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I. INTRODUCTION

EVERAL standards like the MIL-STD-202G Method
213B [2] or the Jedec JESD22-B104C [3] prescribe
tests having the purpose of determining the suitability
of component parts and sub-assemblies of electrical and
electronic components when subjected to shocks such as
those resulting from rough handling, transportation and
real-life operations. During these tests the components are
subjected to acceleration histories with given shape (e.g. half-
sine, saw-tooth), maximum g value (from 30g to 1500g
in [2]) and test duration (from 0.5 ms to 11 ms in [2]).
Passive sensors are an emerging class of devices, still not
controlled by an industrial standard, designed to detect and
record mechanical shocks due to mishandling of fragile or
calibrated products inducing accelerations exceeding those
prescribed by the standard against which the products have
been certified.
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Passive shock sensors are inexpensive and the power
consumption is negligible, but in general their control of the
threshold is somewhat approximate. For instance, [4] describes
a semiconductor shock sensor, which comprises a supporting
body and a movable mass connected together by suspension
springs having weakening regions. If the acceleration exceeds
a given threshold, the weakening regions break. However,
these sensors suffer from a large spread in the material rupture
strength.

Several contributions in the literature have tried to provide
an estimate of the rupture strength or of polysilicon: e.g. the
experiments performed in [5] suggest og = (1.884+0.33) GPa;
in [6] one finds o = (2.24 £+ 0.35) GPa; [7] proposes
og = (1.21£0.16) GPa. It is hence quite evident that not only
or strongly depends on the fabrication process, but even for a
fixed process it presents large uncertainties. This scatter adds
to the classical variability due to overetch which dramatically
affects stress concentrations.

Other types of shock sensors, as described in [8], are based
upon a chamber containing a conductive liquid and having a
wall configured to break due to an impact. The same document
describes also shock sensors that comprise a magnetic element
held suspended by a conductive spring between metal walls.
In either case, the structures are rather complicated and hardly
compatible with standard ICs processes.

The aim of the present contribution is to discuss and analyse
a shock sensor originally proposed in [1] and [9] that reduces
the limitations described above and, in particular, may be
conveniently used in portable electronic devices. The sensor
has been fabricated with the ThRELMA (Thick Epitaxial Layer
for Microactuators and Accelerometers) process (see e.g. [10])
which is based on the growth, over a sacrificial silicon oxide
layer, of a thick epitaxial silicon layer that is finally released.

The present device avoids the scatter due to rupture
strength because it is based on the transition between
two stable configurations of elastic beams (described in the
following sections) which depends on geometrical parameters
and mechanical properties that are easier to control during the
fabrication. A schematic drawing of the device is presented
in Figure 1. A suspended inertial mass (shuttle) is attached
to the substrate via the central anchor point and four flexible
springs. The mass is surrounded by four bistable elements
(composite beams) that are initially in their first stable
configuration. When an external acceleration reaches a given
threshold (say 1000g for the device analysed, where g is the
acceleration of gravity), the contact force transmitted by the
mass to the bistable element induces the transition to a second
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Fig. 1. Sketch of the device. The bistable beams are in the first equilibrium
configuration.

Fig. 2. SEM of whole fabricated device.

stable configuration. During the dynamical transition the
beam hits a weak link that breaks and opens a resistive path.
The energy released during the snap-through is much larger
than the rupture energy of the link ([11]).

When required, the new status can be detected by measuring
this variation of resistance. The SEM of the fabricated device
in its rest configuration is shown in Figure 2.

A key part of the sensor is represented by the bistable
elements. Multistable elements are often utilized for various
applications ([12]) including energy harvesting ([13], [14])
even at the microscale [15]. Multistability can be achieved
in several ways, e.g. exploiting the magnetic field produced
by permanent magnets or piezoelectric effects ([16], [17]).
Limiting our attention to the mechanical multistability of
beams, the simplest possible multistable beam is a doubly
clamped straight beam compressed above the Eulerian critical
load. There are two stable equilibrium configurations that are
perfectly symmetric with respect to the original beam axis.
However, the production and control of such a device poses
formidable challenges if it has to be fabricated with standard
industrial surface micro-machining processes. An alternative
practical way for producing a bistable element is to design a
doubly clamped beam with a deformed initial shape.

Following an idea put forward by [18] and [19], each
bistable element is made of two doubly clamped beams fabri-
cated with the initial stress-free deflection wq(x) = J/2(1—cos
(2zx/L)), ¢ being the initial displacement of the beam at
midspan, L its length, and x a coordinate running along the
beam axis from one anchor point to the other. It is worth stress-
ing that a single doubly clamped beam with the given initial
configuration wq is not bistable: the central clamp between
the two beams eliminates the possibility of antisymmetric
deformation modes and restores bistability, as will be better
explained in Section II.

The paper is organized as follows. In Section II the design
parameters of the sensor are given and the mathematical
model is established by applying the theory of slender beams
subjected to moderately large displacements. In Section III
the model is solved numerically with two different approaches
providing an estimate of the acceleration threshold inducing
the snap-through. The predictions are verified experimentally
in Section IV where the results of tests on 163 devices are
summarized. Finally some conclusions are drawn
in Section VI. Both the experimental tests and the numerical
simulations are conducted with acceleration histories based
on the standards [2], [3]. In particular, the reference test
has a sinusoidal external acceleration with frequency equal
to 1500 Hz.

II. DESIGN AND MODELLING

The sensor is made of polysilicon having mechanical
properties that have been thoroughly investigated in [10].
Herein we assume linear elastic isotropic constitutive behavior
with Young modulus £ = 150 GPa and mass density
p = 2330 kg/m>. The out of plane thickness of the device
is fixed by the fabrication process to H = 22 um. The gap
with the substrate is 1.8 um.

The central suspended shuttle, of mass M = 1.95 x 1078 kg,
is attached to the substrate via four flexible springs; each
of these springs is made of 5 thin elements of thickness
ty = 2.6 um and length Ly =245 um.

The shuttle in its rest condition is positioned very close
(with a gap of approximately 1 um) to four bistable elements,
each made of two doubly clamped beams that have the initially
curved shape analytically described by:

wo = d¢1(x) with ¢ = % (1 — cos ZETX) (1)

with 6 = 10 ym, L = 600 um.

The two doubly-clamped beams are rigidly connected to
each other in the central portion by a clamp in order to
prevent rotation. As well known in the literature ([18], [19]),
a single doubly-clamped beam with initial configuration given
by eq.(1) is not bistable. Indeed, if forced to the second
equilibrium configuration (bottom of Figure 3) it would
snap back to the first configuration (top of Figure 3) via
an anti-symmetric mode that is prevented here by means of
the central clamp. Therefore, only symmetric deflections of
the bistable elements will be considered in the following.
Moreover a bistable mechanism can be obtained only if
the curved beams are characterized by a sufficiently high
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Fig. 3. Zoom on the bistable element in the two stable configurations before
and after actuation.

geometrical coefficient A = J/t, where t is the in-plane
(vibrating) thickness. The ratio A has to respect the inequality
A > 4/4/3 which sets an upper bound on 7. In the current
design of the device r =2 um and hence A = 5.

If the bistable element is loaded quasi-statically with a
force F applied at mid-span, its displacement is initially
proportional to the first buckling mode, i.e. w = ag¢((x).
Setting y = a/0 and A = J/t the force-displacement
relationship is:
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The force which induces the snap-through is a parameter of
paramount importance. As discussed in [19], since A2 > 16/3,
snap-through occurs when the stiffness of the third buckling
mode vanishes, i.e. when:
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and the snap-through force Fr follows from eq.(2) as
Fr = F(yr). Formulas (2)-(3) have been used for the
preliminary design of the sensor, but are approximate since
a quasi-static behaviour is assumed.

In order to reproduce the experiments reported in
Section IV, we discuss here a more sophisticated dynamical
model including contact. With the aim of simplifying as much
as possible the underlying equations, we assume that the
substrate is subjected to the external in-plane acceleration a
aligned with the device as depicted in Figure 4, and that the
movement occurs along the same direction.

Contact will develop only with one bistable element.

The stiffness of the spring system of the shuttle
(see Figure 1) has been computed with standard procedures
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Fig. 4. Simplified scheme: rigid shuttle and bistable element. The coordinates
system is attached to the anchors. zj; denotes the shuttle position.

as K ~ 11 N/m. The Couette flow between the mass and
the substrate generates a dissipative force Czys. Using the
techniques of [20] and [21] a quality factor Q = 40 has been
estimated. If contact is activated between the mass and the
bistable element, the mass will receive the force P. Globally,
in a frame rigidly connected with the anchors, the shuttle
dynamics is governed by the 1D model

MGEZy+a)+Ciy+ Ky —0) =P 4)

where z)s denotes the mass coordinate.

The beam dynamics can be described via the Principle
of Virtual Power for slender beams and moderately large
displacements (see e.g. [23]-[26]), with the addition of the
inertia forces. For each of the two beams in the bistable
element the problem is formulated as follows. Find the
deflection w(x) € C'(0) such that, for Vi € C'(0):

L
/0 (pA(i[) +a)DEI (W — w])i"

P
—N[w]w’zb’)dx = - B(L/2) 5)
The space C’(0) is here the space of functions w with
continuous first derivative and w = v’ = 0 in x = 0, L.
and
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is the compressive axial force assumed independent of the
position along the beam (AL is the elongation of the beam
axis). The force —P is exerted by the shuttle on the central
clamp when contact develops and is assumed to be equally
distributed between the two beams. A = Ht is the cross
section area of each beam; I = (1/12)H¢? is the modulus
of inertia; pA is the mass per unit length; E[ is the flexural
stiffness. It is worth to underline that the term E1(w” — wy))
represents the bending moment in the beam and that the
rotational inertia of the cross sections has been neglected.

The two equations (4) and (5) must be complemented with
the conditions

am—w(L/2)>0, P>0 (zy —w(L/2)P =0 (6)

governing “perfectly hard” contact. The first of (6) prevents
penetration between the beam and the shuttle; the second
guarantees that the force exchanged is repulsive and the third



simply states that the force arises only when the gap is closed
and vanishes otherwise.

III. NUMERICAL RESULTS
A. Simplified Approach

In order to solve eq.(5) numerically, the simplest possible
solution strategy consists in assuming a two-dimensional dis-
cretization space such that the displacement w is expressed as
a linear combination of the first and third buckling modes:

w(x, 1) = a(t)Pi(x) + B(t)p3(x)
where ¢ is defined in eq.(1) and:

1 4z x
¢3 = E (1 — COS T) (7)

Initial conditions impose w = wo and hence a(0) = ¢
and f(0) = 0. It is worth recalling that ¢; and ¢3 are
the buckling modes of a doubly clamped straight beam. The
second antisymmetric mode:

2x X 2 . X
¢r=1-— 7 cos(NlZ) + N Sln(le) ®)
(with N7 =~ 2.867) is constrained by the presence of the
central clamp.
Setting first w = ¢ and then w = ¢3 in eq.(5), one gets
two second-order differential equations for a and f:

3 a B 27t n? P
AL(=+=+L5)+EI=—(@—-0)—=—N = ——
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A penalty approach is implemented to simulate contact. This
consists in replacing perfectly hard contact with a contact force
linearly increasing with compenetration:

P =Ma—zm)H (o —zpm)

where H is the Heaviside function and A is a positive large
penalty coefficient. This set of equations is integrated with an
explicit central difference scheme and adaptive step control.

Figures 5-7 present the simulated history of the mid-span
deflection o = w(L/2) computed by applying an external
acceleration of the form:

a(t) = E(1 —cos(2x fot)) t < i, (10)
2 fo
Three different values of the acceleration frequency have
been considered, with fy = 500 Hz, fy = 1500 Hz and
fo = 5000 Hz, respectively. The choice fy = 1500 Hz
corresponds to the experiments described in Section IV. The
simulations have been run for increasing values of maximum
acceleration Ng in order to identify the threshold
acceleration ar inducing the transition to the second
stable configuration. At each frequency, the response for two
values of N, just below and above ar is presented. In the
former case the beam goes back to the initial configuration;
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Fig. 5. Simulated midspan deflection for two different values of Ng
(see eq. 10) just below and above the snap-through threshold. Input

frequency 500 Hz.
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Fig. 6. Simulated midspan deflection for two different values of Ng

(see eq. 10) just below and above the snap-through threshold. Design input
frequency 1500 Hz.
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Fig. 7. Simulated midspan deflection for two different values of Ng
(see eq. 10) just below and above the snap-through threshold. Input

frequency 5000 Hz.

in contrast, in the latter situation contact is lost at a certain
time and the beam makes the transition to the second stable
equilibrium configuration.



Even if the range of the investigated frequencies is
extremely large, only a 10% scatter of the critical acceleration
is found.

B. Comparison With the Complete Model

In order to verify the accuracy of the simplified model
discussed in the previous section, eq.(5) is now solved using
a standard Finite Element procedure. The beam is divided
into N elements with cubic Hermite shape functions. When
the generalized displacement field w(x,t) = O(x)W()
and the test function ©(x,t) = ®(x)W(r) (where @ is the
shape function matrix) is inserted into eq.(5), a system of
semi-discretized equations is obtained:

MW (1) + (K, + N [W(H] K, W)

= Fox (1) + Fo — Fin(t) YW (11)

with:

L
M = / pADT ®dx
0
L
Fin :/ pADT a(1)dx
0
L
Fo = / EJO"T 5] dx
0
L
K, = / EJO"T®"dx
0

L
K, = / o7 @'dx
0

In the above equations M is the mass matrix; K, is the
elastic stiffness matrix; K, is the geometric stiffness matrix;
F..:, Fo, and F;,, are vectors of equivalent nodal forces, taking
into account the contact force exerted by the rigid shuttle,
the effect of the initial deflection and that of the external
acceleration. As in section III, the contact between the rigid
shuttle, whose dynamics is described by eq.(4), and the
bistable beam is imposed via a penalty method. An explicit
central difference integration scheme is adopted for both
systems.

Figure 8 shows the simulated history of the mid-span
deflection w(L/2) for an input acceleration frequency equal
to fo = 1500 Hz, corresponding to the experimental value.
Results are compared with the 970g acceleration history of
Figure 6. Also in this case the predicted threshold acceleration
inducing snap-through is between 960g and 970g. With respect
to the results of the 2DOF model, in a first loading phase
the beam is less stiff due to the richer space of admissible
displacements; however, when the critical load is approached,
the displacements of the structure are actually accurately
described by the two buckling modes and the simplified model
correctly reproduces the snap-through transition.

IV. EXPERIMENTAL RESULTS

The fabricated device, having a nominal shock threshold
of 1000g, has been initially tested with an external mechanical
point acting on the central mass and imposing a sufficiently
large displacement so as to induce the transition of the bistable
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Fig. 8. Beam discretized with 10 Hermite elements. Simulated midspan

deflection for two different values of external acceleration just below and
above the snap-through threshold. The results obtained with the 2DOF model
are plotted for comparison. Design input frequency 1500 Hz.
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elements to the second stable state as illustrated in Figure 3
in the top picture.

Next a series of quantitative shock tests have been
performed on an AVCO shock tester AVEX SM105 (shown
in Figure 9) that is capable of providing half-sine shock pulses
with different durations and amplitudes.

Chips have been attached to a frame undergoing the
controlled acceleration histories. Typical shock shapes
are collected in Figure 10. The accelerations, measured
by accurate reference accelerometers co-mounted with
the devices, are plotted with respect to time. The shock
pulse duration is chosen according to the MIL.STD-202G
protocol [2] which is typically adopted to check the
suitability of electronic components when subjected to
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improper handling, transportation and in general operations
that have as consequence a mechanical shock.

Each history is characterized by the parameter N such that
Ng denotes the maximum value of the acceleration of the test
itself (e.g. 750g, or 970g etc).

Chips have been attached to the frame with two orientations
(a) or (b), rotated of 90° with respect to (a), such that the
maximum acceleration occurs along a direction orthogonal to
a couple of opposite bistable mechanisms.

The tests have been conducted as follows. All the chips
have been subjected to a series of shock tests with increas-
ing maximum acceleration and the number of ruptures has
been recorded. The results are summarized in Figure 11
where the cumulative probability of rupture (the sum of the
two orientations) is plotted always versus the maximum
N value of the test.

In order to better interpret the experimental data, we fit them
with the Weibull distribution, the cumulative failure probability
function taking the following form:

e A
’ 1000
The shape parameter m, and the characteristic lifetime

parameter ¢ are determined using a nonlinear fitting procedure
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Fig. 12.  Weibull fit of the experimental data.

of the experimental data, obtaining:

c=0.9528, m =13.2978

The mean value and the root mean square deviation of the
threshold acceleration ar are computed using the fitted values
of the Weibull model yielding Figure 12:

ar = (916 £ 84)g

The experimental results obtained are promising and show a
relatively limited scatter, especially if compared to threshold
shock sensors based on rupture strength alone. These issues
are discussed further in the next section.

V. DISCUSSION AND OPTIMIZATION
A. Scatter Due to Overetch

The sensor proposed helps avoid the variability of rupture
strength in classical shock sensors, but it shares the same
process uncertainties of most of the existing inertial sensors,
like accelerometers and gyroscopes. Uncertainties are mainly
due to technological difficulties in controlling over-etching of
the suspended features and in particular of the thin beams of
the bistable element.

Even if the analytical formulas (2)-(3) are approximate, they
give clear indications about the sensitivity of the snap-through
force Fr (and hence of the threshold acceleration at) with
respect to the overetch. Due to overetch, the stiffness of the
beams decreases, although this effect is partially compensated
by the decrease of the mass with holes and by the decrease
of yr. Finally one obtains that the sensitivity of ar with
respect to overetch is -1.2 g/nm. Assuming 0.1 xm as upper
bound for the double-sided overetch (i.e. the actual variation
of the beam thickness) in a well calibrated etching phase,
one gets a maximum variation Aar = +120g. Applying the
simulation tool including dynamics and contact (as detailed
in section III) this estimate reduces to Aar = +90g. The
numerical dispersion is similar to the experimental dispersion
discussed in Section IV.

However, this scatter can be reduced through proper
redesign of the device. A simple modification consists in



increasing the thickness 7p of the bistable elements in order
to reduce the impact of the over-etch uncertainties; at the
same time, in order to maintain the overall stiffness, its
length Lp should be increased. Setting 1200 xm as an upper
bound for the device dimensions, and fixing the desired
acceleration threshold to 1000g, an optimization routine has
been implemented in order to identify the optimal value of the
thickness 7p and length Lp of the bistable element and of
the global stiffness K of the springs connecting the shuttle to
the anchors.

A device with tp3 = 43 um, Lp = 1200 um and
K =3 N/m has been identified as almost optimal. Numerical
simulations show that it guarantees a reduced variation Aat =
+30g for a double-sided overetch of 0.1 xm.

B. Eigenfrequencies of the Bistable Elements

An additional possible issue for the shock sensor is that the
transition between the two states of the bistable elements might
be triggered by an external acceleration of limited amplitude
at frequencies close to the eigenfrequencies of the elements.
The small vibrations around equilibrium configurations can be
analysed expressing the displacement field as

w(x,t) =apy(x) +ulx,t) (12)

where a¢;(x) is the equilibrium deflection and |u| < |a¢y|
denotes a small perturbation. The equation governing the free
vibrations is obtained by linearising eq.(5) around a¢; and
can be expressed as follows. Find u € C'(0)

-9 / u'w'd

13)

L
A Elu"®" dx + —
/0 (p uw+ Elu +4L27T

+—a / u(/ﬁldx/ $lw'dx =0

Vi € C'(0). This model, implemented in Matlab, shows that
the first eigen-mode in the original configuration (a = J) has
a frequency of f;j = 150 kHz. Moreover, f; decreases only
slightly for small values of the contact force. Since the power
spectrum of external accelerations of interest is negligible
at f, the device design is robust.

VI. CONCLUSIONS

We have discussed a novel passive MEMS shock sensor
based on the bistability properties of elastic beams. The sensor
has been tested experimentally and simulated numerically.
The very good agreement between experiments and numerical
simulations on the real devices is encouraging and gives
indications for the fabrication of a family of improved shock
Sensors.

Indeed, experiments show a scatter in the threshold
acceleration which is mainly due to uncertainties in the amount
of over-etch. This is particularly critical for thin elements like
springs. Using the simulation tools validated with the existing
device, a redesign has been proposed leading to a reduced
sensitivity to overetch.

The proposed device only senses in-plane accelerations,
and is not isotropic, in the sense that it has two preferential
directions, i.e. those associated with the orientation of the

bistable mechanisms. Two simple provisions could solve this
shortcoming. More shock sensors could be used in parallel,
with relative orientations optimized in order to improve
isotropy (e.g. 45° in the case of two devices). Alternatively,
the square mass could be replaced by e.g. an hexagonal mass
having bistable mechanisms along each edge.

In the design and simulations residual stresses have not
been accounted for due to their very low values typical of
the ThELMA process; if larger, they could well influence the
stability threshold and the dynamics of the transition between
the two states.
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