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Robotic disassembly of hard disk drives during their recycling process is a promising technology with
significant ecological importance and high economic profitability. However, the efficiency of the robotic
disassembly of screws in the cost-efficient process using the robotic system in the selective compliance
assembly robot arm configuration is highly dependent on the accuracy of positioning. In such a case,
the robot works based on known screw positions without a visual control loop. The paper presents
the generalised method of analysis of key factors influencing the process, starting from visual geometry
analysis to mechanical setup accuracy. The formalised metrological analysis was performed on the base
of the Monte-Carlo method to identify the key factors influencing the screw positioning accuracy. It
was stated that the robot control uncertainty plays a crucial role in the total uncertainty of the system.
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1. Introduction

Recycling waste from electrical and electronic
equipment (WEEE) plays a key role in the circular
economy [1], reducing the environmental impact [2]
of technological development. In addition, such re-
cycling may be the source of valuable raw mate-
rials, such as copper [3], aluminium [4], and other
metals, including the critical raw materials (CRW)
rare earth metals [5]. Hard disk drives are among
the most interesting subjects in the application of
automation in WEEE recycling. It should be high-
lighted that during the years 2010-2020, over 4 bil-
lion hard disk drives (HDDs) were produced glob-
ally [6]. Over 30% of these devices will be recycled
in Europe [7]. It is expected that during the next
years, due to conversion from HDDs to solid state
drives (SSDs) and the wear and tear of the moving
parts, over 70 million HDDs will have to be recycled
annually.

991

It should be highlighted that one of the most
important problems related to the HDD recycling
is connected to the fact that highly sensitive data
is stored in recycled HDDs. To achieve a satisfac-
tory level of data safety, EoL (end of life) HDDs are
mainly shredded [8]. However, this approach signif-
icantly reduces the possibility of efficient raw mate-
rials recovery.

To avoid these problems, a robotic disassembly
process was proposed. In this process, the disk data-
storing plates are separated and melted, whereas
other elements are disassembled and recycled sepa-
rately. As a result, the robotic disassembly of HDDs
guarantees a high data safety level and enables effi-
cient raw materials recovery. This is especially im-
portant considering the neodymium hard magnets,
which can be easily separated during disassembly
instead of being lost during shredding.

On the other hand, to achieve high speed and eco-
nomic efficiency of the HDD robotic disassembly,
the process has to be performed without a direct
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Fig. 1. Schematic block diagram of screw removal
during robotic disassembly of hard disk drives in
the recycling process.

visual control loop between the robot and the pro-
cessed HDD. As a result, the accuracy of robotised
screwdriver positioning against the heads of the
screws plays a key role in the reliability of the disas-
sembly process. To achieve such a high level of reli-
ability, the accurate and easy-for-application model
of uncertainty propagation in the disassembly sys-
tems should be elaborated. It should be highlighted
that it is difficult to apply the commonly used dif-
ferential models of uncertainty propagation [9] due
to the high non-linearity and sophistication of un-
certainty transmission.

The paper presents a Monte Carlo approach-
based model of uncertainty propagation in the
robotic disassembly process. The presented model
enables testing the significance of all sources of
uncertainty from the visual analyses up to the
positioning of the screwdriver robotic head work-
ing in the selective compliance assembly robot arm
(SCARA). In addition, the proposed approach may
be easily generalised to other types of robotised sys-
tems requiring precise positioning.

2. The structure of the system

The schematic block diagram of the robotic arm
control idea is presented in Fig. 1, whereas the pho-
tograph presenting the implementation of the sys-
tem is presented in Fig. 2.

In the first step, the photograph of HDD is
taken. An example of such photograph is presented
in Fig. 3. During the photographing, HDD is located
in a special mechanical measuring slot (element 1 in
Fig. 2 and element 2 in Fig. 3). Next, the position-
ing markers (elements 3 in Fig. 3) are identified dur-
ing the automated visual analyses utilising Hough'’s
transform [10]. Since the positions of markers are
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Fig. 2. General view of robotic disassembly sta-
tion: 1 — geometry measurement sub-system, 2 —
SCARA robot with the screwdriver, 3 — disassem-
bled HDD, 4 — mechanical slot.

Fig. 3.

Geometry measurement sub-system: 1 —
disassembled HDD, 2 — measuring slot, 3 — mark-
ers, 4 — screws.

known in advance (based on accurate measure-
ments), the first image pixel-to-metric transform
can be calculated. This transform consists of a 3 x 3
rotation matrix R and a 3 x 1 offset vector A.

Next, the screw positions are identified utilising
Hough’s transform together with a convolutional
neural network classifier [11]. An example of the
identified screw is presented as element 4 in Fig. 3.
It should be highlighted that the screw identifica-
tion process is semi-automatic and always verified
by the operator.

Finally, the metric position of the screws in a pho-
tograph has to be transformed into a SCARA robot
coordinating system. This process requires another
set of 3 x 3 rotation matrix R; and 3 x 1 offset vec-
tor Ag.

To determine the matrix R; and vector Ay, mea-
surements of screwdriver head positioning were car-
ried out on the well-described HDDs examples.
However, due to practical reasons, the head of the
screwdriver exhibits significant clearance, enabling
efficient screwing and unscrewing. These clearances
are the most important reasons for the uncer-
tainty assigned to values in the matrix R; and
vector As.
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Fig. 4. Ishikawa diagram (fishbone diagram) of
uncertainty propagation in the process.
TABLE I

Sources of uncertainty in image processing during the
screw removal process.

Source Distribution | Parameter | Value
standard
markers location | normal® o 4 pixels
deviation
. . standard .
screw location normal L 8 pixels
deviation
ixel-to-metric
P neglected - -
transform

*limited to 3 standard deviations

Finally, during the SCARA robot operation, the
criterion for a successful unscrew process is con-
nected with the location of the screwdriver head at
a distance less than 1.7 mm from the centre of the
screw’s head. In such a case, an automatic screw-
driver head can find the screw slot during the spi-
ral rotation process. If the distance exceeds 1.7 mm
from the centre of the screw’s head, the screwdriver
will fall out from the screw head and miss the slot
causing unsuccessful unscrewing.

3. Main sources of uncertainty

The Ishikawa diagram (fishbone diagram) of un-
certainty propagation in screw removal during the
process of the robotic disassembly of the hard disk
drives is presented in Fig. 4. The two main sources
of uncertainty are connected with the image analy-
ses and the SCARA robotic arm operation.

Quantitative analyses of the sources of uncer-
tainty in image processing are summarised in
Table I. It should be highlighted that typically the
influencing factors exhibit a distribution close to
normal. However, uncertainty values higher than
three standard deviations were removed due to the
fact that such values do not occur in the real sys-
tem.
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TABLE II

Estimators of the standard deviation of the param-
eters in the matrix R; and vector A; determined
experimentally.

Parameter Value The estimator of
standard deviation
R(1,1) —0.015 0.009
R(1,2) 0.985 0.005
R¢(2,1) —0.985 0.006
R(2,2) —0.013 0.008
A(1,1) 156.1 1.2
Ae(2,1) 11.3 1.4

Estimators of standard deviations describing the
uncertainties assigned to the values in the matrix Ry
and vector A; were determined experimentally by 7
repetitions and presented in Table II. In this case,
the extension coefficient according to the t-Student
distribution was used.

4. Monte Carlo uncertainty propagation
model

The Monte Carlo simulation was carried out to
model the propagation of uncertainty. The model
was implemented in Octave — an open-source al-
ternative of MATLAB software. The screw removal
process presented in Fig. 1 was simulated 10° times,
and the uncertainty of the results of modelling was
observed.

During the simulation, the position of the mod-
elled screw was determined with uniform distribu-
tion in the range where the screw is expected in the
photograph. Parameters influenced by uncertainty
were modelled according to the distributions and
parameters presented in Tables I and II.

The results of Monte Carlo modelling are pre-
sented in Fig. 5. The uncertainty of screw location
in both the x and y axes is described by the normal
distribution (Fig. 5a and b) with standard devia-
tion estimators equal to 1.04 and 1.09 mm, respec-
tively. The difference in values of standard deviation
is caused by the fact that the area of possible screw
location is rectangular (as presented in Fig.3).

The distribution of the distance from the real
screw centre location is presented in Fig. 5c. Since
the normal distribution describes the uncertainties
of both the x and y axes, the distribution of dis-
tances follows the Rayleigh distribution.

Considering the success criteria presented previ-
ously, 72.3% of the tries fit in the distance lower
than 1.7 mm from the screw centre. This result
aligns with practical tests performed at the robotic
disassembly station presented in Fig. 2.
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5. Main sources of uncertainty and
sensitivity analysis

The presented Monte Carlo method of uncer-
tainty modelling enables the analysis of both the
participation of a given uncertainty source in the
total uncertainty of the process, as well as the total
uncertainty sensitivity on a selected parameter. In
this case, the total uncertainty sensitivity v can be
defined as

AST
(il (1)

where Ast is the relative change in the total un-
certainty and As; is the relative 10% change in the
uncertainty of a given parameter i. The participa-
tion of the analysed uncertainty sources in the total
uncertainty of the process, together with the total
uncertainty sensitivities, are presented in Table III.
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Fig. 5. Results of Monte-Carlo simulation of robot
positioning uncertainty: (a) uncertainty in x direc-
tion (normal distribution), (b) uncertainty in y di-
rection (normal distribution), (c¢) uncertainty of po-
sitioning distance from the screw centre (Rayleigh
distribution).
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TABLE III

Reduction of total uncertainty of the process with-
out the uncertainty source and the total uncertainty
sensitivities (from the point of view of standard devi-
ation estimators of dz and dy, respectively).

Reduction of
X Total
total uncertainty K
Parameter . uncertainty
without the .
. sensitivity
uncertainty source
markers location negligible N/A
screw location 3%/3% negligible
pixel-to-metric transf. negligible N/A
Ry(1,1) 15%/0% 0.2/0.0
R(1,2) 2.5%/0% 0.1/0.0
Ri(2,1) 0%/6.2% 0.0/0.15
R(2,2) 0%/6.3% 0.0/0.12
Ry 18%/12% 0.3/0.2
Ae(1, 32%/0% 0.5/0.0
Ag(2, 0%/43% 0.0/0.6
Ay 33%/43% 0.5/0.7

The presented results clearly indicate that the ac-
curacy of determining the values in the matrix Ry
and vector A; plays a key role in the total uncer-
tainty of the modelled system. As a result, to in-
crease the success ratio connected with a less than
1.7 mm error of the screw centre positioning, the
accuracy of experimental determination of the ma-
trix R and vector A; has to be improved. From a
practical point of view, this can only be achieved by
developing a special mechanical setup that stabilises
the working point of the screwdriver and reduces its
clearances.

6. Conclusions

The Monte Carlo simulation-based method pre-
sented in the paper enables efficient and accurate
modelling of uncertainty propagation in sophisti-
cated systems, where differential analyses are so-
phisticated or impossible due to the high nonlinear-
ity of the transfer function. Moreover, the presented
method may implement experimentally determined
the statistical uncertainty distributions. As a result,
e.g., the uncertainty of a given parameter can be
limited to a value less than three times the stan-
dard deviation value.

The proposed method enables not only the cal-
culation of the total value of uncertainty but also
gives the unique possibility of direct estimation of
the participation of the uncertainty source in the
total uncertainty of the process, as well as the total
uncertainty sensitivities. In the presented case, it
was determined that the accuracy of the determin-
ing the values in the matrix Ry and vector A (con-
nected with the positioning of the robotic arm of the
SCARA robot) plays a key role in the total uncer-
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tainty of the modelled system. This finding creates
the possibility for a clearly targeted further devel-
opment of the hard disk drive’s robotic disassembly
process to increase its efficiency and accuracy.
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