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Abstract The temperature effect on the mechanical and

tribological behaviors of a microelectromechanical systems

cantilever is experimentally investigated using an atomic

force microscope. 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 atomic force microscope (AFM) probe (Si3N4)

and the microcantilever fabricated in gold is monitored at

different temperatures. Using the lateral mode operation of

atomic force microscope, the influence of temperature on

friction coefficient between the tip of AFM probe and

microcantilever is presented. Finite element analysis is

used to estimate the thermal field distribution in micro-

cantilever and the axial expansion.

1 Introduction

Thermal microelectromechanical systems (MEMS) can be

used either as actuators or as sensors. This paper deals with

determination of mechanical and tribological characteris-

tics 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

(Lobontiu and Garcia 2004). Thermal actuators have sev-

eral 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 dif-

ferent applications (Chu and Gianchandani 2003; Park

et al. 2001; Zhu et al. 2006). 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, electro-

magnetic, piezoelectric and thermal (Lobontiu and Garcia

2004). Thermal actuators basically convert thermal energy

into mechanical motion. This type of actuation has the

advantage of producing relatively large force and dis-

placement compared to electrostatic actuation (Zhu et al.

2006; Geisberger et al. 2003). Moreover thermal actuators

are usually simpler, more reliable and easier to fabricate

using surface micromachining processes (Paryab et al.

2009). 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 equi-

librium (Rebeiz 2003; Yang et al. 2008). 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 microcantile-

vers. The MEMS cantilevers can operate individually—

with no other accompanying structural component—or can

be incorporated into more complex configurations. These
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microcomponents can operate as sensors, actuators or as

simple flexible joints in compliant microdevices (Lobontiu

and Garcia 2004; Pustan et al. 2007). For these reasons, the

structures studied here are microcantilevers.

In order to enhance the design of these devices and to

increase their reliability and performance, mechanical and

tribological characteristics of sensing/acting microcompo-

nents under the thermal operating conditions must be

determined experimentally. In this paper, experimental

tests performed using an atomic force microscope (AFM)

are presented with the aim of characterizing mechanically

and tribologically MEMS thermal components. These

actuators are characterized here by their in-plane motion

due to thermal expansion and out-of-plane bending. The

thermal expansions of microcomponents have an influence

on displacement of active elements and on mechanical

response of actuators. The principle of axial thermal

expansion is described in Sect. 2 of paper, and the relation

for bending stiffness is given. Experimental investigations

of axial expansions of a microcantilever as a function of

temperature are performed using the atomic force micro-

scope AFM scanning mode at the free-end of sample. This

work is presented in Sect. 3.1 where different extended

positions of the free-end of a gold microcantilever were

measured for a temperature range between 20 and 100�C.

After each increase of temperature, the bending stiffness of

sample is also determined with the AFM bending mode.

The method used to perform these experimental tests is

described in Sect. 3.2 as well as the dependence between

stiffness and temperature. A nonlinear variation of the

bending stiffness of a gold cantilever as a function of

temperature is obtained. Section 3.3 presents the tribolog-

ical analysis of thermal components which implies the

estimation of the thermal effects on the adhesion force and

atomic friction. The friction between sample and the tip of

AFM probe is determined using the AFM lateral force

mode. Finite element analysis is used to predict the dis-

tribution of the thermal field in sample and the axial

expansion of the free-end of microcantilever. The results of

finite element analysis are presented in Sect. 4 of paper.

2 Theoretical formulas for thermal expansion

and bending stiffness of a microcantilever

2.1 Axial expansion of a thermal actuated

microcantilever

The principle of thermal actuation of a microcantilever is

presented in Fig. 1. 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:

l ¼ l0 þ ux ¼ l0ð1þ a � DTÞ ð1Þ

where, the material’s thermal expansion coefficient in the

longitudinal direction, which couples changes of length

with changes of temperature is given by

a ¼ 1

l0

� ux

DT
ð2Þ

and ux is the axial displacement of the beam and DT is the

temperature variation.

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. 1) can also be produced by an equivalent force that

acts at the free-end, and which is:

Fx ¼ E � A � ux

l0

¼ E � A � a � DT ð3Þ

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:

ux ¼ a � l0 � DT � Fext � l0

E � A ð4Þ

relation (4) can be rewritten in the form:

Fext ¼ E � A � a � DT � E � A � ux

l0
ð5Þ

Fig. 1 Fixed-free bar expanding at increase of temperature: a 3D

view of cantilever, b top-view of cantilever at initial and after thermal

expansion
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2.2 Bending effect of a thermal microcantilever

The bending stiffness of a cantilever as a function of

temperature, when the force is applied at free-end of

sample (Fig. 2), can be written as:

kz ¼
Ew0j3

0ð1þ aDTÞ
4l30

ð6Þ

and the force in z direction depending on the bending

stiffness of the beam is

Fz ¼
Ew0j30ð1þ aDTÞ

4l3
0

uz ð7Þ

where, uz is the bending displacement of the free-end of

microcantilever (Fig. 2), w0 the initial width and j0 is the

initial thickness of sample as shown in Fig. 1.

A thermal phenomenon introduces softening due to

Young’s modulus-temperature relation and a thermal

relaxation which affects the rigidity of material (Tadayon

et al. 2006), less force is needed to deflect the microcan-

tilever if temperature increases to produce the same dis-

placement as at the initial temperature. In a case of a

thermoelastic microcantilever under bending, the relaxa-

tion of Young’s modulus has to be considered (Lifshitz and

Roukes 2000; Lobontiu 2007). Experimentally, the

dependence between force Fz and displacement in z direc-

tion of a microcantilever (Fig. 2) can be determined and

the Young’s modulus-temperature dependence can be

estimated based on (7) as:

E ¼ 4l3
0

w0j30ð1þ aDTÞ �
Fz

uz
ð8Þ

3 Experimental investigations of a thermally

actuated microcantilever

3.1 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 tem-

perature. In our experiments, an AFM was used to perform

the measurements. Indeed, it can directly display and

measure the axial expansion of sample. A mini hotplate,

with a temperature range from 20 to 100�C and a tem-

perature 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 microcanti-

lever 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. 1) of the beam free-end were AFM

monitored. To measure the axial expansion of microcan-

tilever at different temperatures, a scanning zone is selec-

ted at its free-end, as presented in Fig. 3.

Thermal displacements of the free-end of microcantile-

ver are determined using the AFM scanning mode. During

experimental tests the following temperatures 20, 40, 60,

80, and 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 fabricated from Si3N4, after each measurement,

the AFM piezo-table 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

piezo-table is in this position. The AFM probe used in

experiments is NSC36/Si3N4/AlBS/15(B) with a tip height

of 25 lm. The lever of AFM probe, optically monitored

during scanning, is suspended at 25 lm above sample.

Based on these aspects, the temperature influence on the

lever of AFM probe is considered relatively small.

The sample illustrated in Fig. 3 (top view) was manu-

factured in the Laboratory for Analysis and Architecture of

System in Toulouse (France). The material used to fabri-

cate this microcantilever is gold and the structure was

fabricated in 10 lithography and deposition steps with a gap

between flexible part and substrate of 3 lm (Pustan et al.

2007). 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

Fig. 2 Bending of a microcantilever beam in z direction

Fig. 3 Plan view of the microcantilever used in experimental

investigations and the scanning area
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thermal efficiency and short thermal time constant of rel-

atively low temperature (\200�C).

The geometrical dimensions of the studied sample are

the following:

• Of the flexible part of beam length of 305 lm, width of

57 lm, and thickness of 3 lm;

• Of the beam anchor—quadrate cross-section with side

of 200 lm and the thickness of 6 lm.

The experimental tests were performed at Technical

University of Cluj-Napoca (Romania), in Machine Elements

and Tribology Department using an AFM NT-206 device.

The AFM investigations were developed in a clean room and

the measurements were repeated 10 times. The relative dif-

ference between results of the axial expansions measure-

ments is about ±1.5% and the average results were

considered. An initial calibration of the AFM scanning mode

was performed using a typical surface structure (test grating)

with known geometry (step size and height).

The plan view AFM images of sample, presented in

Figs. 4a and 5a, give information about the thermal axial

expansion. Figure 4a 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 10.8 lm

on the scanning map. The beam is on the right side of the

cursor position that corresponds to x = 10.8 lm as pre-

sented in Fig. 4b. To change the temperature of micro-

cantilever 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 10.1 lm due to thermal

expansion (Fig. 5b). The initial position of the free-end of

microcantilever at 20�C being 10.8 lm (Fig. 4b). The

tendency of investigated microcantilever to change in

volume as response to change in temperature is known as

thermal expansion. The difference between both measure-

ments at 20 and 100�C gives us the axial thermal expansion

of microcantilever in x direction which is equals to 0.7 lm.

Fig. 4 AFM image of the free-

end of microcantilever at 20�C:

a plan view AFM image,

b sample topography
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Conforming to z markers from Figs. 4b and 5b, we can

observe that there is no thermal bending deflection in

vertical direction.

Figure 6 shows the experimental thermal effect on the

axial displacement of the microcantilever free-end as a

function of temperature, considering that the initial posi-

tion of microcantilever corresponds to a temperature of

20�C. During experimental tests, the length of microcan-

tilever increases by 0.23% when the temperature of

hotplate achieves 100�C.

Axial expanding of the thermally actuated microcanti-

lever (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 (20–40�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 (McCarthy et al.

2006). 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 temper-

ature is characterized by a lower slope at low temperature

(20–40�C) as it is presented in Fig. 6.

Fig. 5 AFM image of the

free-end of microcantilever at

100�C: a plan view AFM image,

b sample topography

Fig. 6 Experimental variation of thermal axial displacement of the

free-end of 305 lm length gold microcantilever as a function of

temperature
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3.2 Bending stiffness measurement

of a microcantilever using atomic force microscope

The stiffness is a fundamental property of elastically

deformable mechanical microcomponents and micro-

mechanisms for which static, modal or dynamic responses

need to be evaluated (Lobontiu and Garcia 2004).

To measure the stiffness of the investigated sample, an

AFM is used and the following main steps have to be

performed (Pustan et al. 2007):

(a) The calibration of AFM parameters in normal direc-

tion for operation in contact mode;

(b) Determination of the real stiffness of AFM probe

using a specific fabricated microspring with a well-

known stiffness. For AFM experimental tests of the

investigated microcantilever, the type of the AFM

probe chosen (manufactured by MicroMasch) is

NSC36/Si3N4/AlBS/15(B) with the stiffness between

0.45 and 5 N/m, and the resonant frequency between

95 and 230 kHz. The real stiffness of the AFM probe

obtained after calibration is 1.52 N/m.

(c) Verification of the temperature effect on the stiffness

of AFM probe using the AFM dynamic mode. In this

step, the AFM probe 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 to 100�C. The material

of AFM probe is Si3N4 and the height of tip is 25 lm.

During testing, the lever of AFM probe is suspended

at 25 lm above sample and the temperature effect on

the AFM probe is diminished.

(d) Determination of the bending displacement of sam-

ple. The first step of the AFM measurements corre-

sponds to the bending of AFM probe Zdef and sample

Zsample as illustrated in Fig. 7. The bending displace-

ment of sample Zsample is determined based on the

controlled displacement of piezo-table Zpiezo and the

monitored deflection of AFM probe Zdef as:

Zsample ¼ Zpiezo � Zdef ð9Þ
(e) Determination of the bending stiffness of sample. The

stiffness of AFM probe kAFM is accurately known.

Using the deflection of the AFM probe from the

second step of the AFM measurements (Fig. 8) and

the stiffness of the AFM probe, the acting force F can

be computed. This force and the displacement Zsample

described by (9) give us the stiffness of sample as:

ksample ¼
F

Zsample
ð10Þ

Using the AFM technique to measure the bending, the

stiffness of investigated microcomponent is estimated for

different temperatures. While the experimental stiffness of

microcantilever is 1.11 N/m at 20�C, the stiffness

decreases by about 18% when the temperature increases

to 100�C as shown in Fig. 9 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 (Tabor 1981; Lior and Izhak 2004; Stainier and

Ortiz 2010). Using (8) and based on the force and dis-

placement AFM measurements, the variation of Young’s

modulus for different 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 tem-

perature 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 a case of

the investigated microcantilever under bending displace-

ment, the relaxation strength to be considered is that of

Young’s modulus (Lifshitz and Roukes 2000; Lobontiu

2007) as:

DE ¼
Ead � E

E
¼ Ea2DT

Cp
ð11Þ

Fig. 7 Bending of AFM probe and sample Fig. 8 Bending of the AFM probe
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where, Ead is the unrelaxed value of Young’s modulus,

E its relaxed value and Cp is the heat capacity per unit

volume at constant pressure. These effects have an influ-

ence in particular on stiffness (Fig. 9) but also on the

friction coefficient as presented in the next section.

3.3 Variation of adhesion and friction forces

as a function of temperature

Three basic characteristics are involved in the friction of

dry solids (Tabor 1981; Lior and Izhak 2004; Adams et al.

2003):

• The true area of contact between rough surfaces

• The type and strength of bond formed at the interface

where the contact occurs

• The shearing and rupturing characteristics of the

material in and around the contact regions which can

be influenced by temperature.

To estimate the friction coefficient, friction force should

be divided by the sum of applied normal load FAFM (given

by the bending of AFM probe) and intrinsic adhesive force

Fadh (Bhushan 2003; Kapila et al. 2006; Riedo and Brune

2003; Schonherr et al. 2008).

The adhesive effect between AFM probe (Si3N4) and

sample can be evaluated using the force spectroscopy mode

of AFM. The force spectroscopy AFM curves provide the

direct measurement of tip-sample interaction forces as a

function of the gap between tip and sample. The adhesion

between tip and sample is characterized by so-called pull-

off or pull-out force. The pull-off force is related in current

continuum contact mechanics model to the work of

adhesion.

During experimental tests the sample is moved up and

down (in and out of contact with the tip) and a dependence

curve between displacements of piezo-table versus deflec-

tion of AFM probe is obtained. The AFM probe has a

well-known stiffness and using the experimental AFM

values, the dependence between force of AFM probe and

displacement of piezo-table is computed. Figure 10 shows

the adhesion effect between the AFM tip (Si3N4) and the

investigated gold sample at 20�C. Firstly, there is the

bending deflection of AFM probe during loading (A–D).

The unloading part of the force–displacement curve starts

from position D, the deflection of the AFM probe is

decreased as the sample surface retracts from the tip. When

the sample surface is further withdrawn from the tip, the

AFM probe is deflected owing to adhesive forces. At

position E, the elastic force in the AFM probe overcomes

the adhesive forces and the tip snaps off from the surface

(position F).

The adhesion force between the AFM tip (Si3N4) and

the gold microcantilever is 21 nN (Fig. 10). The mea-

surements were performed under ambient conditions on the

top surface of the cantilever anchor. The experimental

variation of adhesive force between the AFM tip and the

investigated gold microcantilever as a function of tem-

perature is summarized in Fig. 11. A decrease by about

20% of the adhesive force when the temperature increases

to 100�C is experimental determined. In the ambient

environment, the condensed water will form a meniscus

effect as the AFM tip approaches the sample surface, which

leads to an increase of the friction force (Bhushan 2005).

The meniscus force is a major contributor to the adhesive

force. As the temperature increases, there is a decrease in

adhesive force because of the lack of a meniscus

contribution.

The friction coefficient is estimated by AFM measure-

ments of frictional force. In that case, the two surfaces in

contact are the tip of AFM probe and the sample (the top

surface of the cantilever anchor). This measurement pro-

vides 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

Fig. 9 Experimental variation of the microcantilever bending stiff-

ness as a function of temperature

Fig. 10 Force versus AFM piezo-table displacement of a gold sample

at 20�C
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periodicity as shown in Fig. 12. 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 the beam anchor 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 detector as illustrated in

Figs. 7 and 8, we can determine the normal force (given by

the bending deflection of AFM probe and its stiffness) and

the lateral movements of the AFM probe during scanning.

The analysis of tribological characteristics of a thermal

microcomponent fabricated from gold, using the AFM

lateral force mode is now presented. The AFM probe,

fabricated from Si3N4, is moving toward and backward in

the lateral direction on the top surface of the beam anchor

(Fig. 12). Rotational (torsion) deflection dz of AFM probe

is measured, and after calibration (Pustan et al. 2007;

Schonherr et al. 2008) the friction force is evaluated with

the following well-known formula that is computed based

on the torsion beam theory:

Ff ¼
dz � r � G � h3 � b

L2 � s ð12Þ

where, dz is the calibrated deflection of AFM probe (nm),

r = 0.33, G shear modulus of the cantilever material,

L length of cantilever, h thickness of AFM probe, b width

of AFM probe, and s is the height of tip of AFM probe

(Fig. 12).

Using the detected rotational deflection of AFM probe,

the friction force between the gold sample and the tip of

AFM probe (Si3N4) is evaluated for different temperatures

based on (12). Knowing the total normal force FN (as a sum

between normal force gives by bending of AFM probe

FAFM and the adhesive force Fadh) and using friction for-

ces, the friction coefficient is computed. Figure 13 shows

the variation of the friction coefficient as a function of

temperature. From this figure, it is seen that the friction

coefficient decreases nonlinearly with increasing tempera-

ture. At high temperature, desorption of water from envi-

ronmental humidity leads to decrease the meniscus force

(which is a major contributor to the adhesive force), and

the friction between the AFM tip and the investigated

sample (Bhushan 2005; Kapila et al. 2006; Liu and

Bhushan 2003; Riedo and Brune 2003). As the temperature

is increased, the force needed to shear the contacting

junctions where adhesion occurs decreases, respectively,

and the tip jump the surface potential barriers more easily,

resulting in lower shear strength and hence lower friction

force and friction coefficient (Kapila et al. 2006).

4 Finite element analysis of thermal expansion

of a cantilever

Finite element simulations are widely used to model

MEMS thermal actuator in order to provide temperature,

expansion and stress distributions. To evaluate the distri-

bution of temperature in a gold microcantilever and to

determinate the maximum value for the axial expansion of

Fig. 11 Experimental variation of adhesive forces as a function of

temperature between sample (gold) and the tip of AFM probe (Si3N4)

Fig. 12 Scanning principle and geometrical dimensions of an AFM

probe

Fig. 13 Experimental variation of friction coefficient as a function of

temperature between sample (gold) and the tip of AFM probe (Si3N4)
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the free-end of beam, finite element analysis (FEA) is

carried out using a commercial version of Oofelie::Multi-

physics Simulation Software.

Considering only the half of the beam due to the prob-

lem symmetry the distribution of the thermal field inside of

structure was computed. Figure 14 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 15 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 micro-

cantilever is about 0.68 lm and it is close to the experi-

mental results, which are plotted in the Fig. 6. The

difference between FEA results and the experimental

results are affected by the following: the accuracy of

experimental tests which depends on the testing condi-

tions, on the initial calibration of the AFM device and the

sensitivity of the AFM probe; the Young’s modulus of

82 GPa used in FEA was taken from literature (http://

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).

5 Conclusions

This paper shows that the use of AFM is effective to study

the mechanical behavior of microcomponents as a function

of temperature. The axial thermal expansions, bending

deflections as well as bending stiffness versus temperature

of a thermal actuated microcantilever were successfully

identified. The AFM operating in lateral force mode is also

useful to measure the friction force at sliding (scanning) on

gold microcomponent. The effect of increasing temperature

on friction coefficient between the p-type silicon tip of the

AFM probe and a gold sample was identified. The menis-

cus effect has a big influence on the adhesive and friction

forces. A decrease in adhesive force between the tip of

AFM probe (Si3N4) and the gold cantilever as the tem-

perature increases, based on the lack of the meniscus effect,

was experimental determined. As the temperature increa-

ses, resulting in lower shear strength and decreasing of the

coefficient of friction. Finite element analysis has been

used to analyze the distribution of the temperature and to

simulate the axial expansion of a gold microcantilever. The

finite element analysis results are in good agreement with

the experimental results.
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