Mechanics and Mechanical Engineering
Vol. 10, No 1 (2006) 138-159
(© Technical University of Lodz

Determination of inertia tensor co-ordinates of manipulators on the
basis of local matrices of homogeneous transformations

Przemystaw SZUMINSKI, Tomasz KAPITANIAK

Division of Dynamics, Technical University of Lodz
Stefanowskiego 1/15, 90-924 Lodz, Poland
e-mail: przeszum@p.lodz.pl

Received (20 April 2006)
Revised (31 May 2006)
Accepted (8 June 2006)

The aim of this paper is to present an algorithm for the determination of co-ordinates
of inertia tensors of manipulator links and objects manipulated, which employs homo-
geneous transformations. A division of a manipulator link (an object manipulated) and
local systems of reference, which correspond to this division, have been introduced. An
introduction of additional local systems of reference allows for their most advantageous
orientation in order to calculate the co-ordinates of inertia tensors of parts and elements,
whose forms and shapes often cause serious problems during the calculation of inertia
tensors with the traditional method. In order to transform geometrical dimensions of
solid bodies and moments of inertia, an application of matrices of homogenous trans-
formations, typical of the description of manipulator kinematics, has been suggested.
Owing to the employment of homogenous transformations and their mappings, the pro-
posed algorithm makes the determination of co-ordinates of inertia tensors much easier,
especially in the case their shape is complex.
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1. Introduction

If a rigid solid body that rotates around a fixed axis of rotation is considered, then
the notion of a moment of inertia is used. For a rigid body that performs a spatial
motion, the notion of a tensor of inertia is introduced as a scalar generalisation of
the moment of inertia. Among fundamental properties of inertia tensors of solids,
one can mention their dependence on the position and orientation of the system
of reference with respect to which the tensor of inertia is defined. A classical way
of the determination of inertia tensor parameters of the solid body, in the case of
manipulators - usually of a link or an object manipulated, consists in the calcu-
lation of its co-ordinates with respect to the local system of reference of the solid
that is fixed it the solid centre of gravity [1, 4, 6, 7, 11]. This procedure results
from the notation of generally accepted equations of manipulator dynamics. In the



Determination of inertia tensor... 139

developed algorithm for the determination of inertia tensor parameters, a method
that introduces a subdivision of the manipulator link (manipulated object) and lo-
cal systems of reference is proposed. The link (manipulated object) is structurally
divided into elements, and they in turn, are composed of parts. This division is
each time determined by the design structure of the manipulator link or the ma-
nipulated object under consideration. This method enables the determination of
the co-ordinates of inertia tensors of links (manipulated objects), the elements and
parts that are specified in them, with respect to local systems of reference that are
arbitrarily orientated in space. These systems of reference have their beginnings in
the centres of gravity of respective elements and parts of the link (object). In order
to transform the geometrical dimensions of solids and their moments of inertia, a
usage of matrices of homogeneous transformations is suggested [5, 2, 4, 10]. The
proposed algorithm simplifies significantly the determination of the co-ordinates of
inertia tensors of the link and the manipulated object, especially when their shape is
complex. Matrices of homogeneous transformations, well known in the manipulator
kinematics, are employed here. An exemplary analysis of the parameters of inertia
tensors of links and a manipulated object is presented.

2. Structural division of manipulator links. Local systems of reference
of links

Let us consider an arbitrary link ¢ of the manipulator, which we subdivide into
Jji elements, Fig. 1. Forms and number of elements depend on the design of the
link under consideration. In turn, each element has individual parts, which are for
instance housings of bearings, bearing journals, drive transfer elements or gripping
device elements. We assume that the volumes of the parts of the bearing systems
and drive transfer systems connected with the link for both the kinematic pairs and
the link body, as well as respective material properties, are known. Let us specify
elements k, r, [ from the total number of elements j; of the link ¢, where p denotes
any element of the link 4, r refers to the element of the link ¢ that includes the
local system of reference of the link 7, and [ stands for the element of the link %
that includes the local system of reference of the link ¢ — 1/i + 1. Further, let us
assume thus that each element of the link ¢ has in turn the specified parts qx, g, qi,
correspondingly. In general, any p element of the link 7 has specified parts g,.

The system of co-ordinates x,y, 2.0, is the local system of reference of the element
r, which includes the local system of reference x;y;z;0; at the same time.

In Fig. 1: L; - vector defining the distance of centres of local systems of reference
of the link 4 and ¢ + 1/i — 1 along the straight line that connects them; «;, §; -
design data of the link (geometrical distance of the point 0, from the element of
the link body); V; - sum of volumes of specified parts of the p-th link element;
¢q, Cg, ¢ - positions of resultants of centres of gravity of the elements r, k, [,
respectively. These points are resultant positions of centres of gravity of bearing
systems and systems of drive transfer related to the link; 0,, 0; - centres of local
systems of reference of the link ¢ and ¢ + 1/i — 1; S; - position of the link centre
of gravity. Let us introduce additional local systems of reference for elements k
and [, respectively. The systems of co-ordinates xyrzi0r and x;v;2,0; are local
systems of reference of the k-th and I-th element of the link 4, correspondingly.
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Figure 1 Structural division of the i-th link of the manipulator

The most advantageous way of the selection of local systems of link elements is
such when one axis of each system lies on the straight line that connects centres
of these systems. The local system of the link body should be selected in the half-
length of L; (the straight line that connects 0,.0;). Furthermore, it is advantageous
to assume local systems of reference of individual elements of the link in such a
way that they have respective axes parallel and senses consistent with each other.
The element that includes the local system of reference of the link has also a local
system of reference with its beginning fixed in the centre of the local system of
reference of this link. A selection of local systems of reference of individual parts
and elements of the link is determined by the most advantageous determination
of corresponding tensors of inertia (determination of geometrical dimensions and
limits of integration). Employing matrix of rotation (17), we can transform the
geometrical dimensions and the limits of integration (Section 6) between the local
systems of reference of parts and elements and the system of co-ordinates of the
link 1.

The position of the resultant centre of gravity of the p-th element has been
described by the vector:

r r

b el (1)
in the local system of reference of the p-th element of the link i. The positions of
resultant centres of gravity of the elements r, k, [ are described by the following

vectors:

ch = [Tfpv

27- = [Tf,.,?“gr,?";.]T, Fik = [r§k7rgk’rzk]T’ Fil = [Tcz-brgl’rgl]T (2)

T

in the corresponding local systems of reference of these elements.
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Generally, the position of the centre of gravity of the link ¢ with respect to the local
system of reference of the element that includes the local system of reference of the
link ¢ (that is to say, of the element ), can be determined from the relationship:

Ji Ji .. Ji
> PpViTep > PpVolep > PpVyZep
P P P
2V 20V 2oV
p p p
where: p=1,2,...,r, ..., k,...,l,...,ji, J; - number of elements of the model of

the link i; pi, - material density of the p-th element of the link 7; V;} - volume of the

p-th element of the link ; [2%,, yZ,, zip]T - vector of the position of the resultant

centre of gravity of the p-th element in the local system of reference of the element
r (that includes the local system of reference of the link ¢), and:

Ji Ji  9p
D=3 (1)
p p q Par

where: m;j 4 - mass of the ¢g-th part of the p-th element of the link i; p;p - material
density of the g-th part of the p-th element of the link i. Assuming the notations
as in Fig. 1, we can express the volume of the link ¢ as follows:

qr qk q1

Ji
ZWEW+W+W:Zﬂ7M§:W“+Zm“ (5)
p

% i
g=1 Par a=1 Pak =1 Pai

where: j; = 3;

V¥ Vj' - volume of the housing and the bearing system and elements of the drive
related to the kinematic pair ¢ and i+ 1/i — 1, respectively, V}' - volume of the body
of the link 3.

Choosing local systems of reference of the link i as in Fig. 1 and Fig. 5, for
a constant value of the material density of the link, we can express equations of
co-ordinates (3) in the form:
co-ordinate x7,;:

VN i L; x i . T
Lop = Teps Lo = _TL + Tekr LTep = —Li+ Tel
ro_ Vit — s Ve LitViro +Vi'irs — V' L
Loy = Vri_i_vki_;’_‘/li
whereas: )
ro_ . _ x x xr T T 7
xsi__iLl <=> Tcr+rck+rcl_0 A er _Vk: —Vi (7)

co-ordinate y;:
TS VY S /Y S
Yer = Ters Yok = Tekr Yoo = Ta

ro_ Virh Vil Vi,
Ysi Vi+VE+VE
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whereas:
Yo =0 <=>Vird, + Virl) +Vir}; =0

ryo=rt =Y =0Vl +rl 4+ =0AN V=V =V'V

Vi rY
Y. =0 A Vf’;:—rﬁl V
1 ck
(9)
P A Y= Iy
ck Vi re.
Yy Vi _ _Tgk
ry=0A Vi =T

co-ordinate z;:

— Mz i .2 i 2
Zer = Tery 2ok = Tekr Zel = Tel
1,2 1,2 1,2 (10)
ST = VerertVira +Viire
51 Vit ViV
whereas:
ro__ _ 102 [ 12 .
25 =0<=> Vi +VirZ, + Virs =0:
A z z zZ Pt — Y/t
Tcr_rck_rcl_o N Tcr+rck+rcl_0 A ‘/T _Vk _Vi N
Vi rZ
rZ =0 A = —ldy
or v Tek (11)
VZ TZ
z ro cl
rZ, =0 A VP = T \Y
Vi rZ
z _ — k
rs =0 A V;i =

The position of the centre of gravity of the link ¢ with respect to the local system
of reference of the element r can be expressed as:

[ Vit Vi (s — S+ Vi (5 — L)

Vi+Vi+V]
(E; V,frg7,+\/}frgk+‘/}irgl
=T T _ i i 7
Tsi = Ysi - VetVitVy (12)
z%

Vi AVirh +Viry
Vi+Vi+V)

In general, the position of the centre of gravity of the link ¢ with respect to the local
system of reference of the link i (x;y;2;0;), Fig. 2a, can be written as:

Tsi = Ao?gi (13)
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where: A, - matrix of rotation of the co-ordinate system of the link, z;y;2;0;, with
respect to the position of the local system of the element r.

Knowing the description of an arbitrary vector with respect to the local system
of the element r, we intend to describe this vector in the system of reference of
the link 4, as the beginnings of both the systems coincide. This transformation is
possible provided the description of the orientation of the local system r with respect
to the system of co-ordinates of the link ¢ is known. This orientation is defined by
the matrix of rotation A, , whose columns are versors of the system of reference of
the element r described in the system of reference of the link, and rows are versors
of the system of the link r described in the system of the element r. Owing to the
matrix of rotation A,, a description of the orientation of the system of the element r
with respect to the system of reference of the link i is possible, i.e. a transformation
of the orientation of any arbitrary vector described with respect to the local system
of reference of the element r to the local system of reference of the link 7. In order to
describe the orientation of the rotation in the three-dimensional space, one should

Figure 2 Transformations of local systems of reference

remember that rotations in general are not commutative (multiplication of matrices
does not exhibit the property of commutation). Therefore, in order to describe the
orientation of the local system of reference of the element r with respect to the
local system of reference of the link 4, the local system of the reference of the link
i should be rotated with respect to the respective axes of the local system of the
element r of this link.

In order to transform (rotate) the local system of reference of the link i to
the local system of the reference of the element r, the following rotations around
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the corresponding axes of the local system, Fig. 2b, have been performed in the
following sequence:

- rotation around the axis x,- by an angle +
- rotation around the axis y, by an angle + « (14)
- rotation around the axis z, by an angle £ §

where, depending on the positions of systems of reference with respect to each other,
the angles «, § and v can assume positive or negative values. Angles consistent
with the trigonometric direction of the rotation will be considered positive, if we
assume the axis of rotation of the system directed at the person looking at it. Each
of specified rotations is performed along respective axes of the defined system of
reference of the element r.

The matrix of rotation of the local system of reference of the link ¢ with respect
to the local system of reference of the element r can be written in the general form
as follows:

A, = AsALA, (15)

The matrices of elementary rotating transformations are as follows:

1 0 0 cos(ow) 0 sin(a)
A, =10 cos(y) —sin(y) |, Ao = 0 1 0 ,
0 sin(y) cos(7) —sin(a) 0 cos(a)
(16)
cos(d) —sin(d) 0
As = | sin(9) cos(d) 0
0 0 1

If we treat rotations as operators [2], we will perform rotations A, A, and As.
After multiplications according to Eq. (15), we obtain:

cos(a) cos(d)  sin(a) singv) cos(d) — sin(d) cos(y)

(
A, = | sin(d)cos(er) sin(«)sin(d) sin(vy) + cos(d) cos(v) (17)
—sin(«) sin(y) cos(«)

Matrix (17) is correct only for rotations performed in the sequence given in (14).
If we employ matrix (17), then Eq. (13) takes the form:

cos(a) cos(d) sin(a) sin(g)) cos(d) — sin(d) cos(y)

Fsi = | sin(d)cos(a) sin(a)sin(d)sin(y) + cos(d) cos(y)
—sin(a) sin(7y) cos(«)
(18)
sin(«) cos(d) cos(7y) + sin(0) sin(y) xl
sin(a) sin(d) cos(y) — sin(y) cos(d) Yl

'
81

cos(a) cos(7) z



Determination of inertia tensor... 145

Assuming the equality @« = § = 7 = 0 the matrix of rotation has the following
form:

1 0 0
Ag=1]10 1 0 (19)
0 0 1
then
Tsi = F;- (20)

This is the case when the local system of reference of the link is the local system of
reference of the link element within which there is the local system of reference of
this link.

3. Algorithm for the determination of parameters of inertia tensors of
manipulator links

As we know, determination of the tensor of inertia of the link ¢ consists in determi-
nation of co-ordinates of the tensor of inertia in the system of co-ordinates, whose
beginning lies in the centre of mass of the link and whose axes have consistent senses
and are parallel to the corresponding axes of the local system of co-ordinates related
to this link. The general form of the inertia tensor of the link ¢ is as follows [5, 8,
9):
Bwsi _Bmysi _BIZsi
Iy = | —Bay, By, —By:, (21)
_Bﬂvzsi —Byzsi sti

where: B,,, - mass moment of inertia of the i-th link with respect to the planes
perpendicular to the axis «, @ = {x,y,2}; Bag,, - mass centrifugal moment of
inertia of the i-th link with respect to the planes perpendicular to the axis « and
B, a={x,y,z} and § = {x,y,z} and a # .

The system of reference (xyz)s; has its beginning in the centre of mass of the
link 7 and axes parallel and with consistent senses to the respective axes of the
system related to the link (that is to say, parallel to the axis of the system x;y;2;0;).

Each link as a material body can be divided in mind into indefinitely small
elements. Let us denote the mass of one of such elements of this body by dm and
let us assume that it has the material density p and the volume dV, then dm = pdV'.
The tensor of inertia of any ¢-th part of the p-th element of the link ¢ assumes the
form:

. . y72n + Zv%@ —TmYm —TmZm
Lyp = Pap | “YmTm T T2 —YmZm | AV (22)
ar | —2mTm  —ZmYm T+ Y3,

where: m - any point of the link i; pfm - material density of the ¢-th part of the
p-th element of the link i; ti’p - volume of the ¢g-th part of the p-th element of the
link ¢, dV = dxdydz - elementary volume; m;, V; - mass and volume of the i-th link,
respectively.

Let us denote the vector of the position of an arbitrary point m of the link
in the system of co-ordinates whose beginning is in the centre of gravity of the
part g of the element p and whose axes have consistent sensors and are parallel
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to the corresponding axes of the local system of reference of the link ¢ (system of
co-ordinates of the link i) by 7, = [T, Y, 2m) 7 -

The vector 7, can be written if we know the position of the point m in the local
system of reference of the g-th part of the p-th element. The relationship between
vectors 7, and 7,,; has been defined as:

T = AoTmi (23)

where: A, — matrix of rotation of the local system of reference of the link 4,
transformed to the centre of gravity of the considered (specified) element or part of
the link, to the local system of reference of this element or part; 7,,; - vector of the
position of the point m of the link in the local system of co-ordinates of the part ¢
of the p-th element, (T = [Tomi, Ymi, 2mi] T )-

Substituting relationship (17) into Eq. (23) we obtain:

Tm = Aofml =

T cos(a) cos(6) Xy + [sin(a) sin(y) cos(d) — sin(d) cos(y)]ymi
Ym | = | sin(d)cos(a)r,y + [sin(a)sin(d) sin(y) + cos(0) cos(v)]ymi
Zm — sin(@) T + sin(y) cos(a)ym; + cos(a) cos(y) zmi (24)

+[sin(a) cos(9) cos(y) + sin(9) sin(y)]zmi
+[sin(«) sin(§) cos(vy) — sin(7y) cos(d)]zmi

Having substituted (24) into (22), for the case when o = 0 and remembering
to transform the limits of integration to the local system of reference of the part
in order to simplify the calculations, we obtain as a result of these transformations
what follows:

4 4 a sym
Iy, = Pyp / b ¢ av (25)
Jolde s

q,p

where:
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a = sin(6)[sin(d)zmi + 2 cos(6) (cos(Y)Ymi — sin(y) zmi) ] Tmi+
08 (3)[c08(1)omt — $I1(1) Zoni]? + [510(3) s + 0OS(7) 2yl

b= —sin(8) cos(d)[x2,; — (sin(y)zmr — cos(Y)ym1)?]+
Lyt (si0%(8) — cos2(0)) [sin(y) zmi — cos(Y)Yumi]

¢ = c08(8)[cos(0) Xy + 28in(9) (Sin(y) 2mi — €OS(Y)Ymi) ]| Tmi+
sin”(8) [cos(7)ymt — sin(y)zm]? + [sin(7)ym1 + cos(y) zmi]?

(26)
d = —sin(8)[sin(7) co8(7) (27 = Yir) + Y1zt (510 () = cos®())]+
Cos(é)[Sin(V)yml + COS(’Y)Zml]xml

e = —cos(8)[sin(7) cos(7)(y2,; — 22,;) + YmiZmi(cos? () — sin®(v))]+
sin(9) [sin(y) Yt + cos(Y) zmi]Tmi

f = [cos(8)xm; — sin(6 cos(¥)ymi + sin(d sin(y)zm]*+
[$0(8) %t + €08(8) €O8(Y) Yt — c08(6) sin(y) 2]

In turn, the matrix 1371,75 is calculated with respect to the centre of gravity of the

link 4, whereas the matrix [ é,ps - with respect to the centre of gravity of the element
p of the link 4, using the Huygens-Steiner theorem for this aim [3]. Next, the tensor
of inertia of the link ¢ () is determined as a sum of the matrix I} , _ (summation
of the corresponding terms of the matrix) of the subsequent parts of the respective
elements of the link ¢ (or the matrix I;;’S of the subsequent elements of the link )

and the tensor of inertia of the element p(Igp) as a sum of the matrix Ié,ps of the
subsequent parts of the p-th element with respect to the centre of gravity of the
element p. The determination of tensors of inertia of p-th elements of the link 4
allows for an analysis of the factors that affect the relations of inertia tensors of
individual elements of the link. An exemplary analysis, based on the presented

algorithm, is carried out in Section 5.

4. Algorithm for the determination of parameters of inertia tensors of
manipulated objects

Let us consider the manipulated object shown in Fig. 3. Let us assume that the
position of the centre of gravity of the manipulated object is displaced with respect
to the beginning of the local system of reference of the last link of the kinematic
manipulator chain in the form of the vector 7,. We want to describe the tensor of
inertia of the manipulated object with respect to the system of reference with the
beginning in the centre of gravity of this object and with axes that have consistent
senses and are parallel to the corresponding axes of the local system of reference
of the last link of the manipulator kinematic chain (link n). It allows for the
determination of the kinematic energy of the manipulated object, employing the
knowledge of kinematics of the last link of the manipulator kinematic chain thus.
In order to simplify the calculations of the co-ordinates of the inertia tensor of
the manipulated object, it is advantageous to introduce a local system of reference
of the object with the beginning in the centre of gravity of the manipulated object
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Figure 3 Local systems of reference related to the object manipulated

(2pypzp0p ). The orientation of the local system of reference of the manipulated
object should be selected in the most advantageous way from the viewpoint of the
calculations of the inertia tensor of the manipulated object with respect to its own
system of reference.

Let us denote the vector of the position of the centre of gravity of the manip-
ulated object in the local system of reference of the n-th link of the manipulator
kinematic chain, Fig. 3, by 7, = [mps,yps,zps]T. The tensor of inertia of the ma-
nipulated object with respect of the object centre of gravity, in its local system of
reference (z,y,2,0,), assumes the following form in general:

[ mm [ o
I, = _B7I B, —Blyz = _B?Zm mpzfy -B,, (27)
_Bzz _B,lzy Bz _Bzz _Bzy mp7’127z

where: By, Bag,a = {z,y,2}, 8 = {z,y,2}, a # - mass moments of inertia of
the object manipulated with respect to the local system of reference of the object
located in its centre of gravity; they depend on the shape of the object; m,, - mass
of the object manipulated; ifm - respective radii of inertia.

Then, after transformations (17) of geometrical dimensions and limits of inte-
gration (Section 6), we can transform the quantities written in the local system
of reference of the object to the local system of reference located in the centre of
gravity of the manipulated object and with axes that have consistent senses and
are parallel to the respective axes of the local system of co-ordinates of the last link
of the manipulator kinematic chain (see Eq. (25) as an example). As a result, we
obtain the tensor of inertia of the manipulated object I with respect to the system
of reference fixed in the centre of gravity of the object and with axes of consistent
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senses and parallel to the corresponding axes of the last link of the kinematic chain:

Bg 7Bzc)y 7B’ZE)Z
m=|-Bx, Br B (28)
_Bga: _Bgy Bg

Figure 4 The manipulator gripping device - manipulated object system. Exemplary selection of
local systems of reference for the case of the object manipulated in the form of a homogeneous
cube: a) matrix of transformation of local systems of reference according to Eq. (19); b), ¢) matrix
of transformation of local systems of reference according to Eq. (30). The local system of reference
of the manipulated object (zpypzp0p ) is its main central system of inertia

In the case when the shape of the object manipulated is such that a selection
of the local system of reference - the most advantageous from the viewpoint of the
determination of its mass moments of inertia - is such that the corresponding axes
of the local system of reference of the object and the local system of reference of
the last link of the manipulator kinematic chain are parallel and have consistent
senses, matrix (17) of transformations of these systems assumes form (19). Then,
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the equality of tensors of inertia takes place:
_ 7l
=1, (29)

Let us consider a homogeneous hexagon whose side length is w), as the manip-
ulated object. Assuming the local systems of reference as in Figs. 4a and 4b,c,
matrices A, assume the forms (19) and (30), respectively. Considering the case
presented in Figs. 4b,c, we perform a rotation by an angle a around the axis y,, of
the local system of reference of the last link of the kinematic chain with respect to
the position of the local system of reference of the object manipulated. Employing
relationships (14) and (15), the matrix of rotation assumes then the form:

cos(a) 0 sin(a)
A=Ay = 0o 1 0 (30)
—sin(a) 0 cos(a)

In the case under consideration, we will write Eq. (23) as follows:
Tn = AoTp (31)

After transformations of Eq. (31), the components of the vector 7, assume the
following forms, correspondingly:

Ty, = xp cos(a) + zp sin(a)
Yn = Yp (32)
Zn = 2p cos(a) — xp sin(a)

As an example, we will transform the geometrical dimensions of the position of some
selected, exemplary points of the object under manipulation in the local system of
reference of the last link of the manipulator chain:

point 1 :
Tp =a,zp =0=>x, = x,cos(), z, = —xp,sin(a)

point 2 :
zp =0,2, =b=>xz, = z,sin(a), 2z, = z, cos(a)

point 3 :
Tp = a,2p = b=> 1z, = acos(a) + bsin(a), 2z, = bcos(a) — asin(«)

In the case of the object manipulated under consideration a = b = w,/2. In turn,
the tensor of inertia of the manipulated object with respect to the local system
of reference placed in the centre of gravity of the object and with axes that have
consistent senses and are parallel to the respective axes of the local system of the
last link of the manipulator kinematic chain, for the case presented in Fig. 4a,
assumes the following form:

BL 0 0
IP=I'=|0 By O (34)
0 0 B

where B = BY) = B = ——*
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5. Example of the analysis of manipulator inertia tensors. Criteria for
the selection of positions of centres of gravity of manipulator links

Let us focus on an exemplary analysis of tensors of inertia. Let us take an industrial
manipulator NM7MA R, whose kinematic schematic view is presented in Fig. 5, due
to the simplicity of its design and clearness of the analysis.

Cof O

A

Figure 5 Kinematic scheme of the NM7MAR manipulator. Selection of systems of co-ordinates
of links

z,zph
VoV & /4V| Vp

1
:
.
! ,
1
:
1

Zp ZiA

aip/2

aip
Figure 6 Shape of the p-th element of the i-th link of the exemplary manipulator

Considering the structure of links of this manipulator, three elements in the form
of homogeneous cubicoids (taking into account parts that form bearing systems and
their housings and systems of drive transfer) have been specified in each link. Let
us assume the general case of the p-th element of the link i. Let us assume the
geometrical notations of the p-th element as in Fig. 6. Thus, having in mind the
assumptions concerning links of the manipulator under analysis, we have i = 1,2, 3;
p=1(r),2(k), 3(l) - p-th element of the link, m;, - mass of the p-th element of the



152 Szuminski P. and Kapitaniak T.
link, and analysing Figs. 1, 6:

Mip = p;)aipbiphip
fori=12andp=k=>ap,=L;—0; — (35)
fori=3andp=k=>hy =L, —a; — 3

Employing relationship (22), the tensor of inertia of the p-th element with respect to
the local system of co-ordinates of the link ¢ that is located in the centre of gravity
of the element p, Fig. 6, assumes the form in general:

, (Ym + zm)dm - —mymdm — —zpzmdm
Lop = / —Tmymdm(@F, + 25 )dm Y zmdm (36)
vi | —Tmzmdm ~YmZmdm (3, + yp)dm

In the manipulator under consideration, owing to the assumed positions of local
systems of reference, the following equality holds (from Eq. (23)):

T = Tml (37)
Assuming that the vector 7, = [rZ 1Y, rjp]T defines the position of the centre of

gravity C), of the element p in its local system of reference, then the tensor of inertia
I, with respect to the local system of reference z,y;2,0, assumes the form:

. W;izp (bzzp + hzzp) + Mmip ((rgp)Q + (Tip)2) ) —miprp’f'gp
Iy = —MipTepTép TTQP (a?p + h?p) + Mip ((Tfp)Q + (Tgp)Q)
—MipTepTep —MipT&pTep
_m’iPTgprgp
_miprzclprgp
T (a3, + b3) +mip (1) + (r)?)

(38)
where: i =1,2,3; p =1k, 1; my, = pfgal-pbiphip whereas for:
i=1,2,p=k=>ajp=Li—a; = fi, mip = ppbiphip(Li — i — Bi);
i=3,p=k=>hiyp="Li—a; — i , mip = phaipbip(Li — oy — B;).

The tensor of inertia I ip of the p-th element of the link 7 is equal to:
, G, +hE) 0 0
I, = 0 me(ad,+h2) 0 (39)
0 0 e (az, + b7,)

The determination of the tensor I;',’S consists in the determination of the tensor
of inertia of the element p (in the manipulator under analysis p = 1(r), 2(k), 3(1))
with respect to the centre of gravity of the link i.
The vectors of locations of centres of gravity of the p-th element of the link ¢
have the form:
— T
Tch = [Tfp’ Tgpv Tip] (40)
where: ¢ = 1,2,3; p = r,k,[; in the local systems of reference of the respective
elements of the link.
The vectors of positions of the local systems of reference of individual elements of
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the link in the local system of reference of elements (link) that is reduced to the
centre of gravity of the link take the form:

Top = [Zop: Yops Zopl " (41)

in the case of the analysed form of the link 4:

=1

Tor = [xfwa y(i)rv Zir]Tv fik = [zékﬂ yf)kv Z?)k]Ta Ff;l = [‘rilv yzla Zj)l}T (42>

The tensor of inertia I;,S is equal to:

‘ T (03, + 1) + mapl(rl, + yop)® + (1, + 20,)°]
L= | —mapl(re, + 26,) (réy + oy )]
7mip[(7ﬂg:p + zlop)(rzp + Zép)]

—mal(rE, + at) (0%, + vy)] .
112;7 (aip + th)+ mip[(rgp + 1,101)) + (rgp + Zép) ] (43)
_mip[(rgp + y})p)(rgp + ng)]

_mip[(rfp + xép)t(rgp + Zép)]
Y_nmip [2(T}:Ip —g yzl)p)(rgp + zzl)p)] . -
1ZQP (a’ip + bzp) + mip[(rfp + xzop) —+ (rlclp + y;l)p) ]

The tensor of inertia of the i-th link is thus equal to:

Ii=> 1), (44)
p

where: p =1k, 1.
Employing relationship (43), Eq. (44) assumes the form:

B;c _B:lcy _B:lcz
I,=| -Bi, B, -B.. (45)

_B;cz _Bgi;z B;

where: i =1,2,3; p=r,k,[; BL, B;, B! - mass moments of inertia of the link i with
respect to the axis x;,y;, 2, respectively; B, , By ., BL, - centrifugal moments of
inertia of the link ¢ with respect to the planes of the system of co-ordinates, whose

beginning lies in the centre of gravity of the link,



154 Szuminski P. and Kapitaniak T.

whereas:
By = Smuplgg (b, + h) + (rf + Yip) + (15, + 28]
Bl = Y mi| (a3, + h3) + (rk, + @) + (1, + 28,)7)
P
Bl =Y mipl (a2, +b2,) + (%, + 2i,) " + (18, +3,) 7]
"B, = Sy (rEy + 2ty 12 + )
B, = Y miy (s, + 23, (12, + 25,)

B, =Y mip(rd, + Yu,) (18, + 2op)
p

(46)

Let us consider an exemplary link of the manipulator under analysis, Fig. 7.

Vi
i G,
‘ :yrl
: Q
<
3
e}
T 3 Yo |
—
|
‘ -
Vi

Figure 7 Design scheme of the i-th link of the manipulator under analysis. Systems of co-ordinates
correspond to links 1 and 2

For the links of the manipulator under analysis, let us assume the following
volumetric relationships of the corresponding elements of the link:

V=V =V (47)

and of the components of the vectors of positions of centres of gravity of individual
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link elements in their local systems of reference, respectively:

Tgr + rfk + T?;vl =0
ré eyt =0 (48)
TG 1o +rg =0

As a result of the assumptions made (Egs. (47), (48) and (6)-(12)), the position
of the centre of gravity of the i-th link of the manipulator in the point whose co-
ordinates are as follows: .
i=1,2=>(-%,0,0)
. , (49)
i=3=>(0,0,—%)
has been determined in corresponding, local systems of reference of links.

6. Transformations of dimensions between local systems of reference

A transformation of limits of integration will be presented on the example of the
description of the orientation of the vector that is described by the limits of inte-
gration defined in the systems ,ni¥mi2miOmi and ., Ym2m0m. Let us consider the
case shown in Fig. 8. Then, matrix of rotation (17) assumes the form:

cos(ar) 0 sin(a)
A, = o 1 0 (50)
—sin(a) 0 cos(«)

After the substitution of Eq. (50) into relationship (23), we obtain:

Ty, = Ty €08(@¥) + 2y sin(«)

Ym = Ymi =< 7%3% > (51)
Zm = — Ty sin(@) + 2 cos()
I
L W
AN ‘ | (Xenti, Zent)
o | 4 X .
\\4 : 4 X |
\\\ : 3 m
N | 4 :
;\\\ : ,// Wp [0} i-1
PN (Xmii-1, Zmit-y)
IO\ 7\ :w v > -1 £ mli-
3 /, \j\a P Xl > -
A N Yot Y m
),—"2 wp/é‘ . ‘ T
) zm . \\Xm
N\,
4
Yt Ym Zmi Zm
Y

Figure 8 Transformations of dimensions between local systems of reference
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As a result of the analysis of Fig. 8, the co-ordinates of selected points (i = 1, 2,

3, 4) of the solid body, in the local system of reference x,,,;ymizmiOmi, are presented
in Table 1.

Table 1
Considered point Tl Yl Zmi
(i=1,2,3,4)
1 wp/2 0 wp/2
2 —wp,/2 0 wy/2
3 wp/2 0 —wp/2
4 —wp/2 0 —wp/2

After the transformation of the local systems of reference, according to Eq. (51),
the co-ordinates of the points under analysis assume the values included in
Table 2, respectively.

Table 2
Point T Ym | Zm
i =
1,2,3,4)
1 wp /2 sin(a) + wy, /2 cos(a) 0 —wp/2sin(a) + wp/2 cos(ov)
2 wp/2sin(a) — wy,/2 cos(a) 0 wp/2sin(a) + wy/2 cos(a)
3 —wp/2sin(a) + wp/2cos(a) | 0 —wp/2sin(a) — wp,/2 cos(a)
4 —wp/2sin(a) — w,/2cos(a) | 0 wyp/2sin(a) — wy/2 cos(a)

The equations of limits of integration of the cube under consideration, generating
the equations of straight lines, with respect to the co-ordinate axes x and z, in the
form of a system of equations, have the following form:

w 52
Zm = Eyokay — Tmig(a) (52)

l T = Tyt C:)US”(Q) + zZmtg(@)
for aw # (w/2,3m/2). In the case when the angle & = w/4 , Fig. 8, the co-ordinates
of the points under analysis assume values included in Table 3.

If we simplify equation (52), the corresponding equations of limits of
Ty = :I:gwp + Zm,
% (53)
Zm = :N:Twp — T
integration have the form:

Let us consider a homogeneous cube with a side length w, = a and let us assume
the local systems of reference as in Fig. 9.
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Table 3
Considered point T Ym Zm
(i=1,2,3,4)
1 V2/2w, 0 0
2 0 0 V2/2w,
3 0 0 -2/ 2w,
4 —V2/2w, |0 0

a. & 7 a.” xb X'f a/(2cos(a))
a) < a2 __ .’ b) ’ 1)

1

1

1

1

L’ L7 X 1 .7

S\ - AL .
: : C ’a/2>; ! a 0 4 =’JI
: : 0: ’/’ y)' h Y, oo
\ | :Il , Y1 it /J
: T - ,l, a/(z COS(a» 7 1”
1 ’ z z
: - L/ L’ y
: a ! o x=a/(2cos(o)) +ytan@) | .”
L e e - - - » P

X'= a/(2 sinod)) -y'tan (o)

y, al2cos@),/ Vg

Figure 9 Scheme of transformations of geometrical dimensions in local systems of reference

Solving the system of equations that corresponds to Eq. (52) (that is to say,
we have to remember about the notations of the axis of the assumed orientation of
systems of reference), for instance through a substitution of Eq. (52b) into (52a)),
we obtain the co-ordinates of point 1, Fig. 9, in the form:

(«',y) = (g [sin(a) + cos(a)], % [cos(ar) — Sin(a)]) (54)
and other quantities shown in Figs. 9 and 10 as well.

For example, the moment of inertia of the specified part of the solid body, whose
cross-section in the plane x — y is hatched in the figures (for the cases from Figs.
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9a, 9b, 9c¢ and 10) with respect to the axis z is equal to:

2 2 cos(a)— % sin(a) zearray TY' tan(@) ) )
Ba=p [l [yt
-4 o , 0 (55)
Tcos(a) Feimray — Y cot(a) 5 ) .
+ / [ (2" +y*)da'dy')dz' = p;
4 cos(a)—§ sin(a) 0

a) b)

- X'= a/(2cos(a)) +y'tan(c)
a,” Xl\ X' (y)= (@/2cos(a) -a/2sin(ar) X=a/(2sin(0))-ytan'()
// XI‘
) T o XyY4)
/ Lo / 1 )
,/ Z’Z , 2l
2| i
I O , ". )
| a l/ - y> :
Y1 )
[} /
FDA
H / y A\ ; |=
| S z,sz ¥i y
]

Figure 10 Scheme of transformations of geometrical dimensions in local systems

a 0 #Q(Q)er'tan(a)
B, =p f f f (x/Q +y'2)da:’dy’+
-5 [—=%sin(a) —tan—!(a)y’

4 [cos(a) —sin(a)] Fesay +¥’ tan(a)

($/2 + y’z)dx'dy’—i—

tan(a)y’ (56)
2 cos(a) ﬁm)*y/ tan™" () 5
i Ik (2 + y?)da'dy’ | dz' = B
4 [cos(a) —sin(a)] tan(a)y’

where: a # (7/2, 37/2), pg material density of the cube. As a result of the
transformation of geometrical dimensions, carried out on the basis of Eqs. (23),
(50) for the cases as in Figs. 9 and 10, we obtain:

224 5
Bo=p [ [ [+ y)dedydz = pos (57)
-200 24
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7. Conclusions

An analytical way of the determination of inertia tensor co-ordinates of manipulator
links and manipulated objects on the basis of homogenous transformation matrices
has been presented. The main idea of this method consists in a division of the solid
body under analysis into elements and parts convenient for analysis, an attribution
of local systems of reference to them in a way that makes calculations of element
tensors of inertia easier, transformations of the local systems of reference, employing
matrices of homogeneous transformations, to the system of reference fixed in the
centre of gravity of the link. Thus, using matrices of homogeneous transformations
that are commonly used in manipulator kinematics, we can simplify the algorithm
for the determination of co-ordinates of tensors of inertia of links and objects ma-
nipulated.
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