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Abstract

The precision and accuracy of the movement of the parallel link robots are one of the key features that are
essential in the production processes, which control the position and speed of the mechanism linking, and have the
movement of the final control motors mounted within the linkage mechanism on the basis of a number of mathematical
models. Recently, 3-dimensional CAD/CAE systems are widely applied and mechanical design has become
complicated. Therefore, the tolerance design of the products is becoming more difficult and complicated. The
objective of this research is to propose a mathematical model of the parallel link robots, which applies to tolerance
designs for the parallel link robots based on the geometric tolerances of the components. The proposed method
provides us with a systematic method to design the geometric dimensioning and tolerancing of the components, under

the constraints of the kinematic motion accuracy.

Keywords: Tolerance Design, Geometric Dimensioning and Tolerancing, Modeling, Kinematic Motion

Deviations.

1. Introduction

The precision and accuracy of the movement of the
parallel link robots are one of the key features that are
essential in the production processes, which control the
position and speed of the mechanism linking, and have
the movement of the final control motors mounted
within the linkage mechanism on the basis of a number
of mathematical models. Recently, 3-dimensional
CAD/CAE systems are widely applied and mechanical
design has become complicated. Therefore, the period
of the tolerance designs of the mechanical products has
become shortened and more difficult. In the designing
phase, it is required that tolerances of the components
with high accuracy are set properly. In the production
process, it is required to keep the geometric and
dimensional deviations within the range of tolerances.

As regards the geometric tolerances, some
researches have been carried out to deal with the
dimensional tolerances and the geometric tolerances,
aimed at realizing statistical analysis and design
methodologies for 3-dimensional machine products [1-
11]. In the previous papers, a systematic procedure
determines the tolerance values of the guide-ways
theoretically under the constraints on the basis of
kinematic motion deviations of 5-axis machining
centers by applying mathematical models.

The objective of the present research is to propose
a mathematical model to deal with parallel link robots
which are applied to assembly works and picking works
for utilizing high-speed. The mathematical models are
proposed to represent the kinematic motion deviations

of parallel link robots, on the basis of the dimensions
and geometric tolerances of the components, and are
applied to systematic procedure which determine the
both dimensional tolerances and geometric tolerances
of the guide-ways under the constraints on the basis of
kinematic motion deviations of parallel link robots.

2. Geometric Tolerances and Deviations of Features
[7-9]

The geometric tolerances of the features specify the
allowable areas named “tolerance zones,” which
constrain the position and orientation deviations of the
associated features against the nominal features, as
shown in Fig. 1 (a). The associated features and the
nominal features mean the features of the manufactured
products and the ideal features defined in the design
phase, respectively. The geometric deviations of the
associated features from the nominal features are
represented by sets of parameters named “deviation
parameters.” For example, one position parameter W
and two rotational parameters @ and 8 are required to
represent the geometric deviations of the associated
plane features against the nominal plane features, for
the case where the tolerance zone is given by the area
between a pair of parallel planes. In the research, the
followings are assumed for the ease of the modeling and
the analysis of the geometric deviations.

(1) The deviation parameters §; representing the
position and orientation deviations of the
associated features follow the normal distribution
N(y;,07), and p; =0. Where, y; and o; are the
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mean values and the standard deviations, If the defective rate Py is set to 0.27%, the constant
respectively. Cpy can be estimated as “Cpy= 5.83”, through the

(2) The manufacturing processes of the components numerical analysis of Eq. (5).
are well controlled, and the proportion of the non- In the case of a cylinder shown in Fig. 1(b), the
conforming components, which means the following equation gives the standard deviations of the
toleranced features exceed the tolerance zones, is parameters.
as small as a value Py, called “Defective rate”.

(3) Eq. (1) represents the relationships between the i=ud=wd=ad =y

standard deviations g; of the deviation parameters
of the tolerance features and the maximum values

t
81max» O2max = E » 83maxs Oamax Z (6)
t t

of the deviation parameters. 01,05 = E‘ 03,04 = @
9 = Oimax/Cpa M In this case, the Cp, is estimated as “Cp ;= 5.06”, of

Where, the defective rate P, is set to be 0.27%.

Oimax : Maximum values of the deviation In the case of a sphere shown in Fig.1(c), the
parameters 6;, if the other deviation following equation gives the standard deviations of the
parameters are §; = 0, (i #]). parameters.

Cp, : A constant representing the ratio of the maxi- S, =us,=v,6,=w
mum values e, and the standard ¢ ¢ )
deviations o;. 81maxs O2amaxr O3max = 2 01,032,03 = 20,

Pd
Let us consider a case of the plane feature shown in In this case, the Cp, is estimated as “Cp ,=3.57”, of
Fig. 1(a), as an example. The maximum values the defective rate P, is set to be 0.27%.
S8imax are given as follows. The Cp, varies with features because it is
5, =w,8 =a,8;=f calculated by Eq.(5) and the number of parameter varies

with features.
t t t )

O1max = E' Oomax = L_‘ O3max = Z
1

\ Tolerance

Where, / / Zone
Ly, L, : Length and width of the plane feature. 4,,«1*'§;minal Feature
t : Tolerance values, e.g. the distance between Associated Feature

two planes representing the tolerance zones.

From Egs. (1) - (2), the standard deviation of three
parameters are given as follows.

_ t _ t _ t 3
TR ol TS

01
—Nominal Feature

The following equation gives the conditions that
the plane features are included within the tolerance zone
between a pair of planes.

+—Associated Feature

t L8, L85 ¢ - -

—3 <& +=2+ 22 < 5 4 (b) Cylinder feature
The probability that the tolerance features are N

included the tolerance zone is given by the following ;

equation. This probability 1 — P; means yield rate.

1-Py -
2 \3 [Cra cpa—%1 [Cpa—X1=%2 3 xlz ; .
= (E) J; fu fo (E[ exp (7;)) dxzdx,dx; (5) ¥4 . : Ly
Where, - L == Tolerance Z.one
2Cp,6, LiCp,8y  LyCp,Bs
NET T T s T T

(c) Sphere Feature

Fig. 1 Definition of geometric tolerance of features
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Tolerance Zone t = a + b

Fig. 2 Tolerance zone of the link errors

The dimensional tolerances are shown in Fig.2, the
tolerance zone values are expressed as t =a+ b,
assumed to be 30 and the following equation gives
the standard deviation of the parameters. In this case,
the Cp, is estimated as “Cp = 3”, of the defective rate
P, is set to be 0.27%.

s _ t _ t
max — 2 ,0 = ZCPd (8)

3. Kinematic Analysis of Parallel Link Robots
3.1 System description

The parallel link robot in this study is shown in Fig.

3. It has three degrees of freedom (DOF) and motion
along X, Y, Z-axis that consist a fixed base, three
branched chains and the active links. These are
connected to the servo motors, and one end of each
passive link is connected to its active link by spherical
joints. While the opposite end side is connected to the
moving end-effector. A schematic diagram of the 3-
DOF parallel link robot and its parameters are shown in
Fig.4,5.

Motor—

Ball joint

End effector”

Fig. 3 The parallel link robot
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Fig. 4 The kinematic diagram
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Fig. 5 The kinematic parameters

3.2 Inverse kinematics analysis

Denavit Hartenberg has proposed the D-H method,
which is commonly utilized in robot kinematic models.
In this research, inverse kinematics analysis is
considered to determine the active link position angle
6;(i=1,2,3) according to the position (x,y,z) of the
moving end-effector. As three chains have the same
structure and form of motions, we can consider them
together.

The kinematic diagram is shown in Fig. 4, the state
of three applicable constraints that the lower lengths
must have to accuracy, constant length L5 is shown in

Eq. (9).

Ly=|E;—M;| (i=123) ©

In order to convenient square both side of the
constraint equations in Eq. (9) to avoid the square-root,
the constraint equation is given in Eq. (10).

L3=|E;—M;|* (i=123) (10)

The variable values are the position Xy =
{x,y,z}" of the end-effector. The constant vector
values are points B;,E; were given previously. The
vectors M; are dependent on the joint variables 8 =
{6,,0,,03}" by applying the following equation.

M1: 0

Ly + L, cos 91}
—Lz sin 91

ELl_iLZCOSGZ'
M, = \/§ \/§
7L1+7L2c0592 (11)
—L,sin@,
1 1
5L1—§L2c0593,
My={Vi V3
: 7L1—7L2c0593

—L, sin 63

Ei={x+L,y, 2}

Ly NE

Ez—{x—7,y+7L4,z} (12)
L V3

E; = {x—%,y—TL@Z}

From Egs. (9) - (12), the three independent
equations are obtained in the Eq. (13), as shown below.

Ai Ccos 9,: +Bl. Sin@i = Ci (13)
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where:
LZ_LZ_AZ_ Z_ZZ
Ay=x+L,—L;,By=20C = : 2 17y

2L,
1 12 —12 - D2 —E2— 72
Ay ==(Dy +V3E,),By=2,C, =—>—2 2 2
2 2L,
1 1 V3 V3
DZ =X—§L4 +EL1, E2= y+72L4 —ZTL:LZ , )
1 12—12-D2—E2—g4
Ay ==(D3 +V3E;),By =2,C; =23 3
2 2L,
1 1 V3 V3
D3 =X—§L4+EL1, E3= y+7L4+7L1

According to the assembly mode, inverse
kinematics analysis gives 8; as Eq. (14).

6; = —tan"'(B;, 4;)

—tan™? (Cl-, fAlz + B — Cf) (14

For the angle between Link 1 and Link 2, Link 2
and end-effector are determined by the inner product of
M;B;, M;E;, E;M; and E;Xp, respectively. The
equation is given in Eq. (15).

g = o (B M
' |M;B;||M;E;|
(15)
o o (B Bk
' |E;M;||E; Xg|

4. Modeling of Parallel Link Robots

The model of the parallel link robot is formulated
by the kinematic motion matrixes. The matrixes are
consistency to relate the kinematic motion deviations
among bearings, spherical joints, and links, respectively.
It is predicted from geometric deviations of guide-ways
and dimensional deviations of the length of links. The
method to obtain geometric deviations from geometric
dimensioning and tolerancing are explained in the
previous section.

4.1 Kinematic motion deviations of motors

The model and kinematic motion matrix of motors
are shown in Fig. 6 and Eq. (16). The standard
deviations of parameters da,dy,dx,8y,8z are
calculated by Egs. (3) - (6), as shown in the following
equation.

cos@ Jygy sinB  bxg

8y 1 Sa Sy

A2(0) = 62 61 0 16

5(0) —sinf Jday, cosf bz (16)
0 0 0 1

Where,

Sagy; = VigSinf — a;q cos 6 + aj,

Sagy, = —yjpSinf — aj, cos 6 + a;,

8Y91 = Vjp COSO — @j, SIN O — ¥4,
8Y62 = Vja €0S 0 + qjo sin 6 — vy,

e
e/

13-16 December 2016

Mechanical Englinesring
Innovation for Green Soclety

1
6xg = E(_Z(ijb + Ly + l4yjb) cosf —

1
(l]_ + l4)yia - E(Z(SZ]b + llajb +
l4a']-b) sin @ + 6x;,
8ye = 6Yic — 6yjc
1 .
6z = ;(—Zé'x]-b + Ly + l4yjb) sinf + (I, + l)a;,
—§(26zjb +La, + l4ajb) cos B + 6z,
Qmn> Ymn : Orientation deviations of guide-way n in
Unitm(m =i,j,n = a,b)
8 Xmn» 0 Vmn, 0 Zmy : Position deviations of guide-way n
in Unit-m (m = i,j,n = a,b)

4.2 Kinematic motion deviations of spherical joints

The model and kinematic motion matrix of ball-
joints are shown in Fig. 5 and Eq.(17). The standard
deviations of parameters 8x, 8y, 6z are calculated by
Eq. (7), as shown in the following equation.

cosp —sing 0 &x,
sing cosgp 0 &y,
AZ = ¢ 17
¢ () 0 0 1 6z, 17)
0 0 0 1
Where,

bx, = —8x4c08 9 + 8ygsing + 6x,,

8y, = —6xgsin@ — 6yg cos @ + 5y,,

6z, =082z, — 624

8%y, 6Yy, 62, - Position deviations of guide-way n

| Base Unit-; |

Output Shaft

Fig. 7 The model of spherical joints
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4.3 Modeling of kinematic motions of parallel link
robots

The position X of the end-effector is determined
by the position E;, E,, E5. E; are given in the following
Eq. (18).

E; = A;(L1)AS(0)A; (L) A (a;) (18)
A (m — 9 A1 (L3)As(BDAG (r — ;)

Where,

A, (L;): Translation between the coordinates system
A*(a;, B;) : Rotation between the coordinates system
A%(8): Rotation of the motors

A®(m — @;, ™ — ; ): Rotation of the spherical joints

Then, the position Xg is calculated by Eq. (19)
because Xy is the gravity center of the positions
E, E, E;.

Oxp = (o Oy, a,)

1 1
o =3 /afl + 0% + 02,0, = 3 /‘73%1 + 0}, + 0},
(19)
17 2 2
0, =3 |9 + 0% + 02
Where,

Oxi» Oyj, 0z : Standard deviation of the position E;

5. Tolerance Design

The design a suitable set of tolerance values of
mechanical products plays an important role from the
viewpoint of the both product quality and production
costs. The tolerance design is considered here means the
allocation processes of the tolerance values. In order to
reduce the manufacturing cost, the tolerances should be
eased as far as possible subject to the premise that the
standard deviation of the kinematic motion deviation of
the end-effector, which depend on the design variables
t;, are less than allowable values. Then, giving the
allowance of the standard deviation of the kinematic
motion deviation of the end-effector and taking each
tolerance values as the constraints factors, the tolerance
design of each component is converted into a
constrained optimization problem, as shown in Eq. (20)
- (21), which assumed that seven kinds of tolerances
t;(i = 1~7) shown in Table 2 are design variables and
that tolerance manufacturing cost is the objective
function. The position of guide-ways a~e in Fig.2 are
indicated in Fig.6,7. Eq.(20) represents the relationship
between dimensions and tolerances and formulated
based on ISO Tolerance.

7,.1:0.34-

7
min g = Z . (20)
=1

Where, 7; is the dimension of the components.

f < foaw f= 0-9?+0-3%+0-22 (21)

Table. 2 Design variables for seven kinds of tolerances

Symbol Meaning Guide-way

t, Radial axis a

t, Radial bearing b

ts Thrust bearing c

ty Spherical joints (Ball) d

ts Spherical joints (Socket) e

te Dimensional tolerance of the Ist link

ty Dimensional tolerance of the 2nd link

Where, f,q, is the allowable range of the standard
deviation of the kinematic deviation of the end-effector,
and o; is standard deviations in i-direction of the
position X.

6. Case Study

The proposed method is applied to the tolerance
design of the parallel link robot shown in Fig. 3 by
setting the allowable kinematic deviation to 0.05 mm.
Fig. 8 shows the optimum solutions.

The designed tolerances of t;,t, are smaller than
other tolerance values, as shown in Fig. 8. This means
that the kinematic motion deviations of end-effector is
deeply influenced by tolerance values of those guide-
ways, therefore those tolerance values are rather
important to reduce the standard deviations of
kinematic motion of the end-effector.

7. Conclusion

Systematic procedure is proposed to design both
the geometric tolerances of the guide-ways connecting
components and dimensional tolerances of the links,
based on allowance of the kinematic motion deviations
of the end-effector. This method is to design tolerances
under the constraints on the kinematic motion
deviations of the end-effector by applying mathematical
models.

o

m
4
=3
>3

o
=3
=N

0.04

Tolerance Values [mm]

0.02

Design variables

Fig. 8 The result of tolerance design values
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