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Abstract: 

In this work, stretchable magnetic sensorics is successfully established by combining metallic thin 

films revealing a giant magnetoresistance effect with elastomeric materials. Stretchability of the 

magnetic nanomembranes is achieved by specific morphologic features (e.g. wrinkles), which 

accommodate the applied tensile deformation while maintaining the electrical and magnetic integrity 

of the sensor device. The entire development, from the demonstration of the world-wide first 

elastically stretchable magnetic sensor to the realization of a technology platform for robust, ready-to-

use elastic magnetoelectronics with fully strain invariant properties, is described. The prepared soft 

giant magnetoresistive devices exhibit the same sensing performance as on conventional rigid 

supports, but can be stretched uniaxially or biaxially reaching strains of up to 270% and endure over 

1,000 stretching cycles without fatigue. The comprehensive magnetoelectrical characterization upon 

tensile deformation is correlated with in-depth structural investigations of the sensor morphology 

transitions during stretching. 

With their unique mechanical properties, the elastic magnetoresistive sensor elements readily conform 

to ubiquitous objects of arbitrary shapes including the human skin. This feature leads electronic skin 

systems beyond imitating the characteristics of its natural archetype and extends their cognition to 

static and dynamic magnetic fields that by no means can be perceived by human beings naturally. 

Various application fields of stretchable magnetoelectronics are proposed and realized throughout this 

work. The developed sensor platform can equip soft electronic systems with navigation, orientation, 

motion tracking and touchless control capabilities. A variety of novel technologies, like smart textiles, 

soft robotics and actuators, active medical implants and soft consumer electronics will benefit from 

these new magnetic functionalities.  
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1. INTRODUCTION 

1.1 Motivation and scope of this work    

Electronics of tomorrow will be compliant and will form a seamless link between soft or even living 

materials and the digital world. For this purpose, electronic systems have to reversibly accommodate 

tensile strains far beyond the intrinsic ductility of the active electronic materials they are made of. The 

development of stretchable electronics1-3
 is at the forefront of multidisciplinary research efforts, 

bridging physics, engineering and materials science. Magnetic functionalities can provide features to 

this novel electronics that are not available by other means. While flexible magnetoresistive sensorics 

has been demonstrated already
4,5

, the thesis in hand is focused on the development of stretchable 

forms of magnetoelectronics
6,7

, which was not considered, yet. Before the benefits and target 

properties of soft magnetoelectronics are introduced, a brief review on general stretchable electronics 

will be given. 

1.1.1 A brief review on stretchable electronics 

Succeeding the development of flexible electronic systems
8
, stretchable electronics

9-11
 became one of 

the most vital technological research fields of the latest years, aiming to revolutionize common 

electronic systems towards being arbitrarily re-shapeable on demand after their fabrication, 

particularly on large areas. In this respect, stretchable devices are able to accommodate tensile strains 

much larger than 10%, without sacrificing their performance. Organic electronic materials have been 

extensively used to create stretchable systems with various functionalities
12-14

 even featuring active 

matrix addressing capabilities
15,16

. Compliant designs of inorganic semiconductor
9,17,18

 and metal-

based
19-22

 electronics, however, combine the advantages of being soft with the high speed and low 

power consumption capabilities of conventional semiconductor-based electronics
23

. 

Pioneering work in this respect was conducted by S. Wagner, S.P. Lacour et al. with the discovery that 

wrinkled metal thin films
24

 can be stretched by several tens of percent without losing their conductive 

properties
25-28

. Since then, many works concentrated on the design and fabrication of highly 

stretchable metallic interconnects
10,21,29-32

 to wire rigid functional elements forming compliant 

electronic mesh circuits
15,20,33

. The demonstration by the group of J.A. Rogers, that also silicon 

nanomembranes
34

 and other layered materials can be wrinkled to withstand large tensile 

deformations
35,36

, rendered functional electronic components and entire logic circuits to become 

stretchable
9
. A large variety of compliant organic and inorganic electronic elements with various 

functions have been realized in the last years, which are summarized in figure 1.1. These devices 

include light emitting diodes (LEDs)
37,38

, heaters
16

, actuators
39

 and supercapacitors
40

. Stretchable 

sensoric devices can detect mechanical
22,41,42

, optical
43

, thermal
44,45

 or bioelectric
46,47

 stimuli. The 

power supply of prospective soft electronic systems may be assured by incorporated stretchable solar 

cells
13,48

, energy harvesters
49,50

 or batteries
51,52

. Wireless powering and data transfer using stretchable 
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antenna designs have also been shown
19,53

. Recent developments aim to add further useful features 

beyond stretchability: Transient electronics
54

 is able to completely dissolve upon fulfilling its task after 

a defined period of time and imperceptible forms of electronic systems
16,45,55

 are haptically not 

perceived if worn on skin. 

 
Figure 1.1 | Overview of available functionalities in stretchable electronic devices: Various capabilities 

have been demonstrated already. Stretchable magnetoelectronics, which is introduced in this work, adds 

magnetic functionalities and is also included as a new member in this family. Figure compiled 

from [1,6,9,16,18,19,43,52]. 

Stretchable electronics is envisioned to enable exciting applications (figure 1.2) that lie beyond the 

reach of current technologies
2
. One of the main developments in this respect is the emerging field of 

electronic skins (e-skins)
26,53,56

, which are conformably situated on biological tissue readily following 

all its natural motions and distortions. Ideally, e-skins do not restrict the natural mobility and function 

of the tissue they are attached to and are even imperceptible by the recipient
16,45

. The intimate contact 

with the epidermal surface throughout its complex shape is of great advantage for sensorics in 

particular
53,57,58

. Inspired by natures archetype, electronic skins are already able to perceive 

temperature changes
44,59

, mimic the sensation of touch
41,60,61

, monitor physiological conditions
53,58,62

 

and even release drug doses on demand for therapy
63

. Approaches that enable self-healing
64

 will lead 

to durable and multifunctional artificial skin. In addition to being wearable, e-skins can also be 

operated in vivo as bio-integrated electronics
65,66

 enabling highly functional and compliant diagnostic 

or therapeutic implants
47

 as well as advanced surgical tools
67

.  
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Figure 1.2 | Application fields of stretchable electronics: Overview of applications for soft electronics with 

prospective potential for stretchable magnetic sensorics. Figure compiled from [47,53,68-70]. 

Another novel and highly innovative field of prospective applications for stretchable electronics is soft 

robotics69,71
 and particularly elastomeric actuators39,72

. This novel actuator technology allows for a 

lightweight
73

, indestructible
74

 and adaptive
68

 design of robotics that may even feature cloaking 

capabilities
75

. Their large actuation strains
39,76

 and rapid motion
77,78

 call for an extraordinary compliant 

form of electronics to be integrated into this kind of electromechanical transducers. Magnetic features 

have recently been introduced into soft robots to enable modular design concepts for an adaptive 

assembly of specific functionalities on demand
79

. Stretchability of functional electronic elements is 

also expected to have high potential for wearable devices
50,61

 and smart textiles
80

. 

1.1.2 Stretchable magnetic sensorics 

Despite the manifold functionalities that are available for stretchable electronic systems, magnetic 

aspects have not been addressed so far. The aim of the present work is to add a new member to the 

family of stretchable electronic devices - the stretchable magnetic field sensor (figure 1.1). The 

development of a technology platform for the preparation of magnetic sensing elements that are elastic 

and ideally do not alter either electrical properties or magnetoelectric response upon severe and 

repeated tensile deformations (strain invariance) is in the main focus of this work. Further features, 

that are highly beneficial for their application potential and should enable a rapid innovation process, 

are to be taken into account during the technological development: (i) The sensing capabilities of the 

proposed stretchable elements should cover a broad range of magnetic field strengths in order to 

address prospective application areas ranging from biomedical sensorics to soft motion and 

displacement gauges. (ii) The preparation processes has to be compatible with current fabrication 

strategies of already available stretchable electronic platforms
1,2

. This is also intended to provide a 

solid technological base for the successive steps towards commercially suitable devices, especially by 

the incorporation of compliant electronic circuits
9
, e.g. for sensor signal processing

55
, multiplexing

16
 or 

wireless powering and readout
52,53

 or the realization of other soft spintronic components
81,82

. 
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The integration of magnetic sensorics into existing stretchable electronics platforms paves the way to 

realize smart and soft devices with the ability to sense and respond to a magnetic field. With a broad 

range sensitivity and compliant design of stretchable magnetoelectronics, a variety of application 

fields could be envisioned, as it would equip these novel soft systems with navigation, orientation or 

tracking as well as touchless control and triggering capabilities. Stretchable magnetic sensors can, for 

instance, lead the e-skin concept beyond imitating the features of human physiology and extend its 

cognition to magnetic fields, which otherwise are not accessible by humans naturally. This enables a 

sixth sense of magnetoception83,84
 for artificial skins systems.  

Since the acquisition of motion and displacement has developed to be the main duty of magnetic 

sensorics in conventional machinery, a stretchable counterpart can adopt these functions into soft 

systems. Hence, as electronic skin, magnetic sensing elements would be ideally suited for touchless 

human-machine interaction, by means of accurate motion tracking in an artificial magnetic 

environment
7
. In the field of bio-integrated electronics and functional implants, magnetic sensing 

capabilities could include real time monitoring of muscles, joints or valves of the heart to diagnose 

early stages of dysfunctions. The displacement sensing capabilities can also play a key role for the 

recording and accurate control of actuation in soft robotic systems. As for their rigid counterparts, 

keeping track of the current position of all its movable parts is an essential requirement for highly 

functional robots with multi-tasking abilities. This is even more vital to soft robots, as the 

displacement of actuating components is strongly dependent on the mechanical load on these parts. 

Control strategies relying on the feedback from magnetic motion tracking sensorics can provide a 

comprehensive, highly integrative and cost effective solution to this issue compared to e.g. optical 

approaches. 

Foreseeable applications of highly sensitive and re-shapeable magnetoelectronics also include the in-

flow detection of magnetic particles or magnetically labeled analytes
85,86

, in advanced fluidics
87

 and 

lab-on-a-chip
88

 platforms, which may boost the health monitoring, point-of-care diagnostics and 

environmental sensing capabilities of these systems. Furthermore, stretchable forms of consumer 

electronics
89

 and smart textiles
80

 will benefit from magnetic functionalities offered by compliant 

magnetoelectronics. 

1.2 Technological approach    

Depending on the desired properties (i.e. sensitivity, magnetic field range, sensitive direction, 

temperature behavior etc.), there are several technologies available for the realization of magnetic 

sensing devices
90

. These include for example Hall sensors
91

, anisotropic magnetoresistance elements
92

, 

magnetic tunnel junctions
93

 and fluxgate magnetometers
94

. Magnetic thin films revealing a giant 

magnetoresistance (GMR) effect are able to vary their electrical resistance by several tens of percent 

upon application of an external magnetic field
95

. The utilization of GMR-based sensorics, for example 

in magnetic read heads
96

 boosted the capacity and performance of magnetic data storage systems. The 
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discovery of the GMR effect was honored with the 2007 Nobel Prize in Physics to Albert Fert and 

Peter Grünberg
97

. Such giant magnetoresistive thin film structures are chosen as the magnetic 

sensorics technology suitable for the development of stretchable magnetoelectronics in this work. A 

description of the physical background of the GMR effect in layered magnetic structures and the 

fundamental interactions it is based on are given in the subchapters 2.1 and 2.2. 

Currently, GMR sensor devices are fabricated on rigid inorganic substrates like oxidized 

silicon (SiOx) wafers or glass. Although there is some activity toward straining of GMR structures 

grown on this kind of substrates by means of bending to study their magnetoelastic behavior
98,99

, the 

maximal achievable deformation of a few ‰ is far too low for any applications within the concept of 

stretchable electronics. In order to be able to elastically stretch GMR sensor elements to much higher 

levels of deformation, the magnetic nanomembranes should be situated on an elastomeric substrate. 

The smart combination of thin metal films and soft polymeric membranes, as proposed in this work, 

allows creating the technology platform for stretchable GMR based sensorics. The accommodation of 

high strains in thin films of intrinsically stiff materials is facilitated by morphologic features
100

, 

e.g. wrinkles
101

, which are to be introduced into the system. They are able to transfer large tensile 

deformations of the substrate into minimal strains in the functional film
25,102

. A review of 

technological strategies that lead to high stretchabilities of thin film electronic structures is given in 

subchapter 2.4. 

1.3 State-of-the-art    

The deposition of GMR films, including multilayers
103

 and later also more advanced exchange biased 

sandwich stacks
104

 onto flexible substrates was first demonstrated in 1992 by S.S.P. Parkin et al.. The 

motivation of this pioneering work at the IBM research center was mainly driven by the need for 

lightweight magnetoresistive read heads with good insulating barriers, which was the main driving 

force for the development of GMR-based sensorics in the early 90’s. The magnetoresistive 

performance of extended GMR layers deposited on flexible foils, including polyimide, polyethylene 

terephthalate, polyetherimide and regular transparency, was found to be comparable to stacks on rigid 

SiOx wafers. However, the impact of mechanical deformations like bending on the GMR performance 

of these flexible sensors was not investigated.  

Deformations of GMR sensoric structures were originally applied on conventional SiOx wafer or glass 

supports to study effects of inverse magnetostriction on the magnetoelectric characteristics
98

 and 

eventually use those for highly sensitive strain gauges
99,105

. Although the supports used in these studies 

are considered rigid, they allow for a small amount of bending deformation, which is translated to the 

functional magnetic layers on the outer surface as a tensile deformation (bending strain) of the order of 

about 0.1%. Later, similar studies were performed using plastic polyimide substrates
106

, which allowed 

for magnetoelectric measurements at tensile strains of up to 0.75% directly applied by stretching
107

. 
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Figure 1.3 | Flexible magnetoelectronics: Magnetic sensoric systems 

on bendable polymeric foils. (a) GMR multilayers and (b) magnetic 

tunnel junctions. Figure adopted from [4,5]. 

Higher levels of deformation were obtained by Y.F. Chen et al., who deposited extended GMR films 

on buffer coated polyester transparency, as shown in figure 1.3a
4
. No performance degradation was 

observed in the magnetoresistive elements after 1,000 bending cycles to a radius of about 22 mm. 

Furthermore, tensile testing of the flat GMR film up to above 2% strain revealed a mechanism for a 

mechanical fine tuning of the magnetoelectric properties. However, since the deposition was done on a 

flexible polymer sheet, rather than on an elastic rubber substrate, these tensile deformations were of a 

strongly plastic nature and did not allow for repeated stretching.  

Even high-performance magnetic tunnel junctions were successfully prepared on flexible polymeric 

supports by C. Barraud et al.5, which is highly challenging due to the necessary incorporation of 

smooth tunnel barriers in the low nanometer thickness regime into the device structure (figure 1.3b). 

Although being slightly differed from the reference devices on rigid SiOx wafer, the magnetoelectric 

response in the flat state was unaffected by bending the sensors to a radius of 15 mm and back.  

The available literature shows that magnetoresistive sensorics on flexible foils was established by 

2010, revealing operation down to bending radii in the low centimeter range. Previous studies of 

magnetic thin films on elastomeric substrates are rarely found
108,109

, and they neither include 

magnetoelectric structures nor any investigation of macroscopic deformation. However, the mentioned 

works created a solid background for this PhD thesis, where the world-wide first elastically 

stretchable GMR sensorics, that is able to accommodate also large tensile deformations, is 

demonstrated.
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2. THEORETICAL BACKGROUND 

This chapter is dedicated to a brief introduction of the most relevant physical phenomena and 

technological concepts that form the fundamental basis of the present work. As the development of 

stretchable magnetoelectronics combines aspects of magnetism and magnetic materials with soft 

matter physics, both fields will be covered. This includes a general explanation of the giant 

magnetoresistance effect, together with a review of the fundamental physical interactions it originates 

from. The different types of GMR systems that are exploited throughout this work are defined as well. 

Subsequently, an introduction to rubber materials and the theoretical basics of elasticity are given. The 

chapter closes with the presentation of different established concepts for the achievement of 

stretchable architectures of functional electronic components or systems based on thin films.  

2.1 Magnetic coupling phenomena in layered structures    

The giant magnetoresistance was first observed in magnetic structures fabricated by thin-film 

technology
110

. Magnetic shape anisotropy
111

 causes the magnetic moments of a ferromagnetic body 

(e.g. Fe or Co), in the absence of external magnetic fields, to align preferentially along its longest axis. 

Hence, in an extended magnetic layer, the moments rest in an in-plane direction, if contributions from 

other magnetic anisotropies are negligible. However, several magnetic coupling phenomena, which are 

observed if thin magnetic layers are brought into close proximity to each other, strongly influence their 

equilibrium magnetic configuration. These couplings play a key role for the occurrence of the GMR 

effect in metallic thin film architectures and their understanding and control offers a convenient way to 

influence and tune the magnetoelectric response characteristics of GMR based sensor devices. 

2.1.1 Magnetic interlayer exchange coupling 

The interlayer exchange coupling occurs if two ferromagnetic (FM) layers are separated by a thin 

nonmagnetic (NM) spacer
112

. It forces the two in-plane magnetizations to adopt a certain orientation 

relative to each other. This coupling is described in the frame of the Ruderman-Kittel-Kasuya-Yosida- 

(RKKY-) formalism
113

, which accounts for an interaction between the nuclear magnetic moments and 

inner electron spins of two individual metal atoms mediated by the conduction electrons. This specific 

interaction exhibits a damped oscillatory behavior over the distance d of the considered atoms, as 

indicated in figure 2.1. The general form of the coupling strength JRKKY is typically described as
114

: 

 JRKKY(d) ~ 
cos(2kF∙d)

d
3         (2.1) 

where kF is the radius of the conduction electron Fermi surface. Therefore, in an FM/NM/FM 

sandwich-structure, the magnitude and sign of the coupling strength between the FM layers is strongly 

dependent on the thickness of the NM spacer layer
95

. For very small separations, there is a large 
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negative coupling (point a in figure 2.1), which results in an antiparallel alignment of the respective 

magnetizations. Due to the analogy to the antiparallel spin order in antiferromagnetic materials, this 

situation is referred to as the first antiferromagnetic coupling maximum (AFCM). As the separation 

increases, the coupling becomes positive (point b), i.e. the layers will be magnetized parallel to each 

other. For further increase of the spacing, the interaction drives the sandwich into a second 

antiferromagnetic coupling maximum (point d), with exhibits a smaller coupling strength than in the 

first one, and so on. Since the coupling sign and magnitude of the interlayer exchange coupling rapidly 

changes over very short distances, the film quality and individual layer thicknesses have to be well-

defined in GMR multilayer films. 

 
Figure 2.1 | RKKY interaction: Coupling strength J1 

in dependence of the interatomic distance. Figure 

adopted from [115]. 

2.1.2 Exchange bias 

Another relevant coupling phenomenon is the exchange bias interaction (EB)
116

, which is particularly 

important for spin valve devices, which are introduced in section 2.2.4. This type of interaction occurs 

at the interface between a ferromagnetic and an antiferromagnetic layer. The effect is based on the 

aforementioned exchange coupling between the two, which fixes the interfacial spins of the 

ferromagnet due to a strong interaction to the adjacent antiferromagnet. The microscopic origin of this 

interaction can be described relying on different models, which are adapted to specific material 

classes
117-119

. For instance, the Mauri model describes the magnetization reversal in an exchange 

biased ferromagnetic layer that requires additional energy for creating a domain wall in the hard 

antiferromagnetic film
118

. Therefore, the entire ferromagnetic film gets effectively `pinned´ along a 

certain direction, which results in a shift of its magnetization curve, as indicated by exemplary 

magneto-optic Kerr effect (MOKE) characterizations in figure 2.2. The main feature of exchange bias 

is that it influences the magnetization not only along a certain axis, but in a specific direction; hence, it 

resembles itself as a unidirectional anisotropy. 
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Figure 2.2 | Exchange bias: Hysteresis loop 

measurements of a free layer of Co80Fe20 (blue) 

compared with one that is exchange biased by IrMn in 

the applied field direction (green), resulting in an 

exchange bias field HEB of 91 Oe. Data measured by 

Tobias Kosub (IFW Dresden). 

2.1.3 Orange peel coupling 

For the occurrence of the GMR effect in layered magnetic structures, usually a strong 

antiferromagnetic coupling between the FM layers is beneficial. However, there are other coupling 

mechanisms between these layers that always result in a parallel alignment of magnetizations and 

should therefore be avoided. The so-called orange-peel coupling can occur in a FM/NM/FM thin film 

sandwich if its interfaces exhibit a certain roughness.  

 
Figure 2.3 | Orange-peel coupling: Two separated 

ferromagnetic layers of Magnetization M1 and M2 with 

conformal roughness. The roughness amplitude h (not 

drawn to scale), the topographical wavelength of the 

correlated interfaces  and the thickness of the NM 

spacer layer tNM strongly influence the coupling 

strength. Figure adopted from [115]. 

As shown in figure 2.3, the in-plane magnetization develops components perpendicular to the local 

interface orientation, thereby generating magnetic dipoles at the protrusions. If the interfaces of both 

magnetic layers are topographically correlated, the resultant locally confined stray fields evolving 

outside and through the spacer layer finally drive the them into a ferromagnetic (parallel) 

configuration
120

. Hence, this effect occurs by magnetostatic interaction between FM layers with 
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conformal interface roughness. Due to this coupling effect, the surface roughness of the substrate and 

the quality of the deposited layers play an important role for the fabrication of GMR structures. As a 

rule of thumb, the substrate should be as smooth as possible in the sub-nanometer range to obtain 

considerable GMR effect strengths. 

2.2 Giant magnetoresistance    

In order to understand the occurrence of the GMR effect, besides the magnetic coupling phenomena 

described above, one has to consider peculiarities in the electronic transport through magnetic 

materials. After a description of the physical origin of the GMR effect on the model of a simple 

magnetic sandwich structure, the different types of GMR thin films used in this work are introduced. 

2.2.1 Electronic transport through ferromagnets 

A directed flow of charge carriers is considered as an electrical current. Since the (magneto-)electrical 

elements described in this work are metal based, only electrons will be taken into account as charge 

carriers, here. Usually an electrical current in nonmagnetic metals consists in equal parts of spin-up 

and spin-down electrons. In general, the electrical resistivity of a material is caused by the scattering 

of charge carriers, mainly on phonons and lattice defects. These types of scattering are experienced 

similarly by both species of electrons. However, magnetism strongly influences the electronic 

transport properties through condensed matter. For ferromagnetic materials the scattering of charge 

carriers does depend on their spin state. This spin dependent scattering can be explained by means of 

the simplified illustration of the exchange split 3d band of a ferromagnetic element, shown in 

figure 2.4a.  

The splitting of the band and the resultant unbalanced quantities of up-spins and down-spins, 

discriminates them into majority and minority electrons, which grants the material its characteristic 

magnetic moment. The density of states (DoS) at the Fermi energy EF also differs for both electronic 

species. Hence, there is a difference in available (unoccupied) states at the Fermi level for spin-up and 

spin-down electrons. If an electrical current, with an equal number of both species of electrons, is 

about to enter a ferromagnetic material with a homogeneous magnetization, less states can be occupied 

by majority electrons compared to minority ones. When spin flipping is neglected, each species of 

electrons can only occupy a free state in the respective part of the split band, even after a scattering 

event. Since fewer states are available, that majority electrons can be scattered to in the situation 

shown in figure 2.4a, the scattering probability is lower for these electrons compared to minority ones. 

In fact, the electron scattering probability is proportional to the DoS at the Fermi level
121

. This means 

that majority electrons will experience a lower resistivity than minority ones, which makes the 

electronic transport in a ferromagnet spin dependent.  
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Figure 2.4 | Electronic transport through ferromagnetic matter: 

(a) Different scattering potential for majority and minority electrons in 

the exchange split d band due to different amount of unoccupied states 

at the Fermi-edge (spin dependent scattering). (b) Resulting resistance 

configuration in the two-current-model. 

The described effect can be regarded in a simplified way as a two-current-model, which was suggested 

by N.F. Mott in 1936, by treating the flow of the two electron species as two individual currents
121

 

(figure 2.4b). This way, for a given piece of ferromagnetic material, there are two different resistances 

for the spin-up and spin-down currents, respectively. As a result, the current through a ferromagnet 

becomes spin polarized (i.e. it does no longer consist in equal parts of spin-up and spin-down 

electrons). The degree of spin polarization P is defined by: 

 𝑃 =
(𝑛↑−𝑛↓)

(𝑛↑+𝑛↓)
          (2.2) 

where n↑ and n↓ are the number of electrons at the Fermi energy with spin-up and spin-down, 

respectively. However, it has to be taken into account that the two-current-model relies on strong 

physical assumptions. As already mentioned, it disregards spin flipping of the conduction electrons, 

which tends to happen during scattering events, especially with magnons or in systems with a high 

spin-orbit-coupling. Only in this simplified picture, the two currents can be regarded as independent. 

Furthermore it assumes a homogeneous magnetization of the entire ferromagnet without the presence 

of magnetic domains or domain walls. 
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2.2.2 The GMR effect 

Expanding the concept of spin dependent scattering to an FM/NM/FM sandwich structure, the 

electronic transport properties depend on the magnetic configuration in the FM layers
110

, as visualized 

in figure 2.5a,b. If we consider the case of antiferromagnetic exchange coupling between the outer FM 

layers, the spin-up and spin-down electrons exhibit higher numbers of scattering events in different 

sections of the structure, respectively. One species is subjected to stronger scattering in the first FM 

layer, the other one in the second FM layer, due to the antiparallel magnetization (figure 2.5a). 

Regarding this situation in the two-current model, the two electron species experience a different 

resistance configuration, as illustrated in figure 2.5c. For the non-magnetic spacer, a highly conductive 

metal is chosen and its regular (i.e. spin independent) scattering in is not included in this picture.  

 
Figure 2.5 | Electronic transport through an FM/NM/FM sandwich 

structure: Spin dependent scattering events of spin-up and spin-down 

conduction electrons for antiparallel (a) and parallel (b) magnetization. 

(c,d) corresponding resistance configuration in the two-current-model. The 

total resistance of the left case is higher compared to the configuration on 

the right (R↓↑ > R↓↓). 

With an external magnetic field applied in-plane, the magnetizations can be forced to align parallel, 

which influences the scattering of both partial currents. As visualized in figure 2.5b, one species is not 

subjected to spin dependent scattering through the entire sandwich stack, the other one is scattered in 

both FM layers. The resulting resistance configuration, shown in figure 2.5d, gives a lower net-

resistance of the whole layer system compared to the previous case. If the external field is switched 

off, the antiferromagnetic exchange coupling between the FM layers drives the sandwich structure 

back to the antiparallel magnetization, which denotes the higher resistive state. Thus, the stack can be 
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switched between high resistance and low resistance by means of an external magnetic field, which is 

the basis of giant magnetoresistive devises. 

2.2.3 GMR multilayers 

The described magnetoresistive effect can be multiplied, if the sandwich structure is enhanced to a 

stack that consists of several FM and NM metal layers in an alternating order, so that each FM sheet is 

in antiferromagnetic coupling to its adjacent ones
110

. Such a layer structure is referred to as GMR 

multilayer and is usually operated, in opposition to the description given above, in a current-in-plane 

(CIP) mode. The mean free path of the conduction electrons, i.e. the average length of ballistic 

transport between two scattering events, is in the order of 30 to 50 nanometers for typical metal films 

used in GMR multilayers
122

. Since this is much longer than the separation of the individual layers in 

the stack, the charge carriers pass many FM/NM interfaces also in case of lateral drift, which permits 

their spin dependent scattering. A CIP configuration is usually of great advantage for GMR multilayer 

elements, as a current-perpendicular-to-plane (CPP) device is more difficult to fabricate and has a very 

low resistance, which makes a relative resistance change difficult to measure. 

A GMR multilayer stack composed of cobalt (Co) and copper (Cu) layers as FM and NM metal, 

respectively, which is fabricated in the 1
st
 AFCM will serve as a model system throughout this study. 

This well-known system relies on in-plane oriented magnetic moments and exhibits a high GMR ratio 

with moderate saturation fields. An exemplary GMR curve measured on a structured Co/Cu multilayer 

specimen is shown in figure 2.6a. The GMR ratio is obtained by the change of electrical resistance 

R(H) relative to the value at magnetic saturation Rsat 

 GMR =
R(H)-Rsat

Rsat
         (2.3) 

and is usually expressed in percent
123

. The field dependent sensitivity S(H) of a magnetoresistive 

element, which is defined as the first derivative of the sample’s resistance over the magnetic field 

divided by the resistance value
123

:  

  S(H) = [
dR(H)

dH
] R(H)⁄         (2.4) 

is also provided in the graph. 
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Figure 2.6 | GMR characteristics of Co/Cu multilayers: (a) GMR curve (black) and sensitivity 

(grey) of 50 double layers coupled in the first antiferromagnetic coupling maximum. (b) GMR 

curve (dark blue) and sensitivity (light blue) of 50 double layers coupled in the second 

antiferromagnetic coupling maximum. 

The large change of electrical resistance in the presence of in-plane magnetic fields makes these 

structures ideally suited for magnetic field sensing elements in electronic circuits. However, several 

applications that will be highlighted throughout this work require the detection of small magnetic 

fields, e.g. the stray field from micro-sized magnetic particles. The sensitivity of GMR multilayers can 

be enhanced by going from the first to the 2
nd

 AFCM
95

 (i.e. from point a to d in figure 2.1), as shown 

in figure 2.6b for comparison. The weaker coupling strength between the FM layers results is a 

magnetization alignment at much lower fields. Although the GMR magnitude is reduced in this case 

and also magnetic saturation occurs at much lower fields, the sensitivity in this regime is increased 

significantly. 

2.2.4 Spin valves 

For a further increase in the sensitivity of magnetoelectronic sensing elements, spin valve stacks, 

which exploit the exchange bias coupling between antiferromagnetic and ferromagnetic layers, are 

used
117,124

. They consist of a FM/NM/FM sandwich structure, where the magnetization of one of the 

ferromagnetic layers is pinned by the exchange bias effect from an adjacent antiferromagnetic layer. A 

respective layer system is schematically shown in figure 2.7a. Hence, the so-called magnetic free 

layer can switch its magnetization independent of the pinned one. Therefore, this GMR system 

exhibits two magnetoelectric states; antiparallel magnetizations of pinned and free layer: OFF-state 

(high resistance), parallel magnetizations: ON-state (low resistance), hence the term spin valve.  
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Figure 2.7 | Spin Valve: (a) layer structure of a typical top-pinned in-plane spin valve device. 

(b) GMR characteristic of a respective spin valve. The insets indicate the magnetic 

configurations of the two ferromagnetic layers at different fields. 

If the free layer consists of a soft magnetic material, the magnetization reversal occurs at very low 

fields and the spin valve represents a very effective magnetoelectronic switch. Figure 2.7b shows the 

typical GMR characteristic (full loop) of a top-pinned spin valve device. At low fields, the switching 

of the free layer causes the steep edge of the GMR curve (minor loop between dashed lines) that acts 

as the sensor response. If the external field exceeds the exchange bias coupling, also the pinned layer 

switches and the system returns to a parallel configuration of magnetizations. The GMR curve clearly 

shows the separated loop of the pinned layer that is shifted along the field axis. 

2.3 Theory of elasticity    

In the following section, a brief introduction to the elasticity of rubbery materials is given. Starting 

with a description of an elastomer and the origin of elasticity, the fundamental quantities of stress and 

strain and their relation are defined in a general form, before they are simplified to the notation, which 

is used throughout the thesis. Finally, additional concepts with respect to rubber elasticity, that are 

relevant for the present work, are described.  

2.3.1 Elastomeric materials 

The term elastomer is derived from “elastic polymer” and thus refers to a polymer material, which 

undergoes mainly elastic deformations. The polymer chains of an elastomer are cross-linked to 

account for their mechanical stability and yield strength. The cross-linking, in most cases, is achieved 

by covalent bonds between the individual chains, as schematically illustrated in figure 2.8. This 

requires an irreversible chemical curing process, called vulcanisation, as discovered by Charles 

Goodyear and Thomas Hancock in the earlier 19
th
 century, which results in an elastic material. These 

elastomers are referred to as thermosets or vulcanisates and represent the largest group of elastic 

materials
125

. Another type is thermoplastics, which are cross-liked in a physical manner (mostly by 

dispensed crystallites of chain segments) and which can be plastically reshaped upon heating or by 

exposure to certain solvents126. 
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Figure 2.8 | Microstructure of elastomeric materials: The polymeric chains are chemically cross-

linked; (a) relaxed state; (b) stretched state. 

The cross-linked polymer chains of an elastomer are present in an amorphous state, as illustrated in 

figure 2.8a. As the material is stretched, the coiled chains extend and rearrange themselves in order to 

distribute the applied load throughout the macroscopic body. During this rearrangement, the molecular 

chains align along the axis of the tensile deformation, as shown in figure 2.8b. This involves a 

decrease in entropy due to the higher order in the system introduced by the preferential orientation of 

chain segments
127

. Therefore, an entropically driven restoring force develops within the elastomer, 

which provides the fundamental elastic properties of the material. The cross-links, in this manner, 

prevent the translation of entire chains relative to each other upon deformation of the macroscopic 

body. The term elasticity means that after a deformation the material retrieves its original shape when 

the load is released. In the case of elastomeric materials, these elastic deformations can be very large, 

e.g. up to several hundred percent of tensile stain. Due to the entropic origin of the rubber elasticity, it 

is temperature dependent. Furthermore, the elastomer needs to be in a state above its glass transition 

temperature128
 to have enough movable chain segments to maintain its elasticity. However, the elastic 

deformation of a rubber not only causes polymer chain rearrangements. Particularly at higher strains, a 

fraction of the deformation energy is also stored as internal energy by changing atomic separations and 

distortion of bond angles inside the polymer chains. Due to the amorphous nature of elastomers, on a 

macroscopic scale, they can mechanically be treated as isotropic materials in their relaxed state. 

2.3.2 Stress and strain 

If a force is applied, every solid body undergoes a certain deformation. Often, the deformation cannot 

be adequately described by a single scalar, as it may be simultaneously compressed and sheared along 

different directions. In order to account also for such complex states of distortion in an elastic body, its 

deformation is expressed in a general notation by the co-called strain tensor represented by a 3 x 3 

matrix. Also the forces inside the body, corresponding to the respective deformations, can be complex 

in three dimensions and are therefore represented in a similar form as a second order stress 

tensor he component ij, for example, represents the force per unit area in the i direction acting on 

a plane whose normal is the j direction. In this notation, components with i = j denote the normal 

stresses in the three dimensions of space and i  j give the shear components.  



Michael Melzer: Stretchable Magnetoelectronics THEORETICAL BACKGOUND 

     

24 

Deformations in materials are often described by a linear relationship between stress and strain, 

similar to the well-known Hooke’s law, whose analogon for continuous media is expressed by 

 σ = -cε          (2.5) 

where c is the stiffness tensor, which is of the 4
th
 order and thus represented by 81 real 

components cijkl. However, due to symmetries of the three tensors, only 21 independent coefficients 

remain, and since elastomers are generally considered to be isotropic materials, they reduce to only 

2 elastic parameters, which are characteristic to a certain rubber material. The bulk modulus K, 

describing the resistance to uniform compression, i.e. changes in volume and the shear modulus G, 

giving the ratio of shear stress to shear strain if a force is acting laterally. 

Since in the present work, mainly uniaxial deformations are applied to characterize the performance of 

stretchable GMR sensors under strain, a one dimensional consideration of the described continuum 

mechanics can be used for a simplified, yet adequate description of stress and strain. Figure 2.9 

illustrates a uniaxial stretch on the example of a rubber bar with initial dimensions W0 ∙ D0 ∙ L0 

subjected to a force 𝐹⃗ acting on the cross section along its length. L0 is the original length of the bar 

before the force was applied. Upon stretching, the bar extends by L along the axis of the applied 

force. The current length of the rubber bar under the influence of this normal force is L = L0 + L. Due 

to the incompressibility constraint of elastomeric materials, they simultaneously, undergo a 

contraction along the transverse directions, referred to as the Poisson effect, which will be discussed in 

section 2.3.4. 

 
Figure 2.9 | Stretching of a rubber bar: The uniaxial tensile deformation due to a 

force 𝐹⃗ applied on the face with area A along its length is illustrated. 

If the deformation is restricted to such a uniaxial case, which means that only normal forces acting 

along one direction are taken into account, without any shear, the associated strain can indeed be 

quantified by a scalar representing the ratio of change in length to original length: 

 ε = 
∆L

L0
 = 

L - L0

L0
 = 

L

L0
 - 1        (2.6) 

The strain is a dimensionless quantity, which can also be expressed as a percentage. Hence, a strain of 

 = 1 or 100%, according to figure 2.9, denotes a deformation with a current length being twice the 

original length of the bar.  
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Since all forces considered in this uniaxial case are acting on the same cross-section A along the same 

direction, also the stress can be reduced to a scalar:  

 σ = 
F

A
 = 

F

W ∙ D
          (2.7) 

which has the dimension of a pressure and is usually expressed in units of pascal (Pa). W and D are the 

actual width and thickness of the rubber bar as it expands, respectively. 

In a few experiments of this thesis, biaxial instead of uniaxial strain is used for preparation and 

characterization. The application of biaxial deformation along the lateral dimensions of elastomeric 

membranes is treated as follows. The total strain is identified by the applied uniaxial strains along two 

perpendicular directions, i.e. a biaxial strain of 10% x 10% denotes a state with  = 0.1 along the x and 

y lateral directions, respectively. Alternatively, a scalar value for the areal strain A , which 

corresponds to the ratio of change in area to original area, according to 

 εA = 
∆A

A0
 = (εx + 1) ∙ (εy + 1) - 1 = (

Lx

Lx0
 ∙ 

Ly

Ly0

) - 1    (2.8) 

can be assigned. Hence, the biaxial strain of 10% x 10% gives a total areal strain of 21%.  

2.3.3 Rubber elasticity 

For the simplified case of uniaxial stress applied to an isotropic solid, Hooke’s law can be expressed as 

 σ = E∙ ε          (2.9) 

with the proportionality factor E being the so called Young’s modulus of the material. Materials with a 

higher E-value are mechanically stiffer, as more stress must be applied to result in the same amount of 

strain. However, for elastomers the relation between stress and strain is non-linear, as shown in 

figure 2.10. Here, Polydimethylsiloxane (PDMS, see section 3.1.1) is chosen as an exemplary 

elastomeric material, as it is mainly used throughout this work. The red line in the graph denotes a 

linear fit of the low strain region that can be described by Hooke’s law, which provides the Young’s 

modulus of the material in this regime. With higher strains, elastomers become softer, as they enter a 

plateau region in their stress-strain curve, before the slope rises again. This hardening of the material 

at high strains is associated with the gradual transition from the entropy reducing alignment of 

polymer chains towards a distortion and expansion of covalent atomic bonds upon stretching. Hence, a 

fixed Young’s modulus is a valid approximation only for small amounts of deformation in elastomeric 

materials and nonlinear terms have to be taken into account for higher strain intervals. Different 

theories modelling the co-called hyperelasticity of rubber over large strains have been established over 

the decades, for example, the Mooney-Rivlin model
129

 and the Ogden model
130

.  
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Figure 2.10 | Stress-strain behavior of elastomers: Stress strain 

curve of cross-linked poly(dimethylsiloxane) for loading (black) and 

unloading (grey). The dotted red line denotes a linear fit of the low 

strain region to determine the respective Young’s modulus. 

Measurement performed in collaboration with Dr. K. Schneider and 

H. Scheibner (both IPF Dresden). Figure taken from [6]. 

The area below a stress vs. strain curve ∫ 𝜎 d𝜀 denotes the work introduced to the system during the 

respective deformation. Hence, the area of the hysteresis loop between loading and unloading is the 

energy dissipated, mainly by heat, during one loading cycle: 

 Wdiss = ∮ σ dε         (2.10) 

Different effects in rubber materials (e.g. viscoelasticity) may enhance the hysteresis to make up a 

significant amount of the area below the loading curve. 

2.3.4 The Poisson effect 

As shown in figure 2.9, upon application of uniaxial strain, a material does not only elongates along 

the direction of the applied force, but also contracts perpendicular to it, and vice versa. This is effect 

occurs due to a certain incompressibility of a material, which denotes its resistance to change its total 

volume during the deformation. A perfectly incompressible material would compress its cross-

sectional area to the same extent as the length of the rubber bar increases as it is stretched. The exact 

amount of the transverse contraction, however, is different for different materials and is quantified by 

its Poisson’s ratio . For a normal deformation along one direction it is defined as the derivative of 

transverse strain trans by the strain ax along the axis of the acting force: 

 ν = -
dεtrans

dεax
          (2.11) 
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Most materials have Poisson ratios between 0 and 0.5, however, also negative values (i.e. the 

transverse dimensions expand with applied tensile strain) are possible for example for foams
131

. 

Additionally, non-isotropic materials often exhibit a non-isotropic Poisson effect. 

2.3.5 Viscoelasticity 

With the instantaneous deformation of a rubber material upon applied force (or stress), another 

delayed and also time dependent deformation is often observed in addition. This phenomenon is often 

referred to as creep and is known for most polymers as well. It originates from an internal mechanical 

relaxation occurring in the material due to molecular rearrangements of weakly bond or entangled 

chains or chain segments. Those parts disengage and diffuse from their local environment, driven by 

the internal directional stress and mediated by the present alignment of adjacent chains in the same 

direction. Although the cross-linking in rubber materials suppresses a large directed drift of longer 

chain segments relative to each other, a marginal amount of this viscous behaviour can be found also 

in elastomers. Especially in soft rubbers, which exhibit a low cross-linking density and a low glass 

transition temperature, this effect may become significant. The simultaneous occurrence of viscous 

and elastic behaviour is commonly referred to as the viscoelasticity of a material
132

. 

This property is reflected in a time dependent stress-strain relation. For example if a viscoelastic 

ribbon is exposed to a constant load (i.e. uniaxial stress), it first expands to a certain length and 

subsequently maintains a slowly creeping further elongation over time (i.e. increasing strain). Upon a 

quick relaxation, it does not immediately recover its initial length. Instead, the compression also 

occurs on a longer time scale that can be up to several days. For purely viscoelastic materials, the 

initial dimensions will be finally retrieved and no plastic deformation occurs. However, other 

phenomena present in rubber materials, like the Mullins effect
133

, may lead to a fraction of the 

deformation that remains irreversible. 

2.3.6 Bending strain in a stiff film on a flexible support 

If a flexible sheet is bent, its outer surface experiences a tensile strain, while the inner surface is 

compressed, both along the tangential directions. One plane inside the sheet, known as the neutral 

mechanical plane9,134
, remains unstrained, independent of the bending radius Rb. If the sheet is fully 

homogeneous, this neutral plane is exactly the midsurface, and the tensile and compressive lateral 

strains grow linearly with the separation outward and inward from that plane, respectively. From a 

purely geometric consideration, the bending strain b on the outer surface is given by 

 εb = 
d

2Rb
          (2.12) 

with d being the sheet thickness. Hence, the minimum radius before reaching a critical tensile strain on 

the surface scales linearly with the thickness. However, if a film is present on the outer surface, that is 

stiffer than the flexible sheet (Efilm > Esheet) the NMP shifts toward the film, which reduces its bending 
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strain. Z. Suo et al. suggested a model that computes the bending strain in the stiff film on a flexible 

support
134

: 

 εb = (
df + ds

2Rb

)
(1 + 2η + χη²)

(1 + η)∙(1+χη)
        (2.13) 

with  = df/ds and  = Ef/Es being the ratios of thicknesses and Young’s moduli for the film and sheet, 

respectively. Sine  << 1 for stiff metal films on soft polymeric substrates, the flexible support should 

be as thin as possible to allow for small bending radii, before reaching a critical strain in the stiff film. 

2.4 Approaches to stretchable electronic systems    

High speed electronic elements and circuits are made of mainly rigid and brittle materials, like silicon, 

metals and ceramics, which are not intrinsically stretchable. Metal films, for example, can be stretched 

by not more than 1% before fracture
135,136

. In order to produce stretchable versions of functional 

electronic elements with similar performance, they should at first be prepared on elastic supports and 

additionally the entire system needs to be able to accommodate tensile strains without stretching the 

functional materials above their rupture strain. Mediated by the ambitious development of stretchable 

electronics during the last years
1,2,11

, different approaches have been suggested to achieve this goal. 

The ones that are applicable to layered structures are to be reviewed in this section and their 

advantages and disadvantages, especially in the scope of magnetoelectronic elements, are worked out. 

2.4.1 Microcrack formation 

If a free standing film or ribbon of a brittle material is subjected to tensile strains, ultimate failure 

usually occurs as a single crack perpendicular to the applied stress that tears apart the specimen. For 

thin and smooth films on a compliant substrate, the stress is not ultimately released by the formation of 

a single rupture gap and thus, several cracks may occur with a certain mean spacing
137,138

. If the strain 

is increased further, more and more cracks occur to accommodate the tensile deformation. However, 

usually the first cracks already separate the brittle films completely, which makes it impossible to use 

them for functional electronic elements.  

S. P. Lacour et al. observed, that thin gold films deposited on rubber substrates can exhibit a 

microcracked morphology
102

, as shown in figure 2.11a. Later it was shown, that this mainly originates 

from an inherent tensile stress, which depends on several preparation parameters, like film thickness 

and deposition temperature
100

. Although cracked, the metal films were electrically conductive, since 

the gold ligaments form a percolating network across the surface (figure 2.11b, left). On the one hand, 

the highly cracked metal surface leads to a high electrical resistivity of thin film wires; on the other 

hand the percolation was maintained for applied lateral strains beyond 20%
139

, as schematically shown 

in figure 2.11b. Stretchable metal interconnects that could be elastically stretched over more than 
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100,000 loading cycles providing a relatively stable electrical connection, were demonstrated using 

this approach
59

.  

The mechanism of microcrack formation on soft supports was further advanced by preparing thin 

metal films of soft capped elastomeric foams instead of compact rubber substrates
140

. In this case, the 

formation of microcracks is localized above the underlying voids (figure 2.11c) and the areas above 

the walls remain free of cracks to form a stable percolating network. Surface electrodes could be 

stretched beyond 100%, which was demonstrated in conformable capacitive pressure sensors prepared 

using this technique
22

. 

 

Figure 2.11 | Microcracks in metal films on elastomeric supports: (a) SEM 

image of a 100 nm thick gold film on rubber with a network of randomly arranged 

microcracks induced by deposition. (b) Schematic illustration of a respective model 

based on gold islands on rubber and corresponding conducting percolations paths for 

different applied strains. (c) SEM image of a 25 nm thick gold film on a surface skin 

of a polyurethane (PU) foam showing the concentration of cracks above a single 

cavity under 50% strain. Figure compiled from [26,140,141]. 

Despite the high stretchability and good long-term performance, the microcrack approach leads to 

electrodes with varying resistance upon stretching
140,141

, which is of great disadvantage for 

magnetoresistive sensor elements. Furthermore the strong morphological transitions associated with 

the formation of the percolating network are expected to have an influence on the GMR response by 

means of magnetic shape anisotropy
111

. 

2.4.2 Meanders and compliant patterns 

Instead of relying on crack formation for the development of percolating networks, it is possible to 

prepare compliant patterns in films of rigid material on soft substrates using lithographic structuring 

methods. T. Li et al. developed a model for the maximum lateral strains in meander ribbons of a stiff 

material on rubber with stretching, depending on the ratio between amplitude and wavelength
142

. 

Simulations have shown large out-of-plane distortions of the serpentine structure upon stretching, 

which effectively transforms the tensile deformation of the system mainly to a bending of the rigid 
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material
143

 (figure 2.12a). In this manner, such a meander structure represents a 2D spring that can 

facilitate high uniaxial strains. However, due to the large shear stress imposed on the functional layer, 

a large thickness is beneficial to prevent the structure from breaking at higher strains. The approach of 

metal meanders was mainly used to fabricate highly conductive stretchable interconnects
29

 and 

antennas
53

. Later, the geometry and preparation of the meanders was further optimized to horseshoe-

shapes
20,30,144

 or self-similar
32,52

 designs embedded into microstructured polymer supports, which 

makes these interconnects able to accommodate up to some hundred percent of tensile deformation. 

Besides simple meanders, other compliant network patterns have recently been developed 

(figure 2.12b), which enable biaxial stretching and are optimized also towards their spatial yield
12,32,58

. 

 

Figure 2.12 | Stretchable meander electrode patterns: (a) Finite elements method (FEM) simulation of 

the out-of-plane deformation of a 15 µm thick copper meander stretched by 20%. The inset on the lower 

left is showing the planar geometry of the unstrained meander. (b) Multifunctional epidermal electronic 

system including an electrophysiological sensor constructed in an array of filamentary serpentine 

structures. Figure compiled from [30,58]. 

The use of compliant meander structures for stretchable magnetoelectronics is feasible
145

. However, 

since the total thickness of GMR layer stacks is about 100 nm, demanding preparation procedures 

would be needed in order to fabricate highly elastic sensor elements relying exclusively on this 

approach. 

2.4.3 Surface wrinkling 

A thin film of a stiff material deposited or laminated onto a pre-stretched elastomeric substrate, as 

illustrated in figure 2.13a, undergoes a morphologic transition by formation of periodic out-of-plane 

buckles, as the pre-strain is released
24,146,147

. This phenomenon is called wrinkling101
 and occurs as 

soon as a critical compressive strain is exceeded, which depends on the mechanical properties of both 

materials. Based on nonlinear analyses of the bilayer system, proposed by Z. Y. Huang et al.148
, the 

critical strain c for the formation of wrinkles can be computed by:  

 εc = 0.52 [
Es(1 - νf

2)

Ef(1 - νs
2)

]
2 3⁄

        (2.14) 

via the Young’s modulus E and Poisson’s ratio  of the substrate s and film f materials, respectively. 

This critical strain provides the energy necessary to form the out-of-plane distortions of the substrate 

and allow for film bending.  
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Figure 2.13 | Wrinkle formation in stiff films on soft supports: (a) General fabrication scheme of a 

wrinkled metal film for stretchable electronics, by deposition onto a pre-stretched elastic support and 

subsequent release of pre-strain. (b) 3D profile of a wrinkled gold surface after release from 15% uniaxial 

pre-strain. (c) Biaxially wrinkled Si-based inverters on rubber, stretched and released in y- (top) and x-

direction (bottom). Figure compiled from [9,149]. 

Figure 2.13b shows a 3D profile of a wrinkled gold film after uniaxial compression from 15% pre-

strain. The wrinkling of hard skin on soft membranes exhibits a characteristic periodicity that scales 

with the thickness of the film. N. Bowden et al. suggested a model for the determination of the 

wrinkling period 24
: 

 λ =
πd

√εc
 = 4.36d (

Ef (1 - νs
2)

Es(1 - νf
2)

)

1
3⁄

       (2.15) 

with d being the thickness of the stiff film. This calculation holds for films firmly attached to a softer 

substrate with a thickness much larger than d. It only determines the initial wrinkling period upon 

reaching the critical strain, as with further shrinkage of the soft support, the wrinkles are compressed 

accordingly.  

The described phenomenon can be exploited for stretchable electronic systems, because a wrinkled 

nanomembrane can accommodate tensile strains by levelling out its buckles
25,35

. In the ideal case, the 

film can be stretched until the original pre-strain is reached (i.e. the point where the film is flat again). 

According to investigations performed by D.-Y. Khang et al., the lateral strains in the folded stiff film 

upon stretching are dominated by the bending, as long as the wavy pattern remains
35

. The peak strain 

can thus be approximated by: 

 εf

peak
 = 2εc√

εpre - εappl

εc
 - 1        (2.16) 
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with pre and appl being the used pre-strain and currently applied strain on the substrate, respectively. 

The wrinkling approach is the only one that allows also closed large area membranes to be stretched 

without cracking. Nevertheless, also other materials, which are not present as a closed film, like 

carbon nanotubes or other types of nanowires, can exhibit compliant properties using wrinkles
41

. 

Furthermore, it can lead to biaxial stretchability if the elastomeric substrate is pre-stretched in both 

lateral dimensions
36

. As shown in figure 2.13c, these features have led to the design of more functional 

and highly integrated stretchable electronic systems relying on surface wrinkling
9,13,40,41

. 

The surface wrinkling approach is comparatively simple in terms of fabrication and leads to a 

stretchability of pure metal films in the range of several tens of percent. In the case of buckled 

magnetic nanomembranes, the local out-of-plane tilting on the sides of the wrinkles may cause an 

influence on the sensor response due to the resulting local out-of-plane components of in-plane applied 

magnetic fields. 

2.4.4 Rigid islands 

This approach relies on distributed functional elements or clusters prepared on arrays of rigid islands, 

which are attached to an elastic carrier and electrically linked by highly stretchable interconnects
33,150

, 

as shown in figure 2.14a. These systems resemble a mesh layout with functional nodes and are mostly 

fabricated using transfer printing techniques
151

. 

  

Figure 2.14 | Stiff islands with compliant interconnects for stretchable electronics: (a) Array of stiff 

islands housing CMOS inverters linked by buckled interconnects on an elastic support, in a twisted (top) 

and flat (bottom) state. (b) A similar array using more compliant serpentine bridge designs as 

interconnects stretched in the x- and y direction. (d) 6 x 6 array of µ-LEDs in a mesh design stretched on 

a pencil tip. (c) Encapsulation of the electronic interconnects between two thin polymer sheets of 

polyimide (PI) close to the neutral mechanical plane (NMP). Figure compiled from [17,18,152]. 

Upon stretching, the compliant electrical bridges accommodate the lateral deformation, e.g. by means 

of wrinkling or meander shapes, while the functional islands ideally remain unstrained and just 

increase their distance to each other (figure 2.14b). Hence, it is possible to directly convert established 
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electronic architectures, containing also most brittle and materials, to stretchable systems
1,17,153

, 

without relying on thin film based electronic components, only. This motivated the fabrication of a 

variety of highly functional and stretchable systems using this approach raging from integrated 

circuitry
152

, electronic eye cameras
154

, light emitting diodes
18

 (figure 2.14c), batteries
52

 as well as on-

skin thermal
44

 and implanted physiological sensors
67

. Also, a similar design of reversely compliant 

electronic mesh structures relying on free standing plastic foil without the use of elastomeric materials 

has recently been demonstrated
14

. 

Despite the overwhelming potential in terms of functionality, this approach has the draw back of a low 

spatial yield, since only micro sized elements are distributed with a large separation. No large area 

elements are supported using this technique. Furthermore, strain concentration, usually occurring on 

the hard-to-soft interface at the edges of the rigid islands
155

, demand a particular robustness and 

adhesion of the mesh structures on these locations
156

. Therefore, in most cases, the metallic 

interconnects are encapsulated between two flexible polymer sheets, as shown in figure 2.14d, to 

increase their yield strength. Hence, reliable device fabrication is usually highly demanding and the 

stretchability does not exceed 20% in most cases. 

Table 2.1 | Approaches to stretchable thin film electronics: The table summarizes the key parameter of the 

discussed approaches to achieve stretchability in electronic systems. Images adopted from [1,9,29,141]. 

 

Table 2.1 summarizes the technological approaches to stretchable electronics described above, and 

gives a comparison of the associated key attributes. Beside those mentioned so far, also other 

approaches to stretchable electronics have been demonstrated, including microfluidic circuits using 

eutectic metal alloy
19,157

 or devices relying entirely on intrinsically stretchable materials
37,51

. Despite 

their impressive capabilities, these technologies are not compatible with metallic thin films and thus 

not considered for the preparation of stretchable magnetoelectronic devices in this work. 
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3. METHODS & MATERIALS 

3.1 Sample fabrication    

The giant magnetoresistive sensor elements presented in this work are prepared by thin film 

technologies that are well-established for the deposition onto conventional rigid silicon wafers. The 

choice and preparation of soft substrate materials is a key aspect for a successful realization of 

stretchable magnetoelectronic devices. Furthermore, lithographic patterning processes are utilized to 

structure the functional nanomembranes into defined sensing elements. All important preparation 

details and materials that are used for the different sensor designs throughout this thesis are described 

in this subchapter. Special attention is also given to topographical pre-characterizations of the sample 

surfaces at different fabrication states, as this has a significant influence on the performance of the 

prepared GMR elements. These investigations are done by means of atomic force microscopy (AFM). 

3.1.1 Polydimethylsiloxane (PDMS) 

Stretchable electronic devices usually require stretchable supports they are situated on. Since the 

amount of material used for the substrate typically makes up more than 99% of the entire electronic 

element (roughly 50 µm substrate vs. about 100 nm of active material), it mainly determines the 

mechanical parameters of the final device. The elastic material typically used for stretchable 

electronics is Poly(dimethylsiloxane) PDMS
1,2,25

, which is well-known also in other fields of material 

science
158,159

 and widely used in the food, cosmetics and medical industry. Figure 3.1 shows the 

chemical structure of the PDMS polymer chain, which can macroscopically behave, depending on the 

degree of polymerization n, as an oleaginous liquid, a gel or a viscoelastic solid. The covalent bonding 

angle of about 140° between the backbone atoms gives the polymer chain an intrinsic stretchability
160

. 

However, in order to obtain good elastomeric properties, chemical cross-linking has to be induced, 

which is usually done by means of a curing agent and often at elevated temperatures.  

 

Figure 3.1 | PDMS: Chemical structure of a PDMS polymer chain 

with its characteristic [Si-O]n backbone.  

Cured PDMS features good optical transparency and is non-toxic. The combination of organic and 

inorganic attributes offers several specific properties, which distinguishes this silicone based rubber 

from other polymeric elastomer materials. The large difference in the electronegativity of 1.7 between 

the silicon and oxygen provides the backbone a very strong binding energy, which results in a low 
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flammability and high durability versus temperature as well as UV and oxidizing chemical 

exposure
161

. At the same time, the Si-O single covalent bonds allow for a free torsion along the axis of 

the backbone and in combination with the weak intermolecular van-der-Waals interaction, this imparts 

a very high chain mobility
162

, which is beneficial for the elastic properties even at temperatures as low 

as -100°C. Furthermore, it drives the non-polar methyl side groups to orient towards the surface (to 

air), screening the inorganic chains. This results in a very low surface energy (≈20 mJ/m²) that 

accounts for a strong hydrophobic character and low adhesion of PDMS
160

. Both surface properties 

can be strongly modified by means of a plasma treatment, which breaks up chemical bonds and forms 

reactive radicals. Especially the exposure to oxygen plasma is known to turn the PDMS surface from 

hydrophobic to hydrophilic and allows strong irreversible binding to itself or other plasma activated 

surfaces like glass or oxidized silicon wafers
158

. Under ambient conditions (i.e. in air at room 

temperature), however, these surface transitions decay over a time scale of some minutes, as the so-

called hydrophobic recovery sets in. This is caused by the high chain mobility, which allows untreated 

methyl groups to rapidly migrate to the surface from the bulk phase just underneath, which recreates a 

thin non-polar and inert surface layer screening the just activated parts. Plasma treatment is used in 

this work to adhere magnetic sensor structures to PDMS in a specifically developed direct transfer 

process
163

. 

The stress-strain curve of cured PDMS, as it is used throughout this thesis, for loading and unloading 

is shown in figure 2.10. As discussed in section 2.3.3, in elastomeric materials, a constant Young’s 

modulus can only be defined for small amounts of deformation. For the low strain region, a value of 

EPDMS = 1,6 MPa is determined from the stress-strain experiment. Furthermore, the low hysteresis 

between the loading and unloading curves (<4%) account for the small amount of viscoelasticity 

present in cured and cross-linked PDMS and highlights its good elastic properties. 

3.1.2 PDMS film preparation 

The product used here is Sylgard
®
 184 (Dow Corning) and is shipped as a pre-polymer gel and a liquid 

curing agent. The two parts are thoroughly mixed in a 10:1 ratio and subsequently degassed in a 

desiccator. At room temperature, the pot life of the prepared PDMS blend (i.e. time it needs during the 

curing process to double its viscosity after mixing) is about two hours. In order to obtain elastomeric 

films, it is spin coated onto silicon handling wafers. Beforehand, to allow a gentile peeling of the 

PDMS membrane from the rigid support after sensor fabrication, a thin photoresist film (AZ
®
 5214E, 

Microchemicals) is spin coated on the wafer for 35 seconds at 4.500 rpm and backed on the hot plate 

at 90°C for 5 minutes. This film serves as an anti-stick layer for the PDMS film, which yet endures a 

suitable adhesion to keep it supported during the entire fabrication process. The spin coating of the 

PDMS itself, if not stated differently, is performed at 2.000 rpm for 35 seconds and subsequent curing 

in an oven at 90°C for 30 minutes under continuous nitrogen flow. 
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Figure 3.2 | Surface topography of the PDMS substrate film: AFM 

micrograph of the PDMS film surface after curing. For the shown 

surface section of (2 x 2) μm², the value of the root-mean-square 

roughness is 0.38 nm (scale bar: 500 nm). AFM measurement was 

performed in collaboration with Barbara Eichler (IFW Dresden). 

This procedure described above results in a smooth elastomeric film of 40 µm thickness with the 

elastic properties shown by the stress–strain curve in figure 2.13. The PDMS film is weakly adhered to 

the rigid handling wafer due to the anti-stick layer underneath. As described in section 2.1.3, one of 

the key requirements to the substrate for the growth of GMR layer stacks is the surface roughness 

being as small as possible to avoid the degradation of the sensor performance by local misalignment of 

magnetic moments – the effect known as orange peel coupling
115

. Spin coating is known to lead to 

very smooth films if the medium is homogeneous. Figure 3.2 shows an AFM micrograph of the 

PDMS film surface after curing, which possesses a roughness of only 0.38 nm in the visible area of 

2 x 2 mm
2
. This value is in the same order as for the oxidized surface of a conventional silicon wafer, 

which was determined in a similar measurement to be 0.25 nm. This already gives a promising hint 

towards the qualification of this soft substrate for the preparation of high performance GMR sensor 

structures. 

3.1.3 Lithographic structuring on the PDMS surface. 

A photolithographic lift-off patterning procedure is performed on the prepared PDMS surface to 

structure the GMR films into individual elements of defined size and shape. This renders the 

fabrication process compatible to current microelectronic structuring procedures. The chosen sensor 

design for most of the elements fabricated in this work is shown in figure 3.3a and represents a sample 

stripe of 1 x 16 mm
2
 size equipped with four contact pads for electrical connection. This structure was 

mainly chosen for ease of precise characterization of the fabricated elements, as it allows for reliable 
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four-probe electrical resistance measurements and GMR characterizations, compatible with the used 

magnetoelectric test equipment described in sections 3.2.1 through 3.2.3. For some of the presented 

studies, this design was adapted according to figure 3.3b to obtain a more compliant pattern of a 

serpentine meander, as described in section 2.4.2. 

 
Figure 3.3 | Sensor geometry: Dimensioning of the lithographically 

defined sensor structures. (a) Stripe pattern, which is commonly used 

in this work. (b) adapted pattern of a compliant serpentine meander. 

The lithographic mask of (a) was provided by Dr. Ingolf Mönch (IFW 

Dresden). Figure assembled from [145]. 

For lithographic structuring, a layer of photoresist is spin coated onto the PDMS surface. Due to the 

hydrophobic nature of PDMS, the wetting behavior of the photoresist is poor, which requires several 

adaptions of the established photolithography process valid for rigid substrates and a very careful 

handling during this preparation step. The utilization of an oxygen plasma surface treatment, which is 

usually recommended in the case of bad wettability, results in photoresist material being covalently 

bond to the PDMS surface and remaining after development
160

. This increases the roughness of the 

substrate surface in these areas to about 1.8 nm, as shown in figure 3.4, which is unfavorable for the 

deposition of magnetoelectronic layer stacks. Among the available photoresists, the chosen 

AZ
®
 5214E (Microchemicals) provides the best wettability on PDMS. For spin coating, it is poured 

onto the rubber film fixed into a well leveled spin coater, until it is spread over the entire sample 

surface. Spinning starts immediately with a short pre-coating step at 500 rpm for 2 seconds, followed 

by 3,500 rpm for 30 seconds with acceleration of 6,000 rpm/s. A gentle breeze of dry nitrogen on the 

film during spinning promotes fast drying. The regular pre-backing on a hot plate results in the 

formation of many cracks in the photoresist film and is therefore avoided. These cracks induce paths 

of conductive material in the final sensor structure, which may result in electrical short-cuts. Instead, 

the spin coated substrate is quickly transferred for 20 minutes into a nitrogen flow oven at 90°C before 

dewetting sets in. This results in a significant reduction of cracks in the cured photoresist film. 
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Figure 3.4 | Plasma treated PDMS surface after photoresist 

development: AFM micrograph of the PDMS film surface, which 

was subjected to oxygen plasma (30 W for 30 seconds) to enhance its 

wettability. The image was recorded after the lithographic processing, 

on an area where the photoresist film was removed by the developer. 

For the shown surface section of 2 x 2 μm², the value of the root-

mean-square roughness is 1.8 nm. Further developing did not improve 

the value significantly (scale bar: 500 nm). AFM measurement was 

performed in collaboration with Barbara Eichler (IFW Dresden). 

UV exposure is performed in a mask aligner (MA56, Süss microtech) equipped with a mercury-vapor 

light source for 13 seconds through a mask containing positive patterns of the sensor layout. The 

structures are developed in the corresponding AZ 726 developer for 70 seconds, which results a good 

edge quality. Subsequently, the thus prepared substrates are rinsed in deionized water for at least 

10 minutes and dried by means of a nitrogen gun. 

3.1.4 Magnetic thin film deposition 

The fabrication of functional magnetoelectronic layer systems requires the successive deposition of 

magnetic and non-magnetic thin films with excellent interface qualities. The standard technique for 

this purpose is magnetron sputter deposition95
, which relies on the ejection of atomic species from thre 

target material due to a plasma ion bombardment, as schematically shown in figure 3.5a. The use of 

magnetron sputtering techniques allows for deposition at lower process pressures. This results in less 

contaminations from built in process gas atoms in the growing film. The accurate layer thickness 

control (sub-Å regime) provided by this method is in particular important to precisely tune the 

interlayer exchange coupling in GMR multilayer structures, especially at the 2
nd

 AFCM. Careful 

management of the process parameters can also lead to manipulate built in stresses during deposition.  
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Figure 3.5 | Magnetron sputter deposition: Schematic illustration of DC magnetron sputtering. 

Step 1: The plasma ionizes process gas atoms, which are accelerated towards the target. 

Step 2: The ion impact ejects atoms from the target material that drift through the chamber. 

Step 3: Condensation of sputtered atoms from the gas phase leading to film growth on the 

substrate. (b) Magnetron sputter deposition setup used to prepare GMR stacks in this work. 

(c) Circular configuration of 8 magnetrons mounted on the top of the vacuum chamber. The 

system is mainly operated and maintained by Irina Fiering and Rainer Kaltofen (both 

IFW Dresden). 

The magnetron sputter system used throughout this work is an in-house design of an 8 target chamber 

with a load lock, as introduced in figure 3.5b. The base pressure is 1 x 10
-7

 mbar. The setup is 

equipped with 3 direct current (DC) and 3 radio frequency (RF) generators that can be assigned to 

each of the targets. The water cooled magnetrons are arranged in a circular layout (figure 3.5c), which 

allows the substrate to be easily positioned below each target by means of an internal horizontal 

transfer carousel. This allows freely choosing the number, order and thickness of the target materials 

to be deposited on up to eight substrates in a single process. Besides a stationary deposition routine 

(shutter is opened for a defined period of time while the substrate rests below it), the circular 
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arrangement allows for an intermittent deposition were the shutter remains opened while the carousel 

constantly rotates below the glowing plasma discharge for a defined number of rounds with a fixed 

speed. The latter routine takes advantage of introduced vacuum interfaces, since the slowly growing 

film surface remains in the process atmosphere for the time of rotation until it passes the open shutter 

again. During this time, remnant gases adsorb at the surface and act as a surfactant during the sputter 

process, which leads to smoother film surfaces and thus higher interface qualities in multilayer 

systems
164,165

. Furthermore, it results in a more homogeneous film thickness across the substrate area 

by eliminating the deposition rate variation in the tangential direction of the carousel rotation, which is 

beneficial for larger sample sizes or arrays. All depositions are performed at room temperature under 

an Ar atmosphere of 7.5 x 10
-4

 mbar. The deposition rate is typically in a range of 1-2 Å/s, depending 

on the material and plasma power. The magnetron sputtered nanomembranes exhibit a polycrystalline 

microstructure with a pronounced (111) texture and an average lateral grain size of ≈20 nm
145

. 

3.1.5 GMR layer stacks 

As described in sections 2.2.3 and 2.2.4, different kinds of magnetic layer stacks can be used to create 

thin films with giant magnetoresistive properties
95

. In this work, mainly GMR multilayers 

(figure 3.6a) but also spin valve stacks (figure 3.6b) are deposited onto the prepared elastomeric films 

using the procedures described above. In case of GMR multilayers, four different stacks are used, 

which all have their unique features in their magnetoelectric response, according to the respective 

magnetic properties and coupling strengths (as described in sections 2.1.1 and 2.2.3)
166

. The exact 

layer sequences are as follows: 

Co/Cu multilayer in the first AFCM ([Co Cu⁄ ]50
1st

):   Co(1)/[Cu(1.2)/Co(1)]50 

Py/Cu multilayers in the first AFCM ([Py Cu⁄ ]50
1st

):  Py(1.9)/[Cu(0.9)/Py(1.9)]50 

Co/Cu multilayers in the second AFCM ([Co Cu⁄ ]30
2nd

):  Co(1)/[Cu(2.2)/Co(1)]30 

Py/Cu multilayers in the second AFCM ([Py Cu⁄ ]30
2nd

):  Py(1.5)/[Cu(2.3)/Py(1.5)]30 

All thickness values are given in nm and Py denotes the soft magnetic permalloy (Ni81Fe19). Copper is 

used as the spacer layer, as its ductile properties provide high mechanical resilience upon 

deformation
7,45

. The sputter parameters for all multilayer systems are optimized to result in the 

maximum GMR response. After deposition, the GMR films on PDMS are smooth with a surface 

roughness of below 1 nm and no buckles or microcracks are observed
145,164

. This indicates only low 

lateral stresses being built into the deposited multilayers during sputtering. A detailed description of 

the specific features and magnetoelectric characteristics of the four systems prepared on elastomeric 

supports
166

 can be found in the results chapter (section 4.1.5). 
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Figure 3.6 | Deposited GMR layer stacks on PDMS: (a) GMR multilayer stack 

consisting of ferromagnetic and non-magnetic metal layers in an alternating order. 

Depending on the choice of the ferromagnet and the AFCM (depending on the exact 

layer thicknesses) four different multilayer systems were realized. 50 and 30 double 

layers were used for the first and 2
nd

 AFCM, respectively. (b) Layer structure of a 

symmetrical top-pinned spin valve (thicknesses given in nm). Depositions were 

mainly performed by Irina Fiering and the spin valve stack was designed and 

optimized in collaboration with Gungun Lin (both IFW Dresden). 

In addition to the GMR multilayers, a spin valve layer stack was employed on similarly prepared 

PDMS substrates to create stretchable GMR sensors with high sensitivities and to demonstrate the 

potential of the developed technology for more complex magnetoelectronic systems
167

. The 

unconventional substrate demands a few adaptions in the stack design and preparation process in this 

case. Since spin valves rely on the exchange bias effect, an antiferromagnetic layer is incorporated in 

the respective stack. Typically this antiferromagnetic order is induced after the deposition by magnetic 

field cooling
117

. This procedure involves heating the entire deposited GMR film to above the Néel 

temperature of the used antiferromagnet and subsequent cooling back to room temperature in the 

presence of a homogeneous magnetic field. The applied field sets the direction of the antiparallel spins 

in the antiferromagnet and thus defines the pinning direction of the adjacent ferromagnetic layer by 

means of exchange bias. Since the Néel temperature for most antiferromagnetic films is too large for 

elastomeric substrates, this method cannot be used. In this work, radio frequency (RF) sputtered 

Ir19Mn81 thin films, having a Néel temperature of about 670 K at the employed thickness, are used as 

the antiferromagnetic layer, which are well-known for this purpose
168,169

. In order to induce the 

exchange bias without field cooling, two permanent magnets were mounted below the sample holder 

to provide a static in-plane magnetic field of ≈1 kOe on the substrate surface during the whole 

deposition
167

. This field is able to induce the magnetic order in the growing IrMn layer at room 

temperature, provided that it is deposited directly onto an already existing ferromagnetic layer
168

. 

Therefore, a top-pinned spin valve design, as illustrated in figure 3.6b, was chosen for the preparation 

onto the soft substrates, where the ferromagnetic sensing layer (free layer) lies underneath the 

antiferromagnetic film. 
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Figure 3.7 | Built-in stress in the Ta seed layer on PDMS: AFM 

micrograph of the 4 nm Ta film used as seed layer for the spin valves 

deposited onto the prepared PDMS substrate (scale bar: 5 µm). AFM 

measurement was performed in collaboration with Barbara Eichler 

(IFW Dresden). Figure is taken from [167]. 

The complete layer sequence for the spin valve studied in this work is: 

Ta(2)/Ir19Mn81(5)/[Ni81Fe19(4)/Co90Fe10(1)]/Cu(1.8)/[Co90Fe10(1)/Ni81Fe19(4)]/Ta(4). 

The 4 nm Ta seed layer grows with a large built-in stress, which is evidenced by an AFM 

measurement shown in figure 3.7. Since the metal is deposited onto a soft PDMS surface, the 

compressive stress is able to relax by forming an extended random wrinkle pattern with a 

characteristic period of Ta = 800 nm. From the AFM data the areal expansion of the Ta buffer layer 

upon deposition was extracted to be 6.6%. Hence, the subsequently deposited layers are grown onto 

this randomly wrinkled surface. An AFM investigation of the final spin valve morphology is included 

in the results chapter (figure 4.12a,b) together with a discussion of its influence on the stretchability 

and magnetoelectronic properties. 

 

Figure 3.8 | Sample after deposition: A sketch of the pre-final 

sample structure after the deposition of a GMR nanomembrane onto 

the lithographically processed PDMS surface. Figure taken from [6]. 
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The sensor samples after the deposition of GMR thin films onto the prepared substrates, as they are 

illustrated in figure 3.8, have to be lifted with acetone in order to finalize the lithographic patterning 

process. Dipping the specimen into the solvent would result in a strong swelling of the PDMS film 

causing the thin magnetic nanomembrane on top to crack and be destroyed within a few seconds. 

Instead, careful rinsing in acetone interrupted by drying with a nitrogen gun is necessary. Several 

iterations of rinsing and drying are performed in order to completely strip the parts deposited onto the 

developed photoresist and reveal the final sensor structure. Besides the spin coating of the photoresist 

onto PDMS this is the most delicate part of the sample preparation. The final preparation steps, 

e.g. the peeling of the PDMS film from the handling wafer to receive the GMR film on free-standing 

rubber membranes, are described in the respective results sections (4.1.1 and 4.2.1). 

3.1.6 Mechanically induced pre-strain 

For the fabrication of stretchable GMR elements, the generation of pre-strain in the elastomeric 

substrates is a key aspect. Besides thermal treatments, the mechanical induction of high strains by 

stretching is applied. In the case of uniaxial pre-strain, this could be done in a controlled way using a 

conventional vernier caliper, as shown in figure 3.9a. In order to allow also the generation of high 

biaxial pre-strain, a self-made holding frame was used, in which an elastomeric film could be stretched 

and fixed by four binder clips (figure 3.9b). The holding frame had to be designed in a way, that it 

completely fits into the available oxygen plasma chamber (Femto VA, Diener) to perform plasma 

activation of a PDMS film in the pre-stretched state.  
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Figure 3.9 | Mechanical pre-strain fixtures: Photographs of uniaxially (a) and 

biaxially (b) pre-strained rubber films in their respective fixtures used in this work. 

The frame and clamps shown in (b) fit into the oxygen plasma chamber for plasma 

activation of the pre-stretched substrate. (c) Expanding diaphragm apparatus 

designed for the controlled dynamic application of biaxial pre-strain to a rubber 

membrane (top: relaxed state, bottom: expanded state, scale bars: 10 mm). The 

fabrication and photography of the apparatus in (c) was done in collaboration with 

Daniil and Dmitriy Karnaushenko (both IFW Dresden). Figure partially compiled 

from [7,163]. 

An alternative approach to generate large biaxial pre-strains relies on a sealed rubber film being 

inflated as a diaphragm, as shown in figure 3.9c. Therefore, a 50 x 50 mm
2
 piece of VHBTM 4905 F 

viscoelastic double side adhesive tape (from 3M) is spanned over the circular edge of a plastic tray 

(55 mm diameter) and sealed to create a waterproof chamber. A fluidic tubing is connected to the back 

end of the tray to be able to flood the chamber with water through an inlet and expand the stretchable 

VHB membrane. The injection of water into the supply tubing is done manually using a syringe. This 

apparatus also allows a controlled dynamic application of biaxial pre-strain to a stretchable sensor 

mounted on top of the diaphragm. The areal strain applied at this central position of the stretchable 

membrane is estimated using side-view photographs (shown in figure 4.30d) as follows: From the 

ratio of lengths of the meridian (along the photographic plane) on the inflated membrane surface lm 

and the distance of its two fixed edge points (i.e. the diameter of the plastic tray edge) ld one can 

retrieve the total strain of the diaphragm along this meridian. Assuming rotational symmetry of tensile 
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strains in the diaphragm around its axis
18

, the respective areal strain at the top point, according to (2.8), 

is given by (lm / ld)
2
 - 1. This value is associated with the amount of water inside the expanding 

chamber, which is controlled by the scale on the pumping syringe. The diaphragm apparatus was also 

integrated into the GMR setup (described in section 3.2.1) to perform in situ biaxial deformations for a 

thorough characterization of the magnetoresistive sensors studied in section 4.4.5. 

3.1.7 Methods and materials for the direct transfer of GMR sensors 

In this work, besides the direct deposition of GMR films onto elastomeric substrates, other fabrication 

approaches are applied in order to enhance the compliant properties of magnetoresistive sensor 

elements. This also involves a specifically developed fabrication process, which is inspired by well-

known transfer printing techniques
170

. Transfer printing has evolved to one of the most promising 

techniques for the fabrication of stretchable systems
151,171

. There are a variety of methods united under 

this notation, however, most of them rely on a micropatterned stamp, usually made of PDMS, that 

selectively takes up structures of inks, thin films or functional elements weakly bound to a donor 

substrate and releases them on a receiving surface in a second printing step
151

. The receiving substrate 

can be of almost arbitrary kind including flexible, elastic and non-planar membranes. Three of the 

main modes for transfer printing are demonstrated in figure 3.10. Often complex systems are build up 

on the receiving substrate by successive printing of layers or functional components, which involves a 

thorough alignment of sequential printing steps to the already printed parts
172

. 

 
Figure 3.10 | Basic modes for transfer printing: Schematic 

illustration of (a) additive transfer, (b) subtractive transfer and 

(c) deterministic transfer. Figure adopted from [151]. 
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The transfer process for magnetoelectronic devices developed here represents a significant outcome in 

the scope of this work. The general description of the procedure is given in the results 

chapter (section 4.3.1) and only some fabrication details are provided in this section.  

The direct transfer is facilitated by a sacrificial layer on the rigid donor substrate, which allows the 

preparation of advanced GMR sensor systems on its surface. Ca
2+

 metal cross-linked poly(acrylic 

acid) (PAA) was applied for this purpose
173

. Therefore, PAA of Mv = 450,000 g/mol (Sigma–Aldrich 

Co. LLC) was dissolved to a concentration of 4%(w/v) in deionized (DI) water at 60°C in a shaking 

incubator for 24 h. The resulting solution was diffusively transparent because of the higher molecular 

weight fractions of the PAA. These fractions were separated and removed by centrifugation at 

3,000 rpm for 2 h in 25 ml tubes. The transparent PAA solution was then spin coated on the surface of 

Si wafer substrates at 3,500 rpm for 35 seconds, resulting in a film thickness of about 80 nm. After 

spin coating, the substrate was subjected to cross linking in an aqueous 1 M solution of CaCl2 (Sigma–

Aldrich Co. LLC) with subsequent rinsing in DI water. The prepared substrates were prebaked at 90°C 

for 5 minutes before the lithographic processing. 

 

Figure 3.11 | Surface topography of the PAA sacrificial layer: 

AFM micrograph of the 80 nm Ca
2+

 cross-linked PAA film surface on 

a silicon wafer, used as sacrificial layer for the transfer of GMR 

sensor systems. For the shown surface section of 2 x 2 μm², the value 

of the root-mean-square roughness is 0.8 nm. (scale bar: 500 nm). 

PAA films were prepared in collaboration with Daniil Karnaushenko 

and the AFM measurement was performed in collaboration with 

Barbara Eichler (both IFW Dresden). Figure is taken from [163]. 

Figure 3.11 shows an AFM investigation of the bare PAA sacrificial layer surface. Its inert properties 

and low roughness of only 0.8 nm renders possible the fabrication of micro sized GMR layer systems 

with multiple lithographic patterning steps. This eliminates the need for certain adaptions necessary on 
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the delicate PDMS surface, as described in section 3.1.3, and allows using standardized procedures. 

For the preparation of microsensor arrays, electrode structures were patterned in a second 

photolithographic step using a mask aligner (MJB4, Karl Suss). Cr(5)/Cu(50) was used as the 

contacting materials that were deposited by e-beam evaporation (all thicknesses are given in nm). 

3.1.8 Materials used for imperceptible GMR sensors 

A further substrate that is used for the preparation of compliant GMR sensor elements are ultrathin, 

1.4 μm polyethylene terephthalate (PET) membranes. This foil is commodity scale and commercially 

available (Mylar® 1.4 CW02, Pütz GMBH + Co. Folien KG) and was kindly provided by Martin 

Kaltenbrunner (Univ. of Tokyo/JKU Linz). It is temporally self-adhered to a reusable, 125 µm thick 

polymer handling support coated with a thin layer of PDMS. Van-der-Waals adhesion allows for both, 

device handling during lab-scale fabrication processes and subsequent detachment and transfer of the 

final element to other substrates and surfaces. The PET foil is fully compatible with the standard 

lithography and lift-off processes, which allows for accurately patterned individual devices, yet large 

area low-cost manufacture. The 1.4 µm-PET-foil exhibits a rough surface (29 nm root mean square 

roughness over the displayed area of 40 x 40 mm
2
) as evidenced by an AFM measurement presented 

in figure 3.12. Although such a high roughness tends to significantly suppress the occurrence of the 

GMR effect especially in multilayers due to magnetostatic orange peel coupling, functional GMR 

elements facilitating high GMR ratios could be deposited onto this substrate material, as presented in 

section 4.4.1.  

 

Figure 3.12 | Surface topography of the ultrathin PET foil: 

(a) AFM image of the PET surface revealing a root mean square 

roughness of 29 nm throughout the entire scan area of 40 x 40 µm
2
. 

(scale bar: 10 µm). AFM measurement was performed in collaboration 

with Barbara Eichler (IFW Dresden). Figure is taken from [7]. 
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Since the stretchability of the PDMS elastomer is limited to about 100%, an alternative rubber material 

is used for the preparation of highly stretchable GMR sensors. VHB 4905 F is a commercially 

available double sided adhesive tape with a very high stretchability exceeding 1,000%
76

. VHB is an 

optically transparent, very soft acrylic and exhibits highly viscoelastic properties. In research, it is 

well-known for the preparation of dielectric elastomer actuators and soft robotics
39,174

. The product 

used in this study (section 4.4.4) is a roll of 50 mm width and a thickness of 0.5 mm. 

3.2 Characterization    

The most important setup for the evaluation of stretchable GMR sensor elements is a stage for 

magnetoelectrical characterization, which features the possibility to also automatically measure 

samples that are stretched in situ on demand in a controlled manner. First, the working principle of the 

experimental setup is explained and the characterization procedures are defined in this subchapter. A 

further focus lies in a description of the experiences for a reliable electrical contacting of stretchable 

sensor devices, as this is a key aspect for their successful characterization. Other experimental 

methods that are used to obtain relevant information about the microscopic sample structure are also 

introduced. 

3.2.1 GMR characterization setup with in situ stretching capability 

The magnetoelectrical characterization of the prepared sensor elements was conducted in a GMR 

measurement setup. It performs on-line four-probe resistance measurements on the sample located 

between the pole shoes of a water cooled electromagnet while sweeping the magnetic field. The setup 

is fully computer controlled and features a feed-back based control of the magnetic field strength upon 

sweeping. For a GMR measurement, the field is applied in the sample plane along its stripe geometry 

starting with the maximum value of a defined field range. The sample resistance is recorded on the 

control PC for a double sweep back and forth through this range in order to include occurring 

hysteresis effects of the magnetoresistance. For each resistance measurement, the magnetic field is 

stabilized by the automated feedback routine using the signal from a reference Hall probe. The 

obtained data is translated into the characteristic GMR curves using equation 2.3. 

In order to evaluate the performance of the stretchable GMR sensors with respect to tensile 

deformations, a motorized in situ stretching module for the existing GMR characterization setup 

(figure 3.13a) was designed and constructed in collaboration with the research technology department 

of the IFW Dresden. It allows applying defined tensile strains on a sample, which is mounted inside 

the electromagnet using two clamps. Hence, GMR curves can be recorded while the specimen is in a 

stretched state. The stretching module also features a measurement of the applied force, which was 

used as a supervision parameter to exclude that the sample was loosening from or creeping out of the 

mounting clamps during the experiment. A schematic sketch of the setup with in situ stretching 
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capabilities is displayed in figure 3.13b, including the identifiers of the used commercial periphery 

electronic modules.  

 
Figure 3.13 | GMR characterization setup with in situ stretching capability: (a) The 

specifically designed in situ stretching module mounted inside the electromagnet of the GMR 

characterization setup. (b) Schematic sketch of the computer controlled setup with periphery 

electronics (image provided by Torsten Seidemann). The stretching module and control software 

was designed and constructed in collaboration with the research technology department (IFW 

Dresden). Figure compiled from [7]. 

The software of the setup was adapted to implement the electric motor control for automated 

measurement processes. Two characterization procedures were used in this work. For the first one, the 

sample is stretched by a defined amount with a rate of 100 µm/s before a GMR curve is recorded and 

stretching proceeds. This alternation is repeated until the electrical contact is lost, which defines the 

maximum strain the sensor can accommodate. In the second procedure, a repeated loading and 

unloading within a defined strain interval is performed with a rate of 150 µm/s and 1 second delay at 

the reversal points (cyclic loading). After a defined number of loading cycles, a GMR curve is 

recorded at the lowest and highest strain level of the interval, respectively, before cycling proceeds. 

This procedure should reveal the long-term behavior of the prepared sensors under dynamic 

mechanical impact. In both cases, initial GMR curves are recorded and a delay time of 30 seconds 

between stretching and GMR measurement is included to minimize resistance drifts. In the stretching 

experiments, the magnetic field was applied along the short axis of the patterned sample stripes. 
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3.2.2 Sample mounting 

The mounting of the elastic samples between the clamps of the stretching module is critical for an 

accurate determination of the sensor deformation. Especially for small applied strains, the 

establishment of the initial state associated with zero strain is very important. Therefore, a 

3 mm x 5 mm x 50 mm bar piece of PDMS (thickness/width/length) is fixed between two mounting 

clamps and pre-stretched by about 20%. The actual GMR sample is then attached on top of this elastic 

holding bar (figure 3.14a). The PDMS bar was prepared by mold casting onto a clean polished Si 

wafer, therefore featuring a very smooth surface. This provides a good van-der-Waals adhesion to the 

sample. This method ensures on the one hand that there is minimal strain on the sample at the initial 

state and on the other hand that there is no slack as well and the sample is indeed stretched as soon as 

the separation of the clamps is increased. It was checked that the strain applied to the holding bar is 

completely transferred to the corrugated GMR multilayer films in this piggyback configuration. High 

resolution optical microscopic imaging was applied to determine the actual strain on a test sample in a 

calibration measurement. Figure 3.14b shows the measured strain on the wrinkled GMR film  versus 

the strain applied to holding bar appl. The dependence is close to linearity and in good agreement with 

a slope equal to one, proving the strain being completely transferred to the investigated sample in the 

measured range of up to 40%.  

 

Figure 3.14 | Sample mounting in the linear stretching module: (a) Stretchable 

GMR sensors mounted and contacted on a pre-strained PDMS holding bar for 

defined stretching. (b) Calibration between applied and measured strain in the 

piggyback configuration shown in (a). The linear fit (dashed line) reveals a slope 

very close to unity (gray line). (c) Highly stretchable GMR sensor on VHB directly 

mounted to the clamps of the stretching module. The image also shows the four 

contact clamps and the reference Hall probe used for the experiments. Figure 

partially compiled from [167]. 

For higher stains, the GMR sensors tend to peel away from the holding bar. Samples with higher 

stretchabilities (i.e. those prepared on VHB instead of PDMS) are directly mounted between two 

holding clamps and their separation was adapted until the slack was removed, as shown in 
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figure 3.14c. The absolute inaccuracy of the initial zero strain state (±≈0.1 mm for an initial clamp 

distance of >10 mm) is negligible for applied strains exceeding 100%. In order to characterize sensors 

under biaxial stretching, the diaphragm apparatus shown in figure 3.9c with a sample attached to the 

center of the expandable VHB membrane is introduced between the pole shoes of the electromagnet 

instead of the linear stretching module. Two probe resistance measurements are used in this case. 

Since the inflation of the diaphragm was controlled manually using a syringe, the automated 

measurement procedure could not be used for stretching. The tensile strain is controlled by fixed 

amounts of water being pumped into the chamber, which are calibrated as discussed in section 3.1.6. 

3.2.3 Electrical contacting of stretchable sensor devices 

The realization of the reliable interface from the soft functional elements to the rigid parts, like power 

sources or signal processing units, is a very crucial aspect. Especially in the case of high tensile 

deformations or repeated loadings, the electrical contact points of wires to the contact pads of the 

stretchable elements tend to fail much earlier than the occurrence of fatigue of the actual device under 

investigation
167

. 

The linear stretching module described above uses four test tips, which are able to firmly contact thin 

wires, as the interface to the Keithley K2000 multimeter for the four-probe resistance characterization, 

as shown in figure 3.14c. Different approaches for a reliable contacting of the fabricated GMR sensing 

elements to 100 µm enameled copper conductors were tested during the progress of this work. While 

for tensile strains below about 10% it was sufficient to use regular silver paste (Acheson Silver DAG 

1415) for contacting the specimen to thin copper wires, the contact tend to become more and more 

unreliable for higher strains. Tin soldered contacts on a PDMS membrane was found to be possible as 

well, if the top layer of the GMR stack is a solderable material. The reliability versus stretching, 

however, was only slightly better than for silver paste contacted samples. The rigid bond created by 

these methods concentrates applied stresses on its edge, leading to the early failure of the contact. The 

application of acoustic wedge bonding to decrease the size of the bonds was tested but found to be not 

appropriate on soft substrates. A variety of soft conductive materials was tested to realize an 

alternative contact bond, including carbon grease
39

 (MG Chemicals), conductive epoxy adhesive (Epo-

Tek H27D, Epoxy Technology) as well as a currently developed polyaniline based conductive 

rubber
175

. Those attempts, however, were even less successful, because the material’s conductivity was 

either too low or the electrical contact too noisy for reliable GMR measurements.  

The method that could successfully be applied for the reliable characterization of highly stretchable 

GMR sensors even far above 100% strain is the one presented in figure 3.14c. The sample structure 

was slightly adapted by elongated contact pads (4 mm in total) that reach sideways beyond the 

stretchable support clamped inside the stretching module (i.e. the PDMS holding bar or the VHB 

tape). These free-standing soft yet not expanding contact pads could easily be contacted with copper 

wires using conventional conductive silver paste. With this method a reliable four-point 
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characterization of the functional GMR elements even under numerous loading cycles was achieved 

for the highly stretchable GMR sensors
7
 described in section 4.4.4. 

3.2.4 Customized demonstrator electronics 

In order to display the sensor signal in an accessible way for demonstration purposes, an electronic 

circuit was designed and assembled by Daniil Karnaushenko (IFW Dresden) that could translate the 

sensor signal onto a linear array of LEDs or process it for a data acquisition on a PC. Figure 3.15a 

shows the circuit diagram of one of a total of four channels of the final circuit as well as a photograph 

of the assembled board (figure 3.15b). The sensor’s response to an applied magnetic field is detected 

by measuring the changes in its resistance by a two-probe measurement. The sensor supply current, 

produced by a constant current generator circuit implemented directly on the acquisition device, could 

be set in a range of 1 to 60 mA using a potentiometer. For the GMR sensor devices in this work the 

supply current is set to 20 mA. The voltage signal from the sensor is enhanced by a three stage cascade 

amplifying circuit (Amp. 1-3). The amplification and offset can be manually adjusted to fit to the input 

range of an analog-to-digital converter (ADC) embedded in a microcontroller unit (MCU) C8051F342 

of the acquisition device. The acquired data is processed in the MCU and displayed on a linear array 

of 8 LEDs or sent to a PC via universal serial bus interface (USB2.0) at a rate of 2,000 measured data 

points per second. This circuit is used for the demonstration of bias-free in-flow detection of magnetic 

particles (section 4.1.6) and an on-skin magnetic proximity sensor (section 4.4.3). 

 
Figure 3.15 | Signal conditioning and amplifying circuit. (a) The circuit diagram 

of one channel of the self-made acquisition device, connected to a GMR test 

sample (left), used for demonstration purposes (image provided by Daniil 

Karnaushenko). (b) Photograph of the entire circuit board, the array of LEDs is 

highlighted (red dashed frame) and the USB port is labelled. Circuit designed and 

assembled by Daniil Karnaushenko (IFW Dresden). Figure partially adapted 

from [7]. 
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3.2.5 Microscopic investigation techniques 

Besides regular optical and atomic force microscopy (AFM) other techniques are used throughout this 

work to obtain relevant microscopic information of the prepared GMR elements. These micrographs 

reveal structural and morphologic features also during a mechanical deformation of the sensor devices 

and help to understand their influence on the magnetoelectric responses. 

The first method to mention in this respect is confocal microscopy. This type of optical microscope 

features an extremely narrow focal plane, which is obtained by means of a tiny pinhole aperture in the 

optical path of the light reflected from the sample. The pinhole cancels light contributions that come 

from planes on the sample that are not confocal to it. By strongly focusing the incoming light, the 

detected volume on the specimen can be confined also laterally. In order to get a microscopic picture 

of the object, 3D scanning is used. The reconstructed data represents a 3D contour replica of the 

reflective sample surface. The microscope device used in this work is a laser scanning confocal 

microscope (Keyence VK-X210) featuring a blue laser diode light source (ex = 408 nm). This 

facilitates a lateral accuracy of 0.2 µm and a vertical resolution down to 10 nm. With its touchless 3D 

imaging capabilities it is a perfect tool for the investigation and measurement of microscopically 

wrinkled metallic surfaces on soft supports. The one major restriction of this technique is related to a 

maximum local tilt of the reflective surface, above which the intensity of the light reflected back to the 

objective is too low for detection. This leads to signal faults at the wrinkle sides if their amplitude to 

wavelength ratio exceeds a certain value (≈0.5 in the case of the smooth metalized surfaces used here). 

In some cases it is beneficial to have cross-sectional views of the wrinkled metal films available to 

reveal buried structural features. For this purpose, focused ion beam (FIB) milling is utilized on an 

NVision 40 Cross-beam station (Zeiss). It uses a beam of gallium ions, which is electrostatically 

focused, to locally remove material from a specimen in a high vacuum environment. This can cut 

trenches with a clean edge of several micrometers depth into almost arbitrary materials. Before 

cutting, a carbon bar is deposited on the cut edge in situ to stabilize the topographic structure of soft 

materials. The cut edge can be directly investigated by scanning electron microscopy (SEM), under a 

tilt angle of 54°, which is incorporated in the cross-beam workstation. The tilt corrected images are 

used as a cross sectional view of the wrinkled magnetoelectronic films in this work to verify layer 

adhesion or reveal the occurrence and nature of cracks. 
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4. RESULTS & DISCUSSION 

4.1 GMR multilayer structures on PDMS    

In order to obtain stretchable magnetoresistive sensors, thin film based GMR layer stacks, which are 

well-known on conventional substrates, were fabricated on rubber supports. As a first step, the 

potential of GMR multilayers directly structured and deposited on elastomeric PDMS films will be 

investigated. The GMR performance and sensitivity are set in relation to similar multilayers on rigid 

silicon substrates. Several relevant effects and phenomena will be addressed and described, that arise 

if the magnetic nanomembranes are prepared on free-standing PDMS membranes. The potential and 

versatility of soft magnetic sensor elements for different application fields are demonstrated on a 

proof-of-concept level. The subchapter closes with the first stretchability tests, and in situ GMR 

characterizations. 

4.1.1 Pre-characterization 

The preparation of lithographically structured GMR elements on a PDMS film spin coated on a silicon 

handling wafer equipped with an anti-stick layer is already described in sections 3.1.2 through 3.1.5. 

To begin with, GMR multilayers of [Co Cu⁄ ]50
1st

 investigated as the initial test system. A resultant array 

of sensor elements is presented in figure 4.1a. In order to obtain specimens on free-standing 

stretchable membranes, the PDMS film was cut and then individual elements were peeled from the 

rigid silicon wafer, as shown in figure 4.1b. Due to the anti-stick layer underneath, the spin coated 

PDMS film was gently released upon peeling along the patterned GMR structure without too much 

expansion. The final samples were free-standing 40 µm thick PDMS rubber membranes coated with 

photopatterned GMR multilayer structures (figure 4.1c). 

 

Figure 4.1 | Peeling of GMR multilayers on PDMS from the handling wafer: (a) Array of photopatterned 

[Co Cu⁄ ]50
1

st

 multilayers on a PDMS coated silicon wafer (scale bar: 10 mm). (b) Peeling of an individual 

GMR element from the rigid silicon support by means of the anti-stick layer. (c) Photopatterned [Co Cu⁄ ]50
1

st

 

multilayer element on a free-standing PDMS membrane of 40 µm thickness. Figure taken from [6]. 

Figure 4.2a shows the GMR ratio measured at room temperature for [Co Cu⁄ ]50
1st

 multilayers on 

different substrates. The GMR curves obtained from samples prepared in the same deposition run on 

rigid silicon wafer without (SiOx) and with PDMS coating (PDMS/SiOx) are very similar. A 
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maximum GMR value of more than 50% is obtained on both substrates, which is a typical value for 

Co/Cu based GMR multilayers
176

. Furthermore, the GMR characteristic does not change after the 

sample is peeled off the silicon wafer (PDMS). Hence, the magnetic sensing capabilities of GMR 

multilayer elements on free-standing rubber membranes are as good as on conventional rigid silicon 

substrates
6
. The absolute sensor resistances for the three cases, as given in the caption of figure 4.2, are 

also found to be very comparable. An explanation for the slightly decreased sensor resistance after 

peeling will be given in section 4.1.3. 

 
Figure 4.2 | Characterization of GMR multilayers on PDMS: (a) GMR curves of [Co Cu⁄ ]50

1
st

 elements 

grown on rigid silicon wafer (; R0 = 15.3 Ω), PDMS coated silicon wafer (; R0 = 15.9 Ω) and free-

standing PDMS membrane (; R0 = 15.0 Ω). Even after the sample is peeled from the SiOx wafer, the GMR 

performance remains unchanged. (b,c) Photographs (top) of the PDMS/SiOx and PDMS samples, 

respectively and optical micrographs (bottom) of the sections highlighted by the dashed squares. All scale 

bars: 200 µm. Figure compiled from [6]. 

Although the GMR performance of the devices on freestanding PDMS membranes and on PDMS-

coated silicon wafers is similar, the morphology of the samples is found to be substantially different. 

Figure 4.2b,c shows photographs and optical microscopy close-ups of a GMR multilayer on top of the 

PDMS surface before and after the rubber was released from the rigid substrate. When the rubber film 

is still attached to the silicon wafer, the metal film is smooth, which indicates low intrinsic stresses 

during the deposition of the GMR multilayers
100

. On the peeled rubber membrane, however, the 

formation of buckles is observed (bottom of figure 4.2c), which will be explained in detail in the 

following section. 

4.1.2 Thermally induced wrinkling 

The observed wrinkling of the GMR layer upon peeling (figure 4.2c) results from the curing of the 

spin-coated PDMS films at an elevated temperature during its fabrication, as described in 

chapter 3.1.2. The thermal shrinkage of the cured rubber film upon cooling down is suppressed in the 

lateral directions by the rigid silicon wafer it is attached to. This suppression is due to a large 

mismatch of the thermal expansion coefficients  of the two materials (PDMS = 9.6 * 10
-4

 K
-1

 vs. 

Si = 2.6 * 10
-6

 K
-1

). As a result, a significant part of the thermal contraction of the rubber is “stored” 

by means of a compressive lateral stress arising inside the elastic PDMS film. This stress is maintained 
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during the structuring and sputter deposition of the GMR layers and is not released until the sample is 

peeled from the rigid supporting wafer. Upon peeling, the rubber laterally contracts which causes 

wrinkling of the incompressible metal film
147

. This feature is referred to as thermally induced 

wrinkling36
 throughout this theses. As described in chapter 2.4.3, the formation of wrinkles after metal 

film deposition onto pre-strained elastic substrates has been exploited previously for compliant 

electrodes, where stretchability is provided by smoothing out the buckles for lateral strains 

perpendicular to them
27

. The thermal contraction along one axis of the PDMS film for the temperature 

difference of ΔT = 70 K (from 90°C down to room temperature), is about 7%. 

Figure 4.3a shows a 3D confocal laser scanning microscopy of a GMR multilayer on a free-standing 

PDMS membrane. Although the thermally induced pre-strain leads to a laterally isotropic contraction 

of the rubber film, the wrinkles have a strong preference for a parallel alignment perpendicular to the 

patterned stripe structure (in figure 4.3a, the sensor stripe lies in the horizontal axis). This is expected, 

since wrinkles generally tend to align perpendicular to structural defects or the edges of structured 

films
24,177

. Furthermore, the specimens are peeled along the stripe structure, which favors the 

wrinkling perpendicular to it. The aligned wrinkling of the metal film, with the stress being relaxed 

along the sensor stripe, makes it more stiff in the orthogonal direction
178

, which prevents the 

perpendicular stress relaxation and associated wrinkling in most regions. Instead, a slight bending 

across the GMR stripe could be observed on the peeled sensor elements. 

 
Figure 4.3 | Thermally induced wrinkling on PDMS: Wrinkled topography of GMR multilayer elements 

prepared on PDMS films after peel-off. (a) 3D confocal microscopy image showing the height profile. 

(b) Confocal line scan (gray) and sinusoidal fit (red) providing a mean wrinkle period  of about 17 μm. 

(c) SEM image of a FIB cut through the sample showing the deposited carbon protective layer for FIB 

cutting, the [Co Cu⁄ ]50
1

st

 GMR layer and the PDMS substrate (scale bar: 2 µm). FIB milling and SEM 

investigation was performed in collaboration with Dr. Stefan Baunack (IFW Dresden). Figure partially 

compiled from [6]. 

As described in section 2.4.3, wrinkling of hard films on soft membranes exhibits a characteristic 

wrinkling period, which depends on the mechanical properties of both materials and scales with the 

film thickness
24,179

. The height profile of the soft GMR elements reveals a wrinkling period of 

exp = 20.1 μm and a mean amplitude of about 0.45 μm (figure 4.3b). A FIB cut of the sample 

(figure 4.3c) discloses the wavy GMR film (indicated by the gray line) firmly attached to the bulky 
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rubber (highlighted in blue). This suggests that the contact between the PDMS and the metal film is 

maintained throughout the wrinkle structure and no delamination occurs. As a result, a theoretical 

model suggested by Bowden et al.24
 can be applied to calculate the period of the wrinkles formed for a 

thin incompressible metal film of thickness d on an elastomeric surface, according to (2.15). The 

mechanical parameters used for the calculation are as follows: Es = 1.6 MPa, Ef = 171 GPa 

(ECo ≈ 211 GPa, ECu ≈ 131 GPa, weighted by their respective share in the multilayer), νs = 0.48, 

νf = 0.33 (νCo = 0.31, νCu = 0.35). The Young’s modulus of the PDMS was derived from stress-strain 

measurements (figure 2.13), while its Poisson’s ratio and the data for the metal film are taken from the 

literature
24,180

. Considering the total thickness of the GMR multilayer stack (d = 110 nm), the 

calculation predicts a value for the wrinkling period of λtheo ≈ 21.7 μm, which is in good agreement 

with the experimental value derived from the line scan in figure 4.3b. This critical strain for the 

occurrence of wrinkling in the investigated system, according to (2.14), is computed to c = 0.26‰. 

4.1.3 Self-healing effect 

The preparation and particularly the lithographic structuring of GMR multilayer elements directly on 

the PDMS surface, may result in a cracked metal film, before it is peeled from the handling wafer in 

some cases. Especially, the photolithographic patterning sometimes causes failure, because the 

solvents usually used for the lift-off procedure tend to swell the PDMS film, which might tear apart 

the magnetic nanomembranes on top. Figure 4.4a shows GMR curves recorded on a series of prepared 

stripe elements (left hand inset) prior to the peeling from the rigid handling wafer. The gray dashed 

line shows the curve of a similar sensor prepared on rigid silicon, which represent the reference GMR 

characteristic with a magnitude of about 52%. The plotted data demonstrates, that some of the 

prepared specimens lack performance, which is due to cracks being present in the structure. An optical 

micrograph of such a cracked specimen is shown in the right hand inset of figure 4.4a. Three cracks 

running from the top edge of the structure are clearly visible. The damage of the GMR elements is also 

reflected in the absolute resistance values, which are provided for each specimen in the legend. The 

elements with poor performance have a much higher resistance compared to the reference sensor 

prepared on a silicon wafer without PDMS. 
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Figure 4.4 | Self-healing of GMR multilayers on PDMS:. GMR 

characterization of [Co Cu⁄ ]50
1

st

 elements (a) before and (b) after 

peeling from the handling wafer, according to the left hand insets The 

insets on the right show respective optical micrographs of a section 

with cracks. (c) GMR curves of peeled elements that had no electrical 

contact beforehand. The insets present again a cracked section before 

(left) and after (right) peeling. Positions of closed cracks after peeling 

are indicated by white arrows. All scale bars: 1 mm. Figure taken 

from [145]. 
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The same specimens were characterized again after they were peeled from the handling wafer 

(figure 4.4b, left hand inset). In this state, the GMR curves are much more comparable and the 

defected elements recovered to or almost to their full performance. In this respect the GMR 

multilayers on the elastomeric substrate undergo a self-healing effect145
 as they are peeled from their 

rigid support. The thermally induced wrinkling of the GMR nanomembranes due to the contraction of 

the PDMS is clearly visible in the right hand inset. This micrograph shows the same section of the 

corresponding specimen, as in the right hand inset of figure 4.4a. Besides wrinkling, the contraction of 

the PDMS membrane influences also the cracks by closing them and eventually restoring the electrical 

conduction across to heal the GMR film. The positions of the three cracks are indicated by the three 

white arrows on the top edge of the stripe structure. The recovery of the electrical contact across the 

cracks is also indicated by the reduced absolute resistance values of the healed sensing elements given 

in the legend. After peeling they are well comparable with the reference value given by the element on 

the silicon wafer. It is noteworthy, that the closed cracks shown in the right hand inset of figure 4.4b 

are not increased in length, which proves the gentle detachment of the soft elements during peeling, 

without overstretching them. The GMR curves presented in figure 4.4c are obtained from sensor 

elements, which showed no electrical conduction before peeling. Hence, even if cracks run all the way 

through the structure, preventing the flow of current between the contact pads in the initial state, their 

functionality can be recovered after peeling, as shown in the insets. Some sensors even show the full 

sensing performance compared to the reference specimen on silicon wafer (compare blue stars versus 

the gray dashed line). 

The described self-healing effect is a unique feature of the elastomeric substrate, since it requires an 

induced pre-strain that accounts for a contraction of the support after the preparation of the sensor 

devices. Furthermore, its appearance is not restricted to magnetic nanomembranes, but may be 

observed also with other thin film structures. Despite the apparent effectiveness of the self-healing, it 

has to be clearly stated, that the GMR elements recovered by this means do not exhibit a significant 

stretchability. Although the electrical contact may be maintained for strains below the thermally 

induced pre-strain, i.e. before the cracks open up completely upon stretching, the signal is usually very 

noisy due to the unstable conduction across the joint cracks and therefore inappropriate. However, 

they can be used for sensing on curved but rigid surfaces, where dynamic deformations are 

suppressed.  

A respective demonstrator showing the functionality of a prepared GMR sensor in a non-planar 

configuration is introduced in the next section. Additionally, an encapsulation layer (e.g. of PDMS
181

 

or parylene
16

) may help to stabilize the restored contacts across the cracks during moderate 

deformations. In conclusion, the self-healed sensors complement the choice of already available 

flexible magnetic sensing elements prepared on flexible plastic membranes and relying on GMR4,103,104 

as well as on tunnel magnetoresistance (TMR) effects
5
 or even printed GMR elements on paper

182,183
. 
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This flexibility offers novel applications and advantages in detection, which are not achievable by 

rigid magneto-electronic elements
166,182

. 

4.1.4 Demonstrator: Magnetic detection on a curved surface 

The prepared GMR elements on free-standing rubber membranes are thin and can easily conform to 

non-planar surfaces, which makes them interesting components for magnetic field measurements in 

curved geometries or confined environments. To demonstrate the application potential of the soft 

GMR sensor element on a proof-of-concept level, the simple setup shown in figure 4.5a was 

assembled. One soft GMR sample was attached to a plastic foil shaped into a ring geometry to track 

the magnetic field of a rotating permanent magnet. The change in resistance of the GMR multilayer 

was recorded versus time. When the magnet passes the GMR sensor, a clear decrease of the sample 

resistance is detected (figure 4.5, right panels). The dynamic response is illustrated by sensing the 

rotating magnetic field at a higher frequency, which is easily traced with the GMR sensor 

(figure 4.5c). This setting resamples, in a simple way, the geometry of common rotating electrical 

machines. In this respect, the regarded GMR sensor may be used as a rotational speed gauge or 

angular encoder, which can directly be integrated into the curved and narrow air gap between rotor 

and stator. This proof-of-concept has inspired the development of thin and flexible bismuth based Hall 

sensorics
184

, which have a high potential for applications in electrical machines, especially for 

significant improvements of magnetically suspended systems
185

. A brief review on the preparation and 

sensing performance of Bi Hall probes, which were pursued in collaboration with colleagues from the 

IFW and TU Dresden
186

, as well as an explanation of their benefits for electrical machines, will be 

given at the very end of this work (subchapter 5.3).  
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Figure 4.5 | Demonstrator for non-planar geometries: (a) Detection of a rotating magnet using a soft 

GMR sensor attached to the curved surface of a plastic foil (inset). When the magnet approaches the GMR 

sensor, a decrease of the sample resistance is observed by spikes in an oscilloscope signal (purple curve). The 

green curve represents the reference signal taken by a conventional Hall effect sensor. The signal from the 

GMR and Hall effect sensor are phase-shifted due to the different spatial position of both sensor elements. 

(b,c) Response of the GMR sensor to the rotating magnetic field with different frequencies (f1<f2). The 

increase of the rotation frequency of the permanent magnet can be easily traced with the GMR sensor. This 

experiment was conducted in collaboration with Daniil Karnaushenko (IFW Dresden). Figure taken from [6]. 

4.1.5 Sensitivity enhancement 

The magnetoresistive layer stack investigated in the previous chapters was relying on Co/Cu 

multilayers which are coupled in the 1
st
 AFCM (i.e. [Co Cu⁄ ]50

1st

). This system is optimized in order to 

obtain a maximum GMR ratio and exhibits a saturation field of about 2.5 kOe (figure 4.2a). The 

respective GMR characteristic makes it a good choice to use as sensing elements for magnetic fields in 

the range of 1 kOe. However, different applications demand different sensing capabilities that require 

specific features of the sensor response, like a linear characteristic or a high sensitivity to low 

magnetic field strengths. One example is the application of magnetic sensors is medical diagnostics or 

bio-analytic systems
187-190

, which demands the reliable detection of magnetic field in the range of 

10 Oe and below. 

In order to demonstrate the potential of the presented compliant magnetic sensor platform for a wider 

field of applications, different systems of GMR multilayers are prepared on free-standing elastomer 

membranes, highlighting their unique magnetoelectric properties
166

. A total number of four multilayer 

stacks are fabricated, compared and used on demand in this work: apart from the [Co Cu⁄ ]50
1st

 stack 

already introduced above, these are [Py Cu⁄ ]50
1st

, [Co Cu⁄ ]30
2nd

 and [Py Cu⁄ ]30
2nd

 according to the 

composition given in chapter 3.1.5. The adaption of GMR multilayer stack includes two approaches to 

enhance the sensitivity to external magnetic fields, which are approved for rigid substrates
95

. On the 

one hand, the magnetically softer permalloy, that shows a different switching behavior due to its 

reduced coercivity, is used as the FM layers in [Py Cu⁄ ]50
1st

. On the other hand, the magnetic layers in 
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the multilayer stack are coupled in the 2
nd

 AFCM by increasing the thickness of the NM spacer layers 

in [Co Cu⁄ ]30
2nd

. As discussed in chapter 2.2.3, this leads to a weaker interlayer exchange coupling 

between the FM layers. According to (2.4), the sensitivity is related to the slope of the GMR 

characteristic. Both modifications allow the magnetic moments in the multilayers to align (i.e. the 

resistance to drop) at lower magnetic fields. The [Py Cu⁄ ]30
2nd

 stack represents a combination of both 

approaches by preparing a Py/Cu multilayer coupled in the 2
nd

 AFCM. As for the GMR elements 

presented in the previous chapters, the multilayers were lithographically structured on a PDMS film 

with thermally induced pre-strain and then peeled from the carrying wafer after preparation.  

 
Figure 4.6 | GMR multilayers with enhanced sensitivity on PDMS: Magnetoelectric 

characterization of the four investigated GMR multilayer stacks: (a) [Co Cu⁄ ]50
1

st

, (b) [Py Cu⁄ ]50
1

st

, 

(c) [Co Cu⁄ ]30
2

nd

 and (d) [Py Cu⁄ ]30
2

nd

. The GMR sensors are fabricated on different substrates: rigid 

SiOx wafer (), PDMS coated SiOx wafer () and free-standing PDMS membrane (). The field 

dependent sensitivity of the GMR sensors on free-standing PDMS membranes is also shown (). 

The inset in (d) shows the same data zoomed in the low field range for better distinction. Figure 

taken from [166]. 

For a comparison of their specific sensing capabilities, the four multilayer systems were characterized 

at room temperature, as shown in figure 4.6. Each layer stack was measured on the PDMS film before 

and after peeling and on a rigid SiOx wafer as a reference. In all four cases, the multilayer elements 

reveal a similar GMR performance on the elastomeric substrates, as on the rigid reference samples. As 

in the case of [Co Cu⁄ ]50
1st

, also the thermally induced wrinkling that occurs when the PDMS 

membranes are peeled has little influence on the GMR characteristic in the other three multilayer 

systems, which proves the applied fabrication technology suitable for a variety of magnetoresistive 
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sensing elements. The data also includes the magnetic field dependent sensitivity of the different GMR 

multilayers derived from the measurements on free-standing PDMS membranes. 

Compared to the [Co Cu⁄ ]50
1st

 model system (figure 4.6a) the magnetically softer Py layers do not lead 

to an overall increased sensitivity, whereas the magnitude of the GMR ratio is only half as 

large (figure 4.6b). However, the sensitivity maximum is shifted to the low field range (i.e. from about 

800 Oe in (a) to 80 Oe in (b)) and the GMR characteristic becomes linear. Therefore, this layer system 

would be well suited for proximity sensors detecting the distance to a permanent magnet, which 

typically generates fields of about 1 kOe in close vicinity. The [Co Cu⁄ ]30
2nd

 multilayer coupled in the 

2
nd

 AFCM results in a narrow response curve without losing as much of the GMR effect (figure 4.6c), 

giving it an increased sensitivity compared to the multilayers prepared in the 1
st
 AFCM. This system 

should be chosen, if a high signal for moderate fields up to 500 Oe is needed. The GMR curves 

obtained for the [Py Cu⁄ ]30
2nd

 multilayer are very narrow with a saturation field of about 50 Oe and 

exhibit a considerable resistance change of more than 13% (figure 4.6d). The sensitivity of these 

elements on free-standing PDMS reaches a remarkable value of 1.06 %/Oe, which is almost 30 times 

larger than for the [Co Cu⁄ ]50
1st

 samples. Also, the maximum of the sensitivity is at very low fields of 

only 8 Oe, making it the system of choice for the detection of small or weak magnetic objects
166

, for 

example microscopic magnetic particles as they are used in biotechnology and medical 

applications
191,192

. A unique feature that can be added by soft magnetoresistive sensors in this respect 

will be introduced in the next paragraph. Table 4.1 summarizes the key parameters of the four GMR 

multilayer systems investigated in this study. The GMR sensor response can be further adapted to 

specific applications by altering its shape, by means of magnetic shape anisotropy
111

 or adjusting its 

size to the objects that should be detected. 

Table 4.1 | Key parameters of GMR multilayers deposited on PDMS: Denotation, layer stack, GMR 

magnitude, maximum sensitivity and field of highest sensitivity for the four investigated GMR multilayer 

stacks, according to the data presented in figure 4.6. 

Denotation: [Co Cu⁄ ]50
1st

 [Py Cu⁄ ]50
1st

 [Co Cu⁄ ]30
2nd

 [Py Cu⁄ ]30
2nd

 

Panel in figure 4.6: a b c d 

Layer stack: Co(1 nm)/ 

[Co(1 nm)/  

Cu(1.2 nm)]50 

Ni81Fe19(1.9 nm)/ 

[Ni81Fe19(1.9 nm)/ 

Cu(0.9 nm)]50 

Co(1 nm)/ 

[Co(1 nm)/ 

Cu(2.2 nm)]30 

Ni81Fe19(1.5 nm)/ 

[Ni81Fe19(1.5 nm)/ 

Cu(2.3 nm)]30 

GMR magnitude 

on SiOx: 

on SiOx/PDMS: 

on PDMS membrane: 

 

54.7% 

54% 

53,7% 

 

26.5% 

25.4% 

25.2% 

 

31.3% 

28.3% 

27.9% 

 

14.1% 

13.9% 

13.5% 

Max. sensitivity Smax: 

(%/Oe) 

0.034 0.022 0.113 1.06 

Field of Smax:(Oe) 800 80 160 8 
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4.1.6 GMR sensors in circumferential geometry 

In this paragraph, a conceptually new approach for the detection of magnetic objects flowing through a 

fluidic channel is introduced. This detection scheme is facilitated by the unique mechanical properties 

of the prepared soft GMR sensor elements, which allow them to be reshaped on demand after their 

fabrication. It is demonstrated that using this approach the stray fields generated by the flowing 

magnetic objects can be detected virtually in all directions (isotropic sensitivity)
166

, which is unique 

compared to conventional rigid sensors
88,193

. 

Magnetic particles are widely used for diagnostic or therapeutic purposes in biology and 

medicine
190-192,194

, implying the necessity of implementation of magnetic field sensors in complex 

biomedical systems. In this respect, magnetoresistive sensors, especially those relying on the GMR 

effect represent an efficient solution for the use in fluidic biodetection platforms due to their high 

sensitivity
195

. Planar
88,196,197

 as well as rolled-up
85

 magnetic sensors are already incorporated in 

microfluidic channels enabling detection of magnetic particles. The fabrication of these magnetic 

sensors requires intensive lithography processing and is therefore expensive and time consuming
187,190

. 

In contrast, for the dynamically developing millifluidic approach
198

, which implies the use of 

millimeter size objects, a sensor can be of a larger scale and its design can be simplified substantially 

199
. In this case, cost effective solutions for a magnetic sensor with an attractive possibility to be easily 

integrated into a system and to be reused several times are of great advantage. 

GMR elements on free-standing elastomeric membranes can attain the above mentioned requirements 

in an elegant way. The prepared GMR sensors combine the advantages of being flexible with the 

speed and performance of conventional magnetoresistive devices on rigid substrates
6
. Due to their 

compliant nature, they can be efficiently implemented in a millifluidic system by wrapping them 

tightly around the fluidic channel
166

, as shown in figure 4.7a. Given the imposed cylindrical 

symmetry, an isotropic sensitivity can be expected for detection of the stray fields of magnetic 

particles in a suspension
87

 that flows through the tubing. This is a unique feature of flexible magnetic 

sensors compared to their rigid planar counterparts, which are able to detect only a component of the 

magnetic stray field, parallel to the sensor’s plane, thus limiting the possibility for efficient and 

quantitative detection of small magnetic objects. In addition, the cylindrical symmetry of the wrapped 

sensors makes the detected signal less dependent on the position of a magnetic object inside the 

tubing, since the sensing element covers its entire circumference. Therefore, this approach can 

diminish the need of applying an external magnetic bias field to align the magnetic moment of the 

particles with the direction of maximum sensitivity of a conventional planar sensor. This feature is 

particularly interesting for a quantitative analysis of microscopic objects in-flow, which is currently 

realized by optical means, mainly
200

. Advanced magnetic analysis in fluidic systems is based on the 

selective immobilization of magnetic objects at the sensor site and the subsequent magnetization or 

alignment of the stray fields
187,190

. Finally, in combination with magnetic particles as biomarkers
192,201

, 
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these compliant magnetic sensors can be considered as a new generation of biosensors for cells or 

even biomolecules
187,190

 evading many difficulties of traditional optical detection methods
202

 like low 

speed, excitation, bulky and expensive equipment, biomolecular amplification and the need for 

transparent packaging. The potential of the magnetic in-flow detection in flexible fluidic systems was 

subsequently demonstrated in collaboration with G. Lin et al.86,203
. 

 
Figure 4.7 | Detection of magnetic particles in a fluidic channel: (a) soft multilayer element of 

[Py Cu⁄ ]30
2

nd

wrapped around the circumference of a Teflon tube and contacted using silver paste. 

(b) Optical microscopy image of the wrinkled sensor surface on a free-standing PDMS membrane. 

(scale bar: 1 mm) (c) Agglomerate of FeNdB particles suspended in oil and separated by colored 

water droplets inside the tube approaching the wrapped GMR sensor. (d) Sensor signal on an 

oscilloscope (background) as the magnetic cluster is passing the multilayer element (foreground). 

(e) Several consecutive detection events of particles passing the soft GMR sensor without an 

alignment of their magnetic moments. The gray line shows the acquired data, the red line is 

included as a guide to the eye. Experiment conducted in collaboration with Larysa Baraban (TU 

Dresden) and Daniil Karnaushenko (IFW Dresden). Figure compiled from [166]. 

To demonstrate the in-flow detection of magnetic particles using the soft GMR multilayer elements 

within the proposed detection approach, a simple millifluidic circuit was designed using a Teflon tube 

(inner diameter: 1.5 mm; outer diameter: 3.2 mm). Detection of magnetic particles typically requires a 

high sensitivity of the sensor to magnetic fields in the range of 10 Oe and below
85,187,196,204

. As 

discussed in the previous paragraph, because of their outstanding sensitivity to small magnetic fields, 

[Py Cu⁄ ]30
2nd

 multilayers are chosen for this task. A microscopic image of the GMR layer after peeling, 

showing its thermally induced wrinkling, is displayed in figure 4.7b. Due to the flexibility of the 

prepared sensor elements it is possible to wrap the GMR film on the rubber membrane around the 

entire outer circumference of the millifluidic channel (figure 4.7a,c). No adhesive was used to attach 

the sensor to the tubing, which renders the detachment and re-use of individual elements possible. The 
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fluidic circuit allows the flow of magnetic particles inside the tube towards the sensing element. The 

wrapped sensor was contacted for a two-probe measurement of the electrical resistance with a twisted 

pair of thin copper wires (0.1 mm) using conductive silver paste and connected to the self-made data 

acquisition hardware described in chapter 3.2.4. The experiment was performed using commercially 

available Fe67Nd22B10 magnetic particles (FOB Shanghai, Ref. Nr. QJK-ES) dispersed in a mineral oil 

(Sigma Aldrich, M5904). 2%v/v of sorbitane monooleate (Sigma Aldrich, S6760) was added to reduce 

the wetting of the dispersion on the tube walls. When placed in a liquid, the magnetic particles quickly 

aggregate, forming macroscopic clusters with sizes of about 1 mm. These clusters were pumped into 

the fluidic channel. In order to separate neighboring clusters for detection, water droplets, colored by 

red ink, were injected into the channel as spacers (figure 4.7c). As the magnetic particles appear in 

close vicinity of the GMR detector the total resistance of the sensor element decreases, resulting in an 

easily detectable voltage change of the sensor’s output (figure 4.7d). Several consecutive in-flow 

detection events are demonstrated in figure 4.7e by monitoring the time evolution of the sensor’s 

output. The signal to noise ratio is about 13 dB, which allows detecting reliably the magnetic objects 

of interest and suggests that even smaller particles can be detected.  

 
Figure 4.8 | Concept of isotropic detection for biomedical 

applications: Conceptual sketch demonstrating the potential of 

compliant magnetic sensors with isotropic sensitivity for the in-flow 

detection of magnetic objects of different sizes in fluidic channels for 

biomedical applications. Artwork by Daniil Karnaushenko (IFW 

Dresden). Figure taken from [166]. 

In conclusion, the demonstrated concept for in-flow detection of magnetic particles in millifluidics 

using GMR sensors on PDMS membranes offers the following advantages compared currently 

available solution based on rigid magnetic sensors: (i) sensing of the magnetic stray fields in virtually 

all directions (isotropic sensitivity) without the need of an alignment of magnetic moments; 

(ii) simplicity of the sensor integration into a fluidic circuit; (iii) possibility of being reused on 

demand. Thus, the approach of flexible magnetic sensors wrapped around the circumference of a 

fluidic cannel potentially opens exciting possibilities in the field of biology and chemistry, which are 

conceptually highlighted in figure 4.8. The displayed tubing may represent a timeline for a further 

development and miniaturization of the proposed technology, with the upper part (in-flow detection of 
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magnetic particles) being realized on a proof-of-concept level, as described above. As a next stage, the 

detection of biological objects, e.g. living cells with accumulated magnetic nanoparticles for magnetic-

activated cell sorting (MACS)
201

, is envisioned. With further miniaturization, the in-flow detection of 

magnetically tagged biomolecules
187,190

 seems feasible. However, on smaller scales, the 

implementation of rolled-up technology
205

 will be necessary for the sensor fabrication and integration 

into fluidic systems
85,206

. 

4.1.7 Stretchability test 

The demonstrators presented in the sections 4.1.4 and 4.1.6 proved that the prepared GMR multilayer 

sensors are functional on curved surfaces. However, stretchable devices need to withstand tensile 

deformations as well. In this respect the thermally induced wrinkling of the GMR layer on soft 

membranes is can help to protect the metallic film from cracking and breaking by smoothing out the 

buckles during uniaxial elongation of the rubber substrate
25

. Flat metal films without surface wrinkling 

are expected to withstand tensile strains of below 1%
135,136

. In order to test the stretchability of the 

prepared sensor elements, a sample of [Co Cu⁄ ]50
1st

 multilayers is mounted into the computer controlled 

GMR characterization setup with in situ stretching capability. Details of the experimental setup and 

sample mounting are provided in sections 3.2.1 through 3.2.3. For the stretchability investigation, only 

specimens were used, which revealed no cracks in the GMR film after preparation. The measurement 

routine includes applying an external uniaxial strain to the sample and, for each strain value, recording 

a GMR curve at room temperature. 

 
Figure 4.9 | Stretching test of a wrinkled GMR sensor on PDMS membrane: (a) 27 GMR curves of a 

[Co Cu⁄ ]50
1

st

 multilayer element measured at different applied strains (according to the legend) plus the 

reference curve recorded on a rigid SiOx wafer (). (b) GMR magnitude () and sample resistance () in 

dependence of the imposed tensile strain. (c) 3D confocal microscopy images of the wrinkled GMR layer 

subjected to an increasing strain along the horizontal axis. 
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Figure 4.9a shows GMR curves for increasing strains applied to the multilayer element. All curves, 

according to the color chart in the legend, are plotted in the graph and are congruent to each other. 

Hence, the GMR characteristic remains unaffected by applied tensile deformations up to 2.5%. The 

data obtained during the stretching experiment is summarized in figure 4.9b, which displays the strain 

dependent GMR magnitude and absolute sample resistance of the sensor element during stretching. 

The curves show that the resistance remains constant for tensile strains below 1.7%. In this regime the 

sensor can be regarded as strain invariant, as its signal can be directly correlated to an in-plane 

magnetic field without compensating for an resistance change due to the tensile deformation. With 

further stretching, the resistance rises strongly until the electrical conduction across the element is lost 

above 2.6%. This increase of resistance at higher strains is attributed to the formation of microcracks, 

which lower the cross section of the conducting metal film. The most striking aspect of the stretching 

experiment is that, although its absolute resistance is increasing by a factor of about 5 during the 

elongation, the GMR ratio remains at a constant level. Hence, as demonstrated with the matching 

GMR curves, this suggests that even if the metallic film is partly damaged by the imposed tensile 

strain, the GMR effect is still present without major deterioration and the sample acts as a magnetic 

sensor element with the same performance as on rigid silicon substrates
166

. 

Tensile strains imposed on magnetic multilayers are actually expected to influence the GMR effect by 

reducing the spacer thickness and thus varying the interlayer exchange coupling
4,207

. In the conducted 

stretching experiment however, no change of the GMR ratio upon stretching is found, which indicates 

that the tensile strain on the actual GMR multilayers is low due to the presence of the wrinkles. A set 

of confocal micrographs showing the wrinkled topography of the GMR film at zero strain and at two 

different stretched states is provided in panels (1-3) of figure 4.9c. With increasing strain, the wrinkles 

become less pronounced and the entire metal film becomes smoother. 

 

Figure 4.10 | Cyclic loading of stretchable GMR multilayers: (a) GMR ratio of [Co Cu⁄ ]50
1

st

 multilayers on 

free-standing PDMS in dependence of the tensile strain with deviations from 10 stretching cycles up to 1%. 

(b) Resistance of the wrinkled GMR film during the experiment measured without applied external magnetic 

field (black) and at an in-plane field of 3 kOe (red). Figure compiled from [6]. 

In order to demonstrate the elastic behavior of the prepared sensors, cyclic loading experiments were 

performed, which include measurements of resistance and the GMR effect during repeated 
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consecutive stretching and relaxing periods. Figure 4.10a shows the progress of the GMR magnitude 

of a stretchable [Co Cu⁄ ]50
1st

 multilayer element over tensile strain with the error bars representing the 

standard deviation from 10 loading cycles between 0% and 1%. The GMR ratio remains at a constant 

value of ≈53% with low deviations of ≈0.2%. The resistances in the absence of a magnetic field and in 

magnetic saturation during the 10 cycles are plotted in figure 4.10b. As expected, the resistance of the 

GMR multilayer upon magnetic saturation is reduced. However, both values (with and without applied 

magnetic field) remain unchanged when the magnetoelectronic element is reversibly stretched and 

relaxed, which makes it well-suited for magnetic sensor applications in environments where dynamic 

deformations are required. 

In conclusion, four different kinds of GMR multilayer elements were fabricated on free-standing 

elastic rubber membranes, which exhibit the same magnetoresistive performance as respective devices 

prepared on conventional rigid silicon substrates
166

. Each of the investigated multilayer systems 

possesses a magnetoresistive feature, which makes it beneficial to specific sensor applications. Two 

application fields, namely the operation on a curved surface
6
, e.g. in electrical machines for e-mobility, 

as well as the detection of magnetic particles with a unique isotropic sensitivity
166

, e.g. for bio and 

medical applications, were demonstrated on a proof-of-concept level. The GMR films on top of the 

elastic PDMS membranes are subjected to a pronounced thermally induced wrinkling, which does not 

affect their magnetoresistive response characteristic
6
. This effect, on the one hand, allows defective 

elements to be self-healed
145

 and, on the other hand, protects the magnetic nanomembrane from 

breaking upon tensile deformations
6
. In situ stretching experiments revealed, that the sensor elements 

are stretchable up to 2.5% uniaxial strain without altering their magnetic sensing capabilities. Even 

though the magneto-sensitive film gets damaged at higher strains, the GMR ratio is maintained until 

the electrical contact is lost
166

. The elastic behavior of the prepared sensor elements was demonstrated 

in a cyclic loading test. These results represent the world’s first elastically stretchable magnetic 

sensors.  

4.2 Stretchable spin valves    

Besides multilayers, also other GMR systems are known, which provide superior performance in 

particular aspects that are vital to specific application fields
95

. As introduced in section 2.2.4, spin 

valves (SV) exhibit a sensitivity that even exceeds the values of [Py Cu⁄ ]30
2nd

 or other GMR multilayer 

systems
124

. This makes them particularly interesting for many applications, where the detection of 

small magnetic fields is required. Besides the ones already mentioned in section 4.1.5 and 4.1.6, SVs 

also facilitate orientation and navigation capabilities, e.g. by detection of the earth magnetic field. 

Hence, a mechanical compliance of spin valves, in terms of stretchable magnetoelectronics, is highly 

promising for wearable
53,208

 and implantable
65,67

 electronics as well as for advanced bio-medical 

systems
47

 to be equipped with magnetic functionalities. Most of these applications also require higher 

stretchabilities of the functional components to be integrated. Both aspects, increase of magnetic 
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sensitivity and stretchability, are covered by the stretchable spin valves
167

 introduced in this 

subchapter. 

4.2.1 Random wrinkles and periodic fracture 

The fabrication process of stretchable SVs is similar to the stretchable multilayers discussed above. 

The deposited magnetic layer stack resembles an in-plane IrMn-based top-pinned symmetric SV and is 

described in detail in chapter 3.1.5. If not stated differently, the exchange bias direction was chosen to 

be perpendicular to the long axis of the patterned sensor stripe (cross-pinned configuration). The 

preparation steps are reflected schematically in figure 4.11 with an emphasis given on the 

morphologic transitions occurring during the fabrication, which play a key role for the enhanced 

stretchability in this case. The bottom 5 nm thick Ta seed layer, under the used sputter conditions 

grows with a strong compressive stress. This stress relaxes into the soft rubber substrate, forming a 

random wrinkling pattern
100

. Hence, the subsequent spin valve stack is deposited onto a wrinkled 

surface in the same process without interrupting the vacuum. An additional pattern of parallel trenches 

(periodic fracture) is induced in the SV film by the peeling process. Upon stretching, a pronounced 

grating of microcracks occurs, which resembles the pattern of the trenches. The mechanical flexibility 

and stretchability of the prepared SV sensors is demonstrated in the center of figure 4.11, where a free-

standing sample is manually twisted and stretched, respectively, using tweezers. 
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Figure 4.11 | Morphologic transitions during the preparation of stretchable spin valves: The top right 

part conceptually shows the PDMS film on SiOx wafer as the substrate and the layer composition of the spin 

valve stack. After deposition, the SV film is randomly wrinkled, as shown in the top right micrograph. 

Peeling the sensor element from the supporting wafer leads to the formation of a periodic fracture pattern 

(bottom right), which acts as a template for the compliant meander pattern that develops upon stretching 

(bottom left). The central part shows photographs of a prepared SV element (left) that can be distorted 

(center) or stretched (right). Figure compiled from [167]. 

A detailed investigation of the sample morphology is crucial to understand the mechanism that 

accounts for the stretchability obtained in the fabricated spin valves. In AFM measurements on the 

SV layer stack grown on PDMS, which is still attached to the handling wafer, provided in 

figure 4.12a, the random wrinkling is clearly observed (period: 1.4 µm and amplitude: ≈160 nm). An 

AFM image recorded after peeling the PDMS membrane with the sensor along the stripe direction is 

given in figure 4.12b, showing the parallel trenches, which are oriented along the short axis of the 

sensor stripe with a mean periodicity of 13.9 µm. A periodic fracture of the sensor film upon peeling 

was not observed in the previous case of GMR multilayers prepared in the same way
6,145,166

. Instead, 

these multilayers did exhibit a pronounced parallel wrinkling upon peeling, which is in contrast to the 

observed random wrinkling of the Ta seed layer in this work. The parallel wrinkling in GMR 

multilayers was assigned to a thermally induced stress in the PDMS film
6
. Although the profile of the 

periodic fracture differs from the sinusoidal shape of the wrinkling in GMR multilayers, as shown by 

the line scan in figure 4.12c, the orientation and periodicity of both morphologic features is similar. 

Hence, the same physical origin of the two morphologic transitions can be expected. This statement is 

supported by a FIB/SEM investigation presented in section 4.2.4.  
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Figure 4.12 | AFM investigation of random wrinkles and periodic fracture: 

(a,b) AFM measurements of the sensor film before and after peeling, respectively 

All scale bars: 20 µm. (c) Line profile extracted from (b) showing both morphologic 

features. AFM measurements were performed in collaboration with Peixuan Chen 

(IFW Dresden). Figure compiled from [167]. 

A rough estimation of the expected thermally induced wrinkling period of the spin valve film, 

according to the model suggested by Bowden et al.24
, which is described in section 2.4.3, can be 

provided, taking into account the film thickness as well as the mechanical properties of both, the metal 

film and the elastomeric support. However, since the metal film is already wrinkled before peeling, 

such an estimation has to be based on a nested higher generation wrinkling approach which treats the 

wrinkled layer as a thicker effective skin with different mechanical properties
209

. With the effective 

thickness represented by the entire amplitude of the present random wrinkling, its effective Young’s 

modulus and Poisson’s ratio is estimated on the base of the resulting materials composition. The 

160 nm thick wrinkled effective skin consists of 15% the actual spin valve film (thickness: 24 nm). 

The remaining 136 nm are shared, in a first approximation, equally between the elastomer underneath 

(EPDMS = 1.6 MPa, νPDMS = 0.5) and the air above (Eair = 0 MPa). The Young’s modulus and Poisson’s 

ratio of the spin valve film is estimated by the respective parameters and thicknesses of the individual 

metal layers to be ESV = 193.3 GPa and νSV = 0.32. Using these values provides the estimation for the 

mechanical properties of the effective skin: Ef  Eskin ≈ 29 GPa and νf  νskin = 0.45. Together with 

the properties of the PDMS support (Es = 1.6 MPa, νs = 0.48; as already worked out in chapter 4.1.2), 

this gives a wrinkling period of 17.9 µm according to (2.15). This estimation is reasonably close to the 

observed fracture separation of 13.9 ± 4.6 µm. However, despite this good agreement, an influence of 

overstretching during the peeling process cannot be excluded completely. 
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4.2.2 GMR characterization 

The spin valve elements on rubber membranes are magneto-electrically characterized and the data is 

compared with the performance of reference samples on rigid silicon substrates fabricated in the same 

deposition run. Figure 4.13a shows the field dependent GMR ratio measured at room temperature for 

the SV stacks on both substrates with the EB direction set parallel to the sensor stripe (see inset). The 

GMR curve consists of two sub-loops characteristic for the magnetization reversal of the magnetic free 

(at small fields) and pinned (shifted to higher fields due to the EB effect) layers. A maximum GMR 

value of more than 9% is obtained for both samples. Furthermore, the GMR characteristics are 

comparable which accounts for the good performance of the stretchable SV samples despite the 

strongly corrugated topography. Since spin valve elements are used for low field applications, its 

working region is limited to the switching region on the free (sensing) layer (i.e. between the two 

dotted lines). The corresponding GMR curves of only the free layer (minor loop characterization) is 

separately shown for both substrates in figure 4.13b. Although the maximum GMR ratio of the SV 

stacks is smaller than for GMR multilayers, a sensitivity of 1.4%/Oe at low fields of 12 Oe is achieved 

on PDMS, which is superior to the stretchable sensitivity-optimized [Py Cu⁄ ]30
2nd

 multilayers
166

. 

Figure 4.13c,d provides similar data for SV sensors with the EB set perpendicular to the 

lithographically defined sensor geometry. Here, the external magnetic field for the magneto-electronic 

characterization is applied perpendicular to the sensor stripe to be aligned with the pinning direction. 

Interestingly, a reduced GMR magnitude is observed on cross-pinned sensors on a rigid silicon 

substrate (see discussion below). However, also in this case, the GMR characteristics on both 

substrates are comparable to a certain extent, indicating that also spin vales can be prepared on free-

standing rubber membranes with similar sensing performance as on rigid substrates. 
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Figure 4.13 | GMR characterization of the spin valves: GMR curves of the prepared spin valve 

elements on free-standing PDMS membranes () and on a rigid SiOx wafer (). Major loop (a) 

and minor loop (b) measurement for exchange bias set parallel to the long axis of the sensor stripe, 

as indicated in the inset. (c,d) Respective loops for exchange bias set perpendicular to the sensor 

stripe (cross-pinned configuration) as indicated in the inset. Figure taken from [167]. 

4.2.3 Stretching of spin valves 

The free-standing PDMS rubber membranes with photolithographically patterned SV sensors on top 

were mounted onto the GMR characterization setup with in situ stretching capability. This study was 

conducted on cross-pinned sensor elements, as the stretching is possible perpendicular to the applied 

field and along the sensor stripe only. The applied field should be aligned with the EB direction for the 

characterization, as this defines the sensitive axis of the SV sensor. Furthermore, this configuration 

allows to reduce hysteresis of the free layer
210

. Both aspects are crucial for an optimized sensor 

response in low field applications. However, since the direction of the EB is defined solely by 

magnetic means, it is not expected to significantly influence the mechanical stretchability of the 

prepared sensors. The measurement was performed according to the description given in chapter 3.2.1 

GMR curves of the major loop and minor loop obtained at different tensile strains applied to a 

stretchable SV element are shown in figure 4.14a and b, respectively. Remarkably, the characteristic 

shape of the GMR curve as well as the GMR magnitude is similar up to high tensile strains of 29%. In 

figure 4.14c, the GMR magnitude and the absolute sample resistance in magnetic saturation are 

displayed in dependence of the applied strain. For small deformations below 2%, there is a slight 

increase in both values. Even though the resistance of the SV element increases strongly while the 

sample is expanded to higher strains, the GMR magnitude changes only very gradually, until the 

electrical conduction is lost beyond 29%. With increasing strain, the minor loop becomes more 



4.2 Stretchable spin valves 

    

75 

sheared indicating a decrease of the sensitivity. Sensitivity values are obtained by averaging the slope 

of the ascending and descending branches of the minor loop. Furthermore, it is apparent that the 

hysteresis loops become significantly broader with rising strain. Both properties are plotted in 

dependence of the applied strain in figure 4.14d. 

 

Figure 4.14 | Stretchability of spin valve sensor elements: Major loop (a) and minor loop (b) 

GMR curves at different applied strains according to the legend given in (b). (c) Magnitude of the 

GMR effect () and absolute sample resistance () in dependence of tensile strain up to the point 

where the electrical contact is lost. (d) Sensitivity of the SV element () and coercivity of the free 

layer () over the applied tensile strain. Figure taken from [167]. 

In order to test the elasticity and long-term reliability of the reported sensor elements, extensive cyclic 

loading experiments were performed which involves repeated uniaxial deformations to moderate 

strains. First, cyclic loading experiments by stretching the sample between 0% and 5% were 

performed with a stretching rate of 0.03% s
-1

. Before cycling, an initial loading step to 10% is applied 

to the as-prepared sample to define the microcrack pattern as described above. The respective data, as 

displayed in figure 4.15a, shows a stable GMR magnitude and sample resistance in the stretched state, 

except for a very low increase in resistance during the first 10 cycles. Surprisingly, the resistance tends 

to increase strongly at the relaxed state until it gradually saturates to the level of the stretched state. 

This implies that fatigue of the SV film takes place when coming back from the stretched state to the 

fully relayed state, i.e. as the gaps in the film close during unloading of the sensor element. 

Furthermore, it is conspicuous that the GMR effect in the relaxed state is increasing while the sensor is 

subjected to cyclic loading, until it also reaches the level of the stretched sensor. The different GMR 

magnitudes of the stretched and relaxed sample are in agreement with the data presented in 

figure 4.14c. The mechanisms leading to the varying magnetoresistance are discussed in the following 
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section. After about 160 loading cycles, the electrical conduction was lost in the stretched state with 

the relaxed state remaining stable with further cycling.  

 

Figure 4.15 | Cyclic loading of stretchable spin valves: Cycling interval: (a) [0..5]%, with initial loading to 

10% strain, (b) [5..10]%, with initial loading to 15% strain. Displayed are the GMR magnitude (,) and 

sample resistance (,) at the minimum (filled symbols) and maximum (open symbols) strain over the 

number of loading cycles. Error bars represent the standard deviations of resistance values at magnetic 

saturation and GMR values on the plateau between the two hysteresis loops. Figure compiled from [167]. 

To avoid the fatigue upon full relaxation of the SV element, the cyclic loading procedure was adjusted 

to stretching between 5% and 10% strain with an initial loading to 15% strain (figure 4.15b). In this 

experiment the data shows similar GMR and resistance values at both strain states. Furthermore, no 

fatigue is observed, as all parameters remain at a constant level over several hundred loading cycles. 

Beyond 500 cycles the data starts to scatter progressively, which is attributed to electrical contact 

issues, rather than to a failure of the sensor element itself. The arrows on the lower axis indicate cycles 

when the contact was re-established by adding a small droplet of conductive paste to each bonding 

site. However, the stable behavior of the prepared SV elements suggests that the number and length of 

microcracks, created by the initial loading cycle is not changed during this experiment and renders the 

fabricated elements to be suitable as elastic and highly sensitive magnetoresistive sensors, if repeated 

relaxation to 0% strain is avoided. 

4.2.4 Microcrack formation mechanism 

To understand the underlying mechanisms that lead to the unique mechanical and magnetoelectronic 

behavior of the here presented stretchable sensors, a detailed microscopic investigation is performed. 

The much higher values of tensile strain that can be applied to the prepared SV elements, compared to 

the GMR multilayer based sensors
6,145,166

, are accommodated by a distinct microcrack pattern 

occurring in the magnetic nanomembrane. Figure 4.16a-c shows a series of optical micrographs of the 

same area on the SV film at different applied strains along the horizontal axis (0%, 5%, and 20% 

respectively). These pictures reveal that the parallel trenches, which are formed upon peeling the SV 

elements from the handling support, evolve into open gaps as the rubber substrate underneath is 

expanded. In this respect, the trenches act as pre-determined fracturing sites for the formation of a 

compliant crack pattern. This microcrack formation gives rise to a meander-like structure that 
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maintains a network of connected slaps along the surface which can facilitate high tensile strains
29

. 

Arrows in panel c indicate a conductive pathway across the highly stretched sensor surface. As 

described in chapter 2.4.1, random micro fracture of thin and flat metal films on elastomeric substrates 

is typically applied to fabricate highly compliant interconnects for stretchable electronic 

platforms
102,141,211

. There are also fundamental investigations of periodic microcrack formation in thin 

metal films on polymeric substrates
137,138,212,213

. However, a pre-determination of crack formation to 

obtain highly stretchable meander-like patterns was not obtained so far. Figure 4.16d,e show the 

topography of the relaxed and stretched SV film, respectively, obtained by confocal laser scanning 

microscopy. The apparent development of buckles perpendicular to the emerging gaps with rising 

strain originates from the Poisson’s contraction of the elastomeric support
137,138

. 

 
Figure 4.16 | Formation of a compliant microcrack pattern upon stretching: (a-c) Optical micrographs 

of the sensor surface at 0%, 5% and 20% tensile strains, respectively. Indicated in (a)are the directions of the 

applied strain and magnetic field. A conductive pathway though the expanded microcrack pattern is indicated 

in (c). (d,e) 3D confocal laser scanning images showing the topography of the relaxed and stretched SV film, 

respectively. Figure partially taken from [167]. 

In order to reveal the nature of the periodic fracture and the compliant microcrack pattern in more 

detail, FIB cuts through the spin valve layer on the PDMS film were performed. Figure 4.17 shows 

SEM images of a selection of cuts through the unstretched sample after it was peeled from the 

handling wafer. The focus is on the investigation of the parallel trenches that represent the pre-

determined fracturing sites for the microcrack pattern. It turns out, that in some cases the SV film is 

actually not cracked at the trenches that evolve perpendicular to sensor stripe (figure 4.17a) and others 

are apparently cracked, but still maintain the contact across (figure 4.17b). In figure 4.17c, one 

example of a completely fractured trench is shown, that was present before the stretching of the 

sensor. The way a metal film behaves upon compressive deformation on an elastomeric substrate, in 
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particular concerning the formation of cracks, strongly depends on its ductile properties
45

. The 

different morphology that results from the release of the thermally induced pre-strain upon peeling, 

compared to the observations on GMR multilayers (chapter 4.1.2) are attributed mainly to the presence 

of the brittle IrMn layer. In contrast to the materials present in the multilayers, which all exhibit a good 

ductility, the IrMn may cause the SV film to crack rather than to wrinkle upon compression. 

Furthermore, the micrographs show the good adhesion of the wrinkled SV layer to the elastic PDMS 

membrane underneath, which is an important factor for the high stretchability of the here presented 

sensor elements. 

 
Figure 4.17 | FIB cuts through pre-determined fracturing sites: 

(a-c) SEM micrographs of three selected cuts through the peeled SV 

sensor. The right hand images show a magnification of the area 

marked on the left. All scale bars: 2 µm. A carbon bar was locally 

deposited prior to FIB milling to stabilize the cut edge. FIB milling 

and SEM investigation was performed in collaboration with Dr. Stefan 

Baunack (IFW Dresden). Figure taken from [167]. 

A further SEM investigation was performed on a SV sensor element in a stretched state, as presented 

in figure 4.18. It is clearly visible, that the random wrinkles from the Ta layer deposition are still 

present at high strains. Thus, the actual stress on the sensor layer slabs is assumed to be low and most 

of the strain is accommodated by the broadened microcracks. The deposition induced random 
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wrinkling supports the accommodation of strain at the sites that bridge the different slabs between two 

opening gaps. Also visible are the perpendicular buckles that occur upon stretching due to the Poisson 

contraction (figure 4.18a), which may also have a contribution to the perpetuation of conductive paths 

at higher strains. A FIB cut through one of the microcracks in the stretched state demonstrates that the 

adhesion between the metal layer and the PDMS membrane even endures at high tensile 

deformations (figure 4.18b). From this image, delamination and slipping of the sensor layer upon 

stretching can be excluded as the main mechanism during the elongation of the underlying PDMS 

membrane. Thus, a smart interplay between periodic fracture and random wrinkling allows for the 

high stretchability achieved in the presented SV sensor elements. 

 
Figure 4.18 | SEM investigation of the stretched spin valve: SEM images of 

(a) the stretched sensor surface and (b) a FIB cut through a periodic fracture site. 

The right hand images show a magnification of the area marked on the left. 

Stretching was done along the horizontal axis by about 20%. All scale bars: 5 µm; 

FIB milling and SEM investigation was performed in collaboration with Dr. Stefan 

Baunack (IFW Dresden). Figure taken from [167]. 

The induced periodic fracture of the sensor film not only allows for a high stretchability, but is also 

responsible for transitions in its GMR characteristic, which are highlighted in figure 4.14. As known, 

the GMR magnitude depends on the relative alignment of the magnetic moments of the free layer and 

the pinned layer
95

. In the case of cross-pined SV elements, there is a competition between the shape 

anisotropy (along the lithographically defined stripe) and the induced anisotropy by EB (perpendicular 

to the stripe). This biaxial anisotropy results in a misalignment of magnetic moments in the pinned 

layer, which leads to a reduced GMR effect. The discrepancy due to competing anisotropies is also 

illustrated in figure 4.13, where the cross-pinned spin valve (panel c) exhibits a lower GMR effect than 
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in the case of the EB aligned with the shape anisotropy (panel a). Upon stretching, the induced 

microcracks create perpendicular elongated slabs (figure 4.16), which cause the shape anisotropy to 

realign along their long axis (i.e. parallel to the EB), rather than along the lithographically defined 

sensor element. This establishes a favorable uniaxial anisotropy with aligned magnetic moments 

leading to the observed early increase in the GMR magnitude (figure 4.14c). For the cross-pinned 

sensors on free-standing PDMS, the GMR magnitude is enhanced even before 

stretching (figure 4.13c), as the periodic fracture is already present to some extent, as shown in 

figure 4.17c. Since the gaps are opening already at low strains due to the pre-determined periodic 

fracture, the transition of the shape anisotropy is completed at about 2% of tensile strain, which is 

enough to overcome the thermally induced pre-strain and open up the trenches into the periodic 

microcrack pattern. This morphological change induces the early increase in the absolute resistance as 

well. During cyclic loading the gaps are closing again upon full relaxation, which at the beginning 

restores the shape anisotropy along the sensor stripe leading to the reduced GMR effect. However, due 

to the thermally induced pre-strain, the edges of adjacent slaps further push against each other causing 

the observed fatigue at full relaxation (figure 4.15a). Hence, with continued cycling more and more 

microcracks remain open at 0% strain, suppressing the reestablishment of the unfavorable biaxial 

anisotropy. This effect accounts for the asymptotic adaption of the GMR magnitude in the fully 

relaxed state upon cyclic loading.  

For higher applied strains the periodic cracks increase in length and width causing the absolute 

resistance to raise further (figure 4.14c). For flat metallic films on elastomeric substrates, the number 

of cracks is expected to increase with applied tensile strain
138,212

. In the present case, however, the 

initial number of cracks is predetermined by the period of the parallel trenches upon peeling. It can be 

assumed that the number of periodic fractures is larger than the number of cracks necessary to 

accommodate the residual strain. Therefore, the number of cracks is not increasing for low and 

medium strains (figure 4.16a,b), even if the adhesion to the rubber is maintained and no slipping 

occurs. For higher strains, the number of necessary cracks eventually exceeds the number of initial 

periodic trenches and additional cracks may be formed (figure 4.16c). In any case, the first elongation 

creates the microcrack pattern and defines the absolute resistance of the sensor element, which is 

maintained for all strains below, except for a full relaxation back to strains below about 2%, as 

presented by the cyclic loading experiments in figure 4.15. If the strain rises above the first elongation, 

the microcrack pattern is extended and a higher resistance is set. However, the geometry of the 

individual slabs does hardly change, which leads to a stable GMR effect, as long as the electrical 

conduction along the sensor stripe is maintained.  

The periodic fracturing can also explain in part the decreasing slope in the switching regions (i.e. the 

sensor’s sensitivity) of the GMR curve (figure 4.14d). Indeed, the fragments between the arising gaps 

are not equal in shape (width: 13.9 μm with 4.6 μm standard deviation) which leads to different 
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switching fields for the individual slabs and thus a broadening of the magnetic switching behavior for 

the total sensor element. In addition to the modification of the shape anisotropy upon stretching, 

i.e. the broadening and shearing of the minor loop hysteresis (figure 4.14b) could be related to the 

occurrence of perpendicular buckling in the SV film. Since this these buckles are also perpendicular to 

the applied magnetic field, the film bending and tilting on the flanks results in local out-of-plane field 

components. Hence, larger external fields have to be applied in order to align the magnetic moments 

on these locations. 

In conclusion, we demonstrated an easy approach to fabricate highly elastic and sensitive spin valve 

sensors on free-standing elastomeric membranes by means of a predetermined periodic fracturing 

mechanism and random wrinkling. Both phenomena work together to create a meander-like self-

patterning during the first stretch of the element. Tensile strains of up to 29% could be applied without 

major changes of the GMR magnitude of around 7%. A sensitivity of 0.8%/Oe was achieved for the 

as-prepared spin valve, which decreases down to 0.2%/Oe upon stretching. This and other minor 

influences on the response characteristics during stretching could be explained by the morphological 

transitions occurring in the sensor film. Cyclic loading experiments were conducted, which revealed a 

very stable behavior over 500 periods, accounting for the elasticity and reliability of the prepared 

elements. The proposed technology opens the way for a successful integration of large area magneto-

electronic components in stretchable hybrid electronic systems. The obtained stretchability allows 

applications in the field of wearable
22

, on-skin
53

 and implantable
47

 electronics. 

4.3 Direct transfer printing of GMR sensorics    

All approaches to fabricate stretchable magnetoelectronics described so far rely on the direct 

deposition and lithographic structuring of magnetoresistive thin films onto elastomeric membranes. 

The soft substrates, attached to a rigid handling support, were pre-strained thermally in order to induce 

wrinkling
6,145,166

 or a periodic fracture pattern
167

. However, this method, although it allowed to 

fabricate the world’s first stretchable magnetic field sensorics
6
, is associated with severe process 

limitations, preventing significant advances in performance and level of complexity and thus, 

restricting the applicability of the technology. First of all, the photolithographic structuring on the 

PDMS surface is challenging for feature sizes well below 100 µm
145

 and multiple patterning steps, 

which are absolutely necessary for the integration of magnetoelectronic components into 

multifunctional stretchable electronics platforms, can hardly be realized on PDMS reliably. Another 

crucial drawback is related to the limited stretchability of the functional elements relying on wrinkling 

due to thermally induced pre-strain. In fact, stretchabilities of a few percent only
145,166

 can be achieved 

in this way, unless cracking of the sensing layer is permitted, which can result in higher 

stretchabilities
167

. However, stretching due to crack formation is applicable only for thin film elements 

that are much larger than the cracks and hence, this approach contradicts the device miniaturization, 

which is highly relevant especially for the integration into wearable navigation and orientation 
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systems, bio-medical systems
188,189

 or for the fine mapping of inhomogeneous magnetic fields and 

textures. Other applications fields like smart skins
44,53

, functional medical implants
47,67

 and soft 

robotics
69,74

, require stretchabilities of electronic components in the order of 20% or more for useful 

integration. Further process limitations are related to the thermal and chemical conditions the 

polymeric substrate can endure during the fabrication of the magnetoelectronic system. These severe 

limitations call for a novel fabrication strategy of stretchable magnetoelectronic devices that allows for 

smaller structures and mechanically induced pre-strain. The preparation method described in the 

following section is inspired by transfer printing techniques
170

 and was specifically developed in the 

scope of this work 

4.3.1 The direct transfer printing process 

For the fabrication of stretchable magnetic sensorics, a single step transfer printing process was 

developed
163

. It allows preparing miniaturized and complex GMR systems on common rigid (donor) 

substrates, which are then directly transferred onto the elastomeric receiving substrate, without 

requiring micropatterned stamps, as for conventional transfer printing methods. With the preparation 

of entire magnetoelectric sensor systems or arrays including wiring and contact structures on silicon 

wafer substrates, the full potential of state-of-the-art microfabrication methods and thin film 

technologies can be exploited to reach a level of complexity that is not met when the magnetic layer 

stack is directly deposited onto elastomeric membranes. One of the key advantages is that the 

receiving PDMS substrate can be pre-stretched mechanically during the transfer process, which results 

in higher wrinkling amplitudes compared to the thermally pre-strained case
24,27

. This is beneficial to 

achieve higher stretchabilities without inducing cracks in the functional magnetic layer. Another 

advantage of this approach is that the direction of the pre-strain can be controlled in order to either 

prepare systems that are compliant along one defined axis or even achieve biaxial stretchability
36

. 

Additionally, the advanced microfabrication potential allows for the combination with compliant 

meander geometries
29,142

 and fractal designs
32

. 

Figure 4.19 shows the process flow of the developed direct transfer method for GMR multilayer 

sensor elements. One of the key aspects is a sacrificial layer on top of the donor 

substrate (figure 4.19a), which facilitates the preparation of GMR sensor systems on its surface. For 

this purpose, Ca
2+ 

metal cross-linked PAA with a total thickness of only 80 nm was chosen, fulfilling 

all crucial requirements to the sacrificial layer
173

. Details of its preparation can be found in 

section 3.1.7. The resultant sacrificial layer provides a very small roughness of below 1 nm, as 

revealed by an AFM investigation in figure 3.11, which is necessary for the successful growth of the 

high performance magnetic sensor layer. Furthermore, the metal cross-linked PAA possesses high 

molecular weight (>400K) and is chemically inert to standard microelectronic processing based on 

photoresists. To still facilitate a gentle removal of the PAA sacrificial layer, it is dissolvable in strong 

alkaline (pH > 10), acidic (pH < 2) or chelating (a solution of polydentate molecules like 
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ethylenediaminetetraacetic acid, EDTA) solvents only. In combination with the excellent temperature 

stability of up to 150°C, these properties allow using the entire spectrum of multiple lithographic 

patterning and thin film preparation techniques to prepare sophisticated GMR sensoric systems on a 

Si-wafer donor substrate (figure 4.19b). On top of the sensors, a 4 nm Si capping layer is sputtered that 

accounts for the plasma induced adhesion to the receiving PDMS membrane. The free-standing PDMS 

receiver is prepared as described in section 3.1.2, using 1,500 rpm for spin coating, and peeled from 

the handling support directly after cross-linking (figure 4.19c). The elastomeric membrane of 60 µm 

thickness is pre-stretched and fixed to a holding frame (as described in section 3.1.6), before it is 

exposed to a weakly excited RF oxygen plasma at 50 W for 30 seconds together with the Si coated 

sensors on the donor substrate (figure 4.19d). The pure oxygen plasma activates both, the PDMS 

silicone rubber surface and the naturally oxidized thin silicon film on top of the sensor surface, which 

allows for a strong covalent bonding to each other upon contact (figure 4.19e). The adhesion is 

promoted by means of heat and pressure (60°C and ≈10 kPa for 30 minutes), after the uniaxially or 

biaxially pre-stretched PDMS membrane was flipped on the activated surface of the donor 

substrate (figure 4.19f). To finalize the transfer, the PDMS membrane is released from the holding 

frame and the sacrificial layer is dissolved in an aqueous solution of EDTA. This smoothly detaches 

the donor substrate from the sensor system on the receiving membrane and simultaneously releases the 

mechanically induced pre-strain, which leads to a wrinkling of the transferred structures on the PDMS 

rubber (figure 4.19g). Hence, the wrinkled sensor elements on the soft support can be elastically 

stretched according to the induced pre-strain (figure 4.19h). 
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Figure 4.19 | Process flow of the direct transfer printing: (a,b) preparation of GMR multilayers with Si 

capping layer on a PAA coated Si wafer (donor). (c) Spin coating and curing of a PDMS film (receiver) on 

an anti-stick layer coated carrier. (d) Oxygen plasma activation of donor and pre-stretched receiver substrate. 

(e,f) Heat and pressure assisted adhesion of both activated surfaces. The magnified view in (f) shows a cross 

section of the bonding interface region. The bonding is established between the top Si surface, which is 

oxidized to SiOx by the plasma and the activated PDMS (layers not drawn to scale). (g) Dissolving of the 

PAA sacrificial layer to detach the GMR structures from the donor substrate and release of the pre-strain in 

the receiver membrane to obtain a wrinkled morphology. (h) The transferred sensors can be elastically 

stretched in the direction of the pre-strain. The direct transfer process was developed in collaboration with 

Daniil Karnaushenko (IFW Dresden). Figure taken from [163]. 

Two different sensor designs were prepared in this study to highlight the two main features enabled by 

the introduced transfer process. The first layout is an array of micro-sized GMR sensors with electrical 

contacting, which requires two-step lithography to be performed, to demonstrate the enhanced 

fabrication potential in terms of miniaturization and level of complexity compared to previous 

fabrication approach. The second sensor design is a serpentine meander, to demonstrate the increased 

stretchability using the direct transfer method. The advantage of using the meander-shaped sensors is 

twofold: on the one hand this shape allows increasing the resistance of the sensor element, which is 

beneficial from the signal acquisition point of view and on the other hand they allow for an enhanced 

stretchability compared to the stripe-shaped metal layers
29,145

. The results for both sensor structures are 

described in the following two sections, respectively. 

4.3.2 Direct transfer of GMR microsensor arrays 

The microsensor array consists of five GMR multilayer elements, all of 6 µm width and different 

lengths, including one sensor shaped to a meander. As displayed in figure 4.20a,b, each element is 

equipped with an electrode structure of Cr(5 nm)/Cu(50 nm) for reliable contacting, which was 
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prepared by electron beam evaporation and a second photolithographic patterning step. Since 

microsensor arrays are mainly used to detect spatially confined and small magnetic fields in the range 

of several oersteds only
188

, the sensing elements in this design consist of highly sensitive [Py Cu⁄ ]30
2nd

 

multilayers
95

. Two of the sensor elements, a stripe of 60 µm length and the meander, are displayed in 

figure 4.20c,d, respectively.  

 
Figure 4.20 | Direct transfer of a GMR microsensor array: (a) Microscope image of the array of five 

[Py Cu⁄ ]30
2

nd

 GMR elements (four stripes of different length and one meander, widths: 6 µm). (b) Entire 

structure including contacts on the rigid donor substrate. (c,d) Magnified views of the 60 µm microsensor 

stripe and the meander, with contacts to the electrodes, respectively. (e-g) Microsensors transferred to the 

receiving substrate using a uniaxial pre-strain of 20%, as indicated in (f). All scale bars: 50 µm. (h) The 

transferred microsensor array can conform to the soft and curved surface of a fingertip (scale bar: 10 mm). 

(i) GMR characteristics of the meander microsensor element before () and after () the transfer process. 

The lithographic structuring was performed in collaboration with Gungun Lin (IFW Dresden). Figure 

compiled from [163]. 
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Figure 4.20e-g shows the same structures as above, respectively, after the transfer to the receiving 

PDMS membrane. For the microsensor array, a uniaxial pre-strain of 20% along the sensor stripes was 

used, as indicated in figure 4.20f. In the case of uniaxial pre-strain, the transverse direction has to be 

pre-stretched as well, in order to compensate for the Poisson’s contraction, avoiding the destruction of 

transferred structures upon strain release. The final sensor array can be applied to any curved or soft 

surfaces, as demonstrated in figure 4.20h with the GMR microsensors situated on a fingertip. The 

functionality of the transferred sensors is proven by GMR measurements on the meander element 

before and after the transfer process (figure 4.20i). Both curves show a similar GMR signal with high 

sensitivities for small magnetic fields.  

4.3.3 Direct transfer of compliant meander shaped GMR sensors 

As the second sensor design, the macroscopic serpentine meander with four contact pads, according to 

figure 3.3b, was used. In this case, [Co Cu⁄ ]50
1st

 GMR multilayers were chosen. Figure 4.21a,b shows 

the same element before and after the transfer to the receiving PDMS membrane, respectively, using a 

biaxial pre-strain of 25% x 25%. A confocal microscopy image of the serpentine trace after the 

transfer is included in figure 4.21c showing the biaxially wrinkled morphology of the GMR film with 

an amplitude of ≈2.5 µm and a period of ≈11.7 µm. The theoretically estimated value of the wrinkling 

period according to the previously employed model by Bowden et al.24
, is  = 22.3 µm, if the 4 nm 

plasma oxidized silicon layer (ESiO2 = 73 GPa and νSiO2 = 0.17) is also taken into account. This value, 

however, gives only the period of the wrinkles upon their formation and has to be corrected for the 

compressive deformation of the rubber support upon relaxation, which pushes together the buckles 

accordingly. For the chosen pre-strain of 25% along one direction, there is a resulting compression 

of 0.2, which shrinks the calculated wrinkling period to  = 17.8 µm. It is known, that oxygen plasma 

treatment creates a stiff film of the surface of PDMS
177

. This layer of increased but unknown Young’s 

modulus, which is not included in this theoretical reflection, may be responsible for the somewhat 

smaller value of the wrinkling period that is observed experimentally. 

The good adhesion of the plasma induced bonding between the GMR multilayer and the PDMS 

membrane is demonstrated by means of an SEM investigation of the sensor cross-section 

(figure 4.21d). The cross-section was prepared using FIB etching through the wrinkled magnetic 

nanomembrane. The images show that the GMR multilayer is firmly attached to the soft PDMS, even 

throughout the wrinkles. The magnetoelectrical performance of the [Co Cu⁄ ]50
1st

 multilayer meander on 

the donor and the receiver substrate is shown in figure 4.21e. The GMR curve determined in this 

measurement reaches a value of 46% after the transfer from 57% beforehand. This, however, is not an 

evidence of a reduced total GMR magnitude in the transferred sensor element, since it also reveals an 

increased saturation field that is beyond the maximum field range of ±5 kOe achievable in the 

magnetoelectric characterization setup. This broadening of the GMR curve is attributed to the 

appearance of out-of-plane components of the magnetization at the locations of the tilted wrinkle side-
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walls, which run perpendicular to the applied magnetic field. This effect becomes pronounced in this 

sample due to the large amplitude of biaxial wrinkles (amplitude/period = 0.4) compared to the 

previous cases with rather shallow parallel wrinkles (amplitude/period = 0.04), which were thermally 

induced
6
. A similar effect was already observed by means of perpendicular buckles due to the Poisson 

contraction in the case of stretchable spin valves
167

 described in chapter 4.2.4.  

 
Figure 4.21 | Direct transfer of a compliant meander GMR sensor: (a) A macroscopic serpentine 

meander element consisting of a [Co Cu⁄ ]50
1

st

 GMR multilayer on the donor substrate. (b) The same meander 

element after the transfer to a free-standing PDMS membrane using a biaxial pre-strain of 25% x 25%. All 

scale bars: 5 mm. (c) A confocal microscopy image showing the topography of the wrinkled GMR multilayer 

element in (b). (d) SEM images of a FIB cut through the transferred GMR film showing the good adhesion of 

the wrinkled magnetic nanomembrane to the PDMS support (scale bar: 5 µm). (e) GMR characteristics of the 

serpentine meander before () and after () the transfer process. FIB milling and SEM investigation was 

performed in collaboration with Dr. Stefan Baunack (IFW Dresden). Figure compiled from [163]. 

The chosen meander geometry of the transferred sensing elements have been shown to enhance the 

stretchability of GMR multilayers grown onto PDMS substrates
145

. Hence, this type of sensor will be 

applied to demonstrate the increased stretchability achieved using the direct transfer printing method 

with mechanically induced pre-strain. Its larger size is beneficial for performing stretching 

experiments as the evaluation of strain on the magnetoresistive elements and its influence on their 

sensing behavior is more meaningful than for microscopic sensors.  
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Figure 4.22 | Stretching test of a transferred GMR meander: (a) GMR curves of a [Co Cu⁄ ]50

1
st

 multilayer 

meander transferred to a PDMS membrane, measured at different strains applied along the meander, as 

indicated in the legend. The pre-strain used for the transfer process was 25% x 25%. (b) GMR magnitude () 

and sensor resistance () with increasing tensile strain. The inset shows the sensor mounted to the stretching 

stage and contacted for 4-point in situ GMR characterization. Figure compiled from [163]. 

A transferred GMR meander element was mounted to the computer controlled stretching stage, as 

shown in the inset of figure 4.22b. The sensor characteristics for in situ recording of GMR curves as 

the sample is stretched is plotted for increasing strains in figure 4.22a and shows no significant 

changes, except for a small drop beyond 20% strain. In figure 4.22b the GMR magnitude and the 

sensor resistance at zero field is presented in dependence of the applied tensile strain. Both values are 

subjected to only small changes up to a uniaxial deformation of the sensor of 30%, before the 

electrical connection is lost. This data demonstrates the compliant properties and invariance of the 

prepared magnetic sensing elements to application relevant tensile deformations. Especially the 

maintained resistance, in contrast to the behavior of the spin valves in section 4.2.3, proves that no or 

only very few cracks are induced in the wrinkled GMR nanomembrane as it expands. The obtained 

stretchability of 30% is attributed to a combination of the wrinkling due to mechanically induced pre-

strain in the stretching direction (≈25%) and the additional compliance of the meander 

pattern (≈5%)
145

. 

In conclusion, a novel fabrication process for stretchable magnetoelectronics was introduced, relying 

on a single step direct transfer of thin functional elements from a rigid donor substrate to a 

mechanically pre-stretched elastic membrane. The detachment of magnetic nanomembranes from the 

donor substrate is facilitated by means of a PAA-based sacrificial layer. To assure a good adhesion to 

the receiving PDMS elastomeric membrane, an oxygen plasma treatment of the capping Si surface of 

the sensor, on the one hand, and the pre-stretched PDMS membrane is found to be absolutely crucial. 

Although the individual fabrication steps, e.g. use of sacrificial layers
173

 or plasma treatment are 

already known, the key novelty of the present approach comes from the combination of different 

processing steps and materials in exactly the right order to obtain a fabrication route  that allows for 

the superior properties of stretchable magneto-electronics. The fabrication potential of this method in 

terms of miniaturization and level of complexity was demonstrated by transferring an entire GMR 
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microsensor array including contact structures in a single step. On the other hand, the stretchability of 

transferred GMR multilayer elements is presented up to strains of about 30% relying solely on the 

wrinkled topography and the meander geometry, without the formation of cracks. These results denote 

a one order of magnitude increase in stretchability and miniaturization of compliant GMR multilayers 

compared to the previously described approach of sensor preparation directly onto the elastomeric 

substrate with thermally induced pre-strain
6,145

. Both, the GMR characteristic and sensor resistance 

remain almost unchanged over the entire range of strain, which was not achieved by any other means 

so far. Since almost no resistance change is associated with the tensile deformation as well, the senor 

elements introduced here are truly strain invariant. Although an unchanged resistance up to high 

tensile deformations was also observed in the case of stretchable spin valves after the first stretching, a 

severe damage occurred, when these elements were released back to their fully relaxed state
167

. This 

effect is neither observed nor expected in the present case, due to the absence of cracks in the 

functional GMR layer. Furthermore, the direction of the pre-strain can be controlled in order to 

achieve either uniaxial or biaxial stretchability. The presented direct transfer approach is not limited to 

magnetic nanomembranes, which renders possible the combination of magnetoelectronic components 

with other stretchable functional elements to form smart multi-functional and interactive electronic 

systems triggered by magnetic fields. 

4.4 Imperceptible magnetoelectronics    

In order to go beyond the possibilities provided by using elastomeric membranes like PDMS as 

support for GMR thin films to obtain arbitrarily shapeable sensing elements, the novel approach of 

imperceptible electronics16
 is exploited. In this respect, ultra-thin GMR sensor foils that are extremely 

flexible, light-weight and durable are introduced. This work has a particular impact for electronic skin 

systems, which will be highlighted in the first part of this subchapter. The here presented 

imperceptible magneto-sensitive elements readily conform to ubiquitous objects, which paves the way 

to go beyond the imitation of natural skin functionalities and could equip the recipient with the “sixth 

sense” of magnetoception83,84
. Biological skin is soft and flexible but also stretchable, a feature that is 

most desirable for the artificial equivalent. The prepared GMR foils also lead to outstanding uniaxial 

and biaxial stretchabilities of far beyond 100% with a very stable performance and long-term 

persistence, which will be demonstrated in the second part of the chapter. These ultrathin magnetic 

field sensors offer new functionalities not only for electronic skin devices but also in the fields of soft 

robotics, safety and healthcare monitoring and consumer electronics. Their application potential is 

highlighted in several demonstrators throughout this section. 

4.4.1 GMR multilayers on ultra-thin PET membranes 

Imperceptible electronics relies on the fabrication of functional thin film electronic elements on ultra-

thin (<2 µm) polymeric membranes. The reduction of the flexible substrate to a minimum thickness 

imparts its thus gained mechanical properties of extreme bendability and light-weight to the entire 
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electronic device
16

. Weight and flexibility are key figures of merit for large area electronics or robotic 

skin
16,53

, as they critically influence the mechanical response and perception of the artificial system. 

The unique haptic character of functional electronic devices obtained using this approach allows for 

intimate contact with soft, biological tissue or organs and complex, arbitrarily shaped 3D free forms. 

Both, organic and inorganic electronic components were very recently introduced in this respect. 

Besides electronic circuity
55

 also tactile sensors,
16

 light emitting diodes,
38

 solar cells,
48

 as well as 

thermoelectric elements
45

 have been realized.  

 
Figure 4.23 | GMR multilayers on ultra-thin PET: (a) Schematics of an imperceptible magnetic 

sensor foil with a cross section of the GMR layer system (inset). (b,c,d) GMR curves recorded on 

the PET substrate () as well as on SiOx reference wafers () for [Co Cu⁄ ]50
1

st

, [Co Cu⁄ ]30
2

nd

 and 

[Py Cu⁄ ]30
2

nd

 GMR multilayers, respectively. The electrical resistances at zero field are included in 

the respective legends. Artwork in (a) by Dmitriy Karnaushenko. Figure compiled from [7]. 

In this work, GMR multilayer elements were fabricated on ultrathin (1.4 μm) PET membranes, as 

schematically shown in figure 4.23a. The substrate foil, which is commodity scale and commercially 

available, was attached to a handling support according to the description given in section 3.1.8. As for 

all sensor elements discussed in this work so far, magnetron sputter deposition at room temperature 

was performed to prepare different stacks of GMR multilayers with the approved sensor stripe 

geometry defined by photolithography. Despite the high surface roughness of the PET foil (29 nm 

according to the AFM investigation in figure 3.12) the prepared [Co Cu⁄ ]50
1st

 sensor elements reveal a 

typical GMR ratio of 57.8% at room temperature (figure 4.23b). Also the electrical resistance is only 

slightly increased on the PET membrane (16.9 compared to 16.2  on a smooth and rigid SiOx 

wafer) due to roughness. Since the morphology of the ultra-thin polymeric sheet is governed by 

isolated hillocks (figure 3.12) the main part of the surface area is still smooth enough to facilitate high 
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GMR ratios without occurrence of the orange peel effect. Moreover, one can take advantage of the 

enhanced adhesion of thin metal films on rough polymer surfaces
16

, which leads to an improved 

mechanical resilience. Motivated by these results, also [Co Cu⁄ ]30
2nd

 and [Py Cu⁄ ]30
2nd

 GMR multilayer 

elements were prepared on ultrathin PET foils, which also behave very similar to their rigid 

counterparts, as revealed by their magneto-electric characterization shown in figure 4.23c,d, 

respectively. These GMR systems have more stringent requirements with respect to substrate quality, 

but exhibit much higher sensitivities to small magnetic fields
95,166

. This is especially desirable for 

smart skin, biomedical and orientation applications
196,199

 and also strengthens the potential of 

imperceptible magnetoelectronics for a wide field of GMR applications.  

 

Figure 4.24 | Ultra-thin and light-weight GMR sensors: (a) Free-standing array 

of five [Co Cu⁄ ]50
1

st

 multilayer elements on 1.4 µm-thick PET foil (scale bar: 10 mm). 

(b) The ultralight (≈3 g/m
2
) sensor array floating on a soap bubble and (c) scrunched 

between fingertips. (d) GMR characteristics of one [Co Cu⁄ ]50
1

st

 element as-prepared 

(, R0 = 16.9 ), after crumpling as shown in (d) (, R0 = 17.9 ) and a 

comparison to a reference sample on rigid silicon (, R0 = 16.2 ). Samples were 

prepared in collaboration with Martin Kaltenbrunner (University of Tokyo). Figure 

compiled from [7]. 

After device fabrication, the magneto-sensitive membrane is readily peeled off the handling support 

without causing damage. Figure 4.24a shows a free standing ultra-thin (1.5 µm total thickness) array 

of five lithographically structured [Co Cu⁄ ]50
1st

 GMR multilayer elements. The extreme light-weight and 

compliant nature of the sensor elements is demonstrated in figure 4.24b where an array of magnetic 

field sensors is floating on a soap bubble. The sensor foil is highly flexible and tearproof; it can be 
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completely scrunched up and rubbed between fingertips multiple times, as shown in figure 4.24c, 

without signs of performance degradation. This is corroborated by GMR characteristics (figure 4.24d) 

recorded for the as fabricated sensor and after crumpling, showing that even severe mechanical wear 

has virtually no influence on the device characteristics. 

4.4.2 Imperceptible GMR sensor skin 

Magnetoception is a sense which allows bacteria, insects and even vertebrates like birds and sharks to 

detect magnetic fields for orientation and navigation
83,84

. Humans are however unable to perceive 

magnetic fields naturally. Magnetosensorics is a versatile tool to assess orientation or mechanical 

movements that should become wearable on-skin and may also be operated in vivo in order to add 

these unfamiliar senses to our natural cognition. Foreseeable applications include real time monitoring 

of artificial muscles, joints or valves of the heart to diagnose early stages of dysfunctions. Such 

advanced applications require very specific mechanical properties of the sensing elements, such as 

bending radii smaller than 10 µm, stretchabilities exceeding 100% as well as a sensitivity for magnetic 

fields below 100 Oe. Such a compliant nature makes magnetoelectronic devices ideally suited also for 

wearable, yet unobtrusive and imperceptible orientation and manipulation aids. 

 
Figure 4.25 | Imperceptible GMR sensors: (a-c) Imperceptible [Co Cu⁄ ]50

1
st

 GMR sensor array on a human 

palm with one element connected to a readout circuit during rest, moving the hand and in proximity to a 

permanent magnet, respectively. All scale bars: 20 mm. (d) recorded resistance of the sensor element for 

panels (a) through (c). This experiment was conducted in collaboration with Daniil Karnaushenko (IFW 

Dresden). Figure taken from [7]. 

Imperceptible magnetoelectronic elements are readily worn directly on the palm of the author’s hand 

as demonstrated in figure 4.25. Here, a set of five [Co Cu⁄ ]50
1st

 GMR sensors intimately conforms to the 

inner hand and simultaneously follows the motions and deformations of the skin when the hand is 

moved (figure 4.25a,b). The presented elements are denoted imperceptible, because their presence on 
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the skin is haptically not perceived by the recipient. One sensor element is electrically contacted with 

thin copper wires and the resistance of the on-skin sensor is recorded while moving the fingers, 

opening and closing the hand, applying a magnetic field with a permanent magnet and alternating the 

distance to the magnet (figure 4.25c). The recorded signal plotted in figure 4.25d shows a small, noise-

induced fluctuation during the motion of the hand (which amounts to less than 0.3%), whereas the 

field of the approaching permanent magnet induces a strong resistance drop of about 13% at its nearest 

position. Altering the distance between the permanent magnet and the on-skin GMR element results in 

a corresponding change in the sensor’s resistance. Note that magnetic saturation of the [Co Cu⁄ ]50
1st

 

multilayer element is not reached, as the full bandwidth of the sensor is not utilized here.  

With just about 1.5 μm total thickness, the prepared magneto-electronic foils are light (≈3 g/m
2
) and 

unmatched in flexibility, they are operable with smallest radii of curvature, yet highly durable and 

withstand severe crumpling without any performance degradation. Despite their imperceptible design, 

these novel GMR sensors exhibit the same sensitivities as their counterparts on rigid Si/SiO2 wafer 

substrates. Due to their unconventional mechanical properties, they can dynamically conform to 

arbitrary surfaces, including human skin, and seamlessly follow deformations or distortions without 

performance degradation. As ready-to-use epidermal sensing elements, they extend the cognition of 

electronic skin systems to a medium that by no means can be naturally detected by human beings. 

These intriguing capabilities will be demonstrated in the following paragraph. 

4.4.3 Demonstrator: Fingertip magnetic proximity sensor 

Electronic skin on fingertips
214

 is especially attractive for precise input and as communication 

interfaces due to our finger’s fine motor skills. In figure 4.26 an on-skin magnetic proximity sensor is 

demonstrated where a single imperceptible [Co Cu⁄ ]30
2nd

 GMR element is attached to a fingertip and 

connected to a read out circuit (section 3.2.4 for details of the signal acquisition and conditioning 

electronics). The presence of any kind of magnetic field can thus be detected by simply pointing the 

finger towards it, and its strength is in this case visualized by an array of LEDs (figure 4.26a-c). 

Unlike optical sensors, no line-of-sight between the sensor and the magnetic field emitter is required. 

This allows transmitting “magnetic messages” through all non-magnetic objects like safety enclosures, 

displays or even walls. The encoding can be realized both statically via permanent magnets as well as 

dynamically simply with current driven wirings. In all those demonstrations, the imperceptible GMR 

sensors require no encapsulation or capping layers. 
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Figure 4.26 | Fingertip magnetic proximity detector: (a,b,c) Imperceptible [Co Cu⁄ ]30

2
nd

 sensor element 

on the fingertip connected to a linear array of LEDs (dashed red frame). All scale bars: 10 mm. 

Experiment conducted in collaboration with Daniil Karnaushenko (IFW Dresden). Figure taken from [7]. 

The demonstrated on-skin proximity detection system is a proof of concept for touch-less human-

machine interaction relying on imperceptible magnetoelectronics. Similar approaches for motion and 

displacement sensorics are applicable for soft robots
69,79

 or functional medical implants
65,67

 as well as 

for magnetic functionalities in epidermal electronics
53

.  

4.4.4 Ultra-stretchable GMR sensors 

Artificial skin components should not only be flexible, but also elastic and ideally even withstand high 

biaxial deformations. Although the used ultra-thin PET foil is hardly stretchable itself, imperceptible 

electronics offers an elegant route to facilitate very high levels of tensile strain without any sacrifices 

in device performance by a facile post-fabrication transfer step onto a pre-strained elastomer
16,38,48

. In 

the case of GMR elements, this leads to magnetic sensing devices that can reversibly attain nearly a 

10-fold of stretch deformations compared to the previously described concepts, with remarkable long-

term stability. Furthermore, the magneto-sensitive elements can be prepared to be compliant to 

uniaxial or biaxial a deformations, which highlights their universal application potential for stretchable 

electronic systems.  

Individual elements of imperceptible GMR sensor foil are laminated onto pre-stretched stripes of 

highly stretchable VHB tape, as illustrated in figure 4.27a. Its strongly adhesive surface allows for an 

easy transfer of the ultra-thin PET foil from the handling support. When the rubber tape is allowed to 

relax, out-of-plane wrinkles are formed not solely in the GMR thin film, but in the entire imperceptible 

sensor foil (i.e. GMR layer + ultra-thin PET membrane), instead. This not only enables the stretching 

of the device along the direction of the initial deformation of the supporting tape, as in previous cases. 

The presence of a thin flexible, but not stretchable polymer membrane supports the delicate GMR 

nanomembrane throughout its corrugations and protects it from high mechanical stresses during 

arbitrary deformations of the sensor device, which allows for very high stretchabilities. The maximum 

compression and therefore stretchability of the sensors is mainly determined by the pre-strain 

magnitude of the elastomer along the respective direction before lamination and limited by the packing 

density of the out-of-plane folds16. In order to test the limits of the uniaxial stretchability for the 

specific combination of materials studied here, large pre-strains of 600% were used for the fabrication 
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of compliant devices. For such high pre-strains, the VHB tape is unable to relax back to its initial 

length upon release, as adjacent buckles start to push against each other. Optical microscopy and SEM 

top view images provided in figure 4.27b,c respectively, reveal the highly wrinkled topography of the 

sensors after the relaxation of pre-strain. Due to the viscoelastic behavior of the VHB tape, the length 

of the sensor elements after a relaxation period of at least one day is defined as the reference length in 

stretching experiments, which corresponds to 0% strain. 

 
Figure 4.27 | Lamination of imperceptible GMR multilayers onto pre-stretched adhesive tape: (a) The 

post fabrication step to obtain ultra-stretchable GMR sensors from imperceptible elements by face-down 

lamination onto a highly pre-stretched stripe of VHB tape. Four contact pads are reaching beyond the 

tape (top). Relaxing the elastomer results in out-of-plane wrinkling of the sensor foil and enables re-

stretching (bottom). (b,c) Optical microscopy (scale bar: 200 µm) and SEM (scale bar: 100 µm) top view 

images, respectively, revealing the wrinkled structure of the sensor surface in the relaxed state. (d)  GMR 

curves of an imperceptible [Py Cu⁄ ]30
2

nd

 multilayer element at a flat state before lamination onto the pre-

stretched VHB support () and at a highly wrinkled state after release of pre-strain (). (e) Cross-sectional 

SEM images of a [Co Cu⁄ ]50
1

st

 sensor foil laminated to the rubber tape. The GMR nanomembrane is 

encapsulated between the ultra-thin PET and the stretchable adhesive tape. Some parts of the 

magnetoresistive foil on the tip of the buckles are bent into radii of curvature of less than 3 µm (right). The 

location of cuts shown on the left and right is indicated in (c). Scale bars: 1 µm left, 2 µm right. Artwork in 

(a) by Dmitriy Karnaushenko, FIB milling and SEM investigation was performed in collaboration with Dr. 

Stefan Baunack (both IFW Dresden). Figure compiled from [7]. 

The magneto-sensitive capabilities of the presented elements are not affected by the post-processing, 

as shown in figure 4.27d on the example of a [Py Cu⁄ ]30
2nd

 multilayer device measured before and after 

the lamination and wrinkling on the VHB tape. The GMR elements are laminated face down to the 
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pre-stretched VHB tape, which in turn acts as an encapsulation for the functional magnetic layer 

between the stretchable tape and the ultra-thin PET foil, as visualized by SEM imaging of the sample’s 

cross-section (figure 4.27e) prepared by FIB milling. In order to realize reliable contacting of the 

buried GMR layer, the approved sensor layout was adapted by elongated contact pads that after the 

lamination reach sideways beyond the stretchable tape (figure 4.27a). Hence, contacting to thin copper 

wires was done on the metalized bottom side of the free waving PET foil using conductive silver 

paste.  

The cross-sectional SEM images of samples prepared with a high uniaxial pre-strain presented in 

figure 4.27e reveal, that some parts of the magnetoresistive foil on the tip of the buckles are bent into 

radii of curvature of less than 3 µm, while the sensor not only remains functional, but also maintains 

its full performance. For an approximation of the peak strain in the wrinkled PET/GMR membrane, 

the model for the bilayer bending strain
134

 discussed in section 2.3.6 can be applied. The associated 

equation (2.13) computes the maximum lateral strain b in a stiff film (elastic module: Ef, thickness df) 

on a softer substrate (elastic module: Es, thickness ds) upon bending to a radius Rb. The elastic modulus 

of the [Co Cu⁄ ]50
1st

 GMR layer (df=111 nm) is again set to be Ef  = 171 GPa by its material composition, 

as assumed in section 4.1.2. The properties of the PET foil are Es=3 GPa and ds=1,400 nm. For the 

measured radius of curvature of 3 µm in the relaxed (i.e. fully wrinkled) state, the calculated strain on 

the GMR film is about 5.6%. In the case of expansive deformation (i.e. in the valleys of the wrinkled 

film), this value is above the fracture strain of the GMR layer. Different effects are considered to 

reduce the actual strain, e.g. an increased strength observed in multilayer thin films
136

 or the shifting of 

the neutral mechanical plane
134

 closer to the active element by the sandwiching VHB elastomer. In 

addition, for the case of compressive strain on the GMR layer underneath the buckles, the FIB cut 

presented in figure 4.27e revealed further microscopic wrinkling of the magnetic nanomembrane on 

the PET to accommodate the bending stress. Beyond that, a much lower curvature in the wrinkle 

valleys can be observed (figure 4.27c), which would also reduce tensile strains. A maximum peak 

strain of 0.5% in the GMR layer would allow a bending radius of below 40 µm according to (2.13). 

The locations of the presented FIB cuts are marked in the top view SEM image in figure 4.27c.  
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Figure 4.28 | Stretching of imperceptible GMR sensors: (a) A [Py Cu⁄ ]30
2

nd

 sample 

mounted to the in situ stretching stage relaxed (left) and fully elongated (right). The 

arrow in the left image indicates the axis of the applied magnetic field. (b) GMR 

curves recorded for strains from 0% to 250% in increments of 50%, plus 270% and 

275%, according to the legend. (c)  GMR magnitude and  resistance change 

normalized to 0% strain (R0 = 9.7 ) as a function of applied strain. The shaded 

region indicates overstretching. (d) 3D confocal laser scanning micrographs 

showing the topography of the stretchable GMR sensors’s surface (metalized side 

up) at a stretched state just before reaching the maximum strain (left) and precisely 

at the maximum strain, above which the resistance starts to increase (right). Figure 

compiled from [7]. 

The stretchability of the post processed sensor elements is investigated in the GMR characterization 

setup with in situ stretching stage. A top view of a mounted and contacted stretchable [Py Cu⁄ ]30
2nd

 

GMR sensing element in a relaxed (left) and the fully stretched state (right) is provided in 

figure 4.28a. The axis of the applied magnetic field is perpendicular to the sensor stripe (along the 

wrinkles). The strain was increased in steps of 10% with a rate of 100 µm/s (0.7 %/s) between the 

magnetoelectric measurements. The recorded GMR curves at different tensile strain levels up to 270% 

along the direction of pre-strain are congruent with each other, as presented in figure 4.28b. The 

progression of the GMR magnitude and the relative resistance change due to stretching of the sensor 

are plotted as a function of the uniaxial deformation in figure 4.28c. Both values also remain 

unchanged over this entire strain regime (relative standard deviations: RSDR <0.1%; RSDGMR <0.6%). 

At 270%, the PET foil with the GMR layer is fully elongated and the wrinkles vanish, as shown in the 
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right hand picture of figure 4.28a. Confocal microscopy images of a sample at the maximum strain and 

just below are also included in figure 4.28d. Once the foil is stretched even slightly beyond its fully 

flat state, the resistance rapidly increases due to some ultimate tensile deformations of the flattened 

GMR layer (shaded region in figure 4.28c). Surprisingly, by overstretching the GMR element by 

several percent, here from 270% to 275%, the magnitude of the GMR effect is not reduced. The 

respective GMR curve for the overstretched sensor, shows a significant increase of its saturation field 

instead (figure 4.28b), which may be due to a modification of the interlayer exchange coupling by 

slightly reduced layer thicknesses in the strained GMR film. This effect, however, is fully reversible 

and the reduced saturation field is restored as soon as some strain is released. 

To investigate the long-term behavior and reliability of the imperceptible, highly stretchable 

magnetoresistive elements upon deformation, cyclic loading experiments were performed. Wrinkled 

[Py Cu⁄ ]30
2nd

 multilayer sensors were prepared, as described, using a pre-strain of 150% for lamination. 

The strain interval for the repeated loading and unloading was set from 50% to 100% to meet the 

maximum permanent operation limits of the test setup and to avoid slacking due to the strong 

viscoelasticity the of rubber tape during this long-term test. The here investigated magnitude of strain 

meets the typical demands for most on-skin and in vivo operations. Cyclic loading was conducted with 

a rate of 150 µm/s (1.25 %/s) and 1 second delay at the reversal points and 9 cycles were driven 

between the GMR measurements at both reversal points.  

 
Figure 4.29 | Reliability upon cyclic loading: (a) GMR curves of a [Py Cu⁄ ]30

2
nd

 element under cyclic 

loading between 50% strain () and 100% strain (), measured after the first cycle (open symbols) and after, 

cycle No. 1,000 (closed symbols). The characteristic of the as-prepared sample (at 0% strain) is also plotted 

in dashed gray. (b)  GMR magnitude and  resistance change normalized to the as-prepared sample 

(R0 = 10.0 ) at 50% strain (open symbols) and 100% strain (closed symbols) as a function of cycle number. 

Figure compiled from [7]. 

The GMR characteristics for the 1
st
 and 1,000

th
 loading cycle are displayed in figure 4.29a for the low- 

and high-strain state. They show no evidence of fatigue or any other influence of repeated loading. 

The recorded traces are congruent with each other and to the control measurement of the as-prepared 

sensor in the fully relaxed state (0% strain). Figure 4.29b plots the GMR magnitude and relative 

resistance change (normalized to the as-prepared sensor before lamination) for the high (100%) and 
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low (50%) strain reversal points versus cycle number. The GMR values remain at their high level 

throughout the 1,000 loading cycles, and even the electrical resistance of the nanomembrane stays 

nearly unchanged (far less than 1% resistance change over 1,000 cycles). Although a slight resistance 

increase is observed over the first 200 cycles, saturation sets in and no further fatigue occurs. This is 

remarkable for a fully functional sensor element, as such a long-term stability is rarely observed even 

for simple stretchable conductors
141

.  

These results prove in a compelling way that imperceptible GMR sensors are rugged and very durable, 

a prerequisite for “real world” electronic skin and stretchable electronics applications. The here 

presented stretchable GMR sensors outperform all previously introduced elements in terms of 

stretchability, reliability and application potential by a multiple. Since both the GMR magnitude and 

the sensor’s resistance are invariant to stretching, no additional strain calibration is necessary and the 

sensor elements can be regarded as truly strain invariant. The outstanding resilience of the presented 

imperceptible and stretchable GMR elements against high and repeated mechanical deformations can 

be attributed to the ductile properties of the used metals in the Co/Cu and Py/Cu GMR stacks, in 

particular those of copper. It has recently been shown, that thin copper films are much less susceptible 

to aging upon repeated deformations in the concept of imperceptible electronics compared to e.g. Al or 

Ag electrodes
45

. 

4.4.5 Biaxial stretchability 

The ultimate goal for stretchable electronic systems is to be compliant also against high biaxial 

deformations. Sensor elements ideally show orthogonality of arbitrary imposed deformations to the 

detected signal. For the case of GMR sensors, this means that both, the magnetoelectric characteristic 

and the resistance, are not altered by any deformation, including areal expansion of the device. Using 

biaxial pre-strain, the here presented GMR sensing elements can also be stretched in all lateral 

directions simultaneously. This feature is demonstrated in figure 4.30 by the operation of an 

imperceptible sensor on an expanding diaphragm. The diaphragm was prepared as described in 

section 3.1.6. An imperceptible [Co Cu⁄ ]30
2nd

 sensor element is attached face down to the top of the 

VHB membrane while it is strongly inflated by water, which generates the strong biaxial pre-strain. 

The GMR senor is contacted on the two outmost contact pads with 50 µm copper wires and silver 

paste before lamination. Upon deflating the diaphragm, the attached sensor is biaxially compressed 

and wrinkles accordingly. A photograph of the biaxially stretched GMR senor on the inflated 

diaphragm being placed between the pole shoes of the magnetoelectric characterization setup is 

provided in figure 4.30a. 
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Figure 4.30 | Biaxial stretchability on an expanding diaphragm: (a) Biaxially stretchable [Co Cu⁄ ]30
2

nd

 

GMR sensor on a VHB diaphragm inflated by water. (b) GMR magnitude () and sensor resistance () as a 

function of applied areal strain. (c) GMR curves recorded for different inflation states. The corresponding 

areal strain was estimated from the side view photographs of each inflated state shown in the upper row 

of (d), in collaboration with Martin Melzer (University of Potsdam). The bottom row shows the biaxially 

wrinkled sensor for the inflation above, respectively. Scale bars: 10 mm (top), 5 mm (bottom). Photography 

in (d) was performed in collaboration with Dmitriy Karnaushenko (IFW Dresden). Figure compiled from [7]. 

Figure 4.30b shows the GMR characterization results of the [Co Cu⁄ ]30
2nd

 sensor on the diaphragm at 

different inflation states, from planar to 175% areal strain. As for the uniaxial case, the GMR 

magnitude as well as the absolute sensor resistance remain at a constant level with stretching. In this 

experiment, the stretchable GMR element was characterized with a two-point resistance measurement, 

which demonstrates the contact resistance being also stable with applied strain. Furthermore, for 

biaxial stretching, the GMR curves at different strains are congruent with each other as well 

(figure 4.30c). A set of images showing the inflation of the diaphragm (top) and the respective 

wrinkling of the senor (bottom) for all strain levels characterized in this experiment is given in 

figure 4.30d. The side-view photographs at the top were in fact used to estimate the amount of areal 

strain at the sensor position as described in section 3.1.6. 
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With the demonstration of biaxial stretchability, the developed platform for magnetic sensorics reveals 

excellent capabilities in terms of strain invariance. The here presented GMR elements are compliant to 

literally any kind of deformation that can occur on an arbitrary surface. These versatile features are 

imparted to the magnetoelectronic devices by their ultra-thin and –flexible, yet robust polymeric 

support. Hence, the field of potential applications can be even extended, compared to uniaxially 

stretchable sensor devices, as presented by a final demonstrator in the following section. 

4.4.6 Demonstrator: Dynamic detection of diaphragm inflation 

The geometry of an expanding diaphragm was chosen as it represents several potential applications for 

biaxially compliant magnetic sensors, e.g. soft diaphragm actuators made of electro-active 

polymers
76,215

 or multifunctional medical implants on muscular biological tissue
67

. Using the 

stretchable sensor on the diaphragm, one can for example easily detect its inflation by adding a 

permanent magnet at a central position into the water chamber, as shown in figure 4.31a. In this 

configuration, the sensor resistance gives a measure for the distance to the permanent magnet, and 

hence the inflation of the diaphragm (figure 4.31b). For this task, a [Co Cu⁄ ]30
2nd

 element was chosen, as 

it gives the largest GMR signal in the typical field range (<500 Oe) of a permanent magnet in few 

millimeters to few centimeters distance, among the here studied multilayer systems (figure 4.6). The 

obtained sensor signal for a permanently pulsating diaphragm is displayed in figure 4.31c, which 

readily monitors its inflation and deflation in real time. 

 
Figure 4.31 | Demonstrator of a magnetic detector for soft diaphragm actuation (a) Inflated 

diaphragm with compliant [Co Cu⁄ ]30
2

nd

 GMR sensor and a permanent magnet fixed in the water 

chamber on the plastic tray. (b) The resistance of the sensor is displayed on a directly connected 

multimeter for the deflated (top) and inflated (bottom) diaphragm. (c) Recorded sensor signal for a 

pulsating diaphragm demonstrating the dynamic magnetic detection of its inflation. The dashed 

line is a smoothed graph to guide the eye. Experiment conducted in collaboration with Dmitriy & 

Daniil Karnaushenko and Dr. Denys Makarov (all IFW Dresden). Figure compiled from [7]. 



Michael Melzer: Stretchable Magnetoelectronics CONCLUSIONS & OUTLOOK 

     

102 

5. CONCLUSIONS & OUTLOOK 

5.1 Achievements    

The here presented work reflects the successful establishment of stretchable GMR based magnetic 

sensorics, describing the entire development from the first attempts to verify the functional concept
6
 to 

the realization of ready-to-use highly compliant and strain invariant sensor devices with remarkable 

robustness
7
. The developed technology platform offers considerable application potentials in the field 

of smart skins and textiles, soft robotics, medical implants and consumer electronics. The GMR effect, 

which occurs in carefully prepared thin metallic films comprising magnetic materials, was chosen as 

the basic magnetic sensing principle. Magnetoresistive layer stacks were deposited or transferred onto 

elastomeric films, which serve as compliant supports and determine the unique mechanical properties 

of the sensor elements. Photolithographic structuring was performed to define test layouts that allow 

for accurate magnetoelectrical characterization. This, however, renders the sensor design and hence 

some of its spatial, electric and magnetic properties to be adapted for specific applications or system 

requirements. Stretchability of the GMR sensors is achieved by specific morphologic features brought 

into the magnetosensitive thin films, which accommodate the applied tensile deformation while 

maintaining the electrical and magnetic integrity of the device.  

The morphologic feature that is mostly applied in this work to obtain stretchable GMR elements is 

wrinkling
147

, which occurs if a soft material with a harder skin is compressed laterally. The usage of a 

thermally induced pre-strain in the elastomeric support and subsequent wrinkling of a GMR multilayer 

that was deposited on top led to the realization of the world’s first elastically stretchable magnetic 

sensor element
6
. The magnetoelectric performance of this first demonstrator was identical to GMR 

multilayer sensors fabricated on conventional rigid substrates and did not degrade if stretched by 

several percent. Based on that, different optimizations and advancements were conducted in order to 

enhance the sensor properties. The sensitivity to low magnetic fields, as required for most e-skin and 

biomedical applications, was increased by lowering the magnetic coupling strength between the 

ferromagnetic layers, by using magnetically softer materials the GMR stack
166

 or by replacing the 

GMR multilayers by more advanced spin valve stacks
167

. The application of spin valves also gave rise 

to an improved stretchability by incorporating predetermined periodic fracturing sites in combination 

with deposition-induced random wrinkles
167

.  

Increasing the resilience against tensile deformation without relying on crack formation was achieved 

by using mechanically instead of thermally induced pre-strain. For this purpose, a novel fabrication 

process was developed that allows transferring the GMR sensor devices from a rigid donor substrate to 

a pre-strained rubber membrane, which results in stretchabilities of about 30% in GMR multilayers
163

. 

The introduced direct transfer process also greatly enhances the miniaturization and level of 

complexity of the compliant GMR devices, as their initial preparation can be done on conventional 
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rigid substrates. Therefore, entire microsensor arrays including electrode structures could be 

transferred to elastomeric receiver substrates in a single step
163

. 

The final breakthrough in stretchable magnetoelectronics came with the preparation of GMR 

multilayer elements onto ultra-thin (1.4 µm) plastic membranes, which leads to magnetic sensors that 

are extremely light weight (≈3 g/m
2
), conform to arbitrary surface geometries and seamlessly follow 

deformations or distortions without performance degradation
7
. As these imperceptible 

magnetoelectronic devices can be worn directly on the skin, they can add a “sixth sense” of 

magnetoception
84

 to electronic skin systems. Laminating the ultra-thin GMR foil onto highly pre-

stretched rubber tape, results in large stretchabilities of up to 270% without altering any of their 

magnetoelectric characteristics; hence they are truly strain invariant. These magnetic sensors can even 

be stretched biaxially and showed a remarkable durability by enduring 1,000 loading cycles without 

any fatigue.  

With the optimizations described above, the key attributes of stretchable GMR sensors (i.e. sensitivity, 

stretchability, miniaturization and durability) were improved by about two orders of magnitude
7,163,167

 

compared to the original design
6
. The comprehensive magnetoelectrical characterization of the sensing 

performance upon tensile deformation was realized in a magnetoresistive measuring setup, which was 

equipped with a custom designed computer controlled module for in situ stretching. The presentation 

of the sensor performance at different development stages is supplemented with in-depth microscopic 

investigations of the sensor morphology and its transitions upon stretching as well as analyses of their 

possible influence on the sensing behavior. Various demonstrations of prospective application 

examples on a proof-of-concept level were included as well. Furthermore, several novel aspects, like 

self-healing
145

, isotropic sensitivity
166

 or on-skin magnetoception
7
, which are evoked in magnetic 

sensorics by the unique mechanical properties, are highlighted. Since the developed platform was 

demonstrated with different kinds of magnetoresistive systems, including various multilayers
166

 and 

spin valves
167

, it represents a universal basis for the realization of stretchable GMR based sensorics 

and may even be extended to advanced spintronic systems
82

 (e.g. magnetoresistive memories
216

 or 

magnetic logic devices
217

).  

The experience gained during the development of stretchable magnetoresistive sensorics could 

successfully be applied to support different other works, e.g. the development of a technological 

platform for flexible microfluidics with integrated magnetic analytics
86

, that were generated within the 

research team over the time. Another highly important project in this respect includes the realization of 

flexible hall sensorics
184

, which has very promising potential for an application in electrical machines 

and drives. This work is briefly introduced in subchapter 5.3. Beyond that, recently also other groups 

studied magnetic structures embedded in or on soft materials
109,218,219

, which gave rise to both, 

interesting fundamental phenomena as well as promising application potentials. 
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5.2 Outlook    

5.2.1 Further development steps 

The sensor layout utilized in the present work was designed as a test structure for the establishment of 

stretchable GMR sensorics that allows for precise magnetoelectric characterization. Since 

photolithographic patterning of the magnetoresistive nanomembranes was successfully applied from 

the very beginning, the device structure can be adapted and scaled to meet the requirements for 

specific applications and design concepts. Patterning defined meander structures, for instance, will 

adapt the electrical parameters of individual sensing elements to the requirements of a specific signal 

processing electronics. Preparing the GMR elements into a Wheatstone bridge configuration would 

allow for a differential signal and may compensate for temperature effects. An integration of 

compliant ferromagnetic structures
219

 can help to realize a magnetic biasing of the proposed GMR 

sensors to operate them around a defined working point of the GMR response curve in a fully 

stretchable design. This would not only allow using the maximum sensitivity of the respective 

elements but may also add a sense of directionality to lift the symmetry of magnetic field sign in GMR 

multilayers. Finally, detailed finite element method (FEM) mechanical modeling will be necessary to 

further guide sensor improvements.  

For a successful commercialization of stretchable magnetic sensors, the long-term stability upon 

deformation far beyond the 1,000 loading cycles shown in this work has to be verified. To further 

reduce the impact of mechanical stresses on the functional magnetic nanomembrane upon device 

deformation, the GMR film may be situated in a neutral mechanical plane
134

. For the imperceptible 

magnetic sensors, this can be realized by chemical vapor depositions of parylene, which results in a 

thin and inert passivation layer
55

. It homogeneously covers also highly non-planar surfaces with a 

controllable thickness and is even biocompatible. This would also render these sensors suitable for 

more practical on-skin and in vivo use, by preventing long-term damage from aggressive body fluids. 

However, further reliability tests against the persistent exposure to temperature changes, humidity and 

vibrations have to be undertaken to qualify soft magnetic sensors for “real world” applications. Apart 

from that, the general fabrication processes applied here principally allow for large area and high 

throughput production of the introduced compliant GMR sensors. 

Future work will also focus on optimizations to interface electrically and mechanically with other soft 

electronic components enabling for example signal conditioning
55

, multiplexing
16

 or wireless readout 

and remote sensing
53

 to overcome the mayor issue of reliable electrical contacting. The integration of 

stretchable magnetoelectronics with various functional elements on comparable platforms like solar 

cells 
48

, light emitting diodes
38

, rechargeable batteries
51

 as well as temperature
45

 and tactile
16

 sensors, 

will enable autonomous and versatile soft smart systems with a multitude of sensing and responsive 

features.  
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5.2.2 Prospective applications. 

Several potential application areas of stretchable magnetic sensorics, i.e. smart skins and textiles, soft 

robotics and medical implants, were already mentioned in the motivation of this work 

(subchapter 1.1). Some more specific implementation scenarios were also demonstrated throughout 

the results chapter. The dynamic detection of a soft diaphragm’s actuation (section 4.4.6), for example, 

demonstrates the high potential of stretchable magnetoelectronics for the emerging field of soft 

robotics
69,71

 and elastomeric actuators
39,72

. Position and motion tracking in conventional machines and 

facilities (e.g. in automotive and production) is after all the main application area of magnetic 

sensorics, nowadays. Besides being cost efficient, this is mainly because on the emitting side (i.e. by 

means of permanent magnets) no power supply is needed, which also greatly enhanced the design 

freedom. The current establishment of soft robotic machines
68,74,75,77

 calls for similar sensoric 

counterparts that share their novel mechanical properties. The stretchable GMR sensors developed 

here meet all the requirements, in particular high sensitivity, strain invariance and mechanical 

robustness, for the integration into soft robotic systems. However, in order to keep the entire system 

soft, unlike in the presented demonstrator, the magnetic emitter should be compliant as well. Recently, 

P. Tseng et al. introduced stretchable designs of micromagnet arrays
219

. The intelligent incorporation 

of compliant magnetic structures and stretchable GMR sensors into soft actuators, e.g. according to 

figure 5.1a, would allow for a highly integrated solution for detecting its deformations in real-time. 

  
Figure 5.1 | Examples of prospective applications: Conceptual view of two application examples for 

stretchable magnetoelectronics. (a) Integrated actuation gauge in a dielectric elastomer actuator (DEA). The 

DEA consists of a rubber dielectric film sandwiched between two compliant electrodes. Upon application of 

a high voltage, the electrostatic attraction of the electrodes squeezes the DEA, causing it to actuate laterally. 

The integrated stretchable GMR sensor detects a signal from the dispersed magnetic particles beneath the 

opposite electrode, due to their reduced distance upon actuation. (b) Smart medical implant for heart valve 

monitoring. Stretchable GMR sensors attached to the surface of the heart detect the motion of small 

permanent magnets implanted on the cardiac valves. Equipped with a wireless transmission module, it could 

automatically send an emergency call via the patient’s mobile communication device, in the case of detected 

irregularities. Figure (b) was compiled by Denys Makarov and Dmitriy Karnaushenko. 
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Furthermore, the demonstration of on-skin magnetoception
7
 already enables magnetic proximity 

detection (section 4.4.3) and, with improvements mentioned above, will also allow for navigation and 

touchless control features in electronic skins. This work is foreseen to inspire a diverse number of e-

skin devices that will benefit from a “sixth sense” magnetoception. Unlike optical sensors, no line-of-

sight between the sensor and the magnetic field emitter is required. This allows transmitting “magnetic 

messages” through all non-magnetic objects like safety enclosures, displays or even walls. This can 

have profound application potentials for high security environments. The encoding can be realized 

both statically via permanent magnets as well as dynamically with current driven wirings. Passivated 

into biocompatible enclosures, like parylene, the imperceptible sensor elements will also add the 

magnetic functionalities to medical implants
47

 and advanced surgical tools
67

. The magnetic signal 

would need to come from artificial sources, like magnetic particles or small permanent magnets, being 

fixed onto the moving parts under surveillance. This would allow monitoring specific physiological 

actions and processes (e.g. joints or muscular and cardiac valve activity) and, for example alert at 

imminent seizures (figure 5.1b). 

Finally, the successful realization of compliant arrays of microsized GMR sensors using the direct 

transfer approach renders high resolution magnetic mapping on arbitrary non-planar surfaces possible. 

Similar investigations are by now only feasible on planar geometries, using optical or scanning probe 

techniques, or my means of synchrotron radiation. A GMR microsensor array, however, could perform 

real-time monitoring in a very compact configuration that allows the application also in an industrial 

environment. A multiplexing technique should necessarily be integrated into such a microsensory 

system, though, to account for an efficient data acquisition from numerous sensing elements. 

5.3 Technological impact: Flexible Bi Hall sensorics    

Despite the appealing properties of the here developed stretchable GMR based sensorics platform and 

their far-reaching application potential, there are application areas, where stretchability is not 

necessarily required. One prominent example is the magnetic field characterization and monitoring in 

conventional electrical machines and drives. This section briefly reviews activities on the development 

of flat and flexible bismuth based Hall sensorics
220

 that was carried out due to specific requests from 

this particular industrial sector.  

5.3.1 Application potential 

Figure 5.2a shows a simplified cross section of a rotary electrical machine, with a rotor part 

positioned between the stator poles. Electrical windings around the stator poles generate high magnetic 

fields inside the air gap between rotor and stator to drive the machine. For high-performance electrical 

machines, the air gap needs to be as narrow as possible (typically ≤500 µm). As the magnetic flux 

density is the relevant system variable for magnetic force generation, the direct measurement of 

magnetic fields is of special interest for further optimizations and improved control of such 
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electromotive devices. Magnetic monitoring has profound advantages for active magnetic 

bearing (AMB) systems, in particular, as it enables flux based control of the magnetic levitation
221

. 

AMBs achieve increasing acceptance in many applications like turbo pumps and turbines, flywheels, 

beam choppers, active vibration damping, satellite stabilization or as implanted ventricular assist 

devices. Flux based control strategies offer enhanced stiffness, damping and redundancy for AMBs, 

allow for more precise control of the rotor position during its operation and may help to reduce 

production costs
185,221

.  

  

Figure 5.2 | Flexible bismuth based Hall sensors for electrical machines and drives: (a) Conceptional 

cross-section of a rotary electrical machine with a magnetic field in the air gap between rotor and stator. 

(b) Fabricated bismuth Hall probe bent between the fingers. (c) Sensor response at 50 mA supply current for 

different bending radii. The inset shows the Hall sensitivity in dependence of the sensor curvature. Sketch in 

(a) was drawn by Falk Bahr (TU Dresden) Figure compiled from [186,220]. 

5.3.2 Thin and flexible Hall probes 

Since the magnetic field generated inside the air gap is oriented perpendicular to the stator pole surface 

and can reach up to about 22 kOe in magnitude, Hall effect sensors are the primary choice for its 

recognition. In order to meet the safety margins inside the air gap, an integrated magnetic sensor 

device should preferably be below 200 µm in height and feature a certain flexibility to obtain 

conformal contact to the curved stator pole, as indicated in figure 5.2a; features that are not available 

in commercial semiconductor based Hall sensorics
222

. 

2 µm bismuth films sputtered onto flexible polyether ether ketone (PEEK) substrates and 

lithographically patterned into a cross shape, in collaboration with Ingolf Mönch (IFW Dresden), were 

applied to realize bendable Hall probes with a total height of only 80 µm, including encapsulation with 

adhesive tape
220

 (figure 5.2b). After contacting with twisted pairs of copper wires, the total sensor 

height was 280 μm. Hall characterizations clearly revealed a stable sensor response to out-of-plane 

fields for bending radii down to 5 mm, as shown in figure 5.2c, which qualifies the prepared bismuth 
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probes for the usage also in small magnetic bearings and on curved surfaces of other electrical 

machines. 

The prepared sensors were successfully used to demonstrate their capability for flux based control of 

magnetically suspended systems in a collaborative work with Balk Fahr and Wilfried Hofmann at the 

TU Dresden
186

. In a levitating ball test setup, the flux based control using the feedback from the 

flexible Bi Hall sensors revealed less overshooting, reduced displacement and smaller response times 

compared to conventional control strategies
220

.  

5.3.3 Continuative works and improvements 

To allow for mass production at low cost, bismuth films were deposited directly onto commercially 

available flexible printed circuits (FPCs)
184

, designed by Daniil Karnaushenko (IFW Dresden). This 

fabrication approach helps to reduce the total sensor thickness to 150 µm, including contacts. The Hall 

sensitivity of the sputtered Bi layer was optimized by Yevhen Zabila (IFW Dresden / IFJ Krakow) 

through adapting the film thickness and sputter conditions and by applying post annealing, to reach the 

bulk value of bismuth. More complex sensor arrangements, such linear or 2D sensor arrays, were 

readily obtained, by adapting the FPC design
184

, by G. Santiago Cañion B. (IFW Dresden). These 

layouts can be used for position monitoring and on-line magnetic mapping in spatially confined 

environments or non-planar geometries. Suitable packaging strategies for flexible Bi probes were 

developed as well as reliability tests conducted by Daniel Ernst (TU Dresden)
223

. 

The thus obtained flexible Hall sensor prototypes are to be tested under real conditions in the narrow 

air gaps of a multiaxis AMB test setup, by Falk Bahr (TU Dresden), to demonstrate flux based control 

and its advantages under more realistic conditions. In addition, the application potential for wearable 

magnetic sensorics was demonstrated
184

. Bismuth Hall probes were already provided to external 

partners, including research institutes and companies, for in-field testing. 

5.4 Activities on technology transfer and public relations    

The present thesis represents a highly interdisciplinary project on the junction of physics, engineering 

and materials science. The outcome of this work was frequently presented on the domestic and 

international level at most renowned scientific conferences for the magnetism and materials science 

communities (e.g. INTERMAG, MMM conference, MRS meeting, DPG meeting) as well as on more 

focused seminars (e.g. Heraeus seminar, Lüscher seminar). However, due to the highly applied nature 

of the conducted work, various activities for the technology transfer were undertaken along with the 

described scientific development of stretchable magnetoelectronics to initiate and support an effective 

innovation process. The obtained achievements were put into the broader concept of shapeable 

magnetic sensorics, which also includes approaches for flat and flexible
184

 as well as printable
182,183,224

 

designs of magnetic sensor devices. This concept was frequently presented to leading industry 

representatives at innovation fairs and exhibitions (e.g. Hannover Messe, Innovation Days, 
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Sensor + Test) or during organized lab tours. The intellectual property rights were reserved by patent 

applications
225

. 

In order to make the achieved developments accessible to public community, the prepared 

demonstrators, that were described throughout this work, were presented to a broad public e.g. during 

the long night of sciences and to interested students at guided lab sightseeings on a regular base. 

Various aspects of this work, in particular the latest developments of imperceptible magnetic 

sensorics
7
, were highlighted in the newspapers and the news section of many web sites with a 

scientific background, both nationally and internationally. Furthermore, a telephone interview about 

on-skin magnetoception was broadcasted live during a well-known radio show. 

With the gained expertise, I could strongly contribute to related projects, which helped to acquire 

further third party funding, mainly from public sources, e.g. European Research Council (ERC), 

German Federal Ministry of Education and Research (BMBF) and German Research 

Foundation (DFG). 
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