122 Chapter 6 Planar Rigid Body Dynamics: Force and Acceleration

Newton's 2nd Law: Double Pendulum

6.1-1 Introduction

[1] Consider a Double Pendulum consisting of a Link and a Plate [2, 3]. The system is released from an initial
configuration in which the Link forms 45° with a vertical plane and the Plate forms 30° with the Link.

In this section, we'll perform a simulation for this system and demonstrate how the dynamic behavior is governed
by Newton's 2nd Law:

Sk =maj, SF,=m, M, =T 0

where XY-plane is the motion plane, m is the mass of the body, a, and g, are the acceleration components at the mass
center, ¢ is the angular acceleration of the body, and [ is the moment of inertia with respect to an axis perpendicular
to the motion plane and passing through the mass center G. The Sl unit for | iskg-m’.

The geometry details of the Link and the Plate (including the locations of mass center and the moment of
inertia ) are not shown in this page, but will be illustrated later.

[3] The Plate initially
forms 30° with the

ky( e

9.81 m/s*

g‘:

[2] The Link initially
forms 45° with the Y-
axis.
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6.1-2 Start Up and Create a Part: Link

[2] Save the Part with
the name Link.

[3] Set up MMGS unit
system with two decimal

[T Launch SOLIDWORKS and
click New to create a new Part.
0
[4] On the Front I ‘
plane, draw a sketch :
like this, using i !
Straight Slot, |
8 ! - [5]-Extrude the
! sketch 20 mm, using
* 50 Mid Plane option.
|
!
§ | ) [6] Right-click this
L E z‘i\“" side face and select
¥ \_/ Sketch.
' *Trimafric
*Front
T {8] Extruded Cut,
" using Through All
{7] Draw a rectangle option. #
like this. The vertical
dimension of the
rectangle is not
important.
~ !
i

Iﬁmﬁ “e 10 P *Trimeiric
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6.1-3 Create a Part: Plate

[3] Set up MMGS unit system with
two decimal places for Length in
Basic Units and 5 decimal places
for Length in Mass/Section
Properties.

[2] Save the Part with e
the name Plate. MMG3,

[5] Extrude the
sketch 10 mm, using
Mid Plane option.

[1] Click New to
create a new Part,

10

[4] On the Front
plane, draw a sketch

\- like this.
o5 :

Flass
Properties

oy
W

[6] In the Evaluate Toolbar,
click Mass Properties.

[7] The mass
m=149.80365 g.

; Mass properfies of Plate -
! " Corfiguration; Default .
Coordmate .»3: e, - de&lu!t -

106 Density = 0 nmoa arams per milimeter

Eront

|ass = 149.80355 arams

Vciurﬁe = 1—1980‘3 65046 cubrc m[llimaters

[8] The mass center
locates at
Y =—65.08520 mm.

Sur%e:e nfe = 3511? BO’:’J?Z @qUa

[91 The moment of inertia with
respect to the mass center

T =40541872 g-mm*.

C,ent af fass: {mlmmeters)

Drinapal axes of Lnerba and prinapal momenf_. of |ruh.= { grams square m|IE
Taken at the centsr of mass,

= {0.00000, 1.00000, 0. 00000\ i PR= 126248 0554

iy {-1.00000, 0.06000, 0,00000) . - Py = 231667,3929

r= (D.QOOOO 0 OfJﬁDD L GDODD) o ; ] Pz = 405418, 7222

Moments of nertia; { grams * square miflimeters ) :
Taken at the renter of mess and aligned with the output r:oord\nate SVS tem.

XY =
tzz = 405413 72228

Lyy.= 1zu14s 05636
JLzy =10, DDGIJO

Moments of éner‘da: {grams > square mﬂ!amatars 3
Taken at the output coordinate system. . e B
CIMx = 916248,05636 - Ixy =0,40000 - Iz = 0,00000

; Iyx = 0,00006 © Iyy = 126248.05595 Iyz = 0,00000
Trx = 0.00000 Tzy = 0.00000 © Iz = 1039399,3865

[10] Close Mass

Properties. #

HTrimeptric

H
§
[

L
h
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6.1-4 Create an Assembly: Pendulum

[1] Click Neew and [4] Save the Assembly with the
2] In the Head-U
create an Assembly. name Pendulum. [ ']i';‘olbar, ft?rn onp
View Origins.

[6] In the Assembly {5] Set up MMGS unit

Toolbar, click Insert : systém with two decimal
Components and park places.
Plate anywhere.

§3] In the Begin Assembly
Property Box, select Link and
dlick the Origin of the Assemblty.

*Temalrie [73 Right-click
Link<1> and select
Float.

5% (f) Linke1> (Defanlt<<Defaultr_Photo Wozks Display State>) _
& % {-) Plate<1> (Default<«Defavlt- Phote Warks Display State) (8] In Assembly
Toolbar, click Mate.
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' [10] The Plate and the Link are connected with a
[9] We'll create these 6 revelute joint (see {11, 12]).
= W Mass

Mates in [10-22].
/ [13] The Link’s inner frontal face [14] and the Plate's
: backside face [15] are Coincident.
; @ Concentrel {Link<l=Plae<lz)

A Comeidentl Linkel Plec2) | [16] The Links"s and the Assembly's Origins are Coincident.
/¢, Coincident2 (Linked » Origii - Uncheck Align axes (see [17]) before clicking OK.

‘ ,{ Cofncident? (Link<1s Front)

L) Anglet (RightLinke!s)
{7y ngled Qinke 5, Plata<1>) [18] The Link's and the Assembly's Front
s g | EE - planes are Coinlt:ident.

[20] The Assembly's and the Link’s Right planes form an
Angle of 45 degrees. Click Flip dimension if necessary. This is
the initial configuration of the Link. We'll suppress this Mate later.

[21] The Link’s and the Plate’s
Right planes form form an Angle
of 30 degrees. Click Flip
dimension if necessary. This is the
initial configuration of the Plate.
We'll suppress this Mate later.

[[5] The Plate's
backside face.

[14] The Link's
inner frontal face.

[11] Concentrict is
created by clicking this
cylindrical face...

] ,g' i Colnedent

[12] And this
cylindrical face.

[17} Uncheck
Align axes.

[19] Now, use your
mouse to test the
assembly and make sure
all the Mates are
correct.

[22] This is the initial
configuration.
Dismiss Mate hox,

Save the file. #

*Trimatric

Trimotric
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6.1-5 Create a Motion Study and Set Up Gravity

Model =

DViews.] Mation Study 1 [

[5] Click OK. #

[3] In Motion Toolbar, il i B b :l
@] Click Motion Study | tabJ click Gravity. :

[Moton Acsiyss 7]

[{2] Select Motion Analysis.]

[4] Click Y.

6.1-6 Calculate and Animate Results

lﬂ]@ Mates
L 4D Conzeniric] (Plate<1> Linkels)
g Coincient] (Link el »Plate<1>)
- £ Coinzident2 (Linkel>Origin)

e CumcidentB {Lmkd > ant)

[1] In the Assembly Tree,
under Mates, suppress Anglel
and Angle2 (see 6.1-4[20,21],
last page).

[2] In the Motion Toolbar,
Click Motion Study
Properties and type 1000 for
Frames per second.

[6] Set Playback Speed to 10 sec. )

[7] Select Nlormal for
Playback Mode.

g r@ Pendufum (Default<Defanlt ) D@iﬂy Shle-1s)
: £ (@) Orisntalion and Camere Visws
1 D;..@ Lights, Camerssand Scere

[4] Right-click this Key Point and [3] Drag this Key Point
select View Orientation>Front. to | sec.
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6.1-7 Results: Linear and Angular Accelerations of the Plate

14 fiotor araives 7]] S 05 B W — | [Bo == <[

}‘1:(‘_?3 g‘; iy @‘ ©Halser Meec - E

! I Ell,lljl'\zlz‘été!lz
= ¥ Pendulvim (DefooltTifut Display Sk QJ———Q

EZ:E Att= 0. sec, th:a Plate forms' an | - {l] Click at 0.} sec. This !
anglef_’ =56.0681 .wn:h the Y-axis time point is arbitrarily E
(see 6.1-8[11, next pagg) chosen, '
]
1
[3] At 0.1 sec, the linear !
acceleration in X-direction at !
the mass center of the Plate
s EX = —4876.!5 mm.’sz -was 3 4 H 4 4 ¥ 4 +
= -487615 m ‘(32. 24 0.6 420 (X2 LE I h:.h:fm o5e T 080 o3¢ 160
i‘-’ Corpenent :J ' |
i Face<is@late-y : ) HeaE
e :
e [4] At 0.1 sec, the linear ,
L - acceleration in Y-direction at 7 ) .
the mass center of the Plate fg’ !
is d, =—1691.45 mm/s* § ] ,
=—1.69145 m/s* 2 ‘
. , 7 i
: [+ Comeuren: = smuu; wm 120 o L w .o ore sm w 198 ; I
: “:! Faze<ts @Paie-1 ‘ i i E
- o

W B

Result

x
&
«

o

ar Aecetistion| (deafree2)

(
\

Iy remevasaes [ [5]At 0.1 sec, the angular

o oo acceleration in Z-direction of
] the Plate is

o = —5527.24 degls’
= 96,4685 radis® #

%Wm—-—-———m,—.mm‘

N
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6.1-8 Results: Angular Displacement of the Plate

1‘ 1 [I]At0.1 sec, the angular

T dispfacemen’c of the Plate is | . . : ; : ; ; : |

8 = 56.0681". Note that Tewm e e o I 80 st i
initially,§ = 75" %

6.1-9 Results: Reaction Forces at Concentricl

[2] At 0.1 sec, the reaction
force in X-direction at the
revolute joint on the Linlcis
F, = 0730465 N. )

7N 0.1 0.730465]

[pezton Ferce.

IX Comorent

(% {Concenuic: K T

select Concentric! from the
Assembly Tree. If a warning
message shows up, click Ne.

£ ' L :
2 T + 3

02g @2 o040 C34 28t &3¢ 8.00 238 90
Time {sect

[3] At Q.1 sec, the reaction
force in Y-direction at the
revolute joint on the Link is
F =~1.21569 N.#

'

&

Reactlon Force?2 {newton
&
4

in
'

- ; } ; ; : } ¢ ;
ERi &10 020 930 o a5 () .70 [1X:23 [12: 1] 1688
Fime {mac)
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6.1-10 Newton's 2nd Law: Plate

[1] Newton's 2nd Law for a rigid body in plane motion (Eq. 6.1-1(1}, page 122} states that the externdl forces and
moments acting on a rigid body are equivalent to the effective force and moments acting on the particle. The effective
force of a rigid body is simply the product of its mass and the acceleration at the mass center; the effective moment of a rigid

body is the product of its moment of inertia T and the angular acceleration ¢.
The external forces acting on the Plate and the effective forces and moment on the Plate are shown in [2-8].

It's easy to confirm that these forces and moments indeed satisfy Newton's 2nd Law; i.e., in X-direction,

~0.730465 = (0.14980365)(—4.8765)

In Y-direction, k
[.21569 —(0.14980365)(%9.80665) = (0.14980365)(—1.69145)

Taking the moment about the mass center, we have .

(0.730465)(0.0650852 cos 56.0681') — (1.21569)(0.06508525in56.068 ') = —(4.0541872 x 107*)(96.4685)

[8] For the reaction force F .
andF, , see 6.1-9[2, 3], last page.

\/ [3] For the location of
the mass center, see - [5] For th ¢ of [e} Folr the angular
F =121565 N N or the moment o accelerations g,
Y 6.1-3[8], page 124. inertia, see 6.1-3[9], | * | see 6.1-7[5], page
page 124. [28.

|

(96.4685 rad/s®)

F, =0.730465 N | _
To = (40541872 %10 kg

ma, = (0.14980365 kg)(4.8

md, = (0.14980365 kg)h

Y

7] For the angular
displacernent of the W

Plate, see 6.1-8[ 1],
A Bl | g = (014980365 kg)(9.80665 mis?)

;

[4] For the linear accelerations a,
and g, see 6.1-7[3, 4], page 128!

[2] For the mass of the
Plate, see 6.1-3[7], page 124.

Wrap Up ,
[9] Save all files and exit SOLIDWORKS. #




