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Abstract: In this paper, the mechanical response of a commerciahefshelf, uni-axial
polysilicon MEMS accelerometer subject to drops is nunaiganvestigated. To speed up
the calculations, a simplified physically-based (beams@att), two degrees of freedom
model of the movable parts of the sensor is adopted. The dapamnd the accuracy of
the model are assessed against three-dimensional finiteeetesimulations, and against
outcomes of experiments on instrumented samples. It isstioat the reduced order model
provides accurate outcomes as for the system dynamics.s®ayat rather accurate results
in terms of stress fields within regions that are prone toujpdn highg shocks, a correction

factor is proposed by accounting for the local stress arogtifin induced by re-entrant
corners.

Keywords. MEMS inertial sensors; reduced order modelling; shocksdaogs; polysilicon

1. Introduction

Several attempts to provide efficient, robust and accurate &t least, informative) reduced
order models (ROMs) for nonlinear systems, with a specifu$oon MEMS, have been recently
published. Accounting for the nonlinearities arising frahe coupled electro-mechanical, or even
electro-thermo-mechanical physics governing the systehawour, methodologies to define Krylov
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subspaces and therefore reduce the computational costeeofirtalyses were proposed if].[
Typically, such procedures were centred around Lanczosrooldi’'s methodologies, see e.g2-p].
When nonlinearities of the model are weak, adaptive proa=dfor the projection of the governing
equations onto the reduced order space, within which théemsyss mathematically assumed to
evolve, may prove sufficien]. Instead, when nonlinearities are strong, Taylor sengmesions or
piecewise-linearisations were shown to be necessarg,8htp attain accuracy. Reviews of the current
state of the art can be found, e.g., 811[0]. Moreover, an interesting classification of the methodas
and an assessment of their performances in the presenceueézfilm fluid and thermo-elastic
dampings were reported id1,12)].

Proper orthogonal decomposition (POD) methodologies \aése adopted to reduce the order of
MEMS modelling [L3-15]. Like the previously mentioned approaches, POD was deeeldor model
order reduction of linearly evolving time-invariant syst® see e.g.,1§]. Since this methodology
consists in capturing snapshots of the system response &xthrnal actions during an initial training
stage of the analysis, such stage has to provide enoughmafmm concerning the nonlinearities
affecting the sensor behaviout?. The training stage also has to provide information conicey a
possible time-varying physics of the problem. This turnstoube a very challenging task, since loading
conditions can sudden change and a forecast of the effetlissalhange on the system condition proves
difficult. One of the methodologies typically adopted in Iswases is based on a collection of new
snapshots once the accuracy of the ROM gets degraded. Qhyithis additional stage reduces the
computational gain andd-hoctechniques are required to balance speed-up and accuracy.

Physically based ROMs of the mechanical behaviour of mygtesns were instead presented
in [18,19]. In these papers, instead of considering the problem inbatract way and then operating
through mathematical tools to project the system dynamts subspaces of the actual evolution one,
the mechanics of the movable parts of the sensors as weléasfdct of external actions on them were
taken account of. While this approach can prove very effecit cannot be applied generally since it
must be finely tuned or adapted to every specific geometryoula

Focusing on the physical effects of shocks and drops on mmenial sensors, it can be shown
that the mechanical side of the problem is by far the most prent one; the electrical side can be
instead disregarded. This is basically linked to the higkelke of acceleration induced by the shock
loading: in R0] these levels were shown to excerd g, g being the gravity acceleration. Because of
the constrained motion of the movable parts of the MEMS m#i@ cavity between die and cap, inertial
and possible contact forces turn out to exceed by orders ghituale the electrical ones. Hence, in the
aforementioned situations only the structural dynamiano¥able parts need to be reduced in order.

Because of the large diffusion of MEMS devices in commeiayglications for consumer electronics,
the post-impact response of polysilicon micro-acceletensehas received attention in the recent
years R0,21]. In fact, shocks still represent an important issue as Fa teliability of inertial
micro-devices; failure linked to micro-crack spreadinghigh stressed regions of the MEMS can
suddenly occurg2). Because of the complexity of the problem for packaged asyi involving
phenomena that take place over various length-scalesiigafrgm the order of mm, down to the order
of nm), the actual mechanical behaviour of the MEMS affettgthese exceptional events is yet to be
fully understood.
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In a series of recent papei@d3-26|, we accounted for the whole physics of possible failurecpsses
of the polysilicon film that constitutes the movable partdEMS accelerometers, through a one-way
(or uncoupled27]) top-down approach. We developed separate models at tbersaale (or package
level), at the meso-scale (or sensor level), and at the rsicate (or polysilicon level). Readers can find a
thorough discussion on the offered methodology2i;[here, it suffices to mention that, according to the
distinction among the three length-scales, a differenomgljenomenon is simulated at each level. At
the macro-scale the focus is on the propagation of stresesnagide the package; at the meso-scale
the focus is instead on the dynamics of the movable parts efathole MEMS; eventually, at the
micro-scale the degradation of the mechanical properfitgegolysilicon film, and the resulting failure
mechanism are simulated. While this three-scale approemre@ accurate and allowed us to match
also unexpected effects linked to the package in case o6d28j it turned out to be time-consuming.
We therefore investigated procedures to reduce the cotnmecosts. First, in30,31] we developed
micromechanically-informed constitutive models for tlodysilicon film to be adopted at the meso-scale,
S0 as to avoid the micro-scale analyses resting on a Monte @arcedure to account for the statistical
fluctuations (in space and from sensor to sensor) of crystaphology. Second, in3R,33] we started
assessing ROMs for the whole sensors, so as to speed up alse#o-scale analyses. Accounting for
the fact that shocks induce wild oscillations of the movatalegs of inertial sensors, which need nonlinear
dynamic analysis because of contact with die and cap s&;feared observing that the vibrations
of the seismic plate can be disregarded when compared toilth&tions of the suspension springs,
a physically- or mechanically-based ROM was developed.

In [32] we compared the outcomes of a ROM, obtained through theafentioned approach, with
experimental data collected during laboratory drop testpackaged uni-axial MEMS accelerometers.
We showed that the model is capable of matching the actual BlEyhamics, but we did not discuss
its accuracy at varying maximum acceleration levels undéetegl (namely, smooth) or free falls and the
computational gain with respect to finite element (FE) satiahs. In this paper, we therefore focus on
these two issues to validate the methodology and the ROM. ifBkee remainder of the paper is hence
organised as follows. Secti@provides a description of the geometry and expected wortamglitions
of the investigated commercial device, along with the aggions and related equations governing the
proposed ROM. SectioBicollects the results linked to two different test condigprespectively termed
low-g and highg on the basis of the attained maximum level of acceleratitirbfethe sensor. Finally,
conclusions and possible future model enhancements anesdisd in SectioA.

2. Reduced Order Modelling of a Uni-Axial MEM S Accelerometer

Let us consider the commercial off-the-shelf, uni-axial Mi& accelerometer depicted in Figute
This accelerometer is part of a three-axis one (full detaits provide in 84]) constituted also by a
bi-axial one, measuring in-plane accelerations (along:tla@dy axes); the considered uni-axial one
measures instead the out-of-plane acceleration (along thes). We focus here on the uni-axial
mechanical device only, since itis more prone to failurattiee bi-axial sensor due to its layout. Thanks
to the very small cross-talk of this family of MEMS accelereters, seed5], accelerations along the
axis do not induce reliability issues on the other moving/ansensing parts.
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Figure 1. Geometry of the uni-axial MEMS accelerometer, and notation

The uni-axial accelerometer is designed to sense acdelesatormal to the substrate with a target
sensitivity of about 0.65 \{/ and deviation from linearity of 0.6% of the full scale, up ton@ximum
value of£2 g. The rather standard layout of the movable parts is comstitoy a massive seismic plate,
whose side lengths arB = 660 um andL = L; + L, = 760 um, connected to the central support
through two slender beams of length= 259 xm and widthb = 2.6 um. The common thickness of
plate and beams i58 = 15 um. To allow the release of movable parts from the substratmglihe
etching phase (se&)), the plate features a regular pattern of etch access dieh reduce its mass
proportionally. When the seismic plate is exposed to oyttahe accelerations, the supporting beams
are deformed torsionally; tilting of the plate then indueegriation of the capacitance, proportional to
the external action within the working regime. Due to thergpslenderness, beams might buckle in case
of in-plane accelerations; this is prevented through stopot shown in the picture) that constrain the
lateral motion of the plate.

Comparison FE results have been obtained with the comnhébegus code (Simulia)37]. By
means of a three-dimensional model of the device, feat¥ng82 nodes 28, 768 elements and more
than 100,000 degrees of freedom (DOFs), the vibration modes of the sehnaeoe been identified,
along with the relevant frequencies. The first five modegufesg lower frequencies, are depicted in
Figure 2; here, for clarity of presentation, etch holes in the plaagehbeen removed from the plots.
As stated in 84], the resonance frequency of the fundamental, working med&oundl1.5 kHz;
as mentioned before, such mode consists in a torsional rdafamn of the springs, while the plate
behaves as a rigid body. The subsequent mgdeand#3 are not relevant in this investigation, since
they would involve the aforementioned constrained, implanotion of the plate. Moreover, they are
not excited by the considered external actions since theelév sensitive to out-of-plane accelerations
only. Mode#4 is instead anti-symmetric about the central anchor poirith & focus on the vertical
acceleration, assumed to be constant in space because sihtlesize of the plate, this mode is not
excited as well. Mode#5, whose frequency is higher thai kHz (to be compared ta.5 kHz of
the working mode), features a coupled torsional and outafie bending deformation mechanism of
the two springs, whereas the plate still gets displaced dik&gid body. Higher-frequency modes,
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not reported here for brevity, share some characteristite modes#2, #3 and #4, and are
therefore not excited by out-of-plane accelerations. Mwoee, vibrations of the seismic plate are not
displayed by the sensor until frequencies of alitiit kHz. All the above discussed mode shapes and
vibration frequencies have been obtained by considerimg ftlowing elastic properties of the
polysilicon film [3839]: E, = E, = 152.9 GPa,E, = 130.1 GPa,v,, = 0.2, v,, = v, = 0.28,

G.. = Gy, = 79.6 GPa. Such transversely isotropic moduli were obtaine@8j faccounting for the
polycrystalline morphology of the film and for the FCC crydgdtice of each silicon grain, and then
compared to analytical bounds ] to ascertain their accuracy, see alda|[

Figure 2. First five vibration modes of the uni-axial accelerometed eelevant resonance
frequencies.

mode 3: 3,700 Hz mode 4: 17,764 Hz

mode 5: 21,348 Hz

By assuming the external acceleration field to be upper bedibg 200 kHz, see also32], we can
start building the ROM for the whole sensor by neglectingeldeformations. According to what is
depicted in Figur®, we therefore have to consider only torsional and out-afiplbending deformations
of the two suspension springs; the relevant two DOFs of thBIR@ then the (absolute) plate rotatién
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and displacement, see Figurd. In a relative frame moving with the anchor, the actual deftron of
the springs is captured by the rotation and displacemeisti@rs, respectively denoted As) = ¥ — ¥
andAu = u — @, where the overbar denotes the assigned, time-varyingsatianchor. The restoring
(elastic) torque and out-of-plane force in the beams ras@dgread:

M€:2ktA7.9

1
F€:2kbAU ()

where the coefficien2 accounts for the two suspension springs working in parallelEquation {),
ky = 2=l is the torsional stiffness anld = 2224 is the bending stiffness of a single beam of length
and cross-section dimensioihandh; hence, the relevant moments of inertia are, respectively,<hb?
(wherex = 1/3.43) and[, = % see f#2]. In these formulae, the values of the elastic modiyli and
E,, are those introduced above.

Inertial terms arising from the assumed kinematics are:

MZ-Z/QPy [+ iy (94 A0) | 02 = Mg (i + Ait) + My (3 + 20)
Fio= [ p [i+ bty (i A0)] d62 = Mo i+ A + Moo (3 + 29) 2
Q

being:

Muu:/de Mm?:/pde Mﬁﬁz/prdQ (3)
Q Q Q

In Equation ), the superimposed dots stand for time derivative, andyrateon is performed over
the plate volumé? disregarding the small contributions provided by the sgxinMoreoverfﬁ and
respectively represent the rotational and translatione¢larations of the anchor, andis the scaled
(because of the holed geometry) mass density of the pagnsilplate.

The system dynamics, accounting also for proportional dagyps therefore governed in the ROM
by the following two coupled equations of motion:

M,y Myy| |AD D,y Dgg| |AD 0 2k| [AY| | My Mgyl |0
or briefly:
MAX+DAx+K Ax=—-Mx (5)

.o .. = T . . . - -
whereAx = {Au Af}}T andy = {a 19} . Since entries of mass and damping matrices can be different
by orders of magnitude, EquatioB) (s numerically handled as:

AX+M 'DAx+M 'K Ax = —x (6)

through pre-multiplication byM ~!. Accounting for proportional damping, we sBt = ;M (hence
M'D = uI) wherep = w/Q, Q is the expected quality factor under such loading condstiand
w = 9.091 kHz is the circular frequency of the fundamental mode. Asady remarked in32], since
Awu and Ad are dimensionally inhomogeneous and take numerical vatugesry different ranges, a
re-normalisation (or re-scaling) of them can help in asgusitability of the solution.
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During oscillations, plate corners may get into contachwilite die and cap surfaces. Algorithmically,
variablesAu and A are constrained to take values in the following ranges:

h h
—gd+§§Au+L1 tan(Aﬁ)Sgc—§

3 b (7)
—gd+§§Au—L2 tan(Aﬂ)Sgc—§

where (see also FiguB: % is included to account for the thickness of the moving pléteepresents
the distance of the top and bottom plate corners from its plage);g;, = 1.8 pum andg. = 15.8 yum
are, respectively, the gaps between plate corners and diesgnsurfaces. During the analyses, contact
is accounted for through a so-called penalty formulatibrelations ) are all satisfied as inequalities,
the stiffness matrixi' previously described is adopted to advance the solutiomma;tif instead at
least one of relations/} is satisfied as an equality, the entries of the stiffnessixate proportionally
amplified asK = ¢ K to prevent (or, at least, to keep small) the penetration éetvplate and die,
or plate and cap. The penalty coefficients usually strongly dependent on the time discretizatiba, t
kind of input loading and the geometry of the vibrating stawe. While in principle energy balance
considerations allow to estimate in practice it is set empirically so as to efficiently andustly carry
out the calculations; in this work, a value= 750 has been used in all the simulations.

As far as the solution of governing Equatid) (s concerned, a direct time integration scheme has
been adopted. To damp possible spurious high frequencifabseis not arising from the real physics
of the problem, thev-method has been implemented, s48].[ To ensure unconditional stability and
second-order accuracy while contact conditiofysdp not play a role, algorithmic parameters were set
as follows (see alsaif]): a« = —0.05, § = 0.275625, v = 0.55.

3. Results

In this Section, the ROM accuracy and performance (in terin®duction of the computational
costs) are assessed against FE simulations and availgideireental data. Both the ROM and the
FE model are fed by the input acceleration loadings depictdeigure 3, already considered ir8p).
The two conditions differ in terms of maximum accelerati@aks; accordingly, we refer to loading in
Figure3(a) as the lowy one (even though the peak of aroutdy by far exceeds the working conditions);
we instead refer to loading in FiguBéb) as the highy one (with a peak value of abotit500 g). Besides
peak value, the two histories also differ as for the duratiaine acceleration pulse and, on the top of all,
as for the kind of time evolution: in the low-case, a sinusoidal-like smooth variation was induced by
an electrodynamic shaker; in the higlease, a wild non-smooth variation was experimentally ieduc
by a free-fall in an impact tester. This explains the two v@ifferent contents of excited frequencies,
as shown in Figurg(c,d). In the two testing setups, the MEMS was mounted on patoard to
drive the output to a data acquisition card, so as to meakareutput voltage during the test. The board
was rigidly connected to a massive brass plate, featuriefeaence quartz accelerometer to provide the
input acceleration history.

Both the loading conditions depicted in Figu8éeature null rotational accelerationsof the testing
device and, therefore, of the MEMS die if deformations ofghpport board are disregarded.
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Figure 3. Shock tests. Top row: acceleration histories felt by thesseduring the &) low-g
and Q) high-g experiments. Bottom rowc(d): energy spectral density (ESD) obtained
through a Fourier transform of the relevant input acceienat
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In the comparison FE analyses, according to the ROM, a ptiopat damping has been considered,
with the same quality factof) and circular frequency of the fundamental (tilting) vibration mode.
Since vibrations of the movable parts can be experimentadigitored only through the time evolution
of the sensor output voltage, and since saturation in theubstgnal occurs because of the plate contact
with die and cap out of the sensor working range, the FE sitiong help to assess the accuracy of the
ROM results through: impact-induced motion of the plateesg state in the supporting springs, possibly
prone to fail in case of higlp-shocks. Moreover, nonlinearities in the system responiseijoosly
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disregarded under working conditions, can be assessedgtmroomparison with the experimentally
acquired signals. In doing this, the variation of the outmlitage is numerically computed as:

AV (t) =V + ¢ Aalt) (8)

whereV is the supply voltage( is the device sensitivity, and.a is the variation of the out-of-plane
acceleration with respect to the gravity one.

Let’s start by considering the low+test. Figuret shows the time history of the relative (between plate
and die) out-of-plane displacement at corner A, as obtanetOM and FE analyses; similar results
are obtained as for the displacement at corner D. Besidesatesvorthy agreement between the two
models, which basically validates the hypothesis of ridadgobehaviour, it is interesting to focus on the
solution around = 10, 000 s when the plate strikes the die surface more than once §&med by the
dashed horizontal line in the graph).

Figure 4. Low-g test: time evolution of the relative displaceméni, at the plate corner A
(see Figurel). Comparison between FE and ROM results.
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Because of the spectral density of the input in this lpease, upper bounded by a frequency of about
10 kHz (see Figuré&(c)), only torsional vibrations of the springs are excitéus is clearly evidenced
by the vibrations in Figurd with a period of abou900 s, corresponding to this type of deformation
(mode#1 in Figure2). As far as the reliability of the sensor subject to sho&k-lbadings is concerned,
Figure5 reports the evolution of the maximum principal stregsin the springs. Herep is computed
as the envelope of the principal stresses in the whole spbegause of the re-entrant corners at the
connection with the anchor and the seismic plate, this maming actually located in critical regions very
close to the end cross-sections of the supporting beamg&edhe value of stressp is considered the
triggering one for possible failure mechanisms, becausbeobverall brittle properties of polysilicon;
according to a Rankine-like description of dissipative haeasms (like cracking formation) in brittle
materials, the maximum principal stress has to be monit(sed B1]). The reported values for the
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ROM represent the current envelope, as induced by torsidianding (even if the second contribution
may be negligible), computed according to the theory of@mpic, slender beamg?]. Such theory
obviously misses contributions linked to the re-entramhecs at both ends of each spring; this explains
the difference, in terms of peak values aroung 10,000 pus, between the ROM results and the FE
solution (which instead accounts for that). The time evohlubf op is differently predicted by the
two models; this outcome is due to the assumed kinematidsedROM, which does not appropriately
describe what happens in those regions when plate corrtdgleeldie surface and lead to the generation
of stress waves that eventually impinge upon the re-entrammers and cause local interaction effects
that change the stress field.

Figure 5. Low-g test: time evolution of the maximum principal stress in tlhegtgyspring
connection region. Comparison between FE and ROM results.
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When the output voltage evolutions obtained with the two edocal approaches are compared with
the experimental data, see Figugeit appears that the period of oscillations is well matcheih a
small drift linked to the disregarded vibrations of the lwban/hile the electro-mechanical coupling can
be considered not to affect the system dynamics areuadl0, 000 us, it may play a role well before
and after the central portion of the reported output voltageen the external acceleration level does
not exceedyg (see Figure3) and is therefore comparable to the full scale of the sertkmrcan further
explain the shift in time somehow visible in Figue However, the main difference between numerics
and experimental is reported in terms of amplitude of thélatons. This discrepancy is linked to two
causes, basically (1) we have disregarded board defomsatichich actually enhance sensor dynamics
by adding an additional compliance to the testing appayran(2) we have assumed the output voltage
to be linearly linked to the motion of the seismic plate ahéréfore, to the input acceleration according
to Equation 8), where the coefficient is the one holding within the working regime. Out of the waoidi
regime, the linearisation of the sensor input-output i@hais not accurate anymore, and nonlinearities
affecting thel” = V' (a) should be appropriately defined through testing, if possibl
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Figure 6. Low-g test: time evolution of MEMS output. Comparison betweenegxpental
data and numerical results.
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Figure 7. High-¢ test: time evolution of the relative displacemént, at the plate corner A
(see Figurel). Comparison between FE and ROM results.
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Let’'s move now to the higlg-case. The sensor response in terms of relative out-of-pliap&cement
at corner A is depicted in Figurg the ROM and FE results are reported to be in fairly good agess
up to2, 000 us; then the FE solution seems to overestimate the effectropotay, as the oscillations get
reduced much in amplitude. This effect can be partially &x@d by considering the spectral density
of the highg input, see Figur&(d): at variance with the low-case, higher-order vibration modes are
excited since the spectrum is not upper bounded by a fregueni® kHz. Accordingly, input energy
can be driven to excite vibrations of the plates, therebyiced) the amount of energy available to
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dynamically deform the suspension springs. The energgfieaalso affects the damping of the system,
which cannot be described appropriately by consideringcttailar frequencyw of the fundamental
deformation mode. The same kind of discrepancy between RGIMMFE results is also reported in
Figure8, in terms of maximum principal stres$ in the critical regions introduced above for the lgw-
case: beyond = 2,000 us, the over-damped FE solution lead to an almost vanishiagsstield. Before
that threshold, the ROM underestimadtes in accordance with what is reported for the Igwase; once
again, disregarding the local effects of re-entrant carmethe ROM solution does not allow to match
the FE outcomes.

Because of the wild oscillations of springs and plate induag the highg test, leading to multiple
impacts against the die surface during the whole analyses Esgure7), a major frequency or period
of oscillations can not be recognised in the solution. Anyhmossible shifts in the response caused by
disregarding the electro-mechanical coupling are hereargd not to play a role because of the very
high acceleration levels reported in Figu@). This is shown in Figur®, where the ROM output
appears in good agreement with the available experimemalgvolution of voltage. Once more, the FE
analysis is reported to provide too much damping that caasesiden reduction of the voltage beyond
t = 2,000 ps. In a much more evident fashion than the lgpwase, signal saturation prevents any
detailed experimental-numerical comparison. At this pdirs worth mentioning that the goal of the
original experimental testing campaign, reported3g|[ was not to provide a validation of the ROM,;
contrarily, the ROM was built in order to understand sensaraghics under shock loading conditions
S0 as to establish critical thresholds for MEMS reliabilityhat turned out from those experiments
is that standard sensors, like the one here considered,usaairs highg acceleration levels without
malfunctioning, since the stress field in critical regioasults to be much below the characteristic tensile
strength of polysilicon (typically higher thanGPa).

Figure 8. High-¢ test: time evolution of the maximum principal stress in thetgspring
connection region. Comparison between FE and ROM results.
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Figure 9. High-g test: time evolution of MEMS output. Comparison betweenesxpental
data and numerical results.
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There are now three basic issues to discuss. First, we haleot the computational gain obtained
by running the ROM instead of the FE analyses, keeping tharacg aside (in this regard, see the
discussions above and to follow). The speedups relevatietdno test cases are reported in Tahble
to show that the lowy case can be fast simulated through the ROM; here speedupsrapited as the
ratio between the CPU time required by the FE analysis an@€Rié time required by ROM analysis,
on a Intel(R) 17 2.7 GHz, 8 GB RAM personal computer. The loggeedup related to the highease
can be explained in this way: when contact conditiah$0ld, the time step size adopted to advance in
time the solution of the ROM equations of motion is reducego—ggj of the initial value (in the case here
reported moving from 0.4s to10~° 1S) to guarantee the stability of the solution.

Table 1. Computational gain, given by the ratio between the FE CP¢ timd the ROM

CPU time.
Speedup factor
Low-g test 725
High-g test 53

Second, we check how the quality factQrin Equation 6) is affecting the solution of the ROM.
Thanks to the speedup guaranteed by the ROM over the FE siomdaa parametric analysis to
investigate how the output voltage is changedbturns out to be affordable, in terms of computational
costs. Figurél0 shows the results of such parametric analysis, concerratigthe lowy test (top row)
and the highg test (bottom row). In the graphg) is varied in the range 0.5-50. In the loynease,
it is shown that the out-of-plane relative displacemant, is marginally affected, as for its period of
vibrations. On the other hand, the vibrations following gegiod of strikes against the die surface are
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affected in amplitude, with obvious larger oscillationkted to higheK) values; indeed, in this regard
the effect of() is not enough to close the gap between numerics and expgamémthe highg case,
values of(@) higher thanl0 lead to very small damping effects on sensor dynamics; hekeg keeps
oscillating and the plate continuously strikes the dieaefall over the investigated time period.

Figure 10. Reduced order modelling: effect of damping on the (top) lpand (bottom)
high-¢ MEMS responses, in terms of relative displacem®&nj,.
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Third, we assess the underestimation of peak values-gbrovided by the ROM. To account for
the local stress intensification induced by the re-entramears and by the dynamics of the suspension
springs not captured by the two fundamental deformationeadtbrsional and out-of-plane bending
ones) considered in the ROM, we provide this simple rate@n&ince the intensification occurs only
locally, like in fracture mechanics, and does not propagateh along the spring longitudinal axis, a
small portion of the sensor is modelled, see FidLteBy running a static FE analysis, with constrained
anchor and under a torque applied to the suspension sph@gatio between the maximum principal
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stresses at point C and at point M is computeghas= ~ M ~ 5.5. Here point C is chosen to be located
at the root of one re-entrant corner, whereas point M is &xtatong the longitudinal plane, where the
theory of elasticity provides the computed stress levelsrgabove, see3p]. This approach furnishes
a simplified estimation of the stress intensification, sina#oes not account for inertial effects that
prove different under different loading conditions. Su@pr@ximation leads to the results reported in
Table2, where peak values @fp are compared, as obtained by FE analyses, by ROM simulatiwhs
by enhancing the ROM simulations through the amplificatamidrp . Table2 shows that the so-called
corrected ROM stress estimation is higher than the FE valtiee lowy case, and only slightly smaller
than the FE value in the highe€ase.

Figure 11. Model of the plate-spring connection region subjected twrqute, as adopted for
the calculation of the stress intensity factor at the resgmtcorners.

Table 2. Test-induced maximum values of the principal stress Comparison among:
FE results, ROM outcomes, and ROM results corrected throlighmodel-specific stress
intensity factor (see Figurel).

FE ROM Corrected ROM

(MPa) (MPa) (MPa)
Low-g 13.23 4.22 23.21
High-¢ 33.54 5.12 28.16
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4. Conclusions

To speed up the assessment of the reliability of a uni-aritial MEMS sensor under shock/drop
loading conditions, we have provided and discussed a reldmcker model of the movable parts of the
sensor itself. We termed this model “physically-basedi¢siwithin a purely mechanical framework we
accounted for the physics of the actually excited torsianal bending deformation modes of the sensor
springs supporting the seismic, massive plate.

We have assessed the capability of the model and its accagaiyst experimental data collected in
a former laboratory campaign and also against three-dimealdinite element simulations. The second
comparison looks necessary to check the accuracy of thelpthaeto the nonlinear dynamics induced
by impacts featuring acceleration peaks much beyond th&imgrange (in our caset2 g) and by
the contact conditions with die and cap surfaces definingémsor cavity. This requires a comparative
assessment on the basis of local quantities, like, e.gqutief-plane displacement of the plate and the
stress field in the suspension springs. The device outptag®lis eventually adopted to compare the
two numerical approaches with the experimental outcomes.

It has been shown that the reduced order model providesrratiwirate estimations of sensor
dynamics, up to acceleration peaks in the ordeb, @00 g. The only issue evidenced by the results
is linked to the stress field in the suspension springs, wisieinderestimated by the proposed model.
Such discrepancy is caused by the local stress intensifiicadused by the re-entrant corners at the
end cross-sections of the springs, where they are connéatdte anchor or the seismic plate. In
these regions, prone to fail by cracking in case of extrergh-hishocks, the beam kinematics adopted
to describe the system behaviour and to compute the stréds dm@es not hold true and corrective
factors should be adopted. We have reported a proposal ttedéf corrective factor relevant to stress
intensification, and showed that it allows to better matah fthite element results. Next step of the
present investigation will be a multiscale-like couplingtWween the proposed reduced order model of
the whole sensor and detailed analyses in the critical nsgiowherein brittle or quasi-brittle cracking
can be incepted as soon as the tensile strength of polysilécattained. This approach is expected to
further increase the accuracy of meso-scale analyses aettsor level, which are necessary from a
computational side of reliability analysis of inertial moesensors.
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