TAP CHi PHAT TRIEN KH&CN, TAP 17, S0 K4-2014

Algorithm to obtain inverse kinematics
matrix from the 3D curve and to apply to

glue shoe sole

e Ha Le Nhu Ngoc Thanh
e Luu Thanh Tung
¢ Nguyen Tan Tien

Ho Chi Minh city University of Technology, VNU-HCM

(Manuscript Received on October 71", 2014; Manuscript Revised December 14", 2014)

ABSTRACT:

Nowadays, manipulator is widely used in
industrial applications. The trajectories of
manipulator are more and more complicated. In
order to do good tracking performance, the end
effector position and orientation have to be
determined. This paper describes a method to
determine  position and orientation of
manipulator’s end effector base on a reference
path. This method will be applied for
manipulator 6 DOF to glue shoe sole. Firstly,
assume the reference path is arbitrary curve, the
path was then discrete to become multi-point.

Secondly, the roll — pitch — yaw vectors of the
end effector will be determined at each point.
Finally, Euler angles and interpolation method
in 3D space will be applied to determine inverse
kinematics matrix of manipulator for each point
on the reference path. In addition, this paper
also gives an example of reference path of shoe
sole to apply the presented method. To verify the
tracking performance of manipulator and
reference path, a PID controller was designed
for simulation. The result of simulation proved
the correction of the algorithm.
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1. INTRODUCTION

Most of manipulators were controlled by
using teach pendant. Controller of manipulator
is integrated available programs. Users only use
teach pendant to control manipulator for their
application. Mostly, users can not rewrite or edit
the program of manipulator’s controller. After
the teaching is completed, the manipulator will

repeat the process taught. So, it is very difficult
for manipulator closely tracking a reference
path. The errors of tracking process entirely
depend on the skill and experience of the users.
Therefore, teach pendant is used to control
manipulator when the accuracy of tracking
performance is not interested.

However, in the practical applications, the
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reference path is complex curve without precise
mathematical equation. In addition, high
accuracy of tracking performance is required.
Furthermore, the end effector’s orientation
continuously changes during tracking process.
So, it is a cause cannot use teach pendant to
control manipulator’s trajectory. To solve this
problem, the automatic controller must be
applied. But, this method is not easy to work,
the biggest problem is how to get inverse
kinematics matrix of manipulator from the
reference path. It means that the user must
calculate the joint variables of manipulator.
These joint variables must satisfy both position
and orientation of manipulator during tracking
process.

Position = [x,v 2]

Orientaion = [n,5.d]
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Figure 1. Tracking trajectory on the manipulator

To solve this problem, there are some relative
researches having recently been developed.
Rasit Koker et al. [1] presented the neural
network to find inverse kinematics solution of
manipulator, this method generated many initial
and final points in the work volume of the
robotic manipulator by using cubic trajectory
planning. Then, all of the angles according to
the real-world coordinates (X, y, z) are recorded
in a file named as training set of neural network.
Lastly, they used a designed neural network to

solve the inverse kinematics problem. Wang, C.-
C.T et al[2] proposed a new method for
computing numerical solutions to the inverse
kinematics problem for robotic manipulator. The
method is based on a combination of two
nonlinear programming techniques and forward
recursion formulas. Thompson, Stuart E. et al.
[3] described a new procedure for constructing
robot trajectories by using B-splines. The
motion of the robot, as specified by a time
sequence of position and orientation knots of the
end effector, B-splines are then used to fit these
sequences for each joint. A trajectory
constructed by this method has the property that
a local modification can be made quickly and
easily without re-computing the entire
trajectory. Chi-Haur Wu et al.[4] presented a
novel geometric method for the planning and
controlling the orientation of a robot’s end
effector as moves along a prescribed
translational path. To eliminate the influence of
geometric changes to the path and to be able to
predict the orientation, the proposed method
plans rotational paths with respect to a natural
local coordinate frame formed by three unit
vectors, namely the tangent, normal, and
binormal vectors, defined by the geometry of the
path. J. Angeles et al.[5] proposed a method to
find trajectory planning of robot motions for
continuous path. Method resorted to the intrinsic
properties of the path traced by point of the end
effector. It is shown that, by referring the
orientation of the end effector to a unique
orthogonal frame defined at every point of the
aforementioned path, a systematic procedure for
trajectory planning in configuration space is
derived. Rafael Renan Pacheco et al.[6]
proposed a method to identify and analyze a
technique to be used in a 3D virtual robotic
simulator that executes smooth and continuous
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movement. Thomas Horsch et al.[7] described
an algorithm for interpolation of position by
rational spline motion, The whole spline scheme
possesses some special features which make it a
suitable tool for the control of industrial robots.
S.D Voliotics et al.[8] presented an algorithm of
trajectory planning for wrist partitioned robotic
manipulator. The path is generated as a
sequence of elementary motions. Each new
position is defined as a function of the previous
one. After having derived a position, the
orientation is planned using an optimal process.

The mentioned papers either give the solution
for general inverse kinematics of manipulator or
interpolate to get the position of manipulator’s
working path. However, they do not clearly
mention how to take orientation of manipulator
when the orientation continuously changes
during tracking process.

This paper proposes a method to obtain
inverse kinematics matrix from 3D curve based
on Euler angles and interpolation method. This
paper clearly solved inverse kinematics problem
and to show a method to take the orientation of
manipulator when the orientation continuously
changes during tracking process. This method
will be applied for manipulator 6 DOF to glue
shoe sole.

2. ALGORITHM

A block diagram of the proposed algorithm
is shown in Fig.2

Trajectory | |Divide Find thg Pos?tion .

oowin Do ety to [ and Origntation Tran;formatlon

aas) | | ot ofendeﬁectorat matrix
each point

Figure 2. A block diagram of the proposed algorithm

The trajectory (reference path) is divided into
multipoint. Manipulator tracks the trajectory, it

goes through these points. The position and
orientation of the end effector can be found at
each point. Thus, the inverse kinematics matrix
can be obtained base on Euler angles.

Let F;. (it =1-=mn) (n is number of points)

are multipoint of reference path,
The position of each point:

Fix
P, =|Fy

Fiz
Assume, the orientation which robot’s end
effector must track at PBi:[#,. &, &;]. Where &
vector is the approach vector, o is tangent
vector at each point on curve (This curve is
interpolated from three consecutive points), 7 is
remainder vector, which is calculated by cross
from & and o (Fig.3).

The orientation of end effector:
ix  Oix O
neopa] =My Oy Gy
Mz O O

With three consecutive points
P, F; 4. P, of reference path, to create a plane
with normal vector:

G; = Gipy = Bieg = [BP4. FeiFiigl 1)
where, @;,4. 8,7 are normal vectors at points
F; 4. F; ., respectively

With three consecutive points
F;, F; 4. F; .5 of reference path, to interpolate a
curve (Quadratic Splines):

Q) = ey + cyu + cou® = Fi_, cpu”

where, cx is a column vector
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Qu) isavector, 0 =u=1,

Figure 3. Plane through three consecutive points

@(u) is specified by three coefficients and can
be solved as follows,

Atpoint F,u=10
B =0Q(0) = cy+ 6,0 + ;07

At point P, u=1/2

By = Q(%] =cp+ cl(%] + &5 G]

At point F u=1

Z

Pz = Q) = cp+ ¢;1 + 6,17

Therefore,

P 1
h+l‘| B EI
[+2

1

=

Solve the above equation to obtain

£ = F;
e, =F +4F ., —F . (2)
€3 = —2F —4F,, + 2F .,

where, cq, c;.¢; are coefficients of interpolated

curve through three consecutive points
PPy P

o is a tangent vector, it is specified by tangential

equation (Fig.3)
o= Qlu) =c, + 2c,u (3)

Substitute Eq.(2) into Eq.(3), keep in mind
0 = u = 1, Eq. (3) can be written as follows:

0=F +4F,; — R

4
+2(—2P; — 4P, + 2P ;)u
At point F;,u =10
o; =P +4P ., — P, ®)
At point Py, u =1/2
0,0 =F + 4B,y — Fiya
1 (6)
+2(—2P; — 4R,y +2P.2)5

Atpoint P pu =1
Oioa =F +4F .y — Fi.s

(7

+2(—2F, — 4R, +2P_)1

From Egs.(1),(5),(6),(7), the remainder vector n

will be obtained as follows,

'?‘T[ = [a[, El] (8)
?T[+1 = ['i[+1.* I'3[+1.:| (9)
'ﬁ[+: = ['ii+:J I'3[+::| (10)

Thus, at each point on the interpolated curve, the
position (x,v.z) and the orientation [ g, d ]

can be obtained. These are also position and
orientation of manipulator’s end effector at each
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point.

At each point on the interpolated curve, the
Euler angles [9] can be obtained as follows.

¢ = atan2 {u. o ax}
g = ataﬂ?{.\;‘ ai + ai, ﬂx} (11)
¥ = atan2(g,. —n,)

Substitute Egs.(1) and (5 - 10) into Eq.(11), the
angles ¢, &,3r can be calculated. Therefore, the
inverse kKinematics matrix of each point on the

reference path is:

CplaCy — 545y
S0y + CpSy

—CaCaSy — S0y
—5aCg5y T Caby

—sgty SpSy
0 ]
Casg X T Tz M X
5458 ¥ _|m Tz T ¥
ca Z Ty Ty T Z
0 1 0 0 o 1

where,

tp = cos@.cy = cosb,cy =cosy
sg = sinf,sg =sinf, 5y = siny
Ty = Cgfgly — 555y

Ty = —CyCgSy — Suly

Ty T S0y T Casy

Ty = —54Ca5y + Culy

Ty = —SgCy, Taz = SgSy

wy

Tiz = CpSg, 23 = 5558, Taz = Cp

X |fx
X.¥.Zisapositionat F;: |v| = |F
zl e,

Thus, at each point F; on the interpolated curve,
there is a set of angles @;, &, ; that satisfies

Eq.(12). In a similar way, the interpolated curve
is done with three—consecutive points on
entirely reference path

3. APPLY TO GLUE SHOE SOLE
3.1 Gluing path

In this part, the proposed algorithm will be
applied for 6-DOF manipulator to glue shoe
sole. Assume, the curve of shoe sole (gluing
path) (Fig.4) is divided into multipoint with
isometric sampling distance.

-/ﬂ‘f*‘ ‘
+*'l
ﬂ/“
o
:7)12. /"I'J
203 P
S I T
;n\'\\*l J"-# — “
r'\'\%.. et
S T
N 350
40

Figure 4. Gluing path

The sequence points of gluing path are
available F(i =1 <= 1467). To glue shoe sole

surface, the end effector has to move with
constant velocity, and must be perpendicular to
tangential plane at each point on sole surface.
Using proposed algorithm for the 146 inverse
kinematics matrices,
Ti1 Tz Mz
¥ T T
Ty Tz W

X
¥
2y &
0 oo 1

Trang 9



SCIENCE & TECHNOLOGY DEVELOPMENT, Vol 17, No.K4- 2014

To correspond with the 146 points on entirely
reference path

3.2 Robot modeling

Let C (x . ve.2c)and P{X, ¥, 27 are the wrist

point and the end effector’s position of
manipulator respectively. The wrist point [10]
will be calculated as follows,

X_d_—.'rlg
= [;_d7T:!]
—t;¥43

From the manipulator configuration (Fig.6),
the joint variables were obtained as follow,

Xr
¥
Ir

8, = arctan k) (13)
5 5
= JFetve

where, * is distance from C to origin O of
(0.%,.7,) coordinate.
Apply the law of cosines A0 @; £ to obtain

0,0, +0,*—0,C*
cos(£0,0,6) = = = — =

2.0,0,.0,C
) s

8, = arctan (i"_ :1) + arctan (i ::l D J (14)
—H1

cos(ex,0,0) = —cos(20,0,C)
0,6% - 0,0, — 0,C°2
a 2.0,0,.0,C a

) _EE

83 = arctan C:—:) — arctan (i IE J (15)

where, 0,€ = /(r —a, )2 + (z, — d, )7

G:E :-l\,'lﬂ-g + dd-:' GLG: = ﬂ-:

r

Figure 6. Manipulator configuration
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From Eq.(12) the end effector’s orientation
is calculated via wrist’s orientation matrix [11]

"Ry = { "R, }T "Ry =

clcl, s8cfy s 1[Mn Tz T3
=| =8, —cf, 0 T T Ty
cly 58, s8,50,; —cb llry Tz T3
S11 S1z Saz
=521 F1:2 Sz
31 Faz oz
where,

cfy = cosfy.cbyy = cos(fy + 6]
56, =sind, .56, = sin(f, + 6;)

Sy = €Oyl + 56,0831 + 58,
S23 = 5By — B g

S3g = €0 50303 + 56, 58315 — s
Saz = €0y 501372 +50, 50315 —cliam,

Sgy = oy 5631y +50, 501, —cfary,

Say in other words:

(17)

From Eq.(16) and (17), fs.8:.8; can be
calculated as follows,

23
8y = arctan (.s_]
13

543 + 813 )
I:'E_.!_ +5‘E4

533

532
8, = arctan ( ]
53

(18)

fc = arctan

where,
By, 8. 8y, 84, Bz, & are joint variables

cly = cos 8y, 58, = sin 8,

4. SIMULATION RESULT AND
DISCUSSION

In the traditional method of trajectory control,
the manipulator’s orientation is a given matrix.
Manipulator will move on trajectory with

|

(16)

constant orientation, for instance the final
inverse kinematics matrix of trajectory as
follows,

1 0 0 X
10 1 0 ¥
R= 0 0 -1 £
0 0 0 1
1 0 0
The orientation: |0 1 0
0 0 -1
X
The position: ¥
&

It is easy to realize that the orientation does
not change when the end effector moves on
trajectory. This method is only applied in cases
the orientation of the end effector is neglected.

In the previous method of trajectory control,
the reference path was divided to multi-line
which the length is not equal. For instance, there
is a curve, which is divided into 6 lines (Fig.7)

Figure 7. A curve is divided into 6 lines

At each line, there is a given matrix for

manipulator’s orientation

10 0 X%] 1 0 0 X]
0 1 0 ¥ 0 1 0 V¥,

Rl = |, R2= 2|
0 0 -1 Z, 1 0 -1 Z

0o 0o o 1 o o o 1/

1 0 1 %] 1 0 0 X]
0 1 0 ¥ 0 1 0 ¥

R3 = ., R4= 4
1 0 -1 Z 0o o0 1 2z

o o0 o 1l o 0o 0 1

-1 0 1 X -1 0 0 X

_|o 1 0 ¥ _|lo 1 0 %
A5 1 0 -1 I’ Re 00 1 Z
0 00 1 o0 0 1
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Where,
(x.¥.Z)elpRl (. V.2 ) e [RA]

(%,.¥..2:) e [RPL(X,.V,.2,) e [RFL
{XE,JFEJEE,:] E [-PE,PE,].I {JYE,.I FE,.IZE,:] E [-FE,P_]

This method is only applied in cases the
orientation of the end effector is known in
advance.

Inversely, the moves on
trajectory with unknown varied orientations. So,
the traditional methods cannot apply. Proposed
method fully meets requirements about the
position tracking and varied orientation. A
reference path of shoe sole will be applied to
simulate to prove the correction of the presented
method. To verify the tracking performance of
manipulator and gluing path of shoe sole, a PID
controller was designed to simulate, the
parameters of manipulator, reference path and
PID are listed in Table 1.

manipulator

4.1 PID controller design for simulation

The transfer function of PID controller with

B % K
U{sj_H_ﬂ+K[fs+de_Tfs +rf5+rf

E B 5+ 1 1, 5
(s} TS s =
(19)
where a first — order filter is used.
E:Error
L'z Controller

K,.K;. Kgz: Proportional gain, Integral gain

and derivative gain
77: Time constant

A block diagram of PID controller with first
— order filter is shown in Fig.8. A block diagram
of control system is shown in Fig.9

e =qg_ref —qg_feedback

g_ref =[8.8,.68;.8,6.6:,] and it was

calculated by Egs.(12 — 18). The results of
simulation are presented in section 4.2

4.2 Simulation result

The results of simulation include position’s

tracking performance and orientation’s tracking

the filter is then performance
K
T
LY L U(s)
rf LA W

E(s) 1 o 1 o K
S 1 s ” Ty
1
o
T

Figure 8. A block diagram of PID controller with first — order filter
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Table 1. Parameters of robot, reference path and PID

Parameters Value Unit
Robot
&y 150 mm
dy 300 mm
Gy 260 mm
dy 280 mm
g &0 mm
d- 195 mm
Gluing path
Gluing path length 581.9 mm
Sampling time 0.1 second
Sampling points 146 point
PID controller
K [3500, 4000, 3900, 4000, 3500, 3500]
K [150, 180, 170, 200, 150, 150]
K, [1000, 1100, 900, 1000, 900, 900]
- [1000, 1000, 1000, 1000, 1000, 1000]

g-res
=|_, ]
>
Reference path
P e | . q_feedback—[
q_ref— in out —joint XY Z-res
Position L 1
position_ref— -
PID Controller Manipulator XY Z-ref
— XY

.Y .Z position
b 4

O[3

X.Y.Z Error

Figure 9. A block diagram of control system

Position’s tracking performance

The simulation results are given in Fig.10 —
13, the errors converge to zero after 0.88 seconds,
the maximum error about 0.012 mm. (Fig.13)
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600 0.05 T X: 8.078 .
! X ref 3 Y:0.012 3
— 550 ‘ ' - X response | | f<m* A.n .......... L _,_‘
E ‘ : e ; 3 —EmrX
= : 1 B R —— Enor Y
T 500 R O SRS A Error Z ||
= )
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2 10 £ 0.1
- 2 S
.Ei w
£ 400 o S OO S
3 e
> 350
‘ ; T S
300 i i ; i i
0 _ 10 15 B4 5 10 15
time (s) time (s)
Figure 10. The tracking of X coordinate Figurel3. The tracking errors of position

Robot working path
— Shoe sole reference path

Y coordinate of gluing path (mm)

-50 . ’
time (s)
Figure 11. The tracking of Y coordinate
260 ‘ , Figure 14. The tracking performance of position
H Zref
; | Z response
285 ;

.................. il Orientation’s tracking performance

]
]
=]
|

To glue shoe sole surface, the end effector has
to move with constant velocity, and must be
perpendicular to tangential plane at each point on
| sole surface. The results of simulation for
235 5 — 15[' o tracking performance of orientation are given in

Fig.15-16. As shown in Fig.15, the angular
control closely track the reference angle (90
Degree). As shown in Fig.16, the maximum error
is about 0.0088 degree.

ho
=
m
1

Z coordinate of gluing path {mm)

(]
=
=]

Figure 12. The tracking of Z coordinate
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Figure 15. The tracking performance of orientation
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Figurel6. The tracking error of orientation

From the simulation result, the manipulator
can track arbitrary curve both position and varied
orientation with acceptable error. So, the
proposed algorithm can be used to calculate
inverse kinematics matrix for manipulator from
the reference curve.

5. CONCLUSIONS

This paper introduces an algorithm to obtain
the inverse kinematics matrix of manipulator
from the 3D curve based on Euler angles and
interpolation. The good tracking performance of
manipulator’s end effector and reference path
proved potential of algorithm.

Thuét toan dé dat duoc ma tran dong hoc

tr duong cong 3D va trng dung vao boi1 keo

dan dé giay

e  Ha Lé Nhuw Ngoc Thanh
e  Luwu Thanh Tung

e Nguyén Tén Tién

Truong Pai hoc Bach Khoa, PHQG- HCM
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TOM TAT:

Ngay nay, robot duwgc su dung rong rdi
trong céng nghiép. Quy dao chuyén déng cia
robot ngay cang phirc tap hon. Dé robot cé thé
bam sat voi quy dao thi phai xac dinh duoc vi tri
va huéng cia khdu céng tic cudi cing cia
robot. Bai bao trinh bay m¢ot phwong phap xdc
dinh vi tri va hwéng cia khdu céng tic cudi
cung cua robot dwa vao dwong quy dao cho
truée. Phiong phdp nay sé dwoc tmg dung dé
béi keo dé giay voi mot robot 6 bdc tw do. Tir
qui dao cho triede la mot dwong cong bt ky,
quy dao nay sé dwoc chia thanh nhiéu diém khéc

nhau. Sau do, xac dinh véc to roll, pitch, yaw

ciia khdu céng tac cudi cing ciia robot tai moi
diém dd chia. Cudi cing, s dung goc quay
Euler va phwong phap néi suy dwong cong trong
khéng gian 3D dé tinh todn ma trdn dong hoc
ciia robot tai méi diém trén quy dao cho trude.
Thém vao do, bai bao ciing dwa ra mét vi du vé
duwong béi keo chi tiét giay dé dp dung két qua
tinh todn. Pé kiém tra viéc do cia co cdu chdp
hanh cua robot khi do theo dwong cong cho
truée, mot bg diéu khién PID dwoc thiét ké dé
mé phong. Két qua mé phéng da chimg minh
tinh ding dan ciia phwong phdp dé xuat.

Tir khéa: ma trin dong hoc, dwong cong 3D, keo dé giay
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