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Abstract

Many applications in micromechanical systems (MEMS) involve electrostatically actu-
ated parts. Arpeggio is a code for facilitating loose coupling between computational me-
chanics modules in a parallel computing environment. This document describes how to
use Arpeggio for coupled elecromechanical analyses using examples commonly encoun-
tered in MEMS applications, namely the response of structures to loads imposed by elec-
trostatic fields. For this type of analysis, Arpeggio is used to couple Adagio, a three-
dimensional finite element code for nonlinear, quasistatic or implicit dynamic analysis of
three-dimensional structures, with BEM, a boundary integral method code for the analysis
of electrostatic fields. This guide describes the methodology used for the loose coupling
and the commands the user needs in an input file to perform such an analysis. All com-
mands related to coupled analyses are described and examples are provided.
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Chapter 1

Overview

1.1 SIERRA Architecture

Arpeggio is a multiphysics application code built on the SIERRA framework. The SIERRA
framework provides services for data management in a parallel computing environment. It
also imposes a specific hierarchy on any code architecture built on the framework, and sub-
sequently, on the organizational structure of the application user’s input file. Therefore, it
is advantageous for the user of any SIERRA application code to be familiar with the com-
ponents of this hierarchical structure. Details of this structure can be found in Reference
[1], but a brief summary is included here.

The hierarchical structure of all SIERRA application codes is shown in FigureThis
represents a layered structure with the foundational block being the core services, or do-
main, provided by the SIERRA framework itself. Every analysis will have only a single
domain. One or more procedures lie directly on top of the domain, each one controlling
time stepping and coupling definitions over a segment of an analysis. Each procedure, in
turn, supports blocks for regions, each representing the solution of a set of partial differen-
tial equations (PDE’s) , for solution control which defines the sequence of region and data
transfer executions and the size of the time steps for the analysis, and for definitions of the
data to be transferred between meshes. This layered structure is reflected in the user’s input
file through a concept cdcope

Commands for the domain are in the outermost scope of the user’s input file and commu-
nicate directly with core services, such as support for mesh input, libraries for defining
material parameters, and blocks for defining parameters for any of the linear solvers that
are accessible through the SIERRA system. Entities defined and parameterized in the out-
ermost, domain scope are available to any of the nested scopes. An application can have
only a single domain.

13
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Figure 1.1:Major components of the SIERRA architecture.

The layer lying directly on top of the domain, and thus a nested scope within the domain, is
that for procedures. A SIERRA domain may support one or more procedures, a procedure
being the SIERRA entity for controlling the time stepping through the solution. Nested
within each procedure will be one or more physics modules, called regions. The procedure
defines how to procede through a solution in a nested solution control scope and how data
is to be transferred between its regions using nested transfer definition scopes.

The SIERRA nomenclature for a physics module is a region. In most cases, the physics
module and hence the region represents the solution of a single PDE, although tightly-

coupled PDE’s may also be advanced through a single region. Each region sequentially
executes its physics on its associated mesh for the current time step passed to it by the
procedure. Regions include commands for defining mesh input, results output, boundary
conditions, and designation of the solver to be used.

Loosely-coupled, multiphysics analyses are accomplished in SIERRA by the sequential
execution of two or more regions over over each procedure time step of a simulation. The
specific order of the executions is defined by the user in the solution control scope. Each
region is responsible for advancing its associated field data to the end of the time step
while field data transferred to it from other regions is held constant. For the simplest form
of loose coupling between two regions, the first region is executed to advance its field data
to the end of the time step and its data is passed to the second region. The specification
for the data to be transferred is contained in a transfer definition block. The second region
then advances its own field data to the end of the time step, at which time its pertinent field
data is passed back to the first region. This process continues to iterate over the same time
step until a user-defined convergence is reached in each region. The analysis process then
repeats for subsequent time steps until the termination time for the simulation is reached.

Three-dimensional, electromechanical analyses are accomplished in Arpeggio by coupling
a region for finite element structural analysis with another region for boundary element
analysis of an electrostatic field. The structural analysis may be either quasistatic, in which
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case an Adagio region is used, or implicit dynamic, in which case an Andante region is
specified. In this document, the nomenclature "Adagio/Andante” is used to designate that
either type of region is appropriate. A BEM region is used for electrostatic analysis.

It should be noted that, while it is possible in Arpeggio to couple a dynamic structural
analysis with an electrostatic boundary element analysis, it may not always be appropriate.
For this approach to be appropriate, the regime of interest in the structural time response
must be large compared to that of the time for any transient response of the electric field.
This condition is true for the example problems in this document.

1.2 Files Associated with a Coupled Analysis

Two types of input files are required to run Arpeggio. The first type of file is a binary
file in the exodusll format that contains the mesh data. (Often called a genesis file, it is
an exodusll file format but contains no results information). The second type of input file
is an ASCII text file that contains parameter data and the user's commands for executing
the analysis. The remainder of this section describes the specific files needed for a cou-
pled electrostatic-structural analysis using Adagio/Andante and BEM regions in Arpeggio.
While other types of coupling are possible in Arpeggio, they are outside the scope of this
guide.

1.2.1 Mesh Data Files

Coupled analyses using Adagio/Andante and BEM regions in Arpeggio requires the user
to have two mesh files, one defining a finite element volume discretization of the struc-
tures and the other defining a surface mesh over the structures for the boundary integral
calculation. The surface mesh for the boundary integral calculation is not required to have
coincident nodes with the surface of the volume element mesh. These files may be created
with any pre-processing tool that can create an exodusll file.

1.2.2 User Input File

An Arpeggio analysis is controlled through a user-generated text file. Conventions for the
commands in this file are given in Chaptr The input file contains commands for such
things as defining load functions, material parameters and boundary conditions, time step
control, solver parameters, and the steps to be followed for coupling. Description of the
commands needed for coupling are contained in ChaBtém®ugh8. Commands that are
specific to Adagio/Andante or BEM regions that do not directly affect coupling are beyond
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the scope of this manual, but can be found in fekagio/Andante User Reference Manual
[2] and theBEM Users Manual3]. Examples of user input files are included in Chapters
9 and10.

1.2.3 Output Files

Numerical results of an analysis are output in exodusll files that contain the original mesh
information as well as any results the user has requested. For a coupled analysis, both
structural and electrostatic results files will be generated. Also generated during an analysis
is a log file, a text file containing a repeat of the input file, pertinent information regarding
the progression of the analysis, and a time summary at the end. If errors are generated
either during the parsing of the input file or during the analysis itself, they are written to
the log file.

16



Chapter 2

Input File Conventions

2.1 File Structure

The hierarchical design of SIERRA codes is reflected in the user’s input file by the concept
of scope. Each scope in the input file is defined by a command block initiated with a line
command starting with the keyword "begin” and terminated with a line command starting
with the keyword "end”. A command block may contain line commands and/or other
command blocks which define scopes nested within it. The major scopes of the input file
mimic the layered architecture of SIERRA illustrated in Figlr& A scope nested within
another scope is analogous to a layer lying atop another layer.

For example, the outermost scope in the input file corresponds to the SIERRA domain
and includes commands and command blocks that are independent of the physics such
as definitions of functions, materials, linear solvers, and mesh descriptions. Any nested
scopes then have access to these definitions. The domain scope is delineated as

BEGIN SIERRA my_problem
END SIERRA my_problem

whereBEGIN and SIERRA are the keywords to initiate the command block, &nband
SIERRA are the keywords to end it. The domain scope can also be terminated simply by
using

END
The stringmy_problem is a user-specified name for this domain scope.

The typical Arpeggio input file will have the structure shown below. The major scopes—
domain, procedure, solution control, regions, and transfer definitions — are delineated with

17



input lines for command blocks. Comment lines (lines beginning with #) indicate some of
the key scopes that may appear within the major scopes. These major scopes and their
nested commands are described in Chapters 3 through 8 of this guide.

BEGIN SIERRA <string>some_name
#
All command blocks and command lines in the domain
scope appear here. The PROCEDURE command
block is the beginning of the next scope.

#
#
#
#
# function definitions
# material descriptions
# solver definitions
# mesh file descriptions
#
BEGIN PROCEDURE <string>procedure_name
#
BEGIN REGION ADAGIOJANDANTE <string>structural_region_name
#
All command blocks and command lines in the
region scope appear here

#

#

#

# specification for output of results

# specification for restart

# specification of boundary and load conditions
# definition of contact

# specification of solver

#

END [REGION ADAGIO|ANDANTE <string>structural_region_name]

#
BEGIN REGION BEM <string>electrostatic_region_name
#
# All command blocks and command lines in the
# region scope appear here
#
# specification of solver
# specification of PDE
# specification for output of results
# specification for restart
# specification of boundary conditions
# specifications for post-processing
#

END [REGION BEM <string>electrostatic_region_name]
#
BEGIN SOLUTION CONTROL <string>control_name

18



# definition of analysis flow
# specification of data transfers
# time step control.
END [SOLUTION CONTROL <string>control_name
#
BEGIN TRANSFER <string>transfer_name
#
# definition of data transfers between
# mesh parts belonging to different regions
#
END [TRANSFER <string>transfer_name]
#
END [PROCEDURE <string>procedure_name]
#
END [SIERRA <string>some_name]

2.2 Conventions for Command Descriptions

This section describes conventions for input commands for a SIERRA application. A num-
ber of the individual command lines discussed in this text appear spread over more than one
text line simply to accomodate the margins of this document. Therefore, the continuation
symbols that would used to continue lines in an actual input/feand/$ , Section2.3.2

are not used here because they are not required in the input file. The description of com-
mand lines will clearly indicate all of the keywords, delimiters, and values that constitute a
complete command line. As an example, DEFINE POINTcommand line is

DEFINE POINT <string>point_name WITH COORDINATES
<real>value_1 <real>value_2 <real>value_3

When real values are substituted, this line can easily be typed on a single line in the input
file. However, if desired, the user could spread it over two lines as follows

DEFINE POINT center WITH COORDINATES /#
10.0 144.0 296.0

where the# symbol implies the first line is continued onto the second line.

2.2.1 Keywords

Keywords for a command are shown in uppercase letters in this guide. For actual input,
any mixture of case can be used.
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2.2.2 User-Specified Input

Lowercase letters are used to show user-specified input. User-supplied input may be a
real number, an integer, a string, or a string list. The type (real, integer, string, string list)
description is enclosed by angle brackets;, and precedes the user-supplied input. This
type string is for description only and is not included in the actual input file. For example,

if the description of an input command appears as

USE FUNCTION =<string>function_name
the user would type
USE FUNCTION = my_name
wheremy_nameis a string the user has chosen to give a function definition.
Valid user input consists of the following:
<integer > Integer data is a single integer number.
<real> Real data is a single real number. It may be formatted
with the usual conventions, such #534.56
or 1.23456e+03 .
<string> String data is a single string.
<string list > A string list consists of multiple strings separated

by white space, a comma, or white space combined
with a comma.

2.2.3 Optional Input

Square brackets, [ ], represent optional input within a command line. However, any com-
mand line that is itself optional in its entirety will be described as such within the text.

2.2.4 Default Values

A value enclosed by parentheses, (), appearing after the user input denotes the default value.
For example,
SCALE FACTOR =<treal>scale_factor(1.0)

implies the default value fascale_factor is 1.0. Any value a user specifies will override

20



the default.

2.2.5 Multiple Options for Values
Quantities separated by th¢ 'symbol indicate that one and only one of the possible
choices must be selected. For example,

EXPANSION RADIUS =<string >SPHERICAL|CYLINDRICAL

implies that expansion radius must be define8RSERICALoOr CYLINDRICAL. This con-
vention is also used for some line command options within a begin/end block. For example,

SURFACE =<string>surface_name |
NODE SET =<string>nodelist name

designates that eitherSURFACEOr aNODE SETine must appear in the command block.

Quantities separated by the”’symbol can appear in any combination, but any one quantity
in the sequence can appear only once. For example,

COMPONENTS =string>X/Y/Z

implies that components can equal any combination of X, Y, and Z. Any value (X or Y
or Z) can appear at most once, and at least one value of X, Y, or Z must appear. Some
examples of valid expressions in this case are

COMPONENTS = Z

COMPONENTS = Z X

COMPONENTS =Y X Z
and

COMPONENTS = Z Y X

2.3 Style Guidelines

This section gives recommendations for the overall organization and appearance of an file
that will enhance the readability.
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2.3.1 Comments

Any text on a line that follows a#” symbol or a '$” symbol is ignored. These symbols can
therefore be used to include comments on the end of a command line. If the first nonblank
character in a line is & or $, the entire line is a comment line.

2.3.2 Continuation Lines

Any command line can be split across lines in the input file by placingtapair of charac-

ters (or \$”) at the end of the line. The following line is then taken to be a continuation of
the preceding line, and together they comprise a single line command. Note that everything
after the line-continuation pair of characters is discarded, including the end-of-line.

2.3.3 Case
Almost all of the character strings in the input lines are case insensitive. For example, the
BEGIN SIERRAkeywords could appear as
BEGIN SIERRA
or
begin sierra
or
Begin Sierra
A SIERRA command block can begin with
BEGIN SIERRA BEAM
and end with
END SIERRA beam

Case is important only for file name specifications and for user-defined variable names.
Any reference to a file name, such as a mesh input file, must exactly match the case used in
the filename itself. Likewise, if variable is defined, all references to that variable at other
places in the input file must exactly match the original definition, including case. Instances
where case is important will be noted in the text.
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2.3.4 Commas

Commas in input lines are ignored.

2.3.5 Blank Spaces
It is recommended that everything be separated by blank spaces. For example, a command
line of the form
node set = nodelist_10
is preferred over
node set= nodelist 10
or
node set =nodelist 10

Both of the above two lines are correct, but it is easier to check the first form (the equal
sign surrounded by blank space) in a large input file.

The command parser will accept the line
BEGIN SIERRABEAM

but it is harder to check this line for the correct spelling of the keywords and the intended
domain name than the line

BEGIN SIERRA BEAM

It is possible to introduce hard-to-detect errors because blank spaces are ignored by the
command parser. Suppose the line

begin definition for functions my_func
is typed rather than the correct form,
begin definition for function my_func

For the incorrect form of this command line (in whidbnctions  is used rather than
function ), the parser will generate a string name of

s my_func
for the function name rather than the expected name of

my_func

23



If a function namedny_func is referenced, the parser will generate an error because the
list of function names will include my_func but notmy_func .

2.3.6 General Format of the Command Lines

In the vast majority of cases, command lines have the form

keyword = value

2.3.7 Delimiters

It is recommended that the sign be used when a delimiter is required, althoisghand

are are also valid delimiters for most commands. Theign is recommended as the
delimiter of choice because it provides a strong visual cue for separating keywords from
values. By relying on the sign as a delimiter, it will be much easier to proofread an input
file and to edit with “cut and paste” operations.

2.3.8 Order of Commands

There are no requirements for ordering commands within a scope. Both the input sequence

BEGIN PRESCRIBED DISPLACEMENT
NODE SET = nodelist_10
COMPONENT = X
FUNCTION = cosine_curve

END PRESCRIBED DISPLACEMENT

and the input sequence

BEGIN PRESCRIBED DISPLACEMENT
FUNCTION = cosine_curve
COMPONENT = X
NODE SET = nodelist_10

END PRESCRIBED DISPLACEMENT

are valid and produce the same result. However, command lines and command blocks must
appear in the proper scope.
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2.3.9 Abbreviated END Specifications

Itis possible to terminate a command block without including the keywords that identify the
block. For example, a specific instance of the prescribed displacement boundary condition,

BEGIN PRESCRIBED DISPLACEMENT
can be terminated simply with

END
as opposed to

END PRESCRIBED DISPLACEMENT

Both the short terminationENDonly) and the long terminatiorEfNDfollowed by iden-
tification, or name, of the command block) are valid. It is recommended that the long
termination be used for any lengthy command block.

2.3.10 Indentation

When constructing an input file, it is useful to indent scopes nested inside other scopes.
Command lines within a command block should also be indented in relation to the lines
defining the command block. This indentation will make scopes more visually apparent in
the input file.

2.4 Naming Conventions Associated with the Exodus Il
Database

When the mesh file has an Exodus Il format, there are three basic conventions that apply
to user input for referencing parts of the mesh data. First, for a mesh file with the Exodus

Il format, an Exodus 1l side set is referenced as a surface. In SIERRA, a surface consists
of element faces plus all of the nodes and edges associated with these faces. A surface
definition can be used not only to select a group of faces but also to select a group of edges
or a group of nodes that are associated with those faces. In the case of boundary conditions,
a surface definition can be used not only to apply boundary conditions that typically use
surface specifications (pressure) but also to those that use nodes(fixed displacement com-
ponents). For nodal boundary conditions that use the surface specification, all of the nodes
associated with the faces on a specific surface will have this boundary condition applied to
them. The specification for a surface identifier in the following chaptengrface_name

It typically has the formsurface_integerid , Whereintegerid is the integer identi-
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fier for the Exodusll side set. If the side set number is 125, the valserédce _name

would besurface_125 . Itis also possible to generate an alias for the side set and use this
for surface_name . If surface_125 is aliased toouter_skin , thensurface_name
becomesuter_skin  in the actual input line.

Second, an Exodus Il node set is referenced as a nodelist. A nodelist can be used only for
cases where a group of nodes will be used without regard to the faces or elements to which
the nodes belong. The specification for a nodelist identifier in the following chapters is
nodelist_ name . It typically has the forrmodelist_integerid , Whereintegerid

is the integer identifier for the Exodus Il node set. If the node set number is 225, the value of
nodelist_ name  would benodelist 225 . Itis also possible to generate an alias for the
node set and use this foodelist_ name . If nodelist 225  is aliased tanner_skin
thennodelist name  becomesnner_skin  in the actual input line.

Third, an element block is referenced as a block. The specification for an element block
identifier in the following chapters iblock_name . It typically has the formblock_
integerid , whereintegerid s the integer identifier for the block. If the element block
number is 300, the value dflock_name would beblock_300 . It is also possible to
generate an alias for the block and use thistiock_name . If block_300 is aliased to
big_chunk , thenblock_name becomesig_chunk in the actual input line.
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Chapter 3

Domain Scope Commands

3.1 Establishing the Domain Scope

The outermost scope in the input file corresponds to the SIERRA domain. It includes
commands and command blocks that are independent of the physics such as definitions
of functions, material parameters, linear solver parameters, and mesh descriptions. Any
nested scopes then have access to these definitions.

The domain scope is delineated as
BEGIN SIERRA my_problem
END SIERRA my_problem

whereBEGIN andSIERRA are the keywords to initiate this command block, &nband
SIERRA are the keywords to end it. The domain scope can also be terminated simply by
using

END

The stringmy_problem is a user-specified name for this domain scope.

3.2 Title

TITLE <string list>title_description

A TITLE command line can be used to include a text description of the analysis. The
title_description will be copied to any ExoduslI results files.
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3.3 Functions

BEGIN DEFINITION FOR FUNCTION <string>function_name
TYPE = <string>CONSTANT|PIECEWISE LINEAR|
ZERO PIECEWISE LINEARJANALYTIC
ABSCISSA = <string>abscissa_label
ORDINATE = <string>ordinate_label
BEGIN VALUES
<real>value 1 [<real>value 2
<real>value 3 <real>value 4
<real>value_n]
END [VALUES]
EVALUATE EXPRESSION = <string>"analytic_expressionl;
analytic_expressionz;..."
END [DEFINITION FOR FUNCTION <string>function_name]

A number of features are driven by a user-defined description of the dependence of one
variable on another. For instance, the prescribed displacement boundary condition used by
an Andante region requires the definition of a time-versus-displacement relation. SIERRA
provides a general method of defining these relations as functions usiDgEHRITION

FOR FUNCTIONMOommand block, as shown above.

There is no limit to the number of functions that can be defined. All function definitions
must appear within the domain scope.

A description of the various parts of tHEEFINITION FOR FUNCTIONcommand block
follows:

- The stringfunction_name is a user-selected name for the function that is unique
to the function definitions within the input file. This name is used to refer to this
function in other locations in the input file.

- TheTYPEcommand line has four options to define the type of function. The string
value can b€ONSTAN,TPIECEWISE LINEAR ZERO PIECEWISE LINEAROrAN-
ALYTIC.

- The ABSCISSAcommand line provides a descriptive label for the independent vari-
able (v-axis) with the stringabscissa_label . This command line is optional.

- TheORDINATE commandine provides a descriptive label for the dependent variable
(y-axis) with the stringordinate_label . This command line is optional.

- TheVALUEScommand block consists of the real valwatie_1 throughvalue n
which describe the function. This command block must be used if the value on
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theTYPEcommand line iICONSTANTPIECEWISE LINEAR orZERO PIECEWISE
LINEAR. For aCONSTANTunction, only one value is needed. FoPECEWISE
LINEAR or ZERO PIECEWISE LINEAHRunction, the values arec( y) pairs of data
that describe the function. The values are nested insidgAhgEScommand block.

PIECEWISE LINEAR and ZERO PIECEWISE LINEARbehave differently for the

case where the abscissa value passed to the function exceeds the abscissa value in
theVALUEScommand block. Inthe case oPdEECEWISE LINEARfunction, for any
abscissa value passed to the function that is greater than the last abscissa value in the
VALUEScommand block, the last ordinate value is used for the function value. For
example, if aBPIECEWISE LINEARfunction namedny_func describes a time his-

tory for a pressure load where the pressure increases from 0 to 50,000 psi from time
0.0 sec to timd .0 x 1073 sec. The last time specified in the functior i8 x 1073.

If the final analysis time i2.0 x 1073 sec, from the time.0 x 1073 to the time

2.0 x 1073, the value for this functionny_func ) will be 50,000 psi. Ifmy_func is
specified as ZERO PIECEWISE LINEARunction, the value for the function would

be zero from timel .0 x 1073 to the time2.0 x 1073,

- The EVALUATE EXPRESSIOBommand line consists of one or more user-supplied
algebraic expressions. This command line must be used if the value arvEie
command line iIANALYTIC. See the rules and options for composing algebraic ex-
pressions discussed below.

A DEFINITION FOR FUNCTIONcommand block cannot contain bothVALUEScom-
mand block and aBVALUATE EXPRESSIOSommand line.

Rules and options for composing algebraic expressions. Algebraic expressions for the
EVALUATE EXPRESSIOSommand line are written using a C-like format. Each algebraic
expression is terminated by a semicolon. The entire set of algebraic expressions, whether
a single expression or several, is enclosed in a single set of double quotes.

An expression is evaluated with as the independent variable. We first provide several
simple examples and then list the options available in the algebraic expressions.

Example: Retursin(x) as the value of the function.

begin definition for function fred
type is analytic
evaluate expression is "sin(x);"
end definition for function fred

Example: In this example, the commented out table is equivalent to the evaluated expres-
sion.
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begin definition for function pressure
type is analytic
evaluate expression is "x <= 0.0 ? 0.0 : (x < 0.5 ? x*200.0

: 100.0)"

# begin values

# 0.0 0.0
# 0.5 100.0
# 1.0 100.0
# end values

end definition for function pressure

The following functionality is currently implemented for the expressions:

Operators
+_*/::!:><>:<:!&|&&”?:
Parentheses

0

Math functions

abs(x), absolute value of x
mod(x, y), modulus of x|y
ipart(x), integer part of x

fpart(x), fractional part of x

Power functions

pow(x, y), X to the y power
powl0(x), x to the 10 power
sqrt(x), square root of X

Trigonometric functions

acos(x), arccosine of x

asin(x), arcsine of x

atan(x), arctanget of x

atan2(y, x), arctanget of y/x, signs of x and y
determine quadrant (see atan2 man page)

cos(x), cosine of x
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cosh(x), hyperbolic cosine of x
sin(x), sine of x

sinh(x), hyperbolic sine of x
tan(x), tangent of x

tanh(x), hyperbolic tangent of x

Logarithm functions

log(x), natural logarithm of x

In(x), natural logarithm of x
logl0(x), the base 10 logarithm of x
exp(x), e to the x power

Rounding functions

ceil(x), smallest integral value not less than x
floor(x), largest integral value not greater than x

Random functions

rand(), random number between 0.0 and 1.0, not including 1.0

randomize(), random number between 0.0 and 1.0, not
including 1.0

srand(x), seeds the random number generator

Conversion functions

deg(x), converts radians to degrees

rad(x), converts degrees to radians

recttopolr(x, y), magnitude of vector x, y

recttopola(x, y), angle of vector x, y

poltorectx(r, theta), x coordinate of angle theta at
distance r

poltorecty(r, theta), y coordinate of angle theta at
distance r

Constants. There are two predefined constants that may be used in an expression. These
two constants are andpi .

e = ¢ = 2.7182818284...
pi = n = 3.1415926535...
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3.4 Axes, Directions, and Points

DEFINE POINT <string>point_name WITH COORDINATES
<real>value_1 <real>value_2 <real>value_ 3

DEFINE DIRECTION <string>direction_name WITH VECTOR
<real>value_1 <real>value_2 <real>value_ 3

DEFINE AXIS <string>axis_name WITH POINT
<string>point_1 POINT <string>point_2

DEFINE AXIS <string>axis_name WITH POINT
<string>point DIRECTION <string>direction

A number of features require the definition of geometric entities. For instance, the pre-
scribed displacement boundary condition requires a direction definition, and the cylindrical
velocity initial condition requires an axis definition. Definition of points, directions, and
axes occurs in the domain scope so they may be accessed from any of the regions.

TheDEFINE POINTcommand line is used to define a point:

DEFINE POINT <string>point_name WITH COORDINATES
<real>value_1 <real>value_2 <real>value_ 3

where

- The stringpoint_name is a hame for this point. This name must be unique to all
other points defined in the input file.

- The real valuesalue_1 , value_2 , andvalue_3 are thex, y, andz coordinates
of the point.

TheDEFINE DIRECTIONcommand line is used to define a direction:

DEFINE DIRECTION <string>direction_name WITH VECTOR
<real>value_1 <real>value_2 <real>value_ 3

where

- The stringdirection_name  is a name for this direction. This name must be unique
to all other directions defined in the input file.

- The real valuesalue_1 , value_2 , andvalue_3 are thex, y, andz magnitudes
of the direction vector.
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There are two command lines that can be used to define an axis. THeEHNE AXIS
command line uses two points:

DEFINE AXIS <string>axis_name WITH POINT
<string>point_1 POINT <string>point_2

where

- The stringaxis_name is a name for this axis. This name must be unique to all other
axes defined in the input file.

- The stringgoint_1 andpoint_2 are the names for two points defined in the input
file via aDEFINE POINTcommand line.

The secondEFINE AXIS command line uses a point and a direction:

DEFINE AXIS <string>axis_name WITH POINT
<string>point DIRECTION <string>direction

where

- The stringaxis_name is a name for this axis. This name must be unique to all other
axes defined in the input file.

- The stringpoint is the name of a point defined in the input file viRBFINE POINT
command line.

- The stringdirection is the name of a direction defined in the input file vi®&-
FINE DIRECTION command line.

3.5 Mesh File Identification

BEGIN FINITE ELEMENT MODEL <string> model_name
DATABASE NAME = <string> file_name
DATABASE TYPE = <string> file_format
#
# Other mesh specific commands needed for some regions
#

END [FINITE ELEMENT MODEL <string> model_name]
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Each physics module (region) of a coupled application operates on a mesh. For electrostatic-
structural computations using Arpeggio, two unstructured meshes are required. These are
specified in separateNITE ELEMENT MODEcommand blocks. Each will be referred to
within a region scope by the strimgodel _-name. The structural part of the analysis requires

a finite element volume mesh containing solid elements such as hexagonal bricks, and/or
structural elements such as shells and beams that use one- and two-dimensional topologies
to represent three-dimensional behavior. The electrostatic analysis requires a surface mesh
that encloses one or more three-dimensional volumes.

The inclusion of the keyword4-INITE ELEMENT" in the command block denotes that

the mesh is an unstructured grid and not a reference to the computational method. Thus,
even the boundary integral method in a BEM region uses a finite element model, in this
case an unstructured grid that consists only of surface elements.

The stringfile_name in DATABASE NAMINe specifies the name of the file containing

the input mesh. This name is case sensitive and therefore must match the name of the
file exactly. The strindile_format in the DATABASE TYPtine specifies the mesh file
format. Currentlyexodusll is the only supported option fdite_format

Other command blocks nested in the FINITE ELEMENT MODEL block are needed for
meshes used by Adagio/Andante regions. Detailed explanations of these commands are
included in the Adagio/Andante User Reference Manipl |

3.6 Solver Definitions

Several solvers are available in the SIERRA framewétkP]. An Adagio/Andante region

may use a sparse matrix linear solver for a preconditioner to the core conjugate gradient
solver and a BEM region requires a linear solver for solution of its dense nonsymmetric
matrix. The parameters for any linear solvers to be used are specified in command blocks
in the domain scope. In this manner, multiple regions may access the same solver.

The linear solver most commonly used as a preconditioner in an Adagio analysis is the
FETI solver. The command block used to specify the parameters for this solver is

BEGIN FETI EQUATION SOLVER <string> feti_solver_name
#
# Command lines to specify solver parameters
#

END [FETI EQUATION SOLVER <string>feti_solver_name]

Detailed descriptions of the command lines to define parameters for the FETI solver are
included in the Adagio/Andante User Manuag].[
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The BEM region requires specification of a linear solver. Because a matrix formed in
the boundary integral method is a dense matrix that may be nonsymmetric, care must be
exercised in the choice of solver. The most commonly used BEM solver is from the Trilinos
package 6.

BEGIN TRILINOS EQUATION SOLVER <string> dense_solver_name
SOLUTION METHOD = BICGSTAB
PRECONDITIONING METHOD = NONE
MAXIMUM ITERATIONS = <lInteger>iterations
RESIDUAL NORM TOLERANCE = <Real> tolerance
END [TRILINOS EQUATION SOLVER <string> dense_solver_name]

The stabilized biconjugate solver specified ®QLUTION METHOD = BICGSTAS ap-
propriate for the dense, nonsymmetric matrices that result from the electrostatic PDE’s.
Currently, there are no preconditioning methods appropriate for this solver that are sup-
ported through the SIERRA solver services. The command MesIMUM ITERATIONS

and RESIDUAL NORM TOLERAN@Ee used to control the convergence behavior of the
iterative solver.

3.7 Procedure Scope

BEGIN PROCEDURE <string>procedure_name
#
Commands to define simulation control

#
#
# Commands to define regions
#
#

Commands to define data transfers between regions
#

END [PROCEDURE <string>procedure_name]

The procedure command block is nested within the domain scope. The procedure scope
is established with 8EGIN PROCEDURE&ommand and terminated wittND [PROCE-

DURE] The internal structure of the procedure command block is described in subsequent
chapters.
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Chapter 4

Procedure Scope Commands

4.1 Structure of the Procedure Command Block

BEGIN PROCEDURE <string>procedure_name
#
Adagio/Andante Region Command Block

BEM Region Command Block

#
#
#
#
# Solution Control Command Block
#

#

Transfer Command Blocks
#
END [PROCEDURE <string>procedure_name]

A SIERRA procedure command block is used to define which physics modules (regions)
are needed and how they are to be coupled. The procedure block consists of nested com-
mand blocks that define the regions, the solution control, and the transfer of data between
regions. For the purpose of this guide, the regions that will be coupled are an Ada-
gio/Andante region for structural analysis and a BEM region for electrostatic analysis.

4.2 Adagio or Andante Region

BEGIN ADAGIO REGION <string>adagio_region_name
#
# Commands to define quasistatic structural analysis
#

36



END [ADAGIO REGION <string>adagio_region_name]

BEGIN ANDANTE REGION <string>andante_region_name
#
# Commands to define implicit dynamic structural analysis
#

END [ANDANTE REGION <string>andante_region_name]

Three-dimensional finite element structural analysis is specified in Arpeggio using one of
two types of regions. An Adagio region is used for quasistatic analyses while an Andante
region is appropriate for implicit dynamics analyses. Both of these regions are further
described in the Adagio/Andante User Reference Marit]alNlost command blocks and
command lines contained within the Adagio/Andante region scope pertain only to the struc-
tural analysis and do not affect coupling. Therefore the descriptions these commands will
not be repeated in this document. Commands that are directly related to coupling are de-
scribed in Chaptes.

4.3 BEM Region

BEGIN BEM REGION <string>bem_region_name
#
# Commands to define electrostatic analysis
#

END [BEM REGION <string>bem_region_name]

Electrostatic computations using a boundary integral method are defined within Arpeggio
using a BEM region. Use of a BEM region is further described in the BEM Users’ Guide
[3]. Many command blocks and command lines contained within the BEM region scope do
not affect coupling and therefore descriptions will not be repeated in this document. Com-
mands that are either directly related to coupling or specific to electrostatic computations
are described in this document in Chapder

4.4 Solution Control

BEGIN SOLUTION CONTROL <string>solution_control_name
#
# Commands to define sequence of region and transfer
# executions
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#

# Commands to define time stepping
#

END [SOLUTION CONTROL <string>solution_control_name]

A solution control block in the procedure scope is used to define the flow through a coupled
simulation. The solution control block defines the time stepping to be used as well as the
execution order for regions and transfer of data between regions. Detailed descriptions of

the command blocks and command lines nested within a solution control block are included
in Chapter?.

4.5 Transfer

BEGIN TRANSFER <string>transfer_name
#

# Commands to define data transfer between regions
#

END [TRANSFER <string>transfer_name]

Transfer command blocks are used to define which data is to be transferred between re-
gions during a coupled simulation. A transfer block must be defined for each field to be
transferred from the mesh of one region to the mesh of the other region. Transfer block can
also be used to define new fields within a region. Detailed descriptions of the command
lines used to transfer of data between regions are included in Claapter
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Chapter 5

Adagio/Andante Region Scope
Commands

5.1 Structure of the Adagio/Andante Region Command
Block

BEGIN ADAGIO/ANDANTE REGION <string>structural_region_name
#
Mesh definition line command

Options line command (LumpedMass for Andante)
Kinematic boundary conditions blocks
Load definitions (including transferred fields) blocks

#
#
#
#
#
#
#
#
# Solver definition block
#
# Definition of results output block

#
END [ADAGIO/ANDANTE REGION <string>structural_region_name]

The purpose of the Adagio/Andante Region block command is to define the parameters
for the structural component of the analysis. The structural analysis is based on nonlin-
ear, three-dimensional finite element methods. Either an Adagio region is specified for
guasistatic analysis or an Andante region for implicit dynamic analysis. As shown below,
the region block includes a line command for specification of the mesh and nested block
commands for definition of both kinematic boundary conditions and loads, definition of
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the nonlinear solver, and specification of the variables to be output to the results database.
In both cases, the mesh specified must define the volume of a three-dimensional structure.
In addition for an Andante analysis, aptions=lumpedMass line command must be
included.

Each command line and nested command block needed in an Adagio/Andante region block,
as well as currently supported element types, is discussed in detail in the Adagion/Andante
User Reference Manua2]. However, coupled problems require a special use of the pres-
sure load block that is explained here.

5.2 Coupled Pressure Load Definition

BEGIN PRESSURE

SURFACE = <string>pressure_surface_id

FIELD VARIABLE = <string>transfer_pressure_name
END [PRESSURE]

In a coupled electrostatic-structural analysis, the boundary element code BEM is used to
compute electrostatic pressures. This pressure field must be transferred to the structural
mesh. Details of the transfer of the pressure field are defined in a transfer (CBapter
Adagio/Andante region must contain a pressure load block command to use the received
pressure field as a load on the structural mesh.

The SURFACE = <string>pressure_surface_id line defines the surface (sideset in
exodusll nomenclature) over which the pressure is to be appliedpr@ssure_ sur-

face_id must correspond to a sideset identifier in the exodusll input mesh file following
the format described in Sectidh4. This surface must also be a subset of the surface de-
fined in a transfer command block that specifies which surfaces in the structural mesh are
to receive electrostatic pressures sent from the electrostatic analysis.

TheFIELD VARIABLE = <string>transfer_pressure_name tells the Adagio/Andante
region which pressure variable to use in the load computation. There must be a transfer
command block in the procedure scope that defines this variable name.
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Chapter 6

BEM Region Scope Commands

6.1 Structure of the BEM Region Command Block

BEGIN BEM REGION <string>bem_region_name
Mesh definition line

Solver specification line

Deform geometry line

Boundary element zone definition block
Post-processing commands block

Definition of results output block

HHHFHHFHFHHHHHHH

END [BEM REGION <string>bem_region_name]

For coupled electrostatic-structural analyses using Arpeggio, electrostatic pressures are
computed using the boundary integral equation method by specifying a BEM region. The
BEM region contains line commands for specifying the surface mesh, the solver, and that
a deformed geometry is to be used. BEM is more general than an Adagio region because
several different types of partial differential equations (PDE’s) are supported. The details
of the PDE to be used are defined within a nested boundary element zone command block.
In addition, BEM contains a post-processing command block to define derived variables
that can then be specified along with intrinsic variables in a results output command block
and in transfer blocks. A general description of the BEM region along with the theory can
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be found in the BEM User’s Manual [.3The specific commands needed to perform com-
putation of electrostatic pressures on a mesh that has been deformed using the structural
displacements are discussed in the following sections of this document.

6.2 Mesh Specification

USE FINITE ELEMENT MODEL <string> model_name

In this command linemodel_name refers to the name on GRINITE ELEMENT MODEL
command block that must appear in the domain scope (Chapter 3). The key®ords
NITE ELEMENThere refer to the fact that the mesh is an unstructured grid of the surfaces
enveloping any bodies to be included in the electrostatic analysis.

6.3 Solver Designation

USE DENSE SOLVER = AZTECO00 WITH <string>solver_parameters_name

This command specifies the use of the AztecOO solver that is a component of the Trilinos
solver package. The parameters for the solver must be includeHEGEN TRILINOS
EQUATION SOLVER <string>solver_parameters_name command block in the do-
main scope as described in Cha@er

6.4 Deformed Geometry Specification

DEFORM GEOMETRY USING TRANSFER
<string>transfer_displacements_name

This commands specifies that the electrostatic computations will be computed on a mesh
deformed using the displacement field variable natreedfer_displacements_name

This transfer_displacements_name is the displacement field received by the BEM
region from the surface of the structural mesh as definedliRA&NSFERRommand block

in the domain scope. Transfer blocks are described in Ch8pter
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6.5 Boundary Element Zone

BEGIN BE ZONE <string>be _zone name

PDE = LAPLACE

MATERIAL PARAMETER FOR LAPLACE EQUATION PERMITTIVITY
= <real>permittivity_value

SOLUTION DOMAIN = EXTERNAL

BC QUASISTATIC UNIFORM DIRICHLET AT
BLOCK_<integer>exodus_block_id
<string>potential_variable _name
USING FUNCTION <string>function_name
[SCALED BY <real>scale factor]

DIRECT FORMULATION FOR SCALAR <string>potential_variable_name
AND <string>derivative_variable_name WITH
CONTINUOUS|DISCONTINUOUS LINEAR ELEMENTS

END [BE ZONE <string>be_zone_ name]

A BEM region can be used to specify a number of different (PDE’s) that are to be solved
over the surface mesh. The type of PDE, its physical parameters, its solution domain and
the boundary conditions on the domain are defined withinrBBeZONEcommand block.

This block also contains a command to define the type of boundary integral formulation to
be used along with the variable names and order of interpolation to be used for solution of
the specified PDE on this zone.

6.5.1 Partial Differential Equation

PDE = LAPLACE

For electrostatics, the appropriate PDE is a Laplace equation.

6.5.2 Direct Formulation

DIRECT FORMULATION FOR SCALAR <string>potential_variable _name
AND <string>derivative_variable_name WITH
DISCONTINUOUS|CONTINUOUS LINEAR ELEMENTS

This command specifies that a direct boundary integral formulation is to be used for deriva-
tion of the discretized PDE. For electrostatic problems, the two unknowns in the equation
are a scalar potential and the magnitude of the gradient of the potential normal to the bound-
ary. For a BE ZONE, the user is required to supply the names for these variables denoted
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above bypotential_variable_name andderivative_variable_name . For elec-
trostatic analyses, the potential is the voltage and the magnitude of the derivative is the
normal of the electric field at the boundary. GONTINUOUSs specified, the variables

are continuous across elements. At edges and corners, therefore, a single value of flux
is computed based on an average of the normals to the surfaces that contain that edge or
corner. For aiscontinuous formulation, the variables are computed at points inside
each element and are therefore discontinuous between elements. Finally, the type of el-
ement interpolation is specified by the keywadrdlEAR. Currently only linear element
interpolations are supported.

6.5.3 Solution Domain

SOLUTION DOMAIN = EXTERNAL

In general, the potential for the Laplace equation can be solved internal or external to the
boundaries of the meshed parts. For MEMS problems, the domain of interest for computing
the electric field is the airspace (assumed infinite) that envelops the MEMS parts and the
boundaries of this airspace volume. As illustrated in Fighife the domain is external to

the bodies enclosed by the surface mesh. The boundary consists of the surfaces of bodies
in the domain and a far-field imaginary (not meshed) boundary at infinity. In effect, any
enclosed bodies are "holes” in the domain, hence the normals to the surfaces of an enclosed
body must point toward the center of the body to be consistent with an outward normal to
the external domain.

6.5.4 Permittivity Parameter

MATERIAL PARAMETER FOR LAPLACE EQUATION PERMITTIVITY
= <real>permittivity_value

This command specifies the electrical permittivity value for the material in the domain
being evaluated. For MEMS problems in which the solution domain is external, this would
be the permittivity of the airspace enveloping the part.

6.5.5 Dirichlet Boundary Condition

BC QUASISTATIC UNIFORM DIRICHLET AT
BLOCK_<integer>exodus_block_id
<string>potential_variable_name
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Figure 6.1:External domain for boundary integral equation formulation.

USING FUNCTION <string>function_name
[SCALED BY <real>scale factor]

This command specifies the boundary condition on elements of the exodus element block
with id exodus_block_id . A BC QUASISTATICIine is required for each element block

in the exodus file. The union of the element blocks must contain every exterior surface of
every part and a boundary condition must be specified on every element block.

In general, the boundary condition at any point on the domain boundary in the boundary
integral formulation of Laplace’s equation is the specification of either the potential (dirich-
let condition) or the flux (Neumann condition). In MEMS applications, the voltage is the
potential specified on the surfaces of the MEMS parts, hence a dirichlet condition is re-
quired. The integral over the far-field boundary falls out of the formulation so no boundary
conditions are necessary at infinity.
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The keywordQUASISTATIC indicates that the boundary condition is a function of time
with the actual dependence on time defined BYUAICTION function_name command
block in the domain scope. The boundary condition magnitude specified FUIKETION
function_name  can be easily modified by including the optional keywoRISALED
BY followed by ascale_factor . In this case, every magnitude RUNCTION func-
tion_name will be multiplied by scale_factor

6.6 Post Processing

BEGIN POST PROCESS <string>post_process_name
PROCESS EQUATION LAPLACE ON ZONE <string>be_zone_name
EVALUATE ELECTRIC_PRESSURE AS <string>bem_e_press_name
COMPUTE ON SURFACE_<string>exodus_surface_id FACES

END [POST PROCESS <string>post_process_name]

This command block specifies further computations to be performed on the variables of the
Laplace equation to obtain derived quantities of use to the analyst. For coupled electro-
static pressure, the normal component of the electric field on the boundary is used to
compute pressure on the meshed surfaces of the parts. This pressure field with user-
designated nameem_e_press_name will be the field variable transferred to the Ada-
gio/Andante region. Because the structural region requires pressure as a face variable,
bem_e_press_name must be computed as a face variable.

6.6.1 Process Laplace Equation

PROCESS EQUATION LAPLACE ON ZONE <string>be_zone_name

This line command specifies that the post processing for this command block is to use the
Laplace equation solution defined in tBE ZONBpecified with the namige_zone_name .
6.6.2 Evaluate Electric Pressure

EVALUATE ELECTRIC_PRESSURE AS <string>bem_e_press_name

Use of the keywor@LECTRIC_PRESSURIN this line command specifies that the electric
pressure is to be computed from the solution variables. This variable is then available
to the user for transferring to the structural mesh and for results output by referencing
bem_e_press_name in the appropriate command blocks.
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6.6.3 Surface Faces Computation

COMPUTE ON SURFACE_<integer>exodus_surface id FACES

This line command specifies that tBEECTRIC_PRESSURHenoted in the previous com-
mand line is to be computed on the faces of the exodus surface veitbdtis_surface_id
Becausébem_e_press_name is the field that will be transferred to the Adagio/Andante
region for use in #RESSUREommand block, it must be computed as a face variable as
designated in this command line with tRACESkeyword. Use on&€OMPUTE Otbm-

mand line for each exodus surface that will be needed to transfer the electrical pressure to
the structural region.
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Chapter 7

Solution Control Scope Commands

7.1 Structure of the Solution Control Command Block

BEGIN SOLUTION CONTROL <string>solution_control_name
USE SYSTEM <string>system_name

BEGIN INITIALIZE <string>initialize_name
END [INITIALIZE <string>initialize_name]

BEGIN SYSTEM <string>system_name
USE INITIALIZE <string>initialize_name
SIMULATION TERMINATION TIME = <real>sim_term_time_value
BEGIN TRANSIENT <string>transient_name
BEGIN NONLINEAR <string>nonlinear_sequence_name
TRANSFER <string>transfer_name
ADVANCE <string>region_name
END [NONLINEAR <string>nonlinear_sequence_name
END [TRANSIENT <string>transient_name]

END [SYSTEM <string>system_nhame]

BEGIN PARAMETERS FOR TRANSIENT <string>transient_name
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START TIME = <real>transient_start_time_value
TERMINATION TIME = <real>transient _termination_time_value

BEGIN PARAMETERS FOR ADAGIO/ANDANTE
REGION <string>adagio/andante_region_name

Definition of time stepping and time integration
parameters for this time period.

H H HH

END [PARAMETERS FOR ADAGIO/ANDANTE
REGION <string>adagio/andante_region_name]

BEGIN PARAMETERS FOR BEM REGION <string>bem_region_name
#
# Definition of time stepping parameters
# for this time period.
#
END [PARAMETERS FOR BEM REGION <string>bem_region_name]

END [PARAMETERS FOR TRANSIENT <string>transient_name]

BEGIN PARAMETERS FOR NONLINEAR <string>nonlinear_sequence_name
CONVERGED WHEN "(logical statement for convergence)"

END [PARAMETERS FOR NONLINEAR <string>nonlinear_sequence_name]

END [SOLUTION CONTROL <string>solution_control_name]

The SOLUTION CONTROtommand block controls the flow of the coupled code. It con-
tains nested blocks for defining the sequence of region and transfer executions and time
stepping for each time period of the analysis.

7.2 Use System

USE SYSTEM <string>system_name

This command specifies that the system nasyatem_name is to be used for this anal-
ysis, wheresystem_name must be the name of &YySTEMcommand block somewhere in
the SOLUTION CONTRGdcope. The user may define multig¥ STEMcommand blocks

in the input file, but only one is used for any particular analysis.
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7.3 Initialize

BEGIN INITIALIZE <string>initialize _name
ADVANCE <string>structural_region_name
ADVANCE <string>bem_region_name

END [INITIALIAZE <string>initialize_name]

TheINITIALIZE command block defines steps that the coupled code must take to initial-
ize the individual regions. It will be used in®¥ STEMcommand block.

7.4 System

BEGIN SYSTEM <string>system_name
USE INITIALIZE <string>initialize_name

BEGIN TRANSIENT <string>transient_name
#
# Commands to define simulation sequence loop for
# each time step.
#
END [TRANSIENT <string>transient_name]

SIMULATION TERMINATION TIME = <real>simulation_term_time
END [SYSTEM <string>system_name]

TheSYSTEMcommand block gives the simulation sequence for the coupled analysis. This
block contains a reference to WITIALIZE  block that defines the initialization sequence,
one or moreTRANSIENTcommand blocks that define the simulation sequence and time
steps for individual time period(s), and a line command specifying the termination time for
the entire simulation.

Start times, termination times, and time step size for eBRANSIENT command block
must be defined in separaPARAMETERS FOR TRANSIERTocks (Sectiorv.5) having

the sameransient_name . If multiple TRANSIENTblocks are used, they cannot have
overlapping time periods and together must cover the entire simulation period without gaps
in the time.

7.4.1 Use Initialize
USE INITIALIZE <string>initialize_name
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This line command specifies whidNITIALIZE command block is to be used for this
SYSTEM The namenitialize_name must correspond to a name on ANTIALIZE
command block somewhere in ts¥ STEMscope.

7.4.2 Transient

BEGIN TRANSIENT <string>transient_name

BEGIN NONLINEAR <string>convergence_nhame
TRANSFER <string>bem_displacement_transfer
ADVANCE <string>bem_region_name
TRANSFER <string>bem_to_structural_transfer_name
ADVANCE <string>structural_region_name
TRANSFER <string>structural_to_bem_transfer_name

END [NONLINEAR <string>convergence_name]

TRANSFER <string>bem_pressure_transfer

END [TRANSIENT <string>transient_name]

The total simulation time may be divided into a sequence of time periods, each defined by
aTRANSIENTcommand block giving the solution sequence for a time period. The actual
values to be used for the beginning time, termination time, and time steps for the time pe-
riod are given in a relateBARAMETERS FOR TRANSIENT transient_name command

block (Section7.5) that must exist elsewhere in tlBOLUTION CONTRO&cope. Unlike

most commands in the input file, the commands within the nes@dLINEARblock and

the subsequemRANSFERcommand line must be given in the correct sequence because
this order defines the sequence of physics and data transfers to be executed in the coupled
simulation.

The contents of th&lONLINEARDIlock and the subsequeMRANSFERIine shown here
should be used exactly in this order for a coupled electrostatic-structural analysis. The user-
defined string following eacADVANCEeyword must be the name of either the structural
region or the BEM region as in the order indicated. The region name must match that
given on aADAGIO|ANDANTE REGIOdr aBEM REGIOMommand block in the procedure
scope. The user-defined string followingrRANSFERkeyword must match the name of

a TRANSFERcommand block of the correct type in the procedure scope. The four types
of TRANSFERcommand blocks needed for an electrostatic-structural coupled analysis are
described in Chapte.

The line commands included withinNONLINEARcommand block define the order that
physics and transfers are executed within one iteration of a time step. Convergence is
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checked at the end of each iteration using the criteria establisheBARAMETERS FOR
NONLINEAR converge_name block (Section7.6) that must appear in th6OLUTION
CONTROIscope. ThGRANSFER bem_pressure_transfer ~ occurs after a time step has
converged before the first iteration of the next time step commences.

7.4.3 Simulation Termination Time
SIMULATION TERMINATION TIME = <real>simulation_term_time

This command line gives the termination time for the entire analysis defined 8MB€EM
command block. The value faimulation_term_time must be less than or equal to
the termination time of the last time period defined bJRANSIENTDblock.

7.5 Parameters for Transient

BEGIN PARAMETERS FOR TRANSIENT <string>transient_name
START TIME = <real>period_start_time
TERMINATION TIME = <real>period_termination_time

BEGIN PARAMETERS FOR ADAGIOJANDANTE REGION
<string>structural_region_name

#
# Commands to define time step size and
# and time integration parameters
#
END [PARAMETERS FOR ADAGIOJANDANTE REGION
<string>structural_region_name]

BEGIN PARAMETERS FOR BEM REGION
<string>bem_region_name
#
# Command to define time step size
#
END [PARAMETERS FOR ADAGIO|JANDANTE REGION
<string>bem_region_name]

END [PARAMETERS FOR TRANSIENT <string>transient_name]

EachTRANSIENTblock used to define the analysis sequence must have a corresponding
PARAMETERS FOR TRANSIENT <string>transient_name command block that con-
tains line commands for defining the start and termination times and nested command
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blocks for the time step size to be used by each region. These times will be applied to
the TRANSIENTDblock of the same name that is defined in 8STEMscope. Subcycling

over one of the regions is not currently supported, so the time step size defined in the
PARAMETERS FOR BEM REGIQNst match the size defined in tRARAMETERS FOR
ADAGIO|ANDANTE REGIONIlock.

7.5.1 Start Time

START TIME = <real>period_start_time

This command defines the start time for this time period.

7.5.2 Termination Time

TERMINATION TIME = <real>period_termination_time

This command defines the termination time for this time period.

7.5.3 Time Parameters for Adagio Region

BEGIN PARAMETERS FOR ADAGIO REGION
<string>structural_region_name

TIME INCREMENT = <real>time_step_size
# OR #
NUMBER OF STEPS = <integer>number_of steps

END [PARAMETERS FOR ADAGIO REGION
<string>structural_region_name]

This command block defines the time step size to be used for an Adagio region when
performing a quasistatic structural analysis. The user may specify either the time increment
or the number of steps over the time period.

7.5.4 Time Parameters for Andante Region
BEGIN PARAMETERS FOR ANDANTE REGION
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<string>structural_region_name

TIME INCREMENT = <real>time_step_size
# OR #
NUMBER OF STEPS = <integer>number_of steps

TIME INTEGRATION RULE = HHT

HHT INTEGRATION PARAMETER ALPHA = <real>alpha
HHT INTEGRATION PARAMETER BETA = <real>beta
HHT INTEGRATION PARAMETRE GAMMA = <real>gamma

END [PARAMETERS FOR ANDANTE REGION
<string>structural_region_name]

This command block is used to define the structural region time step size and integration
parameters for an implicit dynamic simulation in which the structural region is an Andante
region. The user specifies either the actual time increment to be used or the number of steps
into which the period is to be divided.

The time integration scheme currently supported is that derived Hilber, Hughes, and Taylor
(HHT) which has three parameters: alpha, beta, and gamma. The default values assure
unconditional stability and no dissipation. Although some numerical dissipation can be
introduced using different values, caution must be exercised as there are limits on these
values and how they interact as described in Refererice [

7.5.5 Time Parameters for BEM Region

BEGIN PARAMETERS FOR BEM REGION
<string>bem_region_name

TIME INCREMENT = <real>time_step_size
# OR #
NUMBER OF STEPS = <integer>number_of steps

END [PARAMETERS FOR BEM REGION
<string>bem_region_name]

This command block sets the time step for the electrostatic region. The line command used
for the electrostatic region must match that used for the structural region because region
subcycling is currently not supported.

54



7.6 Parameters for Nonlinear

BEGIN PARAMETERS FOR NONLINEAR
<string>nonlinear_sequence_name

CONVERGED WHEN "(logical statement for convergence)"

END [PARAMETERS FOR NONLINEAR
<string>nonlinear_sequence_name]

This command block defines the logic for determining when the loop defined iNGine
LINEAR command block with the nameonlinear_sequence_name has reached con-
vergence. When the convergence criteria defined by the user CON®YERGED WHIiN
command is met, the analysis will move on to the next time step of the analysis.

The syntax of the€ ONVERGED WHH#Ne command follows the normal C++ coding rules

for conditional statements. Both the quote marks and the parentheses are required and
words in the enclosed statement are case sensitive. The specific form needed for a coupled
electrostatic-structural analysis is shown below.

CONVERGED WHEN "( 1 < CURRENT_STEP
&& <string>structural_region_name.norm(0.0)
< <real>structural_tolerance
&& <string>bem_region_name.norm(0.0) < <real>bem_tolerance
|| <integer>max_iteration < CURRENT_STEP )"

For this form of the statement, the structural norm used is that of the velocity field. Con-
vergence is computed by comparing the ratio of the difference of the velocity norm from
the previous iteration and the current iteration divided by the current velocity norm to the
user-specifiedtructural_tolerance . The norm of the electrostatic solution field is
used to compute a ratio for the BEM region in a similar manner. If the computed ratio
for both regions is smaller than the user-specified tolerance or the number of iterations is
greater thamax_iteration the solution will proceed to the next time step.

55



Chapter 8

Transfer Scope Commands

8.1 Structure of the Transfer Command Block

BEGIN TRANSFER <string>transfer_name

#

# Interpolation type

#

# Send and receive surfaces

#

# Name and state of send and receive fields
#

# Search parameters for interpolation

#

END [TRANSFER <string>transfer_name]

Transfers of data between the meshes associated with different regions or from one field
variable to another on the same mesh can be requested. Details of each type of transfer are
defined within aTRANSFERblock. The transfer is then invoked by a referencéedas-

fer_name in aTRANSIENTcommand block in the solution control scope.

For aloosely coupled electrostatic-structural analysis using arpeggio, four typRANS-
FERblocks are required. Two are inter-region transfers that interpolate data from the sur-
face of the structural mesh to the boundary integral mesh and vice versa. The other two are
transfers of data within the mesh of the BEM region itself. These latter two transfer blocks
are required to get BEM displacement data into the correct state for a time update and to
define a convergence variable. In this chapter, each of these four types of transfers is de-
scribed in the specific form it is used for a BEM/Adagio coupled analysis. Here, "adagio”
is used to imply either an adagio region or an andante region.
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In general, keywords and user-chosen names in the input file are case-insensitive. However,
in any command line where a field variable is defined, the choice of case is up to the user,
but it will be case sensitive. Therefore, any other reference to this variable in the input file
must be consistent in case with the original definition.

8.2 Adagio/Andante to BEM Transfer

BEGIN TRANSFER <string>adagio_to_bem_transfer_name
INTERPOLATE SURFACE NODES FROM <string>adagio_region_name
TO <string>bem_region_name
SEARCH SURFACE GAP TOLERANCE = <real>surface_tolerance
SEARCH GEOMETRIC TOLERANCE = <real>normal_tolerance
SEND BLOCK SURFACE_<integer>adagio_surface exodus_id
TO SURFACE_<integer>bem_surface_exodus_id
SEND FIELD DISPLACEMENT STATE NEW
TO <string>transfer_displacement_name STATE NEW
END [TRANSFER <string>adagio_to_bem_transfer_name]

The first type of transfer moves the adagio displacement field data at the end of the current
iteration to BEM. In theBEGIN TRANFERommand lineadagio_to_bem_transfer_

name is a user-defined string. It must match the string IFRANSFER-ommand line used

in aNONLINEARcommand block in the solution control scope.

8.2.1 Surface Interpolation Designation

INTERPOLATE SURFACE NODES FROM <string>adagio_region_name
TO <string>bem_region_name

This command line specifies that data from the surface nodes of the structural region are to
be transferred to the electrostatic region mesh via a surface interpolation. Because the struc-
tural volume mesh and the electrostatic surface mesh are not congruent (even if there is a
one-to-one coincidences of all surface mesh nodes), an interpolation must be performed in
order to correctly transfer the data between meshes. Furthermore, for an interpolative trans-
fer, there is no requirement that the surface nodes of the two meshes are coincident. The
stringsadagio_region_name  andbem_region_name must match the names assigned

on theADAGIO/ANDANTE REGIOBENd theBEM REGIONommand blocks, respectively,

in the procedure scope.
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8.2.2 Send and Receive Surface Definitions

SEND BLOCK SURFACE_<integer>adagio_surface exodus_idl
[SURFACE_adagio_surface_exodus_id2 ...]
TO SURFACE_<integer>bem_surface_exodus_idl [
SURFACE_<integer>bem_surface_exodus_id2 ...]

The SEND BLOCHNe command defines the surfaces that contain the nodes to be used in
the transfer. In this commanadgagio_surface_exodus_id's must be sidesets defined

in the mesh for thedagio_region_name  and thebem_surface_exodus_id’s must

match sidesets on the mesh for tieen_region_name . As indicated here, lists of surfaces
may be used within a singlERANSFER-ommand block, or multipl#RANSFERcommand
blocks may be used. In either case, in any particWRANSFERcommand block, the
surface defined by the union of the structural sidesets must include topologically the surface
defined by the list of BEM sidesets within a numerical tolerance. In other words, every node
in the list of BEM sidesets must lie within the surface defined by the union of the Adagio
sidesets.

8.2.3 Search Tolerance on Surface Elements

SEARCH SURFACE GAP TOLERANCE = <real>surface_tolerance

Interpolation of data between different meshes is performed by finding the parametric lo-
cation of each node in the receive surface within an element of the send surface. For nodes
that may lie near the edge of an element,shdace_tolerance specified in this com-

mand line is used to determine whether the point actually lies within the element. The value
for surface_tolerance is a distance in the appropriate mesh units that is some fraction

of a typical element edge length.

8.2.4 Search Tolerance for Normals to Surface

SEARCH GEOMETRIC TOLERANCE = <real>normal_tolerance

For a surface to surface transfeoymal_tolerance establishes a small distance normal

to the sending surface for which a node of the receive surface is considered to actually
lie within that send surface element. In other words, titsnal_tolerance allows a

small gap to exist between the meshed surfaces in the two regions that represent the same
physical surface.
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8.2.5 Send and Receive Field Definitions

SEND FIELD DISPLACEMENT STATE NEW
TO <string>transfer_displacements_name STATE NEW

In this commandPISPLACEMENTis the name for the displacement field registered inter-
nally in the Adagio region code and thus appears as a keyword rather than a user-chosen
name. On the contrary, the name for the field of transferred displacements in the BEM
region is left to the user to choose and the sttiagsfer_displacements_name must

match exactly the name the user has defined irDtBBORM GEOMETRY USING TRANS-
FER <string>transfer_displacements_name command line in the BEM region
scope.

8.3 BEM to Adagio/Andante Transfer

BEGIN TRANSFER <string>bem_to_adagio_transfer_name
INTERPOLATE SURFACE ELEMENTS FROM <string>bem_region_name
TO <string>adagio_region_name
SEARCH SURFACE GAP TOLERANCE = <real>surface_tolerance
SEARCH GEOMETRIC TOLERANCE = <real>normal_tolerance
SEND BLOCK SURFACE_<integer>bem_surface_ exodus_id
TO SURFACE_<integer>adagio_surface exodus_id
SEND FIELD <string>bem_e_press_name STATE NEW
TO <string>transfer_pressure_name STATE NONE
END [TRANSFER <string>bem_to_adagio_transfer_name]

This command block defines the transfer of the electric pressure field calculated in the BEM
region to the surface of the mesh for the adagio region. IBE@IN TRANFERommand
line,bem_to_adagio_transfer_name is a user-defined string. It must match a string in
aTRANSFERcommand line used in BONLINEARcommand block in the solution control
scope.

8.3.1 Surface Interpolation Designation

INTERPOLATE SURFACE ELEMENTS FROM <string>bem_region_name
TO <string>adagio_region_name

This command line specifies that data from the surface elements (faces) of the electri-
cal region are to be transferred to the surface of the structural region mesh via a surface
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interpolation. The stringbem_region_name andadagio_region_name  must match
the names assigned in tBEM REGIONind the ADAGIO/ANDANTE REGIOMommand
blocks, respectively, in the procedure scope.

8.3.2 Send and Receive Surface Definitions

SEND BLOCK SURFACE_<integer>bem_surface_exodus_idl
[SURFACE_bem_surface_exodus_id2 ...]
TO SURFACE_<integer>adagio_surface exodus_idl
[SURFACE_<integer>adagio_surface_exodus_id2 ..]

The SEND BLOCKine command defines the surfaces that contain the nodes to be used
in the transfer. In this commantdem_surface_exodus_id’s must be sidesets defined

in the mesh for théem_region_name and theadagio_surface_exodus_id’s must
match sidesets on the mesh for dmagio_region_name . As indicated here, lists of
surfaces may be used within a singiBANSFERcommand block, or multipl@ RANS-
FERcommand blocks may be used. In either case, in any partit®@ANSFERcommand
block, the surface defined by the union of the BEM sidesets must include topologically the
surface defined by the list of Adagio sidesets within a numerical tolerance. In other words,
every node in the list of Adagio sidesets must lie within the surface defined by the union of
the BEM sidesets.

8.3.3 Search Tolerance on Surface Elements
SEARCH SURFACE GAP TOLERANCE = <real>surface_tolerance

Interpolation of data between different meshes is performed by finding the parametric lo-
cation of each node in the receive surface within an element of the send surface. For nodes
that may lie near the edge of an element,shdace_tolerance specified in this com-

mand line is used to determine whether the point actually lies within the element. The value
for surface_tolerance is a distance in the appropriate mesh units that is some fraction

of a typical element edge length.

8.3.4 Search Tolerance for Normals to Surface

SEARCH GEOMETRIC TOLERANCE = <real>normal_tolerance

For a surface to surface transfeoyrmal_tolerance establishes a small distance normal
to the sending surface for which a node of the receive surface is considered to actually
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lie within that send surface element. In other words, tlisnal_tolerance allows a
small gap to exist between the meshed surfaces in the two regions that represent the same
physical surface.

8.3.5 Send and Receive Field Definitions

SEND FIELD <string>bem_e_press_name STATE NEW
TO transfer_pressure_name STATE NONE

For loose electrostatic-structural coupling, an electric field is computed over the mesh in
its current deformed configuration. The normal of the electric field is used to compute a
pressure on each face of the electrical mesh, and this electric pressure is then passed to the
structural code so that it can be used to compute nodal loads. For arpeggio, the form of
the command to pass electric pressure from a mesh associated with a BEM region to one
associated with an Adagio or Andante region is shown above.

In this command, the stringem_e_press_name is chosen by the user but must be exactly
(including case) a string specified in tB’RALUATE ELECTRIC_PRESSURE AS <string>
bem_e_press_name command line of th®EGIN POST PROCES®mmand block in the
BEM region scope. Likewise, the strignsfer_pressure_name must be the same as
specified as thEIELD VARIABLE in aBEGIN PRESSUREommand block in the Adagio
region scope.

8.4 BEM to BEM Electric Pressure Transfer

BEGIN TRANSFER <string>bem_to _bem_epress_transfer_name
COPY SURFACE ELEMENTS FROM <string>bem_region_name
TO <string>bem_region_name
SEND FIELD <string>bem_e_press_name STATE NEW
TO previousSolution STATE NONE
END [TRANSFER <string>bem_to _bem_epress_transfer_name]

In order to test convergence of a time step in the loosely coupled algorithm, a computed
guantity for each region at the end of each iteration must be saved as a registered variable
namedpreviousSolution so that it may be compared to the solution at the end of the
next iteration. Adagio has its own internally registefgdviousSolution but for the

BEM region, it must be registered and filled through use of BESIN TRANSFEmlock.

For coupled electrostatic-structural analyses, the electric pressure field is an appropriate
variable for the convergence check so it is copie@riviousSolution . Because itis
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a registered name, the keywarckviousSolution is case sensitive. The transfer is in-
voked by theTRANSFER <string>bem_to_bem_epress_transfer_name command
line in aTRANSIENTcommand block in the solution control scope.

8.4.1 Surface Element Copy Designation

COPY SURFACE ELEMENTS FROM <string>bem_region_name
TO <string>bem_region_name

This type of transfer is simply a copy from one field to another in the same mesh. Because
the electric pressure is computed as a face variable on the elements of the BEM mesh, the
appropriate copy for thiFRANSFERblock is between surface elements.

8.4.2 Send and Receive Electric Pressure Field

SEND FIELD <string>bem_e_press_name STATE NEW
TO previousSolution STATE NONE

This command line copies the data in the registered fietd_e _press_name to the regis-

tered fieldpreviousSolution . The convergence algorithm in the code expects a variable
specifically nameg@reviousSolution so it appears here as a keyword and not as a string
chosen by the user. Because the stgrayiousSolution will be used by the transfer
operators to register the field in the code, it is case sensitive and must be typed in exactly
this form.

8.5 BEM to BEM Displacements Transfer

BEGIN TRANSFER <string>bem_to_bem_displ_transfer_name
COPY VOLUME NODES FROM <string>bem_region_name
TO <string>bem_region_name
SEND FIELD <string>transfer_displacements_name STATE NEW
TO <string>transfer_displacement_name STATE OLD
END [TRANSFER <string>bem_to_bem_displ_transfer_name]

The BEM region, when used by itself without coupling, is for single-pass static computa-
tions and has no concept of state. In order to output the displacements to the BEM results
file so that BEM data can be plotted on a deformed mesh plot, the displacement field must
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exist in state OLD at the end of a time step. Therefore, the displacement field in BEM must
be copied fronSTATE NEWb STATE OLDThis is accomplished using a transfer over all
nodes of the BEM region and is invoked by tiRANSFER <string>bem_to_bem_displ
_transfer_name  command line in @RANSIENTcommand block in the solution control
scope.

8.5.1 Nodal Copy Designation

COPY VOLUME NODES FROM <string>bem_region_name
TO <string>BEM_region_name

This type of transfer is simply a copy from one field to another in the same mesh. In the
case of a BEM region, the "volume” is the same as the surface in the sense that both contain
exactly the same nodes.

8.5.2 Send and Receive Displacement Field

SEND FIELD <string>transfer_displacements_name STATE NEW
TO <string>transfer_displacements_name STATE OLD

The BEM displacement field iISTATE NEWhen it is received from Adagio, but it must

be copied t&STATE OLDnN order to be available for output to the BEM results file at the
end of a time step. This command simply defines the copy of the transferred displacement
field from STATE NEWbO STATE OLD
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Chapter 9

Quasistatic Microbeam Example

In this chapter, an example is given of a quasistatic structural analysis of an electrostatically-
actuated microbeam. After a description of the problem, the details of the mesh develop-
ment are provided. Finally, the input file that can be used to run this problem is described
in detail and some typical results are shown.

9.1 Problem Description

This example is a microbeam that is a common component of electrostatically-activated
MEMS switches and sensors. In this case the the microbeam is part of an array of beams
used for spectral chemical analys&.[ Figure 9.1 shows an illustration (not to scale) of

one beam of this array. Each beam of the array is 500 microns long, 10 microns wide,
and 2 microns thick. The beam is fixed at both ends and has an actuating electrode near
each end. When a voltage is applied to the electrodes, electrostatic forces are imposed on
the beam near each end, pulling the center toward the substrate. As the beam deforms, the
electric field increases in intensity because the gap between the beam and the electrodes
decreases. This increase in electrostatic load further deforms the beam. Eventually, an
equilibrium position is reached in which the stiffness of the beam exactly counteracts the
electrostatic pressure load. Different voltages applied to the electrodes for multiple beams
will impose different curvatures throughout the array giving rise to an optical diffraction
grating. Because the load is dependent on the deformation, this design is best analyzed
using coupled electrostatic-structural analysis.
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/Micrnbeam (unactuated state)

9 W o M

Figure 9.1:Single microbeam of a polychomator array.
9.2 Discretized Model

For coupled electrostatic-structural analysis using Arpeggio, two mesh files are required.
The first is a volume mesh of the structure for the structural analysis and the second is a
surface mesh enclosing the structure for the electrostatic analysis. The CUBIT journal file
used to create these meshes is shown in Appehdir this example the length units used

are microns.

9.2.1 Structural Mesh

The structural mesh for this microbeam and a section of the substrate is shown in Figure
9.2

The structural mesh consists of 8-node hexahedral elements. As can be noted in the CUBIT
journal file in AppendixA and shown in Figur®.2, the beam has two nodesets defined,

one spanning the cross-section of each end of the beam. Because this beam is symmetrical
about the middle cross-section, only one-half of the beam is modelled. A sideset (a set
of nodes associated with the element faces of a surface) is designated that includes all
the external element faces of the microbeam. This sideset will be used to transfer the
beam deformation to the electrostatic surface mesh and to receive the electric pressures
transferred from the electrostatic mesh.

In this case the substrate is included in the structural mesh to provide a contact surface. All
the nodes of the substrate will be fixed in the structural analysis.

9.2.2 Electrical Surface Mesh

The surface mesh for the electrostatic analysis is shown in Figiand the CUBIT
journal file used to create it in Appendik. This mesh is comprised of 4-noded shell
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Figure 9.2:Structural volume discretization of one-half of a microbeam.

elements for both the microbeam and the electrode. A shell element is a topologically
two-dimensional element that exists in three-dimensional space (as opposed to a quadrilat-
eral element that is flat and is only defined in two dimensions). Because a shell lives in
three-dimensional space, it has a normal vector associated with the nodal connectivity. To
correctly orient the normals of the boundary mesh, the elements must all have normals that
point inward to the body because the domain to be solved is external to the body. For an
explanation of consistent normals for an external domain, see Sdéxbdah (By default,

CUBIT will assign the normal of a shell element consistent with the normal of the sur-
face from which it is derived and surfaces external to a volume will have outward-pointing
normals. Therefore, it is necessary to include the line

SURFACE ALL NORMAL OPPOSITE

in the CUBIT input file to get shell elements with inward-pointing normals.)

For this problem, one-half of the beam is modelled. This assumes that the electric field
imposed by an electrode near one end of the beam is negligible near the center of the beam
and everywhere on the opposite half of the beam.

For the electrostatic mesh, any parts that may potentially have different voltages applied
must be designated as separate element blocks. Therefore, for this example, the elements
of microbeam surfaces are designated as element block 1, and those on the electrode are in
element block 2.
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Figure 9.3:Electrical surface discretization of one-half of a microbeam.

For this example, a sideset is designated for each surface of the microbeam. These sidesets
will be the surfaces used to compute electric pressure and to transfer this pressure to the
corresponding surfaces of the structural mesh.

9.3 Input File

The input file for this coupled analysis is discussed in detail in this section. To facili-
tate explanation, comments are dispersed through the file after every few lines of input.
Commands that are part of the input file are delineated from explanatory text by using a
computer font and indentation. The input file is repeated, uninterrupted, at the end of the
section.

As required of all input files for SIERRA applications, the first line is BEGIN SIERRA
statement. Immediately following the SIERRA statement, a title line is shown. In addition
to adding information for the user, the text following ttige  keyword will be carried
through to the exodus results and restart databases. In this example the use ®f the
continuation symbol means that the full title is "Diffraction grating microbeam in microns,
MPa, mN, V units”.

The next three lines are comment lines. Any characters after a # or a $ on a line are ignored
by the parser.

begin sierra quasistatic MEMS_ beam
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titte Diffraction grating microbeam \$
in microns, MPa, mN, V units

# Model one-half of beam for symmetry
# Fixed at one end, x-symmetry at other end
$ Only load is electrostatic

The following command blocks define the history of applied voltages using functions. The
namevoltage will be used later in the file in the boundary condition for the electrodes

in the electrostatic analysis. For this quasistatic analysis, time and voltage load step are
synonymous. Theero function will be used to apply a constant voltage of 0.0 to the
microbeam.

begin definition for function voltage
type is piecewise linear
begin values

0.0 0.0
200.0 200.0
end values

end definition for function voltage

begin definition for function zero
type is constant
begin values
0.0
end values
end definition for function zero

The next block of input defines the material model and its physical parameters for the struc-
tural part of the analysis. In this case a linear elastic material model ( key®bA&STIC

on the BEGIN PARAMETERS FOR MODHIne) is specified, requiring material parame-
ters for Young’s modulus and Poisson’s ratio. A value for density is also required but this
value is not actually used for a quasistatic analysis.

begin property specification for material linear_elastic

density = 1.0

begin parameters for model elastic
youngs modulus = 160.e9
poissons ratio = 0.3

end parameters for model elastic
end property specification for material linear_elastic
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Next the finite element models are defined. Note that the name of the file OATARBASE
NAMHine is case sensitive. Both tlseuctural and theelectrical models are con-
tained in files with the exodusll database format.

For the structural mesh, additional parameters must be assigned to each of the two element
blocks in the file. In this case, all the elements of both blocks will be given that material pa-
rameters given above in ttRROPERTY SPECIFICATION FOR MATERIAllock named
linear_elastic . In addition, the line command

solid mechanics use model Elastic

specifies solid elements with an elastic constitutive model.

For the model used in the electrostatic calculation, no additional lines are required beyond
specifying the filename and type of the file containing the mesh.

begin finite element model structural
Database Name = microbeam_struct.g
Database Type = exodusll

begin parameters for block block 1 block 2
material linear_elastic
solid mechanics use model Elastic
end parameters for block block 1 block 2
end finite element model structural

begin finite element model electrical
Database Name = microbeam_bem.g
Database Type = exodusll

end finite element model electrical

The parameters for the solvers to be used in the Adagio and BEM regions are defined
in the following input blocks. The boundary integral method used for the electrostatics
will always result in a dense matrix that is nearly always nonsymmetrical. Therefore, the
appropriate solution method is an iterative biconjugate gradient algorithm from the Trili-
nos packaged]. Currently, no preconditioners are supported in SIERRA for this solution
method. Because it is an iterative method, the user must define a maximum number of iter-
ations and a residual norm tolerance. If the residual norm tolerance is not satisfied within
the specified maximum number of iterations, the code will abort.

### BEM solver
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begin trilinos equation solver az_params
solution method = bicgstab
preconditioning method = none
maximum iterations = 110
residual norm tolerance = l.e-14
end

Adagio uses a nonlinear conjugate gradient iterative solver for its core solver, but can use
a linear solver to obtain a preconditioner. The most common linear solver used is the
FETI solver Bl. When used in a parallel analysis, the FETI solver utilizes an iterative
method requiring the user to specify the maximum number of allowable iterations and a
residual norm tolerance. The other parameters shown here are have worked well for several
structural analysis applications.

### Adagio preconditioner linear solver

begin feti equation solver feti
maximum iterations = 500
maximum orthogonalization = 500
preconditioning method = dirichlet
residual norm tolerance = le-4
corner algorithm = 3
corner dimensionality = 3
corner augmentation = none
coarse solver = sparse
local solver = sparse

end

The next two lines are a comment line followed by the line command that initiates the
Arpeggio procedure scope.

#H####  PROCEDURE INPUT  ##HHHHHHHHHHHH R

begin procedure Argo_Procedure

The next block of code initiates the region scope for the structural part of the analysis.
Because this is a quasistatic analysis, an Adagio region is used. Here it is given the name
ADAGIO_REGIONvhich will be used on all other commands throughout the input file that
refer to this Adagio region.

The first command line shown here in the region scope specifies that the mesh to be used
is that defined in th€INITE ELEMENT MODEL structural command block in the do-
main scope.
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### ADAGIO REGION INPUT ##H#HH#HHHHHIHHHHHBHIH
begin adagio region ADAGIO_ REGION
use finite element model structural

The next command block specifies which fields are to be output to the exodusll results
file. The namemicrobeam_struct.e will be the name of the output file and is thus case
sensitive. Nodal, element, and global variables may be requested for output to the results
file. The first name following ai= sign, is the variable name as used in the Adagio code,
and the last string is a user-defined name that will appear in the results file. Vectors and
tensors will have appropriate subscripts (X, y, Xy, etc.) appended to these output names. For
a complete list of variables available for output, see the Adagio/Andante User Reference
Manual [3.

The face variablepressure_external_transfer is a variable that results from the
coupling with BEM. It is a user-defined string that must match (including case) the name
specified in a pressure boundary condition block and a transfer block as shown later in this
section.

### output description ###
begin Results Output output_adagio
Database Name = microbeam_struct.e
Database Type = exodusll
At Step O, Increment = 1
nodal Variables = force external as f ext
nodal Variables = velocity as vel
nodal Variables = displacement as displ
nodal Variables = residual as resid
nodal Variables = contact_slip_velocity as slipVel
nodal Variables = contact _normal_direction as fcnor_dir
nodal Variables = contact _tangential_traction_magnitude
as fctan
nodal Variables = contact _normal_traction_magnitude
as fcnor
nodal Variables = contact_slip_direction_current
as slipinc_dir
nodal Variables = contact_slip_increment_current
as slipinc
nodal Variables = contact _status as cElem
nodal Variables = contact area as cArea
face Variables = pressure_external_transfer
as epress
element Variables = rotated_stress as stress
global Variables = timestep as timestep
end results output output_adagio
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The next set of input lines specifies the kinematic boundary conditions for the structural
analysis. In this problem, the left end of the beamdelist 1 ) is fixed, so aFIXED
DISPLACEMENTcommand block is used to specify all three coordinate directions to be
fixed. Due to symmetry about the center of the beam, only the left half of the beam is
meshed. Therefore, kinematic conditions to simulate symmetry are imposed on a nodeset
that lies on the right end of the mesiolelist_2 ), a plane located at the middle cross-
section of the entire beam. Because the length of the beam is along the x-axis, the symmetry
condition is that the x-component of the displacement is fixed. Finally, part of the substrate
is included in the analysis for contact purposes, but for this example, all of its nodes are
specified as fixed.

### definition of BCs ###
### boundary conditions on beam

begin fixed displacement
node set = nodelist_1
components = X y z

end fixed displacement

begin fixed displacement
node set = nodelist_2
components = x

end fixed displacement

### fixed substrate nodes

begin fixed displacement
node set = nodelist_10
components = X y z

end fixed displacement

The next command block defines the loading on the beam. For coupled analyses, the load-
ing is a pressure that is transferred from the electrostatic analysis to the surface of the
MEMS parts. In reality, there are pressures exerted on both the microbeam and the elec-
trodes, but because the substrate is not allowed to move, there is no reason to impose a load
on it. Therefore, the only pressures that are transferred for this example problem are those
on the exterior surface of the microbeam. The sideset in the exodusll file for the struc-
tural region has id = 100 and encompasses all six exterior surfaces. The name of the field
variablepressure_external_transfer is chosen by the user and must match exactly
(including case) the name specified iIMTRANSFERblock that appears in the procedure
scope and defines the transfer of data from the BEM region to the Adagio region.
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## surfaces for pressure transfer
begin pressure
surface = surface_100
field variable = pressure_external_transfer
end pressure

Next, the contact parameters are defined. This example uses frictionless contact.

#H##  Contact #iH#H#H#
begin contact definition
enforcement = frictionless

In the next set of input lines, two contact surfaces are specified and named. The first, named
beam, consists of sideset 2 in the exodusll mesh file. Itis the bottom surface of the beam.
The second, nameglibstrate  consists of sideset 7 which is the top surface of the sub-
strate. Lateibeam is specified to be the slave surface antlstrate  to be the master
surface for the contact enforcement. Other parameters defined imédhection com-

mand block define the tolerances to be used for the search algorithm in determining whether
a node of the slave surface has penetrated a face of the master surface. For complete details
of the contact algorithm and syntax and interaction parameters, see the Adagio/Andante
User Reference Manual].

contact surface beam contains surface 2
contact surface substrate contains surface 7
begin surface normal smoothing
angle = 30.0
distance = .25
resolution = EDGE
end
begin interaction
master = substrate
slave = beam
normal tolerance = .1
tangential tolerance = .05
capture tolerance = .05
end
end contact definition

The final set of input lines in the Adagio region defines the solver algorithm beginning with
the loadstep predictor. Adagio initially predicts the deformation for the end of the current
time step using the velocities at the end of the last step. The numerical factors at the end
of this line command are multipliers on the predicted velocity. The first value, 1.0, tells
Adagio to use exactly the velocity at the current time. The second factor is a multiplier
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used only for the very first time step of a time period. In this case, the factor is zero, so
the predicted state at the beginning of a new time period will be the same as that computed
at the end of the last time period. For a full description of the options available for the
predictor, the user is referred to the Adagio/Andante User Refer&hce |

#i# predictor  #HHHHHE
loadstep predictor using scale factor = 1.0, 0.0

A multilevel solver must be used for problems involving contact. Level O of the solver

is the core nonlinear conjugate gradient solver. Level 1 is the solver used for the contact
constraint problem whose parameters are given withirCO8TROL SLIDING CONTACT
command block. Here a target relative residual and the values for maximum and minimum
iterations are specified. If the contact residual does not converge to the target relative resid-
ual value (5.e-3), within 400 level 1 iterations, the code will abort. For a full description
of the parameters on the multilevel solver, the user is referred to the Adagio/Andante User
Reference Manual].

#i##  solver HiHHHHH
Begin adagio multilevel solver

level 1 predictor = none

Begin control sliding contact controlled_slide
Target Relative Residual = 5.e-3
Maximum Iterations = 400
Minimum lterations = 1

end control sliding contact controlled_slide

The next block of input defines the parameters for the core solver. Once the contact con-
straints are established in a level 1 iteration, they are held fixed and the conjugate gradient
solver is applied to the resulting model problem. The line commands that specify the pa-
rameters for the core solver are described in detail in the Adagio/Andante User Reference
Manual [Z]. In most cases, the parameters used for this example should work, although
it is the responsibility of the user to determine a value for the target relative residual that
provides a sufficiently converged solution for the analysis.

Begin adagio solver cg
Target Relative Residual = l.e-4
Maximum Iterations = 800
Minimum Iterations = 0
Orthogonality measure for reset = .5
Line Search type secant

The efficiency of any conjugate gradient solver is dependent on the quality of the precondi-
tioner. In this example, a full tangent preconditioner obtained using the FETI linear solver
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is specified. In most cases, this is a very efficient preconditioner. For analyses run on
multiple processors, a penalty method must be used for the contact constraints. Therefore,
this example input includes the line commaswhstaint enforcement = penalty

along with a following line that sets the penalty factor at a valud @f. The line com-
mandsmall number of iterations = 30 specifies that the preconditioner is only

to be reformulated at the beginning of a loadstep if the contact constraints have changed or
the previous loadstep took more than 30 iterations to converge. When conditions have not
changed substantially from one step to the next, reusing the old preconditioner can save a
significant amount of computation time.

begin full tangent preconditioner
linear solver = feti
constraint enforcement = penalty
penalty factor = 100
balance probe = 1
probe factor = .0001
small number of iterations = 30
maximum resets for modelproblem = 2
end full tangent preconditioner
end adagio solver cg

end adagio multilevel solver
The next line specifies the end of the Adagio region scope.
end adagio region ADAGIO_REGION

The next major block of input is the electrostatic BEM region scope. The first command
shown here within the region scope specifies Ei¢ITE ELEMENT MODELcommand

block in the domain scope that defines the name and type of file that contains the mesh
data.

### BEM REGION INPUT  ##H#H#HHHHHHHH

begin bem region BEM_REGION
use finite element model electrical

The following line specifies use of the aztecoo solver from the Trilinos package. This is a
suitable solver for the dense, nonsymmetric matrices that result from use of the boundary
integral method. The namez_params must match the name of a solver parameter block
provided in the domain scope.

use dense solver = aztecoo with az_params
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The following line specifies that a deformed geometry is to be used rather than the original
model coordinates. The field used to determine the deformed shapelisglaeements
field that must be defined INERANSFERblock in the procedure scope.

deform geometry using transfer displacements

The next block of input lines defines the boundary element zone. FollowingE®N
BE ZONEcommand, the type of partial differential equation to be solved is specified. The
appropriate equation for electrostatics is Laplace’s equation.

begin be zone bem
PDE = Laplace

The next line specifies BIRECT FORMULATIOMN the solution variables, in this case

two scalarsy andE_norm. The first variabley defines the name for the potential and the
second variable_norm is the normal of the flux on the boundary. These names are chosen
by the user. Any case may be used, but wherever else they are used in the input file, they
must always match the case of this original definition. This line also specifies the use of
continuous linear elements, currently the only supported interpolation order in BEM.

DIRECT FORMULATION for scalar V and E_norm with continuous
linear elements

The next line specifies that the solution domain is external to the MEMS part. That is, the
equation will be integrated over a boundary the includes the surfaces of any MEMS parts
and the boundary at infinity. Thus, specification ofeaternal means that the solution
domain is the air space surrounding the parts.

SOLUTION DOMAIN = external

The Laplace equation for electrostatics requires one physical parameter, permittivity, for
which a value is specified in the next line. Because the solution domain is the surrounding
airspace, the value to be given for the permittivity is that of the surrounding air.

material parameter for laplace equation permittivity
= 8.85e-12

The next two input lines define the boundary conditions on the mesh. For a typical MEMS
analysis, the potential (voltage) is defined at every point on the surfaces of the MEMS parts.
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In this exampleplock_1 consists of all elements on the surface of the beam, an element
block in the exodusll meshfile with id=1. The elementdlick 2 are those which en-

close the electrode. Every elementbitdck 1 is given a voltage that corresponds to the
current time as given by theUNCTIONcommand block with the nameoltage in the
domain scope. The second line specifies that the voltage on block number 2 is given by the
FUNCTIONnamedzero . Alternatively, thevoltage function with a scale factor of 0.0
could have been used. This completes the input required f@EhZONEscope.

BC QUASISTATIC UNIFORM dirichlet at block_1 V
using function voltage scaled by 1.0

BC QUASISTATIC UNIFORM dirichlet at block_ 2 V
using function zero scaled by 1.0

end be zone bem

The previous input block defined the solution of the primary variables on the finite part of
the boundary external to the MEMS parts. The next block of input specifies computation of
additional secondary variables on the faces of specified surfaces during a post processing
step. Like other command blocks in the SIERRA syntaessure is a user-defined
name on theBEGIN POST PROCESdine. In theEVALUATEIline command, the string
electric_pressure is a BEM-defined name and is therefore case sensitive. The string
e_press is a user-defined name that must match the variable name (including case) used
in a TRANSFERblock in the procedure scope that defines the transfer of electric pressure
from the BEM region to the Adagio region. Because the Adagio region requires a face
variable for the transferred electrical pressure, @@PUTE Otbmmand line specifies
thate_press is to be computed on the facessfiface_101

begin post process pressure
process equation laplace on zone bem
evaluate electric_pressure as e_press
compute on surface_101 faces

end post process pressure

The next block specifies the results file name and format, as well as which variables are to
output. The stringlisplacements ~ must match the string used in tbEFORM GEOMETRY
USING TRANSFERommand line in the BEM region scope. The variable namesd
E-norm must match the solution variable names defined inODMRECT FORMULATION
command line in th®&E zZONEcommand block. Finally, the variable namepress must

match that in theEVALUATE electric_pressure line in thePOST PROCESBIock in

the BEM region scope.

BEGIN RESULTS OUTPUT LABEL output_bem
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database Name = polybeam_bem.e

database Type = exodusll

at step O, increment = 1

title parallel plate

nodal Variables = displacements as displ

nodal variables = V as volt

nodal variables = E_norm as E_norm

face variables = e press as elec_press
END RESULTS OUTPUT LABEL output_bem

The next line signifies the end of the bem region scope.
end bem region BEM_REGION

The next major block of input in the procedure scope isSBeUTION CONTRAtommand
block. The first line signifies the beginning of the solution control scope. The subsequent
line specifies that 8YSTEMhamedcoupled_em will be used for this analysis. Th&YS-

TEMis defined later in the solution control scope. The user may define mutys$adEM'’s

in the file, but only one may be used for any particular analysis.

HitH SOLUTION CONTROL Hit
begin solution control solution_control
use system coupled_em

The next block of input defines a set of code operations that initialize the analysis. For an
electrostatic analysig\DVANCHine commands are required for each of the regions. The
names on th&DVANCHines must match the names the user has assigned GE(BN
ADAGIO REGION adagio_region_name andBEGIN BEM REGION bem_region_name
lines that define the structural and electrostatic region scopes.

begin initialize transient init
advance ADAGIO_REGION
advance BEM_REGION

end initialize transient_init

The system scope specifies the sequence of region executions and the data transfers for a
load step within each time period of a simulation. For this example, the code is to be ini-
tialized using the sequence defined in tRETIALIZE transient_init block above.

The next line command defines the termination time for the complete simulation.

begin system coupled_em
use initialize transient_init
simulation termination time = 115.0
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The total simulation time for this example is divided into three time periods, each delineated
by BEGIN TRANSIENTandEND [TRANSIENT] commands. The line commands within a
nestedNONLINEARcommand block in each transient scope give the order of execution of
regions and transfers within an iteration of an individual time step. This sequence of steps
will be iterated in until a convergence criteria established by the user in a corresponding
BEGIN PARAMETERS FOR NONLINEAR converge_step_namélock elsewhere in the
solution control scope with the same name. Command lines withRA&ISIENTcommand

block but outside th&lONLINEARcommand block are executed only once per time step in
the order given. All these lines must appear in the order they are to be executed. The input
line order shown here should be the same for all time periods in which both regions are to
be executed.

begin transient tl
begin nonlinear converge stepl
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_adagio
advance ADAGIO_REGION
transfer adagio _to_bem
end nonlinear converge_stepl
transfer bem_to_bem?2
end transient tl1

begin transient t2
begin nonlinear converge_ step?2
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_adagio
advance ADAGIO_REGION
transfer adagio _to_bem
end nonlinear converge_step2
transfer bem_to_bem?2
end transient t2

begin transient t3
begin nonlinear converge step3
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_adagio
advance ADAGIO_REGION
transfer adagio _to_bem
end nonlinear converge_step3
transfer bem_to_bem?2
end transient t3
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end system coupled_em

The next block of input defines parameters to be used for each of the three time periods
(TRANSIENTblocks) defined in theoupled_em system block above. Ea6lARAMETERS

FOR TRANSIENTblock specifies a start time and a termination time for this time period,
and the time stepping within each region. The time periods defined by all the transient
blocks must be contiguous without overlapping any time, and the final termination time
must equal simulation termination time specified in the solution control scope. Within
eaChTRANSIENT block are nestedPARAMETERS FOR ADAGIO REGIaml PARAME-

TERS FOR BEM REGIANocks which define the number of time steps each region will
take for this time period.

begin parameters for transient tl
start time = 0.0
termination time = 100.
begin parameters for adagio region ADAGIO_REGION
number of time steps = 8
end parameters for adagio region ADAGIO_REGION
begin parameters for bem region BEM_REGION

number of time steps = 8
end parameters for bem region BEM_REGION
end parameters for transient tl

begin parameters for transient t2
start time = 100.
termination time = 110.
begin parameters for adagio region ADAGIO_REGION
number of time steps = 2
end parameters for adagio region ADAGIO_REGION
begin parameters for bem region BEM_REGION
number of time steps = 2
end parameters for bem region BEM_REGION
end parameters for transient t2

begin parameters for transient t3

start time = 110.

termination time = 115.

begin parameters for adagio region ADAGIO_REGION
number of time steps = 5

end parameters for adagio region ADAGIO_REGION

begin parameters for bem region BEM_REGION
number of time steps = 5

end parameters for bem region BEM_REGION
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end parameters for transient t3

The final block of input lines in the solution control scope are those defining the conver-
gence criteria to be used for eaBlONLINEARIteration loop. In this example, the same
convergence criteria is specified for all thie®NLINEARbIOCKS.

The converged when "(...)" command line contains C++ logical statements. The
first condition,1 < CURRENT_STEPspecifies that this is not the initial pass through the
iteration loop. This statement is necessary because convergence is checked using results of
the current iteration with results of the previous iteration. The keyv@8@RENT_STEK

syntax used in the code for solution control and is case sensitive. The second condition,
ADAGIO_REGION.norm(0.0) < .001 , states that the change in the norm of the Adagio
region solution from the previous iteration to the current iteration must be less than .001
times the norm of the solution at the previous iteration to satisfy convergence. Likewise, the
third condition,BEM_REGION.norm(0.0) < .1 , sets a maximum allowed change in the
norm of the BEM region solution from the previous to the current iteration. Finally, if all
three of the first three conditions are not met, the last conditiof, < CURRENT_STEP

puts a limit of 100 on the number of iterations allowed. Note that this last condition prevents
an infinite loop but the code will proceed to the next time step when the maximum number
of iterations is reached, regardless whether the conditions for the convergence criteria are
met.

begin parameters for nonlinear converge stepl
converged when "(1 < CURRENT_STEP &&
ADAGIO_REGION.norm(0.0) < .001 &&
BEM_REGION.norm(0.0) < .1) ||
(100 < CURRENT_STEP)"
end parameters for nonlinear converge_stepl

begin parameters for nonlinear converge step2
converged when "(1 < CURRENT_STEP &&
ADAGIO_REGION.norm(0.0) < .001 &&
BEM_REGION.norm(0.0) < .1) ||

(100 < CURRENT_STEP)"
end parameters for nonlinear converge_step2

begin parameters for nonlinear converge step3
converged when "(1 < CURRENT_STEP &&
ADAGIO_REGION.norm(0.0) < .001 &&
BEM_REGION.norm(0.0) < .1) ||
(100 < CURRENT_STEP)"
end parameters for nonlinear converge_step3
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The following line signifies the end of the solution control scope.
end solution control solution_control

The next several blocks of input lines each define a type of data transfer. Coupled electrostatic-
mechanical analysis with Arpeggio requires four different types of transfer. The user-
assigned name on the block is used in M@NLINEARcommand blocks to execute a par-

ticular transfer. The transfers are discussed below in the order that they appear in the
NONLINEARcommand blocks

The first transfer that needs to be executed is one within the BEM region itself. This trans-
fer simply copies the field_press that was computed in tfeROST PROCESlock of the

BEM region to a variable callepreviousSolution . Because_press was computed

as a face variable, this transfer useS@PY SURFACE ELEMENT®mmand line. The
namepreviousSolution is a variable used internally in solution control to test conver-
gence and must always appear exactly as shown in this example. Thenstatasinone

will be the same for every analysis.

HHH## DEFINE TRANSFERS BHHHHHHHHAR

begin transfer bem_to _bem_ 1
copy surface elements from BEM_REGION to BEM_REGION
send field e _press state new to previousSolution state none
end transfer bem_to bem 1

The second transfer to be executed is that of the electrostatic pressure from the BEM re-
gion to the Adagio region. The first line in this transfer block specifies that this is a trans-
fer of surface element (face) data and the second line specifies exactly which surfaces
(sideset id’s in the exodusll mesh databases) are involved. In this example, the mesh for
the BEM region has a sideset with id 101 and the mesh for the Adagio region has a sideset
with id 100. The third line identifies the fields to be transferred. The user-defined name
e_press must match the name of the field computed in B@ST PROCES8ommand

block in the BEM region, and the user-defined napnessure_external_transfer

must match the name of the field in tRRESSUREcommand block in the Adagio re-

gion. The state of these fields to be transfermesi(for e_press andnone for pres-
sure_external_transfer ) will be the same for every analysis. The last two lines de-
fine values for search tolerances as described in Segtdn

begin transfer bem_to adagio
interpolate surface elements from BEM_REGION to ADAGIO_REGION
send block surface_101 to surface 100
send field e _press state new to pressure_external_transfer
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state none
search surface gap tolerance = 1.e-10
search geometric tolerance = 1l.e-10
end transfer bem_to_adagio

The third type of transfer is that of the displacement field computed in the Adagio region
to the BEM region so that the electrostatic computation can be computed on the updated,
deformed geometry. Like the transfer of pressure, the transfer of displacements is a surface
interpolation and the second line in the block defines the surfaces involved. For this transfer,
the Adagio name and state for the displacement field is alwi@ptacement state

new. The BEM name for the displacement field, in this cdisplacements , is chosen

by the user but must match the name oniE-ORM GEOMETRY USING TRANIFER
command in the BEM region scope. This state of this field is alwiays

begin transfer adagio to_bem
interpolate surface nodes from ADAGIO_REGION to BEM_REGION
send block surface_100 to surface_ 101
send field displacement state new to displacements
state new
search surface gap tolerance = 1.e-10
search geometric tolerance = 1l.e-10
end transfer adagio_to _bem

The last transfer used is executed at the end of a transient time step after the nonlinear
sequence has converged. It simply copies the BEM field with user-defined disime
placements from state new to state old. Except for the user-defined names, the syntax
for this block will be the same for all BEM-Adagio analyses. The naisglacements

must match the name given to this field on thEFORM GEOMETRY USING TRANSFER
command line in the BEM region scope.

begin transfer bem_to_bem2
copy volume nodes from BEM_REGION to BEM_REGION
send field displacements state new to displacements
state old
end transfer bem_to _bem2

Finally, the last two lines signal the end of the procedure scope and then the end of the
SIERRA domain scope.

end procedure Argo_Procedure
end sierra quasistatic. MEMS_beam

Below is the entire input file without interruption.
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begin sierra quasistatic MEMS_ beam

titte Diffaction grating microbeam \$
in MKS units
# Model one-half of beam for symmetry
# Fixed at one end, x-symmetry at other end

$ Only load is electrostatic

begin definition for function voltage
type is piecewise linear
begin values

0.0 0.0
200. 200.
end values

end definition for function voltage

begin definition for function zero
type is constant
begin values
0.0
end values
end definition for function zero

begin property specification for material linear_elastic

density = 1.0

begin parameters for model elastic
youngs modulus = 160.e9
poissons ratio = 0.0

end parameters for model elastic
end property specification for material linear_elastic

begin finite element model structural
Database Name = microbeam_struct.g
Database Type = exodusll

begin parameters for block block 1 block 2
material linear_elastic
solid mechanics use model Elastic

end parameters for block block 1 block 2

end finite element model structural
begin finite element model electrical
Database Name = microbeam_bem.g

Database Type = exodusll
end finite element model electrical
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### BEM solver
begin trilinos equation solver az_params
solution method = bicgstab
preconditioning method = none
maximum iterations = 110
residual norm tolerance = 1l.e-10
end

### Adagio preconditioner linear solver

begin Aztec equation solver my_aztec
solution method = cg
restart iterations = 50
preconditioning method = dd-ilut
residual norm tolerance = l.e-4

END Aztec EQUATION SOLVER my_aztec

begin feti equation solver feti
maximum iterations = 200
maximum orthogonalization = 500
preconditioning method = dirichlet
residual norm tolerance = le-4
corner algorithm = 3
corner dimensionality = 3
corner augmentation = none
coarse solver = sparse

local solver = sparse $ iterative $ sparse
num local subdomains = 16
end

#i#  PROCEDURE INPUT  #HHHHHHHEHHHHHE
begin procedure Argo_Procedure

### ADAGIO REGION INPUT ##H#HH#HHEHHIHHAHHBHIH
begin adagio region ADAGIO_REGION
use finite element model structural

### output description ###

begin Results Output output_adagio
Database Name = microbeam_struct.e
Database Type = exodusll
At Step O, Increment = 1
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nodal Variables = force external as f ext

nodal Variables = velocity as vel

nodal Variables = displacement as displ

nodal Variables = residual as resid

nodal Variables = gradient_direction as ¢

nodal Variables = search_direction as p

nodal Variables = contact_slip_velocity as slipVel

nodal Variables = contact normal_direction as fcnor_dir

nodal Variables = contact _tangential_traction_magnitude
as fctan

nodal Variables = contact _normal_traction_magnitude
as fcnor

nodal Variables = contact_slip_direction_current
as slipinc_dir

nodal Variables = contact_slip_increment_current
as slipinc

nodal Variables = contact status as cElem

nodal Variables = contact _area as cArea

face Variables = pressure_external_transfer
as epress

element Variables = rotated_stress as stress

global Variables = timestep as timestep

end results output output_adagio

### definition of BCs ###

### boundary conditions on beam

HH#

begin fixed displacement
node set = nodelist_1
components = X y z

end fixed displacement

begin fixed displacement
node set = nodelist_2
components = x

end fixed displacement

fixed ground nodes
begin fixed displacement

node set = nodelist_10
components = X y z
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end fixed displacement

## surfaces for pressure transfer
begin pressure
surface = surface_100
field variable = pressure_external_transfer
end pressure

#iH  Contact  #HHHH
begin contact definition
enforcement = frictionless
contact surface beam contains surface 2
contact surface substrate contains surface 7
begin surface normal smoothing
angle = 30.0
distance = .25
resolution = EDGE
end
begin interaction
master = substrate
slave = beam
normal tolerance = .1
tangential tolerance = .05
capture tolerance = .05
end
end contact definition

#iHHE  predictor  #HH#HHHHHHE
loadstep predictor using scale factor = 1.0, 0.0

####  solver HA#HH

Begin adagio multilevel solver
level 1 predictor = none
Begin control sliding contact controlled_slide
Target Relative Residual = 5.e-3
Maximum Iterations = 400
Minimum lterations = 1
end control sliding contact controlled_slide

Begin adagio solver cg
Target Relative Residual = l.e-4
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Maximum Iterations = 800
Minimum Iterations = 0
Orthogonality measure for reset = .5

Line Search type secant
begin full tangent preconditioner
linear solver = feti
constraint enforcement = penalty
penalty factor = 100
balance probe = 1
probe factor = .0001
small number of iterations = 30
maximum resets for modelproblem = 2
end full tangent preconditioner
end adagio solver cg

end adagio multilevel solver
end adagio region ADAGIO_REGION
### BEM REGION INPUT  ###HHHHHHHHHH

begin bem region BEM_REGION
use finite element model electrical
use dense solver = aztecoo with az_params
deform geometry using transfer displacements

begin be zone bem
PDE = Laplace
material parameter for laplace equation permittivity
= 8.85e-12
solution domain = external

BC QUASISTATIC UNIFORM dirichlet at block_1 V
using function voltage scaled by 1.0

BC QUASISTATIC UNIFORM dirichlet at block_2 V
using function zero scaled by 1.0

DIRECT FORMULATION for scalar V and E_norm with continuous
linear elements

end be zone bem

begin post process pressure
process equation laplace on zone bem
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evaluate electric_pressure as e_press
compute on surface_101 faces
end post process pressure

BEGIN RESULTS OUTPUT LABEL output_bem
database Name = microbeam_bem.e
database Type = exodusll

at step 0O, increment = 1

title parallel plate
nodal Variables = displacements as displ

nodal Variables = physical _coordinates as pcoord
nodal variables = V as volt
nodal variables = E_norm as E_norm
face variables = e press as e_press
END RESULTS OUTPUT LABEL output_bem

end bem region BEM_REGION

HitH SOLUTION CONTROL Hit
begin solution control description

use system main

begin initialize mytransient_init
advance ADAGIO_REGION
advance BEM_REGION

end initialize mytransient_init

begin system main
use initialize mytransient_init
simulation termination time = 115.0

begin transient tl1
begin nonlinear converge stepl
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_adagio
advance ADAGIO_REGION
transfer adagio _to_bem
end nonlinear converge_stepl
transfer bem_to_bem?2
end transient tl1
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begin transient t2
begin nonlinear converge_ step?2
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_adagio
advance ADAGIO_REGION
transfer adagio _to_bem
end nonlinear converge_step2
transfer bem_to_bem?2
end transient t2

begin transient t3
begin nonlinear converge step3
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_adagio
advance ADAGIO_REGION
transfer adagio _to_bem
end nonlinear converge_step3
transfer bem_to_bem?2
end transient t3

end system main

begin parameters for transient tl
start time = 0.0
termination time = 100.
begin parameters for adagio region ADAGIO_REGION
number of time steps = 8
end parameters for adagio region ADAGIO_REGION
begin parameters for bem region BEM_REGION
number of time steps = 8
end parameters for bem region BEM_REGION
end parameters for transient tl

begin parameters for transient t2

start time = 100.

termination time = 110.

begin parameters for adagio region ADAGIO_REGION
number of time steps = 2

end parameters for adagio region ADAGIO_ REGION

begin parameters for bem region BEM_REGION
number of time steps = 2

end parameters for bem region BEM_REGION
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end parameters for transient t2

begin parameters for transient t3
start time = 110.
termination time = 115.
begin parameters for adagio region ADAGIO_REGION
number of time steps = 5
end parameters for adagio region ADAGIO_REGION
begin parameters for bem region BEM_REGION
number of time steps = 5
end parameters for bem region BEM_REGION
end parameters for transient t3

begin parameters for nonlinear converge stepl
converged when "(1 < CURRENT_STEP
&& ADAGIO_REGION.norm(0.0) < .001
&& BEM_REGION.norm(0.0) < .1)
[ (100 < CURRENT_STEP)"
end parameters for nonlinear converge_stepl

begin parameters for nonlinear converge step2
converged when "(1 < CURRENT_STEP
&& ADAGIO_REGION.norm(0.0) < .001
&& BEM_REGION.norm(0.0) < .1)
[ (100 < CURRENT_STEP)"
end parameters for nonlinear converge_step2

begin parameters for nonlinear converge step3
converged when "(1 < CURRENT_STEP
&& ADAGIO_REGION.norm(0.0) < .001
&& BEM_REGION.norm(0.0) < .1)
[ (100 < CURRENT_STEP)"
end parameters for nonlinear converge_step3

end solution control description

HH## DEFINE TRANSFERS BHHHHHHHHH R

begin transfer bem_to adagio
interpolate surface elements from BEM_REGION to ADAGIO_REGION
send block surface_101 to surface 100
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send field E_PRESS state new to
pressure_external_transfer state none
search surface gap tolerance = 1.e-10
search geometric tolerance = 1.e-10
end transfer bem_to_adagio

begin transfer adagio to_bem
interpolate surface nodes from ADAGIO_REGION to BEM_REGION
send block surface_100 to surface 101
send field displacement state new to
displacements state new
search surface gap tolerance = 1.e-10
search geometric tolerance = 1l.e-10
end transfer adagio_to _bem

begin transfer bem_to _bem_ 1
copy surface elements from BEM_REGION to BEM_REGION
send field E_PRESS state new to
previousSolution state none
end transfer bem_to bem 1

begin transfer bem_to_bem2
copy volume nodes from BEM_REGION to BEM_REGION
send field displacements state new to
displacements state old
end transfer bem_to _bem2

end procedure Argo_Procedure

end sierra quasistatic. MEMS_beam

9.4 Results

Figure9.4is a plot of the displacement of the center of the beam toward the substrate as
a function of applied voltage. At approximately 110 volts, the center of the beam contacts
the substrate located 1.6 microns below the beam. The applied electrostatic pressure then
continues to hold the beam against the substrate so the displacement stays at -1.6 microns.

Figure 9.5 shows the distribution of electrical pressure on the bottom of the microbeam

at the maximum applied voltage. The only area where the electric pressure is not nearly
zero is on the area lying directly above the electrode. Over this area, the electrical pressure
increases from left to right because the gap under the deformed beam is decreasing from
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the fixed end at the left toward the center on the right.
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Figure 9.4:Displacement of center of microbeam.
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Figure 9.5:Distribution of electrical pressure on bottom of microbeam.

94



Chapter 10

Dynamic Microbeam Example

In this chapter, an example is given of an implicit dynamic analysis of an electrostatically-
actuated microbeam. This problem geometry is the same as the quasistatic beam analysis
of Chapte©. The only difference here is that the beam is loaded with a voltage pulse and an
implicit dynamic analysis via an Andante region is used. Because the time for the electric
field to stabilize is much smaller than the time scale for structural deformation (in this case
the duration of the voltage pulse and the period of the fundamental beam bending mode),
an electrostatic analysis is appropriate. This example will illustrate how flexible coupling
definitions made possible through solution control can be utilized to tailor the analysis to
be more efficient.

10.1 Problem Description

This example is the implicit dynamic analysis for an electrostatically-activated microbeam
that is part of an array of beams used for spectral chemical analysis. The design of this
MEMS array is described in Referend®.[ Figure 9.1 shows a illustration (not to scale)

of one beam of this array. Each beam of the array is 500 microns long, 10 microns wide,
and 2 microns thick. The beam is fixed at both ends and has an actuating electrode near
each end. When a voltage is applied to the electrodes, electrostatic forces are imposed on
the beam near each end, pulling the center toward the substrate. As the beam deforms, the
electric field increases in intensity because the gap between the beam and the electrodes
decreases. This increase in electrostatic load further deforms the beam. Because the load
is dependent on the deformation, this is best solved using a coupled electrostatic-structural
analysis. For the implicit dynamic analysis, the actuating pads are pulsed with a voltage of
short duration and then the potential is dropped back to zero. The voltage pulse imposes
a pressure pulse that starts the beam moving and the beam continues to vibrate after the
voltage is shut off due to the kinetic and internal energies induced. Therefore, unlike the
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guasistatic problem, the dynamic problem requires a solution be computed even when the
electrostatic load is zero.

10.2 Discretized Model

For coupled electrostatic-structural analysis using Arpeggio, two mesh files are required.
The first is a volume mesh of the structure for the structural analysis and the second is
a surface mesh enclosing the structure for the electrostatic analysis. The structural and
electrical meshes used for this implicit dynamic analysis are the same as those used for the
guasistatic analysis described in Sect®o?

10.3 Input File

The input file for this coupled analysis is discussed in detail in this section. To facili-
tate explanation, comments are dispersed through the file after every few lines of input.
Commands that are part of the input file are delineated from explanatory text by using a
computer font and indentation. The input file is repeated, uninterrupted, at the end of the
section.

The input file for an implicit dynamic structural analysis coupled with the electrostatic
computation is very similar to that for a quasistatic structural analysis. The main differ-
ences are the definition of the voltage history, the time scale used TRlESIENTblock
definitions, and the use of an Andante region rather than an Adagio region. The commands
within an Andante region are also mostly the same as those in an Adagio region. However,
for the benefit of the reader, the entire input file will be included here even though much of
itis a repeat of Chapted.

As required of all input files for SIERRA applications, the first lineBEGIN SIERRA
statement. Immediately following the SIERRA statement, a title line is shown. In addition
to adding information for the user, the text following tm&rLE keyword will be carried
through to the exodus results and restart databases. In this example the use ®f the
continuation symbol means that the full title is "Diffraction grating microbeam in MKS
units”.

The next three lines are comment lines. Any characters after a # or a $ on a line are ignored
by the parser.

begin sierra dynamic_ MEMS beam
titte Diffraction grating microbeam \$
in MKS units
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# Model one-half of beam for symmetry
# Fixed at one end, x-symmetry at other end
$ Only load is electrostatic

The next command block defines the history of applied voltages using functions. The name
voltage  will be used later in the file in the boundary condition for the electrodes in the
electrostatic analysis. Theero function will be used to apply a constant voltage of 0.0 to
the microbeam.

begin definition for function voltage
type is piecewise linear
begin values

0.0 0.0

2.e-6 100.

8.e-6 100.

10.e-6 0.

16.e-6 0.0
end values

end definition for function voltage

begin definition for function zero
type is constant
begin values
0.0
end values
end definition for function zero

The next block of input defines the material model and its physical parameters for the
structural part of the analysis. In this example, a linear elastic material model ( keyword
ELASTIC on the BEGIN PARAMETERS FOR MODHIne) is specified, requiring ma-
terial parameters for Young’s modulus and Poisson’s ratio. For dynamics problems, the
density of the material must also be given.

begin property specification for material linear_elastic
density = 1.928e4 #kg/m"3
begin parameters for model elastic
youngs modulus = 106.6e9 #Pa
poissons ratio = 0.4
end parameters for model elastic
end property specification for material linear_elastic
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Next the finite element models are defined. Note that the name of the file OATARBASE
NAMHine is case sensitive. Both tlseuctural and theelectrical models are con-
tained in exodusll databases.

For the structural mesh, additional parameters must be assigned to each of the two element
blocks in the file. In this case, all the elements of both blocks will be given that material pa-
rameters given above in ttRROPERTY SPECIFICATION FOR MATERIAllock named
linear_elastic . In addition, the line command

solid mechanics use model Elastic

specifies solid elements with an elastic constitutive model.

For the model used in the electrostatic calculation, no additional lines are required beyond
specifying the filename and type of the file containing the mesh.

begin finite element model structural
Database Name = microbeam_struct.g
Database Type = exodusll

begin parameters for block block 1 block 2
material linear_elastic
solid mechanics use model Elastic
end parameters for block block 1 block 2
end finite element model structural

begin finite element model electrical
Database Name = microbeam_bem.g
Database Type = exodusll

end finite element model electrical

The parameters for the solvers to be used in the Andante and BEM regions are defined
in the following input blocks. The boundary integral method used for the electrostatics
will always result in a dense matrix that is nearly always nonsymmetrical. Therefore, the
appropriate solution method is an iterative biconjugate gradient algorithm from the Trili-
nos packaged]. Currently, no preconditioners are supported in SIERRA for this solution
method. Because it is an iterative method, the user must define a maximum number of iter-
ations and a residual norm tolerance. If the residual norm tolerance is not satisfied within
the specified maximum number of iterations, the code will abort.

### BEM solver
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begin trilinos equation solver az_params
solution method = bicgstab
preconditioning method = none
maximum iterations = 110
residual norm tolerance = l.e-14
end

Andante uses a nonlinear conjugate gradient iterative solver for its core solver, but can
use a linear solver to obtain a preconditioner. The most common linear solver used is the
FETI solver P]. When used in a parallel analysis, the FETI solver uses an iterative method
requiring the user to specify the maximum number of allowable iterations and a residual
norm tolerance. The other parameters shown here have worked well for several structural
analysis applications.

### Andante preconditioner linear solver

begin feti equation solver feti
maximum iterations = 500
maximum orthogonalization = 500
preconditioning method = dirichlet
residual norm tolerance = le-4
corner algorithm = 3
corner dimensionality = 3
corner augmentation = none
coarse solver = sparse
local solver = sparse

end

The next two lines are a comment line followed by the line command that initiates the
Arpeggio procedure scope.

#i  PROCEDURE INPUT  #HHHHHHHHEHHHHHE
begin procedure Argo_Procedure

The next set of lines initiates the structural region scope. Because this is an implicit
dyanamic structural analysis, an Andante region is used. Here it is given theANume
DANTE_REGIONvhich will be used on all other commands throughout the input file that
refer to this region. The next command line specifies that the mesh to be used for the region
is that defined in th€INITE ELEMENT MODEL structural command block defined in

the domain scope.

### ANDANTE REGION INPUT  #HHHHHHHHHHHHHHHHHHH

begin andante region ANDANTE_REGION
use finite element model structural

99



The next command block specifies which fields are to be output to the exodusll results
file. The namemicrobeam_struct.e will be the name of the output file and is thus
case sensitive. Nodal, element, and global variables may be requested for output to the
results file. The first name following a& sign, is a variable name as defined internally

in Andante, and the last string is a user-defined name that will appear in the results file.
Vectors and tensors will have appropriate subscripts (X, y, Xy, etc.)appended to these output
names. For a complete list of variables available for output, see the Adagio/Andante User
Reference Manuap).

The face variablepressure_external_transfer is a variable that results from the
coupling with BEM. It is a user-defined string that must match (including case) the name
specified in a pressure boundary condition block and a transfer block as shown later in this
section.

### output description ###
begin Results Output output_andante
Database Name = microbeam_struct.e
Database Type = exodusll
At Step O, Increment = 1
nodal Variables force_external as f ext
nodal Variables = velocity as vel
nodal Variables = displacement as displ
nodal Variables = acceleration as accl
nodal Variables = residual as resid
nodal Variables = contact_slip_velocity as slipVel
nodal Variables = contact _normal_direction as fcnor_dir
nodal Variables = contact _normal_traction_magnitude
as fcnor
nodal Variables contact_status as cElem
nodal Variables contact_area as cArea
face Variables = pressure_external_transfer
as epress
element Variables = rotated_stress as stress
global Variables = timestep as timestep
end results output output_andante

The next set of input lines specifies the kinematic boundary conditions for the structural
analysis. In this problem, the left end of the beamdelist 1 ) is fixed, so aFIXED
DISPLACEMENTcommand block is used to specify all three coordinate directions to be
fixed. Due to symmetry about the center of the beam, only the left half of the beam is
meshed. Therefore, kinematic conditions to simulate symmetry are imposed on a nodeset
that lies on the right end of the mesioflelist_2 ), a plane located at the middle cross-
section of the entire beam. Because the length of the beam is along the x-axis, the symmetry
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condition is that the x-component of the displacement is fixed. Finally, part of the substrate

is included in the analysis for contact purposes, but for this example, all of its nodes are
specified as fixed.

### definition of BCs ###
### boundary conditions on beam

begin fixed displacement
node set = nodelist_1
components = X y z

end fixed displacement

begin fixed displacement
node set = nodelist_2
components = x

end fixed displacement

### fixed substrate nodes

begin fixed displacement
node set = nodelist_10
components = X y z

end fixed displacement

The next command block defines the loading on the beam. For coupled analyses, the load-
ing is a pressure that is transferred from the electrostatic analysis to the surface of the
MEMS parts. In reality, there are pressures exerted on both the microbeam and the elec-
trodes, but because the substrate is not allowed to move, there is no reason to impose a load
on it. Therefore, the only pressures that are transferred for this example problem are those
on the exterior surface of the microbeam. The sideset in the exodusll file for the struc-
tural region has id = 100 and encompasses all six exterior surfaces. The name of the field
variablepressure_external_transfer is chosen by the user and must match exactly
(including case) the name specified iIMTRANSFERblock that appears in the procedure
scope and defines the transfer of data from the BEM region to the Andante region.

## surfaces for pressure transfer
begin pressure
surface = surface_100
field variable = pressure_external_transfer
end pressure

Next, the contact parameters are defined. This example uses frictionless contact.
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#H##  Contact #iH#H#H#
begin contact definition
enforcement = frictionless

In the next set of input lines, two contact surfaces are specified and named. The first, named
beam, consists of sideset 2 in the exodusll mesh file. Itis the bottom surface of the beam.
The second, nameglibstrate  consists of sideset 7 which is the top surface of the sub-
strate. Lateibeam is specified to be the slave surface antlstrate  to be the master
surface for the contact enforcement. Other parameters defined imédhection com-

mand block define the tolerances to be used for the search algorithm in determining whether
a node of the slave surface has penetrated a face of the master surface. For complete details
of the contact algorithm and syntax and interaction parameters, see the Adagio/Andante
User Reference Manual].

contact surface beam contains surface 2
contact surface substrate contains surface 7
begin surface normal smoothing
angle = 30.0
distance = .25
resolution = EDGE
end
begin interaction
master = substrate
slave = beam
normal tolerance = .le-6 #meters
tangential tolerance = .05e-6 #meters
capture tolerance = .05e-6 #meters
end
end contact definition

The final set of input lines in the Andante region defines the solver algorithm beginning
with the loadstep predictor. Initially the deformation at the end of the current time step is
predicted using the velocities at the end of the last step. The numerical factors at the end
of this line command are multipliers on the predicted velocity. The first value, 1.0, tells
Andante to use exactly the velocity at the current time. The second factor is a multiplier
used only for the very first time step of a time period. In this case, the factor is zero, so
the predicted state at the beginning of a new time period will be the same as that computed
at the end of the last time period. For a full description of the options available for the
predictor, the user is referred to the Adagio/Andante User Reference M&jual [

#i predictor  #HHHHE
loadstep predictor using scale factor = 1.0, 0.0
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A multilevel solver must be used for problems involving contact. An Andante region uses
the same multilevel and core solver as an Adagio region as denoted BEG® ADA-

GIO MULTILEVEL SOLVERINDBEGIN ADAGIO SOLVERnes. Level O of the solver is

the core nonlinear conjugate gradient solver. Level 1 is the solver used for the contact
constraint problem whose parameters are given withirGO8TROL SLIDING CONTACT
command block. Here a target relative residual and the values for maximum and minimum
iterations are specified. If the contact residual does not converge to the target relative resid-
ual value (5.e-3), within 400 level 1 iterations, the code will abort. For a full description
of the parameters on the multilevel solver, the user is referred to the Adagio/Andante User
Reference Manual].

#i##  solver HiHHHHH
Begin adagio multilevel solver

level 1 predictor = none

Begin control sliding contact controlled_slide
Target Relative Residual = 5.e-3
Maximum Iterations = 400
Minimum lterations = 1

end control sliding contact controlled_slide

The next block of input defines the parameters for the core solver. Once the contact con-
straints are established in a level 1 iteration, they are held fixed and the conjugate gradient
solver is applied to the resulting model problem. The line commands that specify the pa-
rameters for the core solver are described in detail in the Adagio/Andante User Reference
Manual [2]. For this example, the reference specified for convergence checking is the norm
of the internal forces. The default is the norm of the external forces, but for an Andante
analysis such as this one, there is a period of time when the external forces are identically
zero. To force the convergence in a load step in which the reference norm may be zero, the
Acceptable Residual line will allow convergence based on the actual residual value
rather than the target relative residual, but only when the maximum iterations have been
reached. In most cases, the parameters used for this example should work, although it is
the responsibility of the user to determine a value for the target relative residual of that
provides a sufficiently converged solution for the analysis.

Begin adagio solver cg
Reference =Internal
Target Relative Residual = l.e-4
Acceptable Residual = 1.e-12
Maximum Iterations = 800
Minimum Iterations = 2
Orthogonality measure for reset = .5
Line Search type secant
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The efficiency of any conjugate gradient solver is dependent on the quality of the precondi-
tioner. In this example, a full tangent preconditioner obtained using the FETI linear solver
is specified. In most cases, this is a very efficient preconditioner. For analyses run on
multiple processors, a penalty method must be used for the contact constraints. Therefore,
this example input includes the line commaswhstaint enforcement = penalty

along with a following line that sets the penalty factor at a valud @f. The line com-
mandsmall number of iterations = 30 specifies that the preconditioner is only

to be reformulated at the beginning of a loadstep if the contact constraints have changed or
the previous loadstep took more than 30 iterations to converge. When conditions have not
changed substantially from one step to the next, reusing the old preconditioner can save a
significant amount of computation time.

begin full tangent preconditioner
linear solver = feti
constraint enforcement = penalty
penalty factor = 100
balance probe = 1
probe factor = .0001
small number of iterations = 30
maximum resets for modelproblem = 2
end full tangent preconditioner
end adagio solver cg

end adagio multilevel solver
The next line specifies the end of the Andante region scope.
end andante region ANDANTE_REGION

The next major block of input is the electrostatic BEM region scope. The first command
SHOWN here within the region scope specifies BiW¢ITE ELEMENT MODElcommand

block in the domain scope that defines the name and type of file that contains the mesh
data.

### BEM REGION INPUT  ##H#H#HHHHHHHH

begin bem region BEM_REGION
use finite element model electrical

The following line specifies use of the aztecoo solver from the Trilinos package. This is a
suitable solver for the dense, nonsymmetric matrices that result from use of the boundary
integral method. The nane_params must match the name of a solver definition block
provided in the domain scope.
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use dense solver = aztecoo with az_params

The following line specifies that a deformed geometry is to be used rather than the original
model coordinates. The field to be used to determined the deformed shapedis-the
placements field that must be defined INERANSFERblock in the procedure scope.

deform geometry using transfer displacements

The next block of input lines defines the boundary element zone. FollowingE®N
BE ZONEcommand, the type of partial differential equation to be solved is specified. For
electrostatic this is Laplace’s equation.

begin be zone bem
PDE = Laplace

The next line specifies BIRECT FORMULATIOMN the solution variables, in this case

two scalarsy andE_norm. The first variabley defines the name for the potential, and

the second variable_norm is the normal of the flux on the boundary. These names are
chosen by the user. Any case may be used, but wherever they are used in the input file, they
must always match the case of this original definition. This line also specifies the use of
continuous linear elements, currently the only supported interpolation order in BEM.

DIRECT FORMULATION for scalar V and E_norm with continuous
linear elements

The next line specifies that the solution domain is external to the MEMS part. That is, the
equation will be integrated over a boundary the includes the surfaces of any MEMS parts
and the boundary at infinity. Thus, specification ofeaternal means that the solution
domain is the air space surrounding the parts.

SOLUTION DOMAIN = external

The Laplace equation for electrostatics requires one physical parameter, permittivity, for
which a value is specified in the next line. Because the solution domain is the surrounding
airspace, the value to be given for the permittivity is that of the surrounding air.

material parameter for laplace equation permittivity
= 8.85e-12

105



The next two input lines define the boundary conditions on the mesh. For a typical MEMS
analysis, potential (voltage) is defined at every point on the surfaces of the MEMS patrts.

In this exampleplock_1 consists of all elements on the surface of the beam, an element
block in the exodusll meshfile with id=1. The elementdlick 2 are those which en-
close the electrode. Every elementbtdck_1 is given a voltage that corresponds to the
current time as given by theUNCTIONcommand block with the nameoltage in the
domain scope. The second line specifies that the voltage on block number 2 is given by the
FUNCTIONnamedzero . Alternatively, thevoltage function with a scale factor of 0.0
could have been used. This completes the input required f@Eh20NEommand block.

BC QUASISTATIC UNIFORM dirichlet at block_1 V
using function voltage scaled by 1.0

BC QUASISTATIC UNIFORM dirichlet at block_ 2 V
using function zero scaled by 1.0

end be zone bem

The previous input block defined the solution of the primary variables on the finite part of
the boundary external to the MEMS parts. The next block of input specifies computation of
additional secondary variables during a post processing step. Like other command blocks
in the SIERRA syntaxpressure is a user-defined name on tBEGIN POST PROCESS

line. In theEVALUATHIne command, the stringlectric_pressure is a BEM-defined

name and is therefore case sensitive. The stripgess is a user-defined name that must
match the variable name (including case) usediRANSFERIock in the procedure scope

that defines the transfer of electric pressure from the BEM region to the Andante region.
Because the Andante region requires a face variable for the transferred electrical pressure,
the COMPUTE Otbmmand line specifies that press is to be computed on the faces of
surface_101

begin post process pressure
process equation laplace on zone bem
evaluate electric_pressure as e_press
compute on surface_101 faces

end post process pressure

The next block specifies the results file name and format, as well as which variables are to
output. The stringlisplacements  must match the string used in tbEFORM GEOMETRY
USING TRANSFERommand line in the BEM region scope. The variable namesd
E-norm must match the solution variable names defined inODMRECT FORMULATION
command line in th®&E zZONEcommand block. Finally, the variable namepress must

match that in theEVALUATE electric_pressure line in thePOST PROCESBIock in

the BEM region scope.
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BEGIN RESULTS OUTPUT LABEL output_bem
database Name = polybeam_bem.e
database Type = exodusll
at step O, increment = 1
title parallel plate

nodal Variables = displacements as displ
nodal Variables physical_coordinates as pcoord
nodal variables = V as volt
nodal variables = E_norm as E_norm
face variables = e _press as e_press
END RESULTS OUTPUT LABEL output_bem

The next line signifies the end of the BEM region scope.
end bem region BEM_REGION

The next major block of input in the procedure scope isSOeUTION CONTRAtommand
block. The first line signifies the beginning of the solution control scope. The subsequent
line specifies that 8YSTEMhamedcoupled_em will be used for this analysis. Th&YS-

TEMis defined later in the solution control scope. The user may define muts$adEM'’s

in the file, but only one may be used for any particular analysis.

HitH SOLUTION CONTROL Hit
begin solution control solution_control
use system coupled_em

The next block of input defines a set of code operations that initialize the analysis. For an
electrostatic analysig\DVANCHine commands are required for each of the regions. The
names on th&DVANCHines must match the names the user has assigned GE(BN
ANDANTE REGION andante_region_name andBEGIN BEM REGION bem_region_name
lines that define the structural and electrostatic region scopes.

begin initialize transient init
advance ANDANTE_REGION
advance BEM_REGION

end initialize transient_init

The system scope specifies the sequence of region executions and the data transfer for a load
step within each user-defined time period. For this example, the code is to be initialized
using the sequence defined in tNETIALIZE transient_init block above. The other

line command in the system scope defines the termination time for the complete simulation.
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begin system coupled_em
use initialize transient_init
simulation termination time = 16.e-6

The total simulation time for this example is divided into three time periods, each delineated
by BEGIN TRANSIENTandEND [TRANSIENT] commands. The line commands within a
nestedNONLINEARcommand block in each transient scope give the order of execution of
regions and transfers within an iteration of an individual time step. This sequence of steps
will be iterated in until a convergence criteria established by the user in a corresponding
BEGIN PARAMETERS FOR NONLINEAR converge_step_namélock elsewhere in the
solution control scope with the same name. Command lines withRASIENTcommand

block but outside th&lONLINEARcommand block are executed only once per time step in
the order given. All these lines must appear in the order they are to be executed. The input
line order shown here should be the same for all time periods in which both regions are to
be executed.

begin transient ramplLoad
begin nonlinear converge_stepl
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to_andante
advance ANDANTE_REGION
transfer andante_to _bem
end nonlinear converge_stepl
transfer bem_to_bem?2
end transient ramplLoad

begin transient zerolLoad
begin nonlinear converge_ step2
transfer bem_to _bem_1
advance BEM_REGION
transfer bem_to _bem_1
transfer bem_to_andante
advance ANDANTE_REGION
transfer andante_to _bem
end nonlinear converge_step2
transfer bem_to_bem?2
end transient zeroLoad

begin transient reload
transfer bem_to_bem_ 1
begin nonlinear converge step3
transfer bem_to _bem_1
advance BEM_REGION
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transfer bem_to_andante
advance ANDANTE_REGION
transfer andante_to _bem
end nonlinear converge_step3
transfer bem_to_bem?2
end transient reload

end system coupled_em

The next block of input defines parameters to be used for each of the three time periods
(TRANSIENT blocks) defined in theoupled_em system block above. EadPARAME-

TERS FOR TRANSIENDlock specifies a start time and a termination time for this time
period, and the time stepping within each region. The time periods defined by all the
transient blocks must be contiguous without overlapping any time, and the final termina-
tion time equal the simulation termination time specified in the solution control. Within
eaChTRANSIENTDblock are neste@ARAMETERS FOR ANDANTE REGHDNPARAME-

TERS FOR BEM REGIANocks which define the number of time steps each region will
take for this time period.

begin parameters for transient ramplLoad
start time = 0.0

termination time = 9.75e-6
begin parameters for andante region ANDANTE_REGION
time increment = .25e-6
time integration rule = HHT
HHT integration parameter alpha = 0.0
HHT integration parameter beta = 0.25
HHT integration parameter gamma = 0.5
end parameters for andante region ANDANTE_REGION
begin parameters for bem region BEM_REGION
time increment = .25e-6
end parameters for bem region BEM_REGION
end parameters for transient ramplLoad

begin parameters for transient zeroLoad

start time = 9.75e-6

termination time = 12.0e-6

begin parameters for andante region ANDANTE_REGION
time increment = .25e-6
time integration rule = HHT
HHT integration parameter alpha = 0.0
HHT integration parameter beta = 0.25
HHT integration parameter gamma = 0.5

end parameters for andante region ANDANTE_REGION
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begin parameters for bem region BEM_REGION
time increment = .25e-6
end parameters for bem region BEM_REGION
end parameters for transient zerolLoad

begin parameters for transient reload
start time = 12.0e-6
termination time = 16.e-6

begin parameters for andante region ANDANTE_REGION
time increment = .25e-6
time integration rule = HHT
HHT integration parameter alpha = 0.0
HHT integration parameter beta = 0.25
HHT integration parameter gamma = 0.5
end parameters for andante region ANDANTE_REGION
begin parameters for bem region BEM_REGION
time increment = .25e-6
end parameters for bem region BEM_REGION
end parameters for transient reload

The final block of input lines in the solution control scope are those defining the conver-
gence criteria to be used for easbnlinear iteration loop. In this example, the same
convergence criteria is specified for all thremnlinear  blocks.

The CONVERGED WHEN *"(...)" command line contains C++ logical statements. For
NONLINEAR converge_stepl andNONLINEAR converge_step3 , the first condition

1 < CURRENT_STEPspecifies that this is not the initial pass through the iteration loop.
This statement is necessary because convergence is checked using results of the current
iteration with results of the previous iteration. The keyw@UdRRENT_STERS syntax

used in the code for solution control and is case sensitive. The second condRion,
DANTE_REGION.norm(0.0) < .001 , states that the change in the norm of the Adagio
region solution from the previous iteration to the current iteration must be less than .001
times the norm of the solution at the previous iteration to satisfy convergence. Likewise,
the third conditionBEM_REGION.norm(0.0) < .1 , sets a maximum allowed change in
the norm of the BEM region solution from the previous to the current iteration. Finally, if
all three of the first three conditions are not met, the last condifions CURRENT_STEP

puts a limit of 50 on the number of iterations allowed. Note that this last condition prevents
an infinite loop, but the code will proceed to the next time step when the maximum number

of iterations is reached, regardless whether the conditions for the convergence criteria are
met.

In NONLINEAR converge_step2 , the convergence criteria is different. During this time
period, the voltage load is exactly 0.0. Therefore a single execution of the regions is all
that is needed and this is obtained by specifying that convergence is meOwheQUR-
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RENT_STEP)

begin parameters for nonlinear converge stepl
converged when "(1 < CURRENT_STEP &&
ANDANTE_REGION.norm(0.0) < .001 &&
BEM_REGION.norm(0.0) < .1) ||
(50 < CURRENT_STEP)"
end parameters for nonlinear converge_stepl

begin parameters for nonlinear converge step2
converged when "(0 < CURRENT_STEP )"
end parameters for nonlinear converge_step2

begin parameters for nonlinear converge step3
converged when "(1 < CURRENT_STEP &&
ANDANTE_REGION.norm(0.0) < .001 &&
BEM_REGION.norm(0.0) < .1) ||
(50 < CURRENT_STEP)"
end parameters for nonlinear converge_step3

The following line signifies the end of the solution control scope.

end solution control solution_control

The next several blocks of input lines each define atype of data transfer. Coupled electrostatic-
mechanical analysis with Arpeggio requires four different types of transfer. The user-
assigned name on the block is used in @N\LINEARcommand blocks to execute a par-

ticular transfer. The transfers are discussed below in the order that they appear in the
NONLINEARcommand blocks

The first transfer that needs to be executed is one within the BEM region itself. This trans-
fer simply copies the field_press that was computed in tfeROST PROCESlock of the

BEM region to a variable callepreviousSolution . Because_press was computed

as a face variable, this transfer useS@PY SURFACE ELEMENT®mmand line. The
namepreviousSolution is a variable used internally in solution control to test conver-
gence and must always appear exactly as shown in this example. Thenstatesdnone

will be the same for every analysis.

HHH## DEFINE TRANSFERS BHHHHHHHHAR#

begin transfer bem_to _bem_ 1
copy surface elements from BEM_REGION to BEM_REGION
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send field e _press state new to previousSolution state none
end transfer bem_to bem 1

The second transfer to be executed that of the electrostatic pressure from the BEM region
to the Andante region. The first line in this transfer block specifies that this is a transfer of
surface element (face) data from the bem region to the Andante region, and the second line
specifies exactly which surfaces (sideset id’s in the exodus mesh databases) are involved.
In this example, the mesh for the bem region has a sideset with id 101 and the mesh for
the Andante region has a sideset with id 100. The third line identifies the fields to be
transferred. The user-defined nameress must match the name of the field computed

in the POST PROCESSommand block in the BEM region, and the user-defined name
pressure_external_transfer must match the name of the field in tIRRESSURE
command block in the Andante region. The state of these fields to be transfeered (

for e_press andnone for pressure_external_transfer ) will be the same for every
analysis. The last two lines define values for search tolerances as described in &8ction

begin transfer bem_to_andante
interpolate surface elements from BEM_REGION to ANDANTE_REGION
send block surface_101 to surface 100
send field e _press state new to pressure_external_transfer
state none
search surface gap tolerance = 1.e-10
search geometric tolerance = 1l.e-10
end transfer bem_to_andante

The third type of transfer is that of the displacement field computed in the Andante region
to the BEM region so that the electrostatic computation can be computed on the updated,
deformed geometry. Like the transfer of pressure, the transfer of displacements is a surface
interpolation and the second line in the block defines the surfaces involved. For this transfer,
the Andante name for the displacement field is alwdiyglacement state new . The

BEM name for the displacement field, in this cakésplacements  is chosen by the user

but must match the name on tbeFORM GEOMETRY USING TRANSKFERommand in

the BEM region scope. This state of this field to be transferred is alnays

begin transfer andante_to _bem
interpolate surface nodes from ANDANTE_REGION to BEM_REGION
send block surface_100 to surface 101
send field displacement state new to displacements
state new
search surface gap tolerance = 1.e-10
search geometric tolerance = 1l.e-10
end transfer andante _to_bem

112



The last transfer used is executed at the end of a transient time step after the nonlinear
sequence has converged. It simply copies the BEM field with user-defined disime
placements from state new to state old. Except for the user-define names, the syntax for
this block will be the same for all BEM-Andante analyses. The ndisi@acements

must match the name given to this field on thEFORM GEOMETRY USING TRANSFER
command line in the BEM region scope.

begin transfer bem_to_bem2
copy volume nodes from BEM_REGION to BEM_REGION
send field displacements state new to displacements
state old
end transfer bem_to _bem2

Finally, the last two lines signal the end of the procedure scope and then the end of the
SIERRA domain scope.

end procedure Argo_Procedure
end sierra dynamic_ MEMS_beam

Below is the entire input file without interruption.

begin sierra dynamic_ MEMS_ beam

titte Diffaction grating microbeam \$
in MKS units
# Model one-half of beam for symmetry
# Fixed at one end, x-symmetry at other end

$ Only load is electrostatic

begin definition for function voltage
type is piecewise linear
begin values

0.0 0.0
2.e-6 100.
8.e-6 100.
10.e-6 0.0
12.0e-6 0.0
13.0e-6 60.
15.e-6 60.0
30.e-6 60.
end values

end definition for function voltage

begin definition for function zero
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type is constant
begin values
0.0
end values
end definition for function zero

begin property specification for material linear_elastic
density = 1.928e4 #kg/m"3
begin parameters for model elastic
youngs modulus = 106.6e9 #Pa
poissons ratio = 0.4
end parameters for model elastic
end property specification for material linear_elastic

begin finite element model structural
Database Name = microbeam_struct.g #meters
Database Type = exodusll

begin parameters for block block 1 block 2
material linear_elastic
solid mechanics use model Elastic

end parameters for block block 1 block 2

end finite element model structural

begin finite element model electrical
Database Name = microbeam_bem.g #meters
Database Type = exodusll

end finite element model electrical

### BEM solver
begin trilinos equation solver az_params
solution method = bicgstab
preconditioning method = none
maximum iterations = 110
residual norm tolerance = 1l.e-10
end

### Adagio preconditioner linear solver

begin Aztec equation solver my_aztec
solution method = cg
restart iterations = 50
preconditioning method = dd-ilut
residual norm tolerance = l.e-4
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END Aztec EQUATION SOLVER my_aztec

begin feti equation solver feti
maximum iterations = 200
maximum orthogonalization = 500
preconditioning method = dirichlet
residual norm tolerance = l.e-4
corner algorithm = 3
corner dimensionality = 3
corner augmentation = none
coarse solver = sparse

local solver = sparse $ iterative $ sparse
num local subdomains = 16
end

#iH#  PROCEDURE INPUT  #HHHHHHHEHHHHHE
begin procedure Argo_Procedure

### ANDANTE REGION INPUT  ##HHEHHHHHHHH
begin andante region ANDANTE_REGION
use finite element model structural
options = LumpedMass

### output description ###
begin Results Output output andante
Database Name = microbeam_struct.e
Database Type = exodusll
At Step O, Increment = 1
nodal Variables = force external as f ext
nodal Variables = velocity as vel
nodal Variables = displacement as displ
nodal Variables = residual as resid
face Variables = pressure_external_transfer as extP
nodal Variables contact_normal_direction as fcnor_dir
nodal Variables contact_normal_traction_magnitude
as fcnor
nodal Variables = contact status as cElem
nodal Variables = contact area as cArea
element Variables = rotated_stress as stress
global Variables = timestep as timestep
end results output output_andante

### definition of BCs ###
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### boundary conditions on beam

begin fixed displacement
node set = nodelist_1
components = X y z

end fixed displacement

begin fixed displacement
node set = nodelist_2
components = x

end fixed displacement

###  fixed ground nodes

begin fixed displacement
node set = nodelist_10
components = X y z

end fixed displacement

## surfaces for pressure transfer
begin pressure
surface = surface_100
field variable = pressure_external_transfer
end pressure

#HiH  Contact  #HHHH
begin contact definition
enforcement = frictionless
contact surface beam contains surface 2
contact surface substrate contains surface 7
begin surface normal smoothing
angle = 30.0
distance = .25
resolution = EDGE
end
begin interaction
master = substrate
slave = beam
normal tolerance = .le-6
tangential tolerance = .05e-6
capture tolerance = .05e-6
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end
end contact definition

#i##  predictor  #HHHE
loadstep predictor using scale factor = 1.0, 0.0

####  solver HAHHH

Begin adagio multilevel solver

level 1 predictor = none

Begin control sliding contact controlled_slide
Target Relative Residual = 5.e-5
Target Residual = l.e9
Maximum Iterations = 400
Minimum lterations = 1

end control sliding contact controlled_slide

Begin adagio solver cg
Target Relative Residual = 1l.e-6
Reference = internal

# Target Residual = 5.0e-12

Acceptable relative residual = 1.e-4
Acceptable residual = 1l.e-12
Maximum Iterations 800
Minimum Iterations = 2
Orthogonality measure for reset = .5

Line Search type secant

begin full tangent preconditioner
linear solver = feti
constraint enforcement = penalty
penalty factor = 100
balance probe = 1
probe factor = .0001
small number of iterations = 30
maximum resets for modelproblem = 2

end full tangent preconditioner

end adagio solver cg

end adagio multilevel solver
end andante region ANDANTE_REGION

### BEM REGION INPUT  ##H#HHHHHHHHHH
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begin bem region BEM_REGION
use finite element model electrical
use dense solver = aztecoo with az_params
deform geometry using transfer displacements

begin be zone bem
PDE = Laplace
material parameter for laplace equation
permittivity = 8.8595e-12  #N/V"2
solution domain = external

BC QUASISTATIC UNIFORM dirichlet at block_1 V
using function voltage scaled by 1.0

BC QUASISTATIC UNIFORM dirichlet at block_ 2 V
using function zero scaled by 1.0

DIRECT FORMULATION for scalar V and E_norm
with continuous linear elements

end be zone bem

begin post process pressure
process equation laplace on zone bem
evaluate electric_pressure as e_press
compute on surface_101 faces

end post process pressure

BEGIN RESULTS OUTPUT LABEL output_bem
database Name = microbeam_bem.e
database Type = exodusll
at step 0O, increment = 1
title parallel plate

nodal Variables = displacements as displ
nodal variables = V as volt

nodal variables = E_norm as E_norm
face variables = e press as e_press

END RESULTS OUTPUT LABEL output_bem

end bem region BEM_REGION

HitH SOLUTION CONTROL Hit
begin solution control description
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use system main

begin initialize mytransient_init
advance ANDANTE_REGION
advance BEM_REGION

end initialize mytransient_init

begin system main
use initialize mytransient_init

simulation termination time = 16.e-6

end system main

begin parameters for transient ramplLoad

start time = 0.0

termination time = 9.75e-6

begin parameters for andante region ANDANTE_REGION
time increment = .25e-6
time integration rule = HHT
HHT integration parameter alpha = 0.0
HHT integration parameter beta = 0.25
HHT integration parameter gamma = 0.5

end parameters for andante region ANDANTE_REGION
begin parameters for bem region BEM_REGION
time increment = .25e-6
end parameters for bem region BEM_REGION
end parameters for transient ramplLoad

begin parameters for transient zeroLoad
start time = 9.75e-6

termination time = 12.0e-6
begin parameters for andante region ANDANTE_REGION
time increment = .25e-6
time integration rule = HHT
HHT integration parameter alpha = 0.0
HHT integration parameter beta = 0.25
HHT integration parameter gamma = 0.5
end parameters for andante region ANDANTE_REGION

begin parameters for bem region BEM_REGION
time increment = .25e-6

end parameters for bem region BEM_REGION
end parameters for transient zerolLoad

119



begin parameters for transient reload

start time = 12.0e-6

termination time = 16.e-6

begin parameters for andante region ANDANTE_REGION
time increment = .25e-6
time integration rule = HHT
HHT integration parameter alpha = 0.0
HHT integration parameter beta = 0.25
HHT integration parameter gamma = 0.5

end parameters for andante region ANDANTE_REGION

begin parameters for bem region BEM_REGION
time increment = .25e-6

end parameters for bem region BEM_REGION

end parameters for transient reload

begin parameters for nonlinear converge stepl
converged when "(1 < CURRENT_STEP
&& ANDANTE_REGION.norm(0.0) < .001
&& BEM_REGION.norm(0.0) < .1)
| (50 < CURRENT_STEP)"
end parameters for nonlinear converge_stepl

begin parameters for nonlinear converge step2
converged when "(0 < CURRENT_STEP )"
end parameters for nonlinear converge_step2

begin parameters for nonlinear converge step3
converged when "(1 < CURRENT_STEP
&& ANDANTE_REGION.norm(0.0) < .001
&& BEM_REGION.norm(0.0) < .1)
[ (50 < CURRENT_STEP)"
end parameters for nonlinear converge_step3

end solution control description

HH## DEFINE TRANSFERS BHHHHHHHHAR#

begin transfer bem_to_andante
interpolate surface elements from BEM_REGION to ANDANTE_REGION
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send block surface_101 to surface 100
send field E_PRESS state new
to pressure_external_transfer state none
search surface gap tolerance = 1.e-10
search geometric tolerance = 1.e-10
end transfer bem_to_andante

begin transfer andante_to _bem
interpolate surface nodes from ANDANTE_REGION to BEM_REGION
send block surface_100 to surface 101
send field displacement state new
to displacements state new
search surface gap tolerance = 1.e-10
search geometric tolerance = 1.e-10
end transfer andante _to_bem

begin transfer bem_to _bem_ 1
copy surface elements from BEM_REGION to BEM_REGION
send field E_PRESS state new
to previousSolution state none
end transfer bem_to bem 1

begin transfer bem_to_bem2
copy volume nodes from BEM_REGION to BEM_REGION
send field displacements state new
to displacements state old
end transfer bem_to _bem2

end procedure Argo_Procedure

end sierra dynamic_ MEMS_beam

10.4 Results

Figure10.1shows the displacement of the center of the beam toward the substrate as a func-
tion of time. The beam is actively loaded with a voltage pulse from 0 to 10 microseconds
followed by no voltage from 10 to 12 microseconds, and then voltage re-applied starting at
12 microseconds. The flat part of the curve from 11.5 to 12.0 microseconds is where the
center of the beam is in contact with the substrate located 1.6 microns below the beam.

Figue10.2shows the distribution of electrical pressure on the bottom of the microbeam at
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8.0 microseconds. This is the time at which the applied voltage pulse peaks at 100 volts.
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Figure 10.1:Displacement of center of microbeam.
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Figure 10.2:Distribution of electrical pressure at 8 microseconds.
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Appendix A

Cubit Input Files for Mesh Generation

The first section of code below is the parameterized CUBIT journal file. The first part de-
fines the structural volume mesh and the second part defines the electrical surface mesh.
The included file, parameters.inc, gives values for the parameters whose names are en-
closed within curly braces{f). The contents of the file parameters.inc are shown below
the journal file. This file will result in meshes with dimensions of micrometers.

{include("parameters.inc") }

create brick x {xlen_bm} y {ylen} z {thick_ bm }
move body 1 x {xlen_bm/2. } y {ylen/2.} z f{thick_bm/2. + gap }

create brick x {xlen_contact } y {ylen} =z {pad_thick }

move body 2 x {-xlen_contact/2. + xlen_bm 1y {ylen/2.}
z {-pad_thick/2.+offset }

volume all size {mesh_size st }

curve 9 10 11 12 size {.25*mesh_size_st }
volume all scheme auto

mesh volume all

nodeset 1 surface 4

nodeset 2 surface 6

nodeset 10 surface in volume 2

sideset 100 surface in volume 1
sideset 2 surface 2
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sideset 7 surface 7

block 1 volume 1
block 2 volume 2

transform mesh output scale {scale}
Export Genesis 'microbeam_struct.g’ overwrite
delete mesh

reset genesis

delete body 2

create brick x {xlen_el} vy {ylen} z {pad_thick }
move body 3 x {xlen_el/2. } y {ylen/2.} z {-pad_thick/2. }

webcut body 1 with plane xplane offset {xlen_el+xlen_trans
merge all

surface in vol 3 4 size {mesh_size el }

surface in vol 1 size {4.*mesh_size el }

curve 1 3 39 int 6
curve 9 10 38 33 34 int 1
curve 25 27 29 31 int 6

surface all scheme map

mesh surface in volume 4 except surface 19

mesh surface in volume 1 except surface 19

mesh surface in volume 3

# This line is necessary to get the element normals
# pointing inward to the beam and electrode.
surface all normal opposite

block 1 surface in volume 4 1
block 2 surface in volume 3

sideset 101 surface in volume 1 4

block 1 element type shell
block 2 element type shell

Export Genesis 'microbeam_bem.g’ dimension 3 overwrite
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quit

The contents of the included file "parameters.inc” are shown below.

xlen_bm = {xlen_bm = 250. }
xlen_contact = {xlen_contact = 150. }
xlen_trans=  {xlen_trans = 20. }

ylen = {ylen = 10.}

thick_bm = {thick_bm = 2. }

offset =  {offset = .4}

xlen_el = {xlen_el = 80. }

P H PR

&

gap = {gap = 2. }
$ pad_thick =  {pad_thick = 1. }

$ mesh_size_ st = {mesh_size st = 1.7 }
$ mesh_size el = {mesh_size el = 25 }

$scale = {scale = 1.}
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