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Testing Robotic Manipulators: Improvement
and Experience
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Abstract— In today’s world of flexible automation, users should
be able to rely on the performance of robots. The ISO 9283 presents
the criteria and related testing methods to determine performance
characteristics of industrial manipulators. This paper reports on the
process  of  experimental evaluation, improvement and
objective/quantitative comparison among different performance
indices of two types of robots: a revolute robot and a prismatic robot.
Using certified technical standards, these indices are calculated based
on experimental analyses. Additionally in order to further improve the
functionability of robots, risk assessment of robot is done using IEC
31010 standard and FMEA approach. Performance indices are
compared after and before applying the correction actions obtained
from risk assessment. The results show that the accuracy and
repeatability of both robots are substantially enhanced after correcting
the design and applying the changes on manufactured robots. The
main contribution of this paper is the design improvement of robotic
workability using FMEA method as well as the calculation of
performance indices using experiments and following the international
standards.

Keywords— Manipulators, Accuracy, Repeatability, Tracking,
Design Validation, Risk Management, Load Capacity.

I. INTRODUCTION

OBOT CALIBRATION is the process of determining the

actual values of kinematic and dynamic parameters of an
industrial robot. Kinematic parameters describe the relative
position and orientation of links and joints in the robot while
the dynamic parameters relate to arm masses and internal joint
friction.

A calibrated robot has a higher absolute positioning accuracy
than an uncalibrated one, i.e., the real position of the robot end-
effector corresponds better to the position calculated from the
mathematical model of the robot. Absolute positioning
accuracy is particularly relevant in connection with robot
exchangeability and off-line programming of precision
applications. Industrial robotic systems have been implemented
in many fields of human life. The flexibility of the newly
introduced robots was quickly seen to be enhanced through
visual experimental tests. Particular advantages of calibrated
robotic systems include:

- Easily controlled/ programmed movements,
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- High accuracy,

- High speed and large pay load capacity,
- Control system simplicity,

- Inherently stiff structure,

- Large working envelope,

- Structural simplicity,

Recently, interests in performance analysis, calibration and
experimental evaluation of robotic arms have increased with a
various theoretical and practical contributions being made.
Some [1], [2] focused on planning a sequence of “commutation
configurations” for the mobile base when the robot performed a
sequence of tasks subject to various constraints and
optimization criteria. Korayem et al. [3] presented the design of
a robot for an assembly line, and the proposed robot is applied
for one of the important stations in the assembly line.
Kinematic and dynamic modeling, finite element analysis
(FEA), quality function deployment (QFD), and failure mode
and effect analysis (FMEA) are used in this paper. Ghayoumi et
al. [4] have performed the experimental test on Cartesian robot.
They reduced correlation error applying a fuzzy model in stereo
vision of a 3p robot.

Azhdari et al. [5] obtained a dynamic model for a two degree-
of-freedom planar robot arm. The links of the arm, connected to
prismatic and revolute joints, were considered to be flexible.
They assumed to be fabricated from either aluminum or
laminated composite materials. The model was derived based
on the Timoshenkov beam theory in order to account for the
rotary inertia and shear deformation.

Callegari et al. [6] presented a high-speed Cartesian robot
produced by Campetella Robotic Center. This robot was
characterized by good dynamic performances but was chosen
by the producer for re-engineering that should allow it to meet
even more advance targets. lon [7] performed some
experimental tests on a waling robot in order to determine the
condition of robot in static and dynamic stabilities. In this
work, different methods of leg adjustments and body
adjustments were integrated into the strategy. Also, they
analyzed the possibilities of determination of the limit
conditions for the stable displacement of the walking robots.

Maddahi et al. [8], [9] proposed an algorithm for
determination of load capacity of a redundant mobile robot and
performed some experimental tests in order to determine the
performance of robot. Also, they implemented some designed
tests on a 4R pick and place robot including path tracking
(kinematically) and determination of load carrying capacity
(dynamically).

Ismail et al [10] evaluated the performance of an industrial
robot under payload and various distances within the working
envelope. Relationship between the location and payload versus
repeatability were obtained. Jackson et al. [11] addressed the
issues that must be accounted to develop the architecture for
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robotics within the infrastructure. These issues are the basis for
design decisions in developing robotic infrastructure systems.

Baron and Tondu [12] presented a deductive method for
safety analysis. In order to apply this technique for a medical
robot, they analyzed human safety factors by using FMEA and
FTA, as well as obtained different failure modes and their
effects on the human.

In this paper, we show how the performance indices in
robotic arms can be influenced by risk reduction and design
improvement. The proposed approach is a combination of
requirements of IEC 31010 standard, FMEA method and two-
camera measurement technique. The approach is used to
increase the accuracy and repeatability based on the risk
assessment and design improvement in robotic arms and is
implementable for all robot types. In order to validate the
method, experimental tests are carried out on two different
robots and the performance indices are obtained. The tests are
done according to the requirements of ISO 9283 certified
standard. The comparative studies are also done to investigate
the results of experimental results for both robots before and
after applying the corrective actions concluded from risk
assessment.

II. DEFINITIONS

This section covers related definitions of reference
performance indices and standards that we have used during the
design and experimental stages.

A. Performance Indices

A.l. Measurement Systems

There exist different possibilities for pose measurement with
industrial robots, e.g. touching reference parts, using supersonic
distance sensors, laser interferometry, theodolites, calipers or
laser triangulation. Furthermore there are cameras systems
which can be attached in the robot’s cell or at the industrial
robot mounting plate and acquire the pose of a reference object.

The manufactured robot should accomplish the given
commands accurately and smoothly. This is possible in the case
that the motion of the end-effector of the robot is accurate
enough relative to the target-object.

A.2. Accuracy

The accuracy of a robotic manipulator is the degree of
closeness of robot position to its actual value. Accuracy
indicates proximity of measurement results to the true value.

The accuracy of actual robot is under the effect of the
following factors such as the accuracy of manufacturing
mechanical parts of the robot, the accuracy of assembling the
constituting part of robot, the accuracy during the robot
operation that is influenced by external forces, electronics
system accuracy and motors operations, clearance existing in
the system, wear behaviors (change in accuracy of the robot in
long duration), change in accuracy of system after assembling
the disassembled parts due to repair and change in the system
accuracy during the PM (Preventive Maintenance) periodic
programs.
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A.3. Repeatability

Repeatability or test-retest reliability of robot position is the
variation in measurements of end-effector position taken by a
single user or instrument on the same item and under the same
conditions. A measurement is said to be repeatable when this
variation is smaller than some agreed limit. The repeatability
conditions include:

¢ The same measurement procedure,

e The same observer,

e The same measuring instrument, used under the same
conditions,

e The same location,

e Repetition over a short period of time.

B. Standards

B.1.IEC 31010

IEC 31000 provides a standard on the implementation of risk
management. The purpose of this standard is to be applicable
and adaptable for "any public, private or community enterprise,
association, group or individual".

The used method to implement the risk analysis in these
robots is failure modes and effects analysis (FMEA). FMEA is
a procedure for analysis of potential failure modes within a
system for classification by severity or determination of the
effect of failures on the system. It is widely used in
manufacturing industries and is now increasingly finding use in
the service industry. Failure modes are any errors or defects in
a process, design, or item, especially those that affect the
customer, and can be potential or actual. Effects analysis refers
to studying the consequences of those failures.

Since, inappropriate accuracy and repeatability conclude
some risks and hazards in the robotic stations; we used this
method in order to increase the amount of performance indices.

In each FMEA analysis, some suggested evaluation criteria
are used to evaluate three factors for each failure mode. These
factors are:

* Severity (S)

* Occurrence (O)

¢ Detection (D)

Using FMEA method, the Risk Priority Number (RPN) is
calculated as RPN=SxOxD. Within the scope of the individual
FMEA, this value (between 0 and 1) is used to rank order the
risk priority in the robots design [15].

B.2. ISO 9283

Robot performance testing is defined in ISO 9283. This
standard is setting different performance criteria for industrial
robot and suggesting test procedures in order to obtain
appropriate parameter values. The aim of this standard is
providing technical information to help users to select the most
convenient robot for their purposes. This standard defines
important principles based on the path, and then different
appearances will be seen to evaluate them. These principles are
approximate accuracy of the path, absolute accuracy of the path
repetition ability of the path rapidness specifications and corner
variable. The most important criteria, and also the most
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commonly used, are accuracy of pose (AP) and repeatability of
pose (RP) which defined as below [16]:

APIRP = (x, ~x,)* +(y,~ v,)* +(z,~2,)} M

where x,, y, and Zz, are the actual coordinate of the end-

effector at stop point and (X,,y,,Z,;) is the desired

coordinates.

Since we are interested in experimental validation of accuracy
and repeatability, the design of robot has been based on the
agreed values for these parameters as shown in Table I.

Table I. Preferred performance indices values.

Robot Accuracy | Repeatability | Repeatability
[mm] 5 times [mm] | 10 times [mm]
3R 8 15 24
3P 5 10 15

The values mentioned in Table I, are tested for given
trajectories. All indices should be less than the desired values.

III. DESIGN OF ROBOTS

Mechanical and manufacturing design processes of the robot
are done using Mechanical Desktop® software. In addition, the
design of 3R and 3P robots are carried out considering IEC
31010 requirements.

A. 3R Robot

The 3R robot was designed on basis of an assumption in
which each joint has an independent actuator with gear
reduction and measuring angular joint position sensor (Fig. 1).
Implementing IEC 31010 standard, the risks and hazards are
recognized and reduced during the design and manufacturing
stages which are described in the following sections.

The shafts motors has 80 rpm/450 Nmm (Motor I), 220
rpm/200 Nmm (Motor II) and 200 rpm/150 Nmm (Motor III).
Also, In order to track the position of end-effector, two cameras
are attached to the test platform.

B. 3P Robot

In this Cartesian robot, a controller including three drivers
with its own servo motors is used to drive the shafts. One motor
with built-in reduction gears, incremental encoder and are
considered for each axis. The resolution of the encoders is 48
pulses/rev. The mechanical mechanism in manufactured
platform consists of three gearboxes and three shafts for
transmitting the angular velocities of gearboxes to the axis
shafts. The parts of Cartesian robot have been shown in Fig 2.

On bottom of the robot, covering platform is a wood plate
that the work pieces are mounted top of this plate. The
manufactured base works with a Pentium IV, 1600 MHz and
uses it for position recognition processing. The file is sent to
computer in “.dwg” format and the designed software
(appendix I) converts it to CNC machine programming
language (G/M codes). When microprocessor receives the
converted file, the data are sent to motors and then the axes are
driven.

otor axes x

linear bush10mm otor axes y

shaft axes (y]
r=émm

linear bush20mm

shaft axes ()
r=10mm

Fig. 2. Fabricated and computer model of 3P robot.
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Also, a vision system includes two cameras provides record
of end-effector configuration in X, Y and Z directions.

The shafts are characterized by 1.8 deg/step accuracy,
2A/2.3Q and 9 kg holding torque. Also, the spindle actuator is
driven by 8000-28000 rpm/200w motor with screw mechanism.

IV. SYSTEM EQUATIONS

A. Kinematics

Kinematics analysis allows the study of the position and
velocity variables. The kinematics of manipulators involves the
study of the geometric and time-based properties of the motion,
and in particular how the various links move with respect to
each other over the time. The data obtained from this section
can be used in order to determine the value of dynamical
parameters such as load capacity of robots.

A.l. 3R Robot
Figure 3 depicts the kinematic diagram of 3R robot. As
shown, [; (i=1, 2, 3) is the length of the links.

= g
I,

Fig. 3. Generalized coordinates ( 91 , 02 , 93 ) of 3R robot.

Considering Fig. 2 as well as using the Denavit-Hertenberg
notations, the transformation matrix is obtained as follows [17]:

C1.Cy3 —CpSy3 8 X,
po|Sits TS G, 2
52 €3 0 g
0 0 0 1
where S, = Sin(6,) and ¢, = Cos(g,) and
x, =1,.C.C, +1,.C,.C
(3

v, =1,.8,.Cy +1,.C,.S,

Z, =1.8; +1,.5, +1,

Also, using the inverse kinematics techniques, joint variables
are calcutared in terms of trajectory parameters:

| Atan2(yy,x)) 0<6 <180 )
" Atan2(y,,x,) - 27 —180<6,<0
xg+y§+(zo_ll)2_lzz_132 (5)

cosf, ==+ W,
2°3
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B+y
6,= (6)
{ﬁ -y
where
B=tan™ STl P 7)
VG + )
Xo+ Yo (2 =)+ -1 (8)

cosy =

2y [x2 + 32 + (20 1)
where (x4, Yo, Zo) 1s the end-effector coordinate.
A.2. 3P Robot

For 3P robot, the transformation matrix is obtained as
follows:

010 d
L, 001, )

100 d

000 1

where d;, d, and dj; are the prismatic joints displacement in X,
y and z directions, respectively (Fig. 4).

Fig. 4. Generalized coordinates (d1 s d2 s d3 ) of 3P Robot

Given a desired position and orientation for the end effector
of robot, for finding values of the joint parameters which satisfy
the direct kinematics equations, we need to solve inverse
kinematics of robot which is easy to do using (4) to (8) for 3R
robot and (9) for 3P robot.

B. Dynamics

The calculation of motion equations is necessary in order to
obtain the amount of torques required for each actuator. The
created model of robot must be accurate enough to give results,
which satisfactorily describe the operation of the actual system,
but is simple enough to be in practical use.

B.1. 3R Robot
Using Lagrangian approach, all torques of actuators are
obtained in terms of inertia of i” links (/) and mass (m,),

angular velocity and acceleration of i actuator (él. and Q ).
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The derived equation for torque of motor 1 can be expressed
as follows:

c+m1c

¢ 3323

= +m_l
l(yylm

2 2
h c22£2+1xx2's2+1

2.2 ;
+m3l5.c5 +2m3lc352312c2 +1xx3-523 +1yy3523)-5’1 +

2

(~2mal.0=.59.c0.07 +21 0 .52.00.0 =2l yy s$2006)—

oml 2s B +0)-2m 125 c O — (10)

33232323 32727272
231y 52036213-2m31y 523026213
2 xx3 23 23 (02+03) 2 yy3’ 23 23 (62+63))6

where C;; and S; represents cos(#, +6,) and sin(6, +6,) .
respectively.

B.2. 3P Robot

Using the same approach, the dynamic modeling of 3P robot
is derived as follows:

F,=(my+m,)d, (1D
Fy=(my,+m,+m))d, (12)
F3=(ml+m2+m3+mp)c'l'l—g(ml+m2+m3+m1,) (13)

where m,,m,,m, and m, are masses of motor 1, 2 and 3 and

associated equipments and mass of main body, F,F, and
F,are the input torque to motors 1, 2, and 3 move in X, Y and

Z directions, respectively.

V. RISK ASSESSMENT AND ANALYSIS

To investigate the performance of the robots, based on the
defined indices, some experimental tests are performed on
the robots. The results of these experiments, which are
shown in next section, confirm that there are some errors in
the system. These errors can not satisfy the agreed values
defined during the design stage.

In order to reduce these errors, some known techniques
are used. The risk assessment of robots and creating new
changes in the system is one of these approaches.

Figure 5 flowcharts the risk assessment process used in
this paper. As mentioned before, FMEA method is used in
order to assess the risks and hazards. As depicted in this
figure, the risk assessment starts based on the strategy
defined during the conceptual design process. It’s followed
by risk analysis, identification and estimation stages,
respectively. After risk estimation, the risks are evaluated
and finally the decision is made based of the recognized
threats and opportunities. The main part of this flowchart is
the evaluation of residual risk in the system after applying
the risk assessment procedure.

As will be explained in experimental tests, some
components of both robots have high RPN which these
critical components need to be improved in order to reduce
critical situations for the system. Thus, some corrective
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actions are needed for these critical items to improve the
performance indices. Some of critical components, failure
modes, their RPN number, and corrective actions for 3R
and 3P robots are listed in table II and III, respectively.

As shown in these tables, considering the corrective
actions applied on the robots, the value of RPN is obtained
in before and after correction conditions.

Design Strategy
v

Risk Assessment
Analysis
Identification
Estimation

v
Design Strategy
Threats + Opportunities

v
[ Decision ]
v
[ Residual Risk Calculation ]

Fig. 5. Risk assessment process.

Vs

- J

Monitoring

V1. PERFORMANCE TESTS

In experimental tests, first the prototype models of
manufactured robot are tested and the performance indices
are obtained and compared with the reference values
mentioned in Table I.

As the calculated indices could not satisfy the design criteria,
thus, the risk assessment methods are applied on the robots in
order to improve the existing model. Also, the tests are
repeated for both robots while the some correction actions are
done during the design and manufacturing process and the
performance indices are calculated based on the new data.
Finally, the improvement percentages are calculated and
compared.

The performance tests are based on requirements set by ISO
9283 and two-camera measurement technique. The test
parameters include accuracy and repeatability of end-effector
position as well as path planning of tool located in end-effector.

A. Camera Positioning

To transform these coordinates to global reference
coordinate, the scaling technique is used which maps the
position of tool in the photo to the global position of end-
effector. With images from these two fixed cameras, the
position of objects is calculated and its coordinates are
obtained. As shown in Fig. 6, for 3P robot, two cameras with a
certain distance form each other are looking at the end-effector.
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Table II. Critical items and corrective actions for 3P robot.

Part RPN RPN
D inti Potential Failure Mode (Before Corrective Action (After
escription Correction) Correction)
X-axis - Clearance in simple screw - Change existing mechanism to ball-
Transmission system. 0.620 | screw system. 0.360
System - Undesired thermal gradient. - Anneal shaft fixtures.
. - Actuator overload. o
Z-axis - Reduced dynamic load carrying 0480 | - Change the gearbox with increased 0.270
Actuator . ratio.
capacity.
Base Platform | . Tool damaged due to unexpected 0.660 | - Change to wood frame. 0.180
impact with frame.
Table III. Critical items and corrective actions for 3R robot.
Part RPN RPN
D inti Potential Failure Mode (Before Corrective Action (After
escription Correction) Correction)
- Actuator overload.
Links - Reduced dynamic load carrying 0.510 | - Reduce the weight of links. 0.163
capacity.
Base Platform | - Wear of the rotating base. 0.720 | - Design and Install a ball bearing base. 0.105

Signal to Motors

Robot Controller

Trajectory
Error

Desired
Trajectory

End-effector Position

Scaling

Camera 1

Camera 2

Y

A

Frame 2
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Image Processing

Y

Fig. 7. Typical images of the end-effector of 3P robot in two subsequent frms.

<« Picture
)

Fig. 6. Position-based control structure of 3P robot and the stationary cameras for performance tests.

Previous
Position
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One of these two stationary cameras is fixed and zooms along
Z axis (camera 1) and another one is located in Y axis direction
(camera 2). Position of end-effector is determined in image
plane and then is transferred to global coordinate by using
derived transformation matrixes.

The camera takes the sequences of photo from object located
at end-effector and the encoders read the amount of pulses of
motors and finally, the pictures are scaled and the end-effector
and target are recognized among other objects. Then based on
the input desired path, the amount of errors (X, Y, Z) in three
directions is calculated.

Also, Fig. 7 shows two pictures taken during the experiment.
This figure shows the position of 3P Robot end-effector in two
subsequent frames.

B. Experimental Results of Accuracy of Pose (AP) and
Repeatability of Pose (RP)

Based on the described technique and according to the
requirements of ISO 9283, the amount of accuracy of pose
(AP) and repeatability of pose (RP) are obtained before and
after design modification.

10

+ After Correction
4 Before Correction

Y [mm]
»

* * ., A

* Allowable %

*, region i 3P Robot
0 T — . .
0 2 4 6 8 10
X [mm]
15
* After Correction
4 Before Correction
124
A
A
A
A
9 ~ A A A
T L. . ’
E [Tt
_ ., A
> * .,
6 - .
* s .
*
0‘.‘
. :
*
3 ~ *
*
*
Allowable region 3R Robot
0 : S ‘
0 3 6 9 12 15

X [mm]

Fig. 8. Accuracy of pose test for 3R and 3P robots in planar motion.

In all tests described in this section, the robots are
programmed to move in a direct trajectory with /=250 mm in
X-Y plane. Thus, due to the constant height of end-effector, the
results are depicted in X-Y plane.
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Figure 8 shows the results of AP test for both robots for given
coordinate. The points show the stop points after and before
applying the corrective actions concluded in FMEA analysis.
As shown for each case, this test is performed for 10 times
which the data shown here are the differences between the
desired and actual positions as follows:

(X,Y,2)=(X,-X,,Y,-Y,,Z -Z,) (14)
where (X .v,,Z,) and (X,Y,,Z,) are the actual and

desired coordinates, respectively. The actual coordinates are
calculated using the mapping algorithm described before. As,
the end-effector position in Z direction doesn’t vary, the
amount of error in Z direction is considered to be zero.

The repeatability coefficient is a precision measure which
represents the value shown in Fig. 9 and 10. The standard
deviation under repeatability conditions is part of accuracy.
Figure 9 shows the results of repeatability test for both cases
when n=5 and the similar results are depicted in Fig. 10 when
n=10.

+ After Correction™ ..., .
4 Before Correction| ~"*-.... Lot

T
E *
; . .
4
Allowable region
*
*
2 - *
3P Robot:
0 : : : : .
0 2 6 8 10
X [mm]
20
 After Correction 3R Robot
4 Before Correction
16 n
............. N A
....... A
...... A
e, A
* e, A
A
12
'E' . .".
£ . .
> ¢ .
8 - . .
4
Allowable region
0 T T T i T
0 4 8 12 16 20
X [mm]

Fig. 9. Five times repeatability tests for 3R and 3P robots.

C. Trajectory Test

In this stage, desired pose of end-effector is given to robots to
go there. By computing joint angles from inverse kinematics
equations and rotation of joints, end effector will move there.
By taking pictures with two fixed cameras and derived
equations, we will have position coordinates of end-effector in
global reference frame. Also, by comparing the ideal amounts
of pose and real one, the positioning error are determined.
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C.1. Circular path

The accuracy, repeatability and error of both robots on the
circular continuous path traversing are determined. The circle is
in horizontal plane i.e. height of the end effector is constant
from earth level. The orientation of the end-effector is constant,
thus, the end-effector is always in horizontal plane and normal
to circular path and end-effector slides along perimeter of
circle. During motion of end-effector on the path, 32 images
have been taken from end effector using two cameras (Fig. 6).

In this way, end effector coordinates in image plan will be
collected. Using mapping system, the image coordinates of
points are transformed to the reference frame. The desired path
and actual path traversed in Fig. 11 for both robots.

25
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Fig. 10. Ten times repeatability tests for 3R and 3P robots.

C.2. Rectangular path

In next experiment, the error of the end-effectors motion
along rectangular path is also considered. In order to do this,
the vertex coordinate, length and width of rectangle for the
robot is defined. Orientation of end-effector is tangent to path.
In this test, the transformation matrix of end-effector is
determined, and then the inverse kinematics equations are
solved and finally, while the end effector moves in this path,
some images are taken from the-end effector by the two
cameras attached on the platform (Fig. 12).

C.3. Straight line
To move end-effector along a direct line its start and end
points must be determined. Approach vector direction is normal
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to direction of line path i.e. end-effector is always normal to its
path.

With pose of end-effector and inverse kinematics equations of
robot joint angles are computed. Joints rotate and end-effector
is positioned along its path. Coordinates of end-effector in
global reference frame are determined by taking pictures with
two fixed cameras. The positioning error is determined by
comparing the desired pose and actual one. Error of robots in
traversing direct line path, when they move along X axis are
shown in Fig. 13.

VII. STATISTICAL ANALYSIS

In order to compare the obtained results with the agreed
values in design stage, the calculated indices based on the data
derived in experimental tests are considered according to the
Table IV.

Table IV. Experimented indices values for both cases.

Performance Indices
Robot Ai\g::?:cy Replz/;i:{)lility Repgi::)lility
[mm] 5 times [mm] |10 times [mm)]
Desired 3R 8 15 24
Values 3P 5 10 15
Before 3R 15.21 23.51 36.42
Correction | 3P 10.70 12.75 19.80
After 3R 7.50 14.53 22.80
Correction | 3p 3.91 9.01 13.90

As shown in this table, all derived data are acceptable and
confirm the final design based on the agreed values. Then the
design is acceptable in the sense of defined and agreed indices.

VIII. CONCLUSIONS

This paper presented the procedure of experimental
evaluation and enhanced of the design of two types of 3 DOF
robots: a revolute and a prismatic robots, using certified
technical standards. The performance indices were obtained
using experimental tests in order to compare with respect to
the reference values. These indices were specified at the
beginning of the design process as design inputs, based on the
expected workability of robots. They included accuracy,
repeatability and path tracking in free motion. The
experiments were performed based on the procedures
recommended in ISO 9283 titled “Manipulating industrial
robots - Performance criteria and related test methods”. A
two-camera technique was used to obtain the position of end-
effector. The initial design of robots was improved by
implementing the requirements of international standard IEC
31010 (Risk Assessment Techniques) and the new indices
were obtained, which showed great improvement over the
previous prototypes. The applied risk assessment method was
shown to improve the accuracy and repeatability for both
cases. For example, the accuracy and ten times repeatability
were improved by 50.69%, and 37.40% for 3R robot as well
as 47.87 and 39.03% for 3P robot, respectively.
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APPENDIX I

The typical interface window and some features of designed
software for 3P robot are shown in Fig. 14. This paper is
comprehensive software about the robotic training and also, is
applicable during the experimental analysis of robotic
manipulators.

The main duties of this software are:
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- Mapping the taken pictures and changing the existing
generalized coordinate to reference coordinate in order to
determine the position of tool,

- Conversion of “.dwg” files to M/G codes (CNC machine
language),

- Training the fundamental areas of robotics,

- Design of test and statistical analysis based on the data
derived in experiments.
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