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3.1 First Robotic Prototype (V1)

311 Mobile Base

Deliverable i2.1
Di2.1 Specifications and design concepts for mechatronic stabilizers

Authors:
FAUROUX Jean-Christophe, SIGMA Clermont
MARAJE Siddharth, SIGMA Clermont

3.1.2 Deliverable in the Context of the Work Program

The deliverable D2.2 takes input from Task 1.2 — Initial trials of operational process,
Task 2.1 — Preliminary simulations of the robotic units and Task 3.2 — Definition of
technical requirements for the customization.

For this deliverable D2.2, static and dynamic stability requirements that will
not be fulfilled by the standard base platform are investigated and a concept for
mechatronic stabilizers will be developed. The static requirements refer to the tilting
limits of the platform due to gravity in the different arm and tool states. As the

39



40 Robotic Systems for Removing Asbestos

speed and acceleration of the platform will be low, the dynamic requirements will
expectably not be critical regarding tilting and overturning limits. However, the
forces to be exerted by the robot pressing the tool against the walls at all possible
heights affect the robot stability. The standard way to cope with stability problems
for civil engineering machines is to use landing gears. In the context of construction
machinery, landing gears are a kind of stabilizer legs that are deployed to increase
the platform stability. In this case, those devices must be modified for indoor use
and taking advantage of contact points not exclusively located on the ground (walls,
ceiling). The designed system should compensate the tooling forces against the walls
during the removal operations and also the dynamic forces during locomotion / arm
repositioning evaluated in task 1.2 and 3.2. The work requires evaluating a global

stability criterion during asbestos removal and specifying mechatronic stabilizers
(D 2.2):

¢ Choice for a suitable stability margin (static, dynamic) and the associated
sensors (e.g. measurements on geometry, force pushing)

¢ Dynamic modelling for efficiency assessment based on the existing simula-
tions from task 2.1 and further co-simulations:

o 3D virtual model in statics and dynamics

o Multi-body modelling with calculation of the stability margin during the
task

o Associated control methods

o Specification and research of concepts for mechatronic stabilizers with a
low number of DoF, stabilizing the robotic units against the solid environ-
ment (e.g. pushing against the ground or ceiling or attaching to a wall).

A tall (comparable to the kinematic dimensions from tentative dimensioning in
section 1.4.4) robotic arm will be considered for preliminary evaluation. A virtual
environment will be reconstructed from a digital map of the testing area and addi-
tional attributes from task 1.1 to represent the spatial dimensions of the scenario.
The simulations are executed parallel to the initial trials of the operational process
in task 1.2, to allow modifications and enhancements of the simulation at an early
stage.

This deliverable has outputs to tasks 2.2, 2.3.

31.3 Methods and Work Carried Out

An extensive study on stability margins can be found in [Garcia ez al., 2002]
and [Chebab, 2013]. As our robotic unit V1 should be slow and with no
particular long dimension with respect to the others, a quasi-static stability margin



First Robotic Prototype (V1) 41

criterion described for the first time by [McGhee and Frank, 1968] was used.
For future work at higher speeds, the ZMP (Zero Moment point) criterion
[Sardain and Bessonnet, 2004] could be used as well as non dimensional criteria
such as the LLT (Lateral Load Transfer) indicator [Bouton et 2/, 2007], that can
be easily extended to the front direction.

The expression of the LLT can be found in equation (Equation 3.1), where F;
and F,,5 are the normal forces applied on the left and right sides of the vehicle. When
the LLT equals to 1, the robot is at its stability limit, although a value of 0.8 or 0.9
should never be exceeded for safety. When the LLT exceeds 1, the two wheels on one
side of the robot lift off and the robot can rollover. This non-dimensional margin is
very convenient to use, provided the normal forces are measured by suitable force
sensors in the wheel hubs or calculated by the multibody model.

Fp — F,
LLT = (u) (3.1)
Fn2 + Fnl

The visit organized by Bouygues in a flat that had been cleaned (Clermont-
Ferrand, 01/06/2016) confirmed the fact that pushing against the ceiling seems
feasible in many cases, at least in apartments and less in offices. For the flats located
on top of a building, pushing under main beams is recommended, although beam
detection might be tricky. Pushing against thin walls (particularly gypsum plates) is
not recommended, so a map of the walls that can serve as a support should be pro-
vided to the robot before cleaning. The door frames often provide a strong structure
on which a stabilizer could push, provided the paint is kept intact.

3.1.4 Specifications and Design Concepts for Mechatronic
Stabilizers

3.1.41 Central Stabilizer Pushing on Ceiling

This concept of central stabilizer (Figure 3.1) is extremely interesting as is applies a
vertical force to all the wheels, thus transforming the unilateral contact between the
wheel and the ground into a bi-lateral contact, much safer. The dispatching of the
forces on all the wheels is difficult to model and can change instantaneously with a
quasi-null displacement, depending on the degree of overconstraint of the wheels
(suspension mechanism, deformable chassis, etc.).

A proposed implementation of the central stabilizer is a vertical jack, actuated by
screw, capable to extend to the altitude of 3 m, and equipped in its end by a rubber
bushing supporting a pushing plate. The rubber bushing is similar to the fixture that
fixes the mast of a windsurf rig to the windsurf board. It is kinematically equivalent
to a spherical joint but provides three translational and three rotational stiffnesses:
the vertical translation decreases the pushing stiffness of the device, avoiding to
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Figure 3.1. CAD preliminary implementation of the robotic unit with a central stabilizer,
a winding unit and a garbage bag.

mark the ceiling too much; the rotational stiffnesses maintain the pushing plate
towards the top whereas authorizing small rotations if the ceiling is irregular or
not parallel to the ground. The pushing plate should be cushioned or made in a
sufficiently soft material, with smooth edges, in order that a non-centered pushing
force does not make a decentered mark on the ceiling.
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Figure 3.2. Brainstorming about stabilizer functions (Aachen meeting, 17/02/2016).

Obviously, pushing on the ceiling may also be forbidden in certain cases (weak
ceiling, fake ceiling...) so this proposal for prototype V1 must be completed by
other solutions for prototype V2.

3.1.4.2 More Advanced Stabilizers Concepts

In order to design suitable stabilizers, all the uses case had to be defined and spec-
ified. A brainstorming session in Aachen (Figure 3.2) permitted to classify the sta-

bilizer functions.
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3.1.4.3 Stabilizers Concepts for Cooperative Tasks

The considered cooperative tasks CT; at the moment are the following:

e CTO. Several robots working separately in the same room with cable man-
agement

e CTI1. Cancelling dynamic effect by opposite motions (arms or rotating tools)

e CT2. Manipulating large tools with dual / multiple arms

e CT3. Extending support polygon ? better stability

e CT4. Collaborative obstacle crossing

e CT5. Collaborative cable management

e CT6. Collaborative garbage manipulation

e CT7. Collaborative tool changing

e CT8. Multi-arm tasks: scratching / tearing / observing

The green scenarios are priority in this project. The other scenarios will be devel-
oped if enough time remains.

A proposition for CT'1 and CT3 can be seen in Figure 3.3, where the stabilizers
serve both for connecting two mono-robots to each other, thus forming a poly-
robot, and to enlarge the supporting polygon of this poly-robot, which considerably
enhances its stability without requiring any assumption on a strong ceiling above.
Combined with the concept of dynamic balancing of antagonist arm motions, the
resulting poly-robot may succeed in a considerable decrease of its tangential forces
on the ground. The distance between the mono-robots should be calculated in
order to avoid collision of the two respective arm workspaces without letting an
uncleaned band between them. Similarly, the robots can be combined in a group
of three for covering corners efficiently and increasing the support polygon in two
directions at the same time.

An integrated proposition of a top module regrouping two stabilizing legs can be
seen in Figure 3.4. The feet can be locked in suitable locking areas of a neighboring
robotic unit for strong attachment between units. The legs can also be controlled
for obstacle crossing, a requirement that is not covered at the moment by prototype
V1. The axi-symmetric setting of the top module allows connections of the legs in
any direction, either with another robot or with the environment.

3.1.5 Implementation of Testing Stabilizers for V1 Prototype

For the testing of first prototype, simple manual stabilizers will be implemented to
have a back-up against unpredicted instability scenarios. In this report, initial ideas
for implementing manual stabilizers are proposed.
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Figure 3.3. Concept of using stabilizers for cooperative tasks.

Requirements on Stabilizers

45

1. The firstand the most important requirement is to increase the support poly-

gon and hence the stability of the robotic unit.

2. Stabilizers should be capable of bearing the load of the robotic unit, as well
as the forces/ torques disturbing the stability of the robotic unit.
3. Stabilizers pushing against the ceiling such that the mobile platform bears

the pushing load are not allowed.
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Figure 3.4. Concept of a top module regrouping the attachment points for two stabiliz-
ing legs and their power supply and control box. This module can be considered as an
additional equipment.

8.
9.

. After integrating with the robotic unit and in the retracted position, con-

straint on the overall size of the robotic unit should be respected.

. Stabilizers should be as light as possible so as to follow the constraint on the

overall weight of the robotic unit.

Stabilizers should not interfere with the operating robotic arm.

Stabilizers should not interfere into the positioning of the mobile platform
w.r.t the wall.

Stabilizers should allow cleaning in the narrow corridors.

Stabilizers should be suitable for performing collaboration scenarios.

Keeping the above requirements in mind, few stabilizer architectures are pro-

posed below.

Few key points on which the design of the stabilizers will be based are:

1. Position (attachment point) of the stabilizers on the robotic platform
2. Kinematic architecture of the stabilizer

3. Determining the resting points of stabilizer legs on the ground and ceiling
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Figure 3.5. Attachments points for stabilizers.

3151 Attachment Points of the Stabilizers on the Mobile Platform

In the current mock-up of the robotic unit, the attachment points are identified as
above. There are in total 5 attachment points; one at each corner of the robotic unit
plus one on the top plate of the vertical slider. However, as pushing on the mobile
platform is not recommended, implementation of the vertical slider is doubtful.
This allows us to put 4 stabilizers, one at each corner of the mobile platform.

3.1.5.2 Initial Proposition of Stabilizers

In this section, few ideas regarding the kinematic architecture of the stabilizer are
proposed. The ideas are mostly concerning the implementation of the manual sta-
bilizers.

Proposition 1: Out trigger Stabilizers

Figure 3.6. Example of outtrigger stabilizers.
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¢ The kinematic architecture of the stabilizer consists of two prismatic joints.
This simple architecture will serve as good option for the testing of first pro-
totype.

® There is of course, a limit on the achievable extension of the horizontal pris-
matic joint which determines the increase in the support polygon.

¢ According to the dimensions of the mobile platform, we have a rectangular
support polygon of the size approximately 600 mm x 750 mm.

Scale: 1 unit=100 mm
E F
Front View
Si2 I S11 Sa1 l 2o
S12552=83
I K N I

[oUN Stabilizer = 2

>

Figure 3.7. Extended pose of the stabilizers.

From Figure 3.8, it is clear that, for avoiding collision, the maximum retrac-
tion length on stabilizer is around 200 mm. This puts a constraint on the
maximum length of extension (unless we design a telescopic structure). Distance
S12822 indicates the total distance between the two points on the stabilizers which
is 830 mm approx. Thus, the width of the new support polygon is increased
by 230 mm.

Proposition 2: Rotating Stabilizers
The kinematic architecture of this type of stabilizer is Revolute-Prismatic. The sta-
bilizers are attached to the mobile platform using revolute joint; for e.g the stabilizer
link S11/=S12/. At point S;2/, there is a prismatic joint perpendicular to the link to
ground the stabilizer. The maximum length of the stabilizer links can be 600 mm.
Links S;1/—=S12/ and S32/-S12 define new support polygon.

Figure 3.10 shows the folded position of the stabilizer, thus satisfying the con-
straint on the overall size of the robotic unit. For avoiding interference in the folded
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Figure 3.8. Retracted pose of the stabilizers.
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Figure 3.9. Stabilizers extended position.
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Figure 3.10. Stabilizers retracted position.

position i.e. to enable folding of stabilizers, the two front/rear stabilizers can be

fixed at different altitudes on the two corners of the mobile platform. The long

link lengths will allow more increase in the support polygon.

Proposition 3: 2-R Stabilizers

Here, the kinematics of the stabilizers is consisted of 2-R architecture as shown in

Figure 3.11.

By considering the factor of safety as 1.3, the width of the extended support
polygon will be 850 mm approx. i. e addition of 130 mm on both sides. The link
lengths of the stabilizers are determined based on this requirement on reachability

as 160 mm each.

3.1.5.3 Antagonist Pushing

The central vertical stabilizer installed attached to the top plate of the vertical slider

will exert extra efforts on the mobile platform while pushing on the ceiling. This
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Figure 3.11. Stabilizers working position.
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Figure 3.12. Stabilizers retracted position.

may damage the mobile platform as it is not designed for this extra effort. Thus
to achieve the pushing against ceiling without putting extra load on the mobile
platform, an idea of antagonist pushing mechanism in proposed. The two pris-
matic joints will act opposite to each other pushing on the ceiling and the ground
simultaneously. Figures 3.13 and 3.14 show the pairs of antagonistic pushing links
(Links: WE{-WDj and A1G1-A1Fy).
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Figure 3.14. Antagonist pushing in outtrigger and rotating stabilizer architecture.
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CAD Model of the Robotic unit equipped with stabilizers

Figure 3.15. Antagonist pushing in rotating stabilizer architecture.
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Figure 3.17. Alignment of stabilizers in narrow corridors for frontward cleaning.
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3.1.5.4 Resting Points for Stabilizers

Resting points will define the contact between each stabilizer leg and ground. Rest-
ing points are nothing but contacts points between stabilizer legs and ground. They
will define a new support polygon larger in dimensions than the one defined by
wheel contact points of the robotic unit. This will give us the increased stability.
Thus, the dimensional synthesis of the stabilizers is closely related to the assess-
ment of stability as well as productivity of the robotic unit without stabilizers.
Stability margin required in the worst case instability scenarios will lead us to the
dimensional synthesis of the stabilizers. Similarly, stability margin expected in other
unstable cases will determine the resting points for stabilizers. This will be deter-
mined through dynamic simulation of the cleaning process.

3.1.5.5 Collision Between Stabilizer legs and Robotic Arm

Stabilizers are deployed in the workspace of the robotic arm and thus there are
occasions where robotic arm can collide with the antagonistic pushing links. This
is realized using Geogebra models presented in Figure 3.18. This figure shows a top
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Figure 3.18. Collision between robotic arm and stabilizer.
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view of the scenario where robotic arm is colliding with the antagonistic pair of the
stabilizers. Thus, while determining the resting points for stabilizers, the scenarios
of collision must also be considered.

3.1.5.6 Outlook and Future Work to be Carried Out

All these concepts require to be prepared and integrated into the CAD mock-up
of prototype V2. They will be further developed during the next year, as this sec-
ond prototype is only expected for month #30. They will strongly benefit from
the experience and feedback to be expected from prototype V1, particularly for
characterizing the dynamics, contacts and external forces of the real robot. The
stabilizers will also serve to implement several collaborative scenarii listed in §3.3

within Task 2.4.

3.1.5.7 Summary and Conclusion

This deliverable is still under progress because all the dynamic data have to be con-
firmed by experimental tests. Several models for quasi-static stability have been
constructed and provide encouraging results: overall, all our robotic units are sta-
ble within their complete workspace for slow motions, without any tool effort,
for light terminal segments of the arm and without stabilizers. A proposition of a
central stabilizer pushing against the ceiling has been made, which provides a good
stabilization and transforms the unilateral contacts of the wheels on the ground into
much safer bi-lateral contacts, because the robot cannot lift its wheels any more.
However, because of limitations on the load bearing capacity of the platform, the
real implementation of this system will be made into prototype V2. The proposi-
tion for V1 can be seen in figure 16, with four stabilizers providing antagonistic
pushing against ground-ceiling.

Future work in task T2.2 will cover the structural and dimensional synthesis of
advanced stabilizing legs serving both for stabilization and multi-robot interconnec-
tion for five collaborative scenarii. This is compatible with the expected planning
for prototype V2 (30 months after the project beginning).
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Deliverable Di3.2
Di3.2 — Specification of the technical Requirements for the V1 prototype
Part B — System Specification

Authors: Daniel Martin

3.1.6 Deliverable in the Context of the Work Program

The present Di3.2 — part B — System Specification reports the technical specifications
for the V1 prototype carried out by the BOTS2REC Consortium during the first
months of the Project. The system specifications are detailed in the following sec-
tions of the document and complemented with the control architecture definition
and the identification of interfaces included in the deliverable Di3.1 — Specification
of the system architecture and interfaces.
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At the project start the specification of the asbestos-removal-tasks and technical
requirements, initial trials with a robotic mock-up and preliminary simulations will
lead to the design and realization of a first version (V1) of the robotic system with
a single robotic unit. Using the V1 version of the robotic system, the automated
removal of asbestos contamination (operational process) and the according process
control system will be developed in several iterations in a testing rehabilitation site
(without contamination). During regular workshops, the system will be tested and
the central process control system and all subsystems will be advanced by imple-
menting more ambitious functionalities and considering the “lessons learned” and
updated requirements. The ongoing developments and updated technical require-
ments will lead to the design and realization of a second version (V2) of the robotic
system with 2 robotic units. The V2 version of the robotic system will be the final
prototype used for further developments and the final demonstrations and bench-
marking. Using the V2 version of the robotic system, the operational process and
the according process control system will be finalized to fulfil all requirements for
the robotics use case.

In this report, a precise definition of the technical specifications of the
BOTS2REC V1 system is illustrated in order to cover all system development
aspects including the BOTS2REC V1 Robotic Unit and V1 User Interface, etc.
This task is of great importance as it sets the guidelines what need to be adhered
to throughout the project. An architecture and functionality of the system to be
developed is provided in detail.

This document is the result of the system specifications and architecture defi-
nition phase. However, this is a planning document and therefore the final imple-
mentation may not coincide with the architecture described in version 1 of the
deliverable Di3.2. Future versions will be released to reflect the up-to-date state of
the implemented architecture.

31.7 Methods and Work Carried Out

The system specification has been conducted from the collection of partial infor-
mation of different components provided by the relevant partners involved in its
development, and completing it from the point of view of the integrator for a com-
plete and reliable definition of the system.

Starting from conceptual information and/or preliminary, periodically discus-
sion has been organized during this first phase of the project in order to evolve the
system V1 concept. This information has been supplemented and detailed based
on the progress of discussions and analysis done in between.

Different drafts of the specification have succeeded each until reaching this deliv-
erable describing the system completely.
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Figure 3.19. Sketch of site with two robotic units during the automated removal of
asbestos contamination.

From the point of view of system integration, it has carried out the systematic
gathering of information of the elements that forms the V1 system provided by
the partners and the information that resulted during different discussions. With
this information it has been continuously identified the main open topics to be
discussed at subsequent meetings and have been completed those aspects that are
part of the whole system and do not apply to a specific component.

In addition, regular discussions have been going on in parallel with the definition
of requirements, a fact that has enabled the continuously compliance assessment of
these requirements or revise those that could not realistically be met.

3.1.8 Specification of the Technical Requirements for the V1
Prototype - System Specification

3.1.8.1 Introduction: The BOTS2REC System

The proposed robotic system (see Figure 3.19) used for the automated removal of
asbestos contamination will consist of multiple mobile robotic units that perform
the asbestos-removal-tasks autonomously.

Each unit consists of a mobile platform and robotic arm with different abrasive
tool. The combination of optical and radar sensor systems will allow the environ-
mental perception and local monitoring of the asbestos-removal-tasks. Supported
by a user interface, the operator can select different areas on a virtual representa-
tion of the rehabilitation site and assign asbestos-removal tasks. Based on the user
input, the Central process control system plans the task allocation and collabora-
tion between the mobile units and their movements and trajectories autonomously.
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Figure 3.20. Timeline for the overall approach and methodology.

The user interface allows the permanent supervision of the automated process and
optional remote control. All robotic units are connected to an aspiration system and
energy supply to remove the waste from the rehabilitation site and supply sufficient
energy for the robotic units.

3.1.8.11 The project phases

Based on the general requirements of the construction and demolition industry and
the specific requirements of the robotics use case described above, an operational
process and robotic system for the automated removal of asbestos contamination
is being developed and implemented in different subsequent phases, as show in
Figure 3.20.

At the project start the specification of the asbestos-removal-tasks and techni-
cal requirements, initial trials with a robotic mock-up and preliminary simulations
will lead to the design and realization of a first version (V1) of the robotic system
with a single robotic unit, which specification is the main scope of this document.
In general terms, the V1 prototype will be an experimental platform, used by the
consortium during regular workshops in a testing rehabilitation site, to test and
improve step by step the system and its functionalities forecasted for the project,
which will be joined and implemented in the V2 prototype. The ongoing develop-
ments and updated technical requirements will lead to the design and realization
of a second version (V2) of the robotic system with 1 or 2 robotic units. The V2
version of the robotic system will be the final prototype used for further develop-
ments and the final demonstrations and benchmarking, performed under real world

conditions.

3.1.9 The Robotic System V1

The focus of the Robotic System V1 is placed on developing a single robotic
unit, composed mainly by a mobile platform and a robotic arm. This V1 of the
robotic system will not include the central unit, therefore, the support devices (such
aspiration) will be included or attached to the single robotic unit.
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Figure 3.21. General system architecture.

The Figure 3.21 shows the main devices that compose the Robotic System V1:

¢ 1 Robotic Unit (V1)
e Simplified Central Process Control System

And accordingly, the Robotic Unit V1 will become an experimental platform
with all of the components required for the asbestos removal tasks. The main com-
ponents of this unit are:

¢ Mobile Platform

® Aspiration

¢ Supply cable automated reel

¢ Robotic Arm

¢ Tool for wall and ceiling grind

¢ Tool for floor grind

® Process Monitoring Sensors (PMS)

¢ Navigation and Perception Sensors (NPS)

The detailed Specification of the Robotic Unit and its components is included
within this section 3.4 of this document and its related sub-sections.

3110 The Robotized Asbestos Removal Process

3.110.1 The robotized procedure

The scenario of the asbestos removal tasks done by human workers allows to under-
standing how a robotic-system can replace human workers. Considering also that
not all tasks the human workers do currently can be automated, for instance the
seclusion or the cleaning, three successive periods or phases can be determined in
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the robotic-system process, as reported in Deliverable D1.1 Report with a detailed

specifications of the asbestos-removal tasks and possible tools and complemented in the

current specification document.

(a) Preparing asbestos removal (done manually, before robotized removal pro-

cess)

Identification of asbestos (from D1.1)

Estimation of the quantities and the spotting (from D1.1)

Estimation of the dust level (in comparison with test-sites) (from D1.1)
Adapted seclusion (regarding the estimated dust level and the spotting)
(from D1.1)

Optionally the seclusion will be adapted by adding an additional (soft)
layer under the foil in order to reduce the damage of the foil from the
robot wheels.

Installation and test of the ventilation system (suction and smoke test)
(from D1.1)

Robot assembly (platform, arm, aspiration, tools, ...)

Plug the robot to the external supply generator (placed on the same floor
of the worksite)

The standard operation would be to start creating a map of the flat. This
can be done very fast in manual mode. There is no need to autonomously
create a map.

The operator introduces the removal jobs into the system through the
HMI interface

(b) Removing asbestos with the robotized system

The robot starts the removing task autonomously or teleoperated

— When the bag is full, it is cleaned in the decontamination lock for the
waste and put in a cleaned bag that will be put in a big bag with a sign.
This operation will be done manually by the operator.

— If required any tool change or replace any part of it (such disks, etc.),
the operator will stop the robot and perform the required action. Then
he/she will resume the robotic system operation.

— If there’s a failure of the robotic system, the system will stop and the
operator will come to solve the failure. Then he/she will resume the
robotic system operation.

Materials incorporated in hard materials shall not be removed by the des-
ignated robotic system: asbestos cement, structural panels, pipes

(c) After asbestos removal (done manually)



First Robotic Prototype (V1) 63

Visual inspection (from D1.1)
Measurement of the dust level (from D1.1)
Removal of the seclusion (plastic only used once) (from D1.1)

Decontamination of the not renewable parts of the robotic unit and
removal of renewable gaskets.
e Confinement of the robotic unit into the container solution.

3.110.2 Removal process conditions
3.1.10.21 Asbestos grinding process parameters

Regarding the removal process parameters, the system specifications collected
within this document are based on preliminary inputs. Therefore, the final V1
specifications will be updated after initial trials done with a mockup robotic system
(T1.2 and the resulting deliverable Dil. 1 — Technical report with protocols of the trials
and specification of the process parameters) providing information about parameters
for a robot guided use of the tools, such normal and lateral forces, optimal process
speed, etc.

¢ The thickness of the product that needs to be removed is between less than
a Imm (for cement rendering for instance) till 2cm (for ceramic tiles for
example).

® As required for V1 system, the robot has to be capable of grind walls, ceiling
and the floor.

¢ Taking into account that the same kind of tool will be used for grinding
walls/ceiling and the ground, a 80N — 100N normal forces will be considered
for the arm grinding tool, as well as for the floor grinding tool.

e About the disc position, the unit will be able to place the tool/disc in different
positions against the wall, according to:

o Disc inclined for rough operation, in firsts steps of grinding process
o Disc completely parallel to the wall for fine operation, in finishing
steps.

3110.2.2 Environmental conditions

Joined to the DI1.1 — Report with a detailed specifications of the asbestos-removal
tasks and possible rools there is a table that shows the different products containing
asbestos that this project will cover (Annex “Classification”). This table has been
established based on the tool of INRS (Institut National de Recherche et Sécurité
/ National Institut of Research and Safety), and provides an orientative dust level
regarding the material and tool used for the removing task.
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In the project, it will be assure the level 2 for the dust maximally:

e Tevel 1: less than 100 /1
e Level 2: between 100 f/l and less than 6.000 f/1

The aspiration system of the robotic system (see section 3.4.4) will respect this
limit.

On the other hand, in order to keep the level of asbestos particles in the air as
low as possible, it might become ’s necessary to spray a mixing of water and soap (or
surfactant) in order to keep the level of asbestos particles in the air as low as possible
in the case that aspiration is not able to maintain the proper levels of dust. In that
case, the next specification will be add to taken into . Taking this into account:

® Removal has to be done in the wet environment (from D1.1)
® Robot systems has to withstand water (from D1.1)
¢ Robotic Unit will needs to have a spraying unit (from D1.1)

Other important aspect regarding the environment where the robot will be oper-
ating is the fact that the floor will be covered, in most cases, by a common plastic
of a 150 um of thickness to protect the building ground. This issue has to be also
taken into account combined with the wet environment.

3.1.10.2.3 Operation in corridors

According to the requirements stated in Di3.2 part A, the system must be capable
of to operate in corridors of the 700mm of width. This fact, together with other
restrictions related control and sensors precision entails that the envelope of the
robot must not exceed 600mm of width to operate properly.

In order to be able to turn in corridors of that dimensions, a noticeable reduction
of the robotic unit dimensions would be needed. This would hinder making that
not able to place the placing of all the required components within the allowed
space of the platform. Nonetheless, considering that the situation of 2 corridors
of 70cm is not frequent, it will be considered corridors of 700mm next to other
of 800mm for the design, which are the most frequent (80-90%). Additionally, in
small corridors or places with difficulties for autonomous navigations the system
will be teleoperated.

Table 1 contains the results of the tests performed in different bent corridors. It
is indicated if the platform could turn in the corridors with the complete robotic
unit V1 system, or with a simplified robotic unit with less protruding elements.
More details are also provided in the deliverable D2.1 Preliminary simulations of the
robotic units. In the table below there are the conclusion from that study.
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700

700

Figure 3.22. Operation in corridors.

Bent corridor Crossing ~ With robotic unit V1~ With simplified robotic unit V1

700x700 corridor Not able Able
700x800 corridor Not able Able
700x900 corridor Able -
800x800 Able —

3.110.2.4 Automated detection of asbestos

For the V1 of the system, the identification of the asbestos contaminated areas will
be done manually by visual inspection, as indicated in section 3.3.1.

As well as the initial identification, the verification of the asbestos contamination
removal will be done by visual inspection by the operator, and reprogram the system
if additional operations are needed.

The automated detection of asbestos by computer vision or other technologies
will be analyzed for system V2 even that it is out of the scope of the project.

3.110.2.5 Check of disc abrade

It will be done manually, by visual inspection, as done in the manual operation.

3.110.2.6 3D scanning of the worksite

For V1, a simplified 3D representation of the worksite will be generated (i.e. by
adding the height coordinateds. . .) after 2D mapping performed by the moving the
MP around. On board photogrammetry technologies will be investigated during
the V1 testing phase.
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Figure 3.23. Robotic Unit V1 CAD.

For V2 it will be considered to rent a professional 3D vision system. Other tech-
nologies, such as on board photogrammetry will be considered in order to simplify
and reduce system costs.

3.111 Robotic Unit V1 Technical Specification

The overall architecture of the Robotic Unit V1 (RU-V1) is mainly composed of a
Mobile Platform (MP), a Robotic Manipulator Arm (RMA) with a single attached
Process Tool (PT), including two groups of sensors: Navigation and Perception
Sensors (NPS), and Process Monitoring Sensors (PMS). Figure 3.23 shows the main
components of the RU-V1. Attached to this document there has been included a
table which details the different components and devices that conform the unit V1
and summarizes its main specifications.

The V1 system doesn’t consider the use of the Central Supply Unit (CSU) to sup-
port the RU-V1. Consequently, in this first version the aspiration unit will be on
board of the mobile platform avoiding the need of an automatic pipe reel. Nonethe-
less, the unit will require an active cable reel for the energy supply and communi-
cations, which is described in more detail in section 3.4.8.

As standard procedure to reduce the dust, the environment might be constantly
kept wet with a water sprayer. Consequently the robot and ground can be exposed
to water constantly. For these reason, the robot will be dustproof and a certain level
of waterproof.

31111 Mobile Platform

The mobile platform of the robotic units will be based on existing and proven
mobile platforms from Robotnik Automation. The platform design will be adapted
for the versatile use on the rehabilitation site.



First Robotic Prototype (V1)

67

Figure 3.24. Mobile Platform CAD model (left) and tubular structure (right).

The table below includes the mobile platform main specifications:

Type/Model
Ground Control software

Dimensions

Weight

Payload Weight Capacity
Operational range/altitude
Safety mechanism

Payload Power Capacity

Power Type

Autonomy

Charger

Robotnik Omnidirectional with 4 wheels swerve
drivee

ROS

Width: 581mm

Length: 738mmm

Height: 350mm

95 kg

230 Kg

3m

2x Onboard Emergency Stop button

1 x Remote stop

2 x Non-Safety Laser Scanner (There is a protocol
that ensures robot is not moving near workers)
80A/48V (peak) , onboard DC/DC converters will
provide different voltages

Lithium LiFePO4 batteries 48V 15 Ah

2 hours using only mobile platform,1, 1 hour using

arm. Work is done connected to AC
input 230VAGC;
Charging time 1 hour (onboard charger)
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Locomotion system Differential with 2 traction wheels + 4
castors (dual wheel or omniwheel),
communication with Control computer

using CANOPEN
Maximum speed 1.7 m/s (will be limited)
Minimum turn radius 0, will be able to turn on the spot

Point of contact with the floor 4 omni-wheels in the 4 corners of the
footprint, 2 rubber-band wheel in the
lateral side

Crossing obstacles capability ~ Step: 2 cm
Ditch: 10 cm

Materials of main parts Structural parts: Aluminum and Steel
Covers: aluminium

Wheels: Rubber

Shapes and surfaces geometry  preferably flat or convex to facilitate

cleaning
Surfaces processing/finishing ~ painted or untreated raw
IP protection grade IP65
Attachment of the arm The platform will include a vertical slider

so the robot arm can be lift to reach a
workspace of 3m height. Attachment will
be defined using standard ISO screws

and mounting flange (attachment between

slider and MP will not be ISO flange)

The mobile platform will incorporate different brakes in order to block the plat-
form motion when the emergency stop is triggered. A manual unblocking (brakes
off) of the robotic unit must be possible in order to move the robotic unit by

pulling/pushing.
311111 Mobile platform control

The mobile platform controller will be an Intel NUC (Intel i5 processor, 16 GB
RAM, SDD disc). More details of the mobile platform control architecture can be
found in section 3.4.9 of this document.

3.111.1.2 Stabilizers

The first prototype will help to study the tool forces effects in vibration and stability
off the platform. Into the mobile platform there will be attachments for passive
stabilizers, which will be placed by hand in different configurations to test the results
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Figure 3.25. Manual stabilizers.

of simulations. After that mechatronic Stabilizers will be designed (if required) for
V2 prototype. A support structure to place a stabilizer from the platform to the
ceiling will be also forecasted.

In order to provide information to the control system of the presence of this
element (i.e. to allow/restirict wider movement that may introduce instability if
stabilizers are not present) it will be introduced some limit switch on the stabilizers.

3.111.2 Robotic Arm

In order to move the tool to process the different surfaces it will be necessary to
place an automated manipulation solution. For the system V1 the manipulation
solution will be based on a customized robotic 6DoF arm attached to a Vertical
Slider system.

This robotic arm is built with brushless motors with their drivers. Further infor-
mation for the last update of the robotic arm on Work Package 5 (WPS5).

The table below includes the robotic arm main specifications:

robot arm 33 kg

robot shoulder 21 kg

reach 1605mm

payload 18 kg (21 kg with passive compliance)

Voltage Nominal power Nominal speed

Link1 Baseroll 48V 0,12 kW 3000 rpm
Link2 SH-pitch 48V 0,58 kW 3000 rpm
Link3 EL-pitch 48V 0,34 kW 3000 rpm
Link 4 w-roll 48V 0,17 kW 3000 rpm
Link5  w-pitch 48V 0,17 kW 3000 rpm

Link 6 w-yaw 48V 0,17 kW 3000 rpm
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Figure 3.26. Robotic Arm Model.

Figure 3.27. Robotic Arm Controller.

3.111.2.1 Robotic arm Control

The robotic arm control will be based on a distributed process based on 2 different

CPU:

® A Beckhoff CPU CX9020 with 10 I/O attached cards will be the low level
controller part for the robotic arm.
¢ An Intel NUC “PC” to perform the high level control: path planning, task

management, €tc.
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Processor
Flash memory

Internal main memory
Persistent memory

UPS

Interfaces

Diagnostics LED

Clock

Operating system
Control software

Power supply

Current supply

Max. Power loss

Dielectric strength
Dimensions (W x H x D)
Weight

Operating/storage temperature
Relative humidity
Vibration/shock resistant

EMC immunity/emission
Protection class

ARM Cortex! M_A8, 1 GHz

256 MB MicroSD (optional expandable), 2 x
microSD card slot

1 GB DDR3 RAM

128 kB NOVRAM integrated

1-second-UPS integrated (optional)

2 x RJ 45 (Ethernet, internal Switch), 10/100
Mbit/s, DVI-D, 4 x USB 2.0, 2 x optional
interface

1 x power, 1 x TC status, 2 X bus status, 2 x
flash access

Internal clock with battery backup for time and
date (battery replaceable)

Microsoft Windows Embedded Compact 7
TwinCAT 2 PLC runtime or TwinCAT 2 PLC
NC PTP runtime

24 V DC (-15%/+20%)

I/O terminals 2 A

5 W (including system interfaces)

500 V_eff (supply/internal electronics)

84 mm x 99 mm x 91 mm

approx. 590 g

-25°C ... +60 °C/-40°C ... +85 °C

95 % no condensation

Conforms to EN 60068-2-6 / EN 60068-2-27/
29

Conforms to EN 61000-6-2 / EN 61000-6-4
IP 20

3.111.2.2 Vertical Slider

In order to place the industrial arm in different height positions, an automated ver-

tical slider will be implemented and adapted to be attached to the mobile platform

and able to be controlled trough the robot control I/O.

weight
dimensions
stroke

Supply voltage
Power

Nominal speed

73 kg (including robot yaw motor)
1440x300x86

890 mm

48V

0,150 kW

2000 rpm
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Figure 3.28. Vertical slider.

The slider will have the enough height in order to allow the robotic unit reach the
ceiling height requirement at the same time to be able to meet the height limitation
of the robotic unit.

3.111.3 Tools

The V1 robotic unit will be equipped with 1 tool, to be placed in different locations,
in order to perform the required asbestos removal task for this previous version.
Taking into account that the V1 system will be used as a test platform for further
developments, it has been only required as mandatory that the unit will grind walls,
ground and ceiling of the asbestos site, leaving the removal of tiles and other mate-
rials for being dealt in V2 prototype. Therefore, the V1 unit will be equipped the
following:

¢ orinding tool attached to the arm’s end effector, for grinding walls, ceiling
and floor (see 4.3.1)

¢ it will study how to attach a grinding tool to the lower part of the mobile
platform, for grinding the floor (see 4.3.2)

Using these tools, as checked in D1.1 the maximal dust level will be inside the
level 2: between 100 f/1 and less than 6.000 f/1.

Even the tool exchange is no predicted, any tool exchange to be performed in the
V1 system will be done manually by the operator. Therefore, no active tool changer
units will be implemented on this prototype version.

As indicated in section 3.3.2.5, the disk abrading will be performed by visual
inspection to be carried out by the operator as done in the manual process.

The tool to be attached at the arm end effector will be a manual grinder tool

adapted for being held and operated by the robot. This tool will be used to grind
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walls and ceiling and will be linked to the vacuum aspiration system described in

section 3.4.4.

The necessary supporting structure will be developed and any required modifi-

cation to the original tool will be performed. On the adaption of the tool will be

taking into account the aspiration head and its pipe.

Figure 3.29. Manual grinder tool to be adapted to the Robotic Arm.

The tool is available and will be tested in two sizes. The main specifications of

the tool will be similar to the ones in the tables below, corresponding to the manual

tools:
Type/model BLASTRAC BGV-180AV
Power 2600 Watts (performance 97%)
Supply Voltage 230 Vac — 50Hz — (2P+T)
Rotation Speed 6600 rpm
Weight 5,46kg (without cord)
Disc diameter ?180 mm
Dimensions 495mm / 185 mm / 325mm
IP protection n/a
Acoustic pressure:  n/a
Type/model BLASTRAC BGV-125AV
Power 1,3 kW
Supply Voltage 230 Vac — 50Hz — (2P+T)
Rotation Speed 11000 rpm
Weight 3,2kg (without cord)
Disc diameter D125 mm
Dimensions 495mm/185 mm/325mm
IP protection n/a

Acoustic pressure:

n/a
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This tool will be adapted and sealed in order to reach the operation and environ-
mental conditions required for this V1 unit. A force/torque sensor will be attached
at the end effector of the robot arm, although there is the option to have a passive
compliance actuator.

Force/Torque sensor

iLDR sensors

Figure 3.30. Sketch of the adaption of manual grinder tool to the Robotic Arm.

The tool will be controlled through the I/O cards of the arm controller placed on
the Robot Arm Cabinet B1, and with the help of auxiliary relays and other protec-
tion devices to be placed on the Robot Arm Cabinet B2 described in section 3.4.7.

For grinding the floor, the same tool will be able to be attached directly to the
mobile platform in order to perform some tests. The platform will include any
required automated mechanism for its proper operation during locomotion of the
platform and its normal operation.

3.111.4 Waste/Dust Aspiration

Taking into account the minimum aspiration pipe diameter, around ¥35mm, the
RU-V1 will include an aspiration placed on the mobile platform in order to avoid
the difficult of managing this kind of pipes and the need for an active pipe reel of
high dimensions.

This will suppose that the mobile platform should carry with the aspiration sys-
tem additional load. In addition, the aspiration system must be as compact as pos-
sible taking into account the reduced space available in the mobile platform and
the whole robotic unit. The consequence of this is that the aspiration system must
be splitted in half for a better assembly and save more space.

As will be done with the different tools, the aspiration system will be based on a
commercial aspiration device which will be adapted to be integrated on the mobile
platform.

The main specifications of this aspiration/ dust collector will be similar to the
one in the table below, which corresponds to the commercial device:
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Figure 3.31. Aspiration system device S13 from BLASTRAC, parts of the CAD model.

Type/model S13

Dimensions (W/L) 680x380x1200 mm
Weight 27 kg

Power 1200 W

Supply Voltage 230Vac single phase (50Hz)
Cleaning Manual impulse

Bag capacity 151

Aspiration 210 m3/h

Pressure 22 kPa

Main filter 99,5 % (1,5 m2)

The aspiration system will be controlled through the I/O cards of the arm con-
troller, with the help of auxiliary relays and other protection devices to be placed
on the robot arm cabinet B2 (see section 3.4.7). This system will include almost
an input to switch on/off the system and an output for alarm (i.e. bag full, filter

blocked ...)

3.111.5 Decontamination, containment and transportation

It must be taken into account that the V1 prototype will not operate in real con-
taminated worksites. Therefore, the decontamination and containment measures
are introduced in this V1 for testing purposes.

3.111.5.1 Decontamination and containment

As mentioned in the previous section, the robotic unit won't work in contaminated
areas so there will be not decontamination process, just cleaning process.

The actual current decontamination procedure de-contamination requires 2 dif-
ferent protection actions for contaminated devices. The devices use are protected
with a gasket for operating inside the contaminated area which is removed before
the the second protection action, cleaning the device in a shower.
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Regarding the RU-V1, in real contaminated worksites, it will use the following
protection measures:

® The arm and the vertical slider will be covered by a renewable gasket, as done
in most of dangerous nuclear operations, for instance.

¢ Regarding the Mobile Platform, it will be specially prepared and sealed in
order to be directly washable.

e All external sensors will be prepared and sealed in order to be washable
directly.

® The tool will be sealed and/or able to withstand operating and decontamina-
tion shower conditions.

3.111.5.2 Transportation

As pointed out the beginning of this section, the V1 unit will not operate in real
asbestos contaminated sites. On this basis, it can be asserted that no special confine-
ment or containment conditions must be considered for this V1 prototype. Nev-
ertheless, the necessary protection measures against asbestos contamination will be
considered and implemented in V2 prototype.

The necessary measures to ensure the safety and proper transportation of the V1
unit and all of its components from development and integration sites to testing
sites (and viceversa), such protection boxes, pallets, etc., will be analyzed and put
into practice.

3.111.6 Energy supply

The power supply of the robot will be 230Vac (P+N+T). It will be connected to an
external power supply placed outside the contaminated area (i.e.: a diesel generator)
in order to get the enough power which cannot be extracted from the building main
supply. This external power supply must provide 230Vac single phase for V1 and
400Vac tri-phase for V2, and a power over 10kW.

The connection between the RU-V1 and the external power supply will be done
by and extended cable through the cable reel solution described in section 3.4.8.

In the attached document PowerSupply-Layour_vl1.pdf there’s a list of the dif-
ferent consumer devices and all ac-dc/dc-dc converters of the design. The mobile
platform will include different ac-dc converters for supplying its integrated com-
ponents such the mobile platform controllers, the IMU sensors, the laser sensors,
etc.

More details are also provided in the deliverable Di3.1 Specification of the system
architecture and interfaces.

The power required by the different RU-V1 elements are described in the
attached document: Equipment List.
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It must be taken into account that a simultaneous operation of all devices is an
improbable situation. Therefore, to determine the main supply cable section it will
be considered the scenarios described below:

Scenario Description Power Calculated cable

section

A Mobile Platform (1kW) + Tool 5,96,4 4 mm? heating
Grinder (1,62,6kW) + Aspiration kW 4 mm? voltage drop
(1,3kW2kW) + battery charger (1,6 (4,93,0%) for a 25m
kW) + Sensors and Others (10,5 cable
kW)

B Arm (21,7kW*) + Tool Grinder 6,6 kW 4 mm? heating
(1,62,6kW) + Aspiration (1,23kW) 4 mm? voltage drop
battery charger (1,6 kW) + Sensors (5,6%) for a 25m
and Others (10,5kW) cable

*Considering nominal power of each arm motor. A factor of simultaneity must
be applied for a more approximate calculation.

A scheme of the power supply is provided in the attached document:
PowerSupply-Layout_v10.4.pdf

3.111.7 Electric Cabinets

The robotic Unit will include different electric cabinets where all the electric and
electronic devices will be located in. The cabinets on the unit will be:

® Mobile platform cabinet Al, located inside the MP, it includes all the MP
control and power supply elements, and the rest of control devices: router,
NUC controllers, etc.

® Mobile platform cabinet A2, located on the exterior part of the Robotic
Unit, will allocate theiRPU and the signal conditioning of the force/torque
Sensor.

e Robot arm cabinet B1, located inside the MP, will allocate the Beck-
hoff controller, the DC/DC converter, and the safety auxiliary relay
board.

® Robot arm cabinet B2, located on the exterior part of the Robotic Unit,
behind the vertical slider, will allocate the arm motor drivers, the DC/DC
converter and the safety relay board.

® Battery charger box, located on the exterior part of the Robotic Unit.
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Battery charger box

2.

Figure 3.32. Cabinets.

3.111.8 Cable reel

To manage the length of the cables, it will be necessary install motorized reel, similar
as the one shown in Figure 3.33.

Figure 3.33. Motorized reel custom by TLABS.

This cable reel will incorporate an active control based on the odometry of the
mobile platform. The main specifications of this device are listed in the table below:

Type/model Custom by TLABS

Dimensions ?P400mm x 150mm (only collector drum)
Cable capacity 25m 1 x (3G 4mm?2 + 6x1mm?2)

Weight 14.5 kg. (aprox., without cable)

Power 57,6 W (max torque)

Nominal current 2,4 mA (max torque)

Supply Voltage 24V

speed 64 rpm (no load), 45 rpm (at max. torque)

Finished surface  Polyurethane painting resistant in corrosive environments

IP protection IP-65
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Figure 3.34. General overview of environmental perception sensors.

3.111.9 Navigation and Environmental perception sensors set

A set of sensors for perceiving the environment and positioning the robotic unit

will be placed on the robotic system. With this purpose, for the environmental
perception and navigation, the V1 system will include:

Sensor

Purpose

1 x UWB System, e.g. 4
anchors on the platform
and min. 4 tags in the
room

2 x Camera

2 x LIDAR (in opposite
corners of platform)

1 xIMU

1 x Odometry

1 x Infrared

Localization

Backup in case navigation fails or teleoperation mode

Localization/Mapping

Localization
Localization
Collision avoidance

In Figure 3.34 General overview of is possible to see a sketch with the location
of the above mentioned sensors.

3.111.9.1 Laser Scan sensors

As described in Figure 3.34: General overview of 7, 2 Laser scan sensors of 270°
coverage will be placed on 2 opposite corners of the platforms in order to cover the
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whole area around the robotic unit. This laser scan sensors will be used with the
following purposes:

(a) to avoid collisions with objects or other robotic units

(b) to build a map and recognize the robotic unit position (SLAM or similar),

mainly for navigation.

Taking into account that the MP displacements are displacements are omnidi-

rectional, the location is in two opposite corners so the 4 sides of the robot are

covered.

Figure 3.35. Location of Laser scan when it is used for safety and Hokuyo UST-10LX laser

scan sensors.

The laser scan sensor mounted on the mobile platform will be a Hokuyo UST-

10LX (see Figure 3.35) or similar. Its main specifications are:

Supply voltage

Supply current
Light source

Accuracy
Repeated accuracy
Scan angle
Angular resolution
Start-up time

Input
Output

Interface
LED display

12VDC/24VDC (operation range 10 to 30V ripple within
10%)

150mA or less (during start up 450mA is necessary.)

Laser semiconductor (905nm) Laser class 1
(IEC60825-1:2007)

+40mm

0 < 30mm

270°

0.25°

Within 10 sec (start-up time differs if malfunction is
detected during start up)

IP reset input, photo-coupler input (current 4mA at ON)
Synchronous Output, photo coupler open collector output
30VDC 50mA MAX.

Ethernet 100BASE-TX

Power supply LED display (Blue): Blinks during start up
and malfunction state.
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Ambient temperature
Ambient Humidity
Storage temperature
Storage Humidity

Shock resistance

Protective Structure
Material Front case
Surrounding intensity

—10°C to +50°C

Below 85%RH (without dew, frost)
—30°C to +70°C

Below 85%RH (without dew, frost)
196m/s2 (20G) X, Y and Z direction 10
times.

IP65

Polycarbonate, Rear case: Aluminium
Less than 15,0001x

ROS Driver to acquire laser data  SLAM algorithms available

Detection range

0.06m to 10m (white Kent sheet)
0.06m to 4m (diffuse reflectance 10%)
Max. detection distance : 30m

3111.9.2 IMU

The IMU mounted on the mobile platform will be an LAGD20H chip, integrated

on Pixhawk controller. Its main specification are:

Supply voltage

Supply current

Operating temperature range
Value output data
Temperature output data
Interface

Measurement range
Sensitivity

2.2V to 3.6V

5mA

-40°C to +85°C

16 bits

8 bits

12C/SPI

£245, £500, £200 dps (user selectable)
8.75, 17.50, 70.00 mdps/digit (user selectable)

Pixhawk specifications:

Processor  32-bit ARM Cortex M4 core with FPU
168 Mhz/265 KB RAM/2 MB Flash

32-bit failsafe co-processor

Sensors MPUGO00O as

main accel and gyro

ST Micro 16-bit gyroscope

ST Micro 14-bit accelerometer/compass

(magnetometer)
MEAS barometer
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Power Idela diode controller with automatic failover

Servo rail high-power (7 V) and high-current ready

All peripheral outputs over-current protected, all

inputs ESD protected
Interfaces 5x UART serial ports, 1 hig-power capable, 2 with

Dimensions (WxHxL)
Weight

HW flow control

Spektrum DSM/DSM2/DSM-X Satellite input
Futaba S.BUS input

PPM sum signal

RSSI (PWM or voltage) input

12C, SPI, 2x CAN, USB

3.3V and 6.6 ADC inputs

50 x 15.5 x 81.5 mm

38¢g

3.1.11.9.3 Encoders

Figure 3.36. Pixhawk controller.

Odometry requires a method for accurately counting the rotation of the robot

wheels. A standard method for doing this is to instrument the wheels with encoders.

The Mobile platform includes encoder 15T Thru-Bore eEncoders. Its main speci-

fication are:

Input voltage 5V fixed voltage for communication
4.75 to 24 Vcc max for temperature up to 85°C
4.75 to 24 Vcc for temperatures between 85°C to
100°C

Input current 100 mA max (65 mA typical) with no output load

Output format  Incremental
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Output types

Marker(index)

Max. frequency

Noise immunity

Max shaft speed
Bore size
Weight

Operating temperature

Storage temperature
Humidity
Vibration

Shock

Sealing

— Open collector — 20 mA max per channel

— Push-Pull — 20 mA max per channel

— Pull-Up — open collector with 2.2K?

— Pull-Up 20 mA max per channel

— Line Driver — 20 mA max per channel (meets RS 422
at 5 Vce supply)

Once per revolution.

190 to 10000 PPR: gated output A

1 to 189 PPR: Ungated

Standard frequency response is

200 kHz for PPR 1 to 2540

500 kHz for PPR 2541 to 50000

1 MHz for PPR 50001 to 10000

Tested to BS EN61000-6-2; BS EN50081-2;
BS EN61000-4-2; BS EN61000-4-3;

BS EN61000-4-6; BS EN500811

8000 rpm

8mm

100g

—20° to +85° C standard models

—40° to +85° C for low temperature option
—20° to +100° C for high temperature option
—20° to +120° C for extreme temperature option
—25° t0 +85° C

98% RH non-condensing

10 g @ 58 to 500 Hz

10 g @ 11 ms duration

IP50 standard; IP64 available

Figure 3.37. Encoder used in the mobile platform.
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Figure 3.38. UWB anchor design.

3.111.9.4 UWB positioning sensors

The UWB sensor provides the robotic unit position based on different measures
between the anchors placed in the mobile platform and the tags placed on the walls
of the different rooms. Therefore, 4 or 5 devices (anchors) of the UWB positioning
system will be placed on the different sides of the robotic unit, as depicted in Figure
16. If required, more devices will be added to the robotic unit in order to ensure
the proper operation of the system and getting the required positioning accuracy.

The Two technology can be implemented is based on : ToF (Time of Flight)
based measurements even or TDoF (Time Difference of Flight) measurements can
be considered if necessary.

This positioning system will require also to place different emitter tags inside the
room, also depicted in Figure 3.38. It will be required almost at least 4 emitter tags
per room, even there is no upper limit of nodes.

In the table below there is a summary of the main characteristics of this sensor
system (T'=tag, A=anchor):

Weight (kg) T,A: ~0.3kg

Voltage Range T: Battery 8 V, A: 65V
Power consumption TA: ~1W

Rechargeable battery 7V to 60V, 1200mAh

Data types/ formats output will be platform pose

data format not yet defined
Hardware interface CAN
Communication speed  110kBit/s to 6Mbit/s
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Frequency range 6to7 GHz
Connector 8 pin Souriau (M12)
Update rate ~10Hz

Resolution mm

Accuracy >=5cm
Measurement range ~200m

On-board pre-processing features  Pose calculation
Anchor size 80x75x56mm

3.111.9.5 Teleoperation Cameras

In order to perform the more complex removal jobs, the robotic unit V1 will incor-
porate 2 RGB cameras to help on the remote teleoperation from the Simplified
Central Process Control System and HMI in the outside of the contaminated area.

H -_1'21 3}[&

q
| I ‘
standerd hanging camera tumed
2 =50
-codsd Power
Y-connector

Min. bend radius= 50mm

Figure 3.39. Teleoperation Cameras - ORLACO Camera EMOS.

The system will include 2 Ethernet cameras ORLACO Camera EMOS with the
following specifications:

Sensor element  High resolution 1/3” CMOS rolling shutter,

1280H x 960V
Field of View ~ 120° version
Video image 60fps at 720p SDR, 45fps at 960p SDR

image processing and 56fps at 720p HDR,
43fps at 960p HDR image processing

Protocols RTP (MJPEG RFC2435 and h.264 RFC6184)
over UDP, PTP and gPTP, ISO17215-2014,
IEEE1722 (AVB)
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IP address DHCPv4 or static IPv4 (IPvG6 possible)
Latency <100ms depending on hardware processing

Light sensitivity responsitivity
High dynamic range
Compression

Interface

Image processing

Power input

Power consumption
Connector

Housing

Ingress protection
pressure cleaning/washing

Lens glass

Shock constancy

platform (50ms demonstrated on Orlaco
hardware)

5,5V/lux-sec, Low light feature (<0,1Lux)
>115dB

MJPEG (H.264 expected in Q1, 2016)
100Mb/s (Fast Ethernet)

Color and gamma correction, 3D noise
correction, edge enhancement, digital WDR,
advanced contrast enhancement, auto
white-balance, auto exposure control,
mirroring, flipping, photometric and geometric
lens distortion correction

12/24V/DC. Below 7V: camera is
non-functional. Above 33V the overvoltage
protection is activated. This
overvoltage-protection is deactivated below
30V. Powercircuit is protected up to 80V/DC.
Outputs are Short Circuit Protected.

<2W

Cable 6 wire: 2x twisted pair for data and 2
wires for power supply. Connector 4-pin M12
d-coded for data and open wires for power
supply.

Anodised aluminium, black, UV resistant, light
fastness > 8, corrosion proof according IEC
60068-2-52 salt mist, cyclic.

IP68 according to IEC 60529 (up to 10 m
under water), IP69k according to DIN 40050-9
with water: 14-16L/min. 80°C and 100 bars
flow

Chemically hardened, toughed, tempered float
glass: 5 to 7 times stronger than ordinary glass,
protected against acid: class 2-3; DIN 12116,
passed flying stone test

Shock and vibration resistant for usage on
trucks, cranes, fork-lifts, maritime applications,
machinery
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Camera bracket Material ~ glass reinforced plastics, test: 50 Nm at -40°C
to +85°C

Weight 0,24kg. including cable, bracket and mounting
material. 0,30kg. in standard packing

Operating temperature -40°C to +85°C

Storage temperature -40°C to +125°C

The cameras will be placed on each side of the slider-arm structure. With the
cameras in this position an operator will be able to see most of the surrounding area
of the robotic unit.

In order to avoid dust problems, it has been considered a dustproof and water-
proof camera (IP68) to work in contaminated environments as mentioned in pre-
vious sections. Cleaning will be done manually.

3.11110 Local process monitoring and teleoperation
sensors set

A set of sensors for local process monitoring and teleoperation will be placed on
the arm end effector. With this purpose, the V1 system will include:

¢ iLDR sensors for measuring the removal process

3111101 iLDR sensors

For local process monitoring it will be developed a sensor system consisting of 4 5
iLDR sensors (120 GHz frequency), for 1D distance measurement in one direction
are will be developed. This technology is especially robust under dusty environmen-
tal conditions which will fit the prototype requirements.

This iLDR sensors will be located as described in Figure 3.40. This configuration
will maximize the grinder disk reach and at the same time will allow to:

® Monitor the processed material depth
® Get the Tool orientation referenced to the wall in real time

Data processing will be done by a computer installed within the Control Cabi-
netAl (see section 3.4.7)

Data transfer from the tool to the computer will be done by USB2.0 cables
through and USB-Hub which will be used for supplying the sensors with 5Vdec. The
accuracy will depend on the number of targets found. Single targets (single peak)
can be found more accurately. This sensors are not affected for the process vibration
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)

Figure 3.40. iLDR Sensors Configuration (left) CAD model iLDR sensors (right).

due to the incorporated IMU sensors. In the table below there is a summary of the

main characteristics of this sensor system:

Frequency
Max. radiation power
Operation principle

Lens diameter
Lens length

Lens material
Power supply

Interface

Output data

Measurement rate

Single measurement duration
IP protection

Temperature range
Dimensions

Weight

119GHz to 126GHz

0dBm (1mW)

FMCW (Frequency modulated continuous
wave)

45mm

about 35mm

PTFE

5V/2.5W — a high power USB connection can
be used; optional nominal 24V (7V....65V),
Power over Ethernet (802.3af/at)

USB, optional Ethernet 100BASE-TX, IEEE
802.3 Clause 25 with increased power
requirements

Raw data IQ-sampled

up to 1000

about 220us

IP67 or better probably IP69/K
—40...4-85°C

60x60x60mm

350 gr
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311111 Emergency stop and safety during operation

For the system V1 preliminary prototype the machine safety area will be outlined
with the red ribbon and near the laptop used for system validation there will be an
electrical box with emergency button and system reset button. Similar devices are

depicted in Figure 3.41.

Figure 3.41. Work area safety measures.

Other emergency stop devices will be installed in the robotic unit, in a visible an
easy accessible location. Once the emergency stop is triggered, mobile platform and
arm brakes will be triggered in order to ensure a fail-safe behavior of the system.
Also, it is also planned to could be use an emergency barrier stop, placed outside
of the contaminated area, this signal will also be able to stop the operation of the
robotic unit. Below a figure of the test site with the safety elements is shown.

More details can be found in Di3.3

311112 Communications and Control Architecture

In order to the operator will be able to send asbestos-removal-tasks or receive some
feedback about the work of the robot, it is necessary create a communication net-
work.

A Wi-Fi router will be installed on the robot to establish communication with
the operator from a not contaminated area.

All the controllers of the robot (arm controller, mobile platform controller, UWB
controller, iLDR controller) will be connected to the router Wi-Fi via Ethernet
cable. Below, is detailed with the way to connect each senor or actuator to its own
controller.

3111120 CPCS

Taking into account that the V1 system is set for research and testing purposes
in the earlier phases of the system development, a simple version of the Central
Process Control System (sCPCS) will be developed just with essential functions.
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Figure 3.42. Test site with safety elements.
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Figure 3.43. Control architecture.

As pointed in section, the CPCS will be further developed during the regular tests
and modifications to achieve its final version for system V2.
The essential functions that the CPCS must have for V1 are:

Teleoperation through a computer screen and a standard keyboard
Automated execution of simple grinding tasks with simple geometries (such

square areas).

Monitoring of process parameters

Alarms and warning management
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Figure 3.44. Preliminary HMI (running on laptop and desktop PC).

The CPCS will be set in a portable computer to be placed next to the robotic
unit or outside of the working area, depending on the tests being carried out.

The computer which will host the control system (CPCS) will be able to operate
in soft real-time. The main control loops (kinematics, start/stop signals, alarms,
etc.) will be executed on Beckhoff controller and on a TLABS NUC with RT-

Preempt for real-time.

3.11112.2 HMI interface

The HMI will be set in the same screen as the controller, both in the same laptop
or desk PC. It will be developed and implemented a multifunction HMI interfaces
between the autonomous system and the operator. The HMI will control each
operation of the different phases of the complete process from the initial operator
task programming,.

It will be adapted to be introducing the asbestos removal jobs location, based on
a previous 2D/3D map and its parameters.

It must have the controls for planning and supervision of the platform motions
in each process and security parameters: free supervised motion for general displace-
ments of the platform, planned motion for getting navigating inside the worksite
and planned motion for grinding process.

The operator must be able to supervise the removal process, and teleoperate
the system through different live images coming from the cameras placed on the
platform, modify the control strategies and parameters, and plan actions of the
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robot, between others. Also the operator must be able to supervise the removal jobs
process and read in real-time the process variables.

The HMI will include safety parameters and alarms that show the detection of
danger situations like a worker detected into the danger zone by the perception
system, collisions or occlusions of the computer vision systems and problems on
the platform or its components.

3112 Outlook and Future Work to be Carried Out

The definition of the main technical specification of the V1 system and the devices
that compose it has been done, according to the Work Program. With this work,
it has updated the detailed information of each part of the system according to the
design phase works.

A sufficient level of detail has been provided in order to get a detailed description
of the robotic unit V1. Thanks to the information collected and from the tests to
be performed, it will help for define and design the robotic unit V2.

3113 Summary and Conclusion

In this deliverable the technical specifications for Robotic Unit V1 has been defined,
which will become the basis for the further references in the becoming phases of
the project.

It is therefore concluded that aim of the definition of system technical specifi-
cation has been achieved and the work has been carried out according to the work
program.

Deliverable Di4.1
3D CAD drawings, manufacturing drawings and list of part for V1

Authors: Miguel Moreno, Tim Detert

3.114 Deliverable in the Context of the Work Program

This internal deliverable is an output from Zask 4.1 “Design-adaption of the mobile
platform” to show the Design of the first prototype (V1) of the Bots2Rec platform.
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It uses the input from previous deliverables “Di3.1 Specification of the system archi-
tecture and interfaces” and “Di3.2 Specification of the technical requirements for the
V1 prototype’.

This deliverable contains the CAD files, CAD drawings, part lists and electri-
cal drawings necessary to manufacture the first version of the mobile platform,
as a part of Milestone 1 (Overall system layout and design of the first prototype
and central system finished) Following to this document is the manufacture of the
Mobile platform, its test, and integration with the rest of subsystems included in
First prototype.

3115 Methods and Work Carried Out

To reach this deliverable the platform has been dimensioned according to the basic
requirements specified in task 3.1, 3.2 and 7.1.

3.115.1 Kinematic configuration

Different kinematic configurations have been evaluated, including different suspen-
sion system. The main requirements considered for design of the mobile platform
were: (See Di3.2 for further details)

¢ High mobility to be capable of moving through corridors and turning 360
degrees in place

¢ Reduced footprint to pass through doorway and to fit inside an elevator.

e Stability to carry high Centre of Mass and a total weight of the robot of
300Kg.

e Capability of crossing small obstacles in manual operation

® Preservation of the protection of the room (plastic sheet)

The configurations preferred to meet the requirements are “Swerve Wheels”,
“Dual Swerve Wheels” and “Differential Drive”. The next table shows them.

Another question considered for the kinematic configuration is that the surface
over the platform is moving could be a plastic covering the floor, the platform needs
to move over this surface without damaging it. So tests over this surface have been
done with different wheels to see the damage created.

The cover material used for testing is Polyethylene film with a thickness of 37
and 125 microns (the thicker is the one recommended by Bouygues Construction).
The wheeled vehicles used are Robotnik existing platforms:

® Robotnik AGVS robot. 2 Swerve wheels + 2 fixed wheels. Robot weight
250 Kg.
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With in-site Swerve wheel rotation it destroyes the 37 micron film in seconds
and the 125 microns film in some minutes. With combined linear + rotational
movement holes in the plastic only appear where there were small stones or big
dust particles.

¢ Castor platform. Kinematic configuration: 2 fixed + 2 castor wheels. Weight
~500Kg

Test was made only with 125 micron thickness. There are situations where the
fixed wheel rotates in place, so the results are equivalent to test with AGVS.

* Robotnik RB1 robot. 2 traction wheels + 3 omni wheels. Robot weight
~30Kg + payload 62Kg
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Table 3.2. Test over plastic cover

Type of Movement Castor Swerve/fixed Omni wheels

Linear + rotational Damage if small Damage if small Damage if small
pebbles and pebbles and pebbles and granules
granules granules

Rotation at low Damages in some ~ Damages in few Damage if small

radius minutes minutes pebbles and granules

Test is made only with 125 micron thickness. It is possible to make holes only in
places where there are small stones or big dust particles. In this configuration is is
not possible to make the omni wheel rotate on the spot so a test was made with one
omnywheel rotated by hand, but there was no extra damage to the over surface.

Next table sumarizes the