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Abstract: At the micro-scale, diamagnetic effects are of the same order of magnitude or even stronger
than weight. Therefor e, micro-magnets can levitate above diamagnetic bodies and move freely in the three
dimensions of space. The possibilities and limits of a static and permanent levitating magnet are
illustrated for the example of a 3-dimensional micro-accelerometer. Optimization is performed in order to
fit most current market. It is shown that this technology fulfils the requirements for medium range and
short time response markets.
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I. Introduction

Diamagnetism is the magnetic property of most ef élveryday life materials. Usually it has a negligi
effect. Nevertheless, it has been shown that sealection improves the volume diamagnetic forcéswahg
levitation of water or bismuth in air with simpleiaro-magnets [1]. The reverse effect (action-reagtiallows
micro-magnets to levitate above diamagnetic mdt¢Pip Thus passive, static, permanent and energe f
levitation of a micro-magnet is possible at the navicetric scale.

However, there is not yet current use of the opmities offered by such a technology. It may préseige
advantages in the field of sensors, especiallyirfertial sensors. The example of a 3D acceleromstgiven.
Optimizations calculations are done in order tdilfthe specifications of most current accelerometd hese
computations give an opportunity to explore thdaténand interests of this technology. So throughwélidation
of the commercial interest of this technology, fesent work aims to explore the possibilities dhe
restrictions of diamagnetic levitation of a micragmet.

1. Modelling

An accelerometer is a sensor measuring an inéotieé by a displacement of a proof mass. The pnuags
here is a NdFeB micro-magnet levitating inside ardignetic box made of bismuth (Fig 1 left). Sirtdeas no
mechanical handling, it moves freely in the thremahsions of space, allowing independent measurenieall
directions. Furthermore as the magnet approacteegliimagnetic material, it experiences a centefange
pulling it back to the centre of the system. Tlisc€ is linear for a certain distance and then grexponentially
(Fig 1 right). Thus this system is perfectly suifeduse as a 3D micro-accelerometer. The linedripaised for
measurement, while the exponential part allowss#resor to support high accelerations without damage

Assuming that the diamagnetic material negligiblgdifies the magnetic field, this field is analytiy
computed. This assumption is fully justified by wery weak susceptibility involved - around™l8nd 10* for
most materials. The force experienced by the magrieen numerically calculated by surface integjral

— — 2
Fdia/Magnet - _FMagnet/dia = -4->-B"dsd (1)
Sex U'O
with o the permeability of the vacuurB the inducing field radiated by the magn8gxtthe surface of the

diamagnetic shell andii the unitary normal outgoing vector. In our stuthe magnet is polarized along the Z
axis. The problem is then supposed to be identitalg the X and Y axis. The modelling was perfornted
software describing algebraic equations of intéoastbetween magnets and diamagnetic bodies [3].
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Fig.1: Modelling of a 3D accelerometer with a latihg pimagnet as proof mass,
Left: Isometric view, Center: Geometric paramet@&mght: Force experience by the pmagnet along theiX
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I11. Optimization

To fit the demand for current accelerometer markedsigation securityand consumerapplications are
considered. Anavigation application refers to positioning control to beedsin correlation with a GPS;
measurement precision is, then, the key paramAteecurity application for use in automotive applications
requires a fast time response. Lastly, fordbasumemarket aiming at human/machine interfaces, theeps
decisive in the choice of the sensor. The spetifina are summed up in Table 1.

The acceleration experienced by the system witheasured through the displacement of the magrtaein
diamagnetic box. Thus the larger the displacensenhe easier and the more accurate the measureviticioe.
Therefore, the optimization aims to improve theptlisement of the levitating body, with respecthe given
specifications. Once the material is chosen, thgsiphl and magnetic constants are fixed. Thus dhéy
geometric dimensions of the system need to be gdn

The optimizations were done in the CADES framewftk where sensitivities of four constrained
specifications to the geometric parameters werenaatically computed from algebraic equations of riredel.

A sequential quadratic programming (SQP) algorithas used in order to find the best solution forheafcthe
three applications. One optimization with a stadd@€ takes about 10 iterations and less than 1teniper
iteration.

TABLE 1: REQUIERED SPECIFICATIONS

Specificationg Definition Consumer Security Navigatior
Frmax — 2.F
Linearity (%) e T 100 <5 <2 <0,1
Fxmax
Fxmax
Range (g W >+ 2 >+ 2 >=+1
; 4Kk, T.f
Resolution (1g/+/Hz) 7'\; o <1000 <1000 <4
. F
Bandwidth (Hz) ’295 >20 >400 >100
With Femax @and Fymaxz defined on Fig. 1W the weight of the magnek) its massf. the friction coefficient and e the
resonant frequency. Resolution depends on theratialtg defined by Boltzman constardg, and the temperaturie

IV. Conclusions

The performances along the most constrained axisr(X) are summed up in Table 2. To respect the
technology limits, geometrical parameters are bowittin limits. Required range and bandwidth aractesd
without difficulties; nevertheless care has to &leet on linearity and resolution. In a nutshelis technology
offers new solutions for theonsumerand security market requirements. However, for tmavigation
optimization the limits have been reached, thu<ifipations could not be fulfilled. Therefore apgtions
requiring high accuracy need another technology.

Furthermore, the displacement range of the leuigaltiody is known and maximized for batbnsumeiand

securityapplications. An appropriate non contact posititeasurement can now be chosen.

TABLE 2: OPTIMIZATION RESULTS

Performance along the X axjs Consumefecurity | Navigation
Linearity (%) 5,0 | v 20| v |15 X

Range (g] 20| v 20| v |14 v

Resolution (ig/v/Hz)| 62 | v | 200 | v | 42 X

Bandwidth (Hz) 245| v | 400 | v | 340| v

Body displacement, . (LmM) 2,0 0,76
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