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1. SUMMARY OF ACTIVITY
1.1 Relevant aspects of educational activities
Within the Department of Machine Elements and Tribology from Technical University of ClujNapoca, now integrated into the Department of Mechanical Systems Engineering, since 1999
I held the following teaching positions: assistant professor (1999 - 2005), lecturer (2005 2008), associate professor (2008 - 2013) and full professor (2013 and currently). I'm involved
in laboratory and design activities, and since 2004 I’m teaching the course Mechanisms and
Machines Elements parts I and II.
The educational activities that have been developed by me were appreciated by
students of various specializations from Technical University of Cluj-Napoca. I'm also
involved in coordination of graduate projects of students. I offer my competence in
counseling students and the other younger colleagues and I'm opened to any discussions in
my field of activity with the other specialists with experience from another universities or
coming from industries.
Since 2012 I'm a member of the Faculty of Building Machines Council from Technical
University of Cluj-Napoca. I was member in the university admission committees and
responsible for organizing various educational activities.
The relevance of teaching activity that I have develop is reflected by the fact that,
over my teaching activities I published more educational books which currently constitutes
an adequate support for students. I am author (coauthor) of 13 books used in teaching
activities and the main author of two book chapters published by prestigious publishing
houses. Thus, since 2003 I have participated in publishing of books for laboratory and design
activities. Moreover, I contributed to a series of five collections books for machine elements
solved applications. In 2013 we published (as the first author) together with the other two
colleagues from the Machine Elements team a course book with 470 pages.
In 2003 and 2008 I participated to the realization of two laboratory guide books for
Machine Elements, Mechanisms and Tribology. Besides the editing work, I also coordinated
the realization of the laboratory equipment together with students from graduated year.
The following laboratory stands were realized: stand for the experimental study of friction
losses in bearings; stand for the experimental study of elastic couplings, stand for the study
of elastic bracelets. I guided the graduate thesis for students from the specialization
Industrial Engineering, Industrial Economics Engineering (the technical part) and
Environmental Engineering.
The design guide books published in 2003, 2015 and 2015 with my contribution are a
real support for students to develop the semester projects such as: the design of a
mechanical transmission with gears; the design of a mechanical transmission including the
screw - nut mechanisms.
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I got involved in modernizing and adapting my teaching activities in accordance with current
requirements and international methods. I use modern teaching techniques to facilitate easy
understanding of the given lessons by students. I participated in the educational activity at
the Warsaw University of Technology and the University of Liege, and talked with
internationally reputed professors from several universities in Europe, Japan, China and USA.
These contacts led me and helped in improving teaching methods to form competent
engineers to meet the requirements of prestigious companies in the country and abroad.
I'm always looking to improve my activity not only in the academic area, which often
departs from the reality of the situation, but to maintain a close contact with the economic
environment. After graduate the faculty I worked in industry for two years. Moreover, I have
permanent collaborations with economic environment as university professor. These aspects
had a major impact on my ability to teach (practical examples, applications) and how to
communicate with the students.
In September 2005 I was invited to attend to an online training course entitled
“Mechanical Seals Principles I” organized by the Centre of Training from Groveland, USA.
Following the successful completion of this course, I have received an international
certificate in mechanical seals.
I was responsible during 2011-2012 for a master module about Nanotechnologies
organized by the Faculty of Materials and Environmental Engineering from Technical
University of Cluj-Napoca. The given lessons and laboratory activities developed within this
module was based on my experience in the field of nanomechanical and nanotribological
characterizations acquired during of two postdoctoral positions at Warsaw University of
Technology and University of Liege.
I started a new Laboratory for Micro and Nano Systems in the Department of
Mechanical Systems Engineering from Technical University of Cluj-Napoca. In this laboratory,
researchers and students are working together for reliability characterization of micro and
nano- systems. In the 2010-2011 academic year a student from Environmental Engineering
specialization has completed undergraduate work in the laboratory with the theme entitled
"Microcantilevers for mass detection" and in 2012-2013 another student from Industrial
Economic Engineering realized the thesis "Mechanical and tribological characterization of
micromembranes". Moreover, there are researchers who have completed their PhD thesis in
this laboratory. Actually, PhD students perform research activity in laboratory to develop
their thesis in the field of tribological and mechanical characterization of
microelectromechanical systems (MEMS) and thin films. Students and PhD students will
have all my support in developing undergraduate and PhD theses.
I represented my university at numerous prestigious international conferences in
Europe, Japan, Singapore and USA. A real support for researchers working in the Laboratory
for Micro and Nano – Systems coordinated by me is the scientific publications that I have
published together with recognized specialists in the field of MEMS. Moreover, I published a
book chapter "Tribomechanical characterization of microcomponents" in 2009 in Research
Trends in Mechanics, Edited by the Romanian Academy of Sciences and the book
"Mechanical and tribological characterization of MEMS structures" in 2007 together with
Prof.dr.eng. Zygmunt Rymuza from Warsaw University of Technology. More recently, in 2013
the book chapter "Dynamic behavior of smart MEMS in industrial applications" was
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published in Smart Sensor and MEMS: Intelligent Devices and Microsystems for Industrial
Applications included on ISI Web of Science.
1.2 Relevant aspects of research activities
My research activities developed in the field of Machine Elements are orientated to
mechanical seals and microlubrication. This was also the subject of my PhD thesis entitled
"Contributions to the mechanical seals with impulses" graduated in 2006 and supervised by
Prof.dr.eng. Dumitru Pop from Technical University of Cluj-Napoca. Based on the activity
developed within the thesis an experimental installation for analysis of mechanical seals was
designed and realized. Realization of the testing equipment was possible to be done based
on two research grants type CNCSIS-AT of which I was the manager in 2002 and 2003.
Significant results obtained during my PhD work were presented at international scientific
conference and published in international journals. The experimental equipment for analysis
of mechanical seals was also the support of the research activities performed by students (in
2009 and 2013) for undergraduate thesis and represents a help in achieving future PhD
subjects.
An important aspect of my research activities is addressing to new issues approaches
in the field of Mechanical Engineering. The argument of this is that, after a postdoctoral
research position in 2008 at the Warsaw University of Technology where I worked in
mechanical and tribological characterization of micro and nano- systems, we started up a
new laboratory for mechanical and tribological characterization of micro and nano- systems
in the Department of Mechanical Systems Engineering from Technical University of ClujNapoca. In 2006-2007 at Warsaw University of Technology I worked as experienced
researcher in the EC FP6 project - MRTN-CT-2003-504826 Advanced Methods and Tools for
Handling and Assembly in Microtechnology. During this time I collaborated with PhD
students and master students from the Faculty of Micromechanics and Photonics. In this
position also I had collaborations with research institutes and manufacturing companies.
Starting from 2009 until 2011 I was involved in the First Post-Doc project
"Modélisation de micro-systèmes et validation expérimentale" at the Department of
Aerospace and Mechanical Engineering from University of Liege, Belgium. The developed
research activities included the analysis of the mechanical response of flexible
microcomponents used in space applications and involved collaborations with industrial
companies such as V2i and Open Engineering SA from Liege, Belgium. These companies are
actually involved in a FP7 ERA Net project along with University of Liege, Warsaw University
of Technology and Technical University of Cluj-Napoca.
As a result of these research activities and based on national and international
research projects I have accredited at Technical University of Cluj-Napoca in 2013, together
with my research team, the Laboratory of Micro and Nano Systems (http://minas.utcluj.ro)
in the Department of Mechanical Systems Engineering. This laboratory is equipped with
advance technology for mechanical and tribological characterization of micro and nanostructures and represents a real educational support in the career development for students
and researchers.
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The knowledge and the skills acquired during periods spent abroad have been helpful in
obtaining future research projects. Currently, I'm the coordinator of a national project and
the other European project FP7 ERA Net. These projects are:
- Project STAR no.32 / 2012-2015 "Reliability design of RF-MEMS switches for space
applications", Research and Development Program-Space Technology and
Innovation for Advanced Research - STAR;
- Project FP7-ERA.NET/ 2012-2015, "3D modeling to design robust vibration
microsensors (3SMVIB)".
Last year the project PN-II-RU-TE-2011-3-0106/2011-2014 "Nanomechanical and
nanotribological characterizations for reliability design of MEMS resonators" had been
successful finished. From these projects we made major purchases of equipment for
experimental characterization of micro and nano- components and thin films. The laboratory
was equipped with air treatment installation corresponding to a cleanroom the class 1:1000.
The other important research project under development, obtained by my research
team is Project STAR no.97/ 2013-2016 "Tribomechanical Characterization of MEMS
Materials for Space Applications under harsh environments", Research and Development
Program-Space Technology and Innovation for Advanced Research – STAR.
In period 2008-2011 I was the partner coordinator of the National Research Project
UEFISCDI PNII - Partnerships in priority areas, project no. 72-2012/2008 "Advance
microsystems based on microcantilevers fabricated with MEMS techniques" coordinated by
the National Institute for Research and Development in Microtechnologies IMT- Bucharest.
As a result of these projects, a research team included 5 specialists was formed in the
Laboratory for Micro and Nano- Systems. Moreover, students and PhD students are involved
in the laboratory research activities. These projects give also the possibility of researchers to
participate at prestigious international conferences and to develop new interdisciplinary
collaborations (thin films, micro - fluids, dental materials, biomaterials etc.).
I organized in 2012 the International Exploratory Workshop “Nanomechanics and
nanotribology for reliability design of micro and nano systems” CNCS-UEFISCDI Project
number PN II-ID-WE-2012-4-063/2012 with participation of prestigios partners from
Belgium, Poland, France, Italy and Romania. Moreover, in 2013 the International Interactiv
Workshop “Advance Atomic Force Microscopy Techniques” in colaboration with Park
Systems Co from South Koreea and Scheifer Co Bucharest was organized by my researh team
with participation of PhD students and specialists from Technical University of Cluj-Napoca.
The transfer of knowledge and obtained results to the industry has continuously
done during projects development. In this way I have collaborations with prestigious
companies from Europe as: Open Engineering SA Liege, V2i Liege, Sitex Bucharest and
research institutes as IMEC Leuven, CEA- Leti and IMT- Bucharest.
As a member of different research teams I was involved in 4 projects, 3 of them were
developed in optimal design with genetic algorithms. Within these projects we performed
the optimal design of mechanical seals with impulses and the results were presented at
international conferences. The optimization with genetic algorithms is also applied to design
and developed reliable MEMS structures with high lifetime.
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2. CONTRIBUTIONS OF SCIENTIFIC AND PROFESSIONAL PRESTIGE
I am author (co-author) of 13 books published in publishing houses recognized by CNCSIS
and of 2 book chapters. I'm the main author of a book chapter published under Romanian
Technical Academy and another chapter in "Smart sensors and MEMS: Intelligent devices for
industrial applications and microsystems" at the prestigious publishing house Woodhead
Publishing Limited, Cambridge UK. I prepared 4 laboratory applications for students included
in two laboratory guide books for the Mechanisms and Machine Elements discipline
published in 2004 and 2008. I'm co-author of a collection books with solved applications for
Machine Elements. I'm the main author of a course book Machine Elements (470 pages)
published in 2013. The published book Mechanical and Tribological Characterizations of
MEMS Structures (in English) and the Laboratory for Micro and Nano- Systems open new
perspectives for students training.
During my educational activities I participated in university admissions committees
and to the organization of didactic activities (UNIVERSITARIA, Faculty Opening Day) together
with students and the other colleagues from our university.
My research activities include publications in international journals, participation at
international conferences, summer schools and training courses. I participated to numerous
prestigious international conferences in Europe, Japan, Singapore and the USA.
The ISI journals that I have published are:
- International Journal of Materials Research (2007, 2013, 2014);
- Journal of micromechanics and Microengineering (2007);
- Systems Journal of Microelectromechanical (2011);
- Microsystem Technologies (2011, 2012, 2013, 2014, 2015);
- Digest Journal of Nanomaterials and biostructures (2011);
- Meccanica (2013);
- Advance Journal of Optoelectronics and Materials (2012);
- Sensor letter (2014);
- Analog Integrated Circuits and Signal Processing (2015);
- Journal of Surface Coatings Technology (2015);
- Applied Surface Science (2015);
- Journal of Non-Crystalline Solids (2015).
The scientific publications (conforming to the publication list) are grouped as follow:
- 19 papers published in ISI journals
- 11 papers published in prestigious journals abroad
- 15 articles published in journals recognized by CNCSIS
- 19 articles published in proceedings of scientific meetings ISI / IEEE
- 19 articles published in proceedings of international conferences abroad
- 11 articles published in proceedings of international/national conferences in Romania
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Among the international conferences that I attended as speaker are the following (20102015): Design, Test, Integration & Packaging of MEMS and MOEMS (DTIP); IEEE
International Conference on Thermal, Mechanical and Multi-Physics Simulation and
Experiments in Microelectronics and Microsystems (EuroSimE); Thematic ECCOMAS
Conference on Smart Structures and Materials; International Conference on Integrity,
Reliability & Failure.
I was also Invited Lecturer at the 12th International Balkan Workshop on Applied
Physics, Constanta, 6-8 July 2011 with the presentation "Nanomechanical and
nanotribological characterization of microelectromechanical system".
The published scientific results and presentations given to prestigious national and
international conferences make a significant contribution in the field of tribology and
mechanical characterization of machine elements and micro/ nano - systems.
Recognition of scientific excellence and professional prestige can be quantified by the
following:
- Getting through European competition of two postdoctoral fellowships for research
activities (one funded by the European Community Framework Program 6 and
another by the Walloon Region in Belgium);
- Director of the Micro and Nano – System Laboratory from Technical University of
Cluj-Napoca
- Director of 6 research projects (5 national and one European);
- Coordinator of one International Exploratory Workshop CNCS-UEFISCDI Project
number PNII-ID-WE-2012-4-063/2012;

- Member of 4 research grants CNCSIS type A;
- Member of one research project founded by Romania Space Agency;
- Obtaining an international certificate in mechanical seals from the Training Center Groveland, USA, in September 2005;
- Participation in the following two summer schools organized by Swiss Foundation
for Research in Microtechnology (FSRM) in Neuchatel, Switzerland in collaboration
with the European Commission: Micro Robotics 29 - 31 August 2006, Metrology and
Testing Techniques for a Reliable Microsystems 17 - 19 April, 2007;
- Training module - Particle Size Analysis 22-23 February 2011, University of Liege
- Membership in scientific associations: ROAMET - Romanian Association of
Mechanical Transmissions, ART - Romanian Association for Tribology, ESA European Space Agency member.
- Reviewer of the following ISI journals - Microsystem Technologies (MITE), Analog
Integrated Circuits & Signal Processing; Microelectronics Journal of Sensors, Micro
and Nano Systems.
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3. MECHANICAL CHARACTERIZATION OF MEMS COMPONENTS
This section presents studies performed on the mechanical behavior of flexible structures
such as microcantilevers, microbridges and micromembranes. These are MEMS components
that can operate either individually or can be incorporated into more complex
configurations. The mechanical characteristics under interest are stiffness, modulus of
elasticity, resonant frequency, strain and stress. Theoretical stiffness of microcomponents is
computed based on Castigliano’s second theorem. Experimental tests on mechanical
characteristics are developed using atomic force microscopy and nanoindentation.
Microcantilevers (free-clamp beams) are used as sensing/actuation devices in a vast
range of applications. A microcantilever can be utilized either in the static/quasi-static
regime, in order to generate/measure deflections and/or rotation angles, or in the oscillating
mode, when the modal frequencies are monitored. Microbridges that are fixed at both ends
are used in MEMS applications such as filters and switches. Micromembranes used in optical
and communication applications with different configurations of hinges are analyzed in
order to determine the static response under an applied load. Widely used in microswitches,
these micromembranes are deflected until substrate in order to close a circuit and to
transmit a signal. The simulation of the micromembranes mechanical behavior is important
for performance optimization and to improve their reliability design. The geometrical
dimensions of hinges have influence on the mechanical response of micromembrane and on
stiction. The adhesive force between micromembrane and substrate depends on the
mechanical restoring force given by the hinges stiffness. The main failure causes of
micromembranes which are deflected to substrate are the excessive stress and stiction.
Multilayers MEMS components such as microcantilevers, microbridges or
micromembranes are usually used in microtransduction for actuation and sensing. One layer
achieves the structural and elastic recovery function and the other layer are active parts by
deforming under actuations. This section also presents the studies of mechanical
characteristics of flexible bilayer microcantilevers fabricated in the polymer SU8 with a
reflective nano-metallic layer on top.
There are some MEMS applications where the system operates under a thermal field.
To improve the reliability design of such components the analysis of temperature effect on
the tribological and mechanical behavior of microcomponents is also included in this section.
A nonlinear variation of the bending stiffness of microcantilevers as a function of
temperature is determined. The variation of the adhesion force between the tip of AFM
probe and the microcantilever fabricated from gold is monitored at different temperatures.
Using the lateral mode of atomic force microscope, the temperature influence on friction
between the tip of AFM probe and microcantilever is presented. Finite element analysis is
used to estimate the thermal field distribution in microcantilever and the axial expansion.
The results from this section were presented to international conferences and
published in journals. A list of significant publications in this subject is following.
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3.1 Stiffness measurement of MEMS components by Atomic Force Microscope
The technique of atomic force microscopy (AFM) was developed by Binnig et al. in 1986 [1].
Mainly there are two types of atomic force microscopes on the market. Of one type of
microscope the piezo-table is moving up and down or in lateral direction, and of the other
one the scanning head performs these motions. The operating principle is the same of both
of them (Fig.3.1). Briefly, a cantilever is used as a sensor to detect the force between tip and
sample surface. The cantilever is fixed at one end and its free-end has a tip, gently
contacting the sample surface. A laser and a detector are used, forming an optical beam
deflection system to detect the bending and/or rotational deflections of the cantilever.
When the sample is scanned the cantilever will move up and down in vertical direction or
left and right in lateral direction to the surface. Commercial AFM cantilevers are typically
made of silicon or silicon nitride with a tip radius on the order of nanometers.
During experimental tests the vertical and lateral deflection signals detected by
photodetector are proportional with the
bending and/or rotational deflections of
Detector
the AFM cantilever. Very often the AFM is
used in contact mode for surface
characterization. This operating mode
characterized by a direct contact between
Laser
AFM tip and samples is also applied for
AFM cantilever
tribological investigations in order to
Sample
determine the friction force between the
AFM tips (coated with different materials)
Piezo- table
and investigated surfaces.
Figure 3.1 Operational principle of the AFM

The other operating mode of AFM namely spectroscopy-in-point is used to measure the
adhesion force between AFM tip and different surfaces. This method can be also used to
investigate the mechanical response of a flexible microstructure and provides information
about the dependence between the applied force and the displacement of sample. The
sample stiffness can be estimated based on the force versus displacement experimental
curve. Moreover, the spectroscopy-in-point of AFM is useful to determine the adhesion
force between flexible components and substrate. The other operating mode of the AFM is
the tapping mode when the tip of the cantilever does not contact the sample surface.
In tapping mode, the cantilever is driven to oscillate up and down at or near its resonance
frequency by a piezoelectric element mounted in the AFM tip holder. This non-contact
measuring method provides high image resolution and can be applied on soft material as
biological samples and organic thin film or for polymer characterization.
An additional AFM module is the nanoindentation module. The nanoindentation
working mode of AFM is used to determine the mechanical properties of materials as
modulus of elasticity and hardness. Moreover, this operating mode is useful to determine
the wear resistance of MEMS materials and thin films by using a diamond nanoindenter.
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Mechanical analysis of the static behavior of MEMS involved: the analysis of the
microstructures displacement under an applied force and the stiffness measurement; stress
state analysis of samples; the analysis of the environmental conditions effect (temperature,
humidity, medium pressure) on the mechanical response of microstructures.
Experimentally, the dependence between microstructures displacement and the
applied force given by the bending deflection of AFM cantilever and its stiffness is
determined by spectroscopy-in-point mode of AFM. The following sequential steps occur in
the stiffness measurement (Fig.3.2).
Zdef =0

AFM
cantilever

Sample
Zsample=0

Zdef ≠ 0

Zsample≠ 0

Z

(b)

Z

(a)

Zdef ≠ 0

Zsample=0

Z
(c)

Figure 3.2 Bending deflection of a flexible microstructure by an AFM cantilever
Z – is the vertical controlled displacement of piezo-table or the scanning head; Zsample – the bending
deflection of a flexible component; Zdef – the bending deflection of the AFM cantilever

The method for experimental determination of the bending stiffness has the following steps:
(a) the initial contact between AFM cantilever and sample (Fig.3.2a); (b) bending of AFM
cantilever and sample (Fig.3.2b); (c) bending only of the AFM cantilever (Fig.3.2c).
The vertical approach (Z) of the AFM cantilever toward to sample is controlled by the
microscope software. Optical deflection (Zdef) of the AFM cantilever is monitored by a
photodetector. In the first step, there are bending deflection of AFM cantilever together
with investigated sample. Because Z displacement is known and Zdef is measured, the sample
displacement Zsample can be determine as
Zsample  Z  Z def
(3.1)
and the applied force given by the bending deflection of AFM cantilever is
F  kcantilever  Z def

(3.2)

where kcantilever in the well-known stiffness of AFM cantilever.
Based on eqs. (3.1) and (3.2) the stiffness of investigated structure can be determined as
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k

F

(3.3)

Z sample

The experimental AFM curve provides information about the dependence between vertical
displacement of AFM cantilever and the deflection of AFM probe. The experimental AFM
curve of a flexible structure has two different slopes (Fig.3.3) corresponding to [2-5]:
a. the bending of AFM probe and sample – the slope m1,
b. the bending only of AFM probe – the slope m2.

Slope m2

Slope m1

Figure 3.3 Experimental AFM curve of a flexible microstructure

Figure 3.4 Experimental AFM curve of a rigid microstructure

Comparatively with Fig.3.3 an AFM curve taken on a rigid microstructure (as thin films) has
only one slope as presented in Fig.3.4. In this case, the deflection of AFM cantilever is
proportional with the vertical displacement of piezo-table or the scanning head.
Using the experimental values, the dependence between the applied force and
sample deflection can be plotted. The slope of force versus sample deflection represents the
experimental stiffness. The experimental force is useful to determine the stress and the
experimental displacement to compute the strain [3, 5, 6]. The presented method is applied
in different experimental tests perform on flexible microelectromechanical systems (MEMS)
components as microbridge, microcantilevers and micromembranes fabricated in one-layer
or as multilayers structures.

15

16

Mechanical and Tribological Characterization of MEMS

3.2 Theoretical stiffness of microcantilevers and microbridges
The microcantilevers are used as sensing/actuation devices in a vast range of applications
that include nanoindentation, high-resolution optical position detection, surface topology
imaging, measurement of material elastic and strength properties, writing on surface
topologies, high aspect ratio metrology, metallography, chemical/electrochemical
characterization, microtribology, corrosion processes, cellular engineering or grain growth
and surface adhesion phenomena [7-12].
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Figure 3.5 Microcantilever loaded with a force at free-end
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l
Figure 3.6 Microbridge loaded with a force in mid-position

One end of microcantilever is fixed to anchor and the other one is free. The microcantilevers
(Fig. 3.5) can be utilized either in the static/quasi-static regime in order to generate/measure
deflections and/or rotation angles, or in the oscillating mode, when the modal frequencies
are actually monitored and determined.
Microbridges (Fig.3.6) are essentially microcantilevers that are fixed at both ends.
They are mainly used in MEMS applications such as filters and switches. Actuation is usually
applied over a region located about the member’s center line, such that out of the plane
bending motion is achieved. The main stiffness of a fixed-fixed constant rectangular crosssection member is the one relating to out of the plane translation.
MEMS mainly move by elastic deformation of their flexible components. One way of
characterizing the static response of elastic members is by defining their relevant stiffness.
Stiffness is a fundamental qualifier of elastically-deformable mechanical microcomponents
whose static, modal or dynamic response needs to be evaluated. The stiffness of constant
cross-section straight cantilevers and bridges is analyzed using Castigliano’s displacement
theorem. This theorem enables the calculation of the stiffness that connects a
force/moment to the corresponding linear/angular displacement.
Considering a force Fz acts in z-direction on a microcantilever (Fig.3.5) or a
microbridge (Fig.3.6) the bending stiffness in that direction can be calculated as:
F
(3.4)
k z
uz
where uz is the bending deflection of microcomponents.
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The mathematical model provides relations to compute the stiffness of microcantilevers and
microbridges as a function of geometrical dimensions (length, width and thickness) and
material properties. Because there are many MEMS applications those requirement
different positions of the acting electrode (as presented in Fig.3.7) the computing equations
take in consideration the force position influence on bending deflection and stiffness.

(a)

(b)
Figure 3.7 Microbridges (a) and microcantilevers (b) with different positions of the acting electrode

The deflection of microcomponents depends on the force position. Relations to determine
the displacement and stiffness of microbridges and microcantilevers as a function of the
acting electrode positions are provided next. The theoretical analysis consider that, the
cantilevers and bridges are relatively long (length is at least 5 times larger than the crosssectional dimensions), and that the plane sections, being perpendicular to the cantilevers
and bridges, are perpendicular to the neutral plane and remain plane and perpendicular on
this surface after applying of the load.
F1z

F2z

1

2

x
lx

3

u1z

M2y
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F3z

l
Figure 3.8 Schematic representation of a microbridge

Considering a microbridge with the force F1z applied at lx distance from anchor (Fig.3.8), the
bending deflection at point 1 is
lx M by M by
l M by M by
u1z  

dx  

dx
(3.5)
0 EI
lx EI
F1z
F1z
y
y
where Mby is the bending moment, E- modulus of elasticity and Iy- the moment of inertia.
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After performing the necessary calculations, it is found that the dependence between
displacement of point 1 and force is
u1z  F1z

3l x5l  3l x4l 2  l x3l 3  l x6
3l 3 EI y

(3.6)

The stiffness of the microbridge shown in Fig. 3.8, if the force is applied at the distance lx
from the fixed boundary condition, can be written as
3l 3 EI y
(3.7)
k 5
3l x l  3l x4l 2  l x3l 3  l x6
The displacement of the midpoint of microbridge uz as a function of u1z can be written as
l
 l 1
u1z 2  l , if 0  l x  2

x
(3.8)
uz  
u l  1 , if l  l  l
x
 1z 2 l  l x
2
If the force is applied at the midpoint of microbridge, the eq. (3.8) becomes
u z  u1z
(3.9)
The stiffness in z-direction of the microbridge if the force is applied in the midposition is

k

192 EI y

(3.10)

l3

The schematic representation of a microcantilever is shown in Fig.3.9.
F1z
1
u1z
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l
Figure 3.9 Schematic representation of a microcantilever

The dependence between displacement and a force applied at (l - lx) distance from anchor is
(l  l x )3
u1z  F1z
3EI y

and the bending stiffness in z-direction of microcantilever can be computed as
3EI y
k
(l  l x )3
The displacement of the free-end of cantilever can be written
l
u z  u1z
l  lx

(3.11)

(3.12)

(3.13)

If the force is applied at the free-end ( l x  0 ), the eq. (3.13) becomes
u z  u1z

(3.14)

The stiffness in z-direction of a microcantilever if the force is applied at its free-end is
3EI
k 3y
(3.15)
l
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3.3 Experimental investigations on stiffness of microbridges and microcantilevers
The scope of experimental test is to determine the bending stiffness of microbridges and
microcantilevers. The samples (Fig.3.10) were manufactured by the LAAS laboratory in
Toulouse (France) [2]. The selected microbridge and microcantilever have the width
w=50µm, the thickness t=3µm, and the length l=400µm. The material used to fabricate the
microbridges and microcantilevers is gold (electroplated + about 40nm evaporated Au). The
structures were hanging about 3 µm above the silicon substrate.

(a)
(b)
Figure 3.10 Microbridges (a) and microcantilevers (b) fabricated from gold

Deflection [nm]

c

b

a
Distance [nm]

Figure 3.11 Experimental AFM curve of a microbridge

Deflection [nm]

c

b

a

Distance [nm]

Figure 3.12 Experimental AFM curve of a microcantilever
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For good results, the stiffness of AFM cantilever must be in the same range with the stiffness
of investigated samples. Before experimental tests the theoretical stiffness of samples was
computed using eq. (3.10) and eq. (3.15). After, the proper AFM probes were chosen. The
microbridge was tested with a NSC15/Si3N4/Cr-AuBS15 probe with a stiffness given by the
manufacturer (MicroMasch) between 20 and 75 N/m. For the microcantilever tests, the CSC
37/AIBS cantilever was used with the stiffness between 0.1 and 0.4 N/m. The experimental
AFM curves are presented in Fig. 3.11 and Fig. 3.12 where two different zones can be
observed. The first one (a-b) is for the bending of the AFM probe and sample and the second
one (b-c) is only for the bending of the AFM probe.
By applying the methodology described in section 3.1, the experimental stiffness of
microbridge is determined of 26N/m and it is 0.41N/m of microcantilever. The theoretical
stiffness of microbridge calculated with eq. (3.10) is 26.01N/m and the stiffness of
microcantilever, calculated with eq. (3.15), is 0.418N/m. As can be seen, there is a rather
good agreement between the two types of results.
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Figure 3.13 Dependence between force and bending deflection of investigated microbridge:
(a) theoretical dependence and (b) experimental dependence
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Figure 3.14 Dependence between force and bending deflection of investigated microcantilever:
(a) theoretical dependence and (b) experimental dependence
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The force versus bending displacement experimental characteristics enables to estimate the
modulus of elasticity of investigated structures. From relationships (3.10) and (3.15) we get
for microbridge:
E

l3
F
 1z
192 I y u z

(3.16)

and for microcantilever
E

l F1z

3I y u1z

(3.17)

where F1z / u1z is the stiffness, experimentally given by the slope of force versus
displacement curves as presented in Figs. 3.13 and 3.14.
In the situation when the theoretical stiffness of sample is known, the elastic
modulus can be determined that help on designers to consider the adequate material to
fabricate the flexible structures. The experimental force can be used to estimate the bending
stress in structure and the displacement of sample to compute the strain as presented next.
3.4 Stress and strain of microbridges and microcantilevers with a mobile load
The analysis of the bending stress and strain of microbridges and microcantilevers for
different position of the acting force is presented in this section. The applied force is a
mechanical one given by the bending deflection of AFM probe and its stiffness. First, the
force acts at the midposition on microbridge (Fig.3.15) and at the free-end of cantilever
(Fig.3.16). Secondly, the applied force is sequentially moved toward to the beams anchor.
l
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lx4 =402µm
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Figure 3.15 Microbridge loaded by a force applied in different positions:
l
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Figure 3.16 Microcantilever loaded by a force applied in different positions:
l
l
l
l
l x1  4 ; l x 2  3 ; l x3  2 ; l x 4  ; l x5  0
6
6
6
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For this analysis the investigated microbridge and microcantilever have the same
geometrical dimensions: length l= 804µm, width w= 50µm and thickness t= 3µm. Different
bending deflections of the samples are obtained as a function of the force positions. The
maximum deflection of microbridge is determined for a force applied in the mid-position of
microbridge (Fig.3.15) and at the free-end position of microcantilever (Fig.3.16). In both
situations the deflection of samples decreases if the force is moved toward to their anchors.
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The bending of a microcantilever and a microbridge produces normal stress. The stress
varies linearly over the cross-section going from tension to compression through zero in the
neutral axis. The maximum stress values are found on the outer fibers and it can be
computing as a function of the force position using the following equations
- for microbridges

l x2 l  l x 
(3.18)
wt 2l 3
- for microcantilever
l  lx 
b  6 F1z
(3.19)
wt 2
Failure in MEMS, as the situation where a microcomponents does no longer perform
as expect or design, can occur in the form of yielding for ductile materials where the stresses
exceed the yield limit.
The strain of a microbridge (Fig.3.15) if the force is applied at the lx distance from the
fixed boundary condition can be computed as
3u1z t

(3.20)
l l  l x 
2

b  12 F1z

and, the strain of a microcantilever (Fig.3.16) if the force is applied at the lx distance from the
fixed boundary condition is
3u1z t

(3.21)
2(l  l x ) 2

(a)

(b)
Figure 3.17 Experimental dependence between stress and strain as a function of the force position:
(a) of a microbridge, (b) of a microcantilever
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For elastic materials and long beam, the stress – strain relationship is linear, and in the case
of a microbridge and a microcantilever the stress and strain are connected by means of the
Hooke’s law     E .
If the yields stress (  y ) for the microstructure material is known, by using the
relations (3.18) and (3.19) it is possible to analyze the following aspects:
(a) Verification of the yielding criteria
b   y

(3.22)

(b) Calculation of the minimum thickness of the sample with respect to the yielding criteria
as
 for a microbridge
t min

12 F1z l x2 l  l x 2 


3
 w  l   y 

12

(3.23)

 for a microcantilever
t min

 6 F l  l x 
  1z

 w   y 

12

(3.24)

3.5 Static response of a microcantilever under large deflection
3.5.1 Stiffness of a microcantilever under large deflection
In the long beam model, where the length of sample is at least 5 times larger than the
largest cross-sectional dimension, the plane cross-section remains plane after deformations,
and perpendicular to the neutral axis conforming to the Euler-Bernoulli beam model [7, 13,
14]. For microbridges and microcantilevers under a force that is moved toward to anchor (as
presented in Figs. 3.15 and 3.16) this hypothesis is valid if (l  l x )  5w , where (l - lx) describe
the position of the acting electrode (applied force) and w is the width of sample.
When the applied force is close to the anchor, shearing deformations are added to
the ones normally produced by bending, such that the stiffness is expressed according to the
Timoshenko model. Corresponding to this situation, when the shearing effects become
important, normal and tangential stresses are produced simultaneously in microstructures.
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Figure 3.19 Microcantilever deflected to substrate by a force that is moved from
the free-end toward to anchor
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The contact area between flexible part and substrate can be computed as l x  w (Fig.3.19)
and increase if the acting force which bends the flexible plate to substrate is moving towards
to the beam anchor. If the force is applied at a distance (l  l x )  5w , the shearing effect
became important. According to the Timoshenko beam model the regular bending
deformations are augmented by additional shearing deformations. In this case, the crosssection planes are no longer perpendicular to the neutral axis in the deformed state. The
total strain energy is [7]
M b2
S2
l I z dx l A dx
(3.25)
Ub 

2E
2G
where S is the shear force, A is the cross-sectional area, G is the shear modulus, and  is a
coefficient accounting for the cross-sectional shape and it is   5 / 6 for rectangular crosssection [7].
The dependence between deflection and force of a cantilever when (l  l x )  5w is
given by the relation [14]
 l  l x 2
 
u1 y  F (l  l x ) 


GA 
 3EI z
and the shearing – dependent stiffness can be computed as
3EGI z A
kb ( sh) 
(l  l x ) GA(l  l x ) 2  3EI z



(3.26)

(3.27)



3.5.2 Stress and strain of a microcantilever under large deflection
In the case of a microcantilever if (l  l x )  5w the normal stress is affected by shearing
effects. Corresponding to this situation, the tangent to the neutral axis is no longer
perpendicular to the face (Fig.3.20) as in the pure bending deformation. Shearing effects
du1 y ( x)
produce then an additional angular deformation  z ( x) 
.
dx
y l-l <5w
x
x
1
Fx

y1

x
F

x1
S

du1y /dx
θz

Fx
Normal to face

Tangent to neutral axis

Figure 3.20 Microcantilever under bending and shear deformations
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The shearing stress and strain can be estimated based on the shear force S, the crosssectional area A, and the shear modulus G using the well-known relations
S

(3.28)
A
S

(3.29)
AG
Corresponding to the microcantilever under large deformation (Fig. 3.20) the following
equations combine the effects of shearing and bending, according to the Timoshenko model.
d z ( x)

M z ( x)  E  I z dx
(3.30)

du
(
x
)


S
(
x
)
1
y
 ( x) 

 z
dx
AG
By taking into account the bending moment at the section x of microcantilever (Fig.3.20)
(3.31)
M b ( x)  F (l  lx  x)
the angle  z (x) can be calculated as
 z ( x) 



F (l  l x ) 2  x 2
2 EI z



(3.32)

Considering a cross-sectional element at the x- distance from the point (1) and a force Fx
(Fig.3.20) the stress state is characterized by the shear stress
du ( x) 

Fx cos  z ( x)  1 y 
dx 
S

(3.33)
( x)   x  
A
wt
as well as the bending stress
6 F l  l x  x 
 b ( x)  x
(3.34)
wt 2
One criterion to characterize the deformable limit of a flexible component is the
yielding criteria where the stresses exceed the elastic (yield) limit. In essence, compounds
stress – normal and tangential components, need to be lower than a limit value in order to
have reliable microcomponents.
In the situation when the stresses exceed the elastic limit (yielding criteria) the
flexible microcomponent does no longer perform its function as expected [7, 13-15]. The
failure in MEMS components as a function of the force (acting electrode) position (Fig.3.19)
can occur in different situations: (a) as fracture - when the force is applied close to anchor
and shear force becomes important; (b) as excessive deformations, both elastic and plastic,
when the flexible plate does not regain its shape after loading.
The von Mises criterion is commonly used to predict the yield response of flexible
components under combined stresses. The equivalent stress conforming to the von Mises
criterion, for the situation described in Fig.3.20 can be written as

ech  b ( x) 2  3( x) 2

(3.35)

where the bending stress σb(x) and the shear stress τ(x) are given by eq. (3.33) and eq.(3.34),
respectively.
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3.5.3 Experimental tests of a microcantilever under large deflection
Experimental - analytical evaluation of stress behavior implies to determine the force which
bends the flexible plate to substrate and to compute the bending stress. Atomic force
microscopy (AFM) is an adequate method considered to measure the force [3, 13]. In this
test, gold microcantilevers (Fig.3.21) are deflected directly to substrate using a mechanical
load given by bending deflection of an AFM probe and its deflection. During tests, the
position of force (position of AFM probe) which bends the flexible plate to substrate is
moved from the beam free-end towards to the beam anchor. As a consequence, the contact
area between flexible plate and substrate increases, the needed force to deflect the
microcantilevers to substrate increases and the stress state is changed, respectively.

Figure 3.21 Gold microcantilevers used in experimental test

The geometrical dimensions of selected microcantilevers (length× width× thickness) are the
following: (Sample 1) 350µm×50µm×3µm; (Sample 2) 400µm×50µm×3µm; (Sample 3)
450µm×50µm×3µm. The gap between microcantilevers and substrate is 3µm.
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Figure 3.21 Experimental dependence between force and deflection of samples
(the force acts at the samples free-end)
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Figure 3.22 Bending stress as a function of samples deflection
(the force acts at the samples free-end)
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Using the AFM test, the dependence between force and bending deflection of samples is
analyzed (Fig.3.21). The force is applied at the free-end of microcantilevers and deflects the
samples to substrate (3µm). The slopes of the experimental dependence force versus
deflection give the bending stiffness. Using the experimental applied forces and the modulus
of elasticity, the stress is experimental-analytical determined. Figure 3.22 shows the
variation of the bending stress in microcantilevers as a function of the bending deflection.
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Figure 3.23 Experimental variations of the bending stress as a function of the force position

After, the force is moved on each sample from their free-end toward to anchor with respect
the distance (l  l x )  5w . The force bends the samples directly to substrate. The
experimental variation of the bending stresses as a function of the force positions is
presented in Fig.3.23. We can observe that the bending stresses of beams with different
length are relatively close when the force is applied at the same distance from the anchor.
Figure 3.24 presents an AFM image of the microcantilever with a length of 350µm
(sample 1) after loading. In this case, the force was applied at a distance equal by 30µm from
anchor. Because the force was applied close to anchor, the normal stress is accompanied by
shearing effects and an inelastic deformation occurs.

Figure 3.24 Inelastic deformation of a microcantilever (sample 1) when
the force is applied close to anchor
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After unloading, the scanning of sample was done in order to observe the shape of beam.
The obtained 3D image (Fig.3.24) confirms that during loading with a force applied close to
anchor, a plastic deformation appears and the flexible plate does not completely regain its
original shape after the force was removed. This phenomenon is also observed on the AFM
experimental curve - the displacement of piezo-table (and sample) versus the deflection of
AFM probe (Fig3.25). The deflection of sample is computed as the difference between
displacement of piezo-table and deflection of AFM probe. The deflection of sample as a
function of the displacement of piezo-table is presented in Fig.3.26. At a deflection of 0.76
µm, an inelastic deformation occurs. The force corresponding to this deflected position is
obtained based on the bending deflection of AFM probe 0.86µm (Fig.3.25) and its stiffness
(48N/m). The force applied on cantilever at 30µm from the anchor is estimated to 41.22µN.
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Figure 3.25 Dependence between displacement of piezo-table and deflection of AFM probe
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Figure 3.26 Dependence between displacement of piezo-table and deflection of microcantilever

The deflection of a MEMS component depends on the applied force and its positions on
sample (position of the acting electrode). The elastic deformation is usually present in MEMS
applications for long or short beam in the case of small deformations. On the other hand,
when the force is applied close to the beam anchor inelastic deformations appear. The
experimental work developed and presented in this section confirms this behavior on an
investigated gold cantilever. An inelastic behavior occurs when the acting force is applied
close to the anchor and produce deformation of sample in the same range with its thickness.
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3.6 Mechanical characteristics of multilayer MEMS components
Multilayer microcantilevers are MEMS mechanical components with fixed-free boundary
conditions, made of successive depositions of different materials on a structural layer [16,
17]. They can operate as sensors, actuators or as flexible joints in compliant microdevices. To
achieve the actuation/sensing function or to increase the reflective properties of MEMS, a
thin piezoelectric or a reflective layer is sometimes attached to the structural layer. In this
case we have a mechanical flexible structure with two layers characterized by different
mechanical properties.
The analysis of mechanical characteristics of bilayer microcantilevers is presented in
this section. These structures can be utilized either in the static regime to generate/measure
deflections, or in the oscillating mode – when the frequencies are monitored and
determined. The experimental dependence between the acting force and the deflection of
sample is determined using the AFM static mode. After then, the stiffness of the investigated
microcantilevers is computed and the modulus of elasticity of materials is determined by
nanoindentation. The bending strain and stress of microcantilevers are experimentalanalytical estimated based on the AFM measurements. The results are compared with those
obtained by Finite Element Analysis.
The investigated samples considered for tests are bilayer microcantilevers fabricated
in the SU8 polymer. The use of a polymer as the component material for the cantilevers
provides the sensing MEMS components with very high sensitivity due to convenient
mechanical material properties [18].
The material SU8 is a great photoresist, but it has not many functionalities. The
photoresist SU8 is very difficult to be removed during the fabrication process. Therefore it is
often used as permanent material characterizing the final device.
SU8 material is used in microelectronics (capacitors, coil), microelectromechanical
system (sensors, actuators), microfluidic (biochips, micropumps), magnetic field (microrelays
or by adding ferromagnetic materials into the SU8) or in the other applications as
microoptics and microwaves.
It is then very interesting to combine some metals with SU8 components. In this case
the component is electrical conductive and has reflective properties. As a consequence, the
analysis of two bilayer microcantilevers is presented. The first cantilever is a gold-coated SU8
cantilever and the second one is an aluminum-coated SU8 cantilever. Samples for
experimental tests were manufactured in collaboration with the Rutherford Appleton
Laboratory at Didcot (UK). Because SU8 material has a very small Young’s modulus, these
microcantilevers are sensitive to an actuating signal.
In biological and chemical MEMS applications, the gold or aluminum layers are crucial
for surface stress – based biochemical detections, in which the compositions of the opposite
surfaces must be different for differential absorption. Moreover, the gold coating is ideal for
strong anchorage of proteins and nucleic acids by self-assembly chemistry [18].
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3.6.1 Theoretical mechanical characteristics of bilayer microcantilevers
The aim of this chapter is to find the relations between mechanical characteristics of bilayer
microcantilevers and geometrical dimensions of layers. As function of the positions of the
acting element, the mechanical characteristics of flexible microcomponents are changed [3].
As a consequence, a mathematical model is proposed to compute stiffness, strain, stress,
and resonant frequency as function of the position of the acting electrode. In this model we
assume that the microcantilever is relatively long; the length is at least 5 times larger than
the maximum cross-sectional dimensions, and the plane section perpendicular to the neutral
fiber remains plane and perpendicular on this surface when the load has been applied (the
basic assumptions of the Euler-Bernoulli beam model).
Stiffness, strain and stress of a bilayer microcantilever
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Figure 3.27 Schematic representation of a bilayer microcantilever, cross-section and
distribution of strain ε and stress σ

Figure 3.27 presents a bilayer microcantilever composed of two different materials, with
Young’s modules E1 and E2. Both layers have identical width w but different thickness t1 and
t2, respectively. The bending deformation under the normal force F is presented hereafter.
The bending of bilayer microcantilever produces a normal stress. The stress varies
linearly over the cross-section of each material composing the structure going from tension
to compression passing through zero at the neutral axis. The position of the neutral axis of a
homogeneous structure with rectangular cross-section is in the middle of the beam’s
thickness. But, for composite cross-section beams, the position of the neutral axis can be
calculated using the following method. Because the stress is created only by bending, the
total axial force acting on the cross-section is zero, which leads to [7, 16]



A1

1  dA   2  dA  0
A2

(3.36)

Considering a linear distribution of the strain, the maximum bending stresses in layers are
given by the following equations
1max  E11max  E1 ( z  z N )
(3.37)
 2 max  E2 2 max  E2 ( z  z N )
By substituting eqs. (3.37) into eq. (3.36) and after performing some calculations, the
position of neutral axis of a bilayer microcantilever (Fig.3.27) can be determined as
E z A  E2 z2 A2
zN  1 1 1
(3.38)
E1 A1  E2 A2
where E1 and E2 are the Young’s modules of the layers 1 and 2, A1 and A2 are the crosssectional areas of the layers 1 and 2, z1 and z2 are the neutral axis positions of each layer.
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The bending stiffness of a bilayer microcantilever as a function of the of the acting force
position can be calculated as
3( EI y ) e
k
(3.39)
(l  l x )3
where (l - lx) described the position of the acting force on sample and (EIy)e is the equivalent
flexural rigidity. The equivalent flexural rigidity for a bilayer microcantilever can be
computed with the following relation [7]
( EI y )e  E1[ I y1  z1 A1 ( z1  z N )]  E2[ I y 2  z2 A2 ( z2  z N )]
(3.40)]
where Iy1 and Iy2 are the cross-sectional moments of inertia of the layers 1 and 2.
For a bilayer microcantilever, by substituting eq. (3.38) into eq. (3.40), and
considering eq. (3.39), the bending stiffness as function of the position of the acting force,
can be rewritten as
k



E1 A1  t12
z1E1 A1  z2 E2 A2  E2 A2  t22
z E A  z E A 

 

3
z
z

 3z2  z2  1 1 1 2 2 2 
1 1
3 
3 
(l  lx )  4
E1 A1  E2 A2  (l  lx )  4
E1 A1  E2 A2 



(3.41)

where t1 and t2 are the thicknesses of layers 1 and 2 (Fig.3.27).
The acting force which is applied at the position 1 on the bilayer cantilever sketched
in Fig.3.27 can be computed using the stiffness expression (3.41) and the vertical
displacement as
(3.42)
F  k  u1z
where u1z is the point 1 vertical displacement of the beam under the force F.
When multiple layers compose the cross-section, the dependence between force and
vertical displacement of beam at the point where the force is applied can be written as [7]
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n
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(3.43)
F  u1z  
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Provided the material has linear-elastic behavior, Hooke’s law applies, the strain belonging
to the outer fibers, situated at distances zmin and zmax about the neutral axis of bilayer
microcantilever can be expressed as
F (l  l x )
1max 
zmin
(3.44)
2( EI y ) e
n

and

 2 max 

F (l  l x )
zmax
2( EI y )e

(3.45)

The both layers have the same bending displacement but different bending stresses. The
maximum bending stress in each layer can be computed by expressions (3.37).
Resonant frequency of a bilayer microcantilever
When a force F is applied at the free end of a microcantilever in the vertical direction, an
elastic deformation is produced in the same direction. This elastic interaction can be
modeled by a linear spring of stiffness k [7]. The linear oscillation occurring during the
bending vibrations of a microcantilever can be modeled by lumped-parameters with an
effective mass located at the free end, as shown in Fig.3.28.
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Figure 3.28 Distributed - parameter (a) and equivalent lumped - parameter (b) of a microcantilever

To transform the distributed-parameter microcantilever into a lumped-parameter system
and to obtain the natural frequency of the continuous system, the relevant stiffness and
mass have to be determined. To obtain the equivalent mass, the kinetic energy of the
microcantilever (distributed-parameter system) equal to the kinetic energy of the equivalent
system (lumped-parameter system) and the following expression is found [7]
33
(3.46)
me 
m
140
where me is the equivalent mass and m is the total mass of the microcantilever.
For a bilayer microcantilever as shown in Fig.3.27 the equivalent mass can be defined
as:
33l (1 A1  2 A2 )
(3.47)
me 
140
where ρ1 is the material density of the first layer and ρ2 is the material density of the second
layer.
The bending resonance frequency of a bilayer microcantilever is computed using the
well-known relation

fb 

1
k
2 me

(3.48)]

where k is the stiffness of microcantilever defined by Eq.(3.41).
3.6.2 Experimental investigations of bilayer microcantilevers
The aims of experimental tests are: to find the variation of the bending displacement of
bilayer microcantilevers versus the acting force and to estimate the stiffness; to measure the
modulus of elasticity of layers material; to estimate the bending strain and stress of the
cantilever layers; to estimate the resonant frequency of bilayer cantilevers. The tests were
carried out using an atomic force microscope (AFM) and a Triboscope Nanoindenter.
Description of samples
The bilayer microcantilevers fabricated for testing are composed of a structural layer of
photoresist SU8 coated with a thin layer of Gold or Aluminum. The geometrical dimensions
of the selected microcantilevers, measured with an optical microscope are the length
l  384 µm and the width w  50 µm. The layers of samples have the following
configurations: first sample is composed of a 500nm thick layer of gold and a second layer of
SU8 with thickness 8µm; second sample is made of an aluminum layer of a thickness of
500nm and a second layer of 8µm of SU8. Using these geometrical dimensions, bilayer
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microcantilevers Au/SU8 and Al/SU8 were coated [16]. Figure 3.29 shows a bilayer
microcantilever fabricated from gold layer on the top and SU8 polymer as a structural layer.

Figure 3.29 SEM image of a bilayer microcantilever

Sample

384µm

50µm

NSC36/Si3N4/AIBS/15(B)

AFM probes

Experimental procedure
The mechanical characteristics of investigated bilayer microcantilevers can be estimated
using particular tests with an atomic force microscope as described in Section 3.1.
A top view of an investigated sample and AFM probes during experimental tests is
presented in Fig.3.30. For the AFM experimental tests of the bilayer microcantilevers, the
type of the AFM probe (manufactured by MicroMasch) was NSC36/Si3N4/AlBS/15(B) with
the stiffness between 0.45 and 5 N/m and the resonant frequency between 95 and 230 kHz.

Figure 3.30 AFM top-view image of AFM probe and sample

The experimental AFM curve (Fig. 3.31) described the dependence between displacement of
piezo-table and the deflection of the AFM probe. The first slope m1 corresponds to the
situation when the AFM probe and sample are bending together and the second slope m2 is
characteristic to the situation when only the AFM probe is bending.
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Figure 3.31 Dependence between piezo - table displacement and AFM probe deflection
of Au/SU8 cantilever

From the first part of curve the sample deflection and the applied force is estimated and
after the stiffness is computed. Moreover, the resonant frequencies of bilayer
microcantilevers were determined by change the AFM probe with our investigated samples.
The non-contact mode and frequency modulation of AFM was used to oscillate the samples
at their resonant frequencies. The AFM software gives directly the resonant frequency,
amplitude and quality factor of samples under an exciting signal.
Determination of the modulus of elasticity of cantilevers materials
The modulus of elasticity of SU8 polymer is determined using the atomic force microscope
and a cantilever with a spherical tip (Fig. 3.32). The stiffness of this cantilever is kcant =
220N/m.

Figure 3.32 Cantilever with a spherical tip used to measure the modulus of elasticity
of soft material (SU8 polymer)

During AFM experimental tests, the cantilever performs elastic deformations of the SU8
material when the sample is moving in contact with the spherical tip. The deflection of
cantilever is measured and the modulus of elasticity is computed as [19, 20]
k
3
ZD
(3.49)
E  1   2  cant 
4
r 3 Z piezo  Z D
where  is the Poisson’s ratio of material, r is the radius of the sphere of the cantilever, kcant
is the stiffness of the cantilever and ZD is deflection of the cantilever.
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The elastic deformations of SU8 polymer were performed in 10 different positions on the
bottom face of beam and the average value of modulus of elasticity is determined of 4.1GPa.
In order, to estimate the modulus of elasticity of gold and aluminum layers of the
investigated bilayers microcantilevers, nanoindentation tests performed by a Triboscope
Nanoindenter are performed. The load and the indentation depth into surface are
continuously measured during loading and unloading and a typical force versus indentation
depth curve is monitored. An experimental dependence between the force and indentation
depth of a gold layer, when the force is applied on the upper face of beam (near anchor), is
presented in Fig.3.33.
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Figure 3.33 Force versus indentation depth experimental curve of a gold layer

The Young’s modulus of the gold layer (given directly by software) is 76GPa at an effective
indentation depth of 19nm and a maximum indentation force of 54µN. For the aluminum
layer the estimated Young’s modulus is 71GPa at an indentation deep of 14nm and a
maximum force of 47µN. The real values of modulus of elasticity are used in numerical
analysis.
3.6.3 Mechanical characterisation of bilayer microcantilevers
Stiffness, strain and stress of bilayer microcantilevers
Using the AFM measurements, analytical and experimental results are compared. The
characteristic force versus displacement curves for investigated bilayer microcantilevers are
found as well as the stiffness of samples. During experimental tests, the acting force is
applied at the free-end of samples.
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Figure 3.34 Force versus displacement of (Au/SU8) microcantilever:
(a) experimental dependence, (b) theoretical dependence, (c) numerical simulation

The force versus displacement curves of the Au/SU8 bilayer microcantilever are presented in
Fig.3.34. The experimental stiffness corresponds to the slope of the experimental forcedisplacement curve and it is evaluated at 1.47N/m. By using the relation (3.41) the
theoretical stiffness of the Au/SU8 microcantilever is computed to 1.3N/m when the force is
applied at the free-end of sample (lx=0). Simulation of the displacement of sample under an
applied force gives a bending stiffness of 1.26N/m. The experimental results of stiffness are
in good agreement with theoretical results and numerical simulation of Au/SU8
microcantilever (Fig. 3.34).
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Figure 3.35 Force versus displacement of (Al/SU8) microcantilever:
(a) theoretical dependence, (b) numerical simulation, (c) experimental dependence

The theoretical, numerical and experimental force-displacement curves of an Al/SU8 bilayer
microcantilever are presented in Fig.3.35. The slopes of force-displacement curves indicate
the stiffness of sample. The experimental stiffness of Al/SU8 bilayer microcantilever is
1.22N/m close to the numerical simulation that is 1.23N/m and in good agreement with
theoretical stiffness 1.28N/m computed using relation (3.41). The stiffness of investigates
microcantilevers Au/SU8 and Al/SU8 are in the same range. Of course, the Al/SU8
microcantilever is a cheaper solution comparatively to Au/SU8 microcantilever.
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Using the slope of the experimental force-displacement curves (experimental stiffness), the
equivalent flexural rigidity of bilayer microcantilevers can be estimated considering
eq.(3.40). The experimental flexural rigidity is 2.79×10-11 N·m2 for the Au/SU8
microcantilever and 2.3×10-11 N·m2 for the Al/SU8 microcantilever.

Figure 3.36 Strain distribution of the Au/SU8 bilayer microcantilever

Figure 3.37 Finite element analysis of bending stress of the Au/SU8 bilayer microcantilever

The experimental-analytical strain of the Au/SU8 microcantilever is 16.02×10-5 in the SU8
layer and 5.66×10-5 in gold layer, for a force equal to 1.64µN. For the Al/SU8 microcantilever
the strain is 9.46×10-5 in SU8 and 3.42×10-5 in aluminum layer, for a force equal to 0.96µN.
Of the Au/SU8 microcantilever, the maximum bending stress is estimated based on the
experimental values of modulus of elasticity and experimental strain. The simulation of
strain distribution in Au/SU8 cantilever is presented in Fig.3.36 and the maximum stress
obtained by FEA can be visualized in Fig.3.37. The comparative results of strain and stress of
investigated microcantilevers are presented in Table 3.1.
Table 3.1 Strain and stress of bilayer microcantilevers

Samples
Au/SU8
Al/SU8

Layer
Au
SU8
Al
SU8

Strain
Experiment FEA
5.66×10-5
5.43×10-5
16.02×10-5 16.01×10-5
3.49×10-5
3.44×10-5
9.46×10-5
9.51×10-5

Stress [MPa]
Experiment FEA
4.30
4.66
0.65
0.66
2.48
2.59
0.38
0.39
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Resonant frequency of bilayer microcantilevers
The resonant frequency is experimentally estimated using the AFM dynamic mode. The AFM
probe is changed with our investigated cantilevers. Using an exciting signal, the experimental
resonant frequency of sample is directly provided by the AFM software. After, the modal
analysis is used to compute the resonant frequency. These values are presented in Table 3.2
as well as the theoretical resonant frequency computed using eq. (3.48).
Table 3.2 Resonant frequencies of bilayer microcantilevers

Sample
Au/SU8
Al/SU8

Theory
19.53
25.68

Resonant frequency [kHz]
Experiment
FEA
17.28
18.74
26.70
24.50

The resonance frequency of the Au/SU8 microcantilever is less than the resonant frequency
of the Al/SU8 microcantilever for the same geometrical dimensions.
3.7 Characterization of a thermally actuated MEMS cantilever
Thermal microelectromechanical systems (MEMS) can be used either as actuators or as
sensors. This section deals with determination of mechanical and tribological characteristics
of microcomponents (e.g. MEMS thermal actuators). Many MEMS devices such as thermal
actuators, thermal flow sensors, micro-hotplate gas sensors, and tunable optical filters are
based on thermo-mechanical coupling [7]. Thermal actuators have several particular
applications in inkjet devices, thermal relay and shape memory alloy. Moreover, they are
employed in linear and rotary microengines providing large linear motion such that they are
integrated with compliant mechanisms to increase their displacement range for different
applications [22-24]. Thermocouples are used in a wide variety of MEMS sensors, from
temperature sensor to thermal flow sensor.
Depending on their actuation principle, MEMS actuators are classified into four main
groups: electrostatic, electromagnetic, piezoelectric and thermal [7]. Thermal actuators
basically convert thermal energy into mechanical motion. This type of actuation has the
advantage of producing relatively large force and displacement compared to electrostatic
actuation [24, 25]. Moreover thermal actuators are usually simpler, more reliable and easier
to fabricate using surface micromachining processes [26]. However these force
performances cost a very large input of energy and are performed at very low operating
frequency due to the time response to reach thermal equilibrium [15, 27]. The heating and
cooling times depending on the actuator geometry and materials properties, the power
consumption and thermal loss can be reduced by optimizing the structural design of the
actuator and by choosing the appropriate material.
Thermal actuators are usually used in transduction applications, which are based on
in-plane relative motion. Such motion can be easily performed with microcantilevers. The
MEMS cantilevers can operate individually – with no other accompanying structural
component – or can be incorporated into more complex configurations. These
microcomponents can operate as sensors, actuators or as simple flexible joints in compliant
microdevices [2, 7].
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In order to enhance the design of these devices and to increase their reliability and
performance, mechanical and tribological characteristics of sensing/acting microcomponents
under the thermal operating conditions must be experimentally determined [28].
3.7.1 Theoretical formulas of a thermally actuated microcantilever
Axial expansion of a thermal actuated microcantilever
The principle of thermal actuation of a microcantilever is presented in Fig. 3.38. The beam
with an initial length l0 is supposed to be deformed in the x-direction due to the thermal
field. The final length of beam l depends on the temperature T and is calculated as:
(3.50)
l  l0  ux  l0 (1    T )
where the material’s thermal expansion coefficient in the longitudinal direction, which
couples changes of length with changes of temperature is given by
1 u
  x
(3.51)
l0 T
and ux is the axial displacement of the beam and ∆T is the temperature gradient.
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Figure 3.38 Fixed-free bar expanding at increase of temperature: (a) 3D view of cantilever, (b) topview of cantilever at initial temperature and after thermal expansion

This simplest thermal actuator as the free-end of a cantilever can be coupled to a complex
microdevice at a part where actuation is needed. The thermal displacement ux (Fig. 3.38) can
also be produced by an equivalent force that acts at the free-end of beam given by
u
(3.52)
Fx  E  A  x  E  A    T
l0
where E is the material Young’s modulus and A is the cross-section area.
The output performance in terms of force or pressure of the thermal actuator, such
as the simple thermal bar, depends on the load to overcome. If an external load Fext is
applied opposing the thermal expansion, the total displacement of the end of beam is the
difference of two opposing deformations, namely:
F l
u x    l0  T  ext 0
(3.53)
EA
Relation (3.53) can be rewritten in the form:
E  A  ux
Fext  E  A    T 
(3.54)
l0

39

40

Mechanical and Tribological Characterization of MEMS
Bending effect of a thermal microcantilever
Fz
uz

Figure 3.39 Bending deflection of a microcantilever in z – direction

The bending stiffness of a cantilever as a function of temperature, when the force is applied
at the free-end of sample (Fig. 3.39) can be written as:
kz 

Ew0 j03 (1  T )
3
4l0

(3.55)

and the force in z- direction depending on the bending stiffness of the beam is
Fz 

Ew0 j03 (1  T )
uz
3
4l0

(3.56)

where uz is the bending displacement of the free-end of microcantilever (Fig. 3.39), w0 is the
initial width and j0 is the initial thickness of sample as shown in Fig. 3.38.
A thermal phenomenon introduces softening due to Young’s modulus-temperature
relation and a thermal relaxation which affects the rigidity of material [29] - less force is
needed to deflect the microcantilever if temperature increases to produce the same
displacement as at the initial temperature. In a case of a thermoelastic microcantilever
under bending, the relaxation of Young’s modulus has to be considered [30, 31]. The
dependence between force Fz and displacement in z- direction of a microcantilever (Fig.
3.39) can be experimentally determined and the Young’s modulus – temperature
dependence can be estimated based on

E

4l03
F
 z
3
w0 j0 (1  T ) u z

(3.57)

3.7.2 Experimental investigations of a thermally actuated microcantilever
Thermal expansion measurement of a microcantilever using atomic force microscope
This section presents the thermal expansion measurements of a clamped-free
microcomponent as a function of temperature. An atomic force microscope (AFM) was used
to perform the measurements. Indeed, it can directly display and measure the axial
expansion of sample. A thermal stage with a temperature range from 20°C to 100°C and a
temperature control resolution of 0.1°C was placed under the beam anchor to change and
control the temperature of microcantilever. The total axial expansion of microcantilever
depends on the thermal expansion of the flexible part and on the thermal expansion of the
beam anchor. If the microcantilever is used as a thermal actuator, the interest is to evaluate
the thermal axial expansion of its free – end (as the sum between the axial expansion of the
flexible part and the expansion of the beam anchor) that can be coupled to a complex
microdevice at a part where the actuation is needed. Consequently, only the thermal
displacements in x- direction (Fig.3.38) of the beam free-end were monitored by AFM. To
measure the axial expansion of microcantilever at different temperatures, a scanning zone is
selected at its free-end, as presented in Fig.3.40.
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Scanning area

305µm

Figure 3.40 Plan view of the microcantilever used in experimental investigations
and the scanning area

Thermal displacements of the free-end of microcantilever are determined using the AFM
scanning mode. During experimental tests the temperatures 20°C, 40°C, 60°C, 80°C, 100°C
are applied on the beam anchor and different expansion positions of the free-end of
microcantilever are identified. To limit the influence of temperature on the AFM tip, after
each measurement, the AFM probe is moved to the zero position that is the initial starting
location of the scanning process. The temperature increases to the next value when the AFM
probe is without contact with sample. The AFM probe used in experiments is
NSC36/Si3N4/AlBS/15(B) with a tip height of 25µm. The lever of AFM probe, optically
monitored during scanning, is suspended at 25µm above sample. Based on these aspects,
the temperature influence on the lever of AFM probe is considered relatively small.
The material used to fabricate the investigated microcantilever is gold and the
structure was fabricated in 10 lithography and deposition steps with a gap between flexible
part and substrate of 3µm [2]. Metals with high conductivity, such as aluminum or gold are
used to fabricate the thermal components that operate at low temperature. The gold
material has high thermal efficiency and short thermal time constant of relatively low
temperature (< 200°C). The geometrical dimensions of the selected sample are the
following:
- of the flexible part of beam - length of 305µm, width of 57µm, and thickness of 3µm;
- of the beam anchor – quadrate cross-section with side of 200µm and the thickness of
6µm.
The AFM investigations were developed in a cleanroom and the measurements were
repeated 10 times. The relative difference between results of the axial expansions
measurements is about ±1.5% and the average results were considered.

Substrate

Section 1 - 2

(a)

[b]

[a]

(b)
Beam

(a)

(b)
Figure 3.41 AFM image of the free-end of microcantilever (a),
and the sample topography at 20°C (b)
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Section 1 - 2

Substrate

[a]

[b]

Beam

(a)

(b)
Figure 3.42 AFM image of the free-end of microcantilever (a),
and the sample topography at 100°C (b)

The plan view AFM images of sample, presented in Figs. 3.41a and 3.42a, give information
about the thermal axial expansion. Figure 3.41a shows a scanning map of the free-end of
microcantilever at 20°C. The initial position of the free-end of microcantilever in horizontal
direction is at 10.8µm on the scanning map. The beam is on the right side of the cursor
position that corresponds to x=10.8µm as presented in Fig. 3.41b. To change the
temperature of microcantilever a hotplate is positioned under the beam anchor. The
position of free-end of sample is moving in the left direction during temperature increasing.
At 100°C the position of free-end is moved to 10.1µm due to thermal expansion (Fig. 3.42b).
The initial position of the free-end of microcantilever at 20°C being 10.8µm (Fig.3.41b). The
tendency of investigated microcantilever to change in volume as response to change in
temperature is known as thermal expansion. The difference between both measurements at
20°C and at 100°C gives us the axial thermal expansion of microcantilever in x- direction
which is equals to 0.7µm. Conforming to z - markers from Figs. 3.41b and 3.42b, we can
observe that there is no thermal bending deflection of cantilever in vertical direction.
Axial expansion [µm]….
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Figure 3.43 Experimental variation of thermal axial expansion of the free-end of 305µm length gold
microcantilever as a function of temperature

Figure 3.43 shows the experimental thermal expansion of the microcantilever free-end as a
function of temperature, considering that the initial position of microcantilever corresponds
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to a temperature of 20°C. During experimental tests, the length of microcantilever increases
by 0.23% when the temperature of hotplate achieves 100°C.
Axial expanding of the thermally actuated microcantilever (including expansion of the
flexible part and of the beam anchor) produces the resulting thermal displacement of the
free-end of sample. At low temperature (20°C to 40°C), the relation between the axial
expansion of sample and temperature is no more linear and a lower slope is observed. This
may be due to default and prestress appearing during fabrication process [32]. A stress
gradient occurs over the microcantilever during the microfabrication process. The residual
stress leads to an actuation temperature offset. Because, an initial increase in temperature is
required to overcome the stress gradient imparted during microfabrication the axial
expansion of the microcantilever as a function of temperature is characterized by a lower
slope at low temperature as presented in Fig. 3.43.
Bending stiffness measurement of a microcantilever using atomic force microscope
To measure the stiffness of the investigated sample, the spectroscopy-in-point of (AFM) is
used. In order to observe the temperature influence on the stiffness of AFM probe, it is
oscillated close to the heating stage and the resonant frequency is monitored at different
temperatures. The change in stiffness of AFM probe as a function of temperature can be
estimated based on its detected resonant frequency. The measured resonant frequency of
the AFM probe is 152.41 kHz and it was not changed when the temperature increases from
20°C to 100°C. The material of AFM probe is Si3N4 and the height of tip is 25µm. During
testing, the cantilever of AFM probe is suspended at 25µm above sample and the
temperature effect on the AFM probe is diminished.
The stiffness of AFM probe kAFM is accurately known. Based on the force versus
bending deflection AFM experimental curve the sample stiffness can be estimated.
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Figure 3.44 Experimental variation of the microcantilever bending stiffness versus temperature

Using the AFM technique the stiffness of investigated microcomponent is estimated for
different temperatures. While the experimental stiffness of microcantilever is 1.11N/m at
20°C, the stiffness decreases by about 18% when the temperature increases to 100°C as
shown in Fig. 3.44 due to the increase of the sample dimensions and decrease of the
modulus of elasticity.
Indeed the thermal expansion changes the size of the microcomponent and the
intrinsic mechanical behavior of materials [33-35]. Using eq. (3.57) and based on the force displacement AFM measurements, the variation of Young’s modulus for different
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temperatures is determined. The experimental value of Young’s modulus at 20°C is 81.8 GPa
and its value decreases to 66.2 GPa if the temperature increases to 100°C. The coupling of
the strain field to a temperature field provides an energy dissipation mechanism that allows
the system to relax and in the case of investigated microcantilever under bending
displacement, the relaxation strength to be considered is that of Young’s modulus [30, 31] as

E 

Ead  E E 2 T

E
Cp

(3.58)

where Ead is the unrelaxed value of Young’s modulus, E is its relaxed value and C p is the heat
capacity per unit volume at constant pressure. These effects have an influence in particular
on stiffness (Fig. 3.44) but also on the friction coefficient as presented in the next section.
3.7.3 Finite Element Analysis of thermal expansion of a microcantilever
Finite element analysis is widely used to model MEMS thermal actuator in order to provide
temperature distribution, thermal expansion and the stress state. To evaluate the
distribution of temperature in a gold microcantilever and to determinate the maximum
value for the axial expansion of the free-end of beam, finite element analysis (FEA) is carried
out using a commercial version of Oofelie::Multiphysics Simulation Software.

Figure 3.45 Thermal field distribution of a gold microcantilever

Figure 3.46 Finite element analysis of the axial expansion of a gold microcantilever at 100°C
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Considering only the half of beam due to the problem symmetry the distribution of the
thermal field inside of structure was computed. Figure 3.45 shows the distribution of the
thermal field in the investigated microcantilever when the temperature applied on anchor is
100°C. The temperature at the free-end of the flexible part of beam is about 99.91°C.
Figure 3.46 shows the result of finite element analysis of the axial expansion of the
investigated microcantilever when the temperature increases to 100°C. The axial expansion
of the free-end of the flexible part of microcantilever is about 0.68µm and it is close to the
experimental results, which are plotted in the Fig. 3.43. The difference between FEA results
and the experimental results are affected by the following: the accuracy of experimental
tests which depends on the testing conditions, on the initial calibration of the AFM device
and the sensitivity of the AFM probe; the Young’s modulus of 82GPa used in FEA was taken
from literature (www.memsnet.org/material) and it can differ from the experimental
Young’s modulus; the differences between theoretical dimensions of sample and the real
dimensions (in FEA the theoretical dimensions are used).
3.8 Static analysis of MEMS micromembranes
The micromembranes are MEMS components with different functions: of supporting other
components which are regularly rigid and of providing the necessary flexibility in a
microdevice that has moving parts [4, 7, 15, 36, 37]. One of the main important parameter of
micromembranes is their stiffness. Micromembranes have their thickness much smaller than
the in plane dimensions and can be used in RF-MEMS switches, MEMS accelerometer or in
optical applications [15]. The goal of optical MEMS is to integrate into a single device, the
mechanical, electrical and optical parts. These products are successfully used in the
manufacturing technology of displays, optical variable attenuators, micro-lenses etc. In
optical applications it is desired to obtain micro membranes with high mobility and with the
possibility of optical control in different planes. The mobility of micromembranes is given by
the type of hinges. One of the micromembrane application in optical MEMS are optical
communication networks, displays of mobile phones and PDAs, variable optical attenuators,
optical spectrometers, bar code readers etc. Micromembranes are also designed to be used
as flexible elements in MEMS optical applications from medical investigations devices.
The mechanical properties of micromembranes materials should be well known in
order to be able to predict the micromembrane behavior during operation. MEMS
micromembranes must be designed and fabricated to performed their functional role in a
relatively short time (milliseconds or picoseconds), with a low energy consumption and high
mobility in different planes. These characteristics depend on the geometrical configuration
of micromembranes and their material properties.
In optical MEMS applications, reliability and lifetime of a system depends on the
mechanical behavior of flexible elements (which is influenced by the stress state, the fatigue
request, deformation of micro hinges in different planes) but also on material properties
(hardness, modulus of elasticity, coefficient of thermal expansion, etc.). One of the main
failure causes are excessive stress in micromembrane hinges and stiction. Stiction is one of
the most important and unavoidable failure problems of micromembranes which deflect to
substrate. Stiction is the adhesion of contacting surfaces due to surface forces (van der
Waals, capillary forces, Casmir forces, hydrogen bridging, and electrostatic forces). For
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example, in a RF switches (ohmic switch) a micromembrane is deflected down to rest on a
thin dielectric metal conductor. The restoring force opposite to adhesion force depends by
the micromembrane stiffness.
Usually, a MEMS micromembrane has three significant parts: the mobile plate that is
moved in different planes in response of an acting signal, the anchors that connect the
flexible structures to substrate, and the microhinges that connect the mobile plate to
anchors. Depending on the action mode of the mobile plate, the microhinges are subjected
to bending and/or torsion.
A significant parameter of a micromembrane is the mechanical stiffness. The
micromembrane stiffness is related to the geometry and material properties and is
influenced by the geometrical and structural characteristics of hinges. Microhinges are
utilized as joints in MEMS that provide relative motion between two adjacent rigid links
through elastic deformation. Hinges are deformed in bending or torsion as a function of the
applied force. Finite element analysis is a useful method to simulate the deflection of
micromembrane, to compute their stiffness and to visualize the stress distribution in the
micromembrane hinges [4, 36-38].
3.8.1 Micromembranes supported by folded hinges
Theoretical approach
An optical image of a micromembrane supported by folded hinges is presented in Fig.3.47a.
The Castigliano’s second theorem is utilized herein to derive the stiffness of investigated
micromembranes and to compute the dependence between force and the sample bending
deflection. The force is considered to be applied in the mid position of the mobile plate as in
experimental investigation.
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Figure 3.47 Micromembrane supported by folded hinges:
(a) optical image; (b) micromembrane’s geometry (half view)

Figure 3.47b shows the geometrical configuration of investigated micromembrane. Based on
symmetry, only half of membrane is plotted in Fig.3.47b. The intermediate plate with holes
has been considered of constant wideness w3 and symmetrically disposed. As a
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consequence, a bending stiffness expression of micromembrane supported by folded hinges
is obtained as following:
2
k
(3.59)
Sb  St
The parameters from eq.(3.59) are described as
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In these expressions I1-I5 are the bending moments of inertia and Ip1-Ip5 are polar moments of
inertia given by the micromembrane thickness and widths as follows:
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Numerical analysis of micromembranes with folded hinges
The scope of Finite Element Analysis is to simulate the micromembrane displacement under
a given force and to compute the stiffness. For this analysis, a unitary force is applied in the
mid position of the mobile plate and the out of plane displacement is simulated. Moreover,
considering the applied force and the resulting displacement, the bending stiffness is
computed.
The material of investigated micromembrane is gold and the simulation is performed
considering a value of modulus of elasticity equal by 83.6GPa, experimentally determined
using nanoindentation. In order to compare the holes influence on the static response of
micromembranes, simulations are performed both considering micromembranes without
holes and with holes, respectively.

Figure 3.48 Static deformation of a micromembrane without holes supported by folded hinges

Figure 3.49 Static deformation of a micromembrane with holes supported by folded hinges

A maximum displacement of 213.8nm is simulated of the investigated micromembrane
(Fig.3.48) for a unitary force applied in the mid-position of mobile plate that gives a
numerical stiffness equal by 4.68N/m. For micromembranes with holes (Fig.3.49) a static
deformation of 215.7nm is obtained under the same force and the corresponding stiffness is
4.65N/m. The holes have a small influence of stiffness under static deflection as it is
demonstrated by the numerical simulation. The holes have effect in the dynamic modulation
because the mass of micromembrane is changed and the quality factor given by the air
damping is improved.
In order, to visualize the stress behavior of investigated micromembrane in the case
of a RF-MEMS switch when the mobile plate is deflected to substrate to close an electrical
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circuit, finite element analysis is carried-out. The displacement of mobile plate with 3µm
(until substrate) is imposed in software. Then, stress behavior is simulated and compared for
both situations (membranes without holes and with holes).

Figure 3.50 Stress state in a micromembrane without holes supported by folded hinges

Figure 3.51 Stress state in a micromembrane with holes supported by folded hinges

Figure 3.50 shows the stress distribution in a micromembrane without holes supported by
folded hinges and the stress behavior in the same micromembrane but with holes is
presented in Fig.3.51. As it can be observed, the maximum stress is determined in the
membrane hinges and at the connections of the hinges to the mobile plate. The equivalent
von Mises stress simulated of investigated micromembranes does not exceed the allowable
limit provided in literature.
Experimental tests by AFM
The scope of experimental tests is to investigate the sample deflection under a given force
and to determine the bending stiffness. A mechanical force given by the bending deflection
of AFM probe and its stiffness is used to deflect the micromembrane.
The sample for experimental tests is an electroplated gold micromembrane with
folded hinges (Fig.3.47a). The flexible part of micromembranes is suspended at 3µm above a
silicone substrate. Gold is the most used material from optical and electrical applications.
The geometrical dimensions of samples conforming to Fig.3.47b are the following: lengths
l1=94µm, l2=88µm, l3=122µm, l4=180µm, l5=42µm, widths w1=72µm, w2=32µm, w3=100µm
and thickness t =3µm.
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During experimental tests the AFM probe with known stiffness is applied in the mid-position
of the mobile plate (Fig.3.52a) and deflects the sample toward substrate. Vertical
displacement of the scanning head is controlled and the deflection of AFM probe is optically
monitored.

Deflection

50

Distance

(a)

(b)

Figure 3.52 AFM tests of investigated micromembrane: (a) the tip is applied in the mid-position of
mobile plate, (b) experimental AFM curve

The AFM experimental curve (Fig.3.52b) gives the dependence between the traveling
distance of the scanning head and the bending deflection of AFM probe during loading and
unloading. The stiffness of AFM probe is known and the dependence between the applied
force and the sample deflection can be determined (Fig.3.53). The slope of this curve gives
the sample bending stiffness.

Figure 3.53 Deflection of investigated micromembrane versus the applied force

Stiction between flexible plate and substrate
During experimental tests the mobile plate is deflected to substrate by the AFM probe.
Based on adhesion force occurring during contact, a shift in unloading is observed as
presented in Fig.3.54 on the retract part of curve. During unloading the deflection of the
cantilever decrease as the tip retracts from the sample. When the tip is further withdrawn
from the sample, the AFM probe is deflected owing to adhesive force between
micromembrane and substrate. At the position where the below bleu cursor is (Fig.3.54) the
elastic force of micromembrane overcomes the force gradient between contact surfaces and
the micromembrane snaps off from substrate. After, the micromembrane returns to its
equilibrium position.
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Figure 3.54 Stiction between flexible plate and substrate

The adhesion between micromembrane and substrate is influenced by the restoring force of
samples and depends on the operating condition, surfaces energy and surfaces roughness.
An adhesion force equal to 2.472µN (the distance between bleu cursors from Fig.3.54) is
experimentally determined of investigated micromembrane.
Results and discussions
The analytical value of stiffness of micromembranes supported by folded hinges is 4.62N/m,
numerical value was computed to 4.67N/m in good agreement with experimental stiffness
equal by 4.53N/m. Analytical bending stiffness was obtained using eq. (3.59) and the real
geometrical dimensions of micromembrane. The modulus of elasticity is also determined by
experiments using nanoindentation. The numerical stiffness is computed using the unitary
force divided by the obtained displacement of micromembrane.
In order to observe the holes effect on the static response of investigated
micromembranes, simulations and finite element analysis are cried-out for both cases:
without holes and with holes. In the presence of holes there is a small change in the
displacement of mobile plate under the same applied force. Moreover, simulation and finite
element analysis also is performed to visualize the stress distribution in investigated
micromembrane without holes and with holes. The scope was to determine the maximum
stress in micromembrane when the mobile plate is deflected to substrate. The gap between
flexible plate and substrate is 3µm. For this displacement a maximum equivalent stress of
25GPa is obtained of micromembrane without holes and 24.7 of the structure with hole. The
maximum stress is observed in the micromembrane hinges and in the mid-position of the
mobile plate that is deflected to substrate. Stiction between the mobile plate and substrate
is influenced by the sample stiffness because the restoring force of micromembrane is
stiffness dependent. In the case of investigated micromembrane with an experimental
stiffness of 4.53N/m, an adhesion force equal to 2.472µN is experimentally determined using
the spectroscopy-in-point of AFM.
The obtained experimental stiffness validates the developed theoretical formula and
makes possible future analysis related to the influence of different geometrical parameters
on stiffness and in the same time a reliable design when certain stiffness values are required.
Experimental determination of the material constants (Young’s modulus) plays a key role in
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the numerical and analytical simulations. As it could be noticed there is a not negligible
difference between the measured elastic modulus and those given by the literature for gold.
Micromembranes supported by folded hinges can be properly used in MEMS application
where large deflections are required. A deflection of micromembrane in the same range
with its thickness is accompanied by small values of stress. The differences between
analytical and experimental results of stiffness are influenced by the accuracy of the
experimental tests. Moreover, the analytical model does not consider the influence of the
holes on stiffness as in the experimental investigations.
3.8.2 Micromembranes supported by serpentine hinges
Theoretical formulation
The serpentine hinges used in this model to connect the mobile plate of micromembrane to
anchors are formed of seven series - connected units as presented in Fig.3.55. The hinges are
connected to a proof mass that can move both in-plane and out of the plane. The in-plane
displacement of the mobile plate produces extension and compression of each hinges. Out
of plane movement of the proof mass produce bending as well as torsion of hinges.
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Figure 3.55 Schematic representation of a micromembrane supported by two hinges

The micromembrane supported by two serpentine hinges (Fig.3.55) is sensitive to in-plane
and out of plane forces and to rotational moments. In-plane stiffness along the x- and ydirections as well as out of plane stiffness along the z-direction are derived for
micromembranes using Castigliano's second theorem. While the central mass translates
about one of the in-plane directions, the hinges leg that are directed perpendicularly to the
motion direction will be bent, whereas the other leg will be subjected to axial extension and
compression in addition to bending. Out of plane displacement gives bending and torsions of
hinges legs. The boundary conditions are assumed to be fixed-free for each hinges and for a
given micromembrane the hinges have the same geometrical dimensions and configuration.
Considering this, if a micromembrane is supported by n hinges, and a force is applying about
z-direction in the mid-position of the mobile plate the bending stiffness can be computed as
[7, 36]
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where n is the number of hinges, E is Young's modulus, G is shear modulus, Iy is crosssectional moment of inertia about the bending axis, It is torsion moment of inertia, l1 and l2
are the characteristic lengths of hinges as presented in Fig.3.55.
If a force is applied at the extremity (free-end) of the mobile plate, the out of plane
bending uz of micromembrane is accompanied by a rotation about the x-axis. In this case,
each hinges is subjected to bending and torsion. By applying a torsional moment Mθx given
by a force which acts at the free-end of mobile plate, the torsional stiffness of
micromembrane depending on the number of hinges is:
EGI y I t
k  n 
(3.66)
2( EI yl2  2GIt l )
Experimental tests and numerical simulation
The samples used in experiments are micromembranes electroplated from gold. The width
of mobile plate is 38μm, the thickness is 3μm and the length is 118μm. The micromembrane
mobile plate is suspended at 2μm above the silicone substrate. The mobile plate is
supported by two and four serpentine hinges. The hinges have the following geometrical
dimensions (Fig.3.55): width w = 6μm, l1=l4=13μm, l2=l3=16μm. Hinges with different length l,
as presented in Table 3.3, are used to suspend the mobile plate. As a function of this length,
different responses of the membranes were obtained.
Table 3.3 Parameters of the investigated micromembranes

Samples
Membrane 1
Membrane 2
Membrane 3
Membrane 4

No. of hinges - n
2
2
4
4

Length - l *μm+
14
39
14
39

Experimental investigations are performed using the AFM. A mechanical force given by the
bending deflection of AFM probe and its stiffness was applied to deflect the mobile plate.
This force has two successive positions as presented in Fig.3.56: (a) the force is applied in the
mid-position of the mobile plate; (b) the force is applied at the mobile plate free-end.

(a)

(b)

Figure 3.56 Micromembrane 1 with two hinges under AFM testing: (a) the force in the mid-position
of the mobile plate; (b) the force at the free-end of mobile plate
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During experimental tests, the deflection of the mobile plate is monitored as a function of
the applied force. The AFM data are used to determine the deflection of sample as a
function of the AFM force. A stiffness of 64.47N/m is experimentally determined for the
micromembrane 1 if the force is applied in the mid-position of the mobile plate (Fig.3.56a).
When the AFM probe is moved to the mobile plate free-end (Fig.3.56b) the bending and
torsion deflections were measured and an equivalent stiffness was determined. The
equivalent stiffness is influenced by bending stiffness kz as well as torsion stiffness kθ.
Experimental equivalent stiffness of micromembrane 1 if the force is applied at the free-end
of mobile plate is 5.6N/m.

Figure 3.57 Micromembrane 2 with two hinges

The same experiment was used to estimate the stiffness of micromembrane 2 (Table 3.3)
with a characteristic length of hinges l=39μm (Fig.3.57). A bending stiffness kz of 14.9N/m
was experimentally determined if the force is applied in the mid-position of the mobile
plate. If the force is moved toward to the mobile plate free-end an equivalent stiffness of
2.8N/m was determined.

(a)

(b)
Figure 3.58 Finite element analysis of micromembrane 1 deflection: (a) the force is applied in the
mid-position, (b) the force is applied at the free-end of mobile plate
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Using the same geometrical dimensions as in the experiments the samples were modeled
and their response was numerically determined using ANSYS. The displacement of samples
was simulated for a given force and the stiffness was computed.

Figure 3.59 Finite element analysis of the micromembrane 2 deflection with a force applied in the
mid-position of mobile plate

Figures 3.58 and 3.59 present simulation of micromembranes displacement. Different
deflections of mobile plate are determined for the same acting force. The force and
displacements are used to compute the stiffness. A bending stiffness of 66.58N/m is
determined for the investigated micromembrane 1 if the force is applied in the mid-position
of mobile plate. The computed bending stiffness of micromembrane 2 is 16.61N/m for the
same loading conditions. If the force is applied at the free-end of mobile plate, an equivalent
stiffness of 5.85N/m is computed for micromembrane 1 and 2.63N/m for micromembrane 2,
respectively. The difference between micromembrane 1 and micromembrane 2 consists in
the dimension l of hinges as presented in Table 3.3.

Figure 3.60 Micromembranes with 4 hinges

The same AFM test is used to determine the stiffness of micromembranes 3 and 4 with their
geometrical characteristics conforming to Table 3.3 supported by four serpentine hinges
(Fig.3.60). The geometrical dimensions of micromembranes are the same as those previously
described for micromembranes supported by two hinges. First, the force given by the
bending of AFM probe is applied in the mid-position of mobile plates and the bending
stiffness of micromembranes was determined. After, the force position is moved to the
mobile plate free-end. In this case the bending stiffness is accompanied by torsional stiffness
and an equivalent stiffness of micromembranes was determined. Experimentally, if the force
is applied in the mid-position of the mobile plate, a bending stiffness of 127.5N/m was
determined for the micromembrane 3, and 26N/m for the micromembrane 4. If the force is
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applied on the mobile plate free-end, an equivalent stiffness of 29.1N/m was determined for
micromembrane 3 and 14N/m of micromembrane 4, respectively.

Figure 3.61 Finite element analysis of the micromembrane 3 with a force applied in the midposition of mobile plate.

Figure 3.62 Finite element analysis of the micromembrane 4 with a force applied in the midposition of mobile plate

Finite element analysis is used to simulate the deflection of micromembranes under a given
load. Figure 3.61 shows simulation of the micromembrane 3 response if the force is applied
in the mid-position of the mobile plate and in Fig.3.62 the micromembrane 4 response is
presented for the same loading condition. The bending deflection of membrane 3 with
l=14μm is about 6 times smaller than the deflection of membrane 4 with l=39μm for the
same loading conditions. The computed stiffness of micromembrane 3 obtained by divided
the applied force to the simulated deflection was 134.64N/m. For the micromembrane 4 the
bending stiffness is 29.52N/m if the force was applied in the mid-position of the mobile
plate. The equivalent stiffness corresponding to a force applied at the free-end of mobile
plate was 31.8N/m for the micromembrane 3 and 15N/m for the micromembrane 4.
Stress distribution in the micromembrane hinges
In some MEMS applications as MEMS switches, the mechanical flexible plate works under
large deformations. The lifetime of these structures depends by the maximum stress in
hinges. Simulation by FEA was performed to visualize the stress distribution in hinges and its
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maximum value when the mobile plate is deflected until substrate. The maximum stress in
hinges is computed and compared with a limit value provided in literature.

(a)

(b)
Figure 3.63 Stress distribution in micromembrane 1: (a) the mid-position of force, (b) the force is
applied at the free-end of mobile plate

Figure 3.63 shows the von Mises stress distribution of micromembrane 1 supported by two
serpentine hinges. If the force is applied in the mid-position of mobile plate, the maximum
stress is identified to be in the hinges - anchor connection zone as presented in Fig.3.63a. If
the force is applied at the free-end of mobile plate the maximum equivalent stress moves to
the connections between legs of hinges (Fig.3.63b) because the shear stresses increases.
Figure 3.64 presents the equivalent stress distribution and its maximum value of
investigated micromembrane 3 supported by four serpentine hinges. In both cases, with
force in the mid-position (Fig.3.64a) and force at the free-end of mobile plate (Fig.3.64b) the
maximum stress occurred in the connection zone between hinges and anchor. The stress
distribution in all investigated micromembranes was determined for two different positions
of the force. The maximum stress in hinges of micromembrane 3 is 232.1MPa for a force
applied in the mid-position of the mobile plate. In the case of a force at the free-end of
mobile plate the stress is determined of 138.5MPa.
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(a)

(b)
Figure 3.64 Stress distribution in micromembrane 3: (a) the mid-position of force, (b) the force is
applied at the free-end of mobile plate

Results and discussions about micromembrane supported by serpentine hinges
Experimental investigations and finite element analysis of the micromembranes static
response was analyzed. The AFM technique was used to estimate the stiffness of samples for
different force positions. After, the samples deflections are simulated under a given force
and their stiffness is computed. The experimental results as well as the results obtained by
FEA for stiffness are presented in Table 3.4.
Table 3.4 Stiffness of micromembranes supported by serpentine hinges

Samples
Membrane 1
Membrane 2
Membrane 3
Membrane 4

Stiffness [N/m]
Experimental values
Numerical simulation
Central loading Lateral loading
Central loading
Lateral loading
64.4
5.6
66.58
5.85
14.9
2.8
16.61
2.63
127.5
29.1
134.64
31.8
26
15
29.52
15.05

Finite element analysis of investigated micromembranes is performed in order to visualize
the stress distribution in hinges and to estimate its maximum value. The simulations were
performed for two situations: the loading is applied in the central position of the mobile
plate (central loading), and the force is moved toward to the mobile plate fee-end (lateral
loading). The results of equivalent (von Mises) stress are presented in Table 3.5.
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Table 3.5 FEA of the equivalent (Mises) stress of micromembranes

Membrane 1
Membrane 2
Membrane 3
Membrane 4

Maximum equivalent stress [MPa]
Central loading
Lateral loading
229.9
68.8
92.2
39.1
232.1
138.5
93.6
107.5

The yield strength of gold provided in literature is 240-280MPa and the strain-stress curve
shows a linear behavior up to this point [21, 39]. Comparing the equivalent stresses obtained
by simulation with the value provided in literature, it can be notice that all values are below
the yield stress. As a consequence, the serpentine hinges of investigated micromembranes
will not damage if the mobile plate deforms to substrate. According to the stiffness values
from Table 3.5, is straightforward that the higher stress corresponds to the micromembrane
3 and its value is 232.1MPa for central loading case (Fig.3.64a).
The other important and almost unavoidable failure cause of micromembranes that
deflect to substrate is stiction. The adhesion force can be determined from displacement deflection AFM experimental curve that is also used to determine the stiffness. For our
investigated micromembranes, the adhesion force is influenced by the restoring elastic force
given by serpentine hinges and by the contact surface between micromembranes and
substrate. Small adhesion force corresponds to the high stiffness (micromembrane 3) and
small contact area (lateral deflection). The maximum adhesive force between flexible plate
and substrate appear on micromembrane 2 and 4 for a force applied in the mid-position of
mobile plate. The maximum adhesive force was determined for micromembrane 2 and it is
equal by 1.2μN.
3.8.3 Micromembranes supported by rectangular hinges
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Numerical analysis
The scope of numerical analysis is to simulate the micromembranes displacement under a
given force and to compute their stiffness. After, the numerical analysis of the
micromembrane behavior as a function of temperature is investigated. Moreover, the stress
distribution in the micromembranes hinges are computed in order to observed the
maximum stress values when the samples are deflected to substrate.
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Figure 3.65 Geometrical dimensions of micromembranes with rectangular hinges
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The samples for experimental tests are electroplated gold micromembranes supported by
rectangular hinges with different geometrical dimensions (Fig.3.65). The thickness of
micromembrane is 3µm and the flexible part is suspended at 3µm above a silicone substrate.
The gold material is the most used MEMS material in optical applications. The geometrical
dimensions of micromembranes are presented in Table 3.6.
Table 3.6 Dimensions of investigated micromembranes
with rectangular hinges

Samples*
Mss
Msl
Mls
Mll
L [µm]
256
256
406
406
l1 [µm]
160
260
160
260
l2 [µm]
48
48
48
48
l3 [µm]
100
100
250
250
l4 [µm]
30
30
30
30
w1 [µm]
14
14
14
14
w2 [µm]
30
30
30
30
* Mss – short micromembrane with short hinges; Msl short micromembrane with long hinges; Mls - long
micromembrane with short hinges; Mll - long
micromembrane with long hinges.
To compute the stiffness of investigated micromembranes, a unitary force is applied in the
mid position of the mobile plate and the out of plane displacement is numerically
determined and presented in Figs. 3.66a-3.69a. As resulting from numerical simulations the
out of plane deflection of micromembranes is changes under the same applied force (1µN)
and the main influences are given by the hinges dimensions.
The Mss – micromembrane (Fig.3.66a) has a displacement less than Msl micromembrane (Fig.3.67a) because the length of hinges increases providing high flexibility.
The same influence is observed of Mls – micromembrane (Fig.3.68a) versus Mll –
micromembrane (Fig.3.69a). Considering the applied force and the resulting displacement of
micromembranes their bending stiffness is computed as well. The simulations are performed
considering a value of modulus of elasticity equal by 83.6GPa, experimentally determined by
nanoindentation.
The maximum out of plane displacement of micromembrane is limited by the gap
between flexible plate and substrate (3µm). Numerical analysis of the stress distribution
when the micromembranes are deflected to substrate is performed and presented in
Figs.3.66b-3.69b. The displacement of mobile plate with 3µm until substrate is imposed in
the software. Then, stress behavior is simulated. The equivalent stress of investigated
micromembranes does not exceed the allowable limit provided in literature.
Different forces are needed to bend the micromembranes to substrate. The largest
force of 174.2µN corresponds to Mss - micromembranes and the lowest one equals by 32µN
is characteristic to Mll - micromembrane that has a higher compliance.
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(a)

(b)
Figure 3.66 Mss – micromembrane: (a) deflection under a unitary force; (b) stress behavior in
situation when the micromembrane is deflected to substrate

(a)

(b)
Figure 3.67 Msl – micromembrane: (a) deflection under a unitary force; (b) stress behavior in
situation when the micromembrane is deflected to substrate
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(a)

(b)
Figure 3.68 Mls – micromembrane: (a) deflection under a unitary force; (b) stress behavior in
situation when the micromembrane is deflected to substrate

(a)

(b)
Figure 3.69 Mll – micromembrane: (a) deflection under a unitary force; (b) stress behavior in
situation when the micromembrane is deflected to substrate
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Experimental investigations
The scopes of experimental tests are: i) to determine the micromembranes bending
stiffness; ii) to analyze the adhesion force between micromembranes and substrate; iii) to
determine the temperature influence on micromembranes behavior.
The samples for experiments are micromembranes electroplated from gold with the
geometrical dimensions as presented in Table 3.6.

(a)

(b)

(c)

d

Figure 3.70 Micromembranes fabricated from gold in different geometrical dimensions: (a) Mss short micromembrane with short hinges; (b) Mls - long micromembrane with short hinges; (c) Msl
short micromembrane with long hinges (d) Mls -long micromembrane with long hinges

The optical images of fabricated micromembranes are presented in Fig.3.70. The
micromembranes are suspended to 3µm from substrate. The AFM probe with known
stiffness is used to bend the flexible plate directly to substrate.

Figure 3.71 Mll – micromembrane deflected by the AFM probe

B
A
Figure 3.72 AFM curve of Mll – micromembrane
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During test, the displacement of the scanning head toward sample is controlled and the
deflection of AFM probe is monitored. An optical image of the AFM probe in contact with
Mll - micromembrane is shown in Fig.3.71 and the corresponding AFM curve is presented in
Fig.3.72. The deflection of AFM probe multiply with its stiffness gives the acting force. The
difference between the vertical displacement of AFM scanning head and the detected
deflection of AFM probe taken from the first part of experimental curve (Fig.3.72) represents
the micromembrane bending deflection. In the AFM tests the experimental results provide
information about the applied force and the deflection of micromembranes Based on these,
the stiffness can be computed.

Figure 3.73 AFM curve of investigated Mss - micromembrane

Figure 3.73 presents the dependence between the bending deflections of Mll –
micromembrane under the applied force. The slope of experimental curve provides the
sample stiffness. The same experimental dependence was obtained for all investigated
samples and their stiffness was estimated and compared with the numerical results (Table
3.7).
Table 3.7 Experimental and numerical results of stiffness

Samples*
Mss
Msl
Mls
Mll

Experimental
stiffness [N/m]
87.6
26
32.6
20.1

Numerical
stiffness [N/m]
87.1
25.2
31.9
16

* Mss – short micromembrane (L) with short hinges (l1); Msl – short micromembrane with
long hinges; Mls – long micromembrane with short hinges; Mll – long micromembrane with
long hinges.
Based on the AFM curve the adhesion force between flexible part of micromembranes and
substrate can be estimated. During unloading the deflection of the AFM probe decreases as
the tip retracts from the sample surface. At position A (Fig.3.72), the elastic force of
micromembrane overcomes the force gradient between surfaces and the micromembrane
together with the AFM probe snaps off from the surface (position B). From position B the
micromembrane returns to its equilibrium position.
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Table 3.8 Experimental adhesion forces between micromembranes and substrate
Samples
Mss
Msl
Mls
Mll
Adhesion force [nN]
4.2
9
9.8
12.9
The adhesion between micromembranes and their substrate is influenced by the restoring
force of samples. The experimental results on adhesion forces of investigated
micromembranes are presented in Table 3.8. Because the Mss – micromembrane has high
value of stiffness, its adhesion force with the substrate is small. The maxim value of adhesion
force corresponds to the Mll - micromembrane with the smallest stiffness.
The experimental tests on stiffness and adhesion force were done to the room
temperature. If the temperature increases, the stiffness decreases and the adhesion forces
increase, respectively.
Temperature influence on stiffness and adhesion force
In optical application, the mechanical behavior of microcomponents is affected by the
temperature. For reliability design of optical MEMS is necessary to observe how the
mechanical properties of flexible structure are temperature dependent.
A thermal gradient introduces softening due to Young’s modulus - temperature
relation and a thermal relaxation which change the rigidity of material [40]. Less force is
needed to deflect the micromembrane if temperature increases in order to produce the
same displacement as at the initial temperature.
By using a thermal controlled stage, the temperature of investigated
micromembranes is sequential increased from 20°C to 100°C and the stiffness is measured.
In order, to avoid the effect of temperature on the AFM probe, it is withdrawn from the
samples during temperature increase. The influence of temperature on bending stiffness is
presented in Fig.3.74. As temperature increases, the bending stiffness decreases for all
investigated micromembranes.

Figure 3.74 Stiffness versus temperature of investigated micromembranes

The slightest influence about 12% is determined to short micromembrane with short hinges
(Mss) for which the stiffness decreases from 87.6N/m to 77.39N/m if temperature increases
from 20°C to 100°C. The influence of temperature on bending stiffness is high to long
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micromembrane with long hinges (Mls) and it is around 36%. For Msl - micromembrane the
decrease of stiffness was 22.5% and for Mls - micromembrane it was 38.4%.

Figure 3.75 Simulation of Mss – micromembrane in-plane (longitudinal axis) displacement at
100°C and under a unitary force.

The experimental results of temperature influence on stiffness were validated by numerical
analysis. A temperature gradient was applied on designed micromembrane and their
displacement under a unitary force was simulated. After, the stiffness was computed. Figure
3.75 presents the simulation of the Mss - micromembrane when a temperature of 100°C was
applied. A out of plane deflection of 0.012µm of mobile plate was numerically determined
under a force of 1µN that corresponds to a stiffness of 77.76N/m. Numerical stiffness
decreases with about 10.6% if the temperature increases from 20°C to 100°C, in good
agreement with the experimental results. The same good concordances between numerical
and experimental results were obtained for all investigated micromembranes.

Figure 3.76 Adhesion force versus temperature of investigated micromembranes.

The temperature effect is also observed on the adhesion force. Because the micromembrane
stiffness decreases with increasing temperature, the restoring force of flexible plate from
substrate decreases, respectively. This effect has influence of the adhesion force as
presented in Fig.3.76.
The mechanical characteristics of micromembranes have influence on their reliability
design. Depending on their application, micromembranes with different sensitivity can be
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obtained by changing the geometrical configuration and dimensions of hinges. The
experimental results performed by AFM were validated by numerical analysis. Bending
stiffness of micromembranes under a mechanical load was determined as well as the
adhesion force. For adhesion analysis the flexible plate of micromembranes were deflected
until substrate.
The temperature influence on stiffness and adhesion was investigated of
micromembranes supported by rectangular hinges in the range from 20°C to 100°C. The
hinges geometry provides compensation of thermal expansion of central part of
micromembranes. High temperature will decrease the stiffness of all membranes but the
position of the membrane center is not affected. The temperature provides a thermal
relaxation of material based on Young’s modulus which changes the rigidity of material and
decrease the stiffness of micromembranes. The stiffness has influence on adhesion based on
the restoring force of micromembrane. As temperature increases, stiffness decreases and
adhesion force increases respectively. The geometry of hinges has influence on stiffness of
micromembranes in the way of thermal expansion compensation.
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4. DYNAMICAL BEHAVIOR OF MEMS
Many of the MEMS industrial applications require vibrating components that operate under
a high quality factor and small energy dissipation during oscillations. As function of
applications, MEMS resonators operate under various conditions including different
temperatures, humidity or pressure of the surrounding medium. The mechanical behavior of
resonators strongly depends by the operating conditions. To improve the reliability of MEMS
resonators, the effect of operating conditions on the dynamical response of vibrating
components has to be accurately determined.
The dynamical response and the loss of energy in vibrating MEMS components are
influenced by the damping of surrounding medium and depend on the intrinsic effects of
mechanical structure. The loss of energy can be estimated using the frequency response
experimental curve and the quality factor. In order, to separate the extrinsic damping by the
intrinsic effects the experiments have to be performed both in ambient conditions and in
vacuum.
One of the most important applications of MEMS resonators are mass-detection for
chemical and biological applications, radio frequency applications, automobile industry and
aircraft conditions monitoring or satellite communications.
Two of major failure causes of MEMS resonators which operate under high cycle
loading are fatigue and the loss of energy during vibration based on thermal effects. The
high cycle fatigue life is greatly influenced by the microstructural variable such as the grain
size, the volume fraction of secondary phase and the amount of solute atoms or
precipitates. For cyclic motions of a structural material, significant heat generation occurs
and energy dissipation is produced due to an energy loss mechanism internal to the
material. The temperature gradient generates heat currents which cause increase of the
entropy of the resonator and lead to energy dissipation. It is desired to design MEMS
resonator with loss of energy as little as possible. Experimentally, the loss of energy in MEMS
resonators is evaluated considering the frequency response curves and measuring the
bandwidth of oscillations under an exciting signal.
In this chapter, experimental investigations are performed to determine the resonant
frequency response and to estimate the loss of energy in MEMS resonators. Most of the
MEMS vibration sensors have polysilicon microcantilever or microbridge as the sensing
element. Even these components are simple geometrical structures their dynamical
behavior is needed to be more accurate investigated. Analytical models accompanied by
experimental tests on the dynamical response and the loss of energy on vibrating
microstructures are presented in this section.
The results from this section were presented to international conferences and published in
international journals. A list of significant publications in this subject is following.
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4.1 Resonant frequency response of MEMS vibrating structures
Mechanical resonators as microcantilever and microbridge are very often used as flexible
mechanical components in MEMS. There are many applications that require ambient
operating conditions and others working in vacuum. As a consequence, during experimental
investigations, the samples are successively tested in air and vacuum, and the effect of
surrounding medium on amplitude and velocity of oscillations is determined, respectively.
The dynamic response of samples is changed as a function of the operating conditions.
In this chapter vibrating MEMS resonators as microcantilevers (Fig.4.1a) and
microbridges (Fig.4.1b) are dynamically investigated and their frequency responses under a
harmonic loading is determined for different testing conditions.
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Figure 4.1 Schematic of a microcantilever (a) and a microbridge (b) under electrostatic
actuation

When a DC voltage (VDC) is applied between lower electrode and the vibrating MEMS
structure, an electrostatic force is set up and the cantilever bends downwards and come to
rest in a new position. To drive the resonator at resonance, an AC harmonic load of
amplitude VAC vibrates the cantilever at the new deflected position.
me
uz(t)
k
Fe(t)

c

Figure 4.2 Forced vibration model with fixed support used in dynamic investigations

A single degree of freedom model as presented in Fig.4.2 can be used to simulate the
dynamic response of resonator due to the VDC and VAC electric loadings. In this model the
proof mass of the cantilever is modeled as a lumped mass me, and its stiffness is considered
as a spring constant k. This part forms one side of a variable capacitor - the vibrating part.
The bottom electrode is fixed and considered as the second part of the MEMS structure. If a
voltage composed of DC and AC terms as
(4.1)
V  VDC  VAC cos(t )
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is applied between resonator electrodes, the electrostatic force applied on the structure has
a DC component as well as a harmonic component with the frequency ω such as

Fe (t ) 

AV 2
2[ g 0  u z (t )]2

(4.2)

where ε is the permittivity of the free space, A=we×w is the effective area of the capacitor, g0
is the initial gap between flexible plate and substrate, and uz(t) is the displacement of the
mobile plate under the electrostatic force Fe(t).
The expression (4.2) evidences two aspects: the electromechanical coupling between
the instantaneous value of beam gap (g0 - uz) and the applied voltage, then the nonlinear
dependence between the mechanical displacement uz and the voltage.
Pull-in voltage, at which the elastic stiffness does not balance the electric actuation
and the beam tends to collapse, can be evaluated by founding the maximum gap allowing
the static equilibrium. The spring force and the electrostatic actuation have opposite
directions. Instability threshold is found by imposing the two conditions of null total force
and the null first derivative with respect to the displacement:
AV 2
(4.3)
kuz 
0
2( g 0  u z ) 2
k

AV 2
( g 0  u z )3

0

Unknown displacement and voltage are
g
u pullin  0
3

(4.4)

(4.5)

8 g 03k
V pullin 
(4.6)
27 A
where upull-in and Vpull-in are the maximum displacement and voltage at which is possible to
have a stable equilibrium configuration, k is the beam stiffness described by eqs. (3.10) for a
microbridge and (3.15) for a microcantilever.
Dynamic analysis of electrostatically actuated microcomponents is performed by
linearizing the electrostatic actuation around an equilibrium position. The equivalent
stiffness of investigated MEMS resonator can be computed as
- for microcantilever
AV 2
3EI y
(4.7)
keff  3 
l
( g 0  u z )3
- for microbridge
AV 2
192 EI y
keff 

l3
( g 0  u z )3

(4.8)

Using these equations, the resonant frequency of electrostatically actuated microcantilever
and microbridge can be determined based on

0 

1 keff
2 me

where me is the equivalent mass of system.

(4.9)
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Using the assumption that the kinetic energy of the distributed – parameter system is equal
to the kinetic energy of the equivalent lumped – parameter mass, the equivalent mass can
be determined [31]. The equivalent mass of a microcantilever is 0.235m and of a
microbridge is 0.406m (m is the effective mass of beam).
The dynamic response of MEMS resonators presented in Fig.4.1 subjected to a
harmonic electrostatic force Fe(t) with the driving frequency ω given by an AC voltage is
governed by the equation of motion
..

.

m  u z (t )  c  u z (t )  k  u z (t )  Fe (t )

(4.10)

where c is the damping factor.
The response of system under DC and AC voltages is given by equation
uz
(4.11)
u z (t ) 
2 2
2
   
1       2  
  0    0 


where  is the damping ratio and ω0 is the resonant frequency of beams given by eq. (4.9).
Usually, the response is plotted as a normalized quantity uz (t ) / uz . When the driving
frequency equals the resonant frequency ω = ω0 the amplitude ratio reaches a maximum
value. At resonance, the amplitude ratio becomes
u z (t ) 1

(4.12)
uz
2
The experimental investigations of the vibrating MEMS structures are performed
using a vibrometer analyzer and the white noise signal. One scope of the experimental
investigations is to determine the frequency response of a microcantilever and a
microbridge and the effect of the operating conditions on the velocity and amplitude of
oscillations.

(a)
(b)
Figure 4.3 Microresonators used in experimental investigations: (a) microcantilever and (b)
microbridge

The geometrical dimensions of the investigated microresonators presented in Fig. 4.3 are
the following: total length l of beams is 150µm; width w is 30µm and thickness t is 1.9µm;
the gap between flexible plates and substrate g0 is 2µm; the holes have a diameter of 3μm;
the width we of the lower electrode of microbridge is 50µm. The microcantilever is
fabricated with the full lower electrode under flexible plate. During tests a DC offset signal of
5V and peak amplitude of 5V of the driving signal are applied to bend and oscillate the
samples. The frequency response, the amplitude and velocity of oscillations are measured
under continuously actuation of microresonators.
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The frequency responses of investigated samples can be monitored for different oscillation
modes using a Vibrometer Analyzer. As presented in Fig.4.4, three bending modes of
oscillation were monitored under exciting signal.
(a)
(b)
(a)

(a)

(c)

(b)

(b)

(c)

(c)

Figure 4.4 The first bending mode (a), the second bending mode (b) and the third bending
mode (c) of oscillations of electrostatically actuated microcantilever and microbridge
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Figure 4.5 Frequency response of an electrostatically actuated MEMS microcantilever
tested in ambient conditions
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Figure 4.6 Frequency response of an electrostatically actuated MEMS microbridge
tested in ambient conditions
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Figure 4.7 Frequency response of an electrostatically actuated MEMS microcantilever tested in
vacuum (8×10-6mbar)
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Figure 4.8 Frequency response of an electrostatically actuated MEMS microbridge tested in
vacuum (8×10-6mbar)
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The tests are performed under ambient conditions and in vacuum in order to estimate the
damping effect on the velocity and amplitude of oscillations. In order, to analyze the
dynamic response of investigated MEMS resonators only the first bending mode is
monitored and analyzed. The frequency response curves of microcantilever tested in air is
presented in Fig.4.5 and of microbridge in Fig.4.6. Figures 4.7 and 4.8 present the frequency
response of the same resonators tested in vacuum. The dynamic experimental
characteristics of the investigated microbridge and microcantilever are presented in Table
4.1.
Table 4.1 Dynamic experimental parameters for different testing condition

Resonator
type
Cantilever
Bridge

Resonant frequency
[kHz]
air
vacuum
100
99.37
1003.37
992.81

Velocity

Amplitude

[mm/s]

air
0.27
0.19

vacuum
88
31

[nm]

air
0.47
0.03

vacuum
140
4.96

The experimental results of investigated MEMS resonators are confident with analytical
models presented above. How it can be observed in Table 4.1, there are small differences
between frequency responses of beams tested in different operating conditions. These
differences depend by the damping of surrounding medium that gives a shift in the
frequency response of beam. Significant differences were observed in velocity and
amplitude of oscillations. The amplitude and velocity of oscillations have small values if the
microresonators are tested in ambient conditions based on the damping of surrounding
medium. The air damping changes not only the dynamical characteristics as resonant
frequency, amplitude and velocity of oscillations but also the quality factor and the loss
coefficient of energy as presented in next section.
4.2 Quality factor and the loss coefficient of MEMS vibrating structures
The energy dissipated during one cycle of oscillation can be evaluated based on the quality
factor Q. The quality factor is an important qualifier of mechanical microresonators and
allows estimation of the loss coefficient of oscillations Q-1=1/Q. In terms of energy, it is
expressed as the total energy stored the system divided by the energy dissipated per cycle.
At resonance, the quality factor is expressed as [31].

Q

m 1

c
2

(4.13)

and it is equal with the normalized response given by eq.(4.12). In eq. (4.13) c is the damping
coefficient due to squeeze - film.
The quality factor is also called sharpness at resonance, which is defined as the ratio

Q
(4.14)
2  1
where ω2 - ω1 is the frequency bandwidth corresponding to 0.707u z (t ) max on the amplitude
versus resonant frequency curves (as shown in Fig.4.5).
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The total loss coefficient occurring in a microresonator can be separated into two
components as
1
(4.15)
Qtotal
 Qe1  Qi1
where the subscripts e denotes the extrinsic losses and i - the intrinsic losses.
Some of the extrinsic mechanisms are affected by changes of environment. The air
damping can be minimized under ultrahigh vacuum conditions. Intrinsic losses in the
resonator material are important mechanism accounting for energy dissipation.
A small internal loss is produced by the energy dissipation thought anchors that
attach the resonator to substrate. The clamping losses can be determined by analyzing the
vibration energy which is transmitted from resonator to substrate and for one anchor it can
be computed as [31]:
1
(4.16)
Qanchor
 2.17(0.5l / t )3
where l is the length and t is the thickness of resonators.
For cyclic motions of a structural material, significant heat generation become
apparent and energy dissipation is produce due to an energy loss mechanism internal to the
material [31]. The variation of strain in a microresonator is accompanied by a variation of
temperature, which causes an irreversible flow of heat. The temperature gradient generates
heat currents which cause increase of the entropy of the beam and lead to energy
dissipation. This process of energy dissipation is known as thermoelastic damping. The
thermoelastic damping depends on material properties such as the specific heat, coefficient
of thermal expansion, thermal conductivity, mass density and elastic modulus, as well as the
temperature and geometry. Thermoelastic damping is recognized as an important loss
mechanism at room temperature in micro-scale beam resonators. The mechanism of
thermoelastic damping was first studied by Zener (1937) [41] with many years ago and later
developed by the other researchers [28, 30, 42]. He indicates that the phenomenon is
induced by irreversible heat dissipation during coupling of heat transfer and strain rate in an
oscillating system. The Zener model used the classical thermoelastic theory assuming infinite
speed of heat transportation. In a more complex model [43] based on generalized
thermoelastic theory with one relaxation time, the bending moment on beam during
oscillations is separated into two parts: the first one is the well know moment which arises
from the bending of beam when the temperature gradient across the beam is zero; the
second moment is the bending moment which arises from the variation of temperature
across the upper and lower surface of the beam known as the thermal moment. Analytical
results show that thermoelastic coupling has influence on the amplitude, velocity and
resonant frequency of beam based on the thermal moment [43]. In a long time range, the
deflection and thermal moment attenuate with time. The energy dissipation in a
microresonator is given by means of the thermal moment variation followed by the
attenuation of the amplitude [43]. The theoretical results were validated by experiments
[28].
The total loss coefficient is experimentally determined when the sample oscillates in
ambient conditions. The sample response in vacuum determines the intrinsic losses. For the
microresonators with the geometrical dimensions presented above the experimental tests
are performed both in vacuum and in ambient conditions. Using the frequency bandwidth
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(ω2 - ω1) corresponding to 0.707u z (t ) max on the frequency response experimental curves the
quality factor Q and the loss coefficient Q-1 are determined and presented in Table 4.2.
Table 4.2 Quality factors Q and loss coefficient Q-1 of investigated microresonators

Loss coefficient Q-1
Air
Vacuum
-2
75×10
32.2×10-4
3.73×10-2
4.46×10-4

Quality factor Q
Air
Vacuum
1.33
310.5
26.78
2239.69

Resonator type
Cantilever
Bridge

Velocity [μm/s]

Using the eq. (4.13), the damping ratio of tested samples in ambient conditions can be
estimated. A damping ration of 0.375 is determined for the microcantilever and 0.018 for
the microbridge. The damping ratio ξ is any positive real number. For value of the damping
ratio 0 ≤ ξ <1 as in the experiments, the system has an oscillatory response.
Experimental tests are conducted in order to estimate the thermo-mechanical
coupling effect on the vibrating structures as function of operating time. Only the case of
microbridge resonator is presented in the following.
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Figure 4.9 Frequency responses of microbridge resonator in ambient conditions, depicted in a
frequency domain from 500kHz to 1500kHz: (a) - the initial response and (b)- the beam response
after 4 hours
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Figure 4.10 Frequency responses of microbridge resonator in vacuum (8×10-6mbar), depicted in a
frequency range from 985kHz to 999kHz: (a)- the initial response and (b)- the beam response after 4
hours
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The velocity of oscillations in ambient conditions decreases from 187μm/s to 65μm/s after 4
hours (Fig.4.9), and in vacuum the velocity is attenuated from 31mm/s to 8.4mm/s
(Fig.4.10). The same decreases of the microbridge resonator displacements as a function of
the operating time were also observed.
Figure 4.11 shows the attenuation of velocity and displacement as a function of the
oscillating time. The microresonator has continuously oscillated during 4 hours and the
changes in its dynamic response were observed after each hour. After 4 hours the excitation
of sample was stopped. The next test was started after 30 minutes and the increasing of the
velocity and displacement of oscillations was observed, respectively. After one hour with no
actuation of beam, the thermal effect decreases and the beam response is improved.
Velocity of oscillations increases from 8mm/s to 19.6mm/s and displacement from 1.5nm to
3.14nm (Fig.4.11).

Figure 4.11 Experimental variation of velocity V [mm/s] and
displacement D [nm] in vacuum as a function of operating time

The tests were repeated three times (in different days) and the same attenuation of velocity
and amplitude was noticed. The average attenuation of velocity and displacement is about
65%. The attenuation in velocity and amplitude of oscillations are based on the
thermoelastic coupling and change of the thermal moment as reported in [28, 43]. The same
analytical study revealed that the computed thermal moment is attenuated significantly
after longer time and the deflection amplitude (peak value) decreases with about 50% after
an operating time range because the effect of thermoelastic damping enhances. During
time, also the prestressed position given by DC current is changed based on the material
thermal relaxation; it has an influence on the forces balance equation and on the peak
amplitude of oscillation described by eq. (4.11).
The thermoelastic effect changes the resonant frequency as presented in Fig.4.9 and
Fig.4.10. The air damping effect can increase the frequency response due to the change of
the medium compressibility factor. The air escapes from the gap formed between the
movable and fixed members, its compressibility generating the spring behavior [42]. The
compressibility factor changes with temperature. During testing the heat propagation from
vibrating sample changes the temperature of surrounding medium decreasing the
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compressibility factor of medium. As a consequence, the extrinsic damping decreases and
changes the resonant frequency of beam [28].
The total loss coefficient is experimentally determined when the sample oscillates in
ambient conditions. The sample response in vacuum determines the intrinsic losses.
Table 4.3 shows the quality factors of investigated microbridge resonator at the
beginning of operating time (Q0h) and after 4 hours (Q4h). The changes in the quality factor as
a function of operating time can be observed.
Table 4.3 Dependence of quality factors on operating time

Quality factor
Q0h
Q4h

Testing conditions
Air
26.78
19.86

Vacuum
2239.69
1943.66

Table 4.4 presents the loss coefficients as a function of the operating time. The intrinsic loss
coefficient Q-1i is influenced by thermoelastic damping and increases with about 13% after a
time range of 4 hours.
Table 4.4 Dependence of loss coefficients on operating time

Loss coefficient
Q-1total
Q-1i
Q-1e

initial
3.7×10-2
4.46×10-4
3.6×10-2

after 4 hours
5×10-2
5.144×10-4
4.9×10-2

The experiments were repeated three times (in different days) and the same change (13%
increasing) of thermoelastic losses was obtained. The increases of total loss coefficient Q-1tot
was different for each day (26%, 19%, and 22%) because of the changes of environmental
conditions (the ambient conditions were not controlled during testing). The environmental
conditions have a big influence on the extrinsic loss coefficient when the sample is tested in
ambient conditions.

Figure 4.12 The loss coefficient of microresonator computing using strain energy model
(Ansys) and Zener model
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The strain energy method is used in ANSYS/Multiphysics to compute the loss coefficient
(Fig.4.12). For the investigated microbridge resonator a loss coefficient of 5.1×10 -4 was
determined [28], a close value to the experimental measurement.
4.3 Size effect on the microbridges quality factor tested in free air space
The geometrical dimensions have influence on the dynamic behavior of vibrating structures.
Experimental tests are performed to find the influence of the sample length on the dynamic
response of electrostatically actuated microbridges. For experimental tests a vibrometer
analyzer is used and the samples are actuated using a white noise exciting signal with a DC
voltage of 5V and the amplitude of driving current is 5V.

Figure 4.13 Polysilicon microbridges with different lengths

Figure 4.13 shows the polysilicon microbridges for experimental investigations. These are
made with the same width w =30µm, and the same thickness t =1.9µm, with a gap between
flexible plate and substrate of 2µm. The total lengths of samples including anchors are:
150µm, 220µm, 290µm, and 360µm. The lengths of flexible part of beam without anchor
(used in numerical and analytical computation) are: 124µm, 194µm, 264µm, and 336µm. In
order, to decrease the damping effect given by air the samples are manufactured with holes.
The diameter of holes is equal to 3µm.
During tests, the experimental curves of the resonant frequency are obtained. Figure
4.14 presents the experimental changes in the frequency response of investigated
microbridges if the length of samples is modified. The tests are performed in ambient
condition. The dynamic behaviors of microbridges are changed as a function of the samples
lengths. The resonant frequency, velocity and amplitude of oscillations are modified if the
sample lengths are changed. Moreover, the experimental quality factor decreases and the
loss of energy coefficient increase if the length of sample increases, respectively [44, 45].
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Figure 4.14 Experimental frequency response and Q- factor of investigated microbridges with the
lengths of: (a) 150 µm; (b) 220µm; (c) 290µm; (d) 360 µm

Theoretical results of resonant frequency obtaining using eq. (4.9) are in accordance with
experimental values as it can be observed in Fig.4.15.
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Figure 4.15 Theoretical and experimental variation of resonant frequency as a function of the
microbridges lengths

For the investigated microbridges, the Q-factor decreases if the length of samples increases
respectively. The experimental loss coefficient (Q-1) can be determined based on the quality
factor. Loss of energy coefficient increases if the length of microbridges increases. The
experimental values of the Q- factor and the loss of energy Q-1 for different lengths of
microbridges are presented in Table 4.5.
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Table 4.5 Quality factor Q and the loss of energy coefficient Q-1
as a function of the samples lengths

Length [µm]
150
220
290
360

Q-1
0.043
0.111
0.208
0.344

Q
23.27
9.02
4.84
2.90

Analytically, the Q- factor can be expressed using eq. (4.13) where the damping coefficient c
due to squeeze - film csq and due to the loss through holes choles can be computed as
c  csq  choles
(4.17)
The damping coefficient due to the squeeze-film is [46]

16 p l 2
csq  6 a
 g 0

2

 m 2 2  n 2


(4.18)
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where σ is the squeeze number that captures the compressibility effect, pa is the air
pressure,  is the beam aspect ratio (  = width/length), l – is the beam length, g0 is the gap
between microbridge and substrate, and Γ is a constant that captures the perforation effect.
The damping coefficient due to the loss through holes can be determined as [46]



2

 h

(4.19)
choles  8
 E b   n
Q
th


where µ is the dynamic viscosity of the environment, h is the beam thickness, Qth is the ﬂow
rate factor which accounts for rarefaction effect in the ﬂow through the parallel plates and
through the holes, respectively (for slip flow regime), ΔE is the relative elongation of the hole
length due to end effects, b is the holes radius, and n is the number of holes.
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Figure 4.16 Theoretical and experimental variation of Q-factor
as a function of the microbridges lengths

After numerical computation, the theoretical results of Q- factor are determined in the same
range with the experimental values, as presented in Fig.4.16.
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Using the experimental values of Q-factors and based on eq. (4.13), a shift in the damping
ratio is observed as a function of the sample lengths. The damping ratio increases from
0.021 to 0.055, 0.103 and 0.172, respectively, if the length of sample increases from 150µm
to 220µm, 290µm and 360µm. But, for each tested samples the damping ratios is 0 ≤ ξ <1
which confirm that, all microbridges have oscillatory responses under the exciting signal.
For the same operating conditions, the resonant frequency and quality factor
decreases if the length of samples increases, respectively. Moreover, if the quality factor
decreases, the loss of energy increases, respectively. The experimental results of resonant
frequency and Q- factor are compared with numerical and analytical results and these are in
good agreement.
4.4 Effects of the electrode positions on the dynamical behavior of MEMS
The dynamical behavior of vibrating MEMS resonators under electrostatic actuation depends
on the geometrical dimensions of structure and is influenced by the acting electrode position
[47]. The influence of the lower electrode positions on the dynamic response of polysilicon
MEMS resonators is studied and presented next. The decrease in the amplitude and velocity
of oscillations if the lower electrode is moved from the beam free-end toward to the beam
anchor is experimental monitored. The measurements are performed in ambient conditions
in order to characterize the forced-response Q-factor of samples. A decrease of the Q- factor
if the lower electrode is moved toward to the beam anchor is also experimental determined.
Different responses of MEMS resonators may be obtained if the position of the lower
electrode is modified. Indeed the resonator stiffness, velocity and amplitude of oscillations
are changed.
t

z

g0

x

Cantilever

w

(a)

Lower
electrode

y

we

l

w

(b)

y

li

we
l
(c)

Figure 4.17 Schematic of a cantilever under electrostatic actuation, (a) lateral- view of sample, (b)
plan-view of sample with the lower electrode at the free-end, (c) plan-view of sample with the lower
electrode near anchor
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This method, to drive a mechanical resonator with an electrode applied close to the beam
anchor, is used in the leveraged bending actuation [48]. Leveraged bending is a simple
technique to increase the travel distance before the pull-in instability of the resonator by
applying an electrostatic force on only a portion of structure. The remaining portion of
structure acts as a lever and can perform large displacement through the entire gap
between electrodes. In this technique, the bottom electrode is close to the anchor [48, 49].
The MEMS resonator considered here is a microcantilever under electrostatic
actuation with different positions of the lower electrode (Fig.4.17): the lower electrode at
the beam free-end (Fig.4.17b) and the lower electrode close to the beam anchor (Fig.4.17c).
The position of the lower electrode from the beam anchor is defined by the distance (l - li).
When a DC voltage (VDC) is applied between electrode and the cantilever, an
electrostatic force is set up and the cantilever bends downwards and come to rest in a new
position. To drive the resonator at resonance an AC harmonic load of amplitude VAC vibrates
the cantilever at the new deflected position. For the same input voltage, if the position of
the lower electrode is moved from the cantilever free-end toward to the beam anchor the
displacement of the mobile plate at the static equilibrium decreases. The bending deflection
of beam uz decreases to the other uzi - value depending on the distance li. This small
equilibrium displacement uzi reduces the efficiency of the electrostatic force and increases
the total effective stiffness. The effective stiffness given by eq. (4.7) can be reformulated as a
function of the acting electrode position as
2
3EI y
AVDC
(4.20)
keffi 

(l  li )3 ( g  u zi )3
For different position of the active electrode, the resonant frequency of cantilever is
changed; its value increasing if the position of the lower electrode is moved from the beam
free-end toward to the beam anchor. This effect has an influence on the dynamic response
of beam because the amplitude and velocity of oscillations are changed.

(a)

(b)

Figure 4.18 Top-view of electrostatically actuated cantilever resonators used in experiments:
(a) Set n°1 –cantilevers with a width of 18µm; (b) Set n°2 – cantilevers with a width of 30µm
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The aim of the experimental investigations is to find the influence of the acting electrode
position on the dynamic response of electrostatically actuated MEMS resonators. Figure 4.18
shows the samples for experimental tests. These are microcantilevers fabricated from
polysilicon with different positions of the lower electrodes. The geometrical dimensions of
investigated cantilevers (conforming to Fig.4.17) are the following: the length l of 157µm;
the width w of the first set of cantilevers (Fig.4.18a) is 18µm and of the second set of
cantilevers (Fig.4.18b) the width is 30µm; the thickness t is 1.9µm; the gap g0 between
flexible plate and substrate is 2µm; the width of the lower electrode we is 50µm. The
successive positions of the lower electrode li measured from the beams free-end (Fig.4.18)
are the following:

l0  0

l  16.38µm 

 1  
li  l   38.39 µm 
 2  61.77 µm 
l3  

 l4  85.15 µm
During experimental tests a DC offset signal of 5V and peak amplitude of 5V of the driving
signal are applied to bend and oscillate the samples. The frequency response, the amplitude
and velocity of oscillations are measured of the investigated cantilevers. The change in the
frequency responses of cantilevers as function of the lower electrode position is
experimental determined. The tests are performed under ambient conditions.

(a)

(b)

(c)
Figure 4.19 Electrostatically actuated cantilever resonator with the acting electrode at the free-end:
(a) the first bending mode of vibration; (b) the second bending mode; (c) the third bending mode
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Resonant Frequency [kHz]….

Different vibration modes of cantilevers can be visualized and analyzed. Figure 4.19 shows
different bending modes for the first cantilever of the set n°1 (with a width of 18µm and the
lower electrode at the beam free-end). For this cantilever, the first bending mode under 5V
of DC offset signal and 5V the peak amplitude of AC signal corresponding to a resonant
frequency of 99.81kHz is presented in Fig.4.19a. The second mode of vibration is presented
in Fig.4.19b and it corresponds at 639.37kHz. The third bending mode corresponding to a
frequency of 1232.8kHz is presented in Fig.4.19c.
In order, to estimate the effect of the lower electrode positions on the dynamic
behavior of electrostatically actuated cantilevers, only the changes in the first bending mode
of vibrations were monitored and analyzed. The input signal is the same for all samples:
white noises under DC=5V and AC=5V. The experiments were repeated 5 times for each of
samples and the average results are presented and discussed.
The variation of the resonant frequency of the investigated cantilevers is plotted in
Fig.4.20 for different positions of the lower electrode. The first resonance frequency of the
samples increases when the position of the acting electrode moves from the free-end of the
beam toward to the anchor. In the same way, the amplitude and velocity of oscillations
decrease (Fig.4.21 and Fig.4.22) for the first and second sets of cantilevers from Fig.4.18.
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Figure 4.20 Experimental variation of the resonant frequency
as a function of the electrode position
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Figure 4.21 Experimental variation of the amplitude of oscillations
as a function of the electrode position
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Figure 4.22 Experimental variation of the velocity of oscillations
as a function of the electrode position

The differences between the measured resonant frequency of the first set of cantilevers
(w=18µn) and the second one (w=30µm) are explained by different damping ratio.
Moreover, the variation of the resonant Q-factor as a function of the electrode
position is experimental monitored. The frequency bandwidths as well as the resonance
frequency are determined on the experimental curves for each cantilever. The quality factor
at resonance is then computed based on eq. (4.14). In the next figure, the variation of the Qfactor at resonance as a function of the lower electrode position is presented for the first
and second sets of investigated cantilevers from Fig.4.18.
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Figure 4.23 Experimental variation of quality factor at resonance of investigated cantilevers as a
function of the electrode position

A decreasing of the Q-factor from 2.8 to 2.29 is observed for the cantilevers with 18 µm the
width, when the position of the lower electrode is moved from the beam free-end toward to
the beam anchor. The second set of cantilevers with a width of 30µm show a decrease of Qfactor from 1.57 to 1.35.
Using the values of Q-factors and based on eq. (4.13), a shift of the damping ratio is
observed as function of the lower electrode positions. The damping ratio of the first set of
cantilevers is increasing from 0.178 to 0.218 when the position of the lower electrode is
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moved from the beam free-end toward to the anchor and the damping ratio of the second
set of cantilevers increases from 0.318 to 0.37.
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Figure 4.24 Plot of the amplitudeβratio versus the frequency ratio
for samples 0 to 4 from the first set of cantilevers (w=18µm)

The effect of the lower electrode position on the forced response of cantilevers resonators is
experimentally investigated for the same input signal. Figure 4.24 shows the normalized
displacement u z (t ) u z measured at the beams free-end, as functions of frequency ratios for
the first set of investigated cantilevers. As expected when the driving frequency ω equals the
resonant frequency ωi of samples, the amplitude ratio reaches a maximum. A decrease of
the normalized amplitude of oscillation is experimentally observed when the position of the
lower electrode is moved from the beam free-end toward to the beam anchor.
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Figure 4.25 Static displacement of the free-end of samples
for different positions of the lower electrode

Using the maximum displacements of samples and the damping ratio, the static
displacement of beams under a DC signal was estimated based on eq. (4.12) and presented
in Fig.4.25.
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Figure 4.26 FEA of the cantilever from set n°1 with the lower electrode at the beam free-end

Figure 4.27 FEA of the cantilever from set n°1 with the lower electrode close to the beam anchor

To simulate the dynamic behavior of investigated cantilevers and the change in the
frequency response as a function of the electrode position, finite element analysis is carried
out using a commercial version of Oofelie::Multiphysics Simulation Software. The
geometrical dimensions of cantilevers used in FEA are the dimensions of samples from
experimental investigations. Of the first set of cantilevers with w =18µm, the resonant
frequency of the first beam with the lower electrode at the free-and is computed at
101.881kHz (Fig.4.26). If the electrode is moved close to the beam anchor the resonant
frequency increasing to 103.316kHz (Fig.4.27) for the same input signal. Of the second set of
beam with w =30µm the resonant frequency increasing from 102.018kHz for the electrode
at the beam free-end to 102.148kHz if the electrode is moved close to the beam anchor. The
results of FEA are in good agreement to the experimental results.
4.5 Paddle MEMS cantilevers used in mass sensing applications
Silicone based mass sensitive resonant sensor can be considered as silicone versions of the
well-known quartz crystal microbalance (QCM). Similarly to the applications of QCMs,
silicon-based mass sensitive resonators have been investigated not only as pure mass
detectors but also for thin film deposition and etching monitoring, and for humidity,
chemical, and biological sensing applications. The elegance of this sensing method is that the
various application fields differ only in the functional layers on the cantilever interface and
the detection scheme remains common for different applications. Building of a mass-sensing
sensor is based on oscillating cantilevers, where additional mass loading onto the cantilever
interface results in a change of its resonance frequency [50, 51]. Compared with the other

89

90

Mechanical and Tribological Characterization of MEMS
oscillating structures as microbridges or micromembranes, the microcantilevers are more
sensitive to an added mass and less sensitive to temperature changes.
A mass added to a cantilever beam changes its resonance frequency. Since the mass
of micromachined silicone resonator typically is of the order of 10 -9 - 10-6g, minimal
detectable mass changes of the order of 10-12g and even below are feasible.
The combination of the silicone-based cantilever beams with chemically sensitive
layers allows the fabrication of resonant chemical sensor. Polymer films absorb moisture and
can be used for humidity sensing. Humidity sensors are mainly used for climate control in
buildings and process systems. A 10µm thick polyimide film used as sensing layer was
exposed at 100% relative humidity (RH). The mass change due to the water absorption
decreases the fundamental resonant frequency of cantilever. The sensor exhibits a
sensibility of 2.7Hz/%RH if operate at the fundamental resonance frequency of about
16.5kHz [52].
Silicon dioxide cantilever with thickness of 1µm and 8µm by 150µm cantilever beams
supporting a 50µm by 50µm platform was used as the mass sensor. A mass sensitivity of
1.9kHz/ng was measured for the device operating at the fundamental resonance frequency
of 15.5kHz [53].
The geometrical dimensions of cantilevers have influence on the frequency response
and the quality factor. Longer cantilevers have higher mechanical quality factor than the
shorter ones, since the shorter one is more susceptible to the energy loss. Dimensional
scaling of paddle cantilevers is associated with respective scaling of their mass, frequency
and energy content influencing their minimum detectable mass and sensitivity. Moreover,
for a given dimensional structure changing only the paddle position will affect the structure
dynamical response by its influence upon the resonance frequency. For accurate
measurements the stability of the resonant frequency is required, reliable design of a paddle
cantilever sensor must take into account the noise processes in MEMS sensors that can be
divided into processes intrinsic to the device and those related to interactions with its
environment.
Most of the used actuation technique of mass detection applications includes
thermal actuation, electrostatic and electromagnetic actuations [54-57].
A chemically functionalized paddle microresonator moving in a rotational mode was
developed to detect bio-warfare agents including bacteria and viruses by measurement of
the change in resonance using laser vibrometer in vacuum [58]. The actuation of such sensor
is based on Lorentz force electromagnetic actuation.
Different types of cantilevers such as rectangle, paddle and triangular can be used as
the sensing beam. This section presents the investigations on the dynamical behaviour of
paddle cantilevers used in mass sensing applications considering not only the influence of
the geometrical dimension on the frequency response but also the effect of paddle plate
position.
4.5.1 Frequency response of paddle cantilevers
The investigated oscillators are paddle microcantilevers under electrostatic actuation. The
shape and dimensions of microcantilevers are sketched in Fig.4.28.
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(a)

(b)

Figure 4.28 Schematic representation of a paddle cantilever: (a) the paddle plate at the beam freeend, (b) the paddle plate moved toward to the beam anchor

To drive the oscillator at resonance, such as in mass sensing applications, a harmonic load is
applied between the cantilever and the lower electrode (Fig.4.28). To use a paddle cantilever
in mass sensing application, the eigenfrequency of beam need to be accurately determined.
The eigenfrequency is equal to fundamental resonance frequency of an oscillating cantilever
if the elastic properties of the cantilever remain unchanged during the mass absorption
process and the beam oscillates around its initial position.
A single degree of freedom model, as presented in Fig. 4.2, is used to simulate the
dynamic response of the oscillator. If a voltage is applied between oscillator electrodes, the
electrostatic force acting on the structure and given by eq. (4.2) has a harmonic component
with a frequency ω. The effective area A of the capacitor as a function of the paddle plate
position can be computed as: A=(w1×l1)+(w2×l2) if the paddle plate is at the beam free-end,
or A=w1·l1+w2·(l2+l3) if there are other different position of paddle plate on supporting
cantilever.
The fundamental resonant frequency of an electrostatically actuated cantilever
(without mass - deposited) is
0 

k0
1
2 me 0

(4.21)

where me0 is the equivalent mass of system and k0 is the beam stiffness.
The stiffness of a paddle cantilever as a function of the paddle plate position can be
computed using the Castigliano’s second theorem as [31, 50, 51]
- if the paddle plate is positioned at the free-end of beam (Fig.4.28a)

k0 

Et 3 w1w2
4[ w2l13  w1l2 (3l12  3l1l2  l22 )]
-

k0 

(4.22)

if the paddle plate has different position on cantilever (Fig.4.28b)

Et 3 w1w2
4[ w1l33  w2l1 (l12  3l1l3  3l32 )  w1l2 (l22  3l1l2  3l2l3  3l12  3l32  6l1l3 )]

(4.23)

where w1, w2, l1, l2, l3 and t are geometrical dimensions of sample conforming to Fig.4.28 and
E is the modulus of elasticity.
The bending-related distribution function is calculated under the assumption of
direct linear bending stiffness, taken into account only the effects of the end force, as
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 3x x 3 
(4.24)
f b  1   3 
 2l 2l 
where l is the cantilever total length, l  l1  l2 in the case presented in Fig4.28a and

l  l1  l2  l3 for the situation from Fig.4.28b.

The equivalent mass can be computed as
- if the paddle plate is positioned at the free-end of beam
l1 l2
 l1

2
2
me 0  t  w2  f b ( x)  dx   w1  f b ( x)  dx 
l1
 0

if the paddle plate has different position on cantilever
l3 l1
l3 l1 l2
l3

2
2
2
me 0  t  w2  f b ( x)  dx   w1  f b ( x)  dx   w2  f b ( x)  dx 
 0

l3
l3 l1
where ρ is the density of the material and t is the thickness of cantilever.

(4.25)

-

(4.26)

4.5.2 Experimental tests and numerical investigation on paddle cantilevers
The aims of experimental investigations are to determine the influence of the geometrical
dimensions and the effect of operating conditions on the frequency response of
electrostatically actuated paddle cantilevers. First tests are performed on paddle cantilevers
fabricated in different geometrical dimensions. Secondly, for the same cantilever, the
position of the paddle plate is moved from the beam free-end toward to anchor and the
frequency response is monitored.

Figure 4.29 Paddle cantilevers for experimental tests

Figure 4.29 shows the paddle cantilevers fabricated from polysilicon in different geometrical
dimensions. The dimensions of the sensing plate, according to Fig.4.28a are w1=40µm and
l1= 40µm. The thickness of beams is t= 1.9µm and the gap between flexible part and
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substrate is g0=2µm. Geometrical dimensions those are modified, are the cantilever length l2
and the width w2 as presented in Table 4.6.
Table 4.6 Dimensional parameters of investigated paddle microcantilevers

Cantilever
Length l2 (µm)
Width w2 (µm)

C1
145
18

C2
125
18

C3
145
9

C4
125
9

During experimental tests the peak amplitude of the driving signal of 3V are applied to
oscillate the samples and their frequency responses are monitored. Different frequency
responses of cantilevers are experimentally determined under ambient conditions and in
vacuum.

(a)

(b)

(c)
Figure 4.30 Electrostatic actuated C1 cantilever under: (a) the first bending mode; (b) the second
bending mode; (c) the third bending mode of oscillations

Different vibration modes of cantilevers can be visualized and analyzed. Figure 4.30 shows
the bending modes of the C1 cantilever under the peak amplitude of 3V of the AC signal. For
this cantilever, the first bending mode of oscillation (Fig.4.30a) corresponds to a resonant
frequency of 56.3 kHz. The second mode of vibration (Fig.4.30b) corresponds to 292.19 kHz
and the third bending mode (Fig.4.30c) has a resonant frequency of 946.56 kHz.
In order to estimate the effect of the sensing plate positions on the dynamical
response of investigated beams, only the changes in the first bending mode of vibrations
were monitored and analyzed. The input signal is the same for all samples: 3V peak to peak
amplitude of AC current. The experiments were repeated 5 times for each sample and the
average results are presented and discussed. Figures 4.31 and 4.32 present the frequency
responses of the investigated cantilevers tested under ambient conditions and in vacuum
(8×10-4 mbar). As figures show, if the length of flexible part of beam decreases from 145µm
to 125µm the resonant frequencies increase about 24%. Velocities of oscillations are
influenced by the operating conditions based on the damping effect.
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Figure 4.31 Resonant frequency responses of C1 and C2 cantilevers:
(a) under ambient conditions; (b) in vacuum
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Figure 4.32 Resonant frequency responses of C3 and C4 cantilevers:
(a) under ambient conditions; (b) in vacuum
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To simulate the dynamic behaviour of investigated cantilevers and the change in the
frequency response as a function of the geometrical dimensions, finite element analysis is
carried out using ANSYS Workbench software. The geometrical dimensions of cantilevers
used in FEA are the dimensions of samples from experimental investigations. Material
constants for polysilicon are: Young’s modulus 160GPa, Poisson’s ratio 0.22 and density
2330kg/m3. The E -modulus determination was done by a nanoindentation test.

(a)

(b)
Figure 4.33 Prestress modal analysis of: (a) C1 cantilever, (b) C3 cantilever

The finite element analysis results of the resonant frequency of investigated cantilevers, as
presented in Fig.4.33 and their comparison with theoretical and experimental results are
included in Table 4.7.
Table 4.7 Frequency response of investigated paddle cantilevers

Cantilever
C1
C2
C3
C4

Resonant frequency [kHz]
Experiment
Experiment
FEA
air
vacuum
56.2
56.3
55.9
73.8
74
73.3
39.4
40.8
41.6
53
53.6
53.9

Theory
55.6
73.0
41.4
53.8
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C5

C6

C7
Figure 4.34 Paddle cantilevers with different position of the sensing plate

The same investigation was done on paddle cantilever fabricated in the same geometrical
dimensions but with different position of the sensing plate (Fig.4.28b). The paddle plate is
moved from the cantilever free end toward to the beam anchor and the frequency response
is determined.
Figure 4.34 shows the fabricated paddle cantilevers with different position of the
sensing plate. These are microcantilevers fabricated from polysilicon with a total length of
130µm. The dimensions of sensing plate are 40µm by 40µm. The beams have a thickness of
1.9µm, a width of 9µm and the gap between flexible part and substrate is 2µm. Geometrical
dimension (Fig.4.28b) that varies is the cantilever length l2 from anchor to the sensing plate
and the values are provided in Table 4.8.
Table 4.8 The variable dimension of investigated paddle microcantilevers

Cantilever
C5
C6
C7

Length l2 [µm]
90
70
50

During experimental tests the peak amplitude of the driving signal of 3V are applied to
oscillate the samples and their resonant frequency responses are monitored. Different
oscillation modes of cantilevers can be visualized and analyzed. In mass- sensing applications
where the sensing plate is supported by cantilevers, the most important is the first bending
mode of oscillations. The resonant frequency of mass-detecting sensor is measured before
and after mass deposition. The deposited mass is determined based on the difference
between the initial and final resonant frequencies. As a consequence, the first bending mode
of investigated cantilevers with different position of the sensing plate is experimentally
determined. Figure 4.35 shows the first bending mode of the cantilevers C5, C6 and C7 with
the position of the sensing plate as illustrated in Fig. 4.34 and the variable dimension from
Table 4.8.
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C5

C6

C7
Figure 4.35 First bending vibration mode of the investigated cantilevers

Figure 4.36 Frequency response of the cantilever C5 with the paddle plate at the beam free-end

Figure 4.37 Frequency response of the cantilever C7 with the paddle plate close to anchor
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Figure 4.36 presents the frequency response of the cantilever C5 (Fig.4.34) with the sensing
plate at the beam free-end and Fig.4.37 shows the frequency response of the cantilever C7
with the sensing plate placed closer to the beam anchor. As figures show, if the length l2 of
the flexible part of beam (Fig.4.28b) decreases from 90 µm to 50 µm the resonant
frequencies increase about 29% (from 77.2 kHz to 110.1 kHz). For cantilever C6 with the
sensing plate placed at 70 µm from the beam anchor, a resonant frequency equal by 94.4kHz
is experimentally determined for the same operating conditions.

(a)

(b)
Figure 4.38 Modal analysis of: (a) cantilever C5 and (b) cantilever C7

Finite element analysis is carried out (Fig.4.38) to simulate the dynamical behavior of
cantilevers and the changes in the frequency response as a function of the sensing plate
position. The geometrical dimensions of cantilevers used in FEA are the same with the
dimensions of samples from experimental investigations.
The finite element analysis results of investigated cantilevers characterized by
different position of the paddle plate and their comparison with theoretical and
experimental results are presented in Table 4.9.
Table 4.9 Frequency responses of investigated cantilevers

Samples
Cantilever C5
Cantilever C6
Cantilever C7

FEA
78.4
95.7
118.3

Results
Experiment
77.2
94.4
110.1

Theory
78.6
99.8
128.2
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As it can be observed in Table 4.9, the experimental results are in good agreement with the
finite element analysis and with theoretical results obtained by using eq. (4.21). The
differences between the results are influenced by the accuracy of the experimental tests and
the accuracy of the geometrical dimensions measurement those were done using an optical
microscope.
4.5.3 Quality factor and the loss energy coefficient of paddle cantilevers
For cyclic motions of a structural material, significant heat generation become apparent and
energy dissipation is produce due to an energy loss mechanism internal to the material [28,
31]. This process of energy dissipation is known as thermoelastic damping. The
thermoelastic damping depends on material properties such as the specific heat, coefficient
of thermal expansion, thermal conductivity, mass density and elastic modulus, as well as the
temperature and geometry. Thermoelastic damping is recognized as an important loss
mechanism at room temperature in microscale beam resonators.
The total loss of energy coefficient is experimentally determined when the sample
oscillates in ambient conditions. The sample response in vacuum determines the intrinsic
losses. For the paddle cantilevers under investigation the experimental tests are performed
both in vacuum and in ambient conditions.
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Figure 4.39 Bandwidth measurements for C1 cantilever:
(a) in ambient conditions; (b) in vacuum
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Table 4.10 Quality factors Q and loss coefficient of energy Q-1
of investigated paddle cantilevers fabricated in different dimensions

Cantilever
C1
C2
C3
C4

Quality factor Q
Air
Vacuum
0.82
459.26
1.06
497
0.81
421.13
1.01
468.29

Loss coefficient Q-1
Air
Vacuum
1.21
2.17×10-3
0.94
2.01×10-3
1.23
2.37×10-3
0.99
2.13×10-3

For the investigated C1, C2, C3 and C4 paddle cantilevers fabricated in different geometrical
dimensions (Fig.4.29) the quality factor Q and also the loss coefficient Q -1 are determined
using eq.(4.14) and the bandwidth (ω2 - ω1) that is measured on the frequency response
experimental curves as presented in Fig.4.39 for C1 cantilever. The results are included in
Table 4.10. It can be noticed that the lower Q-factors are due to the air damping. Using the
values of Q-factors and based on eq.(4.13) a shift of the damping ratio is observed as a
function of the cantilever length. The damping ratio decreases from 0.6 to 0.4 if the position
of the sensing plate is moved toward to the beam anchor. The damping ratios is 0 ≤ ξ <1
which confirm that the cantilevers have oscillatory responses under the exciting signal.
Velocities and amplitude of oscillations are also influenced by the sensing plate
positions and different Q-factors are determined. The variations of the Q-factor for
investigated cantilevers C5, C6 and C7 (Fig.4.34) tested in ambient conditions are
experimentally monitored. Figure 4.36 shows the bandwidth of C5 cantilever tested in
ambient conditions. For the investigated cantilevers, an increasing of the Q-factor from 1.46
for the cantilever C5 to 2.58 for the cantilever C6 and 3.38 for the cantilever C7 is
experimentally determined. As a consequence, the experimental loss coefficient can be
determined as being: 0.685 for the cantilever C5, 0.38 for the cantilever C6 and 0.295 for the
cantilever C7, respectively.
A shift of the damping ratio is also observed as a function of the sensing plate
positions. The damping ratio decreases from 0.34 to 0.20 and 0.15, respectively, if the
position of the sensing plate is moved from the beam free-end toward to the beam anchor
(Fig.4.34). For each tested samples the damping ratios is 0 ≤ ξ <1 which confirm that the
cantilevers with different positions of the sensing plates have oscillatory responses under
the exciting signal.
The Q-factor increases and the loss coefficient of energy decreases if the length l2 of
the flexible part that connect the sensing plate to anchor decreases, respectively. The
resonant frequency, velocity and amplitude of oscillations increase for the same input signal,
if the sensor is designed with the sensing plate closer to the beam anchor.
4.5.4 Paddle cantilever used in mass sensing applications
When a cantilever is modally monitored, the bending frequency response is influenced by
mass deposition. Finding the attached mass by the resonant method implies measuring the
shift in the bending resonant frequency after mass deposition, as a result of alterations in
both the stiffness and the mass of the paddle cantilever (as is the case with layer-like
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deposition) or on the change of the sensing system’s mass (as is the case of point-mass
deposition).

Figure 4.40 Point-like mass deposited on a paddle microcantilever

In the case that the mass is deposited locally on a very small area of the paddle cantilever,
which may be considered a point (Fig. 4.40), the effective mass which results after mass
deposition can be calculated [59]
me1  me0  fb (a)2 m
(4.27)
where fb(a) is the distribution function corresponding to the position where the mass Δm has
been deposited (Fig. 4.40).
For a cantilever having the total length l the bending-related distribution function is
calculated under the assumption of direct linear bending stiffness, taken into account only
the effects of the end force, as
3

3a 1a
f b (a)  1      
2 l  2 l 
Equation (4.28) expresses the modified resonant frequency in the form of

1 

k0
1
2 me 0  m   f b (a) 2

(4.28)

(4.29)

The amount of mass that locally deposits on a variable-cross-section microcantilever in
terms of the altered bending resonant frequency, that can be experimentally measured, can
be determined as [59]

m 

k0 / 02  42 me 0
2
4 2  f b ( a ) 

(4.30)

Using (4.21), (4.29) and (4.30) it can be defined the mass sensitivity


which represents
m

the frequency variation per unit of added mass.
Table 4.11 Mass sensitivity of paddle cantilevers in the case of point-mass deposition

Cantilever
C1
C2
C3
C4

Analytical
ω1
Δω/Δm
(kHz)
(kHz/ng)
54.1
3.00
70.9
4.10
40.2
2.46
52.1
3.26

FEA
ω1
(kHz)
54.5
71.3
40.4
52.3

Δω/Δm
(kHz/ng)
2.86
4.03
2.33
3.12
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To exemplify the application of a paddle cantilevers in mass sensing a point mass of 0.503ng
is considered as deposited on the middle of the sensing plate of the cantilevers. In case of
the C3 cantilever (Fig.4.29) with analytically calculated initial resonant frequency of 41.4kHz
the computed resonant frequency after added mass is 40.2 kHz. Thus, a mass sensitivity
(Δω/Δm) of 2.46 kHz/ng for the C3 cantilever is estimated. Applying the same procedure the
mass sensitivity for all investigated paddle cantilevers can be determined. The obtained
results are presented in Table 4.11.
Table 4.12 Mass sensitivity for investigated paddle cantilevers in case of layer-mass deposition

Cantilever
C1
C2
C3
C4

ω0
(kHz)
55.9
73.3
41.6
53.9

ω1
(kHz)
50.9
66.4
37.5
48.5

Δω/Δm
(kHz/ng)
3.94
5.68
3.19
4.46

In order to exemplify the application of a paddle cantilever in layer-mass detection a FE
analysis is carried out considering a thin film of 500nm thick of polysilicon, deposited on the
sensing plate of the analyzed cantilevers. The resonant frequency of C1 cantilever with the
initial resonant frequency of 55.9 kHz after layer-mass deposition is computed of 50.9 kHz. A
mass sensitivity (Δω/Δm) of 3.94 kHz/ng for the cantilever C1 is estimated. The obtained FE
results in case of layer-mass deposition for all paddle cantilevers are presented in Table 4.12
The analytical results, validated for initial resonant frequency by the experimental
tests indicate that a decrease in the minimum detected mass can be achieved by a paddle
cantilever with small equivalent mass and high resonant frequency. The shorter paddle
cantilevers are more mass sensitive than the longer ones.
The paddle cantilevers can be used satisfactory in mass sensing application by
monitoring their changes in the frequency responses. The sensitivity of cantilevers depends
by the geometrical dimensions of samples.
The experimental, theoretical and finite element analysis results of frequency
response of the investigated cantilevers are in good agreement. A small shift of the
frequency response for the same paddle cantilever can be noticed in air due to the damping
of surrounding medium. Significant differences were observed in velocity and amplitude of
oscillations when the cantilevers operate under vacuum versus ambient conditions.
Paddle cantilever whose equivalent mass is small and whose resonant frequency is
high have a higher mass sensitivity.
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5. MEMS MATERIAL CHARACTERIZATION AND TRIBOLOGICAL INVESTIGATIONS
One of the main failure causes in MEMS is stiction. Stiction is the adhesion of contacting
surfaces in MEMS due to surface forces. Adhesion force depends on the operating
conditions and is influenced by the contact area. Analysis of adhesion between flexible
MEMS structure and substrate were already presented in section 3 and 4 of this thesis. In
this section, the adhesion force between MEMS materials and the AFM tips is analyzed using
the spectroscopy-in-point operating module of the AFM. The investigated samples are the
most used MEMS materials such as silicon, polysilicon, titanium, platinum, aluminum and
gold. The roughness has a strong influence on the adhesion because the contact area
between components increases if the roughness decreases. For a gold sample in contact
with an AFM tip from Si3N4 the experimental adhesion force decreases from 21nN to 2.5nN if
the Ra- roughness increases from 10.7nm to 72.7nm. The same dependence is obtained for
gold sample in contact with a gold coated AFM tip. The difference between adhesion forces
from Au/Au and Si3N4/Au is based on different surfaces energies. The dimensions of the AFM
tip and its coated material have influence on adhesion. Numerical computation of adhesion
force is also developed using the well-known JKR and DMT models. Moreover, this section
presents the analysis of hardness of MEMS material properties and friction. The hardness
tests were done by using the nanoindentation module of AFM. The lateral force module of
AFM is used to determine the friction force. The analysis of the temperature effect on MEMS
materials properties is performed using a temperature control system based on Peltier
elements. The changes of the mechanical and tribological properties of MEMS material as a
function of temperature are investigated. The temperature has influence on the tribological
and mechanical behaviors of materials based on thermal relaxation. The coupling of the
strain field to a temperature field provides an energy dissipation mechanism that allows the
material to relax. In the case of investigated MEMS materials, the relaxation strength to be
considered is that of the modulus of elasticity with influence on contact stiffness and
hardness. The tribological investigation of interest is the friction force measurement as a
function of temperature. The direct measurement of the temperature effect on tribological
and mechanical behavior of MEMS materials is important in order to improve the reliability
design of MEMS and to increase the lifetime of microstructures from MEMS applications.
Tribological behavior of MEMS materials depends on the topography of the two
contacting surfaces. Based on the surface topographies importance to many fields besides
tribology, a wide variety of techniques have been developed over the years for
characterization including contact mode (profilometry, scanning probe microscopy, atomic
force microscopy) or non-contact mode (optical interference, optical scattering, scanning
electron microscopy).
The results from this section were presented to international conferences and
published in international journals. A list of significant publications in this subject is
presented next.
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5.1 Effect of the surface parameters on adhesion force of MEMS materials
The last period of time has been characterized by an increased interest in the attractive
surface forces which become dominant at micro- and nano-scale and in the factors that
influence them. This interest led to intensive research and valuable theoretical and
experimental results obtained in microtribology and nanotribology, namely in methods to
characterize the surface topography and to determine the adhesion force in the case of
MEMS structures.
Stiction, a well-known failure cause of MEMS that occurs when surface forces are too
large and, as a consequence, the surfaces cannot be separated again [60], has been intensely
investigated. The main surface forces, such as adhesion and capillary forces and their most
important characteristics have a great impact on stiction and therefore, they have been the
subject of experimental and theoretical research. The theoretical models that have been
developed take into consideration the main factors that influence these forces such as
material properties, surface characteristics and environmental conditions.
The experimental research has been recently conducted mainly by using atomic force
microscope (AFM) and the surface forces apparatus (SFA). The topographic characterization
of a surface provided by an AFM includes not only the surface topography, but also
important statistical surface parameters [13, 61-63].
The AFM can be used to determine the dependence of the interaction on the probesample distance at a given location. The spectroscopy can be performed as a local force
spectroscopy or as a force imaging spectroscopy. In the first type, a plot of the deflection of
the cantilever versus the sample displacement is obtained for a particular point on the
sample surface. The force can be computed easily knowing the spring constant of the
cantilever. In the latter, the plots are generated for a large number of points of the sample
surface. This type of spectroscopy can be used to measure adhesion, hardness, or
deformability of samples and Van der Waals interactions [62-65].
The AFM measurements that present interest for this work are the measurements
regarding the maximum force required for the separation of the AFM tip and the sample
which gives the adhesion force, often referred to as the pull-off force. The experimental
investigations were conducted using the spectroscopy in point mode of the AFM with the
purpose of determining the adhesion force between the AFM tip and the MEMS materials
with different roughness. Two types of investigations were conducted. The first one aimed
to determine the variation of the adhesion force with respect to the variation of the
roughness. The second one aimed to determine the adhesion force in multiple points of each
investigated sample. The values obtained experimentally for the adhesion force is validated
using existing mathematical models.
The materials investigated and presented in this section are thin solid films of silicon,
polysilicon, titanium, platinum, aluminum, and gold with a thickness of 500 nm. The thin
films consist in one layer of each material deposited on silicon Si (100) as substrate. The
investigated materials were chosen due to the fact that they are often used in several MEMS
applications.
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5.1.1 Theoretical formulas for adhesion
Adhesion measurements are influenced by the contact type between the surfaces that come
in contact. The pioneering work in the field of contact mechanics has been done by Heinrich
Hertz. His formula for the radius of a circular contact area between a flat plane and a sphere
pressed together by a certain normal load is still used in macroscopic scale applications.
During the years the research conducted in this field lead to other models.
The JKR model [66] was developed due to the discrepancies that occurred between
experimentally obtained values and the ones predicted using the Hertz theory when low
loads were applied. The Hertz equation to describe the radius of the circular contact area
between a sphere of radius R and a plane was modified to take into account the effect of
surface energy γ
13

R
2 
a    P  3R  6RP  3R   
(5.1)

 

K
where K is a constant depending on Young’s module and Posison’s ratio corresponding to
each surface and P is the applied load.
The surface energy γ is also called Dupré energy of adhesion [67] or work of adhesion
[64, 68] and it is actually the energy per unit area and it represents the work done in
completely separating a unit area of the interface [67]. The pull-off force, which is in fact the
minimum value of the load necessary to separate the surfaces in contact, is given by [66]
3
FadJKR  R
(5.2)
2
Another model used for determining the adhesion force when considering the contact
between bodies is the one developed by Derjaguin, Muller and Toporov (DMT). The model is
based on the assumption that the contact profile remains the same as in the Hertz theory,
but assumes a larger load due to the adhesion. For the radius of the circular contact area
between a plane and a sphere of radius R, the following formula was derived [67]
13

R

a   P  2R 
K

while, according to this model, the pull-off force is given by
FadDMT  2R

(5.3)

(5.4)

In the case of the contact between two spheres of radii R1 and R2, respectively, the eqs. (5.2)
and (5.4) for the adhesion force provided by the two described models can be derived in the
following equation [62]
RR
Fad  c 1 2
(5.5)
R1  R2
where c is a constant equal by 2 in the DMT model and equal by 1.5 in the JKR model.
5.1.2 Experimental procedure
The MEMS materials under investigation are thin solid films of silicon (Fig.5.1), polysilicon
(Fig.5.2), platinum (Fig.5.3), aluminum (Fig.5.4), gold (Fig.5.5) and nickel (Fig.5.6), with a
thickness of 500nm. The thin films consist in one layer of each material deposited on silicon
Si (100) substrate. The investigated materials were chosen due to the fact that they are
often used in several MEMS applications.
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Figure 5.1 AFM scanning map and surface parameters of a Silicon sample

Figure 5.2 AFM scanning map and surface parameters of a Polysilicon sample
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Figure 5.3 AFM scanning map and surface parameters of a Platinum sample

Figure 5.4 AFM scanning map and surface parameters of an Aluminum sample
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Figure 5.5 AFM scanning map and surface parameters of the a Gold sample

Figure 5.6 AFM scanning map and surface parameters of a Nickel sample
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The characterization of the MEMS materials was performed using the XE 70 AFM at a
relative humidity of 30%, a temperature of 22°C and a scanning frequency of 0.75Hz. The
cantilever used for the tests was a NSC35C cantilever which, according to the manufacturer
specifications has a length of 130 µm, a width of 35µm, a thickness of 2µm, a force constant
of 5.4N/m and a resonance frequency of 150kHz. The tip of the cantilever has a radius
smaller than 20nm. The XEI Image Processing Tool for SPM (Scanning Probe Microscopy)
program was used for interpreting the obtained data.

Loading
Unloading

Fad
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Adhesive effect on the
unloading part of curve

Figure 5.7 AFM force versus vertical approach between AFM tip (Si3N4) and Si- sample

The adhesion forces between the AFM tip from Si3N4 and the Si surface, measured using the
spectroscopy in point mode of the AFM, is presented in Fig.5.7. After the contact between
AFM tip (Si3N4) and Si sample occurs, on the unloading part of AFM curve a negative
deflection of the AFM cantilever is observed based on the adhesion effect (Fig.5.7). This
negative deflection is equal by the adhesion force between the AFM tip and investigated
surface. The experimental AFM curves that give the dependence between the applied force
and the vertical approach of AFM probe toward to the samples were generated for all the
materials considered for adhesion investigation: silicon, polysilicon, titanium, platinum,
aluminum, and gold. Based on these curves the adhesion forces between the AFM tip and
each sample were obtained.

Figure 5.8 Spectroscopy in matrix performed on a Si- sample
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For the second type of experimental tests the measurements were conducted in multiple
points using the spectroscopy in matrix of AFM. For each investigated sample a grid of 16
squares was considered as presented in Fig. 5.8 and the adhesion force was determined for
the center point of each square.
5.1.3 Results and discussions on adhesion force of MEMS materials
The first type of investigations was made with the purpose of determining the variation of
the adhesion force with respect to the roughness variation. Four measurements were
conducted using two different AFM tips. When the gold surface came in contact with the
AFM tip from Si3N4 a decreasing trend was obtained for the adhesion force experimentally
obtained. The values decreased from 21nN to 2.5nN if the roughness increased from 10.7nm
to 72.7nm. The same trend was obtained when the gold surface came in contact with a gold
coated AFM tip. However, the difference between values of the adhesions from Au/Au and
Si3N4/Au occurs due to different surfaces energies.

Figure 5.9 Variation of the adhesion force with respect to the roughness for gold MEMS material

The values of the adhesion force in multiple points of each sample obtained in the second
type of investigations were also theoretically validated using the mathematical models
presented in section 5.1.1.

Figure 5.10 Estimation of the asperity radium in the center of square no. 2 from the spectroscopy in
matrix taken on the polysilicon surface

From the investigated samples, the polysilicon one was characterized by higher values of the
roughness. Consequently, the contact between the polysilicon thin film and the AFM tip was
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dealt as a contact between two spheres and therefore, the eq. (5.5) was used for validating
the experimental values. The asperity corresponding to each point where the measurements
were conducted was approximated with a sphere and its radius was determined. For the
case presented in Fig.5.10 the radius of the asperity was R2= 6.26nm. Using a value of R1=
18nm for the AFM tip radius, and a value of γ= 0.3 J/m 2 for the surface energy [69], the
theoretical values of
and
were obtained. The experimental
value of the adhesion force
is between the two theoretical limits.
The experimental values of the adhesion force obtained in the centers of the all 16
squares of the grid taken for the polysilicon surface (Fig.5.8) varied between 4.28nN and
14.71nN. The theoretical values for the adhesion force obtained in the same points varied
between 4.49nN and 12.47nN for the JKR model and between 5.99nN and 16.63nN for the
DMT model. All the values together with their fitted curves are plotted in Fig.5.11 with
respect to the value of the asperity radius. As it can be seen the fitted curve of the
theoretical values obtained using the JKR model is an extremely good approximation of the
fitted curve of the experimental values.

Figure 5.11 Theoretical values vs. experimental values for the polysilicon thin film

The other investigated thin films (silicon, titanium, polysilicon, platinum, aluminum, and
gold) were characterized by lower values of the roughness. Consequently, the contact
between the thin films and the AFM tip was dealt as a contact between a sphere and a plane
and therefore, the eqs. (5.2) and (5.4) were used for validating the obtained experimental
values. The value of R= R1= 18nm was used in all computations and corresponds to the AFM
tip radium.
For the silicon thin film the experimental values of the adhesion force are between
113.53nN and 140.19nN and have a mean value of 124.33nN. The theoretical values are
and
and they were obtained for a surface energy γ of
2
1.51J/m [70]. As it can be seen in Fig. 5.12 the experimental values for the adhesion force
vary around the value estimated using the JKR model.
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Figure 5.12 Theoretical values vs. experimental values for the silicon thin film

Figure 5.13 Theoretical values vs. experimental values for the aluminum thin film

For the aluminum thin film the experimental values of the adhesion force are between
27.73nN and 137.03nN and have a mean value of 74.16nN. The theoretical values are
and
and they were obtained for a surface energy γ of
2
0.92J/m [71]. As it can be seen in Fig. 5.13 the experimental values for the 16 considered
points have quite a large variation. However, the mean value if well estimated by the JKR
model.
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Figure 5.14 Theoretical values vs. experimental values for the platinum thin film

For the platinum thin film the experimental values of the adhesion force are between
79.86nN and 113.16nN and have a mean value of 96.52nN. The theoretical values are
and
and they were obtained for a surface energy γ of
2
1.02J/m [72]. As it can be seen in Fig.5.14 almost all experimental values are between the
two obtained theoretical limits.

Figure 5.15 Theoretical values vs. experimental values for the gold thin film

For the gold thin film the experimental values of the adhesion force are between 47.44nN
and 110.61nN and have a mean value of 77.16nN. The theoretical values are
and
and they were obtained for a surface energy γ of 1J/m2
[73]. As it can be seen in Fig. 5.15 the experimental values for the adhesion force vary
around the value estimated using the JKR model.
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The theoretical values are in agreement with the experimental ones, fact illustrated more
clearly in Fig.5.16 which shows that for the analyzed materials the mean experimental value
is either between the theoretical limit or it is well approximated by the JKR model.

Figure 5.16 Comparative study for Si, Al, Pt, and Au thin films

The results concerning the variation of the adhesion force for gold samples show that the
adhesion force decreases with the increase of roughness regardless of the AFM tip material.
The difference between the values obtained using an AFM tip from Si3N4 and the ones
obtained using an AFM tip coated with gold occur due to the surface energy difference.
The experimental investigations have shown an increasing trend for the adhesion
force with the increase of the asperity radius in the case of the contact between the
polysilicon thin film and the AFM tip. This increasing trend has been also proven using the
theoretical models for the adhesion force.
The main parameters that influence the adhesion force are the surface energy, the
roughness, and the radius of the AFM tip. This influence is well illustrated by the
mathematical models which provided theoretical values in the same range with the
experimental values of the adhesion force. The differences may have occurred due to
additional attractive forces such as capillary forces or due to the fact that the value of the
AFM tip radius is estimated. Moreover, the contact between the AFM tip and asperity for
the polysilicon thin film was also estimated and for all the samples, the theoretical value of
the surface energy was used in computations which can differ from the experimental surface
energy.
5.2 Temperature effect on hardness and friction of MEMS materials
Measuring the mechanical properties of material at micro and nano scale helps on MEMS
designers to evaluate the material behavior in order to improve the MEMS reliability design
and to understand the strengthening and deformation mechanism at the micro and nanoscale. Investigation of tribological properties of MEMS materials gives the possibility to
predict the wear and friction of micro and nano- devices with movable components.
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The temperature changed the mechanical and tribological behaviors of materials used in
MEMS thermal applications. This section deals with the determination of mechanical and
tribological characteristics of MEMS materials as a function of temperature. The mechanical
properties of interest are hardness and contact stiffness. Many MEMS devices such as
thermal actuators, thermal flow sensors, micro-hotplate gas sensors, and tunable optical
filters are based on thermo-mechanical coupling [31, 74].
Indentation tests are the most used way of testing the hardness of materials. This
technique has its origins in the Mohs scale of mineral hardness and has been extended in
order to evaluate material hardness over a continuous range. Hence, the adoption of the
Meyer, Knoop, Brinell, Rockwell and Vickers hardness tests were performed. The
nanoindentation technique has been established as the primary tool for hardness
investigations of micro and nano - scale. The test is usually performed with a pyramidal or a
conical indenter.
The method used in the experimental determination of hardness is the Oliver and
Pharr method. This is a standard procedure for determining the hardness and elastic
modulus at micro and nano-scale, from the indentation load-displacement curves [63, 7477]. The Oliver-Pharr method is frequency used by researchers to interpret indentations
performed on thin films in order to obtain approximate film properties regardless of the
effect of substrate properties on the measurement. The accuracy of this method depends on
the film properties and on the indentation depth as a fraction of the total film thickness.
F
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Figure 5.17 Nanoindentation curve

Figure 5.17 shows a typical nanoindentation curve with maximum indentation force Fmax and
depth beneath the material free surface hmax. The depth of the contact is hc and slope of the
elastic unloading dF/dh allow material elastic modulus and hardness to be calculated. The
depth of residual impression is hr and he is the displacement associated with the elastic
recovery during unloading. The hardness is usually determined from a measure of the
contact depth of penetration hc, such that the projected area of the contact is given by

A  3 3hc2 tan 2 

(5.6)
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where θ is the face angle. The face angle of the Berkovich indenter normally used for
nanoindentation testing is 65.27:. The projected area can be evaluated as
(5.7)
A  24.494hc2  24.5hc2
The hardness (H) and modulus of elasticity (E) can be calculated from the loaddisplacement experimental curve. As the indenter was allowed to penetrate the samples,
both elastic and plastic deformation occurred.
Nanoindentation hardness is defined as follows:
F
Fmax
H  max 
(5.8)
A
24.5  hc2
where hc is the contact depth of the indentation given by
F
(5.9)
hc  h  0.75 max
S
In eqs. (5.8) and (5.9) Fmax - is the load measured at a maximum depth of penetration, A - is
the projected contact area, S - is the contact stiffness, 0.75 - is a constant characteristic to
the Berkovich indenter geometry.
The hardness and elastic modulus of materials can be extracted from the
experimental readings of indenter load and depth of penetration (Fig.5.17). In an
indentation test, force and depth of penetration are recorded as load is applied from zero to
a given value (maximum force) and then from this value of force back to zero. The depth of
indentation together with the known geometry of the indenter provides an indirect measure
of the contact area at maximum load from which the hardness may be estimated. When
load is removed from the indenter, the material attempts to regain its original shape but it
prevent from doing so because of plastic deformation that occurs. The analysis of the initial
portion of the unloading response gives the contact stiffness which allows to estimating of
the elastic modulus of the indented material.
5.2.1 Temperature influence on hardness
The nanoindentation experiments were performed using an AFM XE 70 equipped with a
nanoindentation module. A three-sided pyramid diamond indenter tip (Berkovich type)
attached by a cantilever with high stiffness (144N/m) was used. The Berkovich indenter is
generally used in small-scale indentation studies because it is readily fashioned to a sharper
point than the four-sided Vickers geometry, thus ensuring a more precise control over the
indentation process.
F=10N

F=50N

F=100N

F=150N

Figure 5.18 Nanoindentation of a silicon material at ambient temperature under different forces
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Before and after indentation process at each temperature, the AFM contact mode was used
to scan the surface. The topography of the samples surface was then obtained by AFM
scanning mode. The indentation depth of investigated materials was estimated using XEI
software associated with the AFM.
Figure 5.18 shows the nanoindentation places on silicon material at 20:C for different
loading forces 10N, 50N, 100N and 150N. As the forces increases, the indentation depth
increases, respectively.

(a)

(b)

(c)

(d)
Figure 5.19 Indentation depth variation of silicon at 20:C for a force equal by:
(a) 10µN; (b) 50µN; (c) 100µN; (d) 150µN

Figure 5.19 shows the variation of the indentation depth at 20:C for different indentation
forces and Fig.5.20 presents the variation of the indentation depth at 80:C. Increasing of the
indentation depth is experimentally determined for the same indentation forces, if the
temperature increases.
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(a)

(b)

(c)

(d)
Figure 5.20 Indentation depth variation of silicon at 80:C for a force equal by:
(a) 10µN; (b) 50µN; (c) 100µN; (d) 150µN
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Figure 5.21 Variation of the indentation depth as a function of force of silicon for different
temperatures
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Figure 5.21 shows indentation depths of silicon for different indentation forces at 20:C and
80:C, respectively. Using the same procedure as used to investigate the silicon sample,
indentation tests were done on the other investigated MEMS materials as nickel, gold and
aluminum.
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Figure 5.22 Variation of the indentation depths as a function of temperature of investigated MEMS
materials (indentation force is 100µN)

Conforming to Fig.5.22 the indentation depths increase if the temperature increases, for the
same indentation force. The indentation force is 100µN. A small difference between the
indentation depth of aluminum and gold thin films is observed. It is know that, the hardness
and the Young's modulus of aluminum and gold are relatively closed.

Figure 5.23 Hardness of silicon at 20⁰C using an indentation force of 10µN
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Figure 5.24 Hardness of silicon at 80⁰C using an indentation force of 10µN

By using eq. (5.8) and considering an indentation force of 10µN and the contact depth hc of
6.48nm at 20: (Fig.5.23), and 8.28nm at 80:C (Fig.5.24), the hardness is numerical
determined. The experimental results are close to the theoretical computation. The
theoretical hardness of silicon is 9.72GPa at 20:C and 5.95GP at 80:C. The difference
between the hardness results are influenced by the irregularities in the shape of the
indenter, deflection of the loading frame, and piling-up of material around the indenter that
has effect on the indentation depth measurement. Furthermore, the scale of deformation in
a nanoindentation test becomes comparable to the size of material defects such as
dislocations and the grain size.
The contact stiffness S can be estimated base on the experimental values of the
maximum indentation depth measured using the scanning mode as presented in Figs. 5.19
and 5.20 and the contact depth given by the hardness interpretation software as presented
in Figs. 5.23 and 5.24. By using eq. (5.9) the contact stiffness can be computed as
0.75Fmax
S
(5.10)
h  hc
Using the experimental obtained indentation depths for a force equal by 10µN, a
contact stiffness of 2023.74 N/m is obtained for silicon at 20:C. Increasing the temperature
from 20:C to 80:C the contact stiffness decreases from 2023.74N/m to 1162N/m.
The temperature changes the material internal behavior and the surface stiffness
based on the thermal material relaxation. The temperature influences on hardness of the
other investigated MEMS materials are determined. Table 5.1 presents the dependence
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between hardness and temperature of investigated materials: silicon, nickel, aluminum and
gold. The hardness decreases as temperature increases, respectively.
Table 5.1 Hardness of investigated MEMS materials as a function of temperature
Temperature [:C]
Material
20
40
60
80
Hardness [GPa]
Silicon
9
7.55
6.1
5.18
Nickel
11.14
6.78
2.76
1.71
Gold
1.99
1.69
1.12
0.972
Aluminum
1.37
0.912
0.764 0.617
In order, to compare the hardness obtained by nanoindentation, macro - scale indentations
at 20:C with forces equal by 0.1N and 0.5N are performed. Figure 5.25 shows the macroindentation area of silicon and nickel taken using a hardness tester AFFRI DM 8B.

(a)

(b)

Figure 5.25 Macro-scale indentation of: silicon (a) and nickel (b)

Using a Vickers diamond pyramid indenter the hardness is determined for an indentation
force equal by 0.1N and 0.5N, and considering the indentation surface area of the
impression. The Vickers hardness is found using the following well known relation
F
(5.11)
VH  1.8544 2
d
where d is the length of the diagonal measured from corner to corner on the residual
impression in the specimen surface and F is the indentation force.
For silicon material, an average hardness of 9.38GPa is obtained. The average
measured hardness of nickel is 11.86GPa. The hardness measured using macro-scale
indentation approach is in good agreement with its value taken by nanoindentation.
5.2.2 Temperature influence on friction
Using a thermal stage controller the temperature of investigated samples is controlled.
Friction is determined using the lateral mode of AFM.
Three basic characteristics are involved in the friction of dry solids [25, 33, 34, 78-80]:
1) the true area of contact between rough surfaces;
2) the type and strength of bond formed at the interface where the contact occurs;
3) the shearing and rupturing characteristics of the material in and around the contact
regions which can be influenced by temperature.
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The friction force is estimated by AFM measurements of the rotation deflection of AFM
probe. In that case, the two surfaces in contact are the tip of AFM probe and the sample.
This measurement provides an index of friction behavior between two materials being in
contact and in relative motion. The relative motion between tip and surface is realized by a
scanner composed of piezoelectric elements, which move the material surface perpendicular
to the tip of the AFM probe with a certain periodicity as shown in Fig.5.26. The scanner can
also be extended or retracted in order to modify the normal force applied to the surface.
This force gives information on the bending deflection of AFM probe. If the normal force
increases while scanning because the surface is not flat, the scanner is retracted by a
feedback loop. On the other hand, if the normal force decreases, the surface is brought
closer to the tip by extending the scanner. The relative sliding of the AFM probe tip on the
top surface of investigated materials is influenced by friction. The lateral force, which acts in
the opposite direction of the scan velocity, causes torsion of the AFM probe. Using a photodetector the lateral movements of the AFM probe during scanning is measured.
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Figure 5.26 Scanning principle and geometrical dimensions of an AFM probe: (a) the cantilever has
semicircular cross-section; (b) the cantilever has rectangular cross-section
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Figure 5.27 Friction signal and rotational deflection of AFM cantilever

Rotational (torsion) deflection dz of AFM probe is measured (Fig.5.27) and the friction force
is determined with the following formula that was computed based on the torsion beam
theory.
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If the supported cantilever has semicircular cross-section (Fig.5.26a) the friction force
is

0.3r 4  G
 dz
(5.12)
L2  s
where dz is the deflection of AFM probe [nm]; G – is shear modulus of the cantilever
material; L, s, r – are the dimensions of AFM probe.
If the cantilever that support the tip and is torsional deflected has rectangular crosssection (Fig.5.26b), the friction force can be determined as
Ff 

0.33r  G  h3  b
dz
(5.13)
L2  s
where additional geometrical dimensions are considered as h - the thickness of cantilever
and b – the width cantilever, s - height of tip of AFM probe.
In the experimental tests performed on MEMS materials, friction force and its
variation as a function of temperature is investigated using an AFM cantilever with
semicircular cross-section and the following geometrical dimensions (Fig.5.26a)
 Tip height s = 109µm
 Radius (thickness) r = 24µm
 Length L=782 µm
Ff 

Table 5.2 Friction forces between AFM tip and investigated
MEMS materials as a function of temperature

Material

10

Silicone
Nickel
Gold
Aluminum

78
60
102
262.7

Temperature
20
40
Friction force [nN]
234.2
371.1
142
350
557
677.3
417.1
989.2

60
606
490
984.5
1864.5

In order to avoid the temperature influence on the AFM cantilever during scanning, a probe
with high stiffness (144N/m) and with a diamond tip is used. Using the same loading force of
10µN for all samples, the variation of dz a function of temperature is determined for silicone,
nickel, gold and aluminum. Using eq. (5.12) the friction force is computed and presented in
Table 5.2.
The viscoelastic effect makes friction rate and temperature dependent. The friction
forces increasing as a function of temperature based on the change of the materials
strength. As the temperature increases the material properties decrease based on the
thermal relaxation of material.
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6. FUTURE SCIENTIFIC, PROFESSIONAL AND ACADEMIC DEVELOPMENT PLAN
The professional prestige that I have formed and I further intend to develop my academic
career is based on a set of values as: openness to novelty, communication, transparency,
team spirit and professional feedback. The development of the field of Mechanical
Engineering and improvement of my career depends on respect for these values. Openness
to new in Mechanical Engineering which has deep roots and wide openings to the horizons is
mandatory for any mechanical engineer for both career development and deepening her
knowledge at any point in time. The new challenges of technology should be evaluated,
criticized or appreciated, since the appearance. In a university environment, but also in
research, knowledge and openness to everything new is a strong differentiator for our
economic partners. I was and I intend to remain open to knowledge with the same
enthusiasm with which I noticed my whole activity in Mechanical Engineering since 1996.
Good communication skills are essential at every workplace. Usually, I have a good
communication with my colleges and our students. I got advice and I gave different
professional recommendations, but also I have accepted constructive criticism in the same
professional manner. In all my teaching and scientific presentations I was confident in my
professional knowledge. I made sure and I will continue to ensure that my audiences
understand what I want to disseminate. I am open to any discussion and questions. I have
taken and will take into account all the criticism and suggestions coming from specialists.
Transparency of information and decision-making are essential in a team. Openness
enables a relaxed atmosphere that brings significant scientific results. It must be said,
criticized, discussed what the result of team that you belong is. Any appreciation or
depreciation resulting from communication will be a feedback for improvement the
educational and scientific skills.
The feedback is the framework for continuous improvement. I will support and I will
use in my activities the feedback coming for education (feedback from my students) or
scientific activities (conferences, seminars, internal disseminations) and professional or
industrial development (open discussions, advices).
I want to further develop my academic career based on an excellent professional
reputation, to ensure my success and increased the visibility of the Department of
Mechanical Systems Engineering from Technical University of Cluj-Napoca.
6.1 Proposal for educational career development
First, the teaching career development plan includes a good professional communication
with students. I will give all my support to student learning for acquiring international
recognition. Secondly, promoting the teacher - student feedback and transparency are an
important task of the educational development plan. Additional support of educational
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activities will be organization of scientific workshops and summer schools in the field of
mechanical engineering.
The Department of Mechanical Systems Engineering has the most widespread
education at the university level and the discipline of Machine Elements is included in the
curricula of three faculties from Technical University of Cluj-Napoca. In this context, the
objectives of the development plan of my educational career are related to the following:
- ensure the continuity of publication of educational books for students;
- attending to multidisciplinary masters;
- participation to international programs for the mobility of students and teachers;
- participation to educational projects;
- attracting of young people able and willing to follow an academic career in the field
of mechanical engineering.
In terms of major objectives and priority needed to develop and improved my
educational skill is to supervise PhD students alone but also in collaboration with other
recognized professors.
Continuously improvement and publication of educational books for students is one
of the future concerns necessary to achieve significant results with students. Thus I'm
involved in publishing the second volume of Machine Elements course which, the same as
the first volume edited in 2013, it will contain all notation and standardization of materials
updated according to current European Standardizations. I work together with my
collaborators for a project guide book needed for students to realize the project from the
first semester of the Machine Elements discipline. In another way, I plan to develop online
courses for Machine Elements discipline available on CD/DVD or electronically by
downloading from the department website.
Another priority in terms of the teaching activity is to startup a master that includes
the disciplines of nanomechanics and nanotribology. Nanomechanics and Nanotribology is a
branch of science mechanical engineering widespread in major university of the world and
required by industry. For this reason I consider necessary to be implemented at master level
a teaching module about nanomechanical and nanotribological characterizations.
Furthermore, I propose:
- to initiate and support the development of international conferences in Mechanical
Engineering field in collaboration with academia and industry;
- to open educational collaborations for international mobility of students based on
ERASMUS internships with my collaborators coming from Warsaw University of
Technology, University of Liege, Politecnico di Torino, University of Vienna;
- to develop interactive lectures and student visits in different research institutes from
Romania and abroad (discussions already held with IMT-Bucharest, IMEC Leuven,
CEA - Leti France);
- to introduce in the design activities the software Multiphysics Oofelie developed by
Open-Engineering Company from Liege, with which we already have significant
collaborations;
- to involve the MiNaS Laboratory in the master activities from Technical University of
Cluj-Napoca but also from other universities in order to develop new inter-university
cooperation in the field of mechanical engineering.
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6.2 Proposal of scientific career development
Development of scientific career implies the dissemination of research results in prestigious
international journals of interest. I published in international journals indexed in ISI Web of
Science and international databases since 2007. I will continue to publish my research and
educational activities in prestigious journals and recognized publishing houses and to apply
for European Research Projects together with my collaborators.
Currently, I am the partner coordinator of the European FP7 ERA Net Project "3D
modeling to design robust vibration microsensors (3SMVIB)" which will be completed in
2016. In this project there are 6 partners involved including three universities, one research
institutes and two industrial partners from Belgium, Poland and Romania. Moreover, I am
the director of the other project funded by the European Space Agency through the
Romanian Space Agency (STAR project competition 2012) about "Reliability design of RFMEMS switches for space applications," which will be finished at the end of 2015 year. In this
project Technical University of Cluj-Napoca is the main coordinator and the National
Institute for Research and Development in Microtechnology IMT- Bucharest is the project
partner. Another national project TE founded by UEFISCDI "Nanomechanical and
nanotribological characterizations for reliability design of MEMS resonators" was successful
completed last year in Engineering Sciences domain. These projects were the real support in
the development of Micro and Nano Systems Laboratory from Technical University of ClujNapoca. I intend to complete all my projects with significant results. I have already applied to
other competitions of research projects and I intend in the future to apply to more research
project calls that will be launched by the European Commission and the other founding
agencies.
The research work will be reflected also by the undergraduate theses of students and
doctoral theses. There are students who have successfully completed undergraduate thesis
in my team and doctoral activities. I will try to integrate graduated students in my research
team in order to continue their research careers as PhD students of researchers. I will
stimulate the diversity, knowledge and interest in everything that is new in technical science
for students.
In all my research activities I will consider my professionalism, the confidence of my
department, my research team, the relationships established with other research groups
and the experience already gained in recognized research groups under the supervision of
renowned professors in the field of mechanical engineering.
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