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Abstract

The paper deals with the investigation of a workpiece moving unit with parallel kinematics. The subject
of the study is the choice of the positions, installation location of actuator of the workpiece moving unit,
table, how it affects the operation of the structure. This study is extremely important because the position
of the actuators determines the functionality of the structure, i.e., we can predefine the position of the
actuators so that the system can perform the desired movements. The possible installation locations of
the actuators will be determined using combinatorics. Screw theory will be used to calculate the degree
of freedom of the mechanism.
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1. Introduction

One of the subtasks of the workpiece moving unit analysis is to explore the installation locations of the
platform tilting actuators. This task is related to the degree of freedom of the structure as the position of
the actuators affects the mobility of the mechanism. Variations of possible installation locations will be
the starting point for determining the degree of freedom for which screw theory will be used (Bas, 2019).
The result of the analysis will show where the coordinate points on the table are, where the actuators are
installed the degree of freedom of the mechanism is two, i.e., the platform can rotate about the x and y
axes. The scientific background of the paper is very broad. The solution to the problem is elaborated in
several chapters. The second chapter describes screw theory, which requires knowledge of vectors, three
literatures have also been used in this section. In order to perform the task, it is necessary to able to
describe the exact structure of the analysed mechanism, the third chapter builds on knowledge of parallel
mechanism. Combinatorial tools have been used to determine the possible structure of the mechanism
during the elaboration of the fourth chapter using two literatures. Furthermore, the fourth chapter defines
the degree of freedom of the structure of the mechanism of the given arrangement, which is done using
the screw theory described in the second chapter.

2. Introduction to Screw Theory
Second chapter is based on (Marshall, 1998; Szeidl, 2014; Huang et al., 2012). Given a line with the
location vectors ri(x1, y1, 21) for point Py and ra(xz, Y2, Z2) for point P.. The direction vector can be written

as the difference between the vectors r, and ri, Figure 1: PP, =1, —79 = (X, — )i +
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(y, —y1)j + (z2 — zy)k is one of the direction vectors of the line, where i, j and k are the base vectors
in the x, y and z directions (Marshall, 1998). Then it can be written: x, —x; =L, y, —y; =M, z, —
z; = N. m = Li + Mj + Nk takes shape, where L, M, N are the direction ratios. And the length of
the vector: |P{P,| = VL% + M2 + N2, The direction cosines can be expressed in this form: [ =
L i where [?2 + m? + n? = 1. It can be written using any point on the line:

|P1P2|'m - |P1P2|'n - [P1P5|’
(r —ry) x P{P, = 0. For simplicity, PP, denoted by S. Then (r —r;) X$§ =0, r XS —r; XS =
0, i.e., the torque of the lineto the origin: r xS =r; XS = §,.

Pi(xs, ¥1, 21)

z

d(.\‘d, Ya :d)

ri(X, Vi Z1) Py ¥y 23)

Figure 1. The direction vector of the line.

The vector pair (S, Sy) is called the Pliicker vector of the line and satisfies the condition of orthogo-

i j k
nality, S - So = 0. Explaining the r; X § = § relation, it follows that: $q = [x;, y; z;|and S, can
L M N

be written in the following form: S, = Pi + Qj + Rk, where P = y,N — z;M, Q = x;N — z;L, and
R = x;M — y, L. The condition of orthogonality takes the following form: § - Sy = LP + MQ + NR =
0, the Pliicker coordinates of the line: (L, M, N; P, Q, R). The distance of the line from origin is repre-
sented by the vector d (Figure 1). Multiply both sides of the equation d X § = S vectorially from left:
Sx(dxS)=SxS,. Arranging the left side of the equation and taking expansion of vector triple
product (Szeidl, 2014): S X (d x S) = (5-S)d — (S-d)S = (S - S)d, taking the absolute value of the

equation d = SSX;", and after simplifications: |d| = % If §¢ = 0, the line passes through the origin and

the Pliicker vectors of the line: (S; 0) and Pliicker coordinates: (L M N; 0 0 0). If § = 0, the line lies in
a plane at infinity, the Pliicker vectors: (0; So) and Pliicker coordinates: (0 00; P QR). If §- S9 = 0,
that is the vector pair does not satisfy the orthogonality condition, the vector pair forms a screw: $ =
(S; 50), S - 8% =+ 0. S vector of screw does not depend from origin, however, S° depends on the distance
from origin. If starting point is moved from origin to point B, then the torque of S around B: §8 = §° +
BO x S. Multiply both sides by the vector S: §- 58 =5-5°+5-(BOxS).S-5% =5-5° shows
that S - S does not depend on the origin. If § = 0, an origin independent parameter is obtained: h =

.¢c0
% which is called pitch. S% is made up of two components, one of them, hS parallel to S axis, the other,
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$% — hS perpendicular to the S axis. So, the screw: $ = (5;5%) = (S;r X S + hS). The relation be-
tween Sg and $°: S° = r x S + hS = S, + hS. Four factors determine the screw: its position, direction,
magnitude, and pitch (Huang et al., 2012).

Screw: (5;59):5#0,5-5°+0,0 # h # o.

Line vector: (5;5¢):S #0,5-Sy=0,h = 0.

Couple: (0;8): S #0,h = oo,

3. Presentation of the analysed structure

The tilting table consists of a platform and three actuators of a same construction (A1, A2, A3) and a
universal joint (C4) (Figure 2), (Table 1.). The connection of the table to the base is realized by the
central universal joint and the actuators (Huang et al., 2013a). Structure of the three actuators: universal
joint, prismatic joint, universal joint.

Table 1. Structure of the tilting table

Markings 1. Actuator 2. Actuator 3. Actuator Centreajlotilrr::versal
Actuators Al A2 A3 -
Central connection - - - C4
Upper universal joint AlUy A2Uy A3Uy -
Prismatic joint AlP A2P A3P -
Lower universal joint AlU, A2U, A3UL -

The universal joint has two degrees of freedom, it can turn around two axes. The prismatic joint has
a degree of freedom and is able to move in a straight line along its axis. The system of the two elements
determines the degree of freedom of the structure.

Figure 2 shows a variant of the structure. Due to the structure of the mechanism, the actuators can
be placed several arrangements between the platform and the base.

4. Examination of the installation location of the actuators

Due to the structural characteristics of the analysed mechanism, the actuators can be built into the struc-
ture in several arrangements. The current layout is shown in Figure 3. It can be seen that the central
universal joint cuts the platform into four parts, but on closer inspection, it can be noticed that the axis
lines do not belong to any of the four parts, so including the axis lines, a total of eight segments can be
distinguished. The mechanism is operated by three actuators. The task: how many ways can three actu-
ators be installed in eight segments. There are three cases:

1. All three actuators are located in the same segment.

2. All three actuators are located in separate segments (Figure 3).

3. Two of the three actuators are located in the same segment, the third in another.
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AlU

A3y

Figure 2. Structure of the tilting table. Figure 3. Current arrangement of the tilting ta-
ble actuators.

The mentioned three cases explore possible installation locations (Mladenovi¢, 2019). The first case
is the simplest because the three actuators can only be in the same segment. Since there are eight seg-
ments, the number of possible layouts is eight.

In the second case, all three actuators are located in different segments. It cannot be as simple here
as in the first case. The task is how many ways can place three objects, actuators in eight segments
(boxes). In a more professional form: how many ways can k elements be selected from n different ele-
ments, if the order of selection does not matter; then a combination of n elements k-th class without

repetition is obtained. C¥ = k'(:ik)i = 3,(:13), = 78 = 56. As a result, actuators can be built into the

structure in 56 ways.

Al

A3Uy

Figure 4. Arrangement of 'Fll'[- Figure 5. Arrangement of tilting Figure 6. Arrangement of tl_lt-
ing table actuators in the first table actuators in the second ing table actuators in the third

case. case. case.

The third case is a little easier after the second case. The task is how many ways to place two objects
into eight segments. In a more professional form: how many ways can k elements be selected from n
different elements, if the order of selection matters; then a variation of n elements k-th class without
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(n'_l—!k)' = (Si)' = 7-8 = 56. As aresult, in this case, the actuators can be
built into the structure in 56 ways. Considering all three cases, it is possible to build actuators into the
mechanism in a total of 120 ways. Now, the degree of freedom of all 120 possible mechanism variants
will not be calculated. In terms of mobility, one variant is examined from each of the three cases (Huang
etal., 2013b).

repetition is obtained. V,, , =

Front view 2 $6 $11 Side view z 5

s

== $1 —_——— ——1 _—— $12

F uEy ‘*—#H
A M B | e ol 8
I $5 $10 [ [ $15
¥ ,

Figure 7. The screw system of the tilting table.

4.1. The degree of freedom of the mechanism in the first case

Figure 4 shows that the three actuators fall in a straight line. Production of screw system for actuators
and central joint:

Table 2. Screw system for actuators and central connection.

First actuator screw Second actuator screw Third actuator screw Central connection
system system system screw system

$1=(010;-2140-x1) | $6=(010;-z60-Xs) | $11=(010; -z121 0 -x11)
$2=(000;020) $7=(000;020) $12=(000;02120)
$3=(010;230-x3) $8=(010;2z50-xg) | $13=(010;230 -x13)
$4=(000;0-240) $9=(000;0-200) $14=(000;0-2140)
$5=(000;001) $10=(000;001) $15=(000;001)

$16=(100;000)
$17=(010;000)

Production of constraint screw system for the actuators and central connection using the reciprocal
condition:

Constrain screw for first actuator: $,=(000;101)
Constrain screw for second actuator: $,=(000;101)
Constrain screw for third actuator: $'5=(000;101)
Constrain screw for central connections: $,=(111;001)
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Summary of the constraint screw system of the actuators and central connection:
4
Z$? =(111;304)
i=1

Production of the platform screw using the reciprocal condition: $=(010;000)

The result shows that the workpiece tilting table has a degree of freedom, it can rotate about the y
axes.

4.2. The degree of freedom of the mechanism in the second case

Figure 5 shows that the three actuators fall into different segments. Figure 7 shows the screw system
marking. Production of screw system for actuators and central joint:

Table 3. Screw system for actuators and central connection.

First actuator screw Second actuator screw Third actuator screw Central connection
system system system screw system
$1=(010;-210x1) | $6=(010;-260x¢) $11=(010;-211 0 x11)
$2=(100;02y,) | $7=(100;027-y7) $12=(100;02z12-y12) _ .
$3=(010;230x3) $8=(010;2z30-xs) $13=(010; 2130 x13) ii?;gé?ggggg
$4=(100;0-z4y2) | $9=(100;0-29-yg) | $14=(100;0-z14-y14) ’
$5=(000;001) $10=(000;001) $15=(000;001)

Production of constraint screw system for the actuators and central connection using the reciprocal
condition:

Constrain screw for first actuator: $1:=(000;001)
Constrain screw for second actuator: $,=(000;001)
Constrain screw for third actuator: $3=(000;001)
Constrain screw for central connections: $',=(111;001)

Summary of the constraint screw system of the actuators and central connection:
4
Z$f =(111;004)
i=1

Production of the platform screw using the reciprocal condition (Zhao et al., 2009): $=(110;000)

The result shows that the workpiece tilting table has two degrees of freedom, it can rotate about the
X and y axes.

4.3. The degree of freedom of the mechanism in the third case

Figure 6 shows that the three actuators fall into two different segments. Production of screw system for
actuators and central joint:
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Table 4. Screw system for actuators and central connection.

First actuator screw Second actuator screw Third actuator screw Central connection
system system system screw system
$1=(010;-2240-x1) | $6=(010;-260-Xs) | $11=(010; -z11 0 x11)
$2=(000;020) $7=(000;02,0) $12=(000;02120)
$3=(010;230-x3) | $8=(010;230-xg) | $13=(010; 2130 X13)
$4=(000;0-240) $9=(000;0-250) $14=(000;0-2140)
$5=(000;001) $10=(000;001) $15=(000;001)

$16=(100;000)
$17=(010:000)

Production of constraint screw system for the actuators and central connection using the reciprocal
condition:

Constrain screw for first actuator: $.=(000;101)
Constrain screw for second actuator: $,=(000;101)
Constrain screw for third actuator: $'3=(000;101)
Constrain screw for central connections: $',=(111;001)

Summary of the constraint screw system of the actuators and central connection:
4
Z$? =(111;304)
i=1

Production of the platform screw using the reciprocal condition: $=(010;000)

The result shows that the workpiece tilting table has a degree of freedom, it can rotate about the y
axes.

5. Summary

The paper presents an investigation of a parallel kinematic chain mechanism. The analysis is complex
and consists of two parts. First, the combinatorics are used to determine the combinations and variations
of the possible installation locations of the actuators. Afterward the degree of freedom of the structure
is determined for three selected versions of possible combinations and variations. The results well reflect
that the installation location of the actuators plays an important role in the functionality of the mecha-
nism. In the first and third cases the structure has only one degree of freedom, therefore it is not suitable
for operating the platform. While the second case provides installation locations where the mechanism
has two degrees of freedom, it is suitable for operating the platform.
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