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Abstract. The use of didactic manipulator robots is impottan engineering teaching because the use of imidlst
manipulators presents risks due to their inertiadahigh speeds. Due to the high costs of importethadic
manipulator robots, manufacturing them in educatiomstitutions became an attractive option. An iéiddal
advantage of the design and manufacture of thes@pmlators in educational institutions is the systgic design
research of these systems. After this initial phase possible difficulty is to quantify how muble initial design
specifications have been achieved. To solve thablem, it is important to use standardized systtmsvaluate the
performance of the developed manipulators. Thegmtework aims to study the manipulator robots’ perfance
evaluation systematics and to present a procedoraapplying the systematic established to the azse didactic
robot.

Keywords: robot manipulator, performance, methodology.
1. INTRODUCTION

The teaching of manipulator robotics has been grgwiue to an increased demand for them in compahiesuse
of industrial manipulators presents a risk duehiirtgreat inertia and speeds which can cause esémgiries when it
shocks with the human body. In order to avoid tisik, it is important to use didactic robots. Thesed architecture of
industrial robots makes it difficult to teach. Tbest is also a constraint on the employment ofraiustrial robot in
teaching activities. A didactic robot can costtiemes less than an industrial robot.

Figure 1. Prototype of the didactiabot studied and CAD design (Reis et al., 2016)

The industrial robots’ standards have been usethédyze didactic robots’ performance (Costa Netal.et2012).
Some standards establish that the evaluation péeesndepend on the main manipulator activity, tfeeeit is
necessary to analyze the performance accordingetacharacteristics required for an activity. Uspalie industrial
robot’s standard methods are adapted to didadbiotso In Costa Neto (2012), it was considered ghdidactic robot
would have the same requirements of an industolabtr to move parts. It is possible to observe tlwqgbype of the
didactic robot studied in this paper in Figure tiwhs developed in Reis et al. (2016). This rolast five degrees of
freedom. The maximum range obtained is 627 mm. rbbet uses three stepping motors, except for thsepuhich
employs two servomotors. The structure is made lofnmum alloy plates. The present work aims to pttide
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evaluation method on robots’ performance and ptesgirocedure to apply the systematic to the d@esladidactic
robot.

2. SYSTEMATICSOF PERFORMANCE ANALYSIS

The systematics to evaluate manipulator robotsoperance must follow a reference in order to be ablgenerate
values which serve as parameters of comparisoneegtvdifferent manipulators. Some robot manufacsutave
developed their own test conditions, while othettsped tests defined in standards such as thoablisbed by the
American National Standard Institute (ANSI) or thames defined by the International Standard Orgainn (ISO).
The Associagéo Brasileira de Normas Técnicas (BaazAssociation of Technical Standards - ABNT) sloet have a
specific standard for manipulators’ performancelysis, but adopts ISO standards published in thésa dRosario,
2012). None national standard on industrial robeés found in the ABNT website. The main ANSI staxdafor
robots according to (Costa Neto et al., 2012) @&uabario, 2010) are: American national standardafitustrial robots
and robot systems - Point-to-point and static perémce characteristics - Evaluation (ANSI R15.08:990) and
American national standards for industrial robotsl aobot systems - Path-related and dynamic pednc@
characteristics (ANSI R15.05-2, 1992). The fifstnslard measures the parameters of the terminedteffin static
positions, while the second one measures the dynelmairacteristics during the trajectory.

The mains I1SO standards, according to Costa Neah €2012) are: Manipulating Industrial Robots erfBrmance
Criteria and Related Test Methods (ISO 9283, 1288) ISO TR 13309, Manipulating Industrial Robotsfermative
Guide on Test Equipment and Metrology Methods oér@pon for Robot Performance Evalution in Accormamith
ISO (ISO TR 13309, 1995). The performance analsessilits may vary when calculated by one standaranother.
The accuracy calculation methodology according SAindicates a greater precision than when catedlay the ISO
methodology (Romano, 2002; Rosario, 2010). WhieAINSI repeatability calculation presents a lowalue than the
one calculated by the ISO standard (Romano, 20@&afb, 2010). This shows a difficulty in standamg a
performance appraisal. The ISO standards wereechas guidance because they are adopted by ABN3a(Ro
2010).

The 1SO 9283: 1998 establishes the test conditibhs. starting point is a virtual test cube enterethe robot
workspace (fig.2), this is the reference for thegand paths to be used in the test. This cubesidds parallel to the
axes of the robot base coordinate system shoulddated in the most used part of the workspacesiadild be as
large as possible. Instrumentation uncertainty khowt exceed 25% of the magnitude of the chareti@rbeing
tested.

Test Plane

Figure 2. Test cube in robot workspace (Romano2200

The Pose is understood in the 1ISO standard asnithefector's spatial position (x, y, z) and itéeatation (roll,
pitch, yaw). Pose accuracy (AP) is the differenetreen the commanded pose and the average oftétieedt poses
that can be divided into positioning and orientatigach cycle corresponds to positioning an enele&df point at the
cube points from P5 to P1 (fig.2). The standarebmamends that 30 cycles should be performed. Reseatability
(RP) expresses the proximity between the positamtgeved for the same commanded pose after seegrditions or
cycles. It is given by the radius of the sphere@®d on the baricenter of the group of attainddtp@nd by the range
of three standard deviationsa(j3of angular measurements around the average vafube orientation angles. Distance
accuracy (AD) and repeatability (RD) quantify, restively, the error in the distance between commpose and
attained postures, and fluctuations in the distdoca series of repeated movements between th@dstures. For this
test, positions P2 and P4 in the cube were usdurk nfinimum posing time is another variable thategponds to the
time between the end-effect leaving one pose aadhieg another pose. Stabilization time is charastd by how
quickly the robot can stop in an attained poseiti®asOvershoot measures the robot's ability to enaknooth and
precise stops at the attained poses, measuresakienom oscillation length of the end-effector whiemeaches the
commanded pose. Static flexibility correspondsdisplacement of the effector when subjectedaxkiwad.
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3. EXPERIMENTAL ANALYSIS

Several measurement techniques and devices caseuok depending on the desired tests, accordingetdSO
standards. For static measurements, the followygjems can be used in addition to the devices farachic
measurements:

e Cube-cradle sensor system;

e Tracking laser system;

* Laser scanning system;

» Digital theodolite system;

» Two-camera imaging system;

* Inertial system;

» Coordinate measuring machine system; and
* Measuring arm system.

Coordinate’s measuring machines, as shown in fipa@e already been employed to measure the peafarenof
didatic robots (Costa Neto, 2012). These machimestly limit the volume that can be analyzed in tobot's
workspace.

Figure 3. Coordinate Measuring Machine (MMC, 2018).

The Metrology Laboratory of the University of Bigsi(UnB) has a coordinate measuring machine, asl us
Costa Neto et al. (2012), however it was decidagsta coordinate measuring arm (fig.4), becausastobserved that
a measuring arm allows measurements at some pdifiisult to reach by a Cartesian machine. The ke
measuring arm is Romer © (fig. 4).

The characteristics of this arm are probing errarestainty of + 16um, uncertainty of volumetric measurement of
+ 60 pum and 6 mm probe diameter.

Figure 4. Coordinate Measuring Arm.
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A measuring tip was inserted on the robot termafétctor to facilitate the measurement, as showfigs. A
concave surface was machined at the end of theumiegdgip. The hole diameter was slightly smallean the probe
diameter to allow the tip to be touched in the spwmstion. In Costa Neto et al. (2012) a rod withadl at the end was
used as a measuring tip. This device requirestbigepto touch more than one point of the spheradasure the center
of the sphere. A flange could be used insteadefitkasuring tip (Slamani et al., 2012).

Figure 5. Tip on the robot end-effector and probe

In ISO 9283 can be seeing a table that indicate$etbts to be done according to the robot's mala ta

Table 1 shows the relationship of performance daharstics to the main tasks of the robots. Didaobbots
are not covered in this standard, therefore, alainsk that the didactic robot would perform veaisdied. The
robot best fits into the material handling categerso, according to the standard table, the maiforpgance
characteristics that should be analyzed are: Posaracy/repeatability, Drift of Pose accuracy/ mpbility,
Distance accuracy/ repeatability, Minimum posingdj Position overshoot, Position stabilization tiamel Static
Compliance. The Position stabilization time and ifRws overshoot were not analyzed due to the newdaf
dynamic measurement system.

Table 1 - Guidance for selecting performance charatics (adapted from 1ISO 9283)

Spot Handling | Assembly | Inspection | Deburring | Spray- Arc- Adhesive/
welding polishing painting welding sealing
cutting

Pose
accuracy)
repeatability
Multi-
directicnal
pose
BoCuracy
variation
Distance
accuracy/
repeatability
Position
stabilization
time
Position
overshoot
Path
accuracy /
repeatability
Cornering
derivations
Path
welocity
accuracyf
repeatability
Path
velocity
fluctuation
Minimum
posing time
Static
compliance
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The software used on the measuring arm allows iat,doie and plane to set a new coordinate axis for
reference. Thus, points belonging to the robot'sebplane were selected, so that the reference for
measurement is the same used in the manipulatorelmgd This facilitates data handling to obtain
performance characteristics. The didatic robot plased on a level table in the metrology lab, ak agethe
measuring arm. The coordinate systems were adjustes] coordinates of the cube points P1 to P5 were
calculated within the manipulator workspace acaaydo the guidelines of the ISO standard.

4. RESULTSANALYSIS

The following equations are used in the calculatbraccuracy and repeatability of pose accordingSt0 9283.
The 1SO standard establishes that for each posttgaired, a measurement must be performed, hoveeto the
technical constraints, only 1 measurement everyctes has been performed.

AP, = J(APX)ZHZAP},)z + (AR,)? %

- 2
AP, = X —x,

— 3
AP, =y =Y. ®

4)
AP, =71z, “

Where *, ¥ and? are the means of the positions obtained ang.»and z are the positions commanded.
The repeatability of the positioning is calculated

RP, = [+35, s)
.
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The accuracy and the distances repeatability dceleted, respectively, as:

®)

AD,= D-D,
n — 2
=1(D}'_D)
RD, = +3 |~
A n—1 (10)

Where D s the average of the distances obtainedsBhe distance commanded andiPthe jth is the distance
obtained. Similarly, accuracy and repeatabiliteotation are calculated:

AD, = b -6, (11)

= 32
RDp = +3 Zi=a(Pyy ~ Du). (12)
b o n—1
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The table 2 shows the results of tests performe@ddouracy and repeatability, values are expressedllimeter
and degrees.

Table 2. Accuracy and repeatability

Pose Orientation |Orientation
Pose Pose accuracy | repeatability | 3cCUracy repeatahility
[mm] [mm] [l ]

AP, = 2.2189
AR, =-0.3811
P5 RP = 23.7215 AP, =1 RP, = 4276
AP, = -1.405

AP, =2.1858

AF, = 3.6637
AP, =-2.323
P4 RP = 33,992 ARy =0.14 /P, = +4.01
AP, = 2.3957

AP, = 15093

AR, = 7.4497
AP, = 0.7953
P3 RP = 39.9517 AP, =328 RP, = £5.18
AP, = =7.0515

AP, = 22679

AP, = 4.0308
AP, = -1.8179

¥

P2 RP = 43,1565 AP, =3.28 RP, = 4518
AP, = 27942

AP, = 22679

AP, = 2.5745
AP, = -1.4335
P1 RP = 37,2627 AP, =871 | RBy =+5.18
AP, = 3,0591

AP, = -1.7517

The table 3 presents the results of accuracy gmehtability distance tests. These values measearertor in the
commanded distance and measured between two poses.

Table 3 - accuracy and repeatability distancertestlts

AD, [mm] RD, [mm)] 4D, [ RD, []

19.5804 28.1406 2 0.82

The Minimum posing time and Static Compliance was® measured.

Table 4. Staticompliance
+X X +y -y +z -z

Dli’;t“?“e 8413951 | 8344464 | 7,080973 | 7,888557 | B,600022 | 10,38052
mm

To obtain the displacements due to Static Compdiaacforce equivalent to the workload was employethe
three coordinates (x, y, z). The Table 4 show Raot stiffness is low, which results in a highptieement when
subjected to load. This rigidity is not only duethe structure, but also due to the transmissiements and actuators.



25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

5. CONCLUSION

Difficulties to apply the ISO standard to evalutite performance of a didactic robot were obser@k difficulty
is to use the measuring system to measure the ptaeraccording to the adopted standard. It wasrebd that the
manipulator developed in Reis et al.(2016) did achieve the expected performance. The robot hatistastory
accuracy for didactic applications in the accurtest, between 2 and 7 mm. However its repeatabidipresents a
dispersion of the measurements in a very largausadbetween 23 and 43 mm. The results obtainedataNeto et al.
(2012) show an accuracy of 7.5 mm and a repeatabili2.78 mm.The robot studied in Costa Neto et al. (2012) is a
robot manufactured by a specialized company, whierobot studied in this paper is a robot manufact in the UnB
educational institutionA comparative study allows some conclusions. A gaoduracy indicates that the kinematic
modeling and the control system were done corretibwever the low repeatability indicates errorsintyain its
assembly or manufacture, mainly in the mechanigalesn (structure, transmission elements and agg)atd more
detailed analysis of the structure and transmissiement will be done in future work. However, bask in the
transmission elements are the main causes of Ipeatability. The studied robot can be used in didapplications,
despite the low repeatability, because the prin@ptvity studied is handling. For teaching apgtions it is important
to use lower cost measuring techniques and devikdsture work to be done is the development ofystematic
approach that employs a low cost measuring dehigterheets the degree of precision to be measured.
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