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ABSTRACT

The recycling of used vehicle batteries represents a key
challenge for the sustainability of the electrification process of
road transport. The process involves two distinct phases: the first
consists of the disassembly of the battery pack and the separation
of its components and the lithium cells that make up its basic
elements, while the second involves the recovery of the basic
elements in waste treatment plants. The first phase requires the
implementation of a sequence of disassembly operations that
vary for each type of battery pack to be recovered.

In this work, we investigate the possibility of using a
collaborative robotic cell for this first phase, in which a human
operator carries out the disassembly operations with the help of
an anthropomorphic robot installed on a mobile base, which is
thus able to reach any point on the battery by moving
appropriately around the work surface.

The disassembly cycle of a well-known battery is analyzed.
This first analysis shows that in order to reduce the time required
to complete the operation, it is necessary for man and robot to
perform certain operations by sharing the work space.

The second part of the article then introduces collision
avoidance algorithms for robots that allow them to share the
workspace in compliance with current technical regulations.

The results obtained are illustrated by means of simulations
carried out in a mixed simulation environment.

Keywords: electric waste recycling, collaborative robotics,
safety

1. INTRODUCTION

The worldwide energy transition aimed at reducing
CO2 emissions involves the electrification of most systems,
particularly road transport. The technologically most widespread
solution to date involves the use of batteries, in most cases
lithium, while alternative solutions such as the use of hydrogen,

for example, may possibly become more widespread in the
future [1].

Therefore, the need to recycle end-of-life batteries has
already arisen and will undoubtedly increase in the future, with
the twofold aim of minimizing the landfilling of spent
components and recovering valuable raw materials, primarily
lithium [1].

The recycling of vehicle batteries can be carried out
according to different strategies, based on the residual charge
capacity: if this exceeds 75%, the entire battery pack can be
reused for static applications [2] , such as storage for renewable
energy plants, while otherwise the battery pack will have to be
disassembled until the individual cells are separated, and then
those that are still in good condition can be reused for the
assembly of new batteries, while those that are definitively
exhausted will have to be crushed and recovered in a chemical
plant [4].

The dismantling of batteries is a particular application case
of technologies dedicated to the recovery waste from electrical
and electronic equipment (WEEE), which still requires major
technological developments to be carried out by robot systems
[3]. A specific approach to the recycling of automotive electrical
and electronic components is proposed in Li's work [4], [5].
Marconi et al. proposed a robotic system for dismantling
electronic boards [6]. Ruggeri in his work [7] emphasises that
the collaboration between the expertise of the human operator
and the precision of robots may be the best solution for an
effective disassembly of  electronic components.
Chatzikonstantinou[8] and Li [9] analyse possible ways of
collaboration between humans and robots for disassembly,
focusing in particular on the ergonomics of the process. Alvarez
[10] and Renteria [11] confirm with their studies that the
disassembly of electronic components by means of collaborative
robotics applications increases the economic yield of the process
and its safety.

The development of effective ways of human-robot
collaboration involves the development of algorithms for
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interaction through direct contact and force exchange between
man and robot [12]. Methods based on the use of vision systems
that detect the position of the operator can also be very useful,
[13] which can be used to avoid collisions [14] or to perform
handover operations [15]. In addition, methods for monitoring
the operator [16] and for checking the health of the robot [17] or
its components [18] may be applied to improve safety at work.

In this work, the disassembly phase of the battery is analysed
with the aim of separating the battery modules and the cells
within them in order to subsequently send them for recovery in
dedicated facilities or, if the possibility exists, for direct reuse of
the cells that are still suitable for use.

The article in the following describes the approach used to
study a flexible robot cell, capable of operating on large batteries,
allowing the actions of a human operator and those of a 7-axis
collaborative robot installed on a mobile platform to be
coordinated. The results obtained in [2] and [19] are applied and
adapted to this process.

First of all, the battery disassembly process is analysed and
a suitable sequence of operations is identified to keep the time
required within acceptable limits, highlighting in which cases the
operator and robot share the work space.

2. DISASSEMBLY CYCLE ANALYSIS

The system proposed in this paper was developed using the
disassembly of the battery of a 2017 mid-size electric vehicle as
a reference operation, for which there is plenty of information
available in the literature [21]. The battery is 1600 mm long and
1000 mm wide. It consists of 10 modules, divided into five
sections. A total of 76 parts and 374 fasteners were identified.

FIGURE 1 BATTERY CONSIDERED FOR DISASSEMBLY [21]

For a generic battery, the main actions for disassembly can be
summarised as follows:

- remove the cover

- separate the battery modules from the other electrical
components

- mechanically disconnect the battery modules and electrical
components from the battery base

- remove electrical components

- remove battery modules

- disassemble the individual battery modules

The disassembled battery is shown in FIGURE 1. Its
disassembly cycle is analyzed and described in detail in [20].
There are 46 disassembly steps identified, and it is possible to
identify a priority table that defines which steps must necessarily
be performed in a predefined sequence and which can be
performed independently, without the need for a specific
sequence.

For the purpose of defining the disassembly cycle to be
implemented, each operation was also analysed in order to define
on the basis of its complexity whether or not it can be
advantageously performed by a robot.

By analysing each operation, it is therefore possible to assess
whether it can be carried out by a robot or whether it should be
done by a human operator. It is also possible to assess the time
required to carry out the individual step by an operator or by the
robot. This information is then used to analyse the possible
processing sequences in order to calculate the total disassembly
time of the battery following the different possible options. The
analysis is conducted under the assumption that a human
operator and a robot operate simultaneously, with the human
operator preferably performing actions identified as only
executable by humans.

The data entered in an analysis software written by the authors
allows the calculation of the time required to perform a given
disassembly sequence, while at the same time providing an
indication of the time phases in which man and robot operate in
the same work space, thus making it necessary to adopt
methodologies and algorithms that guarantee safety in the
sharing of space between man and robot.

Potential operator for the disassembly Operator for the disassembly task

[ X

® Human = Robot

® Human ® Human or Robot

FIGURE 2 OPERATOR FOR THE DISASSEMBLY SEQUENCE

FIGURE 2 shows the results of the analysis of the disassembly
tasks, in a), and of a possible disassembly sequence, in b). b)
shows that, in a possible disassembly sequence, the 58% of the
tasks is performed by the human and the 42% is performed by
the robot.

FIGURE 3 shows the results of the disassembly time calculation
obtained according to different sequences.

The choice of the best sequence allows the battery to be
disassembled in about 3580 s, while the worst sequence requires
3850 s for the process to be completed, a time aggravation of
about 7%.
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FIGURE 3 DISASSEMBLY TIME WITH DIFFERENT
SEQUENCES

FIGURE 4 shows the GANTT diagram of the best sequence
identified. Indicated in green is the time during which operations
are carried out, in blue that for tool change, in yellow that for
movement, in red the interference time and in white any waiting

time for synchronisation between man and robot.
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FIGURE 4 GANTT DIAGRAM OF DISASSEMBLY
OPERATIONS

In the steps highlighted in red, algorithms must be implemented
to ensure security in workspace sharing

3. ROBOTIC SYSTEM MODELLING

In order to support the human operator in battery
disassembly operations, the use of a robot system consisting of a
seven-axis Franka Emika collaborative robot installed on a Tiago
mobile base manufactured by PAL Robotics is considered. This
solution provides a system capable of performing disassembly
operations regardless of the size of the battery. The battery being
disassembled rests on a workbench and the tools required to

perform all operations are available at its side. The system
consisting of the anthropomorphic robot and the mobile base is
a complex robot, with a total of ten degrees of freedom, whose
detailed dynamic model is similar to that described in [22].

The system described is simulated in the CoppeliaSim
environment; the kinematic models of the two robots involved,
the static model of the battery being disassembled and a
kinematic model of a human operator, represented by means of
a complete mannequin, equipped with all its limbs, were
developed.

In order to carry out simulations suitable for verifying the
potential effectiveness of the human-robot interaction
algorithms under development, the operator is made to perform
certain movements according to pre-set sequences and the
ability of the algorithms to modify the robot's trajectory in
order to avoid colliding with the operator, to maintain distances
in compliance with regulations and to carry out the task in any
case, provided that access to the work area is not completely
precluded by the presence of the operator.

The simulation environment developed interacts with a
calculation environment implemented in Matlab. The Matlab
code determines the trajectories followed by the operator and the
robot, while the CoppeliaSim environment makes it possible to
easily represent the positions reached and to measure relative
distances and speeds between the elements represented, and thus
in particular between man, robot, workbench and battery.

FIGURE 5 shows a picture of the simulated environment.

FIGURE 5 SIMULATED ENVIRONMENT

4. COLLISION AVOIDANCE ALGORITHM

In order to make collaboration between man and robot
possible, and in particular the sharing of the work space,
algorithms have been designed and implemented to modify the
trajectory of the mobile base and the anthropomorphic robot in
real time so as to prevent collision in any case and to comply
with the provisions of standard ISO/TS 15066.

This standard requires that in shared workspace conditions,
where there is no contact between man and robot, the minimum
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distance to be respected between them is determined as a
function of the speed of the man and robot as well as the robot's
reaction time and its maximum acceleration. This distance is
defined as

2
Amin = (Um + vr)Tr + 217_(:5 (1)

where v denotes speed, T the reaction time, a, the deceleration.
The subscripts m and r refer to the human operator and the robot
respectively.

Two different algorithms were developed based on the
virtual potentials method, one aimed at generating trajectories
for the mobile base and the second for generating trajectories for
the anthropomorphic robot.

In both cases, it is assumed that, in the real case scenario, a
set of sensors makes available the position information of the
human operator. It is also assumed that the guidance algorithms
of the mobile base allow the pose of the mobile base to be known
with an accuracy of less than 10 mm, while the pose of all links
of the anthropomorphic robot is assumed to be known by
combining the pose data of the mobile base with the rotation
angles of the joints.

5. COLLISION AVOIDANCE ALGORITHM FOR
MOBILE BASE

For the purposes of the development of the guidance
algorithm for the mobile base, it is considered that this will have
to be able to guide the base towards the working position
envisaged in the disassembly cycle and to orient it appropriately,
avoiding any collision with the human operator and the
surrounding environment, in this case considered exclusively as
the work surface on which the battery is positioned.

For the purposes of defining the virtual potential fields
associated with the operator and the work surface, a simplified
geometry is therefore considered: the table is defined as a
sigmoidal surface that includes it, while the human is considered
to be included in a cylinder-shaped surface whose axis is centred
on the axis of the operator's torso. The simplification of the
geometry assumed to represent the space interdicted to the robot
in order to avoid collision with the operator makes it possible to
contain calculation times and to make the algorithm compatible
with the use of sensors typically installed on board the platform,
such as LIDAR and cameras.

The virtual potential field associated with the operator is defined
as:

Y
Um (x, y) = Kme_Tm((xb_xm)2+(Yb_3’m)2) (2)

While the one associated with the workspace is:

1
1+e-Yt(Ai(xp=xt)+B;(r-yp)+C;)

— 4
Ue = K ITi=1 (3)
Where the coefficient K defines the field strength and y its decay.
The coefficients 4; B; and C; allow the field to be given the
desired shape. The subscripts b, m and t refer to the moving base,

the circle representing the operator and the area occupied by the
working plane.

FIGURE 6 and FIGURE 7 show the shapes obtained for the
virtual potentials shaped according to Equations 2 and 3.

y [m] 4 4 ) x[m]

FIGURE 6 VIRTUAL POTENTIAL ASSOCIATED WITH
THE OPERATOR

Utable

y [m] 4 -4 ) X [m]

FIGURE 7 VIRTUAL POTENTIAL ASSOCIATED WITH THE
WORK PLAN

The repulsive actions applied by the virtual potentials are
calculated as the gradient of the potential field.

Finally, the target point P, is associated with an attractive
potential field U, defined as:

Uq = > |pp = Pal? (4)

Where pp, =[x, yp]" e P = [Xq Yal”
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The overall potential field used to define the velocity of the
moving base at each instant is therefore given by the sum of the
three potential fields defined by equations 2, 3 and 4

U=U,+ U, + Uy, (4)

In which the U, field is fixed while the U, and U, fields are
updated at each interaction according to the definition of the
position to which the mobile base must travel to perform the
scheduled activity and the position assumed by the human
operator.

At each instant, it is possible to calculate the desired direction
for the speed of the mobile base as

|vU|

The velocity of the moving base is the sum of two  terms, one
attractive and one repulsive:

Aot = —VU, (6)

-

Ar = =V(U; + Up) (7)

This calculation must be improved in order to optimise the path
when more options are possible and to avoid that the presence of
a local minimum of the overall potential field leads to the
calculation of a velocity of zero and thus to the stopping of the
moving base at a position other than the desired one.

The selection of the path is made on the basis of global
navigation considerations: since the moving base must reach
positions around a table, in each case the main movement
requires circumnavigating the space occupied by the table. The
movement can therefore be carried out according to a clockwise
or counter-clockwise rotation; considering the current position
of the base and the one to be reached, it is then immediate to
evaluate which is the shortest path.

The angle between the segment joining the position of the mobile
base centre of gravity to the geometric centre of the working
plane and the segment joining the target position at this point
indicates whether the clockwise or counter-clockwise path is
shorter: simplifying the trajectory as circular, it will in fact be
necessary to follow the path joining the two points according to
an arc that subtends an obtuse angle. This reference indication is
preserved for the determination of the direction of motion
throughout navigation, and is used to define at each instant the
base speed that would be followed by the moving base to reach
the target position in the absence of other obstacles along the
trajectory. Any local minimum points are overcome by
considering the special case in which the velocity for the moving
base, calculated as a function of the gradient of the potential

fields, is zero. This situation occurs in those cases where there is
Uat = _‘,.-7).

o
Warl . 4t local
[vr|

minima this ratio is 7=1. Furthermore, the versors iat and jr of

In this case we proceed by defining the ratio r =

the velocities ¥4, and B, are such that Ay, - Ag = —1.

We then introduce a versor /Tt perpendicular to A, and ZT. Since
the motion of the moving base occurs in the plane, only two
possible verses can be selected; we proceed to identify the most
appropriate one on the basis of the global navigation
consideration set forth above.

Denoting by ¢ the angle described to circumvent the obstacle in
a counterclockwise direction, the matrix M is defined as:

|y

M = (8)
0 1
_1 0] , p>m
And it is determined:
Ay = M2, (9)

For values of r close to 1, the verse A ~ identifying the direction
of the moving base velocity is then defined as

2 riﬁ(l—rﬁa

A= |r1t+(1—r)ia| (10)

6. COLLISION AVOIDANCE FOR FRANKA EMIKA
ANTHROPOMORPHOUS ROBOT

The implementation of the collision avoidance algorithm for the
guidance of the robotic arm follows the same basic concepts as
for the mobile base, but in order to ensure safe interaction with
humans, it is no longer sufficient to consider a cylindrical
volume to represent the human's footprint. Furthermore, the
actual geometry of the anthropomorphic robot is relatively
complex, and taking this into account in a precise manner would
excessively slow down any process of calculating distances
between man and robot, making it effectively impossible to
control the robot in real time.
To this end, it was decided to approximate man and robot by
means of sets of bodies with simple geometry: the robot Franka
Emika is considered as a set of 15 spheres positioned on its links,
while man is represented as a set of 12 volumes with simple
geometry such as spheres and cylinders.
FIGURE 8 and FIGURE 9 show how robot and man have been
represented in simplified form.
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FIGURE 8 ROBOT SCHEMATISATION USING SIMPLE
GEOMETRY VOLUMES

FIGURE 9 OPERATOR SCHEMATISATION USING SIMPLE
GEOMETRY VOLUMES

The spheres are associated with the robot links according to
TABLE 1.

TABLE 1 ASSOCIATION BETWEEN SPHERES AND LINKS

SPHERE 1 2 3 4 5 6 7 8

LINK 1 1 2 2 3 3 4 4
SPHERE | 9 10 11 12 13 14 15
LINK 4 5 5 6 6 7 7

The pose of each sphere can be calculated as a function of the
coordinates ¢; of each joint and the pose of the mobile base on
which the robot is mounted.

Defined with ?A; = f(q) the matrix that defines the pose of the
i-th sphere with respect to the mobile base, and with °4, the
matrix that determines the pose of the mobile base with respect
to the fixed reference system, it is possible to know at every
instant the pose of the i-th sphere as °4; = °4,, P4, , while the
velocity of the i-th sphere is given by

U; = Uy + GpAB; + °4;%14 (11)

The maximum permissible speed vy for each sphere at each
instant is defined as a function of the distance between man and
robot by Eq. 1.

Versor Zi = l:—’l defines the direction of the speed of the i-th
L

sphere, while Zni defines the common perpendicular between the
i-th sphere and the closest solid representing the man.

Let v;,; denote the component of the velocity of i-th sphere in
the direction identified by )-:n.

A correction of the velocity of each closest sphere of the link is
defined in order to respect the maximum velocity defined by
ISO/TS 15066

if Vst < Van,i
if Ust > Van,i

Van,i — Vst

Urep,i = {0 (12)

This value is added to the reference velocity of the sphere and
then it is converted in a velocity set for the joints of the robot,
according to the technique applied in [23] .

7. SIMULATION RESULTS

The algorithms presented in the previous paragraph were tested
in the simulation environment in order to verify their
effectiveness and assess their ability to generate trajectories
suitable for avoiding collision with the human operator and
reaching the position where the planned dismantling operation is
to be carried out.

Two typical cases are considered:

a) the mobile base describes a path that affects the space
occupied by the operator and ends the run in an area
where the anthropomorphic robot operates without
interfering with humans

b) the mobile base remains stationary, the
anthropomorphic robot performs a disassembly
operation sharing the workspace with the human
operator

FIGURE 10 shows the initial and final positions of the robot and
the operator in case a).

The trajectory followed by the moving platform to move from
the initial to the final position is shown.
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a) Initial position b) Final position
FIGURE 10 MOBILE PLATFORM MOVEMENT, CASE a)

FIGURE 11 shows the relationship maintained during motion
between the distance measured between the human and the robot
and the speed maintained by the robot in its movement. The
speed modulus is compared with the limit provided by the
ISO/TS 15066 standard in relation to the distance between
operator and robot. Only the maximum values measured are
shown.

It can be seen that the speed obtained is always well below the
value permitted by the standard.

ISO/TS 15066 velocity check

1.4 T T T T T T T T
12 %
norm
® v sphere link1
1F v sphere link2
® v sphere link3
| ® v sphere link4
0.8 v sphere link5
@ ® v sphere link6
é 0.6
>
0.4 r
0.2 |
0
0.2 1 1 1 L L L L L

0 01 02 03 04 05 06 07 08 09
d (m)

FIGURE 11 ROBOT SPEED DURING MOVEMENT

FIGURE 12 shows the initial and final positions of case b),
highlighting the movements made by the robot and the operator.
The red arrows give a qualitative indication of the direction of
motion of the end effector.

a) Start of motion b) End of motion

FIGURE 12 OPERATOR AND ROBOT MOVEMENTS, CASE
b)

FIGURE 13 shows the speed of the spheres used to represent the
robot as a function of the distance measured between each of
them and the dummy representing the operator. Again, the values
obtained are compared with the maximum permissible speed
according to ISO/TS 15066 (blue line).

ISO/TS 15066 velocity check

1.4
%
norm
1.2 v sphere link1 |
v sphere link2
v sphere link3
1r v sphere link4 |
v sphere link5
v sphere link6
—~ 0.8
2
E
> 0.6
0.4 r
0.2
LY
0 . [ &
0 0.2 1.4 1.6

FIGURE 13 SPEED OF THE ROBOT'S REPRESENTATIVE
SPHERES AS A FUNCTION OF THE DISTANCE BETWEEN
MAN AND ROBOT

8. DISCUSSION
The results of the simulations show that the control algorithms
developed ensure at the same time that no potentially harmful
collisions occur between man and robot, and that the robot can
complete each planned task by sharing the workspace with man
when necessary or appropriate.
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The analysis of the possible disassembly cycles showed that this
possibility significantly reduces the time needed to disassemble
a battery pack, and thus contributes to the cost containment of
this process.

Going into the details of the simulation results, it can be observed
that in the first case analysed, shown in FIGURE 9, the mobile
base to reach the final position (f) starting from the initial
position (a). In a first step, the algorithm recognises the
opportunity to follow a counterclockwise path to circumvent the
table. Then, as shown in frames b, ¢, and d, it detects the presence
of the operator in its path and deviates its trajectory to avoid him,
passing behind him.

Throughout the entire path, the robot's speed remains below that
prescribed by ISO/TS 15066.

The second case shows instead that the anthropomorphic robot
starts its movement to reach the working position (frame a, b)
and then retracts when the operator moves his arm occupying the
same working space (frame c,d) , and then returns to the working
position when the operator withdraws his arm (frame €). Even in
this case, the speed held by the robot in each of its parts remains
below the maximum speed allowed by the standard, thus
guaranteeing the safety of the interaction.

9. CONCLUSION

The results of this work indicate that proper planning of the
battery pack disassembly process can limit the time required to
perform the work. The process is faster if it is possible to plan
stages during which the work space is shared between man and
robot. This condition is only feasible if the safety of the operator
can be guaranteed, i.e. that the robot cannot hit him under any
conditions that could cause damage. The proposed collision
control algorithms are based on the implementation of vision
systems capable of detecting the position of the operator in real
time, in the real case scenarios. Different versions have been
developed, suitable for use in generating trajectories for a mobile
platform, for an anthropomorphic robot and for the system
consisting of the two. Their study in a simulation environment
shows their ability to meet the requirements of ISO/TS 15066.
What has been achieved shows that the use of vision systems
makes it possible to implement innovative ways of managing
collaboration between humans and robots, laying the
foundations for the development of applications in sectors where
the complexity of the task and the number of different cases that
need to be handled require the presence of a human operator to
guarantee the necessary flexibility.
Future developments of this work concern the implementation of
what is proposed in an experimental robotic cell and the
execution of laboratory tests aimed at implementing the vision
systems, as cameras for detecting the position of the human
operator with respect to the robotic system and for improving the
localization of the robots and its intuitive control [24],
developing the trajectory generation algorithms and validating
the complete system.
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