, we vary the concentration of
magnetic particles in order to analyse
the rheological behaviour of structures of
diverse morphology. Figure 1 demon-
strates an example of the different re-
sponse of a structured MR suspension
with chain-like aggregates to an applied

quasi-static shear load.
300

250 fullv magnetic surfaces

200

surfaces with integrated magnetic particles

150

100

non-magnetic surfaces

apparent shear stress, Pa

50

0
0 20 40 60 80 100
shear strain, %

Figure 1 Response of a structured MR suspension
(1 vol.%, 250 mT) to an applied quasi-static shear
load
In addition to the fundamental im-
portance, the expected results are es-
sential from an applied point of view for
the choice of MR suspension and operat-
ing conditions for devices using magnetic
control of the static yield stress. This is
particularly the case for MR disc brakes
or MR dampers with MR valve operating
in @ shear mode. Preliminary results of
our research will be presented at the

workshop.
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Mechanistic insights into the magnetorheology of
ferrofluid emulsions with tunable nanoparticle lo-
calization: Droplet-dispersed nanoparticles

M.D. Contreras-Mateus, C. Friedrich, S. Odenbach

Chair of Magnetofluiddynamics, Measuring and Automation Technology, TU Dresden, 01069 Dresden,

Germany

Magnetorheological (MR) fluids are field-
responsive materials that undergo milli-
second-scale, reversible transitions from
a liquid to a semi-solid state upon the ap-
plication of an external magnetic stimu-
lus, a phenomenon known as MR effect
[1]. At a fundamental level, dominant
phenomena involve changes in the viscos-
ity spanning several orders of magnitude
(occurring within 10-20 ms) [2, 3], the
development of yield stresses (up to 100
kPa) [2], and the enhancement of viscoe-
lastic properties [4]. The underlying
mechanism lies in the induction of strong
magnetostatic (dipole-dipole) interactions
between particles, leading to the subse-
quent formation of field-aligned colum-
nar/network structures that, simultane-
ously, obstruct the flow [5]. Owing to
these properties, MR fluids have demon-
strated extensive applicability across var-
ious fields, including aerospace, ultra-fine
processing, civil engineering, fluid me-
chanics, targeted drug delivery, among
others [4, 6]. However, several physico-
chemical challenges continue to constrain
the performance of MR fluids, with particle
sedimentation, arising from inherent den-
sity differences between the dispersed
particles and the carrier fluid, constituting
the most critical and irreversible limitation
[3, 6]. This heterogeneous particle distri-
bution significantly accelerates the degra-
dation of magnetorheological responsive-
ness. Accordingly, plenty of strategies
have been proposed to enhance stability,
mainly focused on modifications of the
material composition, or the design of de-
vices incorporating remixing or self-ho-
mogenization functions during operation
[6]. Although these strategies are effec-
tive, they can only temporarily inhibit sed-
imentation; the inherent thermodynamic
instability of MR fluids, combined with the
remnant magnetization of the particles,
ultimately leads to particle settling over
time.

The above prompts a fundamental ques-
tion regarding alternative design strate-
gies focused on the development of mag-
netic fluid systems that exhibit significant
magnetorheological responses, but using
colloidal nanoparticles, which inherently
ensure long-term stability by minimizing
gravitational separation and aggregation
through sustained Brownian motion. In
this context, Bibette [7] and Chernobai et
al.[8] introduced a novel approach by for-
mulating biphasic systems, in which fer-
rofluid droplets are dispersed within a
non-magnetic and immiscible carrier lig-
uid, commonly known as ferrofluid emul-
sions. The main advantage of this config-
uration lies in the close density parity be-
tween the ferrofluid and the surrounding
liquid, which reduces sedimentation rates
by suppressing buoyancy-driven motion
while maintaining a dense particle con-
centration and a narrow nanoparticle size
distribution. While this concept has been
primarily investigated within magneto-op-
tics, essentially focusing on the interplay
between magneto-optical effects and self-
assembly dynamics [9], its potential for
inducing strong MR effects remains
largely unexplored, particularly regarding
the development of stable formulations
capable of producing reversible and long-
lasting functional responses. In a previous
research [10], we demonstrated a relative
increase in viscosity of up to 17-fold in oil-
based ferrofluid emulsions (with nanopar-
ticle volumetric fractions ¢ ~0.1%) stabi-
lized using hexadecylpyridinium(droplet
size ~3-4 ym), when exposed to a linearly
increasing magnetic field of up to
796.73mT at a shear rate of 1s7!. The
observed magnetoviscous effect re-
mained reproducible for up to one year af-
ter preparation. In this research, an inno-
vative formulation procedure for highly
stable ferrofluid emulsions was proposed
using nonionic surfactant mixtures of
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Span 80/Tween 80, considering their mul-
tiple benefits, which include enhanced
stability and formulation flexibility. More-
over, as an initial nanoparticle localization
strategy, highly hydrophobic iron oxide
nanoparticles were used to improve their
dispersibility within the oil droplets and
reduce migration to the interface. As a re-
sult, a system predominantly composed
of surfactant-covered droplets was ob-
tained. Thus, under zero-field conditions,
tensoactive dynamics regulate local inter-
facial tension and induce Marangoni stress
that counteract deformation. The oil-
based ferrofluid emulsions were prepared
using nanoparticle volumetric concentra-
tions $<0.2%, and the droplet size distri-
bution was reduced and optimized to
reach values in the order of ~1 uym. The
rheological and magnetorheological prop-
erties of the formulated emulsions were
characterized using an Anton Paar MCR
502 rheometer coupled to a Magneto-
Rheological Device (MRD170/1T), gener-
ating magnetic flux densities (B) of up to
1 T, which were oriented perpendicular to
the flow direction.

The formation of highly stable ferrofluid
emulsions was demonstrated, with
creaming completely suppressed. Like-
wise, under an external magnetic field, it
was proven that the formation of nano-
particle aggregates within the droplets
may have perturbed interfacial tension
gradients through localized changes in
surfactant distribution, thereby modifying
the balance of Marangoni stress. This ef-
fect became more pronounced as surfac-
tant concentration decreased. A critical
threshold was identified that enabled ex-
ternally controlled droplet deformation,
potentially leading to the development of
droplet microscopic anisotropic structures
that significantly modified the magne-
torheological response. Particularly, it
was proven that reducing surfactant con-
centration significantly increased the ob-
served changes in viscosity and exhibited
a time-dependent magnetoviscous effect,
as shown in Figure 1.
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Figure 1 Transient viscosity curves at y = 10s™* of
(a) Eogz04213-w, Where 2.04 and 2.1 refer to the :—; %
of nanoparticles and Span 80/Tween 80 in the oil
phase, respectively, and (b) Eppo430-w Samples.
The test was divided into three intervals: (i) in the
absence of a magnetic field, (ii) under the effect of
a perpendicular magnetic flux density of 347.8 mT
for 5 min, and (iii) after removing the magnetic field.
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Alteration of MPS signal due to strong magnetic
dipolar interactions within structurally different
aggregates of magnetosomes

D. Eberbeck!, A. Knéchel?, F. Mickoleit?, D. Schiler?,
F. Wiekhorst!

1 Physikalisch-Technische Bundesanstalt, Berlin, Germany
2 Dept. of Microbiology, University of Bayreuth, Germany

Magnetosomes are a novel class of MNP
naturally formed by magnetotactic bacte-
ria as geomagnetic sensors. Purified mag-
netosomes are very suited as tracers for
MPI (Magnetic Particle Imaging) because
of their large core size naturally being in
the range of the prognosed optimum of
30 nm. The corresponding large magnetic
moment may lead to high dipol-dipole in-
teraction (DDI) energy with an interaction
parameter A4 = 20..30 at contact dis-
tance of 30 nm cores promoting the ag-
gregation of these MNP. The, in such clus-
ters a fluxclosure might occur strongly re-
ducing the dynamic magnetic response
measurable by, e.g. MPS (Magnetic Parti-
cle Spectroscopy) [1].

In this study we present how the MPS sig-
nals of magnetosomes (purified from the
magnetic bacterium Magnetospirillum
gryphiswaldense, d = 40nm, o4 = 0.13,
coated with a proteinaceous lipid bilayer
membrane with a thickness of ca. 6-8 nm
[2]) behave in dependence on MNP-con-
centration and the matrix where they
were embedded into. Then we quantify
the corresponding short-range structure
by means of SAXS (Small Angle X-Ray
Scattering) data to explain the magnetic
behaviour.

For iron concentrations lower than cg, =
0.3 mM we measured MPS-spectra of typ-
ical shape for non-interacting MNP. While
for classical MPI-suitable MNP-systems,
like for example Resovist®, the MPS-am-
plitudes will be attenuated at high concen-
trations, we here observe with increasing
MNP-concentration first a structuring of
the spectra and later a further restructur-
ing and also an increase of the specific
MPS-amplitudes (Figure 1). Obviously,
there appear MNP-arrangements where
DDI induces a rather like-ferromagnetic
short-range order of the moments. Such
an order is evident for chains of MNP here
generated by immobilization of the MNP in

a polyacrylamide (PAam) matrix under an
external field of B, =1T. These struc-
tures enhance the MPS spectra strongly
although the immobilization in zero field
usually diminish the amplitudes, here by
50% at k = 3 for PAam and even by a fac-
tor of 1/3 in gelatine matrix (Figure 1).

—+—0.20mM
2.6 mM
—s—26mM
—— 1.0 mM. PAam
—+—19mM. B, =IT. PAam

1.2 mM, Gelatine B

Harmonic number &

Figure 1: MPS-data, amplitudes of higher odd har-
monics of magnetisation at the indicated different
iron concentrations and embedded within different
matrices. Bj,: external field while immobilisation.

In order to elucidate this behaviour, we
next investigated the structure of possible
aggregates with SAXS. While the PDDF
(Pair Distance Distribution Function) of
the most diluted sample does not show
any spatial correlation of the MNP, second
maximum comes up which shifts towards
smaller distances r with increasing con-
centration. From the nearest neighbour
distances r,,; (maximum position of PDDF)
we inferred to the interaction parameter
which increases with concentration up to
A4 = 20 but attains 43 for MNP embedded
in gelatine (Table 1).
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Figure 2: (a) SAXS-intensities after background correction and desmearing, normalized to the magnetite
volume fraction, ¢, with (b) its normalised differences where the fit curve of the first data set (blue line)
serves as reference Ir. (c,d) Pair distance distribution function (PDDF). The lighter-colored band around
PDDF represents its uncertainty however disregarding the effect of imperfection of the model for the ex-
trapolation according to Guinier law. PDDF resulting from extrapolated values are drawn with a thinner line
instead of symbols. Accordingly, the resolution limit amounts to about 100 nm. Thicker lines in (b,d) and
color-matching thin lines in (a): calculations of the depicted models of oligomers.

Table 1: Interaction parameter A4 corre-
sponding to the nearest neighbour dis-
tances r,, of the different samples.

Cre I on Ag
mM nm
22 94:3 8zx1
87 83+2 11+1
259 68+x1 202
in Gelatine
1.2 53+1 43=%3

Using r,, we calculated the SAXS curves
with oligomers created by random aggre-
gation (RA) and with chains and aggre-
gated small chains (Figure 2). The chain-
like models match significantly better the
data (Figure 2b,d). Hence, we hypothe-
sise that in the dispersions with increasing
concentration a net-like structure of
chains occurs which prefers a local paral-
lel orientation of the MNP’s moments en-
hancing the MPS-amplitudes. The embed-
ment within gelatine leads to clusters with

a reduced r,, where local flux-closure
may take place which reduces the MPS-
amplitudes strongly (Figure 1).

It was shown that the change of the ar-
rangement of magnetosomes evoke large
changes of the dynamic magnetic re-
sponse making these MNP suitable for
functional MPI or other magnetic sensor
applications, for example within material
monitoring.
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Mechanistic insights into the magnetorheology of
ferrofluid emulsions with tunable nanoparticle lo-
calization: Interfacial-active nanoparticles
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Chair of Magnetofluiddynamics, Measuring and Automation Technology, TU Dresden, 01069 Dresden,
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Magnetorheological (MR) fluids are sus-
pensions of ferro- or ferrimagnetic meso-
scale particles (1-10 uym) dispersed in a
liquid carrier. Upon exposure to a mag-
netic field, these fluids exhibit rapid (mil-
lisecond-scale) and reversible increases in
apparent viscosity and yield stress, result-
ing from field-induced particle structuring
(1). These properties enable applications
such as adaptive damping, controllable
brakes, or seismic vibration control. How-
ever, a fundamental drawback of MR flu-
ids lies in their thermodynamic instability.
The relatively large and dense particles
are prone to sedimentation, undermining
the homogeneity and long-term function-
ality of these fluids. Despite mitigation
strategies such as particle surface func-
tionalization, the addition of thickeners, or
the integration of viscoelastic (or visco-
plastic) carrier liquids, sedimentation con-
stitutes a significant and persistent chal-
lenge (1-3).

To overcome these stability limitations,
strategies from ferrofluids composed of
nano-scale magnetic colloidal particles
can be adopted. While such systems typi-
cally exhibit lower magnetorheological re-
sponses than MR fluids, their superior col-
loidal stability offers a promising pathway.
Magnetically responsive emulsions, in
which magnetic nanoparticles are con-
fined within the dispersed phase stabilized
by surfactants or by the combined action
of surfactants and nanoparticles, repre-
sent a hybrid strategy that couples high
colloidal stability with tunable, field-in-
duced viscosity. Previous studies by
Bibette (4) and Chernobai et al. (5)
demonstrated that ferrofluid emulsions
can reach long-term stability and mark-
edly reduced sedimentation rates, primar-
ily due to a high degree of density match-
ing between the ferrofluid phase and the
surrounding liquid. Despite these promis-

ing stability characteristics, their capabil-
ity to generate strong MR effects has not
yet been systematically explored.
Building on this research gap, Gémez-
Sanabria et al. (6) demonstrated that
long-term stable, magneto-responsive
oil-in-water emulsions can be formulated
by dispersing magnetic nanoparticles
within the oil phase and stabilizing the
system through appropriate surfactant
combinations, using hexadecylpyridinium.
Based on this research, the present study
investigates a new formulation strategy
employing a mixture of the non-ionic sur-
factants Tween 80 and Span 80, which of-
fers increased flexibility in tailoring inter-
facial properties and improved emulsion
stability. Furthermore, the approach ex-
plores the use of amphiphilic-functional-
ized iron oxide nanoparticles to promote
their preferential localization at the oil-
water interface, thereby potentially en-
hancing both the structural stability and
the magnetorheological responsiveness of
the emulsions. Furthermore, the droplets
in the emulsions are expected to exhibit
superparamagnetic behavior, as na-
noscale iron oxide particles undergo rapid
thermal fluctuations of their magnetic
moments, preventing permanent mag-
netization and enabling reversible re-
sponse to an applied magnetic field. As
shown in Figure 1, transient viscosity
measurements at a constant shear rate of
10 s™1 using an Anton Paar MCR 502 rhe-
ometer equipped with a magneto-rheo-
logical device (MRD170/1T) revealed that,
under a perpendicular pulse of magnetic
field of 347.8 mT, the ferrofluid emulsion
(2.04 wt./vol.% nanoparticles, 5.3
wt./vol.% Span 80/Tween 80 in oil) ex-
hibited an approximately 40% time-inde-
pendent increase in viscosity, demon-
strating a significant magnetorheological
response.
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This behavior can be attributed to the
preferential localization of the nanoparti-
cles at the oil-water interface, which
causes the droplets to behave like rigid
spheres by enhancing interfacial elasticity
and mechanical resistance to defor-
mation. In the presence of an external
magnetic field, the magnetic dipoles at
the surfaces of the droplets align, leading
to chain formation or agglomeration and,
thereby, strengthening the macroscopic
magnetorheological effect.
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Figure 1: Time-dependent viscosity of the ferrofluid
emulsion (2.04 wt./vol.% nanoparticles, 5.3
wt./vol.% Span 80/Tween 80 in oil) at y = 10s7%.
The test was divided into three intervals: (i) in the
absence of a magnetic field, (ii) under the effect of
a perpendicular magnetic flux density of 347.8 mT
for 5 min, and (iii) after removing the magnetic field.

Equally important, the droplet size distri-
bution in emulsions strongly influences
their mechanical stability and MR perfor-
mance. To quantify this effect, droplet
sizes were measured using optical micros-
copy, employing a sandwich configuration
with partial coaxial illumination. Images
acquired with a KEYENCE Digital Micro-
scope VHX-7000 were processed using an
edge-detection algorithm based on a So-
bel filter applied in eight directions, ena-
bling precise determination of droplet size
distribution. As summarized in Figure 2,
the results provided quantitative insight
into the emulsion microstructure, showing
that most droplets are approximately 1-2
Mm in diameter. Smaller droplets may be
present but remain undetected due to the
optical resolution limits of the microscope.
This limitation is not critical, as larger
droplets dominate the volume fraction
and, therefore, exert a greater influence
on the macroscopic properties of the
emulsion.

Collectively, these findings indicate that
the combined interfacial activity of surfac-
tants and nanoparticles exhibits a strong,
reversible, and time-independent magne-
torheological response, while maintaining

long-term structural stability. The above
highlights the potential of ferrofluid emul-
sions to provide a foundation for further
studies aimed at optimizing droplet size
distribution, surfactant combinations, and
nanoparticle surface nature, to enhance
both stability and magnetorheological
performance.
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Figure 2: (a) Optical micrograph of the magnetiza-
ble oil-in-water emulsion Ey(; 4;53-w Showing a ho-
mogeneous droplet dispersion. Scale bar: 20 um. (b)
Droplet size distribution and cumulative volume dis-
tribution determined from image analysis
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Towards studying viscoelastic properties of soft
magnetic materials using computer simulations

Y. Gandhi, C. Holm, R. Weeber

Institute for Computational Physics, University of Stuttgart (ygandhi@icp.uni-stuttgart.de)

Magnetic gels are of particular interest
due to their combination of magnetic and
viscoelastic properties. The viscoelastic
properties are determined by both the un-
derlying hydrogel and the embedded
magnetic nanoparticles, as well as their
interactions.

There are two principal approaches to ac-
cessing viscoelastic properties: first,
through nano-rheology, by applying an
AC magnetic field and measuring the
magnetic response, with the Gemant-Di-
Marzio-Bishop![®2] theory subsequently
used to infer local viscoelastic properties;
and second, by applying shear to the
sample and observing the macroscopic
stress—strain relation. In principle, these
techniques are available in both experi-
ments and simulations; however, the lat-
ter involves a very high computational ef-
fort.

Here, we explore the viscoelasticity of hy-
drogels via simulations using the ES-
PResSol3! simulation package. We employ
a coarse-grained model that resolves the
polymer network as bead-spring chains,
with hydrodynamic interactions and ther-
mal fluctuations modeled via momentum-
conserving dissipative particle dynamics.

Our initial aim is to parametrize the model
to reproduce key experimentally observed
features of hydrogels. In the future, mag-
netic nanoparticles will be incorporated to
study the influence of the constraints they
impose on local deformation, as well as
the role of dipole-dipole interactions.
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A unified variational-based modeling approach for
soft and hard magnetic magneto-active polymers

Philipp Gebhart, Thomas Wallmersperger

Institute of Solid Mechanics, TU Dresden, 01062 Dresden, Germany

Over the past two decades, there has
been a growing interest in both the theo-
retical modeling and experimental inves-
tigation of field-responsive functional
composite materials. Among these, mag-
neto-active polymers (MAPs) have
emerged as a particularly fascinating and
versatile class of smart materials. These
composites consist of a polymer-based
matrix with dispersed magnetizable parti-
cles. Owing to this specific microstructural
composition, MAPs possess the remarka-
ble ability to undergo large deformation
and alter their material properties in di-
rect response to applied magnetic fields.
The nature of their response is largely
governed by the magnetic characteristics
of the embedded ferromagnetic particles.
Accordingly, MAP composites are typically
classified into two principal categories: (i)
soft magnetic MAPs and (ii) hard magnetic
MAPs.

Soft MAPs comprising magnetically soft
particles, e.g., carbonyl iron, exhibit neg-
ligible hysteresis loss and demagnetize
completely after the removal of the exter-
nal magnetic field. This in consequence
leads to reversible deformation mecha-
nisms. Conversely, NdFeB particle-filled
hard MAPs exhibit distinct nonlinear, dis-
sipative material behavior, such as the
characteristic magnetic and "butterfly"
field-induced strain hysteresis. The dis-
tinctive behaviors of both soft magnetic
and hard magnetic MAPs — coupled with
the high degree of tunability in their prop-
erties achievable through tailored fabrica-
tion techniques — render them highly
promising candidates for a broad range of
engineering applications.

In the present work, we present a com-
prehensive microstructural guided model-
ing framework that allows to describe soft
magnetic and hard magnetic MAPs in an

elegant unifying manner. We outline in-
gredients of the constitutive theory based
on the framework of generalized standard
materials, that necessitates suitable defi-
nitions of (i) the total energy density func-
tion and (ii) the dissipation potential. Key
idea of the constitutive approach is an ad-
ditive split of the material part of the total
energy density function into three contri-
butions associated with (i) an elastic
ground stress, (ii) the magnetization and
(iii) a magnetically induced mechanical
stress, respectively [1, 2]. We propose
suitable constitutive functions in an en-
ergy-based setting that allow to accu-
rately capture the highly nonlinear mate-
rial behavior of soft and hard MAPs with
stochastic microstructures. Subsequently,
the two constitutive functions are embed-
ded in an incremental minimization prin-
ciple that is supplemented by a conform-
ing finite element method.

The performance of the developed varia-
tional-based modeling framework is
demonstrated by solving some applica-
tion-oriented boundary value problems.
The main emphasis of the numerical stud-
ies lies on the investigation of the magne-
tostrictive effect of hard MAPs at the mac-
roscale level as well as on the in-depth
analysis of pre-magnetized beam struc-
tures undergoing large deformations.
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Magnetic elastomers can dynamically
modify numerous properties in response
to a magnetic field. This gives this class of
materials potential for new applications,
which justifies the scientific interest in re-
searching them [1-2]. A common method
of producing these materials involves em-
bedding magnetic particles in a gel or
elastomer matrix. In the presence of an
applied magnetic field, the particles tend
to arrange themselves into chain-like
clusters that react to external stimuli,
even if the matrix is cross-linked [3].

Figure 1. Light microscopical
picture of nickel particle chains which are formed
due to the parallel oriented magnetic field.

Our research focuses on investigating the
formation process of these materials,
paying particular attention to the interac-
tion between particle cluster formation
and simultaneous cross-linking of the sur-
rounding matrix. A magnetic Halbach ar-
ray generates a homogeneous and con-
trollable magnetic field. Here, we focus on
the dynamics of cluster formation under
static and slowly varying magnetic fields.
We use particle tracking velocimetry tech-
niques to observe how the clusters de-
velop over time and to investigate how
this process depends on various parame-
ters. These parameters include matrix

viscosity, particle concentration and ap-
plied magnetic field strength. We also
consider cluster formation under a rotat-
ing magnetic field.

Figure 2. CT of the used nickel particles showing the
form of them.

Further investigation of larger sample
sizes will be possible with a new Halbach
array which is currently under construc-
tion. This presentation will cover the gen-
eral idea of the machine, including the
variation of the magnetic field, the use of
3D particle tracking and the anti-gravita-
tional aspect.
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Introduction

Magnetic hyperthermia (MH), for selective
tumor cell ablation through heat gener-
ated by magnetic nanoparticles (MNPs)
under an alternating magnetic field
(AMF), is among the most promising bio-
medical applications of MNPs. However,
several technical challenges still hinder its
clinical translation, including limited heat-
ing efficiency (specific loss power, SLP),
accurate delivery and retention of MNPs at
the treatment site, and the absence of re-
liable non-invasive temperature monitor-
ing to avoid overdosing and collateral tis-
sue damage. For a given SLP, the achiev-
able temperature in MH is determined by
the AMF parameters and the amount of
MNPs delivered (injection dose). Moreo-
ver, biological factors such as tumor mor-
phology (size, vascularization, and inter-
stitial fluid pressure) also strongly influ-
ence MNP distribution and, consequently,
heating performance. Reflecting this com-
plexity, preclinical studies report a wide
and inconsistent range of injection doses,
from <0.1 mgre/cm3 to >10 mgre/cm3,
with no established standard [1]. This in-
consistency underscores the urgent need
for systematic investigations, as insuffi-
cient dosing leads to inadequate heating
while overdosing risks unnecessary tox-
icity. Here, we present a simulation-
guided framework validated by in vivo ex-
periments to establish how tumor size and
thermal transport constraints dictate the
MNPs concentration (injection does) re-
quired for therapeutic heating [2].

Materials and methods

PEG-coated Synomag®-D nanoflowers
(micromod, Germany) were characterized
for their intrinsic magnetic properties and
SLP under immobilized conditions using
agarose phantoms, and the derived SLP
was implemented in a COMSOL-based 3D
pancreatic tumor model (80-700 mm3).

Tumor temperature (to achieve 45 °QC)
was simulated by solving a modified bio-
heat transfer equation:

oT; . ,
piCia_tl = k;VT; + ppCpw}y (T, — Ty) + Qpy + A

X SLP x 8

where p, C, T, k and w represent the den-
sity, specific heat, arterial temperature,
thermal conductivity, and perfusion rate,
respectively. Qm is metabolic heat gener-
ation. The subscripts i and b refer to the
specific tissue layer and the blood, re-
spectively. The variable A takes the value
of 1 or 0, indicating tumor or normal tis-
sue, respectively.

Results and discussion

The required MNP concentration (Fig. 1a)
decreased sharply with increasing tumor
size and approached an asymptotic mini-
mum of ~2.9 ygFe/mm?3, following an ex-
ponential decay.
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Fig. 1, a) COMSOL simulation for the required
MNPs concentration to reach 45 °C with respect to
tumor volume and and b) the first derivative of
the MNPs concentration

Analysis of the fitted curve (Fig. 1b) iden-
tified a critical size of ~320 mm3, marking
the transition from a steeply varying to a
quasi-steady state dose regime (deriva-
tive <0.01, <5% of the initial slope).
Therefore, tumors =320 mm3 were de-
fined as “large,” requiring ~3 pgre/mmS3,
while those <320 mm23 were considered
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as “small,” with substantially higher re-
quired MNPs concentration.

Using a 60 mgre/mL Synomag®-D disper-
sion, Fig, 2a shows the required injection
volumes. For large tumors, a constant 3
Mgre/mm3 dose yielded a linear depend-
ence on tumor volume, whereas for small
tumors the required volume plateaued at
~20, obtained by averaging the required
injection amount over the 80 to 300 mm?3.
These findings motivated two dosing
strategies: Minimum Injection (MI) for
small tumors and Tumor Volume-Normal-
ized Injection (TVNI) for large tumors,
which were validated in vivo across 31
pancreatic tumor-bearing mice.
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Fig. 2, a) required MNPs injection volumes for
different tumor sizes and b) in vivo experiments
protocol

The group classifications and the in vivo
experimental protocols are shown in Fig.
2b. A 30-minutes hyperthermia per ses-
sion was applied daily for mice in groups
2, 3, and 4 over a period of five consecu-
tive days. During the hyperthermia ses-
sions, tumor surface temperature was
monitored using a fiber optic sensor
placed on the skin.

Fig. 3a shows the average tumor temper-
ature recorded for each group at Day 1
based on the saturation phase of the
heating profile. Groups 2 and 3 agreed
well with simulation predictions, while
Group 4 (small tumors with MI) showed
higher surface temperatures, likely due to
non-uniform MNP distribution and local
hot spots.

Tumor growth dynamics (Fig. 3b) re-
vealed significant progression in controls

and MNP-only (Group 1) and complete re-
gression in Groups 3 and 4. In group 2
(small tumors with TVNI) five of seven tu-
mors grew, one stabilized, one regressed.
To interpret the simulation and in vivo re-
sults, we considered a simplified steady-
state 1D bioheat equation, whose general
solution includes exponential decay
terms, which implies that any heat intro-
duced into the tissue will decay over a
characteristic length so-called the thermal
penetration depth &. Using tumor-specific
parameters, & was calculated as ~9 mm.
The simulated critical tumor size (~320
mm?3) corresponds to a spherical diameter
of ~8.4 mm, remarkably close to 8. This
indicates that tumors smaller than d lose
heat too rapidly to sustain therapeutic
temperatures, explaining why higher
doses were required in small tumors and
why uniform and sufficient heating was
more reliable in larger ones.
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Fig. 3, a) average tumor temperatures and b)
tumor size changes in mice
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Introduction

Magnetic elastomers combine elastic de-
formability with excitability of defor-
mations by externally imposed magnetic
stimuli [1]. The type of response, that is,
the degree and mode of induced defor-
mation strongly depend on the positional
arrangement of the magnetizable parti-
cles embedded in the elastic carrier me-
dium that cause the magnetic response
[2]. Besides the overall shape, also me-
chanical properties, for example, stress-
strain relations and elastic moduli of the
materials are affected by external mag-
netic fields and depend on the particle
configuration.

Scope

We address these aspects from two dif-
ferent directions by theoretical and com-
putational approaches. On the one hand,
we study on the particle scale the dy-
namic process of structure formation
when generating the materials by appli-
cation of external magnetic fields. Our
focus in the current presentation is on
anisotropic magnetic particles. On the
other hand, we identify spatial arrange-
ments of magnetizable particles that op-
timize given macroscopic properties. Ex-
amples are selected modes of magneti-
cally induced overall deformations and
magnetically induced overall changes in
mechanical stiffness.

Magnetically induced structure for-
mation of anisotropic magnetizable
particles

In reality, the particle configurations de-
termining the properties of a structured
magnetic elastomer are introduced in a
still fluid but reactive suspension by ap-
plying strong external magnetic fields
during synthesis [3]. These arrange-
ments are then locked in by establishing
the permanent elastic carrier medium
through chemical crosslinking from the
surrounding reactive suspension. We

here aim to develop simulation methods
describing this important process of par-
ticulate structure formation on the parti-
cle scale, including the impact of hydro-
dynamic, magnetic, and steric interac-
tions between particles. First, we concen-
trate on the still fluid system.
Hydrodynamic interactions are mediated
by the flow of the surrounding fluid,
which we take into account explicitly by
an appropriate computational method.
The dynamics of the combined system of
particles and carrier medium is deter-
mined by solving the Navier-Stokes
equation, coupling the particle dynamics
to the velocity field of the carrier fluid.
We aim at efficient numerical simulations
that still describe hydrodynamic interac-
tions accurately.

Magnetic interactions are treated by ex-
plicitly solving Maxwell’s equations for
spatially resolved particles [4]. To this
end, we exploit that the particle dynam-
ics is much slower than magnetic relaxa-
tion times. As a result, we are able to
accurately resolve the magnetization and
the magnetic field in space and calculate
the forces acting on the particles.

In the case of isotropic particles, steric
interactions are modeled via a Weeks-
Chandler-Andersen potential. For aniso-
tropic particles, the complexity of the
particle shape necessitates a more in-
volved approach. For example, aniso-
tropic potentials, such as a Gay-Berne
potential [5,6], are utilized. Furthermore,
torques acting on the particles due to
hydrodynamic, magnetic, or steric effects
have to be taken into account as well.
Combining these features in our numeri-
cal simulations, we are able to study the
details of the magnetically induced struc-
ture formation. Previous studies on non-
magnetizable particles have shown that
the presence of hydrodynamic interac-
tions favors the formation of chain-like
aggregates, in contrast to more compact
structures that emerge in the absence of
hydrodynamic interactions. We here in-
vestigate how such hydrodynamic inter-
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actions affect the emerging configura-
tions in the case of magnetizable parti-
cles [7]. Varying particle shape and ma-
terial parameters of both the carrier me-
dium and the embedded particles, we
investigate the structure formation under
applied external magnetic fields.

Optimized spatial arrangements of
magnetizable particles

Reversing the perspective, we do not
build up the structure from the bottom
during dynamic processes as described
above. Instead, we request for certain
overall properties that we impose and
then ask for the associated most benefi-
cial particle configurations.

For this purpose, we first derived an ana-
lytical expression that connects the mag-
netic force on each discrete magnetic
inclusion to the overall extension or con-
traction along the magnetic field direc-
tion [8]. We use this formula as an input
to an adapted algorithm of simulated
annealing [9]. It allows us to determine
the optimized particle arrangement for
maximized elongation or contraction of
spherical example systems upon mag-
netization by an external magnetic field.
As a variant, we address the optimization
for maximized magnetically induced stiff-
ening or softening of cubical example
systems [9]. Here, in a rather numerical
approach, we found underlying particle
configurations for maximized magnetical-
ly induced changes in mechanical proper-
ties during uniaxial stretching or shear-
ing.

Recently, we outlined how on that basis
the magnitude of this magnetorheologi-
cal effect can be approximately doubled
in magnitude using strategies of compu-
tational materials design [10]. Instead of
just optimizing the particulate structures
for either maximized stiffening or soften-
ing of the materials, we simultaneously
optimize for both. Stiffening is triggered
by one magnetic field direction and sof-
tening by a perpendicular field direction.
Switching between the two perpendicular
fields can have a total effect about twice

in magnitude when compared to the case
of simple switching between a nonmag-
netized and a magnetized state.

Conclusions

We address the topic of structuring mag-
netic elastomers from two opposite
sides. On one hand, we establish theo-
retical methods to study the formation of
particulate aggregates in continuous car-
rier media by applying external magnetic
fields. On the other hand, we identify
particulate arrangements that are most
beneficial for the overall performance of
systems of specified shape. One chal-
lenging task for the future is to establish
ways that allow us to employ the former
process of structuring to generate the
arrangements identified during the latter
process of optimization.
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Motivation

Superparamagnetic iron oxide
nanoparticles (SPIONs) are utilized in
various biomedical applications, such as
local chemotherapy with Magnetic Durg
Targeting (MDT) [1], local magnetic
hyperthermia [2] and imaging sentinel
lymph nodes [3]. Conventional methods
for imaging SPIONs are for example
magnetic resonance imaging (MRI) [4] or
magnetic particle imaging (MPI) [5].
However, these methods are expensive
and cannot be performed e.g. during
Magnetic Drug Targeting. Ultrasound-
based methods, such as magnetomotive
ultrasound (MMUS) [6, 7], ultrasound
elastography [8, 9] or ultrasound-induces
cavitation [10] can be used during most
biomedical SPION applications and have
the potential for real time imaging.

Magnetomotive Ultrasound

MMUS utilizes the magnetic properties of
SPIONs to image their distribution. An

applied magnetic field exerts the
magnetic gradient force [6]
R =2 v(B@,0P) (1)
" 2u0 ' '

on the SPIONs. yx; is the magnetic
susceptibility, u, the permeability, V the
volume of magnetic core in each SPION
and B(r,t) the magnetic flux density and
point r=(x,y,z)Tand time t. When an
alternating magnetic field is applied to
tissue interspersed with SPIONs, these
particles and the tissue are displaced
according to the magnetic field pattern.
The displacement of the tissue can be
tracked with ultrasound imaging and
reconstructed as area of SPION-
distribution. We demonstrated that this
method can even be used during Magnetic
Drug Targeting [7] (Figure 1).

Ultrasound induced Cavitation

A completely novel ultrasound based
imaging method exploits the utilization of
ultrasound induced cavitation on SPIONSs.
It was shown that certain SPIONs can
generate acoustic cavitation, when placed
in a focused ultrasound field [8,9].
Cavitation is the generation of gas filled
microbubbules, which oscillate and
eventually implode. This implosion can be
acoustically received as noise signals and
used to reconstruct the cavitation source
area. As the SPIONs are the cavitation
nuclei, imaging the cavitation source area

Figure 1: In vivo magnetomotive ultrasound imaging during Magnetic Drug Targeting of a rabbit. The nanoparticle
accumulation is demonstrated over a time frame of 5 minutes to 45 minutes [7].
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Figure 2: Multimodal Imaging of SPIONs within a flow bifurcation with tumour inclusion. Passive Cavitation Mapping
(PCM) showing the flow channel, while Magnetomotive Ultrasound (MMUS) maps the tissue bound SPIONs. The

combined image shows the complete structure.

indirectly maps the SPION distribution.
Passive Cavitation Mapping [10] can thus
be used for SPION imaging.

Multimodal PCM and MMUS Imaging

Based on the work with MMUS and PCM,
A multimodal imaging approach
combining MMUS and PCM has been
developed. This new method utilizes the
imaging strengths of MMUS for detecting
SPIONs embedded in tissue, alongside
PCM's capability for imaging SPIONs
present in fluids. Figure 2 demonstrates
the application of this technique using a
complex flow phantom with tumor
inclusion. By integrating MMUS and PCM
imaging maps, the entire structure can be
comprehensively visualized.

Conclusion

Our research employed various
ultrasound-based techniques for SPION
imaging. MMUS uses the magnetic
properties of SPIONs to visualize their
distribution in tissues, while PCM uses the
acoustic signals generated by cavitation
events to map SPIONs in fluids. The
combined multimodal approach provides
a thorough imaging solution. Future
research will apply this integrated
multimodal technique to animal studies
and experiments involving SPION-loaded
cells.
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Switchable materials comprise an actual
and eclectic area of research covering as
well applied as fundamental research
questions. While the implementation of
magnetic nano- and microparticles into
soft matrices principally opens the path-
way to magnetically manipulable compo-
sites, it still remains a challenge to inte-
grate magnetically switchable particles
that fundamentally change their nature
under the influence of external fields. One
option to achieve this goal is the employ-
ment of nanoparticles composed of a
spin-crossover Fe(II) complex in a poly-
mer matrix,[1] as they can undergo an
abrupt transition from a diamagnetic state
(low spin electronic configuration) to a
paramagnetic state (high spin configura-
tion) with temperature.[2] Despite their
potential, the study of the viscoelastic
properties of spin crossover soft nano-
composites remains relatively unex-
plored.[3]

In this work, the viscoelastic, fluorescent
and spin crossover properties of compo-
site gels are studied. The composites are
prepared by dispersing Fe(Il)-triazole
based rod-shaped particles
([Fe(Htrz)2(trz)](BFa4) and
[Fe(NHztrz)s]Cl2) of various particle
lengths in NaPSS aqueous solutions. The
resulting [Fe(Htrz)2(trz)](BF4)/NaPSS
composite systems are shown to exhibit a
critical gel behavior.[4] This behavior is
brought by the percolation of the particles
within the NaPSS matrix, similar to what
has been reported for various anisometric
particle dispersions.[5-7] While their
study is limited to the LS state due to their
high LS-to-HS transition temperature
(Ty2 = 113°C), composites prepared by
using particles of the parent complex
[Fe(NH2trz)3]Cl2  (NH2trz = 4-amino-
1,2,4-triazole) [Fe(NHaztrz)3]Cl2/NaPSS,
exhibit a wide thermal hysteresis loop
around room temperature (see figure 1),

thus allowing the investigation of the vis-
coelastic properties for both spin states
(HS and LS) at room temperature. The in-
vestigation of the rheological properties of
the composite gel (see figure 2a) reveals
that the HS composite exhibits a critical
gel behavior, indicated by the presence of
a power law dependence of the relaxation
modulus G(t) with time, while the LS com-
posite relaxation follows a stretched ex-
ponential, as expected for viscoelastic flu-
ids. Further, both G’ and G” are increased
as compared to the LS state at the same
temperature (see figure 2b). This is an
important indication for the structuring ef-
fect of the spin crossover phenomenon in
this composite system.

On the other hand, remarkable coupling
between the magnetic state of the nano-
particles and the viscoelastic and the flu-
orescent properties is observed that be-
comes possible through the aromaticity of
the NaPSS component (figure 3). We ob-
serve a strong increase in fluorescence in-
tensity for the HS state as compared to
the LS state. While the origin for this is
not yet fully understood, we anticipate
that this effect could arise from the partial
photobleaching of the emission band
caused by absorption of the LS state,
and/or from local conformational changes
of the PSS chains in the vicinity of the na-
noparticles, due to the increased lattice
volume of the particles in the HS state.
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Figure 1. Thermal dependence of the xmT product
of the composite [Fe(NHatrz)s;]Cl2/NaPSS, recorded
at 2.0 K.mint, The red and blue arrows represent
heating and cooling respectively, while HS and LS
domains are indicated in yellow and purple respec-
tively. (Insert: picture of the composite during a LS-
to-HS transition).
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Figure 2. a) Stress relaxation modulus G(t) of
[Fe(NH2trz)s]Cl2/PSS-HS (orange), fitted with a
power law (black line), and of [Fe(NH2trz)3]Cl>/PSS-
LS (purple) fitted with a stretched exponential (black
line), performed at 298 K; b) storage G’(m) and loss
G” (A) moduli of the composite versus temperature
(K), performed at 2 K.min. Both experiments are
performed in the linear-viscoelastic regime.
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Figure 3. Normalized emission intensity (Emax) a@s a
function of temperature (K) for
[Fe(NH2trz)s]Clo/NaPSS (stabilized with ethylene
glycol), recorded at 2.0 K.min! under an excitation
wavelength of A = 312 nm. The maximum emission
wavelength obtained in the LS and HS states are as
followed: Aem(LS, 273 K) = 392 nm and Aem(HS, 326
K) = 400 nm.
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Time-resolved magnetic particle spectroscopy to
investigate aneurysm phantoms
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Non-invasive diagnosis and monitoring of
intracranial aneurysms (IA) represent an
important challenge in modern medicine,
as undetected aneurysm could lead to
rupture and hemorrhage with high risks of
permanent neurological damage or death.
The annual global incidence of a sub-
arachnoid hemorrhage (SAH) lies around
6.1 per 100,000 people [1] but with a
mortality rate of approx. 35% [2]. Cur-
rent diagnostic methods are indispensable
in initial diagnostics, but reach their tech-
nical limits when it comes to quantifying
hemodynamic parameters and time-re-
solved tracking of contrast tracers [3].
Due to their special magnetic properties,
magnetic nanoparticles (MNP) enable
novel quantitative imaging techniques
such as magnetic particle imaging (MPI)
and the associated spectroscopic analysis
method, magnetic particle spectroscopy
(MPS). MPS enables the investigation of
the flow behavior of an MNP bolus quanti-
tatively and time-resolved with high sen-
sitivity in model vascular systems. First
studies already showed the feasibility of
investigating the hemodynamics in aneu-
rysm phantoms with MPI [4,5].

The focus of this work is the development
and characterization of a measurement
setup for time-resolved quantification of
MNP boluses in additively manufactured
aneurysm phantoms using MPS. For this
purpose, a setup was assembled and val-
idated that enables controlled injections
of boluses into a flow system consisting of
a simplified aneurysm phantom and a
MPS flow cell, see Figure la. Aneurysm
phantoms were designed based on ana-
tomical reference data from the circle of
Willis and aneurysm sizes are selected ac-
cording to clinical classification of IA with
diameters between 4 - 26 mm (Fig. 1b).
The phantoms are manufactured using
stereolithography with a resin 3D printer.

a)

—M : B 'Y
Aneursym
Phantom

MPS

26 mm

11 mm

7 mm

4 mm

Figure 1: (a) flow-based measurement setup con-
sisting of an aneurysm phantom, in which a MNP bo-
lus is injected and time-resolved measured with
MPS, (b) 3D-printed IA phantoms with different an-
eurysm sizes (inner diameters).

During the experiment, distilled water is
pumped as carrier medium into the flow
setup using a peristaltic pump. Then a bo-
lus of MNP (Berlin Heart 10 nm, Berlin
Heart GmbH, Germany) is injected into
the phantom using a syringe. Propelled by
continuous flow in the system, the bolus
then passes the aneurysm and finally en-
ters the MPS flow cell (MPS-3, Bruker Bi-
ospin, Germany), which records the mag-
netic response of the particles and ena-
bles time-resolved quantification. MPS
and an optical detection unit (sepmag A
200 mL, sepmag systems SL, Spain) as
reference measurement were employed
to characterize the dynamics of the MNP
bolus in the aneurysm. The third har-
monic amplitude (As) of the MPS spectra
measured over time revealed that the de-
scent phase of the As signals broadens
with increasing aneurysm size (Fig. 2a).
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Figure 2: (a) MPS measurements of MNP boluses (cre = 1 mol/L, Veows= 20 L) in

aneurysm-phantoms with different sizes, results from time-dependent third harmonic amplitude values
(A3), (b) Time-resolved optical measurements of MNP boluses,

(c) Enlarged period of 5 s to illustrate the initial course of the signal showing the effect of aneurysm size.

The longer descent phase of the Az curve
is attributed to a larger MNP retention for
increasing aneurysm size. Thus, it can be
postulated that the flow velocities and the
vortex flow in the aneurysm decrease with
larger aneurysm volumes. The optical
data (Fig. 2b / 2c) complement the MPS
measurements by showing a decrease in
opacity resulting from diminished MNP
concentration. The method captures the
short rise phase of the bolus with high
temporal resolution, whereas MPS quanti-
tatively measures the washout phase over
several minutes at low MNP concentra-
tions with outstanding high sensitivity.

By combining both methods, the complete
profile of an MNP bolus can be measured
in an anatomically relevant vascular
model with aneurysms of different sizes.
Evaluation of the data showed also that it
is possible to mathematically estimate the
aneurysm size with an exponential fit,
which will be further investigated in future
work. In addition, the temporal resolution
of the MPS should be improved to de-
crease uncertainties in size calculations. A
future setup will also combine MPS and
the optical method in one setup for better
comparability of the data. With these im-
provements, the method thus possesses
great potential to investigate the influ-
ence of different aneurysm morphologies
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on hemodynamics and could further be
employed as a diagnostic tool in future
clinical applications to classify and moni-
tor aneurysm progression.
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Two time scales drive the formation of transient
networks in a ferrogranular experiment, and how
to control them
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Introduction

Magnetised steel spheres self-assemble
due to anisotropic magnetic interactions.
If one shakes a mixture of glass and steel
beads with a supercritical vibration ampli-
tude (3.3g), inter-particle collisions hin-
der the aggregation and keep the mixture
in a “gas phase” [1]. Below a critical vi-
bration amplitude, magnetic forces lead,
first, to the formation of individual chains
and rings that merge into a network [2]
as the system relaxes as shown in Fig. 1.
If given enough time, the network even-
tually compacts into crystalline-like is-
lands of magnetic beads.

3 q .. .-
& N edar e

Figure 1 Snapshot of ferrogranular networks
emerging after a quench of the vibration amplitude.

This scenario resembles the viscoelastic
phase separation (VPS) introduced by
Tanaka [3] for molecular mixtures. There
phase separation arises from the different
time scales of both components, labelled
as dynamic asymmetry by Tanaka. In pre-
vious experiments and computer simula-
tions we found some evidence that the
ferrogranular coarsening can be describes
as a VPS in the macroscale [3]. A homo-
geneous magnetic field oriented in verti-
cal direction was shown (in experiment

and in silico) to hinder the coarsening dy-
namics [5,6]. This is, because the mag-
netized steel spheres eventually repel
each other.

Likewise, the value of the subcritical ac-
celeration amplitude I plays a crucial role
for the type of emerging pattern [1]. In
the following we examine the coarsening
dynamics for different values of I'.

Experiment
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Figure 2. Scheme of the experimental setup.

trigger
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sensor

signal
generator

A computer-controlled signal generator
feeds a sinusoidal voltage signal into an
amplifier which drives a vibration exciter
from TIRA vib Co. The vibrations are cou-
pled via a long rod (guided by a precision
air bearing) to the experimental vessel to
avoid the magnetic stray field of the ex-
citer. The vessel is filled with glass and
steel beads with a diameter of 4 (3) mm,
respectively. Pictures are recorded by
means of a camera triggered in phase
with the driving. To avoid electrostatic
charges a micro controller stabilizes the
humidity in the range 80%-85%RH. The
setup is mounted on a stone plate
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(m=1.6t) which is floating on 4 air springs
and can be levelled to 10 pm.

Experimental Results

We are investigating the transient net-
works by the number of edges of each
node, i.e. its degree k ={0,1,...,,6}, and
the corresponding fraction of nodes Fk=
Nk / NS, where NS denotes the total num-
ber of steel spheres, and Nk those with k
neighbors. Because the networks are
largely made up of chains, F2 is a suitable
order parameter to monitor their genera-
tion and decay, as displayed in Fig. 3.
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Figure 3. Temporal evolution of F for increasing

shaking amplitudes i, as listed in tablel.

For a deep quench' 'l we see a fast build-
up of chains and networks, which are then
diminished on a much longer time scale.
A quantitative description can be given by
a bi-sigmoidal growth function [6,7]

N=2 1
A() = Ani + Z Agroii - 7 \Di
=l I+ <11;2i>

of a time-dependent quantity A(t). Here
Aini denotes an offset, present at t<O0s,
and Agro,i. the maximal growth (or de-
cay). The half-value period t1/2,i is the
time when A=Aini+1/2 Agro,i, and p is a
scaling exponent.

I (8)  Funi Fagro1 1121 (s) pi Frgron 1120 (s) p2
It 1.49 0.015 0.40 2.06 2.00 -0.25 144.21 1.21
I, 1.57 0.010 0.50 3.36 1.75 -0.38 3393 0.74
I'; 1.65 0.008 0.50 6.29 1.51 -0.36 23.13 0.93
Iy 1.73 - - - - - - -

I's 1.80 0.008 0.17 31.64 1.43 -

I'c 1.88 0.009 0.14 128.47 1.45 -

I'; 1.96 0.007 0.04 200.35 1.55 -

Ty 2.02 0.006 0.08 715.22 2.00 -

Table 1 Acceleration amplitudes and fitting parame-
ters to the data displayed in Fig.3.

Table 1 presents in the 2nd line two half-
value-times which differ by 142s. This dif-
ference is diminishing with I, until for >

I's only one time scale is left, capturing the
monotonous growth of Fa.

To conclude, the two time scales - an ini-
tial rapid assembly and a slower coarsen-
ing may be specific for a ferrogranulate
composed of susceptible dipolar hard
spheres (SDHS) [2]. The initial regime is
driven by dipolar interaction, while the
latter is governed by susceptibility. Thus,
internal magnetic complexity leads to
VPS. Injecting kinetic energy facilitates
the direct arrangement of clusters, by-
passing the networks.
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Ultralow-frequency AC-susceptometry
for the analysis of complex fluids
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AC-susceptometry is a well-established
technique for the study of Brownian and
Néel relaxation mechanisms in ferrofluids
and soft magnetic composite materials.
Here, we report on the usage of a SQUID-
magnetometer with integrated AC-option
for magnetic AC-susceptometry at ul-
tralow frequencies and variable tempera-
ture. The setup allows the application of
maximum AC magnetic fields of Hac,max =
0.42 mT (Hocmax = 5 T) at frequencies
from 3.5-10% to 1500 Hz and tempera-
tures of 5 to 400 K.

To be sensitive to slow particle magneti-
zation dynamics is especially important,
e.g., in high-viscosity fluids and complex
media, where spatial constrictions can
modify particle mobility. In the following,
several such materials are presented ex-
emplarily. One main advantage of this ap-
proach with a wide attainable parameter
space is the ability to probe Néel- as well
as Brownian system parameters. This is
demonstrated in fig. 1, showing an AC-
susceptometry (y”') mapping for elon-
gated Fes04/CoFe204 core-shell particles
in an organic carrier medium.

Other exemplary sample systems are
used to demonstrate the determination of
hydrodynamic particle diameters in highly
viscous fluid media,[2] the comparability
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Fig. 1: Mapping of imaginary component x" of
magnetic susceptibility of Fes04/CoFe204 core-shell
particles recorded at 0.1-1500 Hz and 5-330 K.[1]
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Fig. 2: Magnetic susceptibility % of CoFe>04 nano-
particles embedded in 2 types of PNIPAM microgel
recorded at 293 K.[4]

of slow Brownian dynamics determined
from AC-susceptometry data to transla-
tional particle motion in Mdssbauer spec-
troscopy [3] and the effect of spatial con-
straint on the mobility of CoFe204 parti-
cles in temperature-responsive PNIPAM
microgel networks, as shown in fig. 2.[4]
Special emphasis is given to the rotational
dynamics of Sc-doped BaFei20i19 nano-
platelets dispersed in liquid crystal and
butanol, respectively, displaying ferrone-
matic properties.
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Introduction

Ferrogel actuators are made of soft and
magneto-responsive polymeric materials
that can bend, elongate, contract, or twist
under magnetic fields. The magnetic field
stands out among other stimuli because it
can be instantly applied, produce a quick
response, and naturally penetrate most
materials. Particularly, by introducing
hard magnetic particles (MPs) into the
polymeric matrix, complex deformations
can be achieved because of their mag-
netic remanence. However, these parti-
cles are highly toxic, which hinders their
use in biological environments, the main
application space of these systems.

In this work, we present the fabrication
and actuation of ferrogel cylinders includ-
ing iron-based soft MPs, which under ad-
equate experimental conditions, showed a
chiral response and two types of instabili-
ties. The polymeric matrix is composed of
either alginate or acrylamide and cellulose
as a semi-interpenetrating polymeric net-
work (SIPN) [1]. During gelation, a uni-
form magnetic field is applied normally to
the cylindrical axis to organize the soft
MPs into chains that are permanently
fixed by the gelation process. This fabri-
cation process serves as a straight-for-
ward alternative for the creation of an an-
isotropic magnetic susceptibility in com-
posites. This simple method for the prep-
aration of ferrogel actuators relies solely
on moderate strength magnetic fields in
contrast to recently reported methods
that require complex magnetic fields or
deformable molds [2]. The response of
these actuators is based on the anisotropy
of the magnetic susceptibility of the ferro-
gel because of the MP arrangement. When
an external field is applied to the cylinder,

the ferrogel deforms because of the par-
tial alignment of MP chains with the mag-
netic field lines to reduce magnetostatic
energy. Experimentally, when one end of
the composite is fixed, a chiral twist can
be induced in the actuator under moder-
ate magnetic fields, and two types of in-
stabilities are observed. A simple theoret-
ical model is developed that predicts the
torsional response of the actuator, and
the observed instabilities [3].

Theory

Consider a cylindrical ferrogel of a high
aspect ratio whose MPs have been struc-
tured by a uniaxial field applied perpen-
dicular to the cylinder axis during gela-
tion. If after gelation, a uniaxial field is
applied to the composite perpendicularly
to its axis, it will rotate so that the MP
chains align with the field. If, however,
one end of the composite is fixed, the field
can induce a significant torsional defor-
mation whose extent depends on the an-
gle 6, between the MPs chains at the fixed
end, and the perpendicular direction to
the applied field. By studying the mag-
neto-elastic balance of this system, it is
possible to obtain an expression for the
torsional deformation of the ferrogel cyl-
inder

do(z) 2 fL

TR W#OH(% (A4 —AL) | sin(20(2))dz'

z

where R is the radius, L the length, G the
shear modulus, 4, and A, the effective
susceptibility parallel and perpendicular to
the MP chains respectively, u, the vacuum
magnetic permeability, and H, the applied
magnetic field strength. This integro-dif-
ferential equation is nontrivial to solve,
but it can be done numerically [3].
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Methodology

To characterize the actuation, three dif-
ferent experiments are carried out:
Magnetically induced torsional defor-
mation. The base of the actuator is fixed
at a given angle 6,, whilst the other end is
free to rotate. The strength of the uniaxial
magnetic field is then increased progres-
sively.

Mechanically induced instability. Under a
constant magnetic field, the base of the
actuator is rotated, starting parallel to the
field (6, = +90°). As 6, changes, a meta-
stable point is reached where 6,<0,
whilst the angle at the free end remains
positive (6 > 0). Further rotation induces
an instability where the free end abruptly
rotates to negative angles (6 < 0).
Field-induced instability. In this experi-
ment, to create a metastable state, the
base of the actuator is rotated so that the
base angle changes sign, whilst the free
end remains in the same direction. The
magnetic field is then decreased until the
instability is reached wherein the free end
abruptly rotates to the opposite direction.

Results

The cylindrical ferrogel actuators show a
torsional deformation (Figure 1A) that
translates into a chiral twisted state.
Moreover, the actuators showed two
types of instabilities induced by the me-
chanical rotation of the base of the com-
posite (Figure 1B) or reducing the mag-
netic field in a twisted state (Figure 1C).
The theory of their response to magnetic
fields predicts their detailed deformation,
as well as the existence of nonequilibrium,
metastable states, and the existence of
instabilities as we see experimentally. The
experimental results of the actuation are
in good agreement with the theoretical
model in most cases, including the angles
at which the instabilities occur. However,
SIPNs show some discrepancies that are
explained by the overestimation of the
susceptibility anisotropy in these compo-
sites. Field-induced instabilities are ex-
perimentally observed, but the discrep-
ancy between the model and the experi-
ment is tangible because of the technical
difficulties in performing these types of
experiments.
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Figure 1. A) Torsional deformation (base at 30°).
B) Mechanically induced instability. C) Field-in-
duced instability (¢ = 6 + 6,). Figure adapted
from [3], under CC BY-NC 4.0 license.
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Magnetic particle imaging (MPI) is a
promising tracer-based tool in medical di-
agnostics [1]. In the past, different hard-
ware, such as a single-sided MPI scanner
or head-sized devices, was built. Different
reconstruction methods, like the common
system matrix approach or the x-space
theory of projection, exist. Use cases in
the fields of angiography, cell tracking, or
cancer treatment have been explored [2,
3]. To test and quantify these techniques,
different scanner specific phantoms were
used [4, 5]. To enable a consistent com-
parison and to harmonize between these
different MPI developments, scanner in-
dependent specific phantoms and opera-
tion recommendations are mandatory.

Therefore, we designed a workflow based
on literature, tests, and the experience of
the research community. The workflow in-
cludes the development of static-flow-and
physiological phantoms as well as a plan-
ning tool to determine the optimal scan-
ner configuration for a given problem.

The planning tool should further enhance
the efficiency of experiment planning,
support quality assurance, and minimize
unnecessary animal testing by reducing
trial-and-error approaches.

The workflow incorporates the continuous
feedback of the interested MPI research
community. For the first iteration, we de-
veloped a straightforward static test ob-
ject and segmented a vessel structure to
print a physiological phantom shown in
figure one. We use the 3D printed test ob-
ject to compare the Revopoint MINI 3D
Scanner, a photometric method, and a
tactile measurement method for quantify-
ing geometry, and enable quality assur-
ance in terms of printed geometry sizes.
The obtained information is used to as-
sess the accuracy of MPI measurements
using the developed phantoms, enabling
consistent comparisons between different
MPI techniques and approaches.

Technical Test Specimens

Physiological & Flow Phantoms

Figure 1. Dedicated test objects to obtain technical MPI parameters and functional phantoms (segmented
vessel phantom) to provide controlled physiological conditions.
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Figure 2. Schematic of the planning tool to be de-
veloped to enable assessing of the success of envis-
aged MPI investigations.
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anisotropic magnetic elastomers
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Introduction and Objectives

Composites based on magnetic particles
and an elastic polymer matrix are called
magnetic elastomers. Depending on the
size and concentration of magnetic parti-
cles and the elasticity of the matrix, such
materials can have a significant magne-
torheological (MR) effect and are tradi-
tionally referred to as MR elastomers [1].
Regardless of the above parameters and
the magnitude of the MR effect, the pres-
ence of a magnetic component makes
such composites magnetically sensitive.
The application of an external homogene-
ous magnetic field during the polymerisa-
tion process makes it possible to obtain
anisotropic material due to the structuring
of particles in the initially liquid polymer
matrix. It is obvious that the induced ani-
sotropy significantly changes the mag-
neto-mechanical response of composites
to an external magnetic field. Recently,
the influence of the mutual orientation of
particle aggregates and the external mag-
netic field applied during magneto-me-
chanical tests on the macroscopic me-
chanical properties of MR elastomers was
systematically investigated, see e.g.
[2,3]. At the same time, the known re-
sults of measuring magnetisation curves
and determining the corresponding mag-
netic properties of magnetic elastomers
depending on the mutual orientation of
particle structures and the external field
in the experiment are extremely limited.
The known publications consider parallel
and perpendicular orientations only [4,5].
On the other hand, varying the concentra-
tion of magnetic filler and the magnitude
of the magnetic field applied during mate-
rial crosslinking makes it possible to ob-
tain a composite with different morphol-
ogy of particle aggregates, see e.g. [6].
However, the relationship between the
morphology of particle aggregates and

the macroscopic properties of the material
has not been sufficiently investigated to
date. The question of the influence of the
spatial orientation of different particle
structures relative to the direction of the
magnetic field applied in the experiment
remains open. Accordingly, this study ex-
amines the influence of the angle between
the direction of particle aggregates of dif-
ferent morphologies and the direction of
the field applied during magnetic meas-
urements on the macroscopic material re-
sponse. Measurements of the magnetic
characteristics of various composite sam-
ples are accompanied by microstructural
studies.

Material and Methodology

The study examines elastomeric compo-
site samples based on two-component
polydimethylsiloxane matrix (silicone and
crosslinker NEUKASIEL RTV 230 and
A149). Sigma-Aldrich iron powder with a
particle average diameter of 44 ym are
used as magnetic filler. The specimens
are fabricated by mechanical mixing of all
components, vacuum degassing and
crosslinking at room temperature. The
structuring magnetic field is provided by
the electromagnet of a vibrating sample
magnetometer (Lake Shore VSM 7407s),
which is further used for magnetic meas-
urements. The spatial orientation of par-
ticle structures relative to the direction of
the external field in magnetic measure-
ments was changed by rotating the VSM
rod with the sample holder around the
vertical axis. Microstructural investiga-
tions are conducted using the own labor-
atory X-Ray microtomography setup and
reconstruction process is performed cal-
culating a three-dimensional model from
the individual radiographs with a software
package developed in house [7].
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Results and Discussion

Figure 1 shows visualization of the differ-
ent internal microstructure of a magnetic
elastomer with the same microparticle
content. A composite with short chains
formed by structuring in a low (<100 mT)
magnetic field (b) and a composite with
long chains formed by structuring in a
high magnetic field (>1T) (c) are shown
next to the isotropic sample (a).

Figure 1: Microstructure of specimens with ~0.13
vol.% particles in VSM specimen holder: a) isotropic
composite, b) short chain composite, c) long chain
composite

Figure 2 shows the dependence of the in-
itial magnetic susceptibility Xini on the tilt
angle of the particles a relative to the di-
rection of the magnetic field applied dur-
ing the magnetic measurements. The val-
ues of Xini are obtained from the magnet-
ization curves of these samples. The
smaller the tilt angle of chain aggregates
relative to the applied field, the higher the
initial magnetic susceptibility.

0,025 [
L - ®  long chains
0,02 . - @ short chains
0,015 . . -====igotropic
g °
= 0,01 |
____________________________ .
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Figure 2: Initial magnetic susceptibility of samples
with ~0.13 vol.% particles as a function of the angle
of spatial orientation of particle chains relative to the
external magnetic field.

The composite with long chains has the
highest susceptibility. At higher tilt angle
(a>60°), the susceptibility of anisotropic

composites is comparable to that of iso-
tropic material. The obtained results are
obviously related to the demagnetizing
factor of chain aggregates and its varia-
tion with the change of the tilt angle of the
chains. It should also be noted that a sim-
ilar trend is observed for filled composites
(~10 vol.%) with thick clusters and/or
network-like aggregates of particles, i.e.
composites with a morphology fundamen-
tally different from individual chains.

Summary and outlook

The morphology of the structures of mag-
netic microparticles and their orientation
relative to the external field has a signifi-
cant influence on the magnetic properties
of anisotropic magnetic elastomers.
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Application of the Scharr edge detection algo-
rithm for microstructure assessment of magnetic
composites
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Introduction and Objectives

The microstructure of magnetic compo-
sites exerts a significant influence on
properties including the MR effect and in-
itial magnetization. Conducting a precise
analysis of the microstructure is therefore
of paramount importance. Following the
imaging of the structure of a magnetic
composite, for instance by means of X-ray
computed tomography, the resulting data
is typically displayed as a binary image.
One methodology for achieving this objec-
tive would be to implement the threshold-
ing technique subsequent to the denoising
process. However, it should be noted that
if the threshold value is set too high, there
is a risk of losing information about the
extent of the features [1]. In order to
achieve this objective, it is advantageous
to employ the Scharr operator for the pur-
pose of edge detection, thereby facilitat-
ing the acquisition of a more precise rep-
resentation of the microstructure. The
Scharr operator is a gradient-based
method for edge detection. In comparison
to alternative boundary detection opera-
tors, this method demonstrates superior
performance in the presence of noise and
exhibits rotational invariance [2].

Material and Methodology

The focus of the study is the microstruc-
ture of elastomeric composite samples
based on a two-component polydime-
thylsiloxane matrix (silicone and cross-
linker NEUKASIEL RTV 230 and A149).
Sigma-Aldrich iron powder, with a particle
average diameter of 44 ym and spherical
particles of BASF SP-I with a diameter of
5-8 um is used as a magnetic filler. The
specimens are fabricated by mechanical
mixing all components, followed by vac-
uum degassing and crosslinking at room
temperature. A vibrating sample magne-
tometer (Lake Shore VSM 7407s) is used
to provide a magnetic field for the struc-

turing of some of the samples. The inves-
tigation of microstructural properties is
conducted through the utilisation of the
in-house laboratory X-ray microtomogra-
phy apparatus. Subsequent to this, a
three-dimensional model is reconstructed
and X-ray artefacts are corrected from the
individual radiographs using a software
package developed in-house [3]. The mi-
crostructure is then examined using a
self-developed algorithm that uses the
Scharr filter to determine the edges be-
tween the sample holder and the matrix,
as well as between the matrix and the
particles. The image is then subjected to
a denoising process that involves the ap-
plication of a filter. This results in the con-
version of the image into a binary format,
achieved by the implementation of a
threshold. Subsequently, a three-dimen-
sional examination of the particles is pos-
sible for properties such as size and ori-
entation.

Results and Discussion

Figure 1: Cross-section of an isotropic sample with
~0.13 vol.% in a sample holder a) reconstructed and
artifact-cleaned, b) after application of a threshold,
c) after application of Scharr edge detection algo-
rithm, d) isolated particles as the end result.
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As illustrated in Figure 1a, a cross-section
through the centre of a reconstructed and
artifact-cleaned isotropic sample is pre-
sented. The application of a threshold with
the lowest possible threshold value pro-
duces Figure 1b. Conversely, the applica-
tion of the edge detection sharpening op-
erator, as demonstrated in Figure 1c, has
been shown to result in a more accurate
reproduction of the structure of individual
particles. This is particularly evident when
directly comparing Figure 1d, which was
binarized from Figure 1c, with Figure 1b,
the binary image without edge detection.
However, due to the high spatial resolu-
tion of the particles achieved in this way,
the artefacts caused by X-ray computed
tomography, such as ring artefacts, are
also strongly accentuated and must be
corrected beforehand. However, the po-
tential disadvantages are mitigated by the
improvements observed.

Summary and outlook

As evidenced by the research, the imple-
mentation of an edge detection algorithm
results in a significant enhancement of the
process of particle detection for isotropic
samples. Evidence regarding the use of
structured samples will be presented sub-
sequently.
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Structured magneto-active elastomers under in-
clined fields and an approximation for the near-
field effect in particle clusters

P. Patel, M. Saphiannikova, D. Romeis

Leibniz-Institut fiir Polymerforschung Dresden e.V., Hohe StraBe 6, 01069 Dresden

In our research we address magneto-
active elastomers (MAEs) as composites
of magnetically soft particles embedded
inside an elastic matrix. In the course of
manufacturing, basically two different
types of such MAEs can be distinguished:
unstructured samples prepared without
any magnetic field during the matrix cur-
ing, leading usually to an isotropic, or
random, distribution of particles in the
matrix. And structured samples that are
cured under a magnetic field, which
leads to a columnar- or chain-like parti-
cle structure that is aligned along the
curing magnetic field. To describe the
difference in the magnetization behavior
between structured and unstructured
samples, we developed an effective
magnetization approach. It turns out that
in the limit of infinite magnetic suscepti-
bility the effective magnetization ap-
proach resembles the theory by ].J. Ab-
bott et al. [2] for non-spherically shaped
samples of soft-magnetic bulk material in
external magnetic field. In comparison
with corresponding measurements of the
magnetization behavior of structured
MAE samples at different angles of the
applied magnetic field we can prove now
that our approach represents a generali-
zation of the theory [2]. Our approach
allows to describe the effect of sample
shape and inscribed particle microstruc-
ture simultaneously for arbitrary mag-
netization functions or material parame-
ters, i.e.,for finite magnetic susceptibil-
ity. The agreement with the experiment
is very convincing, although the effective
magnetization approach, so far, relies on
the dipole approximation for the magnet-
ic interactions among the particles. In
highly filled samples, as well as in struc-
tured MAEs, the particles are often very
close to each other. In such situation the
dipole approximation underestimates the
interactions among magnetizable ob-
jects. Yet, for only 2 spherical particles

the analytic solution is quite complex,
resulting in a slowly converging series
expansion. When considering many par-
ticle systems only computationally elabo-
rate methods like a Finite Element Ap-
proach can provide numerical solutions.
Based on a more compact generic func-
tion for the 2-body problem presented in
[3], we suggest a mean-field approxima-
tion for many-body systems including the
near-field effect in a similar fashion as
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we developed our cascading mean-field
approach for pure dipole interactions
previously [4]. Using further simplifica-
tions, a correction factor to our dipole
formulation for effective particle concen-
trations is obtained. Considering these
corrections due to the near-field effect,
we further investigate the role of cluster
formation and dispersion of particles in
initially isotropic MAE samples as the
applied magnetic field is either increasing
or decreasing. The thereby described
hysteresis effect in elastically ultrasoft
samples is analyzed in more detail.
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Micromagnetic Simulations of Magneto-Plasmonic
Nano-Objects with Tunable Domain Architectures
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Background and Motivation

Magnetic nanoparticles (MNPs), particu-
larly those based on ferrites, are of grow-
ing interest for a wide range of applica-
tions including actuation, hyperthermia,
and smart materials. ['?] Recent advances
have focused on combining magnetic and
plasmonic domains into single nanostruc-
tures to enable multifunctional behavior
at the nanoscale, accelerated by promis-
ing property combinations.*#!

We have developed a modular synthetic
approach to anisotropic Pt-[CoFe204]; (=
CF-z) nanostructures with well-defined
geometry and tunable domain number.
The systematic variation of precursor
composition, surfactant concentration,
and seed-to-precursor ratio enabled pre-
cise control over the number, size, and
geometry of CoFe:04 domains on Pt
nanocubes (Figure 1). This structural
modulation translated directly into tuna-
ble magnetic properties, including shifts in
saturation magnetization, remanence,
and interdomain coupling. By establishing
a robust heteroepitaxial interface with
minimal lattice mismatch, we ensured
consistent and anisotropic domain
growth. The resulting hybrid nanostruc-
tures demonstrate a clear structure-func-
tion relationship, wherein nanoscale ar-
chitectural design governs collective mag-
netic bfehavior.

oo ot
2

ngure 1. TEM iméges of CF-z nanoparticles with
z =1 to z = 8 CFO moieties.

Due to their lattice-matched interfaces
and spacing, these complex nano-objects
present an ideal system to study domain
interaction and programmable magnetic

response based on geometric design in
low dimensions.

This framework paves the way for engi-
neered magnetic-plasmonic systems for
future applications in nanoscale motion
control, field-guided self-assembly, and
magnetic sensing platforms.

Object symmetry

Nano-objects with a central cuboidal Pt
core and a predetermined number of cor-
ner-attached CoFe>O4 cuboids display in-
teresting symmetry properties. In partic-
ular, CF-1 objects are characterized by a
Cs axis formed by the Pt-CoFe>04 connec-
tion. However, the preferred magnetiza-
tion direction (easy axis) of the CoFe204
cuboid is unlikely to match this symmetry
axis: Considerations of the CoFe204 ani-
sotropy lead to magnetically easy axes in
(1,0,0) direction, thus perpendicular to
the cuboids faces and thus three equiva-
lent and perpendicular axes for each indi-
vidual cuboid. For CF-1 objects, this leads
to a symmetry break and an expected an-
gle between geometric axis and magnetic
axis of 54.74° (magic angle). In other ge-
ometries of interest, in particular, CF-3
(trigonal-pyramidal, Cs point group) and
CF-8 (supercube cuboid group), the pre-
diction of the magnetization axes and
their orientation with respect to the object
symmetry is even more complex. E. g.,
for the CF-3 system, 38 different configu-
rations of the magnetization axes within
the three cuboids can be identified.

Methodology

To gain a deeper understanding of the mi-
cromagnetic interactions within the cobalt
ferrite cubes in such magnetic nanoob-
jects, micromagnetic simulations using
MuMax3 are conducted. Therefore, we
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employed the fundamental magnetic
properties such as anisotropy constants
(exchange constant 4., = 1.2:10! J-m-t,
saturation magnetization M =
5.0-10° A-m-!, cubic anisotropy constants
K, = 3.0-10°J-m-3 and K, = -7.0-10° J-m-3
-7 in a simulation box comprising a sin-
gle object, and obtained the minimized
micromagnetic state by using the deepest
descent method.

Starting point for the CF-3 simulations are
the 63 = 216 different configurations of
the cuboids’ magnetic moments in the ar-
rangement. We realize that a total of 16
distinct energy levels between 1.17 1018
Jand 1.38 10718 J can be identified (Figure
2). At ambient temperature, Boltzmann
statistics reveal over 98 % of the total
population is expected to be in the ground
state, represented by two of the 38
unique starting configurations. In this
state, the magnetization of two cubes is
oriented oppositely, while the third cube
adopts an orthogonal orientation, ena-
bling a minimization of the total external
magnetization (Figure 3) approximately
equivalent to that of a single cube. Again,
the angle between geometric axis and net
magnetization direction is 54,74 ° under
these conditions.

Figure 2. Variation of total energy (E...;) across all
216 states, a) without magnetic field, b) in a mag-
netic field of 75 mT, magnetic moment of the CF-3
nano-objects in dependence of the magnetic field.

To investigate the influence of an external
magnetic field, simulations are performed
under varied magnetic field strength up to
75 mT, oriented along the net magnetic
moment of the particle system. The ener-
getically most favorable state is field de-
pendent, and already at a few mT, the
Zeeman energy results in an increased
relative total magnetic moment of the ob-
jects (Figure 2c). In an external field of
about 30 mT or higher, the cuboids’ mag-
netization is likely to be parallelly ori-

ented. Again, the angle between the geo-
metric axis and the magnetization orien-
tation is the magic angle of 54.74°. The
relative net magnetization now corre-
sponds to the parallel arrangement of all
three domains, and the energy distance to
the next state is much larger than in the
field-free state (Figure 2b). At interme-
diate field strengths, a third configuration
is observed to be dominant (Figure3),
with a relative net magnetic moment
equivalent to that of 2.25 CoFe204 cubes.
a) o 8¢ | 4

Figure 3. MuMax3 simulation results of the a) de-
magnetization and b)-d) magnetization fields pass-
ing through b) the front cube, c¢) the back cubes, and
d) the full voilume of a single CF-3 particle of the
lowest energy states in (upper) absence of, (middle)
the presence of an external magnetic field of 10 mT
and (lower) 75 mT.
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Tailoring Magnet Setups for Field Homogeneity:
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Introduction

Special arrangements of permanent mag-
nets along a ring yield an almost homoge-
neous field useful for applications [1]. A
dipole orientation a« = 2¢, as originally in-
troduced for extended magnetic rods [2],
yields a reasonable amount of homogene-
ity even for such finite-size magnets as
shown in Fig. 1. A slight modification of
this arrangement in the plane, namely

_ 3sin(2¢)
tana = m, (1)
optimizes the field strength [3] and in-
creases its homogeneity [4]. Adapting
this approach to the third dimension leads
to so-called focussed configurations [4].

Figure 1. Sixteen neod?miun’i 1 cm3‘cubes fbrm a
prototype used for the focussed configuration meas-
urements in [4].

Methods

An open-source Python script supports in-
teractive exploration of the findings of
Ref. [4]. It provides a graphical user in-
terface (GUI) available for download to
aid the design of novel experimental ar-
rangements [5]. This presentation indi-
cates some of the capabilities of that GUI.

Results for Rings and Sandwiches

In the following, screenshots from [5]
highlight five key results of [4].

- Halbach Rings: If built of N infinitely
long rods the centre field forms a saddle
point of order N shown in Fig. 2.

By(p) — Bx(0) “Pm

Figure 2. Calculated field for a ring of 16 infinitely
long rods. The extreme flathess means that a
change is only visible at the largest distance from
the centre, the 4 corners.

- Finite-size magnets: For cuboids,
disks, spheres, and other finite-size
shapes, the field changes generically with
the second power, e.g. Fig. 3.
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Figure 3. The change of the fields with the distance
from the centre.

- Tilt: Allowing for a tilt (Fig. 4) of the
magnets with respect to their ring planes
focusses the field to finite distances from
that ring, a feature useful for single-sided
NMR and other applications.

Figure 4. Side view of tilted cuboids located along a
ring.

21st German Ferrofluid Workshop 49



- Singular arrangements: At singular
heights of a stacked (sandwich, see
Fig. 5) ring configuration, the centre field
might achieve a quartic (flat) maximum.

Figure 5. A sandwich construction of two planar
rings.

- Twist: To achieve the circular homoge-
neity desirable for imaging applications, a
twisted sandwich is helpful (Fig. 6).

By (mT)

ol
Mm) 50 —20

Figure 6. The strength of Bx forms a quartic maxi-
mum here due to a suitable twist in a stack of two
rings.

Annular and Spherical Arrangements:
Outlook

Another interactive tool for designing
magnet distributions to achieve homoge-
neous fields experimentally will be availa-
ble in the updated version of the GUI [5].
Based on the theory for continuous distri-
butions of magnetization for both annular
disks and spherical shells it allows esti-
mating the field on a percentage level
with a compact analytic formula and an
interactive modification of the inner and
outer diameter of the annular disk. Figure
7 illustrates, e.g., that one cannot afford
an inner radius Rin which is larger than the
height of the magnets h, to obtain field
strengths of 50 % of the remanence B: of
the magnets.

In contrast to this restriction, spherical
distributions produce fields that diverge
logarithmically with the outer radius Rout
of the spherical shell. A practical approach
to optimized spherical distributions of
magnetization is to arrange magnets at
the vertices of Platonic solids.

Extended annular disk, Royt = «
100F T T T ;

---- Mg =3/4
— fcqs=2E(3)=0.771 1

801

60 ;
B =B Cyisk * |z~
Rout/ ]
4.0

40

Centre field B./B (%)

20+

1 2 3 4 5 6 7 8
Inner radius of the disk Rin/h

Figure 7.The field stemming from a continuous dis-
tribution of magnetization on an infinite annular disk
following either the Halbach (grey dashed) or the fo-
cussed orientation (red solid line). Screenshot from
an update of [5].

Focussing onto the origin yields the con-
figuration with the largest field [4]. Ver-
sion 2.1.1 of the Dipole Cluster Inspector
visualizes the orientations and fields for
all Platonic and Archimedean solids [6].

Figure 8. A stereoscopic image of the magnetic di-
poles arranged at the vertices of a dodecahedron
and set in the focussing orientation. Screenshot from
an update of [6].

1=

)4
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Ferrofluidic gears and seals for space applications

Y. Remane, S. Hestermann, A. Wagner, M. Ehresmann,
G. Herdrich

Institute of Space Systems, University of Stuttgart

Ferrofluid and magnetic-based technology
may be a unique opportunity for solving
challenges in space systems, especially in
mechanisms exposed to dusty and vac-
uum environments. Their self-healing and
magnetically controllable characteristics
set them up to be uniquely suitable as a
replacement for conventional tribological
components in gears and seals. Com-
pared to traditional solutions, ferrofluidic
systems offer lower wear and improved
reliability, especially for long-duration
missions where maintenance is impracti-
cal [4].

Ferrofluidic seals

At the Institute of Space Systems, Univer-
sity of Stuttgart, ongoing research cur-
rently focuses on ferrofluid-based sealing
and torque transmission concepts for
space-relevant applications. Coming from
already existing earth applications, e.g.
vacuum chambers, a preliminary modular
ferrofluidic pressure seal has been devel-
oped and tested for use in astronautical
systems, such as wrist disconnects in ex-
travehicular activity (EVA) suits. This de-
sign employs ferrofluid to form atomically
tight, dust-repelling seals capable of
quasi-frictionless rotation and sustaining
pressure differentials exceeding 30 kPa
per barrier [2].

Dust contamination poses a critical threat
to spacesuit integrity, particularly in lunar
environments where abrasive regolith
(e.g. lunar dust) rapidly degrades conven-
tional rubber seals or metal gaskets. The
proposed ferrofluidic sealing concept lev-
erages the self-healing capability of fer-
rofluids and their selective particle rejec-
tion due to internal magnetic pressure
[5]. Experimental campaigns using NdFeB
magnets and two ferrofluid types, EFH-1
and J12, demonstrated that EFH-1, with
higher magnetic susceptibility, achieved a
maximum pressure differential of 30.11
kPa, while J12, with higher viscosity,

reached 15.70 kPa. This appears to be
strongly correlated to the maximum mag-
netic saturation of the utilized ferrofluid.
Pressure retention tests confirmed that
higher viscosity provides more controlled
leakage in failure scenarios, reducing con-
tamination risk.

Due to limited magnet resources, config-
uration trials identified a staggered axial
arrangement as optimal for forming mul-
tiple radial seal barriers. In regolith resili-
ence tests using a lunar mare simulant,
including high-magnetic-content frac-
tions, no particle ingress was detected af-
ter prolonged mechanical agitation. The
seals maintained integrity even under
heavy particulate loading, while trapped
particles at the interface reinforced the
sealing effect.

A modular wrist disconnect was developed
to integrate ferrofluid reservoirs and bay-
onet fasteners, meeting ergonomic, seal-
ing, and operational requirements. This
configuration enables easy attachment
and removal, allows for the inspection and
replenishment of ferrofluid, and ensures
long-term operational performance.
These results support the feasibility of fer-
rofluidic seals for future lunar missions,
offering enhanced durability, pressure re-
tention, and resistance to particulate con-
tamination [2].

Ferrofluidic gears

Alongside sealing technologies, research
is being conducted on ferrofluidic gear
systems for space actuation applications.
These designs utilize magnetic coupling
and ferrofluid-wetted bearings to transmit
torque without direct mechanical contact,
or with ferrofluid serving as a magnetic
bridge to enhance coupling efficiency due
to increased magnetic permeability. In
the case of spur gears, radially outward-
facing Halbach arrays are particularly ad-
vantageous for such couplings, as they in-
crease the effective magnetic field range
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and improve torque transfer across the
gap. While at the same time, the unused
“inner” side of the gear sees minimal
magnetic fields. This approach can be ap-
plied to all other examined gear types. For
gear bearings mostly ring magnets are
used. The ferrofluid layer naturally self-
distributes within the available magnetic
potential field, forming near-perfect circu-
larity in toroidal or ring magnet arrange-
ments. This behavior not only contributes
to uniform load distribution but also im-
proves the vibration profile of rotating
components, which can be useful to opti-
mize dynamic performance. By eliminat-
ing solid contact, these concepts inher-
ently enable wear-free torque transmis-
sion, which is valuable for sustainable,
low-maintenance drive systems.

Potential applications in space include
torque transmission in robotic manipula-
tors, precision pointing mechanisms for
scientific instruments, and encapsulated
drive systems for environments prone to
dust, such as the lunar surface.

To evaluate the performance of various
gear configurations, including axial, plan-
etary, spur, and bevel types, a dedicated
test stand is currently under construction.
It features a motor and a torque sensor,
enabling systematic testing under con-
trolled conditions, including an integrated
brake system with adjustable torque out-
put, allowing fine-tuning from maximum
to lower levels.

The ferrofluidic gearing and sealing re-
search builds on the results of previous
microgravity = experiments, including
PAPELL, FerrAC, FARGO, FerrAS, and
FINIX, and is part of a broader effort to
replace traditional mechanical interfaces

with ferrofluid-based subsystems [3]. The
most recent project, FOX (Ferrofluid Op-
tics Experiment), will expand the scope by
evaluating ferrofluid-supported adaptive
optics for in-space use, further demon-
strating the multifunctional potential of
magnetic nanoliquids in future spacecraft
systems [1].

Within the research history of the Insti-
tute of Space Systems University of
Stuttgart, ferrofluids and magnetorheo-
logical liquids have been used as bear-
ings, seals, as well as heat and electric
conductors, as manipulation subjects for
droplet generation, splitting, merging and
movement in microgravity, as a vital com-
ponent to achieve wear less pumps sys-
tems, reaction wheels and switches.
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Structured magnetorheological elasto-
mers (MREs) are composite materials
consisting of a soft elastomer matrix with
embedded magnetizable particles ar-
ranged in chain-like patterns. For the sim-
ulation of real-world samples, explicitly
resolving the microstructure is infeasible,
necessitating a multiscale modeling ap-
proach.

We present a framework based on phys-
ics-augmented neural networks (PANNSs)
[1,2] for the macroscale modeling of
structured MREs, incorporating their
transversely isotropic behavior. The de-
veloped PANN macroscopic model re-
spects key physical constraints, including
objectivity, material symmetry, thermo-
dynamic consistency, and the vanishing
free energy, stress, and magnetization in
the absence of external mechanical and
magnetic loads [1].

Assuming the absence of electric fields
and current densities, as well as quasi-
stationary conditions, both the microscale
and macroscale problems are formulated
based on a variational principle for mag-
neto-hyperelastic materials [3] and are
solved using the finite element (FE)
method.

In the first step, training data is generated
via numerical homogenization: sampled
magneto-mechanical loads are applied to
a representative volume element (RVE) in
FE simulations, and the resulting mi-
croscale responses are homogenized to
form a database for training and testing
the PANN. In the second step, the PANN

is trained using a Sobolev training ap-
proach, enabling the model to automati-
cally detect the direction of particle chain
alignment [2].

The trained model accurately predicts
magnetization, mechanical stress, and to-
tal stress within the range of the training
data and is capable of reasonable extrap-
olations of the magnetization curve. Fi-
nally, the PANN is used to simulate the
magnetostrictive response of a spherical
MRE sample, demonstrating contraction
along the magnetic field direction when it
aligns with the particle chains.
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Magnetic gels are soft hydrogels into
which magnetic nanoparticles (MNP) are
embedded. Thus, they exhibit the viscoe-
lastic properties known from hydrogels,
while features such as shape and stiffness
can be tuned by external magnetic fields.

The exact nature of the coupling between
magnetic nanoparticles and polymers is
crucial for the materials' stimuli-respon-
sive properties, and is determined by sev-
eral competing interaction mechanisms
including hydrodynamics, van der Waals
forces, electrostatics, and the local struc-
ture of the polymer network.

Here, we explore the role of these mech-
anisms by juxtaposing results for a PAAm
hydrogel loaded with cobalt ferrite parti-
cles and for a simulation model resolving
particles, polymers, and hydrodynamic in-
teractions.

In experiments, the polymer mesh size is
controlled by varying the degree of cross-
linking and the monomer fraction. In sim-
ulations, in addition to the mesh size, the
nanoparticle-polymer interaction is var-
ied. We probe the coupling mainly using
magnetic AC susceptibility spectra, which
can be obtained both experimentally and
in simulations, allowing for a direct com-
parison and for elucidating the role of dif-
ferent factors in the coupling.

The most notable feature in experimental
spectra is a systematic decline of the low-
frequency susceptibility as the mesh size
shrinks, despite the MNPs being only
physically trapped rather than covalently
linked into the polymer network.

Simulations show that purely hydrody-
namic or isotropic Lennard-Jones-like in-
teractions cannot reproduce this drop. A
reduction of low frequency susceptibility
as observed in the experiments appears
only when anisotropic surface patches
that attract polymer segments to the MNP
are introduced.

In simulations, isotropic coupling influ-
ences the time scale. Specifically, hydro-
dynamic interactions shift the Brownian
peak to lower frequencies in proportion to
the local polymer density, but leave the
zero-frequency susceptibility unchanged.

However, our simulations show that an af-
finity between the MNP and the polymers
can mask mesh size effects:

strong polymer-MNP attraction distorts
the network around the particle, homoge-
nizing the hydrodynamic environment and
partly suppressing the mesh size depend-
ence of the relaxation time.

The experimentally observed reduction of
low-frequency susceptibility can be repro-
duced in simulations when including
patchy attractions of a few kT between
the MNP surface and the polymers.

In summary, our results highlight both,
the local polymer environment and sur-
face heterogeneity of the magnetic parti-
cles — chemical or topographical — as im-
portant factors in MNP-polymer coupling.
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Introduction

Iron oxide nanoparticles (IONP) are inter-
esting materials due to easy availability
and low cost. Their magnetic properties
enable a wide range of applications like
magnetic manipulation, heating or imag-
ing. Also, they show photothermal and
photoelectrical properties with high ab-
sorption rates in the visible light spectrum
making them interesting candidates for
photohyperthermia or catalysis [1,2]. To
add catalytic properties, the deposition of
Cu is favorable for reducing costs for cat-
alysts, making them reusable and devel-
oping multifunctional materials, as Cu NP
have high potential in catalysis (e.g., CO2-
or NOs™-reduction) and biomedical engi-
neering (e.g., tumor therapy, diagnostic
testing, antibacterial activity) [3,4].
Therefore, the aim of this research is to
develop a synthesis route to deposit Cu by
intrinsic heating with a visible light source
and to assess the catalytic behavior of the
resulting Cu-coated IONP.

Preparation and characterization

Preparation of IONP: Ferrimagnetic large
single domain particles (LSDP) were pre-
pared following [5]. In short, a 0.1 M
FeClz solution was added to a stirred so-
lution with 0.021 M NaOH and 0.185 M
NaNOs under N2> atmosphere and held at
35 °C for 1d. The resulting LSDP were
magnetically washed with distilled water,
analyzed by transmission electron micros-
copy (TEM, JEOL JEM 1011, JEOL GmbH,
Germany) and vibration sample magne-
tometry (VSM, MicroSense EZ, Quantum
Design, Taiwan).

To load the IONP with Cu, an electroless
copper process (see [6]) was performed

using an alkaline Cu bath (pH = 12,8, ad-
justed with NaOH, 0.2M CuSO04) with
0.1 M trisodium citrate as complexing
agent and formaldehyde as reducing
agent. The electrolyte was mixed with the
IONP suspension, and three samples
(V=3ml; B~ 1g/l) were filled in sepa-
rate borosilicate glasses. One sample was
irradiated for 1 h (1hL) at a distance of
3.5 cm with a high intensity white light
LED (60 W Shenzhen Aixinde Technology
Co., Ltd.; China) focused by a glass lens.
The second one was kept for 1 h at 75 °C
in an oil bath (1h 75 °C) and a third was
kept without treatment (nolL). Afterwards,
the IONP were magnetically washed to re-
move excess electrolyte. The Cu content
was determined by atom absorption spec-
troscopy (AAS, contrAA 800F, Analytik
Jena GmbH+Co. KG) and the morphology
was investigated by TEM.

Investigation of catalytic behavior: To test
the catalytic behavior of the Cu coated
IONP an electrochemical setup with a
Nafion™ separated H-cell was used (see
Fig. 1 a) to investigate the conversion re-
action of NOs™ to NH4* [7]. At the cathode
side a glassy carbon sample holder with a
permanent magnet on the back serving as
working electrode (WE) was placed with
an Ag/AgCl (sat.) reference electrode
(RE) either in a 0.5M K2S04 + 0.01 M
KNOs or 0.5 M K250+ solution for compar-
ison, purged for 10 min with Ar. The
glassy carbon was taped and isolated ex-
cept for a circle in the middle (@ ~ 4 mm;
see Fig. 1 b), where IONP samples were
placed (pristine IONP, 1hL, and 1h75°C
Cu coated IONP; ~ 40 ug). The perma-
nent magnet at the back held the IONP in
contact with the glassy carbon. At the an-
ode side, filled with 0.5 M K2504 solution,
an inert Pt electrode served as counter
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electrode (CE). Cyclic voltammetry (CV;
dE/dt = 20 mV/s, Eo = open circuit po-
tential; 10 cycles; -0.5--1.2V vs.
Ag/AgCl (sat.)) and chronoamperometry
(CA, t =30 min; Ea =-1,2 V vs. Ag/AgCl
(sat.)) were performed with a potentio-
stat BiolLogic VSP (BioLogic GmbH, Ger-
many). pH-values were measured before
and after CA (pH-meter Seven2Go, Met-
tler Toledo GmbH, Germany).

sample holder - WE

Pt-CE

Ar-supply Ag/AgCI-RE

nafion™
separator

“NO M o o) —
— salution— N @l _—

permanent

magnet glassy carbon sample

a)

b)

Fig. 1) a) Electrochemical setup and b) loaded
sample holder for IONP

To investigate the catalytic behavior for reduction of
NO3 to NH4*, IONP samples were administered on a
glassy carbon sample holder (untaped circle
@ ~ 4 mm) serving as working electrode (WE) in an
electrochemical setup. The IONP were held in con-
tact with a permanent magnet on the back.

Results and discussion

Preparation of IONP: LSDP with similar
ferrimagnetic properties and morphology
as in [5] were prepared. Using a white
light LED the IONP could be loaded with
Bcu-aas (1hL) ~ 17 - 19 wt-%, which was
slightly higher than for the 1h75°C-sam-
ple (Bcu-aas ~ 11 — 17 wt-%). No Cu was
detected for the noL-sample. The results
can be explained with the reduction of Cu
by intrinsic heat generation and possible
photoelectrical processes on the IONP-
surface absorbing visible light in the
transparency window of the electrolyte
(A ~ 400 - 600 nm). TEM revealed no
significant change in morphology.

Investigation of catalytic behavior: Using
CV and CA for all IONP tested in K2SO4 so-
lution, currents in the pA range could be
observed. After adding KNOs solution, the
currents for pristine IONP were in the pA

range, whereas for 1hL and 1h75°C sam-
ples, currents in the mA range could be
determined. For these samples, the pH
changed from pH 6.5 - 6.7 to 10.3 - 10.7
after 30 min of CA at the cathode side.
This is in accordance with the consump-
tion of H* for the reduction reaction [7]
and proves catalytic activity. After CA in
KNOs containing solution, Cu deposition
could be observed on the glassy carbon.
An explanation could be the oxidation and
dissolution of Cu in the presence of NO3"
and redeposition on the glassy carbon [8].

Summary and outlook

A synthesis route to obtain Cu coated
magnetic IONP with Bcy-aas ~ 17 - 19
wt-% by using intensive visible light was
successfully established. The catalytic ac-
tivity of these IONP for NOs™ reduction was
shown in an electrochemical setup using
the magnetic properties of the IONP to
connect them to a glassy carbon WE.

Follow-up investigations will focus on op-
timizing the synthesis route to reach
higher Cu contents by, e.g., adapting the
light source and composition of the elec-
trolytes or using different core structures
(multi-core, single-core IONP). Also, fur-
ther characterization is planned, e.g., by
X-ray Photoelectron Spectroscopy (XPS)
to determine the chemical state of the Cu.
Another aim is to adapt the synthesis
route to deposit noble metals like Ag or
Au for different functionalization. Further-
more, an optimization of the electrochem-
ical setup to enable easier handling, e.g.,
by making the permanent magnet remov-
able, and to quantify the products is
planned. Also, the setup can be used to
investigate other magnetic NP or other
catalytic reactions, like the oxidation of
glucose or the reduction of azo dyes.
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The field of stimuli-responsive soft mate-
rials is rapidly evolving, particularly with
recent advances in the design and fabri-
cation of magnetic soft materials. By in-
corporating superparamagnetic nanopar-
ticles (MNPs) into an elastic polymer ma-
trix, materials with rapid and fully reversi-
ble mechanical responses to magnetic
fields can be created, making them highly
suitable for the development of flexible,
remote-controlled soft robots.[*] However,
conventional crosslinked elastomer mate-
rials often lack reprocessability and recy-
clability, limiting the material’s lifetime,
especially when it is subjected to repeated
mechanical stress. These limitations can
be overcome by using vitrimers as the
elastic matrix. Vitrimers are dynamically
crosslinked polymers that can be re-
shaped at high temperatures and offer
valuable features such as self-healing and
recyclability. The dynamic mechanical
properties of the material can be tailored
depending on the applications by adjust-
ing parameters like the building blocks,
the crosslink density, the amount and size
of MNPs, or the way the particles are in-
tegrated into the matrix.
a

In this work, we present a magnetic elas-
tomer with a MNP content of 5 wt% based
on CoxFes3-x04-MNPs (x = 0.42 - 0.49),
the biologically derived building block D-
sorbitol, and the commercially available
trifunctional amine Jeffamine T403 (Fig-
ure 1a).[?1 The dynamic nature of the ma-
terials is given by the vinylogous urethane
bonds, which allow a reshuffling of the
network without a catalyst at elevated
temperatures.l31 The MNPs are synthe-
sized in a hydrothermal approach in the
presence of the functionalized sorbitol
monomer, allowing for a precise size con-
trol between 3 and 20 nm in diameter, de-
pending on the concentration of the cap-
ping agent.[24] Acetoacetylated sorbitol,
which is also a building block of the ma-
trix, was chosen as a coating to ensure
that the particles blend in with the vitri-
mer matrix and segregation under high
temperature and pressure during the ma-
terial’s processing is suppressed. To ob-
tain the magnetic elastomer, MNPs are
mixed with functionalized sorbitol and the
Jeffamine T403 crosslinker (Figure 1a).
The resulting material could be molded
into the desired shape and directly used.

Figure 1: a) Schematic of the single components of the system and the magnetic vitrimer nanocomposite.
b) Elastic deformation and return to the original shape. c) Heating of the nanocomposite using an alternating

magnetic field (Ho = 12-36 mT and f = 142.70 kHz).
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Still, more complex structures are easily
created by welding the pure matrix mate-
rial and the nanocomposite to fabricate
defect-free structures with more complex
deformation  behavior  (Figure 1b).[3l
Moreover, the magnetic properties and
thermo-reversibility can be combined us-
ing alternating magnetic fields (Ho = 12-
36 mT and f = 142.70 kHz) to induce lo-
calized heating (Figure 1c) and trigger the
self-healing behavior or a reshaping of the
material (Figure 2a). For example, a com-
posite containing 7 nm MNPs with a mass
of around 45 mg, which is exposed to a
frequency of 142.70 kHz and a field am-
plitude of 36 mT, reaches a temperature
rise of up to 78 °C. To optimize the cou-
pling of magnetic heating and the mate-
rial’'s response, the relaxation mecha-
nisms of MNPs with different sizes were
investigated using temperature and field-
dependent X-ray photon correlation spec-
troscopy (XPCS), revealing the ability of
the particles to freely rotate in the elastic
matrix. The findings affirm the signifi-
cance of the particles’ anchoring within
the matrix, since covalent binding of the
particles inhibits the rotation, while a
loose particle coating allows for Brownian
relaxation to occur.

Finally, the recyclability of the material
was investigated to show the full mechan-
ical reprocessability (Figure 2b) without a
macroscopic segregation of the magnetic
particles using heat compression. Addi-
tionally, the chemical recycling of the
composites using 0.5 M acetic acid was in-
vestigated, showing that the MNPs and
the matrix can be easily separated using

e ——

05M L
~ " OH 25 “c/\ MNP
Recovery

ﬁ- Ne

a permanent magnet (Figure 2c). A refor-
mation of the prune matrix by removing
the acetic acid and water, as well as the
recovery of MNPs without changing their
morphological and magnetic properties,
was realized (Figure 2d).

In conclusion, we demonstrated that
smart magnetic elastomers can be easily
fabricated using dynamic polymer net-
works, known as vitrimers, which exhibit
rapid mechanical responses to magnetic
and temperature-dependent shape
memory and self-healing properties that
can be remotely triggered via magnetic
heating using alternating magnetic fields.
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Introduction

The application of SPIONs (super para-
magnetic iron oxide nanoparticles) for
various in-body medical treatments is
proposed frequently in the literature
[1]1[3]. One central property of SPIONs is
their steerability by utilizing magnetic
forces applied by external magnets [2].
This technique is often discussed in the
approach of magnetic drug targeting
(MDT), where the SPIONs are used as
transporters and are coupled with medi-
cation [1]. By guiding the particles
through the human circulatory system to-
wards the diseased region, the effectivity
of treatments could be significantly in-
creased, without any invasive work ex-
cept the injection of particle solution.

The magnetic force E, acting on the par-
ticles is relatively weak as it grows with
the particle volume E,~V, which in-
creases strongly with the iron cluster di-
ameter as V~D3. Multiple iron cores form
one cluster with a typical size of D = 10 nm
[1]. The iron cluster within one particle is
encapsuled by a coating resulting in a
larger hydrodynamic diameter. Due to the
small size, the particle propagation is also
heavily affected by the blood flow condi-
tions through the drag force. The predic-
tion of reasonable steering strategies is
therefore heavily reliant on the knowledge
of fluidic conditions.

Particle propagation in branched ar-
terial networks

The propagation of particles in a network
of vessels is depicted in Fig. 1. Particles
are injected usually in mid-sized arteries
experiencing laminar flow conditions [1].
Due to the small hydrodynamic size, the
particle response time to changes in the
drag force is relatively small in the order
of sub-nanosecond. Any velocity changes
in the flow can be assumed to instantane-
ously affect the particle.

In the past, models have been proposed
to predict propagation of particles within
a single channel as in [5]. Additionally,
testbeds have been developed to measure
the timely arrival of a particle bolus at a
fixed sensor position downstream [4].

Figure 1: Arterial network consisting of 7 vessels. As
the arteries branch, the vessels shrink in diameter.
Particles within this network are indicated by black
circles.

In this work we want to simulate the par-
ticle propagation in a network of 7 vessels
with 3 branches, thus introducing a more
complicated scenario than the usual sin-
gle vessel setup. The network is shown in
Fig. 1 with the single vessel indices. The
inlet diameter corresponds to a typical
mid-sized artery and the other diameters
have been set accordingly smaller:
{1.6 mm, 0.7 mm, 0.51 mm, 0.52 mm, 0.52 mm,
0.27 mm,0.46 mm}. The lengths of these
vessels are set to: {15mm, 12 mm,12 mm,
5mm,5mm,5mm,5mm}.

We set our focus on predicting the particle
arrival in a network of vessels without any
external forces. Insights into the undis-
turbed movement of particles can then
later be used for optimizing the magnet
position for MDT purposes.

Simulation Methodology
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In the beginning we briefly introduced
that the blood flow induces a drag force
on the particles. For analyzing particle
movement, a CFD simulation of the flow
condition is necessary. We utilize the
simpleFoam solver from the OpenFOAM
simulation environment to numerically
solve the velocity and pressure within this
vessel network in 3D based on the Navier-
Stokes equations. The inflow boundary
condition of the inlet vessel is set to Q;, =

101%1 similar to [4], while the outlet pres-

sures of vessels No. 4-7 are set to zero.
The viscosity of blood (non-Newtonian
fluid) is shear rate dependent and is cal-
culated based on a Casson model.
Afterwards in a second simulation step,
particles are introduced at an initial injec-
tion location inside the first vessel and are
then advected by the fluid movement.
This is solved with the icoUncoupledKine-
maticParcelFoam solver. The particle
count is set to 5 - 10* and particles are uni-
formly distributed over the cross section
of the vessel at the injection region.

Simulation Results

L

Figure 2: The particle cloud travelling through the vessel network
at 0.12 s. The velocity of the particles is indicated by the colour.
The upper branches are reached earlier than the lower branches.

A snapshot of the particles shortly after
the injection is shown in Fig. 2. The larger
vessels seem to acquire a higher particle
share, since they are better perfused. This
effect becomes even more visible by eval-
uating the particle count at the four out-
lets over time in Fig. 3. The smallest ves-
sel No. 6 only receives about 1.3% of the
total particles.

Outlook

We showed that the particle arrival can
differ a lot between similar sized vessels.
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Figure 3: SPION count at the four outlets over time.

In the future we would like to incorporate
the magnetic forces acting on the SPIONs
into the particle simulation. This would al-
low us to optimize particle steering meth-
ods, by iteratively adjusting simulation
parameters and evaluating the particle ar-
rival results. Furthermore, since simulat-
ing larger networks with hundreds of ves-
sels in 3D becomes numerically challeng-
ing, we want to create simpler mathemat-
ical models to predict the spread of nano-
particles in connected vessels of different
size and orientation. These simpler mod-
els will speed up any computational pre-
diction.

Acknowledgments This work was
funded by the Deutsche Forschungsge-
meinschaft (German Research Founda-
tion) - GRK 2950, project-ID 509922606.

References

[1] A. S. Thalmayer, L. Fink, and G. Fischer
(2025). Experimental and simulative charac-
terization of a hybrid magnetic array for steer-
ing super-paramagnetic nanoparticles in drug
targeting. IEEE Transactions on Biomedical En-
gineering.

[2] R. Van Durme, G. Crevecoeur, L. Dupr’e, and
A. Coene (2023). Improved magnetic drug tar-
geting with maximized magnetic forces and
limited particle spreading. Medical Physics.

[3] M. Mahmoudi, S. Sant, B. Wang, S. Laurent
and T. Sen (2011). Superparamagnetic iron
oxide nanoparticles: Development, surface-
modification and applications in chemotherapy.
Advanced Drug Delivery Reviews.

[4] M. Bartunik, G Fischer, and J. Kirchner (2023).
The Development of a Biocompatible Testbed
for Molecular Communication With Magnetic
Nanoparticles. IEEE Transactions on Molecular,
Biological and Multi-Scale Communications.

[5] L. Y. Debus, M. J. Wilhelm, H. Wolff, L. C. P.
Wille, T. Rese, M. Lommel, J. Kirchner, F.
Dressler (2025). Blood Makes a Difference: Ex-
perimental Evaluation of Molecular Communi-
cation in Different Fluids. IEEE Transactions on
Molecular, Biological and Multi-Scale Commu-
nications.

60 21st German Ferrofluid Workshop



Magnetic particle spectroscopy based biosensing
for antigens and nucleic acids

F. Wolgast, R. Sack, Y. Wang, R. Amin, A. Lak,
M. Schilling, T. Viereck

Institut fiir Elektrische Messtechnik und Grundlagen der Elektrotechnik (EMG) and Laboratory for Emerging Na-
nometrology (LENA), TU Braunschweig, Braunschweig, Germany

Introduction

Food safety, environmental safety, quality
assurance and medical diagnostics have
one thing in common: they depend on fast
and reliable tests for the detection of pro-
teins, peptides, lipids, nucleic acids, tox-
ins and pathogens. In this field of point-
of-care (POC) diagnostics, lateral flow as-
says (LFA) are widely used due to their
ease of use and the availability of results
within less than half an hour. However, it
is not possible to detect the smallest
amount of an analyte with the LFA. In ad-
dition, they only provide qualitative re-
sults. Therefore, especially in medical di-
agnostics, the polymerase chain reaction
(PCR) is used as the leading technology
for nucleic acid detection, but it requires
well-equipped laboratories and sophisti-
cated equipment as well as time-consum-
ing enzymatic reactions, which makes this
method unsuitable for POC diagnostics in
everyday clinical practice. Magnetic bio-
sensing platforms promise advances in
the field of POC testing in terms of their
sensitivity with regard to antigen detec-
tion as well as the speed at which they can
detect deoxyribonucleic acid (DNA).

Antigen detection

A homogeneous magnetic assay (MA) is
realized by the addition of the analyte to
functionalized magnetic nanoparticles
(MNP), in this case BNF particles with a
size of 80 nm (BNF80) from micromod
GmbH, resulting in a hydrodynamic
change in size of the MNP. This influences
the sensitive relaxation dynamics of the
MNP, which can be detected by measuring
the magnetization response using Mag-
netic Particle Spectroscopy (MPS). Conse-
quently, the presence of the analyte can
be inferred. When evaluating the MPS sig-
nals, the harmonic ratio of the fifth to the

third harmonic is considered because it is
a concentration-independent metric. Fur-
thermore, the harmonics are independent
of any para- or diamagnetic background
and can therefore be directly associated
to the particles.

Our assays for detecting antigens are
based on the formation of clusters by add-
ing the analyte, as shown in Fig. 1. The
added antigen (AG) is captured up by the
antibodies (AB) on the MNP surface. Since
there are typically several AB on an MNP
as well as the AG has several binding
sites, large magnetic clusters are formed
form the single particles leading to a de-
crease of the harmonic amplitudes [1, 2].
As a result, the MA achieve a greater rel-
ative size change for the same amount of
analyte, which leads to an increase in sen-
sitivity. The influence of the functionaliza-
tion of the MNP on the hydrodynamic size
is shown in Fig. 2. In both cases, BNF80
particles were functionalized with AB or Fv
against SARS-CoV-2. While the pure
MNPs have a hydrodynamic diameter of
around 83 nm, those with AB on the sur-
face are already 97 nm in size. This con-
trasts with the Fv functionalized MNP at
86 nm in diameter. Therefore, this type of
functionalization represents a good start-
ing point for more sensitive antigen de-
tection. The next step is to perform an MA
with the MNPs with Fv on the surface to
determine the detection limit for this type
of assay.

**** Antigen
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Figure 1: Schematic of clustering-based antigen de-
tection.
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Figure 2: Normalized imaginary part of the AC sus-
ceptibility for BNF80 without (w/0) and with (w/) AB
or Fv functionalization.

DNA detection

The platform we have developed for DNA
detection uses MA, which are wash-free
and enable enzyme-free signal amplifica-
tion. The magnetic signal amplification
circuit (MAC) illustrated in Fig. 3 is used
for the sensitive detection of DNA strands.

DNA Initiator
DNA Initiator Recycled ‘_\/Ci
i R
Single
MNP
RMC IC

\ Single \
b:: MNP > Fuel

Figure 3: Schematic design of the MAC.

A declustering-based approach is used, as
this offers a higher specificity compared
to clustering due to unspecific binding.
Brownian dominated MNP form respon-
sive magnetic clusters (RMC) are disas-
sembled by toehold-mediated strand dis-
placement (TMSD) reactions that are
highly specific for the corresponding tar-
get nucleic acid sequence. The cycle be-
gins with the DNA initiator step binding to
the RMC and releases a single MNP from
the intermediate complex (IC). After-
wards a fuel DNA binds to the IC and re-
leases the DNA initiator so that it can be
reused. The RMC decay in a cyclic pro-
cess, which changes the magnetic signal
caused by the low target concentration.
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Figure 4: Detection limit for the improved MAC ap-
proach measured with MPS [4].

Consequently, the amplitude of the har-
monics in the MPS increases. [3, 4]. Using
the MAC approach, a detection limit of
27 pM DNA strands after 24 h incubation
time was previously demonstrated [3]. In
Fig. 4 one can see the results with the fi-
nally improved MAC concept described
above using BNF80 particles. Both, the
assay time and the detection limit could
be improved, so that 7.6 pM can be de-
tected after only 2 h incubation time [4].
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Introduction

The widespread application of superpara-
magnetic iron-oxide nanoparticles
(SPION) is attributable to their excep-
tional magnetic response properties.
When the size of a magnetic nanoparticle
is below a critical threshold, they can be
regarded as single magnetic domains.
This implies that each nanoparticle pos-
sesses a unique magnetic moment, lead-
ing to non-negligible magnetic dipole-di-
pole interactions between them. These di-
polar interactions are the primary driving
force for the formation of agglomerates.

Furthermore, an external magnetic field
can induce these agglomerates to form
long, straight chains. The existence of
these field-induced chain-like agglomera-
tions has been verified by various imaging
techniques [1,2] and simulations [3,4].
However, in contrast to the single chains
often depicted in simulations, experi-
mental images frequently reveal hexago-
nally arranged, zipped chain-like agglom-
erations. In other words, the chains are
not isolated but interact to form bundles.

Nevertheless, many studies suggest that
the van der Waals (vdW) forces between
particles are the essential factor responsi-
ble for the formation of these zipped
chain-like agglomerations [2,6]. There-
fore, it is necessary to validate this asser-
tion through simulations.

Molecular dynamics simulation, which can
account for particle forces at the na-
noscale, is well-suited for investigating
the influence of van der Waals interac-
tions on the formation of such zipped
structures.

Model and Method

Van der Waals forces, electrostatic inter-
actions, and steric hindrance exist be-
tween SPIONs. Among these, the van der
Waals force is attractive, while the other
two are repulsive. The colloidal stability of
SPIONs is maintained by the balance be-
tween these attractive and repulsive
forces.

The Lennard-Jones (LJ) potential is a sim-
ple mathematical model used to represent
the sum of these interactions, as shown in

(1):
ver=ae|()-(0)] @

where ¢ is the depth of the potential well,
o is the particle size and r is the distance
between the SPIONSs.

To exclude the van der Waals attraction,
the Weeks-Chandler-Andersen (WCA)
potential can be employed, as shown in
(2). The potential is set to zero when the
separation distance r exceeds the cutoff
distance r.,. To ensure the function is
continuous at r.,, a constant shift, cy;s, is
introduced. In this manner, the L] poten-
tial from (1) is modified into a purely re-
pulsive version.

V(r) = {46 [(%)12 - (%)6] T lshite 0 <T ST ()

0 > Teut

The simulation code was adapted from the
relevant tutorials on the official ESPResSo
website [7], incorporating van der Waals
interactions and a homogenous magnetic
field. The magnetic field was applied in
the horizontal direction. The simulation
results are presented in Figure 1.
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Results and Discussion

As can be seen in Figure 1, SPIONs form
agglomerates regardless of the presence
of a magnetic field or van der Waals
forces. This phenomenon occurs due to
the dipole-dipole interactions, as previ-
ously mentioned. Upon the application of
an external magnetic field, Figures 1(c)
and 1(d) clearly show chain-like agglom-
erates aligned with the field direction. Un-
der these conditions, the magnetic mo-
ments of the SPIONSs, influenced by the
external field, orient themselves in the
same direction.

£
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Figure 1. Snapshots from molecular dynamics (MD)
simulations illustrating the agglomeration of SPIONs
under four conditions: (a) without magnetic field and
vdW forces; (b) without magnetic field, but with vdwW
forces; (c) with an applied magnetic field, but with-
out vdW forces; and (d) with an applied magnetic
field and vdW forces.

Notably, a comparison between Figures
1(b)(d) and 1(a)(c) reveals that the van

der Waals forces induce stacking among
the chain-like agglomerates, resulting in
thicker structures. This observation con-
firms that van der Waals interactions are
responsible for the formation of the hex-
agonally arranged, zipped chain-like ag-
glomerations.
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