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DESIGN AND PERFORMANCE TESTSOFA MOBILE

MECHANICAL MANIPULATOR
M. Habibngad Korayem & A.Nakhaei

Abstract: Maobile mechanical manipulators are one of the automation aspects
which were revealed in last years of twentieth century. These machines assume the
responsibility of human and gradually expand the domain of their activities in
industry. This paper is a presentation of the Sveeper Robot designed in the Robotic
Laboratory of Iran University of Science and Technology. The original design of
this robot allowing to its gripper to constantly remain parallel to the ground is
presented. The dynamic and kinematical models of the robot have been computed.
A software was developed in MATLAB to validate the kinematical and dynamic
models of the robot by comparison with the experimental results. Once the robot
was built and its systematic odometric error estimated by experiment, a control
scheme for linear motions was developed to deal with this error. The approach is
based on the introduction of an initial rectifying offset motion before starting the
linear motion. Eventually, classical line tracking and image processing algorithms
were used to complete our robot and the efficiency of our design to achieve its
mission in picking and placing different objects according to various algorithms.

K eywor ds: Mobile Manipulator, Dynamics and Kinematics, Design, Performance

1. Introduction

Common problems to design a robot are the
mechanical design of the robot, motion planning,
motion control and perception. Presenting a
comprehensive overview of the literature in these
different fields is a challenge for itself. One of the
most important steps in designing a mobile robot is its
kinematical and dynamic analysis. In 1986, Muir and
Neuman introduced Jacobian matrix for kinematic
analyses [1]. Alexander and Maddocks modeled a
robot as a rigid body on some wheels [2]. Campion
used Lagrange equations for dynamic modeling of
robot [3]. Rajagapalan considered dip between wheels
and ground to analyze kinematic model of mobile
manipulators [4].
Estimating the robot position and related experimental
tests and measuring the errors are very important in
robotics. Many methods have been introduced to
measure and calibrate the robot errors. Chenavier and
Crowley used absolute and relative method to
estimate the robot position [5]. Borenstein and Feng
suggested a benchmark test for measuring odometry
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errors in mobile robots [6]. Borenstein and Evans
designed “OmniMate” mobile robot which was able to
detect and correct odometry errors without external
references[7].

This paper presents the design and building of an
autonomous mobile manipulator which is capable of
recognizing different objects and taking them to
predetermined places. A two wheeled mobile
manipulator with two grippers, enabling the robot to
carry two objects simultaneously, was designed for this
purpose [8]. Section 2 introduces a mechanical
description of the mobile manipulator including its
original gripper. In Section 3, the kinematical and
dynamic analyses and computation of the inverse
kinematical of the robot are presented. The programs
developed in MATLAB, which helped usin design and
simulation. The electrical parts, hardware and the
control algorithms implemented on them, which allow
the motion and the control of the robot are presented in
Sections 4 and 5. In Section 6, the test results are
analyzed datitically and the systematic odometric
errors are estimated, qualitatively as well as
guantitatively. Based on this analyze, a control scheme
for linear motion is developed and its validity is
verified by experiment.

2. Description of Mechanical System
Our mission was to design and build of an
autonomous mobile manipulator which is capable of
recognizing different objects according to their colors
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and taking them to predetermined places according to
various algorithms, in fact, designing an intelligent
programmable robot for picking and placing objects.
There are many important factors in designing this
robot deserving attention as, speed, accuracy, and high
performance.

The final concept was a differential mobile robot with
a manipulator (two wheeled robot). The manipulator
has one gripper. Furthermore there is a fixed gripper in
front of the robot for further capability. These grippers
enhance robot to carry 2 objects simultaneously and to
pick up the object from various heights in its work
space easily. Also, since the ability of high
performance was an important factor in the design, a
differential drive system was designed for the robot.
Figs. 1 and 2 show the designed robot.

Fig. 1. The designed mobilerobot in SolidWorks

Webcam

Gripper1

"

Fig. 2. Thedesigned mob|Ie mampulator after
implementation

Two step motors are used to drive the robot and to
increase the torque of motor, a gearbox with a ratio of
4:1 was designed for this unit. A gripper with 5 fingers
is designed for grabbing objects. One DC motor drives
this unit. The basic idea of this mechanism is rotating
two groups of finger around two axes beside each
other.

2-1. Arm

A one degree of freedom arm is designed for the
robot. The arm is designed in such a way which keeps
the gripper horizontal in all position. It helps the robot
to carry or take the objects with higher accuracy. This
mechanism is very helpful for taking the objects from
various heights precisely. One step motor is used for
rotating the arm. For increasing the motor torque, a
gearbox with the ratio of 4:1 isused in this unit.
One gripper, exactly the same as the fixed gripper is
attached at the end of the arm for picking and placing
objects. Fig. 3 shows the position of gripper on the
arm.

Fig. 3. Mechanical manipulator arm

3. Mathematical M odel of the M obile Robot

In order to control the robot, a mathematical model
is required to show how each parameters affect the
position of the end effectors. As it was mentioned in
Section 2, there are two grippers in this robot. In other
word, a mathematical model is required to show the
effects of each motor angular displacement on each
gripper. The direct kinematical model of the robot
shows the relation of motor angular displacement with
the position of each gripper and the robot itself. Based
on the no dlip assumption for wheels, the kinematical
model for the gripper 1 which is fixed to the end of arm
isas bellow [8]:

Gripper 1

' ‘PB
h
L Grlpper2

Fig. 4. Grlpper position and related parameters

X, (t)=x(t)+] k +bCos(¢;(t)) xCos(6(t)) ()
Y,(t) =y (t)+] k +bCos(4,t)) [xSn(61)) (2

Z,(t)=r +h+bSin(g,(t)) 3)
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End Effecter
Trajectory

% X
Fig. 5. 2D Parameters of robot position

For the gripper 2 which is fixed to the robot:

X, () =x(t)+kCos(6(t)) (%)
Y,(t)=y(t)+kSin(6()) (5)
Zz(t):Cte (6)

In the Inverse kinematical, the desired trajectory of
gripper 2 is given and the angular displacement of each
motor should be calculated. Based on Fig. 5, the
flowchart of the inverse kinematical is as follows (Fig.
6):

Input X(), Y(t), Z(t) ,6(0)
t=1

»

A v

Output : ¢,(t), &, (t), 45t), O(t)
dT =,/dX 2+dY 2

dX, =dT xCos(a(t))
dy, =dT xS'n(a(t))

\4

4. (1) = Arc sin(ZT(t)) '

dz
d¢3:beos(¢3(t))
d@_%ﬂﬂx' bxdg,xSn(¢(t))
T r o rxb r
dp ) = X dY,Ox
r rxb

N bxdg,(t) xSin (¢3(t))
r
dg-94-9¢
2x|

——| t=t+l |&

y

Output : ¢ (), 4, (). 4:(t),0t)

Fig. 6. Theinverse kinematical block diagram of the
robot

Asthe gripper 1 isdirectly attached to the robot and its
position is fixed in relation with respect to the robot,
the dynamic model is explained only for the gripper 1
which is attached to the arm. Lagrangian equation is
used to calculate the dynamic model of the robot end
effecter. As each parameter (Xy, Y1, Z3, 6) is a clear
function of ¢, the dynamic eguation is derived

according to Lagrangian equation:

2
e XDXK T

M b%xr?xM
0= 4x|? =

X 0In(4(0) -
Xy (€)X SIN(26,)) + (g +175 M )Q(t)+($)2

(7)
Xl e+ ez + e 5 +kzxrzMLw)x(q;(t)-¢z"(t))

+o.25xr2x(@(t)mz'(t)j-osxr xbxCos((t)) x¢h; ()
-05xbxr XM, xSn((t)) xs(t)

Required torques for motors 2 and 3 will be derived the
same as motor 1.

4. Description of Electronic System

Seven electronic boards are used in this robot as an
internal control unit. The designer separated the boards
from each other to make it easier to detect an error.
There is one main board and all other are boards
connected to this board directly or via a flat cable
connectors. The internal micro controller which is used
in this robot is PIC Microcontroller. This controller is
used because of some benefits such as using C editor
instead of assembly, having three internal timer and
easy communication with PC via seria port. As a
vison system is implemented and the images are
processed in PC, it is necessary to have a
communication between the PC and the internal
controller (PIC). Delphi was used as control and image
processing program of robot. The high level orders
from Delphi are sent to PIC controller in robot via
Serial Port. Serial Port is selected as the
communication port because of some advantages such
as longer cable communication in comparison with
other ports, noise immunity and lower number of cable.
Dynamic Link library (DLL) is used for
communication via Serial Port.

5. Description of Control Algorithm

By tracking a line on ground, the robot can find a
predetermined path and get to the correct location.
Also the robot can recognize various objects and their
positions by image processing. It actually takes a photo
and after some process, it recognizes the identity of the
objects in the photo and their exact positions.
According to the related position, it can pick up the
objects. Then it finds the path and takes objects to
predetermined places by tracking a line or image
processing algorithm. The block diagram of the robot
isshowninFig. 7.
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Fig. 7. The control block diagram of the robot

5-1. Line Tracking

One of the most important algorithm which is used
in mobile robots as a feedback is line tracking. In line
tracking algorithm, robot enables to follow a given
path. The type of sensors which is used in line tracking
depends on the type of the path. For example, for
following a black line in a white ground, using infrared
sensors is a good idea. The sensors which are used
should be capable of sensing the path. This path would
be a line, a wire or a magnetic field. In this robot,
infrared sensors are used to sense black line on the
white ground.

5-2. Image Processing

For image processing two items are very
important:

1- Devisefor capturing aframe

2-  Algorithm for image processing
A high resolution web cam is used in this robot for
capturing image. There are many types of software
which can calculate the RGB or HIS of each pixel. The
robot can recognize each objects and their related
position with a simple color filtering agorithm.

6. Experimental Tests

Experiments are conducted to analyze the error
sources and calibrate the error. Three tests were
conducted to analyze the error sourcesin this robot and
two tests were conducted to present a model for error
distribution. In the first test, the aim was testing the
robot in a straight path and checking its error in such a
path. In the second test, the objective was analyzing the
robot error in turning around itself. The third one was a
combination of test 1 and test 2. In forth and fifth, two
models for error distribution are presented in tracking
circles and squares.

6-1. Testing the Robot in a Straight Line

In this test, although the robot has three degree of
freedom, the test rig is designed in a way to program
the robot to move straight (in a path with no curve) and
check the error at the end point. According to the
wheel dimension and gearbox ratio, 8535 pulse is
needed for passing 1300 mm. The mean error in 20

tests was 40 mm in the left side of the desired path. For
increasing accuracy, robot position was checked in 12
points along the path. Fig. 8 shows the result of the
straight line test.

For compensating this error, a 1.8 degree clock wise
[CW] pre rotation at the start point was beneficial. It
decreases the mean error to almost zero in 20 tests as
shown in Fig. 9.

Table.1. The mobile manipulator characteristics

Characteristic Description/Unit \
Degree of 3
freedom
Drive Via2 Stepper Motor, 1.8
degree, 40V
Gear ratio 4.1
Control unit Interface between PIC and
PC
Sensor Infrared sensor
Power Supply Externa 12 DC
Base Aluminum
construction
Weight 5kg
Y[mm]
80
60 "
it 8535 Pulses Forward //'/gi
20
0 3 ’rf"/.//
-20
-40
-60
X[mm]
0 200 400 600 800 1000 1200 1400

Fig. 8. Testing in a straight line before calibration.
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Fig. 9. Testing in a straight line after calibration.
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6-2. Testing the Robot in a Turn

In this test, although the robot has three degree of
freedom, two of them are neglected and the error in the
pure rotation was tested. The robot was programmed to
turn around itself in each step for 360 degree. The error
was checked at the end of each rotation. According to
the robot dimension and gearbox ratio, 7600 pulse was
needed in each wheel for a 360 degree turn. The mean
error shows that robot must rotate extra degrees (7.2
degree) to complete the desired turn. So, adding 100
pulses to the previous amount (7600 pulses) decrease
the mean error to almost zero.

6-3. Testing and Calibrating the Robot in Tracking
a Square

The third test is a combination of testl and test2.
In step one; robot is programmed to follow a specific
path. This path is a square with the dimension of 1300
mmx1300 mm and the error was checked at the end
point. This test was conducted for twenty times CCW
and twenty times CW. In step two, some calibrations
were done according to the results of testl and test 2
and then the test was repeated. Figs. 10-a and 10-b
show the dtatistical analysis of the results before and
after the calibration in CW rotation, respectively.
The resulted data were analyzed and some statistical
parameters were calculated to show the effects of
calibration on error distribution. The normal

distribution curve was plotted according to the
following formula:

1 70'5[%%
f = e 8
(X)=~7> ®
where,
o= Zd'z ’ eizze y d=e_é.
n n

The normal distribution curve of CW tests before and
after calibration were shown in Figs. 10-a and 10-b,
respectively. According to the norma distribution
curve for each step, al resulted errors are categorized
in three classes as bellows:

a error in which: r<lower band

b. error in which: lower band< r<upper band

C. error in which: r> upper band
For al tests, the percent of data in each category was
plotted in a pie chart to show the distribution of datain
each category more clearly. Fig. 11 shows the pie
charts of these distributions for CW tests before and
after calibration. These figures show the effect of
calibration on error scatter. Comparing Figs. 11-a and
11-b show that the percent of data in class ¢ was
decreased about 10 times which is the evidence of
calibration efficiency in reducing error scatter.

% Eeror em) B 35 40
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L
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Error (em) °

a. Before calibration

b. After calibration

Fig. 10. Normal distribution curvein CW turn

" Sweeper " C.W. Direction Before Calibration

10%
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lax Error< ¢ <Ifin Error

- 0 < v <Lower Bound

+>Upper Bound 84%

" Sweeper " C.W. Direction After Calibration

11% 1%

Tlax Error< r <Ilin Error

- 0= ¢ <Lower Bound

¢ #Upper Bound 88%

a. Beforecalibration

b. After calibration

Fig. 11. Piechart of error distribution in each category for CW test
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Calibrations solve the problem of systematic error to
some extend. None systematic errors have random
effect on error distribution. The major causes of
remaining errors after calibration are none systematic
errors.

100

80+

60

@ Before Calibration
40+ B After Calibration

20+

C.C.W Direction

C.W. Direction

Fig. 12. The comparison of probability of lessthan 3
cm error from mean error

6-4. Experimental Test and Statistical Analyses in
Tracking Circles

For conducting this test for the Sweeper robot and
analyzing the results statistically, the following model
can be used for the robot. According to the Fig. 13, a
differential drive robot will track any path with any
radius (the radius domain is limited according to the
robot dimension) at the result of different angular
velocity in left and right wheel.
There are various parameters which affect the resulted
path radius. There are as follows:

Center of Rotation

|
|

R, | | |
R | |¢%I%

Fig. 13. Therobot model in turning

a. Controllable Parameters:
1. Left wheel angular velocity
2. Right wheel angular velocity

b. Non-controllable Parameters:
1. Difference between nominal and actual right
whesel radius
2. Difference between nominal and actual |eft
whedl radius
3. Wheels miss-alignment
4. Difference between nomina and actual
distance between right wheel and left wheel
5. Slip between wheels and floor
In the following test, the robot is programmed to track
acircle with adesired radius. Asit isshown in Fig. 13,
the path radiusis calculated as follows:

R:I(a)1+a)2) or, _a+])
(0, - w,) (-1
where, a:&,owl
®;
R: Path radius of robot center
o, : Angular velocity of motor 1 (Right wheel motor)
o, : Angular velocity of motor 2 (Left wheel motor)
I: Distance between wheel and robot centre which is
88 mm.
SDD T T T T
200
100
{——A|pha:7
-100 +
=200 +
7300 1 1 1 Il 1
-600 -500 -400 -300 -200 -100 0

H[mm)

Fig. 14. Theideal robot path according to
a=23..,7

Also, according to the robot dimensions and gear box
ratio, the number of pulses for left motor which is
required for the related o in tracking a complete circle
will be calculated as follows:

R,=R-I (10)
l@+y 2
2 (a-)) I_(a—D (11

where, R, is a path radius of left wheel according to
related o

P, = 27R, (12)

(13)

P, : The path length that left wheel passes according

to related o inacompletecircle
Also, the length that each will track at the result of one
pulseis:

(9)
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18 =« rr
L=rx—x—=—"—"— (14)
£ 180 1008

where,

L : The length that each wheel tracks at the result of
one pulse

r : Wheel radius which for Sweeper is 75mm

B : The gear box ratio which for Sweeper is4

So, the number of pulse which isrequired for the robot
to track acomplete circleis:

_ P, 400 B
L r(e-)

(15

In the conducted tests, the robot is programmed to
track different circles according to different o (Fig.14),
and its position is measured at the end of the path. So,
the error is measured and processed statisticaly. It is
assumed that the average of error dispersion is zero
with 95% level of significance and we try to prove it
according to the results. Otherwise, we try another
assumption for arelation between the error average and
o by using regression analysis. As it is not clear that
the error distribution is normal or not, according to
Central Limit Theorem, the test is conducted 6 times.
As the variance is limited for 6 or more tests, the
distribution will be Normal approximately [9].

Test of Hypothesis as 95% level of significance is as
follows:

Hy:p, =0 (16)
H,:u =20
Hoiu, =0 a
H,tw, #0

axes according to 2, 3, ...,7. The degree of freedom for
the test is b-1 which b for our test is 6. The amount of

t" should be calculated for error which is measured

aong x and y axes separately to prove the assumption
along x and y axes. If the following condition be true,
the test of Hypothesis as 95% level of significance will
be acceptable:

_ <t’ < 4
by Sheshs (20)
2 2
Ty SH T 2

Dalpha=7
Balpha=6
DOalpha=5
Oalpha=4
W Alpha=3
@ Alpha=2

Error[mm]

alpha=4
awhes  Aloha
alpha=6

alpha=7

Fig. 15. Error bar chartsalong X axisaccording to
a=23...,7

Error Along Y

DAlpha=2

B Alpha=3

Test of Hypothesis is designed for a normal
distribution around O for degree of freedom of 5. So the
test statistic is calculated as follow:

OAlpha=4
OAlpha=5

B Alpha=6

@ Alpha=7

Pt~y o = AR e S e
G
b=——— (18)
Fig. 16. Error bar chartsalong Y axisaccording to
_ a=23...,7
where, x; iserror average along X accordingtoa, .
where the percent point,t, 5 ) for 95% as a level of
b - -1
; ~ (;Xi ) (19) significance and b=6 is equa to 2571 [10].
“Vp According to data in Table 2, t, and t, will be as
follow:
b isanumber of different . .
Which this test statistic has t-student distribution [10]. =312 -, t,=-307 (22)

Figs. 15 and 16 show the error bar chart along X and Y
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Tab. 2. Robot position at the end of the paths
0=2 0=3 o=4 a=5 0=6 o=7
Test X Y X Y X Y X Y X Y X Y
1 30.5 -25 -0.5 -28.5 16 -45.5 11 -24 -1.5 -27 35 -31.5
2 27 -27.5 18 -40 10.5 -23.5 135 -46.5 8 -24 -1.5 -24.5
3 21.5 -45 25.5 -32 14.5 -15 -2.5 -39.5 -0.5 -24 -4 -21
4 26 -28 28 -29 215 -45 11 -41.5 8.5 -31 4.5 -38.5
5 275 -28 11.5 -22.5 18 -35.5 12.5 -37 5.5 -39.5 -1 -24
6 23 -25 25.5 -21 -1.5 -18.5 14.5 -19.5 -1.5 -21 5 -36.5
Ave. | 25.92 -29.8 18 -28.8 13.17 -30.5 10 -34.7 3.08 -27.8 1.08 -29.3
As the analyses show that our previous assumption is P, =-4.92 L
wrong, we design two other tests of hypothesis —> X, =34-4.92¢, (30)
according to regression analysis.
Q, =34mm
H,: 1 =Q, +P,
{ 0 :ux Qx xa (23) Py = 0033
Hiip #Q+PRa Yy, =-303+0.033  (31)
Hoiu, =Q, +P,a o0 Q, =-30.3mm
H tp, #2Q, +Pa

The parametersin the linear model are as follows [10]:

Z(ai — @)X —x)

P, - — (25)
iZ:;(Ofi —-a)
Qx :;_an (26)
6 . =
D —a)y, —Y)
P, =13 (27)
EPRY:
iZ:l:(ai a)
Q,=y-Pa (28)

where, o is the average of a;; and )7| is error average
aong Y accordingtoa, .

_ 3w
y=(b)

(29)

Fig. 17 show the error along X and Y. According to
Table 2, the parameters in our linear model are as
follows:

The test statistics of the recent assumptions are F,

andF, , asfollows:

(X ~@ +Pa))
b-2

(32)

1-8 b—2,bx(b-1)

(33)

- <Fspapp)

As level of significance, 6 is equal to 95%, according
to related tables, F, , 5 iSequal to 2.69. According to

Table2, F, and Fy* are asfollows:

F.=0.351 , F; =0.527 (34)
So, according to the regression analysis, the linear
model for error with level of significance of & =95%
is an acceptable estimation of error for o in the
following domain:

2<a<7 (35)

Fig. 18 shows the dispersion of error aong x and y
axes:
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Fig. 17. Error along X and Y axes
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Fig. 18. The Robot positions at the end of the paths

6-5. Experimental Test and Statistical Analyses in
Tracking Squares

For conducting this test the Sweeper robot is
programmed to track 6 sguares with a desired
dimension and its errors were measured at the end of
the paths. In fact, as it is shown in Fig. 19, the robot
tracks 6 squares with different dimensions 6 times and
after measuring and analyzing the errors, an error
model is presented. The dimensions of the desired
squares are 300a. x 300a. which aa=1,2,...,6.

- 2100

Alpha=6
i - 1800

=5
Alpha J 1300

Alpha=4
- 1200

Alpha=3

Tmm)

Alpha=2

Alpha=1

721IDD 718IDD -15IDD —12IDD -9IDD -6IDU -360 6
H#lmmy|
Fig. 19. Theideal robot path according to
a=12,...,6

There are various systematic and non-systematic
factors which affect the resulted path. The robot
position is measured after passing 4 sides and 4
corners.

In the conducted test, the robot is programmed to track
different squares according to different o, and its
position is measured at the end of the path. So, the
error is measured and processed statisticaly. It is
assumed that the average of error dispersion is linear
with 95% level of significance and we try to estimate
the parameters in the linear model and prove the
assumption by using regression analysis. In our error
model, we try to find a linear relation between o and
error average which is related to that o.. As it is not
clear that the error distribution is normal or not,
according to Central Limit Theorem, the test is
conducted 6 times.

As the variance is limited for 6 or more tests, the
distribution will be Normal approximately. [10] Figs.
20 and 21 show the error bar chart along X and Y axes
according to a.=1,2,...,6. The tests of hypothesis for
the errors linear model are the same as Egs. 23 and 24.
Also, the parameters in the linear model can be
calculated similarly.

Error Along X

ES=300mm
W S=600mm
0S=900mm
0S=1200mm
W S=1500mm
0S=1800mm

Error[mm] :25

Fig. 20. Error bar chartsalong X axisaccording to
a=12,...,6
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Error Along Y

@S=300mm
BS=600mm
0s=900mm
0S=1200mm
W S=1500mm
@S=1800mm

-15(
Error[mm]

s

Fig. 21. Error bar chartsalong Y axisaccording to
a=12,...,6

So, according to Table 3, the parameters in our linear
model are as follows:

P, =-5351 _

— X, =-6727-535la; (3p)
Q, =—67.27mm
P, =-17.23

>y, =-6437-17.231, (37
Q, =-64.37/mm

Tab. 3. Robot position at the end of the paths

=2, o=3,

=1, S=300mm S=600mm S=900mm

o=4, _ _ 0=6,
S=1200mm | @72 SF1B00MM | o an0mm

Test X Y X Y X Y

X Y X Y X Y

-915 [ -101.5 | -1485 -81 -157 [ -1275

-224 -142 -397 | -1475 | -432 | -201.5

-82.5 -95 -187 | -1125 | -284 -84

-346.5 | -130.5 -294 -136 -368 -231

-113 -62.5 | -204.5 -71 -235.5 | -150.5

-195.5 -84 -342 -184 -320 | -1745

-120 -85 -224 -945 | -297.5 | -118

-164 -154 -328.5 [ -1285 | -441.5 | -189.5

-85.5 -105 [ -184.5 -84 -308 -132

-265 -138 -390 -97 -380 -121

o O | W N |-

-132 -77 -194 -132 | -211.5 | -108

-328 -106.5 -320 -118 -367 | -183.5

Ave. | -104.1 | -87.67 | -190.4 | -958 | -248.9 | -120

-253.8 | -125.8 | -345.2 | -135.1 | -384.7 | -183.5

According to the results of Table 3 and Egs. 32 and 33,
for the 95% level of significant, the test statistics of the

recent assumptions F, and F, are asfollows:
F,=12425 , F,=13044 (38)

As level of significance, & is equal to 95%, according
to the related tables, F,, 4, iSequa to 2.69. So, the

linear model for error with level of significance

of 6 =95% is an acceptable estimation of error for o
in the following domain:

1<a <6 (39)

Fig. 22 shows the error along x and y axes and Fig. 23
shows the dispersion of error along x and y axes.
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Fig. 22. Error along X and Y axes
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Y[mm]
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Fig.23. The Robot positions at the end of the paths

6-6. Error Sources Causing I naccuracy

The error sources can be classified into two
categories:
Systematic errors which are caused by control and
mechanical inaccuracy
Non-Systematic errors which are caused by
environment

6-6-1. Systematic Error

Systematic errors are caused by inherent factor in
the robot. There are many inaccuracies in mechanical
parts. The robot wheels may be unaligned with each
other. Also, the elastic band which was used around
wheels (for increasing friction between wheels and
ground) may cause differences in diameter along a
trajectory because of some dynamic forces.
Furthermore, the gear box itself cause mechanical
errors because of backlash of gears. The resolution of

steps in the step motor affects the accuracy of the robot
too. The differences between the results of before and
after calibration are because of systematic errors.

6-6-2. Non-Systematic Error

There are some errors which are independent from
mechanical part, of robot and would happen because of
unexpected phenomena. For example in the electrical
parts, step motors have dip under sudden torque. In
spite of using elastic band around wheels, there are
dippage between wheels and floor in fast turning or
fast acceleration. These are due to travel over uneven
floor or unexpected objects.

7. Simulation of the Sweeper Robot

A visua program in MATLAB was developed to
model the robot. The visual interface has alink to some
m.files and one simulink file. The results appear in
various 2D and 3D plots according to the inputs and
the desired calculation. Figs. 24-a and 24-b show the
result of inverse kinematical problem and compared to
the results with experimental tests results for a specific
path. The path is composed of two perpendicular
straight lines. Length of each line is 1300 mm similar
to the previous tests. In the first step, for testing the
accuracy of inverse kinematical model, robot was
programmed to move according to the results of
MATLAB for this path. (8535 pulses in straight line
and 1925 in 90degree turn).
In the second step, the results of MATLAB were
modified according to calibration formula of previous
section and the robot moved according to the calibrated
data (Fig 24).

Y[mm] | I I Yimm] | | | | |
8535 Pulses Forward 8535 Pulses Forward(1300mm)
1400) 1400. | |
¥
1200, 1200 1925+38 Pulses
1925 Pulses CW Turn
1000 CW Turn 1000
800 " 800
A—% N \
600 . 600
400 ( ] 400 H ]
200 / 200 /
38 Pulses
0 @ . 0 *CeW Turn
T T
8535‘Pulsels Fom(ard X[mm] 8535|PU|59‘5 ForV\(ard X[mm]
-200 0 200 400 600 800 1000 1200 1400 1600 -200 0 200 400 600 800 1000 1200 1400 1600

(a) Before calibration

(b) After calibration

Fig. 24.Comparing MATLAB inverse kinematical model with experimental test

8. Conclusion
The Sweeper Robot designed for recognizing,
picking and placing objects is presented in a situation
where the original design of the gripper, which aways
remains parallel to the ground, is introduced in this
paper. In the process of computing the kinematical and
dynamical model of the robot, an original approach

was suggested to obtain its inverse kinematical
eguations. Series of tests are conducted to analyze the
sources of error and practical solutions are suggested to
decrease the systematic error. Indeed, the results of the
tests are analyzed and ultimately it is shown that some
calibrations in the robot control software are useful for
tracking a trgectory precisely. These calibrations
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include adding or subtracting some pulses to the robot
program in the desired trajectory. Also two models for
error were presented and proven according to the test
results.
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