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Abstract: Disassembly is a pivotal technology to enable the circularity of electric vehicle batteries
through the application of circular economy strategies to extend the life cycle of battery compo-
nents through solutions such as remanufacturng, repurposing, and efficient recycling, ultimately
reintegrating gained materials into the production of new battery systems. This paper aims to de-
velop a multi-method self-configuring simulation model to investigate disassembly scenarios, taking
into account battery design as well as the configuration and layout of the disassembly station. We
demonstrate the developed model in a case study using a Mercedes-Benz battery and the automated
disassembly station of the DeMoBat project at Fraunhofer IPA. Furthermore, we introduce two
disassembly scenarios: component-oriented and accessibility-oriented disassembly. These scenarios
are compared using the simulation model to determine several indicators, including the frequency of
tool change, the number and distribution of robot routes, tool utilization, and disassembly time.

Keywords: electric vehicle batteries; disassembly; disassembly scenarios; automated disassembly;
self-configuring model; multi-method simulation; optimization

1. Introduction

The decarbonization of the transport sector is crucial to align with the Paris climate
targets given that this sector accounts for a significant 24% of global CO, emissions [1]. The
electrification of powertrains emerges as a highly promising strategy for decarbonizing.
Numerous automobile manufacturers are pursuing this approach, with development plans
centered around a complete shift to electric vehicles within the next decade. In addition,
the European Parliament has mandated that newly registered passenger cars and vans
in the European Union will not be allowed to have an internal combustion engine from
2035 onward [2]. Presently, sales of electric vehicles are experiencing exponential growth.
In 2022, the number of electric cars on the road surpassed 26 million, marking a fivefold
increase from 2018 and a 60% surge compared to 2021 [3]. However, battery electric
vehicles (BEVs) currently cause almost twice as much greenhouse gas emissions in the
manufacturing phase compared to equivalent vehicles with combustion engines. This
discrepancy is primarily attributed to the resource-intensive production of the battery,
particularly in terms of primary material preparation and battery cell manufacturing [4,5].

Nevertheless, electric vehicle batteries (EVBs) demonstrate a significantly better envi-
ronmental balance when charged using renewable energies during the use phase and when
electrification takes place within a circular economy. Within this framework, the battery
assumes a crucial role. It is not only the most expensive component in BEVs, with a cost
share of up to 50%, but it also contains valuable and strategic materials and components
that must be reused in order to (i) reduce greenhouse gas emissions from the mining,
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refining, and transportation of raw materials, (ii) reduce battery costs, and (iii) minimize
long-term supply dependencies [5].

Regardless of the circular economy strategies implemented at the end of the life
phase, EVBs must be disassembled [6,7]. Presently, the disassembly of EVBs is conducted
manually, resulting in bottlenecks for battery processing at the end-of-life stage. In addition,
manual disassembly of such products poses safety risks, including thermal runaway due
to chemical chain reactions, fire hazards arising from short circuits, and chemical leakage
due to mechanical damage [5,8]. Consequently, disassembly automation emerges as a
promising measure to enhance the circularity of EVBs [9].

Scientific publications in the field of disassembly primarily address three key topics:
(i) capacity planning, including models for forecasting return quantities [10,11], (ii) dis-
assembly line balancing, which involves the allocation of disassembly tasks to worksta-
tions [12,13], and (iii) planning and optimizing disassembly strategies using one [14] or
several objectives [15,16]. According to Zhou et al. [17], disassembly sequence or strategy
planning comprises three phases: (i) specifying the disassembly modes, (ii) building mod-
els, and (iii) planning and optimizing disassembly strategies. The disassembly modes have
been described in detail in our publication Al Assadi et al. [7].

Only a few publications have addressed the planning and optimization of disassembly
scenarios for electric vehicle batteries. Choux et al. [18] proposed a task planner for the
robotic disassembly of electric vehicle packs, focusing solely on identifying and localiz-
ing components to create a feasible disassembly plan. Wegener et al. [19] presented an
approach for disassembly sequence planning using the battery of the Audi Q5 hybrid as
an example. Alfaro-Algabra et al. [20] introduced a multi-objective function to optimize
disassembly strategies, aiming to maximize economic profit and minimize the environ-
mental impact. The authors demonstrated the methodology using an Audi A3 Sportback
e-tron hybrid battery pack. Ke et al. [21] provided a methodology to determine the shortest
disassembly path of EVBs based on the frame-subgroup structure and a genetic algorithm.
Xiao et al. [22] presented a disassembly sequence optimization method based on a dynamic
Bayesian network that can handle the uncertainty of battery categories and quality. In
our previous publication, Baazouzi et al. [23], we developed an optimization method for
obtaining optimal disassembly strategies for EVBs.This method combines three decisions:
(i) the optimal disassembly sequence, (ii) the optimal disassembly depth, and (iii) the
optimal circular economy strategy at the component level.

All the mentioned papers focused on the three theoretical disassembly planning steps:
(i) product representation, (ii) sequence research, and (iii) solution optimization [24]. To
the best of our knowledge, no simulation models have been published that simultaneously
take into account the battery design and the configuration of the disassembly station to
investigate disassembly scenarios.

This paper proposes a self-configuring simulation model for investigating disassembly
strategies. Our approach combines discrete-event and agent-based modeling to automati-
cally create and initialize a multi-method model that considers the battery design and the
layout and subsystems of the disassembly station.

The rest of the paper is organized as follows. Section 2 describes the methodology,
comprising (i) preprocessing to collect the necessary data and define the disassembly
scenarios and (ii) model building. Section 3 presents a case study to demonstrate the
functionalities of our simulation model. The results are presented in Section 4 and are
discussed in Section 5. In Section 6, we provide a brief summary of the entire paper.

2. Methodology
2.1. Preprocessing

In the preprocessing phase, it is crucial to systematically collect fundamental informa-
tion to create a simulation model for planning and optimizing a disassembly strategy. This
information is indispensable for the investigation of disassembly scenarios and the analysis
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of the influence of the disassembly station’s configuration on the disassembly process. This
analysis includes factors such as disassembly time and material flow.

The data collected during preprocessing must be stored in a structured way within
a database. This organization is essential to facilitate the automated creation of models
that enable a detailed investigation of different disassembly scenarios. The preprocessing
data can be categorized into product-related, process-related, and product—process-related
information. The following subsections elaborate on these categories and provide examples
of data that serve as input for the self-configuring multi-method model.

2.1.1. Product Preprocessing

In this phase, the components and their connections are recorded.
(a) Components

Components are documented with relevant data for disassembly planning and op-
timization, including position, geometry, and weight. Precedence constraints are crucial
for disassembly planning, and a precedence matrix (P) is employed to derive feasible
disassembly sequences. This matrix outlines the priority order of disassembly steps and
can be obtained through manual disassembly tests or by using CAD models of the product.

The disadvantages of manual preprocessing include its resource intensity and prone-
ness to errors, particularly for complex products. CAD models also have drawbacks since
they can rarely describe products reliably at the end of their life cycle, for example, due to
corrosion or changes made during the product’s use phase.

During the disassembly tests, a disassembly precedence graph is generated. This
graph is used to create the precedence matrix by directly comparing all components. If a
component i represents a predecessor of another component j, P; is filled with 1; otherwise,
it is filled with 0.

(b) Connections

Connections are documented, categorized, and linked to their corresponding components.
Additionally, the accessibility of these connections is a crucial factor in defining disassembly
scenarios. This paper introduces two disassembly scenarios: Scenario 1—component-oriented
disassembly and Scenario 2—accessibility-oriented disassembly

(c) Disassembly scenarios

In the first scenario, only the connections of component i to be disassembled are dis-
connected. Subsequent components’ connections can only be removed after this component
has been detached. In the second scenario, the connections of component i are detached,
and accessible connections of subsequent components requiring the same disassembly tool
may be disconnected. Accessibility-oriented disassembly aims to minimize the number of
tool changes, thereby reducing the total disassembly time.

In the following, both scenarios are demonstrated in more detail through a hypothetical
product in Figure 1. The product comprises three components (Cy, Cp, and C3). Cj is
attached to C; using two type A connections (connections 1 and 3). C; is attached to C4
by two type A connections (connections 2 and 4) and an additional type B connection
(connection 5). Type A connections are loosened using tool 1 (unscrewer 1), while type B
connections require tool 2 (unscrewer 2). The same gripper can remove all components. In
this case, five tool changes are required for component-oriented disassembly. In contrast,
accessibility-oriented disassembly requires only four tool changes.

(d)  Accessibility

To model the accessibility of the connections, a dynamic accessibility matrix Z is
defined, which is updated after each disassembly step. The initial accessibility matrix is
filled in during the product preprocessing phase: if a component i hides a connection j, Z;;
is filled with 1; otherwise, it is filled with 0.
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Figure 1. Demonstration of the component-oriented and accessibility-oriented disassembly scenarios
on a hypothetical product: (C) component, (T) tool, (G) gripper, and (1, 2, 3, 4, and 5) connections.

2.1.2. Process Preprocessing

In this phase, information concerning the subsystems of the disassembly station is
recorded.

(a) Robot

The robot arm moves the tools and grippers during the disassembly process. When
planning and optimizing this process, dynamics-related data are of primary importance.
However, during the preprocessing phase, it is only possible to estimate these data due to
the interlinked kinematics. Moreover, dynamics can vary depending on the load, as the
weights of tools, grippers, and components influence the final velocity, acceleration, and
deceleration. To obtain accurate information on speed for different trajectories and load
cases, specialized software solutions provided by robot suppliers, such as KUKA.Sim, can
be employed. While these simulation environments provide precise information about the
robot’s behavior, they may not be suitable for quickly and cost-effectively investigating
disassembly scenarios when altering the configuration of the disassembly station.

(b) Storage stations

The storage stations serve to collect the disassembled components. If no local presort-
ing is required at the disassembly station, placing all components at a single storage station
is possible. They can be transported to the sorting station by forklifts or conveyor systems.
However, using the disassembly robot for presorting is also possible by providing several
storage stations.

Different methods can be used for sorting, such as the type-based classification into
different categories (mechanical components, electrical components, upper parts of the
housing, lower parts of the housing, and remaining parts). The circular economy strate-
gies, namely reuse, remanufacturing, repurposing, and recycling, can also be utilized for
presorting the disassembled components. To achieve this, it is essential to incorporate
these strategies in the planning and optimization of the disassembly strategy (refer to our
previous publication [23]).

(c) Processing table

The battery is placed on a processing table for disassembly. Precise details, includ-
ing the exact coordinates and dimensions of the processing table, as well as positioning
possibilities of the battery, are essential information for planning the disassembly process.

(d)  Disassembly tools and grippers

The individual components are successively removed in a feasible sequence during
the disassembly process. This process comprises two main steps: (i) loosening the joining
techniques using specialized disassembly tools and (ii) gripping and removing the sepa-
rated components using appropriately adapted gripping mechanisms. For planning the
disassembly strategy, precise information about the positions of the tools and grippers in
the tool store of the disassembly station, as well as their respective application possibilities,
is required.
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2.1.3. Product-Process Preprocessing

In this phase, the disassembly strategy for detaching each connection is defined. This
includes the assignment of disassembly tools and grippers along with an initial estimation
of the required process time. In addition, the storage position for each component is defined.
Furthermore, the positioning of the battery on the processing table is determined. The
placement of the battery has a notable impact on the disassembly time as it significantly
influences the length of the robot’s routes.

2.2. Model Building

A multi-method simulation approach combining discrete-event and agent-based mod-
eling is employed for planning disassembly strategies and investigating disassembly sce-
narios. All elements from the preprocessing phase are described as agents in a generic
manner, enabling automatic model creation by generating the agents and assigning their
properties based on the database captured in the preprocessing phase.

AnyLogic and MATLAB are acknowledged as the predominant software solutions for
creating hybrid multi-method simulation models in the simulation community [25]. Many
researchers and developers claim that AnyLogic is the only commercial simulation software
specifically designed from the outset to create hybrid models that seamlessly combine multi-
method simulation paradigms [26]. Therefore, AnyLogic enables the easy creation and
coupling of discrete-event and agent-based simulations using predefined libraries and
extension with user-defined methods without in-depth programming knowledge. We have
selected AnyLogic to create the simulation model in this work for these reasons.

2.2.1. Model Setup

Figure 2 outlines the general model structure. At the start of the simulation, data
describing the battery to be disassembled and the disassembly station are imported using
user-defined methods. These data, originating from the preprocessing phase, are utilized to
create, initialize, and assign the necessary agents to the appropriate populations. Additional
user-defined methods are required to articulate aspects of the model logic, including the
definition of decision rules. A representation of the user-defined methods is shown in the
screenshot in Figure Al. The ini method, a combination of “generate” methods, enables
automatic model generation and configuration.

2.2.2. Agents

The two main agents are the battery and the disassembly station. Within these agents,
different populations exist, each representing the individual subsystems. The battery
contains a population of components, with each component having a set of connections
represented by a separate population within each component. The disassembly station com-
prises a robot, a processing table, storage stations, tools, and grippers. These components
are also modeled using populations.

The behavior of agents can be defined by different methods that can be combined.
Often, agents are characterized by their states and the actions and reactions of the agent
depending on its current state. Agents’ behavior can also be defined by rules executed on
specific events, and these rules can be defined using user-defined methods or functions.
Additionally, the agent’s behavior can be defined by its internal dynamics, which can be
described using stock and flow diagrams and process flowcharts [27].

Figure 3 shows an example of the description of a tool in a state chart based on its
states:

*  waiting: The tool is located at the tool station.

*  changing: The tool is taken for use or placed back after completing a process step.

e moving: The tool is moved by the robot arm: (i) between the tool station and the
processing table or the storage stations, (ii) between the processing table and the
storage stations, or (iii) between two connections.
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*  operating: The tool is in operation when it is being used for a disassembly task or a
gripping operation.

Agent: Battery Agent: Disassembly Station

D D
Name Name

Position

p -
omponents D P. Storage Stations

Name

D Position
Name
Position
D
gre.de?ess;rs Name Agent: Robot
Tipping Frocess Starting Position
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Nar.n.e P. Tools
Position
Predecessors 1D
Disassembly Process Name

Parking Position A
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P. Connections

P. Grippers

D

Name

Parking Position
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Input Data
Data from the Preprocessing Phase

Agent: Processing Table

D
Name
Position

and Disassembly Scenario

P.: Population

User-Defined Discrete Event
Methods Simulation Model

‘ Data Import
. Configuration and Initialization Method

. Decision Algorithm
. Optimization Algorithm

. Time Calculation

. Data Export %anylogm@

Figure 2. Model structure: The model comprises the main agents, battery, and disassembly station,
complemented by different subpopulations to model their components. The model logic is described
by a discrete-event approach using a flowchart. User-defined methods are used in the import and
export of data, the creation and initialization of the agents, and the description of the model logic.

®

Figure 3. State chart of a disassembly tool. A state chart consists of states and transitions. Each
transition has a trigger, such as a condition or a time limit. In this case, messages initiated by the
discrete-event model are used as triggers.
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2.2.3. Model Logic

AnyLogic’s process modeling library was used to implement the discrete-event model
section for the generic description of the disassembly process. This library contains prede-
fined elements that can represent processes as a sequence of operations in a flowchart [28].

The logic of the implemented model is illustrated in Figure 4. The initial step of the
decision algorithm checks whether components without connections exist and simultane-
ously fulfills the precedence relations. The priority in the disassembly process is to grip
and remove these components. The order in which these components are removed is also
specified. If no connection-free components are available, a component that satisfies the
precedence relations is selected. The connections of this component are removed step-by-
step using the appropriate tools. Whether further connections may be removed in parallel
depends on the selected disassembly scenario: Scenario 1—component-oriented disassem-
bly or Scenario 2—accessibility-oriented disassembly. Subsequently, the Tool Changer agent
ensures the required tool is available for the upcoming task.

|
i](_l el & >

Gripper Remove Starting End
Change Components Position

Figure 4. Model logic: For disassembling components, the corresponding connections are first de-
tached using the appropriate tools. Then, the components can be removed with the appropriate
gripper. Gripping operations to remove connection-free parts are prioritized during the disassem-
bly process.

The structure of the Tool Changer agent is depicted in Figure 5. First, it checks whether
the tool currently on the robot matches the tool for the next disassembly operation. If a
match is found, there is no need to travel to the tool station, eliminating the steps of placing
and picking up the tool. At the beginning of the disassembly process, no tool deposit is
required. In this situation, the robot moves to pick up the required tool. A regular tool
change is performed by a robot movement to deposit a tool i, followed by a movement
to pick up another tool j. Once the battery is completely disassembled, the last tool is
deposited using the Starting Position agent at the tool station.

2.2.4. Disassembly Path

The disassembly tour is calculated and optimized using the optimization algorithm
to determine how the connections should be removed. In this context, we encounter a
Traveling Salesman Problem (TSP). The optimization focuses on how a traveling salesman
can visit a list of cities: visiting each city exactly once and returning to his starting city while
minimizing the total distance traveled [29]. In the disassembly context, the connections
represent the cities, and the position of the tool at the tool station represents the starting
city. The Traveling Salesman Problem is a combinatorial optimization problem that can
be solved using various heuristic methods. The solution space increases as the number of
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Start

connections treated in a disassembly step with a specific tool grows. The number of possible
disassembly sequences 1y of ny connections of a component k is calculated as follows:

mo= 2V M

Put Down Robot Put Down
Tool? Moving Tool

Figure 5. Structure of the agent Tool Changer. A tool change operation occurs when a tool 7 is put
down and a tool j is taken up. No tool return is required at the beginning of the disassembly. The
disassembly ends after the last gripper is placed in its parking position in the tool station.

A two-step optimization was implemented in the developed model for studying
disassembly scenarios. In the literature, hybrid methods are frequently employed to
address the TSP problem by integrating a global search algorithm, such as the artificial
bee colony algorithm [30] or glowworm swarm optimization algorithm [31], with a local
optimization algorithm, such as the 2-opt algorithm [30,31]. Hybrid algorithms contribute
to enhancing the performance of solving the TSP problem. In this paper, the robot route
is approximated in the first step with the nearest-neighbor method. The solution is then
improved using the 2-opt method. The nearest-neighbor method approximates a tour by
selecting the nearest point not yet visited in each step [32]. While this method is simple, it
is often not optimal and can lead to suboptimal solutions. The 2-opt algorithm optimizes
the tour computed by the nearest-neighbor method stepwise by swapping edge pairs.
Two edges in the tour are selected and swapped so that the total length of the tour is
reduced. This process is repeated until no further improvements are possible [33]. The
outcomes presented in this paper underwent evaluation by experts to ensure the quality of
the disassembly routes computed by our proposed hybrid method.

Figure 6 shows the disassembly route using the two-step optimization technique.

(@) (b)

(o) x x i

Connection Component Tool

Figure 6. Two-step method for optimizing the disassembly route from a connection set: (a) Com-
ponent with five connections of the same type. (b) Disassembly route optimized using the nearest-
neighbor method. (c) Disassembly route after using the 2-opt algorithm: the order of the routes
marked in orange has been changed, resulting in a shorter route.
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After calculating and optimizing the robot tour for removing a connection set, the
corresponding connections are then loosened. Following this step, the decision algorithm
is employed again to determine the next action: either a new connection set is specified
and removed, or disconnected components are picked up by the corresponding gripper
and transported to the appropriate deposit station. The logic of the gripper change follows
the same principles as the tool change (refer to Figure 5).

3. Case Study

The following case study will demonstrate the developed methodology for adaptive
planning and optimization of disassembly strategies considering batteries and disassembly
stations. The utilized battery is from a plug-in hybrid vehicle (PHEV) manufactured by
Mercedes-Benz AG. It is a high-voltage battery with an approximate weight of 150 kg and
a total capacity of about 15.6 kWh [34].

The test object in this work is voltage-free and has dummy battery cells to simplify
the test setup. In this way, the safety risk during the disassembly tests is significantly
reduced. Such batteries are used by OEMs (original equipment manufacturers) to train
production employees and commission production equipment. Additional information
about the battery can be found in our previous paper: Rosenberg et al. [35].

The disassembly station was developed within the research project Industrial Dis-
assembly of Battery Modules and Electric Motors (DeMoBat) at the Fraunhofer Institute for
Manufacturing Engineering and Automation (IPA) [36].

3.1. Battery

Figure 7 shows the structure of the battery. Only the components or subassemblies
that must be removed to disassemble the module block are marked. The disassembly
process begins with removing the clamping bars 1 to 4. A total of 40 screws are loosened
and removed for this purpose. The clamping bars (1) to (4) are assembled with 13, 6,
15, and 6 screws, respectively. After this step, the upper part of the housing (5) can be
disassembled and removed after the adhesive is cut. The disassembly aims to remove
the module block (11), which requires loosening the connections of the module block,
including eight base screws—four each on the left and right side—as well as four plug
connections and two cable clamps. In addition, the module block is glued to the bottom
part of the housing.

Figure 7. Battery of Mercedes—Benz AG: (Left) Top view of the assembled battery: (Right) Top view
of the opened battery after removal of the four clamping bars and the upper part of the housing.
(1) clamping bar 1, (2) clamping bar 2, (3) clamping bar 3, (4) clamping bar 4, (5) upper part of the
housing, (6) busbar with battery sensor, (7) support strut, (8) battery sensor, (9) busbar 2, (10) busbar 3,
(11) module block, and (12) remaining parts.

To make the connections of the module block accessible, two components on the right
side and three on the left side have to be disassembled. These are the busbar with the
battery sensor (6), the support strut (7), the battery sensor (8), the busbar 2 (9), and the
busbar 3 (10). By removing additional components, such as the air dryer and the battery
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management system, the accessibility of the module block connections can be further
improved. However, it is not mandatory to disassemble these components.

To remove the busbar (6), two screws, one plug, and two cable clamps are loosened.
The support strut is fixed with four screws. After loosening these screws, the component
can be tilted and removed. When removing the battery sensor and the busbar 2 on the left
side, one plug and two screw connections are loosened. The busbar 3 is fixed with four
screws that have to be loosened. In addition, two plug connections and three cable clamps
must be removed. There are a total of 80 connections that must be loosened in order to be
able to remove the module block.

Figure 8 shows the precedence constraints of the battery represented by a disassembly
precedence graph. From the graph, the precedence matrix P is derived; see Table 1. A zero-
sum in column i of the precedence matrix means that component i satisfies the precedence
conditions and can be disassembled. The P matrix is dynamic during the numerical
calculation of a feasible disassembly sequence by resetting all entries of row i after removing
component i.

i B
(3= A _
B_|_>’/:+_ \j_)lzl

[ T —

Figure 8. Disassembly precedence graph of the investigated battery. (1) clamping bar 1, (2) clamping

bar 2, (3) clamping bar 3, (4) clamping bar 4, (5) upper part of the housing, (6) busbar with battery
sensor, (7) support strut, (8) battery sensor, (9) busbar 2, (10) busbar 3, (11) module block, and
(12) remaining parts.

Table 1. Precedence matrix of the battery. When a component i is a predecessor of another compo-
nent j, Py is filled with 1; otherwise it is fillied with 0.
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3.2. Disassembly Station

The disassembly station consists of four subsystems, as depicted in Figure 9: a Kuka
KR270 robot (1), a processing table (2), a tool station (3), and a vision system (4). On the
processing table, there are fixture elements that can be positioned anywhere and thus allow
flexible positioning of the battery [37].

The tool station contains various universal tools; see Figure 10. The Unscrewer is
used to loosen screws and remove them by suction. The Opener is employed to loosen the
bonding of the upper parts of the housing. Two operation modes are possible: a discrete
mode, where the bond is broken locally at defined cracking points; and a continuous mode,
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where the cracker cuts the bond along a joint path. The Cutter can be used to disconnect
plugs and cable clamps. This is a partially destructive disassembly process as cables are
cut. Non-destructive disassembly of plug connections is a complex engineering task due
to design diversity and limited accessibility. The Puller is used to loosen the modules’
bottom bonding and remove the modules from the housing. The Puller can be placed
under the top plate of the battery modules. It presses pneumatically against the bottom
part of the housing to allow the glued joint to be peeled off by applying force on one
side. Small disassembled components can be removed with either the magnetic gripper
(Gripper 1) or the two-finger gripper (Gripper 2). Housing shells and components with
complex geometries can be gripped and removed with the Formhand. This tool has flexible
gripping pads filled with granules and thus conforms to the geometry and surface of the
gripped object [38].

Figure 9. DeMoBat disassembly station to extract modules from packs: (1) robot, (2) processing table,
(3) tool station, and (4) vision system. © Fraunhofer IPA /Photo: Rainer Bez. Own representation.

3.3. Reference Scenario

The disassembly time in automated disassembly consists of three times. These are:
(i) the tool change time fcpange to pick up and put down tools, (ii) the traveling time firaye)
that the robot needs to perform the different routes, and (iii) the processing time fprocess to
carry out the disassembly activities: see Equation (2). In the following, these three times
are defined for a reference scenario.

t= tchange + travel + tprocess (2

3.3.1. Tool Change Time

The reference scenario assumes a tool change time of tchange = 10. This corresponds
to the time in the DeMoBat station on a laboratory scale. A tool change usually consists of
two phases: (i) tool deposit and (ii) tool pickup. For both phases, the time fange = 10
is required.
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3.3.2. Traveling Time

The velocity v, acceleration a,, and deceleration a4 define the robot’s dynamics. During
disassembly, short distances are often covered for which the target velocity of the robot
arm is not reached. This happens when several connections of the same type are loosened
using the same tool. In such cases, the robot starts braking before the acceleration phase is
completed. This effect is taken into account in the implemented dynamics model. Table 2
shows the parameters used in the reference scenario.

)
s-:

o T

, Cele

I
ANEE]

SRRREED SRR

Figure 10. DeMoBat disassembly tools: (a) tool station, (b) Unscrewer, (c) Opener, (d) Cutter, (e) Puller,
(f) magnetic gripper for small parts (Gripper 1), (g) Formhand, (h) two-finger gripper (Gripper 2).
© Fraunhofer IPA /Photos: Rainer Bez. Own representation.

Table 2. Parameters for defining the robot dynamics.

Parameter Name Value
v Velocity 0.3m/s
a, Acceleration 0.5 m/s?
aq Deceleration 0.5m/s?

3.3.3. Processing Time

The work situation in a disassembly plant was simulated on a laboratory scale in the
disassembly experiments. Three disassembly experiments were carried out in which three
employees disassembled the battery one after the other. The times were recorded and then
averaged to determine the process times for the reference scenario. This implies that the
automated process times are assumed to be the same as the manual times. The manual
disassembly took an average of 852s.

4. Results
4.1. Visualization of the Disassembly Steps

In the implemented simulation environment, the disassembly station and the battery
to be disassembled are visualized, and the disassembly process is animated. Figure 11
shows two screenshots of the battery during the simulation. The upper image shows the
battery immediately before the disassembly process. The lower image shows a disassembly
state after the removal of several components. The components are shown with rectangles
and the connections with circles. Accessible connection-free components and accessible
connections for the disassembly tools are outlined with continuous lines. Components that
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have connections or do not fulfill the precedence conditions and inaccessible connections
hidden by components are outlined with dashed lines.

Figures A2 and A3 in the Appendix illustrate the disassembly steps of the used battery
from the Mercedes-Benz AG vehicle for the component-oriented and accessibility-oriented
disassembly scenarios.
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Figure 11. Visualization of the disassembly steps during the simulation: (top) non-disassembled
battery and (bottom) a random disassembly stage. These are screenshots from the implemented sim-
ulation environment. Rectangles represent components, and circles indicate connections. Continuous
lines outline accessible components and connections; dashed lines highlight inaccessible connections
or components not meeting precedence conditions.

4.2. Routes

The box diagram in Figure 12 illustrates the distribution of the covered distances in
the two disassembly scenarios: Scenario 1—component-oriented disassembly and Scenario
2—accessibility-oriented disassembly.

In Scenario 1, 162 routes are required to remove the module block. In comparison,
only 138 routes are required in Scenario 2, corresponding to a reduction of 14.8% for the
number of routes in Scenario 2 compared to Scenario 1.

The third quartile of route lengths, represented by the box’s upper boundary in the
box diagram, decreases from 2.68 m in Scenario 1 to 2.06 m in Scenario 2. This significant
decrease in the upper quartile indicates that the number of long-distance movements in the
second scenario is reduced. At the same time, the median of the distances decreases from
0.54m in Scenario 1 to 0.45m in Scenario 2. This shift of the median value indicates that the
mean distance length is reduced in Scenario 2.

The analysis of the histogram in Figure 13 provides additional insights into the dis-
tribution of the route lengths comparing the two disassembly scenarios. Here, the route
lengths were divided into a total of 20 intervals. Scenario 2 shows a higher number of
shorter distances compared to Scenario 1, which is due to fewer tool changes. In Scenario
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2, tool changes occur 16 times: 42.9% less than in Scenario 1. Sections smaller than 20 cm
occur 74 times in Scenario 2: 27.6% more than in Scenario 1.

4 T T

I 1 |

Scenario 1 Scenario 2
Disassembly scenario

Figure 12. Box diagram showing the routes traveled by the robot arm for component-oriented
(Scenario 1) and accessibility-oriented (Scenario 2) disassembly.
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Figure 13. Histogram representing the frequency of routes traveled in the component-oriented
(Scenario 1) and accessibility-oriented (Scenario 2) disassembly scenarios.

Due to the reduction in tool changes and the associated reduction in the number of
routes as well as the minimization of routes with high distances, the disassembly time is
reduced by 22.1% in Scenario 2 compared to Scenario 1: from 2224.4s to 1732.2 s in the
reference scenario. The disassembly times for both scenarios are in the same range as those
reported in the literature for comparable battery systems [20,35]. They also correspond to
the values we received from battery recyclers in Germany:.

Table 3 summarizes the discussed indicators for comparing component-oriented and
accessibility-oriented disassembly.

Table 3. Indicators for comparing component-oriented and accessibility-oriented disassembly.

Indicator Scenario 1 Scenario 2 Improvement
Tool change (-) 28 16 42.9%
Routes (-) 162 138 14.8%
Routes smaller than 20 cm (-) 58 74 27.6%

Disassembly time (s) 2224 .4 1732.2 22.1%
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4.3. Tool Utilization

In both scenarios, the utilization of the tools is very low because they can only be used
sequentially due to the use of a single manipulator. On average, the tools are in the waiting
state for 88% of the total disassembly time. Figure 14 shows the tool utilization in the
component-oriented disassembly scenario. The accessibility-oriented scenario illustrates
the same trend.

I moving [ changing [ operating [ |waiting
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(0]
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Do
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Figure 14. Tool utilization during component-oriented disassembly in the reference scenario.

Figure 15 shows a direct comparison between the status of the tools in both scenarios
when they are in use. The difference is especially noticeable for tools that are used several
times, such as Unscrewer 1. For these tools, the movement and tool change times are halved
in the accessibility-oriented scenario compared to the component-oriented scenario.

M rvoving [N changing [N operating

300} i
(a)

200 4

100 -

Tool
utilization [s]

(b)

Tool
utilization [s]

Tools

Figure 15. State of the disassembly tools and grippers when they are on the robot arm: (a) component-
oriented disassembly and (b) accessibility-oriented disassembly.
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4.4. Robot Dynamics

The influence of the robot dynamics is considered in the following for the component-
oriented disassembly. Figure 16 on the left shows the dependence of the disassembly time
on the velocity of the robot. From v = 0.5m/s, a significant flattening of the curve can be
observed. This can be explained by the fact that from a speed of 0.52m/s, the final speed
of the robot is not reached for at least 50% of the distances to be traveled because the robot
starts the braking process before the acceleration phase is completed.

Figure 16 on the right shows the dependence of the disassembly time on the ac-
celeration. An increase in the acceleration does not cause a significant reduction in the
disassembly time in the defined reference scenario. This is due to the relatively low final
speed of the robot. The acceleration has more influence on the disassembly time the higher
the final velocity of the robot is.

3500 —6—a =0.5m/s? 3500 —6—v=0.3m/s
i ® Reference scenario % @® Reference scenario
<)
2 3000 £ 3000
2 2
£ E
g 2500 2 2500
5 2 o —o
2000 2000
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Velocity [m/s] Acceleration [m/s?]

Figure 16. Effect of robot velocity (left) and acceleration (right) on disassembly time in the reference
scenario for component-oriented disassembly.

4.5. Positioning of the Battery

The developed model allows for the analysis of the influence of different parameters
on the disassembly strategy. It takes into account the battery design, the layout, and
relevant process parameters of the disassembly station. Additionally, it can contribute to the
planning of disassembly stations. Specific optimization opportunities include the strategic
positioning of various subsystems, such as tools, storage stations, and the processing
table. The placement of these systems in relation to the battery has a substantial impact on
disassembly time. Figure 17 provides screenshots of the investigated disassembly station
in the simulation environment.

) 's ] 80
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Tools
Processing Table (b) Processing Table

Figure 17. Screenshots of the visualization of the battery and the disassembly station in the developed
simulation environment. (a) The battery is placed in the center of the processing table. (b) The battery
is clamped onto the northwest area of the processing table in close proximity to the tool station.
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Initially, the battery is centrally placed on the processing table, following the reference
scenario. Subsequently, it is positioned to the top-left, minimizing the robot’s travel
distances. This adjustment leads to a 7.3% reduction in disassembly time (from 2224.4 s
to 1732.2 s) in the component-oriented scenario and a 4.8% reduction (from 2061.9 s to
1649.2 s) in the accessibility-oriented scenario, as depicted in Figure 18.
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Figure 18. The impact of battery positioning on disassembly times in Scenario 1—component-oriented
disassembly and Scenario 2—accessibility-oriented disassembly.

5. Discussions
5.1. Discussion of the Methodology

The developed model facilitates the automatic generation and initialization of simula-
tion models for exploring disassembly strategies without the need for specific adaptations
to different battery designs or disassembly stations. However, the preprocessing phase
is time-consuming, as the tests must be performed manually, and the database requires
manual updates.

In this context, automating the preprocessing phase, for instance, by extracting the
required data from CAD models and historical process data, can simplify the planning
and optimization of disassembly strategies for battery systems. For the presented case
study involving the battery of a Mercedes—Benz AG vehicle and the disassembly station at
Fraunhofer IPA, all necessary data were collected manually. Additionally, data acquisition
was conducted in two-dimensional space, simplifying the preprocessing with minimal
impact on the results” quality given the battery’s flat design and the tools’ similar height as
the processing table. When calculating the disassembly distances, the size of the tools was
not considered, and direct paths were assumed for the robot routes.

The model presented in the paper combines discrete event simulation with an agent-based
approach by modeling battery components and connections, as well as all components of
the disassembly station, as agents. The simulation time can, therefore, increase rapidly if the
simulation method is used to simulate the disassembly operations in an entire disassembly
factory, where different battery designs are disassembled using differently configured stations.
This would significantly increase the number of agents in the simulation environment.

5.2. Discussion of the Results
5.2.1. Disassembly Scenarios

Our results demonstrate that accessibility-oriented disassembly holds significant
potential for enhancing the efficiency of the disassembly process compared to component-
oriented disassembly. However, it should be noted that this approach may lead to additional
computational effort in automated disassembly processes, as several components are
detached simultaneously and need to be gripped and removed. The position of the detached
components may change due to gripping operations, which may require re-localization.
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5.2.2. Configuration of the Disassembly Station

The low tool utilization and the high number of tool changes suggest that the layout
of the disassembly station in this paper is more applicable to a research and development
environment. For example, it could be used to test disassembly techniques and tools on various
battery designs. More advanced system concepts are needed for industrial applications, such
as using multiple robot stations with few tools or using multiple robots to perform parallel
disassembly activities in a single disassembly station. The developed model will be extended to
model industry-relevant disassembly layouts. For instance, this could involve modeling the
disassembly process when two robots simultaneously disassemble a battery in a cooperative
disassembly scenario or modeling the material flow between different disassembly stations.

6. Conclusions

An adaptive self-configuring multi-method simulation model is presented in this
paper. The model combines discrete-event simulation with an agent-based approach.
The configuration and initialization of the model are automated using data captured in
a preprocessing phase and structured in a database. Additionally, the simulation model
incorporates a two-step optimization algorithm to optimize the disassembly route, while
allocated tools removes sets of connections.

The developed model was demonstrated in a case study using a battery from a plug-in
hybrid vehicle from Mercedes—-Benz and the disassembly station from the DeMoBat project
at Fraunhofer IPA. Two disassembly scenarios were introduced and compared using the
simulation model to calculate different indicators: (i) Scenario 1—component-oriented
disassembly and (ii) Scenario 2—accessibility-oriented disassembly. The disassembly time
could be reduced by 22.1% using accessibility-based disassembly in the defined reference
scenario, primarily due to the minimization of the tool change frequency and the reduction
in the distances the robot has to travel.

Author Contributions: Conceptualization, S.B.; methodology, S.B.; software, S.B.; validation, S.B.;
investigation, S.B.; data curation, S.B.; writing—original draft preparation, S.B.; writing—review and
editing, ].G. and K.P.B,; visualization, 5.B.; supervision, K.P.B. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors wish to thank the Ministry of the Environment, Climate Protection and the
Energy Sector Baden—-Wuerttemberg for funding this work under funding code L7520101 as part of
the accompanying research of project DeMoBat. The financial support is gratefully acknowledged.

Data Availability Statement: Most of the data provided in this study are available in the article. Any
data not provided can be requested from the authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

.
Appendix A
checkNext
7 " (P checkForTool
@ini =
(P checkNextStep
@‘ ‘ i (P calcTripTime
g0iing
enerateTools I‘——* tools idToTool |—i
@mo\ Locations 1 @9 B Tool [g] &’(;; Opl’eux“%%‘rréggnﬁl!}n]
(P optimizePath
depositions. idToDeposition
J (@ generateD |__* %DeEo o B &5(5, P |_‘ ( calculateDistanceMatrix &5 componentsToRemove
O\?ﬁpsnsmnnmcatmns 1 (9 calcuiateDistance 1
connectionsToRemove
c’jcor;w @?P’meepos\tlonFolnl 0
= findBestRoute
componentLacations compTimings €]
E g 12} | (D generate @ components &1 Tecome )
@preueces or eg‘u;‘npNeededTunl 1 Companent [12] O?gsgs[]ElglnaBnce
OPIEGECES orConnections - OE&;S!ROU(E
OCOH [¢] oredecessorComp .l (D ootmizeNearestNeightor
COHI\\T\\H s C;;NEEGEUTOD\ enerate connectionA enls IUTOCDH
O 221 o 6(32; 1 @9 | | @ .,nnnec[mm«ggam | (P optimizeOpt2
OcanLucatmns
(P tourLengtn
(P reverseSegment

Figure A1. Overview of the user-defined functions in the simulation model (screenshot).
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Figure A2. Disassembly steps of the Mercedes—Benz AG battery in the component-oriented disas-

sembly scenario. These are screenshots from the developed simulation environment.
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Figure A3. Disassembly steps of the Mercedes—Benz AG battery in the accessibility-oriented disas-
sembly scenario. These are screenshots from the developed simulation environment.
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