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Abstract
Robots are widely used in various modern
manufacturing industry sectors. Their ex-
pansion ties up with the requirements of
high precision. For that reason, the cali-
bration and its accuracy became impor-
tant. Traditional calibration procedures
involve some form of external metrology
systems, but they are costly. Advances
in sensor technology make affordable but
increasingly accurate devices such as cam-
eras and force sensors available, making
it possible to perform automated self-
calibration relying on information from
these sensors. In this work, we used an
industrial robot platform having special
end effectors with force sensing at the
wrist, fiducial markers, and two external
cameras mounted on the robot base to
investigate robot kinematic calibration
by employing different combinations of
calibration approaches: self-observation,
self-touch, and planar constraints. A com-
prehensive dataset has been collected for
this purpose and made available to the
community. We studied estimation of the
end effector parameters as well as calibra-
tion of the complete kinematic chain (DH
parameters) and we compared our results
with ground truth provided by calibration
using Leica absolute tracker.

Keywords: dual-arm robot, kinematic
calibration, self-calibration, kinematic
chains, force sensing, optimization,
planar constraints

Supervisor: Mgr. Karla Štěpánová,
Ph.D.

Abstrakt
Roboti jsou široce používáni v moderním
výrobním průmyslu. Jejich rozšíření jde
ruku v ruce s požadavky na vysokou přes-
nost. Z toho důvodu je kalibrace a její
přenost tak důležitá. Tradiční kalibrační
procedury zahrnují různé formy externích
měřicích zařízení, ale ty jsou drahé. Díky
technologickému pokroku se stávají do-
stupnými pokročilé senzory jako například
kamery a silové sensory, které umožňují
provádět automatickou sebekalibraci na
základě informací z těchto senzorů. V této
práci jsme využili průmyslovou robotic-
kou platformu se speciálními koncovými
články mající silové senzory na zápěstí, re-
ferenční značky a se dvěma externími foto-
aparáty upevněnými na společné základně
manipulátorů, abychom prozkoumali kine-
matickou kalibraci robota pomocí různých
kombinací kalibračních přístupů - sebepo-
zorování, sebedotyk a rovinná omezení.
Pro tento účel byl nasbírán a dán volně k
dispozici obsáhlý dataset. Studovali jsme
odhad parametrů koncového článku stejně
jako kalibraci celého kinematického ře-
tězce (DH parametrů) a naše výsledky
jsme porovnali s referenčními hodnotami
získanými z kalibrace pomocí měřícího
zařízení Leica.

Klíčová slova: dvouruký robot,
sebekalibrace, kinematické řetězce,
snímání síly, optimalizace, rovinná
omezení

Překlad názvu: Automatická
kinematická kalibrace dvojrukého
manipulátoru za pomoci sebedoteku a
rovinných omezení
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Chapter 1

Introduction

1.1 Motivation

Robots are widely used in various modern manufacturing industry sectors. They replaced
humans in repeatable or dangerous tasks. An extension to other sectors or advanced tasks
ties up with the requirements of high precision. The robot dimensions can di�er from the
nominal ones during the years of use. They can be in�uenced by the stress during transport,
deformations after collisions, etc. That is the reason why the calibration and its accuracy
became important. The inaccurate calibration causes that the robot does not reach the
desired point, but it is shifted by an o�set.

However, external metrology systems are costly, e.g., the Leica metrology system used as
ground truth in this work costs millions of Czech crowns. The price is too high for most of
the companies working with not only industrial robots. There is a possibility to lend it from
time to time as we did, but it still brings up problems, e.g., these systems are not able to
�nd out the end e�ector length and orientation. Another approach is the calibration using
cameras: it can estimate the end e�ector parameters, but the solution can be dependent on
camera placement and calibration. One more possibility is the calibration using physical
contact and the constraints thus generated. The touching place is usually known and taken
as ground truth. We would like to expand the possibilities of robot calibration, so that we
can choose the appropriate method depending on the environment, available sensors, etc.

1.2 Goals

The �rst and main goal is whether we are able to calibrate robot parameters using known
or unknown planar constraints. We want to �nd out whether it is possible to calibrate the
robot without the expensive systems using only the robot with its self-contact information,
and we want to know the precision of this type of calibration compared to our chosen
example of the metrology system � the Leica absolute tracker. The next goal is whether we
are able to calibrate without self-observation using cameras and whether their position has
to be precalibrated or not. We want to test the suitability of self-touch for the calibration �
this can be useful for humanoid robots with arti�cial skin. We also want to �nd a suitable
calibration method when the end e�ector is changed. Then we want to �nd a fast (�daily�)
calibration method which can be used before the usual tasks on cheap, less accurate, or
�exible robots (e.g., some of the collaborative robots or service robots) which are more
prone to decalibration. Another goal is the examination if the methods can deal with
perturbation of the initial robot model.

1



1. Introduction ..........................................
1.3 Related work

Since our robotic platform has two arms and two cameras similar to eyes, it resembles a
humanoid robot, so that we mainly focus on humanoid-like setups that o�er rich possibilities
for automated self-contained calibration. Most often, the calibration loop is closed through
self-observation of the end e�ector using cameras located in the robot head (open-loop
calibration method per [2]). Another family of approaches exploits some form of physical
contact of the end e�ector with the environment, such as �xing the end e�ector to the
ground [3] or more complex setups [4, 5], they all require force sensor or something like
that on the part of manipulator.

�Self-touch� constitutes a speci�c, less common, way of kinematic loop closure. Roncone
et al. [6] showed the iCub robot performing autonomous self-touch using a �nger on
the contralateral arm; Li et al. [ 7] employed a dual KUKA arm setup with a sensorized
��nger� and a tactile array on the other manipulator. Forward kinematics together with
skin calibration provide contact position that can then be used for calibration. Since
the skin provides a pose measurement rather than constraint, this may fall under open-
loop calibration. In this way, one arm of a humanoid can be used to calibrate the other.
Khusainov et al. [8] exploit this but using an industrial manipulator to calibrate the legs of
a humanoid robot.

’t¥pánová and Ho�mann [ 9] provide a synthetic experiment with self-calibration of a
simulated robot based on a real humanoid robot, iCub. The contact is provided by index
�nger touching a palm of the other hand, thus closing a kinematic loop, while also observing
the points with both of its eyes, providing measurements. The calibration problem is ap-
proached as an open-loop calibration, considering the touching constraint as a measurement
of relative position of the two points that always reports zero displacement. ’t¥pánová and
Ho�mann evaluate the quality of parameters estimation using joint calibration of multiple
kinematic chains while utilizing either only the contact information, only the cameras, or
both�contact constraint and cameras.

We may recognize pair-wise procedural (sequential) calibration, where a series of calibra-
tions is carried out with a single kinematic chain or sensor being calibrated at a time, and
joint calibration, where all sensors or kinematic chains are calibrated using uni�ed error
function and optimization.

Birbach et al. [10] evaluate the advantages of joint calibration on multiple sensors
(a pair of cameras, a Microsoft Kinect RGBD sensor and an inertial measurement unit)
on a humanoid robot. With this method, no external measuring apparatus is needed;
instead, internal sensors on the robot are used for calibration. Birbach et al. formulate
an error function as a weighted sum of squares over the errors of individual sensors and
use Levenberg-Marquardt algorithm to optimize the intrinsic parameters of individual
sensors and their position with relation to the robot head. They claim that joint calibration
is more e�cient than pair-wise procedural calibration, because in the case of pair-wise
procedural calibration, inconsistencies in the obtained calibration results may occur, while
joint calibration ensures consistent result.

Kinematic calibration using plane constraints was explored by Ikits and Hollerbach [11]

2



......................................... 1.4. Contribution

who stated that �Calibration using a planar constraint is the most signi�cant remaining
closed-loop approach to be developed.� They proposed a new approach of closed-loop
calibration using only one endpoint constraint and evaluated primarily in simulation of
Puma robot. Zhuang et al. [12] explored multiple variations of plane constraints as well
as the option with/without known plane parameters and demonstrate their results also
on a PUMA 560 robot. In particular, they show that a single-plane constraint does not
necessarily guarantee that all kinematic parameters of the robot will be observable. On the
other hand, multiple-plane constraint should be a remedy to this problem and they show
that data collected from 3 planes constraints could be equivalent to the data collected from
a point measurement device in the case that 1) all three planes are mutually non-parallel;
2) the identi�cation Jacobian of the unconstrained system is nonsingular; and 3) measured
points from each individual plane do not lie on a line on that plane.

Joubair at al.[13] show how closed-loop calibration approach using multi-planar constraints
can be utilized to signi�cantly improve accuracy of calibration of six-axis serial robot. Zenha
et al. [14] provided touch events on multiple planar surfaces having a priori known plane
parameters with a simulated iCub robot. From their work, it follows that making the
robot explore space by contacts on various surfaces is more e�ective in reducing its model
inaccuracies than a single surface scenario.

Speci�cally related to the setup used in this work, The CloPeMa robot setup has been
previously calibrated using two di�erent methods: measuring Machine (RedCaM) by Bene²
et al. [15] and Leica laser tracker by Bene² et al [16]. Petrík and Smutný [1] review the
precision of these methods using a linear probe sensor. We will compare our empirical
results with theirs. Based on a dataset of 43 di�erent poses with touching end e�ectors,
they calculate the mean error as 0.67 (range 2.92) mm on CAD model, 0.54 (range 2.55)
mm on Leica based calibration and 2.45 (range 9.92) mm on RedCaM based calibration.

1.4 Contribution

This thesis directly follows up on [17], continuing to investigate the kinematic calibration
of a dual arm Yaskawa Motoman robot platform. The work of Puciow [17] was extended in
these main aspects: (1) we modi�ed the experimental setup (end e�ectors were changed for
shorter ones, new cameras were installed and calibrated); (2) we added option to optimize
using contact with known or unknown planar constraints; (3) we prepared measurement by
an external metrology system � Leica absolute tracker; (4) we extended the data collecting
application to collect datasets by horizontal plane touch experiment, vertical plane touch
experiment, and the dataset for the calibration by Leica. We collected and published a
comprehensive dataset of di�erent setups including end e�ectors positions and orientations,
joints con�gurations, Leica measurements, photos from XTion and 2 Nikon cameras, end
e�ector contact information during self-touch or touch with the plane constraint. The
dataset is available for download in our Google drive [18].

The original experiments using self-touch and self-observation [17] were rerun in the
new setup. In addition, new experiments using planar constraints and the Leica tracker
were designed and performed. The thus arising new calibration problems were formulated
and optimized. We evaluated the calibration by Leica and compared the results with the

3



1. Introduction ..........................................
nominal DH parameters. We performed calibrations using planar constraints, self-touch,
self-observation and their combinations for end e�ector parameters �rst, then for all DH
parameters of the robot arm as well. We studied if and how the DH parameters are immune
to perturbation in di�erent calibration setups. Additionally, we looked into the observability
and the identi�ability of individual optimized parameters.

In summary, this work presents a unique contribution over [17] and the state-of-the-art
in general in that it compares several kinematic calibration methods on a single industrial
platform. The methodology draws on [9], which is, however, a simulation study only and
with self-touch and self-observation only.

4



Chapter 2

Materials and methods

2.1 Experimental setup

The experimental setup shown in Figure 2.1 was taken from [17]. The platform consists of
two Yaskawa Motoman MA1400 manipulators installed on a common base � a Yaskawa
R750 robotic turntable. The special end e�ectors were connected to manipulators. They
were covered by �ducial markers and have force sensors at the wrist. Changes made
compared to the previous setup are described in the following sections.

Figure 2.1: The real robot setup (left) with the visualisation (right).

2.1.1 End e�ector description

The end e�ectors were changed because the previous ones were prone to oscillations. The
new ones preserved the truncated icosahedrons with spherical tiles in place of the pentagonal
faces and with ArUco markers located in the hexagonal faces. The ArUco markers give
us the self-observation information about the end e�ector location. The spherical tiles
leverage that their distance from the icosahedron center is always equal to the radius of

5
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