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Particle Kinematics

Rigid Body

In the real world, all solid bodies are more or less deformable. There are no such things as rigid bodies. However, if
the deformation of a body is not our concern and if the deformation is negligible relative to the motion of the body, we
can treat the body as a rigid body. In this book, we assume all bodies studied are rigid bodies. In rigid body
dynamics, springs are the only elements that are deformable.

Particle

Similarly, in the real world, there are no such things as particles, which occupy zero volume in the space. However, when
a body doesn't rotate (therefore no angular velocity, angular acceleration, angular kinetic energy, or angular momentum),
we can treat the body as though its entire mass concentrates at its mass center and regard it as a particle.

Even when a body does rotate but its angular velocity remains constant, we still can treat the body as a particle, since
its rotational quantities (angular velocity, angular acceleration, angular kinetic energy, or angular momentum) remain
unchanged during the motion. For example, in the study of space mechanics, we often treat a planet as a particle, even
though it does rotate. Keep in mind that a body is treated as a particle not because of its size, but because of its insignificance
of rotation.

Chapters |-4 provide exercises on dynamic systems involving bodies that can be treated as particles.

Kinematics

What is kinematics! To answer this question, let's first explain how a dynamics problem is solved (either by computer or
hand-calculation). Like any other engineering analysis, solving a dynamics problem involves two main steps: (a) write
down a set of equations and (b) solve the equations.

For rigid body dynamics, these equations can be divided into two groups: (a) Equations based on physical
principles. For each body, some equilibrium equations (e.g., Newton's 2nd Law) or conservation equations (e.g.,
principle of work and energy) can be written down. (b) Equations describing the kinematics relations among
bodies. That is, the relations among motions of bodies. The motions of a particle can be fully described by its position,
velocity, and acceleration.

Particle kinematics is the study of the relations among positions, velocities, and accelerations of
particles involved in a dynamics system. Examples of kinematics problems are: (a) If a particle has an acceleration of d(t),
what is its velocity v(t) and position F(t)? (b) If particle A is moving with a constant acceleration of d,, what is the
acceleration, velocity, and position of particle B at time t?

Chapter | provides exercises on particle kinematics.
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Rectangular Components:
Falling Ball

|.1-1 Introduction

[T Imagine that you throw a ball with an initial velocity [2-5]. The velocity and the position of the ball at time t = | sec
can be calculated as follows.
In X-direction, the velocity component is constant,

v, =Vv,cos0 = (5 m/s)(cos45") = 3.54 m/s (N
and the position is
X = (v, cosB)t = (5 m/s)(cos457)(I s) = 3.54 m (2)
In Y-direction, the velocity component is
v, =v,sinf— gt = (5 m/s)(sin45") — (9.81 m/s*)(l s) = —6.27 m/s (3)
and the position is | |
Y =(v, sint9)t—5g1:2 = (5 m/s)(sin45")(l s)—E(9.8I m/s*)(I's)’ ==1.37 m 4)

These values are shown in [6, 7]. In this section, we'll perform a simulation for this scenario and validate the simulation
results with the values in Egs. (1-4).

[2] The ball has a

[3] The ball is thrown with diameter of 20 e,

an initial velocity which has
a magnitude of 5 m/s and an
angle of elevation of 45°.

[4] The ball is [6] After | sec, the ball
; to thi ition:
[5] We'll use this w | Sublectedtoa MOV 2 3 g en
dinate system. ’
coordinate system acceleration of Y= -137m.
9.81 m/s?
downward. v, =354 mis
£
[7] At this position, the ball has N
avelocityy, =3.54 m/sand —= ¥
v, =—6.27 m/s. # [

Yy
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[.1-2 Launch SOLIDWORKS and Create a New Part

1] Launch
2] User Interface. [
21 SOLIDWORKS.
J =
| X
D’SSOUDWORKS File  View Tools Help . - - 8 = m 5 |E75earchmes and models £ -| P = O X
SOLIDWORKS « SOLIDWORKS Resources A
2015 Edition -
Getting Started &l
D New Document
[3] Click New to create £ Opena Document
a new document. hafEanas
B What's New
2 Introducing SOLIDWORKS
j/ General Information
SOLIDWORKS Tools A
[4] Part is selected B8 property Tab Builder
R SOLIDWORKS Rx
by default.
ta] Performance Benchmark Test
Compare My Score
1y Settings Wizard
New SOLIJ)WORKS Document E et
inity A
a 3D representation of a single design component tomer Portal
Part r Groups | |
‘ussion Forum
=) [‘7 nical Alerts & News
= a 3D arrangement of parts and/or other i ferprise PDM 2 o
RKS
Assembly . one
[5] Click OK to [
create a Part Impornant SOL
E a 2D engineering drawing, typically of a part or assembly document. # [DWORKS Customer Satisfaction Survey
Drawing ;l
SOLIDWORKS Premium 2015 364 B I J0nnn
- T—— PR
Advanced | Cancel | Help |
_
— S
About the TextBoxes
I. Within each subsection (e.g., |.1-2), textboxes are ordered with numbers, each of which is enclosed by a pair of

square brackets (e.g., [1]). When you read the contents of a subsection, please follow the order of the textboxes.

2. The textbox numbers are also used as reference numbers. Inside a subsection, we simply refer to a textbox by its
number (e.g., [1]). From other subsections, we refer to a textbox by its subsection identifier and the textbox number
(e.g., 1.1-2[1]).

3. A textbox is either round-cornered (e.g, [I, 3, 5]) or sharp-cornered (e.g., [2,4]). A round-cornered textbox
indicates that mouse or keyboard actions are needed in that step. A sharp-cornered textbox is used for
commentary only; i.e.,, mouse or keyboard actions are not needed in that step.

4. A symbol # is used to indicate the last textbox of a subsection [5], so that you don't leave out any textboxes.

SOLIDWORKS Terms
In this book, terms used in the SOLIDWORKS are boldfaced (e.g., Part in [4, 5]) to facilitate the readability.




I.1-3 Set Up Unit System
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File Edit View Inset Tools Window Help Q'ID-BvH-@-D-[EB! M E- rattr [ searcniiesandmodes O] P - o B X
(PATNGBUNENL I HL-R||NeOR% | ED|E-| e
QO¥neNE 0 -4 CeRE 00| 1 80006 0@dS |
8 = S\ (11} 2 Nr3 P
& o Swept Boss/Base x & Swept Cut 92 i Rib Wrap % I
L & . = Fillet L B Ref Ci
;_:t:;jg:i ﬂn::;;g::! Lofted Boss/Base Evt(vz\.(lj‘:ed ﬁf;a F:e.E)ul;Ed R Lofted Lut/ . P;?;;;' , Draft : Dome G::::t; UNEs || instantsD
Boundary Boss/Base | Boundary Cut . . @ shen [0 mirror o ,
sm:h|WM]MTmlMWJMWIM]W]mM&MWWﬂ BEEx
QaASME -6 @R - -
Partl (Default<<Default>_Photo Works \ o
History =-
(7] Sensors o
[A] Annotations F
3= Material <not specified > = @ -
& Front .
; {Q Top . &
< Right ‘ ~
— L oign g -
7 Rk
4 _*
oY
., -
la]
Document Properties - Units x| "

System Options Document Properties | [2] - Search Options L
. nit system

Drsfting Standard [Unitsystem———————— | eu Editing Part Custom =«

B gﬁmﬁf 5 MKS (meter, kilogram, second) < also can be [r ” 4

. " CGS (centimeter, gram, second)

& ‘;m Shasgs € MMGS [millimeter, gram, second) selected here.

Detailing € IPS (inch, pound, second)

Grid /5 -

T nap Custom

Model Display

Material Propertie: .

Inage Qualty Type e [pecmats [Fractions _[more [1] The unit system shows

Sheet Metal Basic Units . .

Weldments — TP = 1 here. Click it and select

Plane Displa; .

Dqupe?ln 4 Dual Dimension Length [inches 123 MKS as the unit S)’Stem.
Locaon Dinension e degrees 1 NG Click it again and select Edit
Gttty Tom MaesSeshon Propermies ; Document Units
Chaint ot Tength e 1z [3] The number of decu.na.l

oy Opins Viass Kilograms ] places for the length unit is

[ e l shown here. Select .12
— — = (tv~_/o decimal places, which
Force newton v is the default setting).
Power watt 12 . .
rEany [ioule 12 ‘ ‘
[ Decimal
¢ Round half away from zero
" Round half towards zero
" Round half to even [4] Click OK‘ #
" Truncate without rounding
¥ | Only apply rounding method to dimensions

i oK 'I Cancel I

—
T

Help |

7
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|.1-4 Create a Part: Ball

§ Partl (Defsult<<Default-_PhotoWorks Display State=) | [1] In the Features Tree,

. [f5) History right-click Front plane and
[ ¢) Sensors select Sketch from the
[ A Annotations Context Menu.
- 3= Material <not specified »
& O
o (legadl
%y Right
B T P — [2] Draw a sketch
— Autosize like this.
£53 | 3D Sketch On Plone
Section View
Gt 2 [4] Select this line as
Earenli’f:hld.... Axis of N
] Add b Fuvoriies Revolution. ©0.20
E Save Selection
7% | Properties...
.
Go To... ﬁ
Hide/Show Tree Items. . A
Collapse Items
¥ *Front

I o
Extruded| Revolved
Boss/Base\ Boss/Base

Swept Boss/Base

Lofted Boss/Base

Boundary Boss/Base @m've [f

| Features l @x
P— [———— ,/ff—\ Axis of Revolution A

.,

[3] In the Features
Toolbar, click
Revolved Boss/Base.

1 A

Direction
[ Blin |

}*ax | 360.00deg E
[6] This is the Features Tree of &

the Part. In this book, we simply *Trimetric
call it a Part Tree. |I”_irection2 ¥

\/ [ Thin Feature ¥
G, Part] (Defonlt<<Defonlt>_Photo Works Display State>) [7] Click Save and save —
(4] History the document with the | setected Contours v
(@] Semsors name Ball. A file
(A ] Annotations Ball.SLDPRT is created

.:;: Material <not specified> in your working folder. #
Q Front

&y Top
& Right
1, Origin

e D-e{EH)ye-9-Elssa-
 T—

I —

T—
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|.1-5 Create an Assembly: Ball-In-Space

[1] Click New. F-ld--9-(G]-8 5 E-

[ — T
New SOLIDWORKS Document [2] Select x|
Assembly.
NS . ‘ )
Nl ] a 3D rg”_<Sentation of a single design component
Part -
_ % Begin Assembly
(B v -
) a 3D arrangement of parts and/or other assemblies -
Assembly Select a component to insert, then
place it in the graphics area or hit
OK to locate it at the origin.
QOr design top-down using a
Layout with blocks. Parts may then
be created from the blocks.

‘ Create Layout

EE
l_J;LI': a 2D engineering drawing, typically of a part or assembly
Drawing

Part/Assembly to Insert A

Advanced | oK Cancel I Help |

Open documents:

— —
QAOENE-D -6 - 7] [6] In the Property Box,
5 select Ball.
/ | Browse...
[ Thumbnail Preview ¥
Options A
[4] In the Head-Up [5] This is the assembly's Origin. We [ Start command when creating
. new assembly
Toolbar, turn on want to insert the Ball so that the -
View Origins. part's coordinate system aligns with I Graphics preview
the assembly's coordinate system. ™ Make virtual
[~ Envelope
¥ Show Rotate context toolbar

P—————

L

[7] Click the assembly's
Origin. Now the Ball is
fixed at the assembly's

v Origin.
[8] Select MKS for
MKS . the unit system i
[.1-3[1], page 7).
R (1.1-3[1], page 7)

*Trimetric
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[10] This is the Features Tree of the Assembly. -
In this book, we simply call it the Assembly Tree. L]

I

@ Ball-In-Space (Default<Default Display State-1=)
. 4@ Sensors
- A Annotations

[9] Click Save and save the document
with the name Ball-In-Space. A file
Ball-In-Space.SLDASM is created
in your working folder.

[1'1] In the Assembly Tree, an (f) sign
before Ball<I> indicates that the Ball is fixed
in the space. We'll release it before running the

simulation (I.1-11[11], page 14).#

|.1-6 Create a Sketch in the Assembly

[1] Right-click Front plane
and select Sketch from the
Context Menu.

[2] In the Standard
Views Toolbar, click

@ Ball-In-Space (Default=Default Display State-1=)
Normal To.

[{5) History

@ Sensors
LA Annotations
.5y Front @d‘

%> Top @ . ¢ o
i Epad (Qesss88 c@e s
1, Origin
= Q% {f) Ball«<1= (Defanltz<Defanlt=_Photo Warks Display State=)

@ Features

il Mates
’ Bl 0o \-0-n-0 3%
JI— — Bt | Smart Trim
Sketch | Dimension O- S} A A Entities

-\ - R-0 - * -

Sketch
T S—

[4] Click Exit Sketch. #

[3] Draw a sketch like this. The
lengths of the lines are not
relevant. We'll use this line to
define the direction of the
initial velocity of the Ball.

*Front
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|.1-7 Load SOLIDWORKS Motion

@il & & () i} E

CircuitWorks PhotoView ScanTo3D |SOLIDWORKS | SOLIDWORKS SOLIDWORKS SOLIDWORKS TolAnalyst SOLIDWORKS
Motion Routing Simulation Toolbox Flow

Simulation

/\ ] SOLIDWORKS Add-Ins [

g / —
[2] If SOLIDWORKS Motion is I[l] Click SOLIDWORKS

highlighted, that means it has already Add-Ins tab.

been loaded, you may jump to the next
page. Otherwise, click it to load
SOLIDWORKS Motion,or...

4 N
[5] Also click here so that
the Motion will be loaded
automatically each time you
start up SOLIDWORKS.
In this book, we assume that
you set up this way so that
the Motion is loaded
automatically each time you
start up SOLIDWORKS.

\_ /

- File Edit View Insert | Tools ‘ Window Help & l x|
- Active Add-ins | Sta~ ,Up | L"T'E,;
I — X | 1avert Selection EISOLIDWORKS Premium Add-ins ||
™ & Circuitworks
Sy ' [~ %2 FeatureWorks <15
Find/Modify 4 I~ @ PhotoView 360 -
Design Checker 4 [™ (# scanTo3D -
g Format Painter... 2" SOLIDWORKS Design Checker <1s
Component Selection » g SOLIDWORKS Motion <1s
SOLIDWORKS Routing .
Component 2 [~ [ SOLUDWORKS Simulation r
[T SOUDWORKS Toolbox r -
Sketch Entities . r '9‘ SOLIDWORKS Toolbox Browser r -
Sketch Tools [4] And then click ™ 5§+ SOLIDWORKS Utities r i
Sketch Settings SOLIDWORKS [T SOLIDWORKS Warkgroup PDM 2015 r .
Blocks Motion. ™ K] tolanalyst r
Spline Tools [E]SOLIDWORKS Add-ins
Dimensions » [T Autotrace r o
Relations » [ SOLIDWORKS Composer 2 <1s
[T SOLDWORKS Flow Simulation 2015 r
DimEpert » [ ) SOLIDWORKS Forum 2015 Vv <1s
B | Measue... [Eother Add-ins ﬂ
ﬁ?._‘ Mass Properties...
%] | Section Properties... &I
[&] | Check... Y
=9 | Assembly Visvalization
@ | AssemblyXpert.. JI— —
MateXpert...
| Interference Detection.. [6] CIle OK #

]
TE | Clearance Verification...
il | Hole Alignment .
Reorganize Components...
| Equations...

Z |
45 | Symmetry Check...
B

Large Assembly Mode

[3] Another way to load 8 | Maks Snart Component..

SOLIDWORKS »
Motion is selecting I:;Tm
Tools>Add-Ins...

Save/Restore Sefttings..
Customize...
Options...

from Pull-Down
Menus.
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|.1-8 Create a Motion Study

P el fle Edit View Inset Tools Window Help & [ - (-l - - 0 <[] 8 %1 =) - Ball-In-Space *
L

2 Search files and models  §J -| ® o @ 3R

agmeu® @ v ceps- 001 EIFIF0ID |

( & = » T KL &
CircuitWorks PhotoView ScanTo3D | SOLIDWORKS | SOLIDWORKS SOLIDWORKS SOLIDWORKS TolAnalyst SOLIDWORKS SOLIDWORKS OLIDWORKS
360 Motion Routing Simulation Toolbox Flow 1spectiol
Simulation
Assembly | Layout | Sheet Metal | Sketch | Evaluate | SOLIDWORKS Add-Ins [ SOLIDWORKS MED | QRS E - 6r- OB -5 18 - & %
""""" ) ) » |9 Ball-In-Space {Default<Defan o
- ]
I@ Ball-In-Space (Defanlt<Default Display State-15)
) () History [2] Assembly
| 2] Sensors
e (&) Amuottons Tree.
& Front ] .
\gm b [4] Motion
S Right
SN Toolbar.
% (1) Ball<l> (Defsult<<Default _PhotoWorks Dj r
[ Mates B
& () Skechi A
x
4| | > _Front
[ animation =l & a ix e -EH Q¢ |@8NRe 8 EE \¥J|
TR i — e i o
L | | 1 " ] I 1 1 | ] ] 1 I 1 I
= Up Bell In-Space (Default<Defaull_Display State- 1)
@ Orientation and Camera Views
@ 4 (3] Lights, Camerss and Scene
| =S O Ballts etuulte<Detautts_PhotoWocks Display States J . .
¥ L e | - [3] Motion [6] Time Scale
Rt \T Study Tree. Zoom Buttons.
Qi
RDIC 1
R oVDVEV\3@“3&*V@E‘iﬁﬁﬁﬁmﬁ@@/ﬁ\%fﬁiylﬁﬁll\ /\
SOLIDWORKS Premium 2015 x64 Edition

\

/\ [Fully Defined | [Editing Asembly | | MKS . 3] Q
.|

[I] Click Motion Study | tab.

[8] By default, Animation is the Type of Study.
It has limited capability for motion simulation.

Animation ~]| &I m |

VRS G
= @ Ball-In-Space (Default<Default_Display State-12)
@ Orientation and Camers Views
| Lights, Camersas and Scene
8§ (f) Ball<1> (Default<<Default>_PhotoWarks Display State»)
@@ Mates
2 () Sketehl

7T Model | 3D Views | Motion Study1 |
| —

- J\

[7] Double-click Motion Study | tab
and change the name to Falling Ball.

[5] Timeline
Area.

[9] Select Motion Analysis, which
provides full capability for motion simulation.
In this book, we always select Motion

Analysis as the Type of Study.#

Motion Analysis

V%R Y
= @ Ball-In-Space (Default<Default_Display State-12)
@ Orientation and Camers Views
| Lights, Camerss and Scene
) (f) Ball<1> (Default<<Default>_PhotoWarks Display State»)
@@ Mates
2 () Sketehl

7 [_Model [ 3D Views ] Falling Ball |

I — ——
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[.1-9 Set Up Gravity

[IT In Motion Toolbar, click

Gravity.
[5] Click OK. #
@6 /] @ENR
P [3] Click Y. ‘
Gravity Parameters [4] An arrow in the

Graphics Window
indicates that the
direction of the
Gravity is in the
negative Y-direction.

———— /

[2] The default Gravity Value is 1

9.81 m/s?. Internally, it is stored as |
9.80665 m/s?. To display more :"
decimal places, see 1.1-3[3], page 7.

AV 4

*Frant

I.1-10 Set Up Initial Velocity for the Ball

= 9§ Ball-In-Space (Default<Default_Display State-1») [1]In Motion Study Tree,
() Orientation and Camera Views right-click Ball<I> and select
3] Lights, Cameras and Scene Initial Velocity.
L 9 Gravity
% (f) Ball<1 > (Default<<Defanlt=_Photo Works Displayr State>)
[ Mates
() Sketch

[4] Click OK.# [2] Click this line (1.1-6[3], page

~ = 10). A red arrow appears, showing
d—\ itial Velocity 4 . the direction of the Initial
)

3¢ Velocity.
L.

Parameters R
Initial linear velocity:
*Front

e

ISm;‘s ﬂ
Initial angularo\N
[~]] |

|0 RPM il [3]1 Type 5 (m/s) as the

magnitude of the Initial

linear Velocity.




14 Chapter | Particle Kinematics

R AT

= @ Ball-In-Space (Default<Default_Display State-1)
() Orientation and Camera Views
[+]-|3%| Lights, Cameras and Scene
-9 Gravity
'{% {f) Ball<1> {(Defanlt=<Default>_Photo Works Display State=)
@@ Mates

[=1-1&7) Initial Velocity

Calculate and Animate Results

[1] By default, the simulation time
is set to 5 sec. Drag this Key
Point to 1.0 sec.

45&1:\/
U B | LI
'y

L

2 sec
[ BRI

0 sec

b sec
e b

5%, Initial Velocityl <Bf

€ () Sketcht [5] Make sure the

Time Slider is
at the beginning.

[12] Click
Calculate.

@ Orientation and Camera Views Q
{3%| Lights, Cameras and Scens
'j Gravity
% (-) Ballz1> {Defaultz<Defanlt>_Photo Wo!
) Mates

I =1 Indtial Veloeity

Display State=)

[6] Right-click Orientation and
Camera View and select Disable
View Key Creation. Now, any

change of Orientation and
Camera Views will take effect.

[3] Click Motion
Study Properties.

o R3¢ @s\ie s B@euk- B
0 sec 1 sec 2 sec 3 sec 4 sec

L]

[2] Click this Zoom
Button several times to
zoom-in the Time Scale.

| Motion Study Properties
a4

" [Animation ¥ |

[8] Right-click Orientation
and Camera View and select
Disable View Key Creation.
Now, the Orientation and
Camera View is fixed.

[Basic Motion ¥|

Motion Analysis A
Frames per second:

300 2
L1 ERRERETTTTTT]

¥ animat
[4] Type 300 for Frames
per second. This improves
output resolution. It has no
effects on solution accuracy.
Click OK.

Replace
r with bu

Bushit

]

1 [7] Adjust to a Front view,
. and zoom-out the Ball so
“ | that the flying Ball will be in
the Graphics Window.
*Front

[9] In the Head-Up
Toolbar, turn off

View Origins. p—

@

&

[10] Also turn off View @ =)

Sketches. ﬁ

A

%Eall—[n—Spane (Default<Default_Display State-12) i —

et EllE]

.| 7] Sensors =o= (o1

411 A | Annotations —

{%}l Front ‘g‘
% Top &
%}\ Right _

1, Origin

& Features

[ifj) Mates
B () Skecht

= % {f) Ball<1> {Default<<Defanlt>_Photo Works Display State=) ﬁ

[11] In the Assembly Tree (NOT the Motion
Study Tree) right-click Ball<I> and select Float.
The (f) sign changes to (=), indicating that the Ball is

free to move now.
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[I3] A Motion Analysis
Messages window may
appear with useful
information. This feature can
be disabled (see 2.1-9[2, 4],
page 41). If you don't see
this window, disregard and
skip to [15].

[17] Click to Stop
the animation. #

Motion Analysis Messages @
8.00000E-01 1.00000E-02 87 87
8.80000E-01 1.00000E-02 95 95
5.60000E-01 1.00000E-02 103 103

> 1.00000E+00 1.00000E-02 107 107
End Simulati H
e Simutatieon [14] Click to close
the window.
Finished ————-
Elapsed time = 1.18s, CPU time = 0.76s, ©4.95 -
O — N

I“lll':»l/!
T —

v@,

[[I6] Click Play from Start.]

[15] Select 0.1x for Playback Speed.
We now play a slow motion.

I.1-12 Results: Trace Path

[I] In Motion Toolbar, click
Results and Plots.

[5] Click OK. (2]

ERE

|
l B
|
|

@3\R & 9 (8=

Select Displacement/ L — —

Velocity/Acceleration.

@ Ball-In-Space (Default<Defau...
#-15) History
2‘ Sensors

A Annotations

*@ Front
—

[3] Select Trace Path. ]

[4] Expand the Assembly Tree in

in@Ball-1@Ball-In-Space

IDlsp\acament‘“v'eln(ity‘:‘.(celeration ozl I_: Right the Graphics Window and Select
1 — #+ Crigin P
[frace path OF|| 2% ¢ Ballet> (DefantteeDet.. the Origin of Ball<I>.
= - {8) History
I _] 2] Sensors

Al Annotations
45 Material <not specified >

: *Q Front

ﬂ_\b S — Top
2 Right
Output Options A L. o

[V Show vector in the graphics window

1}5?3 Revolvel
@Mms
{-3 Sketchl ﬁ -
[6] Click Play from
start (I.1-11[16], this

*Front page) to view the
animation again. #
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[.1-13 Results: Positions=X

FEALY 10

p—

[1] In Motion Toolbar, click
Results and Plots.

[5] The scale is somehow misleading.
Double-click the vertical axis.

L&)
|

-
|

Center of Mass Position1 {meter)

|
[=]

000 010 020 030 040 050 080 070 080 050
Time (sec)

[4] Click OK.

[2] Set up the

"I Results like this.

6/ Results

7

Result

[9] Click to close
the window. #

-

(¥
1

-
|

Center of Mass Position1 {meter)
L
1

- .

[=]

t i i i i i i i
0.00 010 020 030 040 050 060 070 080 090 1.00
Time (sec)

1 3.535534 ~u

ID\splacementfv'elocityjAcce#eration O' j
o -l
O =

ICenter of Mass Position

|x component

Face <1>@Ball-1

v}

% |

T —

[3] In the Graphics
Window, click the Ball.
The positions of the Center
of Mass will be reported.

[6] Click Scale tab and set the
scale like this. Click OK.

Format Axis

Pattern  Scale |Nu.mber| Font |

Auto

[ Start Point ID o)

[~ End Point [+ o

[~ Major Units o

[~ Minor Units s O
I —————————

[7] Now, it looks better. Let's obtain numerical
data. Right-click anywhere inside the window and
select Export CSV. Save the file with the name

Ball-Position-X.
-

[8] In your working folder, double-click to
open the file Ball-Position-X.CSV. Look
up the position at time = | sec, which is

3.535534 m, consistent with the value in Eq.
I.1-1(2), page 5. Close the CSV file.
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|.1-14 Results: Positions-Y

[4] Click OK.
[2] Set up the
Results like this.
- - Results 2
|@§\Réu|@\ 7)%
[ — 7 Result A
IDisplacement.."v‘elocitv_-"Au:ce\eratinn O’ ;I
[1] In Motion Toolbar, click |center of Mass Position o =
Results and Plots. IY Component O j

% | \
[3] In the Graphics
JR— Window, click the
Ball.
[8] Click to close the
window. #
z Pawrn Sole | Nunber| Font |
10 »
ALuto
[~ Start Point 15 o)

[~ End Point I o
[~ Major Units IU.5 O
[ Minor Units IEI.25

I —

[5] Set the scale for the
vertical axis like this.

Center of Mass Position2 (meter)

-15 i i i ; i ; ; i i
000 010 020 030 040 050 060 070 080 0S50 1.00
Time (s&c)

[6] Right-click anywhere inside
the window and select Export
CSV. Save the file with the name
Ball-Position-Y.

[7] In your working folder, double-click to open the file

1 136779 Ball-Position-Y.CSV. Look up the position at time
’ = | sec, which is -1.36779 m, consistent with the value

— in Eq. |.1-1(4), page 5. Close the CSV file.
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[.1-15 Results: Velocity=-X

| Results 2
« R
T M - .
40 B IDlsplacemenwelm:itymccelerahon j
|Linear velocity =l
|x Component =l

Velocityl (meter/sec)
(3]

1 3.535534
— \ —
3.0 #——i N
0.00 010 020 0. 0.40 050 070 0.80 090 1.00 Patirn  Scale | Nunber | Font |
Time (se
Autn
, l [~ Start Point |3
R — —
A [~ End Point |4
[I] Follow a similar procedure in 1.1-14 to obtain the Ball's [~ Major Units |u_5
velocity in X-direction, which is a constant (3.535534 m/s) over | I Minor T (ra—
the time, consistent with the value in Eq. I.1-1(I), page 5. #
— —
|.1-16 Results: Velocity-Y
| Results 2
a 7 X
4 m Result A
IDisplacemenwelocitv,"»\ccelerah‘on -

|L|near Velocity

Lel Lol

IY Component

1 H2illz

Velocity2 (meter/sec)
fa

£ 4 -
5 ; i ; T T T Patern  Scale INumbetl Font |
000 010 020 030 040 (|50 060 070 030 080 1.00
Tim| |(sec) Auto
[ [~ Start Point E
[ — | T I End Foint [«
™ Major Units 2
[1] Follow a similar procedure in 1.1-14 to obtain the Ball's  Minor Ui I
velocity in Y-direction, which is -6.27112 m/s at time = | sec,
consistent with the value in Eq. I.1-1(3), page 5. #

r—*




[.1-17 Wrap Up

Window | Help & [ - (¥ - [ - & - [Z)’[
Viewport ¥
:g New Window
Cascade
o | Tile Horizontslly
Tile Vertically
Arrange Icons
Close &11

1 Ball
2 Ball-In-Space *

Browse Open Documents..

Ctrl-Tab

Customize Menun

|.1-18 Do ItYourself

Section |.I Rectangular Components: Falling Ball

-
i
=

4@ | Publish eDr(zM

[I] From the Pull-Down
Menus, click Window to
see that there are two
opened files.

[2] Select Save>Save All
to save all changes in the
two files. Click Rebuild, if
a warning message window
appears. #

[I] Motion Study Tree.

\/ |

= @ Ball-In-Space (DefaultzDefault Display State-1=)
R Orientation and Camera Views
[+ %] Lights, Cameras and Scene
3 Gravity O

M) Mates (0 Redundancies)
=& Initial Velocity
&, Initia] Velocityl <Ball-1
[=1-/&7] Results
"] Plotl <Trace Pathi -
Plot2 «Center of Mass Position] =

[+

= Plot?<Center of Mass Position2> O
Plotd «Velocityl > O

N Plot5«Velocity2: O

2 () Setehl

[5] To change the Gravity, right-click here and select
Edit Feature.

] % {-) Ball<1 > (Default<<Defavlt=_Photo Works Display State=)

[3] To change the magnitude of the Initial Velocity,
right-click here and select Edit Feature.

[6] To hide the Trace Path in the Graphics Window,
right-click here and select Hide Plot.

[7] To show any of the Plot, right-click it and

select Show Plot.

@ Ball-In-Bpace (Default«Defavlt Display State-1:) % - EBsll
..... (3] Sensors [2] Assembly Tree.

EIA| P w Ball-In-Space
% Front £5] Bell-Position-X
 Top [9] Your working “24] Ball-Position-¥
& Right folder should contain £44] Ball-Velocity-X
L, Origin these files. # ) Ball-Velocity-¥

=| % (-) Ball<1> (Default<<Default>_Photo Works Display State=)

& | Features —

([ Mates
E () Sketchi

O-% [4] To change the direction of the Initial Velocity,

right-click here and select Edit Sketch.

[8] From the Pull-
Down Menus, Select

File>Exit to quit
SOLIDWORKS.
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Radial and Transverse Components:

Sliding Collar on Rotating Arm

|.2-1 Introduction

[T Consider an Arm rotating about a Pivot with
an angular speed 6 = 7 rad/s [2-4]. A Collar
initially aligned with the Pivot slides along the
Arm with a constant speed F =1.0 m/s [5-6].

Let's use a polar coordinate system centered
at the Pivot and let (r, 6) be the position of the
Collar’s center. Denote g the unit vector in
radial direction and €, the unit vector in transversal
direction [7, 8]. Then the position, velocity, and
acceleration of the Collar’s center are
respectively

V="ré + rge (h
a=(F—r0*)E +(rf+20)E,

Let's calculate these values at an arbitrary time, say
t=0.8 s. At that time [9, 10],

r=08m 0=08n
F=1.0 m/s 6=m rad/s
F=0 m/s’ 6 =0 rad/s*

Then, the position is

r=re

=0.8¢,
= 0.8(cos|44°)i +0.8(sinl44")j
=—0.647i +0.470]
where iis the unit vector in X-direction and j is
the unit vector in Y-direction. The origin of the

XY-coordinate system is the same as that of the
polar coordinate system.

2)

[6] This is the Trace Path
of the Collar's center.

[2] The Pivot is

[3] The Arm is one
meter long and rotates
about the Pivot with

a constant angular
speed 0 = 7 rad/s,

(counterclockwise).

\

fixed in the space. =+

[5] The Collar slides
toward the other end of
the Arm, with a constant
speed 7 =1.0 m/s.

[7] Radial unit
vector.

[8] Transversal
unit vector.

[91Att=0.8s,
r=0.8 m.

A

[4] Initially, the
Arm is positioned

like this.
[I0]Att=08s,
0=087=144".
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[I'1]The velocity is [12]

V =fé +rbe,
=1.08 +0.87¢,
=1.08 +2.513¢,
= (cos|44° | +sinl44°j)
+(=2.513sinl44° i +2.513cos| 44" j)
=-22867 —1.445]

)

[12] The velocity
att=08s.

The acceleration is [13]

@ =(F—r6)e +(rb+2r0)E,
=[0-08(x)’ J¢,
+[0.8(0)+2(1.0)() ¢,
= -7.896¢ +6.283¢, “)
= (~7.896 cos|44° T —7.896sin144° )
+(—6.283sin144° | + 6.283cos| 44" j)
= 2,695 —9.724]

In this section, we'll perform a simulation for this
system and validate the simulation results with the
values in Egs. (2-4).

[13] The acceleration
att=08s.#

|.2-2 Start Up and Create a Part: Pivot

L.\:f v ¥ | ¥
— —
[2] On the Front
[1] Launch SOLIDWORKS plane, draw a circle
(1.1-2[ 11, page 6) and click New to like this.

create a new Part. Set up
MMGS unit system with zero
decimal places for the length unit
(1.1-3, page 7).
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A Swept Boss/Base IDM'E:M £
Revolved Lofted Boss/Base o )R &f

Boss/Base /Boss/Base

Boundary Boss/Base

From A
[Sketch Plane =l
——— ;
Direction 1 A
[3] In the Features lj\ ‘
Toolbar, click *Trimetric IBImd j
Extruded Boss/Base. A
[5] Click OK. ‘
[6] Save the Part with the =
name Pivot. # (f,\, =omm E
O-8 2-9- -8 5a-
[T Dra utwward
— —

[4] Type 30 (mm) for

|.2-3 Create a Part: Arm Depth.

[1] Click to create a new Part. Set _ ) .
up MMGS unit system with zero @- = PR B %kl -

decimal places for the length unit.

[4] Save the Part with the
name Arm. #

1000
m J—
e = — . —— —— — . —— — . ———— — - —— —— — . —— — . — - —— e — e — ]
A [2] On the Front plane, draw a
L\: Straight Slot (using Straight
Slot tool) like this.
*Frant

[3] Extrude 30 mm.

*Trimetric
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|.2-4 Create a Part: Collar (1] Create a new Part. Set up

MMGS unit system with zero
decimal places for the length unit.

Cre-"-%-9-F-18§a-

R — —

[2] On the Front
plane, draw a circle
like this.

[3] Extrude
30 mm.

Elea@- %
E¢yaiada

*Front
[5] In the Standard Views “Trimetric
Toolbar, click Normal To
I.1-6[2], page 10).
P"'l ( (2] pag [4] Right-click this
face and select
Sketch.
T \ A [E) cut-Extrude )
. / 25 7 | &
LM‘ / I From A
v /\ [sketch Plane =]
*Front ' ] Direction 1 A
[6] Draw a rectangle like this.
m [Blind ~|

The width of the rectangle is

L
not important. Vi H

[7] In Features Toolbar, click E
Extruded Cut. =

[9] Save the Part with
the name Collar. #

Extruded
Cut

-
i

*Trimetric

[8] Type 15 (mm).
Click OK.
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|.2-5 Create an Assembly: Collar-On-Arm

@ - @

[I7 Click New and create an
Assembly (I.1-5[1-3], page 9).

[2] In the Head-Up
Toolbar, turn on
View Origins.

b ¥
A2

[4] Click the Origin.
Now the Pivot is fixed

7 = - at the assembly's
® Begin Assembly /| Origin.

« ¥ 4=

Message A

Select a component to insert, then
place it in the graphics area or hit OK to
locate it at the origin.

Or design top-down using a Layout
with blocks. Parts may then be created
from the blocks. .

Create Layout

Part/Assembly to Insert A

*Trimetric
Open documents:
Arm
Collar
Pivot [3] In the Property
Box, select Pivot.
’ "% Insert Component ?
o R =
Browse... Message A
Select a part or assembly to insert and

then place the component in the
graphics area. Use the push pin to
insert multiple copies of the same or
different components.

P ————

Hit OK button to insert a component at

the origin.
MES . [5] Select MKS for Part/Assembly to Insert — &
the unit system (see Open documents:
P [.1-3[1], page 7). i O
Collar
Pivot o\
P [6,8] In the Assembly (E
Insert Toolbar, click Insert \ ~ Browse.. |

Components

Components.

B eeee—

»
i
By

%[
-[E

cn

[7] In the Property Box,
select Arm and click
anywhere in the Graphics
Window to temporarily
park the part.

[9] In the Property Box,
select Collar and click
anywhere in the Graphics
Window to temporarily
park the part.
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[12] And click this A ) [10] In the Assembly
cylindrical face. [16] And click the backside Mate Toolbar, click Mate.
face of the Arm. You may
need to rotate the view to i

reveal the backside face.

[11] Click this
cylindrical face.

[14] Click OK to accept
the Mate without dismiss
the Property Box.

.

*Trimetric [15] Click this
circular face.

Concentricl o
X B O Coincidentl '
4 0 ¢
|% Mates“ @ Analysis]
. Mates Analysis
o - a [18] Click OK to accept ‘ S ” & ]
: the Mate without dismiss BT S =
Face<1> @Pivot-1 the Property Box. —
- ﬁlg Face<3> @Pivot-1
el 2ce<4> @Arm-1
|
FigE [17] Coincident Standard Mates A
A Coindider oinciden
‘<\} e Mate is automatically >< #mmdent
— [13] Concentric selected. 1N\ parattet
n ‘ Perpendicular | Mate is automatically —
selected. M Perpendicular
i\ Tangent
7 Concentric
E Lock

= = @ Jo.18771133m =
E‘ |2006eq = D [o:00deq |

Mate alignment: Mate alignment:
8 =

I P
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[20] And Click this face. Remember, if it is
hidden, rotate the view to reveal the face. Or,
you can use your mouse to drag the Part.

[19] Click this face.

)N

*Trimetric

® [25] And click this face (see [26]). You

may need to rotate the view and even

[23] Click OK. drag the Collar to reveal the face.

T:I".’e ‘ ZJNM

incident2
@x ) o S [24] Click this face.
% Mates](é) Andyss]

[26] Face<8>. W )R B §

Mate Selections A
(Standard Mates A B@ Face <7>@Arm-1
. ace <8>@Collar-1
|}< oincident |§ | ° =
%

|§|Paral|e| prer— T =
L |pependaier | [21] Coincident Sraglerd tates 2
= Mate is automatically @oinddemt
)\ Tangent selected.
', | \\ | Parallel
(O) Concentric -
R oncen [27] Click OK. Click OK | L | erpendicular
[ Y | Lock again to dismiss the ~ E—
—_ - Property Box. St AR
|rj|| e j D) Concentric
”;'t“':“jeg = ZlLock
Mate_alignment: ||43~|| ICM 12636941m :I
) @ |E||15i-‘"53641deg |

Mate alignment:

e &

[22] Click Anti-Aligned.
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[29] Use your mouse to drag the
Collar. It can slide along the Arm.

1 ! [28] Use your mouse to

drag the Arm. It can

o a ;
Trimetric rotate about the Pivot.

00 @ - D[

v
1w
G

[30] In the Head-
Up Toolbar, turn
off View OFrigins.

¢ & & - [ARIS v
cHEEEEEEEE

[31] Save the Assembly with the

xj‘ﬁx
name Collar-On-Arm. Click

*Trimetric Rebuild if a warning window
shows up. #

Dwﬁ*@-@vlﬂﬁ’f@-

J— —

27
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|.2-6 Set Up Initial Positions

[3] Click this face.

[6] Click this
cylindrical face.

9

Mate

T

[1] In the Assembly
Toolbar, click Mate.

[7] And click this
cylindrical face.

A [8] Click OK. Click OK Ll

i
again to dismiss the 7 N ¢
*Trimetric Property Box.
‘% Mates” éf’ Analysisl
Mate Selections A

[5] Click OK.

Face<2>@Collar-1
Face<3> @Pivot-1

7
Standard Mates A
= Collar-On-Arm (Default<Def - s
(%] Yensors A Coincident
$ Mates” & Analysisl \_J Annotations | Parallel
Front [4] And click the N
Mate Selections A > i assembly's Top E_L Perpendicular
= Face<l>@Arm-1 ~ nght o
~ | — & Onem | maee
I%J B (1) Pivot<1> (Defavlt<<De. . _
% (-} Arm<1> (Defavlt<<De... Concentric
Standard Mates A B () Collar<1 > (Defaultz<D... ™ Lock rotation

E}( Coincident @ Haks

! Lock
ID' Jo.47595856m -

Mate alignment:
== g

T—

() Tangent

Concentric

-1 J Lock

ﬂ [0:02490586m =

[ E— = i
Mate alignment: il
[9] Now the Arm and the Collar are

*Trimetri e Lo .
Liu rmetne fixed in their initial positions. We'll release

the last two Mates later, so the Arm
J— — can rotate and the Collar can slide. #
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|.2-7 Create a Motion Study

[2] Select Motion Analysis

Model | 30 Views | Motion Study 1 | (1.1-8[8, 9], page 12).#
IMoh’on Analysis 'Il W - E : I
[1] Click Motion Study | tab. ' B R AT

Double-click it and change the

name to Collar On Arm =t @ Collar-On-Arm (Default<Defanlt Display State-15)

(@) Orientation and Camera Views

@ Lights, Cameras and Scene

% (f) Pivot<1= (Default<<Defavlt=_PhotoWorks Display State=)
w % () Ammel > (Defaults<Defavlt>_PhotoWorks Display States)

% (-) Collar=1> {(Defanlt<<Default>_Photo Works Display State=)
@@ Mates

1 [_Model | 3D Views | Collar On Arm

S — ——

|.2-8 Set Up Motor at the Arm

&3 Motor

[1]1n z:?;ia:t'zzolbar, [5] Click OK.# t/)‘
Motor Type A

@ otary Motor
| \ R é @ | = Linear Motor (Actuator)

[2] Rotary Motor is the
default Motor Type.

P Path Mate Mator

@ ‘Face«l»@ﬁ,rm-l ‘

Face<1>@Arm-1

% 0 |
[3] Click this face of the Arm to define
the Motor Location (the Arm). By Motion
default, the face normal is used to define
the Motor Direction.

A
IConstant Speed -
£ |30 RPM :ll

¥

N

*Trimetric

[4] Type 30 (RPM), which
equals 7 rad/s.




30 Chapter | Particle Kinematics

|.2-9 Set Up Motor at the Collar

—

Motor
[ITIn Motion Toolbar, .
click Motor. [7] Click OK. # \4
Motor Type A
'5 Rotary Motor
i - —
‘ \ R (EJ/ '\j | inear Motor (Actuator)
[2]C|ick Linear Path Mate Motor
Motor. -
n A
[3] Click the Collar as @ |Face<1>@coliar1 |
Motor Location. —
Edge<1>@Arm-1 ‘
[5] If the direction is not % || Am1@collar-On-Arm
toward the free end of the
Arm, click Reverse Motion A
Direction.
IConstant Speed j
@ Ilm,s‘s K j
Y
i — Y —
.

6] Type | (m/s) f
[4] Click this edge of [6]Type | (mVs) for

Speed.
*Trimehic the Arm as Motor
Direction.
[.2-10 Calculate and Animate Results [4] Right-click this Key Point and
select View Orientation>Front.
E| m]@ Mates ’ S?c 1 1 | 1 1 |‘I SIEC |

5 @ Concentric] (Pivotzl =, Arm<ls)
i Coincident] (Pivotels,Ammael )

[2] Drag this Key
Point to 1.0 sec.

[3] In the Motion Toolbar, click
[1] In the Assembly Tree, under Mates, select @ Motion Study Properties, and
the last two Mates (Parallell and type 300 for Frames per
Concentric2) and right-click-select Suppress. S second (I.1-11[3,4], page 14).




[6] In the Motion Toolbar, Click
Calculate. If a Motion Analysis

Messages window appears, close it
(I.1-11[13, 14], page 1I5).
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*Front

|

[5] For this case, a Front view
has a better visual effect.

0.1x va

[8] Click Play from Start.#

|.2-11 Results: Trace Path

0 sec | 1 sec
¢ '
—— —
[5] Click OK.
Results 7]
)R
Result )

|D\splacement,-“v’E\DCJt","“'Accelerahon O j

ITratE Path q El

[7] Select 0.1x for
Playback Speed.

[17 In the
Timeline, click at

0.8 sec.

=@ Collar-On-frm (Default<Def...

{5 History
{2 Sensors

& A] Annotations
*& Front
< Top

= Right
1, Origin

%) Mates in Aseml

{3 History

—{ 2] Sensors

E{A] Annotations

43,5 Material <not specify
{9\ Front

X Top

—< Right

— L Origin

(& BossExtrode1

#-{&) Cut-Extrode1

@ Mates

OQutput Options

V¥ Show vector in the graphics window t [3] Select Trace L}(

Path.

I —

*Frant

-8 (f) Pivot<l> Default<<De..
Lk% {-) rm<1> (Default<<De...
= () Collar<1> Default<<D...

[2] In Motion Toolbar, click
Results and Plots.

FEAYLY- 1G]

I ————

~

[4] From the Assembly Tree (in the

Graphics Window), select the
Origin of the Collar<I>.

~

[6] Click Play from start

(1.2-10[8], this page) to view
the animation again. #

/
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|.2-12 Results: Acceleration

FEALY 10

—

[1] In Motion Toolbar, click
Results and Plots.

[6] Right-click-select Export CSV.\
Save the file as Collar-
Acceleration-X. Open the file and

[4] Click OK.

[2] Set up the
Results like this.

Results /|

e

Result

/dl

ID\splacement_"*u'elocity,"Acceleraton O, j
O =l
o =

ILinear Acceleration

I,X' Component

Face <1>@Collar-1

look up the acceleration at 0.8 sec,

of the Collar.

which is 2.694578 m/s2, consistent
with the value in Eq. [.2-1(4), page 2I./

|

05 2694578 |

Acceleration! (meter/sec™2)
L 1

\_

[3] In the Graphics Window,
click the Collar. The acceleration
will be reported at the mass center

[7] Close the
window.

Pattern  Scale |Numher|Font |

Auta
[~ Start Point
[~ End Pomt 10

i . i i . t f
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Time (sec)

[~ Major Units
[~ Minor Units

t
0.80 1.00

[8] Follow a similar procedure in
[1-6] to obtain the acceleration in Y-
direction. The acceleration at 0.8
sec is -9.72417 m/s?, consistent with

the value in Eq. 1.2-1(4), page 21.

V

| 08 97om7|

Acceleration2 (meterfsec™2)

y—

—

[5] Set the scale for the
vertical axis like this.

[9] Close the
window. #

Pattern  Scale INumberlFoni |

4 4
Auto

7 [~ Start Point [-10
[~ End Point IS

-10 i i ; i i i } ; .
[~ Major Units |3
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.50 1.00
Time (sec) [~ Minor Units |1.5
T — e J— —
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|.2-13 Do It Yourself

[11We leave you to obtain the velocities (Eq. 1.2-1(3), page 21) and the
positions (Eq. 1.2-1(2), page 20). These plots are shown in [2-5].

[[2] Velocity in X-direction.} [[3]Velocity in Y-direction.}

@@

1.0 2
1 -
< 0.0 =
8 8o
5 =
- @
E o4 08 -2.28628 Ead
a o -
Z S -2 08 -1.4455]
@
2 20 2
4 a3 4
-3.0 + + i i i i i + -4 } f t t t t t }
000 010 020 030 040 050 060 070 080 090 1.00 000 010 020 030 040 050 060 070 0320 090 1.00
Time (sec) Time (sec)
5 Ploty - o
0.2 0.6
B T
Epﬁ.u - :qu_D's T
= e
K=] 02 s 0.4
& 04 e 03 A
2 8
2] 2., ] 0.8 0470228
= =
S 058 064721 o
@ @®
£ 08 4 €01
@ @
[&] [&]
-1.0 } i } t } i } { 0.0 } } i i i } t t
0.00 010 020 030 040 050 060 070 0.0 080 1.00 000 0.10 020 030 040 050 060 070 0.80 090 1.00
Time (sec) Time (sec)
— 7Y — — 7Y ——
[[4] Position in X-direction] [[5] Position in Y-direction.}

Wrap Up
[6] Save all files and exit SOLIDWORKS (1.1-18[1-3], page 19).#
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