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Abstract. The ndustrial robotic manipulators have become poputamdustries, requiring qualified professionals

operatethem. The teaching of industrial robotics has emgtbdidactic robots. Commercly available robots are
usually imported and expensivhjs situatior has led to the development of models in the edwatiinstitutions
themselves. Regardless of the design methodologlpyed, the project has its potential limited bg thanufacturig

resources availablen the educational institutions. Orpossibleway to correct the performance of the robc
manipulator due to manufacturing failures is thrbug correction by softwareThe article presenta robot design
systematic, prototype dermance analysis ara correction by software of thrmanufacturing problem

Keywords: robotics, designperformanc, correction, adjustment.
1. INTRODUCTION

The increasing diffusion of robotics teaching iriversity courses, motivated by the increas use of robots in the
industries, demanded the use of didactic robotls @ten architecture. The teaching kits with chamsticssimilar to
the industrial robots are mbsimported ancexpensivgReis and Vidal Filho, 2016; Vidal Filho, 2012). i$lsituation
motivated the development of didactic manipulatoreducational institutior, but economicestrictions in educational
institutions difficult the manufacturing procestaking into account that there ii® specialized machinery or skil
workersto manufacture robotic manipulators with the samegigion of commercial robots. One way to remedy
effects of manufacturing quality problems in thefpenance of didactic robots is to employ a coiimctthrough
control software. When a divergencccurs between the design measures and the measitsenfichemanufactured
robot, a positioning error cdme perceive. This fact occurs when the robot is programmedneffor when it has t
follow a trajectory, because in offline programmitig robot cntroller uses a mathematical model with parame
derived from the design measures. This articlegmissthe design of SCARA (Selective Compliance Assembly Rol
Arm) robot, the prototypgerformanceanalysis methodologgnd the systematic to reducee errors of positioning by
software.

2. DESIGN METHODOLOGY

Choosing a good systematic is the first sto ensurethe success of a project. Reviewing the literatasvera
articles on design, modeling awmdntroling manipulator robots are observed (Shariatdeal., 2014; Urreagt al,
2016). Most do not detail all the systematics used/idal Filho etal. (2001),a system is presentwhich divides the
robot design into the development of three systemschanical, elect-electronic and control. Tl first two are
subdivided into three subsystems: structure, amtsi@nd transmission. The control system is sutdiinto a contrc
system and a safety system. Initialhe complete seof the conceptual design is made and then each sebsys
desiged according to the flowchart shown in fig.1. Ther a great emphasis on transle specifications from needs.



W.B. Vidal Filho, O.P.M. Mello, E.S.A. Rocha and L.F.C.S. Vidal
Design, Analysis and Software Correction for the Performance of a SCARA Robot

Vidal Filho etal. (2001) focused on the design of the mechanicaésysand provided guidelines for the design of each
subsystem.

recognition of || Spe;iﬁcﬂaﬁ?”s L » synthesis | ~nalvsiEand L ol prototyping and
needs and criteria Optimization evaluation

Figure 1. Systematic design of each subsystem (VAttao, 2001)

In Diaz etal. (2007), the design of a SCARA manipulator wassenéed. The project was divided in simulation
using CAD/CAE software, geometric modeling, kineicetand dynamics. Nevertheless the design spetifitaare
not informed. Santos al. (2012) developed a systematic implemented imso# with the objective of assisting in the
mechanical design. The desired requirements weableshed and the architecture of the mechanismsyathesized.
Subsequently, starting from the payload, lengtithef necessary displacements and working timesdithensions of
the links were calculated and the strategy of thdttory generation was chosen. After that, tinekiatic modeling of
the manipulator was made, maximum speeds and aatiefes were identified and the torques at thetgoivere
calculated. Finally the moments of inertia of thmks$ were calculated, the resistance of the mdsenias analyzed and
the sections of the links were dimensioned.

2.1 Mechanical design

The project starts with the specifications obtaifrech the requirement analysis. The desired robstthe objective
of being employed in didactic activities, therefirbas to have a dimension that is compatible w&ithboratory table
and a must be low cost. The robot should have &adyf 250 g and reach between 250 and 300 mrRels and
Vidal Filho (2016) a market research was made dadlic robots and this analysis was used to coenlet design
specifications. The structural configuration choseas the SCARA type. Aluminum alloy tubes with sguaross-
section were chosen instead of choosing platesutldl Ithe robot, as in Reis and Vidal Filho (2018he main
advantage of this assembly is to simplify manufaetu and reduce cost. Static calculations areaihjtimade to
determine the tube wall thickness and the crostesed area. The larger the section area, the smtle required wall
thickness of the pipe to tolerate the same load. Mhthematical model choose to analyze the mediameisistance of
the arm considers the arm as a crimped beam. Tlheefariterion used in engineering design is theximum material
flow stress, however a robot must have a high itigithat does not produce elastic deformations tlatd affect the
desired accuracy. In this way, the failure criterthoose is associated with a maximum elastic defton for the
specified payload. As there are a small numbelgofige section pipe options, the 50x50 mm sectios etsen and
analyzed for its deformation with an operating lodlde equation (1) was used.

d’y _M(x)

dx? EI

1)

Where,M is the moment of flexion due to external loaBsis the modulus of elasticity aridis the moment of
inertia of the area. A deformation of 0.06 mm wadcalated, which was acceptable. Subsequently thardic
modeling was done using the Euler-Lagrange equaisbow.
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WherelL is the Lagrangian, the difference of kinetic eyeagd gravitational potential, is the torque and is the
angle of the joint.
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Figure 2. Dinamic model(Mello,2016)

In the graph shown in figure 2; and#, are the angular displacements of the jointendl, are the length of the
links, ry is the distance between points A ancr, is distance between points C and D, poir and D are the center of
mass,lg is themoment of inertia of the firdink in relation to point BJp is themoment of inertia of the secollink in
relation to pointD, m; andm, are the mass of the links plus the mc mass, and; andT, are the torquein the joints.
Using equatior§2), equation (3) can kobtained:

. . - .
Tl]qul 1|00 %4 p|o 3)
T, g, 0,0, 62 0,

where,

A= [IA + Ip + myly + myr? + 2mylyir, cos 0, myr2 + mylir, cos 6, + I @)

B myry + myliry, cos 6, + I myrs +1Ip
_ _mz 117'2 Sll’l 62 _m2 llrz Sll’l 02]
B - [_mzllrz Sll’l 62 O (5)
_ O _m2 llrz Sln 02
¢C= [0 0 ] (6)
0 0
b= [mzllr2 sinf, mylyr,sin 62] @

By replacing the values &, B, C, [, angular velocities and accelerations by the caledlgalues, shown in tt
following table, theorques are obtain.
Table 1. Torques parameters

Variable Value Measure unit

I, 0,0001772 kg.n?
I 0,0573374 kg.mf
m, 2,56 kg

L 0,168 m

7 0,1014 m

6, 0,52 rad/s
6, 0,52 rad/s
6, 0,52 rad/s
6, 0,52 rad/s

The calculated torque values dre= 0.3¢, Nm andT, = 0.13 Nm.
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Knowing the torques and the maximum angular spetdsrequired power is obtained and the motors lman
selected. Stepper motors have been chosen bedaesearte cheaper than servomotors. A 3D CAD drawiRg
developed (Fig.3). This allowed a geometric analggithe interferences between components andetalidg of the
parts. The motors were placed directly in the pwftthe manipulator. The last link corresponda tmear guide with
vertical displacement driven by a screw. Figura)3shows the CAD model and (b) the built prototype.

Figure 3. a) CAD model of robot. b) The built prtype

2.2 Electric and electronic design

The system design starts by analyzing the parametenined from the design of the mechanical systerch as
the required power, torques and maximum angulacités, with this information it is possible toegify the motors.
Step motors can be classified in unipolar and hipdBipolar step motors were chosen because thayider more
torque. When selecting the motor, it should be dhadlbat the torque decreases while increasing thimooils drive
frequency. It is necessary to analyze the motoguercurve related to the frequency and select whlldws the
desired torque at the maximum frequency. Laterctiamand architecture was determined, in other sydhe type of
control unit and the way of communication with tinetor drivers. A personal computer (PC) was chaseontrol

unit, which allowed a flexible system for teachifidghe PC communicates via USB with the Arduino asinmands
the motors driver.

Driver Motor

Personal . )
Computer Arduino Driver Motor

Sensors Driver Motor

Figure 4. Electronic systems

A commercial motor driver with the L298 CI was censand can be seen in figure 5.

Figure 5. Motor driver and end of stroke sensor

There was no need for angular position sensor$) ascencoder, because the stepper motor has besanchs
actuator. It has a constant angular displacemergdoh step. If the torque disturbances due tovtiré& loads are within
the torque limits of the step motor to the desipded, it ensures the accuracy of the number p$ sfiwen. However,
as the system needs to start counting the stepsreference point, end of stroke sensors are egjuMechanical,
optical and magnetic sensors can be used, but mieahaensors were chosen for their low cost (jig.5
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2.3 Software design

This phase of the project corresponds to the dewaedmt of the program that controls the robot. Aeroplatform
is a system specification, so the program will omna PC and communicate with a microcontroller typ#uino board.

In the Arduino there will be a program responsiiolecontrolling the step motor with the step nunsband speed sent
by the main program.

Principal program

Error Message

Set Up Serial Port

Graphic interface

command 1 ‘@ command 2

Console input File input

T
¢ Nu
Yes

Figura 6- Flow diagram of the main robot contraygmam

The program starts by establishing serial conneatith the Arduino. After the graphical interfaceavailable, it
can be selected if the trajectory points data béllinserted via file or keyboard. A module corresping to this option

is activated.

File read [«

|

Linear
Interpolation

console input

Traiectory
lingar 7

Linear ¢
Interpolation
smaller path I"! VErse
¢ kinematics
smaller path le——| Inverse < velocity
kinematics Angle to Steps [ definition
Angleto St velocity s .¢|
ngle to Steps < definition (cy,zhupdate | enia
! commander
(x,¥,z) update < Serial End of file
commander

Graphic interface Graphic interface

Figure 7. Data input modules

The Figure 7 shows that the difference betweenrtbdules is the input of the data. The modules lhgesame

functions for calculating joint variables, suchaadculating inverse kinematics, the smallest pagtwben two given
points, and converting the angle in steps.
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3. PERFORMANCE ANALYSIS

Systematics using coordinate measuring machinesssess manipulator performance have already besth us
(Costa Neto edl., 2012). These machines facilitate the procesolédcting points in three-dimensional space. Dec e
al. (2016) developed a systematic using a standarckpbh measuring machine and a coordinate measarimgto

evaluate a 3D printer prototype. It is observedt ttee coordinate measuring arm has more flexibitiyreach
measuring points than cartesian measuring machines.

Figure 8. Coordinate measuring arm Romer Arm100

A methodology was developed in order to analyzeprdormance of the developed SCARA robot. It corebithe
requirements of the manipulators performance stahd&O 9283] with a systematic using a ROMER Arfi0land a

coordinate measuring arm from UnB Metrology Labonat which has an uncertainty of volumetric meamest of
the order of + 6Qum. The uncertainty due to the arm probing errdigm.

Geometric measurements of the robotic manipuladotsp measures of parallelism, perpendicularity distance
between axes were made. It was measured whethgettieal link was perpendicular to the base ahp(l) of Fig. 9.
It was also checked whether the vertical link wagppndicular to the arm link Fig. 9 (2). It was swad if the joint
axes were parallel to each other and perpenditoildre base, Fig. 9 (3). The distance between amdsarm height to

the base was measured.

S ||

o | b

Figure 9. SCARA manipulator and measures evaluated

It is important to compare the deviations in meaments with the acceptable error value. This vaduelated to
the positioning precision specified in the projelhe influence of each geometric parameter ancettar associated
with it in the accuracy of the end effector positimust be determined. Table 2 details the joinsdrelinations in
relation to the director vector of the base plaree design specification asks for perpendiculasakeother words, it

should have a slope close to 0° in relation todinector vector. Table 3 shows the inclination digtance between the
axes.

Table 2. Axis inclination relative to the base.

PLAN LINE MEASURED ANGULE
Base Joint 1 0.5825°
Base Joint 2 0.5131°
Base Joint 3 0.9012°
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Table 3. Axis to axis inclination.

LINE 1 LINE 2 MEASURED ANGULE PLANE DISTANCE (mm)
Junta 1 Junta 2 0.6592° 169.6193
Junta 2 Junta 3 1.4140° 114.1769

By design specification, the axes should be pdralle., the angles between them should be clos@°torhe
distances between axes should be 168 mm betweeanljand 2 and 112 mm between joint 2 and 3, wkichot
verified in the measurements, as can be seeinglin J.

4. SOFTWARE ADJUSTMENT METHODOLOGY

The mathematical model applied in the kinematictimdier of the manipulator is affected by the idéed
manufacturing deviations. If the manipulator wasdisnly for “Pick-and-place” tasks and was progradrby the
“online” systematics, the task would not be compezd, because in this systematics the end effeétdre robot is
positioned at the points of interest to store valaéthe joint coordinates, not needing an intekiaématic model.
However, when the task trajectory is importantha toffline” programming is used, the mathematicadel becomes
fundamental. Some articles have studied the efflestanufacturing deviations on the mathematical ehditat controls
the manipulator kinematics and its effects on @ieai (Ginani and Motta, 2011). In this paper it basn observed that
even in industrial robots there may be manufactudaviations that can affect the precision of thsiitd positioning
in design. In the case of the didactic robot, uguabnufactured in the teaching institutions thelvesss the deviations
are greater and the challenge is to verify if thées@ations can be compensated at a low cost.

One way is to use software to compensate manufagtarrors in the robot kinematic model. A direntldnverse
kinematic model is developed using the actual nressents of the robot considering manufacturingrsrrelated to
the design. The Denavi-Hartenberg (DH) conventias wsed to develop the direct kinematic model ¢C12013). The
DH model uses 4 parameters for each coordinatersystansformation. The measurements made by thelioate
measuring arm are replaced in the model and thedowde transformation matrices are created. Thesgices are
shown below.

[0.1191 —0.9928 0.0101 0
4o = [09929 01191 —0.0012 0 8)
1= 0 0.0102 09999 0
0 0 0 1
[cos(8; + 0.57) —0.9999 *sin(8; + 0.57) —0.01151 * sin(8; + 0.57) 108.2 * cos(6; + 0.57)
i = |51+ 0.57) 09999 xcos(8; + 0.57)  0.01151xcos(8; + 0.57)  108.2 + sin(6; + 0.57) C)
2= 0 —0.01151 0.9999 11366.0
0 0 0 1
cos(8, + 0.25) —0.9997 *sin(8, + 0.25) —0.02468 *sin(0, + 0.25) 48.43 = cos(6, + 0.25) 10
g2 = |sin(6; + 0.25)  0.9997 * cos(B, + 0.25)  0.02468 * cos(6, + 0.25)  48.43 «sin(8, + 0.25) (10)
3 0 —0.02468 0.9997 —7165.0
0 0 0 1
1 00 0
g3 =0 10 0 (11)
e~ [0 0 1 —4190.1
0 00 1

The homogeneous matrices represent sequentiallytesatsformation of the robot coordinate systemsiltijglying
all the matrices the direct kinematics relatingtberdinate system of the base to the end effectoobtained:

H? = H) * H} * H} * H (12)

The theoretical model of a SCARA robot direct kirzics can be seen below:

x =1, *cos(6;) + I, * cos(6, + 6,) (13)
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y =1, *sin(0,) + 1, *sin(8, + 0,) (14)

z=D—d, (15)

A simulation was performed in order to analyze ¢ners generated due to the manufacturing devisitipnthe
theoretical model in the positioning of the ternhietiector, considering design valugs= 168 and, = 112 and angular
increments of 1.8 °© pitch motors. A grid of robeachable points was generated in the workloachforeal and for the
theoretical model. The graph below compares theretretween them in the xy plane, the vertical axiand the xyz
space (total error).

-M-rl
I Med
— [Imax

Error {mm)

. L
Total F Plan

Figure 10. Error between the theoretical modelthedeal model

In order to perform kinematic control of the rolaoi, it is necessary to obtain the inverse kinesrmatidel which,
from the end effector desired positiox, {/, 3, computes the values of the joint variablég ¢,, d). The inverse
analytical model is not trivial when the SCARA robims deviations of parallelism in the joint ax@ke theoretical
model of the inverse kinematics of the robot, cdasng the parallel axes, is seen below:

x2+y2_l12 _lzz (16)
_ -1
0, = + cos ( e+, )
1 (Y _ L, * sin(6;) (17)
0, =t ) -t f—=" .
1= tan (x) an (ll + 1, * cos(6,)
d3 = D —Z (18)

A numerical solution can be used to solve the isedinematics of the real model when the joint aees not
parallel. In Rosario (2005) it is proposed a systéentrajectory generation using the manipulatoto@an. The
Jacobian is the matrix obtained from the direcekiatic model, the elements of the matrix are théigbalerivatives
for each axis of the function that calculates thd effector cartesian coordinates as a functiothefjoint variables
(eq.19).

dx ax ax
[6 6, 06, 6d3]

_ 19y 9y oy
J= 00, 00, 0dds (19)

[z oz a_zJ
96, 060, dds
It is known that the cartesian velocities of thal effector can be obtained by multiplying the Jaaokby the

angular velocities of the joint§x] = J - [6](Craig, 2013). The infinitesimal displacements ¢@ncalculate by the
equation (20):
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A6,
A6,

Ax
[Ay] ~ ] * (20)
Az

To obtain the joint variables increments relatedhe variations of the end effector position, thegerse of the
Jacobian is calculated.

A6, Ax
AG, | ~ ]t % Ay] (21)
Ad, Az

The systematic observed in Roséario (2015) is usedatculate the inverse kinematics and, at the stme,
generate the trajectory between two points. A syat&e combination was made using the inverse Jaooand the
inverse theoretical model of a SCARA robot (eq. 1B, 18). In the inverse theoretical model, theytha values of the
projected links are replaced by the measured valuesl69.62 and, = 114.18. Compensation was made iwith the
mean error obtained in the graph available in figiie proposed method starts with the calculatibrthe joint
variables €, 6,, d;) for a desired pointHx;, ¥, z) using the compensated theoretical model. Sulistitthese values
into the real direct kinematic model, Eq.(12), W#adues &;, ¥, Z) are obtained. By calculating the distance betvwhen
point and the desired one the positioning errashitained. If the error is greater than an acceptablue, points are
interpolated between this position and the degiesition Pf. Subsequently it is necessary to cateul!x, 4y, 42) for
the first point and the inverse Jacobian for thisifion. Using Eg. (21), the increments)(, A6,, Ads) are calculated to
reach this position. Adding these increments tojdive variables of the previous positiofh (05, ds), the values of the
current position can be obtained. The next camesa@nt in the interpolation is selected and thecpdure is repeated
until the error is acceptable.

Analyzing Table 4, it is observed that the erroesemeduced significantly in the average and theimmam error is
less than 1.1 mm.

Table 4. Error analysis using the method.

Total Plan Z Y X

error error error error error
Minimum 0.0000 0.0000 0.0000 0.0000 0.0000
Average 0.0029 0.0029 0.0000 0.0019 0.0017
Maximum 1.0922 1.0920 0.0202 0.9596 0.5212

5. CONCLUSION

This paper presents a systematic design of a SCARAt and a systematic approach to reduce desigatibm
errors by making a software adjustment. It has amonstrated that it is possible to significaméguce the errors
caused in the manufacturing process by measuri@gitbtotype and introducing the design deviatiolues in the
kinematic model of the robot control program. Thllwed achieving positioning precision without rieasing the
manufacturing process costs. The manufacturing lenab resulted in average positioning errors of 5 mamd a
maximum error of 8 mm. Using the software adjusthiea maximum error reduced to 1.1 mm, without cjivag the
low manufacturing cost. The cost of material usethe manufacture of the robot was estimated at/84500 (US $
237.00). The cost of the service (man-machine f)haas not calculated because it employed onlyirisétution's
internal workforce.
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