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promising characteristics, these materials 
were already in focus of material research 
since the late 1980s and 1990s.[1,2,6–8] MSEs 
usually consist of a polymer matrix with 
embedded magnetic micro- or nanoparti-
cles (MPs). They exhibit magnetorheolog-
ical as well as magnetostrictive effects, that 
is, the elasticity modulus and the lateral 
dimensions of the MSE can be reversibly 
set and controlled by external magnetic 
fields.[1,6,9,10] Both effects are caused by 
dipolar interaction between the MPs and 
depend on their arrangement within the 
polymer matrix.[8,9,11–13] Typically, MSEs 
with an anisotropic arrangement of MPs 
are formed by applying a magnetic field 
during the crosslinking of the polymer. 
In such cases, MP rows will form with 
lengths and average inter-row-distance 
depending on the MP concentration and 

their magnetic characteristics.
Although the behavior of anisotropic MSEs is well-known 

in practice, their theoretical description is rather challenging. 
In most cases particle rows formed in three dimensions have 
been approximated by idealistic 2D arrangements of particle 
rows.[13–15] 3D modeling requires considerably more computa-
tional effort aside from the usage of complicated analysis tech-
niques, such as x-ray micro-computed tomography, in order 
to nondestructively examine the MPs’ position in the MSE for 
the adaptation of the obtained model.[16,17] Hence, elastomer 
matrices with true 2D particle arrays of rows with defined dis-
tances would be of tremendous advantage for further investiga-
tions on experimentally observed phenomena, comparison to 
theoretical work as well as for an enhanced controllability of the 
magneto-sensitivity.

In this work, we present a method to achieve a defined 1D 
and 2D positioning of MPs in a polymer matrix. Instead of 
solely using external magnetic fields for particle alignment 
which is usually associated with an imperfect particle row for-
mation and nonuniform alignment of magnetic material,[17–19] 
we propose a fabrication route employing a topographically flat 
magnetic template with designed domains for a defined mag-
netic field landscape (MFL) close to the substrate surface.[20] We 
exemplify the method by using a template substrate covered by 
a magnetic thin film system with an engineered parallel-stripe 

The possibility to arrange and embed magnetic micro- and nanoparticles in 
thin polymer film systems using flat magnetically patterned substrate tem-
plates is investigated. In contrast to self-organized particle rows forming by 
applying a homogeneous magnetic field, particles adapt to the magnetic field 
landscape of the substrate’s magnetic pattern prior to polymer crosslinking. 
Crosslinking then fixes the particle positions in the polymer. The process 
is tested for composites of hydrophobic polydimethylsiloxane (PDMS) and 
maghemite nanoparticles as well as for hydrophilic polyvinyl alcohol (PVOH) 
and hydrophilic functionalized, superparamagnetic core–shell microspheres. 
The substrate template is an exchange bias layer system magnetically pat-
terned into parallel-stripe domains with in-plane magnetizations and head-
to-head/tail-to-tail remanent magnetization orientation in adjacent magnetic 
domains. A high occupancy percentage of magnetic beads on a domain wall 
as well as anisotropic actuation of the composite is achieved.

1. Introduction

Magneto-sensitive elastomers (MSEs) are smart materials 
giving rise to innovative solutions for damping or insulating 
devices as well as sensors and actuators.[1–5] Triggered by their 
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domain pattern that extends over the surface of the entire tem-
plate. Owing to the MFL, MPs of a still liquid polymer-MP mix-
ture are attracted toward the substrate and aligned in defined 
geometric shapes during the hardening process.[21,22] Thereby, 
MSEs with defined MP density gradients and anisotropies can 
be reproducibly created. The presented technique and proto-
type materials include hydrophilic and hydrophobic polymer 
matrices as well as ferrimagnetic iron oxide nanoparticles and 
superparamagnetic, chemically functionalizable core–shell 
microspheres. In addition, the surface material and thickness 
of the protecting capping layer above the magnetically patterned 
thin film system have been varied to analyze the applicability of 
different surface compositions for the alignment process.

2. Experimental Section

2.1. Materials

Two different types of polymer were used in the presented 
work: PVOH (hydrophilic) and PDMS (hydrophobic).

PVOH solution was purchased at sigma-Aldrich Co. 
LLC. (87–89% hydrolyzed). PDMS base elastomer and curing 
agent were purchased at Biesterfeld Spezialchemie gmbh 
(Dow Corning Sylgard 184). Maghemite nanoparticles (g-Fe2O3, 
20–40 nm, powder) were purchased at iolitec gmbh.

Superparamagnetic core–shell microspheres in aqueous 
solution (50 mg mL−1) with a diameter of 2 µm were purchased 
at Micromod Partikeltechnologie gmbh. The spheres’ cores 
consist of a polystyrene matrix surrounded by superparamag-
netic magnetite particles (Fe3O4, 10-15 wt%). The shell is made 
of polyethylene glycol functionalized with carboxyl groups, thus 
being hydrophilic.

Target materials used for sputter deposition (Cu, Ir17Mn83, 
Co70Fe30, Ta, Au) of the exchange bias thin films were pur-
chased at EVOCHEM Advanced Materials gmbh.

2.2. Fabrication of Magnetic Template

The magnetic template was made of a magnetically stripe pat-
terned thin film system without topographic irregularities. To 
implement the thermally stable magnetic stripe domain pattern 
with independently specified magnetization orientations in 
individual domains, thin film systems revealing the exchange 
bias (EB) effect were used. The EB effect is manifested in a 
unidirectional magnetic anisotropy due to exchange interac-
tion taking place at the common interface between a thin anti-
ferromagnetic (AF) and a ferromagnetic (F) layer. The EB can 
be understood as an internal magnetic field that locally acts 
on the F’s magnetic moments and impedes the magnetiza-
tion reversal when an opposed external field is applied, that is, 
the F’s hysteresis curve is shifted by the so-called EB field Heb 
along the magnetic field axis. The EB bilayer system is typically 
embedded between a buffer layer for crystal texture improve-
ment in the AF and a capping layer on top to prevent the F 
from oxidization.

For this work, the two different systems Cu50 nm/Ir17Mn83
10 nm/ 

Co70Fe30
7.5 nm/Ta15 nm (A) and Cu50 nm/Ir17Mn83

10 nm/Co70Fe30
7.5 nm/

Au10 nm  (B)  were fabricated under high vacuum conditions via 
rf sputter deposition (Leybold-Hereaus Z400) on a naturally oxi-
dized silicon substrate (15 × 15 mm2). The EB effect was initial-
ized by a field cooling process, that is, heating of the sample 
in an external magnetic field ( HFC = 100 kA m−1) up to 300 °C 
(plateau: 1  h) and subsequent cooling down to room tempera-
ture. In order to create the parallel magnetic stripe domains out 
of the uniformly magnetized EB system, a process termed ion 
bombardment induced magnetic patterning (IBMP) was per-
formed.[20,23,24] In this process, a widened helium ion beam is 
used in combination with a polymer-based shadow mask in an 
applied external magnetic field to locally modify the strength 
and direction of the EB, that is, to create magnetic domains. 
Therefore, a 700 nm thick resist layer (positive resist AZ 1505, 
purchased at Microchemicals gmbh) was spin coated on top of 
the EB substrates and subsequently irradiated by UV-light (Hg 
lamp) through a chromium hard mask (shadow mask), resulting 
in parallel stripe structures of photoresist with 5 µm (10 µm peri-
odicity) and 10 µm stripe width (20 µm periodicity), respectively 
after development in 0.9% KOH solution. This process was fol-
lowed by 10 keV He+ ion bombardment in an external magnetic 
field (HIB = 80 kA m−1) under high vacuum condition. Thereby, 
the in-plane magnetization direction was only altered in the 
resist-free areas due to ion penetration and, thereby, local hyper-
thermal heating of the layer system. With the external magnetic 
field direction being antiparallel and the long axes of the resist 
stripes being perpendicular to the initial EB direction, a head-to-
head and tail-to-tail configuration (hh/tt) of the magnetization 
direction in adjacent magnetic domains was generated. Subse-
quently, the remaining resist stripes were removed via oxygen 
plasma etching resulting in topographically flat EB sample sur-
faces with typical RMS roughness values of (0.6  ±  0.4)  nm. A 
depiction of the fabrication process is shown in Figure 1.

After each fabrication step, the EB substrates were char-
acterized by vibrating sample magnetometry (VSM, see 
Figure 2a), where they exhibited a shift of the hysteresis loop 
along the magnetic field direction with average EB fields of 
Heb,A  = (−21.3  ±  1.7)  kA  m−1 and Heb,B  = (−24.8  ±  0.5)  kA  m−1 
and average coercive fields of Hc,A  = (9.8  ±  0.7)  kA  m−1 and 
Hc,B = (4.4 ± 0.1) kA m−1, that is, the samples have one stable mag-
netization direction in the absence of an external magnetic field.

The VSM measurements after He+ ion bombardment and 
removal of the photoresist showed characteristic double hyster-
esis loops for the bombarded samples (compare Figure 2a) and, 
thereby, indicated that the samples possess two well-defined 
remanent magnetization states. Magnetic force microscopy 
analysis of the EB samples displayed alternating magnetic line-
shaped signals corresponding to the respective domain wall 
type (see Figure 2b,c), here exemplarily shown for 5 µm parallel 
stripe width.

2.3. Fabrication of Particle Polymer Composites on Magnetically 
Patterned EB Systems

The PDMS matrices were fabricated by mixing of the base and 
the curing agent at a mass ratio of 10:1. The liquid polymer was 
then degassed under vacuum in a desiccator. PVOH was prepared 
via mixing of a 10% PVOH solution and distilled water at a ratio 
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of 1:1. The mixture was homogenized in a shaker for 10 min and 
subsequently allowed to rest for 60 min in order to remove air 
inclusions. Magnetic material was added to the polymer solu-
tions before the degassing step. In detail, composite 1 consisted 
of hydrophobic PDMS and maghemite particles (3.1  wt%), 
while composite 2 was composed of a hydrophilic PVOH matrix 
with superparamagnetic, carboxyl-functionalized microspheres 
(0.33 wt%). Each polymer composite was subsequently cured on 
top of an EB system at room temperature for 24 h.

In order to prevent the thin film system from being peeled 
off while removing the polymer films due to the strong adhe-
sive forces between the PDMS (PVOH) and the metallic sur-
face, an additional resist layer (AZ 1505, 700  nm) was first 
spin coated on top of the magnetically stripe patterned EB 

systems. The positioning of the magnetic material was sup-
ported by an additional magnetic field in z-direction parallel to 
the substrates’ surface normal (Nd permanent magnet, 20 mm 
diameter, 200  mT at the surface). The composite films were 
finally obtained via a lift-off process in an acetone bath, where 
the resist layer was immediately dissolved. Afterward, the par-
ticle polymer composites were rinsed with distilled water and 
dried in a nitrogen stream.

3. Results and Discussion

In the present work, the general idea of using a magneti-
cally patterned flat substrate as a template for MP positioning 
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Figure 1. Fabrication of a magnetically patterned exchange bias system via ion bombardment: The exchange bias system consisting of an antifer-
romagnetic (AF) and a ferromagnetic (F) layer is fabricated via sputter deposition on top of a silicon substrate and covered with a capping layer for 
oxidation protection (a). The following field cooling process in an external magnetic field HFC



 induces a unidirectional anisotropy parallel to the external 
magnetic field direction (b). Micromagnetic patterning of the exchange bias substrates is achieved by He+ ion bombardment in an external magnetic 
field HIB



 antiparallel to HFC


 through a resist mask created via UV lithography (c). Afterward, the resist is removed and topographically flat sample 
surfaces are obtained.

Figure 2. Magnetic characterization of the utilized exchange bias systems via VSM and MFM exemplarily shown for a sample of system type B:  
a) Typical hysteresis loops of the used exchange bias system prior to (red triangles) and after ion bombardment (blue dots) measured with VSM. After 
the field cooling process, the exchange-coupled antiferromagnet/ferromagnet system exhibits a defined magnetization direction in the absence of an 
external magnetic field. The ion bombardment induced magnetic patterning into a parallel stripe structure with antiparallel magnetization directions in 
adjacent domains leads to a characteristic double hysteresis loop. b) The additional analysis of the magnetically patterned exchange bias systems with 
MFM reveals alternating head-to-head (white signal) and tail-to-tail (black signal) domain wall types with distances depending on the utilized stripe 
periodicity (here: 5 µm stripes, i.e., 10 µm periodicity). The corresponding cut line profile of the normalized MFM signal is shown in (c).
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is realized by a magnetically patterned exchange bias layer 
system. Here, past work has shown that engineered head-to-
head and tail-to-tail (hh/tt) parallel-stripe domains of the mag-
netic template result in neighboring domain walls carrying 
opposite magnetostatic charges.[25,26] Therefore, a grating-like 
arrangement of localized stray field sources possessing stray 
field strengths of up to 1 kA m−1 at distances of 1000 nm from 
the surface are created.[26–28] As a result of the comparably 
strong local field gradients of up to several hundred MA m−2,[27] 
attractive magnetostatic forces are acting on the MPs in the 
as yet not hardened polymer matrix. For superparamagnetic 
particles, these stray fields lead to an alignment of the parti-
cles’ magnetic moments along the local magnetic field lines 
and a positioning of the particles above each domain wall of 
the substrate, as these are the regions where the stray field’s 
strength and gradient are maximized. As the effective field for 
the current template is strongest over the center of the domain 
wall and perpendicular to the substrate surface, the magnetic 
moments of the superparamagnetic particles residing on one 
domain wall are parallel to each other.

Due to the parallel alignment of the neighboring particles’ 
magnetic moment within each domain wall, magnetostatic 
repulsion largely prevents from lateral clustering. Besides, the 
agglomeration of particles perpendicular to the template sur-
face is also mostly suppressed due to the energy gain when 
the particles approach the template surface. By superimposing 
the template’s periodic stray field landscape with an external 

field perpendicular to the template surface, the particles’ mag-
netic potential energy landscape is modified by the alternating 
constructive and destructive superposition between the local 
field directions (see Figure 3) and the external field. As a result, 
those domain wall positions above which the local stray field is 
parallel to the external field are energetically favored. This leads 
to a rearrangement of the particle rows where every second 
domain wall of the magnetic stripe patterned template is occu-
pied resulting in a doubling of the pattern’s lattice distance.[28]

The MP arrangement without an external field was found 
to be also working, but less efficiently due to the smaller mag-
netic force on the particles, which is proportional to the product 
of the magnetic field strength and field gradient. This can be 
explained by the comparably weak acting fields which do not 
magnetically saturate the particles. The stronger effective 
magnetic field caused by the superposition of the template’s 
intrinsic magnetic field landscape and the external magnetic 
field induces higher magnetic moments in the particles and 
therefore leads to higher magnetic forces.

To make sure that the magnetic material is homogenously 
distributed in the polymer matrix without agglomeration prior 
to sedimentation and polymer hardening, the prototype polymer 
materials used for fabrication of the composites were adapted 
to the material of the MPs, that is, hydrophobic polydimethylsi-
loxane (PDMS) was mixed with maghemite nanoparticle (MNP) 
powder (type 1), whereas hydrophilic polyvinyl alcohol (PVOH) 
was mixed with hydrophilic superparamagnetic core–shell 

Part. Part. Syst. Charact. 2021, 38, 2100072

Figure 3. Fabrication of polymer films with embedded magnetic particles. a) Magnetic template with parallel-stripe domains fabricated by ion bombard-
ment induced magnetic patterning (IBMP)[20] of an exchange-bias bilayer system. b) Capping of the magnetic template by a 700 nm thick photoresist 
layer to prevent the magnetic layer system from being peeled off. c) Liquid polymer containing the (superpara)magnetic particles is poured over the 
magnetic template. Particles sediment to the bottom due to gravity FG



. d) By superimposing an external magnetic field Hex


 perpendicular to the sub-
strate surface, the particles are attracted to every second domain wall, forming equidistant, parallel rows. Finally, the hardened particle polymer film is 
removed after curing by an acetone-mediated lift-off (e,f).
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microspheres (SCM, type 2). As PDMS is easy to handle and—
regarding probable future applications—biocompatible, it is 
often the material of choice for magneto-sensitive elastomers.[5] 
PVOH, on the other hand, is water-soluble and might therefore 
be interesting for applications where a localized release of mag-
netic material is required.

The present polymer films deposited by drop-coating exhibit 
thicknesses of 70 µm for composite type 1 and 40 µm for com-
posite type 2 with magnetic material located at the polymer 
film’s interface facing the magnetic template. The arrangement 
of the particles in the hardened polymer films was character-
ized via optical microscopy (see Figure 4).

The number of MPs was estimated for small MP densities 
between the domain walls. Positioning of MPs into parallel 
rows with distances corresponding to the doubled domain 
width of the respective magnetically patterned sample was 
observed for two different capping layers (Ta 15  nm and Au 

10  nm), thus indicating that the material as well as its thick-
ness does not influence the positioning as long as the magnetic 
stray fields are sufficiently strong to attract the MPs above the 
protective layer. Furthermore, it was proven that the positioning 
worked for two different widths (5 and 10 µm) of the magnetic 
parallel-stripe domains.

The average occupancy percentage (100 × (average number 
of particles × particle diameter)/domain wall length) of the 
rows in Figure 4a–d have been determined by counting the par-
ticles along a row. The identification of the MPs in the micro-
scopic images has been carried out by defining a threshold 
contrast for the distinction between particles and background. 
Occupancy percentages of (40 ± 4)% resp. (55 ± 7)% (Figure 4a 
resp. Figure  4b) and (39  ±  8)% resp. (55  ±  10)% (Figure  4c 
resp. Figure  4d) have been determined. The occupancy per-
centages of both materials are equal within the uncertainties 
for equal stripe domain widths. Further analyzing the quality 
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Figure 4. Optical microscopy images of particle polymer composite films: a,b): Maghemite nanoparticles embedded into a 70 µm thick PDMS film. 
The particles were arranged on top of exchange bias system type A (15 nm tantalum capping layer) with 5 µm (a) and 10 µm (b) domain width. Due 
to an additional external magnetic field applied during the curing of the particle polymer composite, the magnetic particles align in 10 and 20 µm 
distance, respectively. c,d): Superparamagnetic core–shell microspheres (2 µm diameter) embedded in 40 µm thick PVOH films. In order to align the 
microspheres, exchange bias systems of type B (10 nm gold capping layer) with 5 µm (c) and 10 µm (d) stripe domain width were used. Again, an 
external magnetic field was applied perpendicular to the substrate surface during curing.
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of arrangement by using the power spectral density function 
(PSDF), that is, performing a Fourier transformation of the 
autocorrelation function, of Figure  4a–d results in the graphs 
shown in Figure 5. For Figure 4a, the dominant peak is at d = 
9.6 µm with small contributions at 5.0 µm (beads still residing 
on the domain wall with antiparallel directions of the external 
and domain wall fields) and at about 3.3  µm (MP agglomer-
ates and MPs not attracted to the domain walls). A similar 
result (main peaks appear at d = 5.2 and 10.3 µm) is shown for 
Figure  4c for the same magnetic template pattern periodicity 
but for a different polymer. For the wider pattern periodicity, 
Figure 4b,d exhibits dominant peaks at 19.4 µm (20.4 µm) and a 
smaller peak at 9.6 µm (9.9 µm), indicating particles predomi-
nantly residing over the energetically favored domain wall and 
with less probability over the unfavored walls. Small peaks at 
other periodicities are attributed to MP agglomerates and MPs 
not residing above a domain wall.

A possible magnetostrictive effect is estimated by the fol-
lowing assumptions: 1) The external magnetic field is homoge-
neous and induces a fixed magnetic moment in the MPs. 2) 
The particles’ magnetic moments are point dipoles located at 
their centers. 3) The interaction between two adjacent particles 
is described by the magnetic dipole–dipole interaction energy 
Edip. The two particles shall have equal magnetic moments 

1 2m m m
  = =  and are located at a particle-to-particle-center dis-
tance r



. In general, their magnetic moments may have indi-
vidual angles with respect to r



. For superparamagnetic parti-
cles in an external magnetic field, however, these two angles are 
the same and will now be designated as β (see Figure 6a). The 
interaction energy is then given by

µ
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β
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where in the first term on the right hand side of Equation (1), 
the angle between the two individual magnetic moment direc-
tions has been set to 0° (see Figure 6a).

The magnetostatic forces between particles in one of the 
rows induced by an external field after removal of the polymer 
film from the magnetic template are calculated according 
to MF Edip

 

= − ∇ . Depending on β and the interparticle dis-
tance vector r



, the magnetostatic force can be derived from 
Equation (1) to
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with the individual components of r
 setting rx as the dis-

tance along the short stripe axis of the magnetic pattern, that 
is, between separate particle rows, ry as the distance along the 
long stripe axis of the magnetic pattern, that is, within one 
particle row, and rz as the relative center particle height dif-
ference between adjacent particles. When particles have been 
integrated into the polymer after sedimentation to the magnetic 
template surface, rz becomes zero (particles are at the same 
height), modifying Equation (2) to:

3

4
· 1 3cos ·M

0 2
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2 2 2F
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From Figure 6 it is evident that

0β β γ= −  (4)

where β0 is the angle between the external magnetic field direc-
tion H



 (or the particles’ magnetic moment m


) and rx and γ is 
the angle between r



 and the x-axis with
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y
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Considering only the directly neighboring particles in adja-
cent rows, that is, ry = rz = 0, Equation (3) can be further simpli-
fied to
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π

β( )= − ∂
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= −3

4
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F
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r

m
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M x

x x
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with β = β0. The term (1 − 3cos2β) already suggests that there 
will be a change of sign in the force values at an angle of β 
= 54.7° between external magnetic field direction and distance 
vector r



 and therefore a switching between an attractive and a 
repulsive state is possible.

Figure  6b shows the values of FM,x calculated for the 
used maghemite nanoparticles for different distances 
 =| |r rx between single particles and varying angles β0 with 
 =| |m   2.36  ×  10−12  Am2  based on a prototypical spherical 

agglomerate of 45 spherical particles with a diameter of dp  = 
30  nm each consisting of maghemite molecules with a mag-
netic moment of μ = 5μB.[29] As the widths of the domain walls 
of the magnetically patterned substrate are at least one order 
of magnitude larger than the particle diameters, the particles 
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Figure 5. Power spectral density for the corresponding images shown in 
Figure 2a (black solid, MNP in PDMS, 10 µm periodicity), 2b (blue wider 
dashed, MNP in PDMS, 20 µm periodicity), 2c (orange dash-dotted, SCM 
in PVOH, 10  µm periodicity), and 2d (magenta small dashed, SCM in 
PVOH, 20 µm periodicity) normalized to the respective maximum inten-
sity value Inorm. The position d characterizes the real-space coordinate in 
x-direction.
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build agglomerates and, thereby, exhibit stronger forces in 
reality as compared to the model. Considering two directly 
neighboring particle agglomerates with a minimum interpar-
ticle distance of r = 1.35 µm, the obtained maximum values of 
the magnetostatic force MF



 are in the order of 10−6  N. In con-
trast, two MNPs located at neighboring particle rows of 10 µm 
distance—as it was set in the experiments—experience a mag-
netostatic force in the range of 10−10  N. Therefore, the aniso-
tropic distribution of magnetic material also leads to an aniso-
tropic force distribution within the polymer film when applying 
an external magnetic field.

If ry ≠ 0, the angle γ between the x-axis and the distance 
vector r



 has to be considered (see Figure  6a). Note that β 
changes with γ  ≠ 0 (see Equations (4) and (5)).

The angle β0 at which the sign change of the force values FM



, 
that is, the switching between attractive and repulsive magneto-
static interaction occurs is no longer constant, but depends on 
the ratio between ry and rx:

β ( ) = 





+ 





− −, tan cos
1

3
0

1 1r r
r

r
x y

y

x
 (7)

Based on that exact knowledge of the angular dependence 
of ( )F HM

 

 and ( )m H




 in combination with the defined alignment 
of the particles in the polymer matrix, an application-adapted 
usage of the composite film is possible. As the results shown 
in Figure 6b are solely based on the present experimental con-
ditions, magnetostatic forces that are several orders of mag-
nitudes larger should be achievable by using reduced domain 
widths of the template[30,31] or magnetic materials with larger 
magnetic moment, for example, Co40Fe60.[32]

The elastic energy Uela of a hyperelastic medium that is 
assumed to be fixed in the z-direction with elastic modulus  
Esample and volume Vsample is described by the Neo–Hooke law[31]

ε
ε

( )
( )

= + +
+

−




6

· 1
1

1
2 ·ela

sample 2
2 sampleU

E
V  (8)

with the relative elongation ε caused by magnetostatic interac-
tion parallel to the external magnetic field direction. The elastic 
modulus of the sample is given by the elastic modulus of the 
polymer matrix Epoly and the volume fraction of the magnetic 
material ϕ (with ϕ ≤ 30%)[33,34]

Part. Part. Syst. Charact. 2021, 38, 2100072

Figure 6. a) Sketch of the relevant angles and distances between neighboring particles for rz = 0: The distance between two particle centers can be 
expressed by the distance vector r



. Particles with magnetic moment m


 within one row (dashed gray line) are separated by a distance ry, whereas 
particles in neighboring rows are additionally separated by the rx component of r



. The angle β is defined as the angle between r


 and m


 (resp. Hex


, as 
particles are assumed to be saturated by the external magnetic field). It is varied with changing angle γ or ry, respectively. Note that the sum of β and 
γ is equal to the initial angle β0 between r



 and m


 for ry = 0. b) Magnetostatic force F


M between magnetic particles depending on the angle β0 between 
the particle-to-particle center distance vector r



 and the external magnetic field induced magnetization m


 and the interparticle distance rx exemplarily 
shown for ry = 0 nm. The black line indicates the transition angle β0 at which the interaction switches from attraction to repulsion. The values are 
calculated for agglomerates consisting of 45 maghemite nanoparticles. c) Sketch of a cylindrical polymer unit cell including magnetic particles with 
diameter dp and length rx.
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φ( )= +1 2.5sample polyE E  (9)

Minimizing the total energy of the system by a combination 
of Equations  (1) and (8), the relative elongation ε of the com-
posite when magnetically saturated can be estimated. There-
fore, we assume a cylindrical unit cell containing MNP par-
ticle agglomerates with diameter dp in neighboring rows along 
rx linked by a PDMS polymer matrix with elastic modulus 
E = 1.32 MPa)[35] (see Figure 6c). Particle interactions along ry 
are neglected at this point since the amount of polymer matrix 
between the particles is not sufficient to fulfill the condition 
ϕ  ≤   30% and thereby does not provide enough deformable 
material. For a minimum distance of particle agglomerates to 
fulfill the mentioned condition, rx  = 3  µm, the relative elon-
gation ε results in 6.1% stretching (repulsive interaction) and 
8.6% compression (attractive interaction). With the experi-
mental condition of rx = 10 µm, ε is reduced to 0.6% stretching 
and 0.9% compression.

Due to the fact that the experimentally obtained compos-
ites presumably vary from the ideal case assumed in the above 
estimations considering especially agglomerate shape and 
behavior, the theoretically predicted elongation could not be 
observed experimentally. Nevertheless, the overall magnetic 
responsiveness of the two composite types in inhomogeneous 
external magnetic fields yielded interesting results despite their 
extremely low ratio of magnetic material: The films of type 1 
with 3  wt% of maghemite visibly react when approaching 
the magnetic field gradient of a Nd permanent magnet (max-
imum flux density of 200 mT, see Figure 7), while the particle 
polymer films of type 2 with superparamagnetic core–shell 

particles do not show any reaction to an external magnetic 
field because of their small amount of magnetic material 
(0.0014  wt% magnetite) with a magnetic moment determined 
to be 

 =| |m  4.48 × 10−14 Am2,[36] which is two orders of magni-
tude lower than the estimated value for a maghemite particle 
agglomerate.

Additionally, as depicted in Figure 8, it is possible to exter-
nally change the spatial position of composite type 1 in water.

Although PDMS itself is hydrophobic, the combination 
of the gravitational forces due to the additional weight of the 
magnetic material and the magnetostatic forces between the 
embedded magnetic particles and the external magnetic field 
are already strong enough to overcome the repulsive interac-
tion of the PDMS surface and the aqueous environment. As a 
result, the MNP-PDMS-composite—in contrast to pure PDMS 
films—can be immersed in water. Considering potential future 
applications of the magneto-sensitive elastomer, this property 
seems particularly advantageous as it opens up new opportuni-
ties for implementing the biocompatible PDMS.

4. Conclusion and Outlook

We presented a method for a defined positioning of magnetic 
particles in polymer matrices using magnetically patterned 
substrate templates. In the current experiments, we intro-
duced magnetically stripe-patterned exchange bias systems as 
templates for the particles’ positioning during the fabrication 
process of thin particle polymer composites. The positioning 
process, which is assisted by an additional external magnetic 
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Figure 7. Particle polymer composite type 1 (maghemite particles in PDMS matrix) with 3 wt% of magnetic material (a) and its induced bending motion 
(b) in spatial proximity to the magnetic field gradient of a Nd permanent magnet (max. 200 mT).
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field applied perpendicular to the exchange bias sample plane, 
works for both Ta and Au capping layers of the exchange bias 
system as well as for different thicknesses of these layers. 
The successful anisotropic positioning of magnetic material 
by utilizing either pure maghemite nanoparticle powder or 
an aqueous solution of superparamagnetic core–shell micro-
spheres combined with two different polymer types (PDMS 
and PVOH) indicates that a variety of different materials can 
be deployed as potential composite components. As stated in 
previous work, the tailoring of the magnetic stray field land-
scape and, thereby, the alignment of the magnetic material 
are not only limited to parallel stripe patterns, but can also 
be realized into arbitrary 2D geometric shapes, for example, 
circles.[22,25] While first investigations confirmed the respon-
siveness of the composites to external magnetic fields, future 
studies will focus on the enhancement and on improved con-
trollability of the observed effect. Through further optimiza-
tion of the respective materials—the shape and strength of the 
exchange bias system’s magnetic field landscape, the polymer 
films’ thickness and modulus of elasticity, and the magnitude 
of the particles’ magnetic moment—the resulting particle 
polymer composites become highly promising for applications 
as remotely controllable actuators. This in combination with 
the proven successful alignment of superparamagnetic micro-
spheres with functionalizable shells opens up the opportunity 
to implement the composites into medical or biochemical 
sensor applications.
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