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CHAPTER 1

Introduction

1.1 What Is Working Model 3D?

Knowledge Revolution’s Working Model 3D is athree-dimensional
dynamics simulation program for desktop computers running the

Windows® 95 or Windows® NT operating systems. Working Model 3D
combines advanced motion simulation technology with sophisticated,
easy-to-use editing capabilities and serves as a complete, professional
tool for engineering simulation.

The dynamics simulation engine provides a trandlation of real world
Newtonian mechanics to desktop computers, while the simple yet
powerful graphical user interface makesit easy to experiment with
various scenarios and situations.

1.2 Operating Concept

The operating concept of Working Model 3D issimple. Define a set of
rigid bodies and constraints (e.g., motors, springs, and joints). With a
click of the mouse, Working Model 3D uses its powerful simulation
engine to put your model in motion.

Working Model 3D’s versatile Properties window allows you to fine-
tune a simulation with its tabs and multi-purpose pages that provide
access to mass properties, geometry, constraint characteristics, and
attachment conditions. Y ou can create metersto plot the datathat istaken
during asimulation. Y ou can design amodel in your favorite CAD
program and export it to Working Model 3D. This User’s Manual will
explain how to use these features.
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Simulation Engine

Modeling Objects

Smart Constraint Joining

Automatic Collision Detection

Simulation Control

1.3 Powerful, Easy-to-Use Features

The simulation engine of Working Model 3D isdesigned for both speed
and accuracy. It calculates the motion of interacting bodies using
advanced numerical analysis techniques. The engine allowsthe
construction of complex systems, and computes their motion under a
variety of constraints and forces. In addition to user-imposed constraints
such as spring dampersor joints, the engine has the capability to simulate
multi-body interactions such as collisions, gravity, and external load
conditions. The engine is fully configurable, and every aspect of a
simulation from the time step (fixed or variable) to the integration
technique can be specified by the user.

Each body hasaset of physical properties, including mass, coefficient of
restitution, coefficient of friction, moments of inertia, positions, and
velacities. Rotational Constraints include rigid joints, revolute joints,
spherical joints, and slot joints (rigid, revolute, spherical). Linear
constraints include rods, ropes, separators, springs, and dampers. The
properties of these constraints (e.g., a spring constant) are user definable
by numeric or equation input.

In addition, forces, torques, actuators, and motors are available.
Properties can be defined by numeric values or equations.

Attach a point coordinate (Coords) to an object, position it exactly, and
thenjoinit to another “ coord” to createjoints—the objects self-assemble.
Furthermore, you can graphically position objects on the screen, or usea
set of numerical entry tools to specify exact configurations.

Collisions are simulated automatically, such as back-lash in gears, parts
on conveyors, accident reconstruction, cams/followers, and wedges.

Integrator Control—Users can choose from Euler or Kutta-Merson
integration techniques with fixed or variable time-stepping. Users can
adjust error/accuracy levels and animation step.

Equation Parsing—A mathematical parsing language allows the user to
define formulas to control parameters of bodies, constraints, and forces.

Simulation Forces—Run simulations in a gravity field or turn gravity
completely off.
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Measurement & Analysis

Data Exchange

Model Viewing

Run Control—Reset, single step, or pause the simulation at any time.
Save the simulation historiesto afile.

Unified Modeling, Simulation, and Analysis—No separate pre-

processing, analysis, and post-processing phases. Everything is unified
in one design/simulation space—the way you think and work.

Real-Time Graphs—M easure time, velocity, acceleration, positions,
momentum, orientation, angular velocity, angular acceleration, force,
torque, friction, and contact. Enter equations to create custom
measurements. Show any value on any axis. Scale graphs to any value.
Unit Control—Simulate and measure in virtually any unit system,
including S, English, CGS, or custom combinations. Change unit
systems at any time.

Point Coordinate “Coord” Measurements—Attach a“coord” to any part

of abody and measure position, velocity, acceleration, orientation,
angular velocity, or angular acceleration.

ACIS Import—Import ACIS-based (.sat) CAD models and assemblies.
Video Export—Export simulationsto Video for Windows (.avi) formats.

Data Export—Export graph data to tab-delimited text filesfor usein
Spreadsheets.

Rendering—View models in shaded, wire-frame.
Representation—View models in perspective or isometric.

Dynamic Viewing—Dynamic manipulation of parts and views.
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1.4 Installing Working Model 3D

This section includes instructions for installing Working Model 3D and
the sample files on a hard disk.

Getting Started Guide

Before you install Working Model 3D, please read the enclosed Getting
Sarted with Working Model 3D. Y ou will find useful information about
installation, as well as the information that was not included in this
manual, such as last-minute changes that may have taken place with
Working Model 3D.

Installing Working Model 3D

Working Model 3D comes with a setup program that will install the
application and sample files on your hard disk.

NOTE: Pleaserefer to the Getting Started with Working Model 3D
Guide for the latest installation information.

1. Insert the Working Model 3D CD-ROM.
The CD-ROM automatically shows the wel come screen.
2. Follow the instructions given by the setup program.

Working Model 3D isnow installed. Be sure to store the CD-ROM in a
safe place.
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Start with the Tutorial
or Online Workshops

Task-Oriented Organization

1.5AboutWorkingModeBD’®ocumentation

Working Model 3D includes the following documentation:

* theUser’s Manual you are currently reading
e Getting Started Guide with Working Model 3D
e Tutorial Guide

Online help isalso available in Working Model 3D’ s Help menu:

e Working Model 3D Help
* CAD integration tutorials.

To learn how to use Working Model 3D most effectively, begin with the
Tutorial Guideor the onlineworkshopsin Working Model 3D Help. The
exercises give you step-by-step instructions to guide you through
construction of sample models, thereby exposing you to Working Model
3D’ s most frequently used features. Also, consulting the User’s Manual
frequently will help you learn more about Working Model 3D.

Knowing that most people do not have time to read manuals from cover
to cover, we designed the User’s Manual and online help as a source of
“how-to’s” for most common features of Working Model 3D.

Therest of the book is organized as follows:

Chapter 2, “Menus, Toolsand Controls’, provides an overview of the
menu items and toolbar icons, as well as controls available in Working
Model 3D’ s application window.

Chapter 3, “Coordinate System”, discusses how Working Model 3D
employs various coordinate systems. In addition, the chapter explains
how to use the Edit Grid feature effectively.

Chapter 4, “Manipulating Views’, shows you how you can use the
powerful tools available in Working Model 3D to “navigate” through
your model and add realism to it by changing the rendering mode.

Chapter 5, “Workspace”, explains how to change a property that
affects the entire simulation, such as the unit system and gravity setting.
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Chapter 6, “Bodies’, serves as areference for all the body types
available in Working Model 3D. Y ou can find instructions to create
them, change their properties, and specify the collision property among
them.

Chapter 7, “ Assembling M odels’, explains step-by-step how to put a
model together by connecting bodies with constraints. The chapter also
introduces Coords (point elements with a coordinate system attached)
that serve as abasis to define constraints.

Chapter 8,“ ConstraintsReference”, isareference sectionfor al types
of constraints available in Working Model 3D. The chapter contains the
complete information on their properties and behaviors.

Chapter 9, “Running Simulations’, shows you how to open, save, and
closefiles, aswell asvariouswaysto run and play back your simulations.

Chapter 10, “Measuring Simulation Data” , introduces meters. Meters
are powerful toolsin Working Model 3D to measure simulation datain
numerical or plot format.

Chapter 11, “Import and Export”, explains how you can import files
into Working Model 3D, or export data and animation to another file.

Chapter 12, “Using Formulas’, introduces you to the formula
language, apowerful tool to customize your simulation. The chapter also
shows you several examples using the formulalanguage.

Appendix A, “Technical Information”, provides in-depth coverage of
how Working Model 3D computes simulations.

Appendix B, “Formula L anguage Reference”, provides references on
Working Model 3D’ s formulalanguage synopsis.

Appendix C, “Keyboard Shortcuts and Troubleshooting”, provides
references on keyboard shortcuts and troubleshooting tips.
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Menus, Tools and Controls

The Working Model 3D application window appears as shown in
Figure 2-1. This chapter discusses menus, tools, and controlsthat are
located at the top of the Working Model 3D document window. For
discussion regarding the modeling environment, please refer to later

chapters.
Figure 2-1 ~a Working Model 3D - [Untitled1] M=
WOIklng |\/|0de| 3D V\/indO\N E Fle Edit “iew ‘World Object Grid Measure Window Help =1 |

D& (] o]« #¢lelelx] ol &t [sle 2]
| 6| 0|6 5| <] A 3

(Mame  [Twee | .

. L Object Manager Menu

=
/J\ Toolbars
4l 1 ) comnectionsList !

/

/ Tape Player Controls
Status Bar/Coordinates Bar
[ BT v | [S1]
2.1 Working Model 3D Merus

Working Model 3D providesastandard menu bar with pull-down menus.
The following menu commands are available.
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Hew Chrl+h
Open... Crl+0
LCloze

Save Chrl+5
Save As..

Document Froperties

Import....

Export Meters...

Export Wideo. ..

Frint.. Chrl+F
Frint Preview

Fiint Setup...

Exit

The File Menu

Newcreates a new, blank Working Model 3D document.

Openopensaprevioudy created Working Model 3D document. Y ou can
have multiple documents open at once (subject to available memory on
your system).

Closeclosesthe currently active document. If there are changesthat need
to be saved, you will be prompted.

Save saves the active document to disk. Previously saved documentsare
updated.

SaveAs|etsyou save acopy of an existing document under a new name.

Documéirbpertiespresents adialog box for you to list the document’s
creator, company, and any commentsyou want to add to describethefile.
This dialog box & so shows the version of Working Model 3D in which
the file was created.

Import presents a dialog box for importing external Working Model 3D
filesinto the workspace. See Chapter 11, “Menus, Tools and Controls”
for more information.

ExpoMeters presents a dialog for exporting Working Model 3D meter
data. The menu item is dimmed when no meter existsin the current
document. See “Exporting Meter Data’ on page 11-9 for more
information.

Export Videopresents a dialog for exporting Working Model 3D
simulation history to an AV1 file (Video for Windows format). See for
more information.

Print presents the Print dialog, allowing you to print your simulations or
the current meter. See“Printing Simulations” on page 9-8 and “Printing
Meter Data” on page 10-9 for more information.

Prireview presentsthe Print preview window where you can print the
current file and zoom in or zoom out.

Print Setup presents the Print Setup dialog for specifying the printer
destination or other controls such as printing to a network printer.

Exit exits Working Model 3D.
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Undo Cut  Chrl+Z
Fiedo Chrl+y
Cut Chrl
LCopy Ctrl+C
Paszte Chrl+t

Delete Delete
Select Al Chrl+d

Properties  Al+Enter

The Edit Menu

Undoreversesthelast action performed inthe simulation. The menuitem
showsthelast action taken (the figure on the | eft shows an example with
undoing Cut), or shows “Can’t undo” if the actionis

irrecoverable Working Model 3D supports multiple undo, so you can
reverse several actions by selecting Undo again and again.

Redorepeats the last action performed in the simulation. If you had just
performed a cut, and then undid it using the Undo command, for
instance, the menu item would show as “Redo Cut.”

Cutremoves the selected objects from the document and places them on
the Clipboard.

Copy places a copy of the selected objects on the Clipboard.
Paste pastes the contents of the Clipboard into the active simulation.

Delete del etes the sel ected objects from the simulation without placing
the contents onto the Clipboard.

Select All selects all of the objectsin the active simulation window.

Properties opens the Properties window, which alows you to set or
examine an object’ s features and attributes, including Appearance
Position (Pos), Velocity (Vel), Material, Geometry, Central Inertia, and
Center of Mass Offset (CM).
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Wiew Al
GoHome

Set Home
Previous Yiew
Nest View
Look At

= M w I =

‘wiire Frame
Shaded

Perzpective
lzometric

Background Color...

Toolbars...

The View Menu

ViewAll automatically scales and pans the view so that all the objectsin
the document (bodies, Coords, constraints, and Edit Grid) become
visible in the document window.

Go Home sets the view angle to the Home view angle. See “ Setting and
Recalling Home View” on page 4-6 for more information.

Set Home sets the current view angle as the Home view angle.

Previous Viewrestores the view angle prior to the most recent change.
The menu item is not active if you have not changed the view angle at
least once. Y ou can retrieve up to 10 previous view changes.

Next Viewrestores the view that was restored by Previous View. The
menu itemisnot active unlessyou chosethe Previous View menu at least
once.

Look At allows you to quickly view the model for several preset views.
The menu item provides a submenu with six view angle options that |et
you choose a“head-on” view (from positive and negative directions of
the x-, y-, and z-axes), as well as an option that zooms in on an object
selected in the Object Manager list. See “Head-On Views’ on page 4-1
or “Look at Selected Object” on page 4-2 for more information.

Wire Frame and Shadedmenu items allow you to choose the rendering
mode of the current window. See “Rendering Modes’ on page 4-8 for
more information.

Perspective and Isometric menu items switch the projection mode of the
current window. See“ Perspective and |sometric Views’ on page 4-2 for
more information.

Backgroublorpresents the Windows color pick dialog to choose the
background color of the current document. See “Modifying the
Background Color” on page 4-11 for more information.

Toolbarsallow you to select the toolbars you want to have displayed as
you work.
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Rur

Reset Chrl+T
Eraze Histony Ctil+H
Skip Frames

3

Accuracy...
MNumbers & Units...

Grawity...
Ground Plane

The World Menu

Run/Stop starts and stops the simulation. The menu only appliesto the
currently active document (i.e., the document that appears foremost).

Reset stops your simulation and then returnsit to the initial conditions
(frame zero).

Eragdistory erasesthe currently stored simulation history regardless of
the current frame number. In effect, the current position and velocity of
all objects becomes the set of initial conditions for the next simulation.

NOTE: You cannot undo the Erase History command.

Skipramesletsyou specify various playback ratesfor your simulations.
Skipping more frames provides a faster playback on a previously
calculated simulation. The menu item presents a submenu with 1 (i.e.,
displays every frame), 2 (displays every other frame), 4 (displays one
every fourth frame), 8 (you get the idea), and 16.

Accuracyinvokes the Accuracy dialog which allows you to control
various simulation parameters. See “9.6 Controlling Simulation
Accuracy” for more information.

NumbergJnitspresents adialog to control the unit system and number
display format. See “5.1 Numbers and Units’ for more information.

Gravity presents the dialog to control the gravity settings. See “5.2
Gravity” for more information.

Ground Planetoggles the existence of the ground plane for the
simulation. See “ Creating the Ground Surface for Simulation” on
page 54 for more information.
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Create Constraint...
Join
Split

Create Connecting Body
Attach Coord to Body
Detach Coord from Body

LCollide
Penetrate
v Penetrate all

The Object Menu

Cred@enstraintinvokesthe Create Constraint dialog which allowsyou
to create constraints (such asjoints) to construct a model.

Join recovers the selected constraint that has been split.

Split temporarily disables the selected constraint and allows individual
bodies to be moved separately.

Create Connecting Bodycreates a cylinder body between two selected
Coords.

Attach Coord to Body attaches selected Coords to the selected body,
without moving any of the Coords. See “ Attaching and Detaching a
Coord from aBody” on page 74 for more information.

Detach Coord from Body detaches sel ected Coords from the body or
bodies to which the Coords are currently attached.

Collide specifies that selected bodies would collide among one another,
when they come into contact.

Penetrate specifies that selected bodies would penetrate one another
when they come into contact.

Penetrates All specifies that selected body or bodies would penetrate all
other bodies when they come into contact.

NOTE: Not al theitems are available to every object. For example, the
Collide menu is only available when at least two bodies have been
selected.
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v Snap to Grid

Show Grid

Grid Orientation 3
Gnd Settings...

Altach Coordinate System. ..
Aftach to S election
Reset Coordinate System

Time

Pozition

Welocity
Acceleration

Linear Momentum
Qrientation

Angular Yelocity
Angular Acceleration

Tension

Length

Constraint Force on Base Point
Congtraint Torgue on Baze Point

LCortact Farce
Friction Force

The Grid Menu
Show Gridtoggles the Edit Grid on and off.

Snap To Gridtoggles the grid snap feature.

Gratientation specifiesthe orientation of the Edit Grid. Themenuitem
provides a submenu with the following options: XGrid, YGrid, Zrid, or
the Automatic The Automaticoption automatically determines the plane
that appears most convenient for you to edit models, and attaches the
Grid orientation accordingly.

Grid Settings invokes the Grid Settings dialog.
Attach Coordinate Systeminvokes the Coordinate System dialog.

AttachSelection attaches the global coordinate system to the selected
Coord or the selected face of a body.

Res@&@oordinateystemresetsthe global coordinate system to theworld
coordinates. The menu item is not active unless the current global
coordinate system is currently attached to an object.

The Measure Menu

The Measure menu allows you to create meters to measure properties of
aWorking Mode 3D simulation. See Chapter 10, “Measuring
Simulation Data’ for more information.

Time creates a meter that measures time.

[LisMieasurements] Therest of the menu liststhe valid measurements
for any selected object. The figure shown on the left, for example, lists
valid measurements when you select a single body.

When you select two bodies, the M easure menu changes so that you can
measure forces that act between a pair of bodies, such as the contact
force.
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The Wincbw Menu
Lot New Windowopens a new window to view the current model. See
Tik “Viewing a Model with Multiple Windows” on page 4—7 for more
v 1United] information.

NOTE: The New Window simply opens another window to view the
samemodel with adifferent angle. Usethe File->New to open an entirely
new document.

Cascadearranges any open windows in a cascade, with all thetitles
visible, so that you can have access to more information and options.

Tile arranges any open windows so their contents are at |east partially
visible on the screen.

[List of Currently Open Document WindowsA list of windows is
appended to the bottom of the Window menu.

The Help Menu

The Help menu provides accessto Working Model 3D’ sonline help and
tutorials. See the Getting Started Guide for more information on
troubleshooting and getting technical support.



2.2 Working Model 3D Toolbars 29

Figure 2-2
Standard Toolbar

b

2.2 \Working Model 3D Toolbars

The Working Model 3D toolbars provide access to the tools you use to
create and work with simulations.

Any action you take with the tools affects the currently active document.
If you have multiple windows open, the effect on one window is
immediately replicated on all other windows.

Touseatool, click once on thetool icon; after using it once, it will revert
back to the Select (Arrow) tool. To keep using the tool, double-click it,
and it will not revert to the Select tool.

Theindividual toolbars are very flexible—you can leave them “ docked”
at the top of the document window, or you can move them to anywhere

onyour screen. Y ou can also usethe View menu’ s Toolbars command to
show or hide them as you choose.

The Standard Toolbar

Standard x|

] =21 e = e T

The Newbutton createsanew, blank Working Model 3D document using
the current default settings.

The Openbutton opens a previoudly created Working Model 3D
document. Y ou can have multiple documents open at once (subject to
available memory on your system).

The Save button saves the active document to disk. Previously saved
documents are updated.

The Cut button removes the selected objects from the document and
places them on the Clipboard.
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Figure 2-3
View Toolbar

The Copybutton places a copy of the selected objects on the Clipboard.

The Paste button pastes the contents of the Clipboard into the active
simulation.

The Undo button reverses the last action performed in the simulation.

The Redobutton repeats the last action performed in the simulation.

The View Toolbar

$| 6| oG T @)

The Pantool allowsyou to pan the view parallel to the view plane. Click
the tool, and drag on the document window while holding down the
mouse button to pan. Alternatively, you can press the F2 key to access
the tool. See “Panning” on page 4-4 for more information.

The Zoom InfOuttool is used to move the camerain or out of the view
plane. Alternatively, you can press the F3 key to access the tool.See
“Zooming” on page 4-3 for more information.

The Rotat&roundtool allowsyou to rotate the view direction. Click the
tool, and drag on the document window while holding down the mouse
button to rotate the view angle. Alternatively, you can press the F4 key
to access the tool. See “Rotating” on page 4-5 for more information.

The BoxZoomtool allows you to zoom into arectangle.
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Figure 24
Edit Toolbar

The ViewAll tool zooms out to view the entire world, allowing you to see
the whole document. Click the tool to immediately see everything. This
command is also availablein the View menu as View All.

The Toggl&Vireframiol letsyou go back and forth between wireframe
and shaded mode. Thisfunctionisalso availablein the View menu, with
Shaded and Wireframe being the two choices which are here combined
in one button.

TheTogglésometritool letsyou go back and forth between Perspective
and Isometric mode. This function is also available in the View menu,
with Perspective and |sometric being the two choices which are here
combined in one button.

The Edit Toolbar

Edit B
EHEEEE

The Selecttool is used to select an object or agroup of objects. See
“Moving and Rotating Bodies’ on page 6-16 for more information.
Once you have selected a body, the tool switches to box-select mode if
you move the mouse.

T
o
-

When an object is selected, the body is drawn with athicker frame
(wireframe mode) or with an adorning box (shaded mode). Constraints
are shown with abounding box, and coords show axes and abox around
the base.

The Drag tool is used to select and drag an object or a group of objects
parallel to the Edit Grid. See “Moving and Rotating Bodies’ on page 6—
16 for more information.
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Figure 2-5
Sketch Toolbar

The Drag-Ztool isused to select an object or agroup of objects, or to drag
selected objects perpendicular to the Edit Grid. See “Moving and
Rotating Bodies’ on page 6-16 for more information.

The Rotate tool is used to select and rotate a body or a set of bodies. See
“Moving and Rotating Bodies’ on page 6-16 for more information.

The Resizéool isused to select and resize abody or a set of bodies. See
“Moving and Rotating Bodies’ on page 6-16 for more information.

The Join/Create Constraint button is used to bring up the Create
Constraint window to construct constraints between sel ected objects. See
“The Create Constraint Window” on page 7—13 for more information.

The Split button is used to disable constraints temporarily. See” Splitting
and Joining Constraints’ on page 7-30 for more information.

The Sketch Toolbar

Sketch
9| 8| @G| | | 5]

The Boxtool is used to create boxes. See “Creating Bodies” on page 6—
5 for more information.

The Extruded Polygontool is used to create extruded polygons. See
“Creating Bodies’ on page 6-5 for more information.

The Spheretool is used to create spheres. See “ Creating Bodies’ on
page 6-5 for more information.
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Figure 2-6
Run Toolbar

I44

The Cylinder tool is used to create extruded cylinders. See “ Creating
Bodies’ on page 6-5 for more information.

The Coordtool is used to create and attach Coords. See “Working with
Coords’ on page 7—4 for more information.

The Forcetool isused to create and attach external forces. See“Applying
External Forces or Torques’ on page 7-17 for more information.

The Torquetool is used to create and attach external torques. See
“Applying External Forces or Torques’ on page 7-17 for more
information.

The Run Toolbar

Run ___H
1ee| m | b |

The Resetbutton is used to bring a simulation back to itsinitial
conditions (the first frame).

The Stop button is used to stop a simulation. After stopping the
simulation, you can click the Run button to resume the simulation or
click the Reset button to reset the simulation.

The Runbutton starts the simulation on the currently active document.
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Figure 2-7
Object Manager

2.3 Object Manager

The two panes on the left side of the document window make up the
Object Manager (shown in Figure 2-7). The Object Manager provides a
convenient way to view information about the objects and connectionsin
your model, and to quickly and accurately select objects.

Thetop pane, or Object list, shows al the objectsin the open document.
When you select an object, the bottom pane, or Connectionslist, displays
all of the other bodies, Coords and Constraints attached to the selected
object.

When you select an object in the Object Manager, you can use the right
mouse button to display a menu with commands relevant to that
particular object. The selected object is also highlighted in any open
drawing windows to help you identify it.

s Working Model 3D - [Gyroscop:1] =] &3
@ File Edit “iew ‘World Object Grid Measure ‘window Help =&l
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Figure 2-8
Tape Player Control

Figure 29
Coordinates Bar

2.4 Tape Player Cantrol

While running a simulation, Working Model 3D shows the advancing
frame number and time elapsed in the Tape Player (shown in Figure 2-
8), located at the bottom of the application window. The Tape Player
controlsallow you to run therecorded simulation forward and backward,
to run and pause a simulation, and to advance or retrace the simulation
frame by frame.

Reset  Stop Frame Slider StepBack Advance
i / 1Frame 1Frame
WE%@ — 'hﬁ
* [ rame=18 |Time=U.DS‘sec v
Playback
Backward Run Frame Indicator Time Indicator

See “Playing Back a Simulation” on page 9-5 for more about the Tape
Player controls.

2.5 Coordinates Bar

The Coordinates Bar (shown in Figure 2-9), located at the bottom of the
application window, shows the current body position, body dimensions
and other information, depending on what you are doing in Working
Model 3D. The Coordinates Bar isonly visible when abody or Coord is
being dragged, rotated, or resized.

%=1 =1 7=05
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2.6 Status Bar

The Status Bar, (shown in Figure 2-10) located at the bottom left of the
application window, displays information about the object currently
beneath the mouse pointer.

«  For bodies, the status bar displays the formula expression for the
body (e.g., body[ 1]), and the body type or the user-defined name (if
oneisassigned).

*  For congtraints, the statusbar displaystheformulaexpression for the
congtraint (e.g., const r ai nt [ 2), and the constraint type or the
user-defined name (if one is assigned).

«  For Coords, the status bar displays the formula expression for the
Coord (e.g., coor d[ 5]) and the user-defined name, if assigned.

e For meters, the status bar displays the formula expression for the
meter (e.g., out put [ 3]).

e For tools (on the toolbar, as shown in Figure 2-2), the status bar
provides a brief explanation.

Figure 2-10
Status Bar for a Body

bodu[1] "Fluwheel"

Formula Expression (ID) User-Defined Name

Formula Language Expressions ~ Working Model 3D provides a powerful formula language that allows
you to customize the behavior and characteristics of your model through
variousfunctions and control-flow statements. The status bar assists you
in devising your formulalanguage expressions, asyou can easily identify
the objects and their corresponding formula expressions. For more
information on the formulalanguage, please refer to Chapter 12, “Using
Formulas™.

Assigning Custom Names Y ou can a so define custom namesfor the objects so that you can quickly
identify parts and components in your model. Please see “Changing
Appearance and Body Name” on page 6-26 for bodies, aswell as
“Modifying Constraint Appearance and Name” on page 7-25 for
constraints.
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Coordinate System

This chapter describes how Working Model 3D defines the coordinate
system and represents the configuration of objectsin a document.

3.1 Understanding the Coordinate System

Working Model 3D represents position and orientation of objects using
the Cartesian (X, y, and z) coordinate system and body XY Z angle.

Each document has one global coordinate system (the global origin and
orthogonal xyz axes). Within adocument, individual bodies and Coords
have a coordinate system attached to them, and Working Model 3D
represents the configuration of these objects in the following fashion:

Objects and Coordinates
. HowtsConfiguratiorls | How the Coordinate

Object Type Represented System Is Attached

Body (box, cylin- The position of the body's The coordinate system is

der, sphere, poly- | geometric center is repre- attached at the body’s geo-

hedra) sentedinterms ofthe global | metricentefTherientation
coordinate frame. The orien- | of the system remains fixed
tation is expressed in body with respect to the body.
XYZ angles.

Coords The configuration is repre- The origin of the coordinate
sentedintermsothebody’s | frame coincides with the
frame to which the Coord is Coord's position.
attached (or global if unat-
tached).
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Figure 3-1
Objects and Coordinate Systems

Objects and Coordinates

Obiect T Howt<Configuratiorls | How the Coordinate
Jectiype Represented System Is Attached

Extruded Polygon | The position of the body’s The coordinate system is
geometric center is repre- attached to the first vertex
sented interms of the global | when sketched. The orienta-
coordinate frame. The orien- | tion of the system remains
tation is expressed in body fixedvithrespectahebody.
XYZ angles

Figure 3-1 below aso shows the relationship between an object and the
coordinate system.

The box s located at (0.3, 0.2, 0.1).

The box's local coordinate system

The Coord is located at (0, 0.1, 0) OXS | :
(the origin is located at geometric center)

with respect to the box’s coordinate
system. Therefore, its global position
i5(0.3,0.3,0.2).

Each square in the grid is 0.1 meter wide.

3.2 Attaching Coordinate System to Objects

Working Model 3D allows you to attach the global coordinate system to
any object to facilitate the design effort. Y ou can either:
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World and Current Coordinate
System

Figure 3-2
Effects of Attaching Global
Coordinate System to Body Face

e Attach the coordinate system to a body, or
e Attach the coordinate system to a Coord.

No matter where you attach the global coordinate system, Working
Model 3D “remembers’ World coordinates, or the original global
coordinate system. On the other hand, the global coordinate systemmay
be a coordinate system that istemporarily attached to a body or a Coord,
and isreferred to as a current coordinate system.

Effects of Attaching Global Coordinate System
When you attach the global coordinate system to a body or a Coord:

e ThePropertieswindow showsthe position and orientation of abody
in the current global coordinate system.

e ThePropertieswindow shows position and orientation of Coordsin
the current global coordinate system (see Figure 3-2).

Global Coordinates Coinciding Global Coordinates
with the World Attached to a Body Face
z
- f
L;][_-::— e \;L:f

e

f

Position and Orientation vi Position and Orientation
m deg m deg
% [0325 D % [0125 ED
v 0288 Ry [0 vy [0z Ry [0
z |01z Rz [0 z [0z Rz [0
[whorld coordinates) [Coard#YZ) [Ref. coordinates] [Coord=YZ]

The Properties window that shows the position of the Coord reflects
the change in the reference frame.
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On the other hand, the following functionality remains intact regardless
of the coordinate system customization:

e Thedirection in which the gravitational force acts remains fixed
with respect to the World. The gravity, if turned on, always acts on
every body in the negative z direction of the World coordinate
system.

e TheView menu shortcuts (see “Head-On Views’ on page 4-1) act
ontheWorld coordinate axes. For example, the“ Front” shortcut key
always sets the viewing direction to the negative x-direction of the
World coordinate axes.

e Formulalanguage expressions pertaining to the configuration of
bodies and Coords (such asbody[ 3] . p. xand coord[ 5] . v. ¥
always return the value in World. See Appendix B, “Formula
Language Reference’, for more information on formula language
expressions.

Effects of Making Global Coordinate System
Permanent

Y ou can change the world coordinate system by making a change to the
global coordinate system permanent. If you do so:

e Theglobal coordinate system will be permanently transformed as
specified. You will not be able to undo this action.

« Theconfiguration of all objectswill reflect this change.

*  Thexyz components of force and torque constraints will stay the
same, and you may need to reenter those values in the new global
frame.

Attaching Global Coordinate System to a Body

Y ou can attach the global coordinate system to a body so that you can
position other bodies relative to the body coordinates.

P To attach the global coordinate system to a body or a face:

1. Select the body to which you wish to attach the coordinate
system.
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Figure 3-3
Coordinate System Dialog

NOTE: You can select the body itself asit isrepresented in the
document, or select itsnamein the Object Manager, which runsaong the
left side of the document window.

The selected body is shown with a bounding box when in Shaded
mode, and with a thicker frame when in Wireframe mode.

2. Choose Attach Coordinate System in the Grid menu.

The Coordinate System dialog appears (Figure 3-3).

Coordinate System E=
" Reset to background (0.0.0)

coord[2]

&+ Center

¥ face = ¥ face
0 Yface 00 5 face
0 Zface ) 2 face

M ake the attachment permanantl

3. Choose the body’s center or the face to which you would like to
attach the coordinate system.

The coordinate system isimmediately shown in the position you
choose. For example, if you choose “ -Z Face” , the global
coordinate systemisattached to the surface of the bounding box that
inter sects the negative portion of the body' s z-axis.

4. Click OK when you are finished.

Attaching Global Coordinate System to a Coord

Y ou can attach the global coordinate system to a Coord so that you can
position other objects with respect to the Coord.

P To attach the global coordinate system to a Coord:
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1. Select the Coord to which you wish to attach the coordinate
system in the document window or in the Object Manager list.

2. Choose Attach Coordinate System in the Grid menu.

The Coordinate System dialog appears (Figure 3-4). Note that all
the radio-button options except “ Center” are dimmed.

Figure 3-4
Coordinate S}/Stem DIaIOg © Reset to backgraund [0,0,0]
Cli

= Center

1 face = = face
1= face LA
= Z face = = face

take the attachment permanentl

3. Click the Attach To (name of coord) radio button to attach the
coordinate system to the coord.

4. Click OK.
The global coordinate system coincides with that of the Coord; i.e., the

coordinate origin becomes the position of the Coord, and the global
coordinate axes are aligned with the Coord’ s axes.

Resetting the Global Coordinate System

P> To reset the global coordinate system to World coordinates:
1. Choose Reset Coordinate System in the Grid menu.

The global coordinate systemisreset to the original (the World
coor dinate system).

If themenu item is dimmed, the coordinate system has aready been reset
to the World.
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Figure 3-5
Edit Grid

NOTE: If you have madethe attachment permanent, essentially changed
the World Coordinate System, you will not be able to Reset to any
previously defined World Coordinate System!

3.3 The Edit Grid

In Working Model 3D, you can sketch and move bodies using the Edit
Grid. The Edit Grid is turned off (not shown) by default—it appears as
you start to create an object, and disappears as you compl ete the object.
Y ou can use the Grid menu’ s Show Grid command to keep the Grid
visible as you work.

The Edit Grid isrendered as a light-blue color mesh (Figure 3-5), and it
isaways aligned with aplane orthogonal to one of the axesin the global
coordinate system. If you customize the global coordinate system, then
the Edit Grid a so follows the new coordinate system.

This section explains how you can specify and customize the Edit Grid.
For sketching bodies using the Edit Grid, see " Creating Bodies' on page
6-5.
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Edit Grid and Viewing Direction

Figure 3-6
Edit Grid and View Direction

Locking the Edit Grid

Specifying the Edit Grid Orientation

The Edit Grid is always aligned with one of the x-, y-, or z-planes of the
global coordinate system.

By default, Working Model 3D automatically chooses one of the three
planes that is most convenient for you. In particular, the Edit Grid is
chosen so that its normal vector deviates least from the viewing
direction. A viewing direction is the direction in which the three-
dimensional model is projected on the viewing screen.

Inthisdefault mode, the Edit Grid shiftsfrom one planeto another asyou
rotate the view using the Rotate View tool. Two instances shown in
Figure 3-6 illustrate the cases where the Edit Grid is aligned with x- and
y-axes, because these axes deviate |east from the viewing direction.
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Edit Grid attached to the X-grid Edit Grid attached to the Y-grid
(X-axds deviates least from view) (Y-axis deviates least from view)

You can “lock” the Edit Grid to be one of the x-, y-, or z-planes
permanently regardless of the viewing direction.

P To lock or unlock the Edit Grid:

1. Choose Grid Orientation in the Grid menu.

A submenu appearswith three options: X Grid, Y Grid, Z Grid, and
Automatic (Figure 3-7).
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Figure 3-7
Grid Orientation Submenu

+ Show Grid
+ Snap to Grid
Grid Qrientation 2 Grid
Grid Settings...
Z Girid
*  Automatic

Attach Coordinate Speten..
Attach to Selection
BReszet Coordinate System

2. Choose X-Grid, Y-Grid, or Z-Grid from the submenu.

The x-grid means the grid perpendicular to the x-axis. Smilarly, y-
grid and z-grid correspond to the zx- and xy-planes, respectively.

P> To restore the automatic grid feature:

1. Choose Automatic from the Grid Orientation submenu.

NOTE: The orientation of the Edit Grid has no effect on the directionin
which gravity acts, or on the View menu’ s shortcut keys. These
properties are based on the fixed, World coordinate system. See“ Effects
of Attaching Global Coordinate System” on page 3—3 and "Effects of
Making Global Coordinate System Permanent” on page 34 for more
information.

Properties of the Edit Grid

The Edit Grid, accessed with the Grid menu’ s Grid Settings command,
has the following properties:

e Grid Extents

e Snapto Grid

e Grid Snap Size

e Constraint and Coord Appearance
e Viewer'sClipping Plane

P> To change these properties:

1. Choose Grid Settings in the Grid menu.
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Figure 3-8
Grid Settings Dialog

Grid Extents

The Grid Settings dialog appears (Figure 3-8).
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Front: |0.002 m
Back: |75 m

Each setting provides the following functionality:

Grid Extents defines the width of the Edit Grid when displayed on the
screen. Working Model 3D displaysthe Edit Grid asasquare, as (0, 0, 0)
as one of itsbounding vertices. The Edit Grid is“spread” up to thevalue
specified in Grid Extents. The quantity is associated with the current unit
system (see "Numbers and Units" on page 5-1).

For example, if the number 20 is entered and the current distance unitis
in meters, then the Edit Grid spreads from (0, 0, 0) to (20, 20, 0) (in
meters), provided that the Edit Grid is locked to the z-plane (see
“Specifying the Edit Grid Orientation” on page 3-8).

Working Model 3D automatically adjusts the zooming rate of your
document depending on the specified magnitude of the Grid Extents
setting, so that the entire Edit Grid fits in the window. For example, if
you expanded the Grid Extentsto 100 meters from the default of 1 meter,
the Edit Grid expands in terms of its size, although the change is not as
apparent on the document window, because Working Model 3D “ steps
back” the view so that the Edit Grid fitsin the window.

Working Model 3D alows the Grid Extents of up to 1.0° 10° meters (or
equivalent distance in the current unit system).
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Snap to Grid

Grid Snap Size

Constraint and Coord
Appearance

Viewer’s Clipping Plane

The Snap to Grid feature forces the mouse pointer to “snap” at intervals
set by the Grid Snap Size (see below). With thisfeature, you can re-size,
create, or drag bodies and Coords precisely.

Y ou can aso toggle this feature directly by choosing SnapdGridin the
Grid menu.

Grid Snap Size specifies the minimal interval to which objects snap on
the Edit Grid. The quantity isassociated with the current unit system (see
"Numbers and Units" on page 5-1).

Working Model 3D ensuresthat the Grid Extents are at least ten times as
large asthe Grid Snap Size. If you enter avaluein Grid Snap Sizethat is
greater than one tenth of Grid Extents, Working Model 3D automatically
increases Grid Extentsimmediately.

NOTE: The“coarseness’ of the meshed lines drawn on the Edit Grid is
not affected by Grid Snap Size. Working Model 3D automatically
controlsthe density of these meshed lines and changesthem according to
the window size, zoom rate, and the size of the Grid Extents.

The Constraint and Coord Appearance section allows you to choose
whether the size of constraints and Coords in the drawing window will
be set automatically or manually. If you prefer, you can set the size by
entering a number in the Size box.

The Viewer’s Clipping Plane setting allows you to set whether or not it
is Automatic, and to set the Front and Back measurements. These
measurements will be set in whatever distance units you have chosen.
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CHAPTER 4

Manipulating Views

Working Model 3D provides an extensive array of interactive controlsto
mani pulate how the model is presented on your screen. Y ou can modify
viewing directions, change rendering modes, and create multiple
windows that can be controlled independently. This chapter shows how
to manipulate the viewing optionsin Working Model 3D.

4.1 Changing Views

Working Model 3D provides severa “preset views' in addition to
interactive controls.

Head-On Views

Y ou can quickly specify the viewing directions at any time by pressing a
single key to access six “head-on” viewing directions as shown in the
table below. The menu commands to invoke the preset view directions

are also available in the Look At submenu in the View menu.
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Views and Shortcut Keys

Name Viewing Direction Key Shortcut
Front View From positive x-axis X

Back View From negative x-axis Shift X
Right View From positive y-axis Y

Left View From negative y-axis Shift Y
Top View From positive z-axis Z
Bottom View From negative z-axis Shift Z

NOTE: The viewing directions are based on the World coordinate
system and independent of the current Edit Grid orientation. For details
on coordinate systems, please see "Attaching Coordinate System to
Objects' on page 3-2.

Look at Selected Object

Y ou can quickly view a specific object by selecting it in the Object
Manager list. When an object is selected, you can click the right mouse
button and choose Zoom to Selection in the content-sensitive menu.
Alternatively, you can choose the Look At submenu in the View menu,
then choose Selection.

Perspective and Isometric Views

Working Model 3D provides two types of 3D projection modes:
perspective and isometric. Y ou can switch between these modes by:

¢ Choosing Perspective or Isometric in the View menu. The mode
selected will show abullet besideit.

»  Clicking the Toggle Isometric tool on the View toolbar.

e Clicking the right mouse button in the background area and
choosing Perspective or |sometric from the menu that appears.
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Figure 4-1

Perspective and Isometric
Projections

Perspective Projection

Isometric Projection

Figure 4-1 shows a comparison between the two projection modes when
you view an array of 9 cubes.

L
LI
L

Perspective Projection Isometric Projection

In perspective mode, Working Model 3D presents the 3D world on the
flat viewing screen by projecting the view from asingle vanishing point.
Visual depth information isricher in perspective mode than in isometric
mode, but detecting the precise geometric relationship may be difficult.
For example, parallel linesin the real world may not appear parallel in
perspective projection.

|sometric proje(:tionl simply projects each object parallel to the viewing
window. Y ou can think of the isometric projection as a special case of
perspective projection, where the vanishing point islocated at infinity.
Depth information is poor compared to the perspective projection, but
you can easily verify geometric accuracy; paralel lines are projected to
be always parallel in isometric projection.

Zoomng

Zooming aview will enlarge the objects, coordinate axes, and the Edit
Grid. In isometric mode, zooming simply changes the scale of the
rendered model. In perspective mode, zooming is equivalent to moving
the cameracloser or further away from objects; therefore, incident angles
between lineswill vary as you zoom in or out.

L Also called flat projection or orthographic projection.
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Three zooming operations are possible: zooming in and out, box
zooming and viewing all. The tool used for zooming in and out is
pictured below, alongside the description of this activity.

To change the view by zooming:

1. Click the Zoom In/Out tool on the View toolbar, or press F3 on
the keyboard.

2. Hold the mouse button down while the mouse pointer is in the
document window.

3. While holding down the mouse button, move the mouse pointer
DOWN to zoom in (increase the magnification) or move it UP to
zoom out (decrease the magnification).

Working Model 3D zooms the entire view. The point where you
clicked the mouse button remains fixed while the view is zoomed in
and out.

Bozxoomingallows you to select a portion of the document with a box,
and then zoom to whatever you have encompassed within the box.

View All (or zoom to extents) allows you to see all the objectsin your
document; for more information, see “Viewing All Objectsin the
Document” on page 4—7.

Panning

Panning aview means simply moving the viewpoint sideways or up and
down. In isometric rendering mode, panning will not affect the
appearance of the model at all. In perspective mode, you will notice that
the glancing angle changes as you pan the camera. See “ Perspective and
Isometric Views’ on page 4-2 for more details.

P To change the view by panning:

1. Click the Pan tool on the View toolbar, or press F2 on the
keyboard.

2. Hold the mouse button down while the mouse pointer is in the
document window, and drag the mouse around to pan the view.
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Rotating

Rotating the view givesthe most flexibility in changing the view, giving
you a complete 360° view from al directions.

P> To rotate the view:

1.

Click the Rotate Around tool on the Edit toolbar, or press F4 on
the keyboard.

Asyou move the mouse pointer, a circlein dotted line appearson the
screen. Thecircleis centered on the object closest to the pointer.

Click in the document window, hold the mouse button, and drag
the mouse to rotate the view.

Working Model 3D rotates the view as you drag the mouse, keeping
the line-of-sight fixed.

If you click the object within the circle, the view rotates around the
object at the point you clicked. If you click outside the circle, the
object(s) within the circledo a “ barrel-roll” , snapping to the up
position.

Undoing View Charges

Working Model 3D alowsyou to “undo” and “redo” the changein view
angles.

P> To undo and redo changes in the view:

1.

Open a Working Model 3D window, and rotate the view using the
Rotate Around tool.

Zoom the view using the Zoom In/Out tool.

Choose Previous View in the View menu (as a shortcut, you can
simply press P on your keyboard).

Note that the viewing angle reverts back to the state prior to
zooming.

Choose Previous View again.
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The view angle reverts back again to the state prior to rotating.

5. Choose Next View in the View menu (as a shortcut, you can
simply press N on your keyboard).

The viewing direction is now identical to the one set after step 1
above.

6. Choose Next View again.

You are back to the state after step 2.

Y ou can thus press the P and N keys to go back and forth in the “ stack”
of the past view angles. In a sense, the Previous View command works
much like “Undo”, while the Next View command works like “ Redo”.
Working Model 3D can remember up to ten past view angle changes.

Setting and Recalling Home View

After aseries of rotations, zooms, and pans, you may find it difficult to
remember where you started. Y ou may have once set a“favorite”
viewing direction and zoom rate best suited for presentation of your
model. The “Home view” feature in Working Model 3D allows you to
quickly set and go back to your favorite or most frequently used viewing
direction.

To set the Home view:

1. Use the Pan, Zoom, or Rotate Camera tools to arrange the
viewing direction that suits you.

2. Choose Set Home in the View menu.

The current viewing direction and zoomrate are stored asthe Home
view.

To recall the Home view:

1. Choose Go Home in the View menu.

The Home view is stored until you choose Set Home again. When you
save the document, the Home view is stored in the document as well.

Therefore, you can access the same Home view again when you open the
document at alater time.
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Viewing All Objects in the Document

Asyou navigate the model with the flexible cameratools, you may end
up “being lost”; for example, you may zoom too much or panin the area
of the document in which no or a small humber of parts are visible.

Working Model 3D provides a convenient “panic button” feature that
alows you to view all the objectsin the current document.

To view everything in the current document:

1. Choose View All in the View menu, click the View All button on
the toolbar, or press V on the keyboard.

Working Model 3D immediately pans and scal es the model so that
all the objects (bodies, Coords, constraints, and Edit Grid) become
visible on the screen.

4.2 Viewing a Model with Multiple Windows

Working Model 3D allows you to view asingle model with multiple
windows, and you can control the viewing direction and rendering mode
of each window independently. Modifications on one window are
immediately reflected on al other open windows.

Multiple windows provide you with more visual information of the
model. For example, you can open one window with the wireframe mode
to allow the compl ete, transparent view of the model, and you can leave
another window open with the shaded mode as arealistic preview of the
model (see "Rendering Modes" on page 4-8 for more information).
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Creating and Deleting a Window

Y ou must have afile open before you create multiple windows.
To create a new window:
1. Choose New Window in the Window menu.
A new window appears.
To delete a window:

1. Click the button at the top-right corner of the window.

NOTE: Closing all windows of a document closes the file itself. When
you are about to close the last open window of a document, Working
Model 3D prompts you to save changes to the file.

To close the fileimmediately, ssimply choose Close from the File menu.
To organize multiple windows:

1. Choose Title in the Window menu.

4.3 Rendering Modes

Working Model 3D features afull set of rendering functionsto help you
understand the model better, and also add substantial realism to the
virtual prototype created on your screen.

Working Model 3D can render the model in two modes—wireframe and
shaded—the latter being the more redlistic.

Wireframe Mode

Simple wireframe is the default mode and the fastest way to render
models. The model consists of outlines, as shown in Figure 4-2. The
constraint icons are visible in the wireframe mode (you can hide them
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Figure 4-2
Wireframe Mode

through the Appearance page of the Properties window for each
constraint. See “Modifying Constraint Appearance and Name” on
page 7-25 for more information).

NOTE: For optimal performance, spheres appear as polyhedral
approximationsin the wireframe mode. However, the simulation engine
of Working Model 3D treats them as true spheres, and computes their
collisions and mass properties as such.

Shaded Mode

Inthe shaded mode, Working Model 3D computesthe luminosity of each
object using the locations of the light sources as well as surface
properties of each object in the model. As shown in Figure 4-3, the
shaded mode is more realistic than wireframe rendering.
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Figure 4-3
Shaded Mode

Notes on the Light Sources
Used in Shaded Mode

For each object surface, Working Model 3D computestherelative angle
with the light sources and determines the luminosity. For spheres, the
appearance of the surfaceis computed so that it issmooth and continuous
across the entire object. “ Changing Appearance and Body Name” on
page 626 provides more information on how to change the surface
properties (rendered appearance) of each body.

In the shaded mode, constraint icons may not be visible; use the
wireframe mode to view them.

Shaded mode uses two fixed light sources for optimum visual effects as
follows:

e One*“bright” light beams toward the object, as if from aflashlight
you are holding pointing at the object from your point of view. The
light moves as you change your viewpoint. Thelight is parallel and
the distance from the light source isirrelevant in shading.

e Theother light source, called ambient light, adds light to every
surface, regardless of its surface’s normal vector.
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Modifying the Backgraund Color

By default, aWorking Model 3D document has awhite background. Y ou
can customize this background color (subject to your system’s graphics
limitations).

P To change the background color:
1. Choose Background Color in the View menu.

The standard Windows color selection dialog appears.

2. Choose a color, and click OK.

The background color is changed accordingly.
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CHAPTER 5

Workgoace

5.1 Numbers and Uhits

Each new simulation document that you create defaults to the Sl/metric
unit system. The following units are the default settings:

Quantity Default Units
Time seconds
Distance meters
Rotation degrees

Mass kilograms
Force Newtons
Power watts

Working Model 3D performs all internal calculations in metric units.
However, Working Model 3D can display the resultsin various unit
systems. Y ou are free to choose the unit system most appropriate to your
simulation so you can enter and monitor valuesin the unit system.

P> To specify a unit system:
1. Choose Numbers & Units from the World menu.

The Numbers & Units dialog appears as shown in Figure 5-1.
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Figure 5-1
Numbers & Units Dialog

Mumbers & Units
Astronomical Mumbers
stamic  Fised Faint
Custom 1 Floating Point ﬂl
i c | PP

Distance m Energy m
Mass |ka ‘I Power |w vl
Time lﬁ Frequency m

Flotation m Welocity m
Force m Fiat. Wel. m

2. Select a general unit system from the Unit System list.

3. Choose how numbers will be displayed by clicking Fixed Point,
Floating Point, or Automatic.

See“ Numerical Display Format” on page 5-3 for information on
these modes.

4. To customize units for individual quantities, change the settings
in the individual unit settings pop-up menus.

5. Click OK to close the dialog.

The unit system change is applied to the document immediately.

The behavioral and quantitative aspects of your simulation remain
unchanged throughout the unit system change, but the numbers
representing the quantities are affected, reflecting the change. For
example, suppose you changed the distance unit from meters to inches
and the time unit from seconds to minutes. Then the part that was 1.5
meters|ong would become 59.055 inches (= 1.5 meters) long, and a 120-
second period of avibration system would become 2 minutes (= 120
seconds).
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Figure 52
Numerical Formats

Vertical Gravity

Numerical Display Format
The Numbers & Units dialog provides the following display options:

e Fixed Point format displays all numbers with afixed number of
digitsto the right of the decimal point.

e Floating Pointformat displaysall numbersin an exponential format
of the form 1.23e4.

e Automatic lets Working Model 3D decide whether to display
numbersin fixed or floating point formats, optimized for clarity.

The following table shows examples of how a number appears,
depending on which option (fixed, floating, or automatic) you select.

Number | Fixed (1 digit) | Float (1 digit) | Automatic (1 digit)

0.000123 | 0.0 12e4 0.0001
3333333 | 3333 33e2 3et+2
5.2 Gravity

Working Model 3D provides the following options for the gravitational
force.

e Vertica Gravity
* None (no gravitational force)

The Vertical Gravity option activates the gravitational force to act on
every body in negative z-direction. Y ou need to enable the Vertica
Gravity option when you simulate amechanism that needsto take gravity
into account.

Theforcealwaysactsin the negative z-direction of the World coordinate
system, and the magnitude of the force is proportional to the mass of the
body (i.e., F = mg). By default, Working Model 3D setsthe
gravitational acceleration to match that of the Earth. Since Working
Model 3D allows you to change the value of the constant, you can
simulate the lunar surface environment, for example, by decreasing the
value of the gravitational constant.
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> To control the gravitational force:
1. Choose Gravity in the World menu.

The Gravity dialog appears (Figure 5-3).

Figure 5-3
The Gravily Dlalog Type |
% Yertical [Z)
 Nore Cancel |

a: |8_81 mis"2

2. Choose the type of gravitational force appropriate for your
simulation.

See above for an explanation of the force options.

3. If appropriate, change the value of the constant.

4. Click OK.

NOTE: If you want gravity to act in a direction other than the negative
Z-axis, consider reorienting the global coordinate system. Please see
Chapter 3 “Coordinate System” for more information.

5.3 Creating the Ground Surface for
Simulation

When the vertical gravity option isactive, you may find it convenient to
have a ground surface of the simulation.

P> To create the ground surface for simulation:
1. Choose Ground Plane in the World menu.

The ground surface appears, with its top surface aligned with the z
plane.
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Figure 54

HowtheSizeotheGroundPlane
Is Determined

Ground Planeis nothing more than an anchored box (see* Fixing aBody
in the World” on page 6-24). It can collide with other bodies, and it has
position, orientation, as well as all the other mass properties.

Working Model 3D generates the Ground Plane according to the
following rules:

*  Thedefault orientation of the Ground Plane is aligned with the z-
plane of the World coordinates. Even if the current coordinate
system is attached to a body or a Coord, the Ground Plane always
appears so that its top surface is aligned with the z-plane (see
Figure 5-5).

e Working Model 3D automatically sizesthe Ground Plane so that its
surface areais slightly greater than the xy extent of all the bodiesin
space when they are projected onto the xy plane (see Figure 5-4).
The thickness of the Ground Plane also depends on the xy extent of
all the bodiesin space.

—————————————————————————

| __Bodies

y 4-- \ Margm =02 mill\(xex‘ YeX)

\ XY Extent of All Bodies
in the Document
X Ground Plane
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Figure 55 Edit Grid is currently attached to S
The Ground Plane and Current the top surface of the cylinder... Wﬁf
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but the Ground Planeis 2

created according to the

World coordinates.
Resizing the Ground Plane Asyou add more bodiesin your model, you may wish to resize the
Automatically ground plane so that it covers al the bodies. Since Working Model 3D

sizesthe Ground Plane whenever you activateit, you can simply turn the
Ground Plane off and on again. The Plane reappears with the revised
dimension to accommodate new bodies.
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CHAPTER 6

Bodies

6.1 Introduction

What Is a Body? In Working Model 3D, bodies are the primary elements of simulation
models. When you construct a physical prototype, you would start with
bars, wheels, and links, then put them together with constraints such as
joints and springs. Y ou would be following the very same pattern to
construct a simulation model in Working Model 3D.

Depending on their geometry, a body in Working Model 3D can be
classified as abox, cylinder, sphere, extruded polygon, or polymesh.
Each body has a number of parameters that define how it behaves when
you run asimulation. Some parameters areinitially set to default values.
For example, the density of every mass object isinitialy set to

1000 kg/mq.

When you run aWorking Model 3D simulation, bodies behave according
to the properties and constraints you specify. For example, bodies may
fall under gravity, collide with other bodies, and/or freely dideaong a
dot.

Rigid Bodies In dynamicsterms, bodiesin Working Model 3D are called rigid. Rigid
bodies do not deform or break apart during simulation, even though a
physical object (the subject of simulation) may actually do so. If you
want to simulate flexible bodies—such as a bending beam or a rubber
tire—you need to connect a series of rigid bodies with appropriate
constraints to approximate the flexible body.

Putting Things Together If you areready to put together amodel, jump to Chapter 7, “ Assembling
Models’, for instructions on how to put bodies and constraints together.
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Figure 6-1
Box

6.2 Body Types

This section shows all types of bodies available in Working Model 3D.
Each section defines a body type and its dimension parameters. See the
section on "Creating Bodies" on page 6-5 for more information.

Box

The geometry of abox can be completely described by itswidth, height,
and depth. A box has six faces and each face is perpendicular to the
adjoining face. Figure 6-1 is an example of abox.

Cylinder

In Working Model 3D, cylinders are approximated as polyhedrons. The
end facesare approximated asregular polygonsinstead of circles, andthe
circumferential surface consists of a set of identical rectangles.
Therefore, the geometry of acylinder can be completely described by the
base radius, height, and the number of vertices used to approximate the
end polygons. The base radiusindicates the distance from the geometric
center of the base polygon to its vertices, i.e., the radius draws a circle
that bounds the base polygon.

The default cylinder in Working Model 3D has 16 sides (Figure 6-2);
therefore, the end faces are regular polygons with 16 vertices, and the
circumferential surface consists of 16 identical rectangles.
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Figure 6-2
Cylinder

Y ou can increase or decrease the degree of approximation through the
Geometry page of the Propertieswindow for the cylinder (see* Changing
Body Geometry” on page 6-25).

Working Model 3D computes a cylinder’sintegral properties (such as
the mass moment of inertia) as atrue cylinder. Also, when you attach
Coords on acylinder’s surface, the relative position of each Coord is
calculated asif it were attached to the true cylinder’ s surface.
Consequently, a Coord may appear “floating” away from the cylinder’s
polyhedral surface when rendered.

-

Circumferential surface consists
of a set ofidentical rectangles.

Sphere
The geometry of a sphere can be completely described by itsradius.

For the optimum rendering performance and clarity, spheres are
described by apolyhedral approximation in wireframe mode as shownin
Figure 6-3.

On the other hand, Working Model 3D’ s simulation engine treats all
spheres as true spheres. For example, itsintegral properties (such asthe
mass moment of inertia) and collision detection are computed as true
spheres.
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Figure 6-3
Sphere N
Extruded Polygon
The geometry of an extruded polygon can be completely described by its
base geometry (a polygon) and height.
Figure 64
Extruded Polygon

—
/
Length /\

\ Width

Working Model 3D alows you to sketch the base geometry in afashion
similar to a sketching program, followed by the extrusion. Once the
construction is completed, you can edit the dimensions of the bounding

box (length, width, and height) through the Geometry page of the
Properties window.
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Figure 6-5
Polymesh Example (a Toroid)

Polymesh (Polyhedron)

A polymesh in Working Model 3D iswhat is commonly called a
polyhedron. A polymesh is a solid with a closed boundary surface
composed of planar polygons. In principle, a polymesh in Working
Model 3D includes any closed-surface polyhedron with non-zero
volume. Figure 6-5 shows an approximated (faceted) toroid as an
example of a polymesh.

Height

Ly

NOTE: Working Model 3D does not provide afacility to create a
polymesh directly. Instead, you can import the polymesh geometry from
drawing filescreated by CAD programs. Onceimported, polymeshescan
be treated as any other rigid bodies available in Working Model 3D.
Working Model 3D’s simulation engineis also fully capable of
computing necessary properties, including collision detections, for any
polymesh bodies. Please see Chapter 11, “Import and Export”, for more
information.

The geometry of a polymesh can be completely described by a set of
vertices and face descriptions (i.e., aset of verticesfor each face). A box
and extruded polygon can be considered as special cases of a polymesh.

6.3 Creating Bodies

Working Model 3D letsyou manipulate 3D objectsfromyour flat screen.
In order to simplify the interface, Working Model 3D usesthe Edit Grid
as part of the drawing tool.
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Creating Bodies

Figure 6-6
BoxBeingCreatertheEdiGrid

Dragging Objects

Edit Grid and Bodies

In Working Model 3D, you sketch and move bodies using the Edit Grid.
The Edit Grid isrendered asalight-blue color mesh (see Figure 6-6), and
it is aways aligned with a plane orthogonal to one of the axesin the
global coordinate system. If you customize the global coordinate system,
then the Edit Grid aso follows the new coordinate system. Please see
"The Edit Grid" on page 3—7 for more information.

TheEdit Gridisturned of f by default, appears asyou begin to draw anew
body, and disappears as you complete the new body. If you want to
aways see the Edit Grid, choose Show Grid in the Grid menu.

The Edit Grid serves as a base plane to create a body. For example, as
shown in Figure 6-6, a body’ s base geometry isfirst drawn on the Edit
Grid, followed by the extrusion of the geometry.

1. First, the base geometry is 2. Thenthe base geometry is
sketched on the Edit Grid. extruded away from the Edit
Grid to form the bodly.

Working Model 3D also uses the Edit Grid when you move a body.
When you use the Drag tool to drag a body, the body is trandlated
parallel to the Edit Grid.

On the other hand, when you use the Z-Drag tool, abody is translated
perpendicular to the Edit Grid.

The section "Manipulating Bodies' on page 6-13 provides more
information on how you can manipulate bodies.
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Creating a Body on the Edit Grid

The Edit Grid servesasabase planeto create abody. Working Model 3D
allows you to construct a body asif you were drawing shapesin a
drawing application.

Creating a Box P To create a box using the Edit Grid:

&

1. Click the Box tool on the Sketch toolbar.

The Edit Grid appears.
2. Click once on the Edit Grid.
3. Drag to extend the base rectangle.

Notethat thefirst click point specifiesa corner of the baserectangle
of the box.

4. Click again when the base rectangle reaches the desired size.

The status bar at the bottom of the application window (Figure 6-7)
shows the current dimension in the current unit system.

Figure 67
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5. To extrude the base rectangle, drag away from the Edit Grid.
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Again, the status bar shows the current height (distance from the
Edit Grid) in the current unit system.

6. Click again when the box reaches the desired dimensions.

Y ou can now modify the body properties, such as mass and geometry,
using the Properties window.

Creating a Cylinder P To create a cylinder using the Edit Grid:

3

1. Click the Cylinder tool on the Sketch toolbar.

The Edit Grid appears.
2. Click once on the Edit Grid.
3. Drag to extend the base circle.
Thefirst click point specifies the center of the base circle.
4. Click again when the base circle reaches the desired size.

The status bar at the bottom of the application window (Figure 6-8)
shows the current dimension in the current unit system.

Figure 6-8 | & Working Model 3D - [Untitled1] [_ O[]
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Fa — i /)
[l T =T ] [+1]
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Creating an
Extruded Polygon

&

6.

To extrude the circle, drag away from the Edit Grid.

Again, the status bar shows the current height (distance from the
Edit Grid) in the current unit system.

Click again when the cylinder reaches the desired height.

Y ou can now modify the body properties, such as massand geometry, by
double-clicking it in the document window or the Object Manager to
open the Properties window.

P To create an extruded polygon using the Edit Grid:

1.

Click the Extruded Polygon tool on the Sketch toolbar.

The Edit Grid appears.

Click once on the Edit Grid.

The first mouse click marks one of the vertices of the base polygon.

Drag to extend the line segment of the base polygon.

Repeat steps 2 and 3 above and continue creating the base
polygon.

NOTE: Do not let edges cross!

The status bar shows the dimension of the rectangle that boundsthe
base polygon.

Press the space key to close the polygon.

Alternatively, you can click the first point of the base polygon, or
double-click.

To extrude the base polygon, drag away from the Edit Grid.
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Figure 69
Status Bar Showing Dimensions

Using Grid Snap

Importing CAD Geometry
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The status bar shows the current height (distance from the Edit
Grid) in the current unit system.

7. Click again when the extruded polygon attains the desired
dimensions.

NOTE: After you have sketched the body, you can double-click
anywhere on it to display the Properties window, which you can use to
set the Geometry and other characteristics. See “The Edit Menu” on
page 2-3.

Y ou can use the Grid Snap feature to assist you in creating bodies
precisely. To control the Grid Snap Size, choose Grid Settings...in the
Grid menu. See “Properties of the Edit Grid” on page 3-9 for more
information.

Working Model 3D provides atool to import CAD drawingsviaACIS
files. Theimported geometry istreated as apolyhedron in the simulation
(see “Polymesh (Polyhedron)” on page 6-5 for more information). For

instructions on importing ACISfiles, please see“Importing ACIS Files”’
on page 11-2.
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Creating a Body Between Coords

While modeling a simple linkage mechanism, you may have precise
definitions of the attachment points of the linkage members. In such
cases, you can quickly construct a body between the two attachment
points.

Working Model 3D allows you to specify apair of distinct Coords and
automatically create a cylinder between them, attaching both endpoints
with spherical joints. Coords are point elements in Working Model 3D
that serve as constraint endpoints. See Chapter 7, “ Assembling Models”
for more information on Coords.
To create a cylinder body between two Coords:
1. Click the Coord tool on the Sketch toolbar.

The Edit Grid appears.

2. Click on the Edit Grid to create a Coord.

3. Repeat to create a second Coord, so that you have two
endpoints of the cylinder.

4. Select the two Coords.

You can select two Coords simultaneously by selecting one Coord
first, then holding down the Control (CTRL) key and selecting the
other.

5. Choose Create Connecting Body in the Object menu.

A cylinder body appears between the two Coords. Figure 6-10
illustrates two casesthat vary depending on the endpoint condition.
See below for more information.
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Figure 6-10

Creating a Cylinder Between Two
Coords

Case (A): Coords originally attached to the
background are now attached to the cylinder.

Working Model 3D determines endpoint conditions of the cylinder based
on the following criteria:

» If theendpoint Coord was originally attached to the background, the
Coord will be attached to the new cylinder (as shownin Case (A) of
Figure 6-10).

* If the Coord was originally attached to another body, a new Coord
will be created with the identical position and orientation and
attached to the new cylinder. Working Model 3D automatically
connectsthetwo Coordswith aspherical joint (asshownin Case (B)
of Figure 6-10).

In either case, the position and orientation of the original Coordsremain
intact.

The cylinder’ s height is the distance between the two Coords, while the
default radius of the cylinder is one tenth of the height.

Oncethebody iscreated, you can changeits geometry and/or change the
constraint conditions. For example, you can change the two spherical
jointsto bearigidjoint and arevolute joint on each end. For information
on changing the constraint type, see "Modifying Constraints" on page 7—
18.



6.4 Manipulating Bodies ~ 6-13

Point-Select

LT

Creating a Ground Surface

Working Model 3D can automatically generate a“ ground surface” that
serves as the base unit for your simulation model. See "Creating the
Ground Surface for Simulation" on page 54 for more information.

6.4 Manipulating Bodies

Y ou can not only select, drag, rotate delete bodies, but you can also cut,
copy, and paste bodies as you would in adrawing program. When you
copy abody, Working Model 3D will name the new object name as
“copy of”, followed by the original name.

Selecting Bodies

Y ou can select bodies in several ways: point-select, box-select, or by
selecting them in the Object Manager that runs along the left side of the
document window.

Y ou can select bodies by a simple mouse click. Asyou move the mouse
and hover over objects in the document window, Working Model 3D
drawsadotted box around objects. When you click the mouse, the object
surrounded by the dotted box is selected (see “ Edit Grid and Bodies” on
page 66 for more information).

Once you select an object, the feedback you receive depends on the type
of object selected:

¢ Bodiesare drawn with athicker lines (wireframe mode) or with an
adorning box (shaded mode).

»  Coords are displayed with their axes and a base sgquare.
*  Congtraints are shown with a bounding box.
e Point-to-point constraints are drawn with thicker lines.

P To select a body:

1. Click the Select (Arrow), Drag, Drag-Z, or Rotate tool in the Edit
Toolbar.
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Box-Select

Each tool has different functions, but you can point-select an object
using any of these tools.

Locate the mouse pointer over the object you wish to select,
and click it, or click the object you want to select in the Object
Manager list.

When you select a body (or constraint) in the Object Manager, the
body itself is highlighted in the model, while the lower pane of the
Object Manager shows all the bodies, constraints or coords
attached to it.

The body revealsitslocal coordinate axes and the edges of the body
thicken.

NOTES:

If you wish to select an object that is completely hidden behind
another, try changing the view first (see “Changing Views’ on
page 4-1) to bring the hidden object up front, or use the box-select
method (discussed below). You can also select it in the Object
Manager list.

If you wish to select multiple bodies using point-select, successively
select one object after another while holding down the Control
(CTRL) key.Y oumay find it easier to use box-select if thebodiesare
close together.

Select multiple bodies easily by using box-select to draw arectangular
bound on the screen. This procedure lets Working Model 3D select all
bodiesthat fall completely withinthe bounds (see Figure 6-11). Y ou may
find the box-select method appropriate for very small objectsthat may be
difficult to point-click.
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Figure 6-11
Box-Selecting Multiple Bodies
P> To box-select bodies:
h.‘ 1. Click the Select tool on the toolbar.

2. Holding the mouse button down, drag to draw a rectangular
boundary. Resize the boundary to cover all the objects you wish
to select.

3. Release the mouse button to complete the selection.

Alternatively, you can also use the Drag, Drag-Z, or Rotate tool to draw
the rectangular bounds.

The box-select selects not only bodies but also other objects such as
Coords and constraints. If you end up selecting more objects than you
intended, selectively eliminate these objects from the selection by
holding down the control (CTRL) key and point-selecting each object
you want to omit.

Likewise, if you wish to add more objects to the ones currently selected,
you can hold down the CTRL key, and either box-select or point-select
additional objects.
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NOTE: You can also quickly select and deselect objects in the Object
Manager list.

Moving and RotatingBodies

Y ou can move a body with the mouse in two ways—Trandation (linear
motion without rotation) or Rotation.

NOTE: If youwishtotranslate or rotate abody with a precise numerical
specification, the Properties window provides precise control. Please
refer to "Common Body Properties' on page 6-18 for more information.

Working Model 3D provides the following set of tools to accomplish
these motions, as shown in Figure 6-12.

Figure 6-12
Motiormool$okVorkindodeBD Drag Tool —
(motion parallel to Edit Grid) 0%
Drag-Z Tool T
(motion perpendicular to Edit Grid) &
Rotate Tool ﬂ
Translating Bodies In Working Model 3D, you can translate the body parallel or

perpendicular to the Edit Grid of the current coordinate system (see
"Attaching Global Coordinate System to aBody" on page 3-4).

P> To move a body parallel to the Edit Grid:
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1. Click the Drag tool in the Edit toolbar.

1
o 2. Click the body to be moved, and drag to the desired location.
The body moves parallel to the Edit Grid.
P To move a body perpendicular to the Edit Grid:
T 1. Click the Drag-Z tool in the Edit toolbar.
= 2. Click the body to be moved, and drag to the desired location.
The body moves perpendicular to the Edit Grid.
Rotating Bodies Y ou can rotate a body with one of its coordinate axes fixed.

When you select a body with the Rotate tool, Working Model 3D
determines the axis of rotation depending on where you clicked. The
body will rotate around an axisthat is perpendicular to the selected face.
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> To rotate a body:

1. Click the Rotate tool in the Edit toolbar.
Be careful not to select the Rotate Around tool in the View toolbar.
2. Click the desired spot on one of the body’s faces.

The crosshair indicator appears to show the plane of rotation and
the axis.

3. Drag to rotate.

The body rotates on the axis, around the crosshair.

NOTE: See the status bar for information about which bodies are
selected by the circle, or those at the center of the rotation.

Deleting Bodies

When you delete abody, the Coordsthat were attached to the body retain
its global position, but the Coords are attached to the background
thereafter.

To delete a body:

1. Select the body by clicking on it.

2. Press the Delete key.

The body disappears, and any Coords attached to the body are
attached to the background.

6.5 Common Body Properties

This section describes properties that are common to al the body types
availablein Working Model 3D. See"Body Types' on page 6-2 for an
overview of available body typesin Working Model 3D.
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Figure 6-13
Properties Window

The Properties Window

The Propertieswindow provides multiple pagesthat provide easy access
to avariety of controlsfor each body. Y ou can switch from one page to
another with the tabs at the top of the window.

Properties of body[1] [Cylinder]

Appearance IPos I Vel | Materiall Geomatryl CM %

The Appearancepage provides control over the body’ scolor, aswell
as giving you the option to name the body or to have them named
automatically. Visibility is controlled here, with options to Show,
Show the Center of Mass, and Track History. Finally, Meter controls
alow you to choose Graph or Digital.

The Position page provides control over the body’sinitial position
and orientation.

The Velocity page provides control over the body’ sinitial velocities
(linear and angular).

The Material page provides control over the body’ s mass, density,
and volume, as well as allowing you to set the coefficient of
restitution and the coefficient of friction.

The Geometrypage provides control over the body’ s width, length
and height.

The Centrialertia page provides control over the body’ s moment of
inertia

The CMPage provides control over the center of mass offset,
allowing you to set parametersfor X, Y and Z, aswell aswhether or
not to show the center of mass.

~Mame————— Appearance Y
bodyl1 ¥ Shown
™ Position tracked

Switch pages by clicking
these tabs.

¥ Automnatic name

I Centter of mass shown

™ Translucent

— Meter
= Graph

) Digtal Colar... |
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> To open a Properties window for a body:

1. Select the body.

2. Either (a) double-click the body in the document window, (b)
double-click the body in the Object Manager list, or (c) choose
Properties from the Edit menu.

3. Click the tab of the properties you want to set.

Note that the Properties window is a floating window. Y ou can place it
anywhere on your screen, and the window stays frontmost and remains
open (until you closeit) while you are using Working Model 3D.

Local Coordinates of a Body

Each body in Working Model 3D hasits own local coordinate system.
Theorigin of theframeisdefined at the geometric center of the body, and
the frame has x-, y-, and z-axes. The coordinate axes appear when the
body is selected (Figure 6-14).

NOTE: You can display the coordinate axes permanently by enabling
the “Center of mass shown” option on the Appearance page; see
“Changing Appearance and Body Name” on page 6-26.

Y ou will likely find the local coordinatesto be a convenient (and
important) property when you define positions of points or other bodies.
For example, Working Model 3D expresses the angular velocity of a
body in the axes of the local coordinate system.
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Figure 6-14
Local Coordinate System for a
Body

Figure 6-15

Coordinate Origin for “Imegular”

Bodies

) g

Working Model 3D determinesthe coordinate origin to be the geometric

\‘{;!'.ll |
til
center, including imported polyhedra (see "Importing ACIS Files' on
page 11-2). For example, even if abody almost appearsto be atrueright-

angle parallelepiped (known as a“box” in Working Model 3D), the
body’ s coordinate origin is shifted—due to the cutout feature—from
what would be otherwise the geometric center of the box (see Figure 6-
15).

A box with a small cutout feature Coordinate origin is slightly shifted away
(imported from an ACIS file) from the geometric center of the box itself.

Changing Position and Orientation

The Propertieswindow provides accessto the position and orientation of
the body.

P To change the position and orientation of a body:

1. Open the Properties window and select the Position (Pos) tab.



6-22 Chapter 6—Bodies

The page appears as shown in Figure .

Figure 6-16
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2. Enter the desired values.

Each control is associated with the current unit system.

The following table shows the rel ationships between a particular
property and the coordinate system on which the measurement is based.

Position Page Properties and Descriptions

Property Descriptions

Pasition (X, Y, 2) Pasition of the body’s geometric center
(theorigirothdocatoordinatesystem)
expressed in global coordinates

Orientation (Rx, Ry, Rz) Orientatiorothébodyfr ameexpressed
in body XYZ angles (see Figure 6-18)

Changing Velocity
The Properties window provides access to the velocity of the body.
P To change the velocity of a body:

1. Open the Properties window and select the Velocity (Vel) tab.

The page appears as shown in Figure 6-17.
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Figure 6-17
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2. Enter the desired values.

Each control is associated with the current unit system.

The following table shows the relationships between a particular
property and the coordinate system on which the measurement is based.

Velocity Properties and Coordinate System

Property Descriptions

Linear Velocity (Vx, VY, Vz) Linear velocity of the body’s geometric
center (the origin of the local coordinate
system) expressed in global coordinates

Angular Velocity (WX, wY,wZ) | Angular velocity of the body fr ame,
expressed in the local coordinate axes

Working Model 3D describes the orientation of abody in body XYZ
angles. The XY Z angles express the orientation of aframein aseries of
three rotations. Each rotation occurs around the x-, y-, and z-axes of the
body’ s coordinate systemin sequence. (Notethat, inthebody XY Z angle
expression, the rotations does not take place with the fixed global
coordinate axis.)

As shown in Figure 6-18, the order of rotations playsarolein
determining the goal configuration. Other body angle expressions (such
asbody ZY X angle) result in adifferent goal configuration, even if the
parameters appear to be identical.
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Figure 6-18

Orientation Expressed in XYZ
Angles

»

(2) Rotated 20 degrees

(1) Unrotated
(Aligned with Global Frame) aboutthe body's x-axs
(3) Rotated 45 degrees (4) Rotated 30 degrees
about the body’s y-axis about the body’s z-axis

Fixing a Body in the World

By default, Working Model 3D applies gravity to all bodiesin the
negative z-direction (see "Gravity" on page 5-3). Therefore, without
having abody that isexplicitly fixed or constrained in space, your entire
model would fall.

Working Model 3D providesasimple option for every body in the model
to be “anchored.” Anchored bodies remain absolutely fixed in space,
completely immuneto gravity or any other constraint forces, torques and
collisions. If another free (unanchored) body collides with an anchored
body, the free body will bounce back, provided that the coefficient of
restitution is set to be greater than 0 (elastic collision).

P To anchor a body:

1. Select the body, open the Properties window, and select the
Position tab.

2. Click Anchored (see Figure 6-19).
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Figure 6-19
Anchored Checkbox

z Joos Rz [0
[Warld coardinates) [Body-=vZ]

i Click here to toggle the checkmark.

By default, abody is not anchored (except the Ground Plane; see
"Creating the Ground Surface for Simulation” on page 5-4).

Changing Body Geanetry

Body geometry is specific to each body type. Please refer to "Body
Types' on page 6-2 for more information.

P To change the body geometry:
1. Open the Properties window and select the Geometry page.

The window appears as shown in Figure 6-20.

Figure 6-20

Properties Window (Geometry
Page) for a.cMinder Appearance | Fos | Wel | Material Geomety | oM | |»

Fadius I:I.1-? m
Height ID'IE m

Mumber of Facets |1 E

2. Enter the desired values for the appropriate control.
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Depending on the body type, you can edit thefollowing parametersin the
Geometry page.

Body Types and Editable Properties in the Geometry Panel

Body Type Editable Properties in the Geometry Page

Box Length, Width, Height

Sphere Radius

Cylinder Radius, Height, Number of Sides (for approxi-
mation)

Extruded Polygon Height, Length, Width (of the bounding box)

Polymesh (Polyhedron) Height, Length, Width (of the bounding box)

Changing Appeaance and Body Name

Y ou can control the color, name, and surface appearance (parameters
used for rendering in the shaded mode) through the Properties window
aswell.

P To change the appearance:
1. Select the body.

2. Open the Properties window and select the Appearance tab.

The window appears as shown in Figure 6-21.

Figure 6-21
Properties Window (Appearance
Page) AD | Pos I el I Matena\l Geomelryl CH | LI_'l
~Mame———— Appearance
Ibody[‘l] ¥ Shown
W Automatic name ™ Position tracked
[ Center of mass shown
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| Graph
 Digiel Colar... |

3. Enter the desired values for the appropriate control.
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Name

See below for the descriptions on each control.

The Appearance page of the Properties window controls name, visibility
and color.

By default, Working Model 3D provides the name of the body as
body[n], wherenisauniqueinteger. Thisdefault nameisactually used
asavariablein Working Model 3D’ s formulalanguage. For details on
the use of formulalanguage, see Chapter 12, “Bodies’.

The name appearsin the status bar (see " Status Bar" on page 2-16) as
well asin the Create Constraint dialog.

Y ou can customize the body name to identify bodies more easily.
P To change the body name:
1. Open the Properties window and select the Appearance tab.

2. Highlight the object name text box in the window, and type the
custom name.

3. Press Enter.

From then on, the custom name appears in the status bar and
selection lists.

P To switch back to the default object name:
1. Open the Properties window and select the Appearance tab.
2. Select the body.

3. In the Name section of the window, click the Automatic Name
checkbox.

Fromthen on, the default name (body[ n]) appears in the status bar
and selection lists.
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Visibility Options

The visibility options provide controlsto:

e show or hide the body
e show or hide the center-of-mass display
e track the history

Thetracking history option drawsthetrails of the last 150 frames of
the simulation (the older frames get erased).

«  make the body translucent when it’s in shaded mode
When a body is translucent, you can see other bodies behind it.

NOTE: The Show checkbox only controls the visual presence of the
body. Whether the body is visible or hidden, Working Model 3D takes
the body into account while computing the simulation.

To set the Visibility options:

1. Double-click on the body to display the Properties window.

2. Select the Appearance tab.

3. Click the appropriate checkbox under Visibility to show or hide
the body; to show or hide the center of mass display; to track

the history; or to make the object translucent when it is in
shaded mode.

NOTE: Color controlsthe color of the body.

Changing Mass Propeties (Body Properties)

Y ou can control the mass properties of a body through the Properties
window.

P To change the mass properties of a body:

1. Open the Properties window and select the Central Inertia tab.

The page appears as shown in Figure 6-22.
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Figure 6-22
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2. Edit the desired fields.
The Centra Inertia page provides the following controls:

e Mass moment of inertia matrix with respect to the body’ s center of
mass (Central Inertia)

e Massand density (uniform or custom)

By default, Working Model 3D computes the central inertia matrix of a
body assuming that the mass distribution is uniform. By clicking the
Custom radio button, you can control all parameters in the matrix
(Working Model 3D ensures that the matrix is symmetric).

Each edit box corresponds to the central inertiamatrix as follows:

XX Xy 'xz

Ly Ty vz

xz 'yz 'z

where the x-, y-, and z-axes refer to those of the body’ slocal coordinate
system.

Working Model 3D assumesthe uniform density to determinethe default
values of the center of mass (CM) and the central inertia. If you specify
acustom CM offset and/or the central inertia, the assumption will cease
to hold, and Working Model 3D will be unable to compute the values
automatically. To specify the precise mass property of abody with anon-
uniform density, you need to specify CM offset and central inertia
manually.
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Figure 6-23
Properties Window (CM Page)

NOTE: Itisbest to leave the Cl and CM settings set to Uniform unless
you are have advanced skillsin thisarea. If you do choose to change the
CM offset manualy, the dialog changesto Custom Mode. Y ou must then
change the valuesin the Cl matrix (computing these yourself) to ensure
that your model still makes physical sense. See the section below for
more about changing the Center of Mass offset properties.

To change the Center of Mass Offset properties:
1. Open the Properties window and select the CM tab.

The page appears as shown in Figure 6-23.

Properties of body[1] [Cylinder) [ x|
4 | »

Vel | Maleriall Geomety  CM ICentraIInertiaI

Denzity Distibution

Ry
% Auto-camputes the

Certer of Mass Offset

Mor-unifarm:
 Custom CM and

mornent

[body[1] coordinates]

™ Center of mass shown

2. Edit the desired fields.
The CM page provides the following controls:

*  Density Distribution—Uniform (Auto-computes the CM)
—Non-Uniform (Custom CM and moment)

e Center of Mass Offset: valuesfor x, y and z
*  To show or hide the Center of mass

Changing Material Propaties

Y ou can control the material properties of abody using the Material tab
in the Properties window.

P To change the material properties of a body:

1. Open the Properties window and select the Material tab.
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Figure 6-24
Propertied/indo{Materiddage)

Mass and Density

Coefficient of Restitution

The page appears as shown in Figure 6-24.
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2. Edit the desired properties.

The Material page provides the following controls:

¢ Mass
e Density
* Volume

*  Coefficient of restitution
*  Coefficient of friction

Y ou can control either the mass or the density of the body, and Working
Model 3D automatically computes the other property based on the
current geometry.

If you modify the geometry of the body by resizing it, Working Model
3D preserves the last mass or density you entered.

In mechanics, the coefficient of restitution isreally a property of a
collision and not of abody. Precisely speaking, the coefficient of
restitution is defined as the magnitude ratio of the relative velocities of
the colliding bodies immediately before and after the collision.

For example, if the coefficient of restitution is 0.0, the differencein
velocities of the two bodies after a collision will be zero—i.e., they will
stick together. An elasticity of 1.0 (perfectly elastic collision) meansthat
the difference in velocities after the collision will be the same as before,
except that they are in the opposite direction.For more information, see
Appendix A, “Simulating Collisions”’.
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Coefficient of Friction

In Working Model 3D, each body is assigned a constant as “ coefficient
of restitution” in the Properties window. When a collision occurs during
the simulation, the coefficient of restitution of acollisionisdefined asthe
lower of thetwo coefficientsgivento thebodiesinvolved inthecollision.
Thus, if one body has the coefficient as 0.2, and another body has the
coefficient as 0.8, Working Model 3D computes the resulting collision
with a coefficient of restitution of 0.2.

Y ou can change the coefficient of restitution of one or more bodies by
selecting multiple bodies and entering avalue directly into the Properties
window. The change will take effect for all the bodies selected.

Strictly speaking, afriction coefficient represents a property of
interaction between two objects. In Working Model 3D, each body is
assigned afriction coefficient. The coefficients of friction between two
objects are determined by taking the lower of the two coefficients given
to the bodiesin contact. For example, the coefficient of friction between
abody with avalue of 0.05 and another body with avalue of 0.3 would
be 0.05.

Y ou can change the coefficient of friction of one or more bodies by
selecting multiple bodies and entering a value directly into the Material
page of the Properties window. The change will take effect for all the
bodies selected.

For more information, refer to Appendix A, “ Simulating Friction”.

6.6 Specifying Collisions Among Bodies

By default, al bodiesin Working Model 3D are meant to penetrate one
another. Y ou can override this setting and specify exactly which body
can collide with another.

NOTE: You can improve the simulation performance by “turning off”
asmany possible collisions as possible since Working Model 3D spends
asignificant amount of time checking for collisions.

Working Model 3D allows flexible ways to specify the collision
specification:



6.6 Specifying Collisions Among Bodies ~ 6-33

Figure 6-25
Object Manager Connections List

Y ou can select a set of bodies and designate them to penetrate all
other bodies.

Y ou can select a set of bodies and designate them to collide (or
penetrate) among one another.

Select asingle body and set it to collide with or penetrate all other
bodies.

P> To specify collisions among bodies:

1.

Select a set of bodies.

Use box-select, or select individual bodies in succession with the
CTRL key down.

Choose one of the options—Collide, Penetrate, or Penetrates
All—in the Object menu.

You can also click the right-mouse button over the selected bodies
to display a pop-up menu, and select an option from this menu.

Thebodiesthat collide with the sel ected body are displayed in the Object
Manager's Connections list as shown in Figure 6-25.

Mame Type I

7 body(2] Box
&2 body[1] Cylinder

K ——
& bod[2]

it body[1] body[2] coliides with body{1]
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The menu options have the effects shown in the following table:

Coallision Options and Behaviors

Option Behavior

Colide The selected set of bodies will collide with one another
when they come into contact. The menu option is not
available if you select a single body.

Penetrate The selected set of bodies will penetrate one another
when they come into contact. The menu option is not
available if you select a single body.

Penetrates Al The selected set of bodies will penetrate not only one
another but also all the other bodies in the model when
they come into contact.

Coallision Model Working Model 3D uses an impulse momentum method to compute
collisions among bodies. As discussed in “ Changing Mass Properties
(Body Properties)” on page 6-28, the coefficient of restitution of a
collision istaken asthe least of the coefficients assigned to the bodiesin
contact. See Appendix A, “ Simulating Collisions”, for more information.
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CHAPTER 7

AssemblingModels

This chapter describes how to build models by putting together bodies
with constraints. Y ou will alsolearn how to manipulateindividual bodies
and assemblies consisting of multiple bodies; for example, selecting an
assembly and rotating it.

For more information, you may wish to consult the following chapters.

Chapter 4, “Manipulating Views’ provides you with instructions
on controlling how the model is presented on the screen.

Chapter 5, “Workspace” shows how to set up the simulation
environment, such as the unit system and gravity control.

Chapter 6, “Bodies’ describes how to create bodies and modify
their properties.

Chapter 8, “Constraints Reference” providesin-depth
information on constraints, classified by their types.

7.1 Putting a Model Together: An Overview

In Working Model 3D, you would typically assemble a model in the
following order:

1.

2.

3.

4.

Create bodies.
Attach Coords (constraint attachment points) to bodies.
Create constraints between pairs of Coords.

Repeat the above steps, and build the model progressively.

Other chapters of this manual explain how to create bodies and arrange
them. Conceptsinvolved in creating constraints that bind bodies warrant
an overview.
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Coords and Constraints

Coords Working Model 3D creates constraints between objects called Coords.
Coords are point elements with alocal coordinate system attached.
Therefore, a Coord has not only position but also orientation. Figure 7-1
shows a few examples of Coords. Note that each Coord, when selected,
reveals a set of coordinate axes that indicates its orientation; see the
selected Coord in Figure 7-1. Otherwise, a Coord showsasmall red line
segment representing its z-axis.

Figure 7-1
Examples of Coords
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Constraints In Working Model 3D, aconstraint is a representation of certain rules
that apply forces and/or torques on bodies. Working Model 3D
constructs a constraint from a pair of Coords. In other words, a Coord
serves as a medium—Iike glue—between a body and a constraint.
Furthermore, Working Model 3D constructs a constraint based on the
position and/or orientation of the two Coords. Therefore, in order to
create a constraint, you must first create and attach Coords to bodies.

Figure 7-2 illustrates this concept. Note that you cannot attach a
constraint directly to a body.
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Figure 7-2
Concept Construction of a
Constraint

Figure 7-3
HowoordBetermin®rientation
When Creating Constraints

Bodly Q( Constraint )/|:| Body

Coord Coord

The orientation of the Coords playsacrucial rolein defining the property
of aconstraint for the following reasons:

In many cases, Working Model 3D creates a constraint by aligning
the coordinate axes of the two Coords. For example, when you
create arevolute joint (which only allows one degree of freedom)
between two Coords, Working Model 3D reorients either Coord—
hence the attached body also—to align the axes of two Coords.
Figure 7-3illustrates this principle. The reorientation will not occur
for constraints such as springs, which allow free rotations about all
axes at their endpoints.

Working Model 3D reports the degrees of freedom allowed by a

constraint by referring to its Coord axes. For example, arevolute
joint is specified to allow rotation on the z-axes of the two Coords.

Before the revolute joint is created:

g

After the revolute joint is created:

(Note that the bodies are moved
so that the z-axes of the Coords

are aligned)
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7.2 \Working with Coords

This section shows how to attach, select, and modify Coords.

Creating and Attaching Coords

Coords can be attached to bodies or fixed anywhere in space.

P To attach a Coord to a body:

Eﬁl 1. Click the Coord tool on the Sketch toolbar.

The mouse pointer turnsinto a small cross.
2. Click anywhere on the body.
The Coord attaches to the body’ s surface where you clicked.

P To fix a Coord in space:

Eﬁl 1. Click the Coord tool on the Sketch toolbar.

The mouse pointer turnsinto a small cross.
2. Click anywhere on the Edit Grid.

The Coord attaches on the Edit Grid, where the mouse click is
projected.

3. Follow the instructions in “Modifying Coord Properties” on
page 7-5 to modify the position and orientation of the Coord.

Attaching and Detaching aCoord from a Body

Y ou can attach a Coord to a body. Once the Coord is created, you can
freely attach it to or detach it from a selected body.

P To attach a Coord to a body:

1. Select the Coord to be attached.
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2. Hold down the control (CTRL) key, and select the body to which
the Coord will be attached.

3. Choose Attach Coord to Body in the Object menu.

If the menu item is unavailable, you may have selected multiple
bodies and/or Coords, or you may have not selected any Coord.
Smply start over from step 1.

The Coord will be attached to the body without changing the global
configuration of either. The Coord need not lie on or inside the body; any
attached Coords remain fixed with respect to the body thereafter.

P> To detach a Coord from a body:
1. Select the Coord to be detached.

2. Choose Detach Coord from Body in the Object menu.

If the menu item is unavailable, you may have selected multiple
Coords or Coords that are not attached to any body. Smply start
over fromstep 1.

The Coord is detached from the respective bodies without changing the
global configuration of either. Instead, The Coord is fixed to the
background space.

Modifying Coord Properties
A Coord has the following properties that you can modify:

*  Appearance (name, show/hide, meter and color)
»  Position and Orientation

The Properties window in Working Model 3D provides controls to all
these properties.

P> To modify the appearance, position or orientation of a Coord:

1. Double-click the Coord, either in the document window or in the
Object Manager list.

The Properties window appears.
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Appearance

Figure 74

Properties Window
(Appearance Page) for Coord

Position and World Position

Figure 75
Properties Window
(Pasttion Page) for Coord

2. Click on the tab for the page containing the properties you want
to modify.

The Appearance page of the Propertieswindow (as shownin Figure 7-4)
allows you to control the name, visibility, and position tracking of a
Coord. By default, the automatic name mode assigns each Coord the
variable name (such as Coord[2]).

Properties of coord[4] E=

Appearance | Fos I ‘world Fos |

—Mame

¥ Automatic name

Icoord[4]

— Meter

Appearance

¥ Shown

™ Position tracked

I= | Center of mass shovir

= Transluzent

€ Graph

£ Digtal Calar |

The Position page and the World Position page allow you to specify the
configuration (position and orientation) of the Coord. The configuration
is expressed in the frame of the attached body on the Position Page
(shown in Figure 7-5) and in the World frame on the World Position
Page (shownin Figure 7-6). If the Coord is not attached to any body, then
both pages are identical

If the global coordinate system is attached to abody or a Coord, then the
Properties window reports the configuration in the current global
coordinates and in the World coordinates. See " Attaching Global
Coordinate System to a Body" on page 3—4 for more information.

Properties of coord[6] E=

Appearance  Pos |Wur|d F'Usl

Puasition and Orientation

m

deg

4 R [0
v |D.58 Py |0
z [0 Rz [0

[Woilld coordinates)

[Coord#=7Z]

I= | Archored




7.3 Creating Constraints 7-7

Figure 7-6
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7.3 Creating Corstraints

A constraint applies aforce and/or atorque at its endpoints. Endpoints
may be attached to a body or to the world. Typically, you create a
constraint by specifying two Coords that will become its endpoints.
Working Model 3D allowsflexible optionsto create constraints through
its Create Constraint Window. Please refer to “ The Create Constraint
Window” on page 7-13 for moreinformation on the optionsavailablein
the window.

An Example: Creating aRevolute Joint

To illustrate the concept of creating a constraint in Working Model 3D,
we will join two bodies with arevolute joint.

P To create a revolute joint between two bodies:

1. Create a box and a cylinder.
See“ Creating Bodies” on page 6-5 for instructions.
2. Attach a Coord to a face of each body.

Figure 7-7 shows an example of two bodies with Coords attached.
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Figure 7-7

A Cylinder and a Block with a
Coord

Figure 7-8
Create Constraint Window

3. Select the Coord attached to the cylinder.
4. Hold down the CTRL key, and select the Coord attached to the
block.
5. The order of selection is important, as you will see later.
6. Click the Create Constraint button on the toolbar.
The Create Constraint window appears (see Figure 7-8). Note that
most of the parameters are already chosen to reflect the two Coords
that you have just selected.
Rigid Joirt
Bltiomt o it et [ooorcl1 |

Fevolute Joint on Slot
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Spherical Joint on Slat
Linear Actuator
Fevalute Motar
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Separator of Ibody[2] 'l
Linear Spring/Damper

Revolute Spring/D amper

€ Jain badies in place [move coord[4] to coord]3])
" Split constraint [Don't move anything)
= Join [move body[1] to bod[2])

& Face-to-face [move body[1] and flip coord[4])
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Figure 79
Two Bodies Connected with a
Revolute Joint

7. Set the constraint type to Revolute Joint.

8. Choose the “Face-to-face” option.

The option specifies the behavior of the bodies when the constraint
is created. Please refer to “ Assembly Behavior” on page 7-15 for
mor e information.

9. Click Create.

The cylinder is moved to the box and attached to it with a revolute
joint.

The exampleillustrated that Working Model 3D created arevolute joint
under the following principles:

(1) The position of thetwo Coords ar e aligned, because Working
Model 3D always creates a revolute joint by matching the positions of
two Coords.

(2) The z-axes of thetwo Coordsarealigned, because Working Model
3D creates arevolute joint so that the z-axes of the two Coords were
aligned by default.

(3) Thecylinder was moved to the box, and not the other way
around, because you selected the Coord on the cylinder first and
selected the Coord on the box second. Note that the Create Constraint
window as seen on Figure 7-8 reflects the selection order, and Working
Model 3D determines the assembly behavior.
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Figure 7-10
Two Blocks with a Coord

Working Model 3D creates other constraints with a variation of these
principles. For example, arigid slot joint is created so that the z-axes of
the two Coords are aligned, but the positions of the Coords need not
coincide, asthe joint allows two Coords to trandate (dide) freely.
Chapter 8, “ Constraints Reference”, providesthe construction principles
on each constraint type.

An Example: Creating aLinear Spring/Damper

Unlikearevolutejoint, alinear spring/damper imposes no restrictionsin
degrees of freedom. A linear spring/damper applies forces at the
endpoint Coords according to its response characteristics (such as the
natural length, spring constant, and damper constant).

P To create a linear spring/damper between two bodies:

1. Create two boxes.
See "Creating Bodies' on page 6-5 for instructions.
2. Attach a Coord to a face of each box.

Figure 7-10 shows an example of two bodies with Coords attached.

3. Select the two Coords by box-select, or select them in
succession while holding down the CTRL key.
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The order of selection is not important for linear spring/dampers.

'E' 4. Click the Create Constraint button on the toolbar.

The Create Constraint window appears (see Figure 7-11). Note that
most of the parameters are already chosen to reflect the two Coords
that you have just selected.

Figure 7-11
Create Constraint Window Pigid Joint _
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Spherical Joint lﬁ
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Fievalute Motar
Fad and Icnnrd[d] vl
Rope
S eparator of |body(2] i
iLinear 5pring/Dlamper
Revolute Spring/D amper
€ i it place
& Don't move coods
L[
£ Face-oiface

5. Set the constraint type to Linear Spring/Damper.
6. Click Create.

Working Model 3D createsa linear spring/damper between the two
Coords without moving the bodies.
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Figure 7-12
Two Bodies Connected with a
Linear Spring/Damper

The example illustrated that Working Model 3D created alinear spring/
damper under the following principles:

(1) The position and orientation of the two Coor ds ar e unaffected,
because Working Model 3D always creates alinear spring/damper
between an existing pair of Coords, and sets the natural length of the
spring (unloaded length) to the distance between the two Coords.

(2) No body is moved, because again, Working Model 3D uses the
current configuration (prior to creating the constraint) as a basis to
determine the natural length of the linear spring/damper.

Note that the above behaviors differ significantly from the case where
you created arevolute joint (see “ An Example: Creating a Revolute
Joint” on page 7—7). Chapter 8, “ Constraints Reference” providesthe
construction principles on each type of constraints.

Creating Multiple Constraints from a Pair of Coords

Working Model 3D allowsyou to construct multiple constraints based on
asingle pair of Coords. For example, you may choose to create arigid
slot joint and alinear actuator from the same pair of Coords, so that two
bodies connected by the two can dlide in one direction and are subject to
the actuator force.
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Figure 7-13
Multiple Constraints in the
Object Manager List

> To create multiple constraints from a pair of Coords:

1.

Create the first constraint from an existing pair of Coords.

For moreinformation, see“ An Example: Creating a Linear Spring/
Damper” on page 7-10.

Select the same pair of Coords, and click the Create Constraint
button.

The Create Constraint dialog appears.
Choose the second constraint (such as a rigid joint on slot).

Working Model 3D creates the constraint using the same pair of
Coords.

When you create multiple constraints from a pair of coords, both
constraints appear in the Object Manager list (as shown in Figure 7-13).
To select anindividual constraint, click the correspondingiconinthelist.

MName | Tupe |
3 bodw(1] Box

(7 body[3] Box

i congtraint[B] Linear 5pring/D amper
=B constraint[5] Rigid Jaint on Slat

b coord[4] Base Coord

= coord[2] Coord

1] |

7.4 The Create Constraint Window

The Create Constraint window, as shown in Figure 7-14, is broken into
four components: Constraint Type, Attachment Targets, Assembly
Behavior, and the Create button. Thewindow appearswhen you click the
Create Constraint button on the toolbar or choose Cred@@enstraintinthe
Object menu.
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Figure 7-14
Create Constraint Window

The Create Constraint window is a floating window. Y ou can move it
anywhere, and it remains in front; you do not need to close the window
when you move on to other tasks in Working Model 3D. The window

automatically closes when you click the Create button located at the
bottom of the window.

Constraint Type Attachment
Targets
Rigid Joint
Spherical Joint
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Fevolute Joint on Slot -
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€ Join bodies in place [move coord[4] to cood]3])
" Split constraint [Don't move anything)

= Join [move body[1] to body[2])

& Faceto-face [move body[1] and flip coord[4])

Y
Assembly Behavior Create Button
Constraint Type

From the Constraint type list box, select the constraint you would like to
implement. Please refer to Chapter 8, “ Constraints Reference” for more
information on the constraint types.

Attachment Targets

The Attachment Target pop-up menus specify which objects will be
joined together. Thefirst pop-up menusin the two sets of boxes show the
list of Coords, while the second of the two pop-up menus show
corresponding bodies (or the background space) to which the Coords are
attached. Y ou can always use the mouse to select objects to be joined,
and the Create Constraint window will fill these fields automatically.

Depending on the type of constraint, the Attachment Target changesits
wording slightly.
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Figure 7-15
Changing Wording in the Window

For Coord-on-Coord constraints (such as any joint or amotor), the
window lists the Coords and bodies with prepositionsfrom...to... to
indicate that the first body may be moved to the second upon the
construction of the constraint.

For point-to-point constraints (such as a spring/damper, arope, or a
linear actuator), the window lists the Coords and bodies with
prepositions between...and... to indicate that no motion will occur
upon the construction of the constraint.

For constraints that may require bodies to move (joints, motors)

For constraints that do not require bodies to move (e.g., inear spring damper,
linear actuator)

from | coord4) 'I
of | body(3] 'l

to |coord[Z] 'l
of |bodv(1] 'I

between | coord[4] 'l
of |body[3] 'I

and |coord[2] 'I
of |body[1] 'l

Assembly Behavior

The Assembly Behavior option allowsyouto specify how the bodieswill
be moved when you creste the constraint between them. Depending on
the objects you select and the constraint type, Working Model 3D
presents options as radio buttons in the window.

At most, four options are available;

Join bodiesin place moves one of the Coordsto match the other. If
only one Coord is selected, another Coord is created at the same
position. The constraint condition is satisfied immediately.

Split constraint moves no Coord or body. Working Model 3D
createsthe constraint but keepsit split; in other words, the constraint
is specified, but the model is not yet assembled to satisfy the
constraint condition. See " Splitting and Joining Constraints’ on
page 7-30 for more information.
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« Join movesthe body so that the configurations of two Coords satisfy
the constraint condition.

e Join Face-to-face flips one of the Coords, and moves the body so
that the configurations of two Coords satisfy the constraint
condition. This option is useful when two Coords are attached to a
body’ s surface.

Asshown in Figure 7-16, the Face-to-face option provides a convenient
feature when you wish to put together two bodies when Coords already
exist as the attachment points on the mating surfaces. If you had chosen
the “join” option, the box (on which Coord[2] islocated) in Figure 7-16
would have blended with the cylinder (on which Coord[1] is located),
because Working Model 3D would have attempted to align the z-axes
and their directions.

Figure 7-16 z
Aligning Coords for Motors and 2

P4l
Revolute Joints Coord]?] 7T

Coord[1]

[ ] mating surfaces

When amotor is created by connecting
Coord[2] to Coord[1] with the face-to-face
option, Coord[2] is “flipped” on the surface
before they are joined together. Note that
only the z-axis is aligned.

The following table illustrates which Assembly Behavior options are
available, depending on the objects you select.
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Assembdy Behaviors for Varioous Constraints
for point-to-point
for Coord-on-Coord constraints (e.g., linear
You select . L .
constraints (e.g., joints) | spring/damper rod,
rope)
Zoordsittached | Join bodies in place, Split Join (Don't move Coords).
to distinct bodies constraingoirjoikace-to-
face
aCoord attached | Joirrplacdcreatesinother | Joirirplacécreatesnother
to abody Coord at the same global Coord at the same global
position as the first Coord position as the first Coord
and attaches it to the back- and attaches it to the back-
ground) ground)
abodyanda Joinmplacécreatesnother | Joinrplacdcreatesanother
Coord attached Coord at the same global Coord at the same global
to abody position as the first Coord position as the first Coord
and attaches it to the body) and attaches it to the body)

7.5 Applying External Forces or Torques

Y ou can apply external forces or torques to your model in four ways (or
combinations thereof) as described below:

The For ce constraint applies aforce (point load) to a body.
The Torque constraint applies atorque to a body.

The Motor constraint applies a controlled torque between two
bodies, or between the background and abody. Y ou can specify the
motor to (1) apply a specified torque, (2) maintain a specified
angular acceleration, (3) maintain aspecified angular velocity, or (4)
maintain a specified orientation.

The Actuator constraint applies a controlled force between two
bodies, or between the background and abody. Y ou can specify the
actuator to (1) apply a specified force, (2) maintain a specified
acceleration, (3) maintain a specified velocity, or (4) maintain a
specified length.
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Constraint Classes

e TheLinear Spring/Damper constraint apply external forces or
torques when prel oaded.

For more information, please refer to the appropriate constraint sections
in Chapter 8, “Constraints Reference”.

7.6 Modifying Constraints

Working Model 3D offers avariety of options to modify and customize
constraints once you construct them. For example, you can change the
constrained axis of arevolutejoint, or even change onetype of constraint
to another.

Understanding CommorConstraint Properties

The constraints available in Working Model 3D can be classified into
three types as follows:

¢ Coord-on-Coord constraints
e point-to-point constraints
* on-Coord constraints

Coord-on-Coord constraintsconsist of two Coords and alwayslimit at
least one degree of freedom. Coord-on-Coord constraints include all
joints (such as revolute joints, spherical joints, slot joints) aswell as
motors, because a motor is considered as a revolute joint that applies a
controlled torque. Theterm Coord-on-Coord isderived from the fact that
all such constraints require that positions and/or axes of two Coords
coincide.

Point-to-point constraints also consist of two Coords but do not limit
any degree of freedom. Point-to-point constraints include linear spring/
dampers, ropes, separators, and actuators. The term point-to-point is
derived from thefact that all such constraints are created from one point
to another, without consideration to orientations.

On-Coord constraints consist of asingle Coord and do not limit any
degree of freedom. The only on-Coord constraints supported by Working
Model 3D are the Force and Torque constraints. The term on-Coord is
derived from the fact that the constraint is attached on a Coord and
includes orientation as one of the properties.
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Properties on Coord-on-Coord

Constraints

Figure 7-17

Properties Window Samples for
Coord-on-Coord Constraints

A Coord-on-Coord constraint limits at least one degree of freedom, and
you can observe the limitation through the Propertieswindow. As shown
in Figure 7-17, arevolute joint allows rotation with one axis fixed,
whereas arigid slot joint allows translation along asingle axis.

For more information, see Chapter 8, “ Constraints Reference’”.

FProperties of constraint[6] [Revolute Joint) B

Appearance  Constraint | Active |

— Fiotate Around
Spherical Joint 'l 'l Il
Rigic Joint o Slot ® T D2y
Fievolute Joint on Slot Mo ases Al
Spherical Joint on Slot
Linear &ctuator . .
Revalute Motor i Slide dlong—————— Fl’ee AX|S Of ReVOIUte J0|nt
Fiod Cx Oy CZ
Rope
Separator = o anes
Linvear Sping/D ampes =l
Properties of constraint[5] [Rigid Joint on Slot) [ %]
Appearance  Constraint | Active |
Fievalute Joint ~— Fiotate Aound . . .
Cx Cy Oz Free Axis of Rigid Slot Joint

Fievolute Jaint on Slat
Spherical Joint on Slot
Linear &ctuator

& Mo aves Al

Fievolute Motor - Slide Alnngi'—
Fod Cx Oy 6z
Rope
Separator ) Nolaxes
Linear 5pring/D amper LI

Selecting Constraints

Once aconstraint is created, you can select the constraint by simply
clicking the constraint icon. Y ou can select a constraint even if it is
“hidden” under or located inside bodies.Y ou can al so select a constraint
from the Object Manager list on the |eft side of the document window.

They are shown with solid 3D symbols that indicate the degrees of
freedom Point-to point constraints have visual cluesto show
displacement (such as slack ropes, corkscrew springs, or extending
actuators).

When selected, constraints are shown in thicker outline or with bounding
boxes.
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In addition, the nature of the constraint is shown by arepresentativeicon
both in the Object Manager list (shown on the left side of Figure 7-18)
and on the drawing (shown on the right side of Figure 7-18).

Figure 7-18
Constraint Types B  RigidJoint
Revolute Joint
s  Spherical Joint
==  Rigid Jointon Slot
=Z=  Revolute Jointon Slot
% Spherical Joint on Slot
==  Linear Actuator
ﬂ Revolute Motor
—  Rod
¥4 Rope
H b Separator
M Linear Spring/Damper
'13";% Revolute Spring/Damper Q
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Figure 7-19
Finding the Connections

Modifying Attachment Positions

Y ou can modify the attachment positions of the constraint by re-
positioning the endpoint Coords.

P To modify the attachment positions:

1.

Select the constraint in the Object Manager list.

The attachments appear in the Object Manager Connection List
(shown in Figure 7-19).

Double-click the Coord whose position you want to modify in
the Object Manager Connection list.

The Properties window appears.

Click the Position or World Position tab, then modify the
position and orientation of the Coord.

The position and/or orientation of the Coord changes accordingly,
while the other Coords remains intact.

If you wish to modify the position and orientation of the mating
Coord, select it and follow the steps above.

MName | Type |
 bodu(1] Bow

(9 body[3] Box
Wy constraint 7] Linear Sprinzm . .

=k coord[2] Baze Coord Click to selectan ObJeCt
<k coord[4] B ase Coord

1 | o

(7 body[3] Ay constraint[F]
< coord(d] \
All other objects and Coords attached

to the selected object are displayed in
the Connections List
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Joints and Motors

Figure 7-20

Example: Constraint Properties

Windows for a Motor

NOTE: For Coord-on-Coord constraints, once the attachment positionis
changed, the constraint isin the split state. For point-to-point constraints,
such aslinear spring-dampers, changing the attachment position does not
split the constraint.

Before you run the simulation, be sure to join the constraint. Please see
"Splitting and Joining Constraints" on page 7—30 for more information.

Alternatively, you can split the constraint, separate the bodies, and edit
the attachment position of individual Coords. Please see " Splitting and
Joining Constraints' on page 7—30 for more information.

Modifying Constraint Properties
Constraint properties vary depending on the constraint classes.
For joints and motors, you can change the constraint axes. For example,

arevolutejoint allows z-axisrotation by default, and you can modify the
joint so that it allows rotation about the x-axis instead.

P> To change the free axis (axes):

1. Double-click the constraint icon in the document or in the
Object Manager list that runs along the left side of the document
window.

The Properties window appears with the Constraint page in front
(Figure 7-20).

Appearance  Constraint | Active I M atar I
Rigid Joint [ ettt A Free Axes Radio Buttons
vttt LR A (Note that motors do not allow
Rigid Joint or Slat Mo aves Al anytrans|aﬁ0n or S"dmg)

Revolute Joint on Slot

Spherical Joint on Slot
Linear Actuator

i~ Slide Along
xSy Sz

% Mo awes
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Point-to-Point Constraints

2. Choose the axis to rotate around.

The axis designated refers to the coordinate axis of the Coord that
appeared on top in the Create Constraint window when the constraint
was created. See "The Create Constraint Window" on page 713 for
more information.

NOTE: Once the free axis is changed, the constraint may resultsin the
split state because the free axes of the Coords may not always have been
aligned. Before you run the simulation, make sure to join the constraint.
Please see " Splitting and Joining Constraints' on page 7-30 for more
information.

3. Choose the axis to slide along, if the constraint has translation
and degree of freedom.

Each type of constraint allows an appropriate number of degrees of
freedom. If you would like to change the number of degrees of freedom,
you need to change the constraint type. See“ Changing Constraint Type”
on page 7-24 for more information.

For point-to-point constraints, you have optionsto change propertiesthat
are unique to the constraint. For example, alinear spring/damper has
natural length, current length, spring force, and damper force asits
properties.

P To change the constraint properties:

1. Double-click the constraint.
2. Select the Spring/Damper page of the Properties window.

The Spring/Damper Properties page is shown here (Figure 7-21).
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Figure 7'21 Properties of constraint[7] [Linear 5pring/Damper) [ ]
Spnng/Dampel’ Properﬁes Page Appearancel Eonstrainll Active  Spring/Damper |

Matural Length I -
Feset
Current Length ID i
Spring Force = I ko -
k= IT uin} Wém
Damper Force = I cv -
€= |2 N sfm

3. Modify the Spring/Damper properties as desired.

For more information on individual constraint properties, please see
Chapter 8, “Constraints Reference”.

Changing Constraint Type

Working Model 3D allows you to change the constraint type even after
the constraint is created. Y ou do not need to reconstruct the model from
scratch when the constraint type is changed.

Thefeature may prove useful when you change acomponent design. For
example, you can change arevolute joint to a spherical joint to allow
more degrees of freedom, or you can change arevolute joint to a motor
to drive the mechanism.

P> To change the constraint type:

1. Double-click the constraint icon either in the document or in the
Object Manager list that runs along the left side of the window.

The window appears as shown in Figure 7-22.

2. Change the constraint type by selecting another type of
constraint from the list.
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Figure 7-22
Constraint Properties Page

Split Constraints Caused by
Type Change

Properties of constraint[7] [Revolute Motor) B
Appearance  Constraint |Actwa| Motor I
| - Fiotate Around
Cx Oy &Z .
"  HMoares Al Changeme col nt Y
Fievolute Jairt on Slat using the list

Spherical Jaint on Slat
Linear Achuator
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When the constraint type is changed, the constraint may be in the split
state. The following rules dictate this behavior:

If you change thetype of any constraint to a point-to-point constraint
(e.g., spring-damper, rod, rope, actuator), the constraint is joined.

If you change the type of any constraint to a Coord-on-Coord
congtraint (e.g., revolute joint, slot joint, motor), the constraint is
split. However, if the 2 coords are exactly aligned, the constraint will
remain joined.

Before running the simulation, be sure to join the split constraints for
them to have any effect. Please see" Splitting and Joining Constraints' on
page 7-30 for more information.

Modifying Constiaint Appearance and Name

Y ou can changethe col or of the constraint and give it acustomized name.

P> To change the appearance:

1.

Double-click the constrainticon, either in the document or in the
Object Manager list.

Open the Appearance page of the Properties window.
The window appears as shown in Figure 7-23.
Enter the desired values for the appropriate control.

See below for the descriptions on each control.
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Figure 7-23

Constraint Properties Window

(Appearance Page)

Name

Properties of constraint[7] [Revolute Joint] [ %]
Appearance | Constraint | Actwal
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AR —— (Shows or hides the constraint)
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v Automnatic name

— Mater
) Graph
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(Allows custom naming)

™| Tiransluzent

The Appearance page of the Properties window controls the following:

By default, Working Model 3D provides the name of the constraint as
constrai nt ] , where nisaunique integer. (This default nameis
actually used as avariablein Working Model 3D’ s formulalanguage.
For details on the use of formula language, see Chapter 12, “Using
Formulas’.)

Since the customized constraint name appears in the status bar (see
"Status Bar" on page 2-16) as well asthe selection list of the Properties
window and the Create Constraint window, assigning a custom name
helps identification when your model involvesalot of constraints of the
same type.

To change the constraint name:

1. Double-click the constraint icon.

2. Select the Appearance page in the Properties window.

3. Highlight the object name field in the window, and type the
custom name.

4. Press Enter.

From then on, the custom name appears in the status bar and
selection lists.

P To switch back to the default name:

1. Follow steps 1 and 2 above.

2. In the Name section of the window, click the box labeled
Automatic Name.
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Show

Track Position

Fromthen on, the default name (constraint[ n]) appearsin the status
bar and selection lists.

These options provide controls to show or hide the constraint.

To show or hide the constraint:

1. Double-click the constraint icon.

2. Select the Appearance page in the Properties window.

3. Click the Shown checkbox to show or hide the constraint.

The constraint icon appears on the screen when the checkbox is
checked and hides from the screen when the checkbox is blank.

NOTE: The Shown checkbox only controls the visual presence of the
constraint. Whether the constraint is visible or not, Working Model 3D
takes the constraint into account while computing the simulation.

Y ou can also track the position of the constraint as the model is run.
To track the history:

1. Double-click the constraint icon.

2. Select the Appearance page in the Properties window.

3. Click the Track Position checkbox to show a trail of the position
of the constraint during the last 150 frames of the simulation.

Deleting Constraints

When you delete a constraint, the Coords to which the constraint was
attached remain intact. Therefore, you can create another constraint
using the same set of Coords.

P To delete a constraint:

1. Select the constraint by clicking on the constraint icon either in
the document window or in the Object Manager list.
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ConnecteditBoord-on-Coord
Constraints

The constraint is outlined in a darker color or a bounding box
appears around the constraint (see “ Selecting Constraints’ on
page 7-19 for more information).

2. Press the Delete key.

The constraint disappears, while the Coords to which the constraint
was attached remain.

7.7 Editing Constrained Bodies

Once you connect bodies with constraints, you can change the body
configurations without breaking the constraints. The behaviors differ
depending on whether bodies are connected with Coord-on-Coord
constraints or point-to-point constraints.

Modifying Configuration of a Constrained Body

After you assemble amodel, you may wish to modify a configuration of
abody without breaking the constraint in order to create an initial
condition for a simulation. See section " Splitting and Joining
Constraints" on page 7-30 for instructions.

Dragging and Rotating Bodies

If you have bodies connected with Coord-on-Coord constraints, you can
move one of the bodies, and the others will follow without breaking the
constraints. For example, consider two bodies connected with arevolute
joint. When you use the Rotate tool to rotate one body, the other body
follows (see Figure 7-24).
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Figure 7-24
Rotating Bodies Connected with a
Revolute Joint

Connected with Point-to-Point
Constraints

Rotation Example (3) Rotation Example (2)

NOTE: In Rotation Example (3) above, the box rotateswith thethin slab
despite the revolute joint connecting the two. Although arevolute joint
alowsrotation during the ssmulation, Working Model 3D doesnot allow
youto “drag” bodiesindependently if they are bound by ajoint. Y ou can
temporarily disable this synchronized behavior by splitting—
temporarily disabling—the desired constraint(s). Please see " Splitting
and Joining Constraints’ on page 7—30 for more information.

If you have bodies connected with point-to-point constraints, Working
Model 3D does not synchronize the motion of the bodieswhileyou move
them. For example, consider two bodies connected with alinear spring/
damper. When you use the drag tool to move one body, the other body
does not follow. Instead, the spring/damper stretches, causing the spring
to bein tension or compression.
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Figure 7-25
Moving Bodies Connected with a /i

= [

Before Movmg =—

Dragging a Body
(Stretching the Spring/Damper)

Gn!

In either case, the other
body remains stationary.

Rotating a Body

7.8 Splitting and Joining Constraints

When a Coord-on-Coord constraint (such asjoints and motors) connects
two bodies together, you can drag one body and the other will follow.
However, to edit part of amodel, you may wish to disable this binding
temporarily.

Splitting Joints When you “ split” ajoint, you can modify the configuration of the bound
bodies independently. After modifying the bodies, you can “join” the
joint to re-assemble your model.

P To split a constraint:

1. Select the constraint icon, either in the document window or in
the Object Manager list.

The Split button on the toolbar becomes available to indicate that
the button is active.
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Figure 7-26
Split Constraint

Joining Constraints

If the Split button is not active, you may have chosen a constraint that is
aready split. Split constraints bear a special icon as shown in Figure 7-
26. Otherwise, you may have not selected the constraint properly. See
“Selecting Constraints’ on page 7—19 for more information.

2. Click the Split button on the Edit toolbar.

In the Object Manager, the constraint icon shows the crossed-out
line to indicate that the constraint is split. In the document window,
the constraint is wire-frame instead of solid.

» 2
Splitlcon

Bodies Connected with Split Revolute Joint
a Revolute Joint
(before split)
17}
Bodies Separated Bodies Rotated

Now that the constraint still exists but isin the split state, you can drag
one body and leave the other intact. You can later select the split
constraint and reassembl e it with the Join command (see below).

NOTE: Split constraints do not have any effect (do not apply any force
or torque to any body) during the simulation run. Y ou need to join them
before you run the simulation.

As shown in Figure 7-26, the split constraint retains connection to the
origina Coords. Working Model 3D alows you to put it back together
very easily.
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Please note that Working Model 3D automatically splits constraints
under the following circumstances:

e Ifyou changethetype of any constraint to a point-to-point constraint
(e.g., spring-damper, rod, rope, actuator), the constraint is joined.

«  If you change the type of any constraint to a Coord-on-Coord
congtraint (e.g., revolute joint, slot joint, motor), the constraint is
split. However, if the 2 coords are exactly aligned, the constraint will
remain joined. See “Changing Constraint Type” on page 7-24 for
more information.

e When you modify the constraint condition, the constraint is split in
certain cases. See “Modifying Constraint Properties’ on page 7-22
for more information.

To join a split constraint:
1. Select the split constraint icon.

The Join button becomes available to indicate that the button is
active.

If the Join button is unavailable, you may have chosen a constraint that
is yet to be split. In the Object Manager, the constraint icon shows the
crossed-out line to indicate that the constraint is split. In the document
window, the constraint iswire-frameinstead of solid. If you havetrouble
selecting a constraint with your mouse, see “ Selecting Constraints’ on
page 7-19 for more information.

2. Click the Join button on the Edit toolbar.

The bodies move together to satisfy the constraint condition.
Depending on the configuration, Working Model 3D may show a
progressdial og to show theiterative process of finding a converging
solution. See “ Constructing a Closed-Loop Assembly” on page 7—
33 for more information.
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Figure 7-27
Before and After Join
After Join
Constructing a Closed-Loop Asembly
The examples shown in Figure 7-27 are classified as open-loop
assemblies. When you create or join constraints in an open-loop
assembly, bodies or Coords move immediately to satisfy the constraints.
Figure 7-28
A Closed-Loop Assembly

Figure 7-28, on the other hand, shows an example of a closed-loop
assembly. Observe that a series of bodies are linked in aclosed loop (the
background is considered as a single link).
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Figure 7-29
Assembly Progress Dialog

When you click the Join button to put together amodel to satisfy all the
constraints, Working Model 3D starts an iterative process to find the
converging solution to put together the model, while showing the
progress in the Assembly Progress dialog (Figure 7-29) At the same
time, the bodies move to an assembled state.

Aszembling constraint[15]...

constraint[15] error: 0.003 m

Cancel |

Y ou can either:

e click the Stop button, to leave the bodies halfway through the
assembly process without being completely assembled, or

e click the Cancel button, to cancel the assembly command
completely and leave the bodies intact.

The assembly dialog showsthe indicatorsin the following table. During
anormal assembly process, the magnitude of these numbers decreases
steadily.

Assemly Dialog Indicators and Descriptions

Indicator Description

Total Eror The sum of all positional and orientational errors.

Maximum Paositional Error ReportsheconstraintDvherghenaximunposi-
tional error is obser ved.

Maximum Orientational Emor | Reports the constraint ID where the maximum ori-

entational error is observed.

When you attempt to assembl e an impossible configuration, the progress
may halt. See “Impossible Configurations’ on page 7-36 for more
information.
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Changing Configuration of a Closed-Loop Assembly

When you click the Join button, Working Model 3D finds any solution
that satisfiesthe given constraint conditions. In some cases, however, the
assembled configuration may be different from the desired initial
condition.

For example, Figure 7-30 below shows a piston engine mechanism with
two possible configurations. After specifying all the constraints,
Working Model 3D may assemble your mechanism to the state shown as
(A), whereas you want the initial condition to look like (B). Note that
when the simulation starts, the phase of the combustion cycle would be
180° off between the two.

Figure 7-30
Multiple Configurations for a
Closed-Loop Assembly

Revolute Joint

Motor
Crankshaft

®

Follow the simple steps shown below to change the configuration.
P To specify the initial configuration for a closed-loop assembly:

1. Identify the “reference body”, or the body which you wish to use
as a reference to specify the initial condition.

For example, in the example shown in Figure 7-30 above, suppose
that you wish to change the crankshaft angle. In this case, the
reference body is the crankshaft.

2. Split all constraints that are attached to the reference body.



7-36

Chapter 7—Assembling Models

In the exampl e above, the motor and a revolute joint shown in
Figure 7-30 are the two constraints.

3. Specify the configuration of the reference body to match the
initial condition.

If the reference body is to be attached to the background with a
constraint, the body must satisfy the constraint condition. In this
example, specify the configuration of the crankshaft without
breaking the motor constraint.

4. Inthe Properties window’s Position page of the reference body,
check the Anchored box to fix the body in place.

See “ Fixing a Body in the World” on page 6-24 for more
information on anchoring.

5. Join the constraints connecting the reference body and other
bodies.

Working Model 3D will reassemble the closed-loop assembly, while
leaving the reference body intact.

6. Release the anchor on the reference body.

You must anchor the body before joining the constraint that
connects the body to the background.

7. If the reference body is attached to the background with a
constraint, join the constraint.

In the example, join the motor constraint.

Impossible Configurations

When you click the Join button, Working Model 3D attemptsto find the
convergent solution to satisfy all constraints, including the one being
“joined”. If the solution is not possible, the assembly progress dialog
halts, and the magnitudes of the error parameters cease to decrease.

For example, Figure 7-31 shows a configuration for which no solution
exists to join the spherical joint positioned between the two bodies.
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Figure 7-31
Impossible Configuration for Join

The spherical joint cannot be joined.
(Bodies are not long enough to mate.)

Fixed to the ground
with a spherical joint

When you attempt to join this type of assembly, the bodies may appear
to start breaking al constraints, and the assembly progress halts. Click
the Cancel button in the Assembly Progressdial og to abort the assembly,
and modify the model to avoid impossible configurations.
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CHAPTER 8

Constraints Reference

This chapter serves as areference for the full description of constraint
characteristics. The chapter is organized by the type of the constraint,
rather than tasks involved in creating them.

If you are interested in learning how to create and modify constraints,
please see Chapter 7, “ Assembling Models’.

8.1 Introduction

What is a constraint? In Working Model 3D, aconstraint is arepresentation of certain rules
that govern the behavior of bodies among themselves. For example, a
revolutejoint (likeapin or ahinge) isused to limit the motion of two
bodies, so that one body can only rotate about a certain axis with respect
to the other body (see Figure 8-1). The bodies connected by arevolute
joint cannot fly apart because the constraint prohibits such a motion.
Other examples of constraints are joints, springs, and forces.
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Figure 8-1
Constraints in Working Model 3D

Creating Constraints

Revolute Slot Joint

Soherical Joi &\ ;;}‘.‘iq Spring/Damper
pherical Joint '? ‘.

T! 'f !

E\\w Revolute Joint

A constraint appliesforce at the respective Coordsthat are attached to the
body or to the background. If the constraint applies torque, the torqueis
applied to the body to which the Coord is attached.

Working Model 3D considers constraints to be massless, volumeless
objects in simulations. For example, springs would not collide with
another spring or abody. A damper does not have any mass. Yet a
constraint applies force and/or torque to bodies at the Coords whereit is
attached.

Typicaly, you will be creating constraints by specifying two points that
will become its endpoints. Working Model 3D allows many more
flexible options to create constraints. For example, you can also select a
single Coord attached to a body, and Working Model 3D will
automatically generate a matching Coord necessary to construct the
constraint.

This chapter is dedicated toward constraint properties, and the section
"Creating Constraints' on page 7—7 will guide you through the process
of creating constraints.
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8.2 List of Constraints

Working Model 3D offers the following constraint types:

Rigid Joint

Revolute Joint
Spherical Joint

Rigid Joint on Slot
Revolute Joint on Slot
Spherical Joint on Slot
Linear Actuator
Revolute Motor

Rod

Rope

Separator

Linear Spring/Damper
Revolute Spring/Damper

The remainder of the chapter describes each constraint in greater detail,
aswell as how to apply force and torque.

8.3 The Corstraint Properties Window

The floating Properties window (Figure 8-2) allows easy access to
constraint properties. The window provides access to four pages as

follows: The pages are available to all constraint types.

Figure 8-2 shows the Properties window (with the four pages) for a

The Appear ance page shows the visual characteristics of the

constraint (name, visibility, and color) used in rendering.

The Constraint page shows the type of constraint and axis settings.
The Active page allowsyou to set when the constraint will be active.

The (Constraint Type) page shows the type and value of the

constraint.

motor as an example.
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Figure 8-2
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To change from one page to another, simply click the desired tab (see
Figure 8-2). For detailed discussions on modifying constraint properties,
please refer to “Modifying Constraints’ on page 7—18. Subsequent
sections of this chapter serves as areference for individual constraint
types.

8.4 Rigid Joint

A rigid joint locks together two bodies completely. Working Model 3D
considers two bodies locked together by arigid joint as asingle body,
thereby reducing computing effort. A singlerigid joint is sufficient to
lock two bodies together, even when the connected bodies have multiple
contact points.

NOTE: A singlerigid joint isthe most efficient and the only proper way
to lock two bodies together in Working Model 3D. Do not use multiple
joints (such astwo revolutejoints or two rigid joints), or your simulation
will suffer from instability, inaccuracy, or poor performance.

Assembly Behavior of Rigid Joint

When the constraint is created, Working Model 3D arranges bodies and/
or Coords so that the two Coords are completely aligned (i.e., their
origins coincide, and all axes are aligned).
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The Create Constraint window presents the following options when you
attempt to create arigid joint.

Assemby Behavior of a Rigid Joint
Selected . . .
Obj Join Option | Behavior
Two Coords Join body in MovesghédfirstCoordsahaiisalignedwith
attached to place the second. Creates a rigid joint connecting
bodies the two bodies without moving them.
Dontmove Creates a rigid joint but does not move a
anything Coord or body. You need to join the con-
straint later for it to be activ e.
Join Moveshefirsthodysathatheaxesandori-
gins of the two Coords are aligned.

Face-to-face Rotates the first Coord 180° with its x-axis
fixed, and moves the first body so that the
axes and origins of the two Coords are

aligned.
One Coord Join in place Creates another Coord attached to the back-
attachedtoa ground, with the same global configuration
body agheselectedCoordCreatesxigigointo
lock the body in place.

One body Join in place Creates two Coords at the coordinate origin
of the body with the same configuration. Cre-
ates a rigid joint to loc k the body in place.

One Coord Join in place Creates another Coord attached to the lone

attachedtoa body, with the same global configuration as
body and the selected Coord. Creates a rigid joint to
onelone lock the bodies in place.

body

When arigidjoint is created from two existing Coords, Working Model
3D alignsthe origin and the coordinate axes as shown in Figure 8-3. The
attached bodies have no degree of freedom relative to each other.
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Figure 8-3

Aligning Coords for Rigid Joint

Figure 84

Properties Window Pages

for a Rigid Joint
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Rigid Joint Properties

Asshown in the Constraint Properties page (Figure 8-4), arigid joint has
no degrees of freedom. Y ou can set whether the force and torque on the
rigid joint will be measurable with meters, or if the connected bodies
should be treated as one to speed simulation.

Properties of constraint[4] [Rigid Joint] [ %]
Appearance  Constraint |Active| Rigid I
f n i — Rotate Around
Revolute Joint ol [all I ol
Spherical Joint
Rigid Joint on Slot & Mo aues oAl
Fevolute Joint on Slot
Spherical Joirt on Slat -
Linear Actuator - Slide Alang
Fevolute Motar X Oy Oz
Rod
@ Mo aues
Properties of constraint[4] [Rigid Joint) [ %]

Appearancel Constraintl tctive  Rigid |

Rigid Joint Property
€ Measureable

Allows you to create meters that
measure reaction force and torque.

=

Opl lation speed by treating
connected bodies as one.

See "The Constraint Properties Window" on page 8-3 for additional
properties that are common to all constraints.
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8.5 Rigid Joint on Slot

A dlot with rigid joint allows a single degree of freedom in tranglation.
Bodies connected with aslot with rigid joint can “ slide” with respect to
each other, but cannot rotate at all. A slot with rigid joint is also known
as asleevejoint in the mechanical design.

Assembly Behavior of Rigid Joint on Slot

The Create Constraint window presents the following options when you
attempt to create a slot with rigid joint. In al of the following cases, the
newly created slot with rigid joint allows translation in the direction of
the z-axes of the two Coords. Note that in any of the cases below,
Working Model 3D arranges bodies and/or Coords so that the z-axes of
the Coords are collinear upon creating the joint.

Y ou can change the trand ation axisto be they-axis or z-axisaswell after
you create the constraint. Please see* Properties of aRigid Joint on Slot”
on page 8-10 for more information.
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Assemby Behavior of a Rigid Joint on Slot

Selected Objects Join Option Behavior

TwdCoordsattachedo | Joinbodyinplace | Moves the first Coord so that its z-
bodies axis is calinear with that of the
secondandhatx-andy-axesare
parallel. Connects the two bodies
with the slot joint without mo ving
them.

Dontmove any- Creates arigid slot joint b ut does
thing not move a Coord or body. You
need to join the constraint later for
it to be active.

Join Moves the first body so that the z-
axes of the two Coords are col-
linear and x and y-axes are paral-
lel.

Face-to-face Rotates the first Coord 180° with
itx-axidfixedandhemrmoveghe
first body so that the z-axes of the
twoCoordsarecollinearandand
y-axes are parallel.

One Coord attachedto | Joinin place CreatesnotheCoordttachedo
abody thédackgroundwiththesameylo-
bal configuration as the selected
Coord. Connects the two Coords
with the joint.

One body Join in place Creates two Coords at the coordi-
nate origin of the body with the
same configuration. Connects the
two Coords with the joint.

One Coord attachedto | Joinin place CreategnotheCoordttachedo
abody and one lone thdonebodywiththesameglobal
body configuration as the selected
Coord. Connects the two Coords
with the joint.
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Figure 85

Aligning Coords for Rigid Joint on

Slot

Figure 8-6

Properties Window Page
for a Rigid Joint on Slot

When arigid slot joint is created from two existing Coords, Working

Model 3D aligns the z-axes, and rotates the Coords so that the z- and y-
axes are parallel, as shown in Figure 8-5. The attached bodies are free to
tranglate (slide) along the x-axes (X4, X,) but have no rotational degrees

of freedom.

Zl Z )
y
Yo 2
Y1
X X'
1 X2 4]

Two distinct Coords in space Y1
before creating a revolute joint

For arigid slot joint,
z-axes are aligned, while
x -and y-axes become parallel.

X1

Properties of a Rigid Joint on Slot

A rigid dot joint allows tranglation in one of the x-, y-, or z-axes. By
default, the constraint allows translation along the z-axis, and the
Properties window provides radio buttons to change the trandlation axis
(Figure 8-6). Also, see "The Constraint Properties Window" on page 8—
3 for additional properties that are common to all constraints.

Properties of constiaint[4] [Revolute Joint on Slot) [ ]

Appearance  Constraint |Aclwe|

FRiigid Joint r Fiotate Around

Fievolute Jaint e Yy &z
nint
5

i : C Hoaxes a4l
[ oherical Joint an Siot
Linear Actuatar - Shde Along

Revalute Motar o Yy &z

Mo axes

If you change the tranglation axis, Working Model 3D splits the
constraint immediately. The subsequent join rearranges the bodies so
that the bodies and attached Coords satisfy the constraint condition.
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8.6 Revolute Joint

A revolute joint allows a single degree of freedom in rotation. Bodies
connected with arevolute joint can rotate about afixed axiswith respect
to each other.

Assembly Behavior of a Revolute Joint

By default, arevolutejoint allowsrotation about the z-axis of the Coords.
When the constraint is created, Working Model 3D arranges bodies and/
or Coords so that the origins of the Coords coincide and the z-axes of the
Coords are collinear and in the same direction.

Y ou can changethetrand ation axisafter you create the constraint. Please
see “Properties of a Revolute Joint” on page 8-13 for more information.

The Create Constraint window presents the following options when you
select objectsto create arevolute joint.
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Assembdy Behavior of a Revolute Joint

Selected Objects

Join Option

Behavior

TwdCoordsattachedo
bodies

Join bodies in
place

Moves the first Coord so that the
origins of the two Coords coincide
and their z-axes are collinear.

Split constraint

Does not move a Coord or body.
Youwneeddoirtheconstraintater
for it to be activ e. When the con-
straint is joined, the assembly
behavior follows the “Join” option
below.

Join

Moveshefirsthodysahatheori-
gins of the two Coords coincide
and the z-axes are coliinear.

Face-to-face

Rotates the first Coord 180° with
itsx-axidixed andmoveshefirst
body so that the origins of the two
Coords coincide and the z-axes
are collinear.

One Coord attached to
abody

Join in place

CreatesanotheCoorattachedo
thédackgroundwiththesameglo-
bal configuration as the selected
Coord. Connects the two witha
revolute joint.

One body

Joinin place

Creates two Coords at the coordi-
nate origin of the body with the
same configuration. Connects the
two with a revolute joint.

One Coord attached to
abody and one lone
body

Join in place

CreatesnotheCoorattachedo
thdonebodywiththesameglobal
configuration as the selected
Coord. Connects the two with a
revolute joint.
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Figure 8-7

Aligning Coords for Revolute Joint

Figure 8-8

Properties Window Page

for a Revolute Joint

When arevolute joint is created from two existing Coords, Working
Model 3D alignsthe z-axes and the origin, and matchesthe directions as
shown in Figure 8-7. The attached bodies are free to rotate about the z-
axes but have no translational degrees of freedom relative to each other.

z 7,2

Z 2 122 Vi

Y2 7
Y1
X1
X1 X2 X2
Two distinct Coords in space Fora revc(i)ue J'Ointﬂh
i o origin and z-axes of the
before creating a revolute joint s are aligned.

Properties of a Revolute Joint

A revolute joint allows rotation in one of the x-, y-, or z-axes of the
Coords. By default, the constraint allows rotation about the z-axis. The
Properties window provides radio buttons to change the rotation axis
(Figure 8-8). Also, see "The Constraint Properties Window" on page 8—
3 for additional properties that are common to all constraints.

Properties of constraint[4] [Revolute Joint) [ ]

Appearance  Constraink |Actwe|

— Fiotate Around
Cx Oy &Z

B Jaint
Rigid Joint on Slot € No anes Al
Revolute Joint on Slat

Spherical Joint on Slat X
Linear Achator - Slide Along
Fievalute Motor rw Yy 7z

% Mo axes

8.7 Revolute Joint on Slot

A dot with revolute joint allows two degrees of freedom, onein
translation and the other in rotation. Bodies connected with a slot with
revolute joint can not only slide but also rotate with respect to each other.
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Assembly Behavior Revolute Joint on Slot

When you create aslot with revolute joint, the slot is attached along the
z-axis of the second Coord (the Coord you selected last before creating
the congtraint). Initialy, aslot with revolute joint allows trandation in
the direction of the z-axes and rotation about the z-axes of the two
Coords.

Therefore, when the constraint is created, Working Model 3D arranges
bodies and/or Coords so that the x-axes of the Coords are collinear and
the z-axes of the Coords are parallél. Y ou can change the trand ation and
rotation axes after you cregate the constraint. Please see “ Properties of
Revolute Joint on Slot” on page 8-15 for more information.

The Create Constraint window presents the following options when you
select objectsto create a slot with revolute joint.

Assembly Behavior of a Revolute Joint on Slot

Selected Join Behavior
Objects Option
Two Coords Join bodies Moves the first Coord so that its xy-plane is
attachetbodies | inplace coplanar with that of the second, and the ori-
ginotthefirstCoordiesalongthez-axis(the
slot) of the second Coord.
Split con- Does notmove a Coord or body. You need to
straint join the constraint later for it to be activ e.
When the constraint is joined, the assembly
behavior follows “Join” option below.
Join Moves the first body so that its xy-plane is

coplanar with that of the second, and that the
originothefirstCoordiesalongthez-axisof
the second Coord. Does not move Coords rel-
ative to the attached bodies.

Facetoface | Rotates the first Coord 180° with its x-axis
fixed andthermovesthéefirsthodysathaits
xy-plane is coplanar with that of the second,
andthattheoriginofthefirstCoordiesalong
the z-axis (the slot) of the second Coord.
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Figure 89

AlignindCoordgoRevoluteloint
on Slot

Assemby Behavior of a Revolute Joint on Slot

Selected Join Behavior

Objects Option

One Coord Joininplace | Creates another Coord attached to the back-

attachedtoa groundwithhesameglobatonfiguratioras

body the selected Coord. Connect the two with the
joint.

One body Joininplace | CreategswdCoordsathecoordinateorigirof
the body with the same configuration. Con-
nect the two with the joint.

One Coord Joininplace | Creates another Coord and attaches it to the

attachedtoa lone body, with the same global configuration

body and one as the selected Coord. Connect the two with
lone body the joint.

When arevolute slot joint is created from two existing Coords, Working
Model 3D aligns the xy-planes of the two Coords, and moves the first
Coord so that its coordinate origin lies along the z-axis of the second, as
shown in Figure 8-9. The attached bodies are free to trandate (slide)
along the x-axes of the second Coord (x,) and free to rotate about the z-

axes of the two Coords.

joint

4} Var)
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Vi » :
Xl X2 XZ ) ‘Zl

Two distinct Coords in space
before creating a revolute slot

4]

Y1

For a revolute slot joint,

xy planes are aligned, and
the first Coord origin lines up
with the z-axis of the second.

X1

Properties of Revolute Joint on Slot

A dot with revolute joint allowstrang ation in one of the x-, y-, or z-axis,
and rotation in one of the x-, y- or z-axes. The axisrefersto that of the
second Coord you selected when you created the constraint.
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Figure 8-10
Properties Window Page

for a Revolute Joint on Slot

By default, the constraint allows transl ation along the z-axis and rotation
about the z-axis. The Properties window provides radio buttons to
change the trandation and rotation axes (Figure 8-10). Also, see"The
Constraint Properties Window" on page 8-3 for additional properties
that are common to all constraints.
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If you change the translation or rotation axis, Working Model 3D splits
the constraint immediately. The subsequent join rearranges the bodies so
that the bodies and attached Coords satisfy the constraint condition.

8.8 Spherical Joint

A spherical joint allows all three degrees of freedom in rotation. Bodies
connected with a spherical joint can rotate freely with respect to each
other.

Assembly Behavior of a Spherical Joint

When the constraint is created, Working Model 3D arranges bodies and/
or Coords so that the origins of the Coords coincide.

The Create Constraint window presents the following options when you
select objects to create a dot with spherica joint.
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Assemby Behavior of a Spherical Joint

Selected Objects Join Option Behavior

TwdCoordsattachedo | Joinbodiesin Moves the first Coord so that the
bodies place originotheéwdCoordscoincide.

Split constraint Does not move a Coord or bodly.
Youwneeddgoirtheconstraintater
for it to be activ e. When the con-
straint is joined, the assembly
behavior follows the “Join” option
below.

Join Moveshefirstodysahatheori-
gins of the two Coords coincide.

Face-to-face Rotates the first Coord 180° with
itsx-axidfixed andmoveshefirst
body so that the origins of the two
Coords coincide.

One Coord attachedto | Joinin place CreatesnotheCoordttachedo
abody thévackgroundwitithesameglo-
bal configuration as the selected
Coord. Connects the two with a
spherical joint.

One body Join in place Creates two Coords at the coordi-
nate origin of the body with the
same configuration. Connects the
two with a spherical joint.

One Coord attachedto | Joinin place CreatesnotheCoordttachedo

abody and one lone thdonebodywitithesameglobal

body configuration as the selected
Coord. Connects the two with a
spherical joint.

When arevolute joint is created from two existing Coords, Working
Model 3D simply aligns the origins of the two as shown in Figure 8-11.
The attached bodies are free to rotate about all axes but have no
trandational degrees of freedom relative to each other.
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Figure 8-11

Aligning Coords for Spherical Joint 7 %)
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Properties of a Spherical Joint

A spherical joint allowsrotationin al of the x-, y-, or z-axes but does not
alow translation along any of the axes. Therefore, the Propertieswindow
(Figure 8-12) does not provide any control property. Also, see"The
Congtraint Properties Window" on page 8-3 for additional properties
that are common to all constraints.
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8.9 Spherical Joint on Slot

A spherical joint on dlot allows four degrees of freedom: onein
tranglation and three in rotation. Bodies connected with a spherical joint
on slot can not only slide but also rotate freely with respect to each other.
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Assembly Behavior Spherical Joint on Slot

When you create a spherical joint on slot, the slot is attached along the z-
axis of the second Coord (the Coord you selected |ast before creating the
congtraint). Initially, a slot with spherical joint allows trandlation in the
direction of the z-axes and rotation about all axes.

Therefore, when the constraint is created, Working Model 3D arranges
bodies and/or Coords so that the origin of the first Coord lies along the
z-axis of the second. Y ou can change the trandl ation axis after you create
the constraint. Please see “Properties of a Spherical Joint on Slot” on
page 8-20 for more information.

The Create Constraint window presents the following options when you
select objectsto create a spherical joint on slot.

Assemby Behavior of a Spherical Joint on Slot

Selected Join

Obj Option Behavior
Two Coords Join bodies Moves the first Coord so that the origin of the
attachetbodies | inplace first Coord lies along the z-axis (the slof) of
the second Coord.
Split con- Does not move a Coord or body. You need to
straint join the constraint later for it to be activ e.
When the constraint is joined, the assembly
behavior follows “Join” option below.
Join Moves the first body so that the origin of the
second Coord lies along the z-axis of the first
Coord.

Facetoface | Rotates the first Coord 180° with its x-axis
fixed, and then moves the first body so that
the origin of the first Coord lies along the z-

axis (the slot) of the second Coord.
One Coord Joininplace | Creates another Coord attached to the back-
attachedtoa groundwithhesameglobatonfiguratioras
body the selected Coord. Connect the two with the

joint.
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Figure 8-13

Aligning Coords for Spherical Slot
Joint

Assemby Behavior of a Spherical Joint on Slot

Selected Join Behavior

Objects Option

One body Joininplace | CreateswdCoordsathecoordinateorigirof
the body with the same configuration. Con-
nect the two with the joint.

One Coord Joininplace | Creates another Coord and attaches it to the

attachedtoa lone body, with the same global configuration

body and one as the selected Coord. Connect the two with

lone body the joint.

When aspherical slot joint iscreated from two existing Coords, Working
Model 3D moves the first Coord so that its coordinate origin lies along
the x-axis of the second, as shown in Figure 8-13. The attached bodies
arefreeto tranglate (slide) along the z-axes of the second Coord (x,) and

free to rotate about the all axes.
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slot joint the first Coord origin lines up
with the x-axis of the second.

Properties of a Spherical Joint on Slot

A spherical joint on slot allowstranslation in one of the x-, y-, or z-axis,
and rotation in all axes. The axis refers to that of the second Coord you
selected when you created the constraint.

By default, the constraint allows transl ation along the z-axis and rotation
about all axis. The Properties window provides radio buttons to change
the trandation axis (Figure 8-14). Also, see "The Constraint Properties
Window" on page 8-3 for additional properties that are common to all
constraints.
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Figure 8-14
Properties Window

for a Spherical Joint on Slot
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If you change the tranglation axis, Working Model 3D splitsthe
constraint immediately. The subsequent join rearranges the bodies so
that the bodies and attached Coords satisfy the constraint condition.

8.10 Linear Spring/Damper

A linear spring/damper is a combination of alinear spring and linear
damper. The constraint applies forces at its endpoints that are equal in
magnitude and opposite in direction but applies no torque. A linear
spring/damper does not eliminate any degree of freedom. Y ou can set the
damping coefficient to zero to create a pure spring, or set the spring
coefficient to zero to create a pure damper.
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Assembly Behavior of aLinear Spring/Damper

The Create Constraint window presents the following options when you
attempt to create alinear spring/damper.

Assemby Behavior of a Linear Spring/Damper

Selected Objects Join Option Behavior
TwdCoordsattachedo | Dontmove any- Creates a spring/damper between
bodies thing the two Coords.

One Coord attachedto | Joinin place CreatesinotheCoordttachedo

abody thédackgroundwiththesameglo-
bal configuration as the selected
Coord. Creates a zerodength
spring/damper with zero natural
length.

One body Join in place Creates two Coords at the coordi-
nate origin of the body with the
sameonfigurationCreateszero
length spring/damper.

One Coord attachedto | Joinin place CreatesinotheCoordttachedo

abody and one lone thdonebodywiththesameglobal

body configuration as the selected
Coord. Creates a zerodength
spring/damper.

Properties of a Linear Spring/Damper

As shown in the Constraint Properties page (Figure 8-15), a spring/
damper has the following properties:
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Figure 8-15
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The natural length refers to the unloaded, rest length of the spring. The
number shown immediately below the natural length is the current
length of the spring/damper. Just likein areal physical spring:

e If thecurrent length is greater than the natural length, the spring is
in tension.

e If the current length isless than the natural length, the spring isin
compression.

When you create a spring/damper, Working Model 3D automatically
calculates the distance between the two Coords that serve as the spring/
damper endpoints, and automatically sets the natural length to be equal
to the current length. Therefore, the spring is not loaded by default.

To pre-load a spring/damper with compression or tension prior to the
simulation, simply specify its natural length so that the difference
between the current length and the natural length generates an
appropriate force. Also see“ Spring Characteristics’ below.

When you drag one of the bodies connected with a spring/damper, the
current length may be different from the natural length. Y ou can quickly
set the natural length to be equal to the current length by clicking thereset
button (see Figure 8-15).
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Spring Characteristics

Damper Characteristics

The direction and magnitude of the spring force is determined by the
distance between its two endpoints. Y ou can set the spring force
characteristics viaforce equation and spring constant. The default force
equationisF = —kx (alinear spring), where x is the difference between
the natural length and the current length. Y ou can also change the
responseto F = %, F =, F = —E,and F=_X.

2
X

The direction and magnitude of the damper force is determined by the
relative velocity between itstwo endpoints. Y ou can set the damper force
characteristics via the force formula and the damping constant. The
default force equation iskF = —cv (alinear damper), where visthe
relative speed between the endpoints. Y ou can also change the response
toF = —o?, F = o, F = —\(—j,andF =L

2
\

Also, see "The Constraint Properties Window" on page 8-3 for
additional properties that are common to al constraints.

8.11 Revolute Spring/Damper

A revolute spring/damper is essentially acombination of arevolutejoint,
torsion spring, and atorsion damper. Like arevolute joint, arevolute
spring/damper allows a single degree of freedom in rotation. Bodies
connected with arevolute joint can rotate with respect to each other,
whilearevolute spring/damper appliestorque determined by therelative
orientation and/or angular velocity determined from the bodies.

Assembly Behavior of a Revolute Spring/Damper

Since arevolute spring/damper is no more than arevolute joint with a
torsion damper and atorsion spring combined, the assembly behavior of
arevolute spring/damper isidentical to that of arevolute joint. Please
refer to "Linear Spring/Damper" on page 8-21 for information.

When arevolute spring/damper is created from two existing Coords,
Working Model 3D aligns the z-axes and the origin, and matches the
directions as shown in Figure 8-16. The attached bodies can rotate about
the z-axes but have no trandational degrees of freedom relative to each
other.
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Figure 8-16
Aligning Coords for Revolute
Spring/Damper

Figure 8-17

Properties Window Pages
for a Revolute Spring/Damper

z Z 2,2
1 2 V1
Y2 Y2
Y1
X
1 X2 X2 1

Two distinct Coords in space For a revolute spring/damper,
before creating a revolute the origins and z-axes of the
spring/damper Coords are aligned.

Y ou can change the rotation axis after you create the constraint. Please
see below for more information.

Properties of a Revolute Spring/Damper

A revolute spring/damper allows rotation in one of the x-, y-, or z-axes.
By default, the constraint allowsrotation about the z-axis. The Constraint
Properties page of the Properties window provides radio buttons to
change the rotation axis (Figure 8-17).

In addition, arevolute spring/damper has the following properties:

Properties of constraint[4] [Revolute 5pring/Damper] E

Appearance  Constraint |Actwe| Rev. Spring.-"Damperl

Spherical Joint r Fiotate Around
Rigid Jaint on Slat [al oy m7
Fievalute Joint on Slot
Spherical Joint on Slat (© e e Al
Linear &ctuator

Revalute Motor

r~ Slide Along
Cix Oy €2

& Mo axes

Properties of constiaint[4] [Revolute 5pring/Damper] [ %]

Appearancel Constraintl Aotive  Rew. Spring/Damper |

Matural Angle Id— deg
Current Angle IU— deg
Spiing Torque = m
k=[oT | N
Darnper Torque = m
c= IW M m s/deg
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Naturahnglanc€CurrenfAingle

Spring Characteristics

Damper Characteristics

The natural angle refers to the natural, unloaded rotation angle of the
torsion spring. The number shown immediately below the natural angle
isthe current angle of the revolute spring/damper. The sign convention
isasfollows:

e If thecurrent angle is greater than the natural angle, the torsion
spring exerts a torque counterclockwise, when observed head-on
from the rotation axis of the second Coord.

e If thecurrent angle isless than the natural angle, the torsion spring
exertsatorquein clockwise direction, when observed head-on from
the rotation axis of the second Coord.

When you create a spring/damper, Working Model 3D automatically
calculates the orientation between the two Coords that serve as the
spring/damper endpoints, and automatically sets the natural angle to be
equal to the current angle. Therefore, the spring is unloaded by default.

To pre-load a spring/damper with compression or tension prior to the
simulation, simply specify its natural angle so that the difference
between the current angle and the natural angle resultsin the desired
torque. Also see the descriptions of the spring characteristics below.

When you change the orientation of bodies connected with a spring/
damper, the current angle may be different from the natural angle. You
can quickly set the constraint’s natural angle to be equal to the current
angle by clicking the reset button (see Figure 8-17).

The direction and magnitude of the spring torque is determined by the
relative angle between its two endpoints. Y ou can set the spring torque
characteristics via the torque equation and spring constant. The default
torque equationist = —kj (proportional correlation), wherej isthe
difference between the natural angle and the current angle. Y ou can also
changetheresponseto t = —kj %, t = —kj 3, t = —j'—‘ andt = K.

.2
J

The direction and magnitude of the damper torque is determined by the
relative angular velocity between itstwo Coords. Y ou can set the damper
torque characteristics via the torque formula and the damping constant.
Thedefault torqueequationist = —cw (proportional correlation), where
w istherelative angular velocity between the Coords. Y ou can also

B t=-% adt = -%.
w 2

w

change theresponseto t = —ow’, t = —cw
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("

Also, see "The Constraint Properties Window" on page 8-3 for
additional properties that are common to al constraints.

8.12 Linear Actuator

A linear actuator is a multi-purpose constraint which exerts whatever
force necessary to maintain the specified length, velocity, or acceleration
between its endpoint Coords. A linear actuator applies forces at the
endpoints that are equal in magnitude and oppositein direction, but
applies no torque; an actuator does not limit any degrees of freedom.

Assembly Behavior of aLinear Actuator

The assembly behavior of alinear actuator isidentical to that of aspring/
damper. Pleaserefer to " Assembly Behavior of aLinear Spring/Damper”
on page 8-22 for information.

Properties of a Linear Actuator

As shown in the Constraint Properties page (Figure 8-18), alinear
actuator has the following properties:
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Figure 8-18

Properties Window Pages

for a Linear Actuator

Actuator Type

Value

Properties of constraint[4] [Linear Actuator) E=

Appearance  Constraink |Actwa| Actualorl

 Fiotate Around
xSy Oz

Mo ares L |

Spherical Joint
Rigid Joint on Slat

Fievalute Joint on Slot
Spherical Joint on Slot

— Slide Along
= Cy £z
) Hojares
Revolute Spring/Damper ¥
Properties of constraint[4] [Linear Actuator] [ ]
Appearancel Constraintl Active  Actuator |
Actuatar Type
 Length
 Yelocity
5 Feset Fest Length |
 Acceleration
' Force

Walue |1 N

The actuator exerts as much force as necessary to maintain the given
condition. Y ou can specify the constraint condition in one of the four
terms as follows:

e Length

* Velocity

e Acceleration
e Force

A for ce actuator exerts aforce specified in the Value edit box. A length
actuator exertsthe necessary forceto maintain the length specified in the
Valueedit box. A velocity actuator exertsthe necessary forceto maintain
the velocity specified in the Value edit box. An acceleration actuator
exerts the necessary force to maintain the acceleration specified in the
Value edit box.

In this edit box, you can specify the value associated with the actuator
type selected above. Working Model 3D interprets the value in the
current unit system. For force, velocity, and acceleration actuators, a
negative value instructs the actuators to compress, whereas a positive
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value instructs them to extend. Length actuators behave so that the
difference between the current length and the specified length diminishes
as quickly as possible, but not instantly.

Y ou can aso type aformulaexpression instead of anumerical constant.
For example, you could set the actuator’ s velocity to be time dependent
or combined with conditional statements. See Chapter 12, “Using
Formulas’ for more examples.

NOTE: When you specify the linear actuator force, length, velocity, or
acceleration, make sure that the actual length of the actuator does not
become zero during the simulation. A zero length actuator will produce
unpredictable simulation results.

Also, see "The Constraint Properties Window" on page 8-3 for
additional propertiesthat are common to all constraints.

8.13 Revolute Motor

A revolute motor has a built-in revolute joint. Accordingly, arevolute
motor allows a single degree of freedom in rotation. A revolute motor
functions as a multi-purpose constraint that exerts the torque necessary
to maintain the specified angle, angular velocity, or angular accel eration
between the two bodies connected.

Assembly Behavior of aRevolute Motor

Since amotor isno morethan arevolutejoint with amotor combined, its
assembly behavior isidentical to that of arevolute joint. Please refer to
"Linear Spring/Damper" on page 8-21 for information.

When amotor is created from two existing Coords, Working Model 3D
aligns the z-axes and the origin, and matches the directions as shown in
Figure 8-19. The attached bodies can rotate about the z-axes but have no
translational degrees of freedom relative to each other.
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Figure 8-19
Aligning Coords for Motor Z ) a2y
Y2 Y2
Y1
X1
X1 Xo X2
Two distinct Coords in space Fora n}a%tgr, the ofth
3 ongins Z-axes S
before creating a motor are aligned,
Y ou can change the rotation axis after you create the constraint. Please
see “Properties of a Revolute Motor” on page 8-30 for more
information.
Properties of a Revolute Motor
A motor alows rotation in one of the x-, y-, or z-axes. By default, the
constraint allows rotation about the z-axis. The Constraint Properties
page of the Properties window provides radio buttons to change the
rotation axis (Figure 8-20).
In addition, a motor has the following properties:
Figure 8-20
Properlles Window for a Mator Appearance  Constraint |Active| Motar |
Riigid Joint  Rotate Around
Cred Jo SRRl
Riigid .Jaint on Slat  Noases fav|
Fievolute Jaint on Slat
Spherical Joint on Slat X
Linesar Actuaton —Slide Along
iBeyvolute Motor Cx Oy Oz
& Mo axes
Appearancel Constla\ntl Active  Motar |
tdotor Type
" Orientation

€ Angular velocity
" Angular Acceleration
© Torque

Walue ISE‘ deg/s

[coaord[3] z-axis]
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Motor Type

Value

Figure 8-21

Revolute Motor with Positive
Angular Velocity Specification

The motor exerts as much torque as necessary to maintain the given
condition. Y ou can specify the constraint condition in one of the four
terms as follows:

* Torque
* Rotation
* Velocity

* Acceleration

A torque motor exerts atorque specified in the Va ue edit box. A
rotation motor exerts the necessary torque to maintain the angle
specified in the Value edit box. A velocity motor exerts the necessary
torque to maintain the angular velocity specified in the Value edit box.
An acceler ation motor exerts the necessary torque to maintain the
angular acceleration specified in the Value edit box.

Inthisedit box, you can specify the val ue associated with the motor type
selected above. Working Model 3D interprets the value in the current
unit system. Y ou can also type aformula expression instead of a
numerical constant. For example, you could set the motor’ s angular
velocity to be time dependent or combined with conditional statements.
See Chapter 12, “Using Formulas’ for more examples.

In principle, Working Model 3D considers the second Coord selected
(when creating the motor) as the base of the motor, and interprets the
motor specification accordingly. For example, if you specify the velocity
motor with 20 deg/sec of angular velocity with the model shown in
Figure 8-21, the cylinder rotates in the direction shown with an arrow.

First Coord Attached to Cylinder

Direction of the
Cylinder Rotation

Second Coord Attached to Anchored Block

(with z-axis pointing away from the Block)
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Also, see "The Constraint Properties Window" on page 8-3 for
additional properties that are common to al constraints.

Note: Rotations must stay between -2p and 2p. Rotation motors cannot
“wrap”. Use avelocity motor instead.

8.14 Rope

A rope applies forces at its endpoints so that they do not become apart
beyond the specified distance, or therope length. A rope appliesno force
at all when the distance between the endpoints are less than the rope
length. A rope appliesforces at the endpointsthat are equal in magnitude
and oppositein direction, while no torqueisapplied; arope doesnot limit
any degrees of freedom.

Assembly Behavior of aRope

The assembly behavior of aropeisidentical to that of alinear spring/
damper. Pleaserefer to " Assembly Behavior of aLinear Spring/Damper"
on page 8-22 for information.

Properties of a Rope

Asshown in the Constraint Properties page (Figure 8-22), arope hasthe
following properties:
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Figure 8-22

Properties Window Pages

fora Rope

Length and Current Length

Properties of constraint[4] [Rope) [ %]
Appearance  Constraink |Actwa| Rope I
Rigid Joint — Rotate Around
Revolute Joirt (9l vy Oz
Spherical Joint
Rigid Joint on Slat Mo aves Al
Revolute Joint on Slot
Spherical Jaint on Slat X
Linear Actuatar - Slide Along
Fievolute Motor 5 iy O
Fod
= Noares
Properties of constraint[4] [Rope] [ =]

Appearancal Ennstralntl Active  FRope |

Length IU.T [iE] m
Current Length ID m

Feset Rest Length

Thelength refersto the stretched length of the rope. The number shown
immediately below the rest length is the current length of the rope. Just
likeinareal, physical rope:

« If thelengthis greater than the current length, the ropeis dlack and
applies no force.

e Therope'scurrent length never exceedsthe ropelength (unlessyou
so specify at the start of the simulation; see below).

When you create arope, Working Model 3D automatically calculatesthe
distance between the two Coords that serve as the rope endpoints, and
automatically sets the rope length to be equal to the current length.
Therefore, the rope is taut but not overstretched by default.

If you specified the rope length to be less than the current length before
starting the simulation (i.e., overstretched rope), the rope will apply the
necessary force to diminish the difference between the two lengths.

When you drag one of the bodies connected with a rope, the current
length may be different from the rest length. Y ou can quickly set therest
length to be equal to the current length by clicking the Reset Rest Length
button (see Figure 8-22).
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AV

Also, see "The Constraint Properties Window" on page 8-3 for
additional properties that are common to al constraints.

8.15 Separator

A separator appliesforces at its endpoints so that they do not become
closer than the specified distance, or the separator length. A separator
applies no force at all when the distance between the endpoints are
greater than the separator length. Separator forces at the endpoints are
equal in magnitude and oppositein direction, while no torque is applied;
a separator does not limit any degrees of freedom.

Assembly Behavior of aSeparator

The assembly behavior of a separator isidentical to that of alinear
spring/damper. Please refer to "Assembly Behavior of a Linear Spring/
Damper" on page 8-22 for information.

Properties of a Separator

Asshowninthe Constraint Properties page (Figure 8-23), aseparator has
the following properties:
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Figure 8-23

Properties Window for a Separator

Length and Current Length

Properties of constraint[4] [Separator) [ %]

Appearance  Constraint |Actwa| Separatorl

Appearancal Constraintl Active  Separator |

Length |.1 [ik] m

Current Length ID m

Freset Fest Lenath

Spherical Joint — Fiotate Around
Rigid Joint on Slot e Yy Oz
Revolute Joint on Slot
Spherical Jaint on Slat Mo aves Al
Linear Actuatar
Revalute Motar X

r Slide Along

Cx Oy €z
Linear Spring/D armper € Mo aues
Fevolute 5pring/C amper
Properties of constraint[4] [Separator] [ %]

The length refers to the minimum clearance of the separator; the two
endpoints of the separator will not be closer than thislength. The number

shown immediately below the length isthe current length of the
separator. The separator behaves so that:

When you create a separator, Working Model 3D automatically
calculatesthe distance between the two Coordsthat serve asthe separator
endpoints, and automatically sets the separator length to be equal to the
current length. Therefore, the separator is snug but not overcompressed

by default.

If the current length is greater than the length, the separator applies
no force.

The separator’ s current length will never become less than the

separator length (unless you so specify at the start of the simulation;
see below).

If you specify the separator length to be greater than the current length

before starting the simulation (i.e., overcompressed separator), the
separator will apply the necessary force to diminish the difference
between the two lengths; i.e., the connected objects will be repelled.
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When you drag one of the bodies connected with aseparator, the current
length may be different from the rest length. Y ou can quickly set therest
length to be equal to the current length by clicking the Reset Rest Length
button (see Figure 8-23).

Also, see "The Constraint Properties Window" on page 8-3 for
additional properties that are common to al constraints.

8.16 Rod

A rod constantly applies forces at its endpoints to maintain the specified
distance, or therod length. Rod forces at the endpoints are equal in
magnitude and opposite in direction, while no torque is applied; arod
does not limit any degrees of freedom.

Assembly Behavior of aRod

The assembly behavior of arod isidentical to that of alinear spring/
damper. Pleaserefer to " Assembly Behavior of aLinear Spring/Damper”
on page 8-22 for information.

Properties of a Rod

As shown in the Constraint Properties page (Figure 8-24), arod has the
following properties:
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Figure 8-24
Properties Window for a Rod

Length and Current Length

Properties of constraint[4] [Rod) B
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The length refers to the rod length. The number shown immediately
below thelengthisthe current lengthof therod. Aslong astherod length
and the current length are equal at the beginning of the simulation, the
distance between the rod endpoints is kept constant.

When you create arod, Working Model 3D automatically calculatesthe
distance between the two Coords that serve as the rod endpoints, and
automatically setsthe rod length to be equal to the current length.

If you specified the rod length to be different from the current length
before starting thesimulation (i.e., “ stretched” or “compressed” rod), the
rod will apply the necessary force to diminish the difference between the
two lengths.

When you drag one of the bodies connected with arod, the current length
may be different from the rod length. Y ou can quickly set the rod length
to be equal to the current length by clicking the reset button (see
Figure 8-24).

Also, see "The Constraint Properties Window" on page 8-3 for
additional properties that are common to al constraints.
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8.17 Force
=
In Working Model 3D, aforceisaspecia constraint that allows you to
specify external point load to any body in your model. Y ou can apply as
many forces to as many bodies as you desire.
Unlike al the other constraints (except torques), aforce has only one
Coord, which acts as the point of application.
Attaching Force
Y ou can attach aforce to any body by simply clicking it.
P To attach a force to a body:
o 1. Click the Force tool on the Sketch toolbar.
2. Click the body to which you would like to apply the force.
Working Model 3D attaches a Coord that shows the Forceicon
(Figure 8-25).
Figure 8-25
Force Constraint

(>

3. To modify the attachment point (point of application), simply
double-click the base Coord of the force and modify its position
through the Properties window.

See “ Modifying Constraint Properties’ on page 7—22 for more
information.
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Figure 8-26

Force Properties Page
for Force

Properties of Force

A force constraint allows you to control the xyz components
independently. Simply double-click the force constraint icon to open the
Properties window (Figure 8-26).

Appaarancel Active Force |
V' Follows bady
N —"
Fy I‘I— M
Fz ID— M
[bady[1] coordinates)

The Properties window provides the following controls:

e Fx, Fy, and Fz components
* the Follow Body option

Fx, Fy, and Fz componentsspecify the force componentsin the global
coordinates, unless the Follow Body option is checked. If the option is
checked, the components are specified in the attached body’ s frame.

In the components edit boxes, you can also type aformula expression
instead of a numerical constant. For example, you could set the force to
be time dependent or combined with conditional statements. See Chapter
12, “Using Formulas’ for more examples.

8.18 Torque

In Working Model 3D, atorqueisaspecia constraint that allowsyou to
specify external torque to any body in your model. Y ou can apply as
many torques to as many bodies as you desire.

Unlike al the other constraints (except forces), atorque has only one
Coord, called the base Coord.



840 Chapter 8—Constraints Reference

Figure 8-27
Torque Constraint

Attaching Torque

Y ou can attach atorque to any body by simply clicking it.

To attach a torque to a body:

1. Click the Torque tool on the Sketch toolbar.

2. Click the body to which you would like to apply the torque.

Working Model 3D attaches a Coord that shows the torque icon
(Figure 8-27).

3. To modify the attachment point (point of application), simply
double-click the base Coord of the force and modify its position
or orientation through the Properties window.

See “ Modifying Constraint Properties’ on page 7—22 for more
information.

NOTE: Aswith dynamics, the position and orientation of the torque’s
base Coord has no significance on the simulation result.

Properties of Torque

A torque constraint allows you to control the xyz components
independently. Simply double-click the torque constraint icon to open
the Properties window (Figure 8-28).
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Figure 8-28
Torque Properties Window

Properties of constraint[2] [T orque] B
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The Properties window provides the following controls:

e TX, Ty, and Tz components
« the Follow Body option

Tx, Ty, and Tz components specify thetorque componentsinthe World
coordinates, unless the Follow Body option is checked. If the option is
checked, the components are specified in the attached body’ s frame.

In the components edit boxes, you can also type aformula expression
instead of anumerical constant. For example, you could set the torque to
betime dependent or combined with conditional statements. See Chapter
12, “Using Formulas’ for more examples.
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CHAPTER 9

Running Simulations

This chapter will show you how to:

e runand stop simulations
e control simulation parameters
e optimize your simulation for speed or accuracy

9.1 Opening, Saving, and ClosingFiles

File operationsin Working Model 3D are the same as most other
Windows applications.

P To create a new Working Model 3D file:
1. Choose New in the File menu.
A blank Working Model 3D document appears.
P To save a new Working Model 3D file:
1. Choose Save As in the File menu.

The Save As dialog appears and prompts for the file name and
directory location.

2. Enter the desired filename and directory in which the file will be
stored.

Working Model 3D will add the“ WM3" extension by default.
3. Click OK.

The Save As dialog disappears and thefile is saved.
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NOTE: Working Model 3D saves the simulation history. Please see
“Erasing Simulation History” on page 94 for more information.

P To save a Working Model 3D file:
1. Choose Save in the File menu.
P To close a Working Model 3D file:
1. Choose Close in the File menu.

If the document has been modified in any way since the last time it
was saved, Working Model 3D prompts for saving the file before
closing thefile.

9.2 Running and Stopping aSimulation

Working Model 3D provides the following controls for the simulation
(Figure 9-1):

e TheTapePlayer Control allowsyouto run, stop, observe each frame
at atime, or run a simulation backwards.

e Commandsfor controlling simulations are also available in the

World menu.
Figure 9-1
Reset Frame Slider StepBack Advance
Tape Player Control i Stop / S Dack Advanc
jco E%E —
* [ rame=18 |Time=D.DSA .C
Playback
Backward Run Frame Indicator Time Indicator




9.3 Recording a Simulation 93

l44

144

Simulation History

> To run a simulation:

1. Click the Run button on the Tape Player Control.

Y ou may seeaframe progressindicator in the status bar (below the Tape
Player Control) for frames that are difficult to calculate.

To stop a simulation:
1. Click the Stop or Reset button on the Tape Player Control.

The Sop button simply stops the simulation, leaving the last frame
calculated, whereas the Reset button stopsthe simulation and resets
to theinitial condition.

To reset a simulation to the initial condition:

1. Click the Reset button on the Tape Player Control.

9.3 Recording a Simulation

When you run a simulation of your model for the first time, Working
Model 3D stores the data—called simulation history—in your
computer’ smemory asit computes each frame. Therefore, when you run
the same simulation next time, Working Model 3D only needsto
“playback” the simulation history without computing each frameall over
again. If an indicator with a number appearsin the Tape Player Control
near the bottom of the window, the current document has simulation
history stored in memory.

Figure 9-2 illustrates several examples.
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Figure 9-2
States of Tape Player Control

No simulation history exists.
[ e =] v ] [+
For Help, press F1 [ [ v
Simulation history exists,
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toframe 0.
[ o[> ] ]
[ |Frame=0 | Time=0 b
Simulation is stopped at the
end of the current simulation
history.
[all=][x] il
[ | Frame=32 Time=0B4s 4
Simulation is stopped at
a frame; more simulation
history exists.
[a][=][r] |
| Frame=12 ‘ Time=024s 2

The simulation history staysvalid aslong asyour model remains
unchanged. For example, if you changeaninitial condition of one of the
bodiesin your model, Working Model 3D erases the simulation history
from memory as the simulation needs to be re-computed entirely.

Erasing Simulation History

When you change theinitial conditions of asimulation (e.g., moving a
body, changing a property of a constraint), Working Model 3D
automatically erases the currently stored simulation history. You can
also force Working Model 3D to “forget” the simulation history. For
example, you can use the intermediate state of an existing simulation to
be theinitial condition of anew simulation.

To erase the simulation history:
1. Choose Erase History in the World menu.

The Frame Indicator disappears, meaning that the simulation
history is discarded.

Alternatively, you can press Ctrl+H to erase history.
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Setting Initial Condition from an Existing Simulation

Y ou can use the current condition of asimulation astheinitial condition
for anew simulation. For example, when you design avehicle
suspension, you can start the simulation by “dropping” the vehicleto the
ground, let it reach its stable condition (or steady-state), and use the
condition astheinitial condition of anext simulation (e.g., starting the
vehicle motor).

To use set initial condition from an existing simulation:
1. Advance your simulation frame to the desired starting point.
2. Choose Erase History from the World menu.

The current frame becomesframe zero, or the new initial condition. Note
that Working Model 3D preserves not only the configuration (position
and orientation) but also velocity and acceleration information at the
frame. For example, if abody was moving at a certain velocity at the
frame where you chose Erase History, the velocity becomes theinitial
velocity of the body for the next simulation run.

9.4 Playing Back a Simulation

Since Working Model 3D stores the simulation history as it calculates,
playing back a simulation playback isfaster than running the simulation
for thefirst time, aslong asyour model remains unchanged. Y ou can tell
whether the document has simulation history or not by observing thetape
player control (see Figure 9-2).

To play back a simulation history:
1. Click the Run button on the Tape Player Control.

The play back starts, as the tape player indicator progresses.

If the document does not have any simulation history, Working Model
3D simply proceeds to calculate the model. As soon as the simulation
history has run out, Working Model 3D startsto cal culate the simulation
from the last frame on, and accumulates the simulation history.
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Figure 9-3
Frame Advance Buttons

Frame-by-Frane Playback

Working Model 3D allows you to view the recording of asimulation
frame by frame.

Step Back Advance
1Frame 1Frame

[ [« ][=][>] T EIII

[ |Frame=18 | Time=0.09 sec _~

Click on either frame advance button (forward or backward) in the Tape
Player Control to move one frame at atime.

Skipping Frames for Faster Animation

Y ou can change the playback speed by skipping one or more frames.
Working Model 3D always updates frames as fast as possible, but the
simulation duration will be shorter asframes are skipped. Thisfeatureis
useful for situations such as a camera shutter mechanism, where you
recorded a simulation with avery small time step to sustain high
accuracy, but wish to play back the demonstration at faster speed.

To skip frames for faster animation:
1. Choose Skip Frames in the World menu.

A submenu appears to show the skip rate options.

2. Choose the number of frames you wish to skip from the Skip
Frames sub menu.

Thedefault settingisat “1”, indicating that every frameisdisplayed. The
setting at “ 2" means that every other frame is displayed, and “4” means
that one out of every four framesis displayed.

Another way to control the speed of animation is to adjust the time step.
Please see “ Animation Step” on page 9-10 for more information.
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Figure 94
Play Backward Button

Figure 95
Dragging to a Specific Frame

Playing a Simulation Backward
After you have run asimulation, you can play it backward.
To play back the simulation backward:

1. Click the play backward button on the Tape Player Control
(Figure 9-4).

The simulation begins running in reverse. You can stop the
simulation at any time. The simulation will stop by itself when it
reaches thefirst frame.

[e]l=][>] |
[ |Frame=18 |Time=0.09sec
Playback
Backward

2. Click either the play forward or the play backward control to
resume animation.

As the animation runs backward, the frame indicator moves to the left
while displaying the number of the current frame of animation.

Moving to a Specific Frame

To move quickly to any frame in arecorded simulation, drag the Frame
Slider left or right.

Frame Slider

[l [« ] =1[>] T

[ |Frame=18 |Time=U.Dg ec 4

Click anywhere to jump, or...
drag the Frame Slider. Frame Indicator ~ Time Indicator

Y ou can aso click any portion of the gray region on the Tape Player
Controls to immediately move the Frame Slider to that |ocation.
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Figure 9-6
Printed Image

To continue the simul ation beyond the current recording, drag the Frame
Slider asfar to theright asit will go and then click the Run button.
Working Model 3D now continues the simulation.

9.5 Printing Simulations

Y ou can print the current simulation frame.

To print the simulation:

1. Select the window which you would like to print.
2. Choose Print in the File menu.

The standard Windows print dialog appears.

3. Specify the appropriate options, and click the OK button.

Working Model 3D prints the currently active window. The printed
image is maximized on the printed page, while the image' s aspect ratio
is maintained. The orientation of the printed page (i.e., whether in the
portrait mode or landscape mode) follows the Windows page setup
settings.

For example, if your window is rectangular, you may prefer printing the
image in the landscape mode so that the image spreads over the paper
nicely (see Figure 9-6).

- Image
[ e

Printed in Landscape Mode

Printed in Portrait Mode

For animage ‘wider” than “taller”, you may prefer printing it in
the landscape mode so that the image fills the paper. Note that

image is scaled with the correct aspect ratio.
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For More Information

Figure 9-7
Simulation Accuracy Dialog

NOTE: The printed image does not include the toolbars, status bar,
coordinates bar, menu items, the caption (title bar), or Object Manager.

See "Printing Meter Data" on page 10-9 for instructions on printing
meters.

9.6 Controlling Simulation Accuracy

Working Model 3D providesyou with complete control of the numerical
algorithms used in creating simulations.

Section “ Accuracy Dialog and Simulation Parameters’ on page A—9
provides more information on more advanced options.

Simulation Accuracy Modes

To choose a simulation mode:
1. Choose Accuracy from the World menu.

The Smulation Accuracy dialog appears (Figure 9-7).

2. Set the desired properties.

Simulation Accuracy [ x|
—Animation Step——————— [ Configuation Eqor————————————————————
0.02 3 Paosition: IDU'I— m Cancel |
|5[| Iz Orientation: |1 deg e |
~Integrator——————————— [~ Integration Step
= Euler [approwimate, fast) " Fixed Integration Step: IU.DZ s
& Kuttaterson (accurate) * Waiiable Steps per Frame: |1
Warnings
Overlap Factor:  |0.01 . .
™ Inaccurate integration
W Initial body overap
Aszembly Eror: ID.UU‘I m
I” Redundant constraints
Sigicant Dighs |5— ¥ Inconsistent constraints
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Euler Mode

Kutta-Merson Mode

Y ou can restore Working Model 3D’ sdefault simulation accuracy values
at any time by clicking the Default button.

Animation Step

The Animation Step box determinesthetimeinterval between animation
frames. This box does not always represent the integration time step.

By default, Working Model 3D automatically setsthe Animation Stepto
0.02 second. Y ou can override the automati c animation step decision and
Set your own time step size. See “Integration Time Step” on page A-12
for adiscussion on setting the integration time step.

Configuration Error

The Configuration Error (position and orientation error) controlsan error
bound for various aspects of simulation. In general, smaller values of
Configuration Error (which translates to atighter error bound) generate
more accurate results at the expense of the simulation speed. The value
of both Configuration Error parameters must be greater than zero. By
default, Working Model 3D automatically chooses appropriate position
and orientation tolerances for Configuration Error. For more
information, please see “Configuration Error” on page A—11.

Integrator

The Euler mode is approximate and fast, and employs asimple
integration method which optimizes the simulation for speed. The mode
is appropriate if you want a rough prototype of your model.

The Kutta-Merson mode is more accurate and employs a more
sophisticated integration method. Working Model 3D may require more
timeto compute simulation results, but they are much more accurate than
the ones computed with Fast mode.
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Tips for Faster Simulation

Here are some suggestions to improve the simulation speed.

Use ahardware-accel erated OpenGL video card. Because Working
Model 3D relies on OpenGL for most of the graphics, rendering
performance will be substantially increased with hardware
acceleration.

Minimize the number of bodies that are set to collide. The less
collisionsto look for, the faster ssmulation runs.

Minimize the number of collisions. The less collisions the model
has, the faster simulation runs. For example, instead of using an
anchored body to block the motion of another body, consider using
a separator (see “Separator” on page 8-34).

If you are using polyhedrain your model, decrease the complexity
of the polyhedra (through your modeling package, or in ACIS
Converter), or replace them completely with smpler Working
Model 3D’ s geometric primitives (e.g., spheres, cylinders, and
boxes).

Minimize the number of constraints.

Make surethat rigid joints are set to “ optimized” unlessyou need to
measure reaction forces and torques at the joints (see "Rigid Joint"
on page 8-5).

Use smaller window size to minimize redraw time.

Try running the simulation with alarge Animation Step first, then
cut it down to obtain desired accuracy. Smaller time stepsyield more
accurate results, but require more computing time per unit
simulation time.

Do not increase the values of Configuration Error arbitrarily. Start
with the default values, and increase the tolerances as necessary.

Y ou may be able to obtain sufficiently accurate results with
relatively large error tolerance. See the example described in
Appendix A (“How Working Model 3D Bounds Errors’ on page A—
5).

If the hard disk is accessed frequently, the Windows system may be
“thrashing”—accessing the hard disk for virtual memory. Quit other
applications, or, if possible, expand your system’ sphysical memory.
Try to avoid moving the mouse while the simulation is running.
Working Model 3D would need to spend its resources during the
simulation to track the moving mouse (for rotating the view, for
example).
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CHAPTER 10

Measuring Simulation Data

This chapter will show you how to:

e create meters
e customize meters
e print meter data

10.1 Creating Meters

Meters allow you to extract data from your simulation and display them
in numerical or plotting format. Y ou can not only measure almost any
physical property inaWorking Model 3D simulation, but also customize
any meter to measure, display, or evaluate arithmetic and mathematical
expressions using the versatile formula language available in Working
Model 3D.

Working Model 3D also allowsyou to export the meter datato atext file.
Y ou can use a spreadsheet program or other applications to import the

meter data for further analysis. For instructions on exporting the meter
data, please see “ Exporting Meter Data” on page 11-9.

What Can Be Measured with Meters

When you select a set of objects, Working Model 3D automatically
presents amenu of quantitiesthat are available for measurement in the
M easure menu.

P> To see which properties can be measured for any object:

1. Select the object.

2. Open the Measure menu.
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Figure 10-1

Measure Menu when One Body is
Selected

The menu presents you with available options.

Figure 10-1 shows an example of the Measure menu when abody is

selected.

Time

Position

Welocity
Acceleration

Linear Manmenturn
Orientation

Angular YWelocity
Angular Acceleration

Tiefsion

Lergth

Canstraint Force on Base Baint:
Earstraint Targue o Base Fait

[Eontact Farce
FEriction Foree:

These items are disabled, because
the measurements are irelevant for

asingle body.

Depending on which object you select, Working Model 3D presents

appropriate options. Note that when two objects are selected, you can
measure aquantity that pertainsto theinteraction of thetwo objects, such
as acontact force.

The table below shows the available meter options for selected objects.

Whenyou select... you can measure...

(nothing) time

abody pasition, velocity, accelera-
tion, momentum, orientation,
angular velocity, angular
acceleration

two bodies contact force (see note
below), friction force

Coord-on-Coord constraints constraint force on base
point, constraint torque on
base point

point-to-point constraint tension, length
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NOTE: Contact force metersdo NOT measureimpact forcesor impul ses
and should NOT be used for determining impact loads. Contact force
meters report non-zero values only when two bodies are in steady
contact. If two bodies are colliding and/or have periods of separation,
you will notice the contact force meter measuring zero.

10.2 Customiang Meters

In addition to the predefined meters discussed in the previous section,
you can customize not only the appearance, display format, but also the
measured quantities.

Switching Between Digitd and Graph

Y ou can switch ameter between digital and graph format by adjusting its
appearance properties.

To switch the meter format:
1. Double-click the meter.
The Properties window for the meter appears.
2. Click the Appearance tab.
3. Select the Digital or Graph radio button.

The meter changes its format.

NOTE: Thedigital meter shows data from the current frame only. Y ou
can advance or recede the frame counter to see data from other frames.
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Figure 10-2 .
B Position of body[1] [_ (O] . .o
i The small circle indicates
Digital and Graph Meter Format el ()2 ) 5.t 2 the curent fame.
2000
1.000
1}
-1.000
-2.000
-3.000
-4.000
-5.000 -1 T T T 1
1] 0.500 1.000 1.500 20
2 Position of bodyl1] =] A digital meter shows the data
from the current frame.
t 1.320 F
] 1.770 m
y 1.500 m
z -4.514 m
Modifying Meter Position and Size
Meters can be located anywhere within the Working Model 3D window.
To move the meter, drag thetitle bar of the meter.
To modify the meter size, drag one of the corner handles. The meter plot
adjusts and scales itself automatically. Figure 10-3 shows an example
where the meter is stretched vertically.
Figure 10-3 & Pasition of bodyl1] M= E3 3 Pasition of body[1] (=] B3
Resizing a Meter wiml y (ml z (m] vs. tiz) %y zimlvs. iz
2.000 2.000 5
1.000 1.800 ~ /
0 1.000
-1.000 0.500
-2.000 » 04
-3.000 -0.500
-4.000 -1.000 ~
-5.000 T T T 1 -1.500
1} 0.500 1.000 1.500 20 -2.000
1 -2.800

Click, hold, and pull down the
bottom border to stretch.

-3.000
-3600 ~
-4.000
-4.500
-5.000

T T T 1
0 0.500 1.000 1.500 20
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Figure 104
Meter Properties Window

Adjusting Scale of Meter Axes

The Working Model 3D meters allow you to customize the meter’ s axis
scales.

By default, the meter axes are scaled dynamically so that the plotted
graph fitsin the meter window. For meters with multiple plots (as with
most default meters), Working Model 3D ensures the correct
comparative analysis because each meter plots all the values within the
same minimum and maximum boundaries and scal es the plots with the
sameratio (Figure 10-4).

Maximum value plotted

B Position of body[1]

w [y [m] 2 [m] we. t[g]

In this meter,
the x and y-axes
scaling and labels

apply to all three
plots.

2.000
1.000
1]
-1.000
-2.000

-3.000
-4.000

-5.000 T T W 1
0 0.500 1.000 ‘I%NK 20

Minimum value plotted

In the default mode, Working Model 3D controlsthe axis scale by taking
the maximum and minimum values from all the plots, and applies them
to set they-axis so that all the plotsfit in the window with aslight margin
(Figure 10-4). The same principle applies to the x-axis (although the x-
axis—the abscissa—is limited to display one variable).

Y ou can customize the axis scaling by providing your own minimum and
maximum values for any of the plots.

P To adjust the meter scaling:

1. Create a meter (e.g., position of a body) and run the simulation
to plot some data (so that you can observe the changes made
by the following steps).

2. Double-click anywhere within the meter window (do not double-
click the title bar, or the meter window will be maximized).

The Properties window is displayed, with the Axes panel at the
front.(Figure 10-5).
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Figure 105 Propeties of outpul[4] "Position of body[1]"
Properties Window for Meter Appearance | Meter  Axes |
Label Fit Min Max
vl [ | il [T &7
va [y I Joiis [0.255
vifz I |zes [0135
v r |
xll r |n |0.51

3. Check one of the boxes labeled “Fit”.

The minimum and maximum values become black, and the meter is
automatically scaled so that the corresponding plot fitsnicely in the
meter window (Figure 10-6). The y-axis uses the minimum and
maxi mum values provided in the Meter Properties window.

Figure 10-6 shows an example with a graph meter plotting x, y, and z
position of abody. Thethree plots correspond to thefieldsy1, y2, and y3
(as shown in the Meter Properties window), respectively. When you
click the Fit button for they3 field (which plotsthe z position), the graph
meter scales automatically according to the minimum and maximum
value attained thus far.
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Figure 10-6
Forcing Scale Fit

Default Meter Scale _
(Al plotsfitin the window)

Wz [m] ve Hg)
Plotfor “z” (y3 field) \

Click the “Fit” button for y3 axis...

il 0200 0400 0600 0800

2
=
5
=
o
E

-0.33 0.016 I

l— l— g Position of body[1] |_ (O] x|

W ooz [m] v Hz)

1]

-0.050

Meter with y3 axis (z value) g 123
fits in the window o
-0.250

-0.300

i} 2DD 0 400 0 BDD 0. BDD

L i i

Function of the Fit Option When none of the Fit options are checked:

Working Model 3D automatically adjusts upper and lower
boundaries of each plot to accommodate its minimum and maximum
values and scales the meter accordingly.

When one or more Fit options are checked:

In the Meter Properties window, the corresponding minimum and
maximum values become black, indicating that you can edit them.
Working Model 3D will no longer update the minimum and
maximum values.

Working Model 3D uses the values entered in the minimum and
maximum values to scale the graph plot. If multiple “Fit” boxesare
checked, Working Model 3D determines the maximum and
minimum boundaries from al the values entered.

Y ou can disable the Fit option again to allow Working Model 3D to
scale the graph automatically.
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Figure 10-7

Properties Window for Meter
Measuring Friction Force

Modifying Meters to Display Customized Properties

Y ou can fully customize meters through the use of the Working Model
3D formulalanguage. When you create a meter with the M easure menu,
Working Model 3D simply creates ablank meter, and fillsitsfieldswith
predefined formulalanguage expressions. Once the meter iscreated, you
have complete control over the expressions. Y ou can modify meters so
that you can:

e change x-axis from time (default) to frame numbers, or another
property of the smulation

* refer to the meter as avariable to be used in another formula
expression

For example, Figure 10-5 shows the meter with body positions by using
expressions such as:

body[ 1] . p. X, body[1].p.y

whereas Figure 10-7 shows the Properties window for a meter that
measures the friction force between two bodies (the components are
returned in the world coordinates) with the expressions such as:

frictionforce(l,5).X

Properties of output[G] "Friction force between body[1] a... E3

Appearance  Meter |Axes |

Label Farmnula
¥ Ifricliunfurceﬁ A=
vz IF.U Ifnchnnfnrce[‘\ By

3 IFz Ifrictionforce[T Az

v IIFI Imag[fnctiunfurce['l ]|

[ It Itima

The meter window automatically detects the units for the formula
expression entered, and displays them accordingly. See below for more
information.

The section "Customizing Meters' on page 12—6 provides several
examples. For the completeinformation on the formulalanguage, please
see Appendix B, “Formula Language Reference”.
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Figure 10-8
Meters and Units

Meters and Unit Labels

Meters display each field with appropriate unit labels. For example,
Figure 10-8 illustrates a meter that traces abody’s X, y, and z position.
Each expression (such asbody[ 1] . p. } is associated with the distance
unit, and each meter label is shown with its units.

y1(x): body[1].p.x

Field Expressions: y2(): body[1].p.y
y¥3(): body[1].p.z

t 0.000e+00 z
Diel Fornec A
z 0110 m
ephFomt
| wlm) wlm] 2 [m) wa. tg]
10.3 Printing Meter Data

Y ou can print the meter data, either in graph format or in digital format.

P To print the meter data:

1. Select the meter window or select the meter in the Object
Manager.

2. Change the graph format to digital or graph as desired.

See “ Switching Between Digital and Graph” on page 10-3 for
instructions.

3. Choose Print from the File menu.

The standard Windows print dialog appears. Set the desired option
and proceed to print.
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Figure 109
Printed Image

Note: You may want to preview how the meter will print, using the File
menu’s Print Preview command.

Working Model 3D printsthe currently active meter. If themeter isinthe
graph format, the printed image bearsthe graph plot. If themeter isinthe
digital format, the printed image shows data from the current frame.

If the meter isin the graph format, the printed image is maximized on the
printed page, while the image's aspect ratio is maintained. The
orientation of the printed page (i.e., whether in the portrait mode or
landscape mode) follows the Windows page setup settings.

For example, if your graph plot is rectangular, you may prefer printing
theimagein thelandscape mode so that the image spreads over the paper
nicely (see Figure 10-9).

See “Printing Simulations” on page 9-8 if you wish to print the
simulation model instead of meters.

Printed in Portrait Mode

- Image
[ ] per

Printed in Landscape Mode

For animage “wider” than “taller”, you may prefer printing it in
the landscape mode so that the image fills the paper. Note that
image is scaled with the comrect aspect ratio.
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10.4 Deleting Meters

Y ou can delete the meter data.

P To delete the meter:

1. Select the meter window, or select the meter from the Object
Manager list.

2. Press the DELETE key.

NOTE: You can aso hide the meter, rather than deleting it, by clicking
the close box.
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CHAPTER 11

Import and Export

ACIS Files

Importing Working Model 3D
Files

Video for Windows

11.1 Available Import/Export Options

Working Model 3D has the following import/export options.

Import
Working Model 3D can import the following files:

e ACISfiles
«  Working Model 3D files

ACISisan industry-wide file format that is used to store complete
information of three-dimensional solids. Using an ACIS Converter tool
(installed with Working Model 3D), you can convert an ACIS geometry
and bring it into a Working Model 3D document.

The feature allows you to bring in another Working Model 3D file into
the existing document. For example, you can store an archive of
component filesin your library, and import them as necessary to build a
composite model.

Export

Working Model 3D can export the animation resultsin Video for
Windows format. Y ou can also export the meter data.

Video for Windows is a standard animation file format for the Windows
operating system. Y ou can specify various parameterssuch asframerate,
compression method, and compression rates to match your needs.
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Meter Data

Figure 11-1
Data Flow of ACIS File Import

NOTE: In order to save or play back the Windows for Video files, your
system must have the Video for Windows Runtime Library.

Y ou can export the meter data taken during the simulation to atabulated
text file which can be opened with most data processing programs or
spreadsheet applications.

11.2 Importing ACIS Files

The Working Model 3D installation comes with a utility called ACIS
Converter that convertsan ACISfile (which typically hasthe extension
“.SAT") to aWorking Model 3D file (with the extension “.WM3").
Working Model 3D does not directly import an ACISfile, but you can
use this utility to convert existing ACIS filesto Working Model 3D
format. Figure 11-2 below shows the data flow of ACIS import.

ACIS
Converter WM3 [—*| Working Model 3D
ACIS File Working Model 3D File

Reading ACIS Files

The applicationicon for ACIS Converter isin the Working Model 3D
program group. Otherwise, you can find the file ACIS2WM.EXE in the
Working Model 3D directory.

P To convert an ACIS file to a Working Model 3D file:

1. Launch the ACIS Converter (ACIS2WM.EXE).

The File Open dialog appears (Figure 11-2).
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Figure 11-2 Open
ACIS Converter Import Dialog Lookjn: | /= RDBOT FILES EN=EE

Fuorearm

tidarm

il

File name: IShouIder Open I
Files of ype:  [A015 Files (sa) =l Cancal |

2. Select the ACIS file you wish to import.
3. Click Open.

After reading the file, ACIS Converter displays a wireframe
rendering of the geometry (see Figure 11-3 for an example). The
window also shows the number of facets used in the wireframe

model.
Flgure 11‘3 .= Shoulder =] 3
Sample Result of Imported
Geometry in ACIS Converter

Number of facets = 149

To ensure that the entire object isvisible, ACIS Converter automatically
scales the geometry to fit in the window, regardless of its dimension or
the unit system. The geometry is shown with a predefined viewing
direction in isometric projection.

The number of facets represents the geometric complexity of the model.
In general, fewer facets yield afaster simulation, whereas more facets
increase the accuracy of the model. The ACIS Converter allows you to
control the complexity of the model beforeit createsthe Working Model
3D file (see below).
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Notes on the Unit System

4. Choose Export Options from the Options menu to modify the
facet resolution, if so desired (see “Tuning Facet Resolution” on
page 11-4 for more information).

5. Choose Export in the File menu.

The File Save dialog appears (similar to Figure 11-2).

6. Type the output filename, and click Save.

The output fileisin Working Model 3D format, and by default hasa
WM3 extension.

7. Quit the ACIS Converter, and launch Working Model 3D.
8. Set the unit system to match the ACIS file (see below).

9. Import the converted Working Model 3D file (see "Importing
Working Model 3D Files" on page 11-6).

When ACIS Converter generates the WM 3 file, the unit information is
discarded. Therefore, the Working Model 3D file generated by the ACIS
Converter is unitless, unlike the files generated by Working Model 3D.

For example, supposeyou had an ACISfilewith apart that is22.3 meters
long. If you converted thefileto the WM 3 format using ACI S Converter,
and imported into a Working Model 3D document whose current
distance unit is set to inches, the part will be 22.3 inches long.

Therefore, if youwish tointegrate multiple ACIS model sthat are created
under different unitsinto asingle Working Model 3D document, make
sureto changethe unit system of the document (the document into which
other files are imported) every time before importing each file. See
“Numbersand Units’ on page 5-1 for moreinformation on changing the
unit system.

Tuning Facet Resolution

While Working Model 3D represents a body as a polyhedron (a solid
bounded only with polygons), geometry represented in ACIS can contain
polyhedra and solids bounded with curves and curved surfaces.
Therefore, ACIS Converter must approximate nonlinear features with
planar surfaces before exporting the data to a Working Model 3D file.
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Figure 114
ACIS Export Option Dialog

Surface Deviation

Normal Deviation

The approximation, often called faceting, involves converting curvesand
curved surfaceswith a set of polygon. Through the Export Option dialog
(Figure 11-4), ACIS Converter allows you to control the resolution on
the facets—that is, how fine or coarse the surface would appear after the
fileisimported to Working Model 3D.

Y ou can use these parameters to fine-tune geometric complexity of the
objects to be imported in Working Model 3D. Asyou change these
values, the“number of facets’ showninthe ACIS Converter’sdocument
window reflects the complexity of the facetization (the higher the
number of facets, the greater the complexity of the object becomes).

As much as possible, you should fine-tune the complexity of the object
to improve Working Model 3D’ s performance (which favors less
geometric complexity) without sacrificing realistic simulation results
(which favors greater geometric complexity).

Export Options E3

Surface Deviation IEI of model zize
Mormal Deviation |15 degrees Caneel

ACIS Converter provides the following export options for ACIS
conversion:

e Surface Deviation
* Normal Deviation

The surface deviation specifies the maximum distance between a facet
and the true surface as aratio compared to the size of the model. The
default valueis 0, meaning that ACIS Converter automatically computes
the proper value.

The normal deviation specifies the maximum deviation (in degrees)
allowed between the normal vectors of any two adjacent facets. In
general, asmaller normal deviation resultsin more facets. The default
valueis 15 degrees. Thevalue zero, or any value greater than 15 does not
have any effect.
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Figure 11-5
Import Dialog

11.3 Importing Working Model 3D Files

Y ou can import another Working Model 3D file into your document.
When you import afile, the objectsin the file are added to the current
document, with all the existing objects intact.

Theimport feature provesuseful in thefollowing situations, for example:

e Youcankeep alibrary of parts and components as Working Model
3D files. When you put together anew design or mechanism, simply
import these parts and assemble them.

e Subdivide an entiredesign into small components. Build and test (in
Working Model 3D) each component separately to make sure that
the specifications are correct, then bring the componentstogether by
importing the individual files.

In any case, we recommend you start by building and testing small
components first, and then putting them together.

P To import another Working Model 3D file:
1. Choose Import in the File menu.

The Import dialog appears, asshown in Figure 11-5. By default, the
dialog only shows files with a .WM3 extension.

Open
Loak in: I 4 Samples j gl &
|2 Models @ Groove

|1 Movies @ Landing

|_ OLE AUTOMATION SAMPLES @LDGMAEHINE

|_1 TUTORIALS AMD DOCUMENTATION @PEF\PETUAL

@ Cpcle e Fistan
@ Digger E Pitch
N — ]
File name: |F'ist0n Open I
Files of type: IW’orking todel 30 Files [%.vwm3) j Cancel |

2. Specify the file you wish to import.
3. Click Open.

The current document contains all the objects that existed in the
imported file.
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Y ou can repeat this process to build alarge model progressively.

Working Model 3D automatically changes the unit system of the
imported file (the “importee” file) to align with the existing file (the
“importer” file). For example, suppose that the importee had a part that
is 52.4 meters long, and the importer file has the distance unit set to
inches. When the file isimported, the part will be 2063 inches (= 52.4
meters) long in the importer file.

NOTE: Working Model 3D files generated by the ACIS Converter are
unitless. Therefore, when thefile isimported, al dimensions are
interpreted in the current unit system. See "Importing ACIS Files' on
page 11-2 for more information.

11.4 Exporting Video for Windows

Video for Windows is a standard animation data format used on
Windows-based PCs. Working Model 3D simulations will play back
more quickly as Video for Windows movies.

NOTES:

e Inorder to export, you must have the Video for Windows Runtime
Library installed on your machine. TheVideofor Windowssystem
isincluded in Windows 95 and Windows NT.

e Toplay back the exported Video for Windowsfiles (typically called
AVI files), you aso need the Video for Windows Runtime Library.
Please contact Microsoft to obtain a copy.

P To export a Video for Windows movie:
1. Run the simulation.
You MUST have a history.
2. Choose Export Video from the File menu.
The Export Video dialog appears (Figure 11-6).

3. Choose which meter you want to export (if any) from the Include
Meter popup menu.
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Flgure 11-6 Export Yideo [ 2] ]
Export Video Dialog Saver | 23 Movies = &8 o =
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4. Click the Options button to set Video Compression parameters
as necessary (see “Video Compression Options” on page 11—
8).

5. Click Save.

NOTE: Working Model 3D exports the image of your simulation
window. Toolbar, Coordinates bar, menu items, document name, and the
Tape Player Controls do not appear in the exported video file.

Video Compresson Options

Working Model 3D provides default values for the image compression
optionsthat are sufficient for most purposes. If you wish to customizethe
image quality and storage requirements, Working Model 3D provides
these advanced options.

P> To set the compression option parameters:
1. Choose Export Video from the File menu.

2. Click the Options button in the Export Video window.

The Video Compression dialog appears (Figure 11-7).
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Figure 11-7
Video Compression Dialog

For options given in the Video Compression dialog, please refer to the
documentation on Video for Windows provided by Microsoft
Corporation.

¥ideo Compression

LCormpressar:

Cinepak Codec by Radius

Caniel

Compression Quality: 100

;I . Configure...
About...
¥ Key Frame Every IT 5 frames

¥ DataFate 300 KBrsec

Wil

11.5 Exporting Meter Data

Working Model 3D allows you to export the data from metersin atab-

delimited text file. Sincethefileisinthe ASCII text format, you can open
the exported file with any word processor or spreadsheet program. This
feature allows you to use another application for further analysis of the

simulation data obtained by Working Model 3D.

The feature exports data from al the existing meters or from the meter
you chose. Data from each meter axis is printed in columns, whereas
each datarow showsthe output from every frame. The numerical format
of meter dataistaken from the current settings in the Numbers & Units

dialog (see” Numbersand Units’ on page 5-1). For example, adocument
with a single position meter would produce the following file:

Data from C: \ MYFI LES\ TEST. WVB
at Mon Mar 11 15:32: 50 1996
Posi tion of body body[ 1]

t X y z

0.000 0.540 0.460 0.270
0.010 0.550 0.470 0.280

0.020 0.560 0.480 O0.288
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0.030 0.570 0.490 O0.296
0.040 0.580 0.500 0.302
0.050 0.590 0.510 0.308

0.060 0.600 0.520 0.312

When the document contains multiple meters, columns are appended to
the right to accommodate the data. Therefore, each data row aways
contains the output from every meter axis at every frame.

Working Model 3D exports meter data in the current unit system.

NOTE: If the document has no meter, the Export Meters menu item is
disabled. See Chapter 10, “Measuring Simulation Data’, for information
on how to create meters.

P To export meter data:
1. Run your simulation.
You MUST have a history.
2. Choose Export Meters... in the File menu.

The Export Meter Data dialog appears (Figure 11-8).
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Figure 11-8
Export Meter Data Dialog
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3. Type the name for the output data.

4. Set export options as necessary (see below for descriptions).

5. Click Save.

Working Model 3D saves the data file.

Export Options
The Export Meter Data dialog provides the following options:

Specify the first and last frame numbers for data export. By default,
Working Model 3D assigns the span of the time history as the First
Frame and Last Frame.

Choose al meters or a particular meter to export.

When checked, this option includes the x-column data of each meter as
acolumn. All the default meters have time asthe x-axis. Y ou can specify
another variable (such as the frame number) and make it to be the
independent variable. See “Modifying Metersto Display Customized
Properties’ on page 10-8 for more information.

This option is on by default.
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Include Header

When checked, this option includesthefile name, date, meter name, and
column names (labels) before all the numerical data.

This option is on by default.

Printing the Tabulated Meter Data

Since the exported meter datafile is atab-delimited text file, you can
open thefile with any word processor or spreadsheet application, format
the dataas you like, and print it from the application.

Y ou can also print the graph plot or adigital meter readout directly from
Working Model 3D by selecting the meter and choosing the Print from
the File menu. See “Printing Meter Data” on page 10-9 for more detail.
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Using Formulas

Working Model 3D has an embedded formula language featuring afull
set of mathematical and arithmetic functions. The language follows a
simple syntax, resembles a high level programming language, and
enormously expands the capabilities of Working Model 3D by allowing
you to customize various aspects of your simulation model.

This chapter provides examples and information on using formulas. For
the compl ete reference of the formulalanguage, pleaserefer to Appendix
B, “Formula Language Reference”.

12.1 Units and Formulas

A constant isdefined asaliteral number. Everything elseisconsidered a
formula, including expressions that evaluate to constants. For example,
3.12 isaconstant, whereas 3+2 is a formula expression.

¢ All constants are associated with the current unit system. Changing
the current settings in the Numbers & Units dialog box affects the
values displayed.

e Formulasarealwaysexpressed Sl units(meters/kilograms/seconds).
Changing the current settingsin the Numbers & Unitsdialog has no
effect on formulas you have defined.
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Constants

Formulas

Effects on Meters

How Working Model 3D Handles Unit Conversions

When you change the unit system through the Numbers & Units dialog,
Working Model 3D associatesthe sel ected unit systemwith all constants.
Suppose the current unit system is feet/pounds/seconds, and you entered
alength of arope asfollows:

Length: 5 [in feet]

If you change the length unit to inches in the Numbers & Units dialog,
Working Model 3D automatically changes the constant to:

Length: 60 [ininches]

Formulas are always expressed in Sl units, regardless of the selected unit
system. When you change the unit system, factors that appear in the
formulas are not converted.

To enter aformula expressed in another unit system, you must include

factorsin the formulato convert the units to meters/kilograms/seconds.
For example, to enter aformulathat express the length of an actuator (in
feet) as afunction of time (in minutes):

Length: time + 5 [in feet]

Y ou would enter the formula as:

Length: ((tine/60)+5)*0.3048 [in meters]

e dividetime by 60 to convert the time expressed in minutes to
seconds.

e multiply the resulting length by 0.3048 to convert from feet to
meters.

The values displayed by Meter objects are aways displayed with the
current unit system.

For example, suppose you created atime meter while the current unit for
timeis seconds. If you change the unit system to minutes, the meter
“knows’ that the unit change has taken place, and multiplies values by
aninternal conversion factor of 1/60 to display the data properly in
minutes.
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Formulareferencesto aMeter object are always associated with Sl units,
even though the Meter displays its datain the current unit system.

12.2 CustomizingConstraints

Perhaps the most powerful application of the formulalanguageliesinits
capability to customize objectsin Working Model 3D simulation. This
section provides but afew examples.

Creating a Torque-Limiting Velocity Motor

Working Model 3D allows you to create a vel ocity motor, which, given
an angular velocity specification, applieswhatever torqueisnecessary to
maintain the angular velocity. While this feature simplifies your
mechanism design effort tremendously, chances are that your physical
model features a motor that can only apply afinite amount of torque. To
model such arealistic motor, the formula language provides avery
simple solution.

The example bel ow createsamotor that can sustain thetorque of 1.0 Nm.
Suppose you would like to maintain the angular velocity to be 500 radian
per second. The motor has a simple proportional difference control
system.

P To create a torque-limiting motor:

1. Create a motor in your model.

For the construction of constraints, see "Creating Constraints' on
page 7-7.

2. Double-click the motor in the model window or the Object
Manager.

The Properties window appears (Figure 12-1).
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Figure 12-1
Properties Window for Motor

Properties of constraint[9] [Revolute Motor) B
Appaarancel Activel Constraint  Mator |
tdator Type
" Drientation

" Angular Velocity
" Angular Acceleration

& Toque - Specify as a torque motor
Yalue Iax[—1.U, min[1.0, 500 - constraint{4]w.z]] Nm & Type the formula here

[zoord[8] z-axis)

3. Select Torgue as the motor type.

Although you are about to create a vel ocity-controlled motor, the
torque motor allows you to specify the amount of torque based on
the current angular velocity.

4. In the Value field of the Properties window, type the following
formula:

max(-1.0, mn(1.0, 500 - constraint[4].w z))

The formula expression instructs the motor to exert at most 1.0 Nmin
either direction in an attempt to maintain the angular velocity of the
motor to be 500 (radians per second). Note that Working Model 3D
interprets these numbersin the S| unit system.

Instead of arudimentary control system like the one above, you could
implement an advanced control system by entering a more complex
formula.

Constraint that Breaks at Certain Load

By default, al constraintsin Working Model 3D are absolute. For
example, arevolutejoint never breaks no matter how much force actson
the bodies connected by the joint.

To simulate a constraint that breaks, you can take advantage of the
Active When field Active page of the Properties window. For example,
suppose you wish to create arevolute joint that breaks after the force
magnitude exceeds 2 newtons.

Y ou will approach the solution in two steps as follows:
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Figure 12-2
Measuring the Maximum Force

First, create ameter that measuresthe maximum force applied to the
constraint.

Second, specify the revolute joint so that it is only active when the
maximum force is under the tolerance (2 newtons).

Suppose you aready have arevolute joint in your model.

1.

Properties of output[5] "constraint[4] force on coord[3]" [E3

Appearance  Meter |Axes |

Select the revolute joint, and choose Constraint Force on Base
Point in the Measure menu.

The force meter appears.

Double-click the meter window to open the Properties window
for the meter.

Click the Meter tab.
Modify the meter fields to record the maximum force magnitude.

See Figure 12-2 as an example. The figure assumes that the
constraint ID of therevolutejoint isconstraint[ 4], and the output |1 D
isoutput[5].

Label Farmnula

[l IIFI Imag[cnnstraint[4].force]

w2 Imax Imax[aulpul[S].y'l . output[].y2]
v |
v |

% Il Ilima

Theformulaexpressionmax(a, b)takesthetwo expressionsand returns
the maximum value. Since the meter fields are evaluated from top to
bottom in sequence, the y2 field will always record the maximum value
returned by the y1 field, or the magnitude of the reaction force at the
joint.

5.

6.

Double-click the revolute joint.

The Properties window appears.

Select the Active panel.
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Figure 12-3
Specifying Active When Condition

See Figure 12-3.
Properties of constraint[4] [Revolute Joint) [ %]

Appaarancel Constraint  Active |

€ Always active
& Active when the following formula iz greater than 0;

20~ cutpul[5]p2 - Enter the Active When condition.

7. Enter this formula that describes when the constraint should be
active (use the output ID for the meter you created in Step 1):

2.0 - output[5].y2

The constraint is now specified to be only active when the maximum
force reading is under 2.0 newtons. The bodies bound by the revolute
joint will fall apart when the force exceeds 2 newtons during the
simulation.

12.3 CustomizingMeters

Working Model 3D features meters to measure various simulation
properties. In addition to default meters discussed in Chapter 10,
“Measuring Simulation Data”, you can create customized meters, both
by modifying the existing default meters, or creating an entirely new
meter from scratch. Shown below are some examples.

Changing X-axis

All the default meters have time (simulation time clock) as the x-axis.

P To modify the x-axis of the meter:

1. Create any simulation meter. For example, create a block, and
choose Position in the Measure menu.

The corresponding meter appears.
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Figure 124
Customizing X-axis Field

2. Double-click the meter.

The Properties window appears.

The window presents the default settings for each field of the meter. In

particular, note that the x-axis bears the formulaexpressiont i me, which
returns the simulation clock reading. Y ou will change the x-axis reading
so that it reads the frame number.

3. To change the x-axis measurement from time to frame number,
delete the expression t i nethe x-axis field, and type f r ane()
instead.

See Figure 12-4.

Properties of output[6] "Position of body[1]"

Appearance M rl Anes |

Label Farrnula

1 |x Ihndy[‘l] P
v2 [y [podel11p
v3 Iz |body[1 lp.z
v |

# IFrame Na. Iframe[]

4. Close the Properties window.
5. Click the Run button on the Tape Player Control

Note that the meter’ s x-axis reads the frame number instead of the
simulation clock.

Finding Patterns in Nonlinear Systems

Finding solutionsto anonlinear system is often adaunting task, if not an
impossible one. Working Model 3D can be an effective tool to perform
aqualitative analysis.

For example, acommon method of nonlinear system analysisisto
observe system response as depicted in state plane plots. Such analyses
are useful for detecting stability of equilibrium points, limit cycles,
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dependence of response on initial conditions, and chaos. In addition to
being avaluable analytical tool, state plane plots can beintriguing means
to characterize a dynamical system.

Shown below is a simple double-pendulum, consisting of two bodies
connected in series with revolute joints. The instructions below show
how to create a custom meter that serves as a state plane plot to trace the
x-coordinates of the two bodies.

P To create a custom meter for the double-pendulum system:

1. Create a simple double pendulum system using blocks and
revolute joints.

The model may appear as shown in Figure 12-5.

Figure 12-5
A Double Pendulum System

2. Select either of the two bodies.

3. Choose Position in the Measure menu.
The position meter appears.

4. Double-click the meter window.

The Properties window appears.

5. In the X-axis field of the Properties window, type the formula
expression for the x-position of the other body.
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Figure 12-6
Modifying the X-axis

Figure 12-7
Plot of the x-position of Double
Pendulum Bodies

See Figure 12-6 for an example.

Properties of output[6] "X-plot of the two bodies” E

Appearance  Meter |Axes |

Label Foimula
w1 [body3 |odu31p.x
2| |
w3 |
Y I
# [body1 |podel11p.x

6. Run the simulation.

The plot shows an interesting trace of the x-positions of the two
bodies (Figure 12-7).

B X-plot of the two bodies |_ O] x|
body3 [m] we. body[m]
20.000

15,000
10,000 /9/
5.000

o+ ‘ T T ‘
i 5000 10000 15000 200

Using Meters as Variables

Asyou attempt to simulate more and more complex models, theformula
expressions may become quite long and complicated. The string length
of the expression may even exceed 255 characters, the limit set by
Working Model 3D. In such cases, you can simplify the expressions by
typing often-used expressions into a meter, and refer to the meter in
another expression.

For example, suppose you frequently wish to use the expression:

| body[ 3] .p - body[4].p]|
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Figure 12-8
Using Meter Fields as Variables

which defines the distance between two bodies. Instead of entering this
expression everywhere, you can define ameter and use it asavariable,
or intermediate placehol der.

P To define a meter and use it as a variable:

1.

Properties of output[7] "Time"

Under the Measure menu, choose Time and create a time meter.

In fact, any meter can be used asa variable. For now, you will just
use a time meter and modify it.

Double-click on the time meter.

The Properties window appears (Figure 12-8).

Overwrite the field y1 with the formulas shown in Figure 12-8
below.

Infact, you can use any or all of the output fields (y1 through y4) to
define the formula.

Appearance  Meter |Axes |

T~ MeterID

Label Farmula

m Idistance Ibudy[S].p-dey[4].pI
2| |
3 |
v I

% Iframe |frame[]

Make a note of the meter ID; you will refer to the expression
through the meter ID from here on.

Themeter 1D appearsat the top of the Propertieswindow and in the
Object Manager list. Inthe example shown in Figure 12-8, the meter
ID is output[ 7]. You can rename this meter to a more convenient
name on the Appearance page of the Properties window

Y ou can now refer to the distance quantity by simply typing:

output[7].yl
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(or y2 through y4, depending on which field you used as avariable)
instead of spelling out:

| body[3].p - body[4].p|

For example, in order to take the square-root distance between the two
bodies, you can type:

sqrt(out put[2].yl)
instead of :

sqrt (| body[3].p - body[4].p|)
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APPENDIX A

Technical Information

This chapter describes technical information that may help you better
understand the algorithms employed by Working Model 3D. The last
section in Appendix A also provides literature references for users who
areinterested in the subject matters of mechanicsand numerical analysis.

A.1 Numerical Methods

Overview Working Model 3D solves problems using a variety of sophisticated
numerical methods. A problem istime-discretized so that Working
Model 3D computes motion and forces, while making sure that all the
constraints are satisfied. With its systematic approach, Working Model
3D can model awide variety of problems.

Numerical methodsis an area of ongoing research in science and
engineering. Vast amounts of literature are available on this topic.
Interested readers are strongly encouraged to refer to more advanced
literature. The “ Technical References’ on page A—19 may serve asa
beginning for interested readers.

In describing numerical methods, |et's take the example of aball

traveling in projectile motion. For simplicity, consider gravity as the
only force acting on the ball.

Analytical Method * Ananalytical solution for the x, y and z position of the mass center aball
seen in most elementary physicstextsis:

X = X0+ont

L Also called symbolic method or closed form solution
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Numerical Integration

Y = Yot vyt
Z= 7 +v, t+gt2
=Z5+V, Zg

where g = -9.81 m/sec?.

With these formulas, one can find the position of the ball at any moment
in time by ssimply plugging in the correct initial values

(Xor Yor Zo Vg Yy, VZO) .

If projectile motion were the only type of problem one needed to solve,
there would be no need for the many numerical methods employed by
Working Model 3D.

However, for most physical problems, it isimpossible to find exact
solutions like those for projectile motion. For example, no analytical
solution existsfor the equations of motion for three particles (or stars) all
acting under gravitational forces among themselves.

Instead of analytical methods, Working Model 3D uses numerical
methodsto allow the solution of the motion of mechanical systemswhich
aregoverned by differential equationsarising from mechanicsprinciples.
In 3-D, these principles can be expressed with the familiar equations:

F = ma
T=Ixa+w" | xw
_ Qv
&%t

dt

_ dw
a7t

L Asamatter of fact, no analytical solutions exist for 2 bodies, either,
unless they are perfect spheres.
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where F isforce, mis mass (scalar quantity), aisacceleration, T is
torque, | is mass moment of inertia dyadic, a is angular acceleration, w
isangular velocity, and v is linear velocity.

Working Model 3D uses these equations in its solution of dynamics
problems. The solution is carried out by a process known as numerical
integration. Let usillustrate the process with a one-dimensional case.

For example, integrating both sides of the equation a = %’ resultsin

Vv = (pdt + vy, which may be approximated as v = a xDt + v, . The

accuracy of this approximation improves with smaller Dt, called time
step (see “ Time Step and Performance” on page A—4 for more
discussion). Theheart of numerical integration liesin approximating the
problem by subdividing the problem into small, discrete time steps, and
incrementally computing the result at each time step.

More specifically, Working Model 3D finds the current accel eration of
an object, and usesthis accel eration to compute avel ocity (and position)
onetime step later. Furthermore, Working Model 3D incorporates a
scheme to check and correct its prediction. This processis then used
again to find a new velocity and position.

For example, numerical integration with Euler’s method for alinear
motion proceeds as follows:

1. Att=0, calculate a using equations of motion.

2. Use ato calculate the new velocity v at t = Dt.

v(Dt) = a(t)Dt+v(0) (approximating v = (pdt + vq)
3. Usevto calculate the new position x at t = Dt.

x(Dt) = x(0) +v(0)Dt

While many numerical integration methods exist, the simplest is Euler
integration. Working Model 3D features another, more accurate
numerical integrator called the Kutta-Merson integration. See
“Integrators’ on page A—9 for more discussion on numerical integration.
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A.2 Time Step and Performance

The size of atime step isacritical parameter in fixed step numerical
integrators, because it affects the speed and accuracy of the results
significantly. In general, asmall time step produces more accurate
simulation results, but requires more computational effort per giventime
period than alarger integration time step. If you are using variable step
integration, which is the default option, picking atime step is much less
critical.

Choosing a ProperTime Step

Choosing atime step for a particular problem may be difficult. The
following ad-hoc rules can assist you in selecting atime step:

Small time step = improved accuracy
Large time step = improved computing speed

Usually, you do not have to choose an extremely small time step because
you are concerned about accuracy. More often than not, a reasonable
step size produces a sufficiently accurate simulation result.

Fortunately, Working Model 3D does agood job at shielding you from
needing to pick precisetimesteps. Working Model 3D hasavariable step
numerical integrator which automatically adjusts the time step and
monitor simulation errors of varioustypes (see“Variable Time Step” on
page A—4 for more details).

For example, an ideal time step should be variable during the course of a
simulation, adapting to the complexity of the problem in order to get the
most out of the speed-accuracy trade-off discussed previoudly. If you are
simulating an automobile collision, the numerical integrator will quickly
approach the critical part of the experiment with alarge time step while
the car is nearing an obstacle, and subsequently use a smaller time step
during the collision. If the small time step was used the whole time, the
computer might unnecessarily spend along time to compute an
acceptable solution to the problem.

Variable Time Step

A variable time step integrator is useful in getting accurate results
relatively quickly. When acceleration changes rapidly during a portion
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of asimulation, the integrator internally reduces the integration time
step.

When possible, the integrator will increase the integration time step to
improve computational performance.

In variable time step mode, Working Model 3D estimates a numerical
error at every integration step (“How Working Model 3D Bounds
Errors’ on page A-5 discusses how the error checkingisdone), and if the
error exceeds acertaintolerance, the current integration time step (which
is set in the accuracy dialogue box) is considered to be too large for the
particular frame. In such cases, Working Model 3D cutsthetime stepin
half and attemptsto compute anew result with the smaller timestep. This
result is subject to the same error checking.

Working Model 3D repeats the error-checking process until the error is
lessthan the user-specified tolerance. Thisprocess effectively breaksone
animation frame into multiple intermediate frames (that will not be
displayed on the screen) in order to ensure accuracy. Asaresult, you may
notice that some frames require more time to display than others.

If accelerations drastically change their magnitude during a simulation,
theintegrator may be unable to find atime step small enough to meet the
accuracy criteria. In such cases, awarning will be given to indicate that
theintegrator cannot converge on asolution (see“Warnings’ on page A—
13).

A.3 How Working Model 3D Bound<errors

Asdiscussed in “Time Step and Performance” on page A—4, Working
Model 3D adjuststheintegration time step by estimating the integrity of
the calculation results. This section explains how Working Model 3D
checks its own results against user-defined error bounds.

In principle, Working Model 3D makes an error estimate on the
calculation results. The method of estimating the error is discussed in
“Integrators’ on page A—9. Working Model 3D comparesthe magnitude
of the estimate to the user-defined error bounds.
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Fundamentally, the integration error bound is defined as the greater of
thetwo criteriadiscussed bel ow: Relative Acceptable Error and Absolute
Acceptable Error. Theseerror criteriaare based on two parameters (both
can be customized): relative error (denoted e, ) and absolute error

(denoted e,).

Relative Acceptable Error

Relative error is a positive number used to relate the rel ative acceptable
error to |Y], the estimate of the absolute value of Y, the variable being
integrated. The Relative Acceptable Error is defined as;

Relative Acceptable Error = ¢,]Y]

Thevalue of e, ischosen to give a specific number of significant digits

of accuracy. A useful ruleistoset e, = 10", where n isthe desired

number of significant digitsfor Y. The value of n can be set in the
Accuracy dialog as “ Significant Digits’ (see “Accuracy Dialog and
Simulation Parameters’ on page A-9).

The upper limit on n depends on the precision of the numbers used for
calculations. In Working Model 3D, nshould not be greater than 15. The
default value of 5 yields highly accurate resultsin nearly all cases.

Therelative error criterion works best when the value of Y retains the
same order of magnitude during the integration. If the value of Y varies
over many orders of magnitude—especially if Y changes sign or
approaches 0—the relative error criterion above would cause the
simulation to slow down dramatically.

For example, suppose Y takes on values between -1000 and +1000, and
e issetto 1078 (8 significant digits). When Y=1000, the relative

acceptable error is 107 (= ,|Y|). However, when Y=.001, the relative

acceptable error would be 10, Asaresult, when thevalue of Yis
small, Working Model 3D would waste computing time trying to meet
this exceedingly small error criterion. To avoid this problem, Working
Model 3D uses a second error bound called Absolute Acceptable Error.
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Figure A-1
Acceptable Error

Absolute Acceptable Error

Absolute error, e, is a positive number which designates a“small”
absolute value of Y. That is, when |Y] islessthan e, integration

continues without cutting the integration step. Therefore, in effect, this
criterion accelerates the integration process for small values of |Y]. The
Absolute Acceptable Error is simply defined as:

Absolute Acceptable Error = e,

Y ou can specify the magnitude of e, as the Configuration Error in the

Accuracy dialog. Working Model 3D provides you with controls on the
error bounds both in terms of position and orientation. See “ Accuracy
Diaog and Simulation Parameters’ on page A—9 for more information.

Acceptable Error

The acceptable error is the maximum of Absolute Acceptable Error and
Relative Acceptable Error. In Figure A-1, the acceptable error is denoted
asathick line. When the error estimate exceedsthisline, Working M odel
3D proceeds to cut the time step in half (see “Variable Time Step” on
page A—4).

Acceptable Error

-
-

0 Absolute Value of Variable Being Integrated (]Y])

Note that the Absolute Acceptable Error remains constant regardless of
the value of Y|, whereas the magnitude of the Relative Acceptable Error
is proportional to |Y].
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Case Study: a Space Probe

Calculating Probe’s Orientation

Summary

Choosing an Acceptable Error for Your Simulation

Now that you have two types of error bounds to control, how can you
optimize the simulation performancein terms of its speed and accuracy?
The answer really depends on what you are interested in getting out of
Working Model 3D.

Note, however, that Working Model 3D’ s default option automatically
chooses the error parameters which suffice for most purposes. This
section is for those who wish to fine-tune their simulation runs.

Asacase study, consider simulating a space probe that islaunched from
the Earth.

If you areinterested in the position of the space probe after oneyear from
launch, and if you can afford an error of £1 mile, you should set the
Absolute Acceptable Error to 1 mile. Onthe other hand, you should keep

the Relative Acceptable Error low (e.g. 10", which translates to setti ng
Significant Digitsto 6), because +1 mile of an error isasmall fraction of
the overall displacement of the probe, which probably extends to
millions of miles.

However, suppose you are interested in keeping the probe oriented in a
certain direction in space, and assume that the magnitude of the error
must stay within 1°.

Working Model 3D provides an independent tolerance for orientation
error in the Accuracy dialog. In the box labeled Configuration Error,
simply type adesired value to control the orientation error. By default,
Working Model 3D provides a 1° orientational error tolerance. The
actual error observed may vary between 0° and 1°, although in most
simple simulations, the orientation error observed isvery closeto 0°. See
“Configuration Error” on page A—11 for more information.

Shown below are general rules of thumb in fine-tuning the acceptable
errors:

e You should almost always keep the Relative Acceptable Error low
by choosing avalue (of at least 3) for Significant Digitsin the
Accuracy dialog.

e You may need to control the Absolute Acceptable Error (defined as

Configuration Error in the Accuracy dialog) depending on the
magnitude of the error in the solution you are interested in.
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Figure A-2
Simulation Accuracy dialog

The following section provides more information on how to control

simulation parameters.

A.4 Accuracy Dialog andSimulation

Parameters

Working Model 3D’s Accuracy dialog provides controls over various
simulation parameters.

To open the Accuracy dialog:

1. Choose Accuracy in the World menu.

The Smulation Accuracy dialog appears.

For most purposes, you can simply use the default simulation accuracy
parameters. For those interested in intimately controlling the simulation
performance, see below for more information.

Simulation Accuracy
— Animation Step Configuration Errar
0.02 3 Paosition: Il] o1 m
|5U /s Orientation: |1 deg
 Integratar Integration Step

© Euler [approvimate, fast]

& Kutta-Merson [accurate)

"~ Fixed Integration Step: ID.DZ B
% \ariable  Steps per Frame: |1

Overlap Factor:  |0.01

Azzembly Error: ID.UU‘I m

Warnings
I™ Inaccurate integration
¥ Initial body ovellap

™ Redundant constraints

St il I5— ¥ Inconsistent constraints

0k

[x]
o |
Cancel |
[ o |

[refault

Integrators

Integration is the mathematical process that Working Model 3D usesto
calculate bodies' positionsand velocities. The following integrators are

availablein Working

e Euler Integration

Model 3D:
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Euler

Kutta-Merson

e Kutta-Merson Integration

In order to illustrate the differences between these two methods, let’s
examine how each integrator solvesthefollowing first order differential
equation:

y = f(y.1)
We areinterested in finding y(t + h) , the value of y at time t+h, given

y(t), thevalueof y at t and y(t) , the derivative of y at t. The quantity h
iscall theintegration step.

Euler integration is one of the fastest and simplest—but least accurate—
integratorsavailable. Euler integration may sufficein giving you arough
idea of the motion. The Euler method solves the above differential
equation in asingle step:

y(t+h) = y(t) +hf (y(t), 1)

Working Model 3D does not provide a variable time step option for the
Euler method.

Kutta-Merson integration is an integration scheme which can yield
highly accurate results fairly quickly. The method solves the above
differential equation in the following fashion:

Yo = Y(1)

1
Y1 = Yot §hf (Yo 1)

1 1 1
Y2 = Yot éhf (Yo 1) + ghf g?l, t+ §h8

Y3 = Yot 8hf(y0,t)+ hf§2,t+ h0

Ya = Yo+ 5hf (Yo, 1) = hf§2,t+ h0+ 2hf§73,t+§hg
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1 2 1,6 1
Y5 = Yot éhf (Yo 1) + §hf 393, t+ §h8+ éhf (yut+h)

y(t+h) = ys

The Kutta-Merson integrator approximates the integration error by:
1
5lYa=Ysl

to the Acceptable Error (Please see “How Working Model 3D Bounds
Errors’ on page A-5).

Information about the Kutta-Merson algorithm is availablein L. Fox
“Numerical Solutions of Ordinary and Partial Differential Equations,”
Palo Alto: Addison-Wesley, 1962, pp.24-25.

Animation Step

The value of Animation Step determines the time between frames of
animation. Data from the simulation is presented on the screen as a new
frameat thisinterval. Thisvalue usually (but not necessarily) represents
the integration time step.

By default, Working Model 3D sets the size of Animation Step to 0.02
second. Y ou can choose an Animation Step more appropriate for your
simulation. See “Integration Time Step” below for discussion on how to
set the integration time step separately from Animation Step.

Configuration Error

The Configuration Error provides an absolute error bound for variable
step numerical integration. The value corresponds to the Absolute
Acceptable Error, or the parameter e, discussed in “How Working

Model 3D BoundsErrors’ on page A—5. During any integration step, the
error as determined by the integrator cannot exceed this absolute error.

Working Model 3D provides independent controls for position and
orientation error tolerances. Figure A-3 shows the portion of the
Accuracy dialog that controls the tolerances.
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Figure A-3
Configuration Error Settings
(Located in the Accuracy Dialog)

Fixed

Variable

Configuration Ermar

Position:  |0.01 m

Orientation: |'| deg

By default, Working Model 3D sets the position error tolerance to one
hundredth of the Grid Extents (see “ Properties of the Edit Grid” on
page 3-9) and sets the orientation error tolerance to one degree.

Integration Time Step

Y ou can specify the integration time step in two ways; by directly
entering the time step, or by entering the number of integration steps per
animation frame.

In Fixed mode, the integration time step islocked. The default
integration step value is equal to the animation step. Y ou can make the
integration time step smaller than the animation step by typing the
desired step sizein the text box. By doing so, you are packing multiple
integration steps into one animation frame.

In Variable mode, the integrator automatically adjusts the time step
throughout the simulation to optimize computational performance. The
integration step may become smaller than the one specified in Animation
Step but will never be greater. Please see “Variable Time Step” on
page A—4 for more information.

Simulation Error Tolerances

During the course of asimulation, Working Model 3D is constantly
monitoring various errors such as interpenetrating bodies and constraint
violations. At each integration step, Working Model 3D checksits
computation results to see if the model satisfies the error bounds. You
can fine-tune the following parameters to optimize simulation
performance.
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Overlap Factor

Assembly Error

Significant Digits

Inaccurate Integration

By default, Working Model 3D computes avalue for these error criteria
based on the positional error.

If necessary, you can override the default and specify the value on your
own (it must be greater than zero). Specifying a small error tolerance
results in more computational time. On the other hand, an excessively
large tolerance may produce inaccurate simulation results.

Theamount of interpenetration, or overlap, between two colliding bodies
is determined from the geometry of the bodies and the overlap factor. In
Working Model 3D, each body has a bounding box whose dimensions
are specified in the Geometry category of the Properties dialog. When a
collision occurs, response impul ses and/or forces prevent the
interpenetration from exceeding the product of the overlap factor and the
minimum bounding box dimension for the two bodies.

Assembly error isused to bound the numerical error in the Join operation
during closed-loop assembly. For example, when you create a four-bar
mechanism, an iterative process assembl es the mechanism to within the
assembly error tolerance.

NOTE: While computing simulations, Working Model 3D usesthe
parameters specified as Configuration Error to monitor errors (see
“Configuration Error” on page A—11). The Assembly Error parameter is
only used during assembly processes.

Thevaue given in the Sgnificant Digitsbox corresponds to the number
of digits that are accurate during numerical integrations. The number

given in the Significant Digits field sets the relative error, 10" (see
“How Working Model 3D Bounds Errors’ on page A-5 for details).

Wamings

When awarning occurs, the simulation pauses and adial og box appears.
The simulation can then be stopped or continued.

Warns when the mass center of abody has alarge velocity or
acceleration. Thiswarning can be overridden, but the remainder of the
simulation may be inaccurate and/or unstable.
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Initial Body Overlap

Redundant Constraints

Inconsistent Constraints

Detecting Overlaps

Warns when two or more bodiesinitially overlap by more than the
overlap tolerance (see “ Simulation Error Tolerances’ on page A-12),
and the bodies are designated as penetrable. See “6.6 Specifying
Collisions Among Bodies’ for more information.

When two bodies are initially overlapping and are set to collide,
simulation results may be inaccurate. See “ Preventing Unstable
Simulations” on page A—17 for more information.

Warns when more constraints than are necessary exist to constrain an
object or system of objects. For example, abody connected to the
background with several rigid joints has redundant constraints.

Warnswhen the constraintsin the model become physically inconsi stent:
e.g., when an object driven by a constant velocity motor hits a second,
anchored body. Thiswarning can be overridden to continue the
simulation if desired, but the results of the simulation results may be
spurious thereafter.

A5 Simulating Collisions

This section provides a summary of how collisions are modeled in
Working Model 3D. Y ou may find this section helpful in understanding
the measurement data obtained from Working Model 3D simulations.

How Working Model 3D Simulates Collisions

Since Working Model 3D numerically integratesin discrete steps, bodies
may overlap by asmall amount. For instance, two bodies may be close
but not overlapping at timet, but their vel ocities may cause them to
overlap each other in the next frame, at time step t+h.

Working Model 3D detects collisions geometrically by finding
intersections between bodies. In particular, Working Model 3D reduces
all body-to-body collisions to one or more point-to-point contacts. For
example, if avertex of abody collides with aface of another body, the
contact point can be defined on the face with a simple geometric
calculation. If an edge of abody collides with an edge of another body,
the contact point can be defined on each edge as well.
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Coallision Impulse

When bodies collide, Working Model 3D computes the forces and/or
impul ses necessary to prevent interpenetration and applies these forces
at the contact points. Based on these forces, Working Model 3D
calculates the new velocities of the bodies and continues the simulation.

In variable time step mode, you can define the error tolerance to bound
the amount of overlap (see “Simulation Error Tolerances’ on page A—
12). Working Model 3D automatically uses appropriately small
integration steps near collisions and maintains the overlap to be within
the tolerance, which is specified by the Overlap Factor in the Accuracy
dialog. The Overlap Factor isused to detect interpenetration of colliding
bodiesin the fixed time step mode as well, but collisions may exhibit
overlap greater than the tolerance since thetime step is not automatically
adjusted.

NOTE: Due to various optimization techniques implemented in
Working Model 3D for collision detection, bodies with extremely
narrow sections may exhibit excessive overlaps when they are
undergoing rapid maotions, even with the variable time step. In such
cases, simply decrease the time step; for example, simply cut the time
step in half.

Onceacollision isdetected, Working Model 3D computesimpul ses and
forces! to repel the bodies. Working Model 3D employs an impulse-
momentum collision model which uses the coefficient of restitution.

For example, if two particles (of massm; and my) are colliding head on
with velocities v, and vs, respectively, then their velocities after the
collision (call themv;" and v,") can be computed from a pair of linear
equations. Note that two unknownsv;’ and v,’ exist in two linearly
independent equations:

myvy + myv, = myvy +myv,  (conservation of linear momentum)

V,—V
e Y2mV1

P (definition of the coefficient of restitution)
17 V2

L Working Model 3D computes forces as opposed to impulses once bodies
achieve relatively stable contact.
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Figure A4

TimeStepNumericaPeak/alue,
and the Physical Peak Value

force magnitude

where eisthe coefficient of restitution.

Computing Mllision Forces

Using the notations provided in the previous section (“How Working
Model 3D Simulates Collisions’ on page A-14), Working Model 3D
reports the collision force f, acting on the mass m as.

.
f, = m3 lDt 20 (collision force reported in Working Model 3D)

where Dt is the animation step. Therefore, note that the measurement of
the collision force in Working Model 3D depends on the size of the
animation step, whereas the collision impulse f,Dt does not.

In physical experiments, a collision force profile typically resembles a

spike-shaped bell curve whose support (where the function is non-zero;
i.e., the physical duration of the collision) is often much smaller than a
typical time step used in numerical ssimulations (see Figure A-4).

n Physical Collision

. Force Profile
(bell curve)

Forces computed
numerically
(rectangles)

AN
<> time elapsed
D R

|l
-

i

Time Steps

The areaunderneath the bell curveiscalled animpulse, and this quantity
isindependent of the time step size. In Figure A-4, rectangles of various
sizes represent the “shape” of impulse computed in Working Model 3D.
Because the exact duration of the collision nor the shape of the collision
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force profile israrely known even in physical experiments, Working
Model 3D reports the collision force as the impulse divided by the
animation time step.

Caoallision Force in Meters

The collision force can be displayed using the contact force meter in
Working Model 3D.

To create a meter that measures the collision force:
1. Select the two bodies that will collide
2. Choose Contact Force in the Measure menu

The contact force meter appears in the document.

The contact force meter reports the sum of the normal force and the
collision force. When one body is resting on top of another, the contact
force reports non-zero values because of the normal force acting from
one body to the other. During callisions, the contact force meter reports
the sum of the normal force and collision force.

A.6 Hints for Controlling Simulation Accuracy

Preventing Unstable Simulations

An unstable simulation is visibly apparent as bodies move in random
directions at high speeds.

Unstable simulations can occur when two or more unconnected bodies
that initially overlap are allowed to collide. If you overlap two bodies
without using the Penetrate (in the Object menu) command, large forces
will be generated to move the bodies apart when the simulation starts.

Instabilities usually indicate the need for asmaller time step. If an object
ismoving large distancesin a small time and interacting with another
object through ajoint or contact, the simulation may yield incorrect
results and/or instabilities.
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A good rule of thumb is that the time step must be small enough to
capture small motions that occur in the system. In particular, if you are
simulating vibrations, you may need avery small time step. For
example, if the highest frequency of vibration is 100 times per second
(100 Hz), then you need to pick atime step of 1/400 second, or 4 time
steps per vibration cycle.

Other systems requiring a small time step include one in which the mass
ratio of interacting bodiesis very large (e.g., on the order of 1,000 or
more).

In most cases, the variable time step (default in the Accurate mode)
automatically adjuststheinternal time step used inintegration. However,
alarge Animation step may yield an aliasing effect, in which arapid
vibration may appear as alow frequency motion, thereby producing a
deceiving visual effect. Through ahit of trial and error, you will get afeel
for how the time step affects the simulation. See “ Time Step and
Performance” on page A—4 for more information.

In addition, reducing the value of the Configuration Error increases the
accuracy. See “Accuracy Dialog and Simulation Parameters’ on
page A-9 for more information.

Fine-tuning the Simulation Accuracy

The method used to increase simulation accuracy is similar to that used
with finite element analysis packages. Run your simulation several
times, increasing the accuracy each time, until the results asymptotically
converge.

Y ou can increase accuracy in two ways. With fixed step integration,
decreasethetime step. With variable step integration, decreasethe value
of the Configuration Error.

Quantities which serve well as a check on numerical accuracy are the
positions of the mass center of bodies which are moving rapidly. For
example, when simulating a vehicle suspension system, use one of the
fast moving suspension components to check for accuracy. When
simulating a swinging chain, use one of the outermost links.

To check for accuracy with a specific component, creste position and
velocity meters. Record the meter values at a specific time near the end
of the simulation. Reset the simulation and cut the time step in half if
using afixed time step method, or cut the Configuration Error in half if
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using a variable time step method. Run the simulation again and see if
the metered values change significantly. By running with increasing
accuracy, you should see any value that you measure converge from
simulation to simulation.

If you do not see convergencein ameasured simulation variable, thereis
agood chance that the system is highly dependent on initial conditions
or isunstable in some way.

Correcting Systems that Appear to Gain Energy

Systemsthat gain energy usually need to be simulated more accurately.
If asimple pendulum begins to swing higher and higher, the system is
gaining energy. If asystem isgaining energy, switch to the Kutta-
Merson integrator, reduce the time step, or try using avariable time step.

Chaotic Systems in Working Model 3D

Simulation accuracy depends to alarge extent on the physical system
being modeled. Certain physical systems, such asafour bar linkagewith
asingle driving force, lend themselves to very accurate simulation. On
the other hand, some physical systems are very sensitive to initial
conditions, mass distribution, applied forces, and/or geometrical effects.

If your system would never produce the same resultstwicein arow in
thereal world, you can only expect asimulation to give you insight into
possible behaviors of the system. Dropping alinked human figure down
aflight of stairsissuch an example.

If your systemisreproduciblein thereal world, you should be ableto get
simulation accuracy to any degree you choose.

A.7 Technical References

Interested readers may wish to refer to more comprehensive
documentation on numerical methodsand mechanics. Thefollowing are
but afew books of the vast array of literature devoted to the subject
matters.
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Ferdinand P. Beer and E. Russell Johnston, Jr.: Vector Mechanics for
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APPENDIX B

Formula Language Reference

Working Model 3D has an embedded formula language. The language
follows standard rules of mathematical syntax and strongly resemblesthe
language used in high-level programming languages and spreadsheet
programs.

B.1 Overview

Theformulalanguageis case-insensitive. A set of identifiers, operators,
and/or functions constitute an expression that has areturn value.

The following shows several examples:

e body[5].p. X
Returns the x-position of body #5.

e if(tinme > 5, vector(2,3,3.2), coord[3].vV)
When time is greater than 5, returns avector (2, 3, 3.2), otherwise
returns the velocity of Coord #3.

e nmax(constraint[33].tension, constraint[21].tension)
Returnsthe greater of tensions on constraint #33 and constraint #21.

B.2 Scalars and Vectors

Identifier fields (see “B.3 Identifiers’), mathematical functions (“B.4
Mathematical Functions”), and simulation functions (“B.5 Simulation
Functions”) in Working Model 3D returns scalar and/or vector
quantities. A scalar identifier field or function evaluates to a numerical
constant, whereas a vector quantity has the three scalar fields .x, .y, and
Z

For example, the position field of a body:
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body[3].p
isavector quantity. This vector has the following three scalar fields:
body[3].p. X, body[3].p.y, body[3].p.z

Likewise, thefunctionvect or () takesthree scalar quantitiesand returns
avector. Therefore:

vector (1, 2, 3).x
returns 1.

In this section, assume that all functions/fields return scalar quantities
unless otherwise noted.

B.3 Identifiers

Identifiers are symbols to represent an object in Working Model 3D,
such as aBody, Coord, or Constraint. The following table lists a
complete set of identifiers. All fields return scalar quantitiesin the
current set of units unless otherwise noted.

Body[ n]

An identifier body[n] representsabody. Thefollowing fields are
available.

Feld Description

p Retums a vector describing the position of the body in
World coordinates. Forexample, body[ 3] . p. y
retums the y-position of the body{3].

r Returnsvectodescribingheorientatiorotheébodyijn
body-XYZ angle.

v Retums a vector describing the velocity of the body’s ori-
ginin World coordinates. For example, body[ 3] . v. x
retums the x-component of the velocity of body{3]'s ori-

gin.
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Feld Description

w Retums a vector describing the angular velocity of the
body in World, expressed in the body’s coordinate axes.
Forexample, body[ 7] . w. zetums the angular veloc-
ity of body[ 7] about its z-axis.

a Returnsvectodescribingheacceleratiorothébody’s
origin.

al f Retums a vector describing the angular acceleration of
the body in World, expressed in the body’s coordinate
axes. Forexample, body|[ 7] . al f . yetumsthe
angular acceleration ofthe body[ 7] about its y-axis.

mass Retums the mass of the body.

restitution | Retumsthe coefficient of restitution.

friction Retums the coefficient of friction.

ke Retums the kinetic energy of the body.

pe Retums the potential energy contribution due to a uni-
form gravitational field.

Constrai nt [ n]

Anidentifier const r ai nt |n] representsaconstraint. The following

fields are available.

NOTE: Almost all

the constraint fields return a property only

meaningful to apair of Coords. Some constraints (e.g. applied forcesand

applied torques) have only one Coord associated with them; all the

constraint field except p1 return zero or the zero vector for single coord

constraints.
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Field

Description

Retumns the position vector from the first Coord to the
second Coord, expressed in the first Coord.

Retums the velocity of the second Coord relative to the
first Coord, expressed in the first Coord.

Retums the acceleration of the second Coord relative to
the first Coord, expressed in the first Coord.

Retums the orientation of the second Coord relative to
the first Coord measured in XYZ Euler angles.

ReturngheangulawelocitythesecondCoordelative
to the first Coord, expressed in the first Coord.

al f

Retums the angular acceleration of the second Coord
relative to the first Coord expressed in the first Coord.

force

Retums the force acting from the second Coord on the
first Coord, expressed in the first Coord.

tor que

Retums the torque acting from the second Coord on the
first Coord, expressed in the first Coord.

I ength

ReturnghalistancéetweerthéwdCoordsTheeturn
value is identical to the magnitude of the v ector con-
straint[n].p.

t ensi on

For Coord-to-Coord constraints (such as joints and
motors), t ensi onretums the magnitude of vector
retumed by the f or ¢ evector. For point-to-point con-
straints (such as spring dampers and linear actuators),
t ensi onretums the signed magnitude of the force,
where the retum value is positive or negative when the
constraint is in tension or compression, respectiv ely.

pl

Retums the first Coord constituting the constraint. For
example,constrai nt [ 3] . pl. p. retums the x-
position of the first Coord (in World coordinates).

p2

Retums the second Coord constituting the constraint.
For Force constraints, the p2 field is void.
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Coor d[ n]
An identifier coor d[n] representsa Coord. The following fields are
available.
Feld Description
p Retums the global position of the Coord expressed in
World coordinates.
of fset Retums the position of the Coord from its body or igin
expressedritdody’soordinatesystemltheCoords
attached to the background, const rai nt [ n] . of f -
set isequivalentto constraint[n].p
% Retums the velocity of the Coord in World expressed in
World coordinates.
a ReturngheacceleratiorotheCoordnVorleexpressed
in World coordinates.
r Retums the orientation of the Coord in the World,
expressed in XYZ Euler angle.
w Retums the angular velocity of the Coord in World,
expressed in its own Coord.
al f Retums the angular acceleration of the Coord in World,
expressed in its own Coord.
Qut put [ n]

An identifier out put [n] represents ameter. The following fields are

available.
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Syntax
Description

Syntax
Description

Syntax
Description

Feld Description

X Retums the value evaluated from the expression speci-
fied in the x-axis of the meter.

yl, y2, y3, y4 | Eachfield retums the value evaluated from the expres-
sion specified in corresponding column of the meter.
Each meter has four columns.

B.4 Mathematical Functions

Working Model 3D formulalanguage provides the following
mathematical functions. Also refer to “ B.5 Simulation Functions’ for
Working Model 3D-specific functions.

abs

abs( number)
Takes anumber and returns the absolute value of the number. Example:

abs(body[ 3] . p. x)

returns the absolute value of body #3's x position.

acos

acos( number)

Takesanumber and returnsthe inverse cosine of the number. Valuesare
returned in the range [O,p] regardless of the current unit system.

and

and( number, number)

Logical AND operation. Takestwo numbers and returns the value 1 if
both numbers are not 0. Otherwise, returns the value 0. Example:
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Syntax
Description

Syntax
Description

Syntax
Description

Syntax
Description

Syntax
Description

and(time>1 , body[2].v.y>10)

returns the value 1 if timeis greater than 1 and body #2'sy velocity is
greater than 10.

asin

asi n( number)

Takes a number and returns the inverse sine of the number. Values are
returned in the range [-p/2, p/2] regardless of the current unit system.

at an

at an( number)

Takes anumber and returns the inverse tangent of the number. Values
arereturned in the range [-p/2, p/2] regardless of the current unit system.

at an?

atan2(x, vy)

Takes two numbers (X, y) and returns the inverse tangent of y/x. This
function is useful because unlike the atan function, it can generate an
angle in the correct quadrant. Values are returned in the range [-p, p]
regardless of the current unit system.

cei |l

cei | ( number)

Takes anumber and returns the smallest integer no smaller than the
number.

COoS

cos( number)

Takes anumber and returns the cosine of the number. The parameter
number must be in radian regardless of the current unit system.
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Syntax
Description

Syntax
Description

Syntax
Description

exp

exp( number)

Takes anumber and returns the exponential of the number. (e raised to
the value of the number.)

fl oor

f 1 oor ( number)
Takes anumber and returnsthelargest integer no larger than the number.

| f

if(a, b, ©
Takes three numbers. If the value of ais not equal to O, then returns b.
Otherwise, returns c. Example:

if(tinme>1, 20, 0)

returns the value 20 if time is greater than 1, otherwise returns the value
0.

Typicaly, thefirst argument of ani f functionisarelation (suchasx >
y) or alogical operation (such asand(a, b)). You canwrite nested if-
statements by recursively using other i f () functions asits own
arguments.

For example, shown below is a somewhat naive C-code segment which
returns the maximum of three numbers a, b, and c:
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{
if (a>bhb) {
if (a>c) return a ;
else return c ;
}
el se {
if (b>c) return b ;
el se return c ;
}
}

In the formulalanguage of Working Model 3D, the above segment can
be trandated into asingle line as follows:

if(a>b, if(a>c,a,c), if(b>c,b,c))

I n

Syntax | n( number)
Description ~ Takes a number and returns the natural logarithm of the number.

| og

Syntax | og( number)
Description ~ Takes a number and returns the base 10 logarithm of the number.

nmag

Syntax  mag( vector)
Description ~ Takes avector and returns the magnitude of the vector.

max

Syntax  max(Xx, Y)

Description ~ Takes two numbers (x, y) and returns the greater of the two. For
example:

max(body[1].a.x , body[2].a.Xx)
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Syntax
Description

Syntax
Description

Syntax
Description

Syntax

returns the larger x acceleration of either body #1 or body #2.

If you wish to find the maximum of three numbersa, b, andc, you
could recursively use the max( ) functions as follows:

max( max(a, b), c)

m n

m n(x Yy)
Takes two numbers (X, y) and returns the smaller of the two. Example:

m n(body[1].v.x , body[2].vV.X)
returns the smaller x velocity of either body #1 or body #2.

Asinthe max () function, you could find the minimum of three numbers
a, b,andcas

m n(m n(a, b), c)

nmod

mod(x, )

Takes two numbers (x, y) and returns the remainder when the first value
isdivided by the second. For example, mod (8,7) returns 1, mod (8,7.2)
returns 0.8, mod (8.2, 7) returns 1.2, mod (-8.2, 7) returns-1.2, mod (8.2,
-7) returns-1.2.

not

not ( number)

Logical NOT operation. Takes anumber and returns the value O if the
number isnot 0. Otherwise, returns the value 1.

or

or(x, )
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Description

Syntax
Description

Syntax
Description

Syntax
Description

Syntax
Description

Syntax
Description

Logical OR operation. Takestwo numbers (X, y) and returnsthe value 1
if at least one of the numbersisnot 0. ReturnsO if and only if both
numbersare 0. Example:

or(time>1 , body[2].v.r>10)

returnsthe value 1 if timeis greater than 1 or body #2's angular velocity
is greater than 10.

pi

pi ()
Returns the value of p.

pow

pow( X, y)
Takes two numbers (X, ¥) and returns the value of x raised to the power
of y; i.e, returns xY.

r and

rand()

Returns arandom value between 0 and 1. Do not omit thetrailing pair
of blank parentheses; the omission causes a syntax error.

si gn

si gn( number)

Takesanumber and returnsthevalue 1 if the number isgreater than zero,
returns -1, if the number is less than zero, otherwise returns zero.

sin

si n( number)

Takes anumber and returns the sine of the number. The parameter
number must bein radian regardless of the current unit system.
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Syntax 1
Description

Syntax 2
Description

Syntax
Description

Syntax
Description

Syntax
Description

sqr

sqr ( number)
Takes anumber and returns the sguare of the number.

sqr ( vector)
Takes a vector and returns its magnitude squared. In other words:

sqr(v) = v.® + v.y¥ + v.Z

sqrt

sqrt ( number)
Takes anumber and returns the square root of the number.

tan

t an( number)

Takes a number and returns the tangent of the number. The parameter
number must be in radian regardless of the current unit system.

vect or

vector(x, vy, 2

Takesthree numbers (x, y, 2) and returnsavector composed of them. The
first number (X) becomesthe . x field of the vector. The second number
(y) becomesthe. y field of the vector. The third number (z) becomes the
. z field of the vector.

B.5 Simulation Functions

Working Model 3D providesthefollowing functionsthat are specifically
designed for the formulalanguage. These functions return information
taken from Working Model 3D simulations. All functions return scalar
quantities in the current set of units unless otherwise noted.
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Syntax
Description

Syntax
Description

Syntax
Description

Syntax
Description

frame

franme()

Returns the current frame number. Theinitia conditions are defined as
being frame zero.

frictionforce

frictionforce(bodylD1, bodylD2)

Takesthe D numbers of two bodies and returnsthe vector describing the
friction force applied from body[bodylD1] on body[bodylD2] . The
vector components are expressed in world coordinates.

nor nal f orce

nor mal f or ce( bodylD1, bodylD2)

Takesthe D numbers of two bodies and returnsthe vector describing the
normal force or collision force applied from body[bodylD1] on
body[bodylD2] whilethey arein contact. The vector components are
expressed in world coordinates.

When bodies are at rest, nor nal f or cereturns the normal force vector
acting on body[bodylD2] . During collisions, Working Model 3D
employs an impulse-momentum method to compute the collision force,
and nor mal f or cereturns the resulting value. See “A.5 Simulating
Collisions’ for more information.

| engt h

Lengt h(bodyl D1 or Coordl D1, bodyl D2 or Coordl D2)

Takesthe ID numbers of two bodies or Coords, and returns the length of
the line connecting their coordinate origins.
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Operator Precedence

Arithmetic Operators

Note on Inequalities

B.6 Operators

Working Model 3D provides operators, including all of the common
arithmetic operations (+, -, >, =). The following operators require one or
two numbers. The letters“a’ and “b” are used as place holders for any
number or formulathat evaluates to a number.

Use parenthesesto set the order of equation evaluation. All equationsare
normally evaluated from left to right. Precedenceis given to operators
in the following order. Operators listed in the same row have equal
precedence:

() [T - - (unary mnus) highest precedence
* N %

+ - (binary operators)

< <= > >=

== I = lowest precedence

Operatorswith the highest precedence are appliedfirst. For example, the
following formula:

3+2*4

is evaluated as 3+(2*4) instead of as (3+2)*4. Thisis because the

multiplication (*) operator has a higher precedence than the addition (+)

operator.

Use parentheses to change the order of evaluation, or to assure yourself

of the order of evaluation if you're not quite sure of the precedence of

various operators. Inthe above example, you could enter the formulaas
(3 +2) * 4

to force evaluation of the addition before the multiplication.

Y ou can nest parentheses, as in the formula

((3+2) * 4 +10) / 2

Be sure to use parentheses, and not brackets ([]) or braces ({}).

Although the inequality operators have the same precedences, the return
vaue of the formula:
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Syntax1
Description

Syntax 2
Description

Syntax 1
Description

Syntax 2
Description

Syntax 1
Description

Syntax 2

if (0 <=t <=1, 50, 100)

isactually equivalent to:
if ((0 <=1t) <=1, 50, 100)

since the chain of the binary operatorsis evaluated from left to right. As
aresult, the above formula always returns 50 regardless of the value t
(since (0 <=1) returns 1 or 0, the entire first argument is aways 1, or
true). If you want the effect of “return 50 when t is between 0 and 1, or
elsereturn 100", you should type:

if(and(0 <= t, t <= 1), 50, 100).

Pleaserefer to“ B.4 Mathematical Functions’ for detailed discussions
on each function.

- (negate)

- number
Takes asingle number and returns the negative of the number.

- vector

Takes asingle vector and returns the vector with equal magnitude and
opposite direction (i.e., the vector with all three components negated).

- (subtract)

X -y
Takes two numbers (X, y) and returns the result of subtraction.

V- W
Takes two vectors (v, w) and returns the vector difference.

+ (add)

X +y
Takes two numbers (X, y) and returns the sum.

v + W
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Description

Syntax 1
Description

Syntax 2
Description

Syntax 3
Description

Syntax
Description

Syntax
Description

Syntax
Description

Syntax

Takes two vectors (v, w) and returns the vector sum.

* (multiply)

X *vy
Takes two numbers (X, y) and returns the product.

number * vector

Takes anumber and vector, and returns the scaled vector (i.e., each
vector component is multiplied by the scalar quantity).

vector * number

Takes a number and vector, and returns the scaled vector (i.e., each
vector component is multiplied by the scalar quantity).

/ (divide)

x |y
Takes two numbers (X, y) and returns the quotient.

% ( nmodul us)

X %y
Takes two numbers (X, y) and returns the remainder of the first value
divided by the second. Same as mod (x,y).

N (power)

X Ny
Takes two numbers and returns the first value raised to the power of the

second value (i.e., returns xXY). Note, operators evaluate left to right so
2/N3"2=8"2 = 64.

> (greater than)

X >y
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Description

Syntax
Description

Syntax
Description

Syntax
Description

Syntax
Description

Takes two numbers (X, y) and returns the value 1 if the x is greater than
y. Otherwise, returnsthe value 0.

< (l ess than)

X <y
Takes two numbers (X, y) and returnsthe value 1 if the x islessthan y.
Otherwise, returns the value 0.

>= (greater than or equal to)

X >=y
Takes two numbers (X, y) and returns the value 1 if the x is greater than
or equal toy. Otherwise, returnsthe value 0.

<= (less than or equal to)

X <=y
Takes two numbers (X, y) and returns the value 1 if the x isless than or
equal toy. Otherwise, returnsthe value 0.

== (equal)

X ==y
Takes two numbers (X, ¥) and returns the value 1 if the two values are

equal. Otherwise, returnsthevalue0. Thisoperator does not assign any
value to the left side of the equation. The formula:

body[3].p.y == 3

returns 1if body #3'sy position equals3.0. Thisformuladoesnot set any
values of body #3's position.

= (not equal)
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Description

Takestwo numbers(x, y) and returnsthevalue 1 if the two values are not
equal. Otherwise, returnsthe value 0.

B.7 Predefined Variables

Working Model 3D’ s formulalanguage provides the following system
variables:

time

Returnsthe current timein the simulation. Time awaysbeginsat 0.0in
frame 0.

Sameasti ne.
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APPENDIX C

Keyboard Shortcuts and Troubleshooting

This chapter provides references to keyboard shortcuts and
troubleshooting tips.

C.1Keyboard Shortcuts

In addition to standard Windows key shortcuts (such as Alt+F4 for quit),
Working Model 3D provides a convenient set of keys to speed up your

work.
Shortcut Key Function
F1 Help
F2 Pan
F3 Zoom InfOut
F4 Rotate Around
F5 Run
F7 Join/Create Constraint
F8 Split
F9 Attach Coordinate System to Selection
F10 Reset Coordinate System
F Front View
B Back View
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Shortcut Key Function

T Top View

-

Left View

Right View

Bottom View

X-Grid

Y-Grid

ZGrid

Automatic Grid

SetHome

Go Home

Previous View

Next View

<|Z|TOT|IT| 0| IN|I<|X|Z|XD

View All

C.2 Troubleshooting

This section provides a few tips and solutions that may help you work
with Working Model 3D.

Simulations with Polyhedra Run Very Slow

Working Model 3D automatically detects collisions and produces
responses based on dynamics principles. However, when the complexity
of the bodiesincrease drastically, you may observe simulations slowing
down. In general, you should be aware of the following limitations:

e Simulationswith 2,000 or more facets (of bodiesthat collide) take a
long timefor the simulation engineto pre-process before calculating
frame 1.

< Bodieswith more than 1000 facets collide very slowly.
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*  Working Model 3D may not completely render bodies with more
than 3,000 facets.

¢ Modelswith more than 20 constraints may assemble extremely
slowly.

Simulation with Excessive Body Overlap

Since Working Model 3D employs a discrete time integration method,
your simulation may exhibit excessively large overlapsamong the bodies
in fixed time step mode. Switch to the variable time step mode. See“A.2
Time Step and Performance” for more information.

If your simulation involves complex concave polyhedra, bodies may
overlap even with variable time step mode. In such cases, decrease the
time step. See “A.5 Simulating Collisions” for more information.

ACoordDoesNotAttachCorrectiytaeBodySurface

When you attach a Coord to a body surface, Working Model 3D
automatically positions the Coord so that it is directly on the surface of
the body; not away fromit, or not inside of it, regardless of the body
geometry. Therefore, if you attach aCoord to acubewith 1 meter on each
side, then at least one of the x-, y-, or z-coordinate of the Coord should
aways be 0.5, because the coordinate origin of the cube islocated at its
geometric center.

However, suppose that the cube has a dlight irregular feature; for
example, one of the 12 sides isfilleted with afixed radius. Then the
body’ s coordinate origin is shifted—due to the feature—from what
would be otherwise the geometric center of the origina cube. Then you
cannot guaranteethat the x-, y-, or z-coordinate of any Coord attached on
the body’ s surface would always be 0.5.

See “Local Coordinates of aBody” on page 6-20 for more information.

Menu ltems are Disabled

If Working Model 3D exhibits disabled menu titles in the menu bar,
reboot your system and restart Working Model 3D. Low memory
situations cause the symptom after other Windows application(s)
crashes. Rebooting the system properly reclaims the memory/resource.
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Index

Note: Index entry with cour i er typeface are formulalanguage functions or expressions.

A
abs B-6
Absolute Acceptable Error A-7
acceleration actuator 8-28
acceleration motor 8-31
Acceptable Error A-7
Accuracy
Accuracy dialog A-9
controlling accuracy 9-9
menu command 2-5
ACIS 6-10, 11-1
ACIS Converter 11-2
ACIS2WM.EXE 11-2
importing 11-2
acos B-6
Active
Properties window 8-3
actuator 7-17, 8-27
diasing effect A-18
analytical methods A-1
anchoring bodies 6-24
and B-6
Animation Step 9-10, A-11
Appearance
Properties window 2-3, 6-19, 7-6, 8-3
Arrow
toolbar button 2-11
asi n B-7
assembly
closed- and open-loop 7-33
assembly behavior
Create Constraint window 7-15
Assembly error A-13

Assembly Progress 7-34
at an B-7
at an2 B-7
Attach Coord to Body
menu command 2-6
Attach Coordinate System
menu command 2-7
Attach to Selection
menu command 2-7
attachment
modifying position for constraints 7-21
attachment targets
Create Constraint window 7-14

B
background
modifying the color 4-11
Background Color
menu command 2-4
body
anchoring 6-24
appearance 6-26
box 6-2
changing geometry 6-25
changing position and orientation 6-21
changing velocity 6-22
collisions 6-32
creating 6-5
cylinder 6-2
definition 6-1
deleting 6-18
extruded polygon 6-4
mass properties 6-28, 6-30
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moving and rotating 6-16
naming 6-26
polymesh 6-5
rigid 6-1
selecting 6-13
showing and hiding 6-28
sphere 6-3
types 6-2
body[ n] B-2
Box
toolbar button 2-12
box 6-2
Box Zoom
toolbar button 2-10
box-select 6-14

C
Cascade

menu command 2-8
ceil B-7
Center of Mass

changing 6-30

Properties window 2-3, 6-19
Central Inertia

Properties window 2-3, 6-19, 6-28
central inertiamatrix 6-29
central inertia panel 6-30
Close

menu command 2-2
closed-loop assembly 7-33
coefficient

of friction 6-32

of restitution 6-31
Collide

menu command 2-6
collision 6-32

computing forces A-16

force A-14

force meters A-17

impulse A-15

nor mal f or ce B-13

simulation of A-14

conditional statement
i f function B-8
Configuration Error 9-10, A-11
constraint
appearance 7-25, 8-3
changing types 7-24
classes 7-18
Coord-on-Coord 7-15
Create Constraint window 7-13
creating 7-7
creating multiple 7-12
definition 8-1
deleting 7-27
modifying 7-18
modifying attachment positions 7-21
naming 7-25, 7-26
point-to-point 7-15
properties 7-18, 7-22
Properties window 8-3
selecting 7-19
showing and hiding 7-27
splitting and joining 7-30
tracking position 7-27
types 7-20, 8-3
Constraint and Coord Appearance 3-11
constraint type
Create Constraint window 7-14
constraint[n] B-3
Coord
definition 7-2
toolbar button 2-13
coordinate system 3-1
attaching to objects 3-2
Coordinate System dialog 3-5
Coordinates Bar 2-15
Coord-on-Coord constraint 7-15, 7-18
Coords

attaching and detaching from abody 7-4

creating and attaching 7-4
modifying properties 7-5
coord[ n] B-5
Copy
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menu command 2-3

toolbar button 2-10
cos B-7
Create Connecting Body

menu command 2-6, 6-11
Create Constraint window 7-13
current length

of spring damper 8-23, 8-33, 8-35, 8-37
current rotation

of spring damper 8-26
Cut

menu command 2-3

toolbar button 2-9
Cylinder

toolbar button 2-13
cylinder 6-2

D
Delete

menu command 2-3
density 6-31
Detach Coord from Body 7-5
document

window 2-1
Document Properties

menu command 2-2
documentation 1-5
Drag

toolbar button 2-11
Drag-Z

toolbar button 2-12

E
Edit Grid 3-7
changing properties 3-9
specifying orientation 3-8
Edit menu 2-3
Edit Toolbar 2-11
Erase History 9-4
menu command 2-5
errors A-5

Euler integration 9-10, A-10
Exit

menu command 2-2
exp B-8
export

available formats 11-1

exporting meter data 11-9

Video for Windows 11-7
Export Meters

menu command 2-2
Export Video

menu command 2-2
Extruded Polygon

toolbar button 2-12
extruded polygon 6-4

F
faceting 11-5
face-to-facejoin 7-16
File menu 2-2
files
opening, saving, and closing 9-1
fixed point 5-3
fixed time step A-12
fixing body in world 6-24
floating point display
automatic 5-3
fixed point 5-3
floating point 5-3
fl oor B-8
Force
toolbar button 2-13
force 7-17
applied 8-38
properties 8-39
force actuator 8-28
formulalanguage B-1
formulas
customizing constraints 12-3
unit conversions 12-2
units 12-1
frame
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moving to a specific 9-7
franme B-13
friction

coefficient of 6-32

friction force B-13
frictionforce B-13

G

Geometry
Properties window 2-3, 6-19
global coordinate system
attaching to abody 3-4, 7-6
attaching to a Coord 3-5, 7-6
effects of attaching 3-3
effects of making permanent 3-4
resetting 3-6
global coordinates 2-7
current coordinate system 3-3
Go Home
menu command 2-4
Gravity 5-3
controlling the force 5-4
menu command 2-5
none 5-3
vertical 5-3
Grid Extents 3-10
Grid menu 2-7
Grid Orientation
menu command 2-7
Grid Settings
menu command 2-7
Grid Snap 6-10
snap size 3-11
Ground Plane 5-4
menu command 2-5

H
Help Menu 2-8
Home View 4-6

I
i f B-8
impact See collision
Import

menu command 2-2
import

ACIS11-2

available formats 11-1

Working Model 3D files 11-6
impulse

collision impulse A-15
Inaccurate integration A-13
Inconsistent constraints A-14
inertia

central inertiamatrix 6-29
initial condition

setting 9-5
Initial mass overlap A-14
installation 1-4

installing Working Model 3D 1-4
integration

numerical integration A-2

time step A-12

locked A-12
variable A-4, A-12

Integrator 9-10, A-9

Euler A-10

Euler Mode 9-10

Kutta-Merson A-10

Kutta-Merson integration 9-10
Isometric

menu command 2-4
isometric projection 4-2

J
Join
menu command 2-6
joining constraints 7-30
Join/Create Constraint
toolbar button 2-12
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K

keyboard shortcuts C-1
Kutta-Merson integration A-10
Kutta-Merson Mode 9-10

L

| engt h B-13

linear actuator 7-17, 8-27
assembly behavior 8-27
properties 8-27

linear spring/damper 7-18, 8-21
assembly behavior 8-22
creating 7-10
properties 8-22

linkage 6-11

I nB-9

load
attaching force 8-38
attaching torque 8-39

Local Coordinates 6-20

| og B-9

Look At
menu command 2-4

M
mag B-9
mass 6-31
Material
Properties window 2-3, 6-19
mex B-9
Measure menu 2-7
measurement
changing units 5-1
menu commands 2-1
meter
creating 10-1
customizing 10-3, 12-6
deleting 10-11
digital and graph 10-3
effects of unit change 12-2
exporting data 11-9

position and size 10-4
printing 10-9
Properties window 10-5, 10-6, 10-8
scaling 10-5
unit labels 10-9
nm n B-10
nod B-10
Models
assembling 7-1
Coords and constraints 7-2
motor 8-29
assembly behavior 8-29
properties 8-30
revolute motor 7-17

N
name

customizing 6-26, 7-25
natural angle 8-26
natural length

of spring damper 8-23
New

menu command 2-2

toolbar button 2-9
New Window

menu command 2-8
Next View 4-6

menu command 2-4
nonlinear systems

finding patterns 12-7
normal deviation 11-5
normal force B-13
nor mal f or ce B-13
not B-10
Numbers & Units 2-5

menu command 2-5
Numerical Display Format 5-3
numerical integration A-2
numerical method A-1

references A-20
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O Position
Object Manager 2-14 Propertieswindow 2-3, 6-19, 7-6
Connectionslist 2-14 pow B-11
Object list 2-14 precedence
Object menu 2-6 of operators B-14
objects pre-loading
viewing al 4-7 linear spring 8-23, 8-26
on-Coord constraint 7-18 Previous View 4-5
Open menu command 2-4
menu command 2-2 Print
toolbar button 2-9 menu command 2-2
open-loop assembly 7-33 Print Preview
operator menu command 2-2
arithmetic B-14 Print Setup
or B-10 menu command 2-2
out put[n] B-5 printing
Overlap error A-13 meters 10-9
simulation model 9-8
P tabulated data 11-12
Pan Properties
toolbar button 2-10, 4-4 menu command 2-3
Paste Properties window
menu command 2-3 opening 6-20
toolbar button 2-10
Penetrate R
menu command 2-6 radius
Penetrates All of cylinder body 6-2
menu command 2-6 of sphere body 6-3
Perspective rand B-11
menu command 2-4 Redo
perspective projection 4-2 menu command 2-3
pi B-11 toolbar button 2-10
playback 9-5 Redundant constraints A-14
backward 9-7 reference body
frame by frame 9-6 in a closed-loop assembly 7-35
skipping frames 9-6 Relative Acceptable Error A-6
specifying aframe 9-7 rendering
point-select 6-13 shaded 4-9
point-to-point constraint 7-15, 7-18 wireframe 4-8
polyhedron 6-5 Reset
polymesh 6-5 menu command 2-5

toolbar button 2-13
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VII

Reset Coordinate System
menu command 2-7
Resize
toolbar button 2-12
restitution
coefficient of 6-31
revolutejoint 8-11
assembly behavior 8-11
creating 7-7
properties 8-13
revolute joint on slot 8-13
assembly behavior 8-14
properties 8-15
revolute motor 8-29
assembly behavior 8-29
properties 8-30
revolute spring/damper 8-24
assembly behavior 8-24
properties 8-25
rigid joint 8-5
assembly behavior 8-5
properties 8-7
rigid joint on slot 8-8
assembly behavior 8-8
properties 8-10
rod 8-36
assembly behavior 8-36
properties 8-36
rope 8-32
assembly behavior 8-32
properties 8-32
Rotate
toolbar button 2-12
Rotate Around
toolbar button 2-10, 4-5
rotating
body 6-17
rotation motor 8-31
Run
menu command 2-5
toolbar button 2-13
Run Toolbar 2-13

S
Save
toolbar button 2-9
saving documents 2-2
scaling
meter axes 10-5
Select
toolbar button 2-11
Select All
menu command 2-3
selecting objects
box-select 6-14
multiple objects 6-14
point-select 6-13
separator 8-34
assembly behavior 8-34
properties 8-34
Set Home
menu command 2-4
Shaded
menu command 2-4
Shaded Mode 4-9
Show Grid
menu command 2-7
show or hide the body 6-28
show or hide the center-of-mass 6-28
sign B-11
simulation
controlling accuracy 9-9, A-17
engine 1-2
erasing history 9-4
history 9-3
parameters A-9
playing back 9-5
playing backward 9-7
printing 9-8
recording 9-3
running 9-1
setting initial conditions 9-5
skipping frames 9-6
stopping 9-2
tipsfor faster 9-11
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Simulation Accuracy Dialog A-9
sinB-11
Sketch Toolbar 2-12
Skip Frames
menu command 2-5
Skipping
Skip Frames 9-6
skipping frames 9-6
deevejoint 8-8
Snap To Grid
menu command 2-7
Snap to Grid 3-11
Sphere
toolbar button 2-12
sphere 6-3
spherical joint 8-16
assembly behavior 8-16
properties 8-18
spherical joint on slot 8-18
assembly behavior 8-19
properties 8-20
Split
menu command 2-6
toolbar button 2-12
split
leave constraint split 7-15
splitting constraints 7-30
Spring/Damper
linear 8-21
revolute 8-24
sqr B-12
sqrt B-12
Standard Toolbar 2-9
status bar 2-16
stepping through a simulation 9-6
Stop
menu command 2-5
toolbar button 2-13
surface deviation 11-5

T
t B-18

tan B-12
Tape Player Control 2-15, 9-2
Technical references A-19
Tile

menu command 2-8
Time

menu command 2-7
time B-18
time step 9-6, A-3, A-4
Toggle Isometric

toolbar button 2-11
Toggle Wireframe

toolbar button 2-11
Toolbars

menu command 2-4
toolbars 2-9

docking 2-9

showing or hiding 2-9
Torque

toolbar button 2-13
torque 7-17

applied 8-39

properties 8-40

torque motor 8-31
track the history 6-28
translucent 6-28
troubleshooting C-2

U

Undo
menu command 2-3
toolbar button 2-10

unit system
changing individual units 5-2
in ACIS converted files 11-4
setting up 5-1

\%

variable time step A-12
vector B-12
Velocity
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IX

Properties window 2-3, 6-19
velocity 6-22
velocity actuator 8-28
velocity motor 8-31
Vertical Gravity 5-3
Video for Windows
compression options 11-8
exporting 11-7
View All 4-7
menu command 2-4
toolbar button 2-11
View menu 2-4
View Toolbar 2-10
Viewer's Clipping Plane 3-11
views
Head-On views 4-1
Look at Selected Object 4-2
manipulating 4-1
panning 4-4
perspective and isometric 4-2
rotating 4-5

setting and recalling Home 4-6

undoing changes 4-5

viewing multiple windows 4-7

zooming 4-3
Visibility Options 6-28

w
Warnings A-13
Window menu 2-8
windows
creating 4-8
deleting 4-8
Wire Frame
menu command 2-4
Wireframe Mode 4-8
Workspace 5-1
world coordinates 2-7, 3-3
World menu 2-5

X
XYZ angles 6-23

Z
Zoom In/Out
toolbar button 2-10, 4-4
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