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Abstract

Due to the rapid increase in sales of mobile electronic devices, the number of batteries ending up in waste electric and electronic
equipment (WEEE) is also rapidly increasing. According to the EU legislation, all batteries need to be removed from WEEE, which
is currently done manually for tablets, posing potential safety risks for workers and resulting in high processing costs due to the
labour intensity of the required dismantling operations. Therefore, a robotic dismantling system is developed in this research to
automatically remove both the back covers and batteries from a mixed waste stream of tablets of different models and brands. At
the outset of the design process, a total of 47 randomly collected tablets were analyzed to define the location of the battery and the
required manual dismantling time. Thereafter, a robotic bending method was tested for removing the back cover. Once the battery
is exposed, two different methods are tested: using a heat gun to loosen the glue that fixes the battery to the rest of the tablet and a
robotic scraping method with a spatula to mechanically extract the battery. Whereas the required time for only the heating showed
to be more than 120s, the results with the bending and scraping tool show that the proposed robotic dismantling system is capable
of removing the back cover and battery for 63% of the tested tablets in less than 90s. However, to increase the economic viability
and robustness of the proposed method to be able to cope with the high variety in tablet model designs, future work is required to
develop algorithms to recognize product models to enable to define and retrieve product specific toolpaths for dismantling.
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1. Introduction

With the rapidly increasing amount of WEEE that contains
a battery , the proper collection and recycling of batteries from
these devices is of increasing importance, as batteries contain a
substantial amount of hazardous substances, which risk to
pollute the environment and to pose a threat to human health if
not properly treated when they reach their end-of-life. In
addition, when they are not systematically removed from
WEEE, there is a risk for fire incidents [1]. At the same time,
the recycling of batteries form WEEE also encompasses
substantial opportunities, as they contain also many critical and
valuable metals, which can be reused and recycled to lower the
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impact of virgin material production. Because of this reason,
the EU requires the removal of batteries from WEEE [2].

Nowadays, batteries in WEEE are mostly removed manually
by the virtue of the high complexity and variety of electronic
devices. This manual disassembly process is costly due to high
labor costs and involves safety issues [3]. In addition, it is
worth noting that, in the process of removing the battery, in
some cases the battery is punctured, which is expected to also
result in the release of toxic gases, such as fluoride, posing a
threat to the health of the workers. Moreover, in some
pessimist scenarios, many small electronic devices are directly
shredded into small pieces for recycling without removal of the
batteries, which poses risks of fire and explosion [4]. To cope
with the increasing volume of batteries in WEEE as well as to
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overcome these safety issues and reduce the WEEE treatment
cost, the development of an automated battery dismantling
process is essential.

To date, a number of studies have explored automated

dismantling strategies for similar products. For example, for the
automatic disassembling of LCD TVs, a cognitive robotic with
vision-based system is designed to remove the printed circuit
boards and the mercury containing backlights, which poses a
human health risk [5]. Regarding the extraction of battery, a
robotic system named Liam was designed in 2016 by Apple to
address the challenge of iPhone dismantling. Today, 1.2 million
iPhones can be dismantled per year using this system [6].
Furthermore, an improved robotic system named Daisy was
launched by Apple in 2018, which can deal with nine different
versions of iPhones [7]. However, it is worth noting that Daisy
acts as a prototype and there was only one unit operating in
2019. To explore the potential to disassemble batteries from
electric vehicles with high-voltage risks, a battery system from
the hybrid Audi Q5 was studied to determine the necessary
tools and disassembly sequences [8]. In later research a robotic
disassembly workstation was used to execute repetitive tasks,
such as loosening of the screws [9]. However, prior research
only demonstrated the feasibility of dismantling the batteries of
a single product model or specific brand models and cannot be
adopted to dismantle batteries of a broader range of product
models. In addition, for the majority of products it is not
considered economically viable due to the high reverse logistics
cost to centralize all products of a specific series or even brand
when reaching their end-of-life [10]. In addition, the methods
developed for the automated dismantling of TVs cannot be
transferred to the case of battery dismantling, as this system
makes use of an angle grinder, which would result in a high risk
of fire incidents. Therefore, the techno-economic feasibility of
developing a generic robotic system for the removal of batteries
from WEEE should be investigated. The presented research
focuses on the dismantling of batteries from tablets, as they
contain Li-ion batteries which are prone to fire incidents,
because they have fairly uniform external designs and require a
labor intensive dismantling process.
In this paper, a novel robotic dismantling system for battery
extraction from the tablet is presented that can cope with a large
set of different tablet models. In section 2, first 47 tablets are
collected to analyze the feasibility of different dismantling
strategies, then the current manual dismantling process for
tablets is studied at a recycling company in Belgium. According
to the analysis results, a robotic dismantling system is
investigated to extract batteries from tablets. Section 3 presents
the results of the designed robotic system based on another
randomly selected set of tablets. Finally, the conclusions and
future work are presented in Section 4.

2. Materials and Methods

2.1. Data collection

Due to the large variety in the tablet designs, the dismantling
strategies differ a lot between different brands and models. In

order to determine a prospective general approach and evaluate
the corresponding performance, two different samples were

randomly collected in 2020. The first set contains 47 tablets,
which were disassembled manually to assess the visibility of
the brand and model, as well as the necessary steps and tools
required to remove the batteries from these tablets in the
proposed robotic dismantling system. The second set contains
60 tablets, that were dismantled by the robotic dismantling
system to evaluate its performance and efficiency.

2.2. Manual dismantling

Manual dismantling is the most commonly used methodology
to dismantle tablets. In order to investigate the current manual
strategy and the time needed for manual disassembly, an
analysis of the current process was conducted at a large scale
recycling plant in Belgium. A human operator with substantial
experience with the dismantling of tablets was filmed over the
course of 2.5 hours performing the manual dismantling using
only a large flat screwdriver as a tool. In order to estimate the
most time-consuming steps in the disassembly process. This
resulted in time measurements for 282 tablets.

2.3. Robotic dismantling system

In this section, a novel robotic dismantling system is designed
to extract batteries from tablets. The purpose is to minimize the
work for the human operator, improve the working
environment, and promote a safe recycling process. From the
knowledge gathered from earlier works [11, 12], as well as
from the manual process, the following three crucial tasks need
to be executed for battery extraction: opening of the back cover,
loosening of the connections and extraction of the battery.

2.3.1. Opening of the back cover

The robotic dismantling system consists of a Staubli RX 160
HD with a pneumatic parallel gripper (Schunk 0371104). The
payload of this robot is 20 kg at nominal speed, which is
enough to perform all the designed experiments. Inspired by
the actions performed by the human operators at Galloo, where
the tablets are bent from the middle, a robotic bending setup is
designed to open the back cover of the tablets. To carry out this
bending process, a specific 2-finger gripper is designed (see
Fig. 1(a)). The 2-finger gripper consists of one short and one
long finger. The longer one acts as a support to counteract the
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Fig. 1. (a) The 2-finger gripper; (b) The bending process
forces exerted by the bending process, and its end bends the
tablet, while the shorter one holds the tablet and avoids
covering the battery, which is essential for its extraction. Fig.
1(b) depicts the setup used for demonstrating the proposed
bending system. For safety reasons, before executing the
bending process, the tablet’s length L should be measured to
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determine the maximum displacement of the robotic arm along
the z-axis and, thus, prevent collisions. In order to facilitate the
opening of the back cover, an optimal angle 8, between the
tablet and vertical z-axis needs to be determined on the basis of
the bending results.

2.3.2. Loosen of the connections and extraction of the battery

Once the back cover is removed, the following phase of the
dismantling process consists of the removal of the battery. In
order to avoid puncturing those batteries fixed to the tablet by
glue and to make it easier to separate these batteries, an
experiment with a heating gun was conducted to evaluate the
feasibility of loosening the glue that fixes the batteries. In this
experiment, a Weldy S plus heat gun with heating temperature
ranging between 60°C- 650°C was selected (see Fig. 2(a)).
Thermal runaway of lithium-ion batteries occurs when the
battery shell exceeds 200°C, and the subsequent uncontrolled
exothermic reactions can cause the battery to catch fire or even
to explode [13]. Therefore, the temperature of the hot air
produced by the heat gun is set to 150°C. As depicted in Fig.
2(b), the heat gun is placed a few millimeters above the battery,
and then slowly moved to evenly heat the battery surface.

Fig. 2. (a) Weldy S Plus heat gun; (b) The heating process

Apart from the heating experiment, also a robotic scraping
procedure was designed to separate the battery from the
adhesives and the rest of the tablet. The same robotic setup was
used as for the bending test. A flexible putty knife (9 cm width)
was used as a spatula to separate the battery from the rest of the
tablet. This spatula was mounted in a hinge, which can be
adapted (see Fig. 3). Similar to the bending process, the best
inclination angle 6 of the spatula was evaluated during the
scraping process. Furthermore, the position of the battery
relative to the tablet was measured and calculated manually to
determine the scraping path. With this information, the tablet is
moved under the spatula and the spatula is pushed between the
tablet and the battery. Then, the gripper moves downwards
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Fig. 3. Setup of the robotic scraping process
until the spatula is slightly bent to make sure that the shear force
is sufficient to destroy the glue connection. Subsequently, the

tablet is moved horizontally towards the spatula until the end
of the battery is reached. If the battery is still attached to the
tablet after this procedure the battery is further disassembled
manually.

3. Result and discussion

The manual inspection of the 47 tablets indicated that only
19.15% of the model series numbers are readable, while 61.7%
of the model brands are visible, as shown in Table 1. This
indicates that the identification of the model through label
recognition is impossible. In addition, 95.74% of the tablets
have plastic as predominant material at the back side and that
only iPads’ back covers are made of aluminum. This turns to
be an advantage since plastic is fragile and easy to break when
highly bent. Furthermore, these analysis showed that batteries
are fixed to the screen in nearly 90% of the collected tablets.
This implies that the majority of the tablets should be opened
from the backside to facilitate access to the batteries. The main
types of connections used to fix the batteries are screws
(6.38%) and tape (63.83%), whereas almost all the tablets
(97.87%) had glue to secure the battery within the devices.

Table 1 Analysis result of 47 tablets.

Visibility of the brand 61.70% visible 38.3% not visible

Visibility of the model number ~ 19.15% readable ~ 80.85% not
readable

Side to which the battery is 10.61% backside  89.36% front side

attached

Backside material of the tablet 95.74% plastic 4.26% aluminum

In the manual dismantling process, the time needed for
disassembly is known to strongly depend on the experience and
routine of the operator. Nonetheless, considering a high level
of experience of the operator still when working at 100%
efficiency an average time of 28 seconds was found with a large
variation among product models. One of the extreme cases is
the iPad (Apple), for which the average disassembly time is 40
seconds. Its dismantling takes more time because its design is
obviously different with respect to the back cover material and
the fact that the battery is attached to the back side. Based on
the manual dismantling of 282 tablets, the process can be split
into 5 main steps:

e Take the tablet and bend

Remove the backside

Loosen the battery

Cut connection wires (if present)

Sort dismantled materials

An overview of the average time of the different disassembly
steps is shown in Fig. 4, where bending the tablet, removing the
backside, and loosening the battery consumers most of the time
(85.17%). Accordingly, the proposed robotic dismantling
system should focus on performing these three complex and
time-consuming tasks.
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Fig. 4. Average time usage in the manually dismantling process
Regarding the robotic bending experiment, the results showed
that it is easier to open the back cover with the long gripper
finger on the tablet backside, because when the front of the
tablet faces the long gripper finger, the fragile screen acts as a
buffer and the structure of the back cover is more flexible if
bent forward. Furthermore, during the experiments, it was
found that by setting a value of 25 for 6,,, it is easier to create
an opening of a few centimeters for 97% of the tablets between
the back cover and the rest of the tablet. After partially opening
the tablet, the back cover still needs to be removed from the
tablet manually. For this, a flat screwdriver should be used to
remove the back cover, which should also be considered for
automation in future research by grasping the back cover and
screen and pulling them apart. In the performed experiments,
the manual time needed for removing the opened back cover
accounts for about 5 seconds per tablet.
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Fig. 5. Temperature distribution across the front and backside surface after
heating the battery with a heat gun at 150°C.

For the heating gun experiment, the temperatures were
measured at the center of the battery on the front side, as well
as on the top left, top right, bottom left and bottom right corner
before and after heating. As shown in Fig. 5, the highest
temperature around the battery after 60s heating is 54°C, which
is far lower than the glue melting point of 100°C. The results
indicate that loosening glue with a heating gun as an auxiliary
to facilitate the dismantling process is not feasible, because it
is a time consuming process.

Based on the loosening conditions of the batteries after the
robotic scraping experiment, the second set with 60 tablets can
be divided into three different categories: not loosened,
partially loosened and completely loosened. About 64% of
batteries can be loosened completely. The challenging in this
loosening step is that, in addition to glue, a battery can be
attached to the tablet by tapes and screws, which results that
13% of the samples are partially loosened and that a 23 %
cannot be loosened at all. As depicted in Fig. 6, four main

problems can be summarized in the connections loosening
process:
e The spatula gets stuck on an uneven surface between the
battery and the tablet.
The battery gets punctured.
A part of the battery is fixed also by tape or screws, leading
to only partially removal.
e The battery is highly integrated in the tablet, making it
impossible to reach the battery with the spatula.
To tackle these issues, a different scraping tool and robot
a "‘fg s i A b b= R -

Fig. 6. Problems in robotic scraping process: (a) Unevenness surface
underneath; (b) Puncturing the battery; (c) Partially loosening; (d) Highly
integrated battery
toolpath should be adopted depending on the product model

dismantled.

For the entire dismantling process, the dismantling time largely
depends on the speed of the robot. Due to safety reasons, the
dismantling procedures have been carried out with the speed of
the robot limited to 50% of its maximum and the toolpaths
adopted were not yet optimized. The average time for the
robotic bending conducted with those restrictions is 27.6s and
for the removing of a battery with the spatula is 53.8s. It should
be pointed out that the battery extraction of the iPad is still a
challenge for both manual and automatic dismantling.
Although the number of iPads account for only 4.26% of the
current investigated tablet samples, it cannot be ignored that the
Apple iPad had a 31.9% share of the global tablet market in the
second quarter of 2021 [14], which indicates that battery
extraction methods for iPads will become of increasing
importance in the forthcoming years. Therefore, specific
dismantling strategies for iPads should also be investigated.
Furthermore, it should be considered that during the developed
dismantling process, several manual steps are still required. For
example, during the process of loosening the battery, the
position of the battery relative to the tablet is currently
manually measured and calculated. In order to further reduce
the percentage of human operation in the dismantling process,
the proposed system can be optimized by means of a robust
computer vision and deep learning system, which has already
been validated for the detection of the location of batteries in
x-ray transmission images [15].

4. Conclusions

In this study, a set containing 47 tablets was collected and
analyzed to investigate where their batteries are placed and how
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they are attached within the tablet. Through an investigation on
the manual dismantling process as performed in a large scale
recycling company, the most time consuming tasks in the tablet
dismantling process are identified: tablet bending, back cover
removal and battery loosening. Based on the learnings of these
analysis, a robotic system was designed to extract the battery
from tablets. The results show that the robotic system can
facilitate the opening of the tablet back cover in the majority
(97%) of the cases. Furthermore, experiments with a hot air gun
demonstrated that heating the battery to loosen the glue is too
time consuming. Therefore, experiments were performed with
a spatula to scrape off the battery. Results demonstrate that the

developed robotic system is able to loosen the battery in the 63 %

of cases.

In case the automated dismantling is not successful manual task
are still needed both for the removal of the back cover and
battery. Therefore, future research will investigate to which
extend the manual operations are facilitated, as well as the
overall economic viability of the envisaged man-machine
collaborative dismantling system. Additionally, due to the
similar structure of mobile phones and tablets, the dismantling
process will be adapted for mobile phones and extra
experiments will also be carried out to verify the applicability
of the designed robotic dismantling method for these product
categories.

Furthermore, to increase the efficiency and success rate of
automated dismantling operations, a different scraping tool
and/or robot toolpaths will have to be adopted depending on the
product design. Therefore, the feasibility of using recognition
and retrieval algorithms will be investigated, as well as how to
construct a database in which relevant information, such as
back cover material, battery position and the types and
locations of the fasteners attaching the battery to the tablet, can
be retrieved for optimizing a robotic dismantling system after
recognizing the product model .
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