Tournal of Engineering and Applied Sciences 12 (24): 7612-7618, 2017

ISSN: 1816-949%
© Medwell Journals, 2017

Kinematic of a Mobile Manipulator of 8 Degrees of Freedom for Inspection Tasks
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Abstract: A mobile manipulator is made up of an arm, a wrist and a tool of ¢lasp, designed to move inside a
workspace that increases with the Degrees of Freedom (DOF) of the system, defined as the mumber of
longitudinal or rotational displacements in the mechanism. These arms are implemented in inspection tasks in
which they are provisions on mobile platforms that determine their movement from the contribution that each
wheel provide for the locomotion in function of the system restrictions (limitation to roll laterally or rotate on
its own axis). To understand the operation of these mechanisms, the first thing to do is to describe the kinematic
model of the platform considering the calculation of the direct kinematic of five DOF manipulator as well as the
calculation of the inverse kinematic to obtain the 1deal trajectory for the movement from one point to another
through Newton-Raphson algorithms implementation. Besides, stipulating the expressions of global movement
of the vehicle in terms of the individual geometry of the wheels that make up the mechamsm, modeled as a rigid
body with wheels that 15 handled on the honizontal plane mn three different axes, two of position 1 the plane and
one of the orientation along the vertical axis.
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mobile robot, Newton-Raphson

INTRODUCTION

A manipulator arm 1s defined as a set of ngid
elements connected in series using prismatic or revolution
jomms with a relative movement of different elements,
resulting in the displacement of the final tool or end
effector (Apostolovich, 2009). In this, the start of the
chain or first link must be attached or fixed to a support
base while the other end may be attached or free (closed
kinematic chain or open kinematic chain, respectively) and
sometimes equipped with tools for the manipulation of
objects or specific tasks (Romero, 2012).

The marnipulators are made up of elements such as:
mechanical structure, actuators, sensors, controllers and
manipulator elements. As for the mechanical structure, the
robot 1s formed by a series of elements or links that are
joimed by 6 type of jomts that allow them to have a
relative movement between them: spherical joint which
combines three turns in 3 directions:

¢ Planar which allows movement on a plane

¢ Prismatic which allows translation along an axis

¢  Rotational, allowing rotation around a single axis and
cylindrical which brings together a rotation a
translation movement (Baturone, 2001)

On the other hand, a mobile robot needs locomotion
mechanisms for its displacement through structured and
unstructured environments. Currently, there 13 a wide
variety of possible motion systems, so, selecting the
appropriate depend of the application 1s an important
aspect in the design of mobile robots.

For the study of the behaviors of the mobile platform,
we have the kinematic model considered as the basic
study to understand the movement of mechanical
systems. In mobile robot, it is necessary to understand
this behavior, to design mechanisms for inspection tasks,
1n addition to the possibility of creating controllers that
allow to improve its operation (Craige, 1989). Within the
variables to be considered for the management of the
mobile platform, 1s the workspace that 1s defined as the
range of possibilities that the platform can reach mn each
envirorment, in addition to its controllability in which the
possible trajectories in said space.

For the study of the behavior of a manipulator we
define the kinematics that relates the space of the articular
trajectories ¢, s ..., q Wwith the Cartesian space
disposed at the end of it. In addition, it is defined as the
basis of the dynamic studies for the calculation of the
forces that are required to cause movement in the system
(N1, 201 3; Saquimux, 2005).
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MATERIALS AND METHODS

Mobile
development of the present work we consider the scheme
of Fig. 1 where the structure of the mobile manipulator is

manipulator robot kinematics: For the

specified. It should that for the kinematic calculations of
the mechanism, a kinematic decoupling 1s contemplated,
between the mobile platform and the manipulator whereby
the frame of reference and movement of the mampulator
is considered at the beginning of the kinematic chain but
not as the set of global coordinates of the hybrid platform.
For notation:

s, =sin(6, ),¢, = cos(6,),
S :COS(Bl),S(m =sin(f, ),

C(m1+[31) = COS(Bl )70((114-51) = Sin(a1+61)

Manipulator kinematics: When performing the kinematic
uncoupling m Fig. 2, the configuration diagram of the
manipulator is presented where the articulations and
coordinate axes describing their movement are specified.

Direct kinematic: The direct kinematics 1s that given the
position and orientation of the final element of a
manipulator, the values of the parameters of the joints can
be determined. For this, the Denavit-Hartenberg
(Hernandez, 2014), formulation is used which allows to
obtain the homogeneous based on the
characteristics of the manipulator specified in Table 1.
Then, the matrices that allow to relate the coordinate
systems based on the movements that the first system

matrices

must make to reach the same position and orientation as
its next system are developed. From the above m Eq. 1 1s
shown the system 0O-1 matrix transformation, in Eq. 2, the
1-2 system matnx transformation, in Eq. 3, the 2-3 system
matrix transformation, m Eq. 4, the 3-4 system matrix
transformation and finally, in Eq. 5, the 4-5 system matrix
transformation:
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Fig. 2: Five DOF arm scheme

Table 1: Denavit-hartenberg matrix

Articulations 0 d; a o
1 o, 1, 0 90
2 8, 0 I 0
3 8, 0 I 0
4 8. 0 1 90
5 g 1 0 0

c, -8, 0 lLxg,

s, ¢ 0 lxs,
T, = (3)

0 0 1 0

0 1

0 =, ¢ lx¢c,
1, =0 o Bl )

2110 000

o 0 0 1

c, s, 0

s, ¢, 0 O
T, = o 11 (5)
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Once, the transformation matrices of each system
have been defined, the multiplication of these matrices is
done to obtain the transformation matrix T,, which
describes the kinematics of the coordinate system of the
final effector with respect to the coordinate reference
system as observed in Eq. 6:

_— {Rm P } _ {Rot Tras} ©
" EX3 W1x1 P

ersp Fescala

From the total transformation matrix, the translation
vector P is extracted because in this the position of the
final link of the manipulator in the coordinate axes X, Y
and 7, respectively 1s found which will be used mn the
optimization algorithm developed for the calculation of the
robot’s inverse kinematics.

Inverse kinematic: The problem of inverse kinematics 1s
that given a position and orientation of the end effector
the values of the angles in the joints that make up the
manipulator system must be determined, becoming a
complicated problem because there are multiple solutions
for the same position and orientation of the final element
(Loukianov et al., 1997, Takahashi and Kawamura,
2000).

In order to solve the problem of inverse kinematics,
the system will be considered an optimization problem
that will be solved by Newton-Raphson’s method of
successive approximations, due to in the algorithm the
teration error does not define the behavior of the
following, so there is no accumulation error that generates
unwanted trajectories or infinite speeds in the
joints (Qu and Xu, 2011; Benhabib er al., 1985,
Goldenberg et al., 1985). Form the above, in Eq. 7 the cost
function to be optimized by the algorithm is defined:

8 (it1)] T8,

0,(i+1) | |6, | £(8,(i).8,(i). 8, (i). 8.(i)) )
8,(i1) | | 6, | /(8,(i).0,(1). 0.(1). 0, (i)
8,(i+1)| |8,

Where, the cost function f(x), 15 defined as the
position vector in X, Y and Z of the final link, obtained
from the direct kinematic as 18 shown i Eq. 8 and
determinate multiplying the transformation matrices and
expressed for X m Eq. 9 for Y m Eq. 10 and Z m Eq. 11:

X,-X
f(81>82> 83984): Yd_Y (8)
Z,-Z

X =1,x¢%¢,1,x8, %[0, x¢ %8, +8,%¢ x¢, )+ ©)

13XC4 X( €7 %G, 8, %C %8, )+13X03XC1XC2'13X53XC1X52

Y =1x¢,%{c,%c, %8 -8,%8 %8, JH xc %0, x5, +, % (10)

¢, %8, -1, %8, x(8,%c, %8, +¢, %8, %8, )|, X8, %8 %8,

Z =1 +,xs, 7, x(c, x5+, %8, ) % a1

C; %8, +13X03X52+13XS4X(02X03'32X33)

The algorithm ends when the difference between

desired position and the current has a value a minor to
1x10" as is shown in Eq. 12:

_ (X,-X) HY,-Y) +(2,2) 12)
<107

Next, we describe the pseudo-code to develop it for
the calculation of the posture of the robot manipulator of
5 degrees of freedom (Algorithm 1).

Algorithm 1; Newton Raphson algorithm:
Begin
3 —initial point
e ~tolerance
k-1
Calculate £°(x;)
While (x4 )z 2
K (0 (/7 ()
K-k+1
Calculate £°¢x;)
End while
Plotx

Mobile platform kinematics: For the calculation of the
kinematics of the mobile platform, the configuration
scheme for obtaining the kinematic model of the robot 1s
defined in which the restrictions of movement of the
independent wheels are expressed, through the physical
decomposition of the robotic platform with the
purpose of defining the wheels and their configurations.
Therefore, Fig. 3 shows the configuration to be managed
and Table 2 defines the variables that characterize it.

Where v, represents the value of rotation of each of
the wheels determmed by the calculation of the
instantaneous center of rotation.

Figure 3 is observed that the platform consists of
6 wheels which two are fixed and the other 4 are steerable.
From there, in Fig. 4 1s shown the wheel’s configuration
with its respectively mathematical representation with
Eq.13and 14:

[s{cB)<{atp)Ixe(B) <R (B)E =0  (13)
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Fig. 4: Kinematic configurations of wheels
Table 2: Matrix of angular specifications
Angles Valueg
oy tan’{b/2a)
o7 2
s m-tan'(b/2¢)
s -mtan! (b/2¢)
Oy -2
s -tan’ (b/2a)
B (24 )0t
Pz 0
Pa (m/2+y3)org
Ba (/24y)-2n
Ps ™
Bs (T0/24y¢)-als

[C(CL"‘B)S(CL"‘B)]XS(B)}XR(B)Xﬁ_,l-r('p:0 (14)
Where:

€ = The global coordinates of the robot[4 g

r = An identity matrix composed of the radius of the
wheels

R(0) = The rotational transformation matrix that

describes the robot orientations in a global
coordinated plane as is shown in Eq. 15:

(%2, y2)

CIR

] o
5(8) c(8) 0] (15)
1

We must consider, the models presented in Eq. 13
and 14 assume that in all the cases there is only one point
of contact between the wheel and the surface and
additionally there is no slip in the point (Mason, 2001).

Having the characteristic equations of the wheels, we
proceed with the construction of the final kinematic
representation describing the movement of the mobile
robotic platform as shown in Eq. 16:

s, HBy) el tP,) -11><c([31)7
s(at, B, ) -o{ e, B, ) -Lxe(B, )
gI:R(B)l S(a3+B3) -C(OC3+BB) -IBXC(BB) x

s{ oty B, ) oo, HB,) -Lxe (B, )
S(O(‘S_'_BS) 'C(Oc4+Bs) _ISXC(BS)
5(055"‘[35) 'C(as"'Bs) 'lsxc(Bs)_ (16)
0000 0][g

0r, 000 0||g,
00t 000 |¢
000t 00| |d
0000t O
0000 015 |d

Where:

I, = The distance from the center of mass of the mobile
platform and each wheel
@, = The velocity of each wheel

Calculation of instantaneous center of rotation: To
calculate the instantaneous center of rotation the
geometry raised in Fig. 5 is considered. So, we need the
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Fig. 6: Angular calculation of steerable wheels

Table 3: Angle of steerable wheels

Angles Values

i cot'(cot(y,)+b/2a)
Y3 cot! (cot(y,, Hb/2c)
Ya cot!(cotiy,,)-b/2a)
Yo cot!(cot{y )+tb/2c)

circumference equation to calculate the turn radius to be
considered n the platform to move from (x,, y,) pomt to
another in (x,, ¥;).

To determinate the instantaneous center of rotation,
we considered that (x,, y,) and (x,, y;) are circumference
point with center in c(h, k) and 13 located on the line
(rxcos(0 rx, *r-sin(B)+y,) with slope m = sin(8)/cos(6).
With the above, the characteristic equations of the circle
are presented m Eq. 17 and since, we have 3 Eq. and
3 unknowns we proceed to solve the system of equations
to obtain the values of h, k, 1

(Xl'h)z +(y1-k)2 =
(:>(2—h)2+(y2-k)2 = ()
k-y,-m(h-x, ) =0

The v, angle is calculated by geometry as is shown
inFig. 6 and Eq. 18 to calculate the v, angles described in

Table 3:
¥, —tan'l(—ha }
| (18)

Y, =tan’ -
|h-x1|

RESULTS AND DISCUSSION

Manipulator results: The kinematic manipulator algorithm
15 tested with an wutial pomt of [-20; -15; 20] and final

z

@

g2]®

-19{c)

274

0 100 200 300 400 500
Heration

Fig. 9: Angular variation of the joints: a) Tteration 1; b)
Tteration 2; ¢) Tteration 3 and d) Tteration 4

point of [20; 10; 30] and a tolerance of 1x10°. So, we
obtain Fig. 7 and 8 where 1s show the trajectory to be
reached by the mampulator to get a desired final position
and the Fig. 9, in which the varnation realized by the
angles of the articulations along the trajectory is
shown.

The points chosen in the manipulator for the
generation of the path ensure that the arm must pass
through its center. The results of applying optimization
algorithms show that to pass through this critical point
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Fig. 10: Trajectory for the verification of the kinematics
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Fig. 11: Angles of the wheels that makes up the
mechanism: a) Wheel 1;b) Wheel 2; ¢)Wheel 3; d)
Wheel 4; e) Wheel 5 and f) Wheel 6

the manipulator follows a continuous path due to the
iterative calculation of the angles calculated by the
Newton-Raphson method which ensures that at no time
will there exist singular positions or infinite speeds in the
stipulated trajectories.

Mobile platform results: Angular variation of the joints to
verify the correct calculation of the kinematics by wheels
of the mobile robot 1s pre-established m Fig. 10, from
which the angles are obtained for each wheel as shown in
Fig. 11. Form the result obtained in Fig. 10 and 11, we
proceed to male the calculus verification of the mobile
platform kinematics, so we established an mitial constant
velocity @ of 10 rpm, from which the results of Fig. 12 were
obtained.

Then tests are performed stipulating position,
velocity and acceleration profiles in Fig. 13 that allows has
a constant acceleration behavior in an interval of time due

1676
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Fig. 12: Velocity n 3, Y and 0 of the mobile platform with
constant velocity; a) X; b) Y and ¢) 6
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Fig. 13: Position, velocity and acceleration profile in
platform movement: a) Accelaration; b) Velocity
and ¢) Position
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Fig. 14: Velocity n 3, Y and 0 of the mobile platform with
the velocity profile: a) X; b) Yand ¢) 0
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to it begins from an initial zero position and zero speed,
then it has a constant velocity behavior and a zero
acceleration value that ends with a deceleration process
to end the trajectory with zero speed. From the above, we
obtain the behaviors of Fig. 14, in X, Y and 6 velocity.

CONCLUSION

By applying optimization techniques in the
calculation of the inverse kinematics of a mobile
manipulator, iterative angular configurations are obtamed
that permanently eliminate the infinite velocities produced
by strong changes in angular variations, for example, from
0-180” in a sample of time. While for direct kinematics the
only consideration to be considered 1s to correctly define
the coordinate axes and degrees of freedom of the system
because in some cases the final link where the gripper is
located since, this link is assumed to be is manipulated
manually.

On the other hand, for the kinematics of the mobile
platform it was observed that when performing tests with
constant velocity and with velocity profiles the kinematics
yields the velocities in X, Y and Z corresponding to the
trajectory pre-established. So that, the correct calculation
of the kinematic wheel difference specified in the previous
sections is checked This can be used for the subsequent
calculation of the dynamics of the system since, it is
based on the speed behavior of the 3 axes of movement of
the platform (Campion et al., 1996).
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