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Abstract

Abstract

The main objective of the work presented is thegiesf a robotic cell and its
calibration. This robotic cell needs to be compéekible and collaborative. Concerning
these constraints, an optimization work was peréatnusing a numerical simulation
software applied to industrial robots (V-REP). tidaion to this, a calibration model was
developed for this robotic cell using a single pd@iser measurement sensor. Two different
methods were used to the calibration: one appbedktine the position and orientation of
the work-objects in the robotic cell and the otteedetermine the position and orientation

of a cylindrical form.

Keywords: Robotic cell design, Robotic cell -calibration, Co-
manipulation, Collaborative robotics, Single point laser
measurement sensor, V-REP.
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Resumo

Resumo

O objectivo deste trabalho consiste na concepcdondecélula robotizada e na
sua calibracédo. Esta célula necessita ser compféotasel e colaborativa. Perante estas
restricbes foi realizado um trabalho de optimizagéilizando um software de simulacéo
numerica aplicado a robds industriais (V-REP). Aldisso, um modelo de calibracéo foi
desenvolvido para esta célula robotizada utilizando sensor laser de medida. Dois
métodos diferentes foram usados para a calibragdiodeles aplicado para definir a
posicdo e orientacdo dos objectos na célula r@m#diz outro para determinar a posicéo e

orientacdo de uma forma cilindrica.

Palavras-chave: Concepcdo de Célula Robotizada, Calibracdo de
Célula Robotizada, Co-manipulacdo, Robodtica
Colaborativa, Sensor Laser de Medida, V-REP.
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Introduction

1. INTRODUCTION

Industrial robots can be seen in any kind of induperforming any type of
task like painting, welding or pick-and-place opienas. It is very useful within a
productive system and it makes companies earn muyeey and work with good
efficiency. In Figure 1.1 is presented an exampl@roindustrial robot which is able to
perform repetitive and painful tasks. In additiorthis, it can work under risky conditions
like high temperature or non-breathable environmenhhose are the main advantages of a
robot, but there is one important drawback whichsisack of accuracy. For some specific
tasks, it is demanded to have a good precisionnanchust ensure that the industrial robot
performs the desired task with the best possiltaracy.

Figure 1.1 Industrial Robot

Repeatability and accuracy are both terms that characterize the positioning
capability of a robot (see Figure 1.2).

Repeatability is the capability to return to a defined pose smvémes and
each time this pose is reached the differencenmpewison to the other times is minimal.

Accuracy stands for the difference between a nominal peseetl ordered by

the controller and the actual pose obtained bydbet [1].

Gil Boyé de Sousa 1
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Looking to Figure 1.2, the industrial robots workel shown in the example
with good repeatability and poor accuracy. Its edgleility ranges vary between 0.03 and
0.2 mm on average, while the robot can commit srofrseveral millimeters concerning
the accuracy. There is a set of factors contrilgutto this issue: geometric and
nongeometric factors. The geometric ones consitgergeometric parameters, the joints
offset and the Tool Centre Point definition. Thagor of these deviations is the
manufacturing process of the robot, which means the real geometry of the robot
components does not match the previously designddpeojected geometry. Supposing
that each robot link is 1 mm bigger than it wagguted, the error of the end-effector pose
will be an accumulation of all this errors. In atluh to this, when the robot is assembled,
the gearboxes and transmissions can produce edwesto its backlashes and its
manufacturing errors too. The nongeometric erroes raostly dependent of the robot
configuration. These errors are caused by the damg# of the robot links, gearboxes
backlashes, kinematic errors, encoder resolutioth wermal effects [2]. To sum up,

calibration is a fundamental procedure to imprdwegerformance of an industrial robot.
Poor repeatability Poor repeatability
Poor accuracy Good accuracy ‘)

Good repeatability Good repeatability

Poor accuracy @ Good accuracy

Figure 1.2 Repeatability and accuracy

1.1. Geometric models

The desired locations of a robot end-effector aoemally specified in
Cartesian space, while these locations are achiey@dntrolling the joint variables in the
robot’s joint space. A geometric model is needetktate the joint displacements with the

pose of the end-effector. The absolute accurach@frobot depends on how accurately
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Introduction

this model represents the actual robot. For a gsenof joint coordinates, theirect
geometric model (DGM)consists of solving it in order to obtain the esponding set of
end-effector coordinates. On the other hand,itkerse geometric model (IGM) for a
given set of end-effector coordinates, it gives ¢baesponding joint coordinates. Figure
1.3 illustrates how the geometric models work fo8 ®egrees of Freedom robot. One
important difference between these models is tatCilGM generates only one solution,
while the IGM can obtain more than one solution,imssome cases different robot
configurations can reach the exact same end-effec®e [3]. This only occurs inside the
robot workspace, while outside the robot workspheee is no solution for the IGM.

Joint Cartesian

space

DGM 1.3a

IGM 1.3b

Figure 1.3 Geometric models (6 DOF robot)

1.2. Robot calibration definition

Robot calibration is a procedure in order to imgrothe accuracy of
positioning reducing the difference between thetéical pose and the real one [4] [5].
In general, there are 4 steps to calibrate a robot:
* Modelling: consists on the elaboration of a modshttallows to establish a
mathematical relationship between the joint vagaldnd the resulting pose of the

end-effector. It must contain the relevant factbeg will increase the accuracy;

Gil Boyé de Sousa 3
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» Measurement: this step is the collection of datanfmeasurements of the robot. It
gives the real poses of the end-effector which tteen be compared to the
theoretical poses to evaluate the inaccuracy leivisle end-effector poses;

» Identification: it is necessary to select the paetars to modify in order to improve
the accuracy of the end-effector pose using numlemethods;

» Compensation: it is the application of the resdilthe@ last 3 steps directly on the
controller of the robot to reduce the differencéwsen the desired pose and the

actual pose.

1.3. Robotic cell and offline programming definitions

A robotic cell is a system composed by robots,2owbrk pieces, conveyors or
structures dedicated to a specific task. It camde to perform any kind of tasks on the
industry (see Figure 1.4). A robotic cell usuaklydesigned with the help of an offline
programming software. Offline programming consistsimulating with a computer the
feasibility of the tasks desired. This allows tt¢ ge idea of the behavior of the robotic cell
before implementing it. When using offline programanit is critical to have an efficient

calibration procedure before using the robotic irethe real world.

Figure 1.4 Example of a Robotic cell
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1.4. Positioning of the work

After getting in touch with the Robotics field & time to explain what the
contributions of this work were. The work presendedthis report is divided in three main
parts and its conclusions.

First, a complete Literature Review concerning tabaells and robot
calibration is presented. This part allows to inyerdhe knowledge about the works
performed during the last years on these subjéttzddition to this, along this Literature
Review it is possible to get some ideas of the guaces and the methodologies used in
order to design and calibrate a robotic cell.

Secondly, an entire chapter is dedicated to expglantechnical details of the
design of the robotic cell. This part was time-agngg as it was an optimization job.
Many different decisions were made and differeenhscios were tested in order to find the
most suitable one taking in account the differamtstraints associated to this robotic cell.
This robotic cell must be compact, flexible andiaobrative. Flexible means that it must
be a system that can be installed and removede®itle, as it will not be a static robotic
cell. To be collaborative is the fact that the risboontained inside this robotic cell are
prepared to have humans working alongside of thetio cell without the risk of damage
these humans.

Thirdly, a calibration procedure is developed toapgelied in this robotic cell.
The need of calibration stands because this rolumic has some strict constraints as
compactness and the fact that it is all designeafliyne programming. It is crucial to
ensure that the robotic cell is installed the algsessible to the scenario decided on the
previous chapter. It is clear that it is almost asgible to reproduce in real, the exact same
scenario of the numerical simulation software amdtliis reason the differences must be
detected. For this, an automated calibration proeed implemented in order to adapt the
robot paths according to the real positions andnbations of all the components of the
robotic cell. This calibration will be performeding a single point laser measurement
sensor. Two methodologies were defined for thik:tas

* One applied to the work-objects based on the goosduct definition;
* Another to define the position and orientation afyéindrical form solving a linear

system of equations.
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Design and calibration of a multi-robot work cell

Finally, a chapter of conclusions is presented withthe relevant aspects of

this work and where are also contained the outlodkkis work.
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Literature Review

2. LITERATURE REVIEW

This literature review is divided in four sub-chexyst The first three are related
to robot calibration as the last one presents thiksvmade to calibrate robotic cells.

It starts with an exposition of the different mduog) approaches to process the
robot calibration. The following sub-chapter prasesome of the measurement systems
used to calibrate robots. After it, some works aliration are analyzed in more detail.
The interest on this subject is growing becausthenindustry domain robots play a main
role and the requirement of precise tasks is grgwivhich means that calibration must be
performed with the best possible accuracy. In @&fdito this, many robotic systems are
designed using offline programming software andtifitg reason calibration is even more
necessary.

Finally, the sub-chapter 2.4 explains the proceslunade by some researchers

in order to perform the calibration of a robotidl.ce

2.1. Different modelling approaches

At the beginning, it is necessary to define a nrathtecal model to represent
the error parameters that need to be modelledblestang the relation between the end-
effector poses and the robot joint angles. The ncosamon method is the Denavit-
Hartenberg convention [6] [7] [8]. This method cisits in defining each link of a robot in
relation to the previous one and for each one, fiarameters are required. Later, some
researchers made some modifications to this maedeHayati did [9], implementing one
more parametef to consider the deviations when there are twoeants/e parallel joints
[3].

Other kinematic models are considered in ordemjorove the error parameter
identification such as, the CPC (Complete and Panacally Continuous) method [8], the
POE (Product of Exponentials) method [8] [10] [bi]the Screw-based methods [6] [12].
In [8] it is said that CPC and POE methods are maya more complete and makes it

easier to perform robot calibration. CPC is a malat includes some modifications from

Gil Boyé de Sousa 7
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the DH method, meaning that is based on a lockldoordinate system while POE method

is based on the global coordinate system.

2.2. Measurement systems

One of the most important tasks when doing the tratadibration is the
measurement. The accuracy of measurement is veppriemt to succeed in all the
calibration process. Comprehensively, the betteur@cy wanted, the more expensive the
measurement devices are. External devices are imséke majority of the cases of
calibration but the tendency is to create auton@gystems of calibration. The measures
obtained are used to compare with the theoreticadlelhin order to define the error
between the nominal poses and the real measurad Dime measurement system defines if
a system follows an open-loop method or a closeg-lmethod. Open-loop method
Imposes the use of an external device to measer@dbe of the robot end-effector for
different robot configurations, while closed-loopeams that one Degree Of Freedom
(DOF) of the end-effector is constrained by a pldoe example. Some of the external
measurement devices are laser trackers [13] [ké]the one seen in Figure 2.1, CMMs
(Coordinate Measuring Machine) [15], stereo-vismystems [16] (see Figure 2.2) or

measurement arms [17] [18].

Figure 2.1 Calibration using a Laser Tracker [13]

8 2015



Literature Review

Camera
1

interface

Calibrated

TEP: __— Field of view

=

Focal plane \\
cameral ™\

i Depth of
e Micld )
camera 1

/ D‘;‘;a\\ Focal plane
camera 2 camera 2

On the other hand, other researchers have workddeormprovement of the

closed-loop method [19] [20]. Other examples okeldloop methods are described in two

papers which make use of a calibrated block tooperthe robot calibration [21] [22]. The

last one is presented in Figure 2[Be block is located in the work space and itstjosit

is well known and the idea is that the robot caacko different planes in different

configurations and collect all the data from thbatocontroller. With this information, the

data will be treated in order to obtain the paramsethat are defined before to correct the
inaccuracy errors of the robot. In both articlesyahe geometric errors are considered and
a kinematic model based in DH is created. In tmac@dure, 37 different configurations

will be measured for each plane. 4 planes are sapg$o be touched by the end-effector

tool, 3 of them which are mutually orthogonal ahd tourth is used to give the scale factor

of the measures.
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Figure 2.3 Calibration configuration of a Staubli TX90 [22]

In [23] [24], a telescoping ballbar is linked tdal fixture that contains three
different magnetic cups where the robot end-effecwll be attached like it is
demonstrated in Figure 2.4. Moving the robot tdedént configurations will make the
ballbar move and those displacements will corredgormeasures that applied to a model
will give accurate measures of the end-effectorepo3his method has the advantage of
being more accurate than laser trackers as itdendéact measurement system and it is
cheaper than all the different external measurieyics. However, it measures a
maximum number of poses limited to 72 which repnesen important drawback. This
process is successful due to its ease to appiy,féast and cheap, but the results of this
procedure are not yet the expected ones, as thefube laser tracker produces better
results in the whole work space than this systesnsdm up, this procedure is perfectly
adequate to small industrial robots and when ther wgants a “low-cost” system for
absolute calibration.
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‘pivot assembly
base fixture 2

Figure 2.4 Telescoping ballbar system [24]

The authors of articles [25] [26] developed a masleére they do not need to
measure the complete pose of the end-effector &wdaamethod to obtain an optimal
number of configurations in order to avoid of takimnnecessary measures that can even
have a prejudicial effect on the results. To prthe efficiency of their model, the results
are compared between a full pose measurement systdrthe partial pose only based in
three measurements corresponding to a positionmidasures itself are performed with a
laser tracker and at the end-effector there isstegy containing three positions ready to be
measured. With this method they added a stepetodhbration process that consists of an
algorithm to obtain the optimal number of measuresded to obtain the best results in the
calibration process. This new step was previousnbworked by other researchers [27].
They called this step thdesign of experimentand it is performed just before the
measurement step. In Figure 2.5 it is presentedt@ sas example to apply this new

procedure.

Gil Boyé de Sousa 11
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a1 ]
Leica laser
tracker AT-901

End-effector for
measurements

Robot controller KRC2

Robort KUKA KR-270 KCP teach
pendent

Figure 2.5 Experimental setup for manipulator geometric calibration [26]

2.2.1. Autonomous calibration systems

The new tendency as said before is to apply systeitie robots itself in order
to transform the calibration procedure into an aatous process. Laser measurement
systemsand cameras are the vision systems that almoghelhutonomous systems use.
Associated to this vision systems usually therss a board with black and white squares
that is used as a relative measurement system. iJhdalled acalibration board The

system presented in Figure 2.6 is a good exampleotiifferent calibration method [28].

«——— CRS End-Effector
«~——— Camera

4 &Calibraﬁon Board

Figure 2.6 Relative measurement using a camera and a calibration board [28]
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This system is based on image analysis. The caméa&ing pictures pointing
the calibration board and when the robot changegasition or configuration it is possible
to have another image. Comparing both, with théedihce between theoretical and real
end-effector poses is possible to process therabin.

Another system that can be considered approxineatkis is the one in [29].
The difference is that in this one also the nongetomeffects are taken into account.

The last two papersited use a camera to process the calibration rafigBl] a
CCD camera is also used to adapt the virtual waoirlah offline programming model to an
actual robot. This system is shown in Figure 2hisTvork differs from the others because
there is no need of a specific camera and evencdmeera also does not need any
calibration. In this model, in order to identifyetitamera view line, the robot motion will
be autonomously created. In this work, to evalutite accuracy of the position
measurement, also a plate with defined targetsad.u

CCD Camera

Figure 2.7 Exberimental robot system with a CCD Camera [30]

In order to develop the autonomous calibration esyst to industrial robots,
Nieves et al. [31] [32] [33] proposed a new calilmma method where they apply a laser to
the robot tool center point (TCP) and place a jdetgosition sensitive device with two
fixed position sensitive detectors (PSD’s). The hodt consists in teaching the robot
controller 4 positions that makes the laser aim ainibde PSD’s and there it is reflected to
the other one. Two positions are pointing one PB8@dthe other two are aiming the second
PSD (see Figure 2.8). Analyzing the recorded j@ingles of the robot controller and
applying the robot forward kinematics it is possiti develop a new calibration method.

Gil Boyé de Sousa 13
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TCP Frame {E}

<———— Position 2

e
Position 3 <« — Taser beam 1

Position 4

Robot Base
Frame {B} PSCD Frame {D}

Figure 2.8 Calibration system with Position Sensitive Detectors [33]

2.3. Analysis of some previous works

In 1997 [34] the robot calibration was already lgedleveloped. In this work to
obtain the geometrical parameters of the robot, B¢ convention was used. The
measuring system used is a system with three wares the lengths of each are
continuously being measured. This system is c&I®@BOTRAK. The vector of error|

in the robot are expressed as follows:

R=M(x0)-Y 1)

WhereM represents the model position dndepresents the position given by
ROBOTRAK. x is the vector of model parameter coefficients and the vector of joint
angles.

Each element of the vect@rrepresented in Equation (2) equals the Euclidean
distance between the robot end-effector positismergiby ROBOTRAK and the position

calculated using the model.

= J Ax}? + Ay? + Az? 2)

To make the correction of the parameters the metised was the Levenberg-

Marquardt. The algorithm is presented below (3)isTiterative method will stop when
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three successive iterations does not change biua lager thart0~* mm. The minimum

value of the function is then reached.

Xierr = X = UXDT - J(Xp) + A - 1171 J(Xi) - R(X) 3

X: Vector of model parameters;

k: lteration number;

Ry: Vector of residuals;

J(X}): Jacobian matrix of the partial derivateskRg¥; ) with respect ty;
I: ldentity matrix (29, 29).

The use of this model was successful when it whéighed. The average error
improved from 17.88 mm to only 1.16 mm.

Figure 2.9 ROBOTRAK calibration system [34]

Gong et al. [1] developed a complete model of ratadtbration with special
attention dedicated to the nongeometric errors. s€herrors were divided in two
categories: link compliance and thermal effectssoAthe geometric parameters were
corrected but will not be analyzed here. The foatiah of the model used is the

following:

AX = JAP (4)
Where:
AX = §X; + 6Xo + 6Xp (5)
AX: represents the global position and orientatioarsy

6X.: end-effector error due to geometric errors;
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6X.: end-effector error due to compliance errors;

6 X7: end-effector error due to thermal errors.

The parameters used to identify the errors to nyodie based in the DH

modified convention which contain tifeparameter by Hayati [9].

AP = (A6 Ad Aa Aa AB) = 8P; + 8P + 6P; (6)
In detail:
8P; = (66 8dg Sag Sag 6Bs)T @)
8P; = (60; 6d. Sag Sag 6B)T (8)
8Pr = (667 8dy Sar Sayp 6Br)T 9

6 P;: parameter errors due to geometric influence;
6 P.: parameter errors due to compliance;

6 P;: parameter errors induced by thermal errors.

The Jacobian matrix is composed by the partialvdévies of the end-effector

position (4;) and orientationK;) with respect to the kinematic parameter errors:

]z(Mg My Mg M, M,e) (10)

Ry 0 0 R, R

In this calibration process, compliance errors gatieel by joint deflection are
much more significant when compared to the onesmgéad by link deflection. This
allows to establish a relationship between theediffitial motion of the end-effecta¥X,)

and the small change of the joint parameté&és ).
85X, = J966, (11)

Simply by applying the torque definitiont)( and obtaining the small
differential of the joint parameters it is possibdefind the differential of the end-effector
pose. Assuming that the joints act as linear taaisprings, a linear constant can be used

to represent the compliance of each joiTj)(

80, = Cit (12)
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An example was applied to a 6 Degrees of Freedo@HjDrobot considering
only joints 2 and 3, which are the joints where tnafsthe compliant errors due to the
gravity occur. Also joint 5 is in the same relatpasition which means that errors are also
significant in that joint, but in this article ontlie other two were considered. This makes
possible to obtain three dimensionless parametbatsdepend on the weight of the links,
the distance between the joint axis and the grasgtyter, and the compliance parameters
(Co). As this information is not easy to find, usirgetinverse kinematics will allow to
estimate this three parameters.

Using an external measurement system (Laser Traitkisrpossible to obtain
the matrix with the actual end-effector positiordasrientation X). This measures will
then be compared to the desired end-effector posdind orientationX() given by the
robot controller. Using equation (4) as the basislie kinematic parameter identification,

the least square solution &P is given by the following equation:

AP = (JT)N)7YTAX (13)
Where:
AX=X-X 14

First, the geometricd@;) and the compliance5f.) errors will be calibrated
considering that in the environment there is noperature variation. Then, to understand
the thermal effects, the robot will warm up by ex&ng itself at high speed and then cool
down. As it is seen in Equation (4), the relatiopgbetween the end-effector positioning
accuracy and the individual parameter error isdin€onsidering that the parameter errors
are small, the thermal errors can then be exprabksedgh Equation (15).

In this work, thermistor sensors are used to aeqthie temperature. Eleven
were placed in different locations of the robotisture and another one was placed in the
space to monitor the environment temperature.

In calibration one of the ways is to calibrate lase frame and obtain the pose

described in the form of a 4x4 homogeneous matartaining the 3x3 orthogonal rotation
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matrix. One work [35] was performed to improve tipsocedure, particularly the
orthogonality of the robot base frame’s rotationtn®ausing the unit quaternion form. In
this work the calibration is divided in two stegseliminary and fine calibration. In the
preliminary calibration process 5 TCPs were meabsurstead of only 4 which resulted in
an improvement in limiting the influence of the raeang error. In the fine calibration
step, the quaternion form was used in order to avgithe measurement accuracy of the
actual pose of the robot base frame.

Another type of calibration [36] uses a camera ardser pointer attached to
the robot end-effector like illustrated in Figurd@ The laser pointer points to a surface
and the camera which is located over the robot vepadce detects the shape of the laser
spot in the surface and with it obtain the orientaiof the robot end-effector. The laser
spot position is sensitive to the orientation of #nd-effector due to the extensibility of
laser beam. It is necessary to know the transfoomamatrix between the laser pointer and
the robot base frameéH, ), and between the robot base frame and the cafitBya

——
-
-~

Camera

Laser
Pointer

|
|
|
I
|
I
|
}

f"'(
Manipulator / ! Planar Laser
_,.-" Surface Spot
i

Figure 2.10 Laser pointer and camera system with its coordinate relationship [36]
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2.4. Robotic cells

A robotic cell is a system where there are rolotsls, work pieces, conveyors
or structures dedicated to a specific task. Togoerfthe calibration of an entire robotic
cell, several parameters must be taken into accathen a robotic cell is installed a
procedure must take place to identify the realtpmsiof all the components in the cell. A
robotic cell can previously be modelled using a#liprograming. It allows to evaluate the
feasibility of the system trajectories and to tédterent configurations to place all the
components. This procedure allows to project th&t Belution and is used to avoid, if
possible, errors when testing the real situatiothefrobotic cell. The real simulation must
always be performed, this is why it is so importentninimize the errors that can always
appear when testing and building a new system. segy like this must be prepared to
recognize the positions of all the components camgpthe cell. Several frames and

relationships between them must be defined (seg&@11).

¥ —
A z
g ) Movement of the robot
% X
Tool Frame & ¥
A
Wrist Frame // Robtarget Frame
Kinematic model =
¥4 ¥ X
Vo

#

X

: Object Frame Program Displacement Frame

World Frame
Figure 2.11 Different frames in a robotic cell [37]

It is said that the calibration of a robot cell cendivided into six groups [38]:
» Absolute Accuracy Calibration: calibration of eaxftthe mechanism’s kinematics;
* Home Calibration: calibration of each componenelfaame;

» Cell Alignment: obtain the relative positions beémeghe components in the robotic
cell;

» TCP Calibration: get the transformation betweenttwd center point and each of

the manipulators;
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* Work-object Calibration: get the positions and tielas between the work pieces
and the other components;

* Process Fine Tuning: overall verification of aletbalibration steps to minimize
errors that could have occurred before.

Li et al. [37] described in an article some way<alibrating a robotic cell. It
can be performed by a sensor. This sensor caraberstry to measure the object that is
held by the robot or it can be attached to the trenadl-effector to measure a fixed object.
Then it is also suggested to use a trigger ancharsp Six different approaches with this
calibration objects can be performed in order {dbcate the robotic cell.

In a robotic cell where there are more than onetrdabs important to establish
a relationship between both robots [39] [40]. As thbots are immobile, the base frames
are static and it is possible to define the refabetween both the robot base frames. The
following step is to define the relations: hand-eyed tool-flange. Usually this step is
performed independently usindX = XB and AX =YB, where A, B, X, Y are
homogeneous transformation matrices of end-effeatovements, camera movements,
hand-eye transformation and the robot to worlddrigansformation, respectively. In [39] a
new approach to a robotic cell is performed. Ineortb reduce the initial data for
calculation and to have better results, they uséd & = YCZ formulation to calibrate the
robotic cell € stands for the second robot end-effector movemamisZ represents the
tool-flange transformation). This simultaneous masi¢hen compared with the 3-step and
2-step methods. The 3-step method is performedmibgaX, Z andY separatelyX andZ
follow the AX = XB formulation as to obtaiif it is used the least squares method using
the previously retrieved data. The 2-step methadiod 2 parameters with thieX = YB
formulation asZ is obtained using thdZ = YB formulation. These 3 different methods
are compared and the better results obtained arertbs using the simultaneous method
instead of the non-simultaneous methods (3-Step 2&fdep methods). Results were
presented in terms of average accuracy and syahgdginst noise. However, the efficiency
of this simultaneous method is strongly dependarthe initial guess defined. Considering
that the relationship between the hand-eye and-flamfe is difficult to obtain, an
appropriate methodology is necessary to reach progimate initial guess to the iterative

algorithm.
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To sum up, the hand-eye, tool-flange and robot{roblationships have to be
determined frequently in order to enable the roliotsooperate inside the constantly
changing environment.

Last year [41], an interesting method of calibnati® used in a robotic cell (see
Figure 2.12). To perform this calibration it is ynieeded a structure with a ball and a
cube. This structure will be placed in a positionere the robot can touch them with a
displacement sensor that will be attached to thetrend-effector.

To calibrate the tool offset it is necessary tactothe ball in different locations
and then it is possible to obtain with the leastasq method the position of the tool in
relation to the base reference frame. The methed issthe Levenberg-Marquardt and as it

is a non-linear algorithm, it is important to mak@roper estimation of the initial value. In

this work, this initial value used is the nominalwe taken from the CAD model.
I
[y

4

N

Figure 2.12 CaIibraion structure with a ball and a cube [41]

The second part of this work is to calibrate theknabject, which means that it
is necessary to precisely know the location ofviloek object in the work space. For this
approach, the cube is used to obtain three adjgdanes. First, it is necessary to fit a
plane with the points measured in each cubic serf8econdly, after performing it in three
adjacent planes it is necessary to obtain thesettion point. It can be obtained either by
solving the linear equation with the three planeatipns or by least square using the three
normal directions and points in each of the thrieegs. Finally, the orientation must be
calculated. The conventional way is to use twahefthree normal vectors obtained before
and with it obtain the third one. But in this walcyclic cross method is proposed (Figure
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2.13). They use the conventional way but this idgpmed six times. It is performed to all
the combinations possible between the based veatorshe deduced one. This means that
six different orientation frames are obtained andcheerage is then calculated from the six

frames. This method improves the accuracy of tientation calculation.

Figure 2.13 lllustration of cyclic cross method [41]

Another procedure to calibrate a robotic cell is tise of DynaCal Robot Cell
Calibration System from Dynalog, Inc. which allotescalibrate the robot, the end-effector
and the work piece in a robotic cell simultaneousking a set of static position
measurements [42]. This method is used to easityecband compensate the errors

detected by the measurement system presentedureRigl4.

s N
- e . k&
/ﬁ/
DynaCal

DynaCal Adaptor
|:| é_\ Cable /'/
: 2 £ ﬁﬁ
der : @ i P

-

Ve ) / DynaCal
S/ E // < Measurement
J 5 ey Device

) —_—
£ %5 |
g//&\

DynaCal
Figure 2.14 DynaCal Robot Cell Calibration System [42]
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Software

Sometimes the problem when calibrating a roboticisehat the process only
covers and calibrates for certain positions oféhd-effector. In [43] a system tries to be
adapted to make possible to calibrate more positaord configurations of the robot. The

calibration structure is presented below:
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Figure 2.15 Calibration structure to cover the majority of the workspace [43]

This literature review gives a good idea of the kegoerformed during the last
years concerning robot calibration. In additioritis, it also presents the latest robotic cell
calibration papers, from which some methods ofgiesg and calibrating a robotic cell
were taken in account to the work performed dutinig Master thesis.
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3. ROBOTIC CELL DESIGN

The design of a multi-robot work cell has many aspéo concern about. The
first step is to know the tasks that are supposduetperformed. This will allow to define
all the components necessary inside the robotic Ites important to have an idea of the
dimensions and weights of the components in orm@&hbose the most suitable robots to
perform the desired tasks. When choosing a robetmust mainly see the rated payload,
its maximum reach and its flexibility (light-weigdd, easy to displace). For this particular
robotic cell, the robots used must be collaboratwel flexible. These are the main
decisions at the beginning when designing a completv robotic system.

When the components and the robots are definasl,tilne to start to decide
the positions and orientations of the different poments in the robotic cell. This part is
time-consuming as all the different scenarios nimestonsidered in order to find the most
suitable one at the end. This part must be perfdrwith a numerical simulation software
to be possible to see the advantages and drawbatksen the different scenarios tested.

V-REP (Virtual Robot Experimentation Platform) wHse software used to
perform all the robotic cell simulations. This irae software that allows to import robots
to a scene and perform simulations with them. &ls possible to import CAD-files in
“.stl” format. This software has many useful funcs such as: collision detection, distance
calculation, motion and path planning.

Gil Boyé de Sousa 25



Design and calibration of a multi-robot work cell

3.1. Architecture conception

This robotic cell is composed by:

e 2 robotsKUKA LBR IIWA 14 R82(see Figure 3.1);

Figure 3.1 KUKA LBR IIWA 14 R820

These robots’ rated payload is 14 kg, its maxime@ach is 820 mm and it
weights approximately 30 kg. The choice of the tolmo Figure 1 is due to its main
characteristic which is to be collaborative. Betmjjaborative means that it is prepared to
work alongside with people without the danger abmgly hit someone. This is only
possible because this robot allows to control tngue applied on each of its 7 axis. This
allows to detect any contact with the robot making stop immediately. It is also useful
as a detection tool. For example, a work piece ngmn a conveyor touches the robot to
initialize the pre-established process. In additiothis, it is a robot that is easy to handle

and remove from one site to another as it only asi§0 kg.
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The aim of this robotic cell || G <
-
> <
- <. This procedure
will be divided in 7 different tasks performed thetrobots:

I, -

. -

I

I

I

I -

. zi

The need of two robots for this robotic cell is diee the weight offffje

I - 'is weights arevieedhan 14 kg and these tools must be

carried by the two robots in collaboration. Here #re weights of the tools inside this

robotic cell:
L G}
I o

3.2. Development of the Robotic Cell

To create a robotic cell it is extremely importéamthave in mind the demands

of the enterprise and also the restrictions assatito each object in the robotic cell in

order to reduce the number of different possibnados | GGG o
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Figure 3.2 |

3.2.1. Height of the robot bases

28 2015



Robotic cell design

Figure 3.3 I

3.2.2. Distance between the different components
It is also necessary to define the distance ofdbets to the reference point. It
should be enough to allow the robots make its tdsksieen them without the risk of

collision and can’t be excessive because it is csgg to be a compact robotic cell and

also regarding the robots’ maximum re | - -
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Figure 3.4

30 2015






Design and calibration of a multi-robot work cell

3.2.3. Disposition of the tools inside the robotic cell
The tools of this robotic cell were placed accogdio the disposition presented

in Figure 3.7:

Figure 3.7 |

To decide the position and orientation of all thels, it was necessary to have

in mind the task performed by the tool and alsowhg of carrying that tool (either by one

single robot or by both of them in co-manipulatioljj| G -
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Figure 3.8
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3.2.4. Degrees of freedom of the robotic cell

After defining the architecture that was accordiogall the demands and
constraints of this robotic cell, some tests wesdggmed in order to have the degrees of
freedom of displacement of certain components efce . || GG o
his

is

Figure 3.12

he

13.
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Figure 3.13
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Figure 3.18
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3.2.5. Architecture synthesis

The architecture of this robotic cell was definéraall the tests performed. It
is a compact, flexible and collaborative cell. Sodegrees of freedom were defined to
demonstrate the adaptability of this robotic cellthe environment and the conditions

where it will be installed. The final architectuseshown in Figure 3.19.

Figure 3.19 Robotic cell architecture
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4. CALIBRATION OF A ROBOTIC CELL

A new calibration procedure was created in ordeolitain the exact position
of different objects in a work cell using a singleint laser measurement sensor. This task
IS very important to verify the position of the ebjs in relation to the robots or the other
components of the work cell. The calibration is reveore important when there is an
automated system because the paths performed byobwés must be adapted to be
coherent with the positions and orientations ofdhgects obtained.

This work presents a methodology to calibrate aglsinpoint laser
measurement sensor and also to obtain the posiindsorientations of the components
composing a robotic cell.

The sensor used is tHeptoNCDT 1700LL-50"from Micro-Epsilon™ (see
Figure 4.1) and it has a short range (50 mm). Tkasurement range begins 45 mm far
from the sensor surface where the laser is emitsddch means that 95 mm is the
maximum distance that the sensor can measure ogufitom the sensor surface. This
sensor is prepared to be used in the robotics &igld has a long flexible cable. In addition
to this, to fix the sensor to the robot flangesionly needed to have a simple support with
3 holes to attach the sensor and the necessaryi@dép the robot flange. This support is
also important for the calibration of the sensait emdefine the Laser frame located at the
beginning of the measurement range. The commuaicgtiotocol to deal with this laser

sensor can be find in Annex A.

Figure 4.1 Single point laser measurement sensor
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Before starting the measurement with the sensas,necessary to calibrate it
and well define the transformation between the rdlange and the beginning of the
measurement range. This operation is also impottacbnfirm the precision of the sensor
measurements.

I, -
. [8

here

he

hed

to

Figure 4.2
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—

Figure 4.3 Moving trigger calibration [37]

When the laser is well calibrated and the Lasaméras well defined in the

robot frame, everything is set to measure withsemsor.

tes

-l
|
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I O
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4.1. Work-object calibration
In order to obtain the position of an objdi GGG -

hat

Figure 4.4 Cross Product definition
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Figure 4.6 [N
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46 2015



Calibration of a Robotic Cell

The methodology presented above will be applietthénrobotic cell which was

designed before. It will be used to define the f@siand orientation of all the objects in

the robotic. ce | Y . r
Y

Y

I, (O

|

4.2. Cylinder calibration
- o

Y 5
Y 0y
Y 1
Y - . Using this method will

allow to obtain the following parameters of theigtkr:
o A point(xq,yo,2,) OnN its axis;
* Avector(a, b, c) pointing along its axis;

e |ts radiusr.
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Considering thak;, y;, z; are any point on the cylinder surface, the follogvi

equation represents the cylindrical equation in3Bespace:

X2 4+Y? 472 = R? (25)

Where:
X =c(yi—yo) — b(z; — 2) (26)
Y =a(z; —zy) — c(x; — x) (27)
Z = b(x; — x¢) —a(y; — yo) (28)
R = radius (29)

Arranging this equation it is possible to obtaia tbllowing equation:

Ax? + By? + Cz*+ Dxy + Exz+ Fyz+Gx+Hy +1z+] =0 (30)
Where:
A= (b*+c?) (31)
B = (a? + ¢?) (32)
C = (a® + b?) (33)
D = —2ab (34)
E = —2ac (35)
F = —2bc (36)
G = —2(b? + c?)xy + 2aby, + 2acz, (37)
H = 2abx, — 2(a® + c¢?*)x, + 2bcz, (38)
I = 2acx,y + 2bcyg — 2(a? + b?)z, (39)
J =%+ cH)x? + (a® + 62)32/02 + (a? + b?)zy? — 2bcyyzy — 2aczyx, (40)
— 2abxyyy — R

g
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This method of calibrating a cylinder will be aplito the robotic cel|jjji!
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Conclusions

5. CONCLUSIONS

5.1. Synthesis of the work realized

The work presented in this Master thesis consistethe design of a robotic
cell and on the development of its calibration. Tieed of calibration is due to the fact that
this robotic cell is compact and was entirely desajby offline programming.

Along the Chapter 2, a complete Literature Revieas wade in order to get to
know the works performed around the subject of Master thesis. This research work
began by searching for papers about robot caldralbiut was extended to obtain the
relevant works on robotic cell calibration. Thisoaled to get some knowledge about the
necessary procedures to apply in this work.

After getting all the information about the worksade around the subject of
this thesis, the design of the robotic cell wasirelyt developed. In Chapter 3, it is
described how the architecture of this new robogit was created. There it is possible to
find from the information known at the beginningtb& creation of the robotic cell until
the final architecture. All the aspects that wezkevant to decide the positioning of the
components inside the robotic cell were exposedallyi some tests were performed to
analyze the degrees of freedom of some componesitdei the robotic cell. This means
that different positions of some components wesgetk in order to also validate the
feasibility of the system. With this information was possible to define the limits of
displacement of some components of the robotic cell

With all the scenario created, it was time to deped calibration system to be
applied in this robotic cell. This is a fundamenpabcedure to have the position and
orientation of the different components of the mobacell in one single frame (robot base
frame). This calibration procedure was performethva single point laser measurement

sensor. To define the positioning of the compondmds are supposed to be carried by the
robots, a method was developed using the crossipratfinition. | |GGG
N : 0
. This will allow to know the
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location of the work-object on the robot base fra®reover, a method to define a

cylindrical form was implemente (G -
1,
1, e
I, - -

To sum up, the complete design of a new robotit wak created using a
numerical simulation software (V-REP) and the qalilon procedure to be applied to this

cell was also developed.

5.2. Outlooks

This work was performed to a project with an enisgrand the following step
is to build this robotic cell in reality. All thamulations performed during the design work
will be used to program the robots of this robogd.

The calibration procedure must also be tested dagtad to use a Laser Scan
measurement sensor. This Laser scan is more pdwidn a single point measurement
sensor. It will be more efficient to the cylindriazalibration as it gives a set of points

(profiles), which will reduce the errors of calcdida of the cylinder location.

o

Figure 5.1 Laser scan measurement sensor
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Annex A

7. ANNEXA

7.1. Communication protocol to use the single point laser
measurement sensor with a Staubli TX90 robot

A single point laser measurement sensor is operayed computer and it
should use its own software. However, when it isdegl to communicate with a robot, this
software does not support the robot language. ditiad to this, each brand of robots has
its own language of programming too. To overtales¢hissues, a program was developed
using a standard language (C++) to be possible axenthe robot and the sensor
communicate between them. This is very importardutomate the system of calibration.
This will allow to program various movements of tidot and program signals ordering

the laser sensor to take measures. This commuomchsis 4 devices shown in Figure 7.1:

external computer, laser sensor, robot and itsrabbert.

Robot

Laser sensor

Robot controller
Figure 7.1 Communication scheme

These devices are all linked as shown in the figireve. The connection of
the laser sensor is by a RS-232 serial interfac@B(dable). RS-232 is the most common
serial interface and ships as a standard comparentost Windows-compatible desktop
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computers. RS-232 only allows for one transmittet ane receiver on each line. It is only
necessary to install the driver of the sensor astdbéish the connection with the correct
COM Port of the computer. The robot controller ahd computer are connected by a
Serial Port. A Serial Port is a serial communiagatghysical interface through which
information transfers in or out one bit at a time.

To automate all the process of taking measures thi¢ghlaser sensor it is
necessary to create two programmes in differerguages. One is programmed to control
the robot movements and give the order to takertbasures in the robot language (VAL3
for Staubli). This programme will run on the rolmantroller (see Figure 7.2). The other
one is a programme created with Microsoft Visuald8i™ in C++ language. This second
programme will run on the external computer and b reading continuously the Serial
Port that is connected with the robot controlldre program will be waiting for the signals

to take measures and will save these measurefilethat will then be used to make the
necessary calculations.

1= begin
2 |sioLink(com, 10:portSerialz)| Creation of the Serial Port
3 ibest=:0L 0 20 00100}
4 movel (P[], tTool,mlent) [ Initialization of the robot movement
L waltEndMove ()
651 Tor i=1 tm 10 step 1
7 movel (P[i] ,tTool, mlent)
B | waltEndMowve ||
13 2l 4L 10 points measured
Ll popUpMsg | "top™™
g delay()
13 endFor )
14 movel (P[] ,tTool, mlent] | L Signal to take the measure
I5 waitEndMove [ |
e dEla?: el Return to the initial position
r
18 popUpHsg (5]
15: end e il
2 [3.

Figufe 7.2“VA.I.3' script to command the Staubli TX90 Robot

In VAL3 it is necessary to define the Serial Péiitstly, the Serial Port must
be created in the background program of the inpats outputs of the robot (see Figure
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7.3). Secondly, the socket “com” must be createthéen“sio” (inputs and outputs) data of
the main program (see Figure 7.4).

a8 Caib_cyindie
s

™8 baiet<dl
"8 ethermet
M0 neflee. |
™8 pepaul
= " ont

-3~ e
I}, pointRs
@ 4, pointfix
A

e

Figure 7.4 Socket creation
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As said before, a program will be running on théemal computer to save a
file with the measures taken. In Figure 7.5 ithe®wn the Serial Port connection and the
continuous reading of the data in the Serial Port.

£// Open serial port
FILE * pFile;

=lint Process (int sensor)
1

int ReadByte(string COM2);
{

DCB dch;

int retval;

BYTE Byte;

DWORD dwBytesTransferred;

DWORD dwCommModemStatus;

HANDLE hPort = CreateFile("COM2",GENERIC_READ,®,NULL,OPEN_EXISTING,@,NULL);
if (lGetCommState(hPort,&dch))

return 8x18a;

dcb.BaudRate = CBR_96@8; //9688 Baud

dcb.ByteSize = 8; //8 data bits

dcb.Parity = NOPARITY; //no parity

decb.StopBits = ONESTOPBIT; //1 stop

if (lSetCommState(hPort,&dch))

return 8x166;

SetCommMask (hPort, EV RXCHAR | EV_ERR); //receive character event
WaitCommEvent (hPort, &dwCommModemStatus, 8); //wait for character
if (dwCommModemStatus & EV_RXCHAR)

ReadFile (hPort, &Byte, 1, &dwBytesTransferred, @); //read 1

else if (dwCommModemStatus & EV_ERR)

retVal = 8xlel;

retVal = Byte;

Figure 7.5 Declaration of the Serial Port

In Figure 7.6 it is shown the “for” cycle that isady to take the number of

valid measures needed. In this example, 10 meaatedaken.

_tprintf ( T("Walues:\r\n "});
int j=1@;
pFile = fopen ("plans.txt","w"};
for (int i=0 ; i<j .3 @) // 18 measures
{
double data;
CHECK_ERROR (Poll (sensor, NULL, &data, 1))};
if (datax@){
i=1+1;
_tprintf ( T("%.3fmm "), data);
_kprintf (_T("E.ed\n "}, i};
fprintf (pFile, " %.3f\n" , data);
}else{
_tprintf (_T("Mon wvalidin "}};
3
if (dwCommModemStatus & EV_RXCHAR)
ReadFile (hPort, &Byte, 1, &dwBytesTransferred, @); //read 1
else if (dwCommModemStatus & EV_ERR)
retVal = axlel;
retWal = Byte;
}
fclose(pFile);
CleseHandle(hPort};
return retVal;
return @;

11
Figure 7.6 Programation of the measures
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8. ANNEXB

8.1. V-REP script to program robot movements

The numerical simulation software (V-REP) uses acHig language of
scripting (LUA). The child scripts in V-REP are yarseful to program robot movements.

In Figure 8.1 there is an example of the functiosesd on this work.

il pathl=simGetObjectHandle ( )

Bl target=simGetObjectHandle ( 1

] tooll=simGetObjectHandie | )
5

p=simGetPositionOnPath (pathl, 0)
o=simGetOrientationOnPath (pathl,0)

c
7
B

simMoveToPosition (target,—1,p,0,0.3,0.02)

oW

e
b Ba =

simFollowPath (target,pathl,3,0,0.3,0.02)

'_I.

simSetObjectParent {tocoll,; target, true)

simWait (1)
Figure 8.1 V-REP script (LUA)

Where:

* simGetObjectHandlds the function to declare any object, previoustigled to the
scene, on the LUA script;

« simGetPositionOnPathit is used to obtain the initial position on aeyipusly
created path on the scene;

« simGetOrientationOnPatht is used to obtain the initial orientation opr@viously
created path on the scene;

* simMoveToPositiorfunction to make the robot move to a certain {s;

* simFollowPath this function makes the robot follow a pre-essi#d path;

* simSetObjectParenthis function is used to attach a tool to theotd be carried;

* simWait this is a function that pauses the simulation.

Gil Boyé de Sousa 61



Design and calibration of a multi-robot work cell

62 2015



