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FOR 5599 – From production processes 
of structured magnetic elastomers  

to their macroscopic material behavior 

G. K. Auernhammer1, M. Kästner2, S. Odenbach2, B. Watzka3, 
A. M. Menzel3

1 Leibniz Institute of Polymer Research Dresden, Dresden, Germany 
2 TU Dresden, Dresden, Germany 
3 Otto von Guericke University Magdeburg, Magdeburg, Germany 

Background 

In March 2024, the German Research 
Foundation (Deutsche Forschungsge-
meinschaft, DFG) decided to establish the 
new Research Unit FOR 5599 “From pro-
duction processes of structured magnetic 
elastomers to their macroscopic material 
behavior” [1]. We hereby inform our sci-
entific community (you) about this deci-
sion and our plans, also in view of evolu-
tion towards new collaborative programs. 

Scope 

In our community, magnetic elastomers 
have been investigated over the past few 
years extensively. Our focus is on mag-
netizable particles of several to many mi-
crometers in size enclosed by soft elastic 
carrier matrices. We know that magne-
torheological and magnetostrictive effects 
are observed for these materials. Struc-
turing (spatially arranging) the position-
ing of the magnetizable particles plays a 
central role. However, we do not really 
know yet which structures imply the most 
pronounced response of the materials 
and, specifically, how these structures can 
be generated. Moreover, to put it mildly, 
there is still room for us to communicate 
the appeal of our research to a broader 
public outside our scientific community.  

Plan of FOR 5599 

To address these points, we combine ex-
pertise and methods of five complemen-
tary areas. On the microscopic particle 
scale, we try to understand and work out 
methods to guide the processes of struc-
ture formation. Experiments [2] and the-
ory [3] supplement each other. On the 
macroscopic scale of the materials, we in-
fer how such microscopic structures affect 

the overall material properties. This is 
achieved via scale-bridging simulations 
[4] and through complementary struc-
tural analysis combined with macroscopic
measurements on real samples [5]. A ma-
jor goal of FOR 5599 is to further investi-
gate how such information and results are
best communicated to a broader public,
particularly outside the scientific commu-
nity. To this end, didactics and educa-
tional research represent a central com-
ponent of the Research Unit [6]. We ana-
lyze how corresponding educational ma-
terials are perceived and processed, par-
ticularly by high-school students, and how
educational materials are improved.

Outreach 

In parallel, this plan allows to directly con-
vey our results and fascination for the 
subject to a central target group outside 
science, namely pupils. We hope to stim-
ulate in this way aspiration for STEM sci-
ences, noting the importance for the gen-
eral future development of our society. 
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MAE cantilever-type acceleration sensor 
with adjustable sensitivity 

T. I. Becker, L. Zentner 

Mechanics of Compliant Systems Group, Faculty of Mechanical Engineering, Technische Universität Ilmenau, 
98684 Ilmenau, Germany 
 
In application involving crashes and falls, 
an acceleration sensor may experience 
sudden, short-duration impulsive loads 
and should withstand them without fail-
ure. The ultimate design of an accelerom-
eter is usually chosen so that the sensitiv-
ity matches a certain range of accelera-
tions that are expected in a particular ap-
plication. The use of smart materials, such 
as magnetoactive elastomers (MAEs), in 
the design of functional proof elements 
can enable adjustable sensor sensitivity 
tailored to specific application require-
ments. This enhances the measurement 
accuracy and extends the operating range 
for different acceleration levels. The un-
derlying effect is that the mechanical 
properties of MAEs can be controlled in a 
non-contact manner by applying a mag-
netic field [1,2,3]. 
Figure 1 shows a prototype of an acceler-
ation sensor with an MAE functional ele-

ment in the form of a cantilever, synthe-
sized from silicone filled with 30 vol.% 
carbonyl iron particles. The MAE cantile-
ver is mounted within the air core of a cy-
lindrical electromagnetic coil, which is de-
signed to be powered by an ordinary la-
boratory source. When the sensor experi-
ences external periodic or transient exci-
tations, the cantilever vibrates, causing 
magnetic field distortions that are meas-
ured by two Hall effect sensors. Their po-
sition and orientation within the air core 
in the plane of cantilever’s bending vibra-
tions are determined based on magneto-
static simulations to maximize the meas-
ured field response. 
The active magnetic control is achieved by 
regulating the coil current and has a dou-
ble sense. The field generated inside the 
coil is necessary, first, to detect external 
excitation by magnetizing the MAE canti-
lever, the vibrations of which cause field 
distortions. Secondly, the coil field affects 
the vibration characteristics of the canti-
lever, thereby adjusting the sensor re-
sponse to an input excitation. 

Sensor frequency response 

The resonance characteristics of the MAE 
cantilever-type acceleration sensor are 
identified by the frequency response to a 
kinematic harmonic excitation. The sen-
sor outputs a steady-state voltage signal 
proportional to the difference of horizontal 
field distortions recorded by the Hall ef-
fects sensors. Figure 2 shows the ampli-
tude response as the normalized field dif-
ference relative to the undistorted field at 
the coil center for upward and downward 
excitation frequency sweeps. The meas-
urements reveal the first bending eigen-
frequencies of the MAE functional ele-
ment, which depend of the current sup-
plied to the coil. Both resonance fre-
quency ranges are narrow and clearly 
separated from each other without inter-
section. This ensures a predictable sensor 
response and determines frequency 

 
Figure 1. Functioning principle of the MAE cantilever-
type acceleration sensor with adjustable sensitivity. 
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ranges to adjust the sensor operating 
sensitivity. 

Sensor shock response 

The sensor response to a mechanical 
shock is analyzed in the time domain, fo-
cusing on the maximum acceleration and 
field change sensed immediately after a 
shock load. An individual shock is applied 
by hand pushing the sensor until it col-
lides with the slide border, in the direction 
aligned with the MAE cantilever deflection 
axis (Figure 3). To sufficiently character-
ize the shock event, both the peak accel-
eration value 𝑎𝑎𝑠𝑠 and the shock duration 𝑡𝑡𝑠𝑠 

are equally relevant, since shocks of dif-
ferent forms and durations may have dif-
ferent impacts on an object. 
Figure 4 shows the normalized maximum 
field change determined for various peak 
accelerations impacting on the sensor, 
when the coil is supplied by three different 
currents. Each group of experimental data 
is fitted with a line passing through the 
origin, indicating the proportionality be-
tween the input and output. The slopes of 
these lines give the sensitivity for each 
coil current. 
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Figure 2. Field distortion response of the sensor for 
two supplying coil currents: thick and white markers 
are values obtained during step increase and de-
crease of the excitation frequency, respectively. 

Figure 3. Measurement of an individual shock event 
for a coil current I = 2.5 A: (top) time sequence of 
a shock event; (bottom) horizontal field difference 
recorded by two Hall sensors. 

Figure 4. Sensor sensitivity to shock acceleration for 
different coil currents: experimental data (markers) 
and linear fit through the origin (solid lines). 
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Particle diffusion in a ferrogranulate layer  
induced by competing interactions 

 
 

O. Bilous1, Kirill A. Okrugin1, A. Lakkis2, P.A. Sanchez1,  
R. Richter2 and S.S. Kantorovich1  

 
1University of Vienna, Kolingasse 14-16, Vienna, 1090 (Austria) 
2Experimentalphysik V, Universtät Bayreuth, 95440 Bayreuth (Germany) 
 
Introduction 
Ferrogranulate is a granular composite 
made up of glass and magnetised steel 
particles that interact through contact 
forces and external fields, leading to phe-
nomena such as caging, anomalous diffu-
sion, and phase transitions. Advancement 
in ferrogranulate study dates back to the 
late 1990s, with numerous researchers 
such as Duran, Aranson, and Ottino con-
ducting a combined experimental and 
simulation study on granular materials.  

Several years later, quite small charged 
granules were replaced by millimiter-
sized magnetised beads in the experi-
ments by Blair and Kudrolli [1]. Quench-
ing the system from the gas phase into 
the mixed phase, the authors found loose 
networks that with time collapsed into 
compact regions. 
In contrast, for a deep quench, the differ-
ence in mobility of glass (fast phase) and 
slowed down by magnetic interactions 
steel beads, which led to the formation of 
transient networks that coarsen over time 
to more compact clusters [2]. 

 
Figure 1. Ferrogranulate time evolution 
(from the left to right) after quenching. 
Experiment (above). Simulations (below). 
The details can be found in [2]. 

This scenario resembles viscoelastic 
phase separation (VPS) [3] that arises 

from the different dynamics of the com-
ponents of the ferrogranulate.  

We investigate this dynamic using both 
theoretical [4, 5] and experimental [4, 6] 
methods. This investigation was con-
ducted with and without a magnetic field 
applied perpendicular to the layer. We fo-
cus on the ferrogranulate system, which 
contains different total area fractions and 
changes the concentration of magnetic 
and steel beads. 

Methods  

In the theoretical part of our study, we in-
vestigate Brownian motion in a quasi-two-
dimensional ferrogranulate system 
through molecular dynamics simulations. 
The system is made up of millimetre-sized 
magnetic and glass spheres with diame-
ters of 𝜎𝜎𝑚𝑚= 3 and 𝜎𝜎𝑔𝑔= 4, respectively. 
These spheres are modeled using a com-
bination of Stockmayer and Weeks-Chan-
dler-Andersen potentials, with thermal 
fluctuations simulating the shaking ampli-
tude. Each sphere is characterised by a 
magnetic point dipole at its centre. Our 
preliminary findings suggest that the 
magnetic susceptibility of the steel 
spheres can be accurately reproduced by 
introducing an additional central attrac-
tion, scaled by ε, between the steel 
spheres. The simulations are conducted 
using the ESPResSO 4.1.4 package. 

Numerical results  

In particular, we calculate the mean num-
ber of nearest neighbours of each mag-
netic particle, and plot them as functions 
of time Fig. 2. From this analysis we ob-
serve that over time, the system reaches 
a diffusion regime, allowing us to calcu-
late the diffusion coefficient by analysing 
the mean square displacement (MSD).   
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Figure 2. Mean degree of a node versus 
simulation time for different applied mag-
netic fields |B*z0|=0.0; |B*z1|=0.5; 
|B*z2|=1.0 (different the symbols mark) 
and three different total area fractions 
(different colour) φn=φm+φg, where φm – 
magnetic particles and φg – glass parti-
cles; φ1 = 0.1+0.075; φ2 = 0.153+0.115, 
φ3 = 0.2+0.15 in simulation units.  

Our findings show that an increase in total 
concentration slows down cluster dynam-
ics and increases the probability of larger 
clusters, which in turn hinders the sys-
tem’s response to the magnetic field. At 
low applied field values, the calculations 
suggest the presence of a bistable region 
at high concentrations, where droplet pre-
cursors form. 

By MSD analysis (Fig. 3) for four different 
particle configurations, including mag-
netic particles in clusters, singular mag-
netic particles, total magnetic particles, 
and glass particles, we uncover distinct 
regimes of Brownian dynamics.  

Figure 3. MSD for φ1 = (0.1+0.075) and 
|B*0| = 0.0. The colour of the line corre-
sponds to different diffusion regimes. 

These regimes include ballistic motion, 
superdiffusion, and a transition to subdif-

fusion or continued superdiffusion, de-
pending on the type of particles and their 
configuration. Normal diffusion is 
achieved when both the external mag-
netic field strength and area fraction are 
maximised, except for magnetic particles 
that are clustered together. 

Our investigation uncovers complex diffu-
sion behaviour across various area frac-
tions of magnetic and glass beads and 
three external magnetic field strengths 
(B*z0 = 0.0, B*z1 = 0.5, B*z2=1.0) perpen-
dicular to the monolayer, leading to tran-
sitions between different Brownian dy-
namics regimes.  

We also observe a complex interplay be-
tween the repulsion of magnetised beads 
aligned with the applied field and the di-
polar forces that tend to orient the mag-
netisation within the layer plane, leading 
to aggregation. This study offers valuable 
insights into the fundamental mecha-
nisms governing diffusion in ferrogranu-
late layers, with implications for various 
scientific and technological applications. 
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Experiments towards understanding the failure 
mechanism of magnetic microparticle structures 

in quasi-static shear  

D. Borin, Y. Jiang, S. Odenbach 
Technische Universität Dresden, 01069 Dresden, Germany 
 
Magnetorheological (MR) fluids are sus-
pensions of micron-sized magnetic parti-
cles in a carrier liquid medium. They are 
named due to significant changes in rhe-
ological behavior depending on the 
strength of the applied external magnetic 
field. For example, the change in yield 
stress can reach several orders of magni-
tude. Despite the active research of MR 
fluids for more than half a century, there 
are still a number of important, but not 
clarified from the point of view of basic 
physics, aspects related to the macro-
scopic response of these materials to 
external influences. One of these is the 
clarification of the mechanism of break-
ing of the MR fluid structured in the 
magnetic field under shear stresses and 
correspondingly related quasi-static elas-
tic properties of the material. A number 
of previously published theoretical mod-
els and computer simulations are known 
on this subject, considering both aggre-
gates of magnetic microparticles in the 
form of simple linear chains, cylinders, or 
ellipsoids, and in the form of branched 
labyrinth structures [1-3]. The expected 
response under quasi-static shear of a 
structured MR fluid is a monotonic stress 
growth, from the slope of which the re-
gions of pre yield and post yield behav-
iour are determined [2]. It is as well re-
ported that under certain conditions, the 
models demonstrate a non-monotonic 
dependence of shear stress on macro-
scopic shear [1, 3]. As it is pointed out in 
[3], the state of the system with a de-
creasing dependence of stress on shear 
strain is mechanically absolutely unsta-
ble, since the smallest internal fluctua-
tions of deformation should grow rather 
than dissipate. Hence the difficulties in 
detecting such a state in experimental 
studies. In fact, almost all experimental 
studies known to us show a monotonic 
dependence of shear stress on 

strain/time. In single cases (see e.g. Fig. 
3a in [4]), however, overshooting can 
also be observed in the plots of the pre-
sented measurement results, but no at-
tention has been given to it by investiga-
tors. In such a context, our work is de-
voted to attempts to find experimental 
conditions in which a non-monotonic de-
pendence of the shear stress at quasi-
static shear stress is observed for a 
structured MR fluid of the simplest possi-
ble and known composition. In this case, 
we vary such parameters as the concen-
tration of magnetic particles, the size of 
the working gap between the static and 
shear plates, and the strength of the 
external magnetic field. We also focus on 
the material and surface roughness of 
the working plates. In addition to the 
fundamental importance, the expected 
results are essential from an applied 
point of view for the choice of MR fluid 
and operating conditions for devices us-
ing magnetic control of the static yield 
stress. This is particularly the case for 
MR disc brakes or MR dampers with MR 
valve operating in a shear mode. Prelim-
inary results of our research will be pre-
sented at the workshop. 
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Increase of MPS signal by isotropic aggregates of 
magnetic nanoparticles

D. Eberbeck1, F. Wiekhorst1

1 Physikalisch-Technische Bundesanstalt, Berlin, Germany 

In this study, the effect of the aggregation 
of magnetic nanoparticles (MNP) as trac-
ers for Magnetic Particle Imaging (MPI) 
within different matrices was investi-
gated. Embedding of MNP in matrices of-
ten immobilizes the MNP which decreases 
the resolution of MPI and correspondingly 
the amplitudes of the Magnetic Particle 
Spectroscopy (MPS) signal, as it is shown 
exemplarily for Resovist® after immobili-
zation of the MNP by freeze drying in a 
mannitol matrix (Fig. 1).  
Chaining of MNP by immobilisation of MNP 
in matrices under an external field usually 
enhances the susceptibility but isotropic 
aggregates in most cases decrease the 
MPS-signal because of the competing 
character of dipole-dipole interaction in 
disordered systems [1], except for very 
small MNP with diameters below 10 nm. 
Here we observed for some commercial 
available synomag® (micromod 
Partikeltechnologie GmbH) samples the 
opposite. In a wide range of higher har-
monics the signal for citrate coated (“C”) 
synomag SynC30a increases after freeze 
drying within a mannitol matrix (Fig. 1) 
while it decreases for the non-coated 
SynP50 (“P”-plain surface) (Fig. 1) and 
the samples with the larger sizes and re-
lated larger moments (Table 1).  
In order to elucidate this behaviour, we 
investigated the structure of possible ag-
gregates within the mannitol matrix. To 
this end, the Small Angle X-ray Scattering 
(SAXS) intensities of the MNP dispersed in 
mannitol solution was measured at room 
temperature and in frozen state at 253 K 
with a SAXSpace measurement device 
(Anton Paar, Austria). After subtraction of 
the background and desmearing the pair 
distance distribution, PDDF, was calcu-
lated by Fourier transformation.  
The results of the two sytems with the ex-
trem values of the magnetic moment 
show strong differences in the structure of 
aggregates. While the MNP of SynP50 
produce large aggregates (≈ 250 nm), 
those of SynC30a measure about 180 nm.  

Figure 1: MPS-data, harmonics of mag-
netisation and phase lag, 𝜙𝜙, for 2 syn-
omag systems and the established MPI-
tracer Resovist® before (red) and after 
freeze drying (blue). The arrows empha-
size the signal change following to freeze 
drying. 

Furthermore, the low absolute value of 
the PDDF of SynC30 is evidence of a lower 
packing fraction of 𝜙𝜙c,A = 6% in compari-
son to 𝜙𝜙c,A = 24% for aggregates of 
SynP50 (Table 1). 
This conclusion was supported by calcula-
tion of the scattering curves and PDDF for 
aggregates modelled with “Random ag-
gregation” (RA) and “Diffusion Limited 
Aggregation” procedures [2]. While the 
compact aggregates of SynP50 can’t be 
described by the loosely packed DLA, the 
data of SynC30 could be described by DLA 
quite good (Fig. 2). 
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Table 1: Mean magnetic moment of the 
MNP-cores, 𝜇𝜇, relative change of MPS-har-
monics 𝑀𝑀21 and volume fraction of MNP-
cores within aggregates, 𝜙𝜙c,A, estimated 
from SAXS-data. The iron concentrations 
of the samples were (10…20) mmol/L. 
 

MNP 𝜇𝜇 

aAm2 

Δ𝑀𝑀21 

 

𝜙𝜙c,A 

 

SynC30a 0.6(1) 182% 0.06(2) 

SynC30b 1.1(1) 64% 0.10(3) 

SynC30c 2.1(2) -116% 0.23(3) 

SynC50 4.6(5) -184% 0.16(5) 

SynP50 5.0(5) -130% 0.24(5) 
 

Interpretation: The degree of competing 
character of the dipole-dipole interaction 
is lower in DLA-like aggregates due to re-
duced number of nearest neighbours. 

Also, the smaller moments seem to sup-
port the ease of locally parallel coupling of 
neighboring moments and its reorienta-
tion along the external fields. This might 
lead to a more collective behaviour of the 
monments. The qualitatively different, 
strongly linear decay of 𝜙𝜙(𝑘𝑘) for SynC30a 
in freeze dried state (Fig. 1) hints at that 
hypothesis.  
It seems to be likely that a fine tuning of 
particle moment and coating can bear a 
magnetic readout system, very sensitive 
for changes of the matrix which affects 
the MNP aggregate structure, like for ex-
ample early changes of extracellular ma-
trix before a desease. 
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Figure 2: SAXS-Intensities after background correction (left column) and normalized 
with respect to the magnetite volume fraction, 𝜙𝜙, and pair distribution function 
(PDDF), calculated from desmeared intensities (center column), measured (points) at 
ambient temperature (“dispersion”) and 253 K (“frozen”). Crosses: data, correction of 
beam stop shadowing. The lighter colored band around PDDF represents its uncer-
tainty range. Model curves were calculated for RA- and DLA-aggregates (right col-
umn) with the structure parameters of the constituting MNP-cores, coating layer 
thickness 𝛿𝛿, indicated number of MNP per aggregate, 𝑁𝑁, resulting in the indicated 
mean volume fraction of MNP, 𝜙𝜙(𝑅𝑅G), within the Guinier Radius, 𝑅𝑅G, of the aggregates. 

Random Aggregation (RA)

Diffusion Limited Aggregation (DLA)
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Overview on ferrofluid space application activities 

M. Ehresmann1, G. Herdrich2

1 Institute of Space Systems, University of Stuttgart, ehresmann@irs.uni-stuttgart.de 
2 Institute of Space Systems, University of Stuttgart, herdrich@irs.uni-stuttgart.de  

In space applications, mechanical devices 
introduce significant liabilities, including 
heightened development risks and poten-
tial mission failures. The inherent wear of 
tribological surfaces demands precise 
mechanism design, extensive lifetime 
testing, and the use of expensive, high-
performance materials to ensure the reli-
ability of components that must endure 
long-term operation or extended dor-
mancy in the harsh space environment. 
Ferrofluids are a key component to con-
vert a mechanical component into a non-
tribological (i. e. low wear and tear) de-
vice.  
To assess ferrofluid viability to address 
the challenge of mechanical space compo-
nents, the Institute of Space Systems has 
conducted several projects aimed at vali-
dating the use of ferrofluids in space en-
vironments. Successful microgravity tests 
have demonstrated a range of ferrofluid 
applications, including ferrofluid droplet 
dynamics on the ISS, reaction wheel op-
eration, electrical current switching using 
magnetic liquid metals, thermal load reg-
ulation, and the pumping of non-magnetic 
liquids via a fully fluidic system driven by 
a ferrofluid-suspended piston. 
Additional applications that have been 
studied in prototype forms are fully fluidic 
reaction wheels, bearings, sealings, elec-
tro-permanent magnets, magnetorquers, 
various gearing applications and axle 
feedthroughs. 
This exploration of ferrofluid for space ap-
plications began in 2016 with the DLR 
Space Agency's Überflieger competition, 
which invited student teams to propose 
experiments for 30 days of operation on 
the International Space Station (ISS). 
One of the winning proposals PAPELL 
(Pump Application using Pulsed Electro-
magnets for Liquid Relocation) [1], al-
lowed for the manipulation of ferrofluid 
using commercial electromagnets during 
a 100-day ISS mission from 2018 to 
2019. In the microgravity environment, 

the experiment successfully demon-
strated ferrofluid droplet generation, 
movement, splitting, and merging, ful-
filling the conditions for digital microfluidic 
circuits. This achievement opens the door 
to a wide range of potential applications.  
A subsequent project, FerrAC (Ferrofluid 
Attitude Control), focused on utilizing fer-
rofluid to develop a non-mechanical atti-
tude control system for spaceflight [2]. 
Typically, mechanical systems such as re-
action wheels are employed for this pur-
pose, where the exchange of angular mo-
mentum between a fast-rotating flywheel 
and the host satellite enables adjustments 
to the satellite's pointing attitude. 
Two primary non-mechanical concepts 
have been investigated. The first involves 
distributing angular momentum through a 
pipe system within the satellite, requiring 
a non-mechanical pump to drive the 
working fluid. The second concept, analo-
gous to a reaction wheel, uses a liquid 
wheel, where a containment partially 
filled with ferrofluid is subjected to a ro-
tating magnetic field to achieve attitude 
control capabilities. 
Two variants of the pump-in-loop concept 
were flown in 2024 aboard a REXUS 
sounding rocket as part of the FerrAS 
(Ferrofluid Application Study) student 
project. The displacement pump variant 
achieved a mass flow of up to 25 ml/min 
[3]. In this system, three permanent 
magnets, coated with EFH-1 ferrofluid, 
serve as both bearings and seals to effec-
tively drive the working liquid. Electro-
magnetic fields generated by solenoids 
define the movement of the magnets. 
The second variant, the linear pump, op-
erates without any solid moving parts. 
Ferrofluid is magnetically pinned along 
the working fluid channel by permanent 
magnets. A series of electromagnets gen-
erates a magnetic wave that shapes the 
ferrofluid, allowing it to drive the working 
liquid. This pump achieved a flow rate of 
5 ml/min. 
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The prototype for the fully fluidic reaction 
wheel did not achieve sufficient RPM to be 
considered an effective reaction control 
actuator. Consequently, the system was 
upgraded to a solid rotor or flywheel sus-
pended on permanent magnets wetted 
with ferrofluid to still achieve a non-tribo-
logical system [4]. This configuration al-
lows for the creation of a low-friction 
bearing, while direct magnetic coupling 
with the permanent magnets enables the 
system to operate within the desired 
range of over 1,000 RPM. This system was 
initially conceptualized and prototyped 
during the FerrAC project. 
Experiment operation of this reaction 
wheel was made possible through the 
Überflieger 2 program, where a student 
team was given approximately one month 
on the ISS in 2023 to conduct their pro-
posed experiment, FARGO (Ferrofluid Ap-
plication Research Goes Orbital) [5].  
Additionally, the FARGO experiment con-
tainer housed two other technology 
demonstration experiments.  
The first was a thermal switch, which uti-
lized the differing thermal conductivities 
of EFH-1 ferrofluid and air to create a 
switchable heat conduction element. This 
was achieved by adjusting the position of 
the ferrofluid using a magnetic field. 
The second experiment involved an elec-
tric switch using a magnetizable variant of 
the room-temperature liquid metal alloy 
Galinstan (composed of gallium, indium, 
and tin) and an insulating oil. By adding 
micrometer-sized iron particles to the al-
loy, paramagnetic behavior similar to con-
ventional ferrofluid was induced [6]. How-
ever, at the current state of the art, mag-
netizable Galinstan is not considered 
long-term stable. 
Switching is realized using magnetic fields 
to allow the magnetic Galinstan to make 
and break the electrical contact. 
Both switch types employed electro-per-
manent magnets, creating a highly effi-
cient system that required energy input 
only for switching states. Several thou-
sand switching cycles for both switch 
types were successfully performed with 
this setup on the ISS [7]. 
Currently, efforts are underway to ad-
vance the displacement pump and electri-
cal switch technologies as part of the 

REXUS sounding rocket experiment, 
FINIX (Ferrofluid Implementations for 
Next-generatIon Exploration) [8]. Addi-
tionally, prototype development is ongo-
ing for potential applications of ferrofluid 
in bearings, sealing mechanisms, optical 
systems, and gear assemblies. 
These ongoing advancements demon-
strate the versatility and potential of fer-
rofluids in space applications, addressing 
critical challenges associated with me-
chanical systems in harsh environments. 
By leveraging their unique properties, 
such as low wear, fluidic motion control, 
and magnetic manipulation, ferrofluids of-
fer promising alternatives to traditional 
tribological components. As development 
continues, ferrofluids are likely to play a 
pivotal role in the next generation of 
spacecraft systems, contributing to more 
efficient, reliable, and cost-effective space 
missions. 
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Maximized magnetoelastic effects        
through internal structuring 

of magnetic elastomers 

L. Fischer, A. M. Menzel
 Institut für Physik, Otto-von-Guericke-Universität Magdeburg, Universitätsplatz 2, 39106 Magdeburg, Germany

Overview 

One prominent feature of magnetic gels 
and elastomers is their magnetostrictive 
behavior. The application of homogene-
ous external magnetic fields stimulates 
overall macroscopic deformations [1,2]. 
Additionally, these materials feature mag-
netorheological effects. That is, changes 
in their rheological properties are induced 
by external magnetic fields [3]. 

Motivation 

Magnetic gels and elastomers are hybrid 
materials that consist of a soft, usually 
polymeric elastic matrix that encloses 
magnetic or magnetizable inclusions of 
submicrometer to submillimeter size. On 
the one hand, their magnetostrictive re-
sponse makes them promising candidates 
for application as soft actuators or artifi-
cial muscles. On the other hand, their 
magnetorheological properties qualify 
them for application as adaptive dampers. 
Generally, from these perspectives, a 
maximized response to the applied exter-
nal magnetic field is beneficial. 

We have developed a scale-bridging ap-
proach that we apply to theoretically de-
termine the magnetoelastic response of 
example systems of magnetic elastomers. 
On its basis, we can directly calculate 
from the microscopic scale of the particu-
late inclusions and their spatial arrange-
ment the resulting macroscopic mechani-
cal material response upon magnetization 
[4]. Specifically and in contrast to several 
other approaches, we explicitly include in 
our theory the finite size of the systems. 
Then, the displacements of the bounda-
ries represent the overall deformation of 
the system as it is observed from outside. 

Theoretical description 

For simplicity, we first study systems of 
overall spherical shape. This allows us to 
develop an analytical approach, based on 
linear elasticity theory. Through these 
means, we calculate the overall defor-
mation of the spherical system starting 
from the forces that the microscopic inclu-
sions transmit to the soft elastic carrier 
matrix [4,5]. Hereby, we assume the 
elastic matrix to be fully homogeneous 
and isotropic. We focus on two types of 
overall deformation induced by magneti-
zation of the inclusions. These are overall 
changes in volume as well as relative 
elongation or contraction along the direc-
tion of the magnetic field [6,7]. We as-
sume all magnetizable inclusions to be 
identical and point-like, describing their 
magnetic interactions in terms of mag-
netic dipoles. Previous works include as-
pects of polydisperse systems [8], in-
duced torsional deformations through ap-
propriate positioning of the inclusions [9], 
as well as higher-order modes of defor-
mation [10]. 

Second, we turn to systems of overall cu-
bical shape. In this context, we analyze 
magnetorheological effects resulting from 
prescribed spatial positioning of the mag-
netizable inclusions in the elastic matrix. 

For both scenarios, we determine the spe-
cific internal structures that maximize the 
resulting effects. That is, we now deter-
mine for a specific mode of deformation or 
for the requested type of magnetorheo-
logical effect the arrangement of magnet-
izable inclusions that leads to the maxi-
mum performance [6]. Optimization is 
achieved by numerically evaluating corre-
sponding scale-bridging analytical formu-
lae and iteratively improving the arrange-
ment of magnetizable inclusions following 
an adjusted numerical scheme of simu-
lated annealing [11]. 
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Results 

For maximized elongation along the ex-
ternal magnetic field direction, we find an 
optimized structure that resembles a ro-
tated simple cubic lattice. Contrarily, for 
maximized contraction, hexagonal chain-
like arrangements are close to optimal, 
with chains oriented along the field direc-
tion. For maximized shrinkage (decrease 
in volume), the optimized structures ap-
proximately feature chains along the field 
direction, with irregular arrangements of 
the chains. Instead, maximized increase 
in volume is achieved by structures close 
to hexagonal layers of inclusions, with the 
layer normal oriented along the field di-
rection. For all these effects, we addition-
ally study the influence of the number of 
magnetizable inclusions and of the com-
pressibility of the elastic matrix. 

Concerning optimized magnetorheological 
effects, we consider the increase in elastic 
moduli with respect to uniaxial elongation 
or simple shear. For uniaxial elongation, 
the optimized arrangements are similar to 
face-centered cubic structures. Con-
versely, for shear deformations, they re-
semble hexagonal layers, with one axis of 
the layers parallel to the field direction. 

Conclusions 

In summary, we present a route towards 
magnetic gels and elastomers that feature 
optimized internal arrangements of mag-
netizable inclusions, depending on the 
task that they are intended for. We find 
that, in general, the resulting optimized 
structures are not completely regular (lat-
tice-type) arrangements. Besides, they 
depend on the number of inclusions as 
well as the properties of the employed 
elastic matrix. We are optimistic that, in 
the future, such optimal internal struc-
tures of the materials can be realized by 
modern techniques of fabrication, such as 
3D printing. We wish to support their ap-
plication by providing tools of analysis to 
optimize the material design.
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Variational-based modeling of soft and hard 
magneto-active polymers across scales

Philipp Gebhart, Thomas Wallmersperger 
Institute of Solid Mechanics, Technische Universität Dresden, 01062 Dresden, Germany 

In recent years there has been an increas-
ing interest in the theoretical and experi-
mental study of field responsive, func-
tional composite materials. Magneto-ac-
tive polymers (MAPs) are a special class 
of field responsive solids that comprise of 
a polymeric matrix with dispersed micro-
sized magnetizable particles. As a result 
of this microstructural composition, these 
materials deform and alter their material 
characteristics under the influence of 
magnetic fields. Based on the magnetic 
properties of the underlying ferromag-
netic filler particles, MAP composites can 
be classified into two categories: (i) soft 
and (ii) hard MAPs. Soft MAPs comprising 
magnetically soft particles, e.g. carbonyl 
iron, exhibit negligible hysteresis loss and 
demagnetize completely after the re-
moval of the external magnetic field which 
in consequence leads to reversible defor-
mation mechanisms. In contrast, NdFeB 
particle-filled hard MAPs exhibit distinct 
nonlinear, dissipative material behavior, 
such as the characteristic magnetic and 
"butterfly" field-induced strain hysteresis. 
These properties in combination with the 
tunability of specific characteristics 
through the fabrication process make soft 
and hard MAPs attractive options for var-
ious engineering applications. 

In the present work, we present a com-
prehensive microstructural guided model-
ing framework for hard MAPs including the 
response of the soft MAPs as a limiting 
case.  We outline ingredients of the con-
stitutive theory based on the framework 
of generalized standard materials, that 
necessitates suitable definitions of (i) the 
total energy density function and (ii) the 
dissipation potential. Key idea of the con-
stitutive approach is an additive split of 

the material part of the total energy den-
sity function into three contributions as-
sociated with (i) an elastic ground stress, 
(ii) the magnetization and (iii) a magneti-
cally induced mechanical stress, respec-
tively [1, 2]. We propose suitable consti-
tutive functions in an energy-based set-
ting that allow to accurately capture the
highly nonlinear material behavior of soft
and hard MAPs with stochastic microstruc-
tures. Subsequently, the two constitutive
functions are embedded in an  incremen-
tal minimization principle that is supple-
mented by a conforming finite element
method. Furthermore, we discuss poly-
convexity of the constitutive model which
implies quasiconvexity and rank-one con-
vexity and thus ensures material stability.

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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Motivation 

Superparamagnetic iron oxide 
nanoparticles (SPIONs) are utilized in 
various biomedical applications, such as 
local chemotherapy with Magnetic Drug 
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] 

𝐹𝐹𝑚𝑚 =
𝜒𝜒𝑆𝑆𝑉𝑉
2𝜇𝜇0

∇(|𝐁𝐁(𝐫𝐫, 𝑡𝑡)|2), (1) 

on the SPIONs. 𝜒𝜒𝑆𝑆 is the magnetic 
susceptibility, 𝜇𝜇0 the permeability, 𝑉𝑉 the 
volume of magnetic core in each SPION 
and 𝐁𝐁(𝐫𝐫, 𝑡𝑡) the magnetic flux density with 
point 𝐫𝐫 = (𝑥𝑥,𝑦𝑦, 𝑧𝑧)𝑇𝑇and time 𝑡𝑡. 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 the area of SPION-
distribution. We demonstrated that this 
method can even be used during Magnetic 
Drug Targeting [7] (Figure 1).  

Ultrasound Elastography 

The accumulation of SPIONs can increase 
the mechanical stiffness in the corres-
ponding are. This stiffness change can be 
mapped with ultrasound strain elasto-
graphy. Using ultrasound, two data sets 
are acquired and compared. One data set 
is without any mechanical influence, and 
the other with. The mechanical excitation 
can be by compression with the 
ultrasound transducer or by magnetic 
displacement. It was demonstrated, that 
this method can image SPION distribution 
in ultrasound phantoms [9]. 

 
Figure 1: In vivo magnetomotive ultrasound imaging during Magnetic Drug Targeting of a rabbit. The nanoparticle 
accumulation is monitored over a time frame of 5 minutes to 45 minutes [7].  
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Ultrasound induced Cavitation 

A completely novel ultrasound based 
imaging method exploits the utilization of 
focused ultrasound (FUS) induced 
cavitation on SPIONs. It was shown that 
certain SPIONs can generate acoustic 
cavitation when placed in a focused 
ultrasound wave field [10]. Cavitation is 
the generation of gas filled microbubbles, 
which oscillate and eventually implode. 
These implosions can be detected as 
acoustical noise signals and used to map 
the cavitation source area. As the SPIONs 
serve as cavitation contrast agents, 
imaging the cavitation source area 
indirectly maps the SPION distribution. In 
Figure 2, passive cavitation mapping [11] 
was used to map the SPION distribution 
using a higher order Delay Multiply and 
Sum beamformer. 

Conclusion 

In our work, we used various ultrasound-
based methods for imaging SPIONs. 
MMUS creates an indirect link for imaging 
SPIONs utilizing their magnetic 
properties, while ultrasound elastography 
relies on the mechanical stiffness of the 
SPION density in tissue. The newly 
developed method of passive cavitation 
mapping uses acoustic properties. In 
future work, combining these different 
imaging modalities can create an imaging 
framework with high precision and 
various information value.  
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Constitutive modeling is one of the pillars 
of continuum solid mechanics, which ena-
bles the mathematical description of dif-
ferent materials such as metals, rubbers 
or even active composites such as mag-
netorheological elastomers (MREs). In the 
history of constitutive modeling, consider-
able efforts were made to understand 
what physical conditions a constitutive 
model should fulfill, e.g., thermodynamic 
consistency and objectivity. While most 
conventional models proposed in the last 
decades were carefully formulated to ful-
fill these conditions, they have one major 
drawback: Based on a human choice of 
model equations, they are mostly limited 
to simple, only moderately flexible func-
tional relationships. Due to that, alterna-
tives based on machine learning are be-
coming increasingly popular, with neural 
networks (NNs) accounting for underlying 
physics being the most widely used. 

Physics-augmented neural networks 

In the first part, we introduce the concept 
of physics-augmented neural networks 
(PANNs), an approach which conse-
quently accounts for physical conditions a 
priori, i.e., by construction [1]. This new 
family of NN-based constitutive models is 
discussed using isotropic hyperelasticity 
as an example. We train the model with 
ground truth data generated from a neo-
Hooke model and consider interpolation 
as well as extrapolation behavior. An ex-
tension of the PANN model to anisotropic 
elasticity [2], viscoelasticity [3] or plastic-
ity is also possible but nor discussed fur-
ther here. 
 
Application to magneto-mechanics 

In the second part, we extend the PANN 
framework to finite strain magneto-elas-
ticity [4]. Databases for training of the 
models are generated via computational 
homogenization for quasi-incompressible 

MREs. To reduce the computational cost, 
2D statistical volume elements (SVEs) 
and a problem-specific sampling tech-
nique for the pre-selection of relevant 
states are used. The PANN model is then 
calibrated by using the database, 
whereby interpolation and extrapolation 
are considered separately. The numerical 
study suggests that the proposed PANN 
approach is advantageous over conven-
tional models for MREs.  
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Superparamagnetic Iron-oxid Nano-
particles (SPIONs) 

Superparamagnetic iron-oxid nanoparti-
cles (SPIONs) consist of a magnetically 
active core of iron oxide and a coating to 
ensure colloidal stability and to function-
alize the particle surface (see Fig. 1). Par-
ticle sizes for medical applications typi-
cally vary from 10 nm to 200 nm [1]. 

Figure 1: SPION sample, 
synthesized by the Section 
for Experimental Oncology 
and Nanomedicine (SEON) 
of the University Hospital 
Erlangen. 

The property of superparamagnetism, i.e. 
a high susceptibility and no remanence, 
entails a strong interaction with magnetic 
fields but avoids particle accumulation in 
the absence of an external field. Together 
with their biocompatibility, this makes 
SPIONs suitable for a wide range of med-
ical applications such as magnetic drug 
targeting and molecular communication. 

SPIONs in Magnetic Drug Targeting 

In magnetic drug targeting (MDT), SPI-
ONs are used as carriers for tumor medi-
cation. By attracting the particles towards 
the tumor by use of a strong electromag-
net, the fraction of the drug that reaches 
the target region is increased, thus im-
proving therapeutic success and at the 
same time reducing adverse effects [2]. 

SPIONs in Molecular Communication 

SPIONs can also be used to carry infor-
mation, e.g., about insulin dosage be-
tween an implanted glucose sensor 
(transmitter) and an insulin pump (re-
ceiver). This is a particular example of 
molecular communication (MC), where in-

formation is transmitted by use of mole-
cules and nano-size particles. MC provides 
an alternative to conventional data trans-
mission based on electromagnetic fields, 
in situations where the latter is not appli-
cable, e.g., due to strong signal attenua-
tion, as is the case in the human body [3]. 
In fact, MDT can be interpreted as a form 
of MC, both aiming at maximizing the re-
ceived signal in the target region. In this 
way, MDT and MC can benefit from each 
other, and particularly SPION-based test-
beds provide means for studying process-
es and techniques for both contexts [4]. 

SPION Detection 

SPION concentrations were initially meas-
ured inductively by use of susceptome-
ters, conceived for characterizing material 
probes. In recent years, this measure-
ment concept was advanced for applica-
tion in MC and MDT research [5]: An in-
creased temporal resolution allows to in-
vestigate time-varying SPION concentra-
tions. Custom-made coils (Fig. 2) enable 
adaptation of the sensor to different chan-
nel geometries; in particular, planar coils 
facilitate the application in the human 
body [6]. Furthermore, by placing several 
sensors around the channel, information 
about the SPION distribution across the 
channel cross-section is obtained [7]. 

Figure 2: Inductive sensors with cylindrical and flat coil. 

An alternative measurement approach is 
the use of capacitive sensors (see Fig. 4), 
which exhibit a larger signal-to-noise ratio 
than in the inductive approach but slower 
responses [8]. Furthermore, they promise 
a reduced sensitivity to electromagnetic 
interference, as needed in an MDT setup. 
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Figure 3: Injection of SPIONs into a silicone tube and 
sensing with an inductive and a capacitive sensor. 

SPION Steering 

The feasibility of particle steering at tube 
branchings has been demonstrated ex-
perimentally by several research groups 
[9,10]. The results from our measure-
ments with a custom-made electromag-
net at a branching are shown in Fig. 4 [7]. 
The difference of susceptibility, hence of 
SPION concentration, between the two 
channels behind the branching is shown in 
relation to the applied magnetic flux den-
sity, for different flow velocities. 
For magnetic flux densities < 300 mT, the 
setup successfully directs more particles 
into the target branch, with the effect in-
creasing with increasing magnetic field. A 
larger field strength, however, causes an 
accumulation of the particles in the vicin-
ity of the electromagnet and thus dimin-
ishes the steering effect. Both effects are 
more pronounced the smaller the fluid 
flow is. Hence, an optimum has to be 
found between steering and avoidance of 
SPION accumulation. 
 

 
Figure 4: Results of the SPION steering setup. 

What’s Next? 

In conclusion, both animal studies [2] and 
lab measurements [7,9,11] have demon-
strated the feasibility and effectiveness of 

MDT and MC, two related approaches 
highly desired for medical use. For opti-
mal results, the steering/communication 
setup has to be adapted to the complex 
individual geometry and flow profile of the 
transmission channel. However, both a 
systematic investigation of the physical 
and particularly biological processes, i.e., 
a comprehensive model, and effective al-
gorithms for optimizing the parameters of 
the steering setup with respect to the 
SPION concentration in the target region 
are still missing. Such a model plus opti-
mization algorithm has to capture the full 
complexity of the channel, with respect to 
both the vascular structure and the in-
volved bio-physical processes, and at the 
same time, be computationally managea-
ble. If these challenges can be solved, 
MDT and MC will improve cancer treat-
ment and open up new applications of 
SPIONs in medical care. 
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Abstract 

While it has been known for a long time 
that the aspect ratio of hematite 
nanospindles can be tuned by the 
synthesis parameter, the impacts on the 
magnetic properties are yet to be 
unraveled. The detailed investigation of 
the interplay between shape, aspect ratio, 
geometric and magnetic anisotropy 
provides important information on the 
influence of the geometry on the Morin 
transition. 
For this reason, hematite nanospindles 
with different aspect ratios between 1.0 
and 5.2 were prepared according to the 
method of Ozaki et al [1]. Transmission 
electron microscopy (TEM) analyses show 
that the particles grow along the c-axis, 
so that the short axis displays relatively 
small variations. This implies that the 
volume of the particles grows 
proportionally with increasing aspect 
ratio. The structural properties of the 
system were examined via HRTEM and 
XRD, revealing a well-defined crystal 

structure despite being composed of 
smaller primary subunit particles. To 
further study the magnetic properties, we 
performed Mössbauer spectroscopy and 
vibration sample magnetometry (VSM) 
measurements. In the zero-field-
cooling/field-cooling (ZFC-FC) curves as 
well as in the Mössbauer spectroscopy 
results, we observe a gradual suppression 
of the Morin transition in hematite 
nanospindles for particles with high 
aspect ratio. This contradicts what has 
been reported earlier for the Morin 
transition that was observed to scale with 
the size of the particles [2-4].  

We also see that for particles with an 
aspect ratio of 2.5 and above, the Morin 
transition is so strongly suppressed that it 
can no longer be observed even at 
temperatures down to 4 K, as shown in 
figure 2 and figure 3a. 

Figure 2: Zero-field-cooled/Field-cooled (ZFC-FC) 
curves for hematite nanospindles with different 
aspect ratios 

Figure 1: HRTEM analysis of the particles with the 
following aspect ratios: a) 5.2 b) 1.0 c) 2.5 d) 3.8 

(a) (b) 

(c) (d) 
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In addition, we observed a widening of 
thermal hysteresis and verified 
intermediary spin alignment states, 
deviating from the ideal 0° 
antiferromagnetic (AFM) or 90° weak 
ferromagnetic (WFM) spin structure for 
the sample p =1.5 (fig. 3b), connected to 
the Morin transition suppression for 
particles of a critical aspect ratio. 

Outlook 

This work demonstrates that the Morin 
transition can be tailored by altering the 
aspect ratio of hematite nanospindles. 
Furthermore, the results indicate that the 
physics of the Morin transition are not yet 
fully understood and more in-depth 
insights into its origin are needed. For this 
reason, in addition to the temperature-
dependent results, the field-dependent 
data should provide an even more precise 
theoretical basis for the shape 
dependence of the Morin transition. The 
current field-dependent data already 
reveal interesting aspects that focus on 
the role of shape and magnetocrystalline 
anisotropy. The future task will be to 
refine the currently available theoretical 
models of this transition process. 
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Nanofluids are colloidal suspensions of 
particles in the order of nanometers to mi-
crometers [1]. Ferrofluids can be re-
garded as a subcategory in which the par-
ticles (a) are magnetizable, (b) usually 
have a steric coating for long-term stabi-
lization, and (c) cause paramagnetic 
properties in the suspension on a macro-
scopic level. In both, nanofluids in general 
and ferrofluids in particular, the potential 
for modifying thermal conductivity is un-
der investigation. However, the underly-
ing mechanisms are not yet fully under-
stood, which leads to an insufficient ability 
to tailor suspensions to specific needs.  
 
For nanofluids, research is dominated by 
application-oriented trial and error ap-
proaches with the aim of maximizing the 
increase in thermal conductivity [3]. The 
commonly used approach for approximat-
ing the thermal conductivity as a function 
of the quantity of suspended material, the 
Maxwell approximation [4], specifies two 
reference curves that enclose the expec-
tation range for the increase in thermal 
conductivity. The Maxwell upper bound 
corresponds to the solid particles creating 
contiguous structures that divide the liq-
uid phase into non-interacting areas. On 
the other hand, the Maxwell lower bound 
neglects any kind of particle interaction. 
In real fluids both bounds are just special 
cases. It can be assumed that, driven by 
chemical properties, electrostatic, mag-
netic, gravitational or temperature fields, 
processes of agglomeration, sedimenta-
tion and breaking-up into individual parti-
cles occur simultaneously [5]. 
 
Considering the missing steric surfactant, 
which leads to unpredictable interparticle 
interaction, it seems realistic that it is 
hardly possible to predict the thermal con-
ductivity in nanofluids to a narrow degree 
just based on their composition. 
 
For given reasons, the conditions for ob-
taining reproducible measurement results 
should be better in ferrofluids. In contrast 

to the nondirectional and hardly control-
lable impact of the suspended component 
on the thermal conductivity in nanofluids, 
the thermal conductivity in ferrofluids can 
be influenced by external magnetic fields. 
 
However, experimental results are not 
unambiguous. [6], [7] and [8] could not 
measure any impact. [9] and [10] were 
able to detect an anisotropic change, 
while [11], [12] and [13] detected 
changes in parallel alignment of magnetic 
field and heat flow, only. It is unclear 
whether divergent effects were observed 
in the experimental investigations or 
whether the sensitivity of the measuring 
apparatus was just insufficient in those 
cases were no impact was noticed. 
 
Nonetheless, due to the more precise syn-
thesis and the ability for controllable mag-
netic interparticle interaction, ferrofluids 
are well suited to serve as a model system 
for the investigation on influencing factors 
on changing thermal conductivity. 
 
In order to gather impact factors on 
changing thermal conductivity in ferroflu-
ids, measurements were done with ran-
dom ferrofluids, initially. Based on the 
heterogeneous findings a batch of ten tai-
lored ferrofluids was investigated. Particle 
size distribution 𝑑𝑑, volume concentration 
φ, surfactant length δ, and viscosity η 
were altered both ways relative to a 
standard fluid. In all fluids thermal con-
ductivity was increased parallel to an ex-
ternal, homogeneous magnetic field and 
lowered perpendicular to it. In each fluid 
the magnetic anisotropy was depending 
on the magnetic field strength. Relative to 
the results in the standard fluid, the effect 
was amplified in those fluids with bigger 
particles, higher concentration, shorter 
surfactant, and lower viscosity of the base 
fluid. The latter two could be considered 
surprising as both are not affected by 
magnetic fields. This draws the attention 
to the surfactant length and the base fluid 
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which are often ignored in investigations 
of interparticle interaction. 
 
The diffusion coefficient of particles in a 
carrier liquid can be derived from Stokes’ 
law on hydraulic resistance and written as 
 

        𝐷𝐷𝐷𝐷 = kB∙𝑇𝑇
3∙π∙η∙(𝑑𝑑+2δ)

    (1) 

 
One can extend the well-known [14] qual-
itative relation for interparticle interaction 
 

      λ∗ = μ0∙𝑀𝑀0
2∙𝑉𝑉

24∙kB∙𝑇𝑇
∙ � 𝑑𝑑

𝑑𝑑+2δ
�
3
    (2) 

 
and consider the volume fraction of sus-
pended magnetic particles φ, too: 
 

         λ𝐼𝐼𝐷𝐷∗ = φ ∙ λ∗ ∙ 𝐷𝐷𝐷𝐷   (3a) 
 

    λ𝐼𝐼𝐷𝐷∗ = φ ∙ μ0∙𝑀𝑀0
2

432∙η
∙ 𝑑𝑑6

(𝑑𝑑+2δ)4
    (3b) 

 
Doing so, all four investigated factors 
mentioned above are considered in this 
new parameter for interparticle interac-
tion λ𝐼𝐼𝐷𝐷∗ . The measurement results appear 
to follow a pattern (Fig. 1), although a few 
results still do not match with it. However, 
this correlation is by far the best fit com-
pared to λ∗ or φ alone, or any other com-
binations of these, yet. 
 

Figure 1: Measured values of change in thermal 
conductivity drawn over interparticle interaction pa-
rameter λ𝐼𝐼𝐷𝐷∗ . Both alignments, parallel and perpen-
dicular to an external magnetic field are shown. The 
lines are just a guide for the eye. 
 

The findings indicate that the carrier liquid 
and the surfactant, which both are not af-
fected by magnetic fields, affect the mag-
nitude of magnetic anisotropy and thus 
have to be taken into account in consider-
ations on interparticle interaction.  
 
One can fit the measured results of the 
tailored batch, for which the shown corre-
lation matches well, and take magnetic 
field strength 𝐻𝐻𝑖𝑖𝑖𝑖 into account: 
 

      ∆𝑘𝑘
𝑘𝑘

=  λ𝐼𝐼𝐷𝐷∗ ∙ 𝐻𝐻𝑖𝑖𝑖𝑖 ∙ 𝑔𝑔λ𝐻𝐻    (4) 
 
In this empiric approximation 𝑔𝑔λ𝐻𝐻 is a pro-
portional factor received from first plot-
ting ∆𝑘𝑘 𝑘𝑘⁄  over λ𝐼𝐼𝐷𝐷∗  and then plotting the 
found fit parameters over 𝐻𝐻𝑖𝑖𝑖𝑖. The derived 
value equals to 𝑔𝑔λ𝐻𝐻 = 2,209 ∙ 1012s/m2. This 
allows correlating the change in thermal 
conductivity of any fluid of the tailored 
batch for a given magnetic field strength. 
 
A comparison of the results will be given 
to the approximation of Blums [15]. 
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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 amplitude, in-
ter-particle collisions hinder the aggregation 
and keep the mixture in a “gas phase” [1]. 
Below a critical vibration amplitude, mag-
netic 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 eventually compacts into crystal-
line-like islands of magnetic beads.  

Figure 1 Snapshot of the coarsening dy-
namics after a quench of the vibration am-
plitude from 3g to 1.93g. Gas phase (a) and 
transient networks (b). From [2].  

This scenario resembles the viscoelastic 
phase separation (VPS) introduced by 
Tanaka [3] for molecular mixtures. There 
phase separation arises from the different 
shear viscosities of both components, la-
belled as dynamic asymmetry by Tanaka. 
Also, in our mixture magnetic forces rise the 

shear viscosity of the ferrogranulate in con-
trast to the glass phase. And indeed, in ex-
periments and computer simulations we 
found some evidence that the coarsening 
dynamics can be describes as a VPS in the 
macroscale [3]. A homogeneous magnetic 
field oriented in vertical direction was 
shown (in experiment and in silico) to hin-
der the coarsening dynamics [5,6]. This is, 
because the magnetized steel spheres even-
tually repel each other.   
Likewise, the value of the under critical ac-
celeration amplitude Γ plays a crucial role 
for the type of emerging pattern [1]. In the 
following we examine the coarsening dy-
namics for different values of Γ.   

Experiment 

Figure 2. Scheme of the experimental 
setup. 

A computer-controlled signal generator 
feeds a sinusoidal voltage signal into an am-
plifier which drives a vibration exciter from 
TIRA vib Co. The vibrations are coupled 
via a long rod (guided by a precision air 
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bearing) to the experimental vessel to avoid 
the magnetic stray field of the exciter. The 
vessel is filled with glass and steel beads. 
Pictures are recorded by means of a trig-
gered camera. A Helmholtz-pair-of-coils 
(marked blue) serves to apply a vertical 
magnetic field. The setup is mounted on a 
stone plate (m=1.6t) which is floating on 4 
air springs and can be levelled to 10 mi-
crometer.  
  
Experimental Results 
 

 
Figure 3. Snapshot of the dynamics.  
 
Because the steel spheres are opaque (cf. 
Fig. 3) they can be easily tracked on the lu-
minescent sheet. Figure 4 displays a charac-
teristic velocity distribution, where the 
sharp peak in [0,1]mm/s stems from the 
beads in a cluster. Not yet agglomerated 
beads give rise to the broad distribution.   
By utilizing blue glass beads (cf. Fig. 3) not 
only the steel but also the glass beads can be 
tracked.  
 

 
Figure 4. Velocity distribution of steel 
beads at 1.8 g recorded for 20 sec.   
 

The mean degree of a node of the network,  
𝑘𝑘,�  has been proven to be a suitable order pa-
rameter [2,4,5]. We measure and analyze 𝑘𝑘� 
(Γ) and compare the impact of a reduced Γ 
with the effect of an applied vertical induc-
tion.  
 
Numerical Results  
 
We study ferrogranulate via molecular dy-
namics simulations with a Langevin ther-
mostat with a minimal coarse-grained 
model. In this model the spheres carry a 
magnetic point dipole in their centers. Our 
preliminary work [2,4] shows that to repro-
duce the susceptibility of the steel spheres it 
is sufficient as a first approach to introduce 
an additional central attraction (scaled by ε)  
between the steel spheres what we call here 
a Stockmayer Granulate. In simulations we 
treat the mechanical shaking as thermal 
fluctuations. The simulations are carried out 
with the package ESPResSO 4.1.4 [5].  
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Introduction 
 

Pt@[CoFe2O4]n (Pn) hybrid nanoparticles 
represent a system with fascinating mag-
netic properties, governed by a sensitive 
interplay of magnetocrystalline (MCA), 
surface- and shape anisotropy, as well as 
intra- and interparticular magnetic inter-
actions, which can be tuned via number, 
size and configuration of the utilized sub-
units: Depending on synthesis conditions, 
the hybrid nanoparticles consist of n 
15 nm cobalt ferrite (CFO) nanocubes at-
tached to a smaller central cubic Pt parti-
cle (Fig. 1). For details on synthesis pa-
rameters and particle morphology we re-
fer to the contribution by M. A. Raphael, 
University of Cologne.  
 

 
 
Fig. 1: Schematical particle geometry showing char-
acteristic configurations of n CFO nanocubes (col-
ored) around the central Pt subunit (grey). 
 

Results and Discussion 
 

For a general characterization of the par-
ticles’ magnetic structure, hybrid particles 
with n = 1 (P1) and n = 3 (P3) were ana-
lyzed via in-field Mössbauer spectroscopy 
(see Fig. 2), revealing a ferrimagnetic 
state with low spin canting and an inver-
sion parameter x ≈ 0.77. Based on this 
analysis, we would assign the nanoparti-
cles a stoichiometry of [Co2+0.23Fe3+0.77]A 

(Co2+0.77Fe3+1.23)BO4, from which we can 
infer a saturation magnetization MS of ca. 
490 kA/m. As expected for cobalt ferrite, 
the particles show high coercive fields in  

magnetometry experiments, indicating a 
high effective magnetic anisotropy, espe-
cially at lower temperatures. This is ac-
companied by a mainly magnetically 
blocked state up to well above 300 K. Due 
to the small distance between CFO cubes, 
a strong intraparticular interaction leads 
to an increase in blocking temperatures 
when going from P1 to P3, accompanied 
by interparticle interaction depending on 
the average distance between the hybrid 
nanoparticles.[1] 
Measurements of the thermoremanent 
magnetization as well as the temperature 
dependence of the squareness ratio 
MR/MS shown in Fig. 3 indicate distinct 
temperature regions with different char-
acteristic magnetic behavior: While at low 
temperatures, MR/MS is close to values of 
0.8, it decreases to about 0.5 at ambient 
temperature, in accordance with the 
standard Stoner-Wohlfarth model of uni-
axial anisotropy. Only at even higher tem-
peratures around 400 K does the mag-
netic behavior approach HC ≈ 0 towards 
the superparamagnetic regime. 
We assign these observations to the pre-
dominantly cubic magnetocrystalline ani-
sotropy reported for CFO with K1 > 0 at 
low temperatures, resulting in the occur-
rence of magnetically easy axes along the 
 

 

Fig. 2: Mössbauer spectra of Pt@[CoFe2O4]n hybrid 
particles P1 (top) and P3 (bottom), recorded at 5 K 
and 8 T, showing sextet subspectra of A-site (green) 
and B-site (blue) Fe3+.  
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(100) axes of the nanocubes, with an ex-
pected MR/MS ≈ 0.831.[2] The value of 
MR/MS ≈ 0.5 at intermediate tempera-
tures is interpreted to originate from an 
effective uniaxial anisotropy, [2,3] stem-
ming, e.g., from interaction effects and 
contributions of shape anisotropy for 
slightly elongated cubes, the latter being 
less affected by elevated temperatures, 
presumably then becoming the predomi-
nant contribution to effective magnetic 
anisotropy. 
This transition from cubic to uniaxial ani-
sotropy is about 60 K lower for P3 in com-
parison to P1. This could potentially be ex-
plained by a preferred (111)-magnetic 
alignment induced by the hybrid particle 
shape anisotropy partially compensating 
MCA, leading to an earlier transition to 
hysteresis behavior governed by an effec-
tive uniaxial magnetic anisotropy.  
 

 
 

Fig. 3: Squareness ratio MR/MS approximated via 
MR/M(9T) for P1 and P3. Arrows mark theoretical po-
sitions of MR/MS for different types of MCA, the        
orange line is a guide to the eye. 
 

Conclusion 
 

Pt@[CoFe2O4]n hybrid particles represent 
a magnetically blocked, high-anisotropy 
system, with properties that are widely 
tunable by the number and size of at-
tached CFO nanocubes, potentially allow-
ing distinct variations in the composition 
of different contributions to effective 
magnetic anisotropy, which could lead to 
new types of magnetic hysteresis behav-
ior. 
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The magnetisation curve of the commer-
cially available magnetic fluid APG513a is 
measured at five different temperatures. 
The curves can be described by the 
method of graphical magnetogranulome-
try [1, 2], which is accompanied by a fit 
to a superposition of four Langevin terms. 
The method yields the arithmetic and the 
harmonic mean of the particle distribu-
tion. It has an advantage compared to the 
fitting of magnetization curves to some 
appropriate mathematical model: It does 
not rely on assuming a particular distribu-
tion function of the particles. 
Starting point is the measured magneti-
sation Mmea as function of externally ap-
plied magnetic field H0. The Weiss correc-
tion He=H i+M/3 is applied, where H i de-
notes the magnetic field inside the sam-
ple. By exploiting the almost spherical ge-
ometry of sample holder, the fitting pro-
cedure yields the corresponding magneti-
sation Mfit versus Be/µ0=He=H0, see fig-
ure 4 in [1] and figure 1 in [2], respec-
tively. The quality of the fitting procedure 
for a selected temperature of T=288 K in 
the initial region of He is shown in figure 
1 and in the region beyond the initial 
range up to 800 kAm-1 in figure 2. 

Figure 1: The relative residuals ΔM=(Mfit-Mmea)/ 
Mmea versus He for the initial region of He with 0 ≤ He 

≤ 5 kA m-1 at T=288 K. The dashed black line is just 
a guide to the eye.  

Figure 2: The relative residuals ΔM=(Mfit-Mmea)/ 
Mmea versus He with 5 ≤ He ≤ 800 kA m-1 at T=288 K. 
The dashed black line is just a guide to the eye.  

With a transformation back to Hi one gets 
the fitted magnetization Mfit versus Hi al-
lowing a comparison with the initially 
measured magnetisation curve. Figure 3 
shows the excellent agreement for the se-
lected temperature T=288 K. 

Figure 3: Magnetisation M versus Hi at T=288 K. 
The black solid line shows the fitted values Mfit(Hi), 
the red circles the measured values Mmea(Hi).

The quality of the agreement holds for all 
tested temperatures T=288 K, 293 K, 298 
K, 303 K, and 308 K. 

Based on the Mfit(Hi, T) as well as on the 
Mmea(Hi, T) curves, the contribution aims 
at a determination of the pyromagnetic 
coefficient of the magnetic fluid APG513a. 
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Introduction 

Magnetic Drug Targeting (MDT) is a novel 
technique for cancer treatment that uses 
ferrofluids containing magnetic nanopar-
ticles (MNPs) and its surfactant to 
transport antibodies to specific tumor re-
gions under a magnetically control. This 
technique greatly improves drug utiliza-
tion efficiency and reduces the toxic side 
effects. Ensuring its safety is crucial, par-
ticularly regarding the changes in proper-
ties when ferrofluids mix with blood under 
magnetic field strength. 
Several previous studies have explored 
the Magnetoviscous Effect (MVE) - the 
viscosity increase due to chain structures 
formed by MNPs - of ferrofluids diluted 
with blood to simulate the flow process af-
ter injecting ferrofluids with antibodies 
into blood vessels. However, these stud-
ies have yielded contradictory results re-
garding this effect. In this work, we con-
ducted experiments to investigate 
whether an interaction between MNPs and 
blood components under a magnetic field 
is possible and observed the viscosity 
change over time. 

Experiments 

The experiments were carried out using a 
shear-rate controlled rheometer with a 
cone-plate setting, ensuring equal shear 
rates throughout the entire measuring 
zone. The biocompatible ferrofluid Fluid-
MAG-D200 from Chemicell was used, with 
water as the carrier fluid and MNPs coated 
with starch. Sheep blood was chosen as 
the diluent due to its viscosity similarity to 
human blood and for better comparability 
with previous results. 
The ferrofluids were diluted with sheep 
blood in different ratios. After magnetic 
characterization using a vibrating sample 
magnetometer (VSM), the samples were 
subjected to an external magnetic field 
generated by two parallel Helmholtz coils. 
Each test series started with lower shear 

rates, which were then incrementally in-
creased. The shear stress was measured 
by a torque sensor and displayed. The 
MVE was calculated using the following 
equation [2]: 
 

𝑅𝑅 =  
𝜂𝜂𝐻𝐻 − 𝜂𝜂𝐻𝐻=0
𝜂𝜂𝐻𝐻=0

 (1) 

 
For the time-dependent measurements, 
the samples were subjected to a constant 
magnetic field strength and shear rate for 
a period within a tolerable temperature 
range. The viscosity change of the mix-
ture was then observed. Water was used 
as an additional diluent for comparison 
purposes. 

Results 

Figure.1 shows the comparison of MVE 
between sheep blood and water. All data 
points were fitted using the following for-
mula [3]: 
 

𝑅𝑅 =  𝑅𝑅0 ⋅ exp (−
𝐾𝐾 − 1
𝑝𝑝

) (2) 

 
The results indicate that when the dilution 
factor is between 1 and 5, the MVE of 

Figure 1. MVE as a function of the dilution factor 𝐾𝐾, 
comparison between sheep blood and water as dil-
uent and shear rate 𝛾𝛾 ̇ of 6 and 30 respectively. All 
experiments were performed under a magnetic 
field strength of H=35kA/m. 
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sheep blood is significantly higher than 
that of water. This difference decreases 
with higher shear rate, which is reasona-
ble because higher shear rates lead to 
stronger shear stress, causing the chain-
like structures formed by MNPs to break 
down faster.  
Figure 2. shows the increase rate of 
torque over time. From Figure 2(a), it is 
evident that the viscosity of the mixture 
continues to grow compared to the irreg-
ular behavior without magnetic strength, 
with no signs of stopping at the end of the 
period. Figure 2(b) demonstrates the re-
peatability of this phenomenon with both 
old and new samples under different 
shear rates. 

Discussion 

The observed MVE difference between fer-
rofluids diluted with sheep blood and wa-
ter is undeniable. Combined with the ex-
perimental results showing the increase in 
torque over time, we boldly hypothesize 
that there may be an interaction between 
the MNPs and the red blood cells (RBCs), 
considering the iron content in whole 
blood.  
There are two possible explanations: 
given that the volume of RBCs is much 
larger, they may absorb some tiny MNPs 
during the measurement period, resulting 
in the formation of extra chain structures 
that lead to continuously growing viscos-
ity; alternatively, larger MNPs tend to ag-
gregate after the magnetic influence, 
while smaller MNPs may adhere to the 
surface of the RBCs, and together they 
form chain structures when the magnetic 
field is reapplied. 

Outlook 

The results of this work indicate a high 
probability of interaction between RBCs 
and MNPs. Further experiments are nec-
essary for a more reliable conclusion, in-
cluding comparisons between blood and 
plasma and detailed microscopic observa-
tions. 
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Figure 2. Increase rate of the torque 𝛿𝛿 over time with an external magnetic field, (a) the same sample 
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A combination of the form-anisotropy of 
magnetic nanoplatelets (MNP) with mag-
netic and electrostatic interactions gives 
rise to a fascinating new system – liquid 
magnets [1,2]. Those systems, demon-
strated by Mertelj et al., consist of the 
barium hexaferrite nanoplatelets (BaHF) 
nanoplatelets (NP) suspended in a ne-
matic host and combine fluidity with the 
ferromagnetic order. In such ferromag-
netic nematics (Nm), strong interparticle 
correlations induced by the particle-ma-
trix coupling profoundly affect the dynam-
ics of the MNPs, which are still not fully 
characterised. We explore the dynamic 
behaviour of the Nm in an external mag-
netic field in bulk and droplet geometry. 
External magnetic field couples to the ne-
matic director, allowing control of the op-
tical birefringence.  

Figure 1. The effect of an external magnetic field on 
the topological defects in sessile Nm droplets. 

In our experiment, we analyse the dy-
namics of the magnetooptical response in 
both the time and frequency domains by 
measuring the optical transmission of thin 

micrometre-sized samples between 
crossed polarisers. The response shows 
strong concentration dependence and is 
also influenced by the orientation of the 
applied magnetic field to the preferred 
alignment of the nematic director. When 
a magnetic field is rotated, soliton-like di-
rector structures emerge, displaying com-
plex dynamic behaviour. 

In liquid crystal droplets, the nematic di-
rector adopts the configuration deter-
mined by the boundary anchoring. The 
anchoring conditions can be controlled by 
selecting a suitable surfactant. In our 
study, we produced the sessile droplets 
with the radial director orientation in a ho-
meotropic cell with CTAB treated sub-
strates. The coupling between the mag-
netic and nematic directors allowed us to 
manipulate the topological defect using an 
external magnetic field (Figure 1). The 
defect motion confirmed the assumption 
of the ferromagnetic order with co-linear 
aligned nematic and magnetic directors. 
Additionally, we demonstrated that both 
parallel and antiparallel director configu-
rations are possible. 
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Suspensions of barium hexaferrite (BaHF) 
nanoplatelets (NP) in anisotropic hosts, 
such as nematic liquid crystals (LCs), are 
known to form liquids with ferromagnetic 
order [1,2]. The nematic order is crucial 
for the colloidal stabilisation of the sus-
pension. Multiferroic materials exhibiting 
more than one ferroic type of order can be 
designed as hybrids containing BaHF NPs 
dispersed in a ferroelectric host. However, 
most of ferroelectric LCs are smectics, 
which do not form stable suspensions of 
nanoparticles.  

The recent discovery of true ferroelectric 
3D fluids, the ferroelectric nematics (NF), 
has opened up new avenues for designing 
multiresponsive hybrid materials [5,6]. 
Our previous research demonstrated that 
multiferroic properties can be observed in 
room-temperature ferroelectric nematic 
phase doped with BaHF NPs. Here, we dis-
cuss the magneto-electric effect resulting 
from the coupling between the magnetic 
and ferroelectric types of order, where the 
external magnetic field can control the 
electric polarisation.  

Using magnetic pulses, we measure the 
induced electric polarisation using transi-
ent currents induced in the sample. The 
current response is influenced by the NP 
concentration and sample preparation. 
One of the consequences of the vectorial 

order in the ferroelectric phase is the 
strong optical nonlinearity. The NF mate-
rials exhibit high-efficiency optical second 
harmonic generation (SHG) comparable 
to that of solid ferroelectrics. The mag-
neto-electric coupling enables the manip-
ulation and tuning of SHG using external 
magnetic fields. These discoveries make 
fluid multiferroics promising for applica-
tions in nonlinear optics. 
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Superparamagnetic iron oxide nanoparti-
cles (SPIONs) are promising nano-vehi-
cles for biomedical applications such as 
drug delivery, imaging, and magnetic hy-
perthermia. However, one of the limita-
tions of these systems is their tendency to 
agglomerate, which has a direct impact on 
the efficiency of their performance. One 
way to overcome this limitation is to apply 
a coating during synthesis. In this work, 
we have investigated the effect of three 
biocompatible coatings on controlling the 
agglomeration of iron oxide nanoparticles. 
The biocompatible coatings used are so-
dium citrate, (3-aminopropyl)triethox-
ysilane (APTES), and dextran. The struc-
tural and magnetic properties of the 
coated nanoparticles are characterized 
using various experimental techniques, 
including cryogenic transmission electron 
microscopy (cryo-TEM), magnetometry, 
Mössbauer spectroscopy, and small-angle 
X-ray and neutron scattering. The results
show that the coatings effectively stabilize
the nanoparticles, and lead to clusters of
different sizes which then modifies their
magnetic behaviour due to magnetic in-
ter-particle interactions. We also investi-
gated the oxidation kinetics of the nano-
particles prepared with the various coat-
ing materials as a function of time to char-
acterize the oxidation behaviour and sta-
bility. This research provides valuable in-
sights into the design of an optimized na-
noparticle functionalization strategy for
biomedical applications.

Figure. Cryo-TEM images of SPIONs with 
(a) sodium citrate, (b) APTES and (c) dex-
trane coating. Red arrows indicate single
nanoparticles in the clusters. The size of
the single nanoparticles is given exempla-
rily.

As an example, Mössbauer spectra for cit-
rate sample after various aging times of 
exposure to air, recorded at 5 K and an 
applied magnetic field of 8 T. In the day 1 
spectrum, the vertical arrows mark Möss-
bauer lines 2 and 5, whose relative inten-
sity indicates the degree of spin canting. 
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Abstract  

Enhancing the stability of Magnetorheo-
logical fluids (MRFs) has emerged as a 
major concern inhibiting their use in wide 
range of applications across various en-
gineering fields. Introducing conductive 
polymers such as Polyaniline in these 
MRFs can serve the purpose of enhanc-
ing the sedimentation stability of these 
Magnetorheological fluids and also can 
benefit us with its conductive properties 
opening a pioneering stride in the field of 
smart materials. In light of this, we have 
prepared a novel class of MR fluids that 
incorporate polyaniline as a stabilizer 
into iron powder-based MR formulations, 
enhancing their long-term stability. This 
study deals with the synthesis, charac-
terization, and rheological performance 
of polyaniline-modified iron powder-
based MR fluids. For the synthesis of 
Polyaniline, chemical oxidative polymeri-
zation technique has been employed. X-
ray diffraction confirmed the formation of 
Polyaniline and good crystalline nature of 
Iron. Microstructural and grain size in-
formation of Iron and Polyaniline has 
been obtained using the Field Emission 
Scanning Electron Microscope (FESEM). 
Matrix of irregular cauliflower shaped 
Polyaniline supports the iron particles 
ensuring the consistent Viscoleastic 
properties over extended period of time. 
This study also investigates the influence 
of magnetic field strength on the fluid’s 
rheological response, offering insights to 
optimize performance for practical appli-
cations.  

 

 

Rheological studies 

Mason number, a dimensionless number 
defined as the ratio of hydrodynamic 
force and magnetic force plays an im-
portant role in the behavior of the MR 
fluids. It depicts the effect of the mag-
netic field on the chain structure. 

𝑀𝑀𝑛𝑛 =
η𝑐𝑐�̇�𝛾

2μoμcβ2H2 

Where, η𝑐𝑐 is the continuous phase vis-
cosity, which is silicone oil, μo is the 
permeability of vacuum, μc is the relative 
permeability of the continuous phase, β 
is a constant factor given by β = 𝜇𝜇𝑝𝑝−𝜇𝜇𝑐𝑐

𝜇𝜇𝑝𝑝+𝜇𝜇𝑐𝑐
 

and carries a value between 2 to 3 for 
MRFs. 

Figure 1 illustrates the variation of di-
mensionless relative viscosity, repre-
sented as η η∞� , plotted against the Ma-
son number (Mn) showing a decrease in 
relative viscosity with increasing Mason 
number. Notably, the absence of con-
verged curves for relative viscosity ver-
sus Mason number at different magnetic 
fields is evident in the case of Fe fluid, as 
observed from Figure 1. In contrast, for 
FeP (2%) and FeP (4%) samples, the 
curve almost collapses into a single 
curve, indicating a balance between 
magnetic and hydrodynamic forces, with 
both forces exerting dominant influences. 
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Figures.1 Variation of relative velocity 
with mason number of Fe, FeP (2%) and 
(4%) MRFs 
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Introduction 
 

The combination of different components 
to hybrid-, heterofunctional nanostruc-
tures enables a synergy of material prop-
erties and thus multifunctionality. In the 
case of the Pt@[CoFe2O4]n (Pn)  nanoob-
jects, n cobalt ferrite (CFO) cubes are 
connected to a platinum cube via corner-
to-corner junctions. These unique mor-
phologies enable the combination of mag-
netic and plasmonic or catalytic function-
ality and they can be seen as model sys-
tems for the investigation of nanomag-
netic interactions.  
 

Results and Discussion 
 

The synthesis of the Pn particles consists 
of two steps. In the first step, platinum 
nanoparticles are synthesized via thermal 
decomposition. It can be shown that by 
the addition of iron and cobalt doping at-
oms during the platinum cube formation, 
cubic particles with an average diameter 
of 6 nm and narrow size distribution are 
obtained instead of non-uniform 
nanodendrites. [1] Compared to pure Pt, 
the crystal lattice spacing is increased, 
opening the pathway for heteroepitaxial 
growth of CFO on the corners of the plat-
inum cubes as shown in Fig. 1. 
 

 
 
Fig. 1: TEM images of Pt@[CoFe2O4]n nanoparticles 
with n = 1 to n = 8 CFO moieties. 
 

The Pn particles are obtained in the sec-
ond synthesis step, in which the platinum 
cubes are used as seeds for the growth of 
CFO nanostructures. Depending on the 

choice of reaction parameters, the num-
ber, size, and cubicity of the CFO cubes 
per nanoobject can be tailored.   
In particular, the number of CFO moieties 
per nanoobject depends on the composi-
tion of the reaction mixture with respect 
to the amphiphiles present. With increas-
ing oleylamine and oleic acid concentra-
tion, more CFO surface can be stabilized 
and therefore more CFO moieties grow 
per Pt seed. And finally, the n of the Pn 
particles can be adjusted via the ratio of 
the CFO precursors to the platinum nuclei 
in the reaction mixture. With increasing 
ratio more CFO moieties are obtained. 
The nanoobjects are originally dispersed 
in organic medium and can be transferred 
to an aqueous phase via a ligand ex-
change method, resulting in hybrid na-
noobjects with excellent diffusion proper-
ties, showing experimentally observed 
hydrodynamic diameters of the equivalent 
sphere between 20 nm and 35 nm by ACS 
(rotational) and DLS (transversal). 

 
 
Fig. 2: Normalized field-dependent magnetization 
curves of P1 (green), P3 (blue), and P8 (red) meas-
ured at 298.2 K for dispersion state in water (left) 
and dried powder (right). 
 

To understand the interplay between the 
individual substructures in the nanoob-
jects, we investigate the catalytic and 
plasmonic properties of the structures on 
the one hand and perform detailed mag-
netic investigations on the other. While 
they show mainly pseudo-superparamag-
netic properties in dispersion, powder ex-
periments reveal the predominant mag-
netically blocked state of the domains 
(Fig. 2). Differences in the individual 
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structures are identified and investigated 
in more detail (see abstract of Joachim 
Landers, UDE).  

Fig. 3: Micromagnetic simulations of demagnetiza-
tion fields (left) and magnetization fields (right) of 
CFO cubes without an external magnetic. 

To allow a deeper understanding of the in-
ternal magnetization of the hybrid na-
noobjects, micromagnetic simulations 
(Mumax3) reveal the magnetic ground 
state (Fig. 3) and field-induced magneti-
zation of different particle arrangements. 
By comparison with experimental results, 
we obtain detailed information on the in-
teraction of magnetic cubes in their geo-
metric environment.  

Conclusion 

Our results demonstrate the successful 
synthesis of different morphologies of Pn 
particles with predicted composition and 
geometry. The nanoobjects are character-
ized in terms of their dynamic, catalytic, 
plasmonic and magnetic properties, while 
micromagnetic simulations allow a better 
understanding of their nanoscale interac-
tion.  
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Introduction 

The particles in magnetic fluids tend to 
form magnetic clusters, e.g., in the aging 
process. Macroscopic models in the form 
of spherical magnets, and computer ani-
mations as presented here, mimic the di-
pole-dipole interaction of the particles and 
are thus useful tools for understanding 
the characteristics of such dipole clusters. 
  

 
Figure 1. Dipole cluster build from magnetic spheres. The 
background is a screenshot from Ref. [1]. 

The app advertised here allows the inter-
active exploration of more than 500 ar-
rangements of dipoles [1], including: 

• Platonic & Archimedean solids, 
• simple cubic,  FCC & HCP packings, 
• 3d-cuts of a tetraplex,  
• several stacks of rings. 

 
 
Figure 2. A dipole cluster 
from 5 mm neodymium 
spheres with dodecahe-
dral symmetry. The mag-
netic order of the dipole 
orientation will in gen-
eral reduce that sym-
metry to a subgroup, 
which can be interac-
tively explored [1]. 

 

 
The clusters can be scrutinized concerning 
their 

• dipole arrangement & field, 
• binding energy & mutual force. 

 
Moreover, the app helps to design tailored 
magnetic fields from permanent magnets 
– dipoles and rods – useful for the exter-
nal manipulation of magnetic fluids [2].  

Methods 

The app comes as an open source Python 
script, and as an executable file [1]. For 
the demonstration experiments, spherical 
neodymium magnets proofed to be al-
most perfect dipoles [3]. 

Results for dipole rings 

The ring configuration [4] might be the 
most prominent for the coagulation of 
magnetic particles. It is the energetically 
favored cluster of 𝑁𝑁 dipoles, if 3 < 𝑁𝑁 <
14 [5]. For larger particle numbers, a tube 
– formed by a stack of 𝑆𝑆 rings from 𝐿𝐿 di-
poles each – is more stable. The field 𝐵𝐵(𝑟𝑟) 
within these tubes increases with the dis-
tance 𝑟𝑟 according to 
 
𝐵𝐵(𝑟𝑟) ~ 𝑟𝑟𝐿𝐿−1 + mod(𝑆𝑆+1 ,2). (1) 

The field decreases far from the tube as 
 
𝐵𝐵(𝑟𝑟) ~ 𝑟𝑟−𝐿𝐿−2− mod(𝑆𝑆+1 ,2). (2) 

 
Figure 3. B vs. r, where r is the distance from the centre. 
The field inside a stack of 2 rings from 6 dipoles each in-
creases with a power of 6, and decreases with a power of 
-9 outside the arrangement 
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The force between such tubes decays with 
  
𝐹𝐹(𝑟𝑟) ~ 𝑟𝑟2𝐿𝐿−2(1+mod(𝑆𝑆+1,   2)). (3) 

 
Figure 4. The force between these two S=5 stacks of L=10 
rings decreases with a power of  -22. 

General Result for all dipole clusters 

The sum of the powers for the field in-
crease in the center of the cluster and the 
decrease in the far field is a universal 
number, namely -3. 
 

 
Figure 5. The field in a rhombicubeoctahedron increases 
with a power of 4 inside and decreases with a power of -7 
on its outside, fulfilling the -3-rule. The force between two 
such clusters decays with -12th power of the distance [1]. 

Result for Halbach rings 

 
Figure 6: 16 neodymium 1 cm × 1 cm cylinders in red-
green coloured holders, which glide on ball bearings and 
are thus free to rotate. The photo shows the ground state 
with 𝛼𝛼 = 𝜑𝜑 + 90°.  

Special arrangements of the permanent 
magnets along a ring yield an almost     

homogenous field inside the ring, which is 
desirable for applications [2]. A dipole ori-
entation 𝛼𝛼 = 2𝜑𝜑, as originally introduced 
by Halbach for magnetic rods [6], yields a 
fairly homogenous field [7], even for the 
cylindrical magnets shown here. A slight 
modification of this arrangement, namely 
  

tan𝛼𝛼 = 
3sin (2𝜑𝜑)

6 cos2 𝜑𝜑 − 2  , (4) 

increases the field strength by about 5%. 
The area of sufficiently constant field (see 
V1.2.1 of [1]) enlarges by about 40%.  

.  
Figure 7. A calculation of the magnetic field within the di-
pole arrangement of eq. (4) using the animation app [1]. 
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Magnetoactive elastomers (MAEs) consist 
of an elastic matrix containing micron-
sized magnetically soft and/or hard parti-
cles. These intelligent materials can 
change their material properties under 
the influence of external or internal mag-
netic fields. Of particular interest are 
MAEs with hard magnetic particles that 
act as elastic permanent magnets after 
magnetization in a strong magnetic field 
[1,2]. 
Motion systems realized with MAEs can be 
driven with a minimum number of actua-
tors. This work focuses on the develop-
ment of locomotion systems based on 
multipole MAEs that achieve planar loco-
motion through field-induced vibrations of 
MAE elements, that contain both hard and 
soft magnetic particles (Fig. 1). 

 
Figure 1. Microscope image of the MAE surface filled 
with magnetically hard and soft particles. 

Two MAE beams are magnetized in a 
strong magnetic field so, that they have a 
north pole at each end and a south pole in 
the middle. A layer of silicone bristles is 
glued to the underside of each MAE beam 
and above each beam, there is an electro-
magnetic coil supplied with a square wave 
voltage. The attracting and repelling mag-
netic forces induce periodic bending vibra-
tions of the MAE beam. In combination 

with asymmetrical friction forces caused 
by angled silicone bristles, these trans-
verse vibrations result in a shift of the 
horizontal position during each oscillation 
cycle. The previously developed system 
with one MAE beam based on this type of 
actuation shows one-directional motion 
with a maximum advancing velocity 
reached in the resonance frequency range 
[3]. 
The planar locomotion system incorpo-
rates two multipole MAE beams, which are 
arranged parallel to each other through a 
mounting and actuated by two coils (Fig. 
2). The velocity and direction of move-
ment are controlled by selecting the coils 
actuating frequencies. Different actuating 
frequencies of the MAE beams generate 
the side steering effect. The velocity 
shows a strong resonance dependency on 
the excitation frequencies. Velocities of 
over 100 mm/s are achieved in the reso-
nance range around 60 Hz (Fig. 3). 
Investigating the system’s side steering 
behavior demonstrate the motion control-
lability within the plane.  Figure 4 shows 
the motion trajectories for a fixed actua-
tion frequency of the left coil at fL =80 Hz 
and a variable frequency of the right coil 
fR. Depending on the frequency ratio, 
straight or curved movement can be ena-
bled. For curved movement high yaw 
rates are achieved, with the maximum 
yaw rate occurring during a left turn tra-
jectory when the right coil actuation fre-
quency is fR =55 Hz. These movement 
characteristics make the system suitable 
for use in complex environments. 
The use of multipole magnetized MAEs 
enables the realization of both, direction 
and velocity controllable locomotion sys-
tems with a minimal number of actuators. 
In future work, the scaling potential can 
be explored, along with the implementa-
tion of autonomous energy supply. 
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Controlling the director in thermotropic 
liquid crystals (LC) by means of external 
fields is a powerful tool in a wide range of 
applications, e.g., in optical devices. Usu-
ally, such devices are operated by electric 
voltage, while an analogous employment 
of magnetic fields is principally an option, 
yet drawn back by the need for high mag-
netic flux density due to the low magnetic 
anisotropy of the mesogenic molecules. 
In order to increase the effect of magnetic 
fields on liquid crystal phases, it has been 
proposed to use fine magnetic particles as 
dopants and has ever since inspired a 
number of experimental approaches to-
ward such magnetically doped liquid crys-
tal phases. Our tactic towards ferromag-
netically doped LCs with enhanced volume 
fraction and stability of the magnetic do-
pants is based on a general approach to 
surface-modify magnetic nanoparticles 
with a side-chain LC polymer brush. We 
employ two different synthetic pathways 
with a variation of shell thickness, 
mesogen density and spacer length. This 
results in an effective steric stabilization 
of the particles against agglomeration and 
offers a high degree of surface density 
with respect to the mesogen. 
Spindle-like hematite nanoparticles are 
created in a hydrothermal decomposition 
of FeCl3 in water in the presence of 

NaH2PO4. It is confirmed that the concen-
tration of hydrogen phosphate influences 
the aspect ratio of the hematite nanopar-
ticles by TEM, DLS and ACS experiments, 
revealing that the shape of the particles 
can be varied between elongated spindles 
(p ~ 5) and cubic (p = 1). The crystalline 
structure of the hematite nanoparticles is 
confirmed for all the investigated nanoob-
ject batches. A Morin transition is not ob-
served for nanoobjects with p > 1.5 (see 
abstract contribution of J. Kopp), and both 
coercivity and the normalized remanent 
magnetization increase with increasing 
aspect ratio.  
We carefully investigate the phase behav-
ior of 5CB when doped with different, ap-
propriately surface-modified hematite na-
noobjects, divergent in size, shape and 
magnetic anisotropy, and under variation 
of the particle volume fraction.  
Our results from differential scanning cal-
orimetry (DSC), refractometry and polar-
ized optical microscopy provide insight 
into the impact of the aspect ratio on the 
stability and the ferronematic coupling 
properties.  The magnetic response of the 
ferronematic phases is investigated by ca-
pacitance measurements in a magnetic 
field. As compared to 5CB, the critical 
magnetic field strength is shifted to signif-
icantly lower fields.

 

 
Figure 4.1. TEM images of spindle-like hematite nanoparticles with varying aspect ratio prepared at different 
synthetic conditions. Left to right: 𝑝𝑝 = 1.0; 𝑝𝑝 = 2.5; 𝑝𝑝 = 3.8; 𝑝𝑝 = 5.2.
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With increasing aspect ratio of the do-
pants, the effect on the magnetic Fréeder-
icksz transition is stronger.    
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Towards an effective material model for         
magneto-active elastomers 

D. Romeis, M. Roghani, M. Saphiannikova
Leibniz-Institut für Polymerforschung Dresden e.V., Hohe Straße 6, 01069 Dresden 

The theoretical modeling of magneto-
active elastomers (MAEs) represents a 
very challenging task until today. The 
difficulties arise from many complex and 
intertwined responses on the micro to 
the macro scale. In absence of magnetic 
field the material is typically described in 
terms of a rubber reinforced by hard fill-
er particles. Yet, when an external mag-
netic field is applied, the situation drasti-
cally changes. Due to the softness of the 
elastomeric matrix, the activated mag-
netic interactions among the particles 
cause them to move and to induce de-
formations of the embedding elastomer. 
The long-range nature of these interac-
tions results in macroscopic deformation 
of the sample and in microscopic reallo-
cation of the particles, typically cluster-
ing into chain-like structures along the 
applied field direction. Due to the varying 
shape and particle distribution in the 
composite, also a constantly changing 
magnetization behavior is generated. 
These effects are magnetically and me-
chanically strongly coupled. 
A prominent approach to characterize 
this material is the homogenization of 
micro-continuum simulations. Yet, the 
manifold of parameters to be analyzed in 
such detailed simulations makes the pro-
cedure quite elaborate. Such models are 
usually based on the Finite Element 
Method and can not describe large de-
formation processes and subsequent 
clustering of hard filler particles. 
In this talk we want to present an alter-
native formalism [1] where the magnetic 
part is homogenized with the help of the 
dipolar mean-field approach [2] and the 
mechanical contribution is considered 
using a modified transversely isotropic 
Neo-Hookean material model. The result-
ing equations contain only a small num-
ber of meaningful parameters. Our uni-
fied mean-field model is adapted to an 
experimental setup measuring a large 
magneto-deformation of cylindrical MAE 
samples. Using the material parameters 

as obtained from experimental meas-
urements for the samples in absence of a 
magnetic field, we find very good 
agreement to the observed magneto-
deformations in applied fields [3]. Addi-
tionally, we can predict the changes in 
the magnetization behavior due to mi-
crostructure evolution, i.e., clustering 
into dense columns along an applied 
field. It is found, that our model is able 
to describe the effective magnetization 
curves observed in corresponding exper-
iments. This shows that the unified 
mean-field model provides quantitative 
access to essential material properties in 
MAE samples with different shapes and 
evolving particle arrangements.  
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Optimized nanomaterials for biomedical applica-
tions like targeted drug delivery or hyperthermia 
need to fulfill multiple functions, e.g., enabling 
biocompatibility, targeting specific areas, pro-
ducing heat, or releasing a substance as a re-
sponse to an external stimulus. Magnetoplas-
monic nanoparticles (MNPs), which are a hybrid 
material based on a magnetic NP core and a plas-
monic gold shell, are interesting platforms for 
these multi-responsive materials.[1] Due to the 
magnetic core, the MNPs can be moved using 
magnetic fields, while the gold shell adds optical 
properties and chemical stability to the system. 
The abovementioned properties make MNPs an 
interesting alternative to magnetic NPs or gold 
NPs and open up different applications utilizing 
the properties of both components.[2] Besides the 
MNP system, the ligands or matrix in which they 
are embedded are an essential factor in creating 
optimized materials since they cannot only stabi-
lize the MNPs but can also be utilized to add 
more functionalities to the system. Polymers can 
be used as versatile matrix materials to create 
both microspheres or solid bulk materials for dif-
ferent biomedical and technical applications.    
In this work, we present a novel synthesis route 
to obtain multi-responsive hydrogels, which are 
based on MNPs in a thermo-responsive polymer 
matrix, as shown in Figure 1. The MNPs are 
based on CoFe2O4-NPs (CF-NPs) as magnetic 
cores, which were encapsulated with gold. The 
synthesis of the MNPs was performed in an 
aqueous medium using the amino acid L-cysteine 
as a non-toxic ligand.  
The MNPs were then functionalized with a dou-
ble thermo-responsive graft-copolymer consist-
ing of a poly[oligo(ethylene glycol) methacry-
late] backbone and multiple poly(N-isopropyl 

acrylamide) side chains.[3] Due to the used syn-
thesis method, each polymer chain was termi-
nated with trithiocarbonate groups, which could 
be anchored to the gold surface of the MNPs. 
These CF@Au@Polymer-MNPs were charac-
terized regarding their magnetic, optical, and 
thermo-responsive properties to demonstrate that 
the properties of each component were present in 
the hybrid material.  
Finally, the CF@Au@Polymer-MNPs were 
crosslinked to obtain hydrogels that show tem-
perature-dependent swelling behavior. Using 
NIR irradiation, this thermo-responsive behavior 
can be utilized to trigger the deswelling of the 
hydrogel and to allow a controlled release of a 
substance dispersed in the water phase.  
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Figure 1: Schematic of the synthesis route of the multi-responsive hydrogel and the swelling behavior of the hydrogel which can be remotely 
triggered using NIR irradiation. The synthesis route starts from L-cysteine functionalized CF-NPs, which are encapsulated in gold, function-
alized with polymers, and crosslinked to obtain the hydrogel.   
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Introduction 

Magnetic gels are of interest, as one can 
control their shape, viscoelastic properties 
and motion by means of an external mag-
netic field. This gives rise to various po-
tential applications, e.g. in biomedicine. 
Both, the structure of the polymer net-
work, and its coupling mechanisms to the 
embedded magnetic nanoparticles 
(MNPs) strongly influence the gel's re-
sponse to magnetic fields. In our contri-
bution, we focus on the coupling between 
the polymers and the magnetic nanopar-
ticles. Typically, Van der Waals forces, hy-
drogen bonds or electrostatic interactions 
trap the MNPs within the polymer net-
work. Moreover, functionalized MNPs can 
act as cross-linkers to form a hybrid net-
work with the polymers. Additionally, the 
polymers and magnetic nanoparticles in-
teract hydrodynamically by means of the 
solvent. It has been shown [1,2] for MNPs 
in polymer solutions that a hydrodynamic 
coupling alone is sufficient to capture ex-
perimentally observed trends in AC sus-
ceptibility spectra [3]. 
In this contribution, we investigate how 
different MNP-polymer interactions affect 
the dynamic magnetic properties of the 
gel. To this end, we set up a computer 
simulation of a magnetic gel with inter-
changeable MNP-polymer interactions. 
From these we obtain both, magnetic sus-
ceptibility spectra and structural details of 
the microscopic environments of the mag-
netic nanoparticles. 

Simulation model 

Our system consists of mainly three 
parts: the polymer network, the embed-
ded MNP and the fluid. We use the ES-
PResSo software for molecular dynamics 
simulations of soft matter to simulate a 
coarse-grained system [4]. The polymers 
are implemented using the bead-spring 
formalism. One bead in the simulation 
represents several monomers. Polymer 

chains in their stretched state are cross-
linked into a tetrafunctional network and 
relaxed into their natural coiled state. The 
fluid is modelled using the Lattice-Boltz-
mann algorithm. We assume that the 
MNPs are magnetically blocked and reori-
ent their magnetic moment by a rotation 
of the particle as a whole. The MNP is con-
structed using the so-called raspberry 
model to couple its rotation to the lattice-
Boltzmann fluid. These additional coupling 
points, however, do not affect the MNP-
polymer interaction.  In our simulations, 
we use a single MNP in its polymer envi-
ronment, representing a situation with 
very low MNP concentration in experi-
ments. A visualization of the model can be 
found in Figure 1. 

Figure 1: Snapshot of the simulated magnetic gel 
with polymer network (blue) and MNP (grey). 

MNP-polymer interactions 

In the simplest case, a purely repulsive 
potential between the polymer beads and 
the MNP center ensures excluded volume 
of the particles without any attraction. In 
the next step, we use attractive spherical-
symmetric potentials with different well 
widths. In both cases solely hydrody-
namic interactions transfer between the 
rotation of the MNP and the polymer net-
work. Finally, we introduce specific attrac-
tive sites on the surface of the MNP adding 
a direct coupling between the polymer 
network and the rotation of the MNP. The 
polymer beads are not bound covalently 
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to the MNP surface but rather experience 
an attractive force in proximity of these 
sites mimicking a surface roughness of 
the MNP. 

Results 

We study the magnetic behavior for the 
different MNP-polymer interactions de-
pendent on the mesh size of the polymer 
network. Even for a purely repulsive inter-
action between MNP and polymers, we 
observe a clear shift of the susceptibility 
spectra towards lower frequencies for 
smaller mesh sizes. This corresponds to 
higher Brownian relaxation times. For a 
spherically symmetric attractive MNP-pol-
ymer interaction, this shift is significantly 
higher. We relate this to a higher polymer 
density close to the surface of the MNP, 
and thus stronger hydrodynamic coupling 
between the orientation of the MNP and 
the polymers. 

Figure 2: Magnetic susceptibility spectra for various 
spherically symmetric MNP-polymer interactions de-
pendent on mesh size of the polymer network. We 
can see a shift towards lower frequencies for de-
creasing mesh widths as well as for the attractive 
interactions. 
 
We now break the spherical symmetry of 
the MNP-polymer interaction by introduc-
ing attractive coupling sites on the surface 
of the MNP. Here, we observe polymer 
beads directly docking to the MNP surface 
at these sites. This adds an additional 
coupling be-tween the MNP's orientation 
and the polymers. Depending on the 
strength of the attraction, the magnetiza-
tion behavior of the gel changes signifi-
cantly. For lower attraction strengths, the 
docking of the polymers to the sites is re-
versible and a Langevin-like magnetiza-
tion response is maintained. For a 
stronger attraction on the other hand, we 
observe hysteresis, as the polymer beads 

hold the MNP in place and hinder its rota-
tion. In summary, for spherically symmet-
ric MNP-polymer interactions, the MNP 
orientation couples to the polymers via 
hydrodynamics. This coupling is stronger, 
when the polymers are closer to the MNP 
surface. By breaking spherical symmetry 
in the MNP-Polymer interaction an addi-
tional coupling is introduced and the gel's 
magnetization response is significantly 
different. 

Figure 3: Static magnetization curve with hysteresis 
for MNP-polymer coupling via attractive sites on the 
MNP surface dependent on the depth of the attrac-
tive potentials. 
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Introduction 

Nanoparticles based on iron oxides (IONP) 
are interesting materials due to their easy 
availability, low cost and good biocompat-
ibility combined with usable magnetic 
properties. In recent years many applica-
tions e.g., in biomedicine (imaging (MPI, 
MRI), magnetic hyperthermia, targeted 
drug delivery) or industry (waste water 
treatment) were developed. While em-
phasis was put on investigating and tun-
ing magnetic properties also optical prop-
erties came into focus within the last 
years [1,2]. As many iron oxides in bulk 
are semi-conductors and IONP-suspen-
sions show high absorption rates in the 
visible light spectrum, photothermal and 
photoelectrical properties could be inter-
esting e.g., for applications in photohy-
perthermia or catalysis. Additionally, 
questions arise concerning storage and 
sterilization of IONP (esp. UV-steriliza-
tion) and characterization techniques 
based on the interaction with light. 
Therefore, the aim of this research is to 
investigate the influence of irradiation 
with a high intensity light source in the 
visible light range on different IONP-sus-
pensions with special focus on colloidal 
stability and heating effects. 

Preparation and characterization 

For first experiments IONP were prepared 
by co-precipitation of iron salt solutions 
(FeCl2 / FeCl3) by adding 1 M NaHCO3 so-
lution at 50 °C under permanent stirring 
at a flow rate of 1.2 ml/min, followed by 
boiling to remove CO2 and form iron oxide 
multicore nanoparticles (MCNP). These 
MCNP have been coated with adsorptive 
shells featuring different stabilizing mech-
anisms and surface charges: citric acid 
(CA) and carboxymethyl dextran (CMD) - 
both electrostatic, negative; 

diethylaminoethyl-dextran (DEAE) - elec-
trostatic, positive; starch (St) - steric. 
Three samples (V = 3 ml; β ~ 1 g/l) were 
filled each in borosilicate glass vessels and 
1) irradiated for 1h (1hL) with a high in-
tensity white light LED (100 W Oumurui,
Genesis 30MIL chip, 6,25 cm², 6000 -
6500 K, 8000 – 9000 lm; run at 60 W)
with a glass lens (h = 1.9 cm; d = 4 cm)
at a distance of 4.2 cm from the LED, 2)
kept at 75 °C in an oil bath for 1h
(1h 75 °C) and 3) kept without any treat-
ment (noL). The temperature for 1hL-
samples was recorded with a fiber optic
temperature sensor. The resulting IONP
were analyzed by UV-VIS-measurements
to determine the absorption behavior and
dynamic / electrophoretic light scattering
(DLS / ELS) to determine size distribution
and surface charge.
In a second step commercial IONP were
investigated by filling each of 3 ACS-vials
(borosilicate glass) with 100 µl of IONP-
suspension (β ~ 0.1 g/l). These samples
were 1) irradiated 1h with the same light
source (1hL) or 2) heated 1h at 75 °C
(1h 75°C) in a water bath. One vial was
kept as reference 3) (noL). The treated
samples were investigated by DLS / ELS
as well as with AC-susceptometry (ACS)
as magnetic method to avoid interactions
with light.

Results and discussion 

Photothermal properties: The irradiation 
with the intense light led for all MCNP-sus-
pensions to an increase in temperature 
within 10 - 15 min. Temperatures up to 
86 °C and heating rates of up to 16 K/min 
could be observed (see fig.1), what shows 
the potential for photothermal applica-
tions. It can be seen, that the tempera-
ture increase is not uniformly, what could 
be interpreted by the agglomeration of 
the MCNP and hint at photoelectrical pro-
cesses using the light energy. 
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Fig. 1) Exemplary heating curve for irradiation with 
a white light LED (60 W) measured for CA-MCNP 
(V = 3 ml, β ~ 1 g/l) and distilled water. 
Irradiated MCNP heat the suspension up to ϑ ~ 86 °C 
with heating rates (25 -> 40 °C) up to 16 K/min. 

Influence on IONP-suspension’s stability: 
Negatively charged CA- and CMD-MCNP 
agglomerated and fully sedimented dur-
ing 1h of light exposure. The ζ-potentials 
shifted from negative values to ζ ~ 0 mV 
for CMD-MCNP or even positive values 
(ζ = 27 mV) for CA-MCNP, whereas for 
the 1h 75°C-MCNP the ζ-potential re-
mained unchanged. DLS-measurements 
confirmed similar size distributions for 
1h 75°C- and noL-samples, but persistent 
agglomerates for 1hL-samples. This be-
havior can be interpreted with desorption 
of the coating by either photothermal con-
version of the light and resulting high sur-
face temperatures or photoelectrically by 
changing the surface charge and weaken-
ing adhesion forces. Similar results were 
found for other negatively coated com-
mercial IONP (e.g., Synomag® (surface: 
COOH), micromod Partikeltechnologie 
GmbH Germany), although not all IONP 
showed this behavior (e.g.: SHP-30 Car-
boxyl IONP, OCEAN NANOTECH LLC, 
USA). Interestingly, all IONP showing 
sedimentation form loose self-organized 
3D-structures (see fig. 2) supporting the 
interpretation with photoelectrical effects. 
For positively coated DEAE-MCNP the for-
mation of non-persistent aggregates can 
be seen during light irradiation, but no 
sedimentation was visible after the expo-
sure. DLS confirmed the same size distri-
bution for noL-, 1h L- and 1h 75°C-sam-
ples. A similar behavior was observed for 
positively coated commercial IONP (e.g., 
fluidMAG-DEAE, chemicell, Germany). 
Steric stabilized St-MCNP sedimented 
during 1h of light exposure, but could be 
resuspended by ultrasound, what was 
proven by DLS. The ζ-potential changed 
from -10.7 mV to 14.3 mV, what hints 
again on a photoelectrical effect. 

a) b)  
Fig. 2) a) Self-prepared CA-MCNP and b) commer-
cial Synomag®-IONP (surface: COOH, micromod 
Partikeltechnologie GmbH, Germany) after 1h of 
light irradiation. 
The IONP agglomerate and sediment in loose 3D-
structures. 

Conclusion and outlook 

Our study showed, that IONP have a high 
potential for photothermal applications by 
reaching temperatures up to 86°C and 
heating rates of 16 K/min (V = 3 ml; 
β ~ 1 mg/ml). For several negatively 
coated IONP a persistent agglomeration 
and sedimentation in loose self-organized 
3D-structures and an increase of surface 
charge was found, that could be inter-
preted with the desorption of the coating 
hinting on photoelectrical effects induced 
by light. Positively coated IONP did not 
show changes, whereas sterically stabi-
lized St-IONP show non-persisting ag-
glomeration and a shift to positive surface 
charges. 
Following investigations will focus on un-
derstanding the underlaying processes to 
explain the different behavior found as 
well as on the kinetics of agglomerate for-
mation during irradiance e.g., by magne-
torelaxometry (MRX). Also, dependencies 
on the wavelength and power of the used 
light will be addressed, e.g., using laser. 
Furthermore, magnetic and heating prop-
erties of the resulting agglomerates as 
well as possible applications e.g., for pho-
tohyperthermia or flocculation in waste 
water treatment will be investigated. 
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In hyperthermia applications, magnetic na-
noparticles (MNPs) characterized by high 
saturation magnetization and Brownian re-
laxation dynamics are subjected to an alter-
nating magnetic field, resulting in localized 
heat generation that targets tumor cell de-
struction. Among various types of ferrites, 
magnetite exhibits the highest magnetic 
moment, contributing to elevated saturation 
magnetization values. However, iron oxide 
demonstrates a tendency to oxidize and be-
haves as a soft magnetic material, leading 
to relaxation governed by the Néel mecha-
nism for particle diameters up to 20 nm. In 
contrast, cobalt ferrite nanoparticles 
(CFNPs) present considerable potential due 

to their superior magneto-crystalline anisot-
ropy compared to iron oxide, which confers 
hard magnetic properties. Consequently, 
the Brownian relaxation mechanism is fea-
sible for CFNPs exceeding 7 nm in diameter. 
This study is therefore focused on the syn-
thesis of non-stoichiometric CFNPs, wherein 
reduced concentrations of Co²⁺ ions facili-
tate high saturation magnetization values 
alongside the Brownian relaxation mecha-
nism (see Figure 1A).[1] Utilizing a two-
step synthesis approach that incorporates 
akaganeite nanorod precursors followed by 
an aqueous hydrothermal reaction without 
using toxic surfactants or solvents, we suc-
cessfully synthesized cubic and spherical 
CoxFe3−xO4 nanoparticles with composition 

Figure 1. (A) The reduced cobalt ion amount in the crystal structure of cobalt ferrite in a cubic nanoparticle 
shape will lead to formation of non-stoichiometric CFNPs. (B) X-ray diffractograms and TEM images of the non-
stoichiometric cobalt ferrite nanoparticles synthesized with a molar ratio of akaganeite to metal salts of 0.5 
(top), 1 (middle), and 2 (bottom) at 10 bar. All the observed diffraction reflexes are in good agreement with 
the cubic spinel structure of CoFe2O4 (stars, JCPDS no. 00-022-1086). The scale bars show 100 nm for all 
micrographs. (C) SAR values of non-stoichiometric CFNPs are displayed in dependency on the cobalt amount 
in the crystal lattice. The values of the reference sample[2] synthesized by co-precipitation (x = 0.80) is dis-
played with lines.  
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ranges of 0.25 < x < 0.45, as illustrated in 
Figure 1B. The saturation magnetization 
values of up to 75 Am²/kg, are comparable 
to nearly stoichiometric CFNPs[2] (x = 0.80) 
produced via conventional coprecipitation 
method. 
The hyperthermia-induced temperature in-
crease of up to 9.9 K within a 10-minute in-
terval at an excitation frequency of 10 kHz 
and an applied magnetic field of 24.4 mT 
holds significant implications for medical ap-
plications, including magnetic particle imag-
ing and cancer therapy. By optimizing the 
excitation parameters, we achieved a tem-
perature elevation of 43 K/10 min at 
150.5 kHz and 19.0 mT, while remaining 
within the biological limits for non-selective 
heating. The specific absorption rates (SAR) 
ranged from 42 to 58 W/gMNP for lower co-
balt concentrations of 50 to 60% in compar-
ison to near-stoichiometric NPs. The SAR of 
the CFNPs in dependeny on the cobalt 
amount is shown in Figure 1C. The SAR of 
NPs with a composition of x = 0.38, which 
attains values up to 183 W/gCo+Fe, is 30% 
greater than that of near-stoichiometric 
CFNPs with a composition of x = 0.80 syn-
thesized via coprecipitation methods. Im-
portantly, the reduction in cobalt content by 
up to 52% did not negatively impact the hy-
perthermia performance, thereby enabling a 
more environmentally sustainable synthesis 
methodology.  
 
Conclusion and Outlook 
 
In conclusion, this work is of paramount im-
portance for the environmentally benign 
aqueous synthesis of magnetic CFNPs, as it 
facilitates a reduction in cobalt content with-
out compromising hyperthermic efficacy or 
specific absorption rates. Given the preva-
lent concerns regarding the toxicity of co-
balt, the application of cobalt ferrite in hy-
perthermia treatments has often been lim-
ited. In this context, we present non-stoichi-
ometric particles that demonstrate high 
heating efficiency. Furthermore, as evi-
denced by previous studies, the cytotoxicity 
of cobalt ferrite, cobalt-doped magnetite, 
and magnetite does not exhibit significant 
differences. 
By analyzing this particle system and the 
underlying mechanisms, these can be uti-
lized for further investigations. Employing a 
core-shell system, the initiation phase of 

particle formation will be examined resulting 
in a pronounced dependency of the mag-
netic partciles´size and cobalt content on 
the shell thickness of a core-shell-precursor 
system.[3] Furthermore, future studies will 
aim to increase the fraction of shape-aniso-
tropic particles by modifying the Reynolds 
number within the reactor. This approach is 
expected to enhance the hyperthermic effi-
ciency. 
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Magnetic Particle Spectroscopy measurements 
with adjustable DC offset fields 
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and T. Viereck1

1 Institut für Elektrische Messtechnik und Grundlagen der Elektrotechnik (EMG) and LENA, TU Braunschweig, 
Braunschweig, Germany 

Introduction 

The characterization of magnetic nano-
particles (MNPs) properties is essential to 
determine their suitability for the in-
tended application. One interesting char-
acterization method is the Magnetic Parti-
cle Spectroscopy (MPS), which uses a si-
nusoidal magnetic excitation field to peri-
odically drive the MNPs into saturation. It 
is used both with and without an addi-
tional DC offset field to measure the dy-
namic nonlinear magnetization response. 
For example, this method is applied to in-
vestigate the suitability of MNPs for the 
imaging modality, the Magnetic Particle 
Imaging (MPI) [1], or it has recently been 
used for the evaluation of magnetic im-
munoassays (MIAs) based on the phase 
at a fixed DC offset field [2]. In addition 
to the phase, the harmonic ratio can also 
be used as a concentration-independent 
indicator for the detection of biological 
targets in MIAs. However, systematic in-
vestigations are necessary to understand 
the MNP behavior and to achieve the best 
performance in the end. 

Methods 

In order to fill this gap, MPS measure-
ments with an adjustable DC offset field 
(ADOF) on different Brownian dominated 
particle systems and hydrodynamic sizes 
are carried out and evaluated in this work. 
To this end, the newly developed ADOF-
MPS, shown in Figure 1, which operates at 
a fixed frequency of 2 kHz and a magnetic 
excitation field amplitude of 15 mT, is in-
troduced. As particle systems self-synthe-
sized singlecore cobalt-iron-zinc (CFZ14) 
particles as well as the from micromod 
commercially available multicore bionized 
nanoferrite (BNF80) particles with 80 nm 
hydrodynamic size and starch coating are 
investigated. Both exhibit Brownian relax-

ation behavior. The change in the hydro-
dynamic size is achieved by the function-
alization of the particles with DNA 
strands. 

Figure 1: Setup of our new generation imunoMPS with 
the option to produce an ADOF. 

Results 

Figure 2 shows the measurement results 
on the CFZ14 particles containing the 
magnitudes of the second up to the fifth 
harmonic over the dc offset field. These 
MNPs have a small hydrodynamic size of 
around 27 nm leading to fast Brownian 
relaxation behaviour. It can be recognized 
that the even harmonics disappear in the 
absence of a DC offset field. Furthermore, 
the second harmonic shows the largest 
magnitude at approximately 9 mT and 
minima in the third and fifth harmonics 
are sharply defined. In comparison, Fig-
ure 3 shows the same spectrum for the 
BNF80 particles. It can be seen that the 
second harmonic also has the maximum 
amplitude, but the maximum is broader 
and lies at a greater field strength of 12 
mT. The same can be said for the other 
higher harmonics, although the minima in 
particular are blurred and not as sharply 
defined as in the case for the CFZ14 par-
ticles. It should be noted that the relaxa-
tion of the BNF particles is significantly 
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slower due to the larger hydrodynamic 
size of 80 nm. 

Figure 2: Magnitude measurement of the 2nd, 3rd, 4th and 
5th harmonics of the CFZ14 particles for different DC off-
set fields. 

Figure 3: Magnitudes measurement of the 2nd, 3rd, 4th 
and 5th harmonics of the BNF80 particles for different DC 
offset fields. 

In a next step we increased the hydrody-
namic size of the CFZ14 particles to 
37 nm by binding DNA strands with a 
length of 20 base pairs on their surface. 
Figure 4 shows the resulting ADOF spec-
trum for the magnitude of the second har-
monic. While the magnitude of the har-
monic decreases, a shift of the maximum 

to smaller dc offset field strengths of 
about 8.5 mT can be observed. The max-
imum change in the magnitude of the har-
monic occurs at 12 mT and does not coin-
cide with the maximum amplitude. 

Figure 4: Measurement of the second harmonic magnitude 
of the CFZ14 particles for different DC offset fields and 
hydrodynamic sizes of 27 nm and 37 nm due to functional-
izing with DNA strands.  

In addition to this systematic investiga-
tion, Fokker-Planck simulations for 
Brownian relaxation were carried out in 
order to get a better overview of the DC 
field dependence for different hydrody-
namic sizes and to investigate the influ-
ence of size distributions. Overall, the 
measurements compared to the simula-
tion showing good agreement. 

In a next step, the concentration inde-
pendent harmonic ratios can be consid-
ered, which are of particular interest for 
the evaluation of MIAs. 
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