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Abstract

Flexibility of graphene (Gr) is partially credited to its two-dimensional (2D)molecular structure which

resembles like interconnected unit of hexagonal carbon atoms ring. Therefore, to increase the

flexibility ofmicromechanical beams, we analyze the influence of hexagonal shape ofmicrocantilever

beamwithout andwith hexagonal hole of varying side length. To carry out the analysis, we first

fabricate the hexagonal structure and performmeasurement using laser vibrometer. Based on the

measurement, we found that the presence of hexagonal holesmake the beam flexible by two order of

magnitudemore than that of a conventional beamwithout holes. However, we found that the

frequency ofmicrocantilever beamwith hexagonal shape decreases with increase in hole size. To undo

the effect of hexagonal holes onmicrobeam frequency, we cover themicrobeamwith an electrospun

cellulose acetate nanofibermat (CAF). Based on themeasurements, we found that the frequency can

be increasedmore than that of a solid rectangularmicrobeam. Finally, we propose afinite element

basedmethodology tomodelmicrobeam and nanofibermat to compute their frequencies. Thus,

based on the understanding developed in this work, this hierarchical structure ofmicrocantilever

beamwith electrosun nanofibers can be used as a best candidate for utilizing it for the development of

flexible sensors based onMEMSdevices.

1. Introduction

With improvement inmicro and nanofabrication processes, researchers can control the growth of single or

arrays of nanotubes or nanofibres effectively [1–3].With such advancement, there had been significant research

infinding out various properties of such nanofibers and nanotubes in order to use them for different

applications like energy, light weight composites, nanoelectronics, biotechnology, etc [4]. Some used it as single-

walled carbon nanotube (SWCNT) and double-walled carbon nanotube (DWCNT) for designing resonators [5],

others used them in the formof arrays such as vertically aligned carbon nanotubes (VACNTs) to increases the

surface areas [6–9]. Subsequently,many researchers have started using excellent properties of carbon in order to

improve themechanical properties of other planer structures such asmicroelectromechanical system (MEMS)

or nanoelectromechanical system (NEMS)which aremuch easier to control as compared to nanofibers and

nanotubes [10–13]. Now, there has been series of ideas for graphene-based and horizontally aligned nano and

micro devices in the field offlexible sensors and actuators. To design efficient flexible resonant sensors, different

mechanisms of controlling resonance frequency as well asflexibility should be explored. In this paper, we

explore the effect of hexagonal shape on the flexiblity of beam and discuss the influence of nanofibermat on the

frequency.

Many researchers credit hexagonal shape of graphene to itsmechanical excellent properties. A layer of

graphene resembles like interconnected unit of hexagonal carbon atoms ring as shown infigures 1(a) and (b).

Therefore, we aim to explore the performance of hexagonalmicrocantilever beam fabriacted using

microfabrication processes on itsflexibility and vibrational characteristics.With the progress offlexible devices,

RECEIVED

4 February 2019

REVISED

25May 2019

ACCEPTED FOR PUBLICATION

7 June 2019

PUBLISHED

19 June 2019

©2019 IOPPublishing Ltd



the demand for integratingMEMSdevices withflexible substrate has been on the rise.With uniquemechanical

and electrical properties of graphene (Gr) and carbon nanotube (CNT) [14], there have been efforts to achieve

largeGr and alignedCNT array based silicon and other polymer substrate like PMMA through certain

techniques [15] so as to integrate it with otherMEMSbased devices [16, 17].While there have been some success

in achieving the above goals withGr andCNTs array [18, 19], other nanomaterial such as cellulose acetate (CA)

based nanofiber [20]may come handy in achieving this goal with some better controllability for achieving large

flexible devices. However, its integrationwithmicro or nanodevices need to be investigated. In this work, we

discuss about the effect of integrating CAbased nanofiber on hexogonal shapemicrobeams.

To analyze the integration of nanofibermats withmicrodevices, we first fabricate rectangular

microcantilever beamswith andwithout hexagonal holes usingmicrofabrication techniques. After that we

transfer the nanofibermats with different concentration/density onmicrocantilever beam. Subsequently, we

perform experiments tomeasure the frequencies and quality factorwith andwithout nanofibers. To perform

numerical analysis, wemodel themicrobeam and nanofiber using finite elementmethod in ANSYS. The

interface ismodelled using bonded contactmodel. After extracting themechanical properties of nanofibers

based on the comparison of numerical and experimental results, we analyze the influence of thickness and

boundary conditions of nanofiber on the frequencies of combinedmicrobeam and nanofibermat.

2.Methodology

In this section, we describe the fabrication andmeasurement procedure of silicon dioxidemicrobeamwith and

without nanofibermats. Subsequently, we describe numerical procedure tomodel nanofibermat, silicon

dioxide beam, and its interface.

2.1. Fabrication andmeasurement procedure

For the fabrication of silicon dioxidemicrobeam, Czochralski (Cz) grown 4-inch diameter P-type boron doped

(resistivity 8–12Ωcm) 100{ }oriented single side polished siliconwafers were used. In themicromachining

process, in order to utilize silicon dioxide (SiO2) as structural andmaskingmaterial, SiO2 of about 1 μm

thickness was grownusing thermal oxidation process. The step by step fabrication process for the fabrication of

silicon dioxide (SiO2)hanging structures is described infigure 2(a) [21]. UsingUVphotolithography (Midas

MaskAligner,MDA400M) technique, the geometric patterns were transferred onto the oxidizedwafer coated

with positive photoresist. This step is followed by silicon dioxide etching in buffered hydrofluoric acid (BHF)

solution. Later the patterned full wafer was diced into small chip size samples of size 2×2 cm2. As diced chip

sized samples are cleaned in piranha (H2SO4:H2O2::1:1) solution followed by rinsingwith deionized (DI)water.

The chemical oxide of fewnanometer thickness which generates on silicon surface due to the piranha cleaning is

removed by immersing the sample in 1%hydrofluoric acid (HF) solutionwhich is followed by thorough rinse of

the sample inDIwater. Finally etching is performed in 25wt%TMAH (Tetramethylammoniumhydroxide)

(99.999%, Alfa Aesar) at 74.5±0.5 °C to fabricate overhanging SiO2microcantilevers. After etching process the

samples were rinsedwithDIwater. Figure 2(b) shows an image of a honeycomb beamwith hexagonal holes

fabricated usingmicrofabrication processes as explained above. The thickness ofmicrobeam ismeasured using

ellipsometer (JAWoolam,model:M-2000D). In this study, we fabricated beamswith thicknesses 0.97 μmand

0.962 μm. It is due to differences in etching time of two different chips/die. Subsequently, we use laser scanning

vibrometer (Polytec, OFV-5000 vibrometer) setup as described infigure 2(c) tomeasure the frequency response

curve as shown infigure 2(d)when the structure is subjected to pseudorandom excitation provided by

Figure 1.An arrangement ofmolecular structure of hexagon carbon ring in (a) one and (b) two rows, respectively. (c)A
microfabricated structure fabricated to resemble hexagonalmolecular structures in graphene.
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peizoelectric patches through the platformover which the test device is kept [21]. Themeasurement is

performed under vacuumconditionwith pressure of 9×10−3mbar. From themeasured frequency response,

wemeasuremodal resonance frequency and quality factor of the test structure corresponding to a givenmode

shape of themicrocantilever beam.

To fabricate nanofibermats, we use electrospinning techniquewhich is a simple and cheapmethod to

fabricatefibers with varying diameter frommicro to nanoscale [23] under the influence of a high voltage as

shown infigure 2(e). Using thismethod, a polymer fiberwith charged droplet from solution is ejected and

collected on a copper substrate kept on a grounded collector to form sheet like nanofibermats. The shape, size

and density of nanofibermats using electrospinning process can be varied by controlling different parameters

such as concentration, additives, flow-rate, humidity, viscosity, surface tension, applied voltage, and gap

between nozzle to grounded collector [22–25]. After electrospinning the nanofibers on the copper substrate, the

fibers were transferred onto the silicon chip containing different designs of SiO2microcantilever beams by using

a stainless steel tweezer. Figure 2(f) shows an image ofmicrocantilever beamwith nanofibermats. Subsequently,

wemeasure the frequency and quality factor ofmicrobeamwith nanofibermat from itsmeasured frequency

response.

2.2. Numerical procedure

In this section, we develop finite elementmodels in ANSYS [26] for analyzing the vibrational characteristics of

differentmicrobeam structures with andwithout nanofibermat. Frommodeling perspective of a silicon dioxide

beamwith nanofiber, it can be considered into three different layers, namely, a bottom silicon dioxide beam, a

top nanofibermat and an interfacial layer between beam and fibermat as shown infigure 3(a). Subequently, a

correct boundary condition (B.C.) similar to the original condition has to be found. A typical bottom view can be

shown infigure 3(b).

2.2.1. Silicon dioxide beam

Tomodel silicon dioxide beams, thematerial properties used in the present work are 66.26GPa for elastic

modulus, 30.12GPa for shearmodulus, 2200kg m−3 for density and 0.1 for Poisson’s ratio which are found

based on the comparison of analytical and experimental values of frequencies [27]. Shell 181 element, a four-

node element with six degrees of freedomper node, is used tomodel silicon dioxide beam. A quadratic type

mesh element is utilized in themeshing process.Modal analysis is done to computemodal frequencies. The

mesh convergence is achieved for around 2000 number of elements with percentage error of less than 1%when

comparedwith converged results.

Figure 2. (a)Microfabrication steps of fabricatingmicrocantilever beam, (b)An image ofmicrobeamwith hexagon holes. (c)An
experimental setup tomeasure frequency response [21]. (d)A typicalmeasured frequency response to find frequency and quality
factor [21]. (e)A schematic of electrospinning process to get nanofibermat [22]. (f)An image showingmicrobeamwith nanofibers.
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2.2.2. Cellulose acetate nanofibermat

Tomodel electrospun cellulose acetate nanofibers (CAFs) in the formof thin layer ofmat, we use shell 181

element same as that used inmodeling silicon dioxide beam. The bulk properties of CAF are captured by

modeling it as continuumwithout considering any specific arrangement offibers, their diameter, and porosity

ofmats to reduce the complexity and computational effort. Based on the comparison of experimental and

measured values of frequencies, we found thematerial properties such as elasticmodulus as 120MPa, density as

1.28 g cm−3 and Poisson’s ratio as 0.3 which are found to be in the acceptable range ofmeasured properties of

CAFs found in the literature [28, 29]. One can further consider other related effects such as the influence offiber

arrangement, nanofiber diameter, nanofibermat porosity, etc., which are beyond the scope of present study.

2.2.3. Interface and boundary condition

Tomodel interface region between the top surface of silicon dioxide beam and bottom surface of CAFsmat, we

use bonded contact element with suitable contact pair. The detail about using this element has been discussed in

detail in previous chapters formodeling interfaces of different nanocomposites [30] inwhich the two contacting

surfaces are assumed to be bonded together throughout the analysis. It uses augmented Lagrange contact

algorithm for the contact elements. In this study, the contactmodelling is performed using the ANSYS contact

pair by choosing the 3DTARGE170 andnode-to-surface CONTA175 elements tomodel the interface. The

nodes of the cellulose acetate nanofibermesh are assumed as contact nodes and aremodelledwithCONTA175

element, and the surface of the silicon dioxide beam is assumed as a target surface and ismodelledwith

TARGE170 element. Furthermore, as thefibermat is simply transferred physically with tweezer from copper

substrate to silicon dioxide, the simply-supported boundary condition can be assumed.However, we analyze the

influence of free-free boundary condition, simply-supported boundary conditionwith andwithout zero slope

to validate the selection of appropriate boundary condition.

3. Results and discussion

In this section, wefirst analyze the influence of hexagon shapedmicrobeamon its fundamental bendingmode

without holes using numerical and analyticalmodeling. Subsequently, we study the influence of hole size in

hexagonal shaped honeycombmicrocantilever beambased on numberical simulation. Subsequently, we

compare numerical results with experimental results for beamswith andwithout holes. Further, after

performing static analysis tofind deflection corresponding to a given concentrated load, we carry out detail

numerical analysis ofmicrobeamswith andwithout nanofibermat of different concentration. Finally, the

results are comparedwith experiments and further analysis is presented.

3.1. Frequency analysis of hexagonalmicrocantilever beams

To systematically perform the influence of hexagonal shape on the frequency ofmicrocantilever beam,we take

hexagonal beamof different lengths as shown infigure 4(a). Beams termed as S-I, S-II, S-III, S-IV, and S-V have

net lengths of 45 μm, 105.63 μm, 166.26 μm, 226.89 μm.While thewidth of beams represented by S-I, S-II,

S-III and S-IV is 38.97 μm, thewidth of beamdenoted by S-V is 77.94 μm. Each hexagon has a side length of

22.5 μmand any two adjacent hexagons are interconnected by an uniform beamof length 17.35 μmandwidth

2.975 μm.Based on themodal analysis performed usingANSYS, we computemodeshape of the beams

corresponding tofirst bendingmode as shown infigure 4(b). The frequencies of all the beams as shown in

figure 4(a) and their equivalent rectangular counterparts are tabulated in table 1. A comparison of results shows

that frequency of beamS-I ismore than that of rectangular counterpart but frequencies of other beams reduce.

Thus, hexogonal beamswithmore than one hexagonal component becomemore flexible as compared to their

Figure 3. Schematic diagrams of different beamswith chosen dimensions for numerical analysis.
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rectangular counterparts. To approximately compute the analytical results of beams shown infigure 4(a), we

take k
E wt

Leff
4

3

3
= ´

andmeff=0.23mtotal, respectively, to compute frequency from f
k

m

1

2

eff

eff

=
p

and are

comparedwith numerical results in table 1. The approximate analyticalmodels give percentage error of 4.4%,

3.6%, 17.7%, and 16.85%, respectively, for beams S-I, S-II, S-III and S-IV. Based on the comparison, we also

found that any increase inwidth, as in the case of beamS-V, has negligible effect on its frequency.

3.2. Static and frequency analysis ofmicrobeamwith holes

To study the influence of hexagonal hole of side length ‘a’ on static deflection and frequency, we fabricate

honeycomb-shaped hexagonal beamof type S-V (shown infigure 4(a))without any hole andwith holes of side

length a=16.55 μmas shown infigures 5(a) and (b). The overall length of the beam is 175.525 μmand its width

and thickness are 76.72 μmand 0.962 μm, respectively.

To understand the influence of different hole shapes, we numerically perform the static analysis of hexagonal

beamwith andwithout hexagonal holes, circular holes, square holes, and its equivalent rectangular beam. To

perform the static analysis of these beams inANSYS, a constant load of 100 μN is applied at the free end of

cantilever beamwhile the other end isfixed. Figure 5(c) illustrates the comparison of deflection obtained for the

honeycomb-shapedmicrocantilever beams, equivalent rectangular beam and beamswith different hole shapes.

From the graph, it can be observed that for the given load the deflection produced in honeycomb shaped

cantilever beamwithout holes as shown infigure 5(a) is only 35%higher than that produced in equivalent

rectangular beam.However, the deflection produced in honeycomb shaped cantilever beamhaving the hexagon

holewith side length of a=16.55 μmas shown infigure 5(b) is about 454.18%higher than that produced by its

equivalent rectangular cantilever beam. Furthermore, figure 5(c) also shows the comparison of beamwith

hexagonal, square and circular shaped holes for the two cases. In the first case, side length or diameter of the

Figure 4. (a) Schematic ofmicrocantilever beams having hexagon structures and (b) their correspondingmode shapes of first
transversemode.

Table 1.Comparison of numerical and analytical resonance frequencies
corresponding to first transversemode for the beams shown infigure 4,
also comparingwith frequency of their equivalent rectangular shaped
beams.

Details of the canti-

lever beam
Resonance frequency (kHz)

Numerical/

analytical

Equivalent rectan-

gular beam,

numerical

S1 541.10/565.23 422.49

S2 59.74/57.57 76.60

S3 20.80/17.10 30.90

S4 9.79/8.14 16.58

S5 9.79/— 16.60
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holes (ah=as=ac) are kept constant, i.e. 16.55 μm,while in the second case, area of holes are kept constant

such that side length of square hole is obtained as a as h
3 3

2
=( · and the diameter of circular hole is obtained

as a ac h
6 3=
p

· ), respectively, where ah is the side length of the hexagon holes. It is clearly seen that for the

same side length or diameter, beamwith the hexagonal shaped holes gives the highest static deflection, which is

208.78%and 248.87%higher than the beamswith square and circular holes, respectively. It suggests that

hexagonal hole indeed enhances flexibility. For completeness, in second case inwhich for same area of

hexagonal hole with side length ah=16.55 μm, as and ac are found as 26.68 μmand 30.10 μmwhich are larger

than that of hexagonal hole. Consequently, the static deflection of beamwith square hole is nearly same and

beamwith circular hole is relatively low as compared to beamwith hexagonal hole of same area. Thus, we found

that the presence of holesmakes the beammoreflexible, and beamwith hexagonal hole shape provides the

maximumdeflection for the same side lengths or diameter of other hole shaped beams.

To understand the influence of hexagonal holes on frequencies, wemeasured first bendingmode frequencies

of hexagonal beamswithout andwith holes as 16.15 kHz and 11.30 kHz, respectively, asmentioned in table 2.

The frequency of beamwith holes is reduced by 30%as compared to thatwithout any holes. The corresponding

first torsionalmode frequency of beamwith holesmeasured as 72.49 kHzwhich is about 36% lower than that of

the beamwithout any holes.

To discuss the influence of hexagonal holes with side length a=0 and a=16.55 μminmicrocantilever

beamwith honeycomb shape, we also performmodal analysis to compute first bendingmode and first torsional

mode based on FEMsimulation asmention in table 2. The numerical values are found to be in agreement with

measured values withmaximumpercentage error of about 5% asmentioned in table 2.

To systematically study the influence of holes and their different geometrical shapes onfirst bending and first

torsional frequencies, we numerically computemode shapes and frequencies of beamswith varying the hole size

((ah, as and ac)) from0 to 16.55 μmas shown infigures 6(a) and (b), respectively. The corresponding bending

and torsionalmode shapes ofmicrocantilever beams having various hole shapes are also shownon the left side of

figure 6(a) and right side offigure 6(b), respectively. Based on the variation of frequencies of with hole side length

or diameter, ‘a’, we found that the frequencies of both transverse and torsionalmodes decrease with the increase

in hole size which ismainly due to reduction in stiffness of the beam.We can also see that themaximum

variation is found in honeycomb shapedmicrocantilever beam. Thus, it can be summarized that the presence of

hexagonal, square and circular holes with side length a= 16.55 μmofmicrocantilever beams reduces the

frequency by 28.62%, 12.24%and 8.92%, respectively, and the static deflection increases by 454.18%, 79.77%

and 58.85%, respectively, as compared to the equivalent rectangular beam. Thus, honeycomb shaped beamwith

Figure 5.Opticalmicrographs of honeycomb shapedmicrocantilever beams (a)without hexagon shaped hole (i.e. side length is zero)
(b)with hexagon shaped hole of side length, ‘a’ as 16.55 μmand (c) comparison of square, circular and hexagonal shaped holes in
cantilever beam for the two cases as described in section 3.2.

Table 2.Comparison of experimental and numerical resonance frequencies corresponding to first transverse
and torsionalmodes for honeycomb shapedmicrocantilever beams having different hexagon side lengths.

Hexagon
Resonance frequency (kHz)

side length
Transversemode Torsionalmode

‘a’(μm) Experimental Numerical Error Experimental Numerical Error

(%) (%)

Zero 16.15 15.53 3.8 114.39 108.11 5.48

16.55 11.30 11.85 4.6 72.49 72.05 0.6
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hexagonal hole shape increases theflexibility but reduces the bending and torsional frequencies. To explore the

means to increase its frequency with given hole size, we cover the beamwith nanofibermat and study its effect in

tuning the frequency of beam and nanofiber composite in the next section.

3.3. Frequency analysis ofmicrobeamswith nanofibersmat

In this section, we present experimental and numerical analysis of honeycomb shapedmicrocantilever beams

without andwith cellulose acetate nanofibers (CAFs)mat. Themeasurement procedure and numerical

procedure inmodeling the structures and nanofibermats have been presented in sections 2.1 and 2.2,

respectively. In this section, first, we describe procedure to extract nanofibersmat parameters with appropriate

boundary conditions. After we validate the numericalmodel with experimental results with selectedmaterial

properties and boundary condition, we apply it to compute the frequency of honeycomb-shaped hexagonal

beamwithout andwithCAFsmat.

To extract the nanofibersmat parameters and appropriate boundary condition, we take a die contain

suspendedmicrobeamswith thickness 0.962 μmcovered uniformlywith nanofibermat. Considering

honeycomb-shapedmicrocantilever having length andwidth as 226.89 μmand 76.72 μmwith hexagonal hole

of side length a=16.55 μm. Figures 7(b) and (d) showmeasured frequency response curves withmode shapes

for honeycomb-shaped beamwith hexagonal holes without andwith nanofibermat. Themeasured frequencies

offirst transverse bendingmode of beamwithout andwith nanofibersmat are compared in table 3. It shows that

the frequency of beam is significantly improved by 359%. Thus, it is shown that interfacing nanofibersmat can

improve the frequency of hexagon beamwith holes even beyond the frequency of hexagon beamwithout holes.

However, presence of nanofibersmat is found to adversely affect the quality factors in all the design. The

mechanismof damping due to interaction of nanofibermats andmicrobeam can be further studied in future.

Figure 6.Effect of side length or diameter, on the resonance frequency offirst (a) transverse (b) torsionalmodes for square, circular
and hexagonal shaped holes inmicrocantilever beam.

Figure 7. (a)Abeam inluding hexagonal holes without nanofibermats and (b) its frequency response in vaccum. (c)Abeam including
hexagonal holes with nanofibermats with nanofibermats and (d) itsmeasured frequency.
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Tonumericallymodel the beams, we build numericalmodels of given designwith required dimensions in

ANSYS as shown infigure 8(a). The elasticmodulus, density and Poission’s ratio are taken as 120MPa, 1.28

g cm−3 and 0.3, respectively, which are in the range of CAFsmats found in the literature [28, 29]. Considering

simply-supported boundary condition, wemodel nanofiber onmicrocantilever beam as shown in figure 8(a).

Subsequently, we vary the thickness of nanofibersmat for the given hexagonalmicrocantilever beam, then

compute the frequency variations as shown infigure 8(b). The frequency increases linearly with nanofibersmat

thickness. Investing the influence of gab between side boundaries and hexagonal beamon its frequency, we

found that as the distance increases the frequency decreases exponentially and become independent at larger side

boundaries as shown infigure 8(c). These variations are also computed for three different values of nanofiber

mat thickness. It is found that as nanofibersmat thickness increases, frequency increases. Thus, we found that

the frequency is strong function of nanofibermat thickness and gap between side boundaries and beam. Thus,

for a given side boundaries, wefind the thickness of equivalent nanofibermat thickness based on the comparison

between computed and experimental results asmentioned in table 4. The thickness of nanofibermat is found as

0.67 μm.

After validating FEMmodel with identified physical properties of nanofibermat based on experimental

results, we discuss the influence nanofibermat on hexagonal shaped beamwith holes and equivalent rectangular

beam infigure 9.We show that numerically computed frequency of solid rectangular beamwithout any holes is

16.6 kHzwhich can be increased to 22.64 kHz by simply coating its top surface with nanofibermat. These

numerical results are comparedwell with corresponding analytical results. Similarly, numerically computed

frequency of beamwith hexagonal shape having holes without nanofiber is 12 kHz andwith nanofibermat is

18 kHz. Such increment is due to simply coating the surfacewithout any pretension. The analytical results based

on elasticmodulus found using the rule ofmixture [27, 30] are found to be closure to the numerical results.

Further, frequency tuning can be observed by providing pretension to thefibres from the sideways. In the

present work, we have extended the surface of nanofibermat beyond cantilever surface and taken it till the

Table 3.Comparison of resonance frequency andQ-factor corresponding tofirst transverse
mode for different designs of SiO2microcantilever beam forwithout andwithCAFsmesh.

Cantilever type
Withoutfibers Withfibers

Frequency (kHz) Q-factor Frequency (kHz) Q-factor

Presentmodel 12.09 806.26 55.51 37.76

Figure 8. (a)Anumericalmodel of beamwith hexagonal holes and equivalent nanofibermat. (b)Variation of its natural frequency
with thicknesses of CAFmesh (c) the natural frequencies of beam for different thicknesses corresponding to the side increment of CAF
mesh.

Table 4.Comparison of numerical and experimental resonance frequencies for the design of hexagonal-
shaped SiO2microcantilever beam corresponding towithout andwithCAFmat.

Beam SiO2 beam CAFmat Side
Frequency (kHz)

details thickness thickness increment Without With

(μm) (μm) (μm) CAFmat CAFmat

(Num./Exp.) (Num./Exp.)

Presentmodel 0.962 0.67 75 12.005/12.09 55.268/55.51
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boundaries of cavity which provide simply-supported boundary condition.On analysing the influence of side

cavity width and nanofiber thickness on frequency of hexagonal beamwith coated nanofibermat, we found that

the frequency can be enhanced further by a largemargin.

4. Conclusions

In this paper, to capture some of the properties of graphenewhich consists of repetitive patterns of hexagonal

unit cell into 2Dnanosheet, we have analyzed the influence of hexagonal shape ofmicrocantilever beamwith

andwith out hexagonal hole of varing side length. To carry out the analysis, we fabricated the structure and

performedmeasurement using laser vibrometer. Based on themeasurement, we found that frequency of

microcantilever beamwith hexagonal shape decreases with increase in hole size. It is possibily due to decrease in

stiffness or increase in beam flexibility. However, to confirm it, we numerically performed static analysis and

found that the static deflection of hexagon-shaped beamwith holes of length a=16.55μm, indeed, increases by

685%as compared to that of equivalent rectangular beam. Thus,microbeamhaving hexagonal shapewith holes

can inherit theflexibility property of 2D graphenematerial to some extent. However, it also has an adverse effect

on frequencywhich decreases with hole size. In order to overcome this effect, we propose to put nanofibersmat

on the top surface ofmicrobeam tomake a hierarchical structure. It is found that frequency can be tunned by

changing the distance between beam and side boundaries, and the thickness of nanofibersmat. For the given

dimensions of hexagon shape beamwith holes, the frequency tuning of about 358% can be achievedwhen the

side boundaries are loacted at a distance of 75 μmfrom the free sides of the beam.
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