Chapter 4
Moments of Inertia

4.1 Introduction

A system of n particle P, i = 1,2, ...,n is considered. The mass of the particle P; is
m; as shown in Fig. 4.1
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Fig. 4.1 Particle P, with the mass m;

The position vector of the particle P; is
r; = xj1+y;) +zik.

The moments of inertia of the system about the planes xOy, yOz, and zOx are

2
Loy = 2 m;z;,
;



2 4 Moments of Inertia
Lo, = Zmixl-z,
i
Lox = Y miy;. @.1)
i
The moments of inertia of the system about x, y, and z axes are
Le=A=Y m(y}+2}),
i
Ly=B=Ym (z7+x7),
i
IL.,=C= Zmi («F+7). (4.2)
i
The moment of inertia of the system about the origin O is
Io=Y m;(x+y? +2}). (4.3)
i
The products of inertia of the system about the axes xy, yz and zx are
L, =D= ZmiJ’iZh
i
Ly =E= Zmizix,-,
i
Ly =F =Y mxy;. (4.4)
i
Between the different moments of inertia one can write the relations

Io = IxOy + IyOZ + Isz

1
= E (Ixx +Iyy +Izz> 5

and
L= y0z + Iz0x~

For a continuous domain D, the previous relations become
_ 2 _ 2 _ 2
IxOy —/Z dm, IyOz—/x dm, Isz—/y dm,

D D D

Ly = / (y2+22) dm, Iy :/ (x2—|—zz) dm, I :/ (x2—|—y2) dm,
D D D

Io= / (@ +y*+2°) dm,
D

Ly = / xydm, IXZ:/xzdm7 Iyzz/yzdm. 4.5)
JD D D



4.2 Moment of Inertia of a Rigid Body 3

Fig. 4.2 Rigid body in space with mass m and differential volume dV

The infinitesimal mass element dm can have the values

dm = p,dV,
dm = pydA,
dm = pydl,

where p,, p4 and p; are the volume density, area density and length density.

4.2 Moment of Inertia of a Rigid Body

For a rigid body with mass m, density p, and volume V, as shown in Fig. 4.2, the
moments of inertia are defined as follows

L = /VP (y2+22) av,
Ly = /Vp (2 +x%)dv,
L. = /V p (2 +y?)av, (4.6)

and the products of inertia

Ixy:Iyx:/Vpxydva
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Fig. 4.3 Rigid body and an arbitrary axis A of unit vector uy
I,=1,= / pxzdV,
\%4
I, =L, = /V pyzdV. 4.7)

The moment of inertia given in Eq. (4.6) is just the second moment of the mass
distribution with respect to a cartesian axis. For example, I, is the integral of sum-
mation of the infinitesimal mass elements p dV, each multiplied by the square of its
distance from the x axis.

The effective value of this distance for a certain body is known as its radius of
gyration with respect to the given axis.
The radius of gyration corresponding to /;; is defined as

where m is the total mass of the rigid body, and where the symbol j can be replaced
by x, y or z. The inertia matrix of a rigid body is represented by the matrix

Ixx _]xy _Ixz
1] = =l Ly =1y
—Ix _Izy I;

Moment of inertia about an arbitrary axis
Consider the rigid body shown in Fig. 4.3. The reference frame x, y, z has the
origin at O. The direction of an arbitrary axis A through O is defined by the unit
vector uy
uy = cos o1+ cos B + cos vk
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where cos a, cos 8, cos ¥ are the direction cosines.
The moment of inertia about the A axis, for a differential mass element dm of the

body is by definition
I = / 42 dm,
D

where d is the perpendicular distance from dm to A. The position of the mass ele-
ment dm is located using the position vector r and then d = rsin 8, which represents
the magnitude of the cross product uy xr.

The moment of inertia can be expressed as

I4 :/ lua ><r|2dm:/ (ugy xr)-(up xr)dm.
D D
If the position vector is r =x1+ yJ + zK, then
uy Xr=(zcosf —ycosy)1+ (xcosy—zcosa) )+ (ycoso —xcos Bk

After substituing and performing the dot-product operation, one can write the mo-
ment of inertia as

I4 :/ {(zcosﬁ—ycosy)z+(xcosy—zcos(x)2+(ycosa—xcosﬁ)z} dm
D
= cosza/ (y2+zz)dm+cos2ﬁ/ (z2+x2)dm+cos2y/ (% +y*) dm
D D D
—2cosoccos[3/xydm—Zcosﬁcosy/ yzdm—Zcosycosa/ zxdm.
Jp Jp Jp

The moment of inertia with respect to the A axis as

Iy = Liccos® o+ Iy cos” B+ I, cos® y
—2Iycosacos B — 2L, cos B cosy — 21, cos ycos Q. (4.8)

4.3 Translation of Coordinate Axes

The defining equations for the moments and products of inertia, as given by
Egs. (4.6) and (4.7), do not require that the origin of the cartesian coordinate system
be taken at the mass center. Next one can calculate the moments and products of
inertia for a given body with respect to a set of parallel axes that do not pass through
the mass center. Consider the body shown in Fig. 4.4. The mass center is located
at the origin O’ = C of the primed system x’y’7’. The coordinate of O" with respect
to the unprimed system xyz is (xc, e, zc). An infinitesimal volume element dV is lo-
cated at (x,y,z) in the unprimed system and at (x',y’,7) in the primed system. These
coordinates are related by the equations

/
X =x +x,
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Fig. 4.4 Rigid body and centroidal axes X'y'7: x =x'+xe, y =y +ye, 2=7 +2¢
y=y+Ye
z=7+z. (4.9)

The moment of inertia about the x axis can be written in terms of primed coordinates
by using Egs. (4.6) and (4.9)

Ly = /p (7450 + (£ +2)* | av

= Icyy +2ye / pydV + 2z, / pZdvV +m(y;+2), (4.10)
\%4 \4

where m is the total mass of the rigid body, and the origin of the primed coordinate
system was chosen at the mass center. One can write
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/ pdV — / pydV = / p2dV =0, @4.11)
v 1 v

and therefore the two integrals on the right hand side of Eq. (4.10) are zero. In a
similar way one can obtain I, and /. The results are summarized as follows

Ly =Icyy +m (yf +Z3) )
Ly =lIeyy +m (2 +27).

Ly =Icyy+m(x2+y?), (4.12)

or, in general,
L = Iopy +md>, (4.13)

where d is the distance between a given unprimed axis and a parallel primed axis
passing through the mass center C. Equation (4.13) represents the parallel axis
theorem.

The products of inertia are obtained in a similar manner, using Eqs. (4.7) and (4.9)

Ly = /p (X +x) (Y +ye)dvV
14
= ICx/y,—s—xc/py/dV —&—yC/px/dV—i—mxcyC.
14 14

The two integrals on the previous equation are zero. The other products of inertia
can be calculated in a similar manner and the results written as follows

Ixy = ICx/yl +mx, Ve,
Ly = loyy +mxcze,
Ly, =lIcyy +mycze. “4.14)

From Eqgs. (4.12) and (4.14), result that a translation of axes away from the mass
center results in an increase in the moments of inertia. The products of inertia may
increase or decrease, depending upon the particular case.

4.4 Principal Axes

Next the changes in the moments and product of inertia of a rigid body due to a
rotation of coordinate axes are considered, as shown in Fig. 4.5. The origin of the
coordinate axes is located at the fixed point O. In general the origin O is not the mass
center C of the rigid body. From the definitions of the moments of inertia given in
Eq. (4.6) it results that the moments of inertia cannot be negative. Furthermore,
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Fig. 4.5 Rotation of coordinate axes
Lo+ Ty +1; =2 / prlav, (4.15)
|4

where r is the square of the distance from the origin O,

rr=x+y 4+

The distance r corresponding to any mass element pdV of the rigid body does not
change with a rotation of axes from xyz to x'y'7’ (Fig. 4.5). Therefore the sum of
the moments of inertia is invariant with respect to a coordinate system rotation.
In terms of matrix notation, the sum of the moments of inertia is just the sum of
the elements on the principal diagonal of the inertia matrix and is known as the
trace of that matrix. So the trace of the inertia matrix is unchanged by a coordinate
rotation, because the trace of any square matrix is invariant under an orthogonal
transformation.

Next the products of inertia are considered. A coordinate rotation of axes can
result in a change in the signs of the products of inertia. A 180° rotation about the x
axis, for example, reverses the signs of Iy, and I, while the sign of I, is unchanged.
This occurs because the directions of the positive y and z axes are reversed. On the
other hand, a 90° rotation about the x axis reverses the sign of /.. It can be seen that
the moments and products of inertia vary smoothly with changes in the orientation
of the coordinate system because the direction cosines vary smoothly. Therefore
an orientation can always be found for which a given product of inertia is zero.
It is always possible to find an orientation of the coordinate system relative to a
given rigid body such that all products of inertia are zero simultaneously, that is,
the inertia matrix is diagonal. The three mutually orthogonal coordinate axes are
known as principal axes in this case, and the corresponding moments of inertia are
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the principal moments of inertia. The three planes formed by the principal axes are
called principal planes.
If I is a principal moment of inertia, then / satisfies the cubic characteristic equation

Ixx -1 _Ixy _Ixz
~Ly Ly—1I —I, |=0. (4.16)
7sz *Izy Izz -1

Equation (4.16) is used to determine the associated principal moments of inertia.
Suppose that u;, up, uz are mutually perpendicular unit vectors each parallel to
a principal axis of the rigid body relative to O. The principal moments of inertia
associated to uy, up, us for the rigid body relative to O are I, I>, and I3. The inertia
matrix, in this case, is
L 00
I=105L0
00£5

When the point O under consideration is the mass center of the rigid body one
speaks of central principal moments of inertia.

4.5 Ellipsoid of Inertia

The ellipsoid of inertia for a given body and reference point is a plot of the moment
of inertia of the body for all possible axis orientations through the reference point.
This graph in space has the form of an ellipsoid surface. Consider a rigid body
in rotational motion about an axis A. The ellipsoid of inertia with respect to an
arbitrary point O is the geometrical locus of the points Q, where Q is the extremity

1
of the vector @ with the module ’@’ = —
Vip

inertia about the instantaneous axis of rotation A, as shown in Fig. 4.6. The segment
0Q is calculated with
1 1
00| = ——

RV 1 A N k() I’I’l7
where ky is the radius of gyration of the body about the given axis and m is the total
mass. For a cartesian system of axes the equation of the ellipsoid surface centered
at O is

, and where I, is the moment of

Lo X + Ly y? + L 22 4+ 2Ly xy + 2L xz+ 2L, yz = 1. (4.17)

The radius of gyration of a given rigid body depends upon the location of the axis
relative to the body, and is not depended upon the position of the body in space. The
ellipsoid of inertia is fixed in the body and rotates with it. The x1, y;, and z; axes
are assumed to be the principal axes of the ellipsoid, as shown in Fig. 4.6. For the
principal axes, the equation of the inertia ellipsoid, Eq. (4.17), takes the following
simple form
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Fig. 4.6 Ellipsoid of inertia
L +hyi+523=1. (4.18)

The previous equation is of the same form as Eq. (4.17) for the case where the
X1, 1, and z; axes are the principal axes of the rigid body and all products of inertia
vanish. Therefore /1, I>, and I3 are the principal moments of inertia of the rigid body
and, furthermore, the principal axes of the body coincide with those of the ellipsoid
of inertia. From Eq. (4.18) the lengths of the principal semiaxes of the ellipsoid of
inertia are

1
11:75
v
; 1
2 = T/
Vvh
; 1
3= — -
Vvh

From the parallel-axis theorem, Eq. (4.13), one can remark that the minimum mo-
ment of inertia about the mass center is also the smallest possible moment of inertia
for the given body with respect to any reference point.

If the point O is the same as the mass center (O = C), the ellipsoid is named
principal ellipsoid of inertia.
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Fig. 4.7 Moments of inertia for area A about x and y axes

4.6 Moments of Inertia for Areas

The moment of inertia (second moment) of the area A about x and y axes, see
Fig. 4.7, denoted as Iy, and Iy, respectively, are

Ly = / ¥ dA, (4.19)
A
Ly = / x> dA. (4.20)
A
The second moment of area cannot be negative.
The entire area may be concentrated at a single point (ky, k) to give the same

second moment of area for a given reference. The distances k, and k, are called the
radii of gyration. Thus,

/ysz I
Ak%:Ixx:/ysz — K= -
A

A A’
/xsz I
2 2 2 A Yy
Aky:Iyy:/Ax dA = ky:T:f. (4.21)

This point (kx, ky) depends on the shape of the area and on the position of the refer-
ence. The centroid location is independent of the reference position.
The product of inertia for an area A is defined as

Iy = /xy dA. 4.22)
A

This quantity may be positive or negative and relates an area directly to a set of axes.
If the area under consideration has an axis of symmetry, the product of area for
this axis is zero. Consider the area in Fig. 4.8, which is symmetrical about the ver-
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Fig. 4.9 Area and centroidal axis Cx'x’||xx

4 Moments of Inertia

tical axis y. The planar cartesian frame is xOy. The centroid is located somewhere
along the symmetrical axis y. Two differential element of areas that are positioned as
mirror images about the y axis are shown in Fig. 4.8. The contribution to the product
of area of each elemental area is xy dA, but with opposite signs, and so the result is
zero. The entire area is composed of such elemental area pairs, and the product of
area is zero. The product of inertia for an area I, is zero (I, = 0) if either the x or y
axis is an axis of symmetry for the area.

Transfer theorem or parallel-axis theorem
The x axis in Fig. 4.9 is parallel to an axis x’ and it is at a distance b from the axis
x'. The axis ¥’ is going through the centroid C of the A area, and it is a centroidal
axis. The second moment of area about the x axis is

[Xx:/ysz:/(y/—i—b)sz,
A A
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Fig. 4.10 Centroidal axes x'y’ parallel to reference axes xy: Cx'x’||xx and Cy'y'||yy

where the distance y =y’ +b. Carrying out the operations
L= /y'2 dA+2b/y’ dA+AD.
A A

The first term of the right-hand side is by definition /s,

ICx’x’ = /y/Z dA
A

The second term involves the first moment of area about the x” axis, and it is zero
because the x’ axis is a centroidal axis

/y/dAzo.
A

The second moment of the area A about any axis Iy, is equal to the second moment
of the area A about a parallel axis at centroid Ioyy plus Ab?, where b is the perpen-
dicular distance between the axis for which the second moment is being computed
and the parallel centroidal axis

L = leyy +AD.

With the transfer theorem, the second moments or products of area about any axis
can be computed in terms of the second moments or products of area about a parallel
set of axes going through the centroid of the area in question.

In handbooks the areas and second moments about various centroidal axes are
listed for many of the practical configurations, and using the parallel-axis theorem
second moments can be calculated for axes not at the centroid.

In Fig. 4.10 are shown two references, one x'y’ at the centroid C and the other
xy arbitrary but positioned parallel relative to x'y’. The coordinates of the centroid
C(xc, yc) of area A measured from the reference x,y are ¢ and b, xc = ¢,yc = b.
The centroid coordinates must have the proper signs. The product of area about the
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noncentroidal axes xy is

Ixy:/AxydA:/A(x’+c)(y'+b) dA,

or
]xy:/x/y’dA—i—C/y/dA—l—b/x/dA—f—AbC.
A A A

The first term of the right-hand side is by definition [y

Loy = /xly/ dA.
A

The next two terms of the right-hand side are zero since x’ and y’ are centroidal axes

/y/dA:0 and /x’dAzO.
A A

Thus, the parallel-axis theorem for products of area is as follows.
The product of area for any set of axes Iy, is equal to the product of area for a
parallel set of axes at centroid I¢y plus Ach, where ¢ and b are the coordinates of
the centroid of area A,

Ixy = ICx’y’ +Acb.

With the transfer theorem, the second moments or products of area can be found
about any axis in terms of second moments or products of area about a parallel set
of axes going through the centroid of the area.

Polar Moment of Area
In Fig. 4.7, there is a reference xy associated with the origin O. Summing I, and

Iyy ’

%+%:AﬁM+AfM

= /(xz—l—yz)dA:/rzalA7
Ja A

where 7> = x> +y?. The distance 7 is independent of the orientation of the reference,
and the sum Iy, + I, is independent of the orientation of the coordinate system.
Therefore, the sum of second moments of area about orthogonal axes is a function
only of the position of the origin O for the axes.

The polar moment of area about the origin O is

Iop = Ly +1y. (4.23)

The polar moment of area is an invariant of the system. The group of terms I, 1,y —
Ify is also invariant under a rotation of axes. The polar radius of gyration is
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Io
ko=1/-2. 4.24
0 2 (4.24)

Principal Axes
reference x’'y’ with the same origin O is rotated with an angle o from xy (counter-

InFig. 4.11, an area A is shown with a reference xy having its origin at O. Another
clockwise as positive). The relations between the coordinates of the area elements

dA for the two references are

Sena=

Fig. 4.11 Reference xy and reference x’y’ rotated with an angle o

x =xcoso+ysina,

y = —xsino +ycos .

The second moment /s can be expressed as
Loy = / (/)?dA = / (—xsina + ycos a)? dA
JA

A
= sinza/sz dA —25inoccosa/Axy dA + cos? a/Ay2 dA
=1y sin® o + I, cos® o — 2Iysinocos . 4.25)
Using the trigonometric identities
cos? o — 1 +0052(x, sin o — 1 7C0$2(X’ Sin2g — sin(xcos(x’
2 2 2
Eq. (4.25) becomes
Ly = ;I”' 4+ 1 - by cos2a— Iy sin2a. (4.26)
Replacing o with o 4+ /2 in Eq. (4.26) and using the trigonometric relations
= —cos2a, sin(2ot+ m) = —cos2sin,

cos(2o+ 1) =
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the second moment I,y is

Latly Lu—1,
Loy = bethy  fu 2 cos 201+ I,y sin2a. 4.27)

'y 2

The product of area Iy is computed in a similar manner

L — 1y
Ly = /Ax/y’ dA = % sin2¢ + I, cos 20r. (4.28)

If Iy, Iy, and I, are known for a reference xy with an origin O then the second
moments and products of area for every set of axes at O can be computed. Next,
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Fig. 4.12 Principal axis of area

it is assumed that Iy, Iy, and Iy, are known for a reference xy. The sum of the
second moments of area is constant for any reference with origin at O. The minimum
second moment of area corresponds to an axis at right angles to the axis having the
maximum second moment, as shown in Fig. 4.12. This particular set of axes if called
principal axis of area and the corresponding moments of inertia with respect to these
axes are called principal moments of inertia.

The second moments of area can be expressed as functions of the angle variable
o.. The maximum second moment may be determined by setting the partial deriva-
tive of 1,7, with respect to o equal to zero. Thus

oLy
Ja

= (I —Iyy)(—sin2a) — 2I,,cos2a = 0, (4.29)

or
(Lyy — Lex) sin20t — 21y cos 20 = 0,
where 0y is the value of & which defines the orientation of principal axes. Hence,

21,

tan20p = ————.
% Ly — I

(4.30)
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The angle o corresponds to an extreme value of I/, (i.e., to a maximum or mini-
mum value). There are two roots for 20, which are 7 radians apart, that will satisfy
the previous equation. Thus,

2L 1 21,
200, =tan | —2_ — qp =~ tan | 2
! Ly — Iy 172 Iy — I
and
2L, 1 2Ly, T
2 =tan~! i T = = — tan~! Bl —.
o, Iy I R T A A

This means that there are two axes orthogonal to each other having extreme values
for the second moment of area at O. One of the axes is the maximum second moment
of area, and the minimum second moment of area is on the other axis. These axes
are the principal axes.

With o = o, the product of area Loy becomes

Ixx - Iyy

Loy = sin20t + Iy cos 20t). 4.31)

For op = o, the sine and cosine expressions are

21, — (L — I
sin20p, = B , cos2ap, = (bx yy)

(Iyy — Le)> 4412, \/ by — L) 4412,

For o = ap, the sine and cosine expressions are

=21 L —1
sin20p, = i , cos2ap, = LA .
(Ly — L) ? + 415, (hy = Iwe)* + 413,
Equation (4.31) and o9 = ap, give
Iy Ly — I

Loy = —=(hy —Ix) 7z Tl 12~
[y =12 +413]"7 7 [y — )2 + 413
In a similar way Eq. (4.31) and o = , give Iy = 0. The product of area corre-
sponding to the principal axes is zero.
The maximum or minimum moment of inertia for the area are

2
L+ 1,y L, — 1,
11 2 = Dnax,min = — 5 ”i\/< : 5 ”) +12. (4.32)

If I is a principal moment of inertia, then / satisfies the quadratic characteristic
equation




18 4 Moments of Inertia

Ixx =1 Ixy ‘
Ly Ly—1

I
e

(4.33)

4.7 Examples

Example 4.1

A rectangular planar plate with the sides b=1 m and #=2 m is shown in Fig. 4.13.

a) Find the product of inertia and the moments of inertia with respect to the axes
of the reference frame xy with the origin at O.

b) Determine the product of inertia and the moments of inertia with respect to the
centroidal axes that are located at the mass center C of the rectangle and are parallel
to its sides.

¢) Another reference uv with the same origin O is rotated with an angle @=45°
from xy (counterclockwise as positive). Find the inertia matrix of the plate with
respect to uv axes.

d) Find the principal moments and the principal directions with the reference
frame xy with the origin at O.

Solution

a) The differential element of area is dA = dxdy. The product of inertia of the
rectangle about the xy axes is

Ay A

v ’

Fig. 4.13 Example 4.1
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h 2h2 b2h2 12 22
xyz/xydA //xydxdy—/xdx/ ydy— =—= ( )zlm.

The moment of inertia of the rectangle about x axis is

h b b h h3 bh3 1 23
Ixx:/ysz:/ / yzdxdy:/ dx/ Pay=p = (D2 eeomd
A o Jo 0 0 3 3 3

The moment of inertia of the rectangle about y axis is

h b b h b3 hb3 3 13
Iy,yz/xsz:/ / xzdxdy:/ xzdx/ dy=—h=— = B _ 0666 m*.
A 0 Jo 0 0 3 3 3

The moment of inertia of the rectangle about z axis (the polar moment about O) is

1(2)
3

A
Iozlzzzlxx—i—lyyzg(b2+h2): (1242%) =333 m*.

The inertia matrix of the plane figure with respect to xy axes is represented by

oI PR
Ixx _Ixy _Ixz 232 3 2.666 1 0
N=|-Ly Ly —I.|=|2h h0" =| 1 0666 0
Ly —I, I, 4 3 0 0 333

A
0 0 5(bz+hz)

b) The product of inertia of the rectangle about the x’y’ axes is

h/2 b2 h/2 b/2
Loy = /xydA / / xydxdy:/ xdx/ ydy =0.
hj2J-b/2 —h/2 —b/2

The same results is obtained using the parallel axis-theorem

bh
Ixy:Ix//—i—zzA
or 212 272
bh b°h=  b°h
Ix/yl :Ixy_T(bh) T_T ()-

The moment of inertia of the rectangle about x’ axis is
h/2  pb)2 h/2 b/2
S e
h/2 b/2 h/2 b/2
b/2
W2 {y3} 2 b (123

= {x} =—= =0.666 m*.
h/2 12 12
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Using the parallel axis-theorem the moment of inertia of the rectangle about y’ axis
is

=0.166 m*.

3 4 12 12

2 3 3 3 213
Iyly/:Iyy—(b> A:ﬂ_ﬂ_hb _( )
2

The moment of inertia of the rectangle about 7’ axis (the centroid polar moment) is

A 1(2
Ie=Liy=1loy+1I = E(b2 +h?) = %(12 +2%)=0.833 m*.
The inertia matrix of the plane figure with respect to centroidal axes x’y’ is repre-
sented by

bh
= 0 0
Loy _Ix’y’ Ly 12 b 0.666 0 0
[IC]: _Iy’x’ Iy’y’ _Iy’z’ = 0 0 = 0 1.666 0
Ly Ly Ly 12, ., 0 0 0833
0 0 +h?)

¢) The moment of inertia of the rectangle about u axis is

Lo+1Ly  Le—1y
_ xx;‘ w4 ”2 B cos20 — Iy sin20 =

2.666+0.666  2.666—0.666
» T 2

IMM -

c0s2(45°) — (1)sin2(45°) = 0.666 m*.

The moment of inertia of the rectangle about v axis is

I+1, L.—1I, —
I, = = : W cos2a + Ly sin2a
2. . 2. —0. =
666;0 = = 2 0.606 c082(45%) 4 (1) sin2(45°) = 2.666 m*.

The product of inertia of the rectangle about uv axis is

I, —1I,
L, = % sin20t + I,y cos2a =

2.666 — 0.666
T §in2(45°) + (1) cos2(45°) = 1 m*,

The polar moment of inertia of the rectangle about O is
Io =Ly = Ly + Ly = Ly + Iy = 0.666 +2.666 = 3.33 m*.
The inertia matrix of the plane figure with respect to uv axes is
Ly —Ip O 0.666 1 0

Io]= | ~Iwu In O|=| 1 2666 0
0 0 I 0 0 333
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d) The maximum or minimum moment of inertia for the area are

L+ 1y Lo — 1y \*
11,2 = Imax,min = % =+ \/()62”> +I)%y7

Lo+ 1, Lo — I\ 2
Ilzlmax:m“‘\/(xx »y +12y:

2 2 *

) . 2.666 —0.666 >
666+0666+\/( 666—0.666)" \ 12 _ 3 080 m?.

2

L+ Ly Lo — 1\
NTRT rern

2. : 2,666 —0.666')’
666—;0666_\/( 66620666> 1220252 m®,

The polar moment of inertia of the rectangle about O is
Io=I;=1+h=ly+ILy=ILy+1L,=3.0806+0.252 = 3.33 m*.

The principal directions are obtained from

tan20p =

or

Lo 2y 1 2(1) 0
— 14 -5,
2 LI 2 0.666—2.666

The principal directions are

o =-22.5% and op =0y +7/2 =67.5°.

Example 4.2

Determine the moment of inertia for the slender rod, shown in Fig. 4.14, with re-
spect to axes of reference with the origin at the end O and with respect to centroidal
axes. The length of the rod is /, the density is p, and the cross-sectional area ia A.
Express the results in terms of the total mass, m, of the rod.

Solution

The mass of the rod is m = plA and the density will be p = m/(lA). The dif-
ferential element of mass is dm = p Adx. The moment of inertia of the slender rod
about the y or z axes is
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Fig. 4.14 Example 4.2

! l 1 2
2 m 5 m 5 ml
Ly =1, :/OX pAdx = A ﬁAx dxzj/ox dx:T.
The x axis is a symmetry axis and that is why I, = 0. The moment of inertia of
the slender rod about the centroidal axes y' or 7’ is calculated with the parallel-axis
theorem

) 4 12

2 2 2 2
Iy/y/ :IZ/Z/ = Iyy - (l> ml ml = ml
2

Example 4.3

Find the polar moment of inertia of the planar flywheel shown in Fig. 4.15(a).
The radii of the wheel are R; and R, (R; < R»). Calculate the moments of inertia
of the area of a circle withradius R about a diametral axis and about the polar axis
through the center as shown in Fig. 4.15(b).

Solution

The polar moment of inertia is given by the equation

b:/ﬂM7
A

where r is the distance from the pole O to an arbitrary point on the wheel and the
differential element of area is
dA =rdadr.

The polar moment of inertia is

R, 2« R 27 R _ R4 R R4
10:/ / r3drdoc:/ r3dr/ dao=-2—102n)="=2—Ix
R, Jo R 0 4

2
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dr,
Y
TN
7 2 , Vd
do da dA
)
(e «
Ry 0 R 0
R,
(a) (b)
Fig. 4.15 Example 4.3
The area of the wheel is A = (R — R?) and
R +R}
I :Aifg I (4.34)

If Ry = 0 and R, = R the polar moment of inertia of the circular area of radius R is,
Fig. 4.15(b)
AR* ©R*

Iop="—="—.

2 2
By symmetry for the circular area, shown in Fig. 4.15(b), the moment of inertia
about a diametral axis is [,y =Ly and Ip =L+ 1Ly = L =1, =1p/2 = TR*/4.
The results can be obtained using the integration

R 21 21 R4
I = /ysz:/ / (r sin(x)2rdrd(x:/ —(sina)zda
A 0 Jo o 4

_ R sin20)*" 2R
42 2

0 4

Example 4.4
Find the moments of inertia and products of inertia for the area shown in
Fig. 4.16(a), with respect to the xy axes and with respect to the centroidal x'y’ axes
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that pass trough the mass center C. Find the principal moments of inertia for the area
and the principal directions.

YA
a
R E—
A
2a
A
a
Y v
T
ol 3a -
(a)
Y A ‘yl
A
a
A Yo 9
Y
A A
a \ N
A 2,
Y Y
O a a a z

Fig. 4.16 Example 4.4

Solution
The plate is composed of two element area: the rectangular area 1 and the rect-
angular area 2, Fig. 4.16(b). The x and y coordinates of the mass center C are

o KA xe AL _ (a/2)(2a%) +(2a)(2a%) _ 5a
CT T A A, 2a2 +2a2 4

yq Aty Al (a)(2d)+(a/2)(2d*)  3a

YT A A 2d% 1 2d2 4
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The product of inertia for the area shown in Fig. 4.16(a) about xy axes is given by

2a 3a 2a 3a
xy—/ / xydxdy+/ /xydxdy—/ xdx/ ydy+/ xdx/ ydy

4a 94° a 4
) R @)

The same result is obtained if parallel-axis theorem is used
Ly = Ieyxyy, + (=x¢,) (=ye)) AL+ Ioynyy, + (=36 (—ye,) Az
— 0+ (—g) (—a)(2a%) +0+ (~2a) (—g) (24%) = 3d*.

The product of inertia for the area about xz and yz axes are I; = I,; = 0.
The moment of inertia of the figure with respect to x axis is

Ixx = 1C1x1x1 + (yC1 )2A1 +IC2x2x2 (yCz) A2

R | 20+ 20 () 2a?) -

The moment of inertia of the figure with respect to y axis is

10a*

2
Ly = Icy,y, + (xCl) A1 +lIcy,y, + (sz) A

a 613 a a a a4

The moment of inertia of the area with respect to z axis is

10a*
o T 3q* 0
xx o T Axy T iz 4
28
[1]: —Ly Ly —Iy; | = | =34 a 0
_sz _Izy Izz 0 0 38614
3

Using the parallel-axes theorem the moments of inertia of the area with respect to

the centroidal axes x'y'7’ are

10a*  /3a\? 134
Loy =L — (x¢)*A = 3 —<4) (4a%) = 5

284*  [5a\° 3744
2 2
Iy’y’ = Iyy — (yc) A= 3 — (4) (461 ) = 12 5
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13¢* 374 254*
]Z/Z’ =1Ly —‘y—Iy/y/ = + = ,

12 12 6
3a Sa 3a*
4 2
le},/ = Ixy — (*XC)(*_))C)A =3a" — <4) <4> (4a ) = 77,
Loy =1Ly = 0.
The centroidal inertia matrix of the plane figure is
13a* 3a*
, ]x’x’ _Ix'y’ _IX’Z’ 316122‘ 374(14
[1] == —Iy/x/ ]yly/ —Iy/Z/ = T 12
7Iz/xl 7IZ/y/ IZ/Z/ 25a4
0 0

6

The principal moments of inertia for the area are

II/+I,I,/ II/_I// 2
11,2:Imax,min: - s i\/( == yy) +12//:

2 2 Ky
25q* ot 25q4*  54*
= +—/4 4= + .
12 2 +9/ 12 4
10a* 5a*
11 = 361 and 12 = %

The invariant of the system is: lyy + Iyy = Iy + Ir. The principal directions are
obtained from

3a*
20 —2— 3
tan2¢ = Yy = ‘}1 -2 —
Iy’y’ _Ix’x’ 24(1 4
12

1 1
o = Etarrl(—'3/4) = —36.869° and o = §+ 5tan*l(—.?)/4) =53.131°.

Example 4.5
Find the inertia matrix of the area delimited by the curve y* =2 px, fromx = 0 to
x = a as shown in Fig 4.17(a), about the axes of the cartesian frame with the origin
at O. Calculate the centroidal inertia matrix.
Solution
From Fig 4.17(a) when x = a the value of y coordinate is y = b and b*> =2 pa
— 2 p = b?/a. The expression of the function is
2
y2 =2px= b— X
a



4.7 Examples 27

yh ya Y
y2= 2px
_—
b

O—o- —_— -0-6-1— - —ai
.Z'I

4&\

a
-~

Fig. 4.17 Example 4.5

The differential element of area is dA = dxdy and the area of the figure is
V2px 2px

A= / dxdy = / / dxdy = / dx /
V2px 2px

/dx{y}m :/ 2\/@dx_2\ﬁ/ 1/2dx—f{x3/2}a:4a—b.

3/2
The moment of inertia of the area with respect to x axis is
V2px 2px
xx—/y dxdy = / / ydxdy = /dx/
V2px 2px

a ¥ Ve 5 g
/ dx{—} :—/ (2p)c)3/2 dx =
0 3 —V/2px 3Jo

2 a 2 OS2 4ab® dabb?
20 3/2/ 3200 = 22320 ¥ 0 _ 4abo”
3@V LT dx=32P7 5 s T3S

or
b*A
The moment of inertia of the area with respect to y axis is

V2px 2px
y—/xzdxdy // xdxdy /xdx/
2px

/x dx{y}@x 2/0 x2(2px)1/2dx:
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2 sy %{/}_ 4a’b _ dabia’

Va o Va2 7 3 77
or
_3a2A
yy 7 .

The moment of inertia of the area with respect to z axis is

b*A  3a*A »r 34>
e =hethy =747 :A<5+7)'

The product of inertia of the area with respect to xy axes is

V2px V2px
/xydxdy / / xydxdy = /xdx/ ydy =
V2px V2px
V2px

a 2
/ xdx { r } =0.
0 2)_ 2px

The products of inertia of the area with respect to xz and yz axes are I,; = I,;, = 0.
The inertia matrix of the plane figure is

A
50 0
Ly _Ixy _Ixz 2
3a A
[I]: —Iyx Iyy —Iyz = 0 7 0
_IZX —Izy IZZ b2 3612
0 0 A —4+—
(5+%)

The first moment of the area A with respect to y axis is

2px 2Px
M, = /xdxdy / / szXdXdy / xdx/ pr
/xdx{y}@px 2/ x+/2pxdx=

2b [* s, 2 S 2w d 4ba?
va Jo Va |52, Vasjz~ s

The x coordinate of the mass center, Fig 4.17(b), is

M, 4ba> 3 3a
CTA TS dab 50

The first moment of the area A with respect to x axis is My = 0 and yc = M, /A = 0.
Using the parallel- axes theorem the moments of inertia of the area with respect
to the centroidal axes x'y'7, Fig 4.17(b), are
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b*A
Loy =Ly _dZA =Ly = Ta
3a\*, 3d*A 94°A 124°A
2 _ _
Lyy =Ly = (xc)"A =1 — (5> A= 7 25 175
I _b2A+12a2A_A b2+ a?
VY T T T s T\ a7 )
Ly =Ly = (=xc)(0)A =0,
lez/ = Iylz/ = 0.
The centroidal inertia matrix of the plane figure is
b A
— 0 0
Loy —lLyy =Ly 2
' 12a”A
[1/] = _Iylxl Iy/y/ —Iylzl = 0 175 0

_IZIXI _IZIy/ IZ’Z’ b2 612
0 0 A (5 - 175)
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A = area, in? (m?) C' = location of the centroid

. . . 4
Iz, I, = second moment of area about x,y axis, respectively, in* (m")

I¢ = second polar moment of area about axis through C, in* (m*)

1 Y
X A =bh
h _gl_ l x ITT:% IC:@(Z)Q'F]LQ)
! h/2 ” 132 12
! f Iy = M
b 12
Y
| A= %
3 bh
h l . L= do= g P4 h)
L \n/3 ke
bl [ [yy: o
P
4
wd?
oo o=
wd*
le="5
A=T(@ - &)
s
L= 1y, @(d4 - d?)
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Inertia properties of some homogeneous bodies

A = cross-sectional area p = mass density
m = mass Iy, Iy, I..= moments of inertia
C = location of the centroid with respect to z,y, z axis

z

m = plA
i /2 /2 i o _Mp
1 zx— Lzz7 T4
C D Y 12
¢ Iyy=0
x
z

1
Tw= —m(b? + )

12
1 2, 2
I,,= Em(a +c)
1
I,.= ﬁm(a2 +b?)
4
m = gﬁpR2
2
Iyw=1y=1..=_-mR
5
2
m = §7rpR3
83
= 1,= —SQOmB‘,2
2
I..==mR*
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z
m = mpR%h
| h/2 ]
_ _ 2 2
C)__ Y Tpw=1y= 12m(SR + h%)
|h/2 I..= 1mR2
" 2
m = mph(R? — R3)
1
Too=T,= Em(?)Rf + 3R3 + h?)
T, 1




