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License Agreement

The terms and conditions that follow set forth a legal agreement between you (either an individual or an
entity), the end user, and Heron-Technologies. You should read these terms and conditions carefully
BEFORE breaking the seal on the CD package and installing the Software. Installing this Software will
signify your agreement to be bound by these terms and conditions. If you do not agree to these terms and
conditions, promptly return the product in its original unopened case, together with all accompanying
documentation, to Heron Technologies for a refund.

Copying of this Software or its documentation except as permitted by this license is a copyright
infringement under the laws of your country. If you copy this computer program without the permission of
Heron-Technologies, you are violating the law. You may be liable to Heron-Technologies for damages, and
you may be subject to criminal penalties.

Use of any program, device or other means intended to facilitate removal or circumvention of any hardware
lock or software lock with which this Software is supplied is prohibited.

SOFTWARE PRODUCT LICENSE

1. Grant of License.

Heron-Technologies grants you a nonexclusive, non transferable license to use this Software and its
accompanying documentation on equipment owned by you or under your control according to the
conditions below.

This agreement permits a single user to use the Software on only one computer at any one time. However, if
this computer program is being licensed to you for use on a network, you may operate the computer
program as a multiple user installation with either: Each computer must have its own hardware lock or
software lock or you must pay for a network license for each additional user.



Watt 1.5 User’s Guide

2. Ownership of the software/restrictions on copying; other restrictions.

Ownership and copyrights in the Software and accompanying documentation and any copies made by you
remains the property of Heron-Technologies.

You can make only one backup copy of this computer software. You may not copy this Software or
accompanying documentation or their parts except as permitted by this agreement. You may not modify,
translate, adapt or arrange this Software or accompanying documentation or create derivative works based
on the Software or accompanying documentation for any purpose. You may not distribute, rent, loan, sell,
sublicense transfer all or part of the Software, accompanying documentation or any rights granted hereunder
to any other person without the prior written consent of Heron-Technologies. You may not remove, alter or
obscure any proprietary notices, labels or marks from the Software or accompanying documentation. You
may not reverse engineer, decompile or disassemble this Software.

3. Unauthorized copying

Unauthorized copying of this Software or accompanying documentation or failure to comply with any of the
terms of this agreement will result in automatic termination of this agreement.

4. Warranty

Heron-Technologies warrants that this Software will provide facilities and functions generally described in
the accompanying documentation. You can return the defective media with a copy of your receipt to your
local authorized dealer. At Heron-Technologies option, we will attempt to correct or work around errors, to
replace defective media or refund the license and terminate this agreement.

Except for the above express limited warranties, Heron-Technologies makes you will receive no other
warranties, express, implied, statutory or any communication with you, and Heron-Technologies
specifically disclaims any other warranty including the implied warranty of merchantability or fitness for a
particular purpose. Heron-Technologies does not warrant that the operation of the software will be
uninterrupted or error free.
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5. Limitation of Liability

In no event will Heron-Technologies be liable for loss or damage of any kind, including loss of data, lost
profits, cost of cover or other special, incidental, consequential or indirect damages arising out of the use or
inability to use the software or accompanying documentation, however caused and on any theory of
liability. This limitation will apply even if Heron-Technologies or any dealer has been advised of the
possibility of such loss or damages. Heron-Technologies shall have no responsibility arising from loss or
theft of the software and Heron-Technologies shall not be obliged to replace any lost or stolen Software.
You are solely responsible for the safeguarding of this Software.

You further agree that this Agreement is the complete and exclusive statement of your agreement with
Heron-Technologies relating to the Software and supersedes any other agreement, oral or written, or any
other communications between you and Heron-Technologies relating to the Software; provided, however,
that this Agreement shall not supersede the terms of any signed agreement between you and Heron-
Technologies relating to the Software.
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Preface

Most software tools available in engineering are aids to help measure, search, collect, register, present and
calculate. Finding solutions to a design problem is still dependant on the sum of accessibility and
availability of knowledge. The know-how and experience of the engineer involved determines principally
the time needed.

In cooperation with the University of Twente (Netherlands), Heron has developed a unique generating
technology. Its ability is to offer the engineer suitable solutions based on specifications. The technology
makes the knowledge of the expert available for application. A future can be envisioned where the engineer
would have a staff of virtual experts at his/her fingertips, getting solutions for each partial problem on
command. The responsibility of the engineer will be to judge, decide and configure the total design.

The first product based on this technology WATT, “thinks” like an engineer, using linkage and mechanism
design theory developed over the past two centuries, combined with search methods and optimization
techniques. With a basic knowledge of mechanical engineering and mechanism theory (chapter 5) the
software can help you design a variety of complex moving or folding products.

With virtual professors, education of product development engineers can be less domain focused,
technically broader and more conceptual. More attention can be paid to physical principles, idea generation,
comprehension, problem specification and product configuration.

Generating tools are a bridge to and between theory and practice. They help understand and enable fast
application. New theory will be easier and faster available as the real professor updates the virtual one.

We hope you enjoy using WATT,
Heron Technologies bv

Hengelo, The Netherlands
January 2001
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1 Introduction

1.1 What is Watt?

Most available software on dynamics or kinematics is used to analyze
the behavior of a mechanism. However, to start with, the Engineer has to
'invent' a mechanism before he can analyze it. This is not a trivial task.
With available methods and handbooks this can take several days if not
weeks.

Watt Mechanism Design Tool solves this problem. From specification of
the required movement and constraints on pivot locations, transmission
angles, dimensions etc, it searches and finds a variety of approximate or
exact solutions within minutes. The Engineer can interactively set
specifications, evaluate the offered solutions and add or relax constraints.
Instead of painstakingly trying to find one mechanism that might work,
the Engineer has a range of solutions out of which one can be chosen. He
can focus on integration of the mechanism into the total product.

Watt uses Heron’s unique Generating Technology to search for
solutions, not using a limited database, but the rules of physics and
kinematics.

Designing the user interface puts the Engineer in charge. Watt is easy to
use, every command just one click away. No stacking dialogs, no
crawling through menus. Watt uses a single window user interface.
Important information is always visible. User intervention is always
allowed which enables a very interactive working method. Start, stop,
change, optimize... etc.

10
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Watt
Professional

v | v | v |
v v |

Overview of Specifications Watt Light | Watt Project

Animation

\

Optimization

SI, Metric or US Customary Units v
(meter, inch, millimeters)

{\
\

Graphs of path error, velocity,
acceleration, transmission angle

Input function definition

AYANIERN

4-bar linkage synthesis |

5-bar belt-wheel synthesis | -

Watt 1, 6-bar linkage synthesis | -

|
|
4-bar slider synthesis | - |
|
|
|

Watt 2, 6-bar linkage synthesis

ASHANIENIENIENIENIENIERN
ASANIENIENIENIENIENIERN

Stephenson 1, 6-bar linkage
synthesis

Stephenson 3, 6-bar linkage
synthesis

8-bar parallel motion synthesis

Path Generation |

|

A
Motion Generation | v |
Import Path from Excel | v |

Import Output Link from DXF file | - |
|

ANIRNIANIANIE NIERN

NIENIENIENIENIENIEREN

\

Import Ground Link from DXF | -

Limited to 3
months (for
project use)

Unlimited

License 1.0 valid ‘ Unlimited
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1.2 About this User’s Guide

This guide contains the following sections:

Getting started

Guided Tour

Reference describing all the features in the program
Theory section.

If you are new to linkage design it is recommended to start with the
theory section, which will help you understand the specific linkage
terminology used in this manual and the program.

1.3 What is new in version 1.5

Added functionality

Joints no longer numbered, but according to mechanism
conventions labeled by characters A-Z

Specific Joints can be forced into a ground pivot or output link
area.

Extra Synthesis Option: "Full Input link Rotation required"
Export to SAM .dat file

HTML report contains options dialog, which allows the user to
select report filename, parts to print and whether to
AUTOPRINT.

Export to Excel now optionally includes all graphs into the
Excel workbook.

Bug fixes

Calculation error in acceleration data.
Autostart error through long filenames with spaces.

12
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2 Getting started
2.1 What should be in the package?

This package should contain the following items:
e This manual
e Installation CD-ROM
e Registration info and activation code.

2.2 System requirements

Minimal system requirements

Pentium I 120MHz Computer

32 Megabytes RAM

A hard disk with 20 Megabytes of free space
Microsoft® Windows "™ version 95/98/ME/NT/2000

Recommended system

Pentium II 350 MHz. Computer
64 Megabytes RAM
A hard disk with 20 Megabytes of free space

Microsoft® Windows ™ version 95/98/ME/NT/2000
Microsoft Excel preinstalled.

13
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2.3 Installation

o Insert the CDROM in its drive and close it. The screen below
should appear.

e In some cases this may not happen automatically. Start Windows
Explorer, and double-click on the CD icon.

Watt Professional 1.0

Install Watt

VYiew Readme file

Run Watt

e (Click Install Watt

‘Welcome to the "Wwatt Mechanism Design T ool Setup program,
Thiz program will install '/ att b echanizm Design Tool on pour
computer.

It iz strongly recommended that you exit all Windows programs
before running this Setup program.

Click Cancel to quit Setup and then close any programs you have
rnning. Click Mext to continue with the S etup program.

WARMIMG: This program iz protected by copyright law and
international traaties.

Unautharized repraduction or distribution of this program, or any
portion of it, may result in severe civil and eiminal penalties, and
will be prosecuted to the maximum extent possible under law.

IrstallShizld

< Back I Hext > I Cancel

e Click Next,

14
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e Read the license agreement carefully.

Software License Agreement 1'

Please read the following License dgreement. Press the PAGE DOWM key to see
the rest of the agreement.

EMD-USER LICENSE AGREEMEMT FOR %ATT 1.0 -
Copuright 1995-2000 - Heron Technologies

IMPORTANT - READ CAREFULLY: The terms and conditions that follow zet forth a
legal agreement between you [either an individual or an entity), the end uzer, and
Heran-Technalogies. You should read these terms and conditiohs carefully BEFORE
inztalling the Software, Installing thiz Software will signify vour agreement bo be bound by
these terms and conditions. [f you do not agree to these terms and conditions, select NO
at the end of this agreement and the installation will be aborted.

Copying of this Software or its documentation except as pemmitted by this icense iz a
copyright infringement under the laws of your count, IF pou copy this computer program
without the permizsion of Heran-Technalogies, you are violating the law. You may be

liable to Heron-Technologies for damages, and pou may be subject to criminal penalties. ﬂ

Do you accept all the terms of the preceding License Agreement? |f you choose Mo, Setup
will cloze. To inztall Watt Mechanizm Design Tool, you must accept this agreement.

< Back Yes Mo |

e Select Yes if you agree. The installation will continue.

User Information x|

Type your name below, “rou must aleo type the name of the
company you work, for,

Marne: I"four Mamne

Company: IYDur Company

IstallShicld

< Back I Mext » I Cancel

e Type your Name and Company and click Next

15
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Choose Destination Location : 5[

Setup will inztall \watt Professional in the following directaorny.
Ta inztall ta thiz directony, click Mest.

To install ta a different directory, click Browse and select anaother
directory.

Yiou can choose not to install Watt Profesgional by clicking
Cancel to exit Setup.

Destination Directory
’7C:'\Prc-gram Files'\Heranw/ att Browse. . |
Install5hield
< Back | Mext > | Cancel |

e Click Next (for standard installation).

Select Program Folder x|

Setup will add program icons to the Program Folder listed below.
r'ou may bype & new folder name, or select ane from the existing
Folders lizt. Click Mext to continue.

Program Folders:

Adminiztrative Tools
Adobe Acrobat 4.0
Jazc Software
ticrozoft Office Tools

ticrozoft Prosy Client
Shaglt
Startup ;I

|metallShield

< Back I Mext » I Cancel |

e (Click Next.

16
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Start Copying Files 1'

Setup has enough information to start copying the program files.
IF wou want bo reviews or change any sethings, click Back, [F pou
are satisfied with the settings, click Mext to begin copying files.

Current Settings:

Setup Type: ;I
Complete

T arget Folder
C:Progran Files\Heronha att

User Information
Mame: Your Name
Company: our Company

>
4] »
< Back I MHext > I Cancel |

e Click Next and the copying of the program files starts.

|mstallshisld

Setup Complete

Setup haz finished copying flles to wour computer.
Setup will now launch the program. Select your option below.

[~ *es. Launch the program file

Click. Finizh ta complete Setup.

|mztall Shield

< Black I Firizh I

e Select Yes, launch the program file to start Watt Professional

17
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2.4 Set license information and activation code

IT To activate Watt, fill in the license information you have received.
Help
Contents Select Activation... from the Help menu

Search For Help Cn....
How Eo Use Help

iick. Tukorial x|

User's Guide ﬂ Watt Professional ok
Werzion: 1.5.0

Consulbancy. ..

support and Feedback To activate Watt. enter the exact Cancel

upp information on your registration card
Activation. .. below Help
Shout, . E-mail adrezs

Iwatt@hernn-technnlngies.n:u:um

Marme

ID evelopment

Company

IH eran Technologies

Country
IN etherlands

Activation code

E=pire date

INever jl jl j

18
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|Ei|e Edit Miew Analvsis =

[ Mew Chrl+M

ﬂ CIpEm. .. Chrl+0

H Save Chrl+5
Save s,

¢ Import DiF. ..
m Export to Excel
% Irmport From Excel, ..

ﬁ, Project Info

% Eepork

Exit Chrl+x

Eoelcx|o

|5nnw I hide
graph window

Show ! hide
st wandow

3 Guided Tour

3.1 Overview
Start Watt and open the example file: DXF conveyor example.watt

" Menu Bar ) ]
Flo % Vew fedn St Heb — Toolbar - -

DERE aAMAaahn O Blelo

Lt | Progerien | Mecharion | Coupler | Bachpourd |
=lelxg0s AioxsrH8QQ@-Hmur v 8E[F
e = = : S~ T |
[ List Window [ Animation Window
Toolbar TOOIbar_
- Vs A a J
AN . Animation
Window
List Window R
/ D
Y
" Graph's Window | " sl
Path Ere | P | Vit | Avceslesation | 'Ju-l | g Vel | | Rttt | |
| E 0 - S
5 \‘
Cursor
Coordinates
\ﬁ.‘f -
amm
) I 5| by

Sumameguoman. com @ S2Siem ¥ S5Sem

Figure 3-1 Main Window

The main window of Watt is roughly divided into three parts. The largest
section on the right consists of three tabbed windows, animation
window, output link and ground link window. To the left is the list
window, where all generated mechanisms are displayed. At the bottom
the graph window, showing a graph versus time or input rotation for
every selected mechanism.

To increase the animation viewing area it is possible to hide the graph
and list windows

19
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Animation Window

The Animation window will be the main working area.
Mechanism I Output Lmkl Graund Llnkl

R|pox+2H QAL -
WEm» M EE[F]

The first step in searching for a mechanism is defining a required path
7| for the mechanism path point to follow. This will be called the curve or
required path.

The next step is setting Ground pivot constraints. The ground pivots may
need to be fixed in certain areas where there is room to attach bearing
constructions.

Mecharism I Output Linkl Ground Linkl
Ehoxsieaaqs-|
RN B

Once a selection of mechanisms has been generated. Each mechanism in
turn can be viewed and animated, by using the VCR style buttons. Using
the left and right cursor keys moves the mechanism just one step.

Mecharism I Output Limk' Graund Link|
2 ox+ruHaaas-|
Mmm» v B

Speed of animation can be set from low to fast.

20
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Mechanism  Output Link I Ground Link |

D&(hox~ 8= |6&a|

Mechanizm I Output Linkl Ground Linkl

R o x 4l @QEAEQ &F-|

WEm» (e R[]

Mechanism I Output Lmkl Graund Llnkl

R|pox+2H QAL -

MEnm»r B E[F

Output Link Window

In the Output link window a very simple line drawing can be created.
The default drawing is shown to the left. Alternatively any drawing
made in the AutoCAD compatible DXF format can be imported and will
be displayed instead.

The output link drawing will be connected to the pathpoint of the
mechanism at the point marked by the red circle and cross.

This connection point can be dragged to any spot in the Output Link
Window

If a curve is defined and an Output Rotation is set, the Output Link

drawing will be shown at any selected curve point in the position
defined by it.

During animation the output link drawing will be drawn connected to
the output link of the mechanism.

21
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Machamsm' Output Link ~ Ground Link I

Ground Link Window

The ground link, foundation or earth can be imported from an AutoCAD

n&lh|eaaq compatible DXF drawing.
! =
J

Mecharism I Dutput Link | Ground Link |

In the animation window, the drawing can be used as a reference for

R b oxrE A@as-] defining a curve and setting the ground pivot areas.
N R
Drawings OM or OFF =
A
1
5
K| I _>ILI

Mecharism I Output Linkl Ground Linkl

If switched ON ground link and output link drawing are displayed during

Rhox 25 880Q -

animation.

WEm» M BE[f
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List | Properties I

!« x x4

| Mr | Total -

Eight Bar

kFourbar
of]watt 2
<7 Slider Four Bar

&4 Eight Bar
eif':l Stephenzon 1

A‘T Stephenson 3
4

Mame

&2 Eight Bar 35 0004119

of ] watt 2 16 0.005174C

2] wiatt 1 9 00080540

£=2] vt 1 11 00086258

£ Stephenson 1 27 0008685

] watt 2 18 0010305
40 0,010435¢

0011643
0.012082¢
0.012454:
0.012932:
0.0713458;

0014385
4

Enelcx|o

Graph ws. time or rotation |

List Window

At the top of the list window are the buttons to start generating, optimize,
undo optimization, delete, clear list, input funtion definition and export
to Excel.

The list itself displays linkages in order of suitability. This mean the
mechanism is situated higher in the list, the better the path fits the
defined curve and the more the rotations of input and output link fit the
requirements. The number in the Total column contains a combined
error value. A low value means best fit.

In the Nr column each mechanism has a unique number to identify it.

Click a mechanism in the list to select and view it.

Double click to start animation.

Graph Window

The graph window displays properties of the selected mechanism versus
time or input link rotation.

Path Errar | Path I '\r"eloc:ityl .i‘n.ccelelatiunl Dutputl Output Velocityl Dutput.&ccelerationl IanI_’I

Error = 5,782 mm
55,587
46,323
37,058
27,794
18.529
9,265
0,000

0,000 Imput Rotation = 10,338 7 94 523
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Yiew Analysis  Synthesis H

&) Zoom Al Chrl+F
@l Foom In Chrl+I
L Zoom out Chrl4+-3

= shaw Mechanism Lisk
= Shaw Graphs
@ Zoorn All on Seleck

[==1E R ke

Coordinates  xy | | Polar

3.2 Setting preferred units and coordinates

Depending on the part of the world you are in, you might want to use SI
units, US Customary units or Engineering metric. Select Units... from
the View menu to set your preference. At any time you can change the
settings to view the results in another unit system.

ok

Cancel

e3)
Help

diih

rMumerical Precision————————

1234123 I? vi |3 vi

Watt can work in the Carthesian (x,y) or the Polar coordinate system.
Set to your preference (changes are reflected instantly)

Radius

ngle

Important note: Throughout the program and for all export and import
functions Watt uses the unit and coordinate system settings.
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3.3 How to setup a problem?

Watt solves two commonly encountered problems in mechanism design:
1. Path Generation
2. Motion Generation

Path Generation is the task to create a mechanism of which a point will
describe a certain trajectory. Rotations of the output link do not matter.
E.g. a straight line mechanism. In most cases these mechanisms will be
part of a larger machine.

Motion generation is the task to move an object along a trajectory.
Rotations of the object (connected to the output link) are essential. An
example is the DXF conveyor example.watt, where a box has to be
moved from one conveyor belt to another while staying in the same
:' = upright position.

Before setting a problem for Watt to solve, it is essential to isolate the
mechanism problem from your total design problem of the machinery or
product you are working on. Find out if it is a path problem or a motion
problem.

It is always advisable to look for more than one way to define the
problem for Watt and play around with some alternative settings.

Use of a DXF background as reference or a pre calculated path imported
from Excel, will ease the effort of trying alternatives.
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D x & H

|
|
Add Curve Paint

¢ -1085,00mm  |v: -827,50 mm

Ik ® x 4 H

| Select

Mechanism I Output Lmkl Graund Llnkl

R|pox+2H QAL -

WEm» M EE[F]

Defining a required path

The first step is to create a curve the mechanism path-point should
follow. Create a curve by defining individual points. The points will
automatically be connected by a spline.

1. Click the add curve point button in the Animation Window
Toolbar.
2. Move the cursor to a suitable spot in the window and left click.

Cursor coordinates are displayed at the bottom of the graph window.
Move a curve point:

1. Click on the Select button to set selection mode,

2. Left click on a curve point and hold down the mouse button

while dragging it to the required spot.

Setting two points will create a straight line. Adding curve points will
automatically create a smooth curve.

Use as many points as needed.
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b x &

--o
He

| Properties

Celete

Set the coordinates:
1. Click the Properties button.
2. Click on a curve point.
3. The Curve Point dialog appears.
4. Set the required coordinates

Curye Poink

mm Angle [111.251

Fumber 4 oK. I

Cancel |

[~ Output link rotation IU,DUD

IU,DUD ¢

[ Input lirk rotation

Figure 3-2 Edit Curve Point

Alternative
1. Click the Select button
2. Double click a curve point
3. The Curve Point dialog appears
4. Set the required coordinates

Delete a curve point:
1. Click the Delete Button
2. Move the cursor to the point to be deleted.
3. Click
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h D x 4 H

|
| Properties

Rotation

For motion generation problems a required rotation angle of the output
or input link can be defined.

b

Click the Properties Button

Click on a curve point.
Select the Output Link Rotation and/or Input Link Rotation field

Define the angle of rotation required at the selected point.

Meechariom | Congier | Backgronnd |
R hoxsrH GG @- HEmmr H[ERE

N E|
- . - .,
Output Rotation
[ Coupler J L 45° |
W -
N
Jeurvepoit x| J
e N il =
Qutput Rotation R[OS (e e [RER S ey
© 7 Dt inksction [5000
. Angle 0 ) == i
—_— .
Y
o

Figure 3-3 Edit Rotation

Important note: Rotation is relative to the starting position. Therefore
the rotations of curve point 1 cannot be changed from its default 0 degree

value.

Positive angles result from anti-clockwise rotation from the positive x-

axes.

28



Watt 1.5 User’s Guide

Import from Excel

= | s IE ® o It is also possible to define the curve points in an Excel-sheet. The Excel
' file must be formatted as shown in the file: example import curve.xls.
The comments in the file give more information.

| Import from Excel

EA Microsoft Excel - example import curye - IEllll
J File Edit Yiew Insert Format Tools Data ‘Window Help _|ﬁ||ﬂ|
DEEHS GRY | (BBRC oo |[@ = A8 si|ﬂ.@1oo% - Q.
| arial .10-|B;u|§§§ |§/, | = - B AL
H22 - =
AlBlc] D T E [ F T & [ W ] =
1 3 y Output Rotation | Input Rotation | = First row is ignored
| 2 | 1 a a a
| 3 | 2 100 100 -10
EX 3 200 120 -30
| 5 | 4 300 100 =50
| B | 5 400 a0 -120 < Input rotation is ignored if empty
| 7 | < Leave this cell empty to detect end of curve points
| & | Everything after this cell is ignored
EN First column must be used far numbering of paints
10
4|4 [k M Sheetl |4] JJ
Ready 1 e o o o

Important note: the unit and coordinate settings are used to import and
convert the curve point values.
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kD x & H

Add Area 4

Ik ® x 4 H

| Select

IE@ X o3 I

| Properties

Mechanizm I Output Linkl Ground Linkl

3.4 Define Ground link pivot areas

Add area

The position of the ground pivots may need to be constrained to places
where they can be attached to a structure. If this is the case ground pivot
areas need to be defined. Ground pivots are only allowed within these
areas.

Define an area:
1. Click the add area button.
2. Click and drag anywhere on the view window.
3. Add areas to cover all available space. Areas can overlap.

Resize an area:
1. Click the select button
2. Click and drag one of its corners or edges

or

1. Click the Properties button
2. Click on one of its corners or edges.

It is much more intuitive to set the areas in respect to an existing
drawing. To do this import a DXF —file in the Ground Link window.

In Watt version 1.5 it is possible to force specific joints into an
area.
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Import DXF ground link

Mechanism | Output Link.  Ground Link |

To facilitate path definition and selection of ground pivot areas, an

nDgl: aaa
i{fjm . DLF oo | existing DXF drawing can be imported as ground link.
1. Select the ground link window.
"""""""""""""" 2. Click on the import DXF-icon
J 3. Select a DXF-file to import

In the animation window, the drawings of output or ground link can be
MEDhGNiSMIUulpul Link | Ground Link | SWitChed ON or OFF.

R roxsrEaeas-|
N R
Drawings ON or OFF il
e
1
5
Ld . o
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3.5 Define Output link pivot areas.

The position of the output link pivots may need to be constrained to

s Add Area places where they can be attached to the object. If this is the case, output
link pivot areas need to be defined. Output link pivots are only allowed
Mecharism Dutput Link | Ground Link | within these areas.
D@Elkox = |8@aaq|
Add Areas J :I

1. Select the output link window.
oo - 2. Click the add area button
’ 5 3. Add areas where pivots are allowed.

.................................. 3T<
[Pusilimé:; output p)alh paint
move by dragging
K1 1 _’I_I
Import DXF output link.
=) Instead of using the default output link drawing, one can be imported
== Import DXF from a DXF-file.
Mecharism  Dutput Link | Ground Link | . .
D@Ehox 2= @aaaq| 1. Select the output link window
‘Impun Qutput link as DXF drawing 4 2’ Cth on the import DXF_button
3. Select the DXF-file
b4
Position of outlpu[ path point
(move by dragging)
K1 1 _'ILI
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Synthesis Help
W Generate  Chr4G
b optimize  Ctrl+T
4= | ndo Optimize

Opkions. ..

Synthesis Dptions

General I Search I

¥ &pply link length penalty

Cancel |

I Restrict link length to IT 000,000 mm

tdinimum Transmission Angle |5,I]EII] *
Allow solutions outside area IU > %
I~ Specified total input rotation |5?,298 -

I~ Fulllnput Link. Rotation Required

Help |

3.6 Synthesis options.

Select Options from the synthesis menu to set synthesis options.

General

Link length penalty on: If checked it prevents generation of linkages
with very long link length, by adding a penalty during the search
process.

Restrict Link Length to: In certain applications it may be advisable to
restrict link lengths to a maximum value.

Minimum transmission angle: small values of the transmission angle
can lead to blocking of the mechanism. Restrict to at least 5 degrees.

Allow solutions outside area: If no solutions present itself, this may be
caused by too restrictively set Ground Pivot Areas or Output Link Areas.
Without changing the actual areas, the search areas can be increased by a
percentage of surface area to find out if any solutions are available
outside the current settings.

Specified total input rotation: if the application requires a specific
rotation of the input angle and all rotations in between do not matter,
select this option instead of setting the input rotation in the Curve Point
Settings.

Full Input Link Rotation required: Check this option if you require a

mechanism of which the input link must be able to rotate full 360°
without blocking. (Version 1.5)
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Search Depth

Synthesis Options x|l Thorough Search is recommended for finding the best solutions. On
Gereral Search | (51| 1GHz and faster processors this is achieved in acceptable time.

Search e |

i Quick Search [approx. 2 minutes)

Set standard search for Pentium II and Pentium III computers

i Standard Search (approw. 10 rinutes)

" Thorough Search [approx. 30 minutes)

Quick Search is only for quick exploration or very slow processors.
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3.7 Select a mechanism type

IH a & F of] 8 4] A Select a mechanism appropriate to the problem stated. It is always a
1 2 3 4 5 8 7 8 good idea to start with a four bar is

Four bar

Four bar slider

Five bar belt-wheel

Watt 1, six bar

Watt 2, six bar
Stephenson 1, six bar
Stephenson 3, six bar
Eight bar, parallel motion

PN B DD =

Four bar

When to use:
A fourbar mechanism is the most versatile and simple linkage.

Problems:
Setting a path, output rotation and input rotation at the same time does
rarely result in any solutions. Parallel motion is impossible.

Four bar slider

When to use:
&) Like a fourbar this mechanism is a very versatile and simple.

Problems:
Setting a path, output rotation and input rotation at the same time does
rarely result in any solutions. Parallel motion is impossible.
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Five Bar

A five bar with a wheel and belt connection between both grounded
links.

When to use:
Best suited if the Output Link rotation is set.

Watt 1, six bar

Watt 1 is a four bar mechanism with a function generator between one
grounded link and the output link.

When to use:
Best suited if the Output Link rotation is set. If output rotation is free,
parallel motion is assumed.

Watt 2 six bar

When to use:

Best suited if the Input Link rotation is set. If no input rotation is set, the
mechanism will be generated in such a way that a 360 degree rotation of
the input link moves the path point up and down the path. The input joint
can be moved without affecting the path.

Problems:
Hardly any solutions, when ground pivot areas are set.

36



User’s Guide

Stephenson 1, six bar

The Stephenson 1 six bar mechanism can be seen as a Five Bar with a
function generator mechanism between both ground links.

When to use:
Well suited if Output Link rotation is set.

Problems:

Restricted range of motion due to function generator

Stephenson 3, six bar

When to use:
~ When Output Link Areas or output link rotations are set.

Problems:

Multiple rotations of output link and bad transmission angles.

Eight bar parallel motion

When to use:
The eight bar mechanism generated by Watt is set to provide only
parallel motion. All pivots except the output point can be moved

-+ without affecting the resulting path.
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® & x |4

Generate

Generating Time Remaining 7:01 min

ENNNNEEER

List | Properties I

%! e|x x|

Mame | Mr | Total -

of]watt 2 19
<73 Slider FourBar 5

&4 Eight Bar 33
eif':l Stephenzon 1 30

A‘T Stephenzon 3 26
4

&2 Eight Bar 35 0004119
of ] watt 2 16 00051740
F=2] a1 9 00080540
£=2] vt 1 11 00086258
£ Stephenson 1 27 0008685
] watt 2 18 0010305
&2 Eight Bar 40 00104358
ot Fouibar 0,011643%

0.012082¢
0.012454:
0.012932:
0.0713458;

0014385
4

3.8 Synthesis, generating.

The minimum data needed to start generating mechanisms is a required
path. If this path is defined, click the Generate button to start the search
for suitable mechanisms.

At the bottom of the List Window a progress bar gives an indication of
the time left to complete the search.

Solutions will appear in the list window. Each solution gets a sequence
number. The mechanism at the top of the list best fits the desired
qualifications.

At any time click in the list to view the mechanism, without stopping the
search process.

Double clicking will stop the search process and start animating the
selected mechanism.

Click the Generate button to resume the search.

Note: if no (suitable) solutions appear, it may be the selected mechanism
is unable to comply with all restriction. Try other mechanism types,
rethink your constratints and set Synthesis Search Options to

Thorough Search.

A fourbar is limited by its configuration in what it can do. Most linkages
generate paths that can be seen as part of a distorted figure 8.
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1

2

3

4

5

&

7

8

3.9 Evaluate results

Animation

A visual scan and animation of mechanisms from the list is the next best
step after completing the search process. Use the buttons in the
animation toolbar.

Step Back (Left Arrow),
Stop

Pause (Space bar)

Start (Space bar)

Step Forward (Right Arrow)
Low animation speed
Medium animation speed
High animation speed

PN B DD =

Mark a mechanism for future reference by right clicking on the
mechanism in the list window and selecting Mark. The mechanism icon
will turn green.

Note: the animation speed does only affect the speed of animation and
not the velocity and or accelerations of the mechanism.
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e

Graph

Apart from the path error and transmission angle, the graph window
displays velocity and accelerations of input link, output link and the path
point. These values depend on the selected input function and the timing

set.

Path Error |Palh | \-"elocityl Accelerationl Dutputl DOutput \-"elocityl Output .&cceleratiﬂ_’l

Error = 0,000 mm

12.008

10,008
8.005
E.004
4,003
2.0m
0,000

0,000 Input Rotation = 0,000 * 121,355

Figure 3-4 Graph Window

To adjust the input function click the input funtion button at the top of
the list window.

€1« xX 4

Input function | . . .
input Function =]
Displacement |Ve|0c:ity| Accelerationl oK I
Max time |1,UUU 3

" Canstant Acceleration

= 3-4-5 polynarnial

" Sinuscidal

Figure 3-5 Input Function Window

Max Time: time to complete movement along the path from start to
finish.
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Function Type:
1. Constant velocity = e.g. electromotor running at constant speed
2. Constant acceleration = e.g. spring, pneumatic or hydraulic

actuator.
3. 3-4-5 polynomial = cam or servo
4. Sinusoidal = cam or servo

Velocity and acceleration profiles are visible for each function.

lEix

_ﬁlo Ede Wew Andyis Syrthess  Help
[o=a@i(afsaaaanE e s
Lt | Propestes | Mecharisn | Cougier | Background|
gle x00@ |@ox QAG HEAMr plotllokx BBE
Hame [T T 1 )
S | Couplr
) Fins b o6 Q00
) Feas b E- I T H
1 Fou by 7 om
| £°) Fins b 1% Q00
| Fouas b (P T
Flfosbs 8 G Path generated
| £°) Fonst b W oo B
ﬂ'r“‘?' T e Mechanism Nr.8 o
Arerte N . )h\
£ Fona b . . ™ e s
2,’;;';;[ List of solutions kf- ¢ “ .

. ;_" o / Desired Path

s N

e,
Bt N ) ( \ Actu;torilnput N
1 -

m oo Mechanism Nr. 8 J Link o
P2 Pt vl | [ N e P e e | l A Tt o |
) Fous b EL | L L T
P hwtel e | N Graphs
£ Fous bae LT | T | N
Qe o oy [N
Eroats w0 oo f|uams | ——
:%rwl.. ) [ | e —

[ NI BN . = —
Bl | l,J T T = 073 e 1000
[roummaddansn con T T |

Figure 3-6 Generated Solutions
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3.10 Optimize

A selected mechanism can be optimized, to make it fit the requirements
even better.

& x XA

Optimize

-

e To start, click the Optimize button.
e At completion the icon of the mechanism turns red.
e An optimized mechanism will move higher up the list.

If the optimized mechanism is less suitable, the effect of Optimization
can be undone.

& e x KA
|

Undo Optimize . . L
Figure 3-6 and Figure 3-7 show how path error has significantly

decreased after optimization.
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| FE® 8w
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H!e xw@a|€ju0xaaau-n:na-:€vm-lj:
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:-:‘iﬁulw M6 oof ™, 'S

foubs = frd .
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£ Fou by o o B e
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£ Foua b I omes e "
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Figure 3-7 After Optimization
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Export mechanism to Excel |

hEEE&E i

HTML Report |

3.11 Export to Excel.

This option generates a Microsoft Excel workbook or folder (depending
on the Excel version installed on your computer). It contains several
sheets.

1. Mechanism dimensions

2. Data related to the motion of the mechanism

3. Graphs related to motion data

Data can be used:
e Asinput for CAD programs.
e Further processing or calculation

Note: unit and coordinate system settings affect the output and number
formatting.

3.12 HTML Report

All properties of the selected mechanism are saved to a HTML file and
shown in your default browser (Netscape or Explorer). This file is saved
in the same directory as the current project. A HTML file can be edited
by Word, Frontpage, StarOffice etc.

The graph data displayed depends on the selected graph tab. No graph
data is displayed when the graph window is hidden.

Velocity and acceleration values are dependent on the input function
settings.

Note: unit and coordinate system settings affect the output and number
formatting.
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4 Guide to tools, menus graph’s etc.

4.1 Main Toolbar

R i | Aasgrnaas? DecEle

1 2

B RG

3 4 5 6 7 8 9% 10 1112 13 14 1% 16 17 18 19 20

New project

Open existing project
Save

HTML Report
Project Info

Four bar

Slider four bar

Five bar

Watt 1, six bar

. Watt 2, six bar

. Stephenson 1, six bar

. Stephenson 3, six bar

. Eight bar, parallel motion

. Information on mechanism types
. Show/Hide List Window

. Show/Hide Graph Window

. Zoom All On Select

. Carthesian or x,y coordinates

. Polar coordinates

. Graph versus time or input angle
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4.2 List Window Toolbar

| & x X|U1|RE

123 4 5 6 7

NNk LD =

Start Generating Mechanisms

Optimize Selected Mechanism

Undo Optimization of selected Mechanism
Delete Selected Mechanism

Clear List

Input Function settings

Export Selected Mechanism to Excel
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4.3 Animation Window Toolbar

RyoxsH @QaQF- «mm» W L[

1T 2 345 6 7 8 910 1112131415 16 17 18

i e Aol

Import a Mechanism from Excel
Select

Display property dialog of object
Delete

Add curve point

Add Area

Zoom All

Zoom In

Zoom Out

. Show/Hide output link drawing, ground link drawing or instant

centers

. Step Back (Left Key)

. Stop animation

. Pause animation (Space bar)
. Start animation (Space bar)
. Step Forward (Right Key)

. Low Animation Speed

. Medium Animation Speed

. High Animation Speed

46



Watt 1.5

User’s Guide

4.4

O

Output Link Window Toolbar

=

1

9

B ISRG o

=D x| @&a|\ E
2 345 6 78 910 11

Create new output link drawing
Import DXF drawing

Select

Display Properties

Delete

Zoom All

Zoom In

Zoom Out

Draw lines

10. Add output link pivot area

1

4.5

1. Set path point connection coordinates

Ground Link Window Toolbar

[
1

Sk =

= aaaq
2 345 8

New

Import DXF
Select
Zoom All
Zoom In
Zoom Out
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4.6 Menus
File menu

q Dews CtrH | New Start new project

(= Open... Cr+0 | Open Open existing project

M save Chr+S | Save Save project

5ave As... Save As Save project using a new name
(&% Import DXF . Import DXF Import DXF-file as ground link
bsq Export bo Excel Export to Excel Export properties of the selected

% Impork From Excel, ..

E Expork o 54M...

ﬁ Praject Infa

% Report

Exit Chrl+z

1 test wakk save,watk

2 challenge asme solutions. watk

[z Select

= Properties  Shift+Ins

<1° Add Curve Poink
1 add Area

¥ Delete Shift+Del

Import from Excel
Export to SAM...
Project Info
Report

Exit

1

Edit menu

Select

Properties

Add Curve Point
Add Area

Delete

mechanism to a MS-Excel file.

Import curve points from an Excel file
Export to SAM compatible .dat file
Additional project related information
Create HTML report and show in browser
Exit Watt

Open last saved project

Select Element

Show properties

Add curve point in the animation window
Add area where pivots are allowed
Delete an object

N.B.: right click in animation window to pop up this menu.
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@ Zoorn Al Ckrl+F
@a Zoom In Chr+I
=L Zoom out Chrl+3

= shaw Mechanism Lisk
= Shaw Graphs
@ Zoom Al on Select

nits. ..

P Start
B Reset

E Inpuk Function

W Generate  ChrG
b optimize  Ctrl+T
4= | Indo Ophimize

Options. ..

View menu

Zoom All

Zoom In

Zoom Out

Show Mechanism
list

Show Graphs
Zoom All on
Select

Units

Analysis menu

Start
Reset
Input function

Synthesis menu
Generate

Optimize

Undo Optimize

Zoom to fit all inside window.
Select desired zoom area
Click in window to zoom out.
Show/Hide list window

Show /Hide Graph window

Zoom All when selecting a mechanism
from the list

Set preferred units and numerical precision

Start animation
Reset mechanism to starting point
Define timing and input function type

Start generating mechanisms

Optimize selected mechanism

Undo optimization, mechanism is reset to
former dimensions
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Synthesis Help
W Generate  Ch4G
b optimize  Cel+T
4= | ndo Optimize

Cptians. ..

Synthesis Options
General I Searchl

v Apply link length penalty

Cancel |

I Restiict ink length ta [1000.000 mm

Mirimurn Transmission Angle I5,UDU "
Allow solutions outside arsa IU > %
I~ Specified total input rotation ISF,ZHE *

I Fulllnput Link Rotation Bequired

Help |

Synthesis options.

General

Link length penalty on: If checked it prevents generation of linkages
with very long link length, by adding a penalty during the search
process.

Restrict Link Length to: In certain applications it may be advisable to
restrict link lengths to a maximum value.

Minimum transmission angle: small values of the transmission angle
can lead to blocking of the mechanism. Restrict to at least 5 degrees.

Allow solutions outside area: If no solutions present itself, this may be
caused by too restrictively set Ground Pivot Areas or Output Link Areas.
Without changing the actual areas, the search areas can be increased by a
percentage of surface area to find out if any solutions are available
outside the current settings.

Specified total input rotation: if the application requires a specific
rotation of the input angle and all rotations in between do not matter,
select this option instead of setting the input rotation in the Curve Point
Settings.

Full Input Link Rotation required: Check this option if you require a

mechanism of which the input link must be able to rotate full 360°
without blocking. (Version 1.5)
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Search Depth

Synthesis Options | Thorough Search is recommended for finding the best solutions. On
1GHz and faster processors this is achieved in acceptable time.

General Search |

Search e |

" Quick Search [approx. 2 minutes]

Set standard search for Pentium II computers

& Standard Search [approx. 10 minutes]

¢ Thoraugh Seaich (apees. 30 miuzs) Quick Search is only for quick exploration or very slow processors.
|
Help menu
Zontents
Search for Help On.. Contents Show contents of Help
Search for Help on  Search Help file by key word.
st gl fiele How to use Help  General help on Windows.
Quick. Tutaril Quick Tutorial A quick introduction how to use WATT.
Register... Consultancy www:heron—technologies.cprn/consultancy.
Consultancy... F§edback E?mall to Heron—?echnologle.s .
License License Information and activation code
Faesledi., About Version, Credits etc.
License, ..
About, ..

51



Watt 1.5

User’s Guide

Graph Window

Path error

Path

Velocity
Acceleration

Output
Output Velocity
Output Acceleration

Input
Input Velocity

Input Acceleration

Ratio Out:In

Transmission angle

Deviation of path from the curve. Deviation
is measured as distance between a path
point and a point on the curve with the same
relative path position.

Displacement of output point along the
path.

Velocity of path point

Acceleration of path point (Vector sum of
tangential and normal acceleration)

Output link rotation
Output link rotational velocity
Output link rotational acceleration

Input link rotation
Input link rotational velocity

Input link rotational acceleration

Momentary ratio Output link rotation : Input
link rotation

Minimum transmission angle in mechanism

Note: velocity and acceleration depends on the input function settings.
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5 Theory on linkage design
5.1 Theory

A mechanism is a mechanical arrangement meant to conduct motion and
forces from an input to an output, the magnitude of the motion and
forces changes. In the field of kinematics a mechanism consists of rigid
links interconnected by e.g. pivots, in such a way that one or more loops
or chains are formed. One link of the kinematic chain, is considered to be
part of the ‘stationary’ world. This earthed link is being referred to as
earth or ground link. A mechanism allows relative motion between the
links.

Figure 5-1 Folding Table

Mechanisms can be found in all sorts of appliances that surround us in
everyday life: doors of trains, umbrellas, car engines, door locks etc.
Mechanisms consisting of links with pivoting, rolling or sliding joints
perform a guiding function. The actuation of a mechanism can be
achieved by applying a rotating (e.g. electric motor) or by a translating
actuator (e.g. pneumatic or hydraulic cylinder, linear motor or spring).
Mechanisms with elastic hinges are applied as guidance in precision
instruments.
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Planar mechanisms

Most applications of mechanisms provide guidance in one plane (x,y-
plane) These mechanisms are called planar mechanisms. A planar
mechanism guides a body in three coordinates: translation in the x- and
the y-direction and rotation around the z-axis. Bear in mind that a planar
mechanism should be implemented in a 3D world. Simply setting two of
the same mechanisms side by side is not a very good solution. Consider
the mechanism for opening the door of a train or bus. The motion of the
door is being described by a four bar mechanism in the x-y plane.
Unwanted motion in the z-direction or rotation around X,y axes is
constrained by a single link connected to a (torsional stiff) steel tube
lower at the door.

The four bar

A very simple mechanism in the form of a closed loop is a four bar. The
mechanism consists of three moving links, and a stationary ground link.
All links are connected by pivots (Figure 5-2).

path

path point '—\

/=

joint = pivot
B
Input link
AOQ BO

Ground link

Figure 5-2 Four Bar
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The joints are indicated with a letter. Ground link joints get an index .
The link connected to the actuator (A¢A) is called the input link. The link
connecting joints A and B is called the coupler or floating link in this
case it is also the output link. Figure 5-3, Figure 5-4 and Figure 5-5 show
three functions that can be performed by mechanisms.

By

PSS T

Figure 5-3 Path Generator as Crane

The crane in Figure 5-3 is a special type of four bar. Point P on the
coupler describes within certain limits a straight line. A load can be
moved in such a way, the potential energy doesn’t change. Cranes of this
type can be found in docks. This mechanism describes a predetermined
path and is referred to as a path generator.
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Figure 5-4 Function Generator as Sprinkler

The sprinkler in Figure 5-4 (output link) makes rocking motion as the
input link makes a full rotation. Adjusting the length of the output link
changes the stroke.

This mechanism creates a desired relation between input link and output

link rotation. The output link is not a floating link but a grounded link.
The mechanism is called a function generator.
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Figure 5-5 Motion Generator as Car Hood

Figure 5-5 shows a four bar mechanism that provides a desired
translation as well as a desired rotation of the car hood. The output link
guides the hood in such a way it opens fully and closes properly even
though its side near the window is curved.

The mechanism type is called a motion generator.
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Figure 5-6 Link of Infinite Length

A grounded link of infinite length can be replaced by a slider. Since BoB
is of infinite length, pivot B in Figure 5-6 describes a straight line. Thus
a crank-slider is created, best known from the combustion engine. The
piston acts as the input link, the crank acts as the output link.

Figure 5-7 Kinematic Inversion

If another link is chosen as fundament a kinematic inversion is created.
The crank slider mechanism in Figure 5-7 is inverted. Link AB becomes
ground link. The slider is transformed into a pivoting slider by the
inversion (a hydraulic or pneumatic cylinder).
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Kinematic diagrams

Although a four bar is simple and versatile, it sometimes may be
desirable and necessary to apply more complex mechanisms.

Figure 5-8 Combustion Engine with Variable Stroke

In Figure 5-8 a piston engine with variable stroke is shown. The stroke
can be varied by moving the control-nut (8) along the control-screw (9).

Figure 5-9 Kinematic Diagram
For analysis and synthesis purposes a schematic way of drawing is used.

The kinematic diagram in Figure 5-9 provides a clearer image of its
function than Figure 5-8.
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A kinematic diagram uses standard elements.

binary ternary quartenary

\O
SO
]

Figure 5-10 Binary, Ternary and Quaternary Links

In kinematics each element between two or more pivots is considered a
rigid link. The elements are arranged according to the number of
connections or joints. Thus exist: binary, ternary and quartenary links.

Different ways of notation are used. However there must be a clear
distinction between a rigid multiple link and a chain of binary links.

Link 5 (piston in Figure 5-8) has a sliding connection to the ground link
(the wall of the cylinder) and a pivoting connection to link 4 (the piston

link). The piston is a binary link.

Link 3 has three pivoting connections to the surrounding links and is a
ternary link.

On link 8 (control-nut) two pivoting joints coincide in the projected
view. The third joint converts link § into a ternary link.

The parts of the piston engine are linked in four places to the ground
link. In this case the ground link is a quaternary link.
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Displaying the engine house as a link creates a chain of interconnected
links. This diagram is called a kinematic chain. To ease generalization
often all joints are drawn as pivots. Figure 5-11.shows a kinematic chain
of the engine using pivots as joints

Figure 5-11 Kinematic Chain

The control nut is calibrated for a certain desired situation. Links 7,8 and
9 cannot move in this situation.

(\

Figure 5-12 Kinematic Chain

The kinematic chain can be simplified by considering links 7,8 and 9 as
part of the ground link (Figure 5-12). This chain is similar to the
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universal form of the so-called Stephenson chain (Figure 5-13).

Figure 5-13 Stephenson chain

Each mechanism can be classified into a small number of types by
drawing its kinematic chain. This procedure is applied when designing
and analyzing mechanisms.

Example

Figure 5-14 shows the design of a prosthetic knee.

1 1
T TR
Figure 5-14 Prosthetic Knee and Kinematic Diagram

The mechanism is used to provide extra stability while standing.
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A kinematic diagram can be drawn of the prosthetic knee (Figure 5-14
right). The choice of ground link is not obvious in this case. Both the
upper and the lower leg move relative to the world. Considering only
relative motion between upper and lower leg is relevant, one of the two
can be chosen as ground link. Thus it is apparent that this is a
Stephenson chain.

5.2 Degrees of freedom

The motion of a mechanism is fully determined, if the motion of one or
more of its links is prescribed. The number of links, driving its motion,
corresponds with the number of degrees of freedom (DOF) of the
mechanism. The number of degrees of freedom determines the number
of required actuators as well as the boundaries within which a body
(linked to the output link) can be manipulated.

The position of link AB in Figure 5-15 is clearly fully determined by the
x and y coordinates of point A and angle 6. If AB can move freely in
plane x-y, AB has three degrees of freedom.

Two freely moving links in the x-y plane together have six degrees of
freedom (each link takes a position independent of the other). So n free
moving links have 3n degrees of freedom.

If two links AB and BC are joined by a pivot (Figure 5-16), the x,y
positions of both links are interdependent. Such a pair of links is called a
dyad. Link AB can take any position. Link BC however, can only rotate
around B. The open chain now only has four degrees of freedom.
Apparently a pivot reduces the number of degrees of freedom by two.

Links AB, BC and CD (Figure 5-17) originally had nine degrees of

freedom. Fixing one link to the world and thus creating a ground link,
reduces the number of degrees of freedom by three.
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Hmr 0 Degrees of Freedom
Figure 5-18

2 Degrees of
Freedom

Figure 5-19

If one link of a collection of n links acts as ground link, the
collection has 3(n-1) degrees of freedom. As shown above by joining
links with pivots each pivot reduces the number of degrees of freedom
by two. If a collection of links is joined with f; pivots, the number of
degrees of freedom is reduced by 2 f.

This results in Griibler’s equation:
F=3n-1)-2f,

F = number of degrees of freedom of a mechanism
n = number of links (including ground link)
f1 = number of joints with one degree of freedom.

Two pivots in one position

A problem arises if a number of pivots coincide. It is obvious that the
truss of Figure 5-18 is statically determined and has exactly zero
degrees of freedom. If the number of nodes equals the number of pivots,
Griibler’s equation results in F = 12. Howver, the number of joints
between two links should be counted. Where three links are joined, there
are two joints.

Figure 5-19- shows two links, connected with one pivot in the same
position. Both links can rotate independently. Therefore the mechanism
has two degrees of freedom. According to Griibler this result can only be
achieved by taking two pivots into account.

If m links can pivot independently in one point, the following equation
should be applied:

f] =m-1

f1: number of joints with one degree of freedom.

m: number of links connected in one position.
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Pivoting

Sliding

Pure Rolling

Py

Cr

Rolling and
Sliding

Linear Guidance

The confusion can be avoided by drawing each joint separately in a
kinematic chain.

5.3 Joints

Apart from the pivot, three other elementary joints between links can be
distinguished.

Sliding along a predetermined path.

This joint is schematically drawn as a block, which slides over or
through another link. The joint allows one degree of freedom (translation
along the contact plane of both links) and thus is a f, joint.

Pure rolling

This joint is schematically drawn as the pairing of two circles with
different curvature (e.g. a circle and a straight line). To distinguish
between a rolling/sliding joint it is possible to apply a dash. The dash
indicates that there is no sliding possible in the point of contact. Rolling
allows one degree of freedom thus is a f; joint.

Rolling and sliding.

This joint is schematically pictured as the pairing of two circles with
different curvature (e.g. a circle and a straight line). However in the point
of contact rolling as well as sliding may occur. The rolling/sliding joint
therefore is a f, joint. The various joints can also be thought of as a so-
called instant equivalent, only consisting of pivoting links.

Sliding linear guidance only allows one motion in the x-direction. A
link of infinite length is the instant equivalent. Rolling without sliding
only rolling along the plane of contact is possible. A pivot is the instant
equivalent.
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Instant equivalents

Leaf Spring

Rolling and sliding allows two degrees of freedom at the point of
contact. Apart from rolling along the plane of contact, sliding rotation
can take place in any position. As instant equivalent an extra link can be
placed between foundation and body.

A leaf spring as connection between two links only allows rotation (f;
joint). Thus the instant equivalent of a leaf spring is a pivot.

In a mechanism a spring should only apply a force. A spring in a well-
designed construction will not limit the degrees of freedom. So in a
kinematic diagram a spring may be omitted. Sometimes it can be useful
to regard the spring as a dyad, using animation software. The mechanism
can be actuated by the grounded link of the dyad.

Griibler’s equation equation can be further completed:
F=3n-1)-2 f-1f,

F: number of degrees of freedom.

n: number of links (including ground link)

f1: number of joints with one degree of freedom.
f>: number of joints with two degrees of freedom.

How to determine the degrees of freedom of a mechanism:

1. Draw a kinematic diagram of the mechanism. (In some cases use
instant equivalents).

2. Number the links, starting at the ground link.

Define the type and number of joints.

4. Calculate the number of degrees of freedom using Griibler’s
equation.

|98)
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Figure 5-20

Figure 5-21

Example: Degrees of freedom of a pair of gears

The pair of gears in Figure 5-20 consists of 3 links including the ground
link. Two pivots (f; joints) join the gears to the ground link. The gear
teeth have rolling and sliding contact (one f, joint). According to
Griibler the mechanism has one degree of freedom. If one of the gears is
being actuated the motion of the whole mechanism is determined.

The momentary equivalent of a pair of gears can be represented by a four
bar, in which the pivots of the coupler are situated on the ground circle
of the gears.

Example: Degrees of freedom of a belt and pulley
mechanism

It is assumed no sliding between belt and pulley will occur (Figure 5-21).
The position the belt runs on and off the wheele can be considered as
momentary pivots. From the momentary equivalent mechanism the
number of degrees of freedom can easily be calculated. The equivalent
mechanism consists of six links joined by seven pivots (f;). According to
Griibler the mechanism has one degree of freedom.

67



Watt 1.5

User’s Guide

Figure 5-23

Example

Calculate the number of degrees of freedom of the mechanism in Figure
5-22

n=1

f1="17 (7 pivots and 1 sliding contact)

f2=1 (the fork-joint allows rolling as well as sliding)
F=3(7-1)2¥7-1*1=18-4-1=3

Of the mechanism a kinematic diagram can be drawn based upon the
instant equivalents (see Figure 5-23).

The spring is replaced by a dyad, the fork joint as a combination of a
sliding contact and a pivot. The number of links increases.

n=10

f1=12 (10 pivots and 2 sliding contacts)
F=3(10-1) 2*12=27-24=3
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Figure 5-24

1

Figure 5-25

Figure 5-26

Is Griibler always right?

Motion of link 5 (Figure 5-24) is determined by three parallel links.
Motion seems evident. According to Griibler the mechanism has 0
degrees of freedom.

(n=5, fi =6,F =0).

However, motion depends on the fact if links 2,3 and 4 are of exactly
equal length. Depending on the accuracy of production, rigidity and
clearance of the joints, the mechanism will run more or less well.
Definitely not recommended.

At first glance the friction wheel assembly (Figure 5-25) seems well-
designed and to have one degree of freedom. According to Griibler
however the construction has 0 degrees of freedom, if the wheel contact
allows pure rolling only.

n=3,f=3,F=0).

In case wheel contact would allow rolling and sliding the assembly has
two degrees of freedom. If once more link dimensions are being taken
into account it is easy to see what is wrong.

If the sum of both friction wheel radiuses is less than the distance
between pivots, the wheels have no contact.

If the sum of both radiuses is greater than the distance between pivots the
construction cannot be assembled.

The friction wheel transmission is only kinematically correct, if the pivot
of one of the wheels can move (Figure 5-26). A spring could be applied
to press both wheels together. The extra needed degree of freedom, can
also be added by choosing a compliant material for the contact surface of
one of the wheels (e.g. rubber surface).
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Griibler for spatial mechanisms

The position and orientation of any body is determined by six

o * parameters: Xx,y,z,@ ;6. A spatial body therefore has six degrees of
R T freedom.
4? Grtibler for spatial mechanisms can be formulated as follows:
y
'LI_I
;/ ‘-1"*'-. FZ(I’I—I) —5f1 —4f2 -3f3 -2 f4 - 1f5

»~
Figure 5-27 F: Number of degrees of freedom
n: Number of links ( incl. ground).
f1: Number of joints with one degree of freedom.
e Line hinge (axle with double bearing)
e Leaf spring (torsionally stiff)
e Pure rolling of a cylinder.

f>: Number of joints with two degrees of freedom.
e Spherical contact (rolling)
e Leaf spring (torsion weak)
e  Wire spring (torsion rigid)

f3: Number of joints with three degrees of freedom.
e Spherical pivot
e  Wire spring (torsionally compliant)
e Sliding contact (e.g. x, y, 6)

f4: Number of joints with five degrees of freedom.
e Rolling and sliding of a cylinder.

fs: Number of joints with five degrees of freedom.
e Spherical contact (rolling and sliding).
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Figure 5-28

Figure 5-30

Example

Spherical surfaces only fix one degree of freedom, if rolling and sliding
is possible. The body in the figure on the left is resting on three spherical
surfaces, which are part of the ground link.

n=2
fs=3 (rolling and sliding)
F=6(2-1)-1*3=6-3=3

The body is fixed in the z-direction and cannot rotate around the x-axis
and around the y-axis.

If the body is placed on three spheres:

n=5 (ground, three spheres and body)
f1=06 (rolling and sliding)
F=6(5-1)-1*6=24-6=18

The body still has three degrees of freedom. Because it is assumed the
spherical contacts allows rolling and sliding, each sphere can move
freely between ground triangular body. Each sphere consequently has
five degrees of freedom, resulting in 18 degrees of freedom for the whole
assembly.

If sufficient force is present between the triangular body and ground, it
seems likely no sliding will occur in each contact. Every contact now has
only two rotational degrees of freedom. The number of degrees of
freedom according to Griibler are:

n=>5 (ground, three balls and triangular body)

fo=6 (six spherical contacts, rolling, no sliding)
F=6(5-1)-4*6=24-24=0.
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Figure 5-31

2-2-2

Figure 5-32

O

3-2-1 Kelvin

Figure 5-33

According to Griibler the triangular body cannot possess three degrees of
freedom, if rolling without sliding in all contact planes is assumed. At
first glance it seems that the spheres have to roll, no matter how the body
is moved. However if the diameters of the spheres are not exactly equal,
rolling without sliding will only occur in a curved trajectory. A soon as
the body is forced to move along a straight line, compensation will be
needed for its ‘innate’ behavior, by allowing rotation around the z-axis in
some contact points.

Spin around the z-axis will occur relatively easy, because a spherical
contact has limited potential for a frictional torque. Spin in a contact can
also be observed in case the triangular body rotates around the center
line of one of the spheres.

Griibler calculates three degrees of freedom, if is assumed in three of six
contacts rotation around the z-axis is possible:

n=5 (ground, three spheres and body)
f2=3 (3 spherical contacts, rolling no sliding)
f3=3 (3 spherical contacts, rolling and sliding)

F=06(5-1)-4*3-3%3=24-12-9=3.

Accurate (re)positioning

A problem often cropping up in precision instruments is accurate
(re)positioning of two bodies in respect to each other resulting in zero
degrees of freedom.

If spherical contacts with rolling and sliding are applied between ground
and body, according to Griibler, six of those joints should be applied. A
lot of configurations are possible. Two of the most well known designs
are shown on the left. The spheres are shown detached, but they need to
be part of one of the two bodies. Positioning with micrometer accuracy is
possible.
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Various kinematic chains

Reasoning from the number of degrees of freedom needed, the number
of links and the type of joints all possible kinematic chains can be
determined. If only joints with one degree of freedom are desired
Griibler gives:

:3(n—1)—F

4 2

F: number of degrees of freedom.
n: number of links in the mechanism (incl. ground)
f1: number of joints with one degree of freedom.

From the number of binary, ternary and quartenary links the number of
joints results:

28, +38; +4S,
1= 5

S,: Number of binary links in the mechanism
S;: Number of ternary links in the mechanism
S,: Number of quartenary links in the mechanism.

Assume:

n:SZ+S3+S4
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Six bars with one degree of freedom

To determine all possible kinematic chains with six links and a single
degree of freedom:

n=6andF=1
f1:7
To solve:

25, +38, =4S,
2

=7

Sz + S3 + S4 =6
The only solution is:
52:4 and S3:2 and S4:O

Using four binary and two ternary links, two different chains can be
assembled. They are known as the Watt chain and the Stephenson chain
(Figure 5-34). The Stephenson chain has two ternary links separated by a
binary link. From the Watt chain two kinematic inversions can be
derived. The Stephenson chain results in three kinematic inversions
(Figure 5-34). The freedom of choice of the input and output link
enhances the number of available configurations even more.
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Watt chain Stephenson chain

; ; ; Watt 1
é 2 S Watt 2

Stephenson 1

L K

Stephenson 2

W

Figure 5-34 Watt chain and Stephenson chain

Instead of the pivots, other kinds of joints, which result in one degree of
freedom, inserted in each chain. A few Watt chains with a sliding joint
and one with a rolling joint are shown in Figure 5-35. Figure 5-35V
shows a typical cam mechanism.
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Watt Chain

Figure 5-35 Alternative Watt Chains.

Eight bar mechanisms with one degree of freedom

Determine the number of possible kinematic chains of mechanisms with
eight links and one degree of freedom.

n=8andF=1
fi=10

25, +3S, =48, _
2
Al’ld Sz+S3+S4:8

10

Result:
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Three combinations of binary, ternary and quaternary links are possible.
S, | Sz | Sy For every combination a number of chains can be drawn. The chains in
1 6 0 2 which immobile parts occur are omitted.
Imy| s 2 1
m| 4 | 4 0

\ 6-0-2

FoN

-
PR
S

b

4-4-0

Figure 5-36 Eight Bars with one degree of Freedom

For mechanisms in which joints with two degrees of freedom occur, the
number of kinematic chains can be determined in much the same way.
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Input link

transmission
angle

5.4 Transmission angle

A four bar mechanism has two positions it locks up. These positions are
called dead center or singular positions. Both coupler and follower link
are in line and if there is no inertia to pull the mechanism through, it is
stuck.

Near these dead center positions the coupler has to push the follower at
an ever more inefficient angle. Most of the force conducted to the
follower link is normal to it and will result in ever increasing friction. As
a result a mechanism can block even before it reaches its dead center
position.

To evaluate the likelihood of blocking, the transmission angle is
introduced. It is defined as the smallest angle between driving and
following link.

Depending on the friction in the bearings used, it is sensible to prevent a
mechanism from having a transmission angle that is too low. A
minimum of 5 degrees is a sensible precaution.

Six bar and eight bar mechanisms have two to three combinations of

driving and following links that needs watching. WATT always displays
the minimum value of these transmission angles.
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