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A R T I C L E I N F O

Keywords:
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A B S T R A C T

This paper presents a comprehensive disassembly sequence planning (DSP) algorithm in the human–robot
collaboration (HRC) setting with consideration of several important factors including limited resources and
human workers’ safety. The proposed DSP algorithm is capable of planning and distributing disassembly tasks
among the human operator, the robot, and HRC, aiming to minimize the total disassembly time without
violating resources and safety constraints. Regarding the resource constraints, we consider one human operator
and one robot, and a limited quantity of disassembly tools. Regarding the safety constraints, we consider
avoiding potential human injuries from to-be-disassembled components and possible collisions between the
human operator and the robot due to the short distance between disassembly tasks. In addition, the transitions
for tool changing, the moving between disassembly modules, and the precedence constraint of components to
be disassembled are also considered and formulated as constraints in the problem formulation. Both numerical
and experimental studies on the disassembly of a used hard disk drive (HDD) have been conducted to validate
the proposed algorithm.
1. Introduction

The growing amount of electronic waste (e-waste) has been receiv-
ing increasing attention in the recycling industry [1–3]. The e-waste
disassembly process is usually time-consuming and labor-intensive [4–
]. The disassembly sequence should not be considered as the reverse
f the assembly [8–10], since the components to be disassembled
ay have different conditions, such as missing parts, corrosion, or
ther hazardous substances and attributes that need to be handled
autiously. In addition, a typical assembly line is usually conducted in
work-cell format with serial workstations, customized fixtures [11]
nd robots that are programmed for repetitive tasks [12,13], while the
isassembly process for the distinctive e-waste may be loaded to the
ame disassembly line in the recycling facility with various conditions
nd arbitrary orientations. Thus, the conduct of the sequence planning
or the use of robots in disassembly settings is more challenging than
hat in assembly settings and needs further investigation.
There has been an increasing amount of used high-precision elec-

ronics and products such as hard disk drives, cell phones, and comput-
rs. Many factors, including environmental sustainability and potential
rofitability of recycling and reusing costly materials, have driven us to
onsider recycling these used products. Disassembly is the first and the

∗ Corresponding authors.
E-mail addresses: menglunl@buffalo.edu (M.-L. Lee), sarabehdad@ufl.edu (S. Behdad), liangx@buffalo.edu (X. Liang), mhzheng@buffalo.edu (M. Zheng).

most critical step in the remanufacturing process [14,15]. The to-be-
disassembled products possess many attributes that do not appear in the
assembly line, such as the same component with different conditions,
multiple choices for the same disassembly task, and even different
brands of products in the same disassembly line. Furthermore, the
information of the to-be-disassembled component may be missing or
incorrect, causing the difficulty of obtaining the optimal disassem-
bly sequence. Needless to say, the decisions of assigning workers to
the disassembly tasks become more complex while both humans and
robots are available [16]. A comprehensive review on human–robot
collaborative disassembly is provided in [17].

Task sequence planning plays an important role to reduce the
disassembly cost such as time. There exist several methods to model the
planning problem and obtain the disassembly sequence. One commonly
used approach is to explore potential sequences indicated by graph
visualization [18]. The graph-based representation is usually obtained
via a computer-aided design (CAD) database [19] or from the physical
information generated by the user. For instance, the CAD data is used
with visual data in [20] to conduct a disassembly sequence for a pneu-
matic valve. A cognitive robotic-based system, capable of reasoning,
execution monitoring, learning and revision for the disassembly, is
736-5845/© 2022 Elsevier Ltd. All rights reserved.
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investigated extensively in [21], which shows that the vision-based
disassembly system is able to adjust to any product model without prior
information. In addition, a system for the electric motor disassembly is
investigated in [22], in which the screws are detected based on their
characteristics concerning the gray-scale, depth and RGB (Red–Green–
Blue) color model. Thus the disassembly does not need to perform
template matching with an image database. A hybrid metaheuristic
algorithm is proposed in [23] for a profit-oriented and energy-efficient
disassembly sequencing planning, in which it is formulated into an
multi-objective optimization problem.

In fact, the graph-based modeling can be represented in several
forms to find disassembly planning sequences for robotics, such as
AND/OR graphs [24,25], directed graphs [26], precedence diagrams
[27,28], and Petri-net [29]. In addition, optimization problems have
een investigated to obtain the disassembly sequence. For example, [30,
31] formulate the sequence planning problem into a traveling salesman
problem. The scheduling problems, including the multi-mode resource-
constrained project scheduling problem [32] and flexible job-shop
scheduling problem [33,34], are also investigated such that the tasks
can be assigned with limited resources at particular times. However,
most of these methods have not considered any robotic incorporation.

Disassembly sequence planning is proven to be an NP-hard problem
because of multiple constraints in calculating optimality [35–38]. As
the quantity of the e-waste components increases, the search space
for feasible solutions grows rapidly [39]. There are several recently-
developed algorithms to obtain the optimal or a sub-optimal sequence
fficiently. Most of the searching algorithms belong to the heuris-
ic approach [24,40]. One commonly used algorithm is the generic
lgorithm. For example, a genetic algorithm-based optimization ap-
roach is proposed in [41] to determine the disassembly sequence.
n automotive component remanufacturing through the end-of-life
tage of mechanical products using the genetic algorithm is studied to
olve the fitness function, which is dependent on the change in the
isassembly time [42]. Optimal or near-optimal solutions have been
btained by the genetic algorithm in [43] for solving the disassembly
ine balancing problem (DLBP) [2,44,45], which is defined as assigning
isassembly tasks to workstations such that all precedence relation-
hips between tasks are satisfied and some measures of effectiveness
re optimized. There are also other algorithms such as ant colony
ptimization, particle swarm optimization and artificial bee colony al-
orithm. For example, [46] uses ant colony optimization and considers
omponent numbers, disassembly tools and disassembly directions in
he disassembly sequence planning problem. [47] uses an ant colony
ptimization algorithm to solve the multi-objective disassembly line
alancing problem. [48] proposes an approach based on particle swarm
ptimization with a neighborhood-based mutation operator to solve the
equence-dependent disassembly line balancing problem. In addition,
he artificial bee colony algorithm is used to make decisions regard-
ng energy savings for the disassembly line balancing problem [49],
nd its fuzzy extension, the hybrid discrete artificial bee colony al-
orithm, is proposed to deal with the uncertainty of the real-world
isassembly systems [50]. Additionally, failed disassembly operations
re formulated as unpredictable factors in a profit-based disassembly
equence planning in [51]. The other methods, such as artificial neural
etwork and artificial intelligence techniques, are commonly applied to
olve the DSP problem [52,53]. However, these methods demand high
omputational effort. A study in [54] presented a robotic disassembly
ystem that aims to solve some challenges in real applications. Nev-
rtheless, the current disassembly process is still labor-intensive and
sually accomplished manually.
To facilitate the disassembly process, human–robot collaboration

HRC) has been introduced to exploit the complementary advantages of
umans and robots, as humans have experience and demonstrate better
eactions to uncertainties in assignments. In contrast, robots provide
ccuracy and handle unsafe tasks that could cause human injuries.
rom the perspective of production planning, which plans and allocates
2

Fig. 1. Example of task planning with 9 tasks.

components, workers, and workstations to fulfill task orders on time,
the utilization of robots in their collaboration with human workers is
promising to increase production efficiency while poses new challenges
to the traditional scheduling problems. For example, decisions have
to be made regarding which tasks should be executed by a human
operator and which tasks be left to the robot. In addition to finding
the time-efficient disassembly sequence, [55] proposes a method that
aims to minimize the total disassembly time for the human–robot
collaboration with the consideration of human fatigue, which occurs
more frequently in the same type of disassembling process. A human–
robot collaborative disassembly line balance problem (HRC-DLBP) is
proposed in [56] to improve the efficiency of disassembly and reduce
the disassembly cost, which considers the energy consumption and
disassembly failure using multi-objective artificial bee colony algorithm
(MOABC) [57,58]. A multi-product partial disassembly line balanc-
ing problem with multi-robot workstations (MPR-PDLBP) is proposed
in [59], which establishes a mixed-integer programming (MIP) model
to find the solutions of optimization objectives, including hazardous
index, cycle time and energy consumption. Furthermore, a discrete
artificial bee colony algorithm is applied to a liquid-crystal display
(LCD) television disassembly with multiple disassembly schemes to
minimize the makespan and energy consumption [60]. A computer
case disassembly is studied to develop HRC planning using a modified
discrete bees algorithm based on Pareto (MDBA-Pareto) [61,62], a
multi-objective optimization method aiming to minimize the disas-
sembly time, disassembly cost and disassembly difficulty. Besides the
challenges in scheduling when introducing human–robot collaboration
in disassembly, other challenges such as communication among human
and robot operators exist as well, which are traditionally difficult in
both assembly [63] and disassembly. Nevertheless, though introducing
HRC to disassembly is promising to facilitate the disassembly process
and reduce the labor cost, the above-mentioned challenges are very
difficult to overcome.

In addition, the temporal and spatial safety distances between
robots and human operators need to be considered and assured during
the task allocation and sequence planning. There have been many ap-
plications and studies (e.g., elderly care [64], space applications [65],
rescue robotics [66], and assembly lines [67,68]) on task allocation
and planning considering HRC. For example, a recent experimental
study [69] on HRC considers human situational awareness, workload
allocation and human workflow preferences, and the underlying formal
scheduling problem is formulated as a time-indexed integer linear
programming (ILP) model. Another example is the deployment of a
multi-robot system in a warehouse [70], in which the robots move
merchandise and equipment from one place to another in collaboration
with human operators. However, those studies are not particularly
focusing on the complex disassembly sequence planning problem and
do not consider the transition time caused by tool changing and
traveling between different disassembly modules.

Fig. 1 shows an example of human–robot collaboration, in which the
gray arrows indicate the possible task sequence and the blue arrows
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Fig. 2. Proposed framework of DSP.
ndicate the optimal task sequence. During the searching of the opti-
al sequence, many practical factors regarding disassembly efficiency,
uman worker’s safety, limited tools and resources, etc., need to be
onsidered, which makes the sequence planning problem very complex.
There have been limited research that is particularly on human–

obot collaborative disassembly. In [71], human behavior is recog-
ized via deep learning techniques during the decision making process.
n [72], the sequence planning considering HRC is handled via a
ybrid resource assignment and scheduling problem via mixed-integer
inear programming. In [73], a robotic disassembly cell with two
ollaborative robots and a human operator using force and positional
control is presented to conduct the disassembly tasks. [74] presents a
disassembly planning method in the human–robot setting for end-of-life
product while considering three remanufacturability factors: cleanabil-
ity, reparability, and economy. In our previous work [75,76], the safe
condition is introduced when planning the disassembly sequence in the
HRC setting. However, most of the above-mentioned studies on HRC
for disassembly do not provide a comprehensive HRC framework and
many important factors/constraints such as the human workers’ safety
are not explicitly considered.

We propose a comprehensive sequence planning algorithm in the
HRC setting with explicitly considering multiple factors as listed in the
following.

• Transition time realization: The transition occurs when workers
need to (1) receive/return the tool or (2) move from a disas-
semble module to another disassemble module. To eliminate the
unnecessary transitions in the disassembly, the proposed sequence
planner is capable of assigning a worker to finish a series of
tasks that require the same tool, or tasks that belong to the
same disassembly module. More details will be explained in the
problem formulation section.

• Resource constraints: In the real-world scenario, the numbers of
human operators, robots and disassembly tools are strictly lim-
ited. Hence, in this paper we limit the available number of human
operators and robots at each instant as well as the number of tools
required for the disassembly tasks.

• Disassembly rules: Similar to an assembly, components in the
disassembly product must be removed following strict orders. The
precedence constraints of the disassembly cannot be violated due
to the nature of the hardware design.

• Cost of operations by robot and human operator : The disassembly
tasks can be performed in parallel or in serial by the human oper-
3

ator, the robot, or both the human operator and the robot. To find
the optimal sequence of disassembly, the cost of each disassembly
action needs to be quantified. In this paper, we parameterize the
cost as the combination of the travel distances between the to-
be-disassembled components and the robot/human operator, and
the time spent on the tasks.

• Safety of human operator : It is assumed that handling hazardous
materials and other situations of hazards [77] may occur during
the disassembly sequence. Hence, the possible cases of dangerous
human actions and human–robot interactions should be detected
before assigning disassembly tasks. To avoid potential human
injuries, the task planner must assign the robot to disassemble the
component instead of the human operator. Thus, safety require-
ments should be considered regardless of the disassembly cost
using a robot. Also, some tasks are too close to be done by both
the human worker and the robot in parallel and minimum safety
distance has to be guaranteed at the sequence planning level.

The main contribution of this paper is that we propose a com-
prehensive sequence planning algorithm among human, robot, and
human–robot collaboration with explicitly considering multiple prac-
tical constraints, including transition time, resource constraints, dis-
assembly rules, and safety of human workers, and mathematically
formulate them into an optimization problem. The formulation itself is
complex and challenging. Compared to existing disassembly sequence
planning using human–robot collaboration, the highlights of our for-
mulation are listed as follows. (1) Most of the literature only considers
human and robot, as two work groups, in the sequence planning; our
work considers human, robot, and human–robot collaboration, as three
work groups. That is to say, the tasks have been classified into three
categories: the ones for robot, the ones for human, and the ones for
human–robot collaboration; while in most literature the tasks have
been classified into two categories: the ones for robot and the ones
for human. The tasks that can be done via human–robot collaboration
are not particularly considered separately. (2) Most of the literature
on human–robot collaborative disassembly sequence planning does not
consider the time spent on either tool-change or the transition between
different disassembly modules. (3) Most of the literature considers
human safety at the motion planning level instead of the task sequence
planning level.

It is noted that the proposed task planning algorithm may be
used to disassemble hard disk drives (or other electronic wastes) and
incorporate the following scenarios: (1) the application has multiple
tasks with different tools requirements, (2) the application has limited
quantity of tools, (3) the application has multiple modules that consist
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Fig. 3. Disassembled components of a used HDD.

f many tasks, (4) the application has multiple workers capable of
erforming the same task(s), and (5) the application may have tasks
hat are unsafe for human operation. Also, it is worth mentioning that
he precedence graph is not enough for an expert to automatically
erive the plan. The reason is that the precedence graph only shows
ossible disassembly orders of the components. Due to the human–
obot collaboration setting as well as many other constraints such
s safety and limited resources, the disassembly sequence cannot be
imply obtained from the precedence graph.
The remainder of this paper is structured as follows: Section 2

introduces the problem formulation, including the assumptions, param-
eters and decision variables, performance index and the constraints.
Section 3 presents numerical studies of the hard disk drive (HDD)
disassembly with two simulated scenarios. Section 4 provides experi-
mental studies to validate the proposed disassembly planning. Section 5
oncludes the paper.

. Assumptions and problem formulation

In this section, we introduce the disassembly sequence planner in
etail. Assume there are 𝑛 components to be disassembled and each
omponent corresponds to a disassembly task. The tasks can be assigned
o one of the worker groups: the human operator, the robot, or the
uman operator and the robot together (HRC mode). Each disassembly
ask 𝑗 is specified by its processing time 𝑝𝑗𝑤 with the corresponding
worker group 𝑤. In this paper, the goal is to remove components 1 to
14 from Component 15 (HDD base), as listed in Fig. 3. The reproduction
value and the energy consumption of the disassembled component are
beyond the scope of the paper. Although it is possible to only disassem-
ble certain components, in this paper we endeavor to demonstrate and
solve the disassembly sequence planning with sufficiently large number
of disassembly tasks in a human–robot collaboration setting.

Next, we assume that the CAD file of the HDD is absent, so the
positions of the HDD components, precedence relationships between
the components, and the grasp poses and the required disassembly tools
for each component are defined by human preliminarily. Additionally,
each disassembly task can be assigned to one of the three worker
groups. Unsafe tasks will be assigned to the robot to prevent human
injury. When the task is assigned, the agents will not work on the other
task until the assigned task is complete. The disassembly tasks have
sets of succeeding tasks and can be performed by a human operator, a
robot, or HRC with different processing periods. When a task is assigned
to HRC consisting of a human operator and a robot, both the human
operator and the robot will be acquired for the same disassembly
task. We also assume that the human operator and the robot perceive
their roles in a task assigned to HRC. In addition, disassembly tasks
4

may require certain disassembly tools and the quantity of each tool is
Fig. 4. Three modules on a Used HDD (Referring to Table 2). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

limited to one. When a scheduled task requires a specific tool, another
task requiring the same tool cannot be performed at the same time.
With these reasonable assumptions, the proposed sequence planner
aims to find the optimal scheduling for a set of n tasks subject to
constraints, which includes: (1) task assignment with the three worker
groups (human operator, robot, and HRC), (2) unsafe task allocation,
(3) non-preemptive task scheduling, (4) precedence relationships, (5)
number of the human operator and the robot, (6) safety distance
between the human operator and the robot in disassembly tasks, (7)
tool availability, (8) tool-changing time, and (9) transition penalty
between disassembly modules. Each constraint will be briefly explained
below. The flow chart of the proposed task planning is shown in Fig. 2.

We will first introduce the notations of the problem formulation for
he HDD disassembly. An instance of the HDD disassembly comprises
he parameters and decision variables, which are listed in Table 1. The
ecision variable 𝑥𝑗𝑤𝑡 determines whether Task 𝑗 will be assigned to
he worker group 𝑤 (the human operator, the robot, or HRC) at time
. The mathematical formulation for the HDD disassembly problem is
hown below.
ptimization problem:

min
𝑥𝑗𝑤𝑡

∑

𝑡∈𝑇

∑

𝑤∈𝑊
𝑡 ⋅ 𝑥𝑛+1,𝑤,𝑡 (1)

ubject to
∑

𝑡∈𝑇

∑

𝑤∈𝑊
𝑥𝑗𝑤𝑡 = 1 (2)

∑

𝑡∈𝑇

∑

𝑤∈𝑊
𝑥𝑗𝑤𝑡 = 0 𝑗 ∈ 𝐽𝑢, 𝑤 ≠ Robot (3)

∑

𝑡∈𝑇
𝑥𝑗𝑤𝑡 = 1 𝑗 ∈ 𝐽𝑢, 𝑤 = Robot (4)

∑

𝑗∈𝐽

𝑡
∑

𝑘=𝑡−𝑝𝑗𝑤+1
𝑥𝑗𝑤𝑘 ≤ 1 ∀𝑤 ∈ 𝑊 , 𝑡 ∈ 𝑇 (5)

∑

2∈𝑊

∑

𝑡2∈𝑇
𝑡2 ⋅ 𝑥𝑗𝑤2𝑡2 −

∑

𝑤1∈𝑊

∑

𝑡1∈𝑇
(𝑡1 + 𝑝𝑖𝑤1

) ⋅ 𝑥𝑖𝑤1𝑡1

≥ 0, (𝑖, 𝑗) ∈ 𝑆 (6)

∑ ∑

𝑡
∑

𝑐𝑗𝑤 ⋅ 𝑥𝑗𝑤𝑘 ≤ 2 ∀𝑡 ∈ 𝑇 (7)

𝑗∈𝐽 𝑤∈𝑊 𝑘=𝑡−𝑝𝑗𝑤+1
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Table 1
(a) Parameters and (b) Decision variables.
Parameters related to the disassembly scenario

Symbol Definition

𝑇 Planning horizon for all disassembly tasks, 𝑇 ∈ Z+.

𝑡 Starting time of a disassembly task, 𝑡 ∈ 𝑇 .

𝐽 Set of disassembly tasks.

𝑛 Total number of disassembly tasks.

𝑊 Set of worker groups, 𝑊 = {Human Operator,
Robot, both Human Operator and Robot (HRC)}.

𝑤 A worker group, 𝑤 ∈ 𝑊 .

𝑝𝑗𝑤 Processing time of task 𝑗 by worker group 𝑤,
𝑝𝑗𝑤 ∈ Z+.

𝐽𝑝 Task set that the human operator and the robot
can work together or in parallel, 𝐽𝑝 ⊆ 𝐽 .

𝐽𝑢 Task set unsafe for human operation, 𝐽𝑢 ⊆ 𝐽 .

𝑆 Set of task pairs with precedence relationships.

𝑀 A sufficiently large number.

𝐷 Set of task pairs that do not meet the minimum
safety distance requirement.

𝐼𝑖𝑗 ‘1’ Only if Task 𝑖 precedes Task 𝑗, ‘0’
Otherwise.

𝑐𝑗𝑤 Quantity of worker group 𝑤 required for Task 𝑗.

𝑉 Set of HDD modules. (see Fig. 4)

𝑉𝑖 Tasks belong to 𝑖𝑡ℎ HDD module. 𝑉𝑖 ⊂ 𝑉 .

𝑅𝑏 Maximum quantity of tool 𝑏.

𝑟𝑗𝑏 Quantity of tool 𝑏 required for Task 𝑗.

𝑔𝑤 Transition time spent by worker 𝑤.

𝑈 Grouping of tasks requiring specific tools.

𝑈𝑎 Set of tasks requiring tool 𝑎. 𝑈𝑎 ⊂ 𝑈 .

𝑈̄𝑎 Subset of remaining tasks except Task 𝑖, 𝑖, 𝑈̄𝑎 ∈ 𝑈𝑎,
𝑖 + 𝑈̄𝑎 = 𝑈𝑎, 𝑖 ∉ 𝑈̄𝑎.

(a)

Decision variables

Symbol Definition

𝑥𝑗𝑤𝑡 ‘1’ if Task 𝑗 assigned to worker group 𝑤 at time 𝑡,
‘0’ Otherwise.

(b)

𝐼𝑖𝑗 + 𝐼𝑗𝑖 = 1 ∀(𝑖, 𝑗) ∈ 𝐷 (8)
∑

𝑤1 ,𝑤2∈𝑊

∑

𝑡∈𝑇

[

𝑡 ⋅ 𝑥𝑗𝑤2𝑡 − (𝑡 + 𝑝𝑖𝑤1
) ⋅ 𝑥𝑖𝑤1𝑡

]

≥ 𝑀(𝐼𝑖𝑗 − 1) , (𝑖, 𝑗) ∈ 𝐷 (9)
∑

1 ,𝑤2∈𝑊

∑

𝑡∈𝑇

[

𝑡 ⋅ 𝑥𝑖𝑤2𝑡 − (𝑡 + 𝑝𝑗𝑤1
) ⋅ 𝑥𝑗𝑤1𝑡

]

≥ 𝑀(𝐼𝑗𝑖 − 1) , (𝑖, 𝑗) ∈ 𝐷 (10)

∑

𝑗∈𝐽

∑

𝑤∈𝑊

𝑡
∑

𝑘=𝑡−𝑝𝑗𝑤+1
𝑟𝑗𝑏 ⋅ 𝑥𝑗𝑤𝑘 ≤ 𝑅𝑏 ∀𝑡 ∈ 𝑇 (11)

∑

𝑖∈𝑈𝑎

𝑡−1
∑

𝑜=𝑡−𝑝𝑗𝑤−𝑔𝑤

(𝑜 + 𝑝𝑗𝑤 + 𝑔𝑤) ⋅ 𝑥𝑖𝑤𝑜

∑

𝑗∈𝑈𝑏

𝑡 ⋅ 𝑥𝑗𝑤𝑡 +𝑀 ⋅
(

1 −
∑

𝑗∈𝑈𝑏

𝑥𝑗𝑤𝑡
)

5

𝑡 ∈ 𝑇 , 𝑤 ∈ 𝑊 , 𝑈𝑎, 𝑈𝑏 ⊂ 𝑈, 𝑎 ≠ 𝑏 (12)
𝑡−1
∑

𝑜=𝑡−𝑝𝑖𝑤1−𝑔𝑤1

(𝑜 + 𝑝𝑖𝑤1
+ 𝑔𝑤1

) ⋅ 𝑥𝑖𝑤1𝑜

∑

𝑗∈𝑈̄𝑎

𝑡 ⋅ 𝑥𝑗𝑤2𝑡 +𝑀 ⋅
(

1 −
∑

𝑗∈𝑈̄𝑎

𝑥𝑗𝑤2𝑡
)

𝑡 ∈ 𝑇 , 𝑤1, 𝑤2 ∈ 𝑊 , 𝑖, 𝑈̄𝑎 ∈ 𝑈𝑎, 𝑖 ∉ 𝑈̄𝑎 (13)

∑

𝑖∈𝑉𝑎

𝑡−1
∑

𝑜=𝑡−𝑝𝑗𝑤−𝑔𝑤

(𝑜 + 𝑝𝑗𝑤 + 𝑔𝑤) ⋅ 𝑥𝑖𝑤𝑜

≤
∑

𝑗∈𝑉𝑏

𝑡 ⋅ 𝑥𝑗𝑤𝑡 +𝑀 ⋅
(

1 −
∑

𝑗∈𝑉𝑏

𝑥𝑗𝑤𝑡
)

∀𝑡 ∈ 𝑇 , 𝑤 ∈ 𝑊 , 𝑉𝑎, 𝑉𝑏 ⊂ 𝑉 , 𝑎 ≠ 𝑏 (14)

First of all, Eq. (1) is the performance index that seeks to find the
minimum disassembly time. The decision variable 𝑥𝑛+1,𝑤,𝑡 determines
he starting time of Task (𝑛 + 1), which is a virtual task that serves as
he indication of the end of the HDD disassembly. It is worth noting
hat the processing time for the virtual task is always zero, so when an
ptimal task sequence is obtained, the task that succeeds Task 0 will
e the first task, and the task that precedes Task (𝑛+1) will be the last
task in the HDD disassembly.

Constraint (2) ensures that each disassembly task will start at time 𝑡
nd be assigned to one of the three worker groups: the human operator,
he robot, or HRC. The decision variable 𝑥𝑗𝑤𝑡 equals 1 if Task 𝑗 starts
t time 𝑡 by a worker group 𝑤; otherwise, 𝑥𝑗𝑤𝑡 equals 0. Constraints
3) and (4) together guarantee that unsafe tasks will not be assigned
o the human operator to prevent human injuries. The task set 𝐽𝑢 in
Constraints (3) and (4) contains the unsafe tasks that are detected
uring the initialization stage (see Fig. 2). The decision variable 𝑥𝑗𝑤𝑡
n Constraint (3) is set to 0 to prevent the human operator from being
ssigned to any unsafe tasks in 𝐽𝑢. Similarly, the decision variable 𝑥𝑗𝑤𝑡
n Constraint (4) becomes 1, forcing the robot to perform the unsafe
asks.
Furthermore, Constraint (5) ensures that, if a worker group 𝑤 is pro-

essing Task 𝑗, then Task 𝑗 will be performed non-preemptively because
he worker group 𝑤 cannot perform two or more tasks simultaneously;
n other words, once a worker group 𝑤 is assigned to a disassembly task
, only one of the decision variables 𝑥𝑗𝑤𝑡 from 𝑡 to 𝑡 + 𝑝𝑗𝑤 equals 1.
Additionally, the precedence relationships of the to-be disassembled

components are conducted in Constraint (6); 𝑡2 and 𝑡1 denote the
starting time of Task 𝑗 and Task 𝑖, respectively; and 𝑤2, 𝑤1 indicate the
corresponding workers of Task 𝑗 and Task 𝑖, respectively. Since it is a
hard constraint inherited by the hardware design, we must guarantee
that the disassembly orders of the task pairs in the set 𝑆 are followed,
regardless of the worker group being assigned to the task pair (𝑖, 𝑗).
For instance, the decision variable 𝑥𝑗𝑤2𝑡2 = 1 only appears after passing
𝑡1+𝑝𝑖𝑤1

seconds with the decision variable 𝑥𝑖𝑤1𝑡1 = 1. It is worth noting
that the task pairs in 𝑆 only represent the priorities of the tasks and do
not portray the processing of Task 𝑗 immediately after the completion
of Task 𝑖.

Because of the limited numbers of the human operator and the
robot, optimizing the HDD disassembly can be identified as a resource-
constrained scheduling problem with the distribution of the limited
quantity of workers as formulated in Constraint (7). The constraint
limits at the most only one human operator and one robot can process
a task in the time horizon 𝑇 . For example, if Task 𝑗 is assigned to the
worker group 𝑤 of HRC (see Task 3 in Figs. 5(a) and 5(c)), the decision
variable 𝑥𝑗𝑤𝑡 will be 1 at time 𝑡 and none of the other two worker groups
can be assigned to any tasks from time 𝑡 to time 𝑡 + 𝑝𝑗𝑤. Moreover, we
aim to assign disassembly tasks to the three worker groups in a time
efficient manner; Fig. 5 illustrates 3 possible combinations of assigning
three disassembly tasks to the human operator, the robot, and the HRC;
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Fig. 5. Example of distribution of three tasks.

Fig. 5(a) is an example of inefficient task distribution in which each task
is assigned to one of the worker groups; by contrast, our proposed task
planner could distribute the human operator and the robot to different
tasks at the same time as illustrated in Figs. 5(b) and 5(c), yielding the
ime reduction of completing the three tasks.
Next, Constraints (8) to (10) enforce the sequential processing of

tasks that violate the safety distance requirement, preventing the hu-
man operator and the robot from processing tasks 𝑖 and 𝑗 in parallel.
For instance, if Task 1 and Task 2 shown in Fig. 5 can be processed by
two worker groups simultaneously but belong to set 𝐷 as an unsafe task
pair, the mode in Fig. 5(a) is preferred to avoid simultaneous executions
of the two tasks by the human operator and the robot. In other words,
only one of the decision variables 𝑥1𝑤1𝑡 and 𝑥2𝑤2𝑡 can be set to 1 at
time 𝑡, where 𝑤1 and 𝑤2 denote the human operator and the robot,
respectively. Also, 𝑀 represents a number larger than the latest time
point considered in the planning horizon.

Constraint (11) adapts the resource-constrained problem (RCPSP) to
limit the quantities of disassembly tools during the planning horizon 𝑇 .
Each tool can only be taken by the human operator or the robot at a
time. For example, if Task 1 and Task 2 require different disassembly
tools, the modes in Figs. 5(b) and 5(c) could be conducted so that both
the human operator and the robot can work on the tasks simultaneously
without exceeding the tool limit. That is to say, both the decision
variables 𝑥1𝑤1𝑡 and 𝑥2𝑤2𝑡 become 1 at time 𝑡, where 𝑤1 and 𝑤2 represent
the robot and the human operator, respectively.

Lastly, the formulation of the transition time is shown in Constraints
(12) to (14); Constraints (12) applies the tool-changing time 𝑔𝑤 if the
worker 𝑤 after finishing Task 𝑖 with Tool 𝑎 must work on the next Task
𝑗 requiring different Tool 𝑏. Otherwise, the tool-changing time 𝑔𝑤 will
be ignored if the worker 𝑤 after finishing Task 𝑖 proceeds to perform
Task 𝑗 with the same Tool 𝑎. Two examples of conducting the tool-
changing transition are shown in Fig. 6; Fig. 6(a) presents a scenario of
two worker groups being assigned to different tasks with the same tool
requirement. The scenario shows that the offset between the events of
decision variables 𝑥1𝑤1𝑡1 = 1 and 𝑥2𝑤2𝑡2 = 1 must be larger than the
summation of 𝑝1𝑤1

(processing time of Task 1 by worker group 𝑤1)
and 𝑔𝑤 (tool transition time by worker groups 𝑤1 and 𝑤2). On the
contrary, Fig. 6(b) shows the same worker group 𝑤1 being assigned to
two tasks requiring the same tool, meaning that if the decision variable
𝑥1𝑤1𝑡1 equals 1 at time 𝑡1, the other decision variable 𝑥2𝑤1𝑡2 will become
1 where 𝑡2 = 𝑡1 + 𝑝1𝑤1

. Thus, no offset between the two tasks. The
comparison shows that the transition between Task 1 and Task 2 in
Fig. 6(a) is essential, but in Fig. 6(b), the worker group 1 can possess
he tool without the tool-changing transition.
Constraints (13) is a supplementary formulation for Constraints

12) that applies the tool-changing time between two sequential tasks
ssigned to different workers 𝑤1 and 𝑤2 that require the same dis-
ssembly tool 𝑎. Lastly, Constraints (14) applies the time penalty for
6

Fig. 6. (a) Task 1 & Task 2 requiring the same tool assign to different workers; (b)
Task 1 & Task 2 requiring the same tool assign to the same worker.

performing tasks between task groups. If Task 𝑖 and Task 𝑗 do not
belong to the same HDD module, a transition time 𝑔𝑤 will be carried
out to discourage the worker from working back and forth on tasks that
belong to different HDD modules.

The features of the proposed sequence planner for the HDD disas-
sembly are highlighted below:

• Distribution of disassembly tasks: The proposed task planner can
not only assign one task to one human operator or one robot but
also dispatch both the human operator and the robot to the same
task as the HRC worker group (see Table 1b).

• Restriction of the maximum number of disassembly workers: The
task planner dispatches at each time point at most one human
operator and one robot without their being assigned to multiple
tasks at the same time.

• Limit in the number of disassembly tools: Different disassembly
tasks may require the same disassembly tool. The task planner can
prevent the tasks requiring the same tool from being assigned to
workers at the same period.

• Precedence relationships among the components: The proposed
task planner can enforce the disassembly rule and distribute the
tasks without violating the disassembly sequences.

• Dispatch of the robot to unsafe disassembly tasks: If unsafe con-
ditions like sharp edges in components and unsafe distances
between nearby disassembly tasks are detected, the proposed task
planner can force the robot to perform the unsafe tasks or prevent
the tasks from being executed by the human operator and the
robot in parallel to avoid collisions between the human operator
and the robot.

• The transition time caused by moving between disassembly mod-
ules: moving from one disassembly module (as shown in Fig. 4)
could lead to a significant delay between disassembly tasks. By
conducting it as an optimization problem, the scenario of working
back-and-forth on tasks in different disassembly modules should
be eliminated. As can be seen in Fig. 7, Worker 1 in Fig. 7(a)
spends a longer time working back and forth between the tasks,
and the Worker in Fig. 7(b) spends less time moving between the
tasks.

• The transition of tool changing and switching tools between
workers: the process of receiving and returning the disassembly
tool is not necessary and should be flexible. By separating the
transition time from the disassembly process, we can concentrate
on approximating the processing time of the disassembly task
itself and potentially saving the time of tool-changing. Examples
of two tool-changing scenarios are illustrated in Fig. 6, in which
Worker 1 in Fig. 6(a) must return Tool 1 before Worker 2 starts
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Table 2
Properties and required disassembly tasks for all individual HDD components.
Disassembly module Task No. Disassembly task Disassembly actions Tool required

Actuator module

Task 1 Top Actuator Pulling out None
Task 2 Actuator Arm Unscrewing Flat-Head Screwdriver
Task 3 Bottom Actuator Screw 1 Unscrewing T6 Torx Screwdriver
Task 4 Bottom Actuator Screw 2 Unscrewing T6 Torx Screwdriver
Task 5 Bottom Actuator Screw 3 Unscrewing T8 Torx Screwdriver
Task 6 Bottom Actuator Picking up None

Platter module

Task 7 Spindle Screw 1 Unscrewing T8 Torx Screwdriver
Task 8 Spindle Screw 2 Unscrewing T8 Torx Screwdriver
Task 9 Spindle Screw 3 Unscrewing T8 Torx Screwdriver
Task 10 Spindle Picking up None
Task 11 Platter Picking up Suction Cup

Chip module
Task 12 Chip Screw 1 Unscrewing T8 Torx Screwdriver
Task 13 Chip Screw 2 Unscrewing T8 Torx Screwdriver
Task 14 Chip Picking up None
Fig. 7. (a) Undesirable task sequence (b) Desired task sequence.

working on Task 2. By contrast, Worker 1 in Fig. 6(a) is assigned
to both Task 1 and Task 2 requiring the same tool, so the tool-
changing time between the two tasks should be removed since
Worker 1 still possesses Tool 1 after performing Task 1.

. Numerical studies

The purpose of this section is to examine the proposed sequence
lanner before implementing it to a real product disassembly. A used
eagate HDD is employed to emulate the disassembly sequence with
RC. The used HDD and the disassembled components are exhibited in
ig. 3 and Fig. 4, respectively. The HDD consists of 15 sub-assemblies
nd their precedence relationships are illustrated in Fig. 8, in which
he arrows are pointing from the preceding tasks to the succeeding
asks, noting that the succeeding task will not start until the preceding
ask finishes. Moreover, the non-directional lines indicate that the tasks
eing linked together have no precedence relationships and can be
erformed in parallel by the robot and the human operator. The whole
isassembly is complete when Component 1 to Component 14 are all
ismantled from Component 15, which is the HDD base. The numerical
nd experimental studies were carried out on a machine with an Intel
ore i7-6700 CPU, 64 GB RAM, an Nvidia GeForce GTX 1050 Ti, and
indows 10 operating system. The proposed disassembly sequence
lanner was solved using Python language with Python-MIP package
nd Gurobi optimization solver [78].
The dismantling actions of Component 1 to Component 14 are de-

ined as Task 1 to Task 14, respectively. Each disassembly task involves
etaching parts or loosening screws from the HDD base. Depending on
he features of the objects to be disassembled, each task can be carried
ut with or without a tool. Table 2 shows the disassembly task names,
ctions, and the required tools, with the numbering of the tasks in line
ith the numbering of the components in Fig. 3.
7

Fig. 8. Precedence relationships of HDD disassembly tasks.

Each of the disassembly tasks can be executed by one of the three
worker groups. Each worker group consumes a different processing
time on each disassembly task. The HRC worker group is special
because it requires both the human and the robot for the same task,
implying that if a task is assigned to HRC, no other tasks can be
performed simultaneously. Thus, even though the worker group HRC
performs some tasks the fastest among the three worker groups, the
tasks will not be assigned to HRC because of taking up both the human
operator and the robot during one disassembly process.

For simulation purposes, it is assumed that only one human operator
and one robot are employed during the HDD disassembly; the process-
ing time of each worker group is randomly generated and is set to be
constant without being affected by the positions of the disassembly
tasks in the sequence. The human operator and the robot are both
capable of performing the same disassembly tasks and they share
the same tools. We also assume the human operator and the robot
can work on the assignment individually or work on the same task
collaboratively. When the task is assigned to HRC, both the human
operator and the robot know their roles in the collaborative task.

Case Study I

In the first case study, we assume that Task 1 is unsafe for human
operation. Task 1 is the removal of the top actuator with a strong
magnet, so it should be detached by the robot to avoid hand injury.
Meanwhile, we assume that the task pairs ((Task 7 & Task 8), (Task
7 & Task 9), (Task 8 & Task 9), and (Task 12 & Task 13)) are too
close to be performed by the human operator and the robot in parallel.
These task pairs are formulated as the set 𝐷 in Constraints (8) to (10).
Additionally, the virtual processing time and transition time of the
three worker groups are listed in Table 3 and Table 4, respectively. The
processing time for each disassembly is randomly generated between
three and ten seconds. Each disassembly task requires different tools as
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Table 3
Case Study I: Disassembly time.
Task No. Processing time

Human Robot HRC

Task 1 10 8 3
Task 2 10 8 3
Task 3 10 8 3
Task 4 3 4 6
Task 5 3 4 6
Task 6 10 8 3
Task 7 10 8 3
Task 8 3 6 4
Task 9 3 6 4
Task 10 8 10 3
Task 11 10 8 3
Task 12 3 6 4
Task 13 8 10 3
Task 14 10 8 3

Table 4
Case Study I: Transition time.
Worker Transition time (s)

Human 1
Robot 2
HRC 2

Table 5
Tools represented by symbols.
Tool name Symbol

Flat-Head Screwdriver
T6 Torx Screwdriver
T8 Torx Screwdriver
Suction Cup

shown in Table 2 and can be carried out by one of the three worker
roups with distinctive processing time.
The disassembly sequence starts from Task 7 requiring T8 Torx

crewdriver. Task 7 is assigned to HRC group. The first two transitions
ccur from Task 7 to Task 12 by the human operator and from Task
to Task 1 by the robot. It is because the HRC group needs time to
eturn the tool and to move from Platter Module (red) to the other
isassembly modules (Chip Module in blue and Actuator Module in
ellow). In addition, since Task 12 and Task 13 require the same tool,
he human operator can work on the two tasks without tool-changing.
he human operator then takes one second to return the tool and to
ove to the next task between the fifteen and sixteen seconds in the
imeline in Fig. 10. Afterward, the HRC group is selected to perform
ask 2 with the flat-head screwdriver due to the lowest disassembly
ime. After a one-second transition of moving between disassembly
odules, the human operator proceeds to work on Task 9 and Task
in Platter Module using the same tool, and then transits to Task 5
n Actuator Module with the same tool. In the meantime, the robot
pends two seconds for tool changing and then performs Task 3 from
he twenty-one second to twenty-nine seconds in the timeline. Next,
ask 14 is executed by HRC between the thirty-one and thirty-four
econd after a one-second transition of the human operator, and a two-
econd transition of the robot, as shown in Table 4. Then, the human
perator spends one second moving from Task 14 to Task 4 with T6
orx screwdriver. Task 6 is performed by the robot after Task 4 because
f the precedence relationships between the two tasks. While Task 6 is
rocessed by the robot, the human operator performs Task 10 after a
ne-second transition between thirty-eight and thirty-nine seconds in
he time frame. Finally, after one-second and two-second transition by
he human operator and the robot respectively, Task 11 is executed by
RC.
Fig. 9 shows the search process of the optimal sequence with min-

mum disassembly time. The minimum disassembly time is obtained
8

q

Fig. 9. Case Study I: Search process of optimal sequence with minimum disassembly
time.

by a linear programming optimizer using dual-simplex method after
120 iterations; the optimizer firstly found a feasible sequence with
71 s, then continued to search for the other feasible sequences having
smaller disassembly time. After 383 s of searching for the minimum
total disassembly time, the optimizer stopped searching after no other
disassembly sequence can be found with less than 51-second total
disassembly time for the HDD. Fig. 10 shows the result of the optimal
disassembly sequence with 51-second total disassembly time; the color
represents the HDD modules in Fig. 4 and the symbols ‘ ’, ‘ ’, ‘ ’, and
‘ ’ (see Table 5) indicate the tools used in the tasks, noting that the
asks without any symbols do not need any tools.
It can be seen from the first simulation, the unsafe Task 1 is

uccessfully assigned to the robot to avoid potential human injury.
eanwhile, the task pairs of Task 7 & Task 8, Task 8 & Task 9, Task 7
Task 9, and Task 12 & Task 13 are not simultaneously performed by
he human operator and the robot, yielding a safe working distance
etween the human and the robot. The case study also successfully
emonstrates the transition time caused by tool-changing and moving
etween different disassembly modules.

ase Study II

In the second study, we assume that Task 2 is unsafe for human
peration, and to compare with the first case study, the task pairs
re reduced to (Task 12 & Task 13) which is unsafe for the human
perator and the robot working in parallel. The processing time for each
isassembly is also randomly generated as three to ten seconds. The
equired tools and transition time remain the same as in Case Study
. The transition time and the virtual processing time of the human
perator, the robot, and the HRC are listed in Table 4 and Table 6,
espectively.
Fig. 11 shows the search process of the optimal sequence with min-

mum disassembly time. The minimum disassembly time is obtained
fter 127 iterations. Similar to the sequence search pattern of Case
, the optimizer firstly found a feasible sequence with a large disas-
embly time, then continued to search for the other feasible sequences
ith time less than 69 s. It took 275 s to search for the minimum
otal disassembly time. The optimizer stopped searching after no other
isassembly sequence can be found with less than 49-second total
isassembly time for the HDD. Fig. 10 shows the result of the optimal
isassembly sequence with 49-second total disassembly time; Fig. 12
emonstrates the Gantt diagram of the optimal HDD disassembly se-

uence of Case Study II. The unsafe Task 2 is assigned to the robot,
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Fig. 10. Case Study I: Gantt chart of optimized disassembly sequence (Colors and Symbols defined in Fig. 4 and Table 5). (For interpretation of the references to color in this
igure legend, the reader is referred to the web version of this article.)
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Fig. 11. Case Study II: Search process of optimal sequence with minimum disassembly
time.

Table 6
Case Study II: Disassembly time.

Processing time (s)

Task No. Human Robot HRC

Task 1 3 9 7
Task 2 3 10 2
Task 3 9 6 3
Task 4 9 6 3
Task 5 10 7 3
Task 6 9 3 6
Task 7 7 10 3
Task 8 7 10 3
Task 9 7 10 3
Task 10 10 8 5
Task 11 8 10 3
Task 12 3 10 9
Task 13 3 10 9
Task 14 4 9 6

and the task pair (Task 12 & Task 13) is not performed simultaneously
by the human operator and the robot. The colors (red, yellow and blue)
represent the tasks that belong to different disassembly modules, and
the symbols (‘ ’, ‘ ’, ‘ ’ and ‘ ’) represent different tools used in the
asks.
The disassembly sequence starts from HRC being assigned to Task

, Task 8 and Task 9 sequentially. Because the three tasks require
he same tool, no transition time is required in-between. Next, the
uman operator performs Task 1 without any tool after a one-second
9

t

transition from Task 7, and then the worker takes another one-second
transition to Task 10 in another disassembly module. Meanwhile, Task
2 is performed by the robot after the completion of Task 1 because of
the precedence relationships between Task 1 and Task 2. Afterward,
Task 5 is executed by HRC between the twenty-five and twenty-eight
seconds in the timeline following a one-second transition of the human
operator and a two-second transition of the robot. Next, after taking a
one-second transition, the human operator performs Task 12 and Task
13 continuously using the same T8 Torx screwdriver and then transits
to Task 14 without tools. In the meantime, the robot takes a two-second
transition to perform Task 3 and Task 4 non-preemptively using the
same T6 Torx screwdriver. Finally, Task 6 is performed by the robot
from forty-four to forty-seven seconds, and Task 11 is performed by the
human operator between forty-one and forty-nine seconds. The total
HDD disassembly is complete at forty-nine seconds after the completion
of Task 11.

The second simulation shows that Task 2 is successfully assigned to
the robot to avoid human injury. Meanwhile, the task pair of (Task 12 &
Task 13) is performed by the human operator sequentially, preventing
collision between the human operator and the robot. The transitions are
successfully implemented for the tool-changing from Task 7 to Task 1,
and from Task 13 to Task 14, and the moving from Task 1 to Task 10,
and from Task 10 to Task 5, and etc.

4. Experimental studies

This section presents the validation of the proposed disassembly
sequence planner via experimental studies. The goals are: (1) to dis-
assemble all the components on the HDD considering human–robot
collaboration, (2) to minimize the total disassembly time with mini-
mum transitions, (3) to prevent human injury, and (4) to comply with
tool constraint. The experimental setup is shown in Fig. 13, which
contains a human operator, a six-degree-of-freedom manipulator (the
robot), a disassembly toolset, and requisite cameras.

The HDD disassembly is composed of 14 individual tasks. Task
1 is considered unsafe for human operation, as the removal of the
top actuator with a strong magnet requires a large force that could
cause human injury. All the HDD components, that are identified using
machine learning methods [79–81], are assumed to be reachable by
both the human operator and the robot. Additionally, the task pairs
((Task 7 & Task 8), (Task 8 & Task 9), (Task 7 & Task 9), and (Task 12
& Task 13)) do not satisfy the minimum safety distance, as illustrated in
Fig. 16. These task pairs are formulated as the set 𝐷 in Constraints (8) to
(10) to prevent the human and the robot from working in parallel. The
precedence relationships of the disassembly tasks and the disassembly
rocess are conducted by empirical methods. The disassembly actions
nd the required tools are shown in Table 2, in which one T6 Torx
crewdriver, one T8 Torx screwdriver, one flat-head screwdriver, and
ne suction cup are prepared for the disassembly tasks. The processing

ime of the disassembly tasks and the transition time of the three
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Fig. 12. Case Study II: Gantt chart of optimized disassembly sequence (Colors and symbols defined in Fig. 4 and Table 5). (For interpretation of the references to color in this
igure legend, the reader is referred to the web version of this article.)
Fig. 13. Experiment test setup.

orker groups are listed in Table 7 and Table 8, respectively. Please
ote tasks with the disassemble time of 99 s denote their impossibilities
f completion by corresponding worker groups. The worker group’s
isassembly time of each task is calculated following the flow chart
n Fig. 14, where the pre-grasp and grasp poses are demonstrated in
ig. 15 in which we assume the component can be freely detached
long the vertical direction. Noting that since the proposed task planner
s already complex, the disassembly direction is simplified and the
isassembly actions (see Table 2) are limited to pulling out, unscrewing
nd picking up. The completion time of each task and the transition
ime used in the experimental studies are obtained by preliminary tests,
n which the processing time of each disassembly task and the transition
y the three worker groups are recorded. Furthermore, the human
perator has the dominant control in the disassembly process; the robot
ill engage in assigned disassembly tasks only after its end-effector
s tapped by the human operator. This configuration also guarantees
uman safety in the whole HDD disassembly.
Fig. 17 and Fig. 18 show the search process of the total disassembly

ime and the Gantt diagram of the optimal HDD disassembly sequence,
espectively. The minimum disassembly time is obtained after 189
terations. The sequence search pattern is similar to Case I and Case II;
feasible sequence was initially found with a large disassembly time
203 s), then the optimizer continued to search for the other feasible
equences with shorter time. The optimizer stopped searching after no
ther disassembly sequence can be found with less than 151-second
otal disassembly time for the HDD. The search process takes 1349 s,
hich is longer than the ones from the two numerical studies due to
onger processing time by the worker groups in the real world. Fig. 10
hows the result of the optimal disassembly sequence with 151-second
otal disassembly time; The disassembly process begins after the HDD
10
Fig. 14. Flow chart of disassembly time calculation.

Fig. 15. Demonstration of Pre-grasp and Grasp Poses: (a) pre-grasp position for a task
requiring a screwdriver; (b) grasp position for a task requiring a screwdriver; (c) pre-
grasp position for robot assigned to a task without requiring a tool; (d) grasp position
for robot assigned to a task without requiring a tool. Note that the yellow lines indicate
the grasp position of the robot. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

is placed on the workbench, as shown in Fig. 19. A recycling zone for
placing the disassembled components is designed on the bottom left of
the workbench. Both the human operator and the robot will place the
disassembled components in the designated area. The toolset is placed
near the base of the manipulator. The human operator and the robot



Robotics and Computer-Integrated Manufacturing 76 (2022) 102306M.-L. Lee et al.
Fig. 16. Tasks not satisfying minimum safety distance.

Fig. 17. Experiment: Search process of optimal sequence with minimum disassembly
time.

Table 7
Experiment: Processing time of disassembly tasks.
Task No. Processing time (s)

Human Robot HRC

Task 1 22 26 15
Task 2 16 99 25
Task 3 14 99 99
Task 4 14 99 99
Task 5 15 99 99
Task 6 14 11 99
Task 7 12 99 99
Task 8 12 99 99
Task 9 12 99 99
Task 10 15 9 22
Task 11 23 99 13
Task 12 12 99 99
Task 13 12 99 99
Task 14 11 13 7

Table 8
Experiment: Transition time.
Worker Transition time (s)

Human 2
Robot 4
HRC 4
11
must return the tool only if the current task and the next task require
different tools.

After the initialization, the human operator and the robot proceed
to work on Task 7–9 and Task 1, respectively. Because Tasks 7 to 9
require the same type of T6 Torx screwdriver, the human operator can
work on these tasks continuously without returning the tool during
the three tasks, as shown in Fig. 20. In addition, although the robot
processes Task 1 slower than the human operator (26 s v.s. 22 s), the
robot is assigned to perform Task 1 because it is marked as unsafe for
human operation at the initialization stage. The robot returns to its
initial position after placing the top actuator part to the recycling zone
at around 26 s. Meanwhile, the human operator after placing the screws
to the recycling zone proceeds to return the T6 Torx screwdriver and
then grab the flat-head screwdriver for Task 2. It is worth noting that
the tool-changing time is presented between Task 7 and Task 2 for 2 s.

After the human operator finishes exchanging the tool, Task 2 and
Task 10 are assigned to the human operator and the robot, as shown
in Fig. 21. The human operator and the robot are working on the two
tasks in parallel during forty-three to fifty-two seconds, noting that Task
2 and Task 10 belong to different disassembly modules (referring to
Fig. 4) and do not have direct precedence relationships. After the two
parallel tasks are complete, the human operator and the robot take 2 s
and 4 s respectively to be ready for the next task, which is assigned to
HRC.

Next, the HRC is assigned to Task 11, the removal of the platter
shown in Fig. 22. The platter is flat and too thin to be removed easily by
hand, so the suction cup is required to be deployed first by the human
operator, and then the robot grabs the holder part of the suction cup
to remove the platter from the HDD base. After the platter successfully
landed on the recycling area, the human operator must help detach the
suction cup from the platter since the robot is incapable to detach the
platter by itself.

After returning the suction cup between sixty-nine and seventy-
one seconds, the human operator is ready for the next tasks shown in
Fig. 23. The next three tasks are composed of Task 5 requiring a T8 Torx
screwdriver and Task 3 & Task 4 requiring a T6 Torx screwdriver. The
task planner also successfully displays the tool-changing time between
eighty-six and eighty-eight seconds. It should be noted that Task 5, Task
3 and Task 4 do not have precedence relationships, but these tasks must
be complete before Task 6, as illustrated in Fig. 8.

After the human operator returns the tool for Task 4, the robot
and the human operator are again assigned to distinctive tasks syn-
chronously, as shown in Fig. 24. The robot is assigned to Task 6 to
remove the bottom actuator from the 118 to 129 s. Meanwhile, the
human operator is assigned to Task 13 and Task 12 between 118 and
142 s to remove the screws on the control chip, which is Task 14.
Similar to Task 3 & Task 4, Task 13 & Task 12 require the same tool,
so there is no tool-changing time between Task 13 & Task 12.

The last remaining task is Task 14 that is assigned to HRC shown
in Fig. 25. The human operator after performing Task 12 has sufficient
time to return and be ready for Task 14, the control chip removal. The
grasping position of the chip is thin and sharp, and the chip is stuck on
the surface of the HDD base, so the disassembly process requires HRC;
the human operator holds the bottom of the HDD so that the robot can
pull the chip out of the HDD base. The total disassembly is complete at
151 s after the chip is removed.

The experiment and the two simulations in the previous section
show the potential of conducting the HDD disassembly with human–
robot collaboration. The proposed problem formulation successfully
prevents the tasks that do not meet the minimum safety distance from
being assigned to the human operator and the robot in parallel. The
task planner also prevents the unsafe tasks from being assigned to
the human operator in spite of the inferior disassembly time by the
robot. The transitions, including the tool-changing time, tool-changing
penalty and the disassembly module switching time are successfully
conducted in the disassembly scheduling. The tool limit and the prece-
dence relationships of the tasks are also considered explicitly during

the whole disassembly. The experiment video is available via this link.

http://zh.eng.buffalo.edu/PaperDemo/HDD-Disassembly-ExpVideo.mp4
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Fig. 18. Experiment: Gantt chart of optimized disassembly sequence (Colors and symbols defined in Fig. 4 and Table 5). The experimental test video is available as the supplemental
materials. It is also available via this link. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 19. Initialization of the HDD disassembly.

Fig. 20. Human operator performs Tasks 7–9 during 0–36 s, and robot performs Task
1 during 0–26 s.

5. Conclusions and future research

This paper presents the formulation of a disassembly sequence
planning problem in HRC setting into an optimization problem. The
proposed sequence planner is capable of minimizing the total disassem-
bly time and assigning the human and the robot to not only sequential
or parallel tasks but also assign them together as a team. The unsafe
condition of the components of the e-waste and the minimum distance
between the disassembly tasks are also conducted as constraints in
the optimization problem to prevent unsafe disassembly operations.
In addition, the transitions, including the tool-changing time and the
disassembly module switching time, are explicitly considered in this
paper. Case studies have been carried out to demonstrate the proposed
12
Fig. 21. Human operator performs Tasks 2 during 38–54 s, and robot performs Task
10 during 43–52 s.

Fig. 22. Human operator and robot (HRC) perform Tasks 11 during 56–69 s.

disassembly task planner with various scenarios of the disassembly
workers with different processing periods and safe conditions. Both
numerical and experimental tests show that the human operator and
the robot accomplish the disassembly tasks collaboratively without
violating the disassembly rules and the safety constraints.

http://zh.eng.buffalo.edu/PaperDemo/HDD-Disassembly-ExpVideo.mp4


Robotics and Computer-Integrated Manufacturing 76 (2022) 102306M.-L. Lee et al.

p

F

Fig. 23. Human operator performs Tasks 5, Task 3 & Task 4 during 71–116 s.

Fig. 24. Human operator performs Tasks 12 & Task 13 during 118–142 s, and robot
erforms Task 6 during 118–129 s.

Fig. 25. Human operator and robot (HRC) perform Tasks 14 during 144–151 s.

It is worth noting that there are still limitations in our research.
irst, the disassembly time of the components needs to be obtained
13
through evaluations or historical experience data before disassembly.
Second, the disassembly time variation caused by the deformation or
deterioration of components has not been considered; we have assumed
that the components with the same type and size will have identical
conditions, unless the component is categorized as unsafe for human
operation. Third, even though the unsafe condition of the component is
successfully formulated as constraints in the problem formulation, the
method of identifying the component conditions is not well defined.
Fourth, our study only considers the efficiency of the disassembly. The
labor cost, the energy consumption and the value of parts, however, are
ignored. Fifth, so far we have only applied a few models of HDDs for
the disassembly experiment. More experiments with extensive varieties
of HDDs should be conducted to develop a more general problem for-
mulation. In addition, the numerical optimization problem is manually
generated. According to the extensive literature review as well as our
best knowledge, no existing studies have achieved the automatic gen-
eration of the numerical optimization problem for disassembly while
considering the above-mentioned scenarios. It is a very challenging yet
interesting problem that we would like to explore as our future work.
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