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Self-assembly as a tool to study microscale curvature and
strain-dependent magnetic properties
Balram Singh1,2, Jorge. A. Otálora 3, Tong H. Kang1, Ivan Soldatov4, Dmitriy D. Karnaushenko5, Christian Becker5, Rudolf Schäfer1,6,
Daniil Karnaushenko 5✉, Volker Neu 1✉ and Oliver G. Schmidt 2,5,7✉

The extension of 2D ferromagnetic structures into 3D curved geometry enables to tune its magnetic properties such as uniaxial
magnetic anisotropy. Tuning the anisotropy with strain and curvature has become a promising ingredient in modern electronics,
such as flexible and stretchable magnetoelectronic devices, impedance-based field sensors, and strain gauges, however, has been
limited to extended thin films and to only moderate bending. By applying a self-assembly rolling technique using a polymeric
platform, we provide a template that allows homogeneous and controlled bending of a functional layer adhered to it, irrespective
of its shape and size. This is an intriguing possibility to tailor the sign and magnitude of the surface strain of integrated, micron-
sized devices. In this article, the impact of strain and curvature on the magnetic ground state and anisotropy is quantified for thin-
film Permalloy micro-scale structures, fabricated on the surface of the tubular architectures, using solely electrical measurements.
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INTRODUCTION
Flexible, stretchable, and modern 3D microscale electronic
devices based on magnetic materials such as impedance-based
magnetic field sensors1–3, strain gauges4, and magnetoelectro-
nics5 require an understanding of the magneto-electric behavior
with respect to the experienced bending and reassembling into a
modified geometry. Bending a 2D ferromagnetic membrane into
a tubular geometry alters the curvature and induces strain, which
influences the size, and orientation of magnetic domains, and
the domain wall dynamics6–9. Hence, bending a magnetic
membrane significantly affects the performance of electronic
devices7,10. On one hand, efforts have been made to reduce
these effects to achieve stable magnetic properties under
moderate deformation for flexible and stretchable magnetoelec-
tronic applications11–13. On the other hand, equally promising
findings on deformation-induced magnetic properties14,15 have
already provided highly sensitive microscale magnetoelectronic
devices1,16. Additionally, reassembling 2D magnetic structures
into 3D geometries allows tapping into the unexplored rich
physics emerging from the curvature gradient17–23. These studies
and theoretical investigations have proven that strain and shape-
induced magnetostatic interactions are influential across multi-
ple scales, while the curvature and shape-driven exchange
interactions are regulated by the gradient of curvature, which for
tubular geometry becomes relevant at small radii (hundreds of
nanometers and below)10,19–21,23,24. Strain-induced changes in
magnetic properties have been studied with different mechan-
isms, mainly by applying in-plane tensile strain25–27, and bending
a 2D extended magnetic thin film28. Bending has been
performed by either bonding a magnetic film (deposited on a
flexible polymeric substrate) onto cylindrical support of known
radius ranging from millimeter to centimeter or by bending it
through a mechanical set-up29.

Recent reports30–33 have presented reliable methods to induce
curvature and strain in magnetic films via a self-assembled
geometrical transformation. One approach consists of preparing
strained mono or bilayer metallic thin-films30–32, e.g. by hetero-
epitaxy, which self-assembled into a tubular “Swiss-roll” architec-
ture, once the layers are released from the substrate. This can
create multi-winding tubes with diameters ranging from a few to
tens of micrometers. With the functional layer being part of the
strain architecture, one is however restricted in the choice of
magnetic film thickness and size. It is not possible to homo-
geneously strain structured micron-sized magnetic elements. A
remedy to that is the use of a polymeric platform33—a structured
polymer layer architecture consisting of a sacrificial layer, hydrogel
as a swellable layer, and a stiff polyimide layer—that self-
assembles into a multi-winding tube and provides the curved
and strained template for an arbitrary magnetic structure on top
of it. In a first work, on a 100 nm-thick extended Permalloy
membrane, the giant magnetoimpedance (GMI) signal was found
to increase by about 80 times1, which was attributed to azimuthal
magnetic domains forming upon rolling. Possible origins are
magnetostatic coupling between the side edges of the rolled
membrane and strain-induced magnetic anisotropy32,34,35, but a
clear recipe for acquiring azimuthal magnetic domains in rolled-up
soft ferromagnetic materials is not available. Advantages of
azimuthal domains have also been observed in the form of a 2
times increased domain wall velocity9,36 in comparison with
transverse domains in flat stripes. This is very attractive for
potential applications in future magnetic devices such as race-
track memory37,38 and magnetic logical devices39.
Thus, it is crucial to understand the favorable conditions for

achieving a specific magnetic anisotropy in soft magnetic
materials. For that, the behavior of rolled magnetoelectronic
micron-sized structures needs to be extensively studied with
respect to the magnitude and sign of the external strain.

1Institute for Integrative Nanosciences, Leibniz IFW Dresden, 01069 Dresden, Germany. 2Nanophysics, Faculty of Physics, TU Dresden, 01062 Dresden, Germany. 3Departamento de
Física, Universidad Católica del Norte, Avenida Angamos 0610, Casilla 1280 Antofagasta, Chile. 4Institute for Metallic Materials, Leibniz IFW Dresden, 01069 Dresden, Germany. 5Center for
Materials, Architectures and Integration of Nanomembranes (MAIN), Chemnitz University of Technology, 09126 Chemnitz, Germany. 6Institute for Materials Science, TU Dresden, 01062
Dresden, Germany. 7Material Systems for Nanoelectronics, Chemnitz University of Technology, 09107 Chemnitz, Germany. ✉email: daniil.karnaushenko@main.tu-chemnitz.de;
V.Neu@ifw-dresden.de; oliver.schmidt@main.tu-chemnitz.de

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00210-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00210-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00210-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00210-7&domain=pdf
http://orcid.org/0000-0001-5893-5173
http://orcid.org/0000-0001-5893-5173
http://orcid.org/0000-0001-5893-5173
http://orcid.org/0000-0001-5893-5173
http://orcid.org/0000-0001-5893-5173
http://orcid.org/0000-0003-3127-1527
http://orcid.org/0000-0003-3127-1527
http://orcid.org/0000-0003-3127-1527
http://orcid.org/0000-0003-3127-1527
http://orcid.org/0000-0003-3127-1527
http://orcid.org/0000-0001-9170-1280
http://orcid.org/0000-0001-9170-1280
http://orcid.org/0000-0001-9170-1280
http://orcid.org/0000-0001-9170-1280
http://orcid.org/0000-0001-9170-1280
http://orcid.org/0000-0001-9503-8367
http://orcid.org/0000-0001-9503-8367
http://orcid.org/0000-0001-9503-8367
http://orcid.org/0000-0001-9503-8367
http://orcid.org/0000-0001-9503-8367
https://doi.org/10.1038/s41528-022-00210-7
mailto:daniil.karnaushenko@main.tu-chemnitz.de
mailto:V.Neu@ifw-dresden.de
mailto:oliver.schmidt@main.tu-chemnitz.de
www.nature.com/npjflexelectron


Furthermore, this also requires the development of characteriza-
tion methods suitable for quantifying anisotropies in tubular
geometries.
In this work, we address the influence of curvature on

magnetization due to applied strain. We assess the magnetization
reversal of rolled structures grown on polymeric bilayers with two
conventional methods, namely by imaging with optical Kerr
microscopy and by electrical measurements based on the
anisotropic magnetoresistance (AMR) effect to qualify and
quantify the strain-induced magnetic anisotropy. These measure-
ments are supported by micromagnetic simulations to correctly
evaluate the effect of a strain-induced uniaxial magnetic
anisotropy (UMA) on the AMR response. The specifically designed
self-assembled “Swiss-roll” architectures allow to tune the
geometry of the rolled membrane (rolling direction, radius of
curvature, number of windings, and spacing between the winding
layers) and hence the strain (sign and magnitude) and anisotropy
(orientation and magnitude) of arbitrary magnetic micron-sized
geometries prepared on their surface. By designing micron-sized
Permalloy (Ni78Fe22) structures with dimensions in the azimuthal
direction small compared to the circumference of the polymeric
tube, curvature-induced changes in shape anisotropy1,34 (magne-
tostatic interaction between side edges) can be neglected. This
allows us to probe the effect of strain on planar micro-scale
Permalloy stripes by rolling them down- and up-wards of different
diameters to achieve curvature and strains with different signs
and magnitudes as illustrated in Fig. 1a, b. For this work, we
choose soft ferromagnetic NiFe alloy with 78% nickel, as it
possesses large enough positive magnetostriction such that the
strain-induced changes in magnetic anisotropy can be seen with
small strain values, at the same time the composition stays close
to the maximum permeability region40, which is suitable for later
experiments on domain wall dynamics in rolled structures and
giant magnetoimpedance (GMI) based field sensors. With the
chosen film thickness of 100 nm, the AMR coefficient of Permalloy
reaches its maximum value41, providing sufficient sensitivity to
probe magnetization reversal. Thus, self-assembly based on the
polymeric platform12 provides the possibility to pattern and
transform planar micro-scale structures into 3D architectures with
tailored strain irrespective of their initial 2D shape and size.

RESULTS
Controlled self-assembly rolling of microscale structures
Self-assembled rolling of the functional magnetic structures is
achieved by depositing the functional structures on a transform-
able polymeric platform composed of a bilayer of hydrogel (HG)
and polyimide (PI)33. Due to the large stiffness (Young’s modulus,
YPI= 3.2 GPa42) and thickness of the PI layer, the strain state is
hardly influenced by the functional magnetic layer, and the
complete layer stack can be rolled down (Fig. 1a–i) or rolled-up
(Fig. 1b–i) into tightly rolled tubes with diameters adjustable by
the thickness of the PI and HG layers and the pH of solution used
for rolling. Hence, the curvature and strain state in the functional
layer is adjustable both in sign and size via the rolling direction
(down or up) and rolling diameter, respectively. Schematics are
seen in Fig. 1a-ii for negative curvature and tensile strain in rolled-
down structures and in Fig. 1b-ii for positive curvature and
compressive strain in rolled-up structures. The actual self-
assembled devices are shown in Fig. 1a-iii, b-iii for roll-down
and roll-up approaches, respectively. As the strain is induced in a
post-growth step, no surface or curvature-related modifications
can occur during the growth of the functional layer and the
influence of strain is isolated. This provides a macroscopic strain
stage on the scale of the self-assembled tubular structure with
diameters down to 20 µm1. The effect of strain on the domain
configuration in the long Permalloy stripe is right away visible by

magneto-optical Kerr microscopy. Tensile strain in patterned
Permalloy structures induces azimuthal anisotropy, which conse-
quently aligns the magnetization transverse to the stripe (i.e. in
the azimuthal direction, Fig. 1a–iv), whereas compressive strain
leads to an induced axial anisotropy, which favors a monodomain
state with magnetization along the stripe length (Fig. 1b–iv).
Although quantification of strain-induced anisotropy would be

possible from MOKE hysteresis measurements (Fig. 1d), such an
analysis is only feasible when the functional layer or structure is
completely within the field of view, i.e. on the dome of the self-
assembled tube (Fig. 1c). A much more elegant approach is to
retrieve the anisotropy from the AMR response of the Permalloy
stripe in a sweeping magnetic field (Fig. 1e). The application of a
magnetic field rearranges the magnetic domain state and thus
the local orientation of magnetic moments with respect to the
current direction, leading to a configuration dependent resis-
tance according to the following equation43:

R / Cos2θ (1)

where θ = ðm; ĴÞ is the angle between the magnetization m(H)
and the electric current flowing along the stripe’s long axis. To
guarantee a well-controlled field orientation irrespective of the
position of the AMR stripe within the self-assembled tube, a field
parallels the tube axis, and thus the stripe length has been chosen.
All strain-related changes in the anisotropy are detectable in
the AMR signal, either through an increased nucleation field for
the rolled-up structures with increased axial anisotropy (see spike
features in the low-field region for planar and rolled-up structures
in Supplementary Fig. 1 and Supplementary Note 1), or through
the domain reorientation into the azimuthal multidomain zero-
field state for Hj j<Hsat in the rolled-down structures being
responsible for the gradual decrease in R in the same field range.
The details of these processes will be discussed further below.

Qualitative characterization of strained Permalloy structures
To realize a bending with positive and negative curvature, the
order of the HG and PI layers in the PP has to be adapted.
The order SL/PI/HG (Fig. 2a), where the hydrogel swell in an
alkaline solution against the retaining force of the PI, will lead to a
rolling down of the structure, once it is released from the substrate
by etching the SL (Fig. 2e). The reversed order, SL/HG/PI (Fig. 2b),
leads to a self-assembled rolling up (Fig. 2f). Furthermore, the HG
is structured to provide a non-covered window of pure PI, which is
used as a template for the functional layer(s). The full material
architecture, design, and self-assembly process are detailed in the
“Methods” section.
Micron-sized patterns of 100 nm-thick Permalloy prepared on

the PI window (Fig. 2c-i–iv) qualitatively reveal the anisotropy in
the as-prepared (Fig. 2d) and rolled states (Fig. 2g, h). In the
unrolled state, the patterns with an aspect ratio 1:1 (discs, squares)
adopt a point symmetric flux closure configuration following the
van den Berg’s principle seen in the Kerr images43 (Fig. 2d-i, ii),
with no magnetization direction favored. Elongated structures
(rectangles, long stripes) reduce their magnetostatic energy
conforming to the shape of the patterned element, i.e. favoring
domains along the long axis of the patterns44 (Fig. 2d-iii, iv). After
self-assembled roll-down, Kerr images with sensitivity along the
vertical axis in the image show a clear preference for magnetiza-
tion orientation transverse to the stripe’s long axis, specifically, in
the azimuthal direction (Fig. 2g–i–iv). This is understood from the
following equation45:

Ku ¼ ð3=2Þσλ (2)

Ku is a positive magnetoelastic energy constant in the orientation
of the uniaxial strain, resulting from the positive magnetostriction
(λ) of the Ni78Fe22 layer and the positive (tensile) stress (σ > 0)
upon rolling down. In the case of self-assembled roll-up (Fig. 2h),
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uniaxial compressive stress (σ < 0) causes an inversion of the sign
of the magnetoelastic energy constant. Therefore a magnetization
transverse to the uniaxial stress is preferred, resulting in basic
domains that are now axially magnetized (Fig. 2h–i–iv).
The magnetization reversal and its consequence for the AMR

signal due to the strain-induced changes in anisotropy are partly
discussed in Fig. 1d, e. The shape-dominated anisotropy along the
long axis of the unstrained stripe leads to a square-shaped easy
axis hysteresis with sharp magnetization reversal at a field which
we term nucleation field, Hn.
As the magnetization is mostly along the same axis as the

electric current direction Ix, the AMR signal is constant except at
Hn, where the nucleation process leads to an intermediate
deviation of magnetization from the electric current axis. This
behavior remains qualitatively unchanged when compressive
strain in the rolled-up state supports the shape anisotropy with
an additional induced uniaxial anisotropy along the tube axis.
The increased effective anisotropy value merely leads to the
increased nucleation field being visible in the magnetization
hysteresis (Fig. 1d) and the AMR signal (shown in Supplementary
Fig. 1). For an induced azimuthal anisotropy, the dense
arrangement of azimuthal domains at zero field leads to a
vanishing zero-field magnetization along the tube axis and
consequently to a minimum in the AMR signal.

Quantitative analysis of strain-induced anisotropy
One of the central challenges in magnetism is the understanding
of the magnetization reversal of functional material. In the case of
3D curved geometries, this task is complicated by the difficulties in
accessing the whole structure with direct imaging techniques.
Magnetization reversal of a magnetic structure depends on the
structure’s shape, size, and magnetic properties of the material.
Magnetization reversal in Permalloy films takes place mainly by
magnetization rotation or domain wall motion when a low-
frequency magnetic field is applied perpendicular and parallel to
the easy axis, respectively. Despite the availability of advanced
techniques such as X-ray spectroscopic imaging32,46,47, magne-
toresistance48–51, and dynamic cantilever magnetometry52 for
measuring the global magnetization of micro-and nanosized
curved 3D structures, it remains difficult to draw a complete
picture of the magnetic microstructure evolution upon analyzing a
global hysteresis. A microscopic look at the domain configuration
of structures curved in 3D, however, is likewise difficult. A
promising possibility has been discussed recently for magnetiza-
tion processes in rolled-up ferromagnetic membranes, where the
domain configuration was observed in detail after transforming
the tubular structure back into a flat membrane53. In the present
experiments, we do not rely on unrolling a buried magnetization
structure. Instead, we arrive at a complete characterization of the

Fig. 1 Self-assembly rolling approach to study strain-induced changes in magnetic properties. Schematic illustration of self-assembly
a-i roll-down and b-i roll-up approach for adjusting sign and size of curvature and strain in a functional layer on top of the polymeric platform
(PP). a-ii, b-ii Magnified view of the rolled structures, indicating tensile (yellow arrows) and compressive (black arrows) strain in the magnetic
layer and illustrating the corresponding azimuthal and axial domain states. a-iii, b-iii Optical image of rolled-down and rolled-up polymer
structure with contacted Ni78Fe22 stripe (scale bar, 200 µm) and a-iv, b-iv corresponding Kerr microscopical image of the domain state. Scale
bar, 15 µm. c Schematic set-up of simultaneous magneto-optical and AMR measurement of a strained magnetic stripe lying on the dome of
the polymeric tube. d Magnetic hysteresis and e AMR hysteresis were measured simultaneously on the Permalloy (Ni78Fe22) stripe with field
along the stripe’s long axis (x-axis) before and after rolling.
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curvature-induced modification in the rolled-down structures
using three factors: (i) due to the even curvature of the rolled-
down membrane, the resulting homogeneously induced aniso-
tropy is independent of position and can thus be observed locally
at any region on the dome of the rolled-structure accessible to
magnetic microscopy; (ii) domain observation is linked to a global
electronic signal by simultaneously measuring magnetoresistance;
(iii) micromagnetic simulations confirm the observed correlation
between local (microscopic) and global (AMR) behavior as a
general feature of an elongated AMR structure and connect the
AMR signal quantitatively with the induced anisotropy.
Figure 3a displays the magnetic domain evolution of an AMR

stripe in the rolled-down state as a function of an axial field together
with the simultaneously measured AMR signal (the detailed
magnetization reversal as a function of field transverse to the stripe
for the rolled-down stripe and as a function of field along the stripe
for a rolled-up stripe is reported in Supplementary Figs. 2, 3,

Supplementary Note 2, and Supplementary Fig. 4 and Supple-
mentary Note 3, respectively). The micromagnetically calculated
counterpart is seen in Fig. 3b. The dimensions in the simulations
are smaller than those of the experimentally investigated stripes
due to limitations in computing power. However, the chosen
dimensions of hundreds of nanometers are sufficiently large to
replicate the experimentally observed magnetization patterns of
the domains and domain walls (the reason for choosing larger
UMA in simulated stripes is explained in Supplementary Note 4).
All the features generally discussed in Fig. 1e are now detailed by
direct Kerr observations. Above a saturating field, (|H | > Hsat) the
magnetization is fully aligned along the strip leading to a constant
resistance Rmax. Owing to the induced azimuthal anisotropy, at |
H |= Hsat, first azimuthal domains with alternating my-compo-
nents are nucleated and the magnetostatic energy is reduced by
the formation of flux closure domains with m=mx. The non-
collinear magnetic arrangement (m non-parallel to Ix) leads to the

Fig. 2 Strain-induced changes in uniaxial magnetic anisotropy and therefore in magnetic domains upon rolling planar magnetic
(Ni78Fe22, positive magnetostriction) structures. Polymeric platform (PP) before rolling for a rolled-down and b rolled-up fabrication.
c Schematic images of magnetic domains in c-i disc, c-ii square, c-iii rectangle, and c-iv stripe structures in the planar state. d Kerr images of
these four planar structures. Schematic image of the polymeric platform (with magnetic stripe and contact wires) after etching the sacrificial
layer (SL) and e rolling down, and f rolling up. Kerr images of g rolled-down, and h rolled-up magnetic structures after ac-demagnetization in a
field transverse to the induced anisotropy axis. Scale bars in d, g, h are 15 µm. The black and white arrows in the domains indicate the
magnetization direction. The yellow and black arrows next to the Kerr images show the tensile and compressive strain (ε) direction.
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observed decrease in the AMR, with the absolute value depending
on the remaining mx-component in the azimuthal domains and
the fraction of closure domains. At zero field, the magnetic
moments in the azimuthal domains are fully aligned in the
y-direction and the closure domain size is reduced to a minimum,
coinciding with the minimum in the AMR signal. Except for an
unavoidable small hysteresis (visible in a small shift along the μ0Hx

axis), the behavior is symmetric with respect to |H|.
The field µ0Hsat, at which the magnetic and AMR hysteresis

saturate nearly corresponds to the anisotropy field54. This
suggests that the anisotropy field value can be extracted from
the AMR hysteresis. The UMA energy Ku can be determined
using the relation25:

Ku ¼ ð1=2Þμ0MsHsat (3)

where Ms is the saturation magnetization of Permalloy. This
correlation of Hsat with the induced azimuthal anisotropy is
anticipated, but nevertheless is non-trivial for a magnetization
process involving domain processes and competing anisotropies
and thus needs further proof. In a series of micromagnetic
simulations, the domain evolution and corresponding AMR signal
were calculated for Permalloy stripes of two different lengths and

varying uniaxial anisotropies transverse to the stripes. In all cases,
the saturation field Hsat, identified as a 1% reduction of AMR signal
from Rmax (normalized to the maximum AMR signal ΔRmax),
corresponds to the introduced anisotropy field Hani of the
simulation to within 12% (see Supplementary Fig. 5). Hence, we
can reliably quantify the strain-induced uniaxial anisotropy
constant Ku for all rolled-down membranes by simple analysis of
the measured AMR response and do not further need to rely on,
e.g. optical access to the sensor stripe.
By increasing the diameter of the rolled-down membrane from

64 to 105 and 130 µm (Fig. 4a-i–iv), the saturation field Hsat as
deduced for the AMR measurement (Fig. 4b) increases mono-
tonously and can be converted into the uniaxial anisotropy
energy Ku with the experimentally determined saturation
polarization Ms= 0.69 MAm−1. Figure 4c summarizes Ku as a
function of strain (ε) for three rolled-down Permalloy stripes. The
strain in the magnetic stripe is estimated quantitatively by
ε= ±h/R55, where h is the distance between the center of the
magnetic stripe and the neutral axis of the PI/Ni78Fe22 bilayer
and R is the radius of curvature. The calculation of h is
exemplified in Supplementary Fig. 6 and Supplementary Note
5. The linear relation is the expected magnetoelastic behavior

Fig. 3 Studying anisotropic magnetoresistance (AMR) hysteresis. a Top panel: AMR measurement on rolled-down stripe (length= 550 µm,
width= 15 µm, thickness= 100 nm) with field sweep from negative to positive values along the stripe’s long axis. The black arrow inside the
plot shows the field sweep direction and the red arrow points at the saturation field. Middle panel: the optical image of the self-assembled
rolled-down stripe with four contacted wires, the area surrounded by a light blue dashed line is the area imaged in Kerr microscopy. Scale bar,
100 µm. Bottom panel: Magnetic domain states imaged at different stages of field sweep. Scale bar, 15 µm. b Top panel: AMR signal calculated
for magnetization reversal of a simulated Permalloy planar stripe (length= 8 µm, width= 0.8 µm, thickness= 100 nm) with uniaxial magnetic
anisotropy [(Ku)y= 40 kJ m−3] transverse to stripe’s axis (y-axis). Middle panel: schematic view of the simulated stripe with transverse magnetic
anisotropy. Bottom panel: Magnetic domain states of the simulated stripe at different stages of the field sweep. Scale bar, 0.8 µm.
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from the following equation43:

Ku ¼ ð3=2ÞλYε (4)

with Young’s modulus Y= 96.4 GPa for Permalloy56. The estimated
value of the magnetostriction constant (λ) resulting from the slope
of the linear fit is (1.42 ± 0.01) × 10–6 in close agreement with the
direct measurement of the magnetostriction constant of the alloy
Ni78Fe2240. As it is apparent from Eq. (4), relating induced
anisotropy and strain, and from the linear fitting in Fig. 4c, the
value of intercept is zero. That means, that any non-zero strain
should contribute to the induced anisotropy45. However, to
quantify the induced anisotropy with the presented method, the
saturation field detected by AMR should be at least of the order of
the field range of the switching event in the unstrained magnetic
element.

DISCUSSION
We employed a self-assembly rolling technology based on a
polymeric bilayer platform to controllably bend or roll a functional
thin film microstructure. By means of this platform, the applied
strain could be tailored both in sign and magnitude. This
approach offers numerous possibilities for modifying the proper-
ties of functional materials for micron-sized devices. In the present
case, bending/curving a Permalloy film with positive magnetos-
triction creates a strain-induced uniaxial anisotropy in the either
azimuthal or axial direction. This is immediately visible in the
equilibrium domain state of small structured elements and will,
e.g. promote azimuthal domains in tubular GMI sensors.

Owing to the measurable anisotropic magnetoresistance of
Permalloy, the modified magnetic configuration and reversal
behavior in applied fields have a significant impact on the
resistance signal and allow quantifying the induced uniaxial
anisotropy. The developed electrical characterization method is
easy to perform and capable of providing properties of magnetic
structures hidden under the 3D polymer architecture as well as of
tubular magnetic membranes1,32.
In summary, this work represents a fundamental study of the

relationship between strain and magnetic microstructure and
contributes to the understanding of the rich physics in the rapidly
emerging field of 3-dimensional nanomagnetism57–59. The
advanced creation and control of strain-induced anisotropy will
favorably impact the area of field sensorics for magnetoencepha-
lography1, magnetofluidic applications60, spin-wave filters61, and
energy-efficient memory devices9,38 based on self-assembled
rolled geometries. In addition, with the AMR ratio being sensitive
to small strains as low as 0.17% and with the potential of further
increasing the sensitivity, a simple Permalloy AMR structure has
the potential to be used as a strain gauge in “Swiss-roll”
architecture-based devices62,63.

METHODS
Sample fabrication
We apply strain engineering to prepare rolled Permalloy structures after
designing planar Permalloy elements on top of a polymeric shapeable
platform33 relying on photo-patternable, thermally and chemically stable
imide- and acrylic-based polymers. The polymeric shapeable platform
contains three polymer layers; a sacrificial layer (SL) and a strained bilayer

Fig. 4 Estimation of curvature/strain-induced azimuthal uniaxial magnetic anisotropy using electrical (AMR) signal. a-i Optical image of
the planar magnetic stripe with contact wires fabricated on top of the polymeric platform. a-ii,iii,iv Optical images of magnetic stripe after
rolling down the polymeric platform with different diameters. Scale bar, 100 µm. Depending on the diameter of the tube, the magnetic stripe
may be displaced from the tube’s dome as indicated by the blue arrows. The stripe in the case of a-ii is hidden under the polymeric tube. The
red dashed lines in the images show the position from the bottom where the sacrificial layer starts in the planar polymeric platform. b AMR
hysteresis measured for rolled stripes of different curvatures. c Estimated azimuthal uniaxial magnetic anisotropy, derived from the measured
AMR signal vs. strain in the magnetic stripes. The error bars along the x- and y-axis represent the least count errors resulting from the
measurement of bilayer (PI/Ni78Fe22) thicknesses, the radius of curvature, and AMR hysteresis measurements, respectively.
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[Hydrogel (HG) and Polyimide (PI)]. The used polymer layers are stable at
high temperatures up to 270 °C and are inert in common organic nonpolar,
polar, protic, and aprotic solvents, as well as in moderate bases and acids
allowing for lithography processing. Differential strain in the polymeric
bilayers is introduced by swelling the HG films in an aqueous media while
the stiffer PI keeps its shape and size. We use two different polymer stacks
(SL/PI/HG and SL/HG/PI) to roll the polymer platform down- and upwards,
respectively. A rolled-down tubular geometry avoids burying the Permalloy
structure under the micron-size thick polymer, which makes Kerr
microscopy measurements easier. In this geometry, the polymeric layers
might experience slight friction when during rolling they touch the
substrate, however, due to the large stiffness of Polyimide and its thickness
of thousands of nanometers, small friction is unable to bring significant
distortion into the polymeric platform and it still rolls into a tubular
geometry with several windings. Regarding the effect of friction on the
Permalloy structure, no effects other than tensile strain are observed in the
AMR hysteresis, regardless of the position of the stripe (for stripe position
see Fig. 4a-ii–iv). This might be supported by the 50 nm-thick gold
contacts, which avoid the direct contact of the Permalloy with the
substrate. Different rolling directions (roll-down and roll-up) allow to create
different strain states (tensile and compressive) in the magnetic elements.
The polymer layer stack is spin-coated onto a 50 × 50mm2 glass substrate.
Using optical lithography, we design arrays polymer rectangles with a
typical size of 3.5 × 3.2 mm2. Our technology allows us to process up to 126
functional polymer layer stacks over the entire 50 × 50mm2 substrates in a
single fabrication run with a 90–95% yield. On top of the predetermined
areas in the polymer layer stack, we prepare a liftoff photoresist mask to
define the Permalloy elements of thickness 100 nm by magnetron sputter
deposition at room temperature. Permalloy deposited on the polymeric
platform thus does not meet high temperatures during the deposition
process. Nevertheless, the effect of increased temperature (if there is any)
will be in the form of a reduction in coercivity.
The patterned polymeric platform is self-assembled into 3D tubular

structures by selectively etching the sacrificial layer in an aqueous
solution containing ethylenediaminetetraacetic acid [EDTA, 7.0 pH].
Furthermore, in the humid environment, the hydrogel-based polymer
swells, generating mechanical stress in the plane parallel to the
reinforcing polyimide layer. This leads to a downward or upward bending
(Fig. 2e, f) of the polymer layer stack (depending on the position of the HG
layer in the stack and initiates the rolling process. After etching and
rolling, the sample is washed in deionization (DI) water and dried under
ambient conditions. Different rolling diameters and with it the curvature
of the ferromagnetic structure were achieved by varying the thickness of
the HG layer and by changing the pH of the rolling solution. With the
given experimental conditions, the tube diameters ranged between 64
and 130 µm, with the Permalloy elements placed on top of the tubes
having the same curvature as the tube.

Kerr microscopy
A digitally enhanced wide-field Kerr microscope set-up64, making use of
the magneto-optical Kerr effect (MOKE) and equipped with an electro-
magnet, was applied to measure magnetic hysteresis loops (MOKE
magnetometry) and to image the magnetic domains. Throughout the
paper, the longitudinal Kerr effect was applied at orthogonal planes of
incidence with the magnetic field and magneto-optical sensitivity being
aligned along or transverse to the AMR stripe axis. Hysteresis loops were
generated by plotting the image intensity of a selected image spot as a
function of the applied magnetic field. To reduce the noise, the MOKE
intensity of 16 image frames was averaged for each measurement point.
Before observing the domain configuration, the ground state of the
ferromagnetic element was set by an ac-field demagnetizing procedure
(frequency= 35 Hz, maximal amplitude= 20 mT, decay time to zero
field= 5 s) with field orientation transverse to the strain-induced
anisotropy for rolled structures.

Micromagnetic simulations
To mimic the experimentally observed domain patterns of the rolled
Permalloy stripes and to calculate the AMR hysteresis in OOMMF
micromagnetic simulations, uniaxial magnetic anisotropy energy was
added to the planar Permalloy stripes (Fig. 3b, middle panel). The added
anisotropy was implemented transverse to the stripe axis to achieve the
same azimuthal domain state as in the rolled-down tubes. Simulations
were performed for two stripe geometries: (1) length 8 µm, width 0.8 µm,

and thickness 100 nm, (2) length 4 µm, width 0.4 µm, and thickness
100 nm, with a cell size of 5 × 5 × 5 nm3 and with the following material
parameters: saturation magnetization Ms= 800 kAm−1 and exchange
coefficient A= 13 pJ m−1.

AMR calculations
The anisotropic magnetoresistance signal of the simulated, field-
dependent magnetization patterns has been calculated by considering
the magnetic moment orientation in each elementary cell with respect
to the current direction and applying a resistor network model to the
simulated geometry. The details are given in Supplementary Fig. 7 and
Supplementary Note 6.

Statistical analysis
All the magnetic and AMR hysteresis presented are results of single scan
measurements, but each measurement point in the hysteresis plots is an
average over integration time of 0.8 s to improve the signal-to-noise ratio
in M(H) and AMR(H) plots.
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