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Abstract— This paper gives an overview of micro cantilever beam of various shapes and materials for
vapour detection. The design of micro cantilever beam, analysis and simulation is done for each shape.
The simulation is done using COM SOL Multi physics softwar e using structural mechanics and chemical
module. The simulation results of applied force and resulting Eigen frequencies will be analyzed for
different beam structures. The vapour analysisis done using flow cell that consists of chemical pillarsin
surface reactions and deposition process which consists of active layer for adsorbing the reacting species
in the laminar flow through the flow cell.
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[. INTRODUCTION

Detection of different vapours plays an important role in the sensor technology in applications like bio-sensing
and chemical sensing areas. Micro cantilever is a widely used component in micro system devices which turn
out as an outstanding platform for various sensitive sensors in recent years. A cantilever has a rigid end and
stressis applied on the free end. A Micro cantilever detects changesin cantilever bending or vibration frequency
hence used as physical, chemical or biological sensor [1]. Micro cantilevers have become so popular from past
few decades because of high sensitivity, selectivity, ease of fabrication and flexibility of on chip circuits. Due to
convenience to regulate, readily adjustable into unified electromechanica system it provides a wide range in
industrial applications.

These sensors consist of a receptor which is specialized for a particular chemical or biological target for
monitoring the resonant frequency which shifts due to the mass attached to structure. The difference in
resonance frequency is correlated to the amount of attached mass or any other type of force acting upon it.
Micro cantilever sensors can be used in air, vacuum or liquid. However damping effect in a liquid medium
reduces the resonance response of a micro cantilever.[1],[3]. The bending response remains same in liquid
medium. Therefore, the practicability of operating a micro cantilever in a solution with high sensitivity provides
an ideal platform to use as chemical sensors and biosensors. These cantilever sensors provides better dynamic
response, reduced size and high accuracy, and increased reliability compared to the common sensors.[4],[12].

This paper gives details about the finite element method (FEM) to attain the accurate performance of micro
cantilever sensor of different materials that includes Poly Si, SIO, and SizN,4 of different structures. Analytical
calculations and simulation using finite element method (FEM) have been carried out for various shapes and
geometries of the cantilever. COMSOL Multi physics, a tool for MEMS to anayse finite element was used to
develop a model of the cantilever beams. Also chemical pillars are utilized for the vapours analysis and is
designed using the chemical module in COMSOL multi physics.

The micro cantilever of different structures and different materials are studied using the Eigen frequency study
in COMSOL Multi physics. Here chemical pillars are utilized for the vapour analysis and is designed using the
chemical modulein COMSOL Multi physics.

1. LITERATURE REVIEW

For chemical performance, cantilever beams are coated directly by samples or sensor layers and then it exposed
to analyte vapours. The shift in bending (static mode) and resonant frequency (dynamic mode) of the micro
cantilever beam is measured by various ways. Most commonly methods used before with high accuracy are
optical reflection, piezoresistive, capacitance and piezoelectric methods. The advantage of using these
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techniques is that we can measure both frequency and bending in a single measurement. Different techniques
used include

A. Optical Beam Deflection

Thisis the easiest method to measure the deflection of a cantilever beam. In this method a laser diode is focused
at the free end of cantilever. By using position sensing detector reflected beam is examined. Displacement up to
0.1nm can be measured by this technique.[12].

B. Capacitance Measurement Technique

The deflection of the cantilever beam is measured by monitoring the change in capacitance between micro
cantilever and fixed electrode. The capacitance changes accurately as a function of cantilever bending. However
this method is not suitablein liquid medium.[8],[2].

C. Piezoelectric Technique

This technique utilizes the property of piezoelectric. The surface of cantilever is coated with a thin layer of
piezoelectric material. This layer produces transient charges due to movement of cantilever beam. The
disadvantage of this technique is it require electrode to piezoelectric film. This technique is generally used in
dynamic mode of cantilever beam.[4],[17].

D. Piezoresistance Technique

In this technique the change in resistivity is monitored when stress is applied on the cantilever beam. The layer
of piezoelectric material is placed on cantilever beam and it show variation in resistance when cantilever is
stressed with the deflection. Deflection can be induced by making changes in the adsorption-induced stress or by
thermal stress. The variation in resistance can be measured by using an external dc biased, Wheatstone bridge.
The disadvantage of this method is that cantilever should be given with passing current throughout which
creates electric noises and thermal drift in micro cantilever deflection.[5],[7].

Earlier methods of vapour detection include using quartz crystal microbalance. Here alkane thiols formed
monolayers over the quartz crystal microbalance. The organic vapours interacted with monolayer’s by hydrogen
bonding and dipole dipole interaction producing mass changes .As such resonant frequency shift can be used to
measure mass changes.

Another method included using cantilever based on piezoresistive arsenic sensor wherein the cantilever is
coated with arsenic adsorbent. As such the sensing cantilever changes its resistance upon interaction with
arsenic particles.

[11. DETAILED PROBLEM DEFINITION

Cantilever beams of different shapes and different materials are studied using the eigen frequency study. The
different cantilever beam structures are analysed to find out the most suitable one. For this the different beams
are subjected to the same mechanical force and the corresponding displacements and eigen frequencies are
analysed for each one.

The chemical module design is the second part where the reaction between the analyte vapour and the
cantilever sensing layer takes place. The sensing layer materia is of importance. Here chemical pillars are
utilized for the chemical sensing purpose which consists of active surfaces for adsorbing the chemical analytes.

IV. SOLUTION METHODOLOGY
A. Micro cantilever beam design

It is a mechanical structure rigid at one end and a free end that moves when acted upon by a stress. The
cantilever acts as a sensor by detecting the cantilever bending as well as the changesin vibration frequency. The
cantilever is usually coated with a sensing layer over which the vapour analyte reacts by alock key mechanism
the different cantilever structures include the T shaped, pie shaped, triangular and rectangular cantilever beam.
The structure as well as the material used for the design is an important parameter to determine the beam
stiffness. The different beam structuresis analysed for the same force applied.[1],[16],[17].

B. Chemical module design

It isin the chemical module where the interaction between the analyte vapour and the sensing layer occur. This
chemical module is mounted over the cantilever beam. The chemical module usually used is a flow cell. The
flow cell contains many reacting pillars on it. This pillars are usually concaved shaped and are coated with a
sensing material that reacts with the analyte vapour. The analyte is selectively adsorbed on the pillar from the
sample stream. Upon reacting with the analyte asignal is produced corresponding to the local concentration.
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V. DETAILSOF EXPERIMENT
A. Micro cantilever Beam Design

Micro cantilever beams of different shapes rectangular, T shaped and U shaped are designed using COM SOL
Multi physics. For modelling the structures, 3 D structure is selected, linear elastic model in structural
mechanics is selected and Eigen frequency study is included. Beam of the respective dimension mentioned in
the table below is modelled. Different materials like Poly Si, SiO, and Si3N4. The study is computed to
determine the different Eigen frequencies for different modes of operation.[13],[]14].

TABLEI
Beam Dimension

Beam Dimension Value
Beam length 60 um
Beam width 10 um
Beam height 1.4 pm

B. Chemical Flow cell Design

Different physics involved in the design of chemical pillars include transport of diluted species, surface
reactions and laminar flow of species. Transport of diluted species is used to compute the concentration of
solute in the solvent. Mass transport in the analyte stream is given by

aCp
a5t + V.(—DpVCp) +u.VCp =0
Where, Dp denotes the diffusion coefficient Cp the species coefficient and u is the vel ocity vector
For detection of the analytes, reacting pillars are modeled with the help of chemical module in COMSOL. Here

the flow cell in chemical module is used.

The flow cell consists of four pillars arranged in seven rows. Analyte species can be adsorbed and desorbed
from the reacting surface according to the following equation

kads

P+S PS

kdes

Adsorbed analyte (PS) can transform to a quenched state (QS) that won't contribute to sensor signal and is
governed by the following reaction

ki

PS Qs

ka
Rate of adsorption is given using the following equation
Tads = KaasCP

Where, cp is the concentration of P in the stream K iS the rate constant of adsorption Ky is the rate constant of
desorption.

The desorption rateis given by
Taes = KaesCDS
Where, cps isthe concentration of surface adsorbed species

The sample pulse that enters the flow cell is described using Gaussian distribution with a maximum
concentration of 80 mol/m3 at the flow inlet.

The outlet flow condition is given by
n(—=DVC) =0
The net flux at the boundariesis
Np = —Taas + Tdes
Surface reaction is used to study the chemical reactions between the surface and bulk species on boundary.
Surface species are transported tangentially as per Ficks law and bulk species are assumed to be immobile.
Fick’'s law defines the relation between the diffusion flux and diffusion coefficient. According to the law the

flux goes from region of higher concentration to region of lower concentration with the flux proportional to the
diffusion coefficient and the negative of the concentration gradient. It is defined mathematically as,
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Where, Jisthediffusion flux
D isthe diffusion coefficient or diffusivity and
¢ isthe concentration of the species and x is the position.
The absorbed species travel tangentially along the surface with the surface molar flux as
Nei = —Ds;iVes;i
Where, Ds,i isthe surface diffusion coefficient for a speciesi

desi
—=+ Vt(—Dg;Vtess) = Ry
Where, Rs,i isthe sum of al sources due to surface reaction and adsorption/desorption.
Laminar flow is used to study the pressure and velocity fields of the laminar flow of species and is governed by
Navier-Stokes equation. The fluid flow in the flow cell is given by the Navier-Stokes equation as
pi.Vu =V [—pi + n(Vu + (Vu)) — (£) (vw)] . (pu) = 0
Where, p represents density u represents velocity
N represents viscosity and
p represents pressure in the tubes

The pillars near the wall will absorb more compared to the pillars in the centre of the stream and the pillars near
wall takes longer time to release absorbed analytes.

VI. RESULTSAND DISCUSSION

From the following table, rectangular shaped micro cantilever beams give maximum deflection for the same
load. Load applied to the respective beams is given below in the table. Here the density of the materials vary for
different materials which are 2320 kg/m?® for Poly Si, 2200 kg/m? for SiO, and 3100 kg/m® for SizN,,

TABLE Il
Force applied to different beam structures

Beam Structure APPLIED FORCE (N)
Rectangular 3.02148 x 10712
T Shaped 3.02148 x 10712
U Shaped 3.02148 x 10712

The following figures show the deflections of the different cantilever beam structures for the respective forces.
Here the beams are of the same material SiO, which has the best material properties suitable for chemical
vapour detection.

The figure below shows the mass loading of a rectangular micro cantilever beam for the respective mass which
shows the maximum deflection and the eigen frequency

Eigerdraquency=4.243357e5 Surface: Total displacemert (am)

Fig |. Deflection of rectangular cantilever beam

The figure below shows the mass loading of T Shaped microcantilever beam and its respective deflection and
eigen frequency
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Eigenfrequency—2.48668e5 Surface: Total displacement {jzm}

Y\Ln

Fig Il. Deflection of T Shaped cantilever beam

The figure below shows the mass loading of U Shaped micro cantilever beam and its respective deflection and
Eigen frequency.

Elgenfrequency=3,131362e% Surface: Total displacement (um)

Fig l11. Deflection of = Shaped cantilever beam

The following table shows the different eigen frequency values and displacement values for different materials
and different beam structures for the same force.

TABLEII
Eigen frequency of beam structures
ElIGEN
FREQUENC
BEAM Y (H2) DISPLACEMENT
STRUCTURE (Lm)
POly S|Oz S|3N4
Si
4.2433357| 2.87557 4.5911285
Rectangle x 10° x 10° x 103 3.04 x 10°

2.408475 | 1.63194¢9 2.605534
T Shaped x 10° x 10° x 10° 2.36 x 10°

3.131562 | 2.054559  3.280743
U Shaped x 105 x 105 x 105 3.280743 x 10°
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The following figure shows the velocity profile of the air molecules adsorbed in the chemical pillars in the
laminar flow of water. By changing the diffusivity constant values and rate constant values, different chemical
vapor in a fluid flow can be detected. Here the blue regions show the less velocity profiles and the red region
shows the maximum velocity profiles. Blue regions represent more adsorbed species near the wall region of the
flow cell and red regions shows the unabsorbed speciesin the laminar flow.

Time=100 s Shce: Velocty magnitude (mys}

M 4.18x10™?
=107

40

Fig IV. Velocity profile of air molecule

The following figure shows concentration distribution of the laminar flow and surface coverage of adsorbed
species at time 45 seconds.[18]

Fig V. Surface coverage of adsorbed species

VII. CONCLUSION

Eigen frequencies of different micro cantilever beam structures are computed using COMSOL Multi physics
software. SIO, is one of the desirable materials for micro cantilever beams for chemical detection and the
different eigen frequencies for different structures includes rectangular shaped beam with a laminar flow* 10°
and U Shaped with a frequency of 2.054559 * 10° with maximum displacements of 3.04*10° pm, 2.36*10° pm
and 3.280743* 10° um for the respective structures. For chemical species detection, chemical pillars are utilized
of which different velocity fields are studied using different physics that includes laminar flow, surface reactions
and transport of diluted species.

Here the general study of adsorption of air molecules in laminar flow of water is studied. Changing the
diffusivity constant and the reaction constant, any combination of chemical vapour and fluid mixture can be
studied.

ACKNOWLEDGMENT

The research work for the above article was acknowledge by Parvthy JM, Pratishtha Deep, Prof.Sivcoumar R
which was supported by the MEMS lab of VIT University, Vellore, T.N, India We thank our professor for
providing specia guidance on COMSOL software.

ISSN : 0975-4024 Vol 7 No 3 Jun-Jul 2015 892



(1
(2
(3]
&
(6]
(7
(8
(9

[10]
[11]

(12]
(13]
(14]
(19]
(16]
(17]
(18]

Sivacoumar R et a. / International Journal of Engineering and Technology (IJET)

REFERENCES

Suryansh Arora, Sumati, Arti Arora, P.J George, “Design of MEMS based Microcantilever using Comsol Multiphysics’, Applied
Engineering Research, Vol.7 No.11, 2012.

Maziar Norouzi, Alireza K, “Design of Piezoelectric micro cantilever Chemical Sensor in Comsol Multiphysics Area’, Electrical and
Electronics, Vol.2, issue 1,N0.184,2009.

Sandeep Kumar Vashist,” A Review of Micro cantilevers For Sensing Applications’, 2007.

T. Thundat, P. I. Oden, and R. J. Warmack ,“Microcantilever sensors,” Micro scale Thermophys Eng, vol. 1, pp. 185199, 1997.

J. Thaysen, and A. Boisen, “Atomic force microscopy probe with piezoresistive readout and a highly symmetrical Wheatstone bridge
arrangement,” Sensors and Actuators A, vol. 83, pp. 47-53, 2000.

L. A. Pinnaduwage, A. Gehl, D. L. Hedden, G.Muraidharan, T. Thundat, R. T. Lareau, T. Sulchek,L. Manning, B. Rogers, M. Jones,
J. Adams, “A microsensor for trinitrotoluene vapor,” Nature, vol.425, pp. 474, 2003.

P. Grabiec, T. Gotszalk, J. Radojewski, K. Edinger, N.Abedinov and Rangelow, “SNOM/AFM microprobe integrated with
piezoresistive cantilever beam for multifunctional surface analysis,” Micro electron. Eng., vol. 61-62 pp. 9816, 2002.

Raiteri, Roberto; Grattarola, Massimo; Butt, Hans-Jiirgen & Skladal, Petr. Micro mechanical cantilever based biosensors. Sensors and
Actuators B: Chemical,2001,79(2-3), 115-26.

Sepaniak, Michael; Datskos, Panos, Lavrik, Nickolay & Tipple, Christopher. A new approach in sensor technology. Analytical
Chemistry A, 2002, 568.

McFarland, Andrew W. et a. Production and characterization of polymer microcantilevers. Rev. Sci.Instru., 2004, 75(8).

Clark, M. T. and Paul, M. R., “The stochastic dynamics of rectangular and V-shaped atomic force microscope cantileversin a viscous
fluid and near a solid boundary”, Journal of Applied Physics, Val. 103, No.9, pp. 094910-1, 2008.

Duk-Soo Eun Dae-Young Kong Hyun-Jun Yoo Young-Myong Hong Jong-Min Jang Tae-Wook Kang In-Sik Yu Jong-Hyun Lee
Design and fabrication of a MEM S-based multi-sensor Nano/Micro Engineered and Molecular Systems, 2008. NEM S 2008. 3rd |EEE
International Conference.

Techniquesin MEMS Devices for Micro Humidity Sensors and Their Applications.Chia-Yen Lee, Che-Hsin Lin, and Lung-Ming Fu
Chou, C. C,, Lee, C. W. and Yang, M. H., “Simulation of an Atomic Force Microscopy’s Probe Considering Damping Effect”,
Proceedings excerpt, COMSOL users conference, Taipei, Taiwan, 2007.

Guanghua Wu, Ram H.Datar, Karolyn M.Hasen, Thomas Thundat, Richard J. Cote, Arjun Majumdar,” Bioassay of Prostate -Specific
Antigen(PSA) Using Micro cantilevers’, Nature Biotechnology, VOL.19, N0.856,2001.

Wang Y .H., Hsueh T.H.,, MaR.H., Lee C.Y., Fu L.M., Chou P.C., Tsai,T.H., “A microcantilever based gas flow sensor for flow rate
and direction detection”, DTIP of MEMS & MOEMS. 2008.

Muhammad Akram Bhatti L. C. X., Lee Yue Zhong and Ahmed N.Abdalla, "Design and Finite Element Analysis of Piezoresistive
Cantilever with Stress Concentration Holes,"2007.

COMSOL Multiphysics help guide, Reacting pillers, COMSOL Multiphysics version 4.4

AUTHOR PROFILE

AUTHOR 1 SIVCOUMAR R, Assistant Professor (Sr.) SENSE Department, VIT University
AUTHOR 2 PARVATHY JM, M.Tech (Il YR) Sensor system technology, VIT University
AUTHOR 3 PRATISHTHA DEEP, M.Tech (Il YR) Sensor system technology, VIT University

ISSN : 0975-4024 Vol 7 No 3 Jun-Jul 2015 893



	DESIGN of MICRO CANTILEVERBEAM for VAPOUR DETECTIONUSING COMSOL MULTI PHYSICSSOFTWARE
	Abstract
	Keyword
	I. INTRODUCTION
	II. LITERATURE REVIEW
	III. DETAILED PROBLEM DEFINITION
	IV. SOLUTION METHODOLOGY
	V. DETAILS OF EXPERIMENT
	VI. RESULTS AND DISCUSSION
	VII. CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES
	AUTHOR PROFILE




