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Abstract: Nowadays, wireless sensor networks (WSN) are becoming essential in our daily life. However, a major 

constraint concerns the energy power supply. Indeed, batteries need to be recharged or replaced often which implies a 

limited lifetime for WSN nodes. One alternative consists in harvesting mechanical energy from surrounding vibrations 

of the environment. Using finite element simulations, we report here a complete guideline to optimize a MEMS 

electromagnetic energy harvester consisting of an in-plane vibrating silicon frame supporting an array of micromagnets 

that faces a static 2D micro-coil. The dimensioning of the magnet array and the specific design of the coil are addressed, 

considering patterned 50 µm thick NdFeB films with out of plane magnetization. The optimization of the 

electromechanical coupling which allows to efficiently convert the energy results from a trade-off between the high 

magnetic flux gradients produced by the micromagnets and the maximum number of turns of the facing coil.  

 

 

1. Introduction  

The expanding market of wireless sensors, also referred as the “Internet of Things” in sectors as diverse 

as automotive, aerospace or biomedical, requires miniaturized power supplies. Indeed, the limited lifespan of 

batteries represent a major bottleneck for the widespread use of interconnected sensor nodes. The development of 

sustainable micro-energy sources for small and portable devices therefore became a very active area of research. 

Among the different strategies investigated, harvesting mechanical energy from ubiquitous vibration via micro-

electromechanical systems (MEMS) is highly promising.[1] The vibrating energy harvesters (VEH) all share a 

common architecture consisting of a mechanical oscillator, a transducer and an electronic circuit to properly 

condition the output power.[2] The energy transduction can be achieved through piezoelectric, electrostatic or 

electromagnetic means.[2] Electromagnetic transduction, based on the Lenz-Faraday principle, has been efficiently 

demonstrated at the centimetric scale with the oscillation of a permanent magnet inside a coil.[3] However, 

miniaturization using conventional microfabrication processes favours different designs such as the (non)-linear 

motion of a magnetic plate above a coil. Han et al. have demonstrated the advantage of an in-plane operation mode 

compared to an out-of-plane one, based on numerical simulations and experimental developments.[4] An in-plane 

configuration indeed favours stronger electromagnetic (EM) interactions between the coil and the magnet. 

Considering a vibrating plate with uniaxial displacements along x, the electromotive force (emf) e generated is 

given by [1]:  
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where Φ is the total magnetic flux through the coil constituted of N turns, φi the magnetic flux through each turn 

i, and ���� = ��
��  the relative velocity of magnet and coil. Thus, to optimize the emf and the useful electrical power 

delivered to an electrical load, one needs to enhance the electromechanical coupling � = ∑ ���
��

�
  [5,6]. Up to now, 

the miniaturization of EM-VEH has suffered from a lack of mature technologies for integrated high performance 

permanent micromagnets [3,7]. Electrodeposition allows producing thin films and arrays of Co-based materials 

(CoNiMnP [4], CoPtP [8]) but with limited values of coercivity and remanence, compared to rare-earth based 

magnets. High-rate triode sputtering combined with topographic or thermomagnetic patterning has been used to 

fabricate arrays of NdFeB micromagnets with magnetic properties comparable to the best sintered bulk magnets 

[9]. The maximum thickness of topographically patterned NdFeB micromagnets has recently been increased to 50 

µm [10]. In this framework, several works have recently dealt with the optimization of EM – VEH through magnet 

design [4,8]. Only a few also take into consideration the complete VEH design, despite the critical role played by 

the coil design [11,12]. Here we report on a numerical study to optimize the electromechanical coupling of an in-

plane operated EM-VEH consisting of an array of perpendicularly magnetized NdFeB micromagnets coupled to a 

dedicated planar coil. Considering the inherent technological and size constraints for MEMS, general trends are 

proposed to maximize the magnetic flux gradient by optimizing the magnet array features (size, interspacing) with 

respect to the coil design. Interestingly, efficient electromechanical coupling thanks to coil design optimisation 

can be obtained even for thin film like magnets, which are typically considered inappropriate for use in such 

devices  [4,8].      

 

2. Method  

2.1 System  

The EM-VEH considered in this study is similar to the in-plane VEH developed by Han et al. [4]. As 

shown in Fig.1.(a), it consists in a 2D rectangular planar coil of N turns facing a vibrating plate connected to a 

frame by folded beams. The in-plane oscillating motion of the plate is induced by the surrounding ambient 

mechanical vibrations, typically varying from few Hz to 1 kHz. The vibrating part of the device is designed to 

have (i) a resonance frequency �� in this range, (ii) well separated in-plane and out-of-plane resonant modes to 

avoid any out-of-plane motion, and (iii) a limited size as it is for MEMS application. These different criteria lead 

here to a plate of 6×4 mm² with four folded beams, each of them consisting of 3 folds of width 175 µm (Fig.1(a)). 

Considering mechanical robustness and durability, all of these elements are designed out of a 525 µm-thick Si 

substrate, which leads to an in-plane resonant frequency �� = 750 Hz as determined by finite element calculations. 

To address lower vibrations, the folded beams and the vibration plate dimensions could be adjusted. The magnetic 

array which covers the 6×4 mm² plate consists of NdFeB rectangular cuboids of lateral sizes L and thickness T. 

The magnet array is not concentric with the overall facing coil, rather it is centred with respect to the turns on one 

side of the coil. Based on recent advances with thick film fabrication and patterning [10], we considered arrays of 

micromagnets of thickness T = 50 µm and lateral sizes L varying between 100 µm and 500 µm, with interspacings 

Δx = Δy ranging from 30 µm to 150 µm (Fig.1(b)), and remanent magnetization values of 1.2 T (Mr = 955 kA/m) 

[13]. For the sake of comparison, we also considered larger lateral dimensions (L = 900 µm and a single 50 µm 

thick magnet with in-plane dimensions 6×4 mm, which may be considered as a thin film like magnet). The total 

area of the magnet array (including the interspaces) is constant, covering the whole 6×4 mm² plate. Contrary to 

the recent report of K. Paul et al. [11] the magnet array’s thickness T is kept constant, thus altering the total 

magnetic volume. Indeed, the magnetic volume depends on the number of magnets within the array, and thus 

varies as a function of L and Δx. 
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Figure 1: (a) Design of the vibrating energy harvester considered here. The vibrating plate is connected to the frame by 4 

folded beams (each containing 3 folds). The magnetic array is on the 6×4 mm2 vibrating plate and centred with respect to 

the turns on one side of the facing planar coil. (b) Schematic view of 50 µm-thick NdFeB cuboids constituting the (xy) 

magnet array with out-of-plane magnetization. Cuboids have a lateral dimension of L and interspacing of Δx, (c) Geometry 

considered in the simulation: a 10×8 mm2 surface, representing one coil turn, is displaced above the 6×4 mm2 magnet array 

constituted of n columns and l lines. 
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2.2 Finite element analysis   

Considering a perfectly sinusoidal motion with an amplitude A0 and a frequency f, the velocity becomes 

���� = �� ��⁄ = ��� ∙ cos���� with the pulsation ω = 2πf, thus: 

� =  −�. � = − � �	

��

�
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One can easily estimate the electromechanical coupling K from the sum of the magnetic flux gradients 

through the N turns of the coil. Finite element modelling was performed using a simple calculation principle, 

shown in Fig. 1(c). Instead of calculating all of the N magnetic flux gradients, a single surface of 10×8 mm² is 

displaced incrementally along x above the entire 6×4 mm² magnet array, the magnetic induction and the resulting 

magnetic flux are then calculated at each step using the “magnetic field no currents” (mfnc) module of COMSOL 

MultiPhysics®. The magnetic flux gradients through each of the N turns are then obtained by simply deriving the 

magnetic flux at each of their specific positions. The studied parameters to be optimized are the lateral size of the 

magnets L in a magnet array (100, 300, 500, 900 µm), their interspacing Δx (30, 50, 100, 150 µm) and the coil-

magnet distance h (20, 40, 100 µm). Contrary to previous studies [4, 8, 11], the coil-magnet distance h = 10 µm 

was not considered here as it is expected to be too difficult to implement in a real device. The number n of columns 

is adjusted as a function of L and Δx so that the magnetic array fits on the 6×4 mm² plate. 

 

3. Results  

3.1 Magnetic flux gradient 

The magnetic flux density and the corresponding magnetic flux created by the n columns × l lines of 

magnets (L = 300 µm, Δx = 100 µm, n = 10, l = 15) along the sectional line displayed in Fig. 1(c) are shown in 

Fig. 2(a) and 2(b), respectively, for three different coil-magnet distances h (20, 40, 100 µm). The Bz vertical 

component of the magnetic induction is the only one considered here as the coil is in the (x,y) plane and the total 

magnetic flux is given by Φ =  # $%⃗ ∙ �'%%%%⃗( .  

The magnetic flux density is locally positive and maximum above each column of magnets and negative 

in between, as a result of magnetic flux closure around each magnet. The magnetic flux varies similarly. When the 

coil surface is above a magnet column, the magnetic flux gradient �	 ��⁄  is positive, while in between the magnet 

columns, the magnetic flux gradient is negative. The amplitude of the magnetic induction generated by each 

magnet, and thus the magnetic flux one, depends on its respective position in the array. Indeed, due to the 

superposition of flux from neighbouring magnets, smaller inductions are observed above the central magnets (5th 

and 6th columns) compared to the side-edge ones (1st and 10th).  

The coil-magnet distance h strongly impacts the magnetic induction. For coil-magnet distance as small as 

h = 20 µm, local variations of the magnetic induction profile are clearly evidenced above each column, as a result 

of inhomogeneous demagnetizing fields [14]. A further increase of the coil-magnet distance smoothens the 

magnetic profile and drastically affects the extrema values BZmin and BZmax. For h = 40 µm, negative values of 

magnetic field density are still observed but they disappear for the largest distance h = 100 µm. To fully benefit 

from the magnetic flux gradients, one will thus try to reduce as much as possible the coil-magnet distance. As a 

trade-off between performance and technological constraints, we detail here the optimization parameters for a coil-

magnet distance h = 40 µm.   
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Figure 2 : (a) Profile of the z component of the magnetic induction along the sectional line displayed in Fig. 1 for different 

magnet-coil distances h for an array of magnets with L = 300 µm and Δx = 100 µm. (Shaded areas correspond to the location 

of the magnet columns) (b) Magnetic flux through the coil surface as a function of its relative distance from the magnet 

array: h = 20 µm (black line), h = 40 µm (red line) and h = 100 µm (blue line). (c) Magnetic flux for h = 40 µm above the 

central column of magnets (indicated by black lines in b) for magnet arrays with different L and Δx = 150 µm. The magnetic 

flux values have been shifted so as to have 	 = 0 at the centre of the column, corresponding to abscissa x’= 0. 
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Table 1 presents the magnetic flux gradient �	 ��⁄  determined at h = 40 µm for each of the 16 different 

magnet array configurations considered here (L = 100, 300, 500, 900 µm, and Δx = 30, 50, 100, 150 µm). As the 

gradient value is column dependent because of different neighbouring environments, Table 1 only reports the value 

obtained above the central magnet columns (for instance above the 5th and 6th columns when n = 10). The results 

show that the magnetic flux gradient increases with the inter-magnet spacing, independently of the magnet size. 

This effect results from the reduced negative impact of the oppositely oriented stray field produced by 

neighbouring magnets, favouring large Δx values, 150 µm here. The evolution of the magnetic flux gradient as a 

function of the lateral size L is however not monotonic. Fig. 2(c) displays the magnetic flux profiles above the 

central magnet columns for different L with Δx = 150 µm. The flux gradient produced at a given height above a 

magnet is given by its remanent magnetization and its shape, and for the magnet-coil gap considered here (40 µm), 

the largest magnetic flux gradients are obtained for a 6×4 mm² magnet array consisting of 50 µm-thick individual 

blocks of L = 300 µm separated by Δx = 150µm. 

 

L (µm) Δx (µm) *+ *,⁄  

(mWb/m) 

n �*+ *,⁄ �-./ 

(mWb/m) 

N = b × n  

 

Emf  

(mV)  

Magnet 

lateral 

size  

Inter-magnet 

distance  

Magnetic flux 

gradient above 

the central 

magnet column  

Number 

of 

columns  

Magnetic flux 

gradient for one 

coil turn per 

magnet column  

Total 

number 

of coil 

turns  

Electromotive 

force 

amplitude  

 

100 30 0.10 31 4.19 31  0.8 

50 0.14 27 4.4 27 0.7 

100 0.21 20 4.24 20 0.6 

150 0.22 16 3.66 16 0.5 

300 30 0.16 12 2.61 72  4.4 

50 0.21 11 2.73 66  4.6 

100 0.26 10 2.92 60 5.0 

150 0.28 9 2.73 54 4.6 

500 30 0.12 7 1.24 112  5.9 

50 0.14 7 1.42 112 6.8 

100 0.19 6 1.36 96 6.5 

150 0.20 6 1.41 96 6.8 

900 30 0.09 4 0.61 144  5.9 

50 0.09 4 0.61 144 6.9 

100 0.11 4 0.67 144 7.6 

150 0.11 3 0.51 108 5.8 

Table 1. Electromagnetic performance of different magnet array configurations obtained from finite element calculations, 

considering h = 40 µm. In bold: maxima values of magnetic flux gradients and emf.  

 

3.2 Electromagnetic coupling 

We consider now that the coil is constituted of N turns. As the electromotive force is the sum of the 

magnetic flux gradients through the N turns (Eq. (1)-(2)), solely positive �	 ��⁄  are sought. According to Fig. 

2(c), the different wire turns of the coil must be located above each magnet column to benefit from positive flux 

gradient.  

At first, we considered the easiest case which consists in having a coil with one turn above each of the n columns 

of magnets, i.e. N = n. Table 1 presents the resulting magnetic flux gradient obtained as ��	 ��⁄ ��.0 =
∑ �	
 ��⁄0
.1  . Maxima are no longer found for the largest inter-magnet distance, contrary to what was found for 

the magnetic flux gradient �	 ��⁄ . Indeed, due to the superposition of oppositely magnetized stray fields produced 

by neighbouring magnet columns on a given magnet column, the maxima result from a trade-off between the field 

profiles of individual magnet columns and the number of columns n, which depends on L and Δx. In this 

configuration of one coil turn above each magnet column, dense arrays of small magnets are favoured and the 

electromagnetic coupling leads to a maximum of 4.4 mWb/m for L = 100 µm and Δx = 50 µm.  
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This simple coil geometry can be further refined when considering the oscillating motion of the plate. Depending 

on the technological capabilities, one can consider to design above each column of magnets not only one coil turn 

but several, namely b, turns. The total resulting magnetic flux gradient is then given by: 

��	 ��⁄ ��.2×0 = ∑ 4∑ ��	
 ��⁄ �50
.1 625.1    (3) 

 

3.3 Emf calculation 

The electromotive force which can be obtained from the different magnetic arrays considered here were 

determined combining Eq. (2) and (3) leading to:  

���� = − ��	 ��⁄ ��.2×0 . ���. cos���� (4) 

where the vibration amplitude A0 is given by the combined effect of the environment and the vibrating system. 

The largest amplitude will be reached for the resonant frequency, i.e. for � = ��. So, in order to optimize the 

electrical performance, both the gradient of magnetic flux and the number of coil turns above each magnet column 

b need to be maximized, considering a given amplitude A0. Indeed, the electromechanical coupling ��	 ��⁄ ��.2×0 

can be considered as not totally independent of the magnet to coil velocity as suggested by Eq. (2). Depending on 

the amplitude A0, represented as dashed areas on Fig. 3(a)-(c), b coil turns can be positioned above each column 

of magnets to benefit from the solely positive magnetic flux gradient. Considering a simple geometrical model:  

7 =  8 + : − 2��� + ;�
: + <  �5� 

where w and s correspond to the coil features (width and spacing, respectively), while u is the leeway to prevent 

possible misalignment between both parts of the device. As a result, the larger the lateral size L, the higher number 

of turns b one could fit in. This is clearly shown on Fig. 3(a)-(c) for magnet arrays with L = 100, 300 and 500 µm, 

respectively, the number of coil turns b above one magnet column being displayed as vertical bold green lines and 

increases from 1 to 6 to 16, with increasing value of L. Considering technological constraints, we focus here on 

coil turns having a wire width w = 10 µm, spacing s = 10 µm, a vibration amplitude A0 = 70 µm and a leeway u = 

20 µm. 
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Figure 3:  Magnetic flux along the central column of magnets for the optimized arrays determined by simulation and 

consisting of (a) L = 100 µm, Δx = 50 µm, (b) L = 300 µm, Δx = 100 µm, (c) L = 500 µm, Δx = 50 µm. The number of coil 

turns per column b are represented as vertical bold green lines whereas the dashed green area displays the oscillation 

amplitude. (d) Electromotive force calculated from (b) and (c) along with L = 900 µm, Δx = 100 µm, and a single “thin film” 

like magnet of dimensions 6×4×0.05 mm3, as a function of the vibration amplitude A0. The optimized number of coil turns 

per column of magnet b is optimized for each A0 using Eq. (5). 

 

The amplitude of the electromotive force has been calculated using Eq. (3)-(4) together with the optimized b values 

(Eq. (5)) considering f = �� = 750 Hz, and h = 40 µm. For this purpose, the optimized Δx value for each L in this 

configuration of b × n turn coils have been determined as a result of a trade-off between stray field superposition 

and the total magnetic volume: small Δx imposes low �	 ��⁄  due to stray field superposition but allows a higher 

number of magnets n. For L > 100 µm, the best emf values are consequently obtained for moderate adhoc Δx 

values, typically around 100 µm (Table 1). The emf determined for each magnetic array configuration are plotted 

in Fig. 3(d) as a function of amplitude A0.. For L = 100 µm, reduced values of Δx allow a dense magnet array, i.e. 

large n, but with only one coil turn per columns of magnet and limited operational amplitude (Fig.3(a)) and 

therefore low emf values (Fig.3(d)). For larger L, additional coil turns can fit above each magnet column 

(Fig.3(b)(c)), allowing to drastically increase the emf (Fig.3(d)). Coils of up to 144 turns can be used to fully 

benefit from the largest L = 900 µm magnets considered in this study, compared to the 31 turns used for L = 100 

µm.  

Considering the oscillation amplitude A0, for every magnet configuration, the emf reaches a maximum for a 

specific A0 which allows to combine the largest number N of coil turns according to Eq. (5). Interestingly, thanks 

to a huge number of turns N, Fig. 3(d) shows that the single thin film like magnet can compensate for low magnetic 

flux gradient. However, this configuration is never the optimum. For A0  > 100 µm, efficient EM coupling should 

promote the use of magnets which are as large as possible (L = 900 µm, in this study) to benefit from high magnetic 

volume and coils with numerous N turns. From a practical point of view, A0 amplitudes in MEMS VEM-EH are 
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however limited to few tens of µm due to the spring design. Therefore, magnets of L = 300 µm or L = 500 µm 

should be preferred as they combine large emf with limited magnetic volume (Table 1). Moreover, while the 

number of coil turns is seen to drastically increase the emf, it also increases the coil resistance, which here scales 

with N. However, it is important to keep in mind that the electric power effectively harvested in a EM-VEH system 

requires the internal coil resistance to be as low as possible [6],which constitutes a limitation in achieving high N 

coils even if technological solutions are proposed [7].  

Thus, for larger output powers, one can (i) reduce the distance h between the coil and the magnets, h = 20 µm 

being technologically achievable and (ii) increase the thickness of the sputtered magnetic film. Thicknesses of up 

to 100 µm can be expected in future and in that case also, the approach developed here of patterned magnets of 

hundreds of µm associated with optimally designed coils with moderate resistance should be favored.  

 

4. Conclusion  

In-plane operated EM-VEH consisting of an array of micro-sized NdFeB perpendicularly magnetized magnets 

coupled to a dedicated planar coil have been numerically studied using finite element analysis. Electromechanical 

coupling, which is essential for energy transduction, is subject to a trade-off between maximizing the magnetic 

flux gradient produced above the array, by increasing the interspacing between magnets, and on the other hand 

maximizing the number of coil turns, by reducing the interspacing. Therefore, the full optimization of an EM-VEH 

system requires ad-hoc simulations to fully benefit from the largest potential electromechanical coupling, which 

depends also on the amplitude of vibration and the distance h between the coil and the magnets. An optimization 

based only on the stray field profile of the array is clearly not sufficient.  

To further improve the performance of the EM-VEH system, the implementation of more complex permanent 

magnet architectures such as stripes [8, 11], bipolar micro-magnet arrays [15] or two magnetic arrays facing each 

other with opposite magnetization, as recently proposed by Paul et al. [11] is highly promising but requires the 

specific design of a dedicated coil following the guidelines proposed here.   
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