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1. Introduction

Microsystems (or Micro electro mechanical systems, MEMS) are complex devices, produced with
technologies similar to the ones used for integrated circuits, in which dimensions can reduce up to fractions of 
micrometers [1 4]. Microsystems technology can nowadays be used to produce highly miniaturized sensors 
such as accelerometers and gyroscopes, or actuators which in turn can be used to create e.g. micro-pumps or 
energy harvesting devices. 

The great versatility and the reduced unit cost have been the basic ingredients for their large diffusion; 
microsystems are in fact nowadays complex products of modern engineering which find a large number of 
applications in various fields such as consumer and automotive engineering, structural monitoring, biomedical 
engineering. 
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Mechanical issues, and particularly mechanical reliability, are extremely important in all the phases of 
MEMS design and in the development of relevant production technology: proper design and fabrication of 
micro-devices must ensure the perfect functioning both in standard exercise conditions and in extreme 
situations (e.g. accidental drop, mechanical and electrical shock, harsh environment, etc.). 

The purpose of this paper is to describe some aspects of the complexity of microsystems from a 
mechanical perspective with particular reference to dissipative phenomena and mechanical reliability 
problems. The focus is on specific issues which have been studied by the group in the last nine years in strict 
collaboration with STMicroelectronics, which is one of the major microsystem manufacturer, and with 
particular reference to solid mechanics. In Sects. 2 and 3, starting from a very brief introduction to fabrication 
technologies and from the analysis of a uniaxial resonant micro-accelerometer taken as a meaningful example, 
the major mechanical features and challenges related to microsytems mechanics are highlighted. The 
subsequent Sections are dedicated to a brief presentation of four major issues concerning microsystem 
mechanics: the dissipative phenomena which govern the damping of vibrating devices (Sect. 4), the 
mechanical characterization of materials at the scale of microsystems (Sect. 5), the response to accidental 
impacts (Sect. 6), the study of spontaneous adhesion or stiction (Sect. 7). Closing remarks and perspectives 
are included in Sect. 8. 

2. Fabrication process

Microsystems are produced with fabrication technologies which originate from modifications of planar 
lithographic technologies used since many years for the production of integrated circuits (IC), the main 
modification of these processes being the introduction of movable parts (see [4]). The examples shown in 
this paper refer to devices produced by STMicroelectronics with the surface micro-machining process 
(thick epipoly layer for microactuators and accelerometers) ThELMATM which has been developed by 
STMicroelectronics to realize in-silicon inertial sensors and actuators (see also [5] for further details). 
This process is here briefly described in order to give an idea of how microsystems are realized and of the 
possibilities and constraints that a microsystem designer can face. 

The Thelma process permits the realization of suspended structures anchored to the substrate through 
very compliant parts (springs) and thus capable of moving with respect to the underlying silicon substrate; 
it consists of the phases described hereafter and illustrated schematically in Fig. 1. 
(1) Substrate thermal oxidation. The silicon substrate is covered by a 2.5 m thick layer of permanent

oxide obtained with a thermal treatment at 1 100 ºC.
(2) Deposition and patterning of horizontal interconnections. The first polysilicon layer is deposited

above the thermal oxide; this layer (poly1) is used to define the buried runners which are used to
bring potential and capacitance signals outside the device and it can also be used as structural layer
in thin polysilicon devices.

(3) Deposition and patterning of a sacrificial layer. A 1.6 m thick oxide layer is deposited by means of
a plasma enhanced chemical vapour deposition (PECVD) process. This layer, together with the
thermal oxide layer, forms a 4.1 m thick layer which separates the moving part from the substrate
and which can be considered analogous with the sacrificial layer in a surface micromachining
process.

(4) Epitaxial growth of the structural layer (thick polysilicon). The polysilicon is made grow in the
reactors, thus reaching a thickness of 15 m.

(5) Structural layer patterning by trench etch. The parts of the mobile structure are obtained by deep
trench etch which reaches the oxide layer.

(6) Sacrificial oxide removal and contact metallization deposition. The sacrificial oxide layer is removed
with a chemical reaction; in order to avoid stiction (see Sect. 7) due to attractive capillary reactions,
this is done in rigorously dry conditions. The contact metallization is deposited; it will be used to
make the wire-bonding between the device and the metallic frame.



Fig. 1.  Schematic illustration of the Thelma surface micro-machining process 

The process phases above described concern the most important part of the fabrication process, the one 
that allows the shaping of single devices on a silicon wafer where hundreds of devices are patterned. In 
order to obtain the final product, the patterned wafer is bonded with another one, on top of which a 
simpler patterning has been created which allows for the creation of caps for each of the devices. The 
couple of wafers bonded together is then ready to be cut in order to single out the devices. The singled 
MEMS are then wire-bonded with an integrated circuit; the production process is terminated with the 
molding phase which consists in covering the MEMS + IC with a polymer, leaving outside small electric 
contacts for the external connection of the MEMS. 

Micro-machining processes have an high influence on the properties of materials that are finally 
obtained, on the surface morphology and on the design possibilities. For a given process, the 
technological constraints on geometric dimensions and on material properties can be very severe: they 
force the designer to optimize shapes and mechanical configurations and require research work in order to 
accurately predict the material and structural behavior also in the possible non-linear regimes. 

3. A uniaxial resonant micro accelerometer from a mechanical perspective

Micro-accelerometers, i.e. micro-devices designed to measure external acceleration components, are
among the most diffused inertial MEMS. The schematic behavior of a uniaxial accelerometer is 
represented in Fig. 2. 

Fig. 2. Schematic representation of a uniaxial accelerometer 
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In Fig. 2 the rectangular box represents the MEMS which can be connected to any device like e.g. a 
mobile phone, a lap-top or an air-bag deployer in a car. A mass m, placed inside the box, is constrained by 
means of some elastic suspension system with overall stiffness k and can move in one direction 
(horizontal direction x in the figure). Due to the interaction of the moving mass with the surrounding 
gaseous fluid, and to other dissipative effects, damping influences the mass dynamics and a dashpot with 
coefficient b represents the overall damping behavior of the device (see Sect. 4). When the MEMS box is 
subject to a horizontal external acceleration a, the mass moves with respect to the box in the direction 
opposed to the external acceleration due to the action of inertia forces. The equation of motion of the 
mass m considered as a 1 d.o.f. oscillator can therefore be written as 

makxxbxm . (1)

In the majority of applications, it can be assumed that the frequency of variation of the external 
acceleration a is much lower than the eigen-frequency of the undamped oscillator; in these cases by 
neglecting dynamical terms, a simple relation can be derived which links the external acceleration a to the 
displacement x of the mass with respect to the MEMS box 

xmka . (2) 

Relation (2) allows to obtain the external acceleration a starting from the measurement of the relative 
displacement x inside the MEMS box. Depending on the physical principle used to measure the 
displacement x, it is possible to obtain a variety of devices. The most diffused ones are the capacitive 
accelerometers (see e.g. [6]) in which use is made of capacitive measures, as schematically shown in 
Fig. 3, where x is derived from the variation of the capacitance of a suitably designed electric circuit. 

Fig. 3. Schematic representation of a uniaxial capacitive accelerometer 

An interesting alternative to capacitive accelerometers is represented by the so-called resonant 
accelerometers (see e.g. [7 10]). In these devices the link between the external acceleration and the 
movement of the mass m inside the MEMS box is not given by the displacement x, it is obtained 
indirectly by the change of frequency of another part of the sensor, kept vibrating at its resonant 
frequency. This last part, the resonator, can be a flexible beam which is linked to the MEMS box and to 
the movable mass in such a way that when the mass feels inertia forces due to the external acceleration, 
the resonating beam is subject to a variation of its axial force and therefore, due to geometric effects, its 
eigen-frequency can change. A schematic representation of this working principle is given in Fig. 4, 
where the resonating part is depicted in red. 

In [11] it was proposed a new scheme for a resonant accelerometer based on the geometry shown in 
Fig. 5. The device was also presented in [12] and described in details, together with the electronic control 
circuit in [10]. Two patents are pending on the device [13, 14]. 

In the device of Fig. 5, the resonating beams are kept in resonance by means of an electrostatic 
actuation which is realized through the driving electrode shown in yellow in the figure. The frequency of 



vibration of the resonators is continuously measured through an oscillating electronic circuit, not shown 
in the figure, which senses the resonator response through the sensing electrode (in green in the figure) 
while keeping the correct signal at the driving electrode. 

Fig. 4. Schematic representation of a uniaxial resonant accelerometer 

 (a)   (b)
Fig. 5. Uniaxial resonant accelerometer proposed in [11, 12]. (a) General scheme; (b) Mass m subject to inertia forces and axial 

forces in the resonating beams 

Figure 5b schematically shows the effect of the external acceleration: when the inertia force causes the 
movement of mass m, the two resonating beams are subject to an axial force, tensile and compressive for 
beams 1 and 2 respectively. The axial force, in turn, causes a frequency change in the two resonators, 
increasing the frequency of beam 1 and decreasing that of beam 2. This double frequency change allows 
to obtain a device with a sensitivity higher than that given by devices of comparable size. In Fig. 6, taken 
from [10], the differential frequency variation measured on the fabricated devices is shown as a function 
of external acceleration, measured in g, being g the gravity acceleration. 

Fig. 6. Variation of the peak frequency difference between the resonators f- f0 as a function of the external acceleration in the 
range of ±1g. f0 corresponds to the peak frequency difference at 0g, from [10]. 



Fig. 7. Detail of the upper left corner of the fabricated uniaxial resonant accelerometer proposed in [11, 12]. 

Figure 7 shows a detail of the fabricated resonant accelerometer, the upper left corner, where the 
resonating beam connects to the elastic suspension spring. The Figure shows the typical dimensions of 
distances of separation between surfaces (the gaps) which are in the order of few microns. Another 
interesting feature which can be observed from the figure is the slenderness of the resonating beam and of 
the suspension spring. This feature requires the study of nonlinear effects of both geometric and electrical 
nature [15]. The position of the resonator with respect to the anchor point has been designed by 
optimizing the accelerometer sensitivity for given dimensions of the proof mass. 

From the above very brief description of a uniaxial resonant accelerometer, some meaningful facts can 
be recognized which help in defining the role of mechanics in the study, design, fabrication and use of 
microsystems. These are commented here below, anticipating the contents of subsequent Sects.4 7. 

The chosen configurations and shape of the mechanical parts are highly constrained by the fabrication 
process (see Sect. 2). The final design solutions are an optimal compromise between process constraints, 
mechanical and electrical responses and reliability issues. 

Due to very small dimensions, to the related difficulties of extracting detailed experimental 
information and to the cost of the production process, modelling and simulation tools are an important 
ingredient in the study and design of every microsystem. Dedicated products are now available on the 
market and innovative simulation procedures are continuously being formulated, in particular for the 
solution of multi-physics and multi-scale problems in MEMS and for the device optimization. 

The design goals for a device like the one here briefly described usually are: small dimensions, high 
sensitivity, low power consumption. These are often contrasting goals, e.g. higher sensitivity obtained 
increasing the dimensions of the movable mass is in contrast with the necessity to reduce overall 
dimensions. 

The mechanical design of the device must take into careful consideration the non-linear dynamics of 
the resonating beams, also influenced by the electrostatic forces exerted by the driving and sensing 
electrodes used to actuate the vibration and to read the displacement of the vibrating beam. 

Due to the necessity to accurately measure the eigen-frequency of the resonators, and in some cases to 
keep this frequency constant in time, every dissipative mechanism related to the resonator response must 
accurately be considered; these are briefly discussed in Sect.  4 of this paper. 

Microsystems analyses typically require coupled multi-physics simulations. The device here discussed 
clearly shows that the study of the microsystems can be afforded only through a correct consideration of 
at least the electro-mechanical coupling which governs the resonator behavior. Other kind of coupling can 
be found e.g. in the gaseous fluid-structure interaction governing the resonator dynamics, in possible 
electro-magnetic interferences, in the influence of thermal process on the mechanical response. 

As far as microsystem reliability is concerned, it is easy to recognize that, being the device built with 
typical structural parts like slender beams and plates, during the design phase attention must be paid to 



mechanical properties. Moreover, due to the fact that the resonating beam vibrate at high frequency, 
fatigue issues must be carefully checked. As in every structural mechanics problem, the mechanical 
characterization of materials is extremely important in order to accurately forecast the correct behavior of 
the designed devices. This issue is discussed in Sect. 5. 

Additional reliability problems can come from external loading exceeding the design ranges. As a 
typical problem, impacts due to accidental drop of the device carrying the micro-accelerometer could be 
the cause of sudden ruptures and therefore a study on the device limits in the presence of accidental drop 
impacts is of paramount importance, as discussed in Sect. 6. 

Figure 7 allows to appreciate the narrow distances between surfaces which could come into contact 
during the device use. Permanent adhesion between the surfaces could be then observed due to the 
presence of forces like capillarity attraction which are difficult to eliminate and van der Waals dispersive 
forces which cannot be eliminated at all. This clarifies the importance of the study of spontaneous 
adhesion phenomena as done in Sect. 7. 

4. Damping of vibrating parts

Many microsystems contain movable parts which are kept vibrating around their resonance
frequency. In the example of Sect. 3 the resonating part is a beam which can change its eigen-
frequency due to the action of the external acceleration. In more complex devices like Coriolis-based 
gyroscopes (see e.g. [16, 17]), a part must vibrate at a given driving velocity in order to cause a Coriolis 
apparent force acting in a direction orthogonal to its movement and to the rotation axis; in resonators, 
used e.g. in watches or computers, a vibrating mass must be kept vibrating at a constant frequency with 
extremely high precision. 

The dynamic response of these devices and their energy consumption crucially depend on the damping 
of the resonating parts. 

Damping evaluation, and more generally the evaluation of every dissipative effect, is a difficult task 
also at the macro scale. In structural dynamics it represents one of the most uncertain ingredients of every 
dynamic model; in many cases a viscous damping model is used with damping coefficients which are 
partially unknown or roughly estimated. 

In the case of microsystems, a rough estimation of damping could be the source of errors in the design 
phase and the final device could be useless. The brief introduction here given is based on the hypothesis 
that the vibrating microsystem has an overall elastic response. In other terms, plasticity, fracture and 
fatigue are not considered in this discussion. 

Damping in microsystems is usually evaluated starting from the quality factor Q, defined as follows in 
the case of a 1 d.o.f. oscillator. 

1 total energy lost per cycle2 1
stored vibration energy i

i

Q
Q

, (3) 

where Qi represents the quality factor related to the i-th energy dissipation mechanism. Q is therefore 
inversely proportional to the dissipated energy and it increases when the dissipation sources diminish. 

Any reduction of the kinetic vibration energy related to the high frequency vibration of resonating 
parts is here considered lost for the working regime of the microsystem and therefore is dissipated. This 
means that the kinetic vibration energy is transformed in other forms of energy, all these energy 
transformations must be considered as dissipative phenomena in the present context. 

One of the main sources of dissipation is represented by the interaction between movable parts inside 
the MEMS box and the gaseous fluid contained inside it. In this case the fluid-structure interaction is the 
cause of the main damping mechanism, in the microsystem literature this is simply referred to as fluid 



damping (see e.g. [18 20]). 
Depending on the device, the volume inside the MEMS box is filled of gas at various pressure levels. 

As an example, in the case of a gyroscope the pressure is kept at a very low level in order to reduce the 
fluid damping and consequently reduce the power necessary to keep the resonating part in movement. 

At varying pressure levels, the quality factor varies, increasing at decreasing pressure, as qualitatively 
shown in Fig. 8 where a typical logarithmic scale plot of Q versus pressure is shown. 

Fig. 8. Quality factor as a function of pressure in microsystems 

From Fig. 8 various dissipative regimes can be defined. When the pressure p is very low 
(p < 0.01 mbar), the quality factor does not depend on the pressure level and can be very high but 
nevertheless limited. This means that fluid damping does not occur for these pressure levels and that other 
dissipative phenomena occur: this regime is called solid damping in contrast with the fluid damping one. 
When the pressure is at intermediate levels (0.01 <p < 10 mbar), fluid damping prevails on solid damping; 
in this regime the gas molecules are rarefied and the fluid can not be considered as a continuum. In this 
case Navier Stokes equations do not hold and rarefied gas dynamics must be assumed as the correct 
model. For higher pressures (p > 10 mbar), the Navier Stokes equations can be applied for the study of 
fluid-structure interaction in microsytems. 

Referring in more details to fluid damping, it can be observed that it must be studied and modeled with 
different strategies depending on the degree of rarefaction of molecules which is correctly represented by 
the Knudsen number, defined as 

L
Kn , (4) 

where  is the mean free path of molecules and L is a characteristic length scale. At increasing Knudsen 
number, the gas is more and more rarefied; a possible subdivision in various regimes is given by the 
following relations:  



3

3 1

1

10 Navier Stokes no slip bc

10 10 Navier Stokes slip bc

10 10, Transition regime

10, Free molecular flow.

 

,
n

n

n

n

K

K

K

K

. (5) 

In the first case (Kn < 10-3), standard Navier Stokes equations can be used in order to model the fluid, 
no particular boundary conditions are requested; in the second case (10-3 < Kn < 10-1), Navier Stokes 
equations can still be used, provided that special boundary conditions are considered; the third case 
(10-1 < Kn < 10), defines the so called transition regime, while the last one (Kn > 10), is the free molecular 
flow regime. 

Various approaches have been proposed in the literature to solve the difficult problem of numerically 
evaluate fluid damping in microsystems at different pressure levels. Recent examples of numerical 
approaches able to solve the fluid damping problem at varying pressure can be found in [21] for the 
second regime, in [22] for the transition regime and in [23, 24] for the free molecular flow regime. The 
most difficult regime appears to be the transition one, this is why a possible simplification consists in 
making use of bridging techniques which evaluate the response for free molecular flow and Stokes 
regimes and build simple interpolation formulae for the intermediate or transition regime, as 
schematically shown in Fig. 9. 

Fig. 9. Schematic representation of bridging techniques for fluid damping evaluation 

The full understanding of solid damping mechanisms in microsystems is still an extremely difficult 
task. A general, schematic, vision is given in Fig. 10, where various solid damping mechanisms are 
mentioned (see e.g. [19, 25, 26]); notice that among the various sources of damping also unknown 
sources are mentioned, in order to underline the fact that the understanding of the whole solid damping 
phenomenology is still partial. 

Fig. 10. Schematic representation of possible solid damping mechanisms in MEMS 



From the definition of the quality factor (3) and taking into consideration the various solid damping 
mechanisms referred to in Fig. 10, the total quality factor due to solid damping can be obtained from the 
following equation. 

sd bulk support oxide TED surface unknown

1 1 1 1 1 1 1 .
Q Q Q Q Q Q Q

(6)

It can be remarked that, in view of Eq. (6), the quality factor will be less than the smaller of the partial 
quality factors due to the various mechanisms, i.e. 

i
i

QQ min . (7) 

The main source of solid dissipation is the thermo elastic damping (TED) (see e.g. [27, 28]) which 
manifest at high rate of deformation as in the resonating parts of microsystems. In the case of flexible 
beams resonating in bending mode, a well known reference solution is the Zener’s one [29, 30], derived 
in the 30s with reference to macro-scale beams. An example of quality factor due to TED with reference 
to a cantilever micro-beam vibrating in its first bending mode is given in Fig. 11. The plot gives the 
quality factor due to TED as a function of the ratio of the beam frequency f over the so called transition 
frequency f0 (see [31]) defined as 

T
0 2

1 ,
2 p

Kf
C h

(8) 

where KT  is the thermal conductivity, Cp is the specific heat (at constant pressure),  is the mass density, 
h is the beam thickness. 

The line corresponding to QTED theory represents the Zener’s solution, the finite element (FE) 
simulation results have appeared in [31], while the experimental results have been published in [26]. 
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Fig. 11. Quality factor as a function of normalized frequency for an oscillating cantilever micro-beam subject to thermoelastic 
damping [31]; experimental data from [26]. 

An alternative representation of the quality factor for the same example is given in Fig. 12 where Q is 
plotted as a function of the beam length. 



Fig. 12. Quality factor as a function of beam lenght for an oscillating cantilever micro-beam subject to  
thermoelastic damping [31]; experimental data from [26]. 

The solution shown in Fig. 11 put in evidence the role of f0 as a transition frequency. For f < f0 the 
solid is always in thermal equilibrium and it is possible to speak of an isothermal regime; when f  > f0 the 
system has no time to thermally relax and the regime is adiabatic. 

Many experimental results have shown that the quality factor forecast by thermoelasticity (the so-
called thermoelastic limit) is not fully attained; in other words, the experimental values of Q which can 
be found in vibrating micro-beams can be less than the quality factor given by TED. This was shown 
e.g. in [19, 26] and usually happens for f < f0 at reducing beam dimensions. The possible explanation of
this discrepancy must be looked for in the many additional dissipative mechanisms, as depicted in Fig. 10.

Surface effects and surface oxide layers combine the possible influence of different behaviours of 
surface layers in microbeams and the fact that at decreasing overall dimensions the surface phenomena 
increase their importance. Different surface treatments have shown that solid damping can change by 
simply modifying the surface properties. For small size resonators and vacuum measurements, surface 
losses can dominate. 

Bulk mechanical losses [19] include possible internal dissipative mechanisms like internal friction and, 
in the case of polycrystals, possible internal dissipation associated with interfacial motion and grain 
boundaries. 

Clamping losses is the term used to define the phenomenon of radiation of elastic waves in the 
structural support of the vibrating beam [26]. In this case the kinetic vibrating energy of the resonating 
part is partially transformed in another mechanical energy, linked to wave propagation. The problem of 
estimating  the amount of energy lost due to this dissipative mechanism can be tackled with simplified 
formulations or with fully 3D FE simulation as recently done in [32]. 

As it can be appreciated from the above introduction to dissipative mechanisms in microsystems, the 
subject concern many aspects of materials science, materials mechanics and modelling and simulation 
techniques. Only with a wise merge of many complicate ingredients and with a careful selection of the 
main dissipative mechanisms related to MEMS behaviour, realistic estimates can be found which could 
really help in microsystem design and reliability assessment. 

5. Mechanical characterization of materials at the micro scale

In Sect. 3 it has been put in evidence the importance of microsystems mechanical reliability. The large
scale industrial production obliges producers to more carefully focus on reliability issues related to 
various causes of failures and in particular on mechanical failures such as fatigue and fracture induced e.g. 



by accidental drop (see Sect. 6). It is therefore of paramount importance to measure and control the 
mechanical properties of materials used in MEMS [33], in primis of polysilicon, which is by far the most 
diffused material in the production of MEMS. 

There exist today many different microscale mechanical test techniques for polysilicon at the micro 
scale, researchers have explored a variety of physical principles and experimental set-up (e.g. [5, 33 58]). 
A major distinction can be done between so called off-chip (e.g. [37, 39, 41, 42, 44, 49, 50, 51]) and on-
chip (e.g. [5, 35, 38, 40, 43, 46]) methodologies. In both cases the micro-device is generally produced by 
deposition and etching procedures, as briefly described in Sect. 2. An off-chip tensile test generally 
resorts to some sort of external gripping mechanism actuating the force together with an external sensor 
which measures the response of the specimen. On the contrary, on-chip test devices are real MEMS in 
which actuation and sensing is performed with the same working principles of MEMS. 

The on-chip approach for the mechanical characterization of thin and thick polysilicon layers has been 
pursued recently by the authors ([5, 59 63]), it is briefly discussed in this section starting from a specific 
example. 

The basic idea of the on-chip approach is that the specimen is co-fabricated with the actuator. 
Therefore an integrated microsystem is created which contains the loading system, the specimen and, 
typically, the displacement sensor. Electrostatic actuators and displacement sensors are used in most cases. 
During the tests an input voltage V is applied to the actuator system and a capacitance variation C is 
measured. The capacitance variation can be related to some meaningful displacement (or rotation) of the 
specimen through simplified analytical formulae or through electrostatic finite element simulations of the 
complete device. The corresponding electrostatic force can then be determined as a function of the 
displacement from the derivative of the electrostatic energy, which, in turn, is proportional to the 
derivative of the capacitance. This general scheme for data reduction can be applied to many on-chip test  
structure. 

The device here presented was designed to perform both quasi-static and fatigue tests up to complete 
rupture; it is based on a high number of comb finger electrostatic actuators which load a notched 
specimen by means of a lever system. It was first published in [61] and then, coupled with electronic 
control circuits, applied to fatigue testing in [62] and to the assessment of fracture toughness in [63]. 

In Fig. 13 the detail of the device concerning the loaded specimen is shown by means of an image 
obtained with a FE simulation and of a SEM image of the fabricated device. The device consists in a lever 
system that causes a stress concentration in a localized region. The specimen can be divided into four 
parts: a beam that is the physical link between the frame and the specimen; the lever, that transforms the 
axial action coming from the beam into a bending moment acting in the notched zone; a notch, that is the 
most stressed part, where the crack nucleates; and a part fixed to the substrate. 

(a)  (b)

Fig. 13. FE model of the fracture-fatigue test device (a) and SEM image of the realized device (b) [61 63]. 



The device for on-chip testing here described can be used to perform different kind of mechanical tests, 
more precisely: monotonic tests in the elastic regime, monotonic tests up to rupture, cycling tests for 
fatigue assessment, fatigue tests for the creation of pre-cracked notches and subsequent evaluation of 
fracture toughness trough loading up to complete rupture. Figure 14 shows the notched part of the 
specimen after complete rupture. 

(a)    (b)  

Fig. 14. Detail of the fracture-fatigue test device (a) and zoom on the propagated crack (b) [61 63]. 

The device was first used to characterize the mechanical behavior of the material in terms of elastic 
stiffness and nominal values of rupture by means of monotonic loading. As described in more details in [61], 
an equivalent elastic modulus with a mean value of 143 GPa and a standard deviation of ± 3 GPa was 
found after testing 31 structures, deposited on the same wafer. The data concerning the rupture of the 
specimens were interpreted in the framework of the Weibull statistics, widely used in order to assess the 
mechanical strength of materials in industrial environments (see [59] for a discussion on its application in 
the framework of on-chip testing methodologies and [64] for the original Weibull formulation). The 
Weibull modulus was found equal to m = 25.76, while the Weibull stress was 0 = 3.62 GPa. The 
Weibull stress represents the level of stress that gives the 63.2% of failure probability for a pure tension 
specimen with the same size as the reference volume. 

As a second application of the on-chip test device, fatigue testing on various devices were performed. 
A dedicated test set up with a suitably designed electronic circuit was prepared and interesting results 
concerning the fatigue behaviour of polysilicon were found and published in [62, 63]. Interesting enough, 
a brittle material like polysilicon shows a clear fatigue response with decreasing nominal strength at 
increasing number of cycles. As an example, a reduction of the nominal resistance up to 50% was found 
for a number of cycles in the order of 109. The found results were compared with other in the recent 
literature [42, 43, 46, 48, 52, 53, 55]. 

The third possible use of the designed test device was the measurement of fracture toughness of 
polysilicon through on-chip testing. Other proposals in the literature have recently appeared [34, 40, 55]. 
The basic idea of the proposed methodology was to recreate a crack at the notch tip and, by means of a 
combination of numerical FE simulations and experimental results, to measure the critical stress intensity 
factor (Critical SIF). The application of the proposed approach gave a Critical SIF in the range 
KIc = 1.31 – 1.43 MPa(m)1/2. This result gives an idea of the high brittleness of polysilicon materials used 
in MEMS and therefore of the importance of assessment of mechanical reliability in the various loading 
conditions that the microsystem will have to sustain during its life. 

6. Response to accidental impacts

MEMS are often exposed to accidental shocks or drops during service, especially when mounted on
portable devices [65–71]. As for the mechanics of MEMS subject to accidental drops, experimental and 



numerical works have to deal with the several length-scales involved in the failure process, ranging from 
millimeters down to nanometers. 

Industrially, the severity of a shock is sometimes defined in terms of the maximum acceleration felt by 
the sensor. This is in contrast with the results provided, e.g. in [72], where it was shown that the 
maximum acceleration criterion does not always furnish reliable predictions of MEMS failure, which is 
instead linked to the stress state in the movable parts of the sensor, see Fig. 15. Since the response of the 
mechanical parts of the MEMS depends on the evolution of the post-impact acceleration but also on its 
own geometry, a one-to-one relationship between the acceleration peaks and the stress field can not be 
established a-priori. 

Fig. 15. Shock-induced failure of a uni-axial MEMS accelerometer: (left) experimental evidence [78]; (center) stochastic, three-
scale numerical forecast [83]; (right) deterministic, two-scale numerical forecast [83]. 

A further issue that complicates the matter is the modeling of the input at the MEMS level, allowing for 
possible filtering effects of the package. For instance, the acceleration experienced by the sensor while 
bouncing off a massive target body was adopted of a half-sine waveshape in [65, 73, 74] with amplitude 
and duration of the acceleration pulses assumed a-priori known. This represents an over-simplification of 
the loading, since complex interactions among stress waves propagating inside the package, sensor 
dynamics and micro-mechanics driven failure modes turn out to be neglected. In fact, shocks typically 
cause acceleration peaks exceeding 105 g [66], g being the gravity acceleration, but lasting tens or 
hundreds of ns only. To avoid unexpected failures and enhance the design, if necessary, a reliability 
analysis of such microsensors is therefore in need of numerical tools able to provide accurate resolutions 
of the stress/strain fields at the polysilicon film level. 

A trivial, homogeneously refined model of these events would be therefore too expensive; a smart way 
to attack the problem is by resorting to a (decoupled, top-down) multiscale approach. During the last few 
years, such multiscale framework was developed to attack the problem, see [75 80]. Within this frame, 
prognostic analyses of shock-induced failures in polysilicon inertial MEMS can account for the main 
physical processes occurring at all the spanned length-scales. Trying to simplify the approach, three main 
scales can be singled out: a macroscopic one, wherein the whole package is considered; a mesoscopic one, 
wherein the movable parts of the sensor are analyzed; a microscopic one, wherein the local failure 
processes in the polysilicon film are modeled. 

As already remarked, the length-scales involved in the shocked-induced response and failure of 
polysilicon inertial MEMS range from mm (typical size of the sensor package) down to nm (length of the 
process zone in the cracking polycrystalline silicon film). In case of a drop, at the macro-scale the 
packaged device is assumed to strike a target body, which is viewed as massive. While bouncing off the 
target, the device experiences a rigid body-like translational and rotational movement; this motion is 
characterized by a long time scale (several s), and can be superseded by much faster phenomena linked 
to stress waves propagation. 



At the mesoscale, MEMS vibrations are induced by displacements of the MEMS anchor(s), and are 
damped by its interaction with the surrounding fluid (see Sect. 4). The aim of analyses at this scale is to 
link impact features to possible failure events, assumed to occur where the maximum principal tensile 
stress in the polysilicon film reaches a critical threshold. 

At the microscale the dissipative mechanisms, consisting in the nucleation and propagation of inter- 
and trans-granular cracks in the brittle polysilicon film, are investigated in details through a cohesive 
approach, see Fig. 16. A crack is therefore assumed not to abruptly show up, but instead to progressively 
form and grow due to strength reduction in the process zone region(s). Since analyses have to account for 
the actual morphology of the polycrystalline film, or for an appropriate representation of it, the hypothesis 
of homogeneous bodies does not hold true at this scale. 

Fig. 16. Exemplary forecast of cracking events at the microscopic (polysilicon) length-scale, adapted from [80]: (left) branching of a 
trans-granular crack; (right) crack pattern at percolation 

The above three-scale approach allowed to accurately match the actual failure location and mode in a 
uni-axial accelerometer, see Fig. 15. Those results were obtained by considering the morphology and 
mechanical properties of the polysilicon film to be random at the micro-scale, and hence adopting a 
Monte Carlo methodology. Since this step turns out to be the most time consuming of the multiscale 
analysis, in [81, 82] we provided a hybrid deterministic-stochastic upscaling scheme to define micro-
structurally informed mechanical properties of a virtual homogeneous film, to be adopted at the meso-
scale. Anyway, upscaling is still a main issue, since relevant stochastic morphology indicators and 
anisotropic, crystal lattice-induced properties of silicon both need to be properly accounted for to provide 
meaningful outcomes. Hence, in [83] simplified analyses were also carried out with a two-scale approach 
(avoiding the micro-scale Monte Carlo simulations) and compared to the three-scale ones, showing good 
accuracy in terms of forecasted failure mode, see Fig. 15. 

To further reduce the computational burden without affecting much the accuracy of the results, a 
reduced order modeling approach was developed in [84] by accounting for the main vibration modes 
involved in the sensor response to shocks. In the case of the uni-axial MEMS accelerometer, the seismic 
plate was assumed to be rigid, and connected to the anchor point through deformable slender beams. 
Hence, the system was reduced to two degrees of freedom only, accounting for torsional and flexural 
deformations of the slender, support beams: the out-of-plane translation of the plate, and the rotation of 
the plate around the beam axis. Contact conditions of plate corners with the die and cap surfaces were 
considered too, to limit the plate motions; in the resulting nonlinear regime, the reduced order model 
allowed to strongly reduce the computing time, with a speedup factor sometimes exceeding 500 on a 
personal computer, see [85]. Comparison with the experimentally acquired output signals, caused by 
excitations with peak accelerations in the range 50 5 500 g, turned out to be encouraging. 

An alternative approach, relying on proper orthogonal decomposition [86] is now under study, see [87]. 
By exploiting the correlation in an ensemble of observations, a set of orthonormal bases for the 



discretized system are obtained through purely algebraic methods, like singular value decomposition. 
This approach will allow to reduce the computational costs in case of samples featuring complicate 
geometries, independently of the assumptions on the deformation modes of the suspension springs and of 
the seismic plate. 

7. Spontaneous adhesion

The brief description of the fabrication process reported in Sect. 2 and of the uniaxial accelerometer of
Sect. 3 has remarked the very narrow gaps that separate surfaces in real Microsystems. Figure 17 shows 
another example in which narrow gaps between surfaces can be observed, together with different surface 
morphologies. The discussion concerning possible accidental impacts of Sect. 6 has also underlined the 
fact that, due the flexibility of elastic parts in microsystems, surfaces can come into contact during the 
microsystem’s life. Contact mechanics is therefore perse very important in the design of microsystems. 

Fig. 17. Detail of a  microsystem showing narrow gaps between surface s which could come into contact 

Unfortunately, the contact between surfaces can generate another undesirable phenomenon called 
static friction or stiction which consists in the fact that the surfaces that come into contact can remain 
attached together thus causing a complete failure of the device. The study of spontaneous adhesion is 
therefore another mechanical related phenomenon which is of paramount importance for MEMS 
reliability. 

Practically every micro-system contains parts which should maintain the capability of relative motion. 
In view of the high surface-to-volume ratio of MEMS, the adhesive forces between the parts may exceed 
the elastic restoring force thus causing the stiction phenomenon. After this catastrophic and irreversible 
event, the micro-machine could be completely unusable and, consequently, should be replaced. 

The stiction phenomenon [88] is strictly correlated with the world of micro-tribology, since friction and 
wear of contact pairs are tightly connected to the adhesive phenomena on the contacting surfaces (see [89]). 
A thorough description of the state of the art in nano and micro-tribology can be found, e.g., in the books 
edited by [90]. 

Stiction failure can be distinguished in process stiction and in-use stiction. In the first case surfaces 
remain stuck together at the end of the fabrication process (see Sect. 2), in the second case the 
phenomenon appears during service operations e.g. due to accidental impacts. 

Main sources of spontaneous adhesion are capillary condensation, dispersion forces (van der Waals 
attractive forces), dielectric charging, hidrogen bonds. The first two being the prevailing ones. 

Possible remedies which reduce or avoid the phenomenon are related either to the amount of restoring 
forces, i.e. the elastic restoring energy of flexible parts which is able to oppose to adhesion energy, or to 
the kind of surface treatment and morphology. It is clear that increasing the surface roughness will 
decrease the contact surface and therefore decrease the global adhesion force. Another possibility is to 
change the surface by adding the deposition of a hydrophobic self assembled monolayer which at least 



can almost entirely eliminate the adhesion due to capillary forces. 
Studies on stiction failure in MEMs have started in the 90s, mainly related to the experimental 

investigation of adhesive behavior in micro-systems with the main goal to obtain the adhesive energy. 
Reference works are in [91 98]. 

Many efforts have been also devoted to the computational prediction of adhesion. The classical 
tribological models (Johnson Kendall Roberts JKR [99], Derjaguin Muller Toropov, DMT [100] or 
Maugis Dugdale, MD [101]) can be used in order to compute the adhesive energy between elastic objects 
with regular shape (namely, a sphere over a flat). 

Besides, it has been shown in [102] Cho & Park, 2004 that the problem of adhesive sphere could be 
solved in a genuine FE environment, by modelling the elastic parts through conventional finite elements 
and performing a contact analysis. More recently, the Lennard Jones interatomic potential has been used 
in FE analysis in order to obtain an innovative formulation of frictionless contact problems [103]. The 
stochastic nature of the actual rough surface has been considered in many papers, most of which [104] are 
based on simplified models of elastic-plastic deformation (e.g. Greenwood-Williamson model [105] and 
its modifications by Chang Etsion Bogy etc. [106]). In [107] a simpler model has been adopted, in the 
sense that rigid-plastic behavior of asperities has been considered and that adhesive forces have been 
estimated on the basis of the average surface separation. More recently, in [108] the Authors have 
introduced the adhesive behavior for predicting the wear degradation of electrical contacts at the nano-
scale. 

Recently in [109 112], the research group proposed a numerical multi-scale approach for the study of 
spontaneous adhesion phenomena in MEMS. The main ingredient of the numerical approach being the 
model formulated at the micro-scale, which is based on the following ingredients. 

A representative portion of the adhered surfaces is first defined, which dimensions depend on the 
nature of surfaces, typically a 2 m × 2 m reference surface is considered. 

Algorithms for the numerical generation of rough surfaces are used to generate surfaces which have 
the correct statistical properties (see example in Fig. 18). These are obtained considering the height with 
respect to the average surface as a stochastic process with a given probability density function (p.d.f.). 

A 3D FE model of two portions of rough surfaces which undergo a process of adhesion is generated, 
as shown in Fig. 19. 

Fig. 18. Example of numerically generated rough surface [109 112] 

Fig. 19. 3D FE model of portions of rough surfaces [109 112] 



Simplified models for the attractive forces which cause adhesion are inserted in the FE model. In 
particular simplified descriptions of capillary and van der Waals attractive forces are introduced. 

A non linear, elasto-plastic behavior is attributed to the solid part of the FE model in order to take into 
account possible irreversible deformations of asperities in contact cycles. 

The proposed computational procedure has been first tested with reference to the classical sphere-over-
flat problem in [109 111], and subsequently used in [112] to study the dependence of adhesive energy on 
humidity, roughness and morphology of surfaces. The obtained results have been successfully compared 
to experimental tests performed by [113]. 

A typical value of adhesion energy (i.e. energy per unit surface) obtained with a surface having 15 nm 
r.m.s  roughness, at 60% of Relative Humidity, without taking into consideration the effect of irreversible
deformation of asperities, is 10 J/m2.

8. Closing remarks

This paper presented an overview of mechanical issues related to the design and reliability of
Microsystems. An example of a resonant uniaxial accelerometer was used in order to highlight various 
mechanical problems related to MEMS Engineering. Particular focus has then been given to dissipative 
phenomena, to the mechanical characterization of materials at the micro scale, to the consequences of 
accidental drop impacts and to spontaneous adhesion or stiction. 

Many other mechanical related issues are of great importance in the MEMS world; among them are quoted 
here: the whole set of microfluidic problems for liquid fluids and the relevant fluid-structure interaction; the 
study of wafer-wafer bonding processes were a thermo-compression of thin metal layers, e.g. gold, transforms 
locally the metal granulometry and create the permanent bonding; the study of the final molding process 
which involves high stress levels while the polymer is still in a viscous liquid phase; moisture absorption and 
its consequences on the mechanical response; harsh environment conditions which can be found e.g. in 
satellite or in cars. 

In general terms many inspiring mechanical problems can be found in real microsystem devices which still 
deserve in deep research work, and highly stimulating theoretical, experimental and computational 
mechanical challenges. 
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