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Abstract 

Electronics of tomorrow will be flexible, stretchable, light-weighted, wearable, and even 

implantable. Here, we fabricated stretchable spin-valve magnetic field sensors on the 

elastomeric poly(dimethylsiloxane) (PDMS) membranes with pre-strain induced wrinkles. 

Two in-plane patterns (linear and serpentine) were fabricated by shadow mask to 

investigate the shape effect on the stretchability. The linearly patterned spin valve 

fabricated under 50% tensile pre-strain realizes a nearly constant giant magnetoresistance 

(GMR) ratio of 6.3% and magnetic field sensitivity of 0.26%/Oe when repeatedly stretched 

up to 50%. In contrast, the serpentine spin valve grown on a pre-strained substrate 

experience serious cracks when releasing the pre-strain due to the Poisson effect. 

Nevertheless, the serpentine spin valve grown on a freestanding PDMS, i.e., without a 

growth pre-strain, show stable GMR performance when tensile strain up to 10% was 

applied. Our investigation indicates that both the out-of-plane wrinkles and the in-plane 

patterns are important to determine the ultra-stretchability of the shapeable 

magnetoelectronic devices. 
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1. Introduction 

Stretchable electronics are more favorable for wearable and implantable applications than 

the conventional silicon-based electronic systems. Such stretchable electronics include 

energy harvesters,1-4 energy-storage devices,5-7 transistors,8-10 and light-emitting 

diodes.11,12 Over the past years, as the stretchable magnetoelectronics started to become an 

important member of the family of the stretchable electronic devices, giant 

magnetoresistance (GMR) based stretchable magnetic field sensors have attracted 

enormous research interests,13-19 due to the potential applications in consumer electronics,20 

electronic skins,21,22 motion and orientation tracking,15,21,22 and health monitoring and 

medical diagnostics,23,24 etc. However, it is impracticable to fabricate the GMR sensor 

directly on to a stretchable elastomer with retained stretchability. Although the stretching 

limit of elastomeric polymer is usually beyond 100%, the stretching limit of metal-film 

based magnetic sensors is as low as 1%.25-27 Wrinkled metallic thin films by a strain-

engineered approach have been demonstrated to be an effective strategy to improve the 

stretchability of magnetic field sensors. Melzer et al.19 first fabricated GMR Co/Cu 

multilayers on a unstrained elastomeric poly(dimethylsiloxane) (PDMS) membrane, which 

displays a limited stretchability of ~4.5%. Later, they grew a flexible Co/Cu multilayer on 

a thin polyethylene terephthalate (PET) foil, which was pasted onto a pre-strained 

elastomer to obtain a wrinkled GMR sensor with an ultrahigh stretchability up to 270%.15 

On the other hand, patterned surface has also been exploited to improve the stretchability 
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of interconnects and electronics.28-35 For spintronic devices, Melzer et al.17 fabricated 

stretchable Co/Cu multilayer sensors with an in-plane meander pattern, and realized a 

stretchability of up to 4.5%. 

In previous study, GMR multilayers contained several periods of Co/Cu or FeNi/Cu 

stacks, and exhibit a high MR ratio.36 However, the corresponding magnetic field 

sensitivity is much lower than that of a GMR spin valve with a free and a pinned 

ferromagnetic layers separated by a nonmagnetic conducting layer.37 Therefore, a practical 

magnetic field sensors usually adopt a spin-valve structure to achieve a better performance 

for sensing a weak magnetic field, such as the read head of the magnetic hard disk.38,39 Due 

to the smaller thickness, the GMR spin valves are more fragile and difficult to handle than 

the GMR multilayers. Melzer et al.18 demonstrated a stretchable spin-valve sensor by 

means of the predetermined periodic fractures and random out-of-plane wrinkles on the 

PDMS membranes. However, due to the irregular cracks and induced shape anisotropy, the 

magnetic field sensitivity gradually deteriorates as the tensile strain increases. Recently, 

we employed a strain-relief structure by combining the out-of-plane wrinkles and the in-

plane linear ribbons to fabricate stretchable dual spin valves on the PDMS. For the first 

time, we realized a stable and stretchable GMR sensor with retained magnetic field 

sensitivity under 25% stretching strain.13 

In this work, we investigated the effect of both out-of-plane wrinkling and in-plane 

patterning on the stretchability of magnetoelectric sensors grown on elastomeric PDMS, 
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and fabricated stretchable spin valve which possesses an even smaller thickness than the 

dual spin valves or the GMR multilayers. Through the in-plane linear patterns and the out-

of-plane wrinkles, we realized a stable GMR performance of spin-valve devices under a 

tensile stretch up to 50%. In contrast, due to the Poisson effect, the devices with curved in-

plane patterns and out-of-plane wrinkles underwent massive microcracks upon releasing 

the pre-strain, giving no stretchability. Nevertheless, the curved spin-valve sample 

fabricated on the unstrained substrate exhibits stable GMR behaviors when a tensile strain 

up to 10% was applied. 

 

2. Experimental 

2.1 Preparation of Poly(dimethylsiloxanze) Substrate 

In order to reduce surface roughness of PDMS substrate, PDMS precursor (Sylgard 184, 

Dow Corning) was firstly mixed with the curing agent in a 10:1 ratio, and magnetically 

stirred for 10 min. The mixed precursor was then spin-coated onto a commercial PDMS 

membrane (Shielding Solutions Co. LTD) with 2000 revolutions per minute for 1 min. 

Finally, the PDMS precursor blend was cured in a vacuum drying oven at 70 ℃ for 24 h, 

resulting in a PDMS substrate with thickness of 350 μm and surface roughness of 0.7 nm. 

The PDMS substrate was fixed on a homemade stretching apparatus with or without a 

tensile strain. 

2.2 Preparation of the Stretchable Spin Valve Sensors 
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Prior to sputtering deposition, two kinds of shadow masks (linear and curved strip) were 

placed on the surface of PDMS substrate. The top-pinned spin valve with a layered 

structure of Ta(5)/NiFe(6)/CoFe(1.5)/Cu(3)/CoFe(3.5)/IrMn(15)/Ta(3) (all thicknesses are 

given in nm) was sequentially deposited on PDMS substrate in a 6-target ultrahigh-vacuum 

magnetron sputtering system at room temperature. Compositions of alloy targets were used 

as follows: Ni81Fe19, Co90Fe10, Ir20Mn80, and base pressure was 3.0 × 10-8 Torr. To induce 

an exchange bias, a couple of small permanent magnets was placed on the both sides of the 

PDMS substrates and provided a static in-plane magnetic field during the sputtering 

deposition. Finally, the shadow mask was gently removed, and the pre-strain was released, 

resulting in the stretchable spin-valve samples with an out-of-plane wrinkling structure. 

2.3 Characterization of the Stretchable Spin Valve Sensors 

The surface morphology of the films was characterized by a Zeiss’s laser scanning confocal 

microscope (LSCM) and a Bruker’s atomic force microscope (AFM). The GMR 

performances were measured at room temperature by 4-wire method. Platinum wires with 

50 μm in diameter were adhered to the stretchable spin-valve sensors using high conductive 

silver paste (H20E, Epoxy Technology Inc.). The silver paste was prepared by mixture of 

component A and component B in 2:1 ratio. Then, the samples were heated at 70 °C on a 

hot plat for 3 h. The stretching experiments of spin valve sensors were conducted on a 

homemade stretching apparatus with a micrometer screw gauge, which can modulate the 

strain in a precise of 0.2%. 
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3. Results and Discussion 

The top-pinned spin-valve stacks of Ta(5 nm)/Ni81Fe19(6 nm)/Co90Fe10(1.5 nm)/Cu(3 

nm)/Co90Fe10(3.5 nm)/Ir20Mn80(15 nm)/Ta(3 nm) were deposited by magnetron sputtering 

onto elastomeric PDMS membranes (Figure 1a). Two kinds of metal shadow masks were 

placed on the PDMS surface during the deposition: (i) a linear shadow mask with gap and 

pitch width of 100 μm and 200 μm respectively was applied to obtain the linear patterns 

(Figure 1b); (ii) a curved shadow mask with 100 μm width and 300 μm pitch was designed 

to obtain the serpentine patterns (Figure 1c). Figure 1d-e show the schematic diagrams of 

the linear and serpentine spin-valve samples, which were both deposited on the PDMS 

membranes under a uniaxial tensile strain. When the pre-strain is released, due to the 

mismatch of Young’s modulus between the elastomeric polymer substrate (EPDMS ≈ 3 Mpa) 

and metallic layer (EMetal ≈ 100~200 Gpa), the patterned multilayered spin-valve display a 

vertically wrinkled surface.40 

The linearly patterned spin valve fabricated with a pre-strain of 50% has a uniform 

wavy surface structure with no obvious cracks over a large scan range (Figure 2a). When 

the pre-strain is released after growth, due to the Poisson effect, the PDMS membrane 

elongate in the lateral direction (perpendicular to the pre-strain) with strain of εL = νPDMSεpre 

= 0.5εpre, where νPDMS = 0.5 is the Poisson ratio of PDMS.41 Therefore, after releasing the 

pre-strain, the distance between two adjacent linearly patterned sensors is enlarged to ~300 
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μm, which is 1.5 times wider than the original 200 μm distance of the shadow mask. The 

induced lateral tensile strain is mostly released to the blank area of the PDMS surface, 

which stores much more elastic energy than the covered area of PDMS by the metallic 

layers.42 After releasing the 50% pre-strain, the cross-sectional surface micrograph 

obtained by AFM displays well-defined periodical wrinkles (Figure 2b). The profile of the 

out-of-plane wrinkles can be well fitted to a sinusoidal curve. The wavelength λ and the 

amplitude A of the wrinkled pattern are characterized to be 4.68 μm and 1.09 μm, 

respectively. In such out-of-plane wrinkled geometry, the wavelength and the amplitude 

follow well with the nonlinear elastic theory as40,43-45 
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5
, t is the total thickness of the metallic layers. EPDMS (EM) and νPDMS 

(νM) are the Young’s modulus and Poisson’s ratio for the PDMS substrates (metallic films), 

respectively. The good agreement with the elastic theory suggests that the out-of-plane 

wrinkled profile of the spin-valve strips are elastically deformed and hence recoverable. 

In contrast, the serpentine-patterned spin-valve sensors fabricated under 50% tensile 

pre-strain show considerable microcracks along the pre-strain directions (Figure 3a-b). 

Different from the previously reported works on GMR multilayers,16,17 the in-plane 

serpentine pattern cannot effectively improve the stretchability of spin-valve devices if 
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directly deposited on elastomeric PDMS. In principle, the survival of a serpentine structure 

under large tensile deformations additionally requires some specific geometric designs 

including partial delaminations of film structures to increase stretchability, very soft 

substrates to release more stress energy, thicker film layers to increase upper limit of 

uncracked film, narrower film strips below the critical film width for cracking, etc.28,33,46 

Compared to the Co/Cu or FeNi/Cu GMR multilayers, the spin-valve structure is even 

thinner. The nano-thick metallic films could not provide enough stiffness to resist the lateral 

tensile strain caused by the Poisson effect when releasing the applied pre-strain, which 

causes the microcracks. Figure 3b reveals that the densities of microcracks located at the 

peak/trough and the middle of serpentine patterns are 3 and 9 per lateral length of 100 μm, 

respectively. The position dependent crack densities of the wavy spin-valve patterns can 

be understood by considering the equivalent width of thin-film strips and the uncovered 

blank area of PDMS surface between the neighboring thin-film strips. In previous, Zhang 

et al. showed that the average space of spontaneous cracks, i.e., the maximum width of 

uncracked thin-film strips, decreases with the applied pre-strain but increases with the film 

thickness.42 For a given pre-strain and film thickness, the crack density is strongly 

determined by the equivalent width of thin-film strips along the direction perpendicular to 

the applied pre-strain. Obviously, for our serpentine spin-valve samples, the equivalent film 

width in the middle part of the serpentine patterns is much larger than that at the 

peak/trough of the serpentine patterns, resulting in the appearance of dense cracks in the 
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middle part while sparse cracks at the peak/trough part. In addition, the uncovered blank 

area of PDMS surface between the neighboring metallic film strips along the lateral 

direction can effectively release the tensile stress energy. In the middle part of the 

serpentine patterns, the ratio between the blank and covered areas of PDMS is 

approximately 1:1, which is much less than that about 4.2:1 at the peak/trough of the 

serpentine patterns, as shown in Figure 3b. Consequently, the lateral tensile strain induced 

by releasing the pre-strain through the Poisson effect can’t be effectively released, resulting 

in a high density of cracks in the middle of the serpentine patterns and a low density at the 

peak/trough positions.  

When the pre-strain is reduced to 30%, the serpentine spin valve still reveals massive 

microcracks. This indicates that the ~15% lateral tensile strain caused by the relaxation of 

the 30% pre-strain still cannot be effectively released to the blank area of PDMS substrate 

for the serpentine samples. However, for the growth without applied pre-strain, no obvious 

cracks (Figure 3c) was observed for the sample. The surface morphology shows sinuous 

out-of-plane wrinkles with the wavelength of 6.2 μm and the amplitude of 230 nm, which 

can be nicely fitted to a sinusoidal curve (Figure 3d). The appearance of wrinkled surface 

under no pre-strain during growth can be understood as below.47,48 During sputtering 

deposition, the flux of metal atoms with high kinetic energy could increase the temperature 

of PDMS surface, resulting in a thermal expansion of the PDMS substrate. After growth, 

owing to a large mismatch of the thermal expansion coefficients between the metallic films 
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(~6.5×10-6 K-1) and the elastomeric PDMS substrate (9.6×10-4 K-1), the thermal contraction 

of the PDMS substrates leads to the formation of a wrinkled surface. This out-of-plane 

wrinkling pattern suggests that the serpentine spin valve grown without a pre-strain may 

achieve a certain stretchability. 

The GMR performance of the spin-valve devices was magneto-electrically measured 

by a standard four-wire method with an in-plane magnetic field applied parallel to the 

direction of the exchange bias. The magnetoresistance is defined as GMR = (Rmax - 

Rmin)/Rmin. The measuring routine includes applying a series of a uniaxial tensile strain to 

the samples and recording a magnetic field dependent resistance curve. The GMR ratio of 

6.3% is obtained for the linearly patterned spin valve after relaxing the 50% growth pre-

strain (Figure 2c). Remarkably, when the sample is stretched less than the applied tensile 

pre-strain of 50%, the GMR curve almost remain unchanged upon stretching. The GMR 

ratio, the magnetic field sensitivity (S), and the zero-field resistance (R0) of this sample as 

a function of the tensile strain are shown in Figure 2d. Here, the sensitivity S is defined as

dH

dR

R0

1

,

 where R and H are the sample’s resistance and the applied magnetic field. The 

GMR ratio of 6.3%, S of 0.26%/Oe, and R0 of 36 Ω are almost invariant when raising the 

applied tensile strain from 0 to 50%. Obviously, in this case, both the applied tensile strain 

and the induced lateral compressive strain can be well released through the combination of 

the out-of-plane wrinkling and linearly patterned structure. The residual strain and the 

corresponding strain-induced magnetic anisotropy in the magnetic free layer is observed to 
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be negligible. Consequently, a stable GMR performance with constant GMR ratio, 

magnetic field sensitivity and device resistance can be obtained when stretching the 

linearly patterned spin valve. The stretching limit is approximately equal to the applied pre-

strain (~50%) during growth, which is so far the best reported performance in the 

stretchable spin-valve sensors. In contrast, the serpentine spin valve fabricated in the 

similar manner shows serious cracks after relaxing the tensile pre-strain, showing no 

stretchability. To test the stretching fatigue of the spin valve, cyclic stretching 

measurements were conducted on the linearly patterned spin valve. The fatigue test 

contains 300 stretching-releasing cycles, in which uniaxial tensile strains in a sequence of 

0 → 20% → 0 were applied to the spin-valve sensor. The GMR curves were recorded every 

10 cycles. Figure 2e shows that almost constant GMR ratio, S and R0 are measured as 6.3%, 

0.26%/Oe, and 36 Ω, respectively, in the 300 loading cycles, which reveals an excellent 

stability of the GMR performance for at least hundreds of times of stretching-releasing 

cycles. For the serpentine spin valves, only the sample grown without pre-strain exhibits a 

certain stretchability. A GMR ratio of 6.8% is obtained for the serpentine patterned spin 

valve grown on a freestanding PDMS (Figure 3e). A nearly constant GMR ratio, S and R0 

are observed as 6.8%, 0.46%/Oe, and 37 Ω, respectively, by increasing the applied tensile 

strain from 0 to 10%, as shown in Figure 3f. The experiment shows that the in-plane 

serpentine patterned spin valve deposited without pre-strain still can realize a certain 

stretchability due to the combined effects of the heat-induced-strain wrinkles and the 
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function of serpentine pattern as two-dimensional springs. 

 

4. Conclusions 

In summary, we fabricated stretchable spin valves onto the stretched PDMS membranes 

and investigated the effect of the in-plane patterns on the stretchability of the samples. Due 

to the mismatch of Young’s modulus between the elastomeric PDMS substrates and the 

metallic films, all the spin-valve samples have an out-of-plane wrinkling structure after 

releasing the pre-strain. The linearly patterned spin valve fabricated with a 50% tensile pre-

strain has a nearly constant GMR ratio of 6.3% and magnetic field sensitivity of 0.26%/Oe 

when stretched up to 50%. The stretchability is so far the best reported value in the 

shapeable spin-valve sensors. In contrast, the serpentine spin valve grown under a pre-

strain displays massive cracks due to the lateral tensile strain produced during the 

relaxation of the pre-strain through the Poisson effect, leading to no stretchability. 

Nevertheless, the serpentine spin valve grown on an unstrained PDMS substrate can reveal 

a stable GMR performance under an applied tensile strain up to 10%. Our investigation 

indicates that both the out-of-plane wrinkles and the in-plane linear patterns are important 

to improve the stretchability of the nano-thick spin-valve devices directly deposited on pre-

strained elastomeric membranes, which may be helpful to design and develop stretchable 

magnetoelectronic devices in the future. 
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Figure Caption 

 

Figure 1 (a) The top-pinned spin-valve stacks; (b) a schematic diagram of the linear shadow 

mask with gap and pitch width of 100 μm and 200 μm, respectively; (c) a schematic 

diagram of a curved shadow mask with 100 μm width and 300 μm pitch; schematic 

diagrams of the (d) linear and (e) serpentine spin-valve samples, which were both deposited 

on the PDMS membranes under a uniaxial tensile strain. 

 

Figure 2 (a) Optical and (b) AFM images of the linearly patterned spin valve fabricated 

with a pre-strain of 50%, and the insert in (b) shows the cross-sectional surface micrograph 

(red dots) and the sinusoidal fitting (black line); (c) GMR curves of the linearly patterned 

spin valve after relaxing the 50% growth pre-strain and measured with applied tensile 

strains of 0% (open circles) and 50% (closed circles); (d) the applied tensile strain 

dependence of GMR ratio (circles), the magnetic field sensitivity S (triangles), and the 

zero-filed resistance R0 (diamonds) for the linearly patterned spin valve grown with a 50% 

tensile pre-strain; (e) the GMR ratio (circles), S (triangles), and R0 (diamonds) for the 

cyclic stretching measurements in a sequence of 0 → 20% → 0 on the linearly patterned 

spin valve grown with a 50% pre-strain. 

 

Figure 3 (a) and (b) optical images of the serpentine-patterned spin valve fabricated under 

50% tensile pre-strain; (c) optical and (d) AFM images of the serpentine-patterned spin 
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valve grown without applied pre-strain, and the insert in (d) shows the cross-sectional 

profile (red dots) and the sinusoidal fitting (black line); (e) GMR curves of the serpentine 

patterned spin valve grown on a freestanding PDMS and measured with applied tensile 

strains of 0% (open circles) and 10% (closed circles); (f) the tensile strain dependence of 

GMR ratio (circles), S (triangles), and R0 (diamonds) for the serpentine-patterned spin 

valve fabricated without a pre-strain. 
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Figure 3 
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