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Introduction

The term MEMS is an acronym for MicroElectroMechanical Systems. In this

context,

e “Micro” means that the devices are extremely tiny, in the order of micrometers

or smaller.
* “Electro” means that some electrical component is involved.
* “Mechanical” means that the system performs some mechanical motion.

e “Systems” refers to the fact that all these features are combined in one package.

MEMS technology exploits the existing microelectronics infrastructure to create
complex machines on a micrometer scale. Extensive applications for these devices
exist in both commercial and industrial systems. Well-known components such as
integrated silicon pressure sensors, accelerometers, and motion detectors have
found use for several years in automotive and industrial applications. Research
activity in microfluidics is changing medical-diagnostic processes such as DNA

analysis, and it is spurring the development of successful commercial products.

It is common knowledge that MEMS are made of tiny electromechanical
components, but some engineers do not appreciate the fact that almost all MEMS

devices involve multiple areas of physics—multiphysics. At a minimum, MEMS
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devices involve at least the electrical and mechanical sciences. It is also common that
the electronic and mechanic elements are coupled through thermal or electrochemical

effects, thereby adding a third or fourth physical phenomenon to the system.

This multiphysics nature of MEMS devices requires that the system designer has a vast
understanding and knowledge of these various branches of physics. Because some
microscale effects are totally new or behave differently than at the macroscale,
engineers require new system-design philosophies. They likely find it difficult to split
one design into parts, which is common for macroscale device, where one engineer can
fully study the mechanics while others concentrate, for instance, on the electrical or
thermal aspects. Thus the MEMS engineer is a true systems designer, handling several
physical phenomena simultaneously—and COMSOL Multiphysics and the MEMS
Module can do the same.

Most MEMS devices are manufactured using lithography-based microfabrication, a
technology that the microelectronics industry has refined for highly integrated circuits.
Thanks to these efforts there are excellent methodologies and facilities for mass
production. Suppliers can thus set the price of microsystems at a totally different level

compared to their macro-scale counterparts.

Lithographic fabrication techniques, however, do present some limitations on
geometrical structures in MEMS devices. Microfabrication is based on planar
technology where the components are usually flat. From the modeling point of view,
a flat structure presents some challenges, specifically in mesh generation and in finding
numerical solutions. To get accurate solutions, the shape of a single triangle (2D) or
tetrahedron (3D) in the mesh should be as regular as possible. In flat structures you
can achieve regularity by decreasing the mesh size to accommodate the shortest
distances, but doing so increases memory requirements. Fortunately, advances in
modeling techniques such as mesh rescaling, mesh mapping, and mesh extrusion can
reduce the mesh size and relieve memory demands. In addition, certain industries have
moved away from the use of silicon in favor of glasses and plastics, and we are now
seeing the emergence of chips in biotechnology that include microfluidic systems that
can be regarded as true MEMS devices (Ref. 1).

MEMS pioneers in both research and industrial organizations have solved several
challenges in the modeling and manufacturing areas. They have been able to apply
existing tools to help analyze the behavior of MEMS devices through numerical
methods. Meanwhile, it is apparent that the time is right to introduce new tools that
demonstrate how well finite-element-based numerical solvers perform in this area. We

are confident that this product, the MEMS Module, can help researchers, designers,
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and instructors explore the electro-thermal-chemical-mechanical behavior of

microsystem components and further develop this fascinating new area.

The documentation set for the MEMS Module consists of three books. The one in
your hands, the MEMS Module Users Guide, introduces the basic modeling process.
The tutorial section discusses the modeling strategies in MEMS devices and
demonstrates their use in an illustrative example. It summarizes the MEMS-specific
techniques used in the model library, and finally it presents the various application
modes available in the module including structural analysis, predefined piezoelectric

couplings, electrostatics and DC currents in conductive media, and microfluidics.

The second book in the set, the MEMS Module Model Library, includes models
showing how to use the MEMS Module for the simulation of sensors, actuators,
microfluidics devices, and other MEMS devices. Each model comes with theoretical
background as well as step-by-step instructions that illustrate how to set it up. Further,
they all come as Model MPH-files so you can import them into COMSOL
Multiphysics for immediate access. This way you can follow along with the printed

discussion as well as use them as a starting point for your own modeling needs.

There ia also a MEMS Module Reference Guide, which provide in-depth information
about the application modes and their variables.

We hope the MEMS Module becomes a valuable tool in your modeling work, and we
are convinced that the effort you put into understanding COMSOL Multiphysics will
be repaid several times over. If you have any feedback on the models in this set, please
let us know. Likewise, if you have any ideas for additional models that we could add to
the library, we welcome your suggestions. Finally, if in your work you have developed
a model you think would be a good candidate for inclusion in this model set, please let

us hear about it. In any case, feel free to contact us at info@comsol. com.

References

1. Julian Gardner and others, Microsensors, MEMS and Smart Devices, John Wiley
& Sons, 2001.

2. System Planning Corporation, Market Survey, 1999.

Typographical Conventions

All COMSOL manuals use a set of consistent typographical conventions that should

make it easy for you to follow the discussion, realize what you can expect to see on the
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screen, and know which data you must enter into various data-entry fields. In

particular, you should be aware of these conventions:

A boldface font of the shown size and style indicates that the given word(s) appear
exactly that way on the COMSOL graphical user interface (for toolbar buttons in
the corresponding tooltip). For instance, we often refer to the Model Navigator,
which is the window that appears when you start a new modeling session in
COMSOL; the corresponding window on the screen has the title Model Navigator.
As another example, the instructions might say to click the Multiphysics button, and
the boldface font indicates that you can expect to see a button with that exact label
on the COMSOL user interface.

The names of other items on the graphical user interface that do not have direct
labels contain a leading uppercase letter. For instance, we often refer to the Draw
toolbar; this vertical bar containing many icons appears on the left side of the user
interface during geometry modeling. However, nowhere on the screen will you see
the term “Draw” referring to this toolbar (if it were on the screen, we would print

it in this manual as the Draw menu).

The symbol > indicates a menu item or an item in a folder in the Model Navigator.
For example, Physics>Equation System>Subdomain Settings is equivalent to: On the
Physics menu, point to Equation System and then click Subdomain Settings.

COMSOL Multiphysics>Heat Transfer>Conduction means: Open the COMSOL

Multiphysics folder, open the Heat Transfer folder, and select Conduction.

A Code (monospace) font indicates keyboard entries in the user interface. You might
see an instruction such as “Type 1.25 in the Current density edit field.” The

monospace font also indicates COMSOL Script codes.

An stalic font indicates the introduction of important terminology. Expect to find
an explanation in the same paragraph or in the Glossary. The names of books in the
COMSOL documentation set also appear using an italic font.
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Overview

This manual describes the MEMS Module version 3.4. It is intended to give you an
introduction to the modeling stages in COMSOL Multiphysics™ and the MEMS
Module, provide a detailed example of how to work with the models in this set, as well
as serve as a reference for more advanced modeling techniques and available

application modes.

Chapter 2, “Creating and Analyzing MEMS Models,” gives you the knowledge
necessary to start using the MEMS Module. It also explains how to model moving
structures with the ALE (arbitrary Lagrangian-Eulerian) formulation, how to handle
electric and thermal effects, when to use the large-deformation formulation in
structural analysis, and how to describe fluid flow in microfluidic applications. Chapter
3, “The MEMS Module Application Modes,” summarizes the available application
modes. Chapters 4 through 8 review in detail the contents of the Structural Mechanics,
Piezoelectric, Film Damping, Electrostatics, and Microfluidics application modes.
Chapter 9, “The Materials/Coefficients Library,” gives an overview of the most
common materials and their properties, which can serve as realistic input data in your
MEMS models.

What is the MEMS Module?

The MEMS Module is a collection of application modes and models for COMSOL
Multiphysics with which you can model various MEMS devices and applications. It
includes application modes for modeling of electrostatics, structural mechanics,
piezoelectricity, film damping, and microfluidics. The MEMS Module Model Library
shows how to use these application modes to model actuators, sensors, and
microfluidic devices. The comprehensive documentation outlines the theoretical basis
of MEMS-specific phenomena and the application modes in the module, and it also

contains step-by-step instructions for creating the models.

The MEMS Module seamlessly connects to COMSOL Multiphysics and the other

add-on modules in the COMSOL Multiphysics product line. Therefore, Heat Transfer
by Conduction, Convection and Conduction, and other application modes that might
prove useful for a particular application are available for MEMS modeling. You can also
view and modify the models in terms of the underlying PDEs. The software thus offers

a unique transparency because the model equations are always visible, and you have

OVERVIEW
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complete freedom in the definition of phenomena that are not predefined in the

module.

In MEMS, the operation of devices are often affected by several physical phenomena
that are coupled by some mechanism. Traditionally, these couplings are described
pairwise using, for example, electro-structural, fluid-structural, and
thermo-mechanical couplings. Although COMSOL Multiphysics does not pose any
limitations on the number or type of such couplings, these pairwise couplings are
important building blocks in complex multiphysics models containing any number of

coupled physical phenomena.

The following table summarizes the most important MEMS couplings and some
common devices you can model using the MEMS Module. It also outlines the
structure of the MEMS Module. The first column of the table lists phenomena,
couplings, and devices that are often associated with the word electromechanical in the
narrow and literal meaning of MEMS. The devices in this category are usually various
kinds of actuators and sensors. The microfluidic devices, although using some of the
same manufacturing and miniaturizing techniques, form a totally different application
area. The “Fluid-Structure Interaction” column lists various techniques and
phenomena that are useful for both electromechanical and microfluidic applications,
where movement and deformation of solids are of concern. The last column,
“Microfluidics,” lists transport phenomena that are key issues in, for example,

lab-on-a-chip type devices.

This table, however, shows only the tip of the iceberg—our view of the most important
applications where you can use the MEMS Module. In your hands, the multiphysics
combinations and applications of the MEMS Module are unlimited.

INTRODUCTION
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EXAMPLES OF COUPLED PHENOMENA AND DEVICES YOU CAN MODEL USING MEMS MODULE

ELECTROMECHANICAL

FLUID-STRUCTURE
INTERACTION

MICROFLUIDICS

PHENOMENA
/| COUPLING

DEVICES

Electro-structural
Electro-thermal
Thermo-mechanical
Piezoelectric
Piezoresistive

Prestress modal analysis

Stress stiffening

Cantilever beams
Comb drives
Resonators
Micromirrors

Thermomechanical
actuators

Inertial sensors

Pressure sensors

Moving boundary
using ALE technique
Squeezed-film
damping

Mechanical pumps and
valves

Pressure-driven flow
Electroosmotic flow
Electrophoresis
Dielectrophoresis
Electrothermal flow
Mass transport using
diffusion, migration,
and convection
Lab-on-a-chip devices
Microfluidic channels
Microreactors
Micromixers

Nonmechanical
pumps and valves
MEMS heat
exchangers

New Features in MEMS Module 3.4

* Improved application modes for piezoelectric modeling. You can now model

piezoelectric devices that consist of piezoelectric, dielectric, and structural parts

within the piezoelectric application mode. There is also improved compatibility with

other application modes for electrostatics and electric currents and a new boundary

condition for floating potentials. See “Piezoelectric Application Modes” on page

157.

* A new material library with about 25 common piezoelectric materials. See

“Piezoelectric Material Properties Library” on page 321.

* Support for exporting reaction models from the COMSOL Reaction Engineering

Lab to the MEMS Module for inclusion in microfluidics models. See “Including

Chemical Reactions in Microfluidics Models” on page 27

* An application mode for multispecies mass transport by convection and diffusion.

See “Convection and Diffusion” on page 294.

OVERVIEW



* Improved application mode for film damping, including slide film damping. See

“Film Damping Application Modes” on page 191.

* New and updated models, including models of a SAW gas sensor, an elevator button
using piezoresistivity, a MEMS gyroscope, and a tortuous reactor. See the MEMS
Module Model Library for full documentation of these and all other models in the
MEMS Module Model Library.

8 | CHAPTER |I: INTRODUCTION



Creating and Analyzing MEMS Models

This chapter familiarizes you with modeling procedures useful when working with
the MEMS Module. Because the module is fully integrated with COMSOL
Multiphysics, the design and analysis process is very similar to the one you use in
the base environment. Separate sections cover generic and MEMS-specific tricks

and tips that should prove valuable during the modeling phase.
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Basic Modeling Procedures

In COMSOL Multiphysics, the toolbar buttons and menus mirror the basic procedural
flow during a modeling session. You work from left to right in the process of defining,
drawing, meshing, modeling, solving, and postprocessing a problem. This manual
maintains a consistent style when describing the introductory model in this chapter as
well as the models in the MEMS Model Library. The format includes headlines
corresponding to each major step in the modeling process. More details about basic
modeling techniques appear in the COMSOL Multiphysics User’s Guide.

Model Navigator

To begin setting up a model, activate the Model Navigator, which appears when you
start COMSOL Multiphysics—or, if you are already in the COMSOL Multiphysics
work area, sclect New from the File menu or click on the New button on the Main
toolbar. The Model Navigator opens a page where you specify the application mode,
names of dependent variables, and the nature of the problem (static, transient,

eigenfrequency, frequency response, or parametric).

Model Mavigator =]
 Multiphysics | component Library | User Cnmpnnantsl
Space dimension: Er Multiphysics
- 4 Transienk analysis - RO
Bi
# Bioheat Equation ) [ Geomi (20)
- @ Steady-state analysis .
- @ Transient analysis ® Plane Stress (smps)
# 'Weskly Compressible Navier-Stokes [ Heat Transfer by Conduction (h)
R [ M Conductive Media DC (emdc)
- @ Steady-state analysis
#® Transient analysis
# kg Turbulence Model
# lew Turbulence Madel
Electro-Thermal Inkeraction € n 3
Fluid-Thermal Interaction Dependent variables: V
MEMS Module = S
Struckural Mechanics Application Mods Properties. ..
Electrostatics [ Add Geometry...
- @ Electrostatics %
4 [ n 3 Add Frame. ..
Dependent variables:  [pf Ruling application mode:
Application made name:  mmfd Plane Stress (smps) hd
Element: Lagrange - Quadratic [ Multiphysics ]
[ [a] 4 ] [ Cancel ] [ Help ]

In the Model Navigator you select and configure one or move application modes.

CHAPTER 2: CREATING AND ANALYZING MEMS MODELS



By clicking the Multiphysics button you can set up a combination of application modes
taken either from the MEMS Module, from other optional discipline-specific modules,
or those in the core COMSOL Multiphysics package. It is also possible to add or
remove an application mode at any time by opening the Model Navigator from the
Multiphysics menu. In addition, you can change an application mode’s properties by
selecting the Physics>Properties menu. However, you cannot change the dependent
variable directly; to do so, you must remove the application mode, add it back again,

and enter another name for the variable.

Options and Settings

COMSOL Multiphysics provides a number of dialog boxes where you can configure
the model. These settings are all accessible from the Options menu, and a few are
accessible by double-clicking on the Status bar; for example, in that fashion you can
turn the grid on and off. Basic settings—for example, those for the axes and grid

spacing—are available from the Options menu.

If you want to enter constant parameters for the model, open the Constants dialog box.

WP Constants =]
MName Expression Value Description

d 0.6[mm] (6e-4)[m]Bridge width -
T_ref 25[deaC] 298, 15[K]Reference temperature I
=igma_b 1e-10[5/m] (1e-10)[SElectric conductivity, membrane bulk

rho_s 20[ohm] 20[22]  [Surface resistivity |
k| 600[nm] (6e-7)[m]Heater-layer thickness 3
sigma_s 1/rho_s 0.05[5] [Surface conductivity

sigma sigma_sft_| 83333, 33Electric conductivity, heater layer

W_in 2[V] 2[v] Valtage

£
=H l oK I | cancel ] [ Apply ] l Help J

In the Constants dialoyg box you enter model parameters and can also evaluate simple
formulas.

The dialog-box choices under the Options>Expressions path recognize a number of
basic functions including trigonometric operators (sin, cos, tan), exponentials (exp,
log), and logical expressions (<, >, ==). In addition, user-defined expressions can
contain custom variables calculated from existing dependent and application-specific

derived variables.

The several selections for coupling variables under the Options menu (for instance,
Options>Integration Coupling Variables) allow you to select a variable that can integrate,

extrude, or project data among multiple application modes and geometries.
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Another choice under Options, the Material Library dialog box, allows you to access a
number of materials and their properties supplied with the software as well as maintain

libraries of your own, user-defined materials.

Drawing the Geometry

To set up a model’s geometry requires knowledge of how to use the Draw menu and
the Draw toolbar. It further helps to be aware of some general aspects of drawing a

geometry:

* To get the most accurate geometry possible, enter dimensions and coordinates
using dialog boxes instead of drawing it. Creating and modifying objects graphically
might seem easier, but in some cases that method can introduce small variations in
numerical values. To help you avoid geometric conflicts, we suggest entering
parameters directly in dialog boxes. You can later correct and modify these and other

geometrical values by selecting the menu sequence Draw>0bject Properties.

* Use the correct scale from the start. It is tempting to first create a geometry using
long integers numbers (for instance, 42.5 instead of 42.5¢-6 for a dimension that is
42.5 micrometer) to reduce the amount of keyboard entry and then later apply a
scaling factor. However, in some cases—in particular when you create objects
graphically rather than using the geometry object dialog boxes—mismatch
problems can arise due to numerical rounding when later downscaling the

geometry.

* Use work planes when creating 3D geometries. Several options are available to
create 2D work planes that in turn generate 3D geometries; for instance, you can

take a 2D geometry and embed, extrude, or revolve it into a full 3D geometry.

Physics Settings

After drawing the geometry, the next step is to specify the model’s physics. You
normally define material properties in the Subdomain Settings dialog box, whereas you
typically go to the Boundary Settings dialog box to specify constrains, external forces

and effects (such as mechanical constraints or loads), voltages, and temperatures.

To achieve a deeper understanding of the underlying physics of an application mode,
study its Equation System Settings dialog boxes. They summarize how the software
translates the material properties and boundary conditions into the Coefficient form,
General form, or Weak form partial differential equations. They also list variables

available for coupling and analysis purposes.
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Coupling Application Modes

The easiest and computationally most efficient way to create couplings between
application modes is through material properties and boundary settings. Dependent
and derived variables can couple the solution from one application mode to another.
If the coupling is unidirectional, you can solve the application modes sequentially using
the Solver Manager to specify which variables to solve for and also create a solver script

for automating the solution process.

If the dependent or derived variables are insufficient to describe the physical coupling,
several extra couplings are available under the Options menu. You can integrate over
subdomains or boundaries as well as extrude or project data among application modes
and geometries. Note, however, that these couplings introduce intermediate
geometries and mappings that add to the calculation load, so the model takes longer

to compute.

Meshing

At this stage the software is ready to mesh the defined geometry. In typical macroscale
cases you simply click one of the Mesh buttons on the Main toolbar. However, in
MEMS models it is often necessary to work with specialized meshes. Specifically, with
the flat structures typical in MEMS designs, you can define appropriate mesh scale
factors by going to the Main menu and selecting Mesh>Free Mesh Parameters. In the
resulting dialog box, click the Advanced tab where you can decrease the required mesh
size yet obtain results that provide a quick understanding of the modeled phenomena.

You can also use mesh-mapping and mesh-extrusion techniques for best operation
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with MEMS devices. A more detailed description of meshing appears in the COMSOL
Multiphysics User’s Guide.

Free Mesh Parameters =]
: Global | Subdamain I Boundary | Paint | Advanced K
(@ Predefinad mesh sizes: ‘Normal =]
() Custom mesh size
Maximum element size:

Resolution of narrow regions: 1

Optimize quality

Refinement method: .Regular =

[ Reset to Defaults ][ Remesh ] Mesh Selacted

The Global page in the Free Mesh Parameters dialog box gives you control of the mesh size.

In MEMS models you often want to apply advanced techniques such as mesh scaling.
In such cases, however, mesh quality (its regularity) can be poor, dropping to less than
0.1; an acceptable value is >0.1 in 3D geometries and >0.3 in 2D geometries. You

should be aware of this effect because it might dramatically influence the results.

On the other hand, structured meshes, i.¢. rectangular or brick meshes do not sufter

from this problem, and they behave well even their aspect ratio is large.

Solving a Model

Most MEMS models are coupled-multiphysics problems, so pay attention to the
choice of solver. In most cases, the auto-selected solver parameters are well tuned for
performance and accuracy in the solution process. If the auto-selected solver does not
converge and you have double-checked the material and boundary settings as well as
the mesh quality, it is time to try another solver. Unfortunately there are no universal
solver settings that always work well with the tightly coupled multiphysics models. It
is thus a good idea to study already solved examples and listen to the experience of
senior engineers to expand your own solution knowledge base. You can also find more
information about solving and analyzing the model convergence in the “Solving the
Model” chapter in the COMSOL Multiphysics User’s Guide and in “Modeling
Guidelines” on page 7 in the COMSOL Multiphysics Modeling Guide.
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A parametric analysis can solve difficult nonlinear static problems. By adding advisory

loads you can guide the solver to find the solution from the proper direction. The
“Thermomechanical Microvalve” on page 122 in the MEMS Module Model Library

illustrates this technique.

The Solver Manager dialog box contains settings for initial values, stored solutions, and

which application modes or dependent variables to solve simultaneously. If the model

involves only unidirectional couplings, you can split the solution process into

sequential parts. A script language automates sequential solutions.

Solver Manager

¢ Tnitial Valuz: | Solve For I Qutput I S:riptl

=]

Initial value

() Initial value expression
(7 Current salution

(7 Stored solution

Parameter value: :Autnmat\( - Time: |0

Values of variables not solved for and linearization point
(@) Use setting from Initial value frame

@) Zero

() Current salution

() Stored solution

Solution at time: | Automatic Time: |0

Store Salution...

(@ Initial value expression evaluated using current solution

(7 Initial value expression evaluated using stared solution

[ Salve ][ QK H Cancel ][ Apply ][ Help

)

In the Solver Manager dialog box, go to the Initial Value page to make initinl-value and

linearization-point settings for your model.

Analyzing Results Using the Postprocessing Menu

The Postprocessing menu provides tools for postprocessing and visualizing model

quantities. You are not limited to working with predefined quantities because you can

calculate any function of variables by entering the appropriate expression.

To access certain label and axis settings for postprocessing plots, choose

Options>Visualization/Selection Settings. Another set of tools lets you filter the
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visualizations by suppressing the rendering of subdomains or boundaries; find these

tools in the Options>Suppress menu item.

Visualization/Selection Settings =]
Labels Render Highlight Draw mode selection
Geometry labels [] vertex [ vertex (7 Select all overlapping
[ Vertex Iabels Edge Edge @) Seleck smallest
|| Edge labels [] Face Face

[] Subdomain labels Mesh

Symbol scale Factors Show direction arrows

Verkex: |1
Ere Visualization mesh: |Mormal
Edge: |1
Face: |1

[ OK ][ Cancel ][ Apply ][ Help ]

This dialog box, which you open from the Options menu, lets you control the rendering of
edges and faces.

In addition to the available postprocessing tools in COMSOL Multiphysics, you can
export the results from a domain or cross-section plot to an ASCII file for further

analysis with other tools.

Domain Plot Parameters =]

General | Surface |{Line/Extrusion t| Pmntl

(@ Line[Extrusion plat
Plot bype

@ Ling plot () Extrusion plak

y-axis data

Predefined quantities: Tatal displacement -
Expression: disp_smps Smaoth
Unit: m -
Boundary selection x-axis data

1 <] @ [x =)

3 Expression...

4

5

6

Line Settings... Surface Settings...

[ oK ][ Cancel ][ Apply ][ Help ]

Use the Domain Plot Parameters dialog box, accessible from the Postprocessing menu, to
create plots of a quantity’s vestriction to a set of domains that you select.
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MEMS-Specific Modeling Techniques

An importantissue to consider when modeling microscopic devices is that they deform
casily, and in many cases you must account for this deformation. The arbitrary
Lagrangian-Eulerian (ALE) method has proven useful for modeling deforming
structures that have electro-structural couplings or fluid-structural interactions.
COMSOL Multiphysics” Moving Mesh Application Mode lets you study both static
deformations and time-dependent deformations where the geometry changes its shape
due to the dynamics of the problem. Further, you can consider most electric fields in
MEMS designs as static, and you generally model conductivity only at boundaries.
Other important phenomena that deserve careful consideration in MEMS modeling
include thermal effects such as expansion and residual stress stiffening due to
manufacturing processes. Finally, pressure-driven and electrokinetic fluid flow are
standard techniques in microfluidic applications. This section takes a brief look at all

these areas with MEMS designs in mind.

Moving Structures and ALE

The ALE (arbitrary Lagrangian-Eulerian) description is a common method for
simulating deforming computational domains (Ref. 1). It found its first use in fluid
mechanics and has since been successfully applied to finite element analysis in solid
mechanics. In MEMS design, it has several applications for modeling structural
deformations such as in electrostatically actuated comb drives, microswitches,

microvalves, and microfluidic applications.

An example where the ALE method proves quite useful is the electrostatically actuated
cantilever beam depicted in Figure 2-1. An air gap exists between the thin conductive
layers on the beam’s surface and the substrate; an electric potential difference across
the gap generates a force that bends the beam. When the gap between the conductive
layers decreases, that motion changes the electrostatic field and the attracting force. If
this force is strong enough, the structure could even collapse. To simulate the coupling
between the mechanical deformations and the electric potential, the model must

account for the change in the geometry and distortions in the calculation mesh.
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Figure 2-1: An electrostatically actuated cantilever beam (the grayed avea) deforms due
to an electrostatic force. The oryginal geometry and mesh appears on the left, while the right
imaye illustrates the geometry and mesh after deformation. In the right image, colors on
the actual computer display show the electrostatic potentinl. Note also, that the vertical
axis has been rescaled to improve visualization: the full width of the beam is 320 wm but
the height is only 10 wm.

Normally COMSOL Multiphysics determines and solves the PDEs in a fixed mesh
(reference frame). By adding a Moving Mesh (ALE) application mode to your model,
you introduce a moving mesh (and a corresponding frame) for the ALE
implementation. Then you can add and formulate the physics equations requiring a
moving mesh in this frame; the software automatically transforms the equations, and
uses them to calculate results in the reference and moving frames. For examples of
using the Moving Mesh (ALE), see the models Cantilever Beam on page 8, Comb
Drive on page 28, and ALE Fluid-Structure Interaction on page 294 of the MEMS
Module Model Library.

Modeling Large Deformations

In models that include the Plane Stress; Plane Strain; Axial Symmetry, Stress-Strain;
and Solid, Stress-Strain application modes, you must consider whether or not to
activate the large-deformation option (refer to “Theory Background” in Chapter 4 for
details); the default value is Oft. For instance, calculations for large deformations can
handle stress-stiffening effects. A special case requiring large deformations involves
eigenfrequency calculations with residual stress. Without this option, the solver omits
any static stresses you specified in the load settings. If you are unsure whether or not
to use this option instead of the normal stress formulation, try to solve the problem
both with and without it and check for differences. The advantage of using the normal

stress formulation is in calculation speed—the model might solve several times faster.
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In deciding whether to include large deformations, consider the following guidelines.

The first rule of thumb says that if the deformation is of the same rough magnitude as
the structure’s dimension, then the large-deformation option should be active. In
practice this means using it when the deformation is approximately 10% of the
structure’s dimension. This effect, where large deformations have the restriction of
small strains, is also sometimes referred to as a nonlinear geometric effect. In using the
large-deformation option, the continuum mechanical application mode replaces the
normal strain with the Green strain. It also replaces the stress with the second
Piola-Kirchhoff stress, and then solves the problem using a total Lagrangian

formulation.

Another phenomenon for which you should use the large-deformation option is stress
stiffening. Stiffness normally arises when the structure bends and stretches. In MEMS
devices the structure might contain built-in residual stresses due to the manufacturing

processes. The large-deformation option takes these effects into account.

When solving a static problem with the large-deformation option set, be sure to use
the nonlinear solver. In eigenvalue problems, such as in the thin-film resonator model,
a more accurate solution results when you first solve the static stress value, which then

serves as a linearization point for the eigenvalue problem.

The large-deformation option imposes a larger computational load than the normal
formulation and is not always needed. In unclear cases it is easy to perform a quick
comparison test. For example, the results for the 3D Accelerometer model described
on page 146 of the MEMS Module Model Library are identical with and without the
large-deformation option. However, the solution time with the normal formulation is

many times shorter (in this case 20 times).

Several models in the MEMS Module Model Library use the large-deformation
analysis type for the continuum mechanical application modes. This includes models
in the chapter “MEMS Actuator Models” on page 7 of the MEMS Module Model
Library—the Cantilever Beam, Comb Drive, Micromirror, Thin-Film Resonator, and
Thermomechanical Microvalve models—as well as the Pressure Sensor and

Fluid-Structure Interaction models.

Modelinyg Electrostatic Fields

Most MEMS devices meet the electroquasistatic criterion (Ref. 2) in which the
wavelength of the applied fields is substantially larger than the modeled device. Thus

MEMS-SPECIFIC MODELING TECHNIQUES



you can treat modeled electric fields as static and you create your model with the

Electrostatics application mode or the Conductive Media DC application mode.

ELECTROSTATICS

The Electrostatics application mode solves for the electric potential V using the

equation
-V (eVV) = p.

In MEMS designs you rarely need to consider the details of the charge distribution, p,
inside materials. Therefore charge exists only as a thin layer on a conductor’s surface,

and the electric field near its surface is always perpendicular to that surface.

To calculate electrostatic forces in the MEMS Module, Maxwell’s stress tensor method
is available. In the Electrostatics application mode the software calculates the force by

integrating
n,T, = —%(E D)+ (n; E)D”

on the surface of the object that the force acts on. E is the electric field, D is the electric
displacement, and ny is the outward normal from the object. In practice you model
the electric fields not only in the air but also inside the solid materials. By entering the
electromagnetic force variable name into the subdomain settings you activate force
calculations, and the application mode automatically generates new subdomain and

boundary variables.

For examples of electrostatic forces, you can study the Cantilever Beam and Comb
Drive models. These models include electrostatic forces coupled to the boundaries of

moving structures.

To derive a system’s capacitance, as seen in the Capacitive 3D Comb Drive and

Pressure Sensor models, the integral of the electric energy density (W,,) is calculated

C; =2 [ Wda
Q00

where i is the port number. To study capacitances, use the Port boundary condition.
You can also model multiport system and calculate the capacitances between them. In
that case each port must have an unique port number. On the port where the value of
the input parameter (electric potential) should be forced to one, select the Use port as

inport check box.
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Keep in mind that the MEMS Module’s Electrostatics application mode also contains
electric-shielding and floating-potential boundary conditions, all of which are valuable
tools for modeling MEMS devices.

CONDUCTIVE MEDIA

The Conductive Media DC application mode uses the equation
-V (cVV-d°) = Q;

where 6 is the conductivity, J° is an externally generated current density, and Q;is the

volume current source, which in almost all MEMS applications you can set to zero.

Conductors in MEMS designs are usually thin sheets. Thus, from a modeling
standpoint it is unnecessary to describe a conductor as a subdomain, and you can

instead account for it with the electric-shielding boundary condition
-V, - (doVV)=0

where d is the thickness of the conductive layer. You can manually enter the voltage
constraints in the point and edge settings. An example of using this technique appears
in the model Thermomechanical Microvalve on page 122 of the MEMS Module Model
Library.

You can use port boundary conditions to calculate resistances or conductances of the
system. If you, for example, have two ports, Port 1 and Port 2, and use Port 1 as an

input port you get two variables that are globally available:

* The conductance matrix elements G11_emdc and G21_emdc if voltage is the input
property.
¢ The resistance matrix elements R11_emdc and R21_emdc if current or current

density is the input property.

Thermal Effects in MEMS

HEAT TRANSFER

Heat transfer is characterized by three mechanisms: conduction, convection, and
radiation. Conduction—heat transfer by diffusion in a solid or fluid medium due to
a temperature gradient—is the most common mechanism in solid MEMS actuators
and sensor models. In microfluidics, a model must account for convection—heat

transfer within a moving fluid. From the modeling standpoint, heat transfer in MEMS
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is similar to macro-scale heat-transfer problems, which means that you can employ the
Heat Transfer by Conduction application mode and the Heat Transfer by Convection

and Conduction application mode in the core COMSOL Multiphysics package.

THERMAL EXPANSION

Thermal-expansion coupling is an important phenomenon in MEMS modeling.
Microactuators, such as seen in the thermomechanical microvalve or microresistor
beam models, use thermal expansion as an acting force. The fabrication processes for
MEMS devices leave thermal residual stresses in the structures, causing them to bend

or change their mechanical characteristics as exemplified in the resonator model.

Thermal-expansion coupling is available as an option in the Plane Strain; Plane Stress;
Axial Symmetry, Stress-Strain; and Solid, Stress-Strain application modes. In them you
can specify the thermal-expansion coefficient and two temperature fields, T' and Tper.
These temperatures can be any mathematical expression and are typically variables
solved for in another application mode, for instance the Heat Transfer application
modes. Example models that illustrate the use of thermal expansion are Residual Stress
in a Thin-Film Resonator on page 73, Thermomechanical Microvalve on page 122,
and Capacitive Pressure Sensor on page 194 of the MEMS Module Model Library, and

Microresistor Beam described on page 30 in the current chapter.

THERMOELASTIC COUPLING

When a product of the thermal expansion coefficient and the temperature of the
structure at rest is large, mechanical vibrations cause significant oscillations of the
temperature field. The resulting energy transfer from the mechanical into thermal
domain is called thermoelastic damping. For an example model (in both 2D and 3D)
that illustrates the used of full thermoelastic coupling, see Thermoelastic Damping in
a MEMS Resonator on page 106 in the MEMS Module Model Library.

Microfluidics

From the modeling standpoint, the first questions in dealing with fluid flow in
microfluidic devices are which application modes to use and which boundary
conditions to apply. For models in the MEMS Module, the General Laminar Flow
application modes cover most situations. An exception is the description of
electrophoretic transport of charged species in dilute solutions, where the
Electrokinetic Flow application mode is applicable. See the chapter “Microfluidics
Application Modes” on page 247 for details. Also, the Convection and Diffusion

application mode is useful for modeling of mass transport.
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The design and optimization of microfluidic devices (pumps, valves, mixers, reactors,
and sensors) is a process that must take into account the multiphysics couplings
between fluid mechanics and other phenomena, such as mass and heat transport,
electromagnetics, or structural mechanics. This section focuses mainly on

pressure-driven and electrokinetic flow.

PRESSURE-DRIVEN FLOW

In most cases, flow models in the MEMS Module are based on the incompressible

Navier-Stokes equations

p%—nv2u+pu~Vu+Vp =F
V-u=0.

One exception is the squeezed-film damping expression, which is a simplified

description of pressure-driven flow.

For pressure-driven flow the modeling processes are identical in the macro- and
microscales. You generally apply a driving force at the boundaries by defining an inlet
velocity or a pressure drop over the system. In such cases, the body force, F, in the

Navier-Stokes equations is zero.

One outstanding feature in the General Laminar Flow application mode is the
simplicity of defining a velocity profile at an inlet or outlet. The application mode

contains predefined settings for fully developed laminar flow.

The slip boundary condition required in microfluidics models depends on the

Knudsen number

which is the ratio of the molecular mean free path, A, to the gap width, d. In practice,
rarefied gases where 1073 < K, < 1071 require a slip-velocity boundary condition (for
example, 30% no-slip and 70% slip).

You can model fluid-structure interactions using the ALE technique and the Moving
Mesh (ALE) application mode, and an example appears in the model ALE
Fluid-Structure Interaction on page 294 of the MEMS Module Model Library.
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ELECTROKINETIC FLOW

Electrokinetics is a general term describing phenomena that involve the interaction
between solid surfaces, ionic solutions, and applied electric fields. Two important
classes of electrokinetics are electrophoresis and electroosmosis, where the motions of
solid bodies and fluids, respectively, occur when an external electric field is applied to
a system. In microfluidic devices you apply electrokinetics to manipulate fluids and

move particles for sample handling and chemical separation.

Electrokinetics fall broadly into two classifications, DC and AC electrokinetics, as the
following table shows. DC electrokinetics includes both electrophoresis and
clectroosmosis. AC electrokinetics breaks down into AC electroosmosis,

dielectrophoresis, and electrothermal phenomena.

TYPE OF FORCE DC ELECTROKINETICS AC ELECTROKINETICS
Surface force on fluid Electroosmosis AC electroosmosis
Force on suspended particles  Electrophoresis Dielectrophoresis
Body force on fluid - Electrothermal

Electroosmosis finds wide use for sample injection and transport in microchannels.
Electrophoresis is applicable to capillary gel electrophoresis for the fractionation of
DNA, while capillary-zone electrophoresis is suitable for the separation of chemical
species.

Electroosmosis

When a polar liquid (such as water) and a solid surface (such as glass or a
polymer-based substrate) come into contact, they form an electric double layer (EDL).
Its characteristic thickness comes from the Debye length

2z2"F"c_,

where % is Boltzmann’s constant, 7' is the temperature, 2 is the ion’s valance number,
F is Faraday’s constant, and ¢, is the ion’s molar concentration in the bulk solution.
Due to the generated charge distribution, an external electric field causes ions in the
EDL to move. Their collective movement induces fluid motion in the channel,
creating electroosmotic flow. If the relative thickness of the EDL compared to the
channel diameter is small, you can model the electroosmotic flow velocity with the
Helmholtz-Smoluchowski equation (Ref. 3)
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eCE
Ugof = _T

where E is the applied electric field, 1 is the liquid’s dynamic viscosity, and { is the zeta
potential you determine empirically from electroosmotic flow measurements. In the
MEMS Module you model electroosmotic flow using the predefined Electroosmotic
Flow multiphysics coupling, which solves this electric field using the Conductive
Media DC application mode, and then applies this as a boundary condition in an
application mode for the laminar flow. For a practical example of this technique, see
Low-Voltage Electroosmotic Micropump on page 335 in the MEMS Module Model
Library.

Electrophoresis

Electrophoresis is closely related to electroosmosis. However, whereas in
electroosmosis the EDL arises between the fluid and the channel surface, in
electrophoresis the EDL exists between ions and the fluid. Thus you calculate the
electrophoretic velocity relative to the suspended fluid for the ion particles within the
subdomain and, if necessary, add it to the velocity field obtained from the
Incompressible Navier-Stokes application mode. For that procedure, use the following

expressions for the electrophoretic velocity of the charged molecules (Ref. 3)

u = 9E _ 2eCE
e " 6nnr, 3 M

The first form is suitable when the total charge, g, and the radius of the molecule are
known; the second form is more appropriate for very small particles where you know
the zeta potential {. If the relative thickness of the EDL layer is small compared to

particle radius, the dynamics reduce to

which is the same Helmholtz-Smoluchowski equation used for electroosmosis flow

except it now calculates the movements of the ions within the fluid.

AC Electroosmosis

Because an alternating electric field does not generate a net force in the EDL, AC
clectroosmosis is not appropriate for fluid transport in microfluidics. However, the fast
back-and-forth movements an AC field generates are useful for mixing purposes. To

model AC electroosmotic flow when the frequency of the electric field is sufficiently
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low, use the same Helmholtz-Smoluchowski equation as in DC electroosmosis. With

increasing frequency, AC electroosmosis becomes less important.

Dielectrophoresis
A dielectrophoresis (DEP) force comes about when a non-uniform electric field acts
on polarizable particles suspended in a fluid. For a spherical particle you can calculate

the relative velocity from

SmroRe(K)VEQrms
DEP ~ 3n

u

where g, is the medium’s complex permittivity, 7 is the radius of the particle’s

equivalent homogeneous sphere, Re(K) is the dielectrophoretic mobility, and 1 is the
. . . . .. * . .

dynamic viscosity (Ref. 5). The complex permittivity, € , for an isotropic homogeneous

dielectric is
e¥ = e-16/0

where € is the electric permittivity, ¢ is the electric conductivity, and ® is the angular

field frequency. The dielectrophoretic mobility is the real part of the Clausius-Mosotti

factor
_ 8P B 8m
- >
g, + 2€m

which depends on the particle’s complex permittivity, €,, and that of the medium, g,,,.
To solve for the gradient of the squared rms electric field, use this equation:
VE2 . = V(E, - E

rms I'Il’lS)

where you obtain E, ¢ from the Electrostatics application mode and apply the rms

value for the boundary voltages.

ELECTROTHERMALLY-DRIVEN FLOW

Electrothermal body forces arise from electrically generated nonuniform heating, also
called Joule heating, which creates variations in conductivity and permittivity and thus
Coulomb and dielectric body forces. It is possible to determine the resulting fluid
motion by solving the Navier-Stokes equations with the electrothermal body force.
You can also simulate electrothermally driven flow by solving the quasi-static electric

field for a specific geometry. The electrothermal force equals
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where ¢ is the conductivity, € is the fluid’s permittivity, o is the angular frequency of
the electric field, and T = € /0 is the fluid’s charge-relaxation time. The electric-field
vector E contains the amplitude and direction of the AC electric field but not its

instantaneous value.

As a result of the heating, € and ¢ are temperature dependent, and you can write their
gradients as function of the temperature gradient, Ve = (de/0T)VT and

Vo = (d6/9T)VT . With water, for example, the relative change rate for the
permittivity and conductivity are (1/¢€)(de/0T) =-0.004 1/K and

(1/0)(d6/0T) =0.02 1 /K, respectively.

For a practical implementation of electrothermally-driven flow, see the model AC
Electrokinetically Enhanced Surface Reactions on page 242 of the MEMS Module
Model Library.

INCLUDING CHEMICAL REACTIONS IN MICROFLUIDICS MODELS

With the COMSOL Reaction Engineering Lab you can model chemical reactions. You
can extend these models to space-dependent microfluidics models in the MEMS
Module by exporting reaction engineering models from the Reaction Engineering Lab

to the following application modes:

¢ General Laminar Flow
¢ Convection and Diffusion

¢ Electrokinetic Flow

For more information, see the COMSOL Reaction Engineering Lab User’s Guide.
For an example model, see Hydrocarbon Dehalogenation in a Tortuous Microreactor
on page 418 of the MEMS Module Model Library.

SQUEEZED FILM DAMPING

Figure 2-2 illustrates a situation that arises in many MEMS devices (Ref. 4): A narrow
gap, h, formed by two horizontal plates, is filled with a gas such as air. The lower plate
is fixed, while the upper plate is movable. When the upper plate moves down, it
squeezes the gap, and gas flows out from its edges. The narrow pathway restricts the

flow, which causes the gas pressure to increase. The increased pressure interacts with
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the plates’ surfaces and decelerates their movement. If the plate moves up, the situation

reverses. This dissipative force is called squeezed film damping.

Figure 2-2: The basic concept behind squeezed film damping.

To model squeezed film damping in the MEMS Module, use the Film Damping
application mode, which implements film damping on the boundaries of the model.
This application mode, which is described in the chapter “Film Damping Application
Modes” on page 191, also handles the related phenomenon of slide film damping.

The MEMS Module also provides predefined multiphysics couplings that define a
structural mechanics application mode (Plane Strain in 2D, Axial Symmetry,
Stress-Strain in 2D axial symmetry, and Solid, Stress-Strain in 3D) and a Film Damping
application mode. The structural deformation from the structural mechanics
application mode then automatically defines the boundary deformation in the Film
Damping application mode. The Film Damping application mode also provides the
ability to constrain the pressure p to 0 at the edges of the boundary as well as other gas
film end conditions.

See the model Squeezed-Film Gas Damping in an Accelerometer on page 146 of the
MEMS Module Model Library for a 2D and a 3D example of how to use the Film

Damping application mode.
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Example—Microresistor Beam

Introduction

To help you understand how to create models with the MEMS Module, this section
walks through one in detail. The example illustrates the ability to couple thermal,
electrical, and structural analysis in one model. This particular application moves a
beam by passing a current through it; the current generates heat, and the temperature
increase leads to displacement through thermal expansion. The model estimates how

much current and increase in temperature are necessary to displace the beam.

Although the model involves a rather simple 3D geometry and straightforward
physics, it provides a good example of multiphysics modeling because it contains
several application modes added incrementally to the model. Note that this model of
a microresistor beam also appears in the in the MEMS Module Model Library’s
Actuator Models folder under the name microresistor_beam.

Model Definition

x 1e-6

%1

Microbeam geometry.

A copper microbeam has a length of 13 um with a height and width of 1 pm. Feet at
both end bond it rigidly to a substrate. An electric potential of 0.2 V applied between
the feet induces an electric current. Due to the material’s resistivity, the current heats
up the structure. Because the beam operates in the open, the generated heat dissipates

into the air. The thermally induced stress loads the material and deforms the beam.
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As a first approximation, assume the electric conductivity is constant. However, a
conductor’s resistivity increases with temperature. In the case of copper, the
relationship between resistivity and temperature is approximately linear over a wide

range of temperatures
p = po(l+a(T-Ty)). (2-1)

You obtain the conductor’s temperature dependency from the relationship that defines

electric resistivity; conductivity is simply its reciprocal (o = 1/p).

Results and Discussion

The next two figures compare the microbeam’s deformation given constant and then
temperature-dependent conductivity, respectively. The maximum displacement for
constant conductivity is 88 nm (8.79~10_8 m), whereas for the
temperature-dependent case the displacementis 48 nm (4.83~10_8 m). The plots scale
the deformation by 20 to emphasize the difference.

Boundary: Total displacement [m] Deformation: Displacement Max: 8.797e-8
-8

X le-6 x10

Min: 0

Microbeam deformation with constant electric conductivity.
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Boundary: Total displacement [m] Deformation: Displacement Max: 4.835e-8

x108

x le-6
x le 4.5

4

r13.5

0 3

e 0.5

0
Min: 0

Microbeam deformation with temperature-dependent electric conductivity.

Modeling in COMSOL Multiphysics

This example creates the 3D geometry from two 2D work planes; the first one views
the geometry from above, and the second does so from the side. To draw the 2D work
geometries you use the line tool with specific axes and grid settings, then extrude the
work geometries into 3D. The final step is to create a composite geometry of the
extruded objects. You can also skip the step-by-step instructions for the geometry

creation and import the ready-made geometry directly from the Model Library.

In this model, three application modes describe the physics: Heat Transfer by
Conduction from COMSOL Multiphysics, and two from the MEMS Module: the
Solid, Stress-Strain and Conductive Media DC application modes. For modeling the

material, this example takes copper from one of the MEMS Module’s material libraries.

The overall modeling approach is as follows: In the Conductive Media DC application
mode, all boundaries—except the two bases where you apply the potential difference—
are insulated. You then enter the resistive-heating variable, Q_emdc, into the
heat-source term of the Heat Transfer by Conduction application mode. Next set the
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base boundaries facing the substrate to a constant temperature of 323 K. You model
the convective air cooling in other boundaries using heat flux boundary conditions
with a heat transfer coefficient, &, of 5 W/ (m2 -K) and external temperature, T}, of
298 K. You then obtain the thermally induced stress by including a thermal-expansion
term in the Solid, Stress-Strain application mode. Standard constraints handle the

bases’ rigid connection to the substrate.

The following procedure constructs the model sequentially: First enter only the
Conductive Media DC application mode’s physical settings and solve for the electric
potential. Next add the Heat Transfer by Conduction settings and analyze the
temperature distribution. Then calculate the deformations with the Solid, Stress-Strain
application mode. Finally model the temperature dependency of the electric
conductivity using Equation 2-1. COMSOL Multiphysics solves both the Conductive
Media DC and Heat Transfer by Conduction application modes simultaneously and

then, using the stored solution, it solves the Solid, Stress-Strain application mode.

Model Library path: MEMS_Module/Actuator_Models/microresistor_beam

Modeling Using the Graphical User Interface

MODEL NAVIGATOR
I Begin a new COMSOL Multiphysics session by selecting File>New or by clicking the
New button. Doing so invokes the Model Navigator, in which you choose the

application modes required for the model.

2 In the Model Navigator click the New tab, and in the Space dimension list select 3D.

You can now see all the application modes available in 3D.

3 Still on the New page, click the Multiphysics button. It opens the Multiphysics area
where you specify the geometries and associated application modes.

4 In the same window from the list of Application modes on the left, select the
MEMS Module>Electrostatics>Conductive Media DC application mode.

5 Click the Add button. Doing so gives the model a new geometry Geom|1(3D) with the
associated Conductive Media DC application mode.

Next add two more application modes: Heat Transfer by Conduction and Solid,

Stress-Strain.
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6 Within the list of application modes on the left side of the dialog box, select
COMSOL Multiphysics>Heat Transfer>Conduction and then click the Add button.

7 From the same list of application modes, select
MEMS Module>Structural Mechanics>Solid, Stress-Strain and click Add once again.

Maodel Mavigator

New | Model Library | User Models | Open | Settings

=

Space dimension:

Multiphysics

&

G-
=t

B

B
&

B

Heat Transfer
[--# Convection and Conduction
[ ® Conduction
. Structural Mechanics
. PDE Modes
Deformed Mesh
(- @ Moving Mesh (ALE)
Electro-Thermal Interaction
Fluid-Thermal Inkeraction
MEMS Module
Struckural Mechanics
ve
[ # Solid, Stress-Strain with Fim Damping
(@ Pizzo Solid
--# Fim Damping

Add

2] | ] |

Remove

. Geomt1 (3D)

‘- Conductive Media DC ({emdc)

4 Heat Transfer by Conduction (ht)
L Wolid, Stress-Strain (smsld)

m

[ . F

Dependent variables: uv wp

‘ Application Mode Properties. .,

{ Add Geametry...

b | Electrostatics - Add Frame... |
Dependent variables:  |u2 v2 w2 p2 Ruling application made:
Application mads name; |smsld2 Conductive Media DC (emdc) -
Element: Lagrange - Quadratic - [ Multiphysics ]
I oK I ‘ Cancel | l Help ‘

Figure 2-3: The application modes used for the microbeam model definition.

At this point, the model includes the three physics modes along with their

corresponding equations and user interfaces with which you describe the

subdomain settings and boundary conditions. To review the dependent variables’

application-mode specific properties, go to the Multiphysics area, select an

application mode, and then click the Application Mode Properties button. If you make

a mistake during the setup process, simply remove an unwanted application mode

or add a new one.

8 When the setup is complete, close the Model Navigator by clicking OK.

OPTIO

NS AND SETTINGS

It is possible to create and solve a model taking several approaches. In general, though,

you probably first sketch the geometry, then supply material property values in

subdomain and boundary settings. The documentation follows the order of the items

as they appear on the Main menu. Thus this discussion leaves the File menu, skips over

the Edit menu and picks up with selections available through the Options menu.

34 |

CHAPTER 2: CREATING AND ANALYZING MEMS MODELS



You first might want to set the axis limits to make the geometry more easy to examine.
Suitable values in for this example are: x min 0; x max 25€-6;y min 0; y max 5e-6;z
min 0; z max 5e-6. To set them, sclect Options>Axes/Grid Settings, clear the Auto check
box, and enter those values. Note that for cases where a geometry already exists,
manual scaling is not necessary—after drawing or modifying an object, simply click the

Zoom Extents button on the Main toolbar to scale the view automatically.
Now start setting constants necessary for the model.

Constants

I From the Options menu choose Constants.

2 Enter a constant with the Name Voltage and for its Expression enter 0.2[V]. It is
also advisable, although not required, to enter a description for the constant. In this

case you can enter Applied voltage in the Description edit field.

3 Click OK.

You can later conduct experiments by changing the values of this constant. No further
options or settings are now necessary, so start creating the geometry by using

commands and functions on the Draw menu and the Draw toolbar.

GEOMETRY MODELING

In this model you create the geometry by drawing objects in 2D work planes and then
extrude and combine them in 3D geometry. As discussed earlier in this chapter, in 2D
you can create the geometry either by drawing objects with the mouse or by entering
coordinates in dialog boxes. The graphical way is faster, whereas the direct-entry
method is more precise. If you prefer the drawing method, you can activate grid points
to snap the mouse on specific coordinates; to do so, click SNAP on the Status bar at the
bottom of the screen. To change the density of the grid for snapping, go to
Options>Axes/Grid Settings, then to the Grid page, clear the Auto button if'it is activated,

and make appropriate entries in the edit fields.

If you prefer entering values for geometry coordinates, note that Shift-clicking many
of the buttons in the Draw toolbar immediately brings up the corresponding dialog
box. This shortcut makes a quick way of specifying rectangles, circles, and other
objects. Throughout the discussions in this manual you can select the method you

prefer at any given time. The following discussion gives the drawing instructions.

You can also skip this geometry modeling chapter and import a ready-made geometry
directly from a CAD file. To do so select File>Import>CAD Data From File and browse
for the file micro_beam3d.mphbin. You can find this file in the MEMS Module’s
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Model Library path (<COMSOL Installation path>/models/MEMS_Module/
Actuator_Models/microresistor_beam.mphbin).

Work-Plane Settings

|
2

From the Draw menu choose Work-Plane Settings.

Verify the default values on the Quick page: Plane x-y; z = 0. Then click OK. This step

adds a new work plane, Geom2, to the user interface.

Axis and Grid Settings

|
2
3

4
5
6
7

From the Options menu choose Axes/Grid Settings.
Clear the Axis equal check box.

Enter the following settings for the axes: x min = -1e-6, x max = 24e-6, y min =
-1e-6, ymax = 5e-6.

Click the Grid tab.

Clear the Auto check box.

Enter the following settings for the grid: x spacing = 1e-6, y spacing = 0.5e-6.
Click OK.

Drawing 2D Geometry

|
2

On the Draw toolbar click the Line button.

Construct the object shown in the nearby figure by left-clicking sequentially on the
following x, y coordinate pairs. You can see the coordinates in the lower left corner
on the screen. (0, 0), (0.5¢-5,1.5¢-6), (1.8¢-5, 1.5¢-6), (2.3¢-5, 0), (2.3¢-5, 4¢-6),
(1.8e-5, 2.5¢-6), (0.5¢-5, 2.5¢-6), (0, 4¢-6).
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3 Right-click to close the created object.

5
45
4
3.5
3
25 [
o €O
15
1|
0.5 /
0

-0.5

170 02 04 06 08 1 12 14 16 18 2 22 24

The first geometry to dvaw wusing the Line tool.

Extruding 2D Geometry
I From the Draw menu choose Extrude.

2 In the Distance edit field enter 3e-6.
3 Sece that €01 is selected in the Objects to extrude list; Then click OK.
4 With the Geom| geometry active, click the Zoom Extents button on the Main toolbar.

5 On the Camera toolbar (on the left side, the vertical toolbar closest to the drawing
area), click the Headlight button.

The first geometry after extrusion.
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Settings for the Second Work Plane

|
2
3
4
5

From the Draw menu choose Work-Plane Settings.

Click the Add button to the right of the Workplane (2D geometry) list.
Click the Face Parallel tab, and in the Face Selection list sclect 6.

In the Offset from face edit ficld enter the value -3e-6.

Click OK.

Axes and Grid Settings

Vi A W N

6

With the Geom3 geometry active, click the Projection of All 3D geometries button on

the Visualization /Selection toolbar.

Click the Zoom Extents button on the Main toolbar.

From the Options menu choose Axes/Grid Settings.

Click the Grid tab, then clear the Auto check box.

Enter the following settings for the grid:

- X spacing =1e-6

- Extrax=0.2e-6 12.8e-6 (make sure to separate these two entries with a space)
- yspacing = 1e-6.

Click OK.

Drawing the Geometry

|
2

On the Draw toolbar click the Line button.

Construct the object shown in the nearby figure by left-clicking sequentially on the
following x, y coordinate pairs: (=0.5¢-5, 0), (0.02¢-5, 0), (0.02¢-5, 0.2¢-5),
(1.28¢-5, 0.2¢-5), (1.28¢-5, 0), (1.8¢-5, 0), (1.3¢-5, 0.3¢-5), (0, 0.3¢-5).
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3 Right-click to close the created geometry.

1.1
0.9
0.7
0.5
031 T _CON
0.1

-0.1
-0.3
-0.5
-0.7
-0.9

The second geometry to draw using the Line tool.

4 On the Draw toolbar click the Fillet/Chamfer button.

5 From the Vertex selection list select the two inner corners (4 and 6).
6 In the Fillet radius edit field enter 0.3e-6.

7 Click OK.

Extruding into 3D

I From the Draw menu choose Extrude.

2 Enter the Distance 5e-6.

3 Sece that €02 is selected in the Objects to extrude list; Then click OK.

EXAMPLE—MICRORESISTOR BEAM | 39



Combining 3D Objects
I From the Edit menu choose Select All.

x 1e-6 X1

Both extruded geometries selected.

2 On the Draw toolbar click the Intersection button.

3 On the Draw toolbar click the Delete interior boundaries button.

x 1e-6 X1

=]

The final geometry.

SOLVING FOR THE CONDUCTIVE MEDIA DC APPLICATION MODE

With the geometry complete, proceed to the Physics menu to configure the physical
subdomain and add boundary settings. When you select an application mode in the
Multiphysics menu on the Main toolbar, the corresponding subdomain and boundary
settings dialog boxes in the Physics menu also change. In this way you shift among

40 | CHAPTER 2: CREATING AND ANALYZING MEMS MODELS



various settings dialog boxes and enter values for all parameters as necessary. Start the

configuration process with the electrical part.

Subdomain Settings

I From the Multiphysics menu choose Conductive Media DC (emdc).
From the Physics menu choose Subdomain Settings.

2

3 In the Subdomain selection list select Subdomain 1.
4 Click the Load button to open the materials library.
5

Locate the Materials list and select Cu from the library named Metals folder in the

MEMS Material Properties library.
6 Click OK to close the Materials/Coefficients Library dialog box. Then click OK to close
the Subdomain Settings dialog box.
Boundary Conditions
I From the Physics menu choose Boundary Settings.
Press Ctrl+A to select all boundaries.
From the Boundary condition list select Electric insulation.
From the Boundary selection list sclect 1.

From the Boundary condition list sclect Ground.

2

3

4

5

6 From the Boundary selection list select 13.

7 From the Boundary condition list select Electric potential.

8 In the Vg edit field for the electric potential enter Voltage.
9

Click OK.

Mesh Generation

For most models, mesh generation can proceed through the straightforward use of
default settings. However, many MEMS-related models have flat structures that
require special mesh techniques where you create a quadrilateral mesh instead of
working with the standard mesh generator for triangular unstructured meshes. In this

model you tune the mesh by creating a finer unstructured mesh than by default.

I From Mesh menu choose Free Mesh Parameters.
2 On the Global page sclect Finer from the Predefined mesh sizes list.

3 Click Remesh and then click OK.

The created mesh consists of approximately 5400 elements.
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Computing the Solution and Solver Settings

This example employs the static solver to compute the solution. At first this model
involves only 1-way couplings between application modes (from Conductive Media
DC to Heat Transfer by Conduction and from Heat Transfer by Conduction to Solid,
Stress-Strain). Therefore you can define and solve the application modes sequentially.
Between each step COMSOL Multiphysics stores the solution and uses it for the
following step. Solving application modes sequentially simplifies the computation of

the solution and often reduces the total solution time.

In the second step the electrical conductivity is temperature dependent. Thus there is
a 2-way coupling and you need to solve corresponding application modes

simultaneously.

You initialized this model by first adding the Conductive Media DC application mode.
Thus it is the ruling application mode and it defines the default solver settings: The
conjugate gradients linear system solver with algebraic multigrid preconditioner.
This combination works well for single physics and single degree of freedom problems,
such as defined by the Conductive Media DC and the Heat Transfer by Conduction
application modes. But the algebraic multigrid preconditioner fails to operate properly
for the Solid, Stress-Strain application mode, which has many dependent variables.
Furthermore, once you add couplings between the application mode, the system
matrix becomes unsymmetric. With increasing unsymmetry, the operation of the

conjugate gradients solver becomes gradually poorer.

There are many ways to define solver settings for this kind of problems. If you solve
the application modes sequentially, you can tune the solver settings for each application
mode. But in general, it is good to choose solver parameters that operate properly for
each application mode and their multiphysics combinations. You can also use the
segregated solver. The segregated solver continuously switches between the
application modes and incrementally solves one of them at a time to reach the globally
converged solution. Thus you can define the solver settings for each of the application

independently of the couplings between the application modes.

This example uses the second approach and defines one set of solver settings so that
the solver operates well for each step in this model: The iterative FGMRES linear
system solver with the geometric multigrid (GMG) preconditioner is a robust and

memory-efficient combination that works well for many multiphysics problems.
Follow the steps below to define the solver settings:

I From the Solve menu choose Solver Parameters.
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2 On the General page go to the Linear system solver list and select FGMRES.
3 From the Preconditioner list select Geometric multigrid.

4 Click OK.

Computing the Solution

Follow the steps below to compute the solution for the Conductive Media DC
application mode:

I From the Solve menu choose the Solver Manager.

2 Click the Solve For tab.

3 From the Solve for variables list select only Conductive Media DC (emdc).

4 Click the Solve button at the bottom of the dialog box.

5 Click OK.

Postprocessing and Visualization

I From the Postprocessing menu choose Plot Parameters.

2 Go to the General page and then the Plot type area; clear the Slice check box and then
select the Boundary check box.

3 Click the Boundary tab.

4 From the Predefined quantities list select Conductive Media DC (emdc)>Electric
potential.

5 Click OK.
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Boundary: Electric potential [V] Max: 0,200
0.2

X le-6

\ 0.18

0.16
F10.14
0.12
r10.1

r 10.08

0.04

e 0.02

Min: -1.963e-6

Solution for the Conductive Media DC application mode.

SOLVING FOR THE HEAT TRANSFER BY CONDUCTION APPLICATION
MODE

Subdomain Settings
I From the Multiphysics menu choose Heat Transfer by Conduction (ht).

2 From the Physics menu choose Subdomain Settings.

3 From the Subdomain selection list select Subdomain 1.
4 From the Library Material list sclect Cu.
5

In the Q edit field for the heat source enter Q_emdc. This is the name of the
predefined variable for the resistive heating from the Conductive Media DC
application mode. You can see the definition of Q_emdc and other predefined
variables on the Variables page of the Subdomain Settings - Equation System dialog
box, which you open by selecting Physics>Equation System>Subdomain Settings.

6 Click OK.

Boundary Conditions
I From the Physics menu choose Boundary Settings.
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2
3
4
5
6
7
8
9

Select all boundaries by pressing Ctrl+A.

From the Boundary condition list sclect Heat flux.

In the h edit field for the Heat transfer coefficient enter 5.
In the T, edit field for External temperature cnter 298.
In the Boundary selection list select Boundaries 1 and 13.
From the Boundary condition list sclect Temperature.

In the Tg edit field for Temperature enter 323.

Click OK.

Computing the Solution

1
2

4

From the Solve menu choose the Solver Manager.

Click the Initial Value tab. In the Initial value area click the Current solution radio

button.

Click the Solve For tab. In the Solve for variables list select only Heat Transfer by
Conduction (ht).

Click Solve, then click OK.

Postprocessing and Visualization

|
2
3

4

From the Postprocessing menu choose Plot Parameters.
Click the Boundary tab.

From the Predefined quantities list select

Heat Transfer by Conduction (ht)>Temperature.

Click OK.
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Boundary: Temperature [K] Max: 1047.435

X le-6

X\ i

800
2 700

600

Min: 322.972

Solution for the Heat Transfer by Conduction application mode.

Based on the color bar, you can determine that the maximum temperature is 1047 K.

SOLVING FOR THE FOR SOLID, STRESS-STRAIN APPLICATION MODE

Subdomain Settings

I From the Multiphysics menu choose Solid, Stress-Strain (smsld).

From the Physics menu choose Subdomain Settings.

From the Subdomain selection list select Subdomain 1.

From the Library material list select Cu.

Click the Load tab.

Select the Include thermal expansion check box.

Find the Temp cdit field and enter T as the value for the Strain temperature.

Find the Tempref cdit ficld and enter 298 for the value for the Strain ref. temperature.
Click OK.

NV O N 01 AW N
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Boundary Conditions

|
2
3
4

From the Physics menu choose Boundary Settings.
From the Boundary selection list sclect Boundaries 1 and 13.
Select Fixed from the Constraint condition list.

Click OK.

Computing the Solution

5
6
7
8
9

From the Solve menu choose the Solver Manager.

Click the Solve For tab.

From the Solve for variables list sclect only Solid, Stress-Strain (smsld).
Click Solve.

Click OK.

Postprocessing and Visualization

9

From the Postprocessing menu choose Plot Parameters.

Click the General tab.

Select the Deformed shape check box.

Click the Boundary tab.

From the Predefined quantities list select Total displacement (smsld).
Click the Deform tab.

In the Deformation data arca, sclect the Subdomain Data tab; Then sclect Solid,

Stress-Strain (smsld)>Displacement from the Predefined quantities list.

In the Deformation data arca, sclect the Boundary Data tab; Then select Solid,

Stress-Strain (smsld)>Displacement from the Predefined quantities list.

Clear the Scale factor: Auto check box and enter a value of 20.

10 Click OK.

EXAMPLE—MICRORESISTOR BEAM

47



Boundary: Total displacement [m] Deformation: Displacement Max: 8.797e-8

x 1e-6 x10"

~J

Min: 0

Solution for the Solid, Stress-Strain application mode.

Based on the color coding on the computer screen, you can determine that the

maximum displacement is approximately 88 nm (8.8¢-8 m).

SOLVING FOR TEMPERATURE-DEPENDENT ELECTRIC CONDUCTIVITY
Options and Settings

I From the Options menu choose Constants.

2 Add a constant for the temperature dependency of electric conductivity; enter the
Name alphaT and the Expression 0.0039[1/K].

3 Add a constant for the reference temperature; enter the Name T0 and the Expression
293[K].

4 Click OK.

Subdomain Settings

I From the Multiphysics menu choose Conductive Media DC (emdc).
2 From the Physics menu choose Subdomain Settings.

3 Select Subdomain 1 from the Subdomain selection list.
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4 From the Conductivity relation list, select Linear temperature relation.

5 Enter the following values for the parameters:

PARAMETER VALUE

Po 1/58.1e6
o alphaT
T T

To TO

6 Click OK.

Computing the Solution

I From the Solve menu choose the Solver Manager.

2 Click the Solve For tab. From the Solve for variables list sclect both Heat Transfer by
Conduction (ht) and Conductive Media DC (emdc).

3 Click the Initial Value tab. In the Initial value arca click the Initial value expression
radio button.

Click Solve.

In the Initial value area click the Current solution button.

4

5

6 Click the Solve For tab.

7 From the Solve for variables list sclect only Solid, Stress-Strain (smsld).
8

Click the Solve button, then click OK.
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Boundary: Total displacement [m] Deformation: Displacement Max: 4.835e-8

x108

x le-6
x le 4.5

Min: 0
Solution for temperature-dependent electvic conductivity.

Based on the color coding on the screen, you can determine that the maximum
displacement is now approximately 48 nm.
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The MEMS Module Application Modes

This chapter presents an overview of the application modes in the MEMS Module.

They fall into three main application areas:

e Structural mechanics—includes application modes for pure structural problems,

piezoelectricity, and damping

* Electrostatics—includes application modes for modeling conducting and

nonconducting materials

* Microfluidics—includes application modes for modeling fluid flow, mass

transport by convection and diffusion, and electrokinetic effects

Furthermore, several predefined multiphysics couplings interface physics from

these different application areas.

For each application mode, the following chapters include information about
available equation formulations, material properties, boundary conditions, and
postprocessing quantities. The MEMS Module Model Library contains examples
that use combinations of these application modes to model different types of
MEMS devices.
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Overview of Application Modes

The application modes in the MEMS Module form a complete set of simulation tools
for MEMS simulations.

The following section describes these application modes along with the physical
quantities they solve for and the standard abbreviation each one uses. There are also
page references to the sections that describe each application mode and their
applications in detail. The physical quantities that appear in these application modes

are:

* The structural displacements or the velocity components u, v, and w (uor equals
u/r in the axisymmetric structural application modes)

* The film pressure variation, pg

e The electric scalar potentinl, V

e The concentration, c

e The level set function, ¢

Application Mode Guide

Table 3-1 lists the application modes in the MEMS Module. For a descriptive
illustration and more details on each one, see the corresponding chapter as noted in

the table’s Page column.

The Name column shows the default name that appears as a label on each application
mode when you use it. This name has special importance in multiphysics simulations
so you can distinguish among different application modes in a model—each

application mode defines its own set of variables, all of which get an underscore plus

this special application mode name appended to the variable names.

The Dependent Variables column lists the dependent variables for which the
application mode solves the underlying PDEs. For most 2D modes, COMSOL
Multiphysics formulates the PDE:s it solves for components perpendicular to the
modeling plane. For axisymmetric simulations the software makes a variable

transformation to avoid singularities on the rotation axis.
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Finally, the Analysis Capabilities columns indicate which analysis types each application

mode supports.

TABLE 3-1: MEMS MODULE APPLICATION MODES

APPLICATION MODE PAGE NAME DEPENDENT ANALYSIS
VARIABLES CAPABILITIES
&
w
g
5 & o
r4 w -
5 = 2 ¢
z 2 2 a g
g g @ o @
E 2 Z 3 L 3
« 9 ¥ & a4 £
B (B @ £ d |3
STRUCTURAL MECHANICS 59
Solid, Stress-Strain 60 smsld u, v, w Y N N VN,
Plane Stress 6l smps u, v A A A
Plane Strain 62 smpn u, v Y N N VN,
Axial Symmetry, 63 smaxi uor, w A A A
Stress-Strain
Fluid-Structure 136
Interaction'
PIEZOELECTRICITY 157
Piezo Solid 186 smpz3d u, v, w, V SR AEVAEY
Piezo Plane Stress 186 smpps u, v,V v NN N
Piezo Plane Strain 187 smppn  u, v,V v oWy
Piezo Axial Symmetry 187 smpaxi uoy w, V v NN N
FILM DAMPING 191
Film Damping 20 mmfd  pg \
Solid, Stress-Strain with 208  mmfd, u, U, W, pr S
Film Damping2 smsld
Plane Strain with Film 209 mmfd, u, v, pr Y N
Damping2 smpn
Axial Symmetry, 210 mmfd,
Stress-Strain with Film smaxi
Damping2
ELECTROSTATICS 211
Conductive Media DC 212 emdc V Xl
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TABLE 3-1: MEMS MODULE APPLICATION MODES

APPLICATION MODE PAGE NAME DEPENDENT ANALYSIS
VARIABLES CAPABILITIES
a
w
:
5 & v
z w =
5 -~ 2 g
c g % oz £
9] = (i w o @
= ] z 2 = &
< 2 & 2 2 <
5 E @ & d 3
Electrostatics 222  emes 1% v
MICROFLUIDICS
General Laminar Flow 264  mmglf u, v, W, p N
Incompressible 264 mmglf u, v, W, p NN
Navier_Stokes
Non-Isothermal Flow 264 mmglf u, v, W, p N
Stokes Flow 264 mmglf u, v, W, p NN
Non-Isothermal Stokes 264  mmglf u, v, W, p N
Flow
Level Set Two-Phase 283  mmglf u, v, w,p o
Flow
Convection and 294  chcd c
Diffusion
Flow with Species 305 mmglf, w,v,wpc SR
Transport ched
Electroosmotic Flow4 305 mmglf, w,v,w p V SR
emdc
ELECTROKINETIC FLOW 319
Electrokinetic Flow 320 chekf c N

1. A predefined coupling that combines a structural mechanics application mode with the Incompressible
Navier-Stokes and the Deformed Mesh (ALE) application modes. Names and dependent variables are those of

the actual application modes.

2. A predefined coupling that combines a structural mechanics application mode with the Film Damping

application mode.

3. A predefined coupling that combines a microfluidics application mode with the Convection and Diffusion

application mode. Names and dependent variables are those of the actual application modes.

4. A predefined coupling that combines a microfluidics application mode with the Conductive Media DC

application mode.
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In addition, you can perform parametric analyses using the parametric solver. The
application modes for structural mechanics make parametric analyses directly available

from the Model Navigator.

To carry out various types of simulations for a given set of parameters in an application
mode, you need only change the analysis type directly in the Model Navigator, in the
Solver Parameters dialog box, or among the application-mode properties. You select
application modes from the Model Navigator before starting work on a new model.

You can also add them to an existing model to expand it into a multiphysics model.

When using the axisymmetric modes it is important to note that the horizontal axis
represents the r direction and the vertical axis the z direction. Further, you must create

the geometry in the right half-plane, that is, only for positive r.

You specify all scalar properties specific to an application mode in the Application Scalar
Variables dialog box. Their default values are either physical constants or arbitrary

values in a range common for modeling purposes.

To enter application-specific domain properties (material properties, sources, sinks,
and so on) use the Subdomain Settings dialog box. It is possible to define subdomain
parameters for problems that have multiple regions, each with different material
properties. Some domain parameters might be either a scalar or a matrix depending on

whether the material is isotropic or anisotropic.

The Boundary Settings dialog box also adapts to the current application mode. Use it
to select application-specific boundary conditions. Certain boundary types require you
to specify one or several properties through edit fields in the dialog box, while others

generate the boundary conditions without any user-specified edit fields.

Similarly, use the Edge Settings and Point Settings dialog boxes to specify

application-specific conditions on edges and points.

Finally, use the Plot Parameters, Cross-Section Plot Parameters, Domain Plot Parameters
and other dialog boxes for postprocessing to visualize the relevant physical variables for

all application modes in a model.

The following chapters contains all the details necessary to get full insight into the
various application modes, including the physical assumptions and mathematical
considerations upon which we base them and the functionality they offer. Each section

describing a particular mode consists of the following sections:

The PDE Formulation section contains the equations the application mode solves.

OVERVIEW OF APPLICATION MODES
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The Application Mode Properties section lists those specific to the application mode.

With these properties you can, for example, select the analysis type.

The Application Scalar Variables section lists parameters specific to the application
mode. Their default values are either physical constants or arbitrary values in a range

common for modeling, for example, a frequency of 50 Hz for quasi-static modes.

The Boundary and Interface Conditions section lists the available boundary

conditions and explains their physical interpretation.

The Line Sources and Point Sources sections list the available settings on edges and

points.

In the Application Mode Variables section you find all the variables available when
formulating equations and for postprocessing (when you define a function of these
variables for plots and graphs). It is also possible to use these variables in the

expressions for the physical properties in the equations.
We have organized the tables that detail the application-mode variables as follows:

e The Name column gives the names of variables you can use in equations or for
postprocessing. The indices i and 7 (using an italic font) in the variable names can
mean any of the spatial coordinates. For example, Ei means either Ex, Ey, or Ez in
3D when the spatial coordinates are x, y, and z. In 2D axisymmetry Ei would stand
for either Er or Ez. You then construct the variable names of vector and tensor
components using the names of the spatial coordinates. For example, if x1, y1, and
z1 are the spatial coordinates, the variables for the vector components of the electric
field are Ex1, Ey1, and Ez1.

In a COMSOL Multiphysics model the name of each application-mode variable gets
an underscore plus the application mode’s name appended as a suffix. For example,
the default name of the Electrostatics application mode is emes, so the variable for
the x component of the electric field is Ex_emes.

e The Type column indicates whether the variable is defined on subdomains (S),
boundaries (B), edges (E), or points (P), and it also indicates the top level where a
variable is defined. Many variables that are available on subdomains are also available
on boundaries, edges, and points, but then take the average value of the values in
the subdomains around the boundary, edge, or point. In other words, to get a value
on a boundary, you take the average of the value in the left subdomain and the value

in the right subdomain.

e The Analysis column specifies for which type of analysis a variable is defined. The

available analysis types might be, for example, static, transient, harmonic, and
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cigenfrequency. The available analysis types are application-mode dependent; some
variables are defined differently depending on the analysis type or are available only

for some analysis types.
* The Description column gives a textual description of the variables.

* The Expression column gives the expression of the variables in terms of other
physical quantities. In these expressions, the subscripts ¢ and j (in italics) of vector
and tensor components stand for one of the spatial coordinates. For example, E; is
cither E,, E,, or E, in a 3D model. Two equal subscripts that appear in an
expression imply a summation. For example 6;;E; = 0, E, + 6;,E, + 6., E,.

Note: Most of the application mode variables appear in the MEMS Module Reference
Guide.

MATERIAL LIBRARIES

All application modes in the MEMS Module support the COMSOL Multiphysics
material libraries. You can store a number of material properties and use them with the
MEMS application modes:

* Elastic properties

* Electric properties

* Fluid properties

* DPiezoelectric properties

* Thermal properties

In addition, the MEMS Module include specific material libraries for MEMS materials,

piezoelectric materials, and fluids and gases. See “The Materials /Coefficients Library”

on page 309 for more information.

OVERVIEW OF APPLICATION MODES
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Structural Mechanics Application Modes

The Structural Mechanics application modes in the MEMS Module are known as
continuum application modes. In this context “continuum” means that no
simplifications are available and that you solve for the displacements without

involving rotations.

The following application modes are available in the MEMS Module for structural
mechanics applications:

¢ Solid, Stress-Strain

 Dlane Stress

e Dlane Strain

* Axial Symmetry, Stress-Strain

In addition, this section describes predefined multiphysics couplings for modeling

fluid-structure Interaction (FSI) and thermal-structure interaction.

The following chapters first review the theory of the continuum application modes,
then they describe the details of each one on an individual basis. The final chapters
explain several features of the MEMS Module that you should find useful when

modeling structural-mechanics problems.
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Solid, Stress-Strain

The degrees of freedom (dependent variables) in this application mode are the global
displacements u, v, and w in the global x, y, and z directions, respectively, and the
pressure p (only used if mixed formulation is selected).

Loads and constraints applied to a 3D solid using the Solid, Stress-Strain application
mode.
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Plane Stress

Use the Plane Stress application mode to analyze thin in-plane loaded plates. It solves
for the global displacements («, v) in the x and y directions, the pressure p (only used
for mixed formulation), and the displacement derivative in the perpendicular direction
(only used for hyperelastic material). For a state of plane stress, this mode assumes the

G;, Ty, and T,, components of the stress tensor are zero.

yxw

ISP

z

The Plane Stress application mode models plates where the londs ave only in the plane; it
does not include any out-of-plane stress components.

This application mode allows loads in the x and y directions, and it assumes that these
are constant throughout the material’s thickness, which however can vary with x and
y. The plane stress condition prevails in a thin flat plate in the xy-plane loaded only in

its own plane and without any z direction restraint.
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Plane Strain

The Plane Strain application mode solves for the global displacements (u, v) in the x
and y directions and the pressure p (only if mixed formulation is used). The
assumption that defines a state of plane strain is that the €, €,,, and €,, components

of the strain tensor are zero.

S

A geometry suitable for plane strain analysis.

Loads in the x and y directions are allowed. The loads are assumed to be constant
throughout the thickness of the material, but the thickness can vary with x and y. The
plane strain condition prevails in geometries, whose extent is large in the z direction
compared to in the x and y directions, or when the z displacement is in some way
restricted. One example is a long tunnel along the z-axis where it is sufficient to study

a unit-depth slice in the xy-plane.
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Axial Symmetry, Stress-Strain

The Axial Symmetry, Stress-Strain application mode uses cylindrical coordinates r,
¢ (phi), and z. It solves equations for the global displacement (zor, w) in the r and
z directions and the pressure p (only used for mixed formulation). The dependent
variable, uor = u/r, is introduced to avoid division by r, which causes problems on
the axis where r = 0. This application mode assumes that the displacement v in the

¢ direction together with the © and Yo, cOmponents of the stresses and

re> T(pz > Yr(p )
strains are zero. Loads are independent of @, and this application mode allows loads

only in the 7 and z directions.

You can view the domain where the application mode solves the equations as the
intersection between the original axially symmetric 3D solid and the halfplane ¢ = 0,
r 2 0. Therefore you draw the geometry only in the half plane r > 0 and recover the

original 3D solid by rotating the 2D geometry about the z-axis.

Rotating o 2D geometry to recover a 3D solid.

Note: r = 0 is the symmetry axis. In the Axisymmetry, Stress-Strain application mode
x—>randy —z.
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Theory Background

Strain-Displacement Relationship

The strain consists of thermal (g4, ), elastic (&4)), and initial (g¢) contributions so that
€ = 861+8th+80

The strain conditions at a point are completely defined by the deformation
components—u, v, and w in 3D—and their derivatives. The precise relation between

strain and deformation depends on the relative magnitude of the displacement.

SMALL DISPLACEMENTS
Under the assumption of small displacements, the normal strain components and the

shear strain components are related to the deformation as follows:

_ou _ Yy 1(0u  ov
&~ 9 fyT 9 7 z%*a—
_dv _ Yz 1(dv  ow (4-1)
&= 5y &= 5= 2(& @)
_ow _ Yz 1(0u  ow
ST = 5= 558 55

To express the shear strain, use cither the tensor form, €, €., €, or the engineering

form, Yay, Yy, Yoz
The symmetric strain tensor € consists of both normal and shear strain components:

€y 8xy €z

87 |8y & &

€z 8yz €

The strain-displacement relationships for the axial symmetry case for small

displacements are

_ d _du , Jdw
, g = 5 ,an Yo = 5, F 50
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LARGE DISPLACEMENTS

For large-displacement analysis, the deformation is not small and you calculate the
strains without this restriction. The resulting strains are known as Green or
Green-Lagrange strains, and large displacement is sometimes referred to as geometric

nonlinearity or nonlinear geometry.

Green strains are defined with reference to an undeformed geometry. Hence, they

represent a Lagrangian description.

In a small-strain, large rotational analysis, the Green strain corresponds to the
engineering strain in directions that follow the deformed body. The Green strain is a

natural choice when formulating a problem in the undeformed state.

The Green strain components, €;;, are

1 (aui du; duy auk) (4-2)

€. = = —4 L4 B _E

12

J o 2\0x; dx; Ox; Ox;
ANALYSIS OF DEFORMATION AND THE DEFORMATION GRADIENT
As a start, consider a certain physical particle, initially located at the coordinate X.

During deformation, this particle follows a path
x = x(X,¢)

For simplicity, assume that undeformed and deformed positions are measured in the

same coordinate system. Using the displacement wu, it is then possible to write
x =X+u

When studying how an infinitesimal line element dX is mapped to the corresponding

deformed line element dx, the deformation gradient F defined by

- 9Xux -
dx = 52dX = FdX

is used.

The deformation gradient contains the complete information about the local straining
and rotation of the material. It is a positive definite matrix, as long as material cannot

be annihilated. The ratio between current and original volume (or mass density) is

dV  Po

— = — =det(F) = J
av, P )
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As a consequence, a deformation state where o/ = 1 is said to be incompressible. From

the deformation gradient, it is possible to define the right Cauchy-Green tensor as

Cc = F'F

The most commonly used definition of strain is the engineering strain €; see
Equation 4-1.

As can be shown by simple insertion, a finite rigid body rotation will cause nonzero
values of the engineering strain. This is not in correspondence with the intuitive
concept of strain, and it is certainly not useful in a constitutive law. There are several
alternative strain definitions in use that do have the desired properties. The Green
strain, €, is defined as

_1 L pTp_
e=5(C-D=3F F-D

Using the displacements, the Green strain can be also written as shown in
Equation 4-2.

The deformation gradient and its inverse are available as variables and can be used, for
instance, to model follower loads; see the Hyperelastic Seal model on page 465 in the

Structural Mechanics Model Library for an example.

Stress-Strain Relationship

The symmetric stress tensor ¢ describes stress in a material:

x xy ‘xz

o, T.T
o = |7

v (Sy ‘Cyz ’ny=’C T, =71 T, =T
Tox sz S,

This tensor consists of three normal stresses (G, 0y, G,) and six (or, if symmetry is used,

three) shear stresses (Tyy, Ty, Tyz)-

For large deformations and hyperelastic material models there are more than one stress

measurc:

* Cauchy stress ¢ (the components are denoted sx, ... in COMSOL Multiphysics)
defined as force/deformed area in fixed directions not following the body.
Symmetric tensor.
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* First Piola-Kirchhoff stress P (the components are denoted Px, ... in COMSOL
Multiphysics). This is an unsymmetric tensor used only for hyperelastic material
models.

* Second Piola-Kirchhoff stress S (the components are denoted Sx, ... in COMSOL
Multiphysics). This is a symmetric tensor, for small strains same as Cauchy stress
tensor but in directions following the body.

The stresses relate to each other as
S=F'P
6 =dJ'PF’ = J'FSF"

LINEAR ELASTIC MATERIAL

The stress-strain relationship—or the constitutive equation—for linear conditions
including initial stress and strain and thermal effects reads:

6 = De,+0) = D(e—gy, —€y) + 0

where D is the 6-by-6 elasticity matrix and the stress and the strain are both given in
column vector form:

Gx 836
Oy Ey
o= |% e= |
Tyz Tyz
_sz_ _sz

Note: In the following descriptions ¢ and € denote either the stress and strain vectors

or the corresponding tensors depending on the circumstances.

The elasticity matrix D—or the more basic flexibility (or compliance) matrix, the
inverse of D—is defined differently for isotropic, orthotropic, and anisotropic

materials. For an isotropic material, the flexibility matrix looks like

THEORY BACKGROUND
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(1 vy 0 0 0 |
-v 1 —v 0 0 0
D71=l—v—v 1 0 0 0
Elooo021+v) 0 0
000 0 21+v) 0
000 0 0 2(1+v)

where E is the modulus of elasticity or Young’s modulus, and v is Poisson’s ratio,
which defines the contraction in the perpendicular direction. Inverting D71 results in
the following elasticity matrix:

0 0 0
v 1-v v 0 0 0
v v 1-v 0 0 0
- E o o o =2 o o
1+v)(1-2v) 2
1-2v
0 0 0 5 0
1-2v
I 0 0 0 0 0 5 |

For an orthotropic material, the D! matrix takes the form

1 Vyx Ve
E E, E, 0 0 O
Yoy 1 Vay
L, E, E, 0 0 O
Vaz Vyz 1
- - % 0 0 0
pl-| E E y E,
0 0 0 - 0 0
G,,
0 0 0 0 == 0
yz
1
0 0 0 o0 o
L ze_
where you supply the values of Ey, B\, B, Vyy, Vyzs Vazy Gy Gy, and Gy, in designated
cdit fields in the user interface. The software deduces the remaining components—v,,,

V., and v,,—Dby using the fact that the matrices D and D lare symmetric.
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Note: The definitions of the components v;; can vary depending on the application
field. When specifying the material properties, make sure you use the definitions just
given. If necessary, transform your material data so that it conforms with the above

conventions before entering it in the user interface.

Inverting D! using only the Ey, E, E,, Vy,,Vy, Vizs Gy G5 and Gy, cocfficients
results in the symmetric D matrix

DDy yDy3 0 0 O
Dy Dy Dy 0 0 O
Do Di3Dy3Dg3 0 0 O
0 0 0 Dy O O
0 0 0 0 Dy O
0 0 0 0 0 Dg
where the components are as follows:
2 2
D - Ex(Eszz —Ey) Don = ExEy(Eszszz +Enyy)
11 — D > 12 — — D b)
denom denom
EEE. (V. v, +V.) EXEN? -E)
D13=_xyy xyVyz " Vxz 22=yzxz x
Ddenom Ddenom
2
D23 — _EyEz(Enynyz+ExVyz) D33 — EyEz(Enyy_Ex)
Ddenom Ddenom
D, = ny, Dy = Gyz, and D =G,

where

2
DdenoszEV -

y Tz xz

2 2 2
ExEy + 2nyVszszyEz + EszvyZ + Eyvxy

For an anisotropic material, you provide the symmetric D matrix explicitly.
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Mixed Formulation
Mixed formulations are used for nearly incompressible materials. The solution is to add

the negative mean stress as a new dependent variable, p (pressure).

0, +0,+0,
p - (250

The stress-strain relation for linear elastic material for 3D is
0 = De+0y = D(e-¢4, —¢() + 0
The stress o is separated in a deviatoric part, G4, and a mean part, —p:

o = Gd—mp

where
64 = Dy(e—g,—€y) +Opq
Gy = Gpq—Po

_ (Soy+Ggy* O,
Py = — - 3

and m is a six-dimensional column vector. Inserting the stress-strain relation for

isotropic materials results in the following expressions for the deviatoric stress and the

vector m:

€y €0

&y &0

€ €

z 20
o4 = Dy - —o(T-T, . pm |+ (cy+pg)
8xy 8xyO
8yz 8yzO
L _sxz_ _SJCZO_ J

where
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4 2 2
3 373000
24 2
33 3000
Dy=G| 2 24
3733000
0 00200
0 00020
10 0 0 002
]
1
m = |1
0
0
_O_
The equation for the pressure becomes
T b
Il—){+m (S_Sth_so)_}g=0
E
K_3(1—2v)

where G is the shear modulus and K is the bulk modulus.

For orthotropic and anisotropic materials some scaling is performed to get a system of

equations that produces symmetric matrices. The equations for the stress and the

pressure become

o = Gd—np

04 = Dy(e—g4, —£g) +Opq
Gy = Opa —Po
_ (Sox* 90y + O,
Po=-——35

9
9p +mT(£—£th—so)—Dp0 =0

Dsum sum

where, n, Dy, and m are defined as
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m. =

! Dsum
n, =m; t1=1,...,3
n. = 0.5m. 1=4,...,6

D,..= Du_—ij 1 =1 3 =1 6
dij 14 DS v J T
dij 17 Ds PIRREYY J PIEERY)

This produces symmetric matrices.

Note: The mixed formulation creates indefinite matrices, which affects the selection
of iterative solvers. See “Selecting Iterative Solvers” on page 127 for more
information.

The mixed formulation are useful not only for linear elastic material but also for
elasto-plastic and hyperelastic materials.

In the mixed formulation the pressure is interpolated using a polynomial of one order
less than the one used for the displacement variables.

If loss factor damping is used with frequency response analysis, the loss information

appears also in the pressure equation. The equation with loss factor damping for
isotropic material is

p +mT8_mT(£th+£0)_ Po__
(1+/mK (1+jn)  (1+jmK
__E
T 3(1-2v)

and the equation for orthotropic and anisotropic materials is
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T
9p +mT8_m (Sth+80)_ 9,
(1+m)Dg (1+jn) (A +jnM)Dgyp

where 1 is the loss factor.

ELASTO-PLASTIC MATERIALS

In an elasto-plastic material the stress-strain relationship is
6 = Deg+0) = D(e—g,—gy, —€y) + 0

where g€, is the plastic strain vector.

The variable €, and a vector x of state parameters describe the state of a plastic

P
deformation. To describe the evolution of these variables, use the rate equations

€p = AH (e, x,v), K= AG (g, %, V)

where v is a vector whose variables form the solution vector (with parameters such as
displacements and temperature) and A is the plastic multiplier. The dot stands for
differentiation with respect to pseudo-time or time. The plastic multiplier is

determined by the complementarity conditions
F(sp, K 0)<0, A=0, F(sp, KU)A =0

where F is the yield function. The functions F, G, and H often take a simpler form

when expressed in terms of the generalized stress, X,

s - Lcj _ |fae—ep0)
fQ(sps K, U)
where o is the vector of stress components, and ) is the vector of conjugate forces. The

function f7 is often a linear function (matrix D). For associated plasticity, which is the

rulC,
o X

For non-associated plasticity, which is very uncommon,

Hop = 2Q@.), GO =- aa—XQw, %
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where @ is a plastic potentinl.

Now consider some special cases where the effective stress function, ¢ , is often the

von Mises stress.

Perfect (or Ideal) Plasticity

K = empty, F =¢(0)-Y, H-= oF
d0
where Y| is the yield stress.
Isotropic Hardening
K =€ =Y=7((e,.) F(0,Y) = 6(0)-Y G——aF—l
- “pe’ X = —123\%pe/ 4 - - 6

where €p, is the effective plastic strain, and Y is the yield stress. The function f5 is
often nonlinear.

Kinematic Hardening

oF

K =E¢& - -
IOghift

p X = Oghigg =13(€,),  F=0(0-0g54)-Y, G =

where f3 often is a linear function.

In cases with kinematic hardening, the plastic strain is a subset of the state parameters.

Then you only need the rate equation
K = MG(x, v)
and the complementarity conditions
F(x,v)<0, A=0, F(x,v)h =0

You can thus write the generalized stress, Z, as

L= {j = f(x,v)

These formulas also hold for cases without kinematic hardening if you enlarge the
vector of state parameters to include the plastic strain. From now on this discussion

assumes this definition of x, leading to the following special cases:

74 | CHAPTER 4: STRUCTURAL MECHANICS APPLICATION MODES



Perfect (or Ideal) Plasticity

oF
K =g, F = ¢(0)-Y,, G=%
Isotropic Hardening
oF
e &
k=Pl x=Y=fye. F=0(0)-Y. G=|9
€pe _F
Y
where € is the effective plastic strain, and Y'is the yield stress. The function f5 is often

nonlinear.

Kinematic Hardening
K= 813’ X = Oghift =f3(8p)’ F= ¢(G_Gshift)_Y07 G = %

where f3 often is a linear function.

Postprocessing
The effective plastic strain is calculated from the equation

t
€pe = jspedt
0

. ﬁj .2 . .2 . . 2 . 2 .2 . 2
€pe = 3 (8px —€py) +(€py —€pz) + (Epx —E€pz) +6€pyy +68p,, +6€p,

The plastic strain can be calculated in the node points like any other variable but this
may cause problems because evaluating the plastic strain involves solving an equation

system.

For postprocessing purposes, Gauss-point variables are an alternative to the stresses,
plastic strains, and effective plastic strain discussed above. Gauss-point variables are
normally better because they are the values that were calculated during the solution
process. The Gauss-point variables have the suffix Gp appended to their names, for

example, sxGp instead of sx.

The elasto-plastic material model requires that you use a solver that can follow the load
history, that is, you need to use the nonlinear parametric or transient solver. You

cannot use the nonlinear static solver together with an elasto-plastic material model.
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HYPERELASTIC MATERIALS

A hyperelastic material is defined from its strain energy function, Wy, which is a
function of the strain state. The stress in such a material is computed from the strain
energy function W, In the following, assume that the First Piola-Kirchhoff stresses P

and the displacement gradient Vu are used, so that

W,

P=8Vu

(4-3)

For an isotropic material, W, can only be a function of the strain invariants. In a total
Lagrangian formulation it is convenient to use the right Cauchy-Green tensor C=F T

for the representation of the strain. The invariants are:

I, = trace(C) = C{;+Cyy+Cayq
1, = (1% _trace(C?))
2 92 1

I = det(C) = J*

where o = det(F'). Due to the incompressibility, it is often a good idea to work with
modified invariants, where the two first invariants have no dependency on the volume

change. Such invariants can be defined as

) 2
n=r0J°
) 4
Ip = I,J ®

COMSOL Multiphysics calculates the first Piola-Kirchhoft stress P by symbolic

differentiation of the strain energy expression.

The hyperelastic material models directly supported are:

Neo-Hookean

W, = dudi-3)+ 2 - 17 (4-4)

Mooney-Rivlin
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; ; 1
W, = 010(11_3)+001(12_3)+§K(Jel_1)2 (4-5)

The quantity /) is defined in Equation 4-9 below.

Instead of the normal approach—using the conjugate pair formed by the second
Piola-Kirchhoft stress and the Green-Lagrange strain—use the first Piola-Kirchhoff
stress, P, and its conjugate strain, the displacement gradient, Vu . This makes it
possible to utilize the capability of COMSOL Multiphysics to automatically
differentiate an expression, thus making it easy to modify only the strain energy
function. The first Piola-Kirchhoft stresses are calculated as

The variation of the energy can then be expressed as

du;

Z (a_xJJ tes tPij

iJ

Materials that are nearly incompressible cannot be solved using only displacement
variables. The remedy is to introduce the pressure, p, as a dependent variable. The
hyperelastic material model supports both the normal displacement-based formulation
and the so-called mixed formulation that includes the pressure. The pressure is related

to the volume change through the relation
p=-xJ, -1) (4-6)
where K is the bulk modulus.

The energy equations where the pressure is a dependent variable are:

Neo-Hookean
1 p2
Ws = éu(11—3)—p(Jel—1)—§< 4-7)
Mooney-Rivlin

2
W, = 010(11—3)+C'01(12—3)—p(Jel—1)—%—( (4-8)
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It can be shown that these equations results in the same energy and gives the correct
contributions to the displacement and pressure equations as Equation 4-4 and

Equation 4-5.

The second Piola-Kirchhoff stress, S, and the Cauchy stress, G, can then be calculated
from the first Piola-Kirchhoff stress:

-1

S=F"P

6 = JPFF

Thermal Expansion
If thermal expansion is present, a stress-free volume change occurs. In this case, Jg in
the constitutive relations above must be regarded as the elastic part of the total volume

change, that is

Jg= 2L - —L (4-9)
th  (1+¢g)

Thermal Strain

Thermal strain depends on the present temperature, T, the stress-free reference

temperature, T, and the thermal expansion vector, Olyee

€h = = (xvec(T_Tref)

_sz_ th

Depending on the material model, you set up 0. up differently: For an isotropic

material
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o ocoog e e

(xvec =
for an orthotropic material

(xx

&y

- |a

Oyec = z

0

0
L 0_

and for an anisotropic material you enter the full thermal expansion vector as input:

vec

2(xxy

20,

20,

Xz

ENTROPY

For a linear thermoelastic solid, the entropy per unit volume is:

S = pCplog(T/Ty)+S

elast

where T is the reference temperature, the volumetric heat capacity pCp is assumed
independent of the temperature, and

Selast = Oygc O (4-10)

where o is the stress vector, and 0O is the thermal expansion vector. For an isotropic
material, Equation 4-10 simplifies into
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Selast = 00, +0,+0,) (4-11)

elas y

The entropy is a function of state and thus independent of the strain rate. The stress
vector ¢ in the definitions Equation 4-10 and Equation 4-11 corresponds to no
damping when used in a frequency response analysis, because the damping represents

the rate-dependent (viscoelastic) effects in the material.

If you model the damping in the structural analysis via the loss factor, use the following

definition for the elastic part of the entropy:
Selast = Oyee (O -JjnDe)

where n is the loss factor, and j is the imaginary unit. For more informaton, see “Loss

Factor Damping” on page 146.

Initial Stress and Strain

Initial stress refers to the stress before the system applies any loads, displacements, or

initial strains, written as

)

S0

G20

Txy 0

Tyz 0

_sz 0]

The initial strain is the one before the system has applied any loads, displacements, or

initial stresses

€20
y0

€20
2¢

2sy20

2¢e

€y =
xy0

x20]
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Follower Loads

Follower loads are loads that change direction as the body deforms. The most common
type of follower load is a pressure acting on a surface. In this case the force changes
size due to the stretching of the surface and direction due to the change in normal

direction. The following section only considers this type of follower loads.

THEORY
The continuum application modes are formulated in the reference frame (the default).
All forces must be specified as force /undeformed area in a fixed coordinate system (not
in a system following the body). This makes it difficult to model a pressure acting on
a surface because the force changes direction due to the deformation. There is also an
area effect due to the stretching of the surface. The relation between the deformed area
da and the undeformed area dA is needed. To handle this, the software uses a
deformed frame that computes both the deformed area and the deformed normal
direction (n). The force is calculated as

da

FdA = —Pnda = —Pnd—AdA

where P are the follower pressure.

Plane Stress
In a plane stress condition the out-of-plane deformation causes the thickness to

change, and this area effect is included explicitly. The equation transforms to

da ow
FdA = -Pn2%da(1+%)
Axial Symmetry
The extra r in the circumferential integration of the force expressions is transformed

to r + uaxi to account for the deformation.

Implementation

The COMSOL Multiphysics implementation of these equations in the application
modes for structural analysis is based on the principle of virtual work expressed in
global or local stress and strain components. The principle of virtual work states that

the sum of virtual work from internal strains is equal to work from external loads.
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The total stored energy, W, for a linear material from external and internal strains and

loads equals:

W = J(%(—exGx—sycy—ezGZ—styrxy—Zsyzryz—2sxzrx2) + utFV)dv
\4
+ jutFSds + jutFLdl + ZUtFP .
N L P
The principle of virtual work states that
W =0,

and in order to derive the expression for the variation of W you differentiate

symbolically, reaching the expression

W = I(_sxtestcx_sytestcy_sztestGz
14
t
_2Sxytesthy_zSyztestryz_zexztestrxz + utestFV)dv

t t t
+ IutestFSdS + jutestFLdl + UtestFP :
S L

The principle of virtual work for the axial symmetry case reads

dw = J-r(—e
A

0, €otestOo—E

[} ztestcz_28 T

rtes rztest rz

otes

+r-uor,,  F +w, F,)dA +

Ir(r cuory (I Wi F)ds + (r-uory F, +w F, )/2n
N

To avoid division by r, the true radial displacement, u is replaced in the above equation

by a new dependent variable
u
uor = —.
r
If you define the material in a local user-defined coordinate system, the variational

equation in COMSOL Multiphysics is expressed in local instead of global stresses and
strains.
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To create the strain tensor in local coordinates, transform the global strain tensor
T
g =T¢g,T
where T is the local-to-global coordinate-system transformation matrix.

Then calculate the local stress tensor from the local strain, and the global stress tensor

by transforming the local stress tensor
T
o, = To;T

SETTING UP EQUATIONS FOR DIFFERENT ANALYSES

All continuum application modes support static, eigenfrequency, transient,
frequency-response, parametric, and quasi-static transient analyses. Each type might
solve a different equation or employ a different solver. You control this choice with the
Analysis type property that appear in the Application Mode Properties dialog box for the

corresponding application mode.

Static, Parametric, and Quasi-Static Transient Analysis
These analyses all use the same equation, the difference being what solver that is used.
In the following, static analysis is used as short for all the above analyses because they

use the same equations.

COMSOL Multiphysics” implementation is based on the stress and strain variables.
The normal and shear strain variables depend on the displacement derivatives
(described in general 3D terms in the section “Theory Background” on page 64); the
normal and shear stress variables depend on the strains (described in general 3D terms

in the section“Stress-Strain Relationship” on page 66).

Using the shear and stress variables, you can express the principle of virtual work as

aw = j(_sxtestcx_ ytestcy_sztestcz
v

-2¢ -2¢

t
yztestryz_zsxztestrxz + utestFV)dv

xytesthy

t t
+ J-utestFSds + J-utestFLdl + Z UiestFP :
S L p

If you describe the material in a local coordinate system, dW is expressed in local

stresses and strains.
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Transient Analysis
For transient problems consider Newton’s second law

’u
p— -V-cVu = F .
ot

It defines the equation of motion with #o damping.

To model viscous damping, COMSOL Multiphysics uses Rayleigh damping, where
you specify two damping coefficients. As an example, consider a system with a single

degree of freedom. The equation of motion for such a system with viscous damping is

2
d’u  .du _
m?+§%+ku = f(t)

In the Rayleigh damping model, you express the damping parameter & in terms of the

mass m and the stiffness & as
€ = ogym+Bygk

The Rayleigh damping proportional to mass and stiffness is added to the static weak
term.

Frequency Response Analysis

You specify harmonic loads using two components:

¢ The amplitude value, F,

e The phase, F,py,

To derive the equations for the steady-state response from harmonic excitation loads

Frtreq = Ful) - cos(0t + Fpy (0 255
Fxfreq

Ffmq = Fyfreq >
szre

assume a harmonic response with the same angular frequency as the excitation load
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U = Uyypcos(of+0,)

[
1l
S < <

You can also describe this relationship using complex notation

u = Re(uampej¢“e7mt) = Re(ﬁe]mt) where u = uampej¢“
u = Re(flemt)
JFn(Nigg .
Fypreq = Re(Fx(co)e 18%"”‘) = Re(F,¢'™)
where
- JFn(D1gg
180
x = Fx(f)e
- X
F=\f
y
FZ
Eigenfrequency Analysis

The eigenfrequency equations are derived by assuming a harmonic displacement field,
similar as for the frequency response formulation. The difference is that this analysis

type uses a new variable jo explicitly expressed in the eigenvalue.
jo = —A
The eigenfrequency fis then derived from jo as

In the eigenfrequency analysis no damping is added to the equations.
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Damped Eigenfrequency Analysis

This analysis type is similar to the eigenfrequency analysis except that it adds viscous
damping terms to the equation. The analysis type supports Rayleigh damping. In
addition to the eigenfrequency you can also look at the quality factor, @, and decay
factor, 0, for the model:

_ Im®)
@ = IRe(n)
8 = Re(M)

Contact Modeling

COMSOL Multiphysics solves contact problems using an augmented Lagrangian
method. This means that the software solves the system in a segregated way.
Augmentation components are introduced for the contact pressure T, and the
components Ty; of the friction traction vector Ty. An additional iteration level is added
where the usual displacement variables are solved separately from the contact pressure
and traction variables. The algorithm repeats this procedure until it fulfills a

convergence criterion.

In the following equations F is the deformation gradient matrix. When looking at
expressions evaluated on the slave boundaries, the expression map(E) denotes the
value of the expression E evaluated at a corresponding master point, and g is the gap

distance between the slave and master boundary.

Both the contact map operator map(E) and the gap distance variable are defined by

the contact element elcontact (see the documentation of elcontact on page 55 of
the COMSOL Multiphysics Reference Guide for details). For each slave point where
the operator or gap is evaluated, a corresponding master point is sought by searching

in the direction normal to the slave boundary.
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Note that before the boundaries come in contact, the master point found is not
necessarily the point on the master boundary closest to the slave point. However, as
the boundaries approach one another, the master point converges to the closest point

as the gap distance goes to zero.

Using the special gap distance variable, the penalized contact pressure Ty, , is defined
on the slave boundary as

T,p,g if g<0

T, = Y 4-12)

np
T,
T e

" otherwise

where g is the gap distance between the slave and master boundary, and p,, is the user

defined normal penalty factor.

The penalized friction traction Ty, is defined on the slave boundary as:

T,, = min(‘—;ﬁfjl—, 1) Typia (4-13)
where T'qa1 is defined as
Tiirial = Tepemap(F)(x" -x" o1a) (4-14)
and
2" = map(x) (4-15)

where x are the space coordinates.
In Equation 4-14 p, is the user-defined friction traction penalty factor, and x™ 4 is the
value of ™ in the last time step, and

map(F)(x" ~x"o1) (4-16)
is the vector of slip since the last time step (approximated using a backward Euler step).

Tierit is defined as

(4-17)

Tiorit = min(uTnp +cohe, T ...)

In Equation 4-17 p is the friction coetficient, cohe is the user-defined cohesion sliding

resistance, and T}, .« is the user-defined maximum friction traction.
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In the following equation 9 is the variation (represented by the test operator in
COMSOL Multiphysics). The contact interaction gives the following contribution to

the weak equation on the slave boundary:

[ (T,,88+T, mE)N™dA+ [ (3T, +we,-3T)dA  (4-18)

slave slave

where w,, and w are contact help variables defined as:

w, =T

cn np,i—

T

n,i+1

(4-19)
w,, = (friction (Ttp —(n- Ttp)n))i - Tt,i ‘1 (4-20)

where i is the augmented solver iteration number and friction is a Boolean variable
stating if the parts are in contact.

FRICTION
The friction model is either no friction or Coulomb friction.

The friction coefficient p is defined as

—decfriclv

Pq+ (g —Hgle

[T otherwise

if dynamic friction (4-21)

where [ is the static coefficient of friction and [ is the dynamic friction coefficient.

v, is the slip velocity, and defric is a decay coefficient.
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Application Mode Description

This section describes how to define a model using the continuum application modes.
It reviews the following subsections:
* Application mode properties

* Scalar variables

* Material

* Constraints

* Loads

e Thermal coupling

* Damping

* Initial stresses and strains

* DPerfectly matched layers (PMLs)

¢ Contact
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Properties

To set or examine application mode properties, go to the Physics>Properties menu to
open the Application Mode Properties dialog box. Here you control various global

settings for the model:

Application Mode Properties =]
Properties
Defauk cement type:  [Lagrange - Quadratic | v
Analysis bype: Skatic -
Large deformation: OFf -
Specify eigenvalues using: |Eigenfrequenc
Create frame: Off -
Weak constraints: Off =
Constraint bype: Ideal -

[ OK ] [ Cancel ] I Help I

Application Mode Properties dialog box for the structural mechanics application modes.

* Default element type: The selected finite element type that makes up the discretized
finite element model is the default on all new subdomains, and the choice does not

affect subdomains already created. Available elements are:
- Lagrange - Linear

- Lagrange - Quadratic

- Lagrange - Cubic

- Lagrange - Quartic

- Lagrange - Quintic

- Lagrange - U,P,

- Lagrange - U5P,

- Lagrange - U4P3

- Lagrange - UgP,

* Analysis type: This drop-down list shows the various analyses you can perform; the
default is Static. Your choice affects both the equations and which solver COMSOL
Multiphysics uses when the Auto select solver option in the Solver Parameters dialog

box is active.

ANALYSIS TYPE COMSOL MULTIPHYSICS SOLVER

Static Stationary

Static elasto-plastic material Parametric
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ANALYSIS TYPE COMSOL MULTIPHYSICS SOLVER

Eigenfrequency Eigenvalue
Damped Eigenfrequency Eigenvalue
Time dependent Time dependent
Frequency response Parametric
Parametric Parametric
Quasi-static transient Time dependent
Linear buckling Eigenvalue

* Large deformation: This list controls whether or not the model should include large
deformations, which only the Principle of virtual work supports (see next item). The
default is Off.

* Specify eigenvalues using: This list controls how to work with eigenmode analyses.
Here you should specify Eigenvalue or Eigenfrequency; this property is enabled only

for eigenfrequency and linear-buckling analyses.

* Create frame: This list controls whether or not to create a deformed frame. The
default is Off. A deformed frame is needed in contact modeling and to define
follower forces but can also be used in a multiphysics context to define some other

physics on.
* Eigenfrequency; this property is enabled only for eigenfrequency, damped
eigenfrequency and linear-buckling analyses.

* Weak constraints: Controls whether or not weak constraints are active. Use weak
constraints for accurate reaction-force computation. When weak constraints are
enabled, all constraints are weak by default, but it is possible to change this setting

for individual domains.

* Constraint type: Constraints can be ideal or non-ideal (see “Ideal vs. Non-Ideal
Constraints” on page 301 in the COMSOL Multiphysics Modeling Guide).

Scalar Variables

There are three different scalar variables:

* Excitation frequency, freq, which is applicable only for frequency response analysis.
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* Initial condition for the time in the previous time step, t_old_ini, which is

applicable only for contact modeling using dynamic friction.

* Complex angular frequency, jomega, which is applicable only for eigenfrequency
analysis. You normally do not need to edit the complex angular frequency.

Application Scalar Variables

=]

Mame Expression Unit Description

Freq_smsld |100

|Hz |Exc\tation fFrequency

_old_ini_s... |1 s

|In\tia\ condition previous time step (conkact with dynamic Fri...

P

.

Synchronize equivalsnt variables

[ ox

][ Cancel ][ Apply H Help

J

The Application Scalar Variables dialog box in a frequency response analysis.

When you select a frequency response analysis, the parametric solver becomes the

default solver, which makes it easy to perform a frequency sweep over several excitation

frequencies in one analysis. In this case, choose Solve>Solver Parameters, and in the
dialog box that appears go to the General tab. In the Parameter area, enter freq_smsld
in the Parameter name cdit field. Values that you enter in the Parameter values edit field

override the excitation frequency you might have entered in the Application Scalar

Variables dialog box.

To access the excitation frequency f use the variable freq and to access the angular

excitation frequency ® use omega.
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Material Properties

You define material properties on the Material page in the Subdomain Settings dialog
box. This page has two lists: Material model and Coordinate system. Now consider the
options available for each of these lists:

* Material model: When you select the type of material, a set of appropriate material
properties appear in the dialog box.

- Isotropic material: This material has the same properties in all directions.

Subdomain Settings - Solid, Stress-Strain {smsld) |E‘
 Subdomains {| Groupsl Material | Constraint I Load | Damping | Initial Stress and Strain I PML | Init I Element | ‘
Subdomain selection Material ssttings
Library material: - Load...
IMaterial model: Isatropic T

Coardinate system: | Global coordinate system w

["] Use mixed U-P Farmulation (nearly incompressible material)

Quantity Value /Expression Unit Description

E 12.0e11 Pa  vaung's madulus

4 10.33 1 Paisson's ratio
Group:
[ select by group a 1.225 1K Thermal expansion coeff,
[¥] Active in this domain 1] 7850 kgjm?® Density

l oK H Cancel H Apply H Help

Material properties for an isotropic material.

- Orthotropic material: This material has different material properties in different

directions, and its stiffness depends on the properties E;, v;;, and Gyj (see page 66
for details). In addition, thermal expansion depends on the parameter o; (see

page 78 for details).
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Subdomain Settings - Solid, Stress-Strain {smsld)

Subdomains Groupsl Material | Constraint I Load | Damping | Initial Stress and Strain I PML | Inik | Element | ¢ |
Subdamain selection Material settings
1 & Library material: -
Material model:
4 . 1
- Coordinate system: | Glohal coordinate system
& [] Use mixed U-P Formulation (nearly incompressible material)
7
s Quantity Value/Expression Unit Description
ELELE, 20811 J2.0e11 [2.0e11 P2 Voung's modulus
o Ve ¥y 0.33 0.33 0.33 1 Poisson’s ratio
T le' Gyz; Gy [7.52e10 7.52e10 |7.52=10 Pa Shear modulus
Group:
[7] Select by group 0,0,0, [1.2e5 1.2e-5 1.2e5 1K Thermal expansion coeff,
[7] Active in this domain p 7850 kg/m® Density
[ Ok ] { Cancel | [ Apply J I Help

Material properties for an ovthotropic material.

- Anisotropic material: This material has different material properties in different
directions, and the stiffness comes from the symmetric elasticity matrix, D (see
page 66 for details). Thermal expansion depends on the thermal expansion

PECtor, Oyee (see page 78 for details).
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Subdomain Settings - Solid, Stress-Strain {smsld) =]
Subdomains | Groups Material | Constraint I Load I Damping | Initial Stress and Strain | PMLl Init I Element I e} ‘
Subdomain selection Material ssttings
1 o Library material: [

2
3 Material model:
4 F
5 Coardinate system: | Glohal coordinate system w
_ [7] Use mixed U-P Farmulation (nearly incompressible material)
7
Quantity Value/Expression Unit Description
o [ Edit... | P2 Etssticity matrix
yractar l Edit... ] UK Thermal expansion vector
Group:
[7] Select by group
[¥] Active in this domain 1] 7850 kgjm?® Density
[ oK ] [ Cancel | [ Apply ] [ Help
Material properties for an anisotropic material.
Elasticity Matrix (=]
P 0= 1 1/((1+0.337(1-2%0. [2.0=11]({1+0.337%(1-2"0.[2.0=1 1 [(1+0.33/(1-2*0.[0_ [o 0
2 ((1+0. *0 1-2*0.10 0 10
j L3
2G5 G
g G0 5rE) 0
i ol o o o 12.0811/((1+0.33)*2)

The Elasticity matrix dialog box for entering the components of the D matrix for an
anisotropic material.

- Elasto-plastic material: A nonlinear material with possible hardening (see page 73
for details).
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Subdomain Settings - Solid, Stress-Strain (smsld) [5==9]
Subdomains Groupsl Material | Constraint I Load | Damping | Initial Stress and Strain I PML | Init | Element | o |
Subdomain selection Material settings

1 o~ Library material: -
2
3 Material model: |Eiasto-piasic, » |
4 4 . -
5 Coordinate system: | globa| coordinate system -
_ || Use mixed U-P Formulation (nearly incompressible material)
; Quantity Value/Expression Unit Description

E 2.0el1 Pa  voung's modulus

. 1033 1 Poisson's ratio

s [ Elasto-Plastic Material Settings. ., ]
Group:
[T select by group a 1.2e-5 1K Thermal expansion coeff,
[7] Active in this domain p [78s0 lag/m? Density
[ [o]4 ] ‘ Cancel | [ Apply J I Help

Material properties for an elasto-plastic material.

Elasto-Plastic Material Settings [==]

Hardening madel: |

Quantity Value/Expression Unit Description

Yield Function: [ yon Mises -
Tyfunc mises_smsld Pa  Yield function
Oy 2.0e8 Pa  Yield stress level

Kinematic hardening

Etiin 2.0e10 Fa  Kinematic kangent modulus

Isokropic hardening

(@ Tangent data

Etiea 2.0e10 Pa  Isobropic tangent modulus

() Hardening Function data

%y hard(%p) 2.0e10[Pa]/(1-2.0e1] Pa  Hardening function

The Elasto-Plastic Material Settings dialog box for specification of elasto-plastic material
data.

- Hyperelastic material: A hyperelastic material based on a strain energy density

function, often used to model rubberlike materials (see page 76 for details).
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Subdomain Settings - Solid, Stress-Strain (smsld) =]

Subdomains |Ernups| Material | Canstraint | Load | Damping | Initial Stress and Strain | PML I Init | Element | |
Subdomain selection Material settings
1 i Library material: - Load...
] (o)
3 Material model: FHypereisstic |
5 Coordinate system: | giobal coordinate system +
6 [] Use mixed U-P Farmulation {nearly incompressible material)
A Quantity Value/Expression Unit Description
Hyperelastic model [pag Hockean
H 8e5 Pa  Initial shear modulus
Group:
g K 1210 Pa  Initial bulk modulus
[ select by group a 1.2e5 1K Thermal expansion coeff.
[¥] Active in this domain 1] 7850 kgjm? Density
l oK ] | Cancel | ‘ Apply | | Help

Material properties for a hypevelastic material.

* Coordinate system: In this second list on the Material page you select the coordinate
system on which the material properties are defined. Use it for orthotropic and
anisotropic materials that are defined in another coordinate system other than the
global system or if you need stresses and strains in a local coordinate system for
postprocessing. The Coordinate system list is disabled if no user-defined coordinate
systems are available. Note, to find the Coordinate System Settings dialog box go to
the Options menu.

e Use mixed U-P formulation (nearly incompressible material): Controls whether to use
a mixed formulation adding the negative mean pressure as a dependent variable to
solve for. This can also be controlled from the Predefined element list on the Element

page. Nearly incompressible materials means a Poisson’s ratio close to 0.5. See page
70 for details.

TABLE 4-1: MATERIAL PROPERTIES FOR VARIOUS MATERIAL MODELS

PARAMETER VARIABLE DESCRIPTION MATERIAL MODEL

E E Young's modulus Isotropic/
elasto-plastic

v nu Poisson's ratio Isotropic/
elasto-plastic

P rho Density All

alpha Thermal-expansion coefficient Isotropic
th thickness The thickness of the geometry All

APPLICATION MODE DESCRIPTION

97



TABLE 4-1: MATERIAL PROPERTIES FOR VARIOUS MATERIAL MODELS

PARAMETER VARIABLE DESCRIPTION MATERIAL MODEL
E; Ei Young's modulus in the x; direction Orthotropic
Vij nuij Poisson's ratio for the x;x;-plane Orthotropic
Gij Gij Shear modulus for the x;x;-plane Orthotropic
o alphai Thermal-expansion coefficient in the Orthotropic
x; direction
D Elasticity matrix for the anisotropic case Anisotropic
Olyec Thermal-expansion vector for the Anisotropic
anisotropic case
Oys Sys Yield stress level Elasto-plastic
Oyfunc Syfunc Yield function Elasto-plastic
Oyhard Syhard Hardening function for isotropic hardening Elasto-plastic
Erico ETiso Isotropic-tangent modulus Elasto-plastic
Ergin ETkin Kinematic-tangent modulus Elasto-plastic
C1o Clo Mooney-Rivlin material parameter Hyperelastic
Co1 Col Mooney-Rivlin material parameter Hyperelastic
0 mu Initial shear modulus Hyperelastic
K kappa Initial bulk modulus Hyperelastic

The index 7 in the parameters E; and o; in Table 4-1 refers to the space coordinates x;

and represents the following names for the different application modes:

APPLICATION MODE X] X9 X3

Plane Stress and Plane Strain x y =z
Solid x y z

Axisymmetry Stress-strain @ Z

Example: E; for axisymmetry stress-strain means E,, E , and E,.

The parameter v;;in Table 4-1 refers to the space coordinates x;x; and is defined for

the following combinations of i and j for the different application modes:

APPLICATION MODE X1X9 X9X3 X1X3

Plane Stress and Plane Strain  xy yz xz
Solid xy yz xz

Axisymmetry Stress-strain re 0z rz
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and the parameter Gy; is defined for these combinations:

APPLICATION MODE X1X9 X9X3 X1X3

Plane Stress and Plane Strain  xy
Solid xy yz xz

Axisymmetry Stress-strain rz

Note: You can change the default names for the space coordinates in the same way as

you can the names of the dependent variables.

Now examine the various material properties in Table 4-1.

Young’s modulus It defines a material’s modulus of elasticity, E. For an isotropic

material it is the spring stiffness in Hooke’s law, which in 1D form is
6 = Ee

where o is the stress and € is the strain. An orthotropic material uses one value of

Young’s modulus for each direction, E; as defined on page 66.

Poisson’s ratio Denoted by v, it defines the normal strain in the perpendicular
direction, generated from a normal strain in the other direction and follows the

equation
g, = -vg.

An orthotropic material defines three values of v;;.

Note: v;; is defined differently depending on the application field, so review page 66
for the definition within COMSOL Multiphysics. It is easy to transform among

definitions, but you must check which one your material uses.

Shear Modulus Denoted by Gy,

strain and shear stress. It is applicable only to an orthotropic material and follows the

it defines the relationship between engineering shear

equation
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Density This entry specifies p, the material’s density.

Thermal expansion coefficient It defines how much a material expands due to an

increase in temperature following the equation
Eth = (T - Tref)

where &, is the thermal strain, and o is the thermal expansion coefficient. With it you
model thermal strain for an isotropic material. For an orthotropic material, three values

of 0; are defined for the three perpendicular directions.

Thickness (th) This property defines the out of plane thickness of the geometry for the

Plane Stress and Plane Strain application modes.

Elasticity matrix It defines the elasticity matrix, D, for anisotropic materials (see page
67 for details). For the Plane Stress and Plane Strain application modes D is defined as
a 4-by-4 matrix, since the out of plane shear stress and shear strain components are

ZCro.

Thermal expansion vector It defines the thermal expansion vector, Oy, for

anisotropic materials (see page 78 for details).

Yield stress level (Gys) This parameter gives the stress level where plastic deformation

starts. In the theory section this parameter is named Y.

Yield function (Gpy,) This function detects if plasticity has occurred. In the theory

section this parameter is named ¢ .

Isotropic tangent modulus This parameter is the tangent modulus used for isotropic
hardening. This parameter together with 6y¢ defines the f function from the theory

section as
ETiso

ETiso P
1- 52

fo(€pe) = Oyg+ e
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Kinematic tangent modulus This parameter is the tangent modulus used for kinematic

hardening. This parameter is used to calculate the G¢y;¢ parameter from the theory

section as
G _ ETkin 2 e
shift = "9
Y Enn 30°
E

Hardening function (Gyparq) This hardening function applies to isotropic hardening.
This parameter together with 6, defines the fy function from the theory section as

fZ(spe) = csys + Gyhard(spe)

This definition implies that you have to subtract the yields stress level (oys) when

defining your hardening function.
Mooney-Rivlin material parameters Hyperelastic material model parameters.
Initial shear modulus Used for Neo-Hookean hyperelastic material model.

Initial bulk modulus Used for Neo-Hookean and Mooney-Rivlin hyperelastic material

models.

Constraints

A constraint specifies the displacement of certain parts of a structure. You can define
constraints on all domain levels: points, edges, faces/boundaries, and subdomains in
3D; points, boundaries, and subdomains in 2D. To control a constraint, go to the
Constraint page that appears in the following dialog boxes that you find in the Physics
menu: Physics>Subdomain Settings, Physics>Boundary Settings, Physics>Edge Settings,
and Physics>Point Settings. The following figure shows the Boundary Settings dialog
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box for the Solid, Stress-Strain application mode, but the Constraints settings arca has

the same appearance in all structural mechanics continuum application modes

Boundaries | Groups

Boundary Settings - Solid, Stress-5Strain (smsld)

Constraint | Lgad I

[E=]

Boundary selection

Group:
[] Select by group

[] Interior boundaries

Constraink settings
Constraint condition:

Coordinate system:

Free

Fixed
Raller

Prescribed displacement | _

Symmetry plane

-y symmetry plane
-z symmetry plane
-z symmetry plane
Antisymmetry plans

oK

][ Cancel ][ Apply H Help ]

An example of a typical Constraint page, taken heve from the Solid, Stress-Strain
application mode Boundary Settings dinlog box.

Within the dialog box the Constraint condition list lets you control what type of

constraint you want to define. You can choose from the following options:

CONSTRAINT CONDITION BOUNDARY  SUBDOMAIN  USE WHEN

Free \ \/ The domain has no constraint

Fixed \ \/ The displacement in the domain is fixed
in all directions

Roller \ The normal displacement is constrained

Prescribed displacement S \ The displacement in any direction need

Symmetry plane \
X-y symmetry plane S
y-z symmetry plane \
X-z symmetry plane \
Antisymmetry plane S
X-y antisymmetry plane \

to be prescribed
The boundary is a symmetry plane

The selected coordinate system’s x-y
plane is a symmetry plane

The selected coordinate system’s y-z
plane is a symmetry plane

The selected coordinate system’s x-z
plane is a symmetry plane

The boundary is an antisymmetry plane

The selected coordinate system’s x-y
plane is an antisymmetry plane
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CONSTRAINT CONDITION

BOUNDARY

SUBDOMAIN

USE WHEN

y-z antisymmetry plane
X-Z antisymmetry plane

Prescribed velocity

Prescribed acceleration

\/

The selected coordinate system’s y-z
plane is an antisymmetry plane

The selected coordinate system’s x-z
plane is an antisymmetry plane

The velocity in any direction need to be
prescribed, only available for frequency
response analysis

The acceleration in any direction need
to be prescribed, only available for
frequency response analysis

The symmetry or antisymmetry condition has the following interpretation.

CONDITION

X-DISPLACEMENT  Y-DISPLACEMENT  Z-DISPLACEMENT

x-y symmetry plane
y-z symmetry plane

x-z symmetry plane

X-y antisymmetry plane
y-z antisymmetry plane

X-Z antisymmetry plane

\/

\/

The Coordinate system list lets you control in which coordinate system you want the

constraint defined. Available options are:

* Global coordinate system

* Tangent and normal coordinate system (available only on boundaries)

* User-defined coordinate systems if any local coordinate systems are defined.

APPLICATION MODE DESCRIPTION

103



When you select Prescribed displacement a number of new options appears in the dialog
box, and the Constraint page takes on this appearance:

Boundary Settings - Solid, Stress-5Strain (smsld) =]

Boundaries Groups Constraint | Lgad I

Boundary selection Constraint settings

: = Constraint condition:  preqtribad deplacement v

2

3 = Coordinate system: | giopa coordinate system -

_ L Constraint Value/Expression Unit Description

(@) Standard notation
7 a m "
s R, o Constraint x-dir.
R, 0.01 m Constraint y-dir.

10

1 E1R, o m Constraint z-dir,
Group: ) General notation, Hu=R

[7] Select by group H Edit... L H Matrix

[] Interior boundaries 2 Edit... m R Vector

[ [o]4 ] [ Cancel ] [ Apply ] [ Help

The Constraint page showing the Prescribed displacement options.
You can prescribe a constraint in two ways:

* In standard notation (select this option by clicking the Standard netation button),
you constrain each displacement direction independently. The check boxes adjacent
to the Ry, Ry, and R, edit fields activate the constraint, whereupon you enter the
value/expression of the displacement (the default value is 0).

* In general notation (select this option by clicking the General notation, Hu=R button)
lets you specify constraints as any linear combination of displacements components.
For instance, in the 2D case, use the relationship

HY =R.
U

Enter values for the H matrix and R vector in corresponding dialog boxes by
clicking the corresponding Edit buttons. For example, to achieve the condition u =
v, use the settings
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H =

1-1

00

which force the domain to move only diagonally in the x-y plane.

H Matrix

[e2]

i

0

-1
)

The H Matrix dialog box for the example in the text.

In a frequency response analysis you have the possibility to specify not only a harmonic
displacement but also a harmonic velocity or acceleration. You specify a prescribed
velocity or acceleration in the same way as Prescribed displacement using Standard
notation by first selecting Prescribed velocity or Prescribed acceleration in the Constraint

condition list.

Boundary Settings - Solid, Stress-5train (smsld) =]
Boundaries Groups Constraint | Load
Boundary selection Constraint ssttings
Constraint condition: ::p;égg;;géa“ggggg',' n =
Coordinate system: Global coordinate system
Constraint Value,/Expression Unit Description
2
E14, ) mjs Acceleration x-dir.
Ay 0.35 mjs? Acceleration y-dir.
2
E14, ) mjs Acceleration z-dir.
Group:
[ Select by group
[ Interior boundaries
[ oK ] [ Cancel ] [ Apply ] [ Help

Constraint page showing the Prescribed acceleration settings.

Load

“Load” is a general term for forces applied to a structure. You can specify loads on all
domain types using the Load page that appears in the following dialog boxes that you
find on the Physics menu: Subdomain Settings, Boundary Settings, Edge Settings, and

Point Settings.
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Boundary Settings - Plane Strain (smpn)

Boundaries | Groups Constraint | Load

Boundary selection Load settings
Type of load: Distributed load ~
Coordinate system: | fangeri o Lcoord, sys. (bnf v |
Quantity .\'alue,"Exuressiun Unit i Description
&, 2000 HJm? Edge load t-dir.
F 100 HJm? Edge load n-dir.

(7 Edge load is defined as forceflength

(7) Edge load is defined as forcefarea using the thickness

Group:

[] Select by group

[] tnterior boundaries

I oK ][ Cancel ][ Apply H Help ]

The Boundary Settings dialog box for the Plane Strain application mode shown here is
representative of load pages for all domain levels in all structural mechanics application
modes.

The loads on all levels except the point level are given as distributed loads using a force

density such as; force/length, force /area, or force /volume.

For boundaries you have the option to specify between different types of loads using
the Type of load list. You select between distributed load and follower load (distributed
load is the default setting).

FOLLOWER LOADS

Follower loads are loads that depend on the deformation. The most common case is a
pressure directed along the negative normal direction to a surface that deforms. In the
following, follower loads imply such a load. Follower loads are only available on

boundaries.

All loads must be applied in the undeformed reference frame; the software then
computes the follower load using a frame that deforms with the structure. Both the
direction and the size of the load change as the structure deforms. The Create frame
application mode property is automatically set to On as soon as you specify a follower

force.

Follower loads are only meaningful in a large deformation analysis. The Large
deformation application mode property is automatically set to On as soon as you specify

a follower force.
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You select Follower load from the Type of load list on the Load page. You specify the

pressure in the P edit field.

Boundary Settings - Plane Strain (smpn) =]
Boundaries | Groups Constraint | Load
Boundary selection Load settings
i Type of load: Followerload |
Quantity Value/Expression Unit Description
P 100[MPa] Pa Follower pressure

Group:
[ Select by group

[ Interior boundaries

[ QK H Cancel ][ Apply ][ Help ]

The Boundary Settings dialog box for the Plane Strain application mode showing the
Sfollower load setting.

DISTRIBUTED LOADS

Distributed load is the default setting on boundaries. On all other levels a distributed
load is the only way to specify a load. For boundaries you select between distributed
loads and follower loads using the Type of load list.

For plane stress and plane strain, two option buttons allow you to choose how to
specify the load using the thickness. The following table shows how to define the loads

on different domains in different application modes; the entries give the SI unit in

parenthesis.
APPLICATION MODE  POINT EDGE BOUNDARY SUBDOMAIN
Plane Stress, force (N) force/area (N/mz) or force/volume (N/m?’)
Plane Strain force/length (N/m) or force/area (N/m2)
Axisymmetry, total force along the force/area (N/mz) force/volume (N/m3)
Stress-Strain circumferential (N)
Solid, force (N) force/length force/area (N/m2) force/volume (N/m3)
Stress-Strain (N/m)

Within the dialog box, the Coordinate system list lets you control in which coordinate

system you want to define the load. Available options are:

* Global coordinate system

* Tangent and normal coordinate system (available only on boundaries)
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e User-defined coordinate systems, if any local coordinate systems are defined.

For a frequency response analysis you have additional input data. To control the
analysis type, use the Application Mode Properties dialog box. When frequency response
is the analysis type, the Load page takes on this appearance:

Boundary Settings - Plane Strain (smpn) (=]
{Boundaries | Groups| [ constrant | Load | |
Boundary selection Load settings

Type of laad: Distributed load |

Coordinate system: | Tangent and normal coord. sys. (t.n)

Quantity Value /Expression Unit Description
Fu Fioh 2000 o N/m?,? Edge load t-dir.
o Frph 100 0 N/m?,? Edge load n-dir.

(") Edae load is defined as farceflength

(7) Edge load is defined as force/area using the thickness

Group:

[] Select by group

[] Interior boundaries

[ [o]4 ][ Cancel ][ Apply H Help

The Load page that appears for frequency vesponse analysis.

For frequency response analysis, the application mode splits the harmonic load into

twoO parameters:

e The amplitude, F
¢ The phase (Fpy)

Together they define a harmonic load whose amplitude and phase shift can vary with

the excitation frequency, [
Ffreq = F(f) - cos(2nf+ Fpy(f)) .

For subdomains, you have additional options to control if and how the analysis should

include thermal strains (explained in the following section).

Thermal Coupling

Material expands with temperature, causing thermal strains to develop in the material.
The thermal strains, taken together with the initial strains and elastic strains from
structural loads, form the total strain

E=EqtTEtE
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where

€h = ouT - Tref) .

Thermal coupling means that the analysis includes thermal expansion. Details on

thermal coupling appear on page 78. You specify thermal effects on the Load page in

the dialog box that appears when you choose Physics>Subdomain Settings.

Subdomain Settings - Plane Strain (smpn)

=]

¢ Subdomains | Graups|

Material | Ennstra\nti Load | Damping | Initial Stress and Strain | PML I Init I Element | |

Subdomain selection Load settings

Coordinate system: [global coordinate system -

_ Quankity Value/Expression Unit
4 Fo Fepn a a
5 Fre, 0 0

") Body load is defined as forcefarea

©) Body load is defined as force/valume using the thidmess

[¥] Include thermal expansion

Nfm?,? Body load sx-dir.
N,rm3,° Body load y-dir,

Description

Temp T K Strain temperature
= Tempref 100 K Strain ref. kemperature
Group:
[ Select by group
[] Active in this domain
[ oK } I Cancel I { Apply | [ Help

You specify thermal effects on the Load page.

The Include thermal expansion check box instructs the model to add thermal effects.

Specify the strain temperature, T, and reference temperature, Tqf, in the Temp and

Tempref edit fields, but you specify the thermal expansion coefficient on the Material

page (see page 93). T and T'.o¢ can be any expression and are typically another

dependent variable for temperature solved for in a COMSOL Multiphysics heat

transfer application mode. Any type of analysis can use this temperature coupling.

Note: Special approach is required if the structural analysis is performed in the

frequency domain. This includes the following analysis types: Frequency response,

Eigenfrequency, and Damped eigenfrequency. The coupled displacement-temperature

field presents thermoelastic oscillations of small amplitude, which are initialized to

zero. You need to set the strain reference temperature Tempref to zero and use a

special form of the heat balance equation.
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Damping

In transient and frequency response analyses you have the possibility to model
undamped or damped problems. You can specify damping on the subdomain level
using the Damping page that appears in the Subdomain Settings dialog box. From the
Damping models list you can select No damping, Rayleigh, or Loss factor, and the contents

of the dialog box changes for each of these damping models.

Subdomain Settings - Solid, Stress-Strain (smsld) =]
Subdomains | Groups ‘ Material | Constraint | Luadl Damping | Initial Stress and Strain | Init I Element I ‘
Subdomain selection Damping settings

o Damping model;
; Quantity Value/Expression Unit Description
4 T 1 s Mass damping parameter
5 BdK 0,001 s Skiffness damping parameter
&
7
]
Group:
[] Select by group
Active in this domain

[ oK ] [ Cancel I [ Apply ] [ Help

Damping page when Rayleigh damping is selected.

Note: Loss factor damping is valid only for frequency response analysis. If you choose
transient analysis and loss factor damping, COMSOL Multiphysics solves the model
with no damping.

Table 4-2 and the subsequent text describe the parameters that define damping:

TABLE 4-2: PARAMETERS FOR DAMPING MODELS

PARAMETER  VARIABLE DESCRIPTION DAMPING MODEL
Ol alphadM Mass-damping parameter Rayleigh

Bax betadK Stiffness-damping parameter  Rayleigh

n eta Loss factor Loss factor

Mass damping parameter Defines the Rayleigh damping model’s mass damping, o3/
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Stiffness damping parameter Defines the Rayleigh damping model’s stiffness
damping, Byk-

Loss factor Defines the loss factor m for the loss factor damping model.

Initial Stress and Strain

An analysis can include initial stress and strain, which is the stress/strain state in the
structure before the model applies any constraint or load. Initial strain can, for
instance, describe moisture-induced swelling, and initial stress can describe stresses
from heating. In fact, you can think of initial stress and strain as different ways to
express the same thing. To specify them, go to the Initial Stress and Strain page in the
Physics>Subdomain Settings dialog box.

Subdomain Settings - Solid, Stress-Strain (smsld) =]
 Subdomains {| Grnupsl Material | Constraint I Load I Damp\ng‘ Initial Stress and Strain | mit | Elmant
Subdomain selection Initial stress and strain settings
e Initial stress and strain are defined in the material coordinate system

2 Quantity Value/Expression Unit Description
3
4 Include initial stress
5 O Oy O 0 13e7 0 Pa  Initial normal stress
: Tyyit Tyt Taai 0 U 0 Pa  Initial shear stress
5 Include initial strain

4 Ty Ty -le-3 0 0 1 Initial normal strain

Eeyit Fyair T O o 0 1 Initial shear strain
Group:
[ Select by group
Active in this domain

I oK ] [ Cancel ] [ Apply ] I Help

Dinlog box for setting up initial stress and strain.

You control the option to include initial stress and strain independently using
like-named two check boxes.

In the following table, the index [ for parameter 6(;/s1i and gg;/eli refers to the
space coordinates x;.

PARAMETER VARIABLE DESCRIPTION

oo; sli Initial normal stress

Tolk slki Initial shear stress
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PARAMETER VARIABLE DESCRIPTION

€07 eli Initial normal strain

€01k elki Initial shear strain

The index [ runs over the following coordinate names for the different application

modes.

APPLICATION MODE X1 X9 X3
Plane Stress and Plane Strain x y z
Solid, Stress-Strain x oy z
Axial Symmetry, Stress-Strain r ¢ z

Example: 6 for axial symmetry stress-strain means G, G, , and G,

The parameters 6(y,/s1ki and €g;;/elki in the first table refer to the space
coordinates xjxj, and are defined for the following combinations of / and & for the

different application modes:

APPLICATION MODE X1X9  XoX3  X1X3
Plane Stress and Plane Strain xy

Solid, Stress-Strain xy yz xz
Axial Symmetry, Stress-Strain rz

Perfectly Matched Layers (PMLs)

In frequency response analysis or elastic waves, you can use perfectly matched layers to
simulate absorbing boundaries. A PML is strictly speaking not a boundary condition
but an additional domain that absorbs the incident radiation without producing
reflections. It provides good performance for a wide range of incidence angles and is
not particularly sensitive to the shape of the wave fronts. The PML formulation
introduces a complex-valued coordinate transformation under the additional
requirement that the wave impedance should not be affected. The following sections

describe how to create Cartesian, cylindrical, and spherical PMLs for elastic waves.
For an account of elastic waves in solids, see Chapters 4 and 5 of Ref. 1. For

background information about PMLs in elastodynamics, see Ref. 2.

PML IMPLEMENTATION
For a PML that absorbs waves in the coordinate direction &, the implementation uses

the following coordinate transformation inside the PML:
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g = sign(&—&on&—&oy”;?u—i) (4-22)

The scaled PML width, L; the coordinate of the inner PML boundary, &g; and the
(actual) width of the PML, 8&, are input parameters for each orthogonal absorbing

coordinate direction.

The scaling exponent, n is an input parameter for each PML subdomain. The default
value of n is 1, giving a linear scaling that works well in most cases, and the useful range
is roughly between 1 and 2; increasing the exponent allows you to use fewer mesh

elements to resolve wavelengths much smaller than the scaled PML width.

Usually, set L equal to one wavelength. What the wavelength is, depends on the type
of elastic wave you are considering. For example, for longitudinal (acoustic) waves, the

wavelength is given by (Ref. 1)

A = 1/ Ad-v) E
TAN(L+V)(1-2v)p
where f'is the frequency, E is Young’s modulus, v is Poisson’s ratio and p is the density.

If your analysis includes several wave types of different wavelengths, set L to the

longest one. For this case, you can also try to set the scaling exponent, n, equal to 2.

The parameters &y and 8 get default settings that the software deduces from the drawn
geometry and stores in so-called guess variables. You can inspect the values of the guess
variables on the Variables page of the Subdomain Settings - Equation System dialog box

or at the corresponding node of the Model Tree.

The default settings defined by the guess variables work nicely in most cases, but they
might fail for PML subdomains of nonstandard shape. Examples of geometries that
work nicely are shown in the following figures for each of the available PML types:

* Cartesian—PMLs absorbing in Cartesian coordinate directions.

* Cylindrical—PMLs absorbing in cylindrical coordinate directions from a specified

axis. For axisymmetric geometries the cylinder axis is the z-axis.
* Spherical—PMLs absorbing in the radial direction from a specified center point.

For each of the above PML types, you can choose the coordinate directions in which

the PML absorbs waves, that is, for which directions a coordinate transformation of
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the type Equation 4-22 applies. To allow complete flexibility in defining a PML
there is, in addition, a fourth option:

¢ User defined—General PMLs or domain scaling with user-defined coordinate
transformations.

Figure 4-1: A cube surrounded by typical PML regions of the type “Cartesian.”
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Figure 4-2: A cylinder survounded by typical cylindrical PML regions.

Figure 4-3: A spheve surrounded by a typical spherical PML region.
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SETTING UP A PML
On the PML page in the Subdomain Settings dialog box, you can select different types
of PMLs depending on what kind of wave you have:

PML TYPE APPLICATION MODE DESCRIPTION

None all No PML

Cartesian Solid, Stress-Strain; Plane Absorbs waves in the
Stress; and Plane Strain specified Cartesian

coordinate directions
Cylindrical all Absorbs cylindrical waves

Spherical Solid, Stress-Strain; Axial Absorbs spherical waves
Symmetry, Stress-Strain

User defined all Define your own scaled
space variables

The PML type None is default. To add a PML, select one of the other types.

Cartesian PMLs
When choosing the Cartesian PML type you can use a user-defined coordinate system
to define the directions. If you want a curved coordinate system you must use the

cylindrical or spherical PML type.

Select the check box for the directions in which you want the waves to be absorbed.
For each of these directions, enter the scaled PML width, L in the associated edit field.
Make sure all material properties are the same in the PML as in the adjacent

subdomain.

Cylindrical PMLs
In 2D, a cylindrical PML always absorbs waves in the radial direction. In the other
dimensions, you can decide how the PML absorbs the wave: in the radial direction, the

z direction, or both.

Select the directions in which you want the PML to absorb the waves and enter the
scaled PML widths in those directions. To define a cylindrical PML you also need to
enter the center point of the cylindrical coordinates and, in 3D, the cylinder axis

direction.

Spherical PMLs
A spherical PML always absorbs waves in the radial direction. Enter the scaled PML

width, L. Define the spherical coordinates by entering the center point.
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User-Defined PMLs

When using a PML, the algorithm scales the equation in this domain so that instead

of the coordinates used in the rest of the model, the coordinates PMLx, PMLy, and

PMLz appear in the equation. If you want to scale the equation in some other way than
the automatic PML options provide, use a user-defined PML. In this case you enter

your own User-defined PML coordinates.
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Contact Modeling

You can model contact between two boundaries. The boundaries need to be
connected to a subdomain active in the same application mode. To be able to model

contact you need the following:

* An application mode modeling the deformation that supports contact modeling:
The Plane Strain; Plane Stress; Axial Symmetry, Stress-Strain; or the Solid

Stress-Strain application mode.

* A deformed frame controlled by the application mode. This is done by setting the
application mode property Create frame to On. The program does this automatically

when you add a contact pair.

* Use of assembly mode, if the parts are in contact initially. In this case select Use
Assembly from the Draw menu. Read more about assemblies in the section “Using
Assemblies” on page 351 in the COMSOL Multiphysics Modeling Guide.

* A contact pair. A contact pair consists of a number of slave and master boundaries.
The slave is constrained not to penetrate the master boundary. You can create
contact pairs from the Contact Pairs dialog box, which you open from the Physics
menu. A description of how to create contact pairs appears later in this section.
Additionally, if some parts of the boundaries are in initial contact, you can use the
Create Pairs dialog box to automatically detect and define contact pairs. For more
information about the Create Pairs dialog box, see the section “Creating Pairs” on
page 353 in the COMSOL Multiphysics Modeling Guide.

» Contact parameters, specified to suit your model. You can inspect and change the

contact parameters in the Boundary Settings dialog box by selecting the appropriate
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contact pair on the Pair page. There are three different pages, described further on
in this section, to do this on:

- Contact

- Contact, Initial

- Contact, Advanced

 Solver parameters, specified to suit your model. You can set the parameters for the
augmented and nonlinear solvers in the Solver Settings dialog box, which is
described in the section “Nonlinear Solver Settings” on page 368 in the COMSOL
Multiphysics User’s Guide. You can find recommendations for solver settings

specifically for contact models on page 129 of this book.

Note: The current version supports contact in the continuum application modes:
Plane Stress; Plane Strain; Axial Symmetry, Stress-Strain; and Solid, Stress-Strain.

Note: You cannot use contact pairs together with the transient solver. Use the
parametric solver with the time ¢ as the parameter to solve contact problems with

friction.

This section provides information about how to set up contact pairs and specify contact
parameters. You can read about the theory behind the implementation of the contact

modeling method on page 86 and about tips for creating a contact model on page 118.

For general information about modeling with pairs, see the section “Specifying Physics
Settings on Pairs” on page 361 in the COMSOL Multiphysics Modeling Guide.
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THE CONTACT PAIRS DIALOG BOX

To define contact pairs, choose Physics>Contact Pairs. This opens the Contact Pairs

dialog box.

Contact Pairs

Contact pairs

Pair 2

[=]

Boundaries | Advanced

Boundaries

Master boundaries

Slave boundaries

[ Check Selected

] [ Chedk Selected ]

| Clear Selected | | Clear Selected |

MName: Pair 1

Delete

| Select Master | | Select Slave |

[ QK H Cancel ][ Apply ][ Help ]

Boundaries Page
Each pair has a name. The application modes use this name to refer to the pair. The
name must be unique.

The two boundary lists show the master and slave domains of the pair selected in the
list to the left. The check boxes beside the domain numbers indicate which domains

belong to the master and the slave, respectively.

Clicking the Check Selected buttons below the lists selects the check boxes of the
boundaries highlighted in the list. This is equivalent to selecting the individual check
boxes and is a quick way to select multiple check boxes. Clicking the Clear Selected

button similarly clears the check boxes of the selected domains.

Use the buttons Select Master and Select Slave to select the master and slave domains

in the main window and in the selection lists.

Clicking the arrow button between the selection lists interchanges the master and slave
domains.

For best results you should consider the guidelines on page 118 when selecting your

master and slave boundaries.
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Advanced Page
On the Advanced page in the Contact Pairs dialog box you can define the names of the

contact pair’s coupling operators.

Contact Pairs [E=]
Contact pairs Boundaries | Advanced
Pair 1 -
Operators
Operator mapping from master to slave: mst2slv_cp2
Operator mapping from slave to master: slv2mst_cp2
Variable names
Suffix For contact variables: _cp2
Contact varisble determining contact: |contact_cp2
Name: |Pair 2
I [o]:4 ] [ Cancel ] [ Apply ] I Help ]

When creating a contact pair COMSOL Multiphysics automatically defines the
operators and gives them a name. The names have to be unique within the whole
model. The application modes use the operators to set up the contact condition

preventing the slave from penetrating the master.

A map operator evaluates its argument on one side of the pair and makes the result
available on the other side. In the previous figure you can see two operators:
mst2slv_cp2, mapping from the master of the pair to the slave, and slv2mst_cp2,
mapping in the other direction. For example, if u is a variable on the master side you

can use the expression mst2dst_cp2(u) on the slave side.

The application modes create a number of variables on the boundaries of the contact
pair. To make the variable names unique the software adds a suffix to them. You can
edit the suffix name in the Suffix for contact variables edit field. A special variable is the
contact variable stating if the boundaries are in contact or not, which you can use in
logical expressions. The expression if (contact_cp1,1,2) on the slave side evaluates
to 1 for points where the boundaries are in contact and to 2 in the other points. You
can edit the name of the contact variable in the Contact variable determining contact
edit field.

BOUNDARY SETTINGS DIALOG BOX
The Boundary Settings dialog box, which you can open from the Physics menu, has
three pages dedicated for contact settings: the Contact; Contact, Initial; and Contact,

Advanced pages. In the following you can find a description of these.
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Contact Page

You specify the most important settings for your contact problem on the Contact page.

Boundary Settings - Plane Stress (smps)

| Boundaries [ Groups | Pairs | | [

Pair selzction

Pair 1 (contact) -

Pair 2 (contact)

Active pair

Quantity
offset

pn

pt

Hstat

cohe

Timax

Hdyn
dfric

Conkact settings

Friction madel:

[ Exponential dynamic Friction model

[E=]

| Conkact | Contact, Initial | Cortact, Advanced | |
Coulamb v:
siun Unit Description
Coulomb m  Contact surface offset
E_smps/hmin_cpl_smps*m Pajm Contact normal penalty Factor
E_smps/hmin_cpl_smps*m Pa/m Contact tangential penalty Factor
0.2 1 Skatic friction coeFficient
o Pa  Cohesion sliding resistance
Inf Pa  Maximum tangential traction

1 Dynamic Friction coefficient

sim  Exponzntial dzcay cosfficient

[ [s]4 ] [ Cancel ] [ Apply ] [ Help

The Contact page for the Plane Stress application mode.

The Active pair check box lets you select if you want to use the contact pair in this

application mode or not. If you want to model friction between the contact pairs, select

Coulomb from the Friction model list.

The following table specifies the contact pair parameters on the Contact page:

PARAMETER DESCRIPTION SIUNIT  NOFRICTION COULOMB
offset An optional offset specifying m \ \/
at what distance from the
geometrical boundary
contact appears, positive in
the normal direction
pn The normal penalty factor Pa/m \ \/
pt The tangential penalty Pa/m \
factor
Useat Static friction coefficient - \/
cohe Cohesion sliding resistance, Pa v
the friction force at zero
contact pressure
T max The maximum tangential Pa \/

traction
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PARAMETER DESCRIPTION SIUNIT NO FRICTION COULOMB

Hayn Dynamic friction coefficient, - \
only used with the dynamic
friction option

dcfric Decay coefficient, only used  s/m \
with the dynamic friction
option

The convergence is sensitive to the value of the penalty factors. Their value should be
of the same order as the stiffness of the boundary divided by a typical length scale, that
is, the mesh size. The default value for both the normal and tangential penalty factors

is set according to

p=— min(107% . 5uelagiter p (4-23)
min

The Young’s modulus is denoted E and the smallest mesh size on the slave boundary,
R mins, 18 included in order to get a typical length scale. The auglagiter variable is the
iteration number in the augmented Lagrange solver. It is used to make the penalty
parameter soft at the beginning (to help the solver get started) and to gradually make

it stiffer (to speed up convergence).

The default values, using Young’s modulus only work for linear isotropic materials, for
which the Young’s modulus is defined. For other types of materials you need to
substitute E with a suitable value or define it as a constant or expression variable. Read

more about selecting the penalty factor on page 119.

If you select the Exponential dynamic friction model check box you get a friction
coefficient that varies between the static and dynamic friction coefficient depending on

the slip velocity and the dcfric decay coefficient in the following way.

~dcfriclvy| )
Hayn + (Hgtat — Hayn)e (4-24)
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Contact, Initial Page

You specify the initial conditions for your contact problem on the Contact, Initial page.

Boundary Settings - Plane Strain (smpn) (=]
‘ Boundaries | Gmupsl Pairs | | I Contactl Contact, Initial | Contact, Advanced |
Pair selzction Initial contact condition settings
Pair 1 (contact) - Quantity Value/Expression Unit Description
Pair 2 (contact) Ty e Pa  Contack pressure
contact 0 1 Contact variable previous step
I 1e-3 Pa  Friction force, x direction
le le-3 Pa  Friction Force, v direction
¥ mald o m Master x-coordinate previous step
¥mald o m Master y-coordinate previous step
Active pair
[ [s]4 ] [ Cancel ] [ Apply ] [ Help

The Contact, Initial page for the Plane Strain application mode.

The following table specifies the contact pair parameters on the Contact, Initial page:

PARAMETER DESCRIPTION SIUNIT NO FRICTION COULOMB

Ty The initial value for the Pa Xl V
contact pressure.

contactq The initial value for the \/
contact variable in the
previous step.

T i The initial value for the Pa \/
friction force components.

Ximold The initial value for the m V
coordinates of the master
point in the previous step.

Turn to page 120 to read about how the initial contact pressure can influence your
contact model.
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Contact, Advanced Page

You have the option to specify more advanced contact pair settings on the Contact,

Advanced page.

Boundary Settings - Plane Strain (smpn)

=]

Boundaries I Grnups‘ Pairs

I I Contact I Contact, Initial | Contact, Advanced

Pair selection

Pair 1 (contact) -

Pair 2 (contact)

Advanced contact condition settings

Searchmethod:  [Fast o |

Quantity Value/Expression Unit Description

Contact tolerance: | automatic - |
mantal le-6 m Absolute tolerance

Search distance:

mandist m Absolute search distance

Active pair

[ [o]4 ][ Cancel ][ Apply H Help ]

The Contact, Advanced page for the Plane Strain application mode.

You specify what search method to use in the Search method list. The default option is
Fast. Under some rare circumstances this method can fail to detect contact and find the
corresponding master points. Then select the more robust but slower option Direct
instead.

You have two options to calculate the contact tolerance: Automatic or Manual. That is,
at what distance between the two bodies they are regarded as being in contact (used
for friction and multiphysics contact). You select this from the Contact tolerance list.
Automatic means that the software calculates the tolerance from the size of the
bounding box of the total geometry. Manual means that you specify the value yourself
in the mantol edit field.

In a similar way as for the contact tolerance you have the option to specify the Search
distance. The search distance sets the radius from any slave point within which the
program looks for possible contact between the slave and master boundary. A shorter
distance speeds up the search algorithm because the vast majority of boundary
elements can quickly be excluded from the search process. But a too small value might
result in missed contact detection.

The Automatic setting means that the program calculates the search distance from the
size of the bounding box of the total geometry. If the total size of the geometry is not

representative for the size of the contact areas, you can use the Manual setting and
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specify the value yourself in the mandist edit field. A suitable search radius is usually on

the order of the largest mesh elements involved in the contact process.
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Fluid-Structure Interaction

The Fluid-Structure Interaction (FSI) predefined multiphysics coupling combines
fluid flow with structural mechanics by using a Moving Mesh (ALE) application mode
to capture the movement of the fluid domain. The structural mechanics application
mode uses the large-deformation option, and the fluid flow application mode enables
weak constraints that provide the fluid loads on the structure. The fluid flow
application mode is defined on an ALE frame, whereas the structural mechanics
application mode for the solid is defined on a reference frame. The FSI couplings
appear on the boundaries between the fluid and the solid, and there are also predefined
settings for the subdomain properties. These settings are grouped into easily

identifiable groups that you assign to the relevant subdomains and boundaries.

Theory Background

The fluid flow is described by the Navier-Stokes equations (Equation 6-1 in the
COMSOL Multiphysics Modeling Guide), which provide a solution for the velocity
field w. The total force exerted on the solid boundary by the fluid is the negative of

the reaction force on the fluid,

f=_n-@I+n(Vu+(Va))) (4-25)

where p denotes pressure, 1 the dynamic viscosity for the fluid, n the outward normal
to the boundary, and I the identity matrix. Because the Navier-Stokes equations are
solved in the spatial (deformed) coordinate system while the structural mechanics
application modes are defined in the reference (undeformed) coordinate system, a
transformation of the force is necessary. This is done according to

dv

F=f — (4-26)

av

where dv and dV are the mesh element scale factors for the spatial frame and the

reference frame, respectively.

The FSI predefined multiphysics coupling computes the reaction force on the fluid by
turning on the weak constraints option for the fluid application mode, which adds
Lagrange multipliers as additional dependent variables. Due to the derivatives present

in the boundary condition for the velocity field, non-ideal weak constraints are used.
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You can read about weak constraints in the section “Using Weak Constraints” on page
300 of the COMSOL Multiphysics Modeling Guide.

Application Mode Description

A combination of the following three application modes make up the FSI predefined
multiphysics coupling:
* A continuum application mode:
- DPlane Strain in 2D
- Axial Symmetry, Stress-Strain in 2D axisymmetry
- Solid, Stress-Strain in 3D
* Moving Mesh (ALE) from COMSOL Multiphysics

* The General Laminar Flow application mode, with non-ideal constraints and the
settings for incompressible Navier-Stokes (the application mode’s name with this
setting is Incompressible Navier-Stokes)

This section describes settings specific to the ESI predefined coupling.

PROPERTIES

The FSI predefined multiphysics coupling change some of the application mode
properties from their default settings according to the following table:

APPLICATION MODE PROPERTY SETTING
Continuum application modes Large deformation On
Moving Mesh (ALE) Smoothing method  Winslow
Weak constraint off
Incompressible Navier-Stokes Constraint type Non-ideal

ANALYSIS TYPE

There are two available analysis types in the Model Navigator, a static analysis that uses

the stationary solver and a transient analysis that uses the time-dependent solver.

FLUID-STRUCTURE INTERACTION
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SUBDOMAIN SETTINGS

From within the Subdomain Settings dialog box for each application mode, you can
assign a group of settings to each subdomain by selecting it from the Group list. The
following groups are available:

* Fluid domain. This group contains subdomain settings for the fluid domain.

- In the structural mechanics application mode, this group makes this application
mode inactive.

- In the Incompressible Navier-Stokes application mode, this group uses the
default properties for the fluid. Change these properties to match the fluid in
your model.

- In the Moving Mesh (ALE) application mode, this group defines free mesh

displacement
* Solid domain. This group contains subdomain settings for the solid domain.

- In the structural mechanics application mode, this group uses the default
properties for the solid. Change these properties to match the solid in your
model.

- In the fluid flow application mode, this group makes this application mode
inactive.

- Inthe Moving Mesh (ALE) application mode, this group defines physics-induced
mesh displacement using the displacements from the structural mechanics
application mode. Note that in 2D axisymmetry, these displacements are defined
as prescribed mesh displacements because the dependent variables in the Axial
Symmetry, Stress-Strain application mode differ from the actual displacements,
which instead are available as variables. The following table shows the applied

settings for the different space dimensions.

SPACE DIMENSION SELECTION EDIT FIELD  EXPRESSION
2D Physics induced displacement  dx u
dy v
3D Physics induced displacement  dx u
dy %
dz w
2D axial symmetry Prescribed displacement dr uaxi_smaxi
dz w
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BOUNDARY SETTINGS
You can apply predefined boundary settings by selecting a group from the Group list in
the Boundary Settings dialog box for the application modes. Each of the following

groups is available only in one of the application modes:

* Fluid load. This group, found in the structural mechanics application mode, defines
the fluid load on the structure using the variable for the total force per area times a
factor for the area effect, for example, T_x_mmglf*dvol_ale/dvol. The expression
includes a factor for the area effect because the total force variable comes from the
deformed mesh, whereas the forces in the structural mechanics application mode
must be based on the undeformed area. This factor is the mesh element scale factor
for the ALE frame divided by the mesh element scale factor for the reference frame.
Also, for axisymmetric models, an additional factor (R+uaxi) /R takes the radial

displacement into account.

* Structural velocity. This group, found in the fluid flow application mode, is only
applicable for transient analysis, where the time derivatives of the structural
displacements define the fluid’s velocity. Moving leaking wall is sct as Boundary

condition with components according to the following table.

SPACE DIMENSION EDIT FIELD EXPRESSION
2D Uy ut
Vw vt
3D Uy ut
Vw vt
Wiy wt
2D axial symmetry Uy uaxi_t_smaxi
\2 wt
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* Structural displacement. Use this setting in the Moving Mesh (ALE) application
mode at the boundaries of the solid domain. The settings define the mesh

displacements as the structural displacements, according to the table below.

SPACE DIMENSION EDITFIELD  EXPRESSION
2D dx u
dy v
3D dx u
dy v
dz w
2D axial symmetry  dr uaxi_smaxi
dz w

* Fixed. This group, found in the Moving Mesh (ALE) application mode, defines the
mesh displacements to be zero. Use this setting at the exterior boundaries of the

fluid domain.

In addition to the above predefined settings, you typically define standard boundary
conditions such an inflow velocities, slip, and no-slip conditions in the fluid flow
application mode and one or several fixed boundaries in the structural mechanics

application mode.

Example Model

“ALE Fluid-Structure Interaction” on page 294 in the MEMS Module Model Library

shows a transient 2D FSI simulation.
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Thermal-Structure Interaction

The Thermal-Structure Interaction predefined multiphysics coupling combines a
continuum application mode from the MEMS Module with a heat transfer application
mode from the Heat Transfer Module or COMSOL Multiphysics. The coupling
appears on the subdomain level, where the temperature from the heat transfer

application mode acts as a thermal load for the structural mechanics application mode.

Theory Background

Read about constitutive equations including thermal expansion in the section dealing
with the theory background for the continuum application modes, on page 164 of this
manual.

Application Mode Description

A combination of the following two application modes make up the
Thermal-Structure Interaction predefined coupling:
* A continuum application mode from the MEMS Module:

- DPlane Strain or Plane Stress in 2D

- Axial Symmetry, Stress-Strain in 2D axisymmetry

- Solid, Stress-Strain in 3D

* The General Heat Transfer application mode from the Heat Transfer Module, if

your license includes that module, or the Heat Transfer, Conduction application
mode from COMSOL Multiphysics

This section describes settings specific to the Thermal-Structure Interaction
predefined multiphysics coupling.

ANALYSIS TYPE
There are three available analysis types in the Model Navigator: a static analysis type,
which uses the stationary solver, and the transient and quasi-static analysis types, which

use the time-dependent solver.

SUBDOMAIN SETTINGS
Both application modes of this predefined multiphysics coupling are active on all

subdomains of the model. Thermal expansion is enabled for all subdomains in the
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structural mechanics application mode. In the graphical user interface, you can find
this on the Load page of the Subdomain Settings dialog box for the structural mechanics
application mode, where the predefined coupling automatically selects the Include
thermal expansion check box. On the same page, the expression in the Temp edit field
is the dependent variable for temperature from the heat transfer application mode,

typically T.

BOUNDARY SETTINGS

The Thermal-Structure Interaction predefined coupling does not define any coupled
constraints or loads on the boundaries. You can set those individually for the structural

and thermal analyses.

Example Model

See the model “Thermal Expansion in a MEMS Device Using the Material Library”
on page 227 of the MEMS Module Model Library for an example model that uses the

Thermal-Structure Interaction predefined multiphysics coupling.
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Contact Modeling

In the MEMS Module you can create models involving contact, with or without
friction, between parts. Contact is implemented based on the augmented Lagrangian
method, which is described on page 186. When modeling contact between structural
parts you need to set up contact pairs, which define where the parts may come into
contact. A contact pair consists of two sets of boundaries, which are the master
domains and the slave domains. The 2D and 3D structural continuum application
modes use the pairs to set up equations that prevent the slave boundaries to penetrate
the master boundaries. The present section provides some advice regarding important
aspects of creating contact models. You can find tips regarding solver settings for
contact models in the section “Solver Settings for Contact Modeling” on page 155.

On page 217 you can read about how to specify contact pairs and define the physics

for these in the graphical user interface.

When creating contact models it can often be to advantage to set up a prototype in 2D
before attempting a 3D model. Similarly it is often good to start using linear elements
to ease convergence toward a solution. When you have got this working, you can

switch to quadratic elements if you want to.

Constraints

Make sure that the bodies are sufficiently constrained, also in the initial position. If the
bodies are not in contact in the initial configuration, and there are no constraints on
the bodies, you have an underconstrained state. This causes the solver to fail. One way
to fix this problem is to set initial values for the displacement variables so that you have
a small penetration in the initial configuration. Another way is to use a

displacement-controlled model rather than a force-controlled one.

Contact Pairs

For efficiency, only include those boundaries that may actually come in contact in the
Y, only y y

slave. For the master, it is often a bit more efficient to make it so large that every slave

point “has” a corresponding master point. Note that the corresponding master point

is obtained by following the normal to the slave until it reaches the master.
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To decide which boundaries should be assigned as master and slave in a contact pair

consider the following guidelines:

e Make sure that the master boundary stiffness in the normal direction is higher than
the slave boundary stiffness. This is especially important if the difference in stiftness
is quite large, for example, over ten times larger. Keep also in mind that for
elasto-plastic or hyperelastic materials there can be a significant change in stiffness
during the solution process, and choose the master and slave boundaries
accordingly. For such materials you might have to also adjust the penalty factor as

the solution progresses.

* When the contacting parts have approximately the same stiffness, you can instead
consider the geometry of the boundaries. The master should be concave and the

slave convex rather than the opposite.

Once you have chosen the master and slave boundaries you should mesh the slave finer
than the master. Do not make the slave mesh just barely finer than the master because
this often causes unphysical oscillations in the contact pressure. Make the slave at least

two times finer than the master.

Boundary Settings for Contact Pairs

PENALTY FACTORS

Note that in the augmented Lagrangian method, the value of the penalty factor does
not affect the accuracy of the final solution, like it does in the penalty method. When
running into convergence problems, check the penalty parameters. If the iteration
process fails in some of the first augmented iterations, lower your penalty parameters.
If the model seems to converge but very slowly, consider increasing the maximum

value of your penalty parameters.

Increasing the penalty factor can lead to an ill-conditioned Jacobian matrix and
convergence problems in the Newton iterations. You can often see this by noting that
the damping factor becomes less than 1 for many Newton iterations. If this occurs,

decrease the penalty factors.

The default values for the penalty factors, using Young’s modulus, only work for linear
isotropic materials, for which the Young’s modulus is defined. For other types of
materials you need to substitute E with a suitable value or define it as a constant or
expression variable. For elasto-plastic materials you may find that the default value
works fine until there is a significant decrease in stiffness due to plastic deformation.

This can give rise to convergence problems for the nonlinear solver, since the penalty
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factor becomes too large. To aid convergence you can specify an expression for the

stiffness that depends for example on the solver parameter.

INITIAL VALUE

In force-controlled contact problems where no other stiffness prohibits the
deformation except the contact, the initial contact pressure is crucial for convergence.
If it is too low the parts might pass through each other in the first iteration. Ifit is too

high they never come into contact.

Multiphysics Contact

Multiphysics contact problems are often very ill-conditioned, which leads to
convergence problems for the nonlinear solver. For example, take heat transfer
through the contact area, where initially only one point is in contact. The solution for
the temperature is extremely sensitive to the size of the contact area (that is, the
problem to determine the temperature is ill-conditioned). Therefore it is important to
resolve the size of the contact area accurately, that is, to use a very fine mesh in the
contact area. If the contact area is larger, you do not need as fine mesh because then
the temperature solution is not that sensitive to the size of the contact area. If possible,

start with an initial configuration where the contact area is not very small.
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Coordinate Systems

It can be very useful to use different coordinate systems in situations such as when
specifying loads, constraints, and anisotropic materials, and when postprocessing the
results. The MEMS Module provides a number of different coordinate systems:

* A global coordinate system, where the geometry is created in 3D (x, y, 2).

* Alocal geometrical coordinate system, on 2D boundaries (¢, n) and on 3D faces
(t 1> 2, n)
» Application-mode specific coordinate systems: a shell coordinate system and a 3D

Euler beam coordinate system.

e A user-defined coordinate system.

To specify the coordinate system, select it from the Coordinate system list on the

Constraint, Load, and Material pages.

The following figure shows the Load page in the Boundary settings dialog box for the
Shell application mode.

Boundary Settings - Shell (smsh) lz=]
{ Boundaries || Grouusl | Material I Cunstraintl Load ‘ Damping i Postprocessing I Element I Init I |
Boundary selection Load settings
i 4 i ;
. i Coordinate system: | giop o coordinate system -
2
Quantity Value/Expression Unit Description
4 Fy ] Njm? Face load x-dir.
5 Fy 1e5 Nfm? Face load y-dir,
e 0 Njm? Face load z-dir,
M 0 (N-m)fm? Face moment x-dir,
M, 0 (N-m)fm? Face moment y-dir,
M, 0 (N-m)fm? Face moment z-dir,
@) Load is defined as force/area and moment/area
() Load is defined as force/volume and moment/volume using the thickness
[ Include thermal expansion
Temp (] K Strain kemperature
Tempref o K Strain ref. temperature
£ dr f K Temperature difference through shel

[7] Select by group

[7] Active in this domsin

[o]4 H Cancel || Apply H Help
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Global Coordinate System

You can use the global coordinate system in all application modes to specify loads and
constraints on all domain levels: points, edges, faces, and subdomains. It is the default
setting for loads and constraints in all application modes on all domain levels except

boundary constraints for the Mindlin plate application mode. The default name of the

space coordinates are the following for the different geometries:

GEOMETRY DEFAULT NAME OF SPACE COORDINATES
2D xyz
3D xXyz
Axial symmetry 2D roez

The name of the space coordinates can be changed when creating a geometry from the
Model Navigator, see “Creating Cartesian and Cylindrical Coordinate Systems” on
page 27 in COMSOL Multiphysics User’s Guide for details.

Local Geometrical Coordinate System

Boundaries in 2D and 3D have geometric variables describing the parametrization of
the geometry defined on them. These variables define directions that define a local

coordinate system that can be used when specifying loads and constraints.

In 2D the local geometrical coordinate system is (£, n), representing the tangential and
normal direction of the boundary. For interior boundaries and free edges this
coordinate system is right-oriented. For exterior boundaries the normal is always

directed out from the domain.

In 3D the local geometrical coordinate system is (£1, £9, 1) representing two tangential
directions and one normal direction. ¢1 and £9 depend on the parametrization of the
geometry. For interior boundaries and free faces this coordinate system is
right-oriented but not always orthogonal. For exterior boundaries the normal is always
directed out from the domain. Common applications for this coordinate system

include specifying pressure or normal displacement on a surface.

Note: ¢; and ¢9 depend on how the geometry was created and are usually

perpendicular to each other.

COORDINATE SYSTEMS
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Read more about this topic in “Geometric Variables” on page 165 in the COMSOL
Multiphysics User’s Guide.

The Constraint page in the Boundary settings dialog box for the Solid, Stress-Strain
application mode shows how local coordinate systems work.

Boundary Settings - Solid, Stress-Strain (smsld) |£|
Boundaries Groups Constraint | Load I
Boundary selection Constraint settings

Constraint condition: | prescribed displacement

Coordinate system: | Tangent and narmal coord. sys. (Epbn) i -

Constraint Value/Expression Unit Description

(@ Standard notation

ERy o " Constraint t1-dir,

ORe o m Constraint t2-dir,
m

Ry o Constraint n-dir.

() General natation, Hu=R

Group:
[] Select by group H Edit... 1 H Matrix
[] tnterior boundaries R Edit... i R Vector

[o]:4 ][ Cancel ][ Apply H Help

User-Defined Coordinate System

User-defined coordinate systems can be used on all domain levels in all application
modes. For the continuum application modes, they can define orthotropic and
anisotropic material properties in a coordinate system other than the global Cartesian

system.

Create a user-defined coordinate system by going to the Options menu and opening
the Coordinate systems settings dialog box. Depending on the active geometry, the
software creates a 2D or 3D coordinate system.
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2D GEOMETRY

Coordinate System Settings

Defined systems

Coordinate system 2 -

Coordinate system definition
@ Roktate x-axis

Angle between x-axes: |0

(7 ¥-axis direction vector
X companent: 1

component: 0

() Cylindrical coordinate system

Mew Coordinate System

Copy from:
Name: Coordinate system 2

[e=]

P

The New button opens the New coordinate system dialog box.

In the Copy from list you select from which existing coordinate system you want to copy

the coordinate-system settings.

In the Name edit field you enter the name of the coordinate system, and it is the name

that appears in all coordinate-system lists.

The software creates a coordinate system in one of three ways, which you control with

option buttons:

* Rotate x-axis The local xj-axis direction is specified using an angle (o) between the

global and local x-axes.

N Y
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* x-axis direction vector: The local xj-axis direction is specified using a direction vector
v.

n %

X1

Xg

* Cylindrical coordinate system A local cylindrical coordinate system (xj, y]) with origin
at (xq, yo) is specified.
N

x]

3D GEOMETRY

“

Coordinate System Settings

Defined systems Waorkplane | General
3D Coord sys o

(@ Define using workplane
Workplane: |Geom2 -
(@ Use workplane coordinate system
Rotate x-axis
Angle between x-axes: [0
¥-axis direction vector

x component: 1

y companent: o

() Cylindrical coordinate system

¥ coordinate of origin: |0

vy coordinate of origin: |0

[ [2] 4 ][ Cancel ][ Apply ]

The New button works in the same way as for the 2D geometry case.
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The software defines the coordinate system in two ways, which you control with the

Define using work plane and Define using global coordinates option buttons.

Define Using Work Plane
Define using work plane is enabled when a least one work plane /2D geometry exists.

Which work plane the local coordinate system is based upon is controlled from the

Work plane list.
Four options are available, which you control with option buttons:

* Use work plane coordinate system The local coordinate system is the same as the work
plane. You control the definition of the work plane by going to the Draw menu and
opening the Work-Plane Settings dialog box. Get details about the creation of work
planes in “Creating and Using 2D Work Planes” on page 59 in the COMSOL
Multiphysics User’s Guide.

* Rotate x-axis The local xj-axis direction is specified using an angle (o) between the

work planes x,p-axis and the local x;-axis.

y
N o

COORDINATE SYSTEMS |

141



* x-axis direction vector The local xj-axis direction is specified using a direction vector

U.

» Ywp

X1

xwp

* Cylindrical coordinate system A local cylindrical coordinate system (x, y;) with origin

at (xg, ¥o) in the work plane coordinates is specified.

N
X1
~
Ywp P -
~

+

(x0,Y0)

xwp
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Define Using Global Coordinates

Defined systems Workplane | General

3D Coord sys
“) Define using global coordinates

(@) Direction method X, ¥, Z components
x-axis direction vector: il o 0
xy-plane direction vector: o 1 0

() Rotation angle method X, ¥,  rokation angles
Consecutive rokation angles: |30 0 15

[ OK J [ Cancel ] I Apply ]

Coordinate System Settings =]

There are two different options available, which you control with option buttons:

* Direction method The local xj-axis direction is specified using a direction vector v ;.

The local xpy1-plane is specified using a direction vector Upjane Which is a vector lying

in the local xyy;-plane.
Y

Y1

Vaxi

COORDINATE SYSTEMS |

143



* Rotation angle method The local coordinate system (x1, y1, 2) is specified using three

consecutive rotation angles 8y, 6., 6,1

144 | CHAPTER 4: STRUCTURAL MECHANICS APPLICATION MODES



Damping

Damping is important in time-dependent and frequency response analysis. This section

describes how to model it in the MEMS Module using different damping models.

Rayleigh Damping

A common model for viscous damping is Rayleigh damping, where the damping is
assumed to be proportional to a linear combination of the stiffness and mass. To
illustrate this, consider a system with a single degree of freedom. The following
equation of motion describes the dynamics of such a system with viscous damping;:
2
du du
m= +cdt +ku = f(t).
In the Rayleigh damping model, the damping parameter c is expressed in terms of the

mass m and the stiffness % as
c = ogpm +Bygk
where o7 and B g are the mass and stiffness damping parameters, respectively.

The problem with the Rayleigh damping model is getting good values for the damping
parameters. A much more physical damping measure is the damping ratio—the ratio
between actual and critical damping, often expressed as a damping factor in percentage
of the critical damping. You can find commonly used values of damping factors in the

literature.

It is possible to transform damping factors to Rayleigh damping parameters. For a

specified damping factor & at a frequency f

(- Y5

Using this relationship at two frequencies f7 and f5 with different damping factors &;

and &y results in an equation system
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nfy Y loga| _ |81

‘%fz f, Bar| |52

Using the same damping factors £; and &y does not result in the same damping factors
in the interval. It can be shown that the damping parameters have the same damping
at the two frequencies and less damping in between, as you can see in the following

figure.

Damping factor

Rayleigh damping

Specified damping

Note: All Structural Mechanics application modes in the MEMS Module use nonzero
default values for oz, and Bgg. You must change these default values to meet the

specific modeling situation.

Loss Factor Damping

Loss factor damping (sometimes referred to as material or structural damping) takes
place when viscoelastic materials are modeled in the frequency domain. The complex
modulus G*(w) is the frequency-domain representation of the stress relaxation

function of viscoelastic material. It is defined as
G* = G'+jG" = (1 + )G’

where G' is the storage modulus, G" is the loss modulus, and their ration=G"/G" is

the Joss factor. The term G' defines the amount of stored energy for the applied strain,
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whereas G" defines the amount of energy dissipated as heat; G', G", and | can all be
frequency dependent.

In COMSOL Multiphysics, the loss information appears as a multiplier of the total

strain in the stress-strain relationship:
6 = D((1+jn)e—gy, —€y) + 0.

For hyperelastic material, the loss information appears as a multiplier in the first
Piola-Kirchhoff stress, P:

oW
P = (1+jn) g2

The loss factor damping is available for frequency response analysis in all application

modes, but it is not defined for elasto-plastic materials.

Equivalent Viscous Damping

Although equivalent viscous damping is independent of frequency, it is only possible
to use it in a frequency response analysis. Equivalent viscous damping also uses a loss
factor m as the damping parameter, but its implementation is different from the actual

loss factor damping.

The piezoelectric application modes have built-in support for this type of damping. For
the other application modes, you can model it using the stiffness damping parameter

Bak, defined as the loss factor, n, divided by the excitation frequency:

Buk = 57 =

n
®
You must also set the mass damping factor, o3y, to zero.

Explicit Damping

Another way to model damping is to specify it explicitly as a viscous force. In a transient
analysis you do so by specifying a force that depends on the velocities with opposite

signs:
F=-=—v

where v is the velocity vector
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and u; is the velocity component in the x direction, typically named ut.

By specifying damping locally, it is possible to define explicit damping on all domain
levels.

In a frequency response analysis you define explicit damping in a similar way, but the
name of the velocity variable changes and includes the application mode name, for

example, u_t_sms1d for the Solid, Stress-Strain application mode.

No Damping

To create an undamped model, you can also select to use No damping from the Damping
model list.

148 | CHAPTER 4: STRUCTURAL MECHANICS APPLICATION MODES



Symbols for Loads and Constraints

To make it easier to specify a model, you can choose to display load and constraint
symbols on a geometry. This is done automatically, but in some situations it might take
too long, so the software provides an option to deactivate the automatic update of
symbols. This option appears on the Visualization page in the Preferences dialog box.
To read more about that dialog box see the section “Saving Preferences for Labels,
Rendering, and Highlighting” on page 119 in the COMSOL Multiphysics User’s
Guide. In the Preferences dialog box you also have the option to select whether the
symbols from the current domain type or all domain types should be plotted. A manual
update of symbols is possible from the Options menu by selecting Update Symbols or by
clicking the Update Symbols button on the Visualization/Selection toolbar. Scaling the
size of the symbols is possible in the Visualization/Selection dialog box; see “Scaling of
Load and Constraint Symbols” on page 119 in the COMSOL Multiphysics User’s
Guide.

Load Symbols

You can plot load symbols on points, boundaries, edges, and subdomains. The loads

are normalized with respect to the maximum value within a domain type.

The following table lists all load symbols together with the application modes where

they appear.

LOAD SYMBOL DESCRIPTION APPLICATION MODES

Force at a point or in a subdomain. Plane Stress, Piezo Plane Stress,
Plane Strain, Piezo Plane Strain,

Axial Symmetry, Stress-Strain,
Piezo Axial Symmetry
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LOAD SYMBOL DESCRIPTION

APPLICATION MODES

Boundary force.

%
%
%
%
Force in the direction indicated by the
/ direction of the arrow.

Plane Stress, Piezo Plane Stress,
Plane Strain, Piezo Plane Strain,
Axial Symmetry, Stress-Strain,

Piezo Axial Symmetry

Solid, Stress-Strain,
Piezo Solid

Constraint Symbols

Constraint symbols can be plotted on points, boundaries, edges, and subdomains. The

following table lists all constraint symbols together with the application modes where

they appear.

CONSTRAINTS SYMBOL DESCRIPTION

APPLICATION MODE

Displacement constrained in the direction
indicated by the roller.

[

All degrees of freedom constrained.

o

Plane Stress, Piezo Plane Stress,
Plane Strain, Piezo Plane Strain,
Axial Symmetry, Stress-Strain,
Piezo Axial Symmetry

Plane Stress, Piezo Plane Stress,
Plane Strain, Piezo Plane Strain,
Axial Symmetry, Stress-Strain,
Piezo Axial Symmetry
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CONSTRAINTS SYMBOL

DESCRIPTION

APPLICATION MODE

Clamped edge, all degrees of freedom
constrained.

Displacements constrained in the
directions indicated by the arrows.

Plane Stress, Piezo Plane Stress,
Plane Strain, Piezo Plane Strain,
Axial Symmetry, Stress-Strain,
Piezo Axial Symmetry

Solid, Stress-Strain,
Piezo Solid
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A large number of possible solver settings are available in COMSOL Multiphysics. To
make it easier for you to select a solver and its associated solver parameters, the various
application modes use different default settings depending on the analysis type. In
some situations you must change the default settings. This section helps you select a
solver and its solver settings to solve structural mechanics and multiphysics problems.
Further details about all solver settings appear in the chapter “Solving the Model” on
page 359 in the COMSOL Multiphysics User’s Guide.

Symmetric Matrices

The Matrix symmetry list appears on the General page in the Solver Parameters dialog
box. Here you specify if the assembled matrices (stiffness matrix, mass matrix) resulting

from your equations are symmetric or not.

Normally the matrices from a single-physics structural mechanics problem are

symmetric, but there are exceptions:

* Multiphysics models solving for several physics simultaneously, for example, heat
transfer and structural mechanics. Solving for several structural mechanics
application modes, such as shells combined with beams, does not create

unsymmetric matrices.

» Elasto-plastic analysis.

One of the benefits of using the symmetric solvers is that they use less memory and are
faster. The default option is Automatic, which means the solver automatically detects if
the system is symmetric or not. Some solvers do not support symmetric matrices and
always solve the full system regardless of symmetry. The default solver in 2D,
UMFPACK, does not support symmetry—but it is faster than SPOOLES, the default
solver in 3D. SPOOLES uses less memory, but memory is usually not a major issue in
2D.

Note: Sclecting the Symmetric option for a model with unsymmetric matrices

produces incorrect results.
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Complex matrices can be unsymmetric, symmetric, or Hermitian. Hermitian matrices

do not appear in structural mechanics problems.

Note: Sclecting the Hermitian option for a model with complex-valued symmetric

matrices produces incorrect results.

Selecting Iterative Solvers

The Linear system solver list appears on the General page in the Solver Parameters dialog
box. The default solver is Direct (SPOOLES) in 3D and Direct (UMFPACK) in 2D. For large

problems (several hundred thousands or millions of degrees of freedom) it is beneficial

to use iterative solvers when possible to save time and memory. The drawback is that

they are more sensitive and might not converge if the mesh quality is low.

The iterative solvers have more options than the direct solvers. The following table

makes suggestions on which iterative solver and preconditioner to use for different

analyses for large problems.

ANALYSIS

LINEAR SYSTEM SOLVER

PRECONDITIONER

Static analysis, single physics

Quasi-static transient analysis, single
physics

Parametric analysis, single physics
Eigenfrequency analysis, single physics
Static analysis, multiphysics
Eigenfrequency analysis, multiphysics
Frequency response analysis
Elasto-plastic analysis

Time-dependent analysis

Conjugate gradients

Conjugate gradients

Conjugate gradients
Conjugate gradients
GMRES
GMRES
GMRES
GMRES

Conjugate gradients

Geometric

Geometric

Geometric
Geometric
Geometric
Geometric
Geometric
Geometric

Geometric

multigrid

multigrid

multigrid
multigrid
multigrid
multigrid
multigrid
multigrid

multigrid

Specifying a positive shift greater than the lowest eigenfrequency results in indefinite

matrices. The conjugate gradients iterative solver does not work for indefinite matrices.

Get more details about solver settings in Chapter 6, “Selecting a Solver,” in the

COMSOL Multiphysics User’s Guide.

SOLVER SETTINGS |

153



154 |

CHAPTER 4:

Note: Check the mesh quality when using the geometric multigrid (GMG)
preconditioner. It does not work well when using the option to scale the geometry
before meshing (on the Advanced tab in the Free Mesh Parameters dialog box). When

using extruded meshes, you might need to create the mesh cases manually.

The conjugate gradients solver does not work together with a mixed formulation
because it results in an indefinite stiffness matrix. For this type of problems the

following solver combinations work:

LINEAR SYSTEM SOLVER PRECONDITIONER SMOOTHER
GMRES GMG Vanka
GMG - Vanka
GMRES Incomplete LU -

When using the Vanka smoother for a mixed-formulation problem, specify the
pressure as the Vanka variable. Get more information about using the Vanka smoother
in the section “The Vanka Algorithm” on page 531 in the COMSOL Multiphysics
Reference Guide.

Specifying the Absolute Tolerance

The absolute-tolerance parameters used for time-dependent problems are very
problem specific. As a rule of thumb, set the absolute tolerance to be at least one order

of magnitude smaller than the typical displacement.

The default value is 0.001 for all solution components. When solving mixed problems
with both displacements and pressure, this default results in very small tolerance
conditions for the pressure. One way to help the solver is to specify individual tolerance
values for all solution components. This speeds up the solution and usually does not
affect the accuracy. For example, when solving a model using the 3D Solid,
Stress-Strain application mode for a mixed problem with a typical displacement
amplitude of 107° and an internal pressure amplitude of 105, specifyu 1e-7 v 1e-7
w 1e-7 p 1e3in the Absolute tolerance edit field (that is, use space-separated pairs of

variable names and the absolute tolerance for that variable).
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Solver Settings for Contact Modeling

You solve contact problems using the augmented Lagrangian method. The augmented
solution components are specified on the Stationary page in the Solver Parameters
dialog box. The augmented solution components are the contact pressure and the
friction traction components. By default the solver finds these components

automatically.

If the model includes friction, some solution components from the previous solution
step are needed. You specify these variables on the Parametric page in the Solver
Parameters dialog box. The components are the master coordinates, the contact
variable, and, if dynamic friction is modeled, the time. By default the program finds

these components automatically.

MANUAL SCALING

You need to use manual scaling if the parts are not in contact initially (initial value of
contact pressure is zero) or if the model includes friction. Select Manual from the Type
of scaling list on the Advanced page in the Solver Parameters dialog box. In the Manual
scaling edit field, enter the name of all the solution components together with their
approximate order of magnitude. For example, solving a plane stress problem with one
contact pair including friction, where the displacements in both directions are around
10_3, the contact pressure is around 1000, and the friction traction components are
around 100. Then enter u 1e-3 v 1e-3 Tn_cp1_smps 1000 Ttx_cpi1_smps 100
Tty_cp1_smps 100 (using space-separated pairs of variable names and scaling factors)

in the Manual scaling edit field.

To get the list of degrees of freedom in the model, go to the Solver Manager dialog box
and look at the Solve For page. For each degree of freedom, use a positive value that is
of the order of the typical value of that variable. You need not specify scaling factors
for the friction history variables containing _old, for instance
contact_cp1_old_smps, xm_old_cpi1_smps,ym_old_cpi_smps

You can read more about how to prevent ill-conditioned matrices by scaling of
variables and equations on page 497 of the COMSOL Multiphysics Reference Guide.

TOLERANCES
You find tolerance settings for both the augmented Lagrangian solver and the

nonlinear solver on the Stationary page of the Solver Parameters dialog box.

Specify the tolerance for the augmented Lagrangian solver (augtol) in the Tolerance

edit field under the Augmented Lagrangian solver group label. It controls the accuracy

SOLVER SETTINGS

155



156 |

CHAPTER 4:

of the so-called augmentation components T}, Ty, T}, (that is, the contact pressure
and the friction tractions). The accuracy in these components is the product of the
manual scaling value with augtol. For example, if the manual scale for T, is set to 108,
the default augtol = 1073 gives an error 108%1073 =10° or about 0.1% in T,.

The tolerance for the nonlinear solver (ntol) controls the accuracy of the displacement
variables (and other variables in a multiphysics model). You can change its value in the

Relative Tolerance cdit ficld in the Nonlinear settings arca.

Do not use a too coarse ntol, especially if the body is stiff, because this causes too large
errors in the determination of the contact tractions, which leads to nonconvergence in
the augmented Lagrangian iterations. You can estimate ntol by looking at the scaling

of the dependent variables and the penalty factors:

Tmin - augtol

Pmax - Umax

ntol <

where T'

'min denotes the minimum of the contact traction scales, py, .5 the maximum

penalty factor, and u,, the maximum of the displacement scale factors. For example,
for a material with Young’s modulus of 10! 1, a minimum mesh size of 10_2, and with

the manual scaling set to
u 1e-4 v 1e-3 Tn_cpi_smps 1e8 Ttx_cpi_smps 1e6 Tty_cpil_smps 1e6
using the default values for the penalty factors, the nonlinear tolerance is

10%. 1073

10%. 1072

-7

ntol < =10

AUGMENTED LAGRANGIAN SOLVER

You select the augmented Lagrangian solver from the Solver list on the Stationary page
of the Solver Parameters dialog box. This solver controls the updating of the contact
tractions in each augmented Lagrange iteration. Because these degrees of freedom are
rather few there is no performance issue here. The default lumped solver is used for 2D
problems because this gives less undershoots in the contact tractions at the ends of the
segments in contact. The lumped solver is an approximation that replaces the

boundary mass matrix with a lumped diagonal matrix.

In 3D, the UMFPACK solver is used as default because lumping does not work for

quadratic elements.
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Piezoelectric Application Modes

This chapter describes the application modes for modeling piezoelectric effects in
the MEMS Module.
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The Piezoelectric Effect

The piezoelectric effect manifests itself as a transfer of electric to mechanical energy
and vice-versa. It is observable in many crystalline materials, while some materials such
as quartz, Rochelle salt, and lead titanate zirconate ceramics display the phenomenon

strongly enough for the phenomenon to be of practical use.

The direct piezoelectric effect consists of an electric polarization in a fixed direction
when the piezoelectric crystal is deformed. The polarization is proportional to the

deformation and causes an electric potential difference over the crystal.

The inverse piezoelectric effect, on the other hand, constitutes the opposite of the
direct effect. This means that an applied potential difference induces a deformation of
the crystal.

PIEZOELECTRIC CONVENTIONS

The documentation and the user interface use piezoelectric conventions as far as
possible. These conventions differ from those used in other structural mechanics
application modes. For instance, the numbering of the shear components in the
stress-strain relation differs, as the following section describes. However, the names of
the stress and strain components remain the same as in the other structural mechanics

application modes.

Piezoelectric Constitutive Relations

It is possible to express the relation between the stress, strain, electric field, and electric

displacement field in either a stress-charge or strain-charge form:

STRESS-CHARGE

T =czS—c'E

D =eS+¢egE
STRAIN-CHARGE

S =s,T+d E

D = dT +¢epE
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The naming convention differs in piezoelectric theory compared to structural
mechanics theory, but the piezoelectric application modes use the structural mechanics
nomenclature. The strain is named € instead of S, and the stress is named o instead of
T. This makes the names consistent with those used in the other structural mechanics
application modes.

The numbering of the strain and stress components is also different in piezo and
structural mechanics theory, and it is quite important to keep track of this aspect in
order to give the correct material data. In structural mechanics the following is the
most common numbering convention, and it is also the one used in the other

structural mechanics application modes:

Oy &y &y

o = csZ e = 82 - 82
Tey Yey 2¢ xy
¥z Tyz 2 €yz
_sz_ sz_ _2 8xz_

In contrast, textbooks on piezoelectric effects and the IEEE standard on piezoelectric

effects use the following numbering convention:

Oy &y &y
o = GZ e = 82 - 82
Tyz Yyz 2£yz
TJC v4 Yx z 2 836' 4
[Ty Yey] 28y

The piezoelectric application modes employ the immediately preceding piezo
numbering convention to make it easier to work with materials data and avoid
mistakes.

The constitutive relation using COMSOL Multiphysics symbols for the different
constitutive forms are thus:
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STRESS-CHARGE
c = cEe—eTE

D = ee+gpe, JE

STRAIN-CHARGE
€= sEcs+dTE

D = do+gpe, L E

Most material data appears in the strain-charge form, and you can easily transform into
the stress-charge form. COMSOL Multiphysics allows you to use both constitutive
forms; simply select one, and COMSOL Multiphysics makes any necessary
transformations. The following equations transform strain-charge material data to

stress-charge data

|
Ck = SE

-1
e=d sg

Material Models

In addition to modeling piezoelectric materials, the Piezoelectric application mode
provides different material models for easier modeling of piezo components. This
means, that in the subdomain settings of the application mode, you can define the

material of each domain as:

 Diezoelectric

* Decoupled, isotropic

* Decoupled, anisotropic

The Piezoelectric material operates as described in the chapter above, whereas using

the two other material models, you can model structural and electrical problems or

either of them independently.

The structural part of the Decoupled, isotropic and Decoupled, anisotropic material
operates as the linear elastic material with small deformations as described in

“Structural Mechanics Application Modes” on page 59. However, the initial stress and
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strain and thermal expansion are not supported within the Piezoelectric application

mode.

For the Decoupled, isotropic material you define the material using the Young’s
modulus, E, and the Poisson ratio, v. For the Decoupled, anisotropic material you
define the full 6-by-6 elasticity matrix D. Note here, that you define D using the
standard structural mechanics ordering. Thus the ordering of the D is different from

the ordering of the piezoelectric cg matrix.

Depending on the value of the Electrostatics formulation property (See “Electrical
Formulations” below), the electrical part of the Decoupled, isotropic and Decoupled,

anisotropic material solves either the electrostatics equation:
-V (g4, VV) = p,

where € is the electrical permittivity of free space, €, is the relative electrical
permittivity, and p,, is the volume charge density, or the quasi-static electric currents

equation:

-V ((c,+joeye,)VV) = 0
where o, is the electrical conductivity of the material (note that ¢ is used also for the
structural stress vector).

In frequency response analysis the conductivity appears also into the electrostatics

equation:

-V ((;0—‘; + sosr)VV) =p,

and thus you can define and use conductivity of the material independently of the

Electrostatics formulation property.

For a Decoupled, isotropic material you define €, and o, as scalars, but for a Decoupled,

anisotropic material you define them as 3-by-3 matrices.

Electrical Formulations

The default formulation of the equations in the Piezoelectric application modes is such
that the resulting equation system with piezoelectric material is symmetric. This allows

reduced memory requirements with solvers that utilize symmetry information.
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The drawback of this design is that by default the Piezoelectric application modes are
not electrically compatible with the Electrostatics application mode found in the
AC/DC Module and the MEMS Module, nor is it compatible with the Quasi-Statics
-Electric, Electric currents application modes in the AC/DC Module.

The Piezoelectric application modes support an application mode property,
Electrostatics formulation, which makes them compatible with the electrostatic or
quasi-static application modes so that it is possible to couple them in a model. The

Electrostatics formulation property has the following choices:

e Symmetric, Electrostatics: The default implementation creates a symmetric equation
system, but the application mode is not compatible with the other application

modes.

¢ Unsymmetric, Electrostatics: This implementation creates an unsymmetric equation

system which is compatible with the Electrostatics application modes.

e Unsymmetric, Electric currents: This implementation creates an unsymmetric
equation system which is compatible with the Quasistatics - Electric, Electric

currents application modes.

At the equation level the difference between these formulation is the following. The
default formulation is that the variational electrical energy is written using a positive

sign:

sWe = [(D- E)dQ

Here D is the electric displacement vector, and E is the test function for the Electric

field. Q is the integration domain.

On the other hand, the formulation compatible with the Electrostatics application

mode uses variational electrical energy with the negative sign:
SWe = —J'(D -E)dQ

Finally, the electric currents formulation uses the following variational electrical

energy:
sWe = [(J- VV)dQ

where J is the electric current density vector, and VV is the test function for the

potential gradient.
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The use of the Unsymmetric, electric currents formulation sets certain limitations: you
cannot model any charges, and any boundary conditions that use charges or electric
displacement are written in terms of electric current. Also, this formulation only

appears in the frequency response analysis.
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The Piezoelectric Application Modes

This section describes the interface for defining a model using the piezoelectric

application modes:

e Piezo Solid (in 3D)

e DPiezo Plane Stress (in 2D)
¢ DPiezo Plane Strain (in 2D)

* DPiezo Axial Symmetry (in axisymmetric 2D)
It consists of the following sections:

* “Application Mode Properties” (the next section)
e “Scalar Variables” on page 165

e “Material Properties” on page 166

e “Electric Boundary Conditions” on page 176

* “Constraints” on page 180

e “Loads and Charges” on page 182

e “Structural Damping” on page 184

Application Mode Properties

To set or examine material properties, go to the Physics menu and open the Application

Mode Properties dialog box.

Application Mode Properties (=]

Properties

Default element type: Lagrange - Quadratic -
Analysis type: Frequencyresponse ...} v |
Specify eigenvalues using: |Eigenfrequency -
Electrostatics formulation: | Symmetric, Electrostatic -
Weak constraints: Off -
Constraint bype: Ideal -

{ OK I I Cancel J I Help I

Here you control various global settings for the model, which include:

* Default element type: A list of elements, where the selection becomes the default on

all new subdomains. The default is to use second-order Lagrange elements.
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* Analysis type: A list of analyses to perform. It affects both the equations and which
solver to use with the Auto select solver option in the Solver Parameters dialog box.
The default is static analysis. You can also select transient, eigenfrequency, damped

eigenfrequency, and frequency response analysis types.
* Specify eigenvalues using: A list controlling whether the application mode works with
cigenvalues or eigenfrequencies.
* Electrostatics formulation: Sclect the electrical formulation to use:
- Symmetric, Electrostatic: the default setting.
- Unsymmetric, Electrostatic: for compatibility with the Electrostatics application

mode.

- Unsymmetric, Electric currents: for compatibility with the application modes for
electric currents in the AC/DC Module (Electric Currents in 3D, In-Plane
Electric Currents in 2D, and Meridional Electric Currents in 2D axial symmetry).

Available for frequency response analysis.

* Weak constraints: Controls whether or not weak constraints are active Use weak
constraints for accurate reaction-force computation. When weak constraints are
enabled, all constraints are weak by default, but it is possible to change this setting
for individual domains.

* Constraint type: Constraints can be ideal or nonideal (see “Ideal vs. Non-Ideal
Constraints” on page 301 in the COMSOL Multiphysics Modeling Guide).

Scalar Varviables

The piezoelectric application modes have the following scalar variables:.

PROPERTY  VARIABLE DEFAULT SIUNIT  DESCRIPTION

€ epsilon0 8.854187817e-12 F/m Permittivity of vacuum

f freq 1e6 Hz Excitation frequency

Jjo jomega -lambda rad/s  Complex angular frequency
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You control the scalar variables by going to the Physics menu and opening the

Application Scalar Variables dialog box.

Application Scalar Variables &= ]
MName Expression Unit  Description
Freq_smpzad e |Hz  [Excitation frequency |
epsilon0_smpz3d |8.BS41E?81?e-12 |FJ‘m ‘Permittiuity' of vacuum ‘

Synchronize equivalent variables

I oK ][ Cancel ][ Apply H Help ]

The excitation frequency (the frequency of the harmonic forces, potential, and
displacement) is available only for frequency response analysis. The equations and
documentation describing frequency response use the angular excitation frequency,
o = 2nf, which is available as the variable omega. The complex angular frequency is

available for eigenfrequency analysis and damped eigenfrequency analysis.

When you select Frequency response as the analysis type, the default solver is the
parametric solver. This default makes it easy to perform a frequency sweep over several
excitation frequencies in one analysis. In this case enter freq as the Parameter name on
the General page in the Solver Parameters dialog box. The values you enter in the
Parameter values cdit field override the excitation frequency you might have entered in

the Application Scalar Variables dialog box.

Material Properties

The Subdomain Settings window has two pages where you define the material
properties: the Structural page and the Electrical page. On top of both pages you find
the Library material list and the Load button for importing and selecting data from the
material libraries and the Material model list for selecting the material model for each
domain. These settings are shared between the pages, and if you change the Structural
page, the settings change also on the Electrical page. Note that loading a material from
a material library does not change the material model, so you need to change it

manually in the Material model list to match the type of material.

Everything else you see and define on the pages depends on the material model you

select. Setting for different material model are described in the following chapters.
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SUBDOMAIN SETTINGS FOR PIEZOELECTRIC MATERIAL

The piezoelectric material is a complete structural-electrical material, and thus you

define all piezoelectric material properties on the Structural page.

Subdomain Settings - Piezo Solid (smpz3d) 3
§Suhdnmams§| Groupsl Structural ‘ Electrical | Constraint I Load | Charge | Damping | Init I Element I ‘
Subdomain selzction Structural settings
Library material: - Load...
Material madsl: Piezoelectric -
Constitutive form: |Stress-charge form
Coordinate system: | Global coordinate system
Quantity Value,/Expression Unit Description
Group: e C.fm2 Coupling matrix
[ Select by group s 1 Relative permittivity
Active in this domain [} 7750 Jg/m? Density
I [o]:4 ] [ Cancel ] [ Apply ] I Help ]

The Structural page has two lists in 3D, three lists in 2D, and three lists in axial

symmetry:

* Constitutive form: Select the constitutive form from those in the following list.
Depending on the selection, different material properties are shown in the dialog

box.

- Stress-charge form: Define the constitutive relation of the material on the
stress-charge form through the cg, e, and €,,g matrices. The previous figure shows
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the Material page for stress-charge, while the following figure shows the Elasticity

matrix dialog box for entering the cg matrix.

Elasticity matrix (Ordering: x, y, 2, yz, ¥z, xy) [z=]
|1~.272l]$a!1 _B_‘UZIEZEI_D_ :S_AE\?[]E;[U 0 =lll 0
0 0 ] 0
o jo i
2 25686210 o C
o o o |2.28886210 o
] o (1] 0 0 2.34742e10

The figure below shows the Relative permittivity dialog box for entering the €,g

matrix components.

Relative permittivity =]
L704.40 0 0
0 1704.40 0
0 0 1433.61

- Strain-charge form: You define the constitutive relation of the material on the

strain-charge form through the sg, d, and €, matrices (see page 160 for details).

The following figure shows the Material page for strain-charge.

Subdomain Settings - Piezo Solid (smpz3d) [=]
Subdomains | Groups Structural | Electrical I Conskraint | Load | Charge I Damping I Init | Element | |
Subdomain selection Structural settings

Library material: [ -
Material madsl: Pigzoslectric -
Constitutive Form:
Coordinate system: | Global coordinate system -
Quantity Value/Expression Unit Description
[ Select by group &7 1 Relstive permittivity
Active in this domain o 7500 kgfm® Density
[ QK ] I Cancel I [ Apply ] [ Help ]

The next graphic shows the Coupling matrix, strain-charge form dialog box for

entering the d matrix components.

Coupling matrix =]
p lo o o [741e-12 0
0 o 0 74le-12 o 0
-274e-12 -274e-12 {593e-12 0 0 0

* Material orientation (2D and axisymmetry only): Here you select how the 3D
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material properties are oriented relative the 2D /axial symmetric analysis plane.
There are six options: xy, ¥z, zx, yx, 2y, and the default xz-plane. The plane
represents how the 3D material is oriented relative the 2D /axial symmetric analysis
plane: The first letter indicates which 3D direction coincides with the x direction in
2D or the r direction for axisymmetry; the second letter indicates which 3D
direction coincides with the y direction in 2D or the z direction for axisymmetry.
The material coordinates names are fixed and do not depend of the names of the
space coordinates (independent variables), which have different defaults in 2D and

axial symmetry.

Y Y Y
Yy z x
X X X
x y z
Z Z Z
xy yz zx
z x y
Y Y Y
x y
z x
X X X
y z x
Z yx Z zy Z xz (default)

Figure 5-1:Orientation of 3D material xyz relative the 2D analysis coordinate system XYZ.
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X y ¥4

yx zy xz (default)

Figure 5-2: Orientation of 3D materialxyz relative the axisymmetric analysis coordinate
systemr @ Z.

* Coordinate system: Sclect the coordinate system where the material properties are
defined. This choice is useful if you want to define the material in a coordinate
system other than the global system, or if you need results in a local coordinate
system for postprocessing. The Coordinate system list contains only the global
coordinate system unless you have made available a user-defined coordinate system.
You find the Coordinate System Settings dialog box on the Options menu. Read more
about creating a coordinate system and how to use it in “Coordinate Systems” on
page 136.

The following table shows the material properties for the union of all constitutive

forms and all piezoelectric application modes.

PARAMETER  VARIABLE DESCRIPTION CONSTITUTIVE FORM
CE CElk Elasticity matrix Stress-charge
SE SE1k Compliance matrix Strain-charge
e eik Coupling matrix, stress-charge form Stress-charge
d Coupling matrix, strain-charge form Strain-charge
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PARAMETER  VARIABLE DESCRIPTION CONSTITUTIVE FORM

€. Relative permittivity matrix, Stress-charge
stress-charge form

&7 Relative permittivity matrix, Strain-charge
strain-charge form

p rho Density All

th thickness Thickness of the geometry (2D only) Al

Elasticity matrix defines the stress-strain relation matrix cg
o = CES
where o is the stress, and € is the strain.

Coupling matrix defines the piezo coupling matrix e used in the stress-charge form of

the constitutive equation
G = cpe- ¢'E
where o is the stress, € is the strain, and E is the electric field.
Compliance matrix defines the strain-stress relation matrix sg
€ = spC
where G is the stress, and € is the strain.

Coupling matrix defines the piezo coupling matrix d used in the strain-charge form of

the constitutive equation
T
€ =sp0+d E
where © is the stress, € is the strain, and E is the electric field.

Relative permittivity the relative permittivity, €,g and €, appears in the constitutive

relation on stress-charge and strain-charge forms, respectively.

D = ee+¢ye,gE

D = do +¢4e,pE

THE PIEZOELECTRIC APPLICATION MODES |

171



172 |

CHAPTER 5:

Density this material property, p, specifies the material’s density.

Thickness this material property, thickness, specifies the material’s thickness and
appears in 2D only.

SUBDOMAIN SETTINGS FOR DECOUPLED, ISOTROPIC MATERIAL
With this material model you specify material properties on the Structural page and the
Electrical page.

You define the structural material properties on the Structural page:

Subdormain Settings - Piezo Solid (smpz3d) =]
m Structural | Electrical I Constraint | Load | Charge I Damping I Tnit | Elernent | |
Subdomain selection Structural settings
Library material: -
Material model: Decoupled, isotropic | -

Enable structural equation

Quantity Value/Expression Unit Description
E 2.0el1 Pa  vaung's madulus
Group: . 0.33 L Paisson's ratio
[] Select by group
/| Active in this domain p 7500 m® Density
kg
[ oK ] [ Cancel ] [ Apply ] [ Help ]

On the first row after the Material Model list you find the Enable structural equation
check box. Use this check box to activate the structural equation or inactivate it to
model only electrical problems. By default the Enable structural equation check box is
selected. If this setting is selected you can define the following structural material

properties:

Young’s modulus  This material property, E, is the modulus of elasticity of the material.
It is used to form the elasticity matrix D for the stress strain relationship as described

in the chapter “Material Models” on page 160.

Poisson’s ratio This material property, v, defines the contraction of the structure in the
perpendicular direction. It is used to form the elasticity matrix D for the stress strain

relationship as described in the chapter “Material Models” on page 160.

Density this material property, p, specifies the material’s density.
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Thickness this material property, thickness, specifies the material’s thickness and
appears in 2D only.

You define the electrical material properties on the Electrical page:

Subdomain Settings - Piezo Solid (smpz3d) [==]
Subdomains | Groups Structura\l Electrical ‘ Canstraint I Load | Charge | Damping | Init I Element I ‘
Subdomain selzction Electrical settings

Library material: -

Material model:

Enable electrical equation

Quantity Value,/Expression Unit Description
Z 1 1 Relative permittivity
Group: a 5,997 SIM  Electric conductivity
[ Select by group
Active in this domain
I oK ] [ Cancel ] [ Apply ] I Help ]

On the first row after the Material Model list you find the Enable electrical equation check
box. Use this check box to activate the electrical equation or inactivate it to model only
structural problems. If you select it and clear the Enable structural equation check box,
only the electrical equation is active. By default the Enable electrical equation check box
is selected. If this setting is selected you can define the following electrical material

properties:

Relative permittivity This material property, €,, defines the isotropic relative electrical

permittivity of the material.

Electric conductivity This material property, o, defines the isotropic electrical

conductivity of the material. This setting only appears for frequency response analysis.

Thickness this material property, thickness, specifies the material’s thickness and

appears in 2D only.

SUBDOMAIN SETTINGS FOR DECOUPLED, ANISOTROPIC MATERIAL
With this material model you specify material properties on the Structural page and the

Electrical page.
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You define the structural material properties on the Structural page:

Subdomains | Groups

Subdomain Settings - Piezo Solid (smpz3d)

=]

Structural | Electrical I Constraint | Load | Charge I Damping I Init | Element |

Subdamain selection

Group:
[] Select by group
Active in this domain

Structural settings

- Load...

Decoupled, anisotropic, ]

Library material: [
Material model:
Enable structural equation

Coordinate system: | Global coordinate system =
Quantity Value/Expression Unit Description

Elasticity matrix

p 7500 kgjm? Density

[ QK H Cancel ][ Apply ][

Help

)

On the first row after the Material Model list you find the Enable structural equation

check box. Use this check box to activate the structural equation or inactivate it to

model only electrical problems. By default, Enable structural equation is selected. If this

setting is selected you can define the following structural material properties:

Material orientation (2D and axisymmetry only): Here you select how the 3D material

properties are oriented relative the 2D /axial symmetric analysis plane. There are six

options: xy, yz, 2x, yx, 2y, and the default xz. This setting works the way same as for

the piezoelectric material (See description on page 168).

Coordinate system Sclect the coordinate system where the material properties are

defined. This setting works the way same as for the piezoelectric material (See

description on page 170).

Elasticity matrix This material property, D, defines the elasticity matrix of the

anisotropic material (See “Material Models” on page 160.). You define D as a

symmetric 6-by-6 matrix:

Elasticity matrix (Ordering: x, y, 2, xy, yz, xz)

27205211 8.02122e10
) 1.27205e11
10

8.46702e10
8.46702e10
1.17436e11
0
o

0
0
0
2.

29886210

Jleleao

29886e10

0
0
0
0
0
2

34742210

OK | Cancel

Density this material property, p, specifies the material’s density.
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Thickness this material property, thickness, specifies the material’s thickness and
appears in 2D only.

You define the electrical material properties on the Electrical page:

Subdomain Settings - Piezo Solid (smpz3d) [==]
Subdomains | Groups Structura\l Electrical ‘ Canstraint I Load | Charge | Damping | Init I Element I ‘
Subdomain selzction Electrical settings

Library material:

Material model:

Enable electrical equation

Coordinate system: | Global coordinate system

Quantity Value/Expression Unit Description
Z L Relative permittivity
Group: @ SIm  Electric conductivity
[ Select by group
Active in this domain
I [o]:4 ] [ Cancel ] [ Apply ] I Help ]

On the first row after the Material Model list you find the Enable electrical equation check
box. Use this check box to activate the electrical equation or inactivate it to model only
structural problems. By default Enable electrical equation is selected. If this setting is

selected you can define the following electrical material properties:

Material orientation (2D and axisymmetry only) This is the same setting as the
Material orientation in the Structural page.

Coordinate system This is the same setting as the Coordinate system on the Structural
page.

Relative permittivity This material property, €,., defines the anisotropic relative

electrical permittivity of the material. You define €, using a symmetric 3-by-3 matrix:

Relative permittivity =]
I 0 ]
] 1 0
0 o 1
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Electric conductivity This material property, o, defines the anisotropic electrical

conductivity of the material. This setting only appears for frequency response analysis.

You define ¢ using a symmetric 3-by-3 matrix:

Electric conductivity

=]

F.09e7 0

0 5.99e7

0
0
5.99e7

Thickness this material property, thickness, specifies the material’s thickness and

appears in 2D only.

PIEZOELECTRIC MATERIALS PROPERTIES LIBRARY

Alibrary of about 25 common piezoelectric materials is available through the Materials/

Coefficients Library dialog box. For more information about these materials, see

“Piezoelectric Material Properties Library” on page 321.

Electric Boundary Conditions

The electric boundary conditions in the piezoelectric application modes depend on the

setting of the Electrostatics formulation property in the Application Mode Properties

dialog box. You specify the electric boundary conditions on the Electric BC page in the

Boundary Settings dialog box.

Boundaies | Groups|

Boundary Settings - Piezo Solid (smpz3d)

|Constramt Luadi Electric BC | |

Boundary selection

Group:
[] Select by group

[7] Interior boundaries

Electric boundary conditions

Boundary condition:  Elaciric pafential

Name

Yo

Value/Expression
o

iw

Unit Description

v

Electric potential

I

oK

H Cancel ][ Apply ]l

Help

I

The Electric BC page also has a Boundary condition list where you select the type of

electric boundary condition; the software enables different edit fields depending on

the selected type.
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BOUNDARY CONDITIONS FOR ELECTROSTATICS
For the Unsymmetric, Electrostatic and Symmetric, Electrostatic formulations, the

boundary conditions include:

Electric Displacement
n-D=n D,

This boundary condition specifies the normal component of the electric displacement

at a boundary. Enter the components of the electric displacement Dy,.

Surface Charge
-n-D = p,, n-(D;-D,) = p,

This boundary condition specifies the surface charge density pg at an exterior boundary
(left equation) or at the interior boundary between two media with electric

displacement Dy and Dy, respectively.

Zero Charge/Symmetry
n-D=20

This boundary condition specifies that the normal component of the electric
displacement is zero. The Zero charge /Symmetry boundary condition is also useful at

symmetry boundaries where the potential is symmetric with respect to the boundary.

Electric Potential
V=YV,

This boundary condition specifies the voltage V| at the boundary. Because the
application mode computes the electric potential, you must define its value at some

boundary in the geometry to be fully determined.

Ground
V=0

This boundary condition is a special case of the previous one specifying zero potential.
The Ground boundary condition is also be useful at symmetry boundaries, where the

potential is antisymmetric with respect to the boundary.

Continuity
n-(D;-D,) =0
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This boundary condition specifies that the normal component of the electric

displacement is continuous across an interior boundary or across a boundary between
a piezoelectric and an electrostatic domain if you use the Unsymmetric, Electrostatic
formulation. Using the Symmetric, Electrostatic formulation the Continuity condition

is only available for interior boundaries, where it is the default.

Floating Potential
This condition the potential on the boundary to a spatially constant value such that the

total charge on the boundary equals the user defined total charge Q:
j ps = QO
0Q

You also define the group index, which defines how the boundaries are grouped in to

a set of electrodes.

Axial Symmetry

E, =0
JE,
o -0

This boundary condition is the natural Neumann boundary condition, which you use
on the z-axis (r = 0) to maintain the symmetry conditions. The Axial Symmetry

boundary condition is available only in the Piezo Axial Symmetry application mode.

BOUNDARY CONDITIONS FOR ELECTRIC CURRENTS
For the Unsymmetric, Electric currents formulations, the boundary conditions

include:

Ground
V=0

This boundary condition is a special case of the previous one specifying zero potential.
The Ground boundary condition is also be useful at symmetry boundaries, where the

potential is antisymmetric with respect to the boundary.

Electric Potential
V=YV,
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This boundary condition specifies the voltage V| at the boundary. Because the
application mode computes the electric potential, you must define its value at some

boundary in the geometry to be fully determined.
Current Flow

n-J=n-dJ,

This boundary condition specifies the current flow. Enter the components of the

current density J.
Inward Current Flow

-n-J=4J,

This boundary condition specifies the normal current density </, at an exterior

boundary.

Electric Insulation

This boundary condition specifies that the normal component of the electric current

is zero; that is, the boundary is electrically insulated.

Current Source

The current source boundary condition

n-(J,-dy) =dJ,
is applicable to interior boundaries that represent either a source or a sink of current.
Continuity

n-(J;-dy) =0

This boundary condition specifies that the normal component of the electric current
is continuous across the interior boundary (where it is the default setting) or across a

boundary between a piezoelectric and an domain with electric currents.

Floating Potential
This condition the potential on the boundary to a spatially constant value such that the

total current through the boundary equals the user defined total current Iy:

j—n.J=10
20Q
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You also define the group index, which defines how the boundaries are grouped in to

a set of electrodes.

Axial Symmetry
This boundary condition is the natural Neumann boundary condition, which you use
on the z-axis (r = 0) to maintain the symmetry conditions. The Axial Symmetry

boundary condition is available only in the Piezo Axial Symmetry application mode.

CONVERSION OF ELECTRIC BOUNDARY CONDITIONS

Some boundary conditions are applicable only for the formulations for electrostatics,
whereas others apply only to the formulation for electric currents. Table 5-1 contains
the boundary conditions that the software converts when changing from one

formulation to the other:

TABLE 5-1: BOUNDARY CONDITION CONVERSIONS

BOUNDARY CONDITION FOR ELECTROSTATICS BOUNDARY CONDITION FOR ELECTRIC CURRENTS

Electric displacement Current flow

Zero charge/Symmetry Electric insulation
Surface charge (exterior boundaries) Inward current flow
Surface charge (interior boundaries) Current source
Constraints

A constraint specifies the displacement or potential of certain parts of a structure. You
can define constraints for the displacements on all domain levels including points,
edges, faces/boundaries, and subdomains (in 3D), and points, boundaries, and
subdomains (in 2D). In addition, you can define constraints for the potential on points
and edges in 3D, and for points in 2D. To control them, go to the Constraint page in
the Subdomain/Boundary/Edge /Point Settings dialog boxes, and set constraints on
boundaries from the Electric BC page. The following figure shows the Boundary Settings
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dialog box for the Piezo Solid application mode, but the page has the same appearance
in all piezoelectric application modes.

Boundary Settings - Piezo Solid (smpz3d) =1
Boundaries | Gmupsi Constraint | Load | Electric BC I ‘
Boundary selection Constraint settings

Constraint condition: [pofier

Coordinate system:

Prescribed displacement
[Symmetry plane i3
-y symmetry plane

lv-z symmetry plane
[x-2 symmetry plane

Group:

[ Select by group

[ Interior boundaries

[ oK H Cancel ][ Apply ” Help 1

Use the Constraint condition list in this dialog box to select the type of constraint that
you want to define. See “Constraints” on page 96 for details.

The Coordinate system list lets you control in which coordinate system you want the
constraint defined. Available options are:

* Global coordinate system

* Tangent and normal coordinate system, available only on boundaries

* User-defined coordinate systems, if any local coordinate systems are defined. (Read

more about creating a coordinate system in the section “Coordinate Systems” on
page 136.)

When you select Prescribed displacement a number of new options appears in the dialog
box and the Constraint page takes on this appearance:

Boundary Settings - Piezo Solid (smpz3d) =]
Boundaries | Gmupsl Constraint | Load | Electric BC I
Boundary selection Constraint settings
Constraint condition: | Sraseriber |spa‘c‘é‘mai;\'t§ =
Coardinate system: | giopa) coordinate system -
Constraint Value/Expression Unit Description
FIR, f = Constraint -dir,
EIRy o e Constraint y-dir,
Group: o
@R, 3e-6 Constraint z-dir.
|| Select by group .
[ Interior boundaries
[ oK ] | Cancel I [ Apply ] [ Help

The Constraint page showing the prescribed displacement options.
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The check boxes adjacent to the Ry, Ry, and R, edit ficlds activate the constraint,

whereupon you enter the value /expression of the displacement (the default value is 0).

In a frequency response analysis you have the possibility to specify not only a harmonic
displacement but also a harmonic velocity or acceleration. You specify the Prescribed

velocity and Prescribed acceleration in the same way as Prescribed displacement.

Boundary Settings - Piezo Solid (smpz3d) =]
Boundarias rémupsl Constraint | Load | Electric Ba |
Boundary selection Constraint settings
Constraint condition: =
Coordinate system: Global coordinate system -
Constraint Value,/Expression Unit Description
1Y, 0 mis Velacity x dir.
Evy 0 mfs Velocity y dir,
Group:
- Y, Je-6 mis Velodity z dir.
[ select by group
[7] Interior boundaries
I oK ] ‘ Cancel ] [ Apply ] l Help

Constraint page showing the prescribed velocity settings.

Loads and Charges

Load is a general name for forces applied to a structure. You can specify loads on all
domain types. To do so, click the Load tab in the Boundary Settings dialog boxes or the
Load/Charge tab in the Subdomain Settings, Edge Settings, and Point Settings dialog
boxes, where you can also specify a charge density. The formulation for electric
currents does not include charges, so in that case, the name of the tab is Load also in
the Subdomain Settings, Edge Settings, and Point Settings dialog boxes. The following
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image shows the Edge Settings dialog box for the Piezo Solid application mode, but the

tab looks similar on all domain levels in all piezoelectric application modes.

Edge Settings - Piezo Selid (smpz3d)

=]

| Edges’| Groups| | Constraint | Load | Charge
Edge selzction Load charge settings
1 Coordinate system: :G\obal coordinate system v:
; Quantity Value/Expression Unit  Description
[ 0 Njm  Edge load {Force[length) x-dir.
5 s 185 Njm  Edge load {Force/length) y-dir.
i F, 0 Njm  Edge load (Force/length) z-dir.
Q 0 Clm  Line charge density
Group:
[ Select by group
QK ] [ Cancel ] [ Apply ] [ Help

SPECIFYING LOADS

For plane stress and plane strain, option buttons allow you to specify the load in

different ways using the thickness. The following table summarizes the options for

defining loads on different domains in different application modes; the SI unit appears

in parenthesis.

APPLICATION MODE

POINT

EDGE

BOUNDARY

SUBDOMAIN

Plane Stress,
Plane Strain

Axial symmetry

Solid

force (N)

total force alo

ng the

circumferential (N)

force (N)

force/length force/area (N/m2)

(N/m)

force/area (N/m2) or
force/length (N/m)

force/area (N/m2)

force/volume (N/m3)
or force/area (N/mz)

force/volume (N/ms)

force/volume (N/m3)

With the Coordinate system list you control in which coordinate system the load is

defined. Available options are:

* Global coordinate system

* Tangent and normal coordinate system, only available on boundaries

* User-defined coordinate systems, if there are any local coordinate systems defined.

Read more about creation of coordinate system in the coordinate system section.

SPECIFYING CHARGES

You can specify a charge on the Edge/Point level when you use a formulation for

electrostatics. For plane stress and plane strain, option buttons allow you to specify the

charge in different ways using the thickness. The following table summarizes the
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options for defining charge on different domains in different application modes; the SI

units appears in parenthesis.

APPLICATION MODE  POINT EDGE SUBDOMAIN
Plane Stress, charge (C) charge/volume (C/m3)
Plane Strain or charge/area (C/m2)
Axial symmetry total charge along charge density (C/m3)
the circumferential
©
Solid force (C) charge/length  charge density (C/m3)
(C/m)

To specify charge density on boundaries, click the Electric BC tab.

Structural Damping

For time-dependent analysis, you can specify viscous damping (structural damping)
using Rayleigh damping, where the damping matrix is specified to be proportional to

the mass and stiffness matrix:
C = oM+ ByK

For frequency response analysis you can specify viscous damping using either Rayleigh

damping, loss factor damping, or equivalent viscous damping.
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To specify structural damping parameters, go to the Damping page in the Subdomain
Settings dialog box, and choose the type of damping model from the Damping model
list. The layout of the dialog box changes for each damping model.

Subdomain Settings - Piezo Solid (smpz3d) =]
Subdomains | Groups Structural | Elzctrical | Constraint I Load | Chargal Damping ‘ Init I Element I ‘
Subdomain selzction Structural damping settings
! i Damping madel: | goe Fartor
; Quantity Value/Expression Unit Description
= = n 0.05 1 Loss Factar
S
; L4
il
9 -

Group:
[ Select by aroup
Active in this domain
[ [o]4 ] [ Cancel ] [ Apply ] [ Help

The Damping page when loss factor damping is selected.

Note: Loss factor damping and equivalent viscous damping are valid only for
frequency response analysis. If you choose a transient analysis and either of these
damping types, COMSOL Multiphysics solves the model with no damping.

Table 5-2 and the following text describe the parameters that define damping;:

TABLE 5-2: PARAMETERS FOR DAMPING MODELS

PARAMETER  VARIABLE DESCRIPTION DAMPING MODEL

Olgmr alphadm Mass-damping parameter Rayleigh

Bar betadK Stiffness-damping parameter  Rayleigh

n eta Loss factor Loss factor, Equivalent viscous

Mass damping parameter Defines the Rayleigh damping model’s mass damping, o gp4.

Stiffness damping parameter Defines the Rayleigh damping model’s stiftness
damping, Byx-

Loss factor Defines the loss factor 1 for the loss factor damping and equivalent viscous
damping models.
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The Piezo Solid Application Mode

Use the Piezo Solid application mode for analysis of 3D structures that exhibit

piezoelectric effects.

VARIABLES AND SPACE DIMENSIONS
The degrees of freedom (dependent variables) are the global displacements u, v, and

w in the global x, y, and z directions, and the electric potential, V.

PDE FORMULATION
The implementation of this application mode uses the principle of virtual work,

described in general terms in the section “Implementation” on page 81.

APPLICATION MODE VARIABLES

For information about available application mode variables, see “Piezoelectric
Application Modes” on page 28 in the MEMS Module Reference Guide.

The Piezo Plane Stress Application Mode

Use the Piezo Plane Stress application mode to analyze thin in-plane loaded plates that

exhibit piezoelectric effects.

VARIABLES AND SPACE DIMENSIONS
The degrees of freedom (dependent variables) are the global displacements z and v in

the global x and y directions, and the electric potential V.

PDE FORMULATION
The implementation of this application mode uses the principle of virtual work, which

this manual describes in general terms in the section “Implementation” on page 81.

Application Mode Parameters
For details about the application mode parameters that define the loads, charges,
material properties, constraints, and electric boundary conditions, see the sections

carlier in this chapter.

APPLICATION MODE VARIABLES

For information about available application mode variables, see “Piezoelectric
Application Modes” on page 29 in the MEMS Module Reference Guide.
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The Piezo Plane Strain Application Mode

Use the Piezo Plane Strain application mode to compute the global displacements (u,
v) in the x and y directions and the electric potential for a piezoelectric structure in a
state of plane strain. The plane strain condition assumes that the €, €,,, and g,

components of the strain tensor are zero.

VARIABLES AND SPACE DIMENSIONS
The degrees of freedom (dependent variables) are the global displacements z and v in
the global x and y directions, and the electric potential V.

PDE FORMULATION

The implementation of this application mode uses the principle of virtual work,
described in general terms in the section “Implementation” on page 81.Application
Mode Parameters

For details about the application mode parameters that define the loads, charges,
material properties, constraints, and electric boundary conditions, see the sections

carlier in this chapter.

APPLICATION MODE VARIABLES

For information about available application mode variables, see “Piezoelectric
Application Modes” on page 29 in the MEMS Module Reference Guide.

The Piezo Axial Symmetry Application Mode

Use the Piezo Axial Symmetry application mode to analyze axisymmetric models of

materials showing piezoelectric effects.

This application mode uses cylindrical the coordinates r, ¢ (phi), and z. It solves the
equations for the global displacement (uz, w) in the r and z directions. It assumes that

the displacement v in the @ direction together with the t and Yoz

re> T(pz b Yr(p b
components of the stresses and strains are zero. Loads are independent of ¢, and it

allows loads only in the r and 2z directions.

You can consider the domain where the software solves the equations as the
intersection between the original axially symmetric 3D solid and the half plane ¢ = 0,

r 2 0. Therefore it is necessary to draw the geometry only in the half plane r 2 0. The
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software recovers the original 3D solid by rotating the 2D geometry about the z-axis

as seen in the following figure:

The strain-displacement relations for the axial symmetry case for small displacements

arc:

_ow _du  Jdw

u
£ = — g, = = £, = — = =
r == 32 Y2 = 52 Tor

To avoid division by r (which causes problems on the axis, where r = 0), the program
automatically transforms the equations by multiplying by 7. When using the principle
of virtual work, you normally do not think of this multiplication as a transformation

but merely as an integration around the circumference. Integrating over the volume,
you must multiply the integrand by 2n7. The application mode introduces and solves

for a new dependent variable
u
uor = =
-

instead of the true radial displacement, u.

Note: r = 0 is the symmetry axis. x -> 7 and y -> z in the Piezo Axial Symmetry,

application mode.
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VARIABLES AND SPACE DIMENSIONS
The degrees of freedom (dependent variables) are uor the radial displacement divided
by  and w the global displacement in the z direction and the electric potential V.

PDE FORMULATION
The implementation of this application mode uses the principle of virtual work,

described in general terms in the section “Implementation” on page 81.

Application Mode Parameters
For details about the application mode parameters that define the loads, charges,
material properties, constraints, and electric boundary conditions, see the sections

carlier in this chapter.

APPLICATION MODE VARIABLES

For information about available application mode variables, see “Piezoelectric
Application Modes” on page 29 in the MEMS Module Reference Guide.
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Film Damping Application Modes

Fiim damping often appears in microsystems, where a narrow gas film surrounds
vibrating structures. It is an important factor in accelerometers and resonators. Film
damping can be an unwanted phenomenon, but it can also be used for adjusting
the transient operation of a component. When a structure’s movement is mostly
along its boundary normals, resulting in compression of the gas film, one usually
refers to squeezed film damping. Tangential movements result in sliide film

damping or, looking from another perspective, the film is used for lubrication.

The Film Damping application mode allows you to model squeezed film damping,
slide film damping, or their combination using the modified Reynolds equation.
This application mode is a boundary mode, that is, if you draw a block in 3D, the
application mode simulates the gas film outside the block. You can use this
application mode to model the pressure distribution in the gas film. You can also
do coupled analyses, where you model the film damping and structural problems

simultaneously, with the film pressure acting as a boundary load on the structure.

For squeezed film damping, the Film Damping application mode can model
structures with as well as without perforations, the former by adding

perforation-specific extensions to the modified Reynolds equation.
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The Film Damping application mode is available in 2D, 3D, and 2D axisymmetry.
There are also three predefined multiphysics couplings—DPlane Strain with Film
Damping, Solid, Stress-Strain with Film Damping, and Axial Symmetry, Stress-Strain

with Film Damping—facilitating the creation of coupled models.
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Theory Background

Conditions for Film Damping

The drawing in Figure 6-1 shows an example system where film damping is expected
to appear: a thin channel of fluid located between two moving structures. The upper
structure is here referred to as the moving structure, whose damping is of interest, and
the lower one is referred to as the channel base. Both structures can be in arbitrary
motion but one usually distinguishes between squeezed film damping for mostly
normal movements and slide film damping (or lubrication) for mostly tangential

movements.

The gas film poses two kinds of forces to the moving structure. Initially both structures
are surrounded by gas with a constant pressure p,, and the gas can freely move into
and out of the gap. Due to the movements (normal displacement and tangential
velocity) of the structures, an additional and usually time-dependent pressure
component, the film pressure py, appears in the gas inside the gap. Thus an effective
force equal to F,, = —npyaffects the structure in the normal direction (n is the normal
unit vector from the structure to the fluid). Another force that affects the moving
structure is the viscous drag force of the fluid F;, which resists the tangential

movement of the structure.

a
Moving structure
P =Pa x=x(0)+d
u=dx/dt
Pl F=F,+F; Nch

I
h(t)=ho+ Ah(t) p(t) =p,+ pA?)

Channel base
x0 = X(0) + dy,

g = dXO/dt

Figure 6-1: Squeezed film damping takes place when a navvow gas film is located between
a fixed and a moving structure.

In MEMS devices, the aspect ratios are very large, which means that the relative

dimensions of the system are such that the horizontal dimension, a, is always much
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larger than the gap, or film thickness, 4. It follows that the inertial effects in the fluid
are negligible compared to the viscous effects (below MHz frequencies), the pressure
is constant over the film thickness, and the velocity has a parabolic profile. Also, it can
be assumed that the curvature of the channel is small and that the channel boundaries
are almost parallel. Furthermore, owing to the small thickness of the gas film, the fluid

is practically always isothermal.

Given these assumptions, solving the full gas flow problem—described by the
Navier-Stokes equations in the gap—reduces to solving the Reynolds equation in the
channel boundary. The classical Reynolds equation is valid for large-scale problems. In
microsystems, where the continuum assumption often is not valid, you can use a
so-called modified Reynolds equation that also covers the rarefied gas effects taking

place at the microscale.

The Modified Reynolds Equation

The following equation shows the time-dependent formulation of the modified
Reynolds equation (Ref. 1, Ref. 2, and Ref. 3). It solves the film-pressure variation, pg,
in the gap:

dh)

3 _ dpg
vV, (h Qcthtpf—anh(ut+u0’t)) = 120 Eh +p=-

ar (6-1)

In this equation, kA = hg + Ah(¢) is the air gap’s height consisting of the initial gap and
the deformation in the normal direction of the boundary, n denotes the fluid viscosity
at normal conditions, and p = p, + p¢is the total fluid pressure consisting of the initial /
ambient pressure and the variation. The term @, is the relative flow rate function that
accounts for the rarefied gas effects (See “Rarefaction and Slip Effects” on page 197.)
The subscript ¢ in V, refers to the fact that this equation is solved on a boundary and
that all gradients are computed using the tangential derivatives along the boundary. w,
and ug ; are the tangential velocities of the moving structure and the channel base,

respectively.

For modeling the frequency response of a microsystem, a linearized equation is used:
3 . hg

V, (hy Q4 V,pe—6Mhy(u, + u, t)) = Ju)12n(pfp— + Ah) (6-2)
’ a

where pp and Ak correspond to complex pressure variation and gap deformation,
respectively, that vary with angular frequency, ®. Also, u; and v ; are the complex

valued tangential velocities of the moving structure and the channel base, respectively.
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Equation 6-1 and Equation 6-2 give two representations of the full formulation of
the modified Reynolds equation. For slide film damping, it is often possible to make
the simplifying assumption that the gap height A is constant in time. Then, A in
Equation 6-1 can be replaced by A and the time derivative dh/dt vanishes, as does the
Ah term in Equation 6-2.

For squeezed film damping (Ref. 4, Ref. 5, and Ref. 6), a common assumption is that
the tangential velocity components are zero. Thus, the second term under the
divergence disappears from the squeezed film formulation of the modified Reynolds

equation.

An important measure of the validity of the Reynolds equation to is the squeeze
number G (Ref. 1, Ref. 2):

_ 12na’0

(¢}
2
pahO

where a is a typical horizontal dimension of the moving structure. In order that the
Reynolds equation would properly describe the flow problem in the thin gas film 6

must be much smaller the one: 0 << 1.

Structural Loads

The boundary adjacent to the gas film experiences forces in normal and tangential
directions. The normal load results directly from the pressure load p¢ (assuming that

the ambient pressure surrounds the body elsewhere):
F,=-np¢
where n is the outward pointing normal of the structure.

The tangential load results from the viscosity of the fluid and the velocity distribution
over the film thickness. The validity of the Reynolds equation assumes that the fluid
has parabolic velocity profile over the film thickness. Thus, rarefied gas the load

expression is:

u;,—-U,

Fi= " aTogm VP

and where continuum assumption holds:
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u —uo, h
Ft = _ntTt_évtpf

Here u; and ug are the tangential velocities of the boundary, and channel base,
respectively.

Gas Outflow Conditions

When the system’s aspect ratio is very large, a valid assumption is that the film-pressure
variation vanishes at the end of the channel. Thus, the corresponding end condition is
p¢=0.

If the aspect ratio is not very large, this condition is no longer valid, and the pressure
variation continues outside of the gap. For these cases you can use a so-called boundary
flow condition (Ref. 5),

b
ng - Ve = A_—If, (6-3)

where the elongation AL is the distance where pg goes to zero outside the boundary
assuming that the pressure drop is linear. The elongation AL can be a constant or it can
be relative to the gap:

Py
n, Vpr= —= (6-4)
ch f ALr h
Here, ngy, is the outflow normal from the flow channel, as shown in Figure 6-1.

Table 6-1 summarizes the relative boundary elongation values for linear and torsional
dampers from Ref. 5. This data especially concerns the squeezed film damping.

TABLE 6-1: RELATIVE ELONGATION FOR DIFFERENT ASPECT RATIONS

ASPECT RATIO  RELATIVE ELONGATION (AL/h)

alh LINEAR TORSIONAL
4 0.8275 1.971

8 0.727 1.002

16 0.6805 0.791

32 0.659 0.7115
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Rarefaction and Slip Effects

MEASURES OF RAREFACTION
There are several ways to identify the rarefaction level of the gas in the gap. The
Knudsen number in the gap, Kn, is given by

Kn=]7—;

where A is the mean free path of the gas molecules at pressure p, + py, and A is the local

gap height. A is defined by

A= APy, 0
b,t+ps

where A is the mean free path defined at constant pressure p, .

The scaled Knudsen number, Ks, is a product of the slip coefficient, 6,,, and Knudsen
number, Kn (Ref. 5):

Ks =cpKn.

The slip coefficient, 6y, is defined by

aav(1.016—0.1211(1—0cv)) (6-5)

v

o, =
where o, is the tangential momentum accommodation coefficient. For rough surfaces
with diffuse molecular reflection o, = 1, but for polished surfaces o, < 1. In this
example assume that both boundaries of the gap have the same a, value or that o,

represents their average effect.

Another measure of the gas rarefaction is the scaled inverse Knudsen number, D (Ref.
7):
N
D=
2Kn

When modeling with time-dependent analysis, these parameters are always computed
for the system’s instantaneous state, but for frequency-response analysis these

parameters are constants and correspond to the initial conditions: Ak =0, pg=0.
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RELATIVE FLOW RATE

The relative flow rate function, @y, describes how the viscous flow within the narrow
gap changes when the continuum assumption is not valid or if the no-slip condition
for the flow is not the best assumption. The following list gives four alternative

formulations of the relative flow function.

No-slip model: @, is a constant and the continuum assumption holds (Ref. 4):

Qep =1 (6-6)

Slip model: @, is a function of Ks. This model assumes minor rarefaction so that the

no slip condition in the channel boundaries is not valid (Ref. 4, Ref. 5):

Q., = 1+6Ks (6-7)

Model I: @, is a function of Ks. For this model, the modified Reynolds equation is
valid with 5% accuracy for 0 <Kn <880 (Ref. 7):

1.159

Q,., = 1+9.638Ks (6-8)

Model 2: @, is a function of D and a.. For this model, the modified Reynolds equation
is valid with 1% accuracy for D 2 0.01 (Kn < 88.6) and 0.7<a <1 (Ref. 7):

-0.83
6 1 o 7.8(1-) 3.840.D
Qp =1+—F——In(z+4.1)+ + +
c ¥p s D 115D  p,0.08D%*% 1+1.12D%7
(6-9)

Modified Reynolds Equation for Perforated Structures

It is possible to extend the squeezed film formulation of the modified Reynolds
equation to cases where the moving structure has perforations (Ref. 5, Ref. 6).
Sometimes this is referred to as the extended Reynolds equation. The time-dependent

form of the modified Reynolds equation with perforation effects is given by

dp

dh
V, (D, QupVipp = 12n(C, -+ p

P +thAph) .

In general, this equation uses the same definitions as Equation 6-1 without tangential

velocity components, but the terms Dy, Cj,, and Y}, are extensions specific to
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perforated structures: relative diffusivity, velative compressibility, and perforation
admittance, respectively. The last term in the equation represents the flow through
the perforations, and it depends on the pressure difference over the perforations. A

valid assumption for a system such as that of the type in Figure 6-1 is that Apj, = py.

Depending on their assigned values, Dy, Cy,, and Y}, can represent an average value of
perforations of a perforation distribution (the homogenized method, Ref. 6), or they
can be assigned separately on hole-by-hole basis (the Perforation Profile Reynolds or
PPR method, Ref. 8). Setting D, =1, Cj, =1, and Y}, =0, the equation (Equation 6-1)

for nonperforated structures results.

Here also the frequency-response analysis uses the following linearized equation:

h

3 .

V, (Dyhy Q. Vipp) = Ju)12n<Chpf;)—0 +Ah) +12nY, Ap,,
a

Geometry Orientations

The Film Damping application mode calculates the film-thickness variation as the
difference of the normal displacements of the moving structure and the channel base
dh =-d, —d ,, where the ‘-’ sign emphasizes that the film gets narrower for

boundary deformation toward the fluid.

The normal deformation, on the other hand, is a product of the boundary normal (n

and ng) and the boundary deformation (d and dg) of the structure and the channel

base. The implementation of the Film Damping application mode assumes that the

film boundaries are parallel so that the two normals are parallel but have opposite signs:
=-ng Thus,

The orientation of the normal vector n has also an effect on how to view the relative

locations of the structures in Figure 6-1.

If you use simple blocks, the normal n always points out of the structure. Thus the
fixed surface is also outside of the structure. But if the geometry consists only of a
single boundary, the n vector always points along the positive coordinate directions.
Thus, for a boundary on the xy-plane, the fixed surface resides on top of the boundary.
Also, if the geometry consists of several blocks, the n vector always points along the

positive coordinate directions for all interior boundaries. If you want to assign film
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damping on these boundaries, be careful to have the correct sign on the components
ofn.
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The Film Damping Application Mode

This section describes the user interfaces and other details of the Film Damping
application mode in the MEMS Module, reviewing the following parameters:

* Variables and space dimensions

e Properties

* Scalar variables

* Boundary settings

* Edge and point settings

* Application mode variables

Variables and Space Dimensions

The Film Damping application mode is available in 2D, 2D axisymmetric, and 3D
geometries. This application mode is a boundary mode, which means that the
boundary level is the highest level where this application mode has equations and user
interfaces; it does not have any user interfaces or equations at the subdomain level.
Using boundary equations, this application mode models the pressure in a narrow flow

channel that is assumed to reside just outside of the boundary.

This application mode has only one dependent variable, the gas film pressure, ps.
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Properties

The following figure shows the Application Mode Properties dialog box of the Film
Damping application mode (choose Physics>Properties). Here you control global

settings for a model:

Application Mode Properties &=

Properties

Default element bype: ia

Analysis type: Time dependznt -

Weak constraints: Off -
Constraint type: _Ideal - |
I QK I I Cancel I { Help J

Application mode properties for the Film Damping application mode.

* Default element type: The selected element type is the default for all new film
damping boundaries, and it does not affect any boundaries already created.

Available elements are:
- Lagrange - Linear
- Lagrange - Quadratic
- Lagrange - Cubic
- Lagrange - Quartic
- Lagrange - Quintic
* Analysis type: This list shows the analyses you can perform:
- Time dependent (the default)
- Frequency response

If a model couples film damping to a structural application mode, you must use the
same analysis type in both application modes—the software does not synchronize

the analysis types between application modes.

* Weak constraints: This list controls if the model includes weak constraints or not.
The default setting is Off.

* Constraint type: Choose the type of constraint in the model by selecting Ideal (the
default) or Non-ideal from this list (see “Ideal vs. Non-Ideal Constraints” on page
301 in the COMSOL Multiphysics Modeling Guide).
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Scalar Varviables

The following figure shows the Application Scalar Variables dialog box for the Film
Damping application mode (choose Physics>Scalar Variables to open). This dialog box

is available only if you have selected a frequency-response analysis.

Application Scalar Variables [&2]

MName Expression Unit Description

Freq_mmFd 1000 Hz Excitation frequency

Synchronize equivalent variables

[ QK H Cancel H Apply ][ Help ]

The Application Scalar Varviables dialog box when analysis type is frequency response.

The Film Damping application mode has only one scalar variable: The excitation
frequency in frequency-response analysis. If you create a model that couples structural
and Film Damping application modes, you should write freq_smps to the expression
field (see that the ending correspond to the structural mode you use) and clear the
Synchronize equivalent variables check box. This way the parametric sweep of

freg_smps uses the same frequency values for both application modes.

Boundary Settings

The Boundary Settings dialog box has four tabbed pages: on the Settings page you
define the material for the fluid as well as the dimensions and deformation of the
channel; on the Init page you define the initial value for the dependent variable; on the
Element page you define the element to use; and on the Color/Style page you define

colors for the boundary groups.
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The following figure shows the Settings page in 3D:

Boundary Settings - Film Damping (mmfd) =1
Eqguation
,(hy?Q,y,¥,BF) = L2nju(pFhy o, +4h)
Q= QufParhy)

 Boundatiss | Groups | Settings | Init | Elemeant | |
Boundary selection Gas film settings
2 Damping bype: Squeezad fim -
Quantity Value/Expression Unit Description
_ dx, dy, dz a 0 i) m Boundary deformation
dox, doy, doz o 0 0 m Channel base deformation
hy le-5 m Initial film thickness
Pa 100 Fa  Ambient pressure
?\u 1e-7 m Mean free path at Pya
Pio 101325 Pa  Reference pressure For P\n
n 2e-5 Pa:s  Dynamic viscosity
a, 1 1 Tangential momentum accommodation coeff,
Qp Madel 1 - Relative flow rate function
[ Use perforation effects
Group:
[] Select by group
[V] Active in this domain

oK H Cancel H Apply || Help

Film damping boundary settings.

The following list shows the parameters that you can define on the Settings page:

* Damping type: define the formulation of the modified Reynolds equation. Available
options are Squeezed film, Slide film, and Full Reynolds. Each will set the form of the
Reynolds equation as described in the chapter “The Modified Reynolds Equation”
on page 194.

* Boundary deformation (dx, dy, dz): define the boundary deformation. From these
values the application mode calculates the normal deformation and the tangential
velocity of the boundary.

* Channel base deformation (d0x, d0y, d0z): define the boundary deformation of the
opposite side of the film. From these values the application mode calculates the

normal deformation and the tangential velocity of the channel base boundary.

* Initial film thickness (hg): defines the initial gap height, which can have spatial
variations.

* Ambient pressure (pp): defines the system’s ambient pressure.

FILM DAMPING APPLICATION MODES



Mean free path at p, , (Ag): defines the mean free path of the gas molecules at the

reference pressure, py g -
Reference pressure for Ag (p, g ): defines the reference pressure for A.
Dynamic viscosity (1)): defines the gas’ dynamic viscosity.

Tangential momentum accommodation coeff. (o, ): defines the tangential momentum

accommodation coefficient for the gas molecule-boundary interaction.

Relative flow rate function (Q.,): from this list you can select the relative flow-rate

function to be used. Available choices are No slip, Slip, Model I, Model 2, and User

defined according to the equations in the chapter “Relative flow rate” on page 198.

User-defined Q.p, (Qcp,yu): this setting is not shown by default. It becomes visible when

you select User defined from the Relative flow rate function list.

Use perforation effects: activating this check box allows you to define perforation
settings, as described in the chapter “Modified Reynolds Equation for Perforated
Structures” on page 198. This selection is available only if you are modeling

squeezed film damping.

If you have activated the Use perforation effects check box you will have four more

parameters to define:

- Perforation coefficients (Dy, C,, Yp,): define a perforated structure’s relative

diffusivity, relative compressibility, and perforation admittance, respectively.

- Perforation pressure difference (Apy,): defines the pressure difference over the

perforation.
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Edge and Point Settings

The Reynolds equation requires end conditions for the fluid flow, conditions that are
defined on the edge level in 3D and on the point level in 2D. The following figure
shows the Edge Settings dialog box for a 3D model.

Edge Settings - Film Damping (mmfd) =]
Equation
pf=0
Conditions
Gas film end conditions
End condition: | Zerg pressure -
Quantity Value/Expression Unit Description
AL 0.7e-5 m Absolute border elongation
aL 0.7 L Relative border elongation
Peo o Pa  Film pressure variation
Group:
[] Select by aroup
[ oK ] [ Cancel I I Apply ] [ Help ]

The Edyge Settings dialog box for the Film Damping application mode.

The following list details the settings you can define in edge and point settings dialog
box:

* End condition: from this list you can select the edge /point condition. Available
choices in all geometry types are:
- Zero pressure: Defines pr= 0 on the edge/point.
- Pressure: Defines py=p¢ on the edge/point.

- Border flow: Defines the pressure gradient according to Equation 6-3 or

Equation 6-4 on page 196.
- Closed/Symmetry: Defines -n - Vp, = 0 condition on the edge/point.

- Neutral: Removes any equations from the equation system. This condition is
intended for internal edges in 3D, for pair and for periodic conditions.

- In 2D axial symmetry you can also select Axial symmetry condition for points on
the axial symmetry line.

The End condition list is available only on edges/point where the film damping

boundary (and thus the channel) ends. The list is inactive for any other edge /point

between two film damping boundaries.
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* Absolute border elongation (AL): if you have selected the Border flow condition you

can define absolute elongation.

* Relative border elongation (AL,): if you have selected the Border flow condition you

can define relative elongation.

* Film pressure variation (pgg): if you have selected the Pressure condition you can

define pressure variations.

Application Mode Variables

A number of variables and physical quantities are available for postprocessing and for
use in equations and boundary conditions. For information of these variables see “Film
Damping Application Modes” on page 66 in the MEMS Module Reference Guide.
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Predefined Structural-Film Damping
Multiphysics Couplings

Solid, Stress-Strain with Film Damping

Solid, Stress-Strain with Film Damping is a predefined multiphysics coupling that
combines the Solid, Stress-Strain and the Film Damping application modes from the
MEMS Module. You find this predefined coupling in the list of application modes
under MEMS Module>Structural Mechanics in the Model Navigator when the space

dimension is 3D.

There is a 2-way coupling on the boundaries of the application modes: the structural

deformation enters the film damping application mode, and the solved film pressure

appears as a boundary load on the structural boundaries.

When building a model, you work with predefined boundary groups: cither select Film
damping or No damping groups. In addition, you should assign the same group on both
application modes. Initially (in the default group) all structural boundaries are free, and
the Film Damping application mode is inactive on all boundaries. Thus you only need

to activate film damping on selected boundaries to get started. A detailed description

of the predefined boundary groups is available in Table 6-2 and Table 6-3.

By default, Solid, Stress-Strain is the ruling application mode of the two modes. Thus
the Analysis list in the Solver Parameters dialog box shows the analyses available for the

structural mode. When you change the analysis type, you also need the change the type

for the Film Damping application mode: Select Film damping (mmfd) from the

Multiphysics menu, then go to Physics>Properties and change the analysis type.

When you work with frequency-response analysis and run a frequency sweep with the

parametric solver, the solver sweeps through the structural frequency freq_smsld by

default. Consequently, you must synchronize the frequency variables of these
application modes. To do this, follow these steps:

I From the Physics menu, select Scalar Variables.

2 In the dialog that opens, clear the Synchronize equivalent variables check box.
3 In the Expression ficld for freq_mmfd, type freq_smsld.

4 Click OK.
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TABLE 6-2: PREDEFINED GROUPS FOR FILM DAMPING APPLICATION MODE

DEFAULT
Active in this domain off
Boundary deformation dx, dy, dz 000

NO DAMPING
Active in this domain off
Boundary deformation dx, dy, dz 000

FILM DAMPING
Active in this domain on
Boundary deformation dx, dy, dz uvw

TABLE 6-3: PREDEFINED GROUPS FOR SOLID, STRESS-STRAIN APPLICATION MODE. LOAD ARE DEFINED IN THE
LOAD TAB OF THE BOUNDARY SETTINGS DIALOG.

DEFAULT
Fy 0
Fy 0
F, 0

NO DAMPING
Fy 0
Fy 0
F, 0

FILM DAMPING
Fy F_x_mmglf
Fy F_y_mmglf
F F_z mmglf

4

Plane Strain with Film Damping

Plane Strain with Film Damping is a predefined multiphysics coupling that combines
the Plane Strain and the Film Damping application modes from the MEMS Module.
You can find this in the list of application modes in the MEMS Module>Structural

Mechanics folder in the Model Navigator when the space dimension is 2D.
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This is the 2D version of the Solid, Stress-Strain with Film Damping application mode.
Thus, for a detailed description about the predefined groups and analysis types, see the
just described section “Solid, Stress-Strain with Film Damping” on page 208. Also,
when reading that material, keep in mind that the default abbreviation of the Plane

Strain application mode is _smpn.

Axial Symmetry, Stress-Strain with Film Damping

Axial Symmetry, Stress-Strain with Film Damping is a predefined multiphysics
coupling that combines the Axial Symmetry, Stress-Strain and the Film Damping
application modes from the MEMS Module. You can find this predefined coupling as
en entry in the list of application modes in the MEMS Module>Structural Mechanics folder

in the Model Navigator when the space dimension is axial symmetry (2D).

This is the 2D axisymmetric version of the Solid, Stress-Strain with Film Damping
application mode. Thus, for a detailed description of the predefined groups and
analysis types, see “Solid, Stress-Strain with Film Damping” on page 208. Also, when
reading that material, keep in mind that the default abbreviation of the Axial
Symmetry, Stress-Strain application mode is _smaxi, the spatial dimensions are 7 and

z, and that the radial deformation or the structure is given by uaxi_smaxi instead of u.
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Electrostatics Application Modes

This chapter covers the following application modes in the MEMS Module:
* Electrostatics

¢ Conductive Media DC

Before detailing these two application modes, the text provides an overview of

electrostatic fields.

The sections following the documentation of the application modes describe
features in the MEMS Module that are useful when modeling electrostatics

problems.
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Electrostatic Fields

Modeling of static electric fields is carried out using the electric potential V. By
combining the definition of the potential with Gauss’ law and the equation of

continuity, you can derive the classical Poisson’s equation.

Under static conditions, the electric potential V' is defined by the equivalence
E=-VV

Using this together with the constitutive relation D = ggE + P between D and E, you

can rewrite Gauss’ law as Poisson’s equation
-V-(g,VV-P) =p

This equation holds for nonconducting media and is used in the Electrostatics
application mode. When handling conducting media, the equation of continuity is

considered. In a stationary coordinate system, the point form of Obm’s law states that

J = cE+J°

where J° is an externally generated current density. The static form of the equation of

continuity then gives us

V.J=-V-(cVV-J%=0

To handle current sources the equation can be generalized to
-V (cVV-J9 = Q;

This equation forms the basis for the Conductive Media DC application mode.

Conductive Media DC Application Mode

The Conductive Media DC application mode is available for 3D, 2D in-plane, and 2D

axisymmetric models.

PDE FORMULATION
In the Conductive Media DC application mode the equation

V- (cVV-J% = Q;
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is solved.

The in-plane Conductive Media DC application mode assumes that your model has
a symmetry where the electric potential varies only in the x and y directions and is
constant in the z direction. This implies that the electric field E is tangential to the x-y
plane. The application mode solves the following equation where d is the thickness in
the z direction.

-V d(cVV-J° = dQ,

The axisymmetric Conductive Media DC application mode is useful in the situation
where the fields and the geometry are axially symmetric. In this case the electric
potential is constant in the ¢ direction, which implies that the electric field is tangential

to the rz-plane.

Writing the equation in cylindrical coordinates and multiplying it by r to avoid

singularities at r = 0, the equation becomes

T
o' [ fov
or or e
- -|ro -rd | = rQ;
9 v ’
0z 9z

Specifying the Conductivity
You can provide the conductivity using two different types of conductivity relations:

* The conductivity, either as an isotropic conductivity (a scalar number or expression)
or as an anisotropic conductivity, using several components of a conductivity tensor
to define an anisotropic material. See “Modeling Anisotropic Material” on page 215
in the COMSOL Multiphysics User’s Guide for information about entering

anisotropic material properties.

* A linear temperature relation for modeling a temperature-dependent conductivity
(Joule heating or resistive heating). In this case the following equation describes the
conductivity:

~ 1
© T pod+a(T-Ty))

where p is the resistivity at the reference temperature Ty. o is the temperature
coefficient of resistivity, which describes how the resistivity varies with temperature.

T is the current temperature, which can be a value that you specify or the
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temperature from a heat transfer application mode (in the Joule Heating predefined

multiphysics coupling, this is the default setting).

Select the type of conductivity from the Conductivity relation list.

BOUNDARY CONDITIONS

The relevant interface condition at interfaces between different media for this mode is
ny-(J;-dy) =0
This is fulfilled by the natural boundary condition
n-[(6VV-J)1-(cVV-J)2] = n-(J;-J,) = 0

Current Flow
The current flow boundary condition

n-J=n-dJ,
specifies the normal component of the current density flowing across the boundary.

Inward Current Flow

The inward current flow boundary condition
n-J=4J,

is similar to the above current flow boundary condition. In this case you specity the
normal component of the current density rather than the complete vector. When the

normal component oJ,, is positive the current flows inward through the boundary.

Distributed Resistance
You can use the distributed resistance boundary condition

n-J=%V-V), n-(J-dy=3(V-V

to model a thin sheet of a resistive material. The sheet has thickness d and is connected

to the potential V¢

Electric Insulation

The electric insulation boundary condition
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specifies that there is no current flowing across the boundary.

You can also use this boundary condition at symmetry boundaries where the potential

is known to be symmetric with respect to the boundary.

Electric Potential

The electric potential boundary condition
V=YV,

specifies the voltage at the boundary. Because the potential is the dependent variable
that the application mode solves for, its value has to be defined at some point or

boundary in the geometry to be fully determined.

Ground

The ground boundary condition
V=0

is a special case of the previous one specifying a zero potential. You can also use this
boundary condition at symmetry boundaries, where the potential is known to be

antisymmetric with respect to the boundary.

Current Source

The current source boundary condition
n-(J;-dy) =4,
represents either a source or a sink of current at interior boundaries.

Continuity

The continuity boundary condition
n-(J;-dJy) =0

specifies that the normal component of the electric current is continuous across the

interior boundary.

Floating Potential
To set a floating potential with an integral constraint, use this boundary condition:

[n-@-dy=I, [n-d =1,
0Q 0Q
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This sets the potential to a constant value on the boundary such that the integral is
fulfilled. See the section “Floating Potentials and Electric Shielding” on page 17 for an

example.

Circuit Terminal
The circuit terminal is a special version of the floating potential boundary condition
specialized for connection to external circuits. See the section “SPICE Circuit Import”

on page 70 for more information.

Electric Shielding
The electric shielding boundary condition describes a thin layer of a dielectric medium
that shields the electric field. See the section “Floating Potentials and Electric

Shielding” on page 17 for an example.

Port

Use the port condition on the electrodes to calculate the conductance or resistance.
This condition forces the potential or current to one or zero depending on the
settings. See the section “The Port Page” on page 50 for more information about port

conditions.

Contact Resistance

You can use the contact resistance boundary condition

o

n-J); = d(Vl_VZ)
[¢)
(n'J)2 = a(VZ_Vl)

to model a thin layer of a resistive material. The layer has the thickness d and the
conductivity 6. This boundary condition is only available at the border between the

parts in an assembly.

Axial Symmetry
Use the axial symmetry boundary condition on the symmetry axis 7 = 0 in
axisymmetric models only. For a thorough discussion of this boundary condition, see

“Axial Symmetry” on page 1 for the generalized electrostatic formulation.

Periodic Boundary Condition
The periodic boundary condition sets up a periodicity between the selected
boundaries. See section “Periodic Boundary Conditions” on page 26 for more details

on this boundary condition.
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LINE SOURCES

In 3D line sources can be specified along the edges of the geometry.

Line Current Source
A line current source @j; can be applied to edges. This source represents clectric

current per unit length.

POINT SOURCES AND CONSTRAINTS

Point sources and constraints can be specified in 2D and 3D.

Point Current Source
A point current source @jq can be applied to points. This source represents an electric

current flowing out of the point.

Point Constraint (Electric Potential)

The electric potential can be constrained to the value V( in a point using a constraint.

APPLICATION MODE VARIABLES
See the section “Conductive Media DC Application Mode” on page 5 of the MEMS
Module Reference Guide.

Electrostatics Application Mode

You can use the Electrostatics application mode for 3D, 2D in-plane and 2D

axisymmetric models.

Applications involving electrostatics include high-voltage apparatus, electronic devices,
and capacitors. The statics means that the time rate of change is slow and that

wavelengths are very large compared to the size of the domain of interest.

PDE FORMULATION

The 3D Electrostatics application mode solves the equation
-V-(ggVV-P) = p

This equation assumes the constitutive relation D = gy + P. The corresponding
equations for the constitutive relations D = gpe, E and D = gpe, E + D, can also be

handled.

The in-plane Electrostatics application mode assumes a symmetry where the electric

potential varies only in the x and y directions and is constant in the z direction. This
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implies that the electric field E is tangential to the xy-plane. Given this symmetry, it

solves the same equation as in the 3D case.

Use the axisymmetric Electrostatics application mode when the fields and the
geometry are axially symmetric. In this case, the electric potential is constant in the

¢ direction, which implies that the electric field is tangential to the rz-plane.

Writing the equation in cylindrical coordinates and multiplying it by r to avoid

singularities at r = 0, the equation becomes

oV

e, ol _,p| = rp
oV

aT
_lor|
d

0z 2%z

APPLICATION SCALAR VARIABLES

The application-specific scalar variable in this mode is given below.

PROPERTY NAME DEFAULT DESCRIPTION

£ epsilon0  8.854187817-10"'2 F/m Permittivity of vacuum

BOUNDARY CONDITIONS
The relevant interface condition at interfaces between different media for this

application mode is
ny-(D;-Dy) = p;
In the absence of surface charges this is fulfilled by the natural boundary condition

n - [(g,VV-P), ~(6VV-P),] = -n-(D;-Dy) = 0

Electric Displacement
Use the electric displacement boundary condition

n-D=n-D,
to specify the normal component of the electric displacement at a boundary.

Surface Charge
The surface charge boundary condition

-n-D = p,, n-(D;-D,) =p,
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makes it possible to specify the surface charge density at an exterior boundary or at the

interior boundary between two media.

Zero Charge/Symmetry

The zero charge/symmetry boundary condition
n-D=0
specifies that the normal component of the electric displacement is zero.

You can also use this boundary condition at symmetry boundaries where the potential

is known to be symmetric with respect to the boundary.

Electric Potential
The electric potential boundary condition

V=V,

specifies the voltage at the boundary. Because you are solving for the potential, it is
necessary to define its value at some boundary in the geometry for the potential to be
fully determined.

Ground

The ground boundary condition
V=0

is a special case of the previous one specifying a zero potential. You can also use this
boundary condition at symmetry boundaries, where the potential is known to be

antisymmetric with respect to the boundary.

Port
Use the port condition on the electrodes to calculate the capacitance. This condition
forces the potential to one or zero depending on the settings (see the section “Lumped

Parameters” on page 47).

Electric Shielding

The electric shielding boundary condition describes a thin layer of a dielectric medium
that shields the electric field. See the section “Floating Potentials and Electric
Shielding” on page 17 for an example.

Floating Potential
To set a floating potential with an integral constraint, use the boundary condition
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J.ps =Q0
0Q

which sets the potential to a constant value on the boundary such that the total charge
is equal to Q. See the section “Floating Potentials and Electric Shielding” on page 17

for an example.

Continuity
The continuity boundary condition

n-(D;-D,) =0

specifies that the normal component of the electric displacement is continuous across

the interior boundary.

Thin Low Permittivity Gap

Use the thin low permittivity gap condition

g

(Vi-Vy)
(n-D), = §(V2—V1)

to model a thin gap of a material with a small permittivity compared to the adjacent
domains. The gap has the thickness d and the relative permittivity €,. This boundary

condition is only available at the border between parts in an assembly.

Axial Symmetry
Apply the axial symmetry boundary condition to the symmetry axis r = 0 in

axisymmetric models.

Periodic Boundary Condition
The periodic boundary condition sets up a periodicity between the selected
boundaries. See section “Periodic Boundary Conditions” on page 26 for more details

on this boundary condition.

LINE SOURCES

In 3D line sources can be specified along the edges of the geometry.

Line Charge
A line charge @ can be applied along the edges. The source is interpreted as electric

charge per unit length.
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POINT SOURCES AND CONSTRAINTS

Point charges and point constraints are available in 2D and 3D.

Point Charge
A point charge @ can be applied to points.

Point Constraint (Electric Potential)
The electric potential can be constrained to the value Vj, in a point.

APPLICATION MODE VARIABLES
See the section “The Electrostatics Application Mode” on page 7 in the MEMS
Module Reference Guide.
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Floating Potentials and Electric
Shielding

Floating Potentials

The floating potential boundary condition sets the potential on the boundary to a
constant. The value of the constant is set so that the integral of the current density

normal to the boundary is equal to the source current that you have specified

[m-g=1
0Q

You can specify boundaries far apart to have the same potential by using the Group

index edit field to assign these boundaries to a certain index, or boundaries adjacent to
cach other to have different floating potentials by specifying different group indexes.
You enter the total current in the Source current edit field.

Boundary Settings - In-Plane Electric Currents (emaqvw) [==]
Equation
nl= Iy
Boundaties | Groups Conditions
Boundary selection Boundary sources and constraints
1 e Boundary condition: ;':]a"a't'{,'-',,';"i';&éﬁE‘gi"'""E -
; Quantity Value/Expression pescription
+ 0 Graup index
Iy o Source current
Group: -
[] Select by group
[] Interior boundaries
[ oK ] [ Cancel I [ Apply ] [ Help ]

For the Electrostatics application mode the total charge replaces the total current, so

the voltage is set so the integral of the charge density is equal to the charge specified
in the Charge edit field.
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The floating potential boundary condition is available for all application modes that
solves for the electrostatic potential, which are:

¢ Conductive Media DC

¢ Electrostatics

It is also available for all analysis types.

Electric Shielding

The electric shielding condition adds the same equation as in the subdomain on the
boundary using tangential derivative variables. You can read more about these variables
in the section “Modeling with PDEs on Boundaries, Edges, and Points” on page 294
in the COMSOL Multiphysics Modeling Guide. This is the equation used for the
Conductive Media DC application mode.

-V, (6dV,V) = 0

The variable d accounts for the thickness of the shield, but the solution is constant
through the thickness. The conductivity that you enter here is the conductivity of the
boundary. You can use this boundary condition when approximating a thin subdomain
with a boundary to reduce the number of mesh elements.

For the Quasi-statics, Electric application mode, it is also possible to specify a dielectric
constant.

Boundary Settings - In-Plane Electric Currents (emagvw)

g

Equation

nl= rvl-d(av[v + euera(vlv)rat)

Boundaries | Groups Conditions

Boundary selection Boundary sources and constraints

Boundary condition:

Quantity Value/Expression Unit pescription

Ty

a 0 Sim  Electric conductivity

5 1 L Relative permittivity

8 d 1 m Thickness
Group:
[ Select by group
[ Interior boundaries
[ QK H Cancel ][ Apply ][ Help ]

The Electrostatics application mode only uses the relative permittivity material
parameter. In addition, you can specify a surface charge density.
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Example Model—Floating Potentinl

This is a tutorial model to show how to use the floating potential and electric shielding
boundary conditions in the Conductive Media DC application mode. The analysis
includes solving the same model changing between the two different boundary

conditions and with and without weak constraints on the boundaries.

Model Definition

The modeling domain is a box filled with air containing an electrode. The sides of the

box are insulated while the top has a potential and the bottom is grounded.

BOUNDARY CONDITIONS ON THE ELECTRODE

First use the electric shielding boundary condition on the electrode. Setting the
conductivity of the electrode to the conductivity of a metal gives you an electrode with
an almost constant potential. In this way you can set a constant potential without

knowing the actual value of it.

Then set the boundary condition on the electrode to a floating potential. If the source
current is zero this gives you a potential so that the flux over the boundary is zero. The

integral is calculated with a coupling variable. You can keep the default solver settings.

Finally solve the model with a floating potential boundary condition and use weak
constraints on the electrode. The reason to use the weak constraints is that this gives a
more accurate computation of the current density normal to the boundary in the
postprocessing stage. When using weak constraints you solve for the variable 1m1 (the
Lagrange multiplier), which is equal to the normal flux on the boundary. The floating
point boundary condition uses this variable to calculate the integral of the current
flowing to the boundary. You cannot use the default AMG preconditioner when
dealing with weak constraints, so therefore you need to select the Incomplete LU
preconditioner instead. Note that the solution is exactly the same with and without
weak constraints, it is access to the accurate flux that you get with weak constraints.
For more information on weak constraints, see “Using Weak Constraints” on page 300
in the COMSOL Multiphysics Modeling Guide.

Results and Discussion

The differences between the three ways to model a floating electrode can be
investigated by calculating the integral of the current flowing to the electrode. Ideally,

this current should be zero. Using the electric shielding boundary condition, you get
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a current of approximately 0.19 A. Using the floating potential boundary condition
without weak constraints, you also get a current of 0.19 A, most of which is due to
interpolation errors. Finally, when using weak constraints, you get a current of about
8.9 nA. The approach using weak constraints is clearly the best if you need access to
the total flux. The electric shielding boundary condition does not strictly impose a
fixed potential on the electrode as it allows for a small but finite tangential gradient in
the potential which of course may be an advantage if you need to account for small
resistive loss in the electrode. The advantage of not using weak constraints is that you

can use the default solver settings.

Modeling Using the Graphical User Interface

MODEL NAVIGATOR

I In the Model Navigator sclect 3D from the Space dimension list.

2 Open the MEMS Module folder, then select Electrostatics>Conductive Media DC.
3 Click OK.

GEOMETRY MODELING
I Click the Block button. Set the Base to Center and the Length to 10 in all directions.
When done, click OK.

2 Click the Cylinder button. Set the Style to Face and enter the following settings.
When done, click OK.

PROPERTY VALUE
Radius 1

Height 2

Axis base point -1, 0, 0

Axis direction vector 1, 0, 0

3 Click the Split Object button when the cylinder is selected.

4 Click the Zoom Extents button on the Main toolbar.

FLOATING POTENTIALS AND ELECTRIC SHIELDING
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5 Select the face FI and delete it.

PHYSICS SETTINGS—ELECTRIC SHIELDING

Subdomain Settings

|
2

3

Open the Subdomain Settings dialog box.

Select Subdomain 1 and type 1 in the G (isotropic) edit ficld for the electric

conductivity.

Click OK.

Boundary Conditions

2
3
4
5

Open the Boundary Settings dialog box.

Select all boundaries and change boundary condition to Electric insulation.
Set an Electric potential boundary condition with V(; = 1 on boundary 4.
Select Boundary 3 and set the boundary condition to Ground.

Select all the interior boundaries (Boundaries 6-8) and select the Interior boundaries

check box.

Set the boundary condition to Electric shielding, the Electric conductivity to 5.99e7,
and the Thickness to 0.01.
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7 Click OK.

MESH GENERATION AND SOLUTION

Initialize the mesh and solve with the default settings.

POSTPROCESSING AND VISUALIZATION

Calculate the integral of the current flowing to the electrode.
I Open the Boundary Integration dialog box from the Postprocessing menu.
2 Type nds_emdc in the Expression ficld and click Apply.

The result appears in the message log at the bottom of the user interface. The current

is approximately 0.19 A.

PHYSICS SETTINGS—FLOATING POTENTIAL

Boundary Conditions
I Open the Boundary Settings dialog box.

2 Seclect Boundaries 6-8.
3 Set the boundary condition to Fleating potential.
4 Click OK.

MESH GENERATION AND SOLUTION

Initialize the mesh and solve with the default settings.

POSTPROCESSING AND VISUALIZATION

Calculate the integral of the current flowing to the electrode.

I Open the Boundary Integration dialog box from the Postprocessing menu.

2 Type nds_emdc in the Expression ficld and click Apply.

The result appears in the message log at the bottom of the user interface. You should
get a current of approximately 0.19 A. Note that this current calculation is not very

accurate; the actual current is almost zero. It is the evaluation of the derivatives in the

expression for nds_emdc that is the source of the error.

PROPERTIES—WEAK CONSTRAINTS

I From the Physics menu, choose Properties to open the Application Model Properties

dialog box.

2 Sclect On from the Weak constraints list, then click OK.

FLOATING POTENTIALS AND ELECTRIC SHIELDING
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PHYSICS SETTINGS—WEAK CONSTRAINTS

Boundary Conditions
I Open the Boundary Settings dialog box.

2 Select Boundaries 6-8.
3 Click the Weak Constr. tab and make sure that Use weak constraints is sclected.

4 Click OK.

MESH GENERATION
Click the Initialize Mesh button on the Main toolbar.

COMPUTING THE SOLUTION

I Open the Solver Parameters dialog box.
Change the Linear system solver to GMRES.
Make sure that Automatic or Nonsymmetric is selected in the Matrix symmetry list.

2
3
4 Change the Preconditioner to Incomplete LU.
5 Click OK.

6

Click the Solve button on the Main toolbar to compute the solution.

If you selected Automatic in the Matrix symmetry list, a warning message appears. You
can ignore this warning because it only tells you that the solver settings cannot take

advantage of the matrix symmetry, so the solver uses the nonsymmetric setting instead.

POSTPROCESSING AND VISUALIZATION

Calculate the integral of the current flowing to the electrode.

I Open the Boundary Integration dialog box from the Postprocessing menu.
2 Seclect Boundaries 6-8.

3 Type nds_emdc in the Expression field, then click OK.

The result appears in the message log at the bottom of the user interface. You should

-9

get a current of approximately 8.9-10% A. This is also the true value of the total

current in the previous solution step without weak constraints.

To plot the potential on the electrode as a boundary plot, suppress the display of some
of the outer boundaries:

I In the Options menu, sclect Suppress>Suppress Boundaries.

2 Seclect Boundaries 6-8, then click Apply.
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3
4
5
6
7
8
9

Click Invert Suppression, then click OK.

Open the Plot Parameters dialog box from the Postprocessing menu.
On the Slice page, set the Number of levels in the x direction to 1.
Click the Boundary tab.

Select the Boundary plot check box.

Click the Range button and clear the Auto check box.

Type 0 in the Min edit field and type 1 in the Max edit field.

10 Click OK twice.

Slice: Electric potential [V] Boundary: Electric potential [V] Ma;: 1.00 I"'Iai(: 1.00
0.9 0.9
08 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
. 0.1 0.1
wLa
0

Min: -2.352e-14 Min: 0
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Periodic Boundary Conditions

The section “Using Periodic Boundary Conditions” on page 245 in the COMSOL
Multiphysics User’s Guide presents a general description on how to define periodic
Boundary conditions. The MEMS Module has an automatic Periodic condition
accessible from the Boundary Settings dialog box, so it is not necessary to use the
Periodic Boundary Conditions dialog box. Use the latter dialog box for special cases
when you need full control of the periodic condition. The automatic periodic
condition can identify simple mappings on plane groups of source and destination
boundaries with equal shape. The destination can also be rotated with respect to the
source.

User Interfuce for Periodic Conditions

You specify the periodic condition in the Physics>Boundary Settings dialog box. Select
the boundaries that define one periodic condition and choose Periodic condition from
the Boundary condition list. The boundaries can consist of one or more source
boundaries plus one or more destination boundaries. The combined cross section of
all source boundaries must be equal in shape to the combined cross section of all
destination boundaries. If you want several periodic conditions with different
orientations, separate them with a group index that you enter in the Group index cdit
field. If you, for example, want to set periodic boundaries on all sides of a cube, you

must use three indexes to separate the three orientations of the periodic boundaries.

You select the type of periodic condition from the Type of periodicity list, where there
are two available choices:
* Continuity—The solution variables are equal on the source and destination.

* Antiperiodicity—The solution variables on the destination have an opposite sign

compared to the variables on the source.
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The boundary with the lowest number becomes the source by default. It is possible to

change this order by selecting the Change source and destination order check box.

Boundary Settings - Cenductive Media DC (emdc) =]
Equation
Vs = Ve
Boundaries | Groups Conditions
Boundary selection Boundary sources and constraints
Library material: Load. ..
Boundary condition: | periodic condition -
Type of periodicity: [{Ang arindicity! ]
Periodic pair index: g
[] Change source and destination arder
Group:
[ Select by group
[ Interior boundaries
[ QK ] I Cancel I [ Apply ] [ Help ]

Figure 7-1: The Boundary Settings dialog box with sector antisymmetry selected for Pair 1.
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Infinite Elements

Many environments that are modeled with finite elements are unbounded or open,
meaning that the electromagnetic fields extend toward infinity. The easiest approach
to modeling an unbounded domain is to extend the simulation domain “far enough”
that the influence of the terminating boundary conditions at the far end becomes
negligible. This approach can create unnecessary mesh elements and make the
geometry difficult to mesh due to large differences between the largest and smallest

object.

Another approach is to use infinite elements. There are many implementations of
infinite elements available, and the one used in the MEMS Module is often referred to
as mapped infinite elements (see Ref. 1). This implementation maps the model
coordinates from the local, finite-sized domain, to a stretched domain. The inner
boundary of this stretched domain is coincident with the local domain, but at the

exterior boundary the coordinates are scaled toward infinity.

ot

=ty
Oy +0t—t

The inner coordinate, ¢g, and the width of the infinite element region, 8¢, are input
parameters for each region. The software uses default values for these properties for
geometries that are Cartesian, cylindrical, or spherical. However, these default
parameters might not work well for complex geometries, so it might be necessary to
define other parameters. The following figures show typical examples of infinite
element regions that work nicely for each of the infinite element types. These types are:
 Stretching in Cartesian coordinate directions, labeled Cartesian.

* Stretching in cylindrical directions, labeled Cylindrical.

* Stretching in spherical direction, labeled Spherical.

e User-defined coordinate transform for general infinite elements.
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Figure 7-2: A square survounded by typical infinite-element vegions of Cartesian type.

Figure 7-3: A cylinder surrounded by typical cylindrical infinite-element vegions.
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Figure 7-4: A sphere survounded by a typical spherical infinite-element region.

If you use other shapes for the infinite element regions not similar to the shapes shown
in the previous figures, it might be necessary to define the infinite-eclement parameters
manually. The software stores the default parameters in variables with the naming

convention param_guess_suffix, where paramis the name of the parameter, and
suffixis the application mode suffix.

Subd;

in Settings - Mag ics (emga) =]

Equation

v x {un'lpr'lv <A)=1°

Subdomain selection
Type of infinite element:

F Value,/Expression Description
Stretched in r direction M width in r direction
*p Yo Ip o fo Jo|'m enter point

=
Select by group
Active in this domain

[o]:4 ][ Cancel ][ Apply H Help
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You can check their values by choosing Equation System>Subdomain Settings from the

Physics menu. Click the Variables tab and look for variables with _guess_ in the name.

Subdomain Settings - Equation System [z=]
Equation
Vi-cVu-ou+vy)+au+BVu=F
Subdomain selection | (I R | £l | d, I o | 8 | - I Tnit | et | Waak! Variables
Application mode subdomain variables
Mame  Expression Unit Description
dr_gu...|0.2%(1+100%ps) m  (Width in radisl dir.. »
RO_g... 0.4 m  |Inner radius defa.. =
Sx_e... |srcpnbx_emga+5SR_emga*{x-srcpnbx_emga)/sqrt(abs(x-srcpnt... m  |[Infinite element x .
S0x_g...|0 m  |Inner x coordinat. .
Sdx_g...|0.6%(1+100%ps) m  |[Width in x directio..
Sy_e... [srcpnky_emga+SR_emqgs*{y-srcpnty_emqa)fsqrk{abs(x-srepnt... m  |[Infinite element v .
e S0y_g...|0 m  |Inner v coordinat.
L ey Sdy_g..[0.6%(1+100%ps) m|Width in y drectio..
Reset Equation Sz_e... |stcpntz_emga+SR_emqa™(z-srepntz_emaa)/sart(abs(x-srepnbx... m  |Infinite element z . +
| n 3
| [o]4 ] [ Cancel | | Apply 1 I Help

Click the Solve button to start solving.

This model uses an efficient approach for handling the gauge fixing with the SOR

gauge smoothers for the geometric multigrid preconditioner; see “Solver Settings for

Numerical Gauge Fixing in Magnetostatics” on page 92 in the AC/DC Module User’s

Guide for more information.

2 In the x-axis data area, click first the lower option button then the Expression button.

3 In the X-Axis Data dialog box, type z in the Expression edit field, then click OK.

Known Issues When Modeling Using Infinite Elements

When modeling with infinite elements you should be aware of the following:

* The expressions resulting from the stretching get quite complicated for spherical

and cylindrical infinite elements in 3D. This increases the time for the assembly stage

in the solution process. After the assembly, the computation time and memory

consumption is comparable to a problem without infinite elements. The number of

iterations for iterative solvers might increase if the infinite element regions have a

coarse mesh.

* Infinite element regions deviating significantly from the typical configurations

shown in the beginning of this section can cause the automatic calculation of the
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infinite element parameter to give erroneous result. Enter the parameter values

manually if you find that this is the case.

* The infinite element region is designed to model uniform regions extended toward
infinity. Avoid using objects with different material parameters or boundary

conditions that influence the solution inside an infinite element region.

Reference

1. O.C. Zienkiewicz, C. Emson, and P. Bettess, “A Novel Boundary Infinite Element,”
Int. J. Num. Meth. Engryg, vol. 19(3), pp. 393-404, 1983.
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Force and Torque Computations

Computing Electromagnetic Forces and Torques

To compute electromagnetic forces and torques in COMSOL Multiphysics, two
methods are available. This section describes one of them, which uses Maxwell’s stress
tensor. There are also two functions, cemforce and cemtorque, which you can use
when running COMSOL Multiphysics together with COMSOL Script or MATLAB.
These functions use the method of virtual displacement to calculate the force and

torque.

Force and torque calculations using Maxwell’s stress tensor are available in the
application modes for electrostatics, magnetostatics, and quasi-statics. In electrostatics

the force is calculated by integrating
1 T
n, Ty = - in(E -D)+(n;-E)D (7-1)

on the surface of the object that the force acts on. In magnetostatics and quasi-statics

the expression
1 T
n, Ty = —énl(H-B)+(n1-H)B (7-2)

is integrated on the surface to obtain the force. E is the electric field, D the electric
displacement, H the magnetic field, B the magnetic flux density, and n; the outward

normal from the object.

The naming syntax for the surface variables is

<given name>_NT<independent variable name>_<application mode namex>
For example, iron_nTx_emqa. Similarly, the variables for the total force are named as
<given name>_force<independent variable name>_<application mode name>
For example, iron_forcex_emqa.

DEFINING FORCE AND TORQUE VARIABLES
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To define force variables, use the Subdomain Settings dialog box. On the Forces tab
there is a table where you define the variables. Select the two subdomains representing

the structure and enter a name in the Name column, for example, beam.

Subdornain Settings - Electrostatics (emes) =]
Equation
-Vedege, WV =dp
Subdomains | Groups ‘ FPhysics | Infinite E\ementsl Forces | Init | Element | |
Subdomain selection Electromagnetic Force variables
1 -
Name Paint
beam 0o -

Given 3 name above, COMSOL Multiphysics generates Maxwell
surface stress-tensor boundary variables and scalar variables

Group:
For the total electromagnetic Force and korgue.
[] Select by group Examples:
name_forcex_emes for the kotal force in the x direction.
Active in this domain name_korquex_emes for the total borgue around the x-axis.
[ oK ] [ Cancel I [ Apply ] [ Help ]

This generates a set of variables. The variables beam_nTx_emes and beam_nTy_emes
are defined on the exterior boundary of the piece of iron. The suffix _emes
corresponds to the Electrostatics application mode. These are the components in the
x and y directions, respectively, of the contraction of the Maxwell stress tensor given
in Equation 7-1. Together, they represent the surface force density. In addition, the
variable definition generates two force scalar variables, beam_forcex_emes and
beam_forcey_emes, which are the total force components on the iron in the x and y
directions, respectively. Finally, a torque variable is generated: beam_torque_z, which
represents the torque around the z-axis going through the point defined in the Point
column. For 3D models, there is also an Axis column. Here you define an axis

direction. The torque computation then finds the total torque around this axis.

NAME DIMENSION GENERATED VARIABLE DESCRIPTION

beam all beam_nTx_emes Surface force density in the x direction
all beam_nTy_emes Surface force density in the y direction
all beam_forcex_emes Total force in the x direction
all beam_forcey_emes Total force in the y direction
2D, 3D beam_torquez_emes Total torque in the z direction, around

the specified point
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NAME DIMENSION GENERATED VARIABLE DESCRIPTION

3D beam_torquex_emes  Total torque in the x direction, around
the specified point

3D beam_torquey_emes  Total torque in the y direction, around
the specified point

3D beam_torqueax_emes Total torque around the specified axis
and point

The table on the Forces tab makes it possible to define multiple variables. The set of
subdomains where each name appears in the table specifies where the force should be
calculated. The surface variables exist on the exterior boundaries of the subdomains

where the variable name is given.

The naming syntax for the surface variables is

<given name>_NT<independent variable name>_<application mode namex>
For example, beam_nTx_emes. Similarly, the variables for the total force are named as
<given name>_force<independent variable name>_<application mode name>
For example, beam_forcex_emes.

The torque variables are constructed in a similar manner. Note that for 2D only one
nonzero torque component exists, because all the forces are in the plane. For models
using axial symmetry no nonzero components exist, so no torque variables are

computed, and the table only contain the Name column.

To display the forces on the structure (named as beam) you can use the Global Data
Display dialog box. Enter the expression beam_forcey_emes and click OK to obtain the
force in the x direction in the message log at the bottom of the main window. Because

the variable beam_forcey_emes is a scalar it is possible to evaluate it in any point.

Global Data Display &=

Expression ko evaluate

Predefined quantities: |Electromagnetic force (beam), y.C...| ~
Expression: beam_forcey_emes

Unit: N -

Salutian ko use

Solution at angle (phase): 0 degrees

[ Display result in Full precision

l oK H Cancel I[ Apply

l Help
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The result is equal to the boundary integral of beam_nTy_emes on the exterior
boundary of the structure beam. You can verify this using the Boundary Integration
dialog box to make this integration.

Boundary Integration =]
Boundary selection: Expression to integrate
1 - -
2 Predefined quantities: £
3 Expression: beam_nTEy_emes
5 Unit of inkegral: :Nrm -
Compute surface integral (For axisymmetric modes)

7

Solution o use
° Solution at time: 0

Time:

Solution at angle (phase): |0 degrees

Frame:

~| Integration order: [] Auto |+

[ oK ][ Cancel ][ Apply ][ Help
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Lumped Parameters

Lumped parameters are matrices describing electromagnetic properties such as
resistance, capacitance, and inductance. In the time-harmonic case the lumped
parameter matrix is either an impedance matrix or an admittance matrix. In a static
calculation you only get the resistive, capacitive, or inductive part of the lumped

parameter matrix.

Calculating Lumped Parameters with Obm’s Law

To calculate the lumped parameters, there must be at least two electrodes in the
system, where one is grounded. You can force either a voltage or a current on the
electrodes. After the simulation you can extract the other property or you can extract

the energy and use it when calculating the lumped parameter.

FORCED VOLTAGE
If voltages are applied between the electrodes, the extracted currents represent
elements in the admittance matrix, Y. This matrix determines the relation between the

applied voltages and the corresponding currents with the formula

Il Yll Y12 Y13 Y14 Vl
12 Y21 Y22 Y23 Y24 V2
14 Y31 Y32 YSS Y34 VS
14 Y41 Y42 Y43 Y44 V4

so when V7 is one (in some unit system) and all other voltages are zero, the vector [ is

equal to the first column of Y.

FIXED CURRENT

It might be necessary to calculate the Z-matrix in a more direct way. Similar to the Y
calculation, the Z calculation can be done by forcing the current through one electrode
at the time to one while the others are set to zero, and then extracting the voltages on

all electrodes. Then, the columns of the impedance matrix are the voltage values:
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Vl Z11 Z12 Z13 Z14 Il
VZ ZZl Z22 Z23 224 12
VS Z31 Z32 Z33 Z34 I3
V4 Z41 Z42 Z43 Z44 14

FIXED CURRENT DENSITY

An alternative approach for calculating the Z-matrix is to force the current density to
a uniform value across each electrode. The total current through the electrode is the
area times the current density, which is selected to be one or zero. The voltage can then

vary across the port, so averaging is necessary. With this approach the Z-matrix is

calculated with the formula

= [Vyda
1
A,
A.l_J'VZdA 21y 213 Zy3 Zyy| |1y
24, _ 291 22 Zog Zog| |15 ‘
_l_J'VSdA Zgy Z3g Zg3 Zzy||I3
A3A3 Zy1Zy9 Zy3 Zyy) |14
1
by [V,aa
L A i

Here A,, represents the area and I, the normal current density of port n. The current

density is just the current divided by the area of that electrode.

Calculating Lumped Parameters Using the Energy Method

When using this method the potential or the current is one on one or two ports at a
time and you extract the energy density integrated over the whole geometry. The
following formulas show how to calculate the capacitance matrix from the integral of

the electric energy density.
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1 O ..
C; = jWedQ—é(Cii+ij) Vv, = {1 ]/:lejj
Q - bl

You can calculate the inductance matrix in the same way from the magnetic energy
density:

Ly=2[W,do I = {0 Jj#i
2 -
1 0 heii
L= IWmdQ_é(Lii"'ij) I, = { nJ

Q

Lumped Parameters in the MEMS Module

To study lumped parameters you use the Port boundary condition for each electrode.
This boundary condition is available in the Conductive Media DC application mode,

and the Electrostatics application mode.

The MEMS Module includes the two different approaches explained above to
calculate the lumped parameters. The static Electrostatics application mode uses the
energy method, and the method using Ohm’s law is used in the Conductive Media DC

application mode.

THE PORT PAGE

To specify the properties for the port, click the Port tab. Each port must have a unique
port number. On the ports where you want to force the value of the input parameter
to be one, select the Use port as inport check box. In some application modes you can
choose which property (for example, a forced voltage or a fixed current) to use as input
from the Input property list.

ACCURACY
To get a good accuracy when calculating the total current over the boundary you need

to use weak constraints. This is necessary for the forced voltage input property.

When the current density is fixed the weak constraints are unnecessary, which makes

this the preferred method in large problems where you need iterative solvers. The only
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requirement for this method is that the port has a small variation in potential across its

surface, which generally is the case for metal electrodes.

The fixed current property performs a coupling that guarantees that the total current
is equal to one, although you cannot verify this without adding weak constraints. The
result is the same with and without weak constraints, but a model without weak
constraints is beneficial for iterative solvers. The fine tuning of the iterative solver

settings is slightly more complicated than the fixed current density input property.

VARIABLES
Depending on which application mode you are working with and what input property

you choose you get different postprocessing variables.

APPLICATION MODE FORCED FIXED CURRENT OR
VOLTAGE CURRENT DENSITY
Conductive Media DC Gij Conductancematrix Rij Resistance matrix
element (i, j) element (i, j)
Electrostatics Cii Capacitance matrix - -

element (i, i)

Electrostatics intWeij Integrated energy - -
input portsiand j

In an application mode using the energy method, ¢ and j are the input port numbers.
If there is only one input port the software calculates the diagonal matrix element C;;.
In the other application modes j is the input port number and Z is the port number.

The software generates the variables for all port numbers for the input port in use.

If you, for example, in the Conductive Media DC application mode have two ports,

Port 1 and Port 2, and use Port 1 as an input port you get two variables.

e G11_emdc and G21_emdc if voltage is the input property

e R11_emdc and R21_emdc if current or current density is the input property.

If you have two ports in the Electrostatics application mode, Port 1 and Port 2, and
Port 1 is an input port, the software generates the variable C11_emes and

intWe11_emes. If you use both Port 1 and Port 2 as input ports, the software
generates the variables intWe12_emes and intWe21_emes instead.

POSTPROCESSING

The lumped parameters are defined as global variables, so you can access them from
the Postprocessing menu, under either of the menu options Global Plot Variables or Data

Display>Global. Use the Global Plot Variables dialog box if you want to plot one or
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several lumped parameters as a function of a swept parameter. In the Global Data Display
dialog box, you can get the value of a lumped parameter (real or complex) printed at
the bottom of the COMSOL Multiphysics window. The defined lumped parameters
are available from the Predefined quantities list under the application mode to which

they belong.

“

Global Variables Plot

Quantities ko plat

Predefined quartities

(Capacitance matrix, € »

Expression: -
Cl1_emes bl T ’
Solutions to use x-axis data
Select via: | Stored output kimes @ Auto
-~ Expressian...

Line Settings...
Title[Axis. ..

Plotin: | New figure - ]

X [] keep current plot

Times:

Solution at angle (phase):
o degrees

[ QK H Cancel ][ Apply ][ Help ]

Global Data Display

Expression ko evaluate

Predefined quantities: |Eapactance matrix, elzment 11 =
Expression: C11_emes
Unit: Flm -

Solution to use
Solution at time: 1]

Time:

Solution at angle (phase): 0 degrees
[ Display resulk in Full precision
[ [s]4 ] [ Cancel ] [ Apply ] [ Help

You have access to global variables at any level in a geometry, and the lumped
parameters are also available from the Predefined quantities list in the Point Evaluation
and Domain Plot Parameters dialog boxes, which you open from the Postprocessing

menu. For the Domain Plot Parameters dialog box you access the lumped parameters

on the Point page.

Note: Because the lumped parameters are global variables, a conflict in variable
names can occur if two application modes of the same type have the same suffix.
Always make sure that the application mode suffixes are different when you add extra

application modes in other geometries.
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PHYSICS SETTINGS

Subdomain Settings
I Open the Subdomain Settings dialog box.

2 Seclect Subdomain 1 and click the Electric Parameters tab.

3 Set the relative permittivity to 3.25, then click OK.

Boundary Conditions

I Open the Boundary Settings dialog box.
Select Boundaries 1 and 8 and click the Electric Parameters tab.
Set the boundary condition to Electric insulations.

2

3

4 Set the boundary condition on Boundaries 4-7 to Port.

5 Click the Port tab and select the Use port as input check box.
6

Click OK.

Application Mode Properties
I Open the Application Mode Properties dialog box by selecting Properties from the

Physics menu.
2 Set the Weak constraints to Ideal.

3 Click OK.

COMPUTING THE SOLUTION
Click the Seolve button on the Main toolbar.

POSTPROCESSING

I Select Data Display>Global from the Postprocessing menu.

2 Type imag(Y11_emqgap)/omega_emqap in the Expression to evaluate cdit ficld and
click OK to see the capacitance in the message log.
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Microfluidics Application Modes

The MEMS Module provides the following application modes for studying fluidic

problems on the microscale:

The General Laminar Flow application mode

The Incompressible Navier-Stokes application mode

The Weakly Compressible Navier-Stokes application mode
The Stokes Flow application mode

The Weakly Compressible Stokes Flow application mode
The Level Set Two-Phase Flow application mode

The Convection and Diffusion application mode

The Electrokinetic Flow application mode

The first five application modes in this list share many features and, apart from

slight differences in their user interfaces and variables, are basically the same. The

main difference is in the equations each one uses. They all model flow in the laminar

regime, but the simpler forms of the Stokes flow and weakly compressible Stokes

flow equations mean that the corresponding application modes are applicable only

for very low velocities. Another difterence is that while the Stokes flow and

incompressible Navier-Stokes equations assume constant density, the Weakly
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Compressible Stokes flow and the Weakly Compressible Navier-Stokes application
modes allow changes in density. The General Laminar Flow application mode is

general purpose and can take any of the four equations.

The Level Set Two-Phase Flow application mode build on one of the flow application
modes just described. But it has an additional degree of freedom, that solves for the

separating boundary between the two different fluids.

The last two application modes do not model flow as such, but they model transport

of species within the fluid.

The following sections describe all eight listed applications modes in detail. This
includes the description theory, equations, and boundary conditions for each

application mode, as well as the descriptions of their user interfaces.

In addition to the application modes listed above, the MEMS Module provides various
predefined multiphysics couplings for microfluidics modeling. These predefined
couplings combine one of the application modes listed above to another application
mode that affects or is affected by the flow field. For more information about these
application modes, see the final section in this chapter, “Predefined Multiphysics

Couplings” on page 305.
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Laminar Flow Theory

The flow application modes for microfluidics model laminar flows in the microscale.
They are based on four different equations for computing the solution: the
incompressible Navier-Stokes, Weakly Compressible Navier-Stokes, Stokes Flow, and
Weakly Compressible Stokes Flow equations. All these application mode share the
same boundary conditions. This chapter describes the theory background for these

application modes.

In addition, the MEMS Module includes the Convection and Diffusion application
mode (for convection and diffusion of species) and the Level Set Two-Phase Flow
application mode (for modeling of separated two-phase flow using a level set method).
The theory background for those application modes is given in other specific chapters

below.

The units for the physical properties in this chapter are SI unit, but you can use any
units system in COMSOL Multiphysics; the user interface then displays the units in the

corresponding unit system

PDE Formulations

THE INCOMPRESSIBLE NAVIER-STOKES EQUATIONS

The Navier-Stokes equations describe flow in viscous fluids with momentum balances
for each component of the momentum vector in all spatial dimensions. They also
assume that the density and viscosity of the modeled fluid are constant, which gives rise

to a continuity condition.

The Incompressible Navier-Stokes application mode in COMSOL Multiphysics is
somewhat more general than this and can account for arbitrary variations in viscosity

and small variations in density, for example, through the Boussinesq approximation.

The Navier-Stokes equations with the total stress tensor formulation are

oJu

pSy _V. [-pI+n(Vu+(Vuw))]+pu Vu = F

(8-1)
V-ua=0

where

* pis the fluid’s density (kg/ms)
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e u represents the velocity vector (m/s)
* p equals the pressure (Pa)

e 1 denotes the dynamic viscosity (Pa-s)
e Fisabody force term (N/ms)

¢ Iis the identity matrix

WEAKLY COMPRESSIBLE NAVIER-STOKES EQUATIONS

The weakly compressible Navier-Stokes equations are suitable where small density
variations arise due to temperature differences. They are not suitable for high velocities
or where fluid compression or expansion results in substantial internal work or heat
effects.

These equations are almost identical to the incompressible Navier-Stokes equations
except for some extra terms. The momentum balance includes an extra contribution,
(2n/3 —x)(V -w)I, in the viscous-stress tensor. This contribution is zero in the
incompressible Navier-Stokes equations because the incompressibility assumption
statesthat V-u = 0.

This application mode also modifies the equation of continuity equation to take into

account changes in the fluid density, p.

The weakly compressible Navier-Stokes equations in the tozal stress tensor formulation

are
du Vu=V-[-pl+n (Vu+(Vwl)-(2n/3 V.wI+F
Py tPu-Vu= “[-pI+n (Vua+ (Vu) )-(2n/3 -k4,)(V-w)I] + ©2)
ap _
%+V (pu)=0
where

* pis the density (kg/ ms)

e u represents the velocity field (m/s)

* p denotes the pressure (Pa)

* 1 equals the dynamic viscosity (Pa-s)

* Kgy Is the dilatational viscosity (Pa-s)

¢ Fis a volume force field such as gravity (kg/ ms)

¢ Iis the identity matrix
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You can define the density as a function of any of the other dependent variables.
Typically you couple this application mode to a heat equation where the density is a
function of the temperature. COMSOL Multiphysics then solves the coupled

equations simultaneously.

STOKES FLOW EQUATIONS

The Stokes flow equations are almost the same as the Navier-Stokes equations with the
exception that they assume the inertial term pu - Vu is zero. Therefore these
equations describe flow whose Reynolds number is very low and where the inertial
forces in the fluid are very small. Otherwise you can apply these equations to the same

problems as the Navier-Stokes equations, but the system of equations is almost linear.

The Stokes flow equations in the total stress tensor formulation are

MUy pT+n(Vu+(Vw)] = F

ot (8-3)

V-u=0
where
* pis the fluid’s density (kg/ms)
* u represents the velocity vector (m/s)
* p equals the pressure (Pa)
* 1 denotes the dynamic viscosity (Pa-s)
* Fisa body force term (N/ms)

* Lis the identity matrix

WEAKLY COMPRESSIBLE STOKES FLOW EQUATIONS

The weakly compressible Stokes flow equations are almost identical to the general non-
isothermal flow equations except that the inertial term pu - Vu is zero. Therefore
these equations describe flow whose Reynolds number is very low and where the
inertial forces in the fluid are very small. Otherwise you can apply these equations to
same problems as the non-isothermal flow equations, but the system of equations is

less nonlinear.

The weakly compressible Stokes flow equations using the total stress tensor

formulation are
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Ju

pgy =V [-pl+n (Vu+ vw)") - (@2n/3-x;) (V- wI]+F

(8-4)

Ip -
$+V (pu)=0

where

* pis the density (kg/ ms)

* u represents the velocity field (m/s)

¢ p denotes the pressure (Pa)

* 1 equals the dynamic viscosity (Pa-s)

* Kqy is the dilatational viscosity (Pa-s)

* Fis a volume force field such as gravity (kg/ ms)

¢ Iis the identity matrix

BOUNDARY FORCES

For the weakly compressible equations, the viscous stress tensor, T, is

T =1 (Va+ (Vo) )= (2n/3-x)(V-u)L.

In addition to the stress due to viscous forces, a fluid can also have internal stresses due

to the fluid pressure, p. The total stress tensor, o, is

6 = pI+n(Vu+(Vwh) - (2n/3-x)(V-wl,
where I is the identity matrix or unit diagonal matrix.

For the incompressible equations, the stress tensors are simpler due the
incompressibility condition V - w = 0. Thus, for these equations, the viscous stress

tensor, T, is defined as

T =n(Vus+(Va)'),
and the total stress tensor, o, is
6 = pl+n(Vu+ (Vu)T).
From these stress tensors you can define the viscous boundary force per unit area, K, as

K =1,
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and the total boundary force per unit area, T, as
T =on

where n is the outward normal vector on the boundary.

SHALLOW CHANNEL APPROXIMATION

In microfluidics applications, channels often have an almost rectangular cross section
where the thickness is much less than the channel width. For this type of geometry,
simple 2D models often fail to give correct results because they exclude the boundaries
that have greater effect on the flow. In 2D, however, you can approximate the effect
of these boundaries by adding a drag term as a volume force to any of the relationships

in Equations 8-1 to 8-4. The form of this term is

- nu

F, =-127 (8-5)
h

where 1 is the fluid’s dynamic viscosity (kg/(m-s)), u is its velocity field (m/s), and &

is the channel thickness (m).

This term represents the resistance that the parallel boundaries place on the flow.
However, they do not account for any changes in velocity due to variations in the

cross-sectional area when the channel thickness differs.

Boundary Conditions

To fully define the flow problem you need to define boundary conditions for the flow.
For ecasier usability, the available boundary conditions have been divided into six

groups or condition types: Wall, Inlet, Outlet, Symmetry, Open boundary, and Stress.

The following chapters describes these conditions one by one.

BOUNDARY TYPE: WALL

These boundary conditions describe the existence of a solid wall.

No Slip

Boundary conditions that sets the fluid’s velocity to zero at the boundary,
u=0.

Moving/Leaking Wall
If the wall moves, so must the fluid. Hence, this boundary condition prescribes
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Note that setting this boundary condition does not automatically cause the associated
wall to move. The section The Moving Mesh Application Mode on page 401 of the
COMSOL Multiphysics Modeling Guide describes how to set up a model with moving

boundaries.

You can also use the Moving/perforated wall boundary condition to simulate a wall

where fluid is leaking into or leaving through a perforated wall.

Sliding Wall
If you use this boundary condition, the wall is assumed to behave like a conveyor belt,
that is, that the surface is sliding in its tangential direction. The wall does not have to

actually move in the coordinate system.

In two space dimensions (2D), the tangential direction is unambiguously defined by
the direction of the boundary. However, the situation becomes more complicated in
3D. For this reason, this boundary condition has slightly different definitions in the

different space dimensions.

2D and Axial Symmetry The velocity is given as a scalar Uy, and the condition

prescribes

un=0 u-t=0U

W

where t = (-n,, n,) for 2D and t = (-n,, n,) for axial symmetry.

3D The velocity is set equal to a given vector u, projected onto the boundary plane:
u=u,-(n-u,)n

Slip

The Slip condition sets the normal component of the velocity to zero
n-u=0.

It also assumes that the tangential component of the viscous force is zero

t- (-pI+n(Vu+(Va)Hn) = 0.
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Electroosmotic Velocity

Most solid surfaces acquire a surface charge when brought into contact with an
clectrolyte. In response to the spontaneously formed surface charge, a charged
solution forms close to the liquid-solid interface. This is known as an electric double
layer. If you apply an electric field to the fluid, this very narrow layer starts to move

along the boundary.

It is possible to model the fluid’s velocity near the boundary with the Helmholtz-
Smoluchowski relationship between electroosmotic velocity and applied electric field.

Thus, electroosmotic velocity is
u =, E, = —srso]%Et (8-6)

where

* g is electroosmotic mobility (m2 /(sV))

* E,; equals the electric field in the fluid (V/m) tangential to the wall.

* ¢, represents the fluid’s relative permittivity

* gy denotes the permittivity of the free space (F/m)

o {is the fluid’s zeta potential (V)

* 1 equals the fluid’s dynamic viscosity (Pa-s)

Slip Velocity

In the microscale, flow at a boundary is seldom strictly no slip or slip. Instead, the
boundary condition is something in between, and there is a slip velocity at the

boundary. Two phenomena account for this velocity: the noncontinuum effect in

viscosity and flow induced by a thermal gradient along the boundary.

The following equation relates the viscosity-induced jump in tangential velocity to the

tangential shear stress along the boundary:

Au = %’Cn’t
For gaseous fluids, the coefficient B equals
B =1
2-o
(Son
o
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where 1 is the fluid’s dynamic viscosity, o, represents the tangential momentum-

accommodation coefficient, and A is the molecules’ mean free path.

A simpler expression for B is

where L (the slip length) is a measure that says for a straight channel, the flow profile
extrapolates to zero at distance Lg away from the boundary. This equation holds for

both liquids and gases.

Thermal creep results from a temperature gradient along the boundary. The following
equation relates the thermally-induced jump in tangential velocity to the tangential

gradient of the natural logarithm of the temperature along the boundary:
Au = o,V logT
Tp t
where o7 is the thermal slip coefficient, 1 represents the fluid’s dynamic viscosity, and
p is the fluid’s density.
Combining the previous relationships results in the following equation:
LS n
WU wai = e+ OV

where u is the flow vector, ug yq1 gives the tangential wall velocity, Lg represents the
slip length, 1 is the dynamic viscosity, 1T, ; denotes the tangential shear stress, o7 is the
thermal slip coefficient (often close to 0.75), p is the fluid density, and T is the fluid

temperature.

You can either define Ly directly or calculate it from

I - (2_(XVJK,

S
(XV

where o, and A are the same as before.

Referring to “Boundary Forces” on page 252, you can relate the tangential shear stress

to viscous boundary force by

T . =K-(n-K)n,

n,t
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but instead of using the viscous stress tensor, the component of K are the Lagrange

multipliers that are used to implement the boundary condition.

Similarly, the tangential temperature gradient results from the difference of the

gradient and its normal projection:

V,T = VI -(n-VT)n.

BOUNDARY TYPE: INLET

This boundary type contains different ways to specify conditions on a boundary where
the fluid is supposed to enter the domain. Notice that the formulations contained in
this boundary type all appear, some of them slightly modified, in the Outlet boundary
type as well. Hence, there is nothing in the mathematical formulations that prevents a
fluid from leaving the domain through boundaries where you have specified the Inlet

boundary type.

Velocity

For inlet boundaries you can specify the fluid’s velocity equal to a given vector ug:
u=u,

You can also specify the normal inflow velocity (the speed in the inward direction

normal to the boundary), that is,
u=-Uyn.

Pressure, No Viscous Stress
This boundary condition states that the pressure is p( and that the viscous boundary

force is zero:

P =Dy
n(Va+Va)m=0

It is a numerically stable boundary condition that admits total control of the pressure
level along the entire boundary. However, if the inflow is not normal to the boundary,
this condition is an overspecification. In the case that your solution turns out to have
anon-normal inflow velocity, there are two choices. Either, move the boundary farther
away to a location where the inflow is normal to the boundary or, use a stress type

boundary condition described on page 262.
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Laminar Inflow
In the microscale, flows often have a very low Reynolds number and a fully developed
laminar profile. Thus it is reasonable to assume this profile in any inlet boundary of a

microscale model.

You can compute the laminar flow profile by adding a special formulation of the

stationary Stokes flow equations to boundary as in

T
_L \V4 .[_p1+n(Vtu+(Vtu) )] = NPentr

entr " ¢ (8-7)
V,,u=0

where Lgpi, gives the entrance length, that is, the length of the fictious inlet channel
outside of the model, p is the pressure, 1 denotes the dynamic viscosity, u is the
velocity field, pepty is the entrance pressure at the end of the inlet channel, I is the
identity matrix, and n is the outward normal vector. The subscript in V, emphasizes
that this equation is solved for tangential components of the boundary. The equation’s

dimension is one less than the model dimension.

The Equation 8-7 simulate the effect of a fictious channel outside of the true

geometry. The software solves it together with any of Equations 8-1 to 8-4, and they
share the variables p, 1, and u. The pressure pgpt, has either a user-defined value or it
is solved so that the average velocity or the volume flow through the boundary meets
the user-defined value. Be sure to set the inlet length, Ly, large enough so that the

flow can develop its laminar form:

r—— = —
Pentr I Q
L —_- —- —_- — —
-
Lentr

Figure 8-1: Sketch of the physical situation simulated when using the Laminar inflow
boundary condition. Q is the actual computational domain while the dashed domain is o
fictitious domain.

The default operation of Equation 8-7 assumes that the conditions on the inlet
channel are the same as in the adjacent domain Q. For example, if the walls of Q have
electroosmotic then the inlet channel will behave similarly. The velocity components
can be forced to zero in the outer sides of the inlet boundary. which corresponds to

inlet channel with no-slip condition.
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BOUNDARY TYPE: OUTLET

This boundary type contains different ways to specify conditions on a boundary where
the fluid exits the domain. Note that all of the formulations in this type can be found,
possibly slightly modified, in other boundary types as well. Hence, there is nothing in
the mathematical formulations that prevent a fluid from entering the domain through

boundaries where you have set the Outlet boundary type.

Velocity

Also for outlets, you can specify the fluid’s velocity equal to a given vector ug:
u=u,

Alternatively, you can specify the outward normal velocity (the speed in the outward

direction normal to the boundary), that is,
u=Uym.

Pressure, No Viscous Stress
This boundary condition states that the pressure is p, and that the viscous force is

ZCro:

P =Py
n(Va+Va)m=0

It is a numerically stable boundary condition that admits total control of the pressure
level at the whole boundary. However, if the outflow is not normal to the boundary,
this condition is an overspecification. In the case that your solution turns out to have
a non-normal outflow velocity, there are two choices. Either move the boundary

farther away to a location where the outflow is normal to the boundary or use a stress

type boundary condition described on page 262.

Note that this condition is identical to the Pressure, no viscous stress condition for
Inflow boundaries. Hence, depending on the pressure field in the rest of the

subdomain, a boundary with this condition can become an inflow boundary.

Pressure

This boundary condition prescribes only a Dirichlet condition for the pressure:

P =Py
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Use this boundary condition only for high Reynolds number outflow boundaries, that
is Re® = p|u|h/(2n) >>1. It is far less stable than the Pressure, no viscous stress
boundary condition, but it is consistent with a non-normal outflow velocity.

No Viscous Stress

Prescribes vanishing viscous stress:
nVu+(Va)Dn = 0

This condition can be useful in some situations because it does not impose any

constraint on the pressure. A typical example is a model with volume forces that give
rise to pressure gradients that are hard to prescribe in advance. It should however be
combined with a point constraint on the pressure to be numerically stable (see “Point

Settings” on page 276).

Normal Stress
The total stress on the boundary is set equal to a stress vector of magnitude, f,

oriented in the negative normal direction:
(=pI+n(Vu+(Vu)")n = —f;n

This implies that the total stress in the tangential direction is zero. This boundary

condition implicitly sets a constraint on the pressure that for 2D flows can be written
2 a—u" f (8-8)
= + -
p Non tho

If du,,/dn is small, Equation 8-8 can be interpreted as p = f, .

Laminar Outflow
The Laminar outflow boundary condition is similar to the Laminar inflow boundary
condition (see page 258), but you define the exit pressure and the exit length instead

of the entrance pressure and entrance length.

Q | Pexit

Figure 8-2: Sketch of the physical situation simulated when using Laminar outflow
boundary condition. Q is the actual computational domain while the dashed domain is n
fictitious domain
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BOUNDARY TYPE: SYMMETRY BOUNDARY

Symmetry Boundary
Prescribes no penetration and vanishing shear stresses:

un=0, t-(-pI+n(Va+Vu)T)n=0

The terms inside the parenthesis are the stress tensor of the main equation. Thus for

the weakly compressible formulations (Equation 8-2 and Equation 8-4) extra terms

appear.

Axial Symmetry
This boundary condition is only available in 2D Axial Symmetry. Use it on all
boundaries with coordinate r = 0. It prescribes u,. = 0 and vanishing stresses in the

z direction.

BOUNDARY TYPE: OPEN BOUNDARY
You can use this boundary type on boundaries that are open to large volumes of fluid.

Fluid can both enter and leave the domain on boundaries with this type of condition.

No Viscous Stress
Prescribes vanishing viscous stress:

n(Vu+(Va)")n = 0

This condition can be useful in some situations because it does not impose any

constraint on the pressure. A typical example is a model with volume forces that give
rise to pressure gradients that are hard to prescribe in advance. It should however be
combined with a point constraint on the pressure to be numerically stable (see “Point

Settings” on page 276).

Normal Stress
The total stress on the boundary is set equal to a stress vector of magnitude, fj,

oriented in the negative normal direction:
(-pI+n(Vu+(Vw)T)n = fyn

This implies that the total stress in the tangential direction is zero. This boundary

condition implicitly sets a constraint on the pressure that for 2D flows can be written

du,
p = 2n_a~;),—+f0 (8-9)
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If du,,/on is small, Equation 8-9 can be interpreted as p = f, .

BOUNDARY TYPE: STRESS
This type of boundary condition represents a very general class of conditions also

known as traction boundary conditions.

General Stress
With this boundary condition, you can specify the total stress at the boundary:

-pn +n(Vu + (Vu)T)n =F

This boundary condition implicitly sets a constraint on the pressure that for 2D flows

can be written

u,

If du,,/0n is small, Equation 8-10 can be interpreted as p~-n - F .

Normal Stress
If the total stress is directed normal to the boundary, you can use this boundary

condition, which sets
T
-pn+n(Vu+(Vu) )n = fyn

This boundary condition implicitly sets a constraint on the pressure that for 2D flows

can be written

ou,
p = 2“% +f0 (8-11)

If du,,/dn is small, Equation 8-11 can be interpreted as p = £, .

Normal Stress, Normal Flow
Boundary condition similar to Normal stress, which in addition assumes the velocity

vector is directed normal to the boundary:
(-pI+n(Vu+(Va)"))n=-fn, t-u=0 -

Also this boundary condition implicitly sets a constraint on the pressure that for 2D

flows can be written
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du,
p = 21’]'5';l—+f0 (8-12)

If du,,/0n is small, Equation 8-10 can be interpreted as p = f; .

LAMINAR FLOW THEORY | 263



264 |

Application Modes for Laminar Flow

The microfluidics application modes for laminar flow share many common features,
and the main difference is in the formulation of the PDE equation they use. This
section describes the common structure of the General Laminar Flow, Incompressible
Navier-Stokes, Non-Isothermal Flow, Stokes Flow, and Non-Isothermal Stokes Flow

application modes.

Variables and Space Dimension

The microfluidics application modes solve for the pressure and the velocity vector

components. They are available for 2D, 2D axisymmetric, and 3D geometries.

The dependent variables in this application mode appear in the following table:

TABLE 8-1: MICROFLUIDICS APPLICATION MODES—DEPENDENT VARIABLES

DEPENDENT VARIABLE DESCRIPTION
u, v, w Velocity in the x1, x9, and xg3 direction
D Pressure

Application Mode Properties

The following figure shows the Application Mode Properties dialog box of the
microfluidics application modes. Here you control global settings for a model. To

open it, choose Physics>Properties.

Application Mode Properties [=]

Properties

Default element type: Lagrange -PZPI =

Analysis type: :Statmnary -
Corngr smoothing: [off -
‘Wealdy compressible Flow: :On -:
Inertial term: :On -
Two-phase Flow: _Single-phase Flow - |
Weak constraints: :OFF -
Constraint bype: Ideal -

[ QK ] [ Cancel ] [ Help ]

Figure 8-3: Application mode properties of the microfluidics application modes.

Among the properties you control are:
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Default element type The selected element type becomes the default for all new

subdomains. However, it does not affect existing subdomains.

Analysis type Possible choices are cither Stationary or Transient analyses. The choice

affects both the equations and the solver settings in the Solver Parameters dialog box.

Weakly compressible flow Possible choices are On or Off. This sclection defines
whether the equation is incompressible or weakly compressible. See Table 8-2 for how

the value of this setting corresponds to the equations.

Inertial term Possible choices are On or Off. This setting sets or removes the inertial
component from the equations. See Table 8-2 for how the value of this setting

corresponds to the equations.

TABLE 8-2: APPLICATION MODE PROPERTY AND EQUATION CORRESPONDENCE

WEAKLY COMPRESSIBLE FLOW  INERTIAL TERM EQUATION
Off On Incompressible Navier-Stokes

On On Weakly compressible Navier-Stokes
Off Off Stokes flow

On Off Weakly compressible Stokes flow

Scalar Varviables

The microfluidics application modes have only one scalar variable: the electric
permittivity of free space, which the electroosmotic velocity boundary condition uses.
The software appends an underscore followed by the application mode abbreviation
(mmglf by default) to the variable name.

TABLE 8-3: APPLICATION SCALAR VARIABLE

PROPERTY  VARIABLE VALUE DESCRIPTION

£ epsilon0  8.854187817: 10"'2 F/m Electric permittivity of free space

Subdomain Settings

You enter the fluid’s properties using the two or three pages of the Subdomain Settings
dialog box: On the Physics page (Figure 8-4) you define general properties, and on the
Microfluidic page (Figure 8-5) you define special parameters meaningful only in the
microscale. If you have defined Weakly compressible flow = On and Inertial term = On
(th Weakly Compressible Navier-Stokes application mode) then there is also an

additional Density page (Figure 8-6) where you define the fluid’s density. Otherwise
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these pages have only slight differences between the application modes as pointed out
in the text.

THE PHYSICS PAGE

Subdomain Settings - General Laminar Flow (mmglf) &=

Equations

puVu = 7[-pI+ n(Vu + (Vu))]+F

Vu=0
: Subdomains || Grnupsl Fhysics ‘ Micrafluidic | Init I Element I |
Subdomain selection Fluid properties and sources|sinks
1 - Library material: - Load...
Quantity Value/Expression Unit Description
p 1e3 lg/m? Density
n 1e-3 Pa-s Dynamic viscosity
= 0 Njm®  Volume force, x-dir.
I8 & ] Njm?  Volume force, y-dir.
Thickness |1 m Channel thickness
Group:
Add shallow channel approximation
[] Select by group &
Active in this domain Artificial Diffusion. ..
[ oK ] [ Cancel I I Apply ] [ Help ]

Figure 8-4: The Physics page of the Subdomain Settings dialoy box.

In the Physics page you define the following settings:

Density, p This setting appears for other than the Weakly Compressible Navier-Stokes
application mode. This material property specifies the fluid density. In the Stokes Flow
application mode p has an effect only in a transient analysis.

Dynamic Viscosity, 1 This term describes the relationship between the shear stresses
in a fluid and the shear rate. Intuitively, water and air have a low viscosity, and
substances often described as thick, such as oil, have a higher viscosity. You can describe
a non-Newtonian fluid by defining a shear-rate dependent viscosity. Examples of non-

Newtonian fluids include yogurt, paper pulp, and polymer suspensions.

Dilatational Viscosity, K You can set this coefficient to zero for most fluid-dynamics
applications. This coefficient exists only for the Non-Isothermal and Non-Isothermal

Stokes Flow application modes.

Volume Force, F The volume force vector, F = (Fy, Fy, F,), describes a distributed
force field such as gravity. The unit is force /volume.
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Thickness This coefficient exists only in 2D and gives the thickness of a channel with
arectangular cross section. The solver uses this value in the drag term if you select the

Add shallow channel approximation check box.

Add Shallow Channel Approximation This check box exists only in 2D. When

selected, it adds the drag term from Equation 8-5 to the application mode equations.

Artificial Diffusion Click this button to define the artificial diffusion settings. The
microfluidics application modes support artificial diffusion using the following
methods:

* Isotropic diffusion

* Streamline diffusion

* Crosswind diffusion

* Pressure stabilization

See “Stabilization Techniques” on page 433 in the COMSOL Multiphysics Modeling

Guide for more information about artificial diffusion and numerical stabilization

techniques.

THE MICROFLUIDIC PAGE

Subdomain Settings - General Laminar Flow (mmglf) [==

Equations

ouVu = 7 [-pI + n(Vu + (7u) )] +F

Vu=0
;Subdumains§| Gmupsl ph-,-g(g‘ Microfluidic | Init | Element | |
Subdomain selection Physics settings For microfluidics
1 & Quantity Value/Expression Unit Description
E 80 1 Relative permittivity
1 1e-6 m Mean free path
Group:
[ Select by group
Active in this domain
I [o]:4 ] [ Cancel ] [ Apply ] I Help I

Figure 8-5: The Microfluidic page of the Subdomain Settings dinlog box.

In the Microfluidics page you define the following settings:
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Relative Permittivity, €, This coefficient defines the fluid’s relative electric
permittivity. It is needed if you apply the electroosmotic velocity boundary condition
to a model.

Mean Free Path, A If the fluid is a gas, you can define the mean free path of the fluid
molecules. The model uses this information if you want to calculate the slip length for

the slip velocity boundary condition.

THE DENSITY PAGE

Subdomain Settings - General Laminar Flow (mmglf) [==]
Equations
pu-u = VL-pl+ n(Tu + (Fu)T) - (2nf3 - Kk, N T)I] + F
Vipu) =0
: Subdomains ;| Groupsl ‘ Physicsl Density | Microfluidic I Init | Element | |
Subdomain selection Density settings
1 o Library material: -
Quantity Value/Expression Unit Description
2} 1e3 kajm? Density
Density pis a function of:
Pressure p
- Temperature Name of kemperature variable
Group: Use the above check baxes ko obtain the correct Galerkin least-squares (GLS) artificial diffusion,
[] Select by group
Active in this domain
[ 0K ] [ Cancel ] [ Apply ] [ Help

Figure 8-6: The Density page of the Subdomain Settings dialog box.

The Density page only appear if you have defined Weakly compressible flow = On and
Inertial term = On (the Weakly Compressible Navier-Stokes application mode). On this
page you define the following parameters:

Density, p This setting appears for other than the Weakly Compressible Navier-Stokes
application mode. This material property specifies the fluid density. In the Stokes Flow
application mode p has an effect only in a transient analysis.

Also, if you have activated the GLS artificial stabilization (To activate GLS artificial
stabilization go to Physics page and click Artificial Diffusion, sclect Streamline Diffusion
checkbox and then select Galerkin Least-Squares (GLS)), then you have additional

settings:

Pressure This defines whether the density is a function of pressure.
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Temperature This defines whether density is a function of temperature. Also define

the dependent variable for temperature.

Note that you should use the above settings only if you have typed an expression into
the density field that makes the density a function of either pressure or temperature.
These settings then control the exact weak expression for the Galerkin Least-Squares
(GLS) artificial diffusion. This method (See “Stabilization Techniques” on page 433
in the COMSOL Multiphysics Modeling Guide for more information) is necessary to
get a stable finite element discretization of the Weakly Compressible Navier-Stokes
equations. You can also define the density as a function of any other dependent
variable, but GLS can only stabilize with respect to pressure and temperature, which

are the most common variables.

The GLS artificial stabilization is not active by default for two reasons. In microfluidic
systems the flow often has very low Reynolds number because the viscous effects

dominate over the inertial effects. In these applications the stabilization is not needed,
and they would produce unnecessary computational load. Another reason is that the
stabilization technique have been designed to operate best on certain velocity ranges,

and for very slow velocity it will produce too much stabilization.
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Boundary Conditions Settings

You select and specify boundary conditions in the Boundary Settings dialog box.

Boundary Settings - General Laminar Flow (mmglf) 2]
Equation
u=0
i Boundarizs i Groupsi Coefficients ‘
Boundary selection Boundary conditions
* Boundary type: wall =
2
3 Boundary condition: g slip o
4
Group:
[] Select by group
[7] tnterior boundaries
| OK J I Cancel | | Apply | I Help

Figure 8-7: The Boundary Settings dialog box.

Different types of boundary conditions are available by first selecting a Boundary type:
Wall, Inlet, Outlet, Symmetry, Open boundary, or Stress, then you select the actual
condition from the Boundary conditions list. See “Boundary Conditions” on page 253
for an overview and theory of all available boundary conditions. The following

describes the user interfaces for each condition.

BOUNDARY TYPE: WALL

Slip
Defines that fluid flows freely and only along the tangent of the boundary. No
additional parameters are needed to define this condition.

Sliding Wall

Tangential wall velocity U, Defines the velocity of the tangentially moving wall.
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Moving/Leaking Wall

Wall velocity, uy, vy, Define the x- and y-components of the boundary (or through
boundary) velocity.

No Slip
Defines that fluid is not moving on the boundary. No additional parameters are needed
to define this condition.

Electroosmotic Velocity

Boundary Settings - General Laminar Flow {mmglf) [7z37)
Equation

u=p_E E= E-(nEn

Boundaries ‘ Groups | Coefficients | Cg) t

Boundary seleckion Boundary conditions

_ i Boundary kype: wall o

3 Boundary condition: \Electroosmatic velod

4 Quantity Value/Expression Unit Description
E 0 Vim Electric field, x-componsnt
Ey 0 Vim Electric field, y-component

@ Ha 7e8 | ml.l(s-\t'] Electroosmotic mobility

I 0.1 v Zets potential

Group:

[7] select by aroup

[ Interior boundaries

[ QK H Cancel H Apply H Help ‘

Figure 8-8: The Electroosmotic velocity settings in the Boundary Settings dialoyg box.

Use the following settings to specify the Electroosmotic velocity boundary condition:

Electric field, E, E;, E, E; Thesc cocfficients define components of the electric field
in the fluid near the boundary.

Electroosmotic mobility, [1,, This coefficient defines the fluid’s electroosmotic
mobility.

Zeta potential, { This coefficient defines the boundary’s zeta potential if you want to

calculate electroosmotic mobility according to Equation 8-6. You also need the

dynamic viscosity in this equation.
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Slip Velocity

Boundary Settings - General Laminar Flow (mmglf] |E|
Equation
u-u = (LEIH)TM"'(UTI'II(DTJ)VtTw Uyl = Yl (nu, )n, V.7 =9T-(nTT)n
Boundary selection Boundary conditions
_T Boundary type: wall i
§ Boundary condition:
4 Quantity  Value/Expression Unit  Description
Uwall 0 m/s Wall velocity, x-compaonent
Vinal ] m/s Wall velocity, y-component

[¥] Use viscous slip
@ L 1e-7 m Slip length
Tangential momentum accommodation coeff,

[T Use thermal creep

i o K Temperature of the fluid
op 0.75 ! Thermal slip coeffident
Group:
[ select by group
[ Interior boundaries
I Ok I { Cancel | | Apply | I Help ‘

Figure 8-9: The Slip velocity settings in the Boundary Settings dinlog box.

Use the following settings to specify the Slip velocity boundary condition:

Wall velocity, Uyall, Viwalls Wwall 1hese coefficients define the components of the
tangential wall velocity. The application modes recompute the tangential components
so the given velocity need not be exactly tangential.

Use viscous slip Selecting this check box activates the viscous slip component to the
boundary condition.

Slip length, L This coefficient defines the fluid’s slip length on the boundary.

Momentum accommodation coefficient, o, This coefficient defines the momentum
accommodation coefficient if you wish to calculate the slip length for a gaseous fluid.
You must also define the mean free path of the gas molecules in the subdomain
settings.
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Use thermal creep Selecting this check box activates the thermal creep component to
the boundary condition.

Temperature of the fluid, T This coefficient defines the fluid’s temperature.
Thermal slip coefficient, 67 This coefficient defines the thermal slip coefficient.

WALL TYPE: INLET

Velocity
Defines fluid’s velocity at the boundary.

Velocity, ug, vo Define the fluid velocity at the boundary

Normal velocity, Uy Defines the fluids normal inflow velocity at the boundary.

Pressure, No Viscous Stress

Defines the fluid’s pressure and vanishing viscous stress at the boundary.

Pressure, Py Defines the fluid pressure at the boundary.

Laminar Inflow

Boundary Settings - General Laminar Flow {mmglf) [£2]
Equation
Lemvl-[pl - n(Vlu + (Vlu)T)] =-mp_,.. Vyu=0
Wanes‘mi Coefficients |—|
Boundary selection Boundary conditions
_T Boundary kype: Inlst o
§ Boundary condition: ;_ Hinar inFIC
4 Quantity ;‘alue/ExprEssinn Unit Description
@ Y 0 mfs Average velocity
Vg 0 mijs Volume per time unit using thickness
Poentr 0 Pa Entrance pressure
Larer L m Entrance length

[] Constrain end points ko zero

it et e
|
3 Poener | Q
'
Group: E
[ Select by group L' -----------
[7] Interior boundaries L entr

[ QK JI Cancel H Apply H Help ‘

Figure 8-10: The Laminar inflow settings in the Boundary Settings dialoy box.
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Use the following settings to specify a Laminar inflow or Laminar outflow boundary

condition:

Average velocity, U, This coefficient defines the average velocity through the inlet

boundaries.

Volume flow, Vy This coefficient defines the volume flow through the inlet in time
unit. In 2D, the application mode uses thickness information from the subdomain

settings.

Entrance pressure, Dy onty 1his coefficient defines pressure at the end of the inlet. For

Outflow boundaries, specify the exit pressure, Pg exit instead.

Entrance length, Lo,;,. This coefficient defines the length of the inlet channel outside
the model domain. This value must be large enough so that flow can reach a laminar

profile. For Outflow boundaries, specify the exit length, Lgyi;.

Constrain end points to zero (2D) This check box forces the laminar profile to go to
zero at the outer sides of the inlet channel. Otherwise the velocity is defined by the
boundary condition of the adjacent boundary in the model. For example, if one end
of'a boundary with a Laminar inflow condition connects to a Slip boundary condition,

then the laminar profile has a maximum at that end.

Constrain outer edges to zero (3D) Sclecting this check box has the same effect as

constraining an end point to zero in 2D.

Note: All boundaries that are connected and have a laminar inflow boundary
condition and also have same settings and group name form a single inlet channel.
This affects a model if you define volume flow or choose to constrain end points or

outer edges to zero.

WALL TYPE: OUTLET

Velocity
Defines the velocity at the boundary.

Velocity, ug, v, wy Define the fluid velocity at the boundary
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Normal velocity, Uy Defines the fluids normal outflow velocity at the boundary.

Pressure, No Viscous Stress

Defines the pressure and vanishing viscous stress at the boundary.

Pressure, py Defines the fluid pressure at the boundary.

Pressure

Pressure, py Defines the fluid pressure at the boundary.

No Viscous Stress
Defines vanishing viscous stress at the boundary. No additional parameters are needed

to define this condition.

Normal Stress
Defines stress on the boundary.

Normal stress, f; Defines normal stress on the boundary.

Laminar Outflow

Defines the outflow with fully developed laminar profile. Settings for this condition are
the same as for Laminar Inflow on page 258, with the difference that average velocity
Uy and volume flow V( define outflow, and pg eyit and Ly defines the exit pressure

and exit length

WALL TYPE: SYMMETRY
In 2D and 3D the Symmetry wall type defines the boundary condition directly. In
Axial Symmetry

Symmetry
Defines symmetry boundary. No additional parameters are needed to define this

condition.

Axial Symmetry
Defines the symmetry condition on boundary at r = 0.No additional parameters are

needed to define this condition.

WALL TYPE: OPEN BOUNDARY

Normal Stress
Defines stress on the boundary.
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Normal stress, fj Defines normal stress on the boundary.

No Viscous Stress
Defines vanishing viscous stress at the boundary. No additional parameters are needed

to define this condition.

WALL TYPE: STRESS

General Stress
Defines stress on the boundary.

Stress, F' Defines the x- and y- components of the fluid stress on the boundary

Normal Stress
Defines stress on the boundary.

Normal stress, f; Defines the outward directed normal stress of the fluid on the

boundary

Normal Stress, Normal Flow
Defines stress and constraints flow to normal direction on the boundary.

Normal stress, f; Defines the outward directed normal stress of the fluid on the

boundary

Point Settings

If you do not specify the pressure using a Pressure boundary condition, the flow model
might not be sufficiently specified because there is no restriction on the pressure

variable. This, in turn, can lead to problems when solving the model.
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One way to specify a pressure reference without changing the boundary conditions is

to set the pressure, py, at a single point (vertex) using the Point Settings dialog box:

Equation

P=Pg

Point Settings - General Laminar Flow (mmglf)

Coefficiznts

(==

Paint selection

1

G

Group:

[ Select by group

Point coefficients

Quantity Value/Expression

Point constraint Py 0

Unit Description

Pa  pressure

[ Ok ] [ Cancel ][

Apply H Help

Figure 8-11: The Point Settings dialog box for setting pressurve at a single point.

Application Mode Variables

A number of variables and physical quantities are available for postprocessing and for
use in equations and boundary conditions. For information of these variables see
“Application Modes for Laminar Flow” on page 73 in the MEMS Module Reference

Guide.
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General Laminar Flow

The General Laminar Flow application mode is a general-purpose application mode for
modeling laminar flows in viscous fluids. By changing the application mode properties,
you can use any of the equations from the Incompressible Navier-Stokes, Weakly
Compressible Flow, Stokes Flow, and Weakly Compressible Stokes Flow application

modes.

With the General Laminar Flow application mode you can solve transient and steady-
state models of incompressible fluid dynamics. When started, this application mode
uses the most general equations of the four non-isothermal flow equations given in

Equation 8-4 on page 252.

For detailed information about the equations and boundary condition for this
application mode see “Laminar Flow Theory” on page 249, and for instructions how
to use this application mode see the section “Application Modes for Laminar Flow” on

page 264.

CHAPTER 8: MICROFLUIDICS APPLICATION MODES



Incompressible Navier-Stokes

The Navier-Stokes equations describe laminar flow in viscous fluids through
momentum balances for each of the components of the momentum vector in all spatial
dimensions. Originally they assume that the density and viscosity of the modeled fluid
are constant, which gives rise to a continuity condition.

The Incompressible Navier-Stokes application mode in COMSOL Multiphysics is
somewhat more general and can account for arbitrary variations in viscosity and small

variations in density, for example, through the Boussinesq approximation.

With the Incompressible Navier-Stokes application mode you can solve transient and
steady-state models of incompressible fluid dynamics. When started, this application
mode uses the Incompressible Navier-Stokes relationships given in Equation 8-1 on
page 249. If you change the equation by changing either of the Non-isothermal flow
or Inertial term application mode properties, the application mode changes and always

corresponds to the equation your are using.

For detailed information about the equations and boundary condition for this
application mode, see the section “Laminar Flow Theory” on page 249, and for
instructions how to use this application mode, see the section “Application Modes for

Laminar Flow” on page 264.
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Weakly Compressible Navier-Stokes

The Weakly Compressible Navier-Stokes application mode is an extension of the
Navier-Stokes equations for laminar flow that allows for small changes in fluid density.
For many fluids, changes in density arise from temperature changes. This phenomenon
is of particular interest when modeling free-convection problems where density
differences drive the fluid flow. Note that the application mode is not suitable for high
velocities or when compression or expansion of the fluid results in substantial internal

work or heat effects.

With the Weakly Compressible Navier-Stokes application mode you can solve transient
and steady-state models of incompressible fluid dynamics. When started, this
application mode uses the weakly compressible flow relationships from Equation 8-2
on page 250. If you change the equation by changing the Weakly compressible flow
or the Inertial term application mode property, the application mode changes and

always corresponds to the equation your are using.

For detailed information about the equations and boundary condition for this
application mode see the section “Laminar Flow Theory” on page 249, and for
instructions how to use this application mode see the section “Application Modes for

Laminar Flow” on page 264.
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Stokes Flow

The Stokes flow equations describe laminar flow in viscous fluids. Thus this application
mode is intended for flow with very low velocity, creeping flows whose Reynolds
number is very low. In this case the inertial forces of the flow are very small so you can
simplify the incompressible Navies-Stokes equations by removing the inertial term.
Keeping in mind the restriction to creeping flows, you can use this application mode
in same applications as the Incompressible Navier-Stokes application mode except the

equations are less nonlinear.

With the Stokes Flow application mode you can solve transient and steady-state models
of incompressible fluid dynamics. When started, this application uses the Stokes flow
relationships given in Equation 8-3 on page 251. If you modify the equation by
changing cither of the Non-isothermal flow or Inertial term application mode
properties, the application mode changes and always corresponds to the equation your

are using.

For detailed information about the equations and boundary condition for this
application mode see the section “Laminar Flow Theory” on page 249, and for
instructions how to use this application mode see the section “Application Modes for

Laminar Flow” on page 264.
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Weakly Compressible Stokes Flow

The weakly compressible Stokes flow equations describe laminar flow in viscous fluids,
whose density may change due to external heating, for example. This application mode
is intended for modeling flows with very low velocity, or creeping flows whose
Reynolds number is very low. In this case the inertial forces of the flow are very small,
and thus you can simplify the weakly compressible flow equations by removing the
inertial term. Keeping in mind the restriction to creeping flows, you can use this
application mode for the same applications as the Weakly Compressible Navier-Stokes

application mode, but the equations are less nonlinear.

With the Weakly Compressible Stokes Flow application mode you can solve transient
and steady-state models of weakly compressible fluid dynamics. When started, this

application uses the weakly compressible Stokes flow relationships in Equation 8-4 on
page 252. If you change the equation by changing either of the Weakly compressible
flow or Inertial term application mode properties, the application mode changes and

always corresponds to the equation your are using.

For detailed information about the equations and boundary condition for this
application mode see the section “Laminar Flow Theory” on page 249, and for
instructions how to use this application mode see the section “Application Modes for

Laminar Flow” on page 264.
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The Level Set Method

Flow problems with moving interfaces or boundaries occur in a number of different
applications, such as fluid-structure interaction, multiphase flows, and flexible
membranes moving in a liquid. One possible way to track moving interfaces is to use
alevel set method. A certain contour line of the globally defined function, the level set
function, then represents the interface between phases. With the Level Set application

mode you can move the interface within any velocity field.

For two-phase flow problems modeled with the level set method, use the Level Set
Two-Phase Flow application mode, see “The Level Set Method for Two-Phase Flow”
on page 289.

Subdomain Equations

The level set method is a technique to represent moving interfaces or boundaries using
a fixed mesh. It is useful for problems where the computational domain can be divided
into two domains separated by an interface. Each of the two domains can consist of
several parts. Figure 8-12 shows an example where one of the domains consists of two
separated parts. The interface is represented by a certain level set or isocontour of a
globally defined function, the level set function, ¢ . In COMSOL Multiphysics, ¢ is a
smooth step function that equals zero in a domain and one in the other. Across the
interface, there is a smooth transition from zero to one. The interface is defined by the
0.5 isocontour, or the level set, of ¢ . Figure 8-13 shows the level set representation of

the interface in Figure 8-12.
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Figure 8-12: Example of two domains divided by an interfuce. In this case, one of the
domain consists of two parts. Figure 8-13 shows the corresponding level set vepresentation.

Height: phi

Figure 8-13: Surfuce plot of the level set function corresponding to Figure 8-12.
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The application mode solves the following equations in order to move the interface
with the velocity field, u:

¢, +u-Vp =V <8V(1) -0(1- (1))%) (8-13)
The terms on the left hand side gives the correct motion of the interface, while the
right hand side terms are necessary for numerical stability. The parameter, €,
determines the thickness of the region where ¢ goes smoothly from zero to one and
should be of the same order as the size of the elements of your mesh. By default, € is
constant within each subdomain and equals the largest value of the mesh size, A, within
the subdomain. The parameter y determines the amount of reinitialization or
stabilization of the level set function. It needs to be tuned for each specific problem. If
vis too small, the thickness of the interface might not remain constant, and oscillations
in ¢ may appear because of numerical instabilities. On the other hand, if yis too large,
the interface moves incorrectly. A suitable value for yis the maximum magnitude of the
velocity field u.

CONSERVATIVE AND NONCONSERVATIVE FORM
If the velocity is divergence free, that is, if
V-u=0 (8-14)

the volume (area for 2D problems) bounded by the interface should be conserved if
there is no inflow or outflow through the boundaries. To obtain exact numerical

conservation, you can switch to the conservative form

. = V. _o(1- )22 ]
0+ V(o) = 1V (eVo-o(1-0)Th) (8-15)

using the Application Mode Properties dialog box (see Figure 8-14).
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Application Mode Properties =]
Properties
Default element type: Lagrange - Quadratic - |
Analysis bype: _Trans\ent initialization - |

Equation Form:

Weak constraints: Off -
Constraint bype: _Ideal - |
I [a]4 I { Cancel I I Help J

Figure 8-14: In the Application Mode Properties dialog box, you can switch between the
conservative and the nonconservative form of the level set equation.

Using the conservative level set form you obtain exact numerical conservation of the
integral of ¢ . Note, however, that the nonconservative form is better suited for
numerical calculations and usually converges more easily. The integral of the level set
function is then only approximately conserved, but this is sufficient for most
applications.

INITIALIZING THE LEVEL SET FUNCTION
Before you can solve Equation 8-13 or Equation 8-15, you must initialize the level set
function such that it varies smoothly from zero to one across the interface. Do so by

letting ¢, be zero on one side of the interface and one on the other. Then solve

0 =17 -(eVo-o1-0)g) (8-16)
using ¢, as the initial condition from ¢ = 0 to ¢ = 5&/7. The resulting ¢ is smooth
across the interface and a suitable initial condition to the level set equation. The Level
Set application mode automatically sets up Equation 8-16 if you select Transient
initialization from the Analysis type list in the Application Mode Properties dialog box
(Figure 8-15). You then solve the equation, store the solution, change the analysis type

to Transient, and finally use the stored solution as the initial condition.

CHAPTER 8: MICROFLUIDICS APPLICATION MODES



Application Mode Properties =]
Properties

Default element type: |Lagrange - Quadratic v:

Analysis type:

Equation Form: Conservative - ]

Weak constraints: Off -

Constraint bype: Ideal =
[ oK ] [ Cancel I I Help ]

Figure 8-15: By default, the Analysis type is set to Transient initialization. Note that you
must switch it to Transient after you have initinlized the level set function.

VARIABLES FOR GEOMETRIC PROPERTIES OF THE INTERFACE

Geometric properties of the interface are often needed. The unit normal to the

interface is given by

n = l—g—"ll 8-17)
Oy 05
The curvature is defined as
K = —V~n|¢=0_5 (8-18)

These variables are available in the application mode.

Note: It is only possible to compute the curvature explicitly when using second-order

or higher-order elements.

Boundary Conditions

Inflow/Phi At inflow boundaries you must specify a value of the level set function.

Typically you set ¢ to either O or 1.

Outflow For outflow boundaries no boundary condition is imposed on the level set

function.

Insulation/Symmetry Use this boundary condition when there should be no flow across

the boundary or if the boundary is a symmetry line or plane.

Axial Symmetry Boundary condition at r = 0 for axisymmetric problems.
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Initial interface Defines the boundary as the initial position of the interface.

Reference

1. E. Olsson and G. Kreiss, “A conservative level set method for two phase flow,”
J. Comput. Phys., vol. 210, pp. 225-246, 2005.
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The Level Set Method for Two-Phase
Flow

To model the flow of two different, immiscible fluids, where the exact position of the
interface is of interest, you can use the Level Set Two-Phase Flow application mode.
The application mode tracks the fluid-fluid interface using a level set method. It
accounts for differences in the two fluids’ densities and viscosities and includes the
effect of surface tension and gravity.

Subdomain Settings

For incompressible fluids, the application mode uses the equations

PV n(Vu+ (Vu)) + pu- Vu+ Vp = By + Fy+ F (8-19)
V.-u=0 (8-20)

30 _ Vo
2 vo-u = - (eVo-oi-0g L) (8-21)

The density is a function of the level set function according to

P =prt(P2—py)o

and the dynamic viscosity is

n=n;+(Mgy—M1)0

where p; and pg are the constant densities of Fluid 1 and Fluid 2, respectively, and n
and mg are the dynamic viscosities of Fluid 1 and Fluid 2, respectively. Here, Fluid 1
corresponds to the domain where ¢ < 0.5, and Fluid 2 corresponds to the domain
where ¢>0.5.

The surface tension force acting at the interface between the two fluids is
F,, = oxén

where 6 is the surface tensions coefficient (N/m), K is the curvature, and n is the unit

normal to the interface, as defined in Equation 8-17 and Equation 8-18 in the section
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“Variables For Geometric Properties of the Interface” on page 287. 8 (1,/m) is a Dirac
delta function concentrated to the interface. k¥ depends on second derivatives of the
level set function ¢ . This can lead to poor accuracy of the surface tension force.

Therefore, the application mode uses the alternative formulation
T
F, =V -(c(I-(nn"))d)

In the weak formulation of the momentum equations, it is possible to move the
divergence operator, using integration by parts, to the test functions for the velocity

components.

The &-function is approximated by a smooth function according to

8 = 6[Vollo(1-9)

In addition to the surface tension force, there is also a term that accounts for gravity.

The gravity force is
F, = pg
where g is the gravity vector.

Because the velocity field is divergence free, you can use either the conservative or the
nonconservative form of the level set equation (see the section “Conservative and
Nonconservative form” on page 285). The conservative form perfectly conserves the
mass of each fluid, but the computational time is in general longer. Note that when
you use the conservative form, the default element type for the velocity and pressure
automatically changes to P, P_j in 2D and P,+ P_j in 3D, since they result in a better

approximation of the continuity equation.

You can modify the model in a number of different ways from the Application Mode

Properties dialog box.

INITIALIZING THE LEVEL SET FUNCTION
Before you can solve Equation 8-19-Equation 8-21, you must initialize the level set
function such that it varies smoothly from zero to one across the interface. Do so by

specifying which fluid each subdomain is initially filled with. Then solve

= (50— o(1-0) 20 _
0, =1V -(evo-oi-o)ge) (8-22)

using ¢, as the initial condition from ¢ = 0 to ¢ = 5&/7. The resulting ¢ is smooth

across the interface and a suitable initial condition to the level set equation. The Level
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Set Two-Phase Flow application mode automatically sets up Equation 8-22 if you
select Transient initialization from the Analysis type list in the Application Mode
Properties dialog box (see Figure ?-22?). You then solve the equation, store the
solution, change the analysis type to Transient, and finally use the stored solution as the
initial condition.

Boundary Conditions

All the boundary conditions available for single-phase flow are also available for the
Level Set Two-Phase Flow application mode. The boundary condition used on the
level set function ¢ depends on whether the boundary is an inlet, an outlet, or a wall
or symmetry boundary. For inlets, you must specify the value of the level set function.
Typically, you set it to either zero or one, depending on which fluid enters the
boundary. At outlets, no boundary conditions on the level set function is imposed. For
walls and symmetry lines, the application mode sets the flux of the level set function to
zero. The boundary types Open boundary and Stress are not available for two-phase
flows.

There are also two boundary conditions that are only available for the Level Set Two-
Phase Flow application mode: the Initial fluid interface and the Wetted wall boundary

conditions.

THE INITIAL FLUID INTERFACE CONDITION

To specify the initial position of the interface, use the Initial fluid interface boundary
condition on interior boundaries. During the initialization step, the boundary
condition sets the level set function to 0.5. For the transient simulation of the fluid

flow, the boundary is treated as an interior boundary.

THE WETTED WALL CONDITION
The Wetted wall boundary condition is suitable for walls in contact with the fluid

interface. It enforces the slip condition

UMDy, = 0
and adds a frictional force of the form
__n
Ffr —Bu

where B is the slip length. For numerical calculations, it is suitable to set § =k, where

h is the mesh element size. The boundary condition does not set the tangential velocity
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component to zero. However, the extrapolated tangential velocity component is 0 at

the distance B outside the wall, as Figure 8-16 illustrates.

Finally, the boundary condition adds the following weak boundary term:

J' test(u) - [o6(n,,; — (ncos0))5]dS
0Q

The boundary term is a result of the partial integration of the surface tension force in
the Navier-Stokes equations. It allows you to specify the contact angle 0, that is, the
angle between the fluid interface and the wall. Figure 8-18 illustrates how the contact

angle is defined.

T
Fluid | A

A
Wall u T Wall

Fluid 2

B

Figure 8-16: Definition of the contact angle © at interface/wall contact points (left) and
illustration of the slip length B (right).

If you use the Wetted wall boundary condition, the interface can move along the wall.
For applications where the interface is fixed on the wall, the No slip condition is

suitable.

Example Model

For an example model that uses the Level Set Two-Phase Flow application mode, see
“Filling of a Capillary Channel” on page 404 in the MEMS Module Model Library.

Numerical Stabilization

In most cases the application mode works best if no stabilization is used. However, for
convection-dominated flow some stabilization might be necessary. If you encounter

convergence problems, make a surface plot of the Cell Reynolds number. If it is larger
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than 2, switch on streamline diffusion of the anisotropic diffusion type in the Artificial

Diffusion dialog box.

The choice of the level set parameter, v, is also important for stability. The maximum

speed of the flow is usually a suitable value.

Whenever the effect of surface tension is negligible, set the surface tension coefficient,
o, to 0 for increased stability.

Reference

1. E. Olsson and G. Kreiss, “A conservative level set method for two phase flow,”
J. Comput. Phys., vol. 210, pp. 225-246, 2005.

Application Mode Variables

A number of variables and physical quantities are available for postprocessing and for
use in equations and boundary conditions. For information of these variables see “The
Level Set Two Phase Flow Application Mode” on page 77 in the MEMS Module
Reference Guide.
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Convection and Diffusion

In the Convection and Diffusion application mode, Fick’s law describes the diffusive
transport in the flux vector. Fick’s law is adequate when the diffusing species is dilute

with respect to a solvent.

The Convection and Diffusion Application Mode

THE CONVECTION AND DIFFUSION EQUATION

The convection and diffusion equation is:

ac

ati +V-(-D,Vc, +c;u) = R, (8-23)

where ¢; is the concentration of species ¢ (mol/ m3), D; denotes its diffusion coefficient
(m2/s), u refers to the velocity (m/s), and R; denotes the reaction term (mol/(ms-s)).
The velocity can be expressed analytically or be obtained by coupling a microfluidics

application mode that models the momentum balance to the Convection and

Diffusion application mode.

You can introduce arbitrary kinetic expressions of the reactants and products in the

reaction term. The expression within brackets represents the mass flux vector
N,=-D;Vc; +c;u, (8-24)

where the first term describes the transport by diffusion, and the second represents the
convective flux. The diffusion coefficient for the dissolved species accounts exclusively

for the interaction between the solute and the solvent.

BOUNDARY CONDITIONS
The available boundary conditions in the Convection and Diffusion application mode

include a Flux condition for the inward flux
N, - n=N, (8-25)

where the boundary source term, Ny, can be arbitrarily defined to represent flux into
an infinite medium, or material change, most often through chemical reaction. The

Insulation/Symmetry condition has the source term in Equation 8-25 set to zero:
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N, n=0 (8-26)
There is also a Concentration boundary condition:
¢, =¢ 9 (8-27)

The Convective flux boundary condition assumes that the mass flow through the
boundary is convection dominated. This assumes that any mass flux due to diffusion

across this boundary is zero

n-(-D;Ve;)) =0 (8-28)
so that

N, n=cu-n (8-29)

This is a useful boundary condition, particularly in convection-dominated mass

balances where the outlet concentration is unknown.

Boundary Conditions for Interior Boundaries
The following boundary conditions are available on interior boundaries and pair

boundaries in assemblies:

Continuity is the default boundary condition on interior boundaries and pair

boundaries; it is not applicable to exterior boundaries.
n-(N;-N,)=0

The Flux discontinuity boundary condition represents a discontinuity in the mass flux

across am interior boundary or a border between parts in an assembly:
-n-(N;-Ny) = N,

You can use the Thin boundary layer condition to model a thin layer of a material with

a small diffusion coefficient compared to the adjacent domains:
D
n; - (-DVc+cu); = E(c1 -Cy)
D
n, - (-DVc +cu), = E(cz -cq)

The layer has the thickness d and the diffusion coefficient D. This boundary condition

is only available at the border between the parts in an assembly.

CONVECTION AND DIFFUSION
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CONSERVATIVE AND NONCONSERVATIVE FORMULATIONS
In modeling mass balances in the Convection and Diffusion application mode, there
are two mass balance formulations available: a conservative and a nonconservative

formulation. The conservative formulation is given by Equation 8-23.

The nonconservative formulation removes the convective term from the divergence
operator in Equation 8-23, which gives more stability to systems coupled to a
momentum balance. Use it only for systems that contain incompressible fluids. In such

fluids, the following continuity equation is satisfied:
V-u=0 (8-30)

This condition means that it is possible to move the convective term in Equation 8-23

outside of the divergence operator and to the right side:

ac

5 +V-(D;Ve) = R;—u- Ve, (8-31)

This reformulation provides stability because it does not require COMSOL
Multiphysics to additionally calculate a function similar to Equation 8-30 in the mass
balance. Equation 8-31 is the default in the Convection and Diffusion application

mode.

APPLICATION MODE VARIABLES
A number of variables and physical quantities are available for postprocessing and for
use in equations and boundary conditions. The type of the variable denotes where the

variable can be used:

¢ B for boundaries
e S for subdomains

* V for vector expressions

Most of the labels of the postprocessing variables are followed by the code (application
mode name) given to the respective application mode. For example, the gradient of
the concentration ¢ in the x direction, denoted grad_c_x, is called grad_c_x_chcd in
the Convection and Diffusion application mode. Yet, this can change if you have
renamed the application mode, for example. Always check the names of the variables

before using them in equation-based modeling.
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They are given in the following table:

TABLE 8-4: CONVECTION AND DIFFUSION—AVAILABLE APPLICATION MODE VARIABLES

LABEL TYPE DESCRIPTION EXPRESSION
c S/B Concentration c
grad_ SV Concentration gradient Vel de.

’ axl
dflux_ S Diffusive flux |DVc|
cflux_ S Convective flux cul
tflux_ S Total flux |—DVc + cu|
ndflux_ B Normal diffusive flux n-(-DVc)
ncflux_ B Normal convective flux cn-u
ntflux_ B Normal total flux n- (-DVc +cu)
dflux_ \ Diffusive flux de

XD
. J
J
cflux_ \ Convective flux cu;
tflux_ \ Total flux
Z_Di 5+ e
J
cellPe_ S Cell Peclet number uh
5
Dts S Time-scaling coefficient Ot
udl_ S Dimensionless velocity uq
D_ S Diffusion coefficient D, Dij
R_ S Reaction rate R
u,v_,w_ S Velocity of ¢ u;
N_ B Inward flux Ny
c0_ B Concentration co
beta_i S Convective field u;
Dm S Mean diffusion coefficient
2. DiBib;
=

CONVECTION AND DIFFUSION
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TABLE 8-4: CONVECTION AND DIFFUSION—AVAILABLE APPLICATION MODE VARIABLES

LABEL TYPE DESCRIPTION EXPRESSION

res_ S Equation residual V.(-DVc+cu)-R
res_sc_ S Shock capturing residual V. (cu)-R

da_ S Total time-scale factor s

ARTIFICIAL DIFFUSION

The Convection and Diffusion application mode supports artificial diffusion using the
following methods:

* Isotropic diffusion

e Streamline diffusion

* Crosswind diffusion

See “Stabilization Techniques” on page 433 in the COMSOL Multiphysics Modeling
Guide for more information.
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Electrokinetic Flow

In ionic solutions subjected to electric fields, the things that drive transport are
diffusion, convection, and migration. Migration implies that positive ions migrate
from a positive potential to a negative potential along the direction of the electric field

and vice versa for negatively charged ions. Thus given by the flux expression
N, = -D,Vc¢;-z;u,Fc;Vd +c,u

gives the flux of every ion in the solution. In this equation, N denotes the flux vector,
D is the diffusivity, ¢ is the concentration, z equals the charge of the ionic species, u
represents the mobility, F' is Faraday’s constant, ¢ equals the electric potential, and u

is the velocity. The index, ¢, denotes the specific species transported.

The MEMS Module includes an applications mode for this type of transport: the
Electrokinetic Flow application mode. It relies on the assumption that the

contribution of the modeled species to the total transport of current is negligible.

Transport Balances

The Electrokinetic Flow application mode addresses the transport of ionic species that
are present at very low concentrations in an otherwise moderately concentrated
electrolyte. To study the electric current and potential distribution, it is natural to look

first at the species present at a high concentration.

Assuming that species present in moderate concentration exhibit current transport and
that the concentration gradients of these species are small, you can work with the

following expression for the transport of the dominating species

N, = —z;u;Fc,;Vo+cu .

1

The current density comes from Faraday’s law

i= —FZziNi

which, in combination with the electroneutrality condition for the dominating species,

yields

i= —FZ—z?utiiV(b.
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Here the electroneutrality condition eliminates the convective term; the fact that
convection cannot transport current is reasonably intuitive, otherwise it would be
possible to transfer current with a pump. The previous equation is actually Ohm’s law

for ionic current transport, which simplifies to
i=-«xVo.

A current balance gives the current and potential density in the cell

which in combination with Ohm’s law yields
V- (-xV¢) = 0.

The Conductive Media DC application mode solves this equation easily. The potential
distribution from that equation solution gives the migration term for species present
at low concentrations. For these species, the mass balance comes from the full

transport and mass-balance equation

dc

Bti +V.-(-D,V¢;-z,uFc,Vo+cu) = R;.

You can take the velocity vector, u, from the equation of motion or a function of the
space variables x, y and z, while the potential comes from the current balance already

described; that current balance inherently includes electroneutrality.

In combination with proper boundary conditions, the current- and mass-balance
equations give the current, potential, and mass distribution in electrolytic systems. This
section of the manual addresses only the mass-balance equation and its boundary

conditions.

One important boundary condition states that the flux of the diluted species is known

and is a function f:

N;-n = f(c,9) .

The Electrokinetic Flow Application Mode

This application mode models a common transport mechanism in electrochemical
systems, which use convection, diffusion, and migration. It can treat transport in 1D,

2D, and 3D plus axisymmetric systems in 1D and 2D.
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The MEMS Module formulates this application mode to support electrolytes, which
implies that the main transport of ionic current is migration and that the system
automatically satisfies electroneutrality. Species transported by diffusion and migration
are present in very small concentrations and do not contribute to the transport of
current. You must solve for the mass balances for the transport of species in
combination with a balance of current based on Ohm’s law. Thus you can enter the

potential field as an input in this application mode.

The dependent variables in the application mode are the mass concentrations ¢y, g, ...
Cp-

PDE Formulation

The equations for the non-conservative and conservative formulations for a species, c,

are:
Sts% +V - (-DVec—zuFcVV) = R-u- Ve (non—conservative)
Sts% +V.(-DVc—2zuFcVV+cu) = R (conservative)

with F being Faraday’s constant equal to 96485.3415 As/mol in SI units. To change
this value use the Application Scalar Variables dialog box, which you open by choosing
Physics>Scalar Variables.

The non-conservative formulation is the default for advection and diffusion types of
equations in COMSOL Multiphysics. The reason for this default setting is that it
assumes an incompressible fluid, hence the term ¢V - u is zero, and thus it does not
appear in the non-conservative formulation. This omission ensures that no unphysical
source term arises from a flow field that does not absolutely fulfill the incompressibility
constraint V-u = 0.

Subdomain Parameters

The coefficients in the equations appear in the following table:

COEFFICIENT  VARIABLE DESCRIPTION

Ot Cts_c Time-scaling coefficient

D D c Diffusion coefficient tensor

Dij Dxixj_c Diffusion-coefficient tensor, x;X; component
R R c Reaction rate

u um_c Mobility

z z_c Charge number
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COEFFICIENT VARIABLE DESCRIPTION

u, v, w u_c, v_c, w_c Velocity in the x1, x9, and x3 directions

\% pot_c Potential

Note that the time-scaling coefficient and velocities are present only in the standard
formulations.

For equations in space dimensions higher than one, COMSOL Multiphysics expands
the isotropic diffusion coefficient, D, if you have selected it in the Subdomain Settings
dialog box, to the diagonal of the diffusion-coetficient tensor; that is, Dx;x; equals D.

In 1D, the diffusion coefficient tensor is identical to the diffusion coefficient.

Boundary Conditions

The available boundary conditions for this application mode are:

BOUNDARY CONDITION DESCRIPTION

c=cy Concentration
-n-(-DVe—zu, FcVV+cu) = N, Flux
n-(-DVc-zu, FcVV+cu) = 0 Insulation/Symmetry
n - (-DVc-zu, FcVV) = 0 Convective flow

n - (-DVc—zu,,FcVV+cu) = 0 Axial symmetry

D Thin boundary layer
n, - (-DVec-zu FcVV + cu), = E(c1 —-cy)

n, - (-DVe-zu FcVV + cu), = g(%—cl)

-n-(N;-N,) = N, Flux discontinuity

-n-(N;-N,) =0 Continuity

For the concentration boundary condition, ¢ is a user-specified concentration.

Similarly, for the flux condition, Ny is an arbitrary user-specified flux expression.

The axial symmetry condition is identical to the insulation/symmetry condition, and

it is available only for relevant coordinate systems.

Use the Thin boundary layer condition to model a thin layer of a material with a small
diffusion coefficient compared to the adjacent domains. The layer has the thickness d
and the diffusion coefficient D. This boundary condition is only available at the border

between the parts in an assembly.
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The Flux discontinuity boundary condition represents a discontinuity in the mass flux

across an interior boundary or a border between parts in an assembly. It is not

applicable to exterior boundaries

Continuity is the default boundary condition on interior boundaries and pair

boundaries; it is not applicable to exterior boundaries.

Application Mode Variables

The Electrokinetic Flow application mode uses the following expressions and

coefficients in boundary conditions, equations, and for postprocessing:

NAME TYPE DESCRIPTION EXPRESSION
c S/B Concentration c
grad_c SV Concentration gradient Vel Je
cl, =—
dflux_c S Diffusive flux |DVc|
cflux_c S Convective flux lcul
mflux_c S Electrophoretic flux lzuFcVV]
tflux_c S Total flux ’—DVC‘—ZLLFC‘VV+ cu
ndflux_c B Normal diffusive flux n - (-DVe)
ncflux_c B Normal convective flux n-cu
nmflux_c B Normal electrophoretic flux n - (—zuFcVV)
ntflux_c B Normal total flux n - (-DVe—zuFcVV +cu)
dflux_c_xi \ Diffusive flux, x; component de
2Pz,
J
cflux_c_xi \ Convective flux, x; component  cu;
mflux_c_xi \ Electrophoretic flux, x;
component - zchéz
ox;
tflux_c_xi \ Total flux, x; component

dc dV
_D..%_ 9 Leu.
Ej i zcha i cu;
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NAME TYPE DESCRIPTION EXPRESSION
cellPe c S Cell Peclet number (a-zuFVV)h
=
Cts_c S Time-scaling coefficient Ot
udl_c S Dimensionless velocity uql
D_c, Dxixj_c S Diffusion coefficient D, D;;
R_c S Reaction rate R
um_c S Mobility u
z_¢C S Charge number z
uc,v_c,wece S Velocity of ¢, x; component u;
V ¢ S Potential \%
N_c B Inward flux Ny
c0_c B Concentration co
gradpot_c_xi S Potential gradient, x; oV
component a_xl
Dm_c S Mean diffusion coefficient
2. DB
Lj
Bl
res_c S Equation residual V - (-DVe—zuFcVV +cu) - R
res_sc_c S Shock capturing residual V- (cu—zuFcVV)-R
da_c S Total time-scale factor Ot

ARTIFICIAL DIFFUSION

The Electrokinetic Flow application mode supports artificial diffusion using the

following methods:

* Isotropic diffusion
e Streamline diffusion
¢ Crosswind diffusion

See “Stabilization Techniques” on page 433 in the COMSOL Multiphysics Modeling

Guide for more information about artificial diffusion.
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Predefined Multiphysics Couplings

MEMS Module provides a number of predefined multiphysics couplings for
microfluidics modeling. They appear in named folders under the
MEMS Module>Microfluidics branch in the Model Navigator.

The predefined multiphysics couplings consist of two application modes that the
MEMS Module adds to the model. In addition, default settings provide the typical
coupled fields for the multiphysics application.

You can find other predefined multiphysics couplings in the COMSOL Multiphysics
product line. For more information about predefined multiphysics couplings and
multiphysics modeling in general, see “Multiphysics Modeling” on page 317 of the
COMSOL Multiphysics Modeling Guide.

Flow with Species Transport

The entries in the MEMS Module>Microfluidics>Flow with Species Transport folder
initialize models with a microfluidics application mode coupled to an application mode

for modeling transport (that is, convection and diffusion) of species within the fluid.

The application modes within this folder are named according to the microfluidics
application mode they use: Incompressible Navier-Stokes, Non-Isothermal Flow,
Stokes Flow, Non-Isothermal Stokes Flow, and General Laminar Flow. The application

mode for transport modeling is the Convection and Diffusion application mode.

The interaction between the application modes is a one-way coupling: The velocity
described by the microfluidics application mode affects the convective transport of the
species. The components of the velocity vector u from the microfluidics application
mode appear in the u, v, and w edit fields in the Subdomain Settings dialog box for the

Convection and Diffusion application mode.

For an example of using these predefined multiphysics couplings, see “Microchannel
Cell” on page 376 in the MEMS Module Model Library.

Electroosmotic Flow

The entries in the MEMS Module>Microfluidics>Electroosmotic Flow folder initialize

models with a microfluidics application mode coupled to the Conductive Media DC
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application mode that models electric fields in conductive fluids and more generally in
conductive materials.

The entries in this folder are named according to the microfluidics application mode
they use: Incompressible Navier-Stokes, Non-Isothermal Flow, Stokes Flow, Non-
Isothermal Stokes Flow, and General Laminar Flow. The Conductive Media DC
application mode is the one located under MEMS Module in the Model Navigator.

This predefined multiphysics coupling differs from many other multiphysics couplings,
because the coupling occurs at the boundary level only. The interaction between the
application modes is a one-way coupling: The electric field described by the
Conductive Media DC application mode drives the electroosmotic flow in the
boundaries of the microfluidics application mode. This coupling appears in the
Electroosmotic tab of the Boundary Settings dialog box for the microfluidics application
modes, where components of the electric field (typically Ex_emdc, Ey_emdc, and

Ez_emdc) appear in the E,, Ey, and E; edit ficlds.

When you create a model with this predefined multiphysics coupling, you define the
boundary condition using named groups of predefined boundary conditions. Both
application mode have the same group names, but the actual boundary conditions are
different. For example, the electroosmosis group defines the electroosmotic velocity
boundary condition in the microfluidics application mode, whereas it defines it as
electric insulation in the Conductive Media DC application mode. Using the same

group names, the logical structure of the model is the same in both application modes.

Table 8-5 shows the predefined groups and the corresponding boundary conditions
for both application modes.

For an example of using these predefined multiphysics couplings, see “Low-Voltage
Electroosmotic Micropump” on page 335 in the MEMS Module Model Library.

TABLE 8-5: PREDEFINED GROUPS FOR ELECTROOSMOTIC FLOW

GROUP NAME BOUNDARY CONDITIONS AND SETTINGS
MICROFLUIDICS CONDUCTIVE MEDIA DC
Electrode No slip Electric Potential
hd VO = |
Ground No slip Ground

Electroosmosis  Electroosmotic velocity  Electric insulation
* Ey=Ex_emdc
* E,=Ey_emdc

* E,=Ez_emdc
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TABLE 8-5: PREDEFINED GROUPS FOR ELECTROOSMOTIC FLOW

GROUP NAME

BOUNDARY CONDITIONS AND SETTINGS

MICROFLUIDICS

CONDUCTIVE MEDIA DC

Inlet

OQutlet

Symmetry

Laminar inflow

* Uy=0.001
Pressure
* po=0

Symmetry boundary

Electric insulation

Electric insulation

Electric insulation
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The Materials/Coefficients Library

This chapter describes how to use the material libraries for MEMS materials.
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Using the MEMS Material Libraries

A useful feature in COMSOL Multiphysics is the Materials/Coefficients library. In
addition to the Basic Material Properties library the MEMS Module extends this

library with three extra material libraries:

* Liquids and Gases, a specialized material library for use in heat transfer and fluid
mechanical models. See “The Liquids and Gases Library and Material Property
Functions” on page 313.

* Diezoelectric Material Properties, a material library with 23 common piezoelectric
materials. See “Piezoelectric Material Properties Library” on page 321.

* MEMS Material Properties, an extended solid material library for MEMS
applications. See “MEMS Material Properties Library” on page 322.

The Basic Material Properties library is included with COMSOL Multiphysics and
contains properties for a limited number of basic solid materials, given as constants,

and temperature-dependent properties for air and water, given as functions.
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Loading Material Properties from the Library

For most application modes in COMSOL Multiphysics, you can load a material and its
accompanying properties directly from within the Subdomain Settings dialog window;

simply click the Load button as indicated in Figure 9-1.

Subdomain Settings - Cenvection and Conduction (cc)
Equation
P{-kVT)=Q- pCFU‘VT

T = temperature

=]

Library material:

@ k (isotropic) 0,025

§Subdnma\ns§| Gruupsl Physics | Init | Element | |
Subdomain selection Thermal properties and heat sourcessinks
1 .

Quantity Value/Expression

k (anisotropic) [0.025 0 0 0.025

Ol Description
WIm-K) Thermal conductivity

WIm K} Thermal conductivity

2] 1,205 kgjm®  Density
< 1006 JJ(ka-K) Heat capacity at constant pressure
ali ¥ 1 1 Ratio of specific heats
Graup: Q o Wjm3  Heat source
[ select by group u (V] mfs Velocity field
Active in this domain Artificial Diffusion...
[ oK ] [ Cancel ] [ Apply ] [ Help

J

Figure 9-1: The Load button associated with library materials in the Subdomain Settings

dinlog box.
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This action opens the Materials/Coefficients Library dialog box (see Figure 9-2). From

there you can select a material to load.

Materials/Coefficients Library (read only)

Materials Material properties

Madel (0) Name: |[Aluminum

[+ Material Library {2522)

[ »

Conduction ‘ Elastic I Electric I Fluid | Pigzoelectric | Thermal | AJIl

Description

Heat capacity at co...| «

Thermal conductivity

Thermal conductivity

Density

[z Basic Material Properties (28)
-Air, 1 atm
- Alumina L Quantity Value/Expression
- Aluminum 3003-H18 L
- Aluminum 6063-Ta3 ic S00[3f{ka*K)]
A I Q
- American red oak ke 160[W/(m*E])]
Berylium copper UNS C17200 ltensor2D
- Brick ktype
- Cast iron opacity
-Concrete rho 2700[kg/m~3]
- Copper
FR# (Circuit Board)
- Glass (guarkz)
Granite
-High-strength alloy steel |

< m |

Search
Search for: Name -

Search string:

Search J [| Hide undefined properties

GoTo

[ o

H Cancel H Apply H Help J

Figure 9-2: The Materials/Coefficients Library dialog box.

The Materials list on the left side contains the installed library folders plus a model

folder that contains already-selected materials and coefficients. To load a material into

the Model folder, select it from the Materials list and click Apply or OK; it now appears
in the Model folder, which shows all the materials available for the model.

After clicking OK, the Materials/Coefficients Library dialog box closes and you return to
the Subdomain Settings dialog box. Now the software has loaded the selected material
properties into the corresponding edit fields of that dialog box. The edit fields that
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contain data taken from the materials library you just selected appear in bold (see
Figure 9-3).

Subdomain Settings - Cenvection and Conduction (cc) &=
Equation
P{-kVT)=Q- DCFU‘VT

T = temperature

?Subdnma\nsﬂ Gruupsl Physics | Init | Element | |
Subdomain selection Thermal properties and heat sources/sinks
1 Cx Library material: |Aluminum -
Quantity Value/Expression Unit Description
@ k (isotropic) 160[W/(m*K)] Wim-K) Tharmal conductivity
) k (anisotropic) |0.0250 0 0.025 WIm-K) Thermal conductivity
2] 2700[ka/m~3] kgjm®  Density
< 900[1/(kg*K)] JJ(ka-K) Heat capacity at constant pressure
ali ¥ 1 1 Ratio of specific heats
Graup: Q o Wjm3  Heat source
u ] 0 mjs Velocity field

[ Select by aroup

Active in this domain Artificial Diffusion...

[ oK ][ Cancel ][ Apply ][ Help ]

Figure 9-3: The Subdomain Settings dinlog box after loading aluminum from the
material libvary. Boldfuce characters indicate that the library matevial is active.

The Material Libraries

As noted earlier, the Materials list in the Materials/Coefficients Library dialog box
contains multiple expandable folders. The list includes Model, Basic Material Properties,
and additional libraries depending on the modules that your license includes.

Also, if your license includes the COMSOL Material Library, this also appears as a

separate folder in the Materials list.

Note: The COMSOL Material Library is a separate add-on product that includes
over 2500 materials and about 20,000 properties, most of which are

temperature-dependent functions.

The Liquids and Gases Library and Material Property Functions

In many cases of modeling the material properties varies with the dependent variables

describing the state (temperature, pressure, concentration, potential, stress, and so
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on). COMSOL Multiphysics is capable of describing material properties as functions
of the dependent variables. The following discussion exemplifies use and access a
library with material property functions (in this case Liquids and Gases), and also how

to edit it and create your own material property functions.

The Liquids and Gases material library contains thermal and fluid dynamic properties
for a set of common fluids. The properties are described as temperature-dependent
functions. These functions are based on data collected from scientific publications. If
you click the Load button in the Subdomain Settings dialog box of any application mode
and select to expand Liquids and Gases you can choose from various fluids, both liquids
or gases (as depicted in Figure 9-4).Their properties are described at atmospheric

pressure conditions.

Using Material Property Functions

In many modeling situations, the material properties vary with the dependent variables
describing the state (temperature, pressure, concentration, potential, stress, and so
on). In COMSOL Multiphysics you can describe material properties as functions of
the dependent variables. The following discussion exemplifies how to use a library with
material property functions (in this case Liquids and Gases), and also how to edit it and

create your own material property functions.

The Liquids and Gases material library contains thermal and fluid-dynamic properties
for a set of common fluids. All properties are given as functions of temperature and at
atmospheric pressure, except the density, which for gases is also a function of the local

pressure. The functions are based on data collected from scientific publications.

Note: The data-fitted functions expect temperature and pressure arguments to be
expressed in the ST units kelvin (K) and pascal (Pa), respectively, and return values in
appropriate SI units. Unit expressions are automatically inserted to handle the

conversions to and from the model’s base unit system.
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If you click the Load button in the Subdomain Settings dialog box of any application

mode and select to expand Liquids and Gases you can choose from various fluids, both

liquids and gases (see Figure 9-4).

Materials

Materials/Coefficients Library (read only)

Model (1)

Material Library (2522)

Basic Material Properties (28)

| Liquids and Gases [18)

= Gases (12)

. ]

~Mitrogen, 1 atm
Oxyagen, 1 atm

~Carbon dioxide, 1 atm
Hydrogen, 1 atm

~Helium, 1 atm

+-Steam, 1 atm

~Prapane, 1 atm

--Ethanol vapar, 1 atm
Ether vapor, 1 atm

~Freonl12 vapor, 1 atm
SiF4-gas, 1 atm

[ Liquids (&)

| »

n

Search
Searchfor: | Name

Search string:

Search

Go To

Material properties

Name: [Air, 1 atm

Canduction | Elastic | Electric | Fluid I Piezoelectric I Thermal I NI‘

Quantity Walue[Expression Description

C Cp(TLLIKT[(kg™K)] Heat capacity at co...|
Q

ke (L LKW (m*E]] Thermal conductivity
ltensor2D Thermal conductivity
ktype

opacity

rho rho(p[1/Pal, T[1/k])ka/m~3] Density

["] Hide undefined properties

Functions...

Plat

[ [o]:4 H Cancel ][ Apply H Help ]

Figure 9-4: The Materials/Coefficients Library dialog box, with Liquids and Gases

expanded.
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If you load a material that uses a function such as those in the Liquids and Gases library,
the Subdomain Settings dialog box looks like Figure 9-5, with function calls in the edit
fields for the material properties.

Subdomain Settings - Convection and Conduction (cc) [==]
Equation
V(-kVT)=Q- DCpu-VT

T = temperature

! Subdomains || Gruups‘ Physics ‘ Init I Element: I |
Subdomain selection Thermal properties and heat sources/sinks
1 e Library material: .Air, 1 atm -
Quantity Value,/Expression Unit Description
@ k (isotropic) k(T[1 /KW /(m*l WIm ) Thermal conductivity
(@) k{anisotropic) 0.0 025 WM K) Thermal conductivity
2} tho(p[1/Pal,T[1/K kg/m®  Density
[ Cp(T[1/KDII/(kg? J/(ka-) Heat capacity at constant pressure
ol ¥ 1 1 Ratio of specific heats
Graup: Q 0 wjm®  Heat source
[7] selzct by group = o o mjs Velocity field

Active in this domain Artificial Diffusion..,

[ [2]4 ][ Cancel ][ Apply H Help ]

Figure 9-5: The Subdomain Settings dinlog box after loading a material that uses
function calls, for example, the materials from the fluid library.

In this example, the software specifies the material property for density with the
function call

rho(p[1/Pa],T[1/K])[kg/m~3]

which is a function call to the material loaded, in this case Air. The function uses two
inputs: pressure, p, and temperature, T. The default settings are based on the
assumption that the temperature variable in the model is T and that there is a pressure
variable named p. Being dependent variables, these are expressed in the model’s
selected base unit system. The unit expressions inside the function calls convert the
values from the model’s unit system to nondimensional numbers corresponding to SI
units, while the expression between the last brackets makes sure the returned SI value
is interpreted correctly in the model’s unit system.

In many cases you must change these function inputs. For example, if you model only
heat transfer, there is no variable for pressure. In that case you must either specify the
pressure directly in the function input or set up a constant or expression for the variable
p. This constant or expression variable must have the dimension of pressure, which you
achieve by adding a pressure unit to the expression, such as 135[kPa].
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It is easy to alter the function input values and variables: simply click inside the

parentheses delimiting the function argument and replace the default symbol with the

desired value or variable. In the following figure you can see such a modification where

a numerical value replaces the pressure variable.

Subdomain Settings - Convection and Conduction {cc)
Equation
T{kVT) = Q- pCuvT

T = temperature

| Subdomains | Groups| Physics | it | Element [ oo |

Subdomain selection Thermal properties and heat sources|sinks
1 - Library material: :Ajr,l atm v:
Quantity Value/Expression Unit Description
@ k (isotropic) k(T[1/K1)[wW/(m* WIm-K) Thermal conductivity
(& k (anisotropic) [0.025 00 0.025 WHm-K) Thermal conductivity
P rho(1.35[bar/Pa], kgjm® Density
% Cp(T[1/KD[I/(kg" J/(ka-K) Heat capacity at constant pressure
i ¥ 1 1 Ratio of specific heats
Group: Q a Wim Heat source
[ Select by group u (] 0 mjs Velocity field
Active in this domain Artificial Diffusion...
[ oK ] [ Cancel ] [ Apply I I Help ]

Figure 9-6: Modifying the function inputs. Notice how the unit syntax can convert
argument values from any pressure unit to pascal.

In this case the function output is the density for air at the specified pressure and at the

temperature given by the variable T.

Note: If you override one property defined by a library material by changing

anything outside the function arguments, all other property expressions loose their

connection to the material library. In particular, material functions appearing in other

edit fields (now in plain text instead of in bold face) stop working. The proper way to

edit one property of a loaded material is to change the material functions, as described

later in this section, rather than editing the edit field in the Subdomain Settings dialog

box.

USING MATERIAL PROPERTY FUNCTION CALLS OUTSIDE THE

SUBDOMAIN SETTINGS

You can also use a library material property function in a model in places other than

the Subdomain Settings dialog box. One example might be to combine several

USING THE MEMS MATERIAL LIBRARIES |

317



properties in an expression in the Scalar Expressions dialog box. To do so, you must first
load the library material into the model using the Materials/Coefficients Library dialog
box. This dialog box opens cither, as described above, from the Subdomain Settings
dialog box (then in read only mode), or directly from the Options menu. The currently
loaded materials and their assigned names are listed in the Model folder in the Materials
tree. (Figure 9-7).

Materials/Coefficients Library =]
Materisls Material properties
= Model (2) - MName: |Air, 1 atm
luminum {mat1) -
1 atm (mat2) [ Etastic | Electric [ Fiuid | piezaelectric | Thermal | ail]
[#] Material Library (2522)
EBasic Material Praperties (28) Quantity Value/Expression Description
[# Liquids and Gases (18)
[# MEMS Material Properties (32) ic CpITL KT (lkg*K)] Heat capacity at co...| »
[+ Heak Transfer Coefficients (8) HC Molar heat capacity
[+ Electric (AC[DC) Material Properties el Thermal diffusivity
[# User Defined Materials (1) epsilon Surface emissivity
h Heat transfer coeff...
k KCTLL/EDIIW ) (m*E)] Thermal conductivity
- ktensor2D Thermal conductivity
P I | ltensor3D Thermal conductivity
nemiss Mormal tatal emissi...
New | | Delste rha rho(p(1/Pal, T[1/KD[kg/m~3]  |Density
Copy Paste -
| Add Library...
Search
Search for: Name -

Search string:

Search

|| Hide undsfined properties | Functions...

Plok

Go To

[ oK J| Cancel H Apply || Help J

Figure 9-7: Viewing the materials loaded into a model along with their names in
COMSOL Multiphysics.

In the above figure, two materials are already loaded into the model. COMSOL
Multiphysics allocates local material names on the form matX, where X is a running
number assigned in the order in which materials were loaded into the model. In this

case, the user loaded Aluminum first, so it takes the name mat1.

To use a particular material-property function, you can start by copying the syntax
shown in the Value/Expression column in the Materials/Coefficients Library dialog box.
Then you must add matX_ in front of the function call. Thus, referring to Figure 9-7,
to evaluate the function for thermal conductivity of air at 350 K, the syntax is

mat2_k(350) [W/m*K]
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Editing Material Properties

To change a property of a loaded material, choose Materials/Coefficients Library from
the Options menu. This opens the dialog box in edit mode. Then select the desired
material in the Materials list, click the Value/Expression ficld of interest, and change the
expression as depicted in Figure 9-8. In this example the user is adding k_turb to the
original function for thermal conductivity, where k_turb is a variable that must be
defined elsewhere in the model.

Materizls/Coefficients Library e
Materials Material properties
E!MDdeI (@) - Mame: |Air, 1 atm
¢ - Aluminum (mat1)
[ 1 atm (mat2) | Etastic [ Electric [ Fiid | Piezoelectric | Thermal | al]
[+ Materil Library (2522)
[#Basic Material Propertiss (28) Quantity Valuz/Expression Description
® Liquids and Gases (18]
&] MEMS Material Properties (32) C Cop(TLLIEDLI)(kg*K)] Heat capacity at co...|
&1 Heat Transfer Coefficients (&) HC Molar heat capacity
&1 Electric {AC[DC) Material Properties | D Thermal diffusivity
[# User Defined Materials (1) epsilon Surface emissivity
h Heat transfer coeff...
ke KTLLIKTIDWm*E) ]+k_turb Thermal conductivity
- ltensor2D Thermal conduckivity
20! [T - ltensor3D Thermal conductivity
nemiss Mormal kokal emissi...
[ New ] | Delete | rho tho(p[LjPa], T{1 [K])(kg/m~3] _"Density
| Add Library... I
Search
Searchfor: | Name -
Search string:
Search ] || Hide undsfined properties Funition:
[ ot
I oK ] ‘ Cancel | [ Apply ] I Help I

Figure 9-8: Editing a material property.

If you want to edit the function describing some material property, click the Functions
button. This opens the Functions dialog box, where you can view and edit any function

describing the material.

After changing a material property in this way, you need to reload all subdomain
settings that use the material; otherwise the function call will not work. To reload the
material, simply go to Physics>Subdomain Settings and select the modified material

from the Library material list. The new expression then shows up in the edit field for
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the corresponding material property in the Subdomain Settings dialog box (see

Figure 9-9).
Subdomain Settings - Convection and Conduction (cc) =]
Equation
V(-kVT)=Q- DCpu'VT
T = temperature
Subdomains | Groups Physics | Inik I Element I
Subdomain selection Thermal properties and heat sources/sinks
1 e Library material: .‘
Quantity Value,/Expression Unit Description
@ k (isotropic) k(T[1 /KW /(m*l WIm ) Thermal conductivity
(@) k{anisotropic) 0.0 025 WM K) Thermal conductivity
P rho(p[1/Pa],T[1/K kgjm? Density
G Cp(T[1/KDII/(kg? J/(ka-) Heat capacity at constant pressure
ol ¥ 1 1 Ratio of specific heats
Graup: Q 0 wjm®  Heat source
[7] selzct by group = o o mjs Velocity field
Active in this domain Artificial Diffusion..,
[ [2]4 ] [ Cancel ] [ Apply ] [ Help

Figure 9-9: The update of o material property expression in the Subdomain Settings dinloy

box.

Note that you can only edit materials currently in the Model folder in this way and that

any changes are local to the current model. The original material in the library file

remains intact. Within the Materials/Coefficients Library dialog box you can, however,

change a material’s name and then Copy and Paste it into one of the other libraries.

Afterwards, clicking OK saves the new material for future use in the corresponding

library text file.

COMSOL Multiphysics also allows you to set up new materials by creating a new

library file, as well as change the existing files using any text editor. A detailed

description of this process appears in the COMSOL Multiphysics User’s Guide, where

you also find complete documentation on the functionality of the Materials/

Cocfficients Library.
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Piezoelectric Material Properties Library

The Piezoelectric Material Properties library ships with the Acoustics Module, MEMS

Module, and Structural Mechanics Module. It contains the following piezoelectric

materials:

MATERIAL

Barium Sodium Niobate

Barium Titanate

Barium Titanate (poled)

Lithium Niobate

Lithium Tantalate

Lead Zirconate Titanate (PZT-2)
Lead Zirconate Titanate (PZT-4)
Lead Zirconate Titanate (PZT-4D)
Lead Zirconate Titanate (PZT-5A)
Lead Zirconate Titanate (PZT-5H)
Lead Zirconate Titanate (PZT-5))
Lead Zirconate Titanate (PZT-7A)
Lead Zirconate Titanate (PZT-8)
Quartz

Rochelle Salt

Bismuth Germanate

Cadmium Sulfide

Gallium Arsenide

Tellurium Dioxide

Zinc Oxide

Zinc Sulfide

Ammonium Dihydrogen Phosphate

Aluminum Nitride
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All materials define the following material properties needed for piezoelectric

modeling:

MATERIAL PROPERTY DESCRIPTION

Cg Elasticity matrix

e Coupling matrix, stress-charge
£.9 Relative permittivity, stress-charge
Sg Compliance matrix

d Coupling matrix, strain-charge
&7 Relative permittivity, strain-charge
p Density

MEMS Material Properties Library

The MEMS Material Properties library ships with the Acoustics Module, MEMS
Module, and Structural Mechanics Module. It contains 33 materials commonly used
in MEMS applications. The materials are divided into the following groups: Metals,
Semiconductors, Insulators, and Polymers.

The basic structure of this library comes from the book Microsensors, MEMS, and
Smart Devices (Ref. 3). The material properties come from two primary sources: the
CRC Handbook of Chemistry and Physics (Ref. 1) and MacMillan’s Chemical and
Physical Data (Ref. 2). Some of the mechanical properties in the library are instead
more MEMS-specific values from The MEMS Handbook (Ref. 4), and most of the
semiconductor properties are values from Ref. 5. Ref. 6 provides a valuable resource

for cross-checking the insulation material properties.

The table below lists the materials and their corresponding groups:

MATERIAL GROUP
Aluminium (Al) Metals
Silver (Ag) Metals
Gold (Au) Metals
Chrome (Cr) Metals
Indium (In) Metals
Titanium (Ti) Metals
Iron (Fe) Metals
Nickel (Ni) Metals
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MATERIAL GROUP
Lead (Pb) Metals
Palladium (Pd) Metals
Platine (Pt) Metals
Antimon (Sb) Metals
Tungsten (W) Metals

C[100]
GaAs
Ge

InSb
Si(c)
Poly-Si

Silicon (single-crystal)

Semiconductors
Semiconductors
Semiconductors
Semiconductors
Semiconductors
Semiconductors

Semiconductors

Al203 Insulators
SiC (6H) Insulators
Si3N4 Insulators
SiO2 Insulators
ZnO Insulators
Borosilicate Insulators
Nylon Polymers
PMMA Polymers
Polymide Polymers
Polyethylene Polymers
PTFE Polymers
PVC Polymers
REFERENCES

1. D.R. Lide (Editor-in-chief), CRC Handbook of Chemistry and Physics, 84th
edition, CRC Press, 2003.

2. A M. James and M.P. Lord, MacMillan’s Chemical and Physical Data,
MacMillan’s Press, 1992.

3. J.W. Gardner, V.K. Varadan, and O.O. Awadelkarim, Microsensors, MEMS, and

Smart Devices, John Wiley & Sons, 2001.
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4. M. Gad-el-Hak (editor), The MEMS Handbook, CRC Press, 2002.

5. New Semiconductor Materials. Characteristics and Properties, http://
www.ioffe.ru/SVA/NSM, 2003.

6. Ceramics WebBook, http:/ /www.ceramics.nist.gov/srd /scd /scdquery.htm, 2003.
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10

Glossary

This glossary contains finite-element modeling terms specific to the MEMS
Module and its applications. For mathematical terms as well as geometry and CAD
terms specific to the COMSOL Multiphysics software and its documentation,
please see the glossary in the COMSOL Multiphysics User’s Guide. To find
references in the documentation set where you can find more information about a

given term, see the index.
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Glossary of Terms

absorption Uptake of a gas into the bulk of a liquid. Gas absorption takes place, for
example, in the liquid of a scrubber tower where an up-streaming gas is washed by a

down-going flow of a scrubber solution.

accelerometer A sensor that measures acceleration or gravitational force. See also

Sensor.

actuator A device that by means of an agent, such as electric field or heat, produces a

desired effect on a target or on the surroundings.

adsorption Attachment of a molecule or atom to a solid surface. Adsorption involves

a chemical bond between the adsorbed species and the surface.
ALE Sce arbitrary Lagrangian-Eulevian method.

arbitrary Lagrangian-Eulerian (ALE) method A technique to formulate equations in a
mixed kinematical description. An ALE referential coordinate system is typically a mix

between the material (Lagrangian) and fixed (Eulerian) coordinate systems.

aspect ratio The ratio of the dimensions of a device in different directions, for
example, the ratio of height to width. See also lateral aspect ratio and vertical aspect

ratio.

biosensor A general term for sensor devices that either detect biological substances or
use antibodies, enzymes, or other biological molecules in their operation. Biosensors

are a subcategory of chemical sensors.

bonding A process by which one type of substrate is firmly attached to the surface of

another.

buckling The sudden collapse or reduction in stiffness of a structure under a critical

combination of applied loads.
cantilever beam A beam with one end fixed and one end free.

capacitive sensor A sensor that produces a signal due to a change in its capacitance.
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comb drive A MEMS device consisting of inter-digitated fingers similar to a comb.

convection Transport of molecules or heat due to the movement of the surrounding

medium.
damping An effect that attenuates or reduces mechanical oscillations or vibrations.

dielectrophoresis Migration of polarizable particles in an electrolyte in a nonuniform

applied electric field.

diffusion Transport of material resulting from the random motion of molecules in the

presence of a concentration gradient.
EDL Sce electric double layer.

elastic deformation A nonpermanent deformation that recovers its shape completely

upon the release of an applied stress.

electric double layer (EDL) At the contact of a solid and a polar fluid (such as water),
the solid acquires an electric charge. This charge attracts ions within the fluid, and a
narrow fluid layer of opposite charge, the Stern layer, forms on the boundary. In
addition, adjacent to the Stern layer, a wider layer with the same charge as in the Stern
layer forms in the fluid. Together, the Stern layer and the wider layer (called the diffuse
or Gouy-Chapman layer) form the electric double layer. Due to the close distance
between the charges, the Stern layer is fixed on the surface, but the more distant diffuse

layer can move.

electrokinetics Study of the motion of charged particles under an applied electric field

in moving substances such as water.

electrokinetic flow Transport of fluid or charged particles within a fluid by means of
clectric fields. See also electroosmosis, electrophoresis, electrothermal flow, and

dielectrophoresis.
electrolyte A solution that can carry an electric current through the motion of ions.

electroosmosis Fluid flow in a narrow channel produced by the movement of the
electric double layer (EDL) along the channel boundary under the influence of an
applied electric field. Also, fluid flow through a membrane under the influence of an

applied electric field. See also electric dounble layer.
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electroosmotic flow See electroosmosis.
electrophoresis Migration of charged electrolyte ions in an applied electric field.

electrothermal flow Fluid flow resulting from an applied non-uniform AC electric
field on a fluid. The Joule heating changes the fluid’s electrical properties locally, and
that effect, together with the power gradient of the AC electric field, results in fluid

motion.

Eulerian Model described and solved in a coordinate system that is fixed. See also

Lagrangian and arbitrary Lagrangian-Eulerian method.

frequency-response analysis An analysis solving for the steady-state response from a
harmonic excitation. Typically a frequency sweep is performed, solving for many

excitation frequencies.

fully developed laminar flow Laminar flow along a channel or pipe that has velocity
components only in the main direction of the flow. The velocity profile perpendicular

to the flow does not change downstream in the flow.

Green-Lagrange strain A mecasure of nonlinear strain used in large-deformation
analysis. In a small-strain large rotation analysis, the Green-Lagrange strain
corresponds to the engineering strain with the strain values interpreted in the original
directions. The Green-Lagrange strain is a natural choice when formulating a

problem in the undeformed state.

Helmholtz-Smoluchowski equation Gives the velocity of a parallel electroosmotic flow

for an applied electric field.

initial strain The strain in a stress-free structure before it is loaded. See also strain and

residunl strain.

initial stress The stress in a non-deformed structure before it is loaded. See also stress

and residual stress.

Joule heating The increase in temperature of a medium as a result of resistance to an

electric current flowing through it.

Knudsen number A dimensionless number that provides a measure of how rarefied a

gas flow is, in other words, the average distance between the gas molecules compared
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to the length scale of the flow. The following equation defines the Knudsen number
Kn where A is the mean free path of the molecules and L is a length scale characteristic

to the flow.

Kn =

>

Lagrangian Model described and solved in a coordinate system that moves with the

material. See also Eulerian and arbitrary Lagrangian-Eulevian method.

large deformation The deformations are so large so the nonlinear effect of the change

in geometry or stress stiffening need to be accounted for.

lateral aspect ratio The ratio of the length of a structure in the plane of a wafer to its

width in that plane. See also aspect ratio and vertical aspect ratio.

MEMS Short for microelectromechanical systems, an acronym derived from the words
Micro Electro Mechanical System. More generally, MEMS refers to systems, devices,
and components in microscale size and where the physics are not limited only to

clectrical or mechanical phenomena.

microfluidics Study of the behavior of fluids at the micro scale. Also refers to MEMS

fluidic devices.
microsystem Sce MEMS.
migration The nonrandom movement of particles under an external force.

mobility The relation between the drift velocity of a molecule within a fluid and the

applied electric field.

piezoelectricity The ability of certain crystalline materials to produce an electric
voltage when subjected to mechanical stress. Inversely, the material’s ability to change

shape when an external voltage is applied.

plane strain An assumption on the strain field where all out-of-plane strain

components are assumed to be zero.

plane stress An assumption on the stress field where all out-of-plane stress

components are assumed to be zero.
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proof mass A predetermined test mass in a measurement device or machine that serves

as the reference mass for the quantity to be measured.

residual strain Strain remaining in a structure after some operation, for example, the
strain resulting from cooling a system after high-temperature bonding. It often appears

as the initial strain for any consequent tasks. See also strain and initial strain.

residual stress Stress remaining in a structure after some operation, for example, stress
resulting from cooling a system after high-temperature bonding. It often appears as the

initial stress for any consequent tasks. See also stress and initinl stress.

Reynolds number A dimensionless number classifying how laminar or turbulent a flow
is. The Reynolds number Re is a measure of the relative magnitude of the flow’s
viscous and inertial forces. It is defined by the following equation where p is the fluid
density, 1 is the dynamic viscosity, v is its kinematic viscosity, « is a velocity
characteristic to the flow, and L is a length scale characteristic to the flow.

Re = puL _ uL

n \Y

sensor A device that measures a physical variable such as temperature or pressure and

converts it (usually) to an electrical signal.

squeezed-film damping The damping eftect ofa fluid between two solid surfaces when
the distance between them is small compared to their area. Also referred to as
thin-film damping.

strain Relative change in length, a fundamental concept in structural mechanics.

stress Internal forces in a material. Normal stresses are defined as forces/area normal
to a plane, and shear stresses are defined as forces/area in the plane. A fundamental

concept in structural mechanics.

transducer A device that converts one type of energy to another. It often refers to a

device that responds to a physical parameter and converts it to an electrical signal.
thin-film damping See squeezed-film damping.

vertical aspect ratio The ratio of the height of a structure perpendicular to a wafer’s

surface to its depth in the wafer’s plane.
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3D Conductive Media DC
application mode 212
3D Electrostatics
application mode 217
3D electrostatics

application mode 222

absolute tolerances 154
absorbing boundaries |12
AC electric field 27
AC electroosmosis 25
accommodation coefficient 205
actuator models
microresistor beam 30
ALE method 17
analysis capabilities 53
analysis types 55, 90, 165
damped eigenfrequency 86
for piezoelectric modeling 165
frequency response 84
harmonic 84
static 83
static elasto-plastic material 90
time-dependent 84
transient 84
anisotropic material 69, 94
antiperiodic boundaries 230
application mode
Conductive Media DC (3D) 212
Electrokinetic Flow 22, 299
Electrostatics 26, 217, 222
Heat Transfer by Conduction 22
Heat Transfer by Conduction and
Convection 22
application mode properties 56
analysis type 90, 165

create frame |17

large deformation 91
weak constraints 91, 165
Application Mode Properties dialog box
90, 164
application mode variables 56
application modes
Axial Symmetry, Stress-Strain 63
continuum 64
list of 52
Piezo Axial Symmetry 187
Piezo Plane Strain 187
Piezo Plane Stress 186
Piezo Solid 186
piezoelectric 164
Plane Strain 62
Plane Stress 61
application scalar variables 55, 56, 301
Application Scalar Variables dialog box
55
arbitrary Lagrangian-Eulerian method 17
area effects, in FSI models 129
assembly 117
auglagiter variable 122
augmented Lagrangian method 86, 133,
155
axial symmetry
symmetry axis 63, 188
Axial Symmetry, Stress-Strain application
mode 63

boundary condition
electric shielding 21, 216, 219
floating potential 21, 215, 219
slip 23

boundary conditions
for electric currents 178

in the Level Set Two-Phase Flow appli-
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cation mode 291
Boundary Settings dialog box 55
Boussinesq approximation 249, 279
bulk modulus 71

cantilever beam 17
capacitance 20
Cauchy stress 66
Cauchy-Green tensor 66, 76
charge

line 220

point 221
charges 182
chemical reactions 27
Clausius-Mosotti factor 26
cohesion sliding resistance 87
complementarity conditions 73
complex modulus 146
complex notation 85
complex permittivity 26
compliance matrix 67, 170, 171
COMSOL Material Library 313
conduction

in heat transfer 21
Conductive Media DC application mode

21,212

conductivity

in Joule heating 213

temperature-dependent 213
conservation of level set function 285
constitutive equation 67
constitutive form

piezoelectric material 167

strain-charge 168

stress-charge form 167
constitutive relations 78
constraints 101

coordinate systems for 103, 181

for piezoelectricity 180

general notation for 104
standard notation for 104
symbols for 150
contact angle 292
contact map operator 86
Contact Modeling 117
contact modeling 155
friction 88
manual scaling 155
theory for 86
contact pairs 117, 133
continuity in periodic boundaries 230
continuum application modes 64
Axial Symmetry, Stress-Strain 63
Plane Strain 62
Plane Stress 61
using damping in 110
convection 294
in heat transfer 21
coordinate system 136
local geometrical 137
material 97
user-defined 138
work plane 141
Coordinate System Settings dialog box
139
coordinate systems
defining loads in 107
for constraints 181
for loads 183
for material properties 170, 174
in constraints 103
Coulomb friction 88
coupling
thermal-expansion 22
coupling operators 120
current flow 214

current source 212, 215



line 217
point 217
curvature 287

cylindrical coordinates 63, 187

damped eigenfrequency analysis 86
damping 145
equivalent viscous 147, 184
explicit 147
factor 145
in continuum application modes |10
loss factor 110, 146, 184, 185
mass 145
no damping 110
page for specifying 110, 184
piezoelectric 184
Rayleigh 84, 110, 145, 184
slide film 193
squeezed film 27, 193
stiffness 110, 145, 185
viscous 147
Damping page 110, 184, 185
Debye length 24
decay factor 86
deformation gradient 65
deformed frame 81
density 97, 100
in fluids 250, 252
dependent variables 52
dialog box
Application Mode Properties 90, 164
Contact Pairs 119
Coordinate System Settings 139
Elasticity matrix 95, 168
Elasto-plastic material 96
H Matrix 105
Relative permittivity 168
Solver Parameters 152

dielectrophoresis 26

diffusion coefficient 294
dilatational viscosity 266
direct piezoelectric effect 158
displacement gradient 77
distributed loads 106
distributed resistance 214
dynamic friction coefficient 88

dynamic viscosity 250, 251, 266

Edge Settings dialog box 55
effective plastic strain 75
elasticity matrix 67, 100
Elasticity matrix dialog box 95, 168
elasto-plastic material 73, 90, 95
Elasto-plastic material dialog box 96
elcontact element 86
Electric BC page 176
electric boundary conditions 176
electric currents

boundary conditions for 178
electric displacement 177
electric double layer 24, 255
electric insulation 214
electric potential 177, 178
electric shielding 223
Electrokinetic Flow

application mode 299
electrokinetic flow 22, 24
electrolyte 301
electroosmosis 24

AC 25
electroosmotic flow 24
electrophoresis 25
electrophoretic velocity 25
electroquasistatic criterion 19
Electrostatics

application mode 217, 222
electrostatics 20, 212

Electrostatics application mode 21, 26
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electrothermal force 26
electrothermally driven flow 26
elements, mixed 72

engineering strain 66

entropy 79

equivalent viscous damping 147, 184
excitation frequency 84, 108, 165
explicit damping 147

extended Reynolds equation 198

Faraday’s constant 301
Faraday’s law 299
film damping 191
Film Damping application mode 28
film-damping multiphysics couplings 208
first Piola-Kirchhoff stress 67, 76
fixed current

in port boundary condition 241
fixed current density

in port boundary condition 242
flexibility matrix 67
floating potential 224

boundary condition 215, 219
flow

electrothermally driven 26
flow rate, relative 198
fluid loads 129
fluid properties 309
flux discontinuity 295, 303
follower loads 66, 81, 106
force computations 237
force variables

naming of 239
forced voltage

in port boundary condition 241
frame 117

deformed 81

reference 81

frequency response analysis 84, 108

phase 84

friction 88

gap distance 87

General Laminar Flow application mode
278

general notation for constraints 104

geometric nonlinearity 65

gravity force 290

Green strains 65, 66

Green-Lagrange strains 65

ground potential 215, 219

guess variables |13

H Matrix dialog box 105
hardening function 101
hardening model
isotropic 74
kinematic 74
harmonic loads 84
heat capacity 79
heat dissipation 147
heat transfer 21
by conduction 21
by convection 21
by radiation 21
Helmholtz-Smoluchowski equation 24,
25, 255
hyperelastic material models
Mooney-Rivlin 76
Neo-Hookean 76
strain energy function 77

hyperelastic materials 76

ideal plastic material 74

ideal plasticity 75

|EEE standard, for piezo theory 159
incompressibility 76

infinite elements 232

initial



strain 80
stress 80

initial fluid interface, boundary condition
for 291

initial stresses |11

initializing the level set function 286, 290

invariants 76

inverse piezoelectric effect 158
isotropic hardening 74, 75
isotropic material 67, 93

isotropic tangent modulus 100
Joule heating 26, 213

kinematic hardening 74, 75
kinematic tangent modulus 101
kinetic expressions 294
Knudsen number 23, 197

large deformation 91
large deformation option 18
Level 289
Level Set and Laminar Flow application
mode 289
level set function
initializing 286, 290
level set method 289
for two-phase flow 289
level set methods 283
Level Set Two-Phase Flow 289
line charge 220
line current source 217
linear elastic material 67
Liquids and Gases library 313
load symbols 149
loads 182
coordinate systems for 107, 183
distributed 106
page for specifying 105
phase 108

thermal 108
units for 107, 183, 184
local coordinate system 137
loss factor 110, 111, 146, 185
loss factor damping 72, 110, 146, 184
loss modulus 146

lumped parameters 241

manual scaling 155
map operator 120
mapped infinite elements 232
mass conservation, for level set equa-
tions 290
mass damping parameter |10, 145, 185
mass flux vector 294
master boundary 87
master domains 133
material
anisotropic 69, 94
coordinate system 97
elasto-plastic 73, 95
ideal plastic 74
isotropic 67, 93
linear elastic 67
mixed formulation 70
model 93
Mooney-Rivlin 76
Neo-Hookean 76
orthotropic 68, 93
material libraries 57, 309, 313

material orientation

in piezoelectric application modes 168

Material page 93

material properties
coordinate system for 170
from material libraries 311
settings for 166

materials

hyperelastic 76
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piezoelectric 158
matrix
compliance 67, 170, 171
elasticity 67
flexibility 67
piezo coupling 171
maximum friction traction 87
Maxwell stress tensor 237
Maxwell’s stress tensor 20
mean free path 205, 268
MEMS Material Properties library 322
MEMS Module 3.4
new features in 7
mesh
scale factor 13
mesh mapping 13
meshing 13
microfluidics 22
microresistor 22
microresistor beam 30
microvalve 21, 22
migration 299
mixed formulation 70, 72, 77
mobility 301, 304
modified Reynolds equation 194
for perforated structures 198
selecting damping type for 204
Mooney-Rivlin material model 76
moving interfaces 283
multiphysics contact 135
multiphysics couplings
for electroosmotic flow 25

predefined 305

Navier-Stokes equations 23, 249, 251,
279

Neo-Hookean 76

new features in MEMS Module 3.4 7

no slip boundary condition 253

non-conservative formulation 296
nonlinear geometric effects 19
nonlinear geometry 65
non-Newtonian fluid 266
non-Newtonian fluids 266

normal stress 66

Ohm'’s law 212, 300

orthotropic material 68, 93

page
Constraint 101, 180
Damping 110, 184
Initial Stress and Strain 111
Load 105
Material 93
parametric analysis |5
parametric solver 42
penalized friction traction 87
penalty factors 134
penalty parameter 122
perfectly matched layers 112, 232
perfectly plastic material 75
perforation admittance 199
Perforation Profile Reynolds method 199
phase, in harmonic loads 84
phases 108
Piezo Axial Symmetry application mode
187
piezo coupling matrix 171
Piezo Plane Strain application mode 187
Piezo Plane Stress application mode 186
Piezo Solid application mode 186
piezoelectric
analysis types 165
piezoelectric application modes
application mode properties 164
piezoelectric effect 158
Piezoelectric Material Properties library
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piezoelectric materials 158
plane strain 62
plane stress 61
plasticity 73
Plot Parameters dialog box 55
PMLs
see perfectly matched layers
point charge 221
point current source 217
Point Settings dialog box 55
Poisson’s ratio 97, 99
predefined multiphysics couplings 305
pressure 250, 252, 258
as dependent variable 77
as Vanka variable 154
defined as negative mean stress 70
specifying a reference for 277
pressure sensor 22
pressure-driven flow 23

principle of virtual work 82
quality factor 86

radiation

in heat transfer 21
rarefaction 197
Rayleigh damping 84, 110, 145, 184
Reaction Engineering Lab 27
reaction term 294
reference frame 81
reference temperature 78
reinitialization, of level set function 285
relative flow rate 198
relative permittivity 268
Relative permittivity dialog box 168
residual stress 18
resistive heating 213
resonator 22

Reynolds equation, modified 194

scalar variables 91, 165
second Piola-Kirchhoff stress 67, 76, 78,
147
segregated solver 86
shallow channel approximation 253, 267
shear modulus 99, 172
shear strain 64
shear stress 66
shear-rate dependent viscosity 266
Sl units 316
slave boundary 87
slave domains 133
slide film damping 28, 193
slip boundary condition 23
slip effects 197
solution method
augmented Lagrangian 155
solver manager |5
solver method
augmented Lagrangian 86
solver parameters |4
absolute tolerance 154
linear system solver 153
manual scaling 155
symmetric matrices |52
Solver Parameters dialog box 152
solver settings
for contact modeling 155
squeezed film damping 27, 193
squeezed-film damping 23
standard notation for constraints 104
static analysis 83
static coefficient of friction 88
stiffness damping 110, 185
stiffness damping parameter 111, 145, 185
Stokes flow 281
weakly compressible 251, 282

storage modulus 146
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strain 64, 66
axial symmetry 64, 188
effective plastic 75
elastic 64
engineering 66
engineering form 64
Green 66
initial 80, 111
invariants 76
shear 64
tensor form 64
thermal 64, 78
strain energy 81
strain energy function 77
strain reference temperature 109
strain temperature 109
strain tensor 64
strain-charge form 168
strain-displacement relation 64
large displacement 65
small displacement 64
stress 66
Cachy 66
first Piola-Kirchhoff 67, 76
initial 80, 111
normal 66
second Piola-Kirchhoff 67, 76, 78, 147
shear 66
stiffening 18
tensor 66
stress vector 79
stress-charge form 167
stress-strain relation 66
structural damping 184
Subdomain Settings dialog box 55
surface charge 177,218
surface tension force 289

symbols

for constraints 150
for loads 149
symmetric matrices |52

symmetry axis 63, 188

temperature coefficient 213
temperature, reference 78
temperature-dependent conductivity
213

theory

for contact modeling 86
thermal effects 21
thermal expansion 30
thermal expansion coefficient 100

anisotropic 98

isotropic 97

orthotropic 98
thermal expansion vector 78, 100
thermal loads 108
thermal strain 64, 78
thermal-expansion coupling 22
thermoelastic damping 22
thickness of cross section 267
thin boundary layer

for diffusion 295, 302
time-dependent analysis 84
torque computations 237
total force 253
transient analysis 84
two-phase flow 289

typographical conventions 3

unbounded domains, modeling of 232
undamped model 148
unit normals 287

user-defined coordinate system 138

variables
application mode 56

application scalar 55, 56



dependent 52
velocity
boundary condition for 257, 259
in fluids 250, 252, 253, 258
viscosity 249, 279
dilatational 266
dynamic 266
shear-rate dependent 266
viscous damping 147
viscous force 252
volume force field 250, 252
volume forces 266
volume ratio 65

volumetric heat capacity 79

weak constraints 91, 165

Weakly Compressible Navier-Stokes ap-
plication mode 280

weakly compressible Stokes flow 251,
282

wetted wall, boundary condition for 291

yield function 100
yield stress level 100
Young’s modulus 68, 97, 98, 99

zeta potential 25
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