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Introduction

The study of micro beams is a difficult one because the fabrication of such devices is both expensive and
arduous. An open source tool to simulate such beams would greatly help the progress of this field.
However, because nanotechnology is among the newer sciences, not everywhere has the funding and
resources necessary to adequately study this topic. This tool simulates micro beams without the hassle
of fabrication. These simulations will use SUGAR, a language to work with MATLAB in order to perform
various physical and electrical calculations and simulations. In order for this tool to be used by others,
the Rappture program was used to design a user interface that would allow for the easy simulation of
cantilever and fixed end micro beam structures under various force and moment generating loads. The
interface allows the user to specify the materials and shape of the structure the load is being applied to,
in addition to the type of load being applied, and the type of variable analysis that will be used in the
simulation. The intended result of this project is that this tool will be used in the study and
demonstration or teaching of Micro-Electro-Mechanical Systems (MEMS), specifically micro beam
structures.

The simulator is currently designed to simulate cantilever beams. A cantilever beam is a beam that is
anchored at one end while the tip of the beam is allowed to hang freely. (Figure 1) The tool is designed
to simulate how the cantilever beam will act under various forces and moments. There are two
different simulations can be done by the tool: static analysis and (up to two parameters) sweep analysis.
In the static analysis, up to four sets of three dimensional (3-D) loads (forces and moments) can be
applied on the cantilever at user defined positions (the last one set has to perform at the tip of the
cantilever). The final output of the tool is graphic representation of the beam that shows deflection of
the beam along the three primary axes as well as the numerical deflection value of the interested point
in table format.

The netlist file which is used in SUGAR simulation is available to be downloaded in the final stage for
user’s future development.
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Figure 1: Practical (Left) & Theoretical (Right) Model of Cantilever



Theory

In this section, the physics behind the beam simulator is briefly discussed. We begin with a few
assumptions made in this simulation and then move onto a mathematical explanation of the results
generated by the tool.

Assumptions

There are various assumptions made throughout the simulation of these beams. Some of these
assumptions are made purely for the sake of these simulations and others are more universal
assumptions for the beam theory.

Assumptions for Simulation
- There are no external forces or moments other than those inputted by the user and those anchoring
the beams

- The anchored end of the beam remains completely unmoved

- During static analysis all inputs are held constant

- On the micro scale gravitational forces are miniscule relative to electric forces
- The beam has a rectangular cross section

Mathematical Assumption
The only major assumption is that beam theory applies in all instances. For more detailed list of the
mathematical assumptions entailed by this theory, see next section — Beam Theory.

Beam Theory

The Euler-Bernoulli Beam equation is an equation used to analyze the deflection of and characteristics
of beams under applied loads. The theory rests on five basic assumptions which will be detailed in
section 2.2.1 Beam Theory Assumptions. This section will then proceed to detail the equation itself out.

Beam Theory Assumptions
Strictly stated, the beam theory assumptions are as follows:

- Continuum mechanics is valid for a bending beam.

- The stress at a cross section varies linearly in the direction of bending, and is zero at the center of every
cross section.

- The bending moment at a particular cross section varies linearly with the second derivative of the
deflected shape at that location.

- The beam is composed of an isotropic material.

- The applied load is orthogonal to the beam's neutral axis and acts in a unique plane.



In lames terms, the five assumptions are more simply put:
- Calculus applies to beams.
- Beam stress can be described in a particular mathematical fashion.

- The force that resists deflection is dependent on the deflection at any point in particular,

mathematical way.
- The material acts the same in every direction.
- The beam only bends, it does not stretch or twist.

The Beam Equation
The beam equation is as stated below (Equation 1):

0°u .
El —=M(X)—————- Equation 1
0X
In this equation, U(X) is an equation describing the deflection of the beam with respect to the

variable X, which is the position along the beam. E is the elastic or Young’s modulus of the material
the beam is made of. | is the second moment of area of the cross section of the beam. M (X) is the

moment load applied to the beam at position X.



Example
Question#1: Find the tip deflection of the cantilever with following applied loads.

Question#2: Find the tip deflection of the cantilever in sweep analysis. The first sweep parameter is
Nodel position from 5um to 10um with 1um step, while the second sweep parameter is tip force
magnitude from OuN to 10uN with 1uN step.
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Material
- Silicon
- Young’s Modulus = 165GPa
- Poisson Ratio =0.3

Geometry

Length = 100um
- Width =2um
- Thickness = 2um

- Nodel @ 10um from the anchor

- Force @ Nodel = 30uN (y-axis)

- Force @ Tip = 10uN (-y-axis), Moment @ Tip = SuN-um (-z-axis)




Phase I - Model Description
1. Introduction to the tool. (Figure 2)
2. Links to an Example and Manual. (Figure 2)

3. Image of the cantilever with geometry & load information. Pay attention to the definition of the

universal coordinate system (UCS) which will be consistently used throughout this tool. (Figure

2)
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SUGAR-Cantilever Simulation Tool is one of the tools developed for early- stage
Micro-Electro-Mechanical System (MEMS) cantilever desgin.

Thiz tool has the ability to do static and parameter sweep analysis For cantilever with customized
geometry and load distribution. The algorithm {SUGAR) i3 based on the nodal analysis which is
Faster than finite element analysis (FEA) with comparable accuracy within linear region.

This tunl features {a) fully customized geometry, Toad and ‘material property, {b) mlultwe nodel
output in static analysis and {c) any parameter (up to 23 sweep analysis,

Please refer to the Example (PDF} for quick start, or consult with the kManual (PBF} for detailed
infornmation,

Force@Tip

Thickness

Parameter Definition =

Figure 2: Model Description GUI with Comments
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Phase II - Parameter Definition
1. Define the material, geometry and load properties. (Figure 3)

2. Add up to three additional loads to the tip load if desired. (Figure 3)

3. Define the directions of the applied loads. (Figure 3)

=B

Material Property

Poigson Ratio[p.poisson_ratio]: 0.3 {Reran T Sl

Youngs Modulus[Falp youngs modulus]: 165e9

: Geometry Property

Lengthlm]p.length_beam]: 100e-6
weich[m][p width_beam]: 2e-6
Thickness[m][p.thickness_hbeam]. 2e-6

Number of Nodes
which has the applied

]Numhier'uf Load Sets: 2 | = loads {Force OR
Moment}
— e {(Up to 4 Nodes: If
1stLoad Tip Load ] ! more flexibility is

needed, the netlist,
which can be
customized, will be
available to be
downloaded in the
final phase}

Tip Force Magnitude[h][p.force_mag_tip]: 10e-6

Tip Force Ox[rad][p force_ox tip]: ED

Tip Force OY[rad][pforce_oy _tip]: -pid2

Tip Force OZ[rad][p.force_oz_fip]: ED
Tip Moment kMagnitude[P:m][p.moment_mag_tig): Se-12

< Model Description |

Tip: Moment Cx[rad][p.moment_ox_tip]: IIZI

Tip Moment O¥[rad][p.moment_oy_tip): Epi:’ZI L

Tip koment OZ[rad][p.moment_oz_tip]: !IZI

¥ Force@Tip

X
Force@Mode1
£

Analysis Configuration =

Default Direction: +x-
axis

(e.g. -Zz-axis moment
direction can be
obtained by rotating the
default direction vector
along +y-axis for pif2
with right hand
convention. The same
idea can be applied to
the direction of the
force}

Figure 3: Parameter Definition GUI with Comments



Phase III - Analysis Configuration
1. Two types of analysis (static analysis, parameter sweep analysis) can be done by this tool.

2. Customized view angle can be defined for output plot.

3. Up to two parameters can be swept in analysis.

File
@Analysis Configuration
Analysis Type:lStatic: Analysis j
Customize View Point. []yes View angle of the
Azimuth [deg]: 15 customized output plot.

Elpwation [deg]: 7o

i
h

Viewpoint

=

Eoth original model and the deflected model will be showed after simulation. 30, Front,
Top, Left and Customized wiew will be available in the drop-douwn menu. Besides, the
sirulation log file and the maodel netlist file can be dovwnloaded for further developrment.

= The view angle of the customized wiew can be defined by Azirnuth and Elevation
asg illustrated above.

= Sometirmes there will be nocmodel in the plot becase the model is hollow frorm
the zide.

< Parameter Definition Simulate = I

Figure 4: Static Analysis GUI with Comments
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File

i) Paramels i € Analysis Configuration

analysis Type: | Static Analysis with Parameter Sweaep j

Rode Mumber for Output: {MNade Tip ) “etecttne itorestad nede. .
(Make sure to select the one in
MNutmber of Sweep Parameter; 2 i: the model, i.e. don't select
¢ MNodeB if there is a two-node
- model}

|1st Sweep Para, Mame: load_position_1 I\.

Initial alue: |5e-6

Final Value: 10e-6

Step Size: |1e-b

The names need to be

: EXACTLY the same as what
Ian Sweep Para, Mame: _Efnru:e_mag_tip { :' appears after 'p." in the

i previous phase.

Ifitial Walie: |0

Final Value: [10e-6

Step Size:E-‘lﬂe—ﬂ

The %, v, and 2 - axis deflection versus the sweeped parameter plot of the user specified node will be.
provided. Besides, the specified node: deflection takle and simulation log file will be available a3 well.

The name of the sweep parameter can be any strings appesring after 'p. in the Parameter Definition
phase. {eq. force_mag_tip, woungs_modulus )

= The name need to be exactly the same (case sensitive) a5 the string.

= The sweep value needs 1o make sense to the model a5 well as to the physics. fe.g. Don't
starts at 0 when sweep the geometry properties since there is no physical means when they
equal to zero. Don't sweep the length from 10urm to 100um if the Mode#! is defined @
S0um position because it doesn't make senze if the beam is shorter than SOum)

< Parameter Definition Simulate > |

Figure 5: Parameter Sweep Analysis GUI with Comments



Phase IV - Simulation Result
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1. All the results can be found through the drop-down menu.

2. All the results can be downloaded for further development. (image file or text file)

3. The curve images are dynamic (i.e. it can be zoomed in or out).

Result: !ﬂg_camilever_staticanalysis_custumize

Z-oul o plane fm)

(5 B

& Resutt [Log File ¥ @

The Elapsed time of the simulation is: { 0.004072) sec

FirstMode Unit[m] dec = 3. 71le-26 dy = -1.754e-07 dz = 0. 000=+00
Tip Unit[m] dx = 1. 206e-25 dy = -1.461e-05 dz = 0.000e+00

Fesult: iMndel_Nemst

% Fengyvan Li (liZ00@purdue. edu)

. There are three parts in this netlist: parameter definition; l=.
. The parameters in the parameter definition part can be used in

. The

1
2
3. The purpose of the layer definition part is to simplify the fol
4

syntax of the netlist file is relatively strict. (e g. no

)

%~ haiizontal fm]

% Parameter definition section with 5I units
param youngs modulus = 0

param polsson ratio =
param length beam = 0
paran width heam = 0
param thickness beam = 0
param load position 1 =0
param force mag 1 = 0

]

Figure 6: Screens of the Outputs of Static Analysis

Result: | curve_x

x_deflection

1e-25 —

5e-26 —

Resu\t-:!Nude Deflection Tahble - [
|sweep_para 1 = Se-06 sweep_para 2 = 1] dx = 1.3916e-26 dy = 5.3977e-( K
isweep para 1 = Se-06 sweep_para 2 = le-06 drr = 2.3193e-26 = -1.4612e-
\sweep_para_1 = Se-06 sweep_para_2 = Ze-06 dx = 3.2471e-26 = -2 9763e-
|sweep_para_1 = Se-06 sweep_para_2 = 3e-06 dx = 4.1748e-26 = -4.491F5e-
\sweep_para_l = Se-0& sweep_para 2 = de-06 dx = 5.1025e-2¢6 = -6.0066e-
Se-06 sweep_para_2 = Se-06 dx = 6.0303e-26 = -7.5218e-
ESe-06 sweep para 2 = Be-06 dx = 6. 058:-26 = -0, 0360e-
Se-06 sweep_para_2 = Te-06 dx = 7. 8857e-26 -1.055%e-
Se-06 sweep_para_2 = 8e-06 dx = 8.8135e-26 -1.2067e-
= Se-06 sweep_para 2 = 9e-06 dx = 9.7412e-26 dy = -1.3582e-
= Ge-06 sweep_para_2 = 1e-05 dx = 1.0669e-25 dy = -1.5098e-
= Ge-0& sweep para 2 = 0 der = 1.660%9e-26 dy = 1.2691e-(
= Ge-06 sweep_para_2 = le-06 dx = 2.5876e-26 dy = -1.388%Ze-
= te-0& sweep_para_2 = 2e-06 dx = 3.5254e-26 dy = -2.0034e-
= Ge-0& sweep para 2 = 3e-06 der = 4.4531e-26 dy = -4.4185e-
1®

isweep_para_ 1 s
|sweep para 1 3
|sweep_para_1

|sweep_para_l .
(sweep_para_l .
lsweep_para_1 3
EsweapjaraLl ¥
isweep_para_1

jsweep_para_ 1 :
|sweep_para_1 ;
Result !OutputLog

]The simulation

\The Elapsed time of the simulation is: 0.15419) sec

G

T
2e-06

T : T T E T
4e-06 Be-06 Se-08 fe-05

Znd sweep parameter

started on year (2008) month{ 9) day(17) hr(23) nin(27) sec(24.473"

Figure 7: Screens of the Outputs of Sweep Analysis
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FEA Result Comparison

Several tests have been done by commercial Finite Element Analysis (FEA) software — COMSOL3.4 and
the SUGAR - Cantilever Simulation tool for result comparison (Table 1).

condition y-axis deflection
NANOHUB TOOL
Test um, uN ANALYTICAL COMSOL (um)
1 cantilever (100L, 2W, 2T) -15.151515 -15.014 -15.15

silicon (0.3, 165GPa)
force (10uN at tip in -y axis)

2 cantilever (100L, 2W, 2T) 0.227273  0.211422 0.2273
silicon (0.3, 165GPa)
moment (LOuN-um at tip in +z axis)

3 cantilever (100L, 2W, 2T) N/A 4.247094 4.318 nodel
silicon (0.3, 165GPa) N/A 12.730499 12.54 tip
nodel 50um away from anchor
force (10uN at nodel in +z axis)
force (5uN at tip in +z axis)
moment (LOuN-um at tip in +z axis)

Table 1: Result Comparison with FEA Software

The SUGAR — Cantilever simulation tool provides close results (relative error < 4%) compared to the FEA
model in COMSOL3.4. The error comes from many different aspects. For example, the error could come
from the accuracy of the FEA model. Figure 8 shows the model for test3 in COMSOL. There is a short link
bar at the end of the cantilever in order to apply moment at the tip position. Therefore, the results from
the FEA model will include all real facts, boundary conditions while the SUGAR — Cantilever can only
capture the basic physical phenomena. However, the accuracy of the SUGAR — Cantilever tool is more
than enough to be accepted during the initial design stage. Plus, the computational memory and time
consumption are smaller, especially for complex system — level device.

Subiomesn: sdegiacement [l Defarmetion: Deoecemet Fas: 12,731

xxxxx

sm: 2 oasezo

Figure 8: COMSOL FEA Model for Test3
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Further Development

The netlist file will be available in the drop down menu of the last phase. User is welcome to reuse or
further develop for more complex device. Another SUGAR based tool is currently under developing on
nanoHub in which users can type in their own netlist to model and simulate their own device.

Please contact the develop team (Fengyuan Li, li200@purdue.edu) for any questions regarding this tool,

the developing tool, and the SUGAR modeling and simulation process.
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