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This article defines mass moments of inertia and static moments of a rigid body for an
”umbrella” system, i.e. a system comprising of three elements: any plane in space, a
straight line perpendicular to this plane and their point of intersection (pole). From this
system we derive the relationships between mass moments of inertia and static moments
for models with two parallel planes and a line perpendicular to them or models with two
parallel lines and a plane perpendicular to them. A special case of these relationships is
the Steiner’s theorem.
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1. Introduction

The notion, definitions and methods of calculation of mass moments of inertia of
a rigid body belong to the fundamental problems of mechanics. Textbooks usu-
ally describe this problem in a Cartesian coordinate system and for such a system
introduce a notion of the moment of inertia relative to successive planes and the
axes of the system and the point (pole) being the centre of the coordinate system.
In addition, all relationships occurring between these quantities are defined in the
same coordinate system.

In the paper a different model of the system — composed of three elements: a pole,
and a straight line and plane perpendicular to each other — has been introduced.
The layout of the elements there reminds an umbrella.

For this model, mass moments of inertia and static moments of a rigid body have
been defined and fundamental relationships between them have been determined.
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2. Description of the model

Line/ ———
Vector 7

dm

Plane #mn
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Figure 1 Pole - straight line - plane system (the umbrella)

Let us assume any point (pole) O in space and draw through this point any
plane nn and a straight line [, which is perpendicular to this plane. The system of
these three elements: the pole—straight line—plane in space is shown in Fig. 1. The
position of the plane nn in space is determined by a unit vector n perpendicular
to this plane. The position of the straight line [ in space is determined by the
unit vector 1, lying on this straight line. The position of the point (pole) in space
can be given using its coordinates. Thereby, the pole—straight line—plane system is
univocally determined in space.

In view of the perpendicularity of the plane nn and the straight line [. we state
that the unit vectors n and 1 are perpendicular and have their absolute values equal.

m|=]1/=! and n]l (1)

Moments of inertia of any rigid body are products of the second degree of the
parameters of a body of a density p filling an area V. Thus, these are scalar
quantities.

In these products there occurs a radius vector r, determining the position of an
elementary mass d,

dm = pd,

where: p is the volumetric mass density, d, is the elementary volume.
We introduce a notion of the moment of inertia relative to the pole O, the
straight line [ and the plane nn in the form of volume integrals from the following
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squares of scalar products and vector products [1]

L= [[[ved 1= [[[axcrpa, = [[[@erid @

The static moments of a body relative to the same system (the pole O — the straight
line I — the plane nn) are moments of the first degree, hence they are vectors and
are equal to, respectively

m, = [[[xod, wmi= [[[axrpd, wo=n [[[@epd @

3. Relationships between the moments of inertia in relation to the ele-
ments of the model.

Let us consider the square of a vector product (I x r)? being a sub-integral function
in an expression for the moment of inertia I relative to the straight line [. Using
Lagrange’s identity and (1), we can express this function by means of scalar products
(Ixr) and (n*r).

Ixr)?=1r—(1xr)>=r? - (nx*r)? (4)

Following multiplication of both sides of expression (4) by pd, and integration, we

* [[[axxroa= [[[oa~ [[[0snppa, (5)

L=I,—1I,,  thus I,=1I+1I, (6)

Property (6) can be formulated as follows:

The moment of inertia of a rigid body relative to any pole is a sum of the
moments of inertia of this body relative to two, mutually perpendicular elements, a
straight line and a plane drawn through this pole. We now introduce the following
increments of the moments of inertia:

— between straight lines 1 and 2 of as AL s =1, — 11
— between the poles O, and O, as Alyi_o =1, — I, (7
— between the planes 11 and 22 as Al1_90 = Iyg — I3

3.1. Conclusion 1

Let us assume that (Fig.2)there is a common plane 11 = 22 (I1; = I3) containing
poles O and Oy
two straight lines [; and [, passing through the poles O and Os, respectively,
are parallel to each other and perpendicular to this plane (11 || I and r15 1 1y).
Then, according to (6) we can write a relationship between the moments of
inertia I,1, I, relative to the poles O; and O, and the moments of inertia I, I
relative to the straight lines [; and [

Iiw=1I—1; and Iy =1I,—1I
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Since 111 = 122 ) then
Ipo—Ipn=12—11 (8)

Having used increments (7), we have:

Alol_g = AIl_Q for 11 X 12 =0 and Ti9 * 11 =0 (9)

Line [;
Vector Iy

Vector ryz

[rz

P Line [;

Vector I

Plane [7=22

Figure 2 A plane - two straight lines model

An increment of the moment of inertia of a rigid body between any two poles is
the same as An increment of the moment of inertia between two parallel straight
lines passing through these two poles, and perpendicular to the common plane drawn
through these poles.

3.2. Conclusion 2
Let us assume that (Fig. 3)

e there exists a straight line [ of a moment of inertia I; containing the poles O;
and Oq

e two planes 11 and 22 passing through the poles O; and O,, respectively are
parallel and perpendicular to this plane (n; || nz and ris || 1)
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Then, according to (6), we can write a relationship between the moments of inertia
1,1, I, relative to the poles O; and Oy and the moments of inertia I1; and Iso
relative to both planes 11 and 22.

I =1, -1 and I} =1y — Iz

Thus,
Iog — Iy = Ioo — Ina

Having used increments (7), we have:
Alyi_9 = Al11_99 for n; xng= 0, riox 1=0 and rip €l (10)

An increment of the moment of inertia between any two poles is the same as An
increment of the moment of inertia between two parallel planes passing through these
poles and perpendicular to the straight line joining these poles.

Line!
Vector 1 \

Plane 22
Vector 1,

Plane 1./
Vector n;

Figure 3 A two planes - straight line model

3.3. Conclusion 3
Let us assume that (Fig. 4)

e there are two parallel straight lines /; and /5 containing the poles O; and Oa,
(I [ 12)

e two planes 11 and 22 passing through the poles O; and Os, respectively are
parallel to each other and perpendicular to both straight lines (n; || ny and

n || 1y).
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Figure 4 A two planes - two straight lines model

Let us introduce a third pole O3, lying on the straight line o and, simultaneously,
lying in plane 11, the same in which the pole O; is lying. It can easily be seen that
the poles O; and O, satisfy the assumptions of conclusion 2, while the poles O and
O3 taken together satisfy the assumptions of conclusion 1.

For the poles O and Os, making use of (9), we can write

Ios—Ion =12 — 11
While for the poles Oy and O3, making use of (10), we can write
Tog — Ioz = Io2 — Ia
Adding the last two equations, we get
Ioo—Ion =1 — 11 + Ioo — In1
Having used increments (7), we have:

Algi—o = Ao+ Al1-92 (11)

An increment of the moment of inertia of a rigid body between any two poles is
a sum of two increments:

e an increment of the moment of inertia between two parallel straight lines pass-
ing through these poles and perpendicular to the common plane drawn through
these poles, and
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e an increment of the moment of inertia between two parallel planes passing
through these poles and perpendicular to a straight line joining these poles.

4. Increment of the static moment vector between two poles

We take into consideration two poles O; and Oy distant from each other by a
segment d. Their mutual position is determined
by distance vectors ris and ro;, 0102 = r13 and O30 = ry1, where

12 = T921 = d and rig = —I97 (12)

Let vector-radii r1 and ro determine the position of the elementary mass d,,, = pd,,
as shown in Fig. 5.
Thus we have
rs =r19 —+ Iro (13)

We multiply both sides of equation (13) byd,, = pd, and integrate it

[ o= ff i [ e »

Figure 5 Position of the elementary mass in space

It therefore follows that

m,; = mri2+ My

myo — My = —Mri2

An increment of the static moment vector between the points O; and Os is equal
to
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Amgi_9 = myy — My (15)

Then, having taken into account (12)

Am01_2 = mroy (16)

An increment of the static moment vector of a rigid body between any two points
s a vector parallel to the axis drawn through these points, proportional to the mass
of the body and to the distance vector of these points.

Squaring equation (13) we obtain

ry = Trizg+7re

2 2 2
ri = rijs+r5+2ripo*x 1o

Then multiplying the last equation by d,, = pd, and integrating, we get

///rfpd,u = ///rfzﬂdu +///r§pdv +2///(r12 % T9)pdy (17)

As it can be proved that

///(1‘12 #T2)pdy = T2 * /// ropdy = Tig % Moy (18)
Iy

v v

besides

equation (17) assumes the form
Iol :md2+102+2r12*m02 (19)

We apply the same procedure to the relationship ro = ro; +rjas to (13) and having
squared and integrated it, we have

Ipp =md® + Ip1 + 2791 *mey (20)
Then, we can write it as
Ipo—1,1 = md2—|—2r21 * My
AIol_Q = m d2 + 2 To1 * 1My (21)

Adding equations (19) and (20), we obtain

2
Iio %My +Top xmy +md” =0

We use relationship (12) rjs = —ro; and transform it into the form
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1o * My + gy % My = md2 (22)

For any two poles of a rigid body distant from each other by a segment d a sum
of scalar products of the static moment vectors going out of these poles and the
distance vectors from the second pole amounts to m d>.

We make use of (12) and (13) again and transform expression (22) into

md® = ryg * (mol - moz) =TIop * (m02 - mo1)

md2 = I192 % Am02_1 = TI9271 * Amol_g (23)

For any two points of a rigid body distant from each other by a segment d a
scalar product of the vector of distances of these points multiplied by the vector of
increment of the static moment between these points is equal to a product of the
body mass and the square of the distances between these points.

5. Increments of the moments of inertia between two elements of a
system.

Let us return to expression (21)

AL)l,Q = md2 + 21‘21 * My

Let us put expression (23) of the form given below into it

md? = rop * (myy — myy)

and reduce similar terms. Having taken into consideration (7) and (12) we have

Ay 2 =ra1 * (My1 + M) = —T12 * (M1 + My2) (24)
Let us introduce a designation of the vector of a sum of the static moments of

a rigid body for any two points
Z my1—2 = My + M2 (25)

We can now the increment of the moment of inertia (24) write in the form

Al 5 =Ty % Mg s (26)

An increment of the moment of inertia of a rigid body between any two poles is
equal to a scalar product of the vector of distances of these points and the vector of
a sum of the static moments at these points.

If the assumptions of conclusion 1 (Fig. 2) are satisfied, i.e. when the poles Oy
and Oy are the points of intersection of the two parallel straight lines [; and Iy with
a straight lines perpendicular to it, then according to (19) we have

Alyy o= Al 5

which means that
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Al 3 =rg * Zm01—2 (27)

An increment of the moment of inertia of a rigid body between two parallel
straight lines is equal to a scalar product of the vector of distances of the two nearest
points of these straight lines and the vector of a sum of the static moments at these
points.

If one of these points (e.g. pole 1) is the centre of mass of a body, the static mo-
ment at this point is equal to zero (m,; = 0), then — having taken into consideration
(23) — from equation (27) we obtain Steiner’s theorem

12 = Il + md2
where:

I, is the moment of inertia of a body in relation to a straight line
parallel to the central axis,

I, is the moment of inertia of a body with respect to a straight line,
being the central line,

d is the distance of both parallel straight lines.

If the assumptions of conclusion 2 are met (Fig. 3), i.e. when the poles O; and
O- are points of intersection of two parallel planes 11 and 22 with a straight line
perpendicular to them, then — according to (10) — we have

A-1—0172 = A111722

which means that

Alj1_92 =121 * Zm0172 (28)

An increment of the moment of inertia of a rigid body between two parallel planes
s equal to a scalar product of the vector of distances of the traces of these lines with
a straight line perpendicular to it and the vector of a sum of the static moments at
these points.

If one of these points (e.g. pole 1) is the centre of mass of a body, we notice
again that the static moment at this point is equal to zero (m,; = 0), then — having
taken into consideration (23) — we obtain the following relationship from equation
(28)

122 = 111 + md2 (29)

where:

I5; is the moment of inertia of a body in relation to any plane parallel
to the plane containing the centre of mass of the body

Iy, is the moment of inertia of a body in relation to the plane containing
the centre of mass of the body

d is the distance between the parallel planes
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The moment of inertia of a rigid body in relation to any plane is equal to the
moment of inertia in relation to a plane parallel to it and passing through the centre
of mass of the body increased by a product of the mass of the body and a square of
the distances between the planes.

In this case, when the pole O is the centre of mass of a body — after substituting
(m,; = 0) and taking into account relationship (23) — it results from equation (27)
that

Iy = Iy +md? (30)

where:

I, is the moment of inertia of a body in relation to any pole

I,1 is the moment of inertia of a body in relation to the pole—centre
of mass

d is the distance between both poles.

The moment of inertia of a rigid body in relation to any pole is equal to the
moment of inertia in relation to the pole which is the centre of mass of the body
increased by a product of the mass of the body and the square of the distances between
both poles.

6. Summary

The formulae derived before (26-28) can be written as one and formulated as one
general statement

An increment of the moment of inertia of a rigid body between two parallel planes
or straight lines is the same as an increment of the moment of inertia between
two poles which are traces of these planes (straight lines) with a common normal,
whereas an increment of the moment of inertia of a rigid body between any two poles
s equal to a scalar product of the vector of the distances between these points and
the vector of a sum of the static moments at these points.

7. Final Conclusions

In the paper it has been proved that in a rigid body there are relationships between
products of the second degree, moments of inertia in relation to any pole—straight
line—plane system and products of the first degree, vectors of the static moments
calculated in relation to the same system. These relationships are independent of
the position of the pole—straight line—plane system in relation to a Cartesian or any
other coordinate system assumed in this body since these relationships are scalar
products of the vectors and the latter are independent of a system of reference.

In the paper relationships between increments of the mass moments of inertia
of a body and scalar products of the vectors of the mutual position of the system
elements and the vectors of the static moments of a rigid body.

In addition, well-known Steiner’s theorem, concerning the moments of inertia
between two parallel axes, one of which is the central axis, results from these rela-
tionships as a special case.
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Nomenclature

I, Iy, I mass moments of inertia relative to the pole O,
the plane nn and the straight line [

m,, m,,, m; static moments of a body to the same system

m mass of a rigid body



