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Abstract
In parallel with the fast growth of the second-hand aviation market, the importance of promoting remanufacturing analytics 
has increased. However, end-of-life (EoL) aircraft parts remanufacturing operations are still underdeveloped. Disassembly, 
the most challenging and central activity in remanufacturing, directly affects the EoL product recovery’s profitability and 
sustainability. Disassembly sequence planning (DSP) devises ordered and purposeful parting for all potentially recover-
able components before physical separations. However, the complexities and uncertainties of the EoL conditions engender 
unpredictable DSP decision inputs. The EoL DSP needs emergent evidence of cost-effective solutions in view of Industry 
4.0 (I4.0) implications and stakeholders’ benefits. Among the I4.0 technologies, X-reality (XR) particularly hits the main-
stream as a cognitive and visual tool consisting of virtual reality, augmented reality, and mixed reality. Recently, with the 
advance of I4.0 phenomenon, lean management has been theorized and tested through complementary collaboration. Since 
the research of integrating lean and XR into the EoL DSP is underexplored in literature, XR and lean are investigated as 
assistive enablers in the DSP. This study has a two-fold purpose: (1) identifying the key concepts of DSP, I4.0, XR, and 
lean, and extending the literature by reviewing the previous efforts of EoL aircraft remanufacturing, XR-assisted DSP, and 
XR–lean applications; (2) proposing “Smart Disassembly Sequence Planning (SDSP)” as a new EoL decision-support agenda 
after analyzing relational advantages and evolving adaptability. The barriers and limitations are highlighted from the recent 
associated topics, concrete academic information for developing digitalized disassembly analytics is provided, and new 
trends are added for future disassembly research.

Keywords  End-of-life (EoL) aircraft · Industry 4.0 (I4.0) · Smart disassembly sequence planning (SDSP) · X-reality (XR) · 
Lean

1  Introduction

Sustainable management of the aviation industry requires 
planning treatment as an aircraft is approaching the end of its 
operational life. Since the 2010s, end-of-life (EoL) aircraft 
management has emerged as an established research area 
[1]. EoL aircraft management refers to the whole process 
planning of withdrawing, disassembling, and dismantling a 
soon-to-be-retired aircraft [2, 3]. As the research develop-
ment of EoL aircraft management is still in the initial stage, 
some critical perspectives and guidelines have been provided 

in the representative publications of associations or compa-
nies associated with aircraft, such as the International Air 
Transport Association (IATA), International Civil Aviation 
Organization (ICAO), Airbus, and SGI Aviation. As IATA’s 
2018 workshop manual “Best Industry Practices for Aircraft 
Decommissioning (BIPAD)” indicated, the economic life of 
aircraft considerably influences the decommissioning decision 
(i.e., whether a used airplane should be removed from the 
fleet). It can be stated that a vast majority of airplanes were 
retired before the end of their technical lives. More precisely, 
the extra serviceable time they can extend was estimated to be 
at least 10 years [4]. According to “The ICAO Environmen-
tal Report 2019,” the process for Advanced Management of 
End-of-Life Aircraft (PAMELA)—a well-established project 
by Airbus—proved that 85% of the aircraft (Airbus A300) 
content was recycled in 2005 [5]. Recently, it was determined 
that 90% of the used serviceable content of soon-to-be-retired 
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aircraft could be recycled or reused [4]. Therefore, the mis-
sion of researching EoL aircraft management is worthwhile 
to support constantly.

Prior to the COVID-19 outbreak, Avolon’s “World Fleet 
Forecast” predicted that approximately 13,000 planes would 
be scrapped by 2030, while Flightglobal estimated this fig-
ure to be 17,000 [6]. Since retired aircraft are not allowed 
to fly again, high-volume parking and storage demands can 
cause financial waste and environmental risks [4]. Uncer-
tain external factors (e.g., financial crises, oil prices, and 
the pandemic) have already caused the number of decom-
missioned aircraft to fluctuate considerably [7]. Taking the 
present waste and unpredictable risks into account, improv-
ing the efficiency of treating incremental EoL aircraft is an 
urgent need [8].

According to the introduction of BIPAD, aircraft decom-
missioning practices can be organized into four sections: (1) 
the decision to decommission an aircraft, (2) the selection of 
facilities, (3) disassembly and dismantling processes, and (4) 
parts distribution and recertification [4, 5]. As the first and 
most challenging operation in the EoL stage, the disassem-
bly process involves the systematic separation of all valuable 
components [9]. “EoL aircraft disassembly process” can be 
defined as the removal of valuable and potentially recover-
able components from equipment or subsystems for aviation 
purposes (i.e., installing them in other in-service aircraft 
after authorized procedures). However, the complexities and 
uncertainties of EoL conditions (i.e., anticipated structural 
changes during the useful life) may cause disassembly to 
be an uneconomical process. For instance, a component 
damaged to a degree under various working ages may cause 
unpredictable operational failure. It is also unclear whether 
the component could be smoothly and directly removed. 
Faced with these issues, disassembly sequence planning 
(DSP) was prompted and released to foresee the task order 
and flexible adjustment details. DSP has been an object 
of research in the last three decades, but few studies have 
focused specifically on EoL aircraft [10]. Specially, an aged 
aircraft part is a high-value, high-precision, large-sized, and 
heavy technological product with substantial components 
that also exhibits varying conditions [11]. The highly com-
plex EoL products with a multitude of components have 
increasingly revealed that traditional disassembly solutions 
are time-consuming and impractical. Because of the surge 
of Industry 4.0 (I4.0) technology research over the past dec-
ade, this trend has created the technological push factors for 
traditional manufacturing. If any assistive I4.0 technologies 
can facilitate decision-making processes, the desired com-
petitive advantage will help DSP of EoL aircraft tackle the 
above-mentioned challenges.

In this paper, X-reality (XR) is an assumed technologi-
cal enabler in the DSP decision-support system. Among the 
diverse I4.0 technologies, XR is a unique tool. This study 

agrees “X” as an attribute or preference variable, consist-
ing of all relevant virtual-twinning technologies such as 
augmented reality (AR), virtual reality (VR), mixed reality 
(MR), diminished reality, and multi-mediated reality [12]. 
By applying XR, the virtual objects are created by render-
ing and programming a realistic simulation of the physi-
cal objects. Moreover, XR can offer agile human–computer 
interactions through the 3D position detection of hardware 
and virtual interfaces [13]. Since XR-related devices and 
software techniques are affordable, the fast-growing scien-
tific attention on manufacturing systems has been acceler-
ated further. The gradual implementation of XR has reported 
several advantageous applications in disassembly planning 
research, for instance, AR operational guidelines [14, 15] 
and VR vocational training [16]. XR has a broad application 
prospect, but collaborative XR applications are still missing 
in EoL DSP.

Apart from the technological enabler, an improvement-
driven operational management approach is a key success 
factor for transcending traditional disassembly planning. 
Lean, a management approach originating from the pro-
duction philosophy of “Toyota Production System” in the 
1950s, has been applied across diverse and transdisciplinary 
engineering fields for decades [17]. Regardless of how var-
ied the redefinition of lean has been, the primary objective 
of lean-based thinking is to eliminate waste and facilitate 
the maximization of service value for end customers [18]. 
Waste (or Japanese equivalent “MUDA”) is conceived as the 
paramount role in lean [19]. There are eight types of waste 
mainly introduced over the last 30 years, which are (1) trans-
portation, (2) inventory, (3) motion, (4) waiting, (5) over-
production, (6) over processing, (7) defects, and (8) human 
talent [19, 20]. Lean covers a set of techniques and princi-
ples for striving towards operational excellence in the cus-
tomer-pull demand context [21]. Apart from the well-known 
just-in-time (JIT), waste elimination, and kaizen strategies, 
the widely used lean tools are represented by value stream 
mapping (VSM), 5S, poka-yoke, visual management (VM), 
standardized work, and kanban: JIT is a common inventory-
driven model for balancing the supply and demand within 
operations; kaizen is a Japanese word that refers to continu-
ous performance improvement; VSM is a tool for targeting 
the future state map after drawing the material and infor-
mation flows of the current production line and reducing 
non-value added activities; VM represents the visualization 
of lean; and kanban, a sign board technique, is one of the 
VM tools for implementing the JIT strategy [22]. Under the 
name lean management, identifying and eliminating any 
non-value-adding activities by tools and practices are core 
competencies. The link between two manufacturing para-
digms, I4.0 and lean, has provoked extensive discussion in 
academia [17]. However, the XR–lean collaboration remains 
unstudied: it is not fully clear how XR can contribute to the 
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operational performance improvement associated with the 
existing lean practices for traditional disassembly planning; 
lean improvements that could be attained through XR adop-
tion in DSP are still in the nascent stages.

To the best of our knowledge, there is no systematic 
review to address DSP, XR, and lean for EoL aircraft treat-
ment. The objective of the present article is to fill this gap 
by reviewing the extant literature on the applications of 
XR (AR, VR, and MR) and lean, and providing a research 
agenda based on the state-of-the-art of XR–lean in DSP. 
The remainder of this paper is organized as follows: Sec-
tion 2 discusses the formation and conceptualization of EoL 
aircraft, DSP, I4.0, XR, and lean one by one. Section 3 over-
views the entire research methodology and introduces the 
literature search procedures. Section 4 presents the result 
analysis of the selected literature; it analyzes the retrieved 
literature by reviewing the relevant theories, product types, 
and assistive techniques and then formulates and narrows 
down a tailored EoL aircraft DSP through XR and lean grad-
ually. To expand future research avenues, Section 5 defines 
and presents a detailed DSP-centered research agenda, espe-
cially for complex EoL products. The outline of the present 
study is graphically presented as a flowchart in Fig. 1.

2 � Theoretical background

2.1 � EoL aircraft management

2.1.1 � High‑value aviation‑purpose parts

BIPAD concluded with a list of typical high-value parts 
(shown in Table 1). These potentially recoverable parts are 
defined by their market value, which is impacted by supply 
and demand. Moreover, both BIPAD and SGI Aviation’s 
“Decommissioning Study” emphasized the primary priority 

value of the engine [4]. The engines are even more valuable 
than the entire retired aircraft in certain situations [4]. Apart 
from engines, the top high-value parts or subsystems listed 
by SGI Aviation are landing gears, auxiliary power units 
(APUs), electrical power, flight controls, and navigation sys-
tems [7]. Furthermore, IATA listed other high-value com-
ponents, including avionics, environmental control systems 
(ECS), safety equipment, wheels, and brakes [4].

2.1.2 � Key activities in EoL aircraft management

This study readjusts main decommissioning activities in 
various practice and delivery situations theoretically for 
the following discussions (shown in Fig. 2): (1) the deci-
sion to decommission an aircraft; (2) facility selection; 
(3) disassembly; (4) disassembled parts recovery, recer-
tification, and distribution; (5) final dismantling; and 
(6) disposal and landfilling. To further clarify the level 
of decision and highlight the related topics within wider 
remanufacturing research, the aviation-purpose parts 

Fig. 1   The transitional information flows

Table 1   The typical high-value parts listed in BIPAD (the source of 
information: [4])

Potentially recoverable high-value parts for aviation purposes

Engines
Auxiliary power units
Avionics
Flight control systems
Engine control systems and thrust reversers
Environmental control systems
Hydraulic systems
Landing gear
Safety equipment (e.g., slides)
Wheels and brakes
Pumps and electric motors
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recovery work cluster (disassembly operations and dis-
assembled parts’ arrangements) is circled in the dashed 
black frame in Fig. 1 [23]. The general recovery and reuse 
procedures (disassembly and dismantling) are placed in 
the green zone.

Disassembly and disassembled parts  Owing to the aviation-
purpose character, disassembly is deemed “an aerospace 
activity” in the business context [4]. In the exploration of 
the additional features contained in the “disassembly” step, 
[4] concluded the following: (1) aircraft disassembly must be 
carried out by authorized aircraft maintenance organizations 
for maintaining the airworthiness of the disassembled parts, 
and (2) disassembled parts’ information (e.g., historical 

status and current conditions) should be ensured and traced 
throughout the life cycle.

As presented in Fig. 3, [4] introduced and classified disas-
sembled parts as follows: (1) life-limited parts (LLPs), (2) 
time-controlled components (TCCs), and (3) other compo-
nents. Considering the value protections of LLPs, all record-
keeping maintenance information is required. [24] added 
and addressed the importance of the modification-related 
information (e.g., ownership change and movement history) 
of disassembled parts. The value of each disassembled part 
is highly influenced by the actual supply and demand situa-
tions and the integrality of part information. The engine is a 
crucial factor in disassembly determination due to its stable 
value over time, which is mentioned in Section 2.1.1.

Fig. 2   Key activities in EoL 
aircraft management (the source 
of information: [4])

Fig. 3   The categories of disas-
sembled parts (the source of 
information: [4])
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Dismantling  In contrast to disassembly, which focuses on 
component-level separation related to the management of 
spare parts, the “final dismantling” step involves material-
level cutting and shredding of completely disassembled 
products [4, 23]. As presented in Fig. 4, dismantling refers 
to the processing that follows disassembly, and it deals 
with the remaining reusable parts and materials, except for 
aviation-purpose parts. Consequently, dismantling falls under 
the scope of “aerospace activity,” and dismantled materials 
will not be returned to the second-hand aircraft marketplace 
for trading and redelivering. Dismantling operations are 
not undertaken by any approved aircraft maintenance 
organizations. The remarketing paths mentioned by [4] 
(e.g., “art, gifts, furniture, trade show displays, movie sets/
props, or for testing programs”) are the typical customized 
targets. While dismantled materials are less profitable 
than disassembled parts, the market value of recyclable 
materials could be extended or reconstructed because 
of specific characteristics [4]. Furthermore, dismantled 
materials are also required to be tracked and traced for 
reducing environmental damage. Aluminum recycling 
rates and removed material traceability highly influence the 
performance of the dismantling process [4].

2.2 � DSP of complex products

Disassembly is a labor-intensive process in most applica-
tion domains [25]. The “disassembly” step is a vital pro-
cess for any EoL options or treatments [26, 27]; thus, this 
is the thematic research focus of this review. As a direction 
warranting deeper investigation within disassembly science 
[27], DSP outcomes are critical for the entire recycling chain 
network [9]. The primary objective of disassembly planning 
is to obtain sequential predictions in line with geometric 
or technical precedence constraints on subassemblies or 
components. In the literature on sequence-dependent dis-
assembly planning, DSP is defined as a non-deterministic 
polynomial (NP)-complete problem [9]. The optimization of 
DSP would reach an organized and near-optimal sequence 
in terms of the feasible assessment factors and criteria. The 
most common optimization objectives encompass aspects 
such as disassembly cost, time, distance, removal directions, 
ergonomic performance, tool changes, and energy consump-
tion. The optimization objective could be predefined at the 
starting point (e.g., consumer demand), and the function 
is typically intended to achieve the least disassembly costs 
and lead time overall. Furthermore, the objective function 
of disassembly must interact with uncertain, but crucial, 
external factors, such as disassembly rules, return yield, 
and insufficient information from historical documentation. 
According to the findings of [27–29], the general DSP solu-
tion spans three distinct steps: (1) disassembly process/type/
level identification, (2) disassembly information modeling, 
and (3) sequence decision analytics.

Reference [30] defined the disassembly process/type/
level identification as the “disassembly mode” selection. 
Similarly, [27] extracted partial disassembly sequencing 
topics while considering the categories of disassembly pro-
cess/type/level identification. The operational target and 
customization split the disassembly processes into manual 
and robotic. The disassembly type can be classified into 
two groups: sequential disassembly and parallel disas-
sembly. Sequential disassembly refers to a type of one-by-
one removal, while parallel disassembly involves multiple 
removals at the same time. Thus, parallel disassembly could 
help more humans, and it could allow human–machine col-
laboration to gain noticeable advantages [27]. Moreover, to 
minimize the adverse effects on labor time, parallel disas-
sembly planning methods could be utilized in large, com-
plex EoL products [30]. The disassembly level entails full or 
partial disassembly according to various disassembly depths. 
Partial disassembly is generally implemented in maintenance 
procedures, while complete disassembly is often performed 
in the treatment of EoL products.

The second procedure, “disassembly information model-
ling,” supports the product topology and geometry informa-
tion structuring geared toward a representation model [31]. Fig. 4   The dismantling process (the source of information: [4])
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Its mission is to help search for all feasible sequences. The 
reference could be a geometrical representation (e.g., CAD 
models) or a hierarchical list of subassemblies’ profiles (e.g., 
bill of materials (BOM)). Three mainstream categories were 
reported in a recent review paper by [30], as presented in 
Table 2: (1) graphs, (2) Petri net, and (3) matrix.

The third procedure, “sequence decision analytics,” is 
executed based on the EoL product representation because 
the capabilities of disassembly sequence searching are 
directly affected by it. This procedure would predefine and 
deploy solution approaches (e.g., mathematical program-
ming, fuzzy, and simulation-based methods) to compare 
feasible sequential outcomes until a near-optimal route is 
obtained [11]. In the literature, the majority of the research 
has been conducted on the “information model + optimiza-
tion algorithms,” which can be described as the conventional 
solution [27]. However, the highly complex EoL products 
with exponentially growing components have increasingly 
revealed that traditional disassembly solutions are time-con-
suming and impractical. With the exception of the original 
equipment manufacturer (OEM), third-party service teams 
undertake the disassembly tasks independently [32]. When 
acquiring the limited information on the EoL product for the 
subsequent representation modeling, this information is not 
visible to facilitate the accurate navigation, detection, and 
display of all parts’ connections, removability, and separa-
bility. Moreover, considering the stochastic nature of the 
disassembly process, one-fold mathematical programming 
cannot be a final settlement [27]. Hence, hybrid and heuris-
tic methods assisted by emergent technologies have been 
encouraged to be applied for managing great numbers of 
subassembly groups. Computer-aided disassembly planning 

was proposed in the early stages and has evolved continu-
ously over the last two decades [33, 34]. This directional 
motivation has been updated through the development of 
technological tools engendered by the evolving industrial 
revolution. For instance, technology-assisted push factors are 
interconnected with visual computing technologies’ devel-
opment, as they can regenerate visual imagery and foster 
detection for searching removable parts in a short period. 
However, the entire operational improvement response of 
EoL aircraft appears to be delayed compared to the growth 
of I4.0 technologies.

2.3 � I4.0, XR, and lean

2.3.1 � I4.0

I4.0 refers to the fourth industrial revolution and has been 
discussed frequently in recent research [35]. Since I4.0 is 
defined as an autonomous, flexible, and resilient data-driven 
commissioning paradigm, this technologically framed 
research stream has gradually transformed from a vague 
concept into potential service intelligence [36]. The tendency 
to apply information and communication technology (ICT) 
has already been embodied in practices that favor I4.0. The 
progress driven by computing power and software efficiency 
highlights the advances of I4.0 [37]. In Green Supply Chain 
Management, a book by [38], a solution involving green 
information and communication technologies (GrICT) was 
identified: GrICT systems could support operational, tactical, 
and strategic decision-making processes [38]. The available 
GrICT solutions comprised various I4.0 technologies. 
Moreover, GrICT aimed to “make ICT solutions for 

Table 2   Disassembly 
information modeling 
methodologies for EoL product 
representation (the source of 
information: [30])

Category (formats) Description

1- Graphs Targets:
(1) Disassembly process visualization
(2) Inclusion of disassembly details (such as disassembly time and tool)
Representative methods:
(1) AND/OR graph
(2) Hierarchical graph
(3) Liaison graph
(4) Contact state graph

2- Petri net Targets:
(1) Provide detailed descriptions of how the parts are connected
(2) Simplify and generate the reachability graph effectively
Representative methods:
(1) Extended stochastic disassembly Petri net: arbitrary distribution
(2) Fuzzy attributed and timed predicate/transition net (FATP/T), fuzzy 

reasoning Petri net (FRPN): uncertainty problems
3- Matrix Target:

(1) Minimal manual intervention
Representative methods:
(1) Disassembly interference matrix
(2) Multi-direction matrix
(3) Disassembly transition matrix
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managing green practices” in most engineering fields. In the 
current I4.0 context, VR, AR, the internet of things (IoT), 
digital twin (DT), big data, cloud computing, cyber-physical 
systems (CPS), 3D printing, and robotics all represent 
mainstream technologies and systems [39]. In essence, the 
integration of hybrid I4.0 applications can offer real-time and 
high-assurance transactions for optimized decisions because 
these rely on data-orientation connectivity to enhance the 
involved capabilities in cyberspace. However, despite the 
growing number of academic works that have indicated the 
applicability of I4.0 technologies, the proven implications 
require demonstration. Essentially, the scholastic content 
of real-life I4.0 applications’ evaluation and examination is 
minimal. The literature has shown that some relevant “4.0” 
terms have been created, such as “Disassembly 4.0” [40], 
“Aviation 4.0” [41], “Lean 4.0” [42], and “Remanufacturing 
4.0” [43]; these are unlocked by the aspirational opportunities 
generated. The evolution of decision-making methods 
toward a smarter DSP is neglected in the majority of the 
extant literature, and the cooperation and functions of I4.0 
technologies are rarely involved in the disassembly process 
[44]. As the adoption of I4.0 technologies has restricted 
adaptability challenges (e.g., unacquainted skills, information 
overload, and investment limitations), there is a need to 
investigate detailed I4.0 technologies for the DSP of EoL 
aircraft parts.

2.3.2 � XR

XR represents a taxonomy of “realities” [45]. XR technology 
includes various sensitive sensors and abundant data-driven 
twinning techniques, generating high-fidelity objects or sce-
narios [13]. The generation of stereo images, sounds, anima-
tions, and sensations, made possible by compatible game 
engines (e.g., Unity3D and Unreal), is entirely virtual [46]. 
For example, in a VR-based environment, users can enter 
and move in the virtual world with a first-person view and 
a “sense of presence,” while feeling spatially realistic [47]. 
The user can wear interactive devices (e.g., head-mounted 
device (HMD) and hand-held display (HHD)) to view the 
twinning objects in the virtual environment and use multi-
sensory tracked controllers to experience the programmed 
activities with low-latency motions [48]. AR is another rep-
resentative XR technology, and its virtual 3D objects are 
merged with real surroundings, which enables the user to 
see the overlapped reality [49]. The output elements made 
by AR are observed in the real world. As opposed to VR, the 
objective of AR application development is not immersive, 
and AR’s capability may rely on the real environment. MR 
is a collective term or vision based on virtuality and reality 
blending research, and it covers various levels of reality and 
immersion [50, 51]. Regarding the notion of the “reality–vir-
tuality continuum” agreed upon by several researchers, MR 

has been placed on the continuum from completely physi-
cal environments to computer-generated immersive ones 
[52–54]. Essentially, AR belongs to the MR continuum, and 
MR has been described as remote collaborative technology 
that also contains AR. Therefore, MR is an alternative con-
cept that can assist in the correction process of AR-related 
work. The general four-zone cluster of virtuality and reality 
is illustrated in Fig. 5.

The relevant academic communities and high-tech 
companies have already shaped XR to become more stable 
and mature in many application domains. Its widespread 
implementation has been active in several fields, including 
engineering education [55], interactive video games and 
playable media [56], architecture and construction [57], 
aerospace [58, 59], marine studies [60], and medicine [61]. 
Built on the swift development of continuously upgraded 
software and ergonomic hardware, XR is not limited to 
characters as a visualization tool or display technology 
[62–64]. Grounded in a human-centric mindset, VR is a 
countermeasure because the artificial virtual environment 
can create dangerous job-shop scenes for training operators 
[65]. Since VR can engender more intuitive interactions 
between the operators and the immersive environment, the 
enlightenment process can be accelerated. In addition to the 
training, VR can help simulate the operational workplace 
with respect to ergonomics and productivity. For instance, 
[66] applied VR to simulate new assembly scenarios for the 
cabin and cargo of an aircraft. The assembly processes were 
planned and evaluated beforehand through the VR simulator, 
and dispensable costs and time could be reduced before the 

Fig. 5   The general classification based on the objects and the environment
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physical systems were accessible. Moreover, motion capture 
systems can be incorporated into VR experimental scenarios. 
In their experiments, a real-time ergonomics analysis could 
be implemented as the motion data was captured. The avatar 
they presented, which represents a 3D anthropomorphic 
digital representation of the worker, was examined by 
the external supervisor regarding the movements and 
postures. Similarly, [67] also integrated VR and motion 
capture systems to design the assembly system workplace, 
considering productivity and ergonomics. The distinction was 
that they focused on reducing the physical capabilities of the 
aging workforce during the workplace design period. In the 
study of [68], representative postures for disassembly tasks 
embrace standing, bending, and kneeling for the helicopter 
and aircraft. Traditional disassembly can also gain the chance 
to improve the well-being and security of workers through 
ergonomic assessment in virtual environments. The proven 
industrial contributions of AR are about spatial positioning 
and gesture recognition of multi-modal information [65]. 
For instance, [69] designed two AR user interfaces for 
remote services and guidance systems during maintenance 
management practices. Moreover, their designs also 
recognized the needs of the aging workforce and put them 
as the first step of prototyping processes. The uptake of XR 
can help promote the connection between human and avatar.

To extend and augment the experiential perception and 
understanding of operators, cognitive ergonomics should 
also be considered in addition to physical ergonomics. The 
cognitive and emotional resources of an individual opera-
tor can be measured for the fundamental human elements 
in addition to the muscular resource. Notably, a significant 
portion of the publications have focused on the ergonomic 
perspectives relevant to human cognitive and visual behav-
ior in both AR and VR environments [70]. However, so far, 
it is inevitable that a single AR, VR, or MR hardware or 
software can only partially satisfy the requirements of the 
real-life environment because of their technical limitations 
[71]. “Cybersickness” has been a marked drawback since 
the adoption of XR became a possibility [70]. As the wear-
able equipment (HMD and other body-tracking sensors) is a 
required aid, the technical constraint of unstable resolution 
displays currently coexists with the rapidly increasing fidel-
ity [72]. Through a partial field-of-view (FOV), VR sce-
narios are devised to simulate an immersive environment 
to facilitate a better physical and mental user experience. 
The allowed movements of hands, heads, or legs interact 
with the sensors of input devices. However, apart from pos-
sible negative experiences, some cybersickness problems 
are caused by long-time virtual environments—for instance, 
oculomotor issues [73]. The weights of HMDs, glasses, and 
other relatively clumsy devices can also cause experiential 
distraction [72]. While industrial XR has a broad applica-
tion prospect, its real-life deployment for EoL aircraft parts 

is still a challenge because its practical exploration remains 
insufficient. XR applications’ specifications should be devel-
oped and examined based on the field requirements [46].

2.3.3 � Lean

To outpace global competition, conventional manual disas-
sembly processes require effective management practices 
such as lean methods. Lean management has its roots in 
manufacturing management, and integrative lean thinking is 
a potentially natural guideline that can prove useful for sus-
tainable production planning [74]. From the operations point 
of view, lean management is particularly relevant for remov-
ing of non-value-adding operational practices to enhance 
natural resource efficiency [75]. Although energy consump-
tion and emissions are not traditionally included in the waste 
types within the lean domain, environmental performance 
has gradually become a concern in lean improvements [74, 
75]. Previous studies have investigated the adoption inten-
tion of lean in circular practices and sustainable manufactur-
ing [74–77]. Given the dominance of lean, lean remanufac-
turing has recently gained incremental attention in academic 
research [76, 78], with lean disassembly distinguishing itself 
under the term “Lean Remanufacturing.” While the present 
study does not review the impact of lean on environmental 
potentials and drawbacks, integrating lean into disassembly 
planning aligns with the trend of the emergent literature on 
lean and sustainability. As a methodical paradigm-shifting 
standpoint, the aim of lean disassembly is to increase pre-
dictability and productivity in an organized manner with a 
set of lean tools and principles. As a more focused research 
topic, lean DSP enables a functional understanding of disas-
sembly planning and sequencing. In line with the objectives 
of DSP, the identification and elimination of waste (such as 
time and steps) can play a vital role in reducing disassembly 
operation costs and lead time. Moreover, the value stream of 
DSP can serve as a fundamental approach to map process-
scoping information and incorporate customer preferences 
into the improvement process. Despite the unresolved issues 
within the lean disassembly community, lean DSP can offer 
actionable spaces that can help analyze the role of lean.

Since the I4.0 phenomenon has been established, the 
innovative adoption of emergent technologies is anticipated 
for the continuous improvement of operational effectiveness 
[79]. The deployment of I4.0 technologies is expected to 
bring favorable impacts through purposeful fulfillment of 
transformational digitalization, enabling smart manufactur-
ing and smart decision-making [80]. However, despite the 
recent maturity of I4.0 technologies, remanufacturers still 
lack a comprehensive understanding of how I4.0 technolo-
gies can affect the established lean disassembly. Previous 
literature has constantly argued that lean has evolved to 
coexist with information-driven technologies [22], and lean 
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and I4.0 are interconnected due to their commonalities in 
operational performance [81]. Recent studies have focused 
on two directional perspectives: lean is the basis of I4.0, or 
I4.0 improves the effectiveness of lean operations [17]. The 
lean-I4.0 transformation is intended to create high impact 
and immediate value during product-process management. 
The integration of concrete I4.0 technology, such as XR, can 
be closer to the practical needs of lean operations. However, 
there are relatively few accounts in the academic literature 
relating to the XR–lean corporation and its implications. 
Overall, the convergence of existing managerial techniques 
and industrial XR remains nascent. XR applications offer 
inspirational opportunities but also engender new manage-
rial obstacles to achieve lean targets. To demonstrate the 
viability of I4.0-driven and XR-integrated disassembly plan-
ning, there is a need to adapt to the current state of industrial 
environments. The gap concerns two points: (1) whether XR 
can support the lean-oriented decision-making process to 
avoid the excessive use in terms of integration and invest-
ment [82]; (2) how industrial XR can leverage its capabilities 
(e.g., multidimensional information-sharing and visualiza-
tion) to enable a lean disassembly system [79].

In addition to the practical advice on the process for 
improving productivity, the workforces behind the tools 
are crucial factors for successful lean implementation [83]. 
Customization needs and expectations are the first steps to 
identify when implementing the lean strategy, but possible 
contradictions exist among efficiency, waste, customer 
benefits, and workforce satisfaction. To enhance the value of 
lean principles, the primary focus on productivity, resources, 
and customer benefits represents its social and economic 
objectives. However, business pressures and competitive 
environments have influenced the decision-making attitude 
of managers, as well as morale and workload of each 
worker. In the extant literature, human-centric issues were 
particularly relevant to organizational development as the 
external and internal pressures could be exposed by lean 
[83]. When the occupational health and safety responsibility 
is addressed at scale, physical and psychological human 
aspects of employees are accumulated issues [83]. To 
recapture the value of the workforce, previous scholars 
(e.g., [84] and [85]) indicated that lean could be evolved 
as an integrated socio-technical working system. To meet 
human-relevant objectives, enhancing the “smartness” 
of the product-process improvement can be a positive 
manner in response to varying external conditions. The 
deployment of community and inclusion can be revisited and 
adjusted through the potentialities of integrative emergent 
technologies.

The initial definitions of EoL aircraft parts, DSP, I4.0, 
XR, and lean have been introduced one by one. To cope 
with aforementioned gaps, it is necessary to review the 
relevant XR-assisted applications and potential XR–lean 

collaboration methods in this research plan. Furthermore, 
specific attention is given to the original vision of perspec-
tives and challenges for disseminating the XR–lean applica-
tion to disassembly science. This paper aims to explore the 
following three research questions (RQs):

RQ1: What is the state of the existing I4.0-driven EoL 
aircraft recovery management research? How did XR 
technologies impact DSP development?
RQ2: Which enabling features and expected functionali-
ties should be included in XR–lean DSP for EoL aircraft 
parts?
RQ3: What future research agenda is presented for XR–
lean DSP?

3 � Research approach and descriptive 
analysis

This review is intended to be inductive and comprehensive 
to answer RQs and refine theory-driven derivation for a 
potential enabler, XR-lean collaboration, as a built-in char-
acteristic of a new DSP-centric agenda. Based on three RQs, 
this section explains the search strategy, detailed screening, 
selection, and extraction processes of this review-based 
paper. As a transdisciplinary research topic, this review is 
related to the application domains of computer-integrated 
remanufacturing, operations management, and computa-
tional media design.

To provide structured content in the co-located DSP, 
XR, and lean literature, two well-known databases, Web of 
Science (WoS) Core Collection and Elsevier Science Direct 
(SD), were used, thus covering multidisciplinary domains 
for this discourse. These two databases have varying 
advantageous features and executive filter interfaces. The 
breadth of coverage might be one of the most important 
comparative components. To summarize and capture the 
current state of research, WoS and SD were applied to 
perform the literature search on a case-by-case basis; they 
yielded two different numbers of samples associated with 
two distinct proposed views: initial view and network view. 
WoS was the first avenue for obtaining initial descriptive 
findings of the extant research, and this could be identified 
as a macro-level pre-analysis phase. The expected records 
could be relatively higher. SD was the second avenue for 
configuring the knowledge areas of the content analysis. A 
logical screening employment was the intended objective 
of using the SD database. This two-step (two-view) 
method was devised to reduce the steps for the inclusion 
and exclusion criteria repeatedly. It addressed the synthesis 
and categorization of selected publications in an identical 
topic scope. Moreover, it was an attempt to explore the 
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dimensions and sub-dimensions of potential XR–lean 
DSP application areas. Both the breadth and depth of the 
literature on XR–lean disassembly planning were taken into 
consideration.

In addition to the basic inclusion criteria (i.e., English-
written, peer-reviewed, and full-text publications) in this 
review paper, the collective decisions of the search strategy 
were determined as follows:

•	 Temporary scope: this review was finalized in October 
2022. To provide our findings for examining the joint 
applicability of XR and lean in the state-of-the-art 
coverage, materials published up to 2023 were chosen. 
Therefore, in-press publications could be covered 
because they would be published in 2023, even though 
2022 is not yet over. Moreover, the principal articles 
were restricted to those published after “Industry 4.0” 
(German equivalent “Industrie 4.0”), which was profiled 
in 2011 [79]. Consequently, the identified publications 
were published between 2011 and 2023.

•	 The present analysis focuses on industrial engineering. 
Therefore, the research area selection of WoS and SD 
was specified to search, for instance, the “Management 
Sciences” area filter in the WoS and “Decision Sciences” 
subject area filter in the SD.

3.1 � Initial view

Owing to the multidisciplinary search requirements, 
the WoS database was used in this phase, and the initial 

findings provided an early theoretical consideration of the 
topics. The objective was to outline the development trend 
of the XR–lean disassembly research community. As the 
key research objective is already illustrated in Section 2, 
the components that were contained in the body of the text 
should include “disassembly,” “remanufacturing,” “virtual 
reality,” “augmented reality,” “mixed reality,” and “Lean.” 
Therefore, the following search query was applied in the 
WoS database:

(“remanufactur*” OR “disassembl*”) AND (“virtual 
reality” OR “augmented reality” OR “mixed reality” OR 
“Lean”)

In accordance with the aforementioned inclusion crite-
ria, Fig. 6 shows the pipeline of the first-stage screening 
strategy employed in WoS; a total of 1655 journal articles 
were listed.

The publication year and journal distribution charts are 
illustrated in Figs. 7 and 8, respectively. While Fig. 7 does 
not show the entire year-on-year growth, the publication 
dates of this related research indicate the attention it received 
in the literature. Amid the time frame years for the 12-year 
period of 2011–2023 (apart from the early access for 2023), 
the biggest cluster appears in the years between 2019 and 
2022, and the second cluster indicates that many of the 
articles were published between 2015 and 2018. Overall, 
a growing body of research has tackled XR- or lean-related 
remanufacturing since 2018. Moreover, this trend could 
display the positive adoption development and increasing 
implementation patterns of XR technologies in related 
lean remanufacturing or disassembly areas after being 

Fig. 6   The pipeline of the 
screening strategy for the WoS 
database
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inspired by I4.0. As shown in Fig. 8, the top ten journals 
were extracted to analyze the publishing distribution: the 
existing articles were mainly published in the International 
Journal of Production Research (18.369%), International 
Journal of Production Economics (13.474%), Production 
Planning Control (12.689%), and European Journal of 
Operational Research (4.894%). Therefore, the dominant 
journals for XR–lean disassembly research were relatively 
intensive and shared nearly half of the whole ranges. Expert 
Systems with Applications, Journal of Manufacturing 
Systems, International Journal of Computer Integrated 
Manufacturing, and Annals of Operations Research 
contained 3.807%, 3.625%, 3.384%, and 3.021% of the 
articles, respectively.

3.2 � Network view

Managing a diverse range of studies for examining sci-
entific literature is the task of this stage [86]. After dis-
seminating the descriptive trend and directional stream of 
XR–lean remanufacturing, the XR-infused and lean-guided 
disassembly treatments should be concerned with more evi-
dence worthy of continuous research. The potential value 
of developing XR–lean applications in disassembly should 
be acknowledged by the limited literature, which exhibits 
unclear characterizations and a narrow scope among par-
tially relevant applications. Furthermore, prior to unpack-
ing and unfolding the detailed content analysis in the next 
section, an antecedent and consecutive arrangement of the 

Fig. 7   Distribution of relevant articles by year of publication

Fig. 8   Distribution of relevant articles by journal outlet
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detailed sample should be established in line with the topic 
features. A recent work, [87], applied a “network view” to 
enhance the completeness of the dimensions of literature 
analysis. This network view concerned the roles of enablers, 
and it was perceived as a combined perspective in which 
integration and coordination were set as the central themes.

In this stage, the search engine SD was used to find the 
final revision documents. Notably, the related XR–lean 
literature is extremely broad in accordance with the ini-
tial description findings. In addition to the synthesis of 
the relevant research articles, the breadth of research on 
the subject should be predefined through the categoriza-
tion of extant publications. To ensure thoroughness in the 
following content review and to enhance the awareness 
of reviewing application-level gaps for DSP, a boundary 
network strategy informed the entire process in this stage. 
Furthermore, due to the real-life applications of I4.0 tech-
nologies (especially for EoL DSP) being nascent in the 
extant literature, the probationary combinations of these 
emergent terms had to be queried purposefully and stud-
ied manually. Regarding this, the main challenge was the 
isolation of distinct research points in the previous studies. 
Hence, their co-existence for mutual goals was addressed 
in this stage, and a specific search strategy was designed. 
To avoid drawbacks and comprehensively validate this 
study’s assumption, a theoretical derivation approach was 
used for the publication selection; this is described below:

3.2.1 � Identification and clusters of keywords

While the WoS database offered comprehensive coverage, all 
keywords had to be reclarified before these could be inputted 
into the SD search engine. The search term group segment-
ing method was inspired by two recent review papers: [88] 
and [89]. Based on their critical reviews, these two papers 
designed and developed I4.0-oriented agendas “Logistics 
4.0” and “Assembly Systems 4.0,” respectively. Both sets of 
the authors separated their defined keywords into two main 
groups: topic-related keywords and I4.0-related keywords. 
Following this, they processed the literature search based 
on the Boolean combinations of the two groups’ content, 
which were displayed as the string “(keyword A among the 
group A) AND (keyword A among the group B OR key-
word B among the group B).” In the present study, this 
method was slightly modified to obtain four groups for the 
initial findings on the assumed four-dimension integrations 
with conceptual boundaries: group A—component level; 
group B—operational level; group C—technological level; 
and group D—process (managerial) level. Groups A and B 
focus on the research object, while groups C and D focus on 
the targeted XR–lean assistance. As shown in Table 3, all 
the key concepts of this study were segmented and listed as 
four groups. To minimize the subjectivity, the considerations 

of the final retrieved samples focused exclusively on three 
themes: “EoL aircraft parts DSP,” “XR-based disassem-
bly,” and “correlations and interconnections between XR 
and Lean.” To avoid irrelevant literature searches, the final 
Boolean combinations were designed to experiment with the 
intention of low repeatability.

3.2.2 � Literature search, screening, and eligibility checks

Table 4 presents the inclusion and exclusion criteria for pre-
paring the next literature search and screening processes. To 
ensure accurate text mining for the analysis of the existing 
practical frameworks, methods, and applications, the rel-
evant publications included in this stage consisted of journal 
articles, conference papers, and book chapters. To remove 
the excluded records, “Engineering,” “Decision Sciences,” 
and “Computer Science” were selected as the targeted sub-
ject areas while considering the mentioned search strat-
egy. Therefore, other areas (e.g., “Material Sciences” and 
“Energy”) were removed from the search filters.

Table 3   Search terms in the four groups

Category Selected terms

Group A—component level • End-of-life aircraft
• Aircraft parts

Group B—operational level • Disassembly
Group C—technological level  

(emerging research frontiers)
• Industry 4.0
• Augmented reality
• Virtual reality
• Mixed reality

Group D—process level • Lean

Table 4   Inclusion and exclusion criteria

Inclusion and exclusion criteria Description

Inclusion criteria Publication time frame:
2011–2023
Type:
• Peer-reviewed journal articles
• Conference papers
• Book chapters
Selected subject areas (for searching 

X-reality and lean):
• Engineering
• Decision sciences
• Computer science

Exclusion criteria - No full text
- Non-English
- Non-peer-reviewed literature
- Fields in material sciences, 

chemistry, biology, etc
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In contrast to the initial view, this stage mainly aimed to 
provide supplementary details and maintain the extracted pub-
lications at a manageable amount. As shown in Table 5, the 
entire search process involved two steps: in the first step, based 
on the four groups’ representations listed in Section 3.2.1, all 
the “keyword” groups were combined, and the high num-
bers of search results (shaded in grey) were abandoned and 
regrouped for the screening and refinement that followed. In 
the second step, the new combinations were built as alterna-
tive terms to be inputted for the corresponding adjustments. 
The second step yielded a more visible and readable realign-
ment representation of the search terms. This searching view 
helped yield more justifiable results with higher relevance and 

accuracy. For instance, a search of the keyword combinations 
from groups B and C was performed: {“Industry 4.0” AND 
“disassembly”}. However, 353 results were obtained after 
considering the inclusion and exclusion criteria. Hence, this 
search query was replaced with a more focused alternative in 
the next step: {“Augmented reality” AND “virtual reality” 
AND “mixed reality” AND “disassembly”}. The number of 
retrieved publications in the SD engine was only 56. To match 
the research scope and RQs seamlessly, the quality and ration-
ality of the selected publications were revealed through the 
total amount and repeatability in the final step.

The flowchart revealing the keyword combinations’ 
search steps is presented in Fig. 9. A total of 194 relevant 

Table 5   Two-step literature screening

Step Group combinations Search Publications 
retrieved in 
Scopus

First step A AND B “End of life aircraft” AND “disassembly” 15
A AND C “Aircraft parts” AND “Industry 4.0” 32
B AND C “Industry 4.0” AND “disassembly” 353
B AND C AND D “Industry 4.0” AND “Lean” AND “disassembly” 114

Second step B AND C “Augmented reality” AND “virtual reality” AND “mixed reality” AND “disassembly” 56
C AND D “Augmented reality” AND “virtual reality” AND “mixed reality” AND “Lean” 64
B AND C AND D “Augmented reality OR AR” AND “virtual reality OR VR” AND “mixed reality OR 

MR” AND Lean AND disassembly
27

Fig. 9   Flowchart of the process 
of the literature search and 
selection
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publications were retrieved via these two steps. Following 
this, Mendeley Reference Manager was used to check all the 
duplicates manually and removed an additional 19 results. 
Therefore, 175 final samples were obtained for the subse-
quent network and content analysis. The final round involved 
full-text screening. Notably, this search strategy is relatively 
concise and efficient.

3.2.3 � Bibliometric visualization analysis

Basic statistics were not sufficient for a holistic descrip-
tive analysis. The bibliometric aggregation and visuali-
zation of the extracted literature from SD were analyzed 
using VOSviewer (version 1.6.18). VOSviewer is a sup-
portive software that helps coordinate the holistic vision 
of the research network and the representative distributions 
of various fields [90]. It can provide three visualized map-
ping types. Furthermore, this bibliometric visualization 
tool can help specify focused research trends and specify 
the research scopes during the systematic review process 
[91]. With regard to the search strings in Section 2.2.2, the 
manual recombination of keywords or terms lacked the 
directional analysis content of the existing works. By uti-
lizing the VOSviewer software, the development distribu-
tions of the extracted literature were graphically illustrated. 
Moreover, the technological and knowledgeable applicabil-
ity studied in the published works were revealed. The “sup-
ply and demand” of the selected research was made more 
visible—for example, the most relative research field that 
applied XR technologies. Furthermore, this analysis could 
provide broader insights for the conceptualization of future 
research avenues in the final discussion.

This section first presents the high co-occurrence key-
words’ network of the selected literature. Its node-link 
network map programmed by VOSviewer is displayed in 

Fig. 10. The nodes below represent keywords from hotspots 
of XR–lean DSP in the selected literature that were captured 
during the 2011–2023 period, such as AR, MR, and I4.0. 
Given the visual information, AR evolved into a particular 
technological dimension with a substantial growth in previ-
ous studies. Moreover, the various nodes’ sizes, colors, and 
link widths are also comparable factors: these indicate the 
topics’ or keywords’ co-occurrence frequencies, the response 
clusters examined by VOSviewer, and the strength of pairs 
of topic areas or keywords, respectively [90, 91]. In Fig. 10, 
the occurrence numbers of the overall keywords’ frequen-
cies are set as five, and ultimately, there are 24 highlighted 
keywords (nodes) among the scientific literature topic areas.

Based on the five clusters formed in five different colors 
(red, green, blue, yellow, and purple) in the bibliographic 
coupling image, the co-occurrence of author keywords was 
determined via VOSviewer; this is shown in Table 6. The 
keywords were organized and examined using VOSviewer, 
and the featured function understanding could be less obfus-
cated in the literature.

Table 6 could reveal the obtained pictorial representa-
tion of the domains in the previous studies. Accordingly, 
the most researched domain of this topic area was the 
architecture engineering and construction (AEC) industry. 
“Construction,” “building information modeling,” and “Con-
struction 4.0” were engaged in distinct clusters (different 
co-occurrence). While the basic descriptive analysis of the 
network visualization is limited, these directional outcomes 
could indicate that the increasing usage of XR was involved 
in the trend concerning the adoption of emergent technolo-
gies in the AEC industry. These emerging research streams 
could prompt the discovery of commonalities with the rel-
evant DSP in the existing scholarly content. The technical 
and strategic issues with the omnipresent discussions on sus-
tainability and digitalization are potential research sources. 

Fig. 10   Overlay visualization 
map of the co-occurrence net-
work of the selected literature
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Moreover, XR might be the most promising technology in 
the pre- and post-manufacturing phases since the following 
shared aspects, “maintenance,” “assembly,” “manufactur-
ing,” and “circular economy,” were formed in clusters. These 
evident fundamental overlaps could help the DSP content 
review to be more accessible and accurate. “Lean” is not 
present in Fig. 10. As XR and other I4.0 technologies were 
disclosed as key instruments, the transformative capacity of 
lean might be mitigated and counteracted at the technical 
level gradually. However, the managerial perspective of lean 
is still often criticized.

4 � Review and content analysis

This review is intended to understand XR–lean DSP as a 
practical method at the technological and managerial levels. 
While there was an attempt to establish and reconceptual-
ize the managerial and technological combinations during 
the publication selection and descriptive analysis processes, 
the fragmented and nascent statuses of understanding these 
infusion initiatives remain. Responding to this novel phe-
nomenon and considering XR technologies as core instru-
ments, the reporting and dissemination of this study were 
classified into three parts: (1) a sharp focus on the DSP for 
EoL aircraft, (2) the first-level infusion: XR-assisted DSP, 
and (3) the second-level infusion: XR–lean DSP. To merge 
and integrate XR technologies and lean naturally, this fast-
track thematical structure could provide a starting point for 
the critical content analysis and the forecasting of emerging 
research areas presented below.

4.1 � DSP in the context of EoL aircraft

Because of the issues generated by the high-volume data 
for EoL aircraft representation, [92] recommended, with a 
demonstration of the same, that the mathematical modeling 
of an EoL aircraft and its subsystems could utilize the Air-
craft Maintenance Manual (AMM) as the only data source. 
In accordance with maintenance procedures, the disassembly 
operations were required to respect this for the preparation 

of the task graph [92]. The AMM may be a reliable alterna-
tive in certain situations, but the absence of representation 
information and the loss of components are the actual issues.

For DSP, [93] defined the EoL airframe “disassembly 
alternatives” and tested these on a real jet. They introduced 
the selection strategies for four “disassembly alternatives” 
that consisted of cutting, drilling operations, and manual 
disassembly operations [93]. However, this arrangement 
could be close to the dismantling stage (see Section 2.1.2.3) 
because they concerned material-level separations (cutting 
and drilling) more, such as the material types and differ-
ent substances’ amounts. Notably, they also discussed the 
connections among the parts or modules and designed the 
feasibility analysis method based on the disassembly dif-
ficulty [93]. Afterward, the “disassembly factsheet” was 
made from operational information (e.g., operational time 
and number of fasteners) for the final evaluation. Similarly, 
[94] focused on the disassemblability index assessment, even 
though it was involved in the design phase. EoL disassem-
bly planning must handle its own parameters as a dynamic 
activity, though maintenance is an indispensable reference. 
Furthermore, the component-level or product-level structural 
disassembly should be particularly emphasized.

Recently, [95] designed a quantitative disassembly plan-
ning model to evaluate the disassembly performance through 
a technical–economic score-based system. Their multi-var-
iable disassembly evaluator analysis and the disassembly 
scenario selection (i.e., the formation of structural knowl-
edge and database) were examined through the case of a 
mid-range airliner stabilizer [95]. This linear disassembly 
evaluator primarily concerned the difficulty of discovering 
parameters, time spent, and material compatibility. Despite 
the alloy element recovery aspect being a key factor, the 
stage should be described as post-disassembly planning 
that centers on dismantling. Nevertheless, the recommen-
dations extracted from this paper inspired the disassembly 
science research for EoL aircraft parts. For instance, unlike 
the AMM, the information sources introduced by [95] com-
prised three categories: (1) primary sources: any data sheets 
or illustrations; (2) expert data: the observations and rec-
ommendations offered by specialists; and (3) machine data: 
the data obtained from visual techniques with the aim of 

Table 6   The co-occurrence of keywords

No Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

1 Augmented reality Assembly Artificial intelligence Blockchain Circular economy
2 AR Industry 4.0 Big data Digital twin Construction 4.0
3 Construction Learning Building information modeling Extended reality Cyber-physical system
4 Maintenance Manufacturing Edge computing Machine learning Sustainable development
5 Mixed reality Simulation Internet of things
6 Virtual reality
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non-destructive testing. Accordingly, the demand associ-
ated with advanced digital technologies and well-established 
decision-making methods for achieving operational excel-
lence was explored intensively.

Regarding the rising popularity of “Aviation 4.0,” [41] 
presented this I4.0-oriented revolution and defined its char-
acteristics as intelligent applications in the cyber zone. For 
aerial maintenance processes, the Aviation 4.0 technologies 
demonstrated by the authors included AR and 3D printing 
[41]. This content was mentioned in a new book, Intelligent 
and Fuzzy Techniques in Aviation 4.0, by [96], and several 
representative chapters may be insightful, especially for the 
disassembly research community—for instance, the perspec-
tive exploration of fuzzy systems and AR application by 
[11]. As the scope of the present review covered such book 
chapters, the related decommissioning–disassembly content 
of this book was considered in the next-step paradigmatic 
facilitator.

Table 7 lists the summary of the disassembly treatment 
for EoL aircraft. The collaboration between computational 
intelligence and scientific management is nearly absent, and 
the same can be said for radical improvement in flexibility 
and efficiency. With I4.0 initiatives, there has been a con-
siderable focus on technology-driven disassembly planning, 
originating from the aforementioned “computer-aided disas-
sembly planning” [33]. A new “computer-aided disassembly 
planning” should be advanced with the aid of cyber-physical 
human–machine collaboration.

4.2 � The first phase of the integrative infusion 
antecedents: XR‑assisted DSP

To retrace the local XR-assisted DSP for the aircraft parts at 
EoL, the relevant AR, VR, and MR applications’ collections 
were reviewed. The final sample results revealed that few 
researchers have considered the integration of XR into the 
EoL DSP system. While XR was not reviewed using a cross-
application approach, the final samples reported that XR-
related maintenance and assembly applications comprised 
a considerable portion of selected literature [71]. As the dis-
assembly activity could not be avoided in maintenance and 

remanufacturing operations, and the current XR applications 
in manufacturing are superior in several aspects, especially 
at the scholarly level [46, 97], the direct XR applications in 
the disassembly scope were extracted in this section. Follow-
ing the literature, the state-of-the-art XR works’ strengths 
and drawbacks were analyzed with regard to the resolved 
problems, the “smart” contributions, and limited usability.

4.2.1 � AR‑assisted works served for disassembly planning

Before citing the previous literature, the general analysis 
of the ICT AR is depicted herein from the technical per-
spective. Among the XR applications in industrial systems, 
AR technology has attempted to facilitate several types of 
manual operations. AR has close connections with the real 
world. It is registered in 3D with virtual and real objects 
that are underlain jointly in the physical environment, and 
the AR system implementation consists of detection, track-
ing, and mixing [98]. With regard to this, the AR software 
development kit (SDK) cannot be neglected. Represented by 
Vuforia and designed for mobile devices, this platform has 
reduced several limitations related to attaining recognition 
and rendering the original 3D models [99]. Consequently, 
the virtual objects are animations, images, or text from a per-
spective determined by the camera’s direction and position, 
and AR allows real-time blending through the developed 
computational design and program [98]. For disassembly 
and assembly operations, the real world can be enhanced, 
and the targeted part can be detected properly in real time.

Reference [15] designed a framework named AR-guided 
product disassembly (ARDIS), which played the role of 
the final disassembly sequence instruction for operators. 
The middle step and the significant part of the ARDIS 
was “automatic content generation,” which was the transi-
tion from visual information (e.g., 3D models) and opti-
mal sequence results to the AR guideline application [15]. 
The ARDIS applied AR as a pure visualization tool, and 
its main character was represented by the AR interface that 
included animated arrows and virtual instructions in the 
physical environment. However, this AR framework was 
implemented after nearly the entire disassembly planning 

Table 7   Related findings for EoL aircraft parts disassembly planning

References Relevant contributions Selected case

[92] The standard data source Aircraft Maintenance Manual for disassembly tasks
[93] Four EoL airframe “disassembly alternatives” and a feasibility analysis based on the disassembly dif-

ficulty
A real jet airliner carcass

[94] Eight different disassembly/dismantling strategies under the project “Process for advanced manage-
ment and technologies of aircraft end-of-life”

[95] A quantitative disassembly planning model to evaluate the disassembling performance based on the 
difficulty of discovering parameters, time spent, and material compatibility

A mid-range airliner sta-
bilizer from a retired 
passenger jet
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process. The assisted implications for product representa-
tion and sequence optimization were not the objectives of 
the AR application. The disassembly planning optimization 
was utilized by the score system of a disassembly sequence 
table (DST) [15]. Furthermore, the computational design 
and development processes were left out. This paper only 
mentioned the names of related programming techniques 
and languages. [14] did further research and proposed a new 
AR-assisted product disassembly sequence planning system 
(ARDIS). The new ARDIS system focused on time- and 
cost-optimization demands, and it built a server to store the 
product information and target. One of the differences from 
the preliminary system was that the latter was a Vuforia 
SDK-based application with an interactive AR user inter-
face for component selection. Moreover, the server of this 
ARDIS system could provide the sequence regeneration 
environment [14]. In addition, the development steps from 
the original 3D models and server database to Unity3D were 
described, and the user input content of the interactive AR 
interface was also concerned with design. However, as a 
recent AR application for disassembly planning, its integra-
tion was limited since its guidelines and effectiveness were 
not evaluated.

Inspired by several AR-based assembly systems from 
the literature, [100] built an “Augmented Reality Disas-
sembly Evaluation Tool (ARDET)” system. The output of 
the ARDET system could be used for a matrix-based disas-
sembly optimization algorithm [100]. While this tool was 
proposed for the design stage, one of the ARDET mod-
ules, “Images Acquisition System (IAS),” was emphasized 
because the detection and markerless tracking functions 
were highlighted by it [100]. By applying the SDK “ALVAR 
VTT” during the IAS procedure, the 3D models could be 
used to track the real objects based on the stored spatial 
database [100]. Its AR interface assisted the objective of 
the genetic algorithm optimization (GAO), but there was no 
clear virtual–physical interaction embedded in it. The use 
of the leap motion sensor was integrated, and this device 
focused on tracking the skeletal structure of the operator’s 
hand. [101] also developed a Vuforia SDK-based AR anima-
tion for twinning the gearbox. However, their AR applica-
tion’s responsibility regarding the disassembly was unclear. 
While this Unity3D project’s process was described in detail, 
a considerable portion of the paper was devoted to present-
ing the preliminary work for the disassembly sequence 
selection—for instance, the graphic method based on the 
disassembly wave and the removal influence graph [101]. 
Regarding AR-assisted disassembly planning for the avia-
tion purpose, [11] presented a system construct for targeted 
disassembly planning that combined the fuzzy approach 
and the AR application perspective. The economic output 
was selected as the optimization objective, and the tooling, 
disposal, and logistics costs were the main variables of the 

function. Taking into account the analysis of AR applica-
tions proposed in the mentioned literature, Table 8 sum-
marizes these application attempts. While the integration 
perspective of AR technology has become clearer, examples 
of real-time DSP contributions remain limited. The practi-
cability and intelligence of AR technology have not been 
explored deeply and exclusively for the EoL information 
modeling and sequence optimization phases. Furthermore, 
the computational design methods and development tech-
niques of the latest AR technology have yet to be compre-
hended and utilized. Moreover, the advent of mature and 
affordable AR-related devices (e.g., compact and light-
weight) has not been thoroughly investigated. According 
to the summary table, the exploitation of AR solutions for 
DSP assistance should concern the following two gaps: (1) 
the numerous coordinate systems should be more focused 
on the desired smart shop floor, and the interactions among 
virtual components, machines, and the devices are challeng-
ing elements, and (2) the dedicated human involvement is an 
inseparable element in integrating the AR-assisted system, 
and the responding methodical approach for EoL disassem-
bly cannot be neglected.

4.2.2 � VR‑enhanced works served for disassembly planning

While AR technology could present augmented virtual 
objects in the physical environment, their interactivity 
and immersion experiences are not its competitive advan-
tages. Assessed by a VR headset, the unique immersive 
user experience is obtained with multiple dimensions and 
nearly unlimited movement [102]. The virtual objects can 
be manipulated by the controllers’ targeted buttons. VR 
represents the emergent efforts for deploying human–com-
puter interaction (HCI), and it creates artificial 3D objects 
in simulated virtual environments [51, 103]. Similarly, 3D 
graphic tools (e.g., Rhinoceros 3D and Autodesk products) 
are employed to generate the virtual models, while Unity3D 
is the main platform for architecting the visual effects and 
running the programmed interaction [104]. While the use 
cases and implication analysis of AR and VR were clari-
fied in the previous literature, a VR-based review of aircraft 
parts’ disassembly–decommissioning application domains 
is still necessary. A survey of the best VR practices for EoL 
aircraft treatment is also lacking. Thus, exploring the path 
that VR technologies’ implementation could enable is the 
directional task of this section.

To contemplate DSP opportunities, [105] examined the 
advances in ICT and highlighted the importance of the read-
ability of the product representation modeling graph. The 
product geometry was illustrated as same-sized spheres 
(nodes) but in different colors, and these colors represented 
the various disassembly states. Following this, the possi-
ble disassembly paths were presented as thin cylinders that 
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connected the colored nodes. To better visualize the dis-
assembly alternatives from the disassembly graph, [105] 
applied VR Juggler to develop and examine the disassem-
bly visualization performance for an interlocking puzzle. 
Although they used an elementary open-source VR plat-
form that was developed by a university research center, the 
VR vision and environment were promoted for DSP. Next, 
the same authors continued to explore immersive technol-
ogy-assisted DSP based on the same six-piece Burr puz-
zle [106]. Notably, the primary focus of this paper became 
the uncertainties during disassembly operations, and [106] 
also realized that the mathematical programming of the sto-
chastic model was not the final solution. The disassembly 
time and components’ damage rates were integrated into the 
input data. Following this, the immersive technology was 
implemented again to derive the disassembly process and 
intuitive sequences. However, the utilization of immersive 
technology was ill-defined, and even detailed techniques and 
methods could not be found. Overall, the solutions of these 
two articles were a combination of DSP and the immersive 
representations’ manipulation system.

In addition to the solutions for product representation 
and possible sequences, VR has gained widespread popu-
larity due to the demand for it in engineering education and 
pre-employment safety training. With regard to related VR 
works in aviation, [107] developed a virtual landing gear dis-
assembly animation system to avoid unpredictable manual 
risks using Unity3D and the plug-in “iTween.” They formu-
lated the automatic disassembly planning guide via program-
ming; however, they only applied the engine Unity3D as an 
original animation tool. Their method neglected all of VR’s 
intrinsic and intelligent capabilities (e.g., immersion), even 
though they introduced VR technology as the motivational 
base. In essence, their output was to model scriptable objects 
for the landing gear parts in a 2D environment. According 
to [16], the on-site operational uncertainties also included 
the faults caused by unskilled labor because of incorrect 
memory and lack of experience. Moreover, [16] applied the 
deep reinforcement learning (DRL) method for the adaptive 
disassembly planning in a VR training system. Due to the 
genetic algorithm (GA) being used for DSP optimization, 
they developed an improved DRL method known as “deep 
Q-network (DQN)” and made the DQN more effective with 
the GA. Moreover, DSP was transferred as the Markov deci-
sion process framework through the DQN. For the on-site 
VR training system implementation, the local server–client 
communication module was integrated to manage requests 
from Unity3D [16]. Because of this demand, the “Unity-
WebRequest” system was applied from the “UnityEngine.
Networking” document [108]. Via the most-used VR 
device, HTC VIVE, a series of multi-sensory experiments 
was conducted to compare the disassembly time and steps. 
As the case was an aircraft engine, this method could be a 

significant advance for XR-assisted EoL aircraft disassembly 
research. In [16], a cloud server, the connection between 
Petri nets and graphic neural networks, and a stable immer-
sive experience were the main challenges. Table 9 summa-
rizes the presented papers. The real VR disassembly applica-
tions have considerable room for improvement; furthermore, 
VR is not limited to the conceptual layer. The dependence on 
the traditional computer-aided disassembly method should 
be decreased by thoroughly and properly comprehending the 
ICT (AR and VR) being developed.

4.2.3 � The MR vision served for disassembly planning

MR is the final component of XR technology reviewed 
in this paper. Nevertheless, it seems to lack a universal or 
acknowledged definition. [54] attempted to contextualize 
MR technology through experts’ interviews and literature 
surveys; based on their theoretical derivation, six independ-
ent notions were found by analyzing different characters 
(e.g., environment, input–output, and immersion). The 
most popular understanding that numerous researchers have 
agreed upon is the notion of a “reality–virtuality continuum” 
[52, 54]. MR has been placed on this continuum from com-
pletely physical environments to computer-generated immer-
sive ones [52, 53]. In the present study, MR is described 
as an agile vision that is not yet an established application 
perspective. For example, [109] designed an interactive user 
interface for applying the MR vision to aircraft components’ 
visual inspection. In the system they developed, the inspec-
tor and expert could see a physical aircraft component or its 
virtual twin remotely, and the damage degree of the compo-
nent structure could be analyzed. Unity3D, the “MixedReali-
tyToolkit” system and AR glasses (“Microsoft HoloLens”) 
were used [109]. This method served as an integrated user 
interface, but it could engender further ideas for solving the 
complex aircraft decommissioning documentation, the tar-
geted interlocking assemblies, and the non-destructive disas-
sembly. The prior research on DSP works that was facilitated 
by the advent of AR/VR/MR technologies is documented in 
this section. This review also helps characterize the exist-
ing XR-based applications and systems for DSP. According 
to the presented applications in the rigorous “reality” clas-
sification, the various XR-assisted DSP could be utilized 
independently or cooperatively.

4.3 � The second phase of the integrative infusion 
antecedents: XR–lean‑assisted DSP

The central aim of this study is to remark on the joint inte-
gration of XR and lean. Based on the theoretical background 
of the relevant works, I4.0 could not displace the philosophi-
cal lean. However, the evidence for the joint application of 
lean and I4.0 technologies remains insufficient. The majority 
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of the previous studies presented the proof-of-concept cor-
relations between lean principles and I4.0 systems in an 
abstract context. In this section, the collaboration of lean 
and XR is surveyed from a more practical perspective.

According to the existing research, lean principles and I4.0 
technologies—or lean tools and I4.0 principles—could be 
reinforced by each other [110, 111]. In essence, a significant 
portion of the work published up to now has focused on one-
sided conceptual capability. In line with the “Lean Manual 
Assembly 4.0” proposed by [82], lean could be a rational 
starting point for implementing I4.0-generated changes to pro-
duce performance benefits. [110] defined the term “Lean 4.0” 
and, in terms of the correlation, determined that I4.0 could 
exert a compensatory effect on lean’s shortcomings. [110] 
also stated that lean processes were the basis of feasible I4.0 
technology implementation. In particular, VSM 4.0, VM 4.0, 
and Poka-yoke 4.0 were mentioned because these rely on real-
time data mechanisms and XR devices: the XR display could 
support stakeholders in receiving real-time value streams 
remotely through VSM 4.0, while the role of XR in VM 4.0 
and Poka-yoke 4.0 was to handle standardization and correc-
tion improvements. More specifically, [110] employed AR as 
a virtual visualization tool for replacing the physical boards in 
VM 4.0 and also used AR to support zero-error picking opera-
tions in Poka-yoke 4.0. Table 10 summarizes these potential 
correlations by [110]. From a diverse perspective, [17] cat-
egorized the implications of I4.0 technology competence for 
lean principles based on four-level capability degrees. The 
four levels of I4.0 technologies’ competences that they used 
had been proposed by [112]: monitoring, control, optimiza-
tion, and autonomy. AR was the unique XR technology their 
study engaged with, and the potential implications for the 
lean principles of AR are shown in Table 11. Notably, for 
AR, the “monitoring” level was the only matched I4.0-based 
capability when influencing various lean principles. The illus-
trated lean principles were jidoka, people and teamwork, and 
foundations. Although the examination visions of [17] and 
[110] differed, their findings were similar due to the inher-
ent connections. As Table 11 shows, the lean tools included 
error-proofing, stable and standardized processes, and VM. 
Therefore, the XR–lean use could be integrated into value 
profile tracing and tracking services for multi-stakeholders 
remotely. As [113] presented, the visual techniques were 
ubiquitous and valuable factors, and they reflected the evident 
features of lean. Similarly, [114] described a digital VS sys-
tem and proposed ideal visual tools, which also included XR 
technologies. Moreover, the corrections in the standardized 
process and the guidance in the training process were major 
contributions to the desired performance benefits. However, 
these elementary conclusions could also be limited by the 
knowledge gap from the manifold competences of XR. AR 
has gained widespread attention in discussions of I4.0 and 
lean, but VR and MR are also powerful techniques that can Ta
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assist reconfigurable monitoring systems. Furthermore, the 
control, optimization, and autonomy impact levels could be 
explored when applying XR technologies.

All the major XR–lean research showcases were focused 
on the training performance improvement of individual opera-
tors, especially in architecture, engineering, and construction. 
[115] compared the operational time before and after AR 
engineering education by assessing machining and dimen-
sioning activities on machine tools. The experimental object 
was originally designed as a lean process, and the cost and 
time data with and without the AR application were collected 
and differentiated. The savings were calculated at the end, and 
the positive effects were proven. While the examined activity 
was not disassembly, the measurement and comparison of the 
time and costs of lean training could be a valuable method. 
Thus, lean training and lean education have been devised as 
typical XR use cases. However, according to the workshops 
conducted and questionnaires issued by [49], the industrial 
XR use cases could involve stakeholder engagement, design 
support, and management support in addition to training. For 
example, [116] attempted to provide an operable explanation 
for integrating directional lean principles into EoL aircraft 
disassembly sequencing. Considering the size and complexity 
of the aircraft, the objective of minimizing operating zones 
and movements was derived from the analysis of independ-
ent lean principles for EoL aircraft disassembly [116]. An 
optimal disassembly path among the various working zones 
was the desired output, and a disassembly graph had to be 
generated first to display all possible zones and paths. After 
the operating zones were defined, the availability of each zone 
was evaluated and compared using the ratio between the num-
ber of available tasks and total tasks. This lean disassembly 
sequencing method could be further developed as a conven-
tional foundation when applying XR.

5 � A research agenda: smart disassembly 
sequence planning (SDSP) for complex 
EoL products

It is particularly crucial to explore the transformative 
impact and collaborative potential of XR–lean joint inte-
gration in this emerging research. [117] and [118] stated 
that implementing a systematic review also entails the 
identification of promising future research agendas and 
directions. The present paper has already realized and 
engaged with the conceptual boundaries in dynamic appli-
cations and services for disassembly activities; however, a 
broader agenda for further research should also be derived. 
Moreover, a fundamental construct must be proposed for 
guiding the future usage of the recovered complex prod-
ucts at the technical and strategic levels. After compre-
hending the results of the previous studies through the 
review analysis, a generally and relatively accepted defini-
tion of a future revenue-generating measure is discussed 
in this section.

Enhancing the awareness and understanding of the topic 
area should be addressed. Essentially, a digitally empow-
ered environment necessitates a deep understanding of 
various disciplines. In terms of the systematic review 
presented in this study, the proposed research agenda is 
defined to further discuss a broader application engage-
ment, namely complex EoL products. As previously noted, 
used aircraft and most high-value parts are representative 
complex EoL products. To manage disassembly operations 
more economically, a digitalized DSP should be proposed 
under the constant development of sustainability and digi-
talization. As the correlations among I4.0, XR, lean, and 
disassembly from academic-practitioner literature have 
already been analyzed, there is clear evidence that proper 

Table 10   The potential correlation between “Lean 4.0” and XR (the source of information: [111])

XR Lean 4.0 Potential correlation

The role of a visualization tool VSM 4.0 The remote controlling of real-time value streams
VM 4.0 and Poka-yoke 4.0 Standardization and correction improvements

Augmented reality: (1) replace the physical boards in VM 4.0 
and (2) support zero-error picking operations in Poka-yoke 4.0

Table 11   Capability level 
(monitoring) of AR impacting 
lean principles (the source of 
information: [17])

Monitoring Lean principles Lean tools

Augmented reality Jidoka Error-proofing
People and teamwork Cross-trained
Foundations Continuous improvement

Stable and standardized processes
Visual management
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XR–lean usage would be superior to traditional DSP. For 
instance, the automation and visualization of disassem-
bling procedures are significant contributions. Based on 
the detailed content analysis of extant publications in the 
previous section, this study proposes a future agenda, 
SDSP, regarding complex EoL products. To attain a full-
scale SDSP agenda, the decision-making methods facili-
tated by a compatible development platform, interactive 
devices, and intelligent resources (e.g., models and algo-
rithms) could be the solution approaches [119]. Therefore, 
SDSP is merged to be a concise frame and general attitude 
that involves technological and managerial enablers (XR 
and lean). In the following, the discussion on the proposed 
agenda concerns two parts: (1) the conceptualization of 
SDSP, and (2) research gaps, open challenges, and future 
opportunities of SDSP.

5.1 � Conceptualizing “SDSP”

To streamline the presentation of a research agenda specific 
to the EoL disassembly requirements, this section identifies 
gaps through the definition of SDSP and its built-in tech-
nology and management development plans. SDSP is the 
result of following the flow presented in Fig. 1. The concep-
tual planning path of SDSP is naturally organized to boost 
the role of XR–lean combination in a wider environment 
and coordinates reverse supply chains. Consistent with the 
intention of this study, which has reviewed the literature on 
XR–lean DSP, the conceptualization of SDSP begins with 
the implications of I4.0 and serves lean disassembly with XR 
technologies. SDSP refers to a productivity-enhancing disas-
sembly decision-support construct that optimizes operative 
manners with the strong assistance of XR and lean. SDSP 
provides, shares, and virtualizes the information upon which 
planners make effective decisions in real-time mode [120]. 
To make precise use of the intra-resources on information 
and computer technology (i.e., XR) and management prin-
ciples (i.e., lean), SDSP aims to generate an advisable plan 
that best satisfies different business goals and constraints 
under uncertainty. Achieving sustainable operational excel-
lence by SDSP is one of key determinants of improving the 
value of reverse logistics and recovery activities in the cir-
cular value chain holistically. SDSP is expected to create a 
favorable impact by broadening the view of digital disas-
sembly transformation.

The fundamental idea behind SDSP is to be “smart,” 
which serves as the foundation for future research. Simi-
larly, as a growing research area, SDSP responds to the 
broader call for “smart” research. “Smart” offers an indis-
pensable foundation and elevates the importance of tech-
nology for improving product recovery business. Regard-
ing the context of I4.0-based disassembly, the relevant 
term “smart disassembly” only occurred once in [121]. 

They presented “smart disassembly” as one of their eight 
disassembly/dismantling strategies (e.g., “smart shred-
ding” and “systematic disassembly”) and focused on the 
recycling development case of EoL aircraft [121]. How-
ever, they described “smart disassembly” as a type of 
time-saving strategy rather than a detailed operational 
solution with enabling technologies. Their “smart disas-
sembly” had no direct connection to I4.0 or other revolu-
tionary paradigms, and the aim was identified as avoiding 
removing the components with similar material compo-
sition. “Smart disassembly” was recommended, but the 
“smart” implication was limited compared to other proac-
tive concepts, such as “smart factory” [122], “smart manu-
facturing” [123], and “smart remanufacturing” [43], that 
were driven by I4.0. “Smart” can be a core competency 
involved in the development of technological advances. 
To launch I4.0 initiatives, SDSP should leverage the full 
potential of laying I4.0 technologies and systems. This 
proactive approach of emphasizing “smart” is necessary to 
ensure that disassembly planning can continuously adapt 
to digitalization. Since “smart” spans a wide range of digi-
tal technologies theoretically, more attention can be paid 
to XR technology, as integrating non-essential technolo-
gies could result in wasting capital expenditure. This can 
also help reflect the actual needs and advance industrial 
service-oriented applications that require detailed digital 
fulfillment. In the present study, the underlying logic of 
SDSP is still strongly relevant to the interactive relation-
ships of I4.0–lean. With the advent of lean, the functions 
of complementarity and continuous learning can be tightly 
integrated into SDSP. Under the promise of operational 
excellence, for instance, the creation of customized ser-
vices can align with multi-target and partial disassembly 
planning. This can underpin SDSP to cope effectively with 
changing customer demands.

5.2 � Research gaps, open challenges, and future 
opportunities of SDSP

Building upon this foundational review, earlier research 
has explored several possibilities for combining XR and 
lean in DSP. Apart from drivers, advantages, and barriers, 
potential conflicts should also be uncovered. In this section, 
we identify gaps and challenges in technology and manage-
ment development and offer clear insights into future direc-
tions. In the following, our discussions are categorized in 
three aspects: (1) system development in the circular value 
chain, (2) technology requirements and adoption improve-
ments, and (3) associating SDSP with other multidiscipli-
nary domains and perspectives. Agenda-based descriptions 
corresponding to the gaps and opportunities are summa-
rized in Table 12.
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5.2.1 � System development in the circular value chain

While traditional DSP are deeply rooted in the operations 
area, SDSP could implement a wider focus to enable digi-
tal processes smoothly and improve decision-making effi-
ciency. The combinative effects of given XR and lean also 
influence opportunities of extending SDSP, as both serve 
multiple constituencies. To grow as a robust techno-centric 
unit, understanding and constructing the system of SDSP are 
critical. The complementarities and conflicts of the SDSP 
system development cannot be ruled out. SDSP is proposed 
as a promising research pattern in the present work. Devel-
oping a limited version of smart remanufacturing might be 
needless. Motivated by digitalization, SDSP is not limited 
to a product-dependent system. Broadly speaking, SDSP is 
intended to be embedded in the enterprise systems of the 
sustainable manufacturing sector. The SDSP system, with 
the emphasis on planning, should be capable of dealing with 
management and control to make the information more read-
ily available for determining the optimal sequence. SDSP, 
in future research, could provide inputs to distribution, 

financial, and marketing systems that request the information 
[120]. However, some questions have arisen due to shortfalls 
at the system level that can incorporate disassembly, which 
is an important part of remanufacturers’ value chain.

Based on our bibliometric visualization findings in Sec-
tion 3.2.3, we learn that circular economy is crucial in 
remanufacturing because it promotes circularity of network 
flows [124]. A higher employment of theoretical knowl-
edge based on circular economy might affect disassembly. 
Although previous research covers a range of circular econ-
omy initiatives and implications on EoL treatment research, 
the differences in “smart” shifts need further investigation. 
The reverse logistics and recovery processes are partly 
referred to as circular value chain processes [125]. Regard-
less of operations or technology development, they represent 
primary activities of the entire value chain merely. Also, the 
managerial areas of disassembly are usually not discussed 
as a directional topic in the previous studies but are rather 
treated as a side topic. Deriving the system architecture in 
an isolated manner might hold research back. While much 
technological progress has been made in the wave of I4.0, 

Table 12   Smart disassembly sequence planning

Categories Research gap Agenda-based description for hot spots

1 System development in the circular value chain 1A. Understand how value chain-related circular economy knowledge influ-
ences the execution of the smart disassembly sequence planning system

1B. Carry out more normative research to take the system perspective into 
account and exemplify how to gradually cooperate with higher levels of 
enterprise systems development

1C. Apply the vertical integration method to explore the functional layers of 
the interconnection networks of the smart disassembly sequence planning 
system

2 Technology requirements and adoption improvements X-reality content:
2A. Develop more technical and managerial support for preserving X-reality 

content
2B. Put more research efforts on bi-directional linkages and information 

exchange standards between CAD models and X-reality models
2C. The accuracy of illusory images in stereoscopic animations can be 

applied to assess the applicability and usefulness of X-reality content
2D. Address how the design and development of industrial X-reality user 

interfaces influence competitive aspects of smart disassembly sequence 
planning

2E. Connect autonomous disassembly decision-making processes with the 
automation of X-reality systems

2F. Carry out more research through expert interviews for the full deploy-
ment of X-reality technologies and enhance the sample of professionals 
and academics

X-reality experiences:
2G. Explore innovative ways of recording and tracing the users’ experiential 

experiments precisely when interacting with X-reality applications
2F. More focus should be given to experiment-based empirical research and 

practical validation on X-reality disassembly
3 Associating smart disassembly sequence planning 

with other domains and perspectives
3A. Broadening the perspective to cooperate with other smart technologies 

and unpacking the effect of employing manifold digital and smart systems 
for a prevailing digital disassembly transformation

3B. Expand the research focus to encompass the emerging wave of Industry 
5.0 and prioritize the human-centric perspective in a systematic manner
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as like we considered the necessity of integrating lean, it 
is also imperative to explore more potential methods for 
efficient organizational improvements. Therefore, it would 
be valuable to understand how value chain-related circular 
economy knowledge influences the execution of the SDSP 
system. To examine more challenges and chances of SDSP 
at the firm level, it is advantageous to consider the fields of 
knowledge in circular economy and value systems [125]. It 
might also be of specific interest to investigate how to match 
the SDSP system with the needs of different remanufactur-
ing companies’ value chains. The variety of remanufactur-
ing companies could include independent remanufacturer 
and original equipment remanufacturer. Overall, more nor-
mative research is needed to exemplify how to cooperate 
higher levels of enterprise systems development gradually 
[49]. Vertical integration can be an interesting method to 
reinforce the adaptability of the SDSP system in a more 
organized manner. Vertical integration refers to consider-
ing relevant systems development at all hierarchical levels 
of the remanufacturing company. This can also provide an 
opportunity to explore and classify the lesser-known layers 
differing in functional domains for future propositions of 
the SDSP system.

5.2.2 � Technology requirements and adoption 
improvements

In the SDSP proposed by this study, XR is a typical allo-
cation of smart elements. Industrial XR applications are 
increasingly mature, but the capacity to handle some tech-
nological issues is still limited. Moreover, as our review 
reveals, XR is still under-investigated in remanufactur-
ing applications. This section compiles the technologi-
cal requirements and potential adoption improvements 
of XR-assisted disassembly. XR content and experiences 
are selected to introduce considering the technological 
perspectives.

XR content  Our review analysis highlights that XR content 
could contribute to operative and decision-making support. 
As a practice-led initiative, the role of XR is to generate 
positive effects on smart decision-making in SDSP. To serve 
complex EoL products, XR-ready models can be complex 
and large during the disassembly information modeling pro-
cess [49]. Meanwhile, efficient operations need the support 
of real-time simulation from XR. Therefore, large memory 
and processing capacity are required for the development 
and preservation of XR content. Besides, only several soft-
ware tools can convert between CAD models and XR-ready 
models directly, but research efforts on bi-directional link-
ages and information exchange standards are still limited. 
Solutions to restrain these negative impacts can help use 
XR to deal with modeling and predicting rigorously. The 

accuracy of illusory images in stereoscopic animations can 
be an aspect to assess the applicability and usefulness of XR 
content. The components should be detailed to display in XR 
applications. Since XR is a relatively ideal technology to 
visualize uncertainty, an accurate virtual product representa-
tion should be attained for the operational trust [49]. Based 
on this, the outcomes of SDSP can be trustworthy. In most 
circumstances, the effects of XR instructions and guidelines 
rely on the design and development of user interfaces. For 
instance, optimal action plans can be displayed in XR appli-
cations that authored by SDSP. The role of interfaces exists 
in the task of managing XR content. Another issue is the 
usage of the automation in XR systems. Most of the com-
mon achievements (e.g., the visualization display of virtual 
assets and scriptable actions in virtual scenarios) could be 
attained directly via programming. This advancement could 
assist autonomous decision-making processes and reduce 
steps in SDSP. Summing up, more knowledge is needed for 
the deployment of XR technologies. Research that elabo-
rates on multiple valuable insights from interdisciplinary 
expert interviews can provide more findings in the future. 
Therefore, there is still space for applying qualitative and 
mixed methods.

XR experiences  The technology-mediated experiences 
generated by XR are crucial for any sector. Training and 
onboarding for existing workforces and novices on the use 
of innovative XR systems are vital for physical operational 
implementation. For disassembly planning, recording and 
storing the users’ experiential experiments precisely when 
interacting with XR applications are desired functions. In 
other words, there is a need to observe and access other 
user experiences in the same situation (e.g., the wholly 
same VR environments), yet experiment-based empirical 
studies are still in the early stages of XR-assisted disas-
sembly development. The data obtained from user experi-
ments can be a reliable source of decision analytics for the 
collaboration of remote and on-site workers, or a sufficient 
source of knowledge-perceiving assessment for unskilled 
operators. However, the drawback of the current tracking 
devices may hinder the progress of archiving and assessing 
detailed XR experiences. A “social VR” [126] perspective 
could be an applicable starting point due to the multi-stake-
holder engagement journey in the general remanufacturing 
organization.

5.2.3 � Associating SDSP with other multidisciplinary 
domains and perspectives

There is potential for further theoretical research on the 
positive outcomes of SDSP. Although disassembly is an 
industrial process, SDSP is a cohesive foundation aiming 
to generate positive effects by developing flexibly managed 
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disassembly operations. However, existing research on 
future perspectives across academic disciplines is not com-
prehensive. To avoid obstructing interconnection and com-
munication among research communities, we emphasize 
potential studies on associating the development paths of 
SDSP with other domains. Two areas are worthy of noting 
here: (1) cooperating with more smart technologies, and (2) 
concerning the role of humankind.

Cooperating with more smart technologies  At present, the 
“smart” enhancement of the proposed SDSP relies on a par-
ticular approach, specifically the close collaboration with 
XR to outline the technical characteristics of the current 
SDSP. Other I4.0 technologies are temporarily disregarded 
due to the original intention of concrete contribution from 
applying XR individually. However, unpacking the effect of 
employing manifold digital and smart systems for a prevail-
ing digital disassembly transformation could be the fuel to 
spark future investigation. It is of great advantage to con-
nect deeper insight regarding other I4.0 technologies in 
theory and practice, and the collaborations among various 
I4.0 technologies have gained enough attentions [89]. How-
ever, utilizing overarching I4.0 capabilities with respective 
features are still relatively lacking, as well as integrating 
with XR systems in detail. From our bibliometric visualiza-
tion in Fig. 10, it can be observed that DT plays a vital role 
as integrating XR applications. XR and DT could develop 
themselves as a collaborative topic area [12]. Considering 
the previously discussed challenges in Section 5.2.2.1, the 
engagement of IoT devices [2] could provide real-time data 
for improving correctness and effectiveness of XR images. 
Importantly, the accurate integration of IoT sensors can con-
nect data that processes in different phases of the product 
life cycle. From the whole review on XR-assisted DSP and 
XR–lean applications, the main responsibility of XR tool-
chains is not focus on ensuring the information security and 
privacy [49]. Addressing security and privacy issues during 
the disassembly planning could drive a bold focus shift for 
XR. For the successful implementation of elaborating SDSP 
in an environment that evolves around digital technologies, 
the digitalization measurement of SDSP cannot be avoided 
in next confirmatory research.

Concerning the human‑centric perspective and Industry 
5.0  To inspire further research and exploration, the role of 
humans in SDSP could connect insights from the wave of 
Industry 5.0 phenomenon. Coexisting with I4.0, Industry 
5.0 connects a sustainable and human-centered paradigm 
and I4.0 technologies, even though it might be a prema-
ture concept [127]. It can be an opportunity to uncover the 
uncertain impacts from this new industrial paradigm and 
pinpoint the other hidden needs. A predominant focus on the 
human-centric perspective can be considered to enhance the 

already existing research approaches. Section 5.2.2.2 calls 
for more intuitive and implicit interactions within the scope 
of XR technology. Meanwhile, reducing the problems of 
human well-being and security can be a long endeavor along 
with new benefits and barriers. These considerations could 
be a framework synthesis through closer proximity to XR 
because XR offers multi-modal HCI. These additional stud-
ies will help to find more practical implication for the future 
SDSP.

6 � Conclusion

This study contributes to the intelligent disassembly and 
computer-aided remanufacturing in the literature through a 
comprehensive literature review and an actionable research 
agenda. DSP is an essential part of EoL management flow. 
Since its cost-effectiveness and environmental benefits 
are recognized, advancing disassembly management can 
be presented as a business opportunity, and the practice 
research needs abundant evidence for the rationalization of 
digital technology adoption. This paper employs a struc-
tured literature review to combine two enablers, XR and 
lean, in the I4.0-driven DSP for aircraft parts at the EoL 
stage. As conceptual discussions alone are insufficient to 
facilitate XR–lean integration, this review investigates 
the current state of the practice of DSP to unlock more 
transformative opportunities for XR applications and lean 
implementation. By reviewing the operable methods from 
the existing literature, the benefits that XR and lean can 
bring to DSP are revealed. SDSP is defined as a novel 
possibility or environment for closer collaboration and 
interactivity among humans, computers, equipment, and 
machines. SDSP is a transitional frame that can shape the 
conceptual understanding of DSP using I4.0. Notably, the 
collaboration between computational intelligence and sci-
entific management is nearly absent, and the same can be 
said for radical improvement in flexibility and efficiency. 
To comprehensively address the challenges of applying 
XR technologies for lean improvement purposes, this 
review presents two steps for analyzing XR and lean on the 
basis of SDSP. The relevant application-based work of XR 
is examined through the assistive devices and assistance 
systems in disassembly; following this, the collaboration 
between XR and lean is explored while considering the XR 
capability, lean principles, and lean tools. From the exist-
ing research findings, it can be concluded that XR–lean 
integration has the potential to improve the digitalization, 
quality, and effectiveness of EoL DSP. Moreover, design-
ing and coordinating an XR–lean-aided decision support 
tool is the outcome of the joint consideration of I4.0 and 
lean impacts. However, to reinforce the future applicability 
and usefulness, XR integration should be assessed across 



2206	 The International Journal of Advanced Manufacturing Technology (2023) 127:2181–2210

1 3

the theorization measurement, application development, 
and performance analysis with regard to lean-based disas-
sembly. As XR devices are wearable, the ergonomics anal-
ysis of human–XR collaboration cannot be lacking. For 
the future realization of the final objective of digitalized 
DSP and predictive analytics, the vital issues include the 
XR–lean approach to solving the uncertain EoL condition 
and enhancing value creation. Furthermore, the testing 
and validation from case studies and experimental studies 
should be implemented in the decision-support system to 
verify the XR–lean method to meet the managerial prac-
tices requirements of EoL aircraft parts. In addition, the 
future selected cases must be proper aircraft parts’ DSP 
scenarios for the lean management and XR visual analyt-
ics. Overall, future research can include the measurement 
and analysis of the efficiency and social sustainability 
impacts of EoL aircraft parts’ cases.

Abbreviations  AEC:  Architecture engineering and construc-
tion; AMM: Aircraft Maintenance Manual; AR: Augmented real-
ity; ARDET:  Augmented Reality Disassembly Evaluation Tool; 
ARDIS: AR-guided product disassembly; APUs: Auxiliary power 
units; BIPAD: Best industry practices for aircraft decommissioning; 
BOM: Bill of materials; CPS: Cyber-physical systems; DQN: Deep 
Q-network; DRL: Deep reinforcement learning; DST: Disassembly 
sequence table; DT: Digital twin; ECS: Environmental control sys-
tems; EoL: End-of-life; FATP/T: Fuzzy attributed and timed predi-
cate/transition net; FOV: Field-of-view; FRPN: Fuzzy reasoning Petri 
net; GAO: Genetic algorithm optimization; GrICT: Green information 
and communication technologies; HCI: Human–computer interaction; 
HHD: Hand-held display; HMD: Head-mounted device; I4.0: Industry 
4.0; IAS: Images acquisition system; IATA​: International Air Trans-
port Association; ICAO: International Civil Aviation Organization; 
ICT: Information and communication technology; JIT: Just-in-time; 
LLPs: Life-limited parts; IoT: Internet of things; MR: Mixed reality; 
NP: Non-deterministic polynomial; OEM: Original equipment manu-
facturer; PAMELA: Process for advanced management of end-of-life 
aircraft; RQs: Research questions; SD: Science direct; SDK: Soft-
ware development kit; SDSP:  Smart disassembly sequence plan-
ning; TCCs: Time-controlled components; VM: Visual management; 
VR: Virtual reality; VSM: Value stream mapping; WoS: Web of Science; 
XR: X-reality

Author contribution  Yinong Yang: writing original draft, conceptu-
alization, methodology, investigation, visualization, writing—review 
and editing, and formal analysis. Samira Keivanpour: supervision, 
conceptualization, project administration, and review. Daniel Imbeau: 
supervision and review.

Funding  The authors gratefully acknowledge the financial support from 
the Natural Sciences and Engineering Research Council of Canada 
(NSERC) for this research project [grant number RGPIN-2020–05565].

Declarations 

Conflict of interest  The authors declare no competing interests.

References

	 1.	 Keivanpour S, Ait Kadi D, Mascle C (2016) End-of-life aircraft 
treatment in the context of sustainable development, lean man-
agement, and global business. Int J Sustain Transp 11(5):357–
380. https://​doi.​org/​10.​1080/​15568​318.​2016.​12564​55

	 2.	 Keivanpour S, Ait Kadi D (2018) Perspectives for application of 
the internet of things and big data analytics on end of life aircraft 
treatment. Int J Sustain Aviat 4(3/4):202. https://​doi.​org/​10.​1504/​
ijsa.​2018.​098423

	 3.	 Keivanpour S, Ait Kadi D (2019) Internet of things enabled real-
time sustainable end-of-life product recovery. IFAC-PapersOnLine 
52(13):796–801. https://​doi.​org/​10.​1016/j.​ifacol.​2019.​11.​213

	 4.	 IATA (2018) Best industry practices for aircraft decommission-
ing (BIPAD) 1st edition. International Air Transport Association. 
Available from https://​www.​iata.​org/​en/​publi​catio​ns/​store/​bipad/

	 5.	 International Civil Aviation Organization (ICAO) (2019) ICAO 
Environmental Report 2019. Retrieved from https://​www.​icao.​
int/​envir​onmen​tal-​prote​ction/​Docum​ents/​ICAO-​ENV-​Repor​
t2019-​F1-​WEB%​20(1).​pdf

	 6.	 Grey E (2017, January 10) Aircraft recycling: up to the challenge. 
Airport Technology. Retrieved from  https://​www.​airpo​rt-​techn​
ology.​com/​featu​res/​featu​reair​craft-​recyc​ling-​up-​to-​the-​chall​enge-​
57109​42/

	 7.	 SGI Aviation (2018) Aircraft Decommissioning Study Final 
report. Retrieved from https://​www.​sgiav​iation.​com/​wp-​conte​
nt/​uploa​ds/​2020/​03/​IATA_​Aircr​aft_​Decom​missi​oning_​Study_​
May-​2018.​pdf

	 8.	 Ramírez FJ, Aledo JA, Gamez JA, Pham DT (2020) Economic 
modelling of robotic disassembly in end-of-life product recovery 
for remanufacturing. Comput Ind Eng 142:106339. https://​doi.​
org/​10.​1016/j.​cie.​2020.​106339

	 9.	 Siew CY, Chang MML, Ong SK, Nee AYC (2020) Human-ori-
ented maintenance and disassembly in sustainable manufactur-
ing. Comput Ind Eng 150:106903. https://​doi.​org/​10.​1016/j.​cie.​
2020.​106903

	 10.	 Rausch C, Sanchez B, Haas C (2019) Spatial parameterization of 
non-semantic CAD elements for supporting automated disassem-
bly planning. Modular and Offsite Construction (MOC) Summit 
Proceedings, 108–115. https://​doi.​org/​10.​29173/​mocs83

	 11.	 Keivanpour S (2021) Toward joint application of fuzzy systems 
and augmented reality in aircraft disassembly. Intell Fuzzy Tech 
Aviat 4:265–280. https://​doi.​org/​10.​1007/​978-3-​030-​75067-1_​11

	 12.	 Aheleroff S, Xu X, Zhong RY, Lu Y (2021) Digital twin as a 
service (DTaaS) in Industry 4.0: an architecture reference model. 
Adv Eng Inform 47:101225. https://​doi.​org/​10.​1016/j.​aei.​2020.​
101225

	 13.	 Schäffer E, Metzner M, Pawlowskij D, Franke J (2021) Seven 
levels of detail to structure use cases and interaction mechanism 
for the development of industrial virtual reality applications 
within the context of planning and configuration of robot-based 
automation solutions. Procedia CIRP 96:284–289. https://​doi.​
org/​10.​1016/j.​procir.​2021.​01.​088

	 14.	 Chang MML, Nee AYC, Ong SK (2020) Interactive AR-assisted 
product disassembly sequence planning (ARDIS). Int J Prod Res 
58(16):4916–4931. https://​doi.​org/​10.​1080/​00207​543.​2020.​
17304​62

	 15.	 Chang MML, Ong SK, Nee AYC (2017) AR-guided product dis-
assembly for maintenance and remanufacturing. Procedia CIRP 
61:299–304. https://​doi.​org/​10.​1016/j.​procir.​2016.​11.​194

	 16.	 Mao H, Liu Z, Qiu C (2021) Adaptive disassembly sequence 
planning for VR maintenance training via deep reinforcement 
learning. Int J Adv Manuf Technol. https://​doi.​org/​10.​1007/​
s00170-​021-​08290-x

https://doi.org/10.1080/15568318.2016.1256455
https://doi.org/10.1504/ijsa.2018.098423
https://doi.org/10.1504/ijsa.2018.098423
https://doi.org/10.1016/j.ifacol.2019.11.213
https://www.iata.org/en/publications/store/bipad/
https://www.icao.int/environmental-protection/Documents/ICAO-ENV-Report2019-F1-WEB%20(1).pdf
https://www.icao.int/environmental-protection/Documents/ICAO-ENV-Report2019-F1-WEB%20(1).pdf
https://www.icao.int/environmental-protection/Documents/ICAO-ENV-Report2019-F1-WEB%20(1).pdf
https://www.airport-technology.com/features/featureaircraft-recycling-up-to-the-challenge-5710942/
https://www.airport-technology.com/features/featureaircraft-recycling-up-to-the-challenge-5710942/
https://www.airport-technology.com/features/featureaircraft-recycling-up-to-the-challenge-5710942/
https://www.sgiaviation.com/wp-content/uploads/2020/03/IATA_Aircraft_Decommissioning_Study_May-2018.pdf
https://www.sgiaviation.com/wp-content/uploads/2020/03/IATA_Aircraft_Decommissioning_Study_May-2018.pdf
https://www.sgiaviation.com/wp-content/uploads/2020/03/IATA_Aircraft_Decommissioning_Study_May-2018.pdf
https://doi.org/10.1016/j.cie.2020.106339
https://doi.org/10.1016/j.cie.2020.106339
https://doi.org/10.1016/j.cie.2020.106903
https://doi.org/10.1016/j.cie.2020.106903
https://doi.org/10.29173/mocs83
https://doi.org/10.1007/978-3-030-75067-1_11
https://doi.org/10.1016/j.aei.2020.101225
https://doi.org/10.1016/j.aei.2020.101225
https://doi.org/10.1016/j.procir.2021.01.088
https://doi.org/10.1016/j.procir.2021.01.088
https://doi.org/10.1080/00207543.2020.1730462
https://doi.org/10.1080/00207543.2020.1730462
https://doi.org/10.1016/j.procir.2016.11.194
https://doi.org/10.1007/s00170-021-08290-x
https://doi.org/10.1007/s00170-021-08290-x


2207The International Journal of Advanced Manufacturing Technology (2023) 127:2181–2210	

1 3

	 17.	 Rosin F, Forget P, Lamouri S, Pellerin R (2019) Impacts of Indus-
try 4.0 technologies on lean principles. Int J Prod Res 58(6):1644–
1661. https://​doi.​org/​10.​1080/​00207​543.​2019.​16729​02

	 18.	 Goienetxea Uriarte A, Ng AHC, Urenda Moris M (2019) Bring-
ing together lean and simulation: a comprehensive review. Int J 
Prod Res 58(1):87–117. https://​doi.​org/​10.​1080/​00207​543.​2019.​
16435​12

	 19.	 Sony M (2018) Industry 4.0 and lean management: a proposed 
integration model and research propositions. Prod Manuf Res 
6(1):416–432. https://​doi.​org/​10.​1080/​21693​277.​2018.​15409​49

	 20.	 Ohno T (1988) Toyota production system: beyond large-scale 
production. Productivity Press

	 21.	 Schonberger RJ (2019) The disintegration of lean manufacturing 
and lean management. Bus Horiz 62(3):359–371. https://​doi.​org/​
10.​1016/j.​bushor.​2019.​01.​004

	 22.	 Durakovic B, Demir R, Abat K, Emek C (2018) Lean manufac-
turing: trends and implementation issues. Period Eng Nat Sci 
(PEN) 6(1):130. https://​doi.​org/​10.​21533/​pen.​v6i1.​45

	 23.	 Zhao X, Verhagen WJC, Curran R (2020) Disposal and recycle eco-
nomic assessment for aircraft and engine end of life solution evalu-
ation. Appl Sci 10(2):522. https://​doi.​org/​10.​3390/​app10​020522

	 24.	 To Sum Ho G, Ming Tang Y, Kun Yat Tsang K, Tang V, Ying Chau K 
(2021) A blockchain-based system to enhance aircraft parts trace-
ability and trackability for inventory management. Expert Systems 
with Applications, 179, 115101. https://​doi.​org/​10.​1016/j.​eswa.​2021.​
115101

	 25.	 Ilgin MA, Gupta SM (2012) Remanufacturing modeling and 
analysis. CRC Press

	 26.	 Wang Y, Lan F, Liu J, Huang J, Su S, Ji C, Pham DT, Xu W, Liu 
Q, Zhou Z (2020) Interlocking problems in disassembly sequence 
planning. Int J Prod Res 59(15):4723–4735. https://​doi.​org/​10.​
1080/​00207​543.​2020.​17708​92

	 27.	 Ong SK, Chang MML, Nee AYC (2021) Product disassembly 
sequence planning: state-of-the-art, challenges, opportunities and 
future directions. Int J Prod Res 59(11):3493–3508. https://​doi.​
org/​10.​1080/​00207​543.​2020.​18685​98

	 28.	 Guo X, Zhou M, Abusorrah A, Alsokhiry F, Sedraoui K (2021) 
Disassembly sequence planning: a survey. IEEE/CAA J Autom 
Sinica 8(7):1308–1324. https://​doi.​org/​10.​1109/​jas.​2020.​10035​15

	 29.	 Laili Y, Ye F, Wang Y, Zhang L (2021) Interference probabil-
ity matrix for disassembly sequence planning under uncertain 
interference. J Manuf Syst 60:214–225. https://​doi.​org/​10.​1016/j.​
jmsy.​2021.​05.​014

	 30.	 Zhou Z, Liu J, Pham DT, Xu W, Ramirez FJ, Ji C, Liu Q (2018) 
Disassembly sequence planning: recent developments and future 
trends. Proc Inst Mech Eng Part B: J Eng Manuf 233(5):1450–
1471. https://​doi.​org/​10.​1177/​09544​05418​789975

	 31.	 Zhu B, Sarigecili MI, Roy U (2013) Disassembly informa-
tion model incorporating dynamic capabilities for disassembly 
sequence generation. Robot Comput-Integr Manuf 29(5):396–
409. https://​doi.​org/​10.​1016/j.​rcim.​2013.​03.​003

	 32.	 Alshibli M, El Sayed A, Tozanli O, Kongar E, Sobh TM, Gupta 
SM (2017) A decision maker-centered end-of-life product recov-
ery system for robot task sequencing. J Intell Rob Syst 91(3–
4):603–616. https://​doi.​org/​10.​1007/​s10846-​017-​0749-5

	 33.	 Santochi M, Dini G, Failli F (2002) Computer aided disassembly 
planning: state of the art and perspectives. CIRP Ann 51(2):507–
529. https://​doi.​org/​10.​1016/​s0007-​8506(07)​61698-9

	 34.	 Neb A, Strieg F (2018) Generation of AR-enhanced assem-
bly instructions based on assembly features. Procedia CIRP 
72:1118–1123. https://​doi.​org/​10.​1016/j.​procir.​2018.​03.​210

	 35.	 Neumann WP, Winkelhaus S, Grosse EH, Glock CH (2021) 
Industry 4.0 and the human factor – a systems framework and 
analysis methodology for successful development. Int J Prod 
Econ 233:107992. https://​doi.​org/​10.​1016/j.​ijpe.​2020.​107992

	 36.	 Rifqi H, Zamma A, BenSouda S, Hansali M (2021) Positive 
effect of Industry 4.0 on quality and operations management. 
Int J Online Biomed Eng (IJOE) 17(09):133. https://​doi.​org/​
10.​3991/​ijoe.​v17i09.​24717

	 37.	 Bottani E, Longo F, Nicoletti L, Padovano A, Tancredi GPC, 
Tebaldi L, Vetrano M, Vignali G (2021) Wearable and interac-
tive mixed reality solutions for fault diagnosis and assistance 
in manufacturing systems: implementation and testing in an 
aseptic bottling line. Comput Ind 128:103429. https://​doi.​org/​
10.​1016/j.​compi​nd.​2021.​103429

	 38.	 Achillas C, Bochtis DD, Aidonis D, Folinas D (2018) Green 
supply chain management. Routledge. https://​doi.​org/​10.​4324/​
97813​15628​691

	 39.	 Barbosa GF, Aroca RV (2017) Advances of Industry 4.0 concepts 
on aircraft construction: an overview of trends. Journal of Steel 
Structures & Construction, 03(01). https://​doi.​org/​10.​4172/​2472-​
0437.​10001​25

	 40.	 Poschmann H, Brüggemann H, Goldmann D (2020) Disas-
sembly 4.0: a review on using robotics in disassembly tasks 
as a way of automation. Chem Ingenieur Tech 92(4):341–359. 
https://​doi.​org/​10.​1002/​cite.​20190​0107

	 41	 Aydın S, Kahraman C (2021) Aviation 40 revolution. Intell 
Fuzzy Tech Aviat 4.0:3–19. https://​doi.​org/​10.​1007/​
978-3-​030-​75067-1_1

	 42.	 Cifone FD, Hoberg K, Holweg M, Staudacher AP (2021) 
“Lean 4.0”: how can digital technologies support lean prac-
tices? International Journal of Production Economics, 241, 
108258. https://​doi.​org/​10.​1016/j.​ijpe.​2021.​108258

	 43.	 Butzer S, Kemp D, Steinhilper R, Schötz S (2016) Identifi-
cation of approaches for remanufacturing 4.0. IEEE Xplore. 
https://​doi.​org/​10.​1109/E-​TEMS.​2016.​79126​03

	 44.	 Kerin M, Pham DT (2020) Smart remanufacturing: a review 
and research framework. J Manuf Technol Manag 31(6):1205–
1235. https://​doi.​org/​10.​1108/​jmtm-​06-​2019-​0205

	 45.	 Mann S, Furness TA, Yuan Y, Iorio JJ, Wang Z (2018) All reality: 
virtual, augmented, mixed (X), mediated (X,Y), and multimediated 
reality. ArXiv, abs/1804.08386. https://​doi.​org/​10.​48550/​arxiv.​1804.​
08386

	 46.	 Palmarini R, Erkoyuncu JA, Roy R, Torabmostaedi H (2018) A 
systematic review of augmented reality applications in main-
tenance. Robot Comput-Integr Manuf 49:215–228. https://​doi.​
org/​10.​1016/j.​rcim.​2017.​06.​002

	 47.	 Bowman DA, McMahan RP (2007) Virtual reality: how much 
immersion is enough? Computer 40(7):36–43. https://​doi.​org/​
10.​1109/​mc.​2007.​257

	 48.	 Ma Q, Millet B (2021) Design guidelines for immersive dash-
boards. Proc Hum Factors Ergon Soc Ann Meet 65(1):1524–
1528. https://​doi.​org/​10.​1177/​10711​81321​651177

	 49.	 Davila Delgado JM, Oyedele L, Demian P, Beach T (2020) 
A research agenda for augmented and virtual reality in 
architecture, engineering and construction. Adv Eng Inform 
45:101122. https://​doi.​org/​10.​1016/j.​aei.​2020.​101122

	 50.	 Eschen H, Kötter T, Rodeck R, Harnisch M, Schüppstuhl T 
(2018) Augmented and virtual reality for inspection and main-
tenance processes in the aviation industry. Procedia Manuf 
19:156–163. https://​doi.​org/​10.​1016/j.​promfg.​2018.​01.​022

	 51.	 Li X, Yi W, Chi H-L, Wang X, Chan APC (2018) A critical 
review of virtual and augmented reality (VR/AR) applications 
in construction safety. Autom Constr 86:150–162. https://​doi.​
org/​10.​1016/j.​autcon.​2017.​11.​003

	 52.	 Milgram P, Kishino F (1994) A taxonomy of mixed reality 
visual displays. IEICE Transactions on Information and Sys-
tems, E77-D(12), 1321–1329

	 53.	 Howard MC, Davis MM (2022) A meta-analysis and system-
atic literature review of mixed reality rehabilitation programs: 

https://doi.org/10.1080/00207543.2019.1672902
https://doi.org/10.1080/00207543.2019.1643512
https://doi.org/10.1080/00207543.2019.1643512
https://doi.org/10.1080/21693277.2018.1540949
https://doi.org/10.1016/j.bushor.2019.01.004
https://doi.org/10.1016/j.bushor.2019.01.004
https://doi.org/10.21533/pen.v6i1.45
https://doi.org/10.3390/app10020522
https://doi.org/10.1016/j.eswa.2021.115101
https://doi.org/10.1016/j.eswa.2021.115101
https://doi.org/10.1080/00207543.2020.1770892
https://doi.org/10.1080/00207543.2020.1770892
https://doi.org/10.1080/00207543.2020.1868598
https://doi.org/10.1080/00207543.2020.1868598
https://doi.org/10.1109/jas.2020.1003515
https://doi.org/10.1016/j.jmsy.2021.05.014
https://doi.org/10.1016/j.jmsy.2021.05.014
https://doi.org/10.1177/0954405418789975
https://doi.org/10.1016/j.rcim.2013.03.003
https://doi.org/10.1007/s10846-017-0749-5
https://doi.org/10.1016/s0007-8506(07)61698-9
https://doi.org/10.1016/j.procir.2018.03.210
https://doi.org/10.1016/j.ijpe.2020.107992
https://doi.org/10.3991/ijoe.v17i09.24717
https://doi.org/10.3991/ijoe.v17i09.24717
https://doi.org/10.1016/j.compind.2021.103429
https://doi.org/10.1016/j.compind.2021.103429
https://doi.org/10.4324/9781315628691
https://doi.org/10.4324/9781315628691
https://doi.org/10.4172/2472-0437.1000125
https://doi.org/10.4172/2472-0437.1000125
https://doi.org/10.1002/cite.201900107
https://doi.org/10.1007/978-3-030-75067-1_1
https://doi.org/10.1007/978-3-030-75067-1_1
https://doi.org/10.1016/j.ijpe.2021.108258
https://doi.org/10.1109/E-TEMS.2016.7912603
https://doi.org/10.1108/jmtm-06-2019-0205
https://doi.org/10.48550/arxiv.1804.08386
https://doi.org/10.48550/arxiv.1804.08386
https://doi.org/10.1016/j.rcim.2017.06.002
https://doi.org/10.1016/j.rcim.2017.06.002
https://doi.org/10.1109/mc.2007.257
https://doi.org/10.1109/mc.2007.257
https://doi.org/10.1177/1071181321651177
https://doi.org/10.1016/j.aei.2020.101122
https://doi.org/10.1016/j.promfg.2018.01.022
https://doi.org/10.1016/j.autcon.2017.11.003
https://doi.org/10.1016/j.autcon.2017.11.003


2208	 The International Journal of Advanced Manufacturing Technology (2023) 127:2181–2210

1 3

Investigating design characteristics of augmented reality and 
augmented virtuality. Computers in Human Behavior, 130, 
107197. https://​doi.​org/​10.​1016/j.​chb.​2022.​107197

	 54.	 Speicher M, Hall BD, Nebeling M (2019) What is mixed real-
ity? Proc 2019 CHI Conf Hum Factors Comput Syst. https://​
doi.​org/​10.​1145/​32906​05.​33007​67

	 55.	 Abulrub A-HG, Attridge AN, Williams MA (2011) Virtual 
reality in engineering education: the future of creative learn-
ing. IEEE Xplore. https://​doi.​org/​10.​1109/​EDUCON.​2011.​
57732​23

	 56.	 Men L, Bryan-Kinns N, Bryce L (2019) Designing spaces to 
support collaborative creativity in shared virtual environments. 
PeerJ Comput Sci 5:e229. https://​doi.​org/​10.​7717/​peerj-​cs.​229

	 57.	 Petric J, Maver TW, Conti G, Ucelli G (2002) Virtual reality 
in the service of user participation in architecture. Proceedings 
of the CIB W78 Conference 2002 - Distributing Knowledge in 
Building, 217–224

	 58.	 Stone RJ, Panfilov PB, Shukshunov VE (2011) Evolution of 
aerospace simulation: from immersive virtual reality to serious 
games. IEEE Xplore. https://​doi.​org/​10.​1109/​RAST.​2011.​59669​
21

	 59	 Ceruti A, Marzocca P, Liverani A, Bil C (2019) Maintenance in 
aeronautics in an Industry 40 context: the role of augmented real-
ity and additive manufacturing. J Comput Des Eng 6(4):516–526. 
https://​doi.​org/​10.​1016/j.​jcde.​2019.​02.​001

	 60.	 McMillan K, Flood K, Glaeser R (2017) Virtual reality, aug-
mented reality, mixed reality, and the marine conservation move-
ment. Aquat Conserv Mar Freshwat Ecosyst 27:162–168. https://​
doi.​org/​10.​1002/​aqc.​2820

	 61.	 Li L, Yu F, Shi D, Shi J, Tian Z, Yang J, Wang X, Jiang Q 
(2017) Application of virtual reality technology in clinical medi-
cine. American Journal of Translational Research, 9(9):3867–
3880. https://​www.​ncbi.​nlm.​nih.​gov/​pmc/​artic​les/​PMC56​22235/

	 62	 Lasi H, Fettke P, Kemper H-G, Feld T, Hoffmann M (2014) 
Industrie 4.0. WIRTSCHAFTSINFORMATIK 56(4):261–264. 
https://​doi.​org/​10.​1007/​s11576-​014-​0424-4

	 63.	 Premsankar G, Di Francesco M, Taleb T (2018) Edge computing 
for the internet of things: a case study. IEEE Internet Things J 
5(2):1275–1284. https://​doi.​org/​10.​1109/​jiot.​2018.​28052​63

	 64.	 Lv Z (2019) Virtual reality in the context of internet of 
things. Neural Comput Appl. https://​doi.​org/​10.​1007/​
s00521-​019-​04472-7

	 65.	 Wang B, Zheng P, Yin Y, Shih A, Wang L (2022) Toward human-
centric smart manufacturing: a human-cyber-physical systems 
(HCPS) perspective. J Manuf Syst 63:471–490. https://​doi.​org/​
10.​1016/j.​jmsy.​2022.​05.​005

	 66.	 Ottogalli K, Rosquete D, Rojo J, Amundarain A, María Rod-
ríguez J, Borro D (2021) Virtual reality simulation of human-
robot coexistence for an aircraft final assembly line: process 
evaluation and ergonomics assessment. Int J Comput Integr 
Manuf 34(9):975–995. https://​doi.​org/​10.​1080/​09511​92x.​2021.​
19468​55

	 67	 Simonetto M, Arena S, Peron M (2022) A methodological frame-
work to integrate motion capture system and virtual reality for 
assembly system 40 workplace design. Saf Sci 146:105561. 
https://​doi.​org/​10.​1016/j.​ssci.​2021.​105561

	 68.	 Bernard F, Zare M, Sagot J-C, Paquin R (2019) Using digital and 
physical simulation to focus on human factors and ergonomics 
in aviation maintainability. Hum Factors: J Hum Factors Ergon 
Soc 62(1):37–54. https://​doi.​org/​10.​1177/​00187​20819​861496

	 69.	 Kim J, Lorenz M, Knopp S, Klimant P (2020) Industrial aug-
mented reality: concepts and user interface designs for aug-
mented reality maintenance worker support systems. 2020 IEEE 
Int Symp Mixed Augmented Real Adjunct (ISMAR-Adjunct). 
https://​doi.​org/​10.​1109/​ismar-​adjun​ct516​15.​2020.​00032

	 70.	 Liu CL, Uang ST (2013) An efficient control system for combat-
ing cybersickness in the elderly within a virtual store. Appl Mech 
Mater 284–287:3221–3225. https://​doi.​org/​10.​4028/​www.​scien​
tific.​net/​amm.​284-​287.​3221

	 71.	 Quandt M, Knoke B, Gorldt C, Freitag M, Thoben K-D (2018) 
General requirements for industrial augmented reality applica-
tions. Procedia CIRP 72:1130–1135. https://​doi.​org/​10.​1016/j.​
procir.​2018.​03.​061

	 72.	 Xi N, Hamari J (2021) Shopping in virtual reality: a literature 
review and future agenda. J Bus Res 134:37–58. https://​doi.​org/​
10.​1016/j.​jbusr​es.​2021.​04.​075

	 73.	 Ng AKT, Chan LKY, Lau HYK (2020) A study of cybersickness 
and sensory conflict theory using a motion-coupled virtual real-
ity system. Displays 61:101922. https://​doi.​org/​10.​1016/j.​displa.​
2019.​08.​004

	 74.	 Schmitt T, Wolf C, Lennerfors TT, Okwir S (2021) Beyond 
“Leanear” production: a multi-level approach for achieving circu-
larity in a lean manufacturing context. J Clean Prod 318:128531. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2021.​128531

	 75	 Dev NK, Shankar R, Qaiser FH (2020) Industry 4.0 and circular 
economy: operational excellence for sustainable reverse supply 
chain performance. Resour Conserv Recycl 153:104583. https://​
doi.​org/​10.​1016/j.​resco​nrec.​2019.​104583

	 76.	 Pawlik E, Ijomah W, Corney J, Powell D (2021) Exploring the 
application of lean best practices in remanufacturing: empirical 
insights into the benefits and barriers. Sustainability 14(1):149. 
https://​doi.​org/​10.​3390/​su140​10149

	 77.	 Tripathi V, Chattopadhyaya S, Mukhopadhyay AK, Sharma S, 
Li C, Di Bona G (2022) A sustainable methodology using lean 
and smart manufacturing for the cleaner production of shop floor 
management in Industry 4.0. Mathematics 10(3):347. https://​doi.​
org/​10.​3390/​math1​00303​47

	 78.	 Aicha M, Belhadj I, Hammadi M, Aifaoui N (2021) A coupled 
method for disassembly plans evaluation based on operating time 
and quality indexes computing. Int J Precis Eng Manuf-Green 
Technol. https://​doi.​org/​10.​1007/​s40684-​021-​00393-w

	 79.	 Ghobakhloo M, Fathi M (2019) Corporate survival in Indus-
try 4.0 era: the enabling role of lean-digitized manufacturing. J 
Manuf Technol Manag ahead-of-print(ahead-of-print). https://​
doi.​org/​10.​1108/​jmtm-​11-​2018-​0417

	 80.	 Zheng P, Wang H, Sang Z, Zhong RY, Liu Y, Liu C, Mubarok 
K, Yu S, Xu X (2018) Smart manufacturing systems for Indus-
try 4.0: conceptual framework, scenarios, and future perspec-
tives. Front Mech Eng 13(2):137–150. https://​doi.​org/​10.​1007/​
s11465-​018-​0499-5

	 81.	 Krafcik J (1988) Triumph of the lean production system. Sloan 
Management Review, 30(1), 41–52

	 82	 Miqueo A, Torralba M, Yagüe-Fabra JA (2020) Lean manual 
assembly 4.0: a systematic review. Appl Sci 10(23):8555. https://​
doi.​org/​10.​3390/​app10​238555

	 83.	 Hamja A, Hasle P, Hansen D (2021) Transfer mechanisms for 
lean implementation with OHS integration in the garment indus-
try. Int J Product Perform Manag ahead-of-print(ahead-of-print). 
https://​doi.​org/​10.​1108/​ijppm-​06-​2020-​0314

	 84.	 Tortorella GL, Vergara LGL, Ferreira EP (2016) Lean manu-
facturing implementation: an assessment method with regards 
to socio-technical and ergonomics practices adoption. Int J Adv 
Manuf Technol 89(9–12):3407–3418. https://​doi.​org/​10.​1007/​
s00170-​016-​9227-7

	 85.	 Wong WP, Ignatius J, Soh KL (2012) What is the leanness level 
of your organisation in lean transformation implementation? An 
integrated lean index using ANP approach. Prod Plan Control 
25(4):273–287. https://​doi.​org/​10.​1080/​09537​287.​2012.​674308

	 86.	 Han R, Lam HKS, Zhan Y, Wang Y, Dwivedi YK, Tan KH 
(2021) Artificial intelligence in business-to-business marketing: 
a bibliometric analysis of current research status, development 

https://doi.org/10.1016/j.chb.2022.107197
https://doi.org/10.1145/3290605.3300767
https://doi.org/10.1145/3290605.3300767
https://doi.org/10.1109/EDUCON.2011.5773223
https://doi.org/10.1109/EDUCON.2011.5773223
https://doi.org/10.7717/peerj-cs.229
https://doi.org/10.1109/RAST.2011.5966921
https://doi.org/10.1109/RAST.2011.5966921
https://doi.org/10.1016/j.jcde.2019.02.001
https://doi.org/10.1002/aqc.2820
https://doi.org/10.1002/aqc.2820
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5622235/
https://doi.org/10.1007/s11576-014-0424-4
https://doi.org/10.1109/jiot.2018.2805263
https://doi.org/10.1007/s00521-019-04472-7
https://doi.org/10.1007/s00521-019-04472-7
https://doi.org/10.1016/j.jmsy.2022.05.005
https://doi.org/10.1016/j.jmsy.2022.05.005
https://doi.org/10.1080/0951192x.2021.1946855
https://doi.org/10.1080/0951192x.2021.1946855
https://doi.org/10.1016/j.ssci.2021.105561
https://doi.org/10.1177/0018720819861496
https://doi.org/10.1109/ismar-adjunct51615.2020.00032
https://doi.org/10.4028/www.scientific.net/amm.284-287.3221
https://doi.org/10.4028/www.scientific.net/amm.284-287.3221
https://doi.org/10.1016/j.procir.2018.03.061
https://doi.org/10.1016/j.procir.2018.03.061
https://doi.org/10.1016/j.jbusres.2021.04.075
https://doi.org/10.1016/j.jbusres.2021.04.075
https://doi.org/10.1016/j.displa.2019.08.004
https://doi.org/10.1016/j.displa.2019.08.004
https://doi.org/10.1016/j.jclepro.2021.128531
https://doi.org/10.1016/j.resconrec.2019.104583
https://doi.org/10.1016/j.resconrec.2019.104583
https://doi.org/10.3390/su14010149
https://doi.org/10.3390/math10030347
https://doi.org/10.3390/math10030347
https://doi.org/10.1007/s40684-021-00393-w
https://doi.org/10.1108/jmtm-11-2018-0417
https://doi.org/10.1108/jmtm-11-2018-0417
https://doi.org/10.1007/s11465-018-0499-5
https://doi.org/10.1007/s11465-018-0499-5
https://doi.org/10.3390/app10238555
https://doi.org/10.3390/app10238555
https://doi.org/10.1108/ijppm-06-2020-0314
https://doi.org/10.1007/s00170-016-9227-7
https://doi.org/10.1007/s00170-016-9227-7
https://doi.org/10.1080/09537287.2012.674308


2209The International Journal of Advanced Manufacturing Technology (2023) 127:2181–2210	

1 3

and future directions. Ind Manag Data Syst ahead-of-print(ahead-
of-print). https://​doi.​org/​10.​1108/​imds-​05-​2021-​0300

	 87.	 Mubarik MS, Kusi-Sarpong S, Govindan K, Khan SA, Oyedijo 
A (2021) Supply chain mapping: a proposed construct. Inter-
national Journal of Production Research, 61(8), 2653–2669. 
https://​doi.​org/​10.​1080/​00207​543.​2021.​19443​90

	 88.	 Dolgui A, Sgarbossa F, Simonetto M (2021) Design and manage-
ment of assembly systems 4.0: systematic literature review and 
research agenda. International Journal of Production Research, 
60(1), 184–210. https://​doi.​org/​10.​1080/​00207​543.​2021.​19904​33

	 89	 Winkelhaus S, Grosse EH (2019) Logistics 4.0: a systematic 
review towards a new logistics system. Int J Prod Res 58(1):18–
43. https://​doi.​org/​10.​1080/​00207​543.​2019.​16129​64

	 90.	 Su M, Peng H, Li S (2021) A visualized bibliometric analysis 
of mapping research trends of machine learning in engineering 
(MLE). Expert Syst Appl 186:115728. https://​doi.​org/​10.​1016/j.​
eswa.​2021.​115728

	 91.	 Mourtzis D, Angelopoulos J, Panopoulos N (2022) A literature 
review of the challenges and opportunities of the transition from 
Industry 4.0 to Society 5.0. Energies 15(17):6276. https://​doi.​
org/​10.​3390/​en151​76276

	 92.	 Camelot A, Baptiste P, Mascle C (2013) Decision support tool 
for the disassembly of reusable parts on an end-of-life aircraft. 
Proceedings of 2013 International Conference on Industrial 
Engineering and Systems Management (IESM), 1–8.

	 93.	 Zahedi H, Mascle C, Baptiste P (2016) Advanced airframe dis-
assembly alternatives; an attempt to increase the afterlife value. 
Procedia CIRP 40:168–173. https://​doi.​org/​10.​1016/j.​procir.​
2016.​01.​093

	 94.	 Sabaghi M, Mascle C, Baptiste P (2016) Evaluation of products 
at design phase for an efficient disassembly at end-of-life. J Clean 
Prod 116:177–186. https://​doi.​org/​10.​1016/j.​jclep​ro.​2016.​01.​007

	 95.	 Zahedi H, Mascle C, Baptiste P (2021) A multi-variable analysis 
of aircraft structure disassembly - a technico-economic approach 
to increase the recycling performance. Sustain Mater Technol 
29:e00316. https://​doi.​org/​10.​1016/j.​susmat.​2021.​e00316

	 96.	 Kahraman C, Aydın S (Eds.) (2022) Intelligent and fuzzy tech-
niques in aviation 4.0. Springer Cham. https://​doi.​org/​10.​1007/​
978-3-​030-​75067-1

	 97.	 Mourtzis D, Siatras V, Zogopoulos V (2020) Augmented reality 
visualization of production scheduling and monitoring. Procedia 
CIRP 88:151–156. https://​doi.​org/​10.​1016/j.​procir.​2020.​05.​027

	 98.	 Amin D, Govilkar S (2015) Comparative study of augmented 
reality Sdk’s. Int J Comput Sci Appl 5(1):11–26. https://​doi.​org/​
10.​5121/​ijcsa.​2015.​5102

	 99	 Damiani L, Demartini M, Guizzi G, Revetria R, Tonelli F (2018) 
Augmented and virtual reality applications in industrial systems: 
a qualitative review towards the industry 4.0 era. IFAC-Paper-
sOnLine 51(11):624–630. https://​doi.​org/​10.​1016/j.​ifacol.​2018.​
08.​388

	100.	 Osti F, Ceruti A, Liverani A, Caligiana G (2017) Semi-automatic 
design for disassembly strategy planning: an augmented real-
ity approach. Procedia Manuf 11:1481–1488. https://​doi.​org/​10.​
1016/j.​promfg.​2017.​07.​279

	101.	 Frizziero L, Liverani A, Caligiana G, Donnici G, Chinaglia L 
(2019) Design for disassembly (DfD) and augmented reality 
(AR): case study applied to a gearbox. Machines 7(2):29. https://​
doi.​org/​10.​3390/​machi​nes70​20029

	102.	 Hu M, Luo X, Chen J, Lee YC, Zhou Y, Wu D (2021) Virtual 
reality: a survey of enabling technologies and its applications in 
IoT. J Netw Comput Appl 178:102970. https://​doi.​org/​10.​1016/j.​
jnca.​2020.​102970

	103.	 Kozak JJ, Hancock PA, Arthur EJ, Chrysler ST (1993) Trans-
fer of training from virtual reality. Ergonomics 36(7):777–784. 
https://​doi.​org/​10.​1080/​00140​13930​89679​41

	104.	 Dianatfar M, Latokartano J, Lanz M (2021) Review on existing 
VR/AR solutions in human–robot collaboration. Procedia CIRP 
97:407–411. https://​doi.​org/​10.​1016/j.​procir.​2020.​05.​259

	105.	 Berg LP, Behdad S, Vance JM, Thurston D (2012) Disassembly 
sequence evaluation using graph visualization and immersive 
computing technologies. Volume 2: 32nd Comput Inf Eng Conf 
Parts a and B. https://​doi.​org/​10.​1115/​detc2​012-​70388

	106.	 Behdad S, Berg LP, Thurston D, Vance J (2014) Leveraging 
virtual reality experiences with mixed-integer nonlinear pro-
gramming visualization of disassembly sequence planning 
under uncertainty. J Mech Des 136(4):041005. https://​doi.​org/​
10.​1115/1.​40264​63

	107.	 Liu T, Chen M, Wang Y (2017) Design and research of virtual 
disassembly system for aircraft landing gear. Proc 2nd Int Conf 
Comput Eng Inf Sci Appl Technol (ICCIA 2017). https://​doi.​
org/​10.​2991/​iccia-​17.​2017.​155

	108.	 Unity Technologies (n.d.) Unity - Scripting API: UnityWebRe-
quest. Docs.unity3d.com. Retrieved February 8, 2022, from 
https://​docs.​unity​3d.​com/​Scrip​tRefe​rence/​Netwo​rking.​Unity​
WebRe​quest.​html

	109.	 Utzig S, Kaps R, Azeem SM, Gerndt A (2019) Augmented 
reality for remote collaboration in aircraft maintenance tasks. 
2019 IEEE Aerosp Conf. https://​doi.​org/​10.​1109/​aero.​2019.​
87422​28

	110.	 Mayr A, Weigelt M, Kühl A, Grimm S, Erll A, Potzel M, Franke 
J (2018) Lean 4.0 - a conceptual conjunction of lean management 
and Industry 4.0. Procedia CIRP 72:622–628. https://​doi.​org/​10.​
1016/j.​procir.​2018.​03.​292

	111.	 Sanders A, K Subramanian, K R, Redlich T, Wulfsberg JP (2017) 
Industry 4.0 and lean management – synergy or contradiction? 
Advances in Production Management Systems. The Path to Intel-
ligent, Collaborative and Sustainable Manufacturing. APMS 
2017. IFIP Advances in Information and Communication Tech-
nology, 514, 341–349. https://​doi.​org/​10.​1007/​978-3-​319-​66926-
7_​39

	112.	 Porter ME, Heppelmann JE (2014, November) How smart, con-
nected products are transforming competition. Harvard Business 
Review. Retrieved from https://​hbr.​org/​2014/​11/​how-​smart-​
conne​cted-​produ​cts-​are-​trans​formi​ng-​compe​tition 

	113.	 van Assen M, de Mast J (2018) Visual performance management 
as a fitness factor for lean. Int J Prod Res 57(1):285–297. https://​
doi.​org/​10.​1080/​00207​543.​2018.​14795​45

	114.	 Murata K (2019) On the role of visual management in the era of 
digital innovation. Procedia Manuf 39:117–122. https://​doi.​org/​
10.​1016/j.​promfg.​2020.​01.​246

	115.	 Segovia D, Ramírez H, Mendoza M, Mendoza M, Mendoza E, 
González E (2015) Machining and dimensional validation train-
ing using augmented reality for a lean process. Procedia Comput 
Sci 75:195–204. https://​doi.​org/​10.​1016/j.​procs.​2015.​12.​238

	116.	 Dayi O, Afsharzadeh A, Mascle C (2016) A lean based process 
planning for aircraft disassembly. IFAC-PapersOnLine 49(2):54–
59. https://​doi.​org/​10.​1016/j.​ifacol.​2016.​03.​010

	117.	 Rauch A (2019) Opportunities and threats in reviewing entre-
preneurship theory and practice. Entrepreneurship Theory and 
Practice, 44(5):847–860. https://​doi.​org/​10.​1177/​10422​58719​
879635

	118.	 Holzmann P, Gregori P (2023) The promise of digital technolo-
gies for sustainable entrepreneurship: a systematic literature 
review and research agenda. Int J Inf Manag 68:102593. https://​
doi.​org/​10.​1016/j.​ijinf​omgt.​2022.​102593

	119.	 Baroroh DK, Chu C-H, Wang L (2020) Systematic literature 
review on augmented reality in smart manufacturing: collabora-
tion between human and computational intelligence. J Manuf 
Syst. https://​doi.​org/​10.​1016/j.​jmsy.​2020.​10.​017

https://doi.org/10.1108/imds-05-2021-0300
https://doi.org/10.1080/00207543.2021.1944390
https://doi.org/10.1080/00207543.2021.1990433
https://doi.org/10.1080/00207543.2019.1612964
https://doi.org/10.1016/j.eswa.2021.115728
https://doi.org/10.1016/j.eswa.2021.115728
https://doi.org/10.3390/en15176276
https://doi.org/10.3390/en15176276
https://doi.org/10.1016/j.procir.2016.01.093
https://doi.org/10.1016/j.procir.2016.01.093
https://doi.org/10.1016/j.jclepro.2016.01.007
https://doi.org/10.1016/j.susmat.2021.e00316
https://doi.org/10.1007/978-3-030-75067-1
https://doi.org/10.1007/978-3-030-75067-1
https://doi.org/10.1016/j.procir.2020.05.027
https://doi.org/10.5121/ijcsa.2015.5102
https://doi.org/10.5121/ijcsa.2015.5102
https://doi.org/10.1016/j.ifacol.2018.08.388
https://doi.org/10.1016/j.ifacol.2018.08.388
https://doi.org/10.1016/j.promfg.2017.07.279
https://doi.org/10.1016/j.promfg.2017.07.279
https://doi.org/10.3390/machines7020029
https://doi.org/10.3390/machines7020029
https://doi.org/10.1016/j.jnca.2020.102970
https://doi.org/10.1016/j.jnca.2020.102970
https://doi.org/10.1080/00140139308967941
https://doi.org/10.1016/j.procir.2020.05.259
https://doi.org/10.1115/detc2012-70388
https://doi.org/10.1115/1.4026463
https://doi.org/10.1115/1.4026463
https://doi.org/10.2991/iccia-17.2017.155
https://doi.org/10.2991/iccia-17.2017.155
https://docs.unity3d.com/ScriptReference/Networking.UnityWebRequest.html
https://docs.unity3d.com/ScriptReference/Networking.UnityWebRequest.html
https://doi.org/10.1109/aero.2019.8742228
https://doi.org/10.1109/aero.2019.8742228
https://doi.org/10.1016/j.procir.2018.03.292
https://doi.org/10.1016/j.procir.2018.03.292
https://doi.org/10.1007/978-3-319-66926-7_39
https://doi.org/10.1007/978-3-319-66926-7_39
https://hbr.org/2014/11/how-smart-connected-products-are-transforming-competition
https://hbr.org/2014/11/how-smart-connected-products-are-transforming-competition
https://doi.org/10.1080/00207543.2018.1479545
https://doi.org/10.1080/00207543.2018.1479545
https://doi.org/10.1016/j.promfg.2020.01.246
https://doi.org/10.1016/j.promfg.2020.01.246
https://doi.org/10.1016/j.procs.2015.12.238
https://doi.org/10.1016/j.ifacol.2016.03.010
https://doi.org/10.1177/1042258719879635
https://doi.org/10.1177/1042258719879635
https://doi.org/10.1016/j.ijinfomgt.2022.102593
https://doi.org/10.1016/j.ijinfomgt.2022.102593
https://doi.org/10.1016/j.jmsy.2020.10.017


2210	 The International Journal of Advanced Manufacturing Technology (2023) 127:2181–2210

1 3

	120.	 Jacobs FR, Berry WL, Whybark DC, Vollmann TE (2018) Manu-
facturing planning and control for supply chain management: the 
CPIM reference (2nd ed.). McGraw Hill

	121.	 Sabaghi M, Cai Y, Mascle C, Baptiste P (2015) Sustainability 
assessment of dismantling strategies for end-of-life aircraft recy-
cling. Resour Conserv Recycl 102:163–169. https://​doi.​org/​10.​
1016/j.​resco​nrec.​2015.​08.​005

	122.	 Chen B, Wan J, Shu L, Li P, Mukherjee M, Yin B (2018) Smart 
factory of Industry 4.0: key technologies, application case, and 
challenges. IEEE Access 6:6505–6519. https://​doi.​org/​10.​1109/​
ACCESS.​2017.​27836​82

	123.	 Tao F, Qi Q, Liu A, Kusiak A (2018) Data-driven smart manu-
facturing. J Manuf Syst 48:157–169. https://​doi.​org/​10.​1016/j.​
jmsy.​2018.​01.​006

	124.	 Alamerew YA, Brissaud D (2020) Modelling reverse sup-
ply chain through system dynamics for realizing the transition 
towards the circular economy: a case study on electric vehicle 
batteries. J Clean Prod 254:120025. https://​doi.​org/​10.​1016/j.​
jclep​ro.​2020.​120025

	125.	 Eisenreich A, Füller J, Stuchtey M, Gimenez-Jimenez D (2022) 
Toward a circular value chain: impact of the circular economy on 
a company’s value chain processes. Journal of Cleaner Produc-
tion, 378, 134375. https://​doi.​org/​10.​1016/j.​jclep​ro.​2022.​134375

	126.	 Li R, Pham DT, Huang J, Tan Y, Qu M, Wang Y, Kerin M, Jiang 
K, Su S, Ji C, Liu Q, Zhou Z (2020) Unfastening of hexagonal 
headed screws by a collaborative robot. IEEE Transactions on 
Automation Science and Engineering, 17(3), 1455–1468. https://​
doi.​org/​10.​1109/​TASE.​2019.​29587​12

	127	 Frederico GF (2021) From Supply Chain 4.0 to Supply Chain 
5.0: findings from a systematic literature review and research 
directions. Logistics 5(3):49. https://​doi.​org/​10.​3390/​logis​tics5​
030049

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.resconrec.2015.08.005
https://doi.org/10.1016/j.resconrec.2015.08.005
https://doi.org/10.1109/ACCESS.2017.2783682
https://doi.org/10.1109/ACCESS.2017.2783682
https://doi.org/10.1016/j.jmsy.2018.01.006
https://doi.org/10.1016/j.jmsy.2018.01.006
https://doi.org/10.1016/j.jclepro.2020.120025
https://doi.org/10.1016/j.jclepro.2020.120025
https://doi.org/10.1016/j.jclepro.2022.134375
https://doi.org/10.1109/TASE.2019.2958712
https://doi.org/10.1109/TASE.2019.2958712
https://doi.org/10.3390/logistics5030049
https://doi.org/10.3390/logistics5030049

	Integrating X-reality and lean into end-of-life aircraft parts disassembly sequence planning: a critical review and research agenda
	Abstract
	1 Introduction
	2 Theoretical background
	2.1 EoL aircraft management
	2.1.1 High-value aviation-purpose parts
	2.1.2 Key activities in EoL aircraft management

	2.2 DSP of complex products
	2.3 I4.0, XR, and lean
	2.3.1 I4.0
	2.3.2 XR
	2.3.3 Lean


	3 Research approach and descriptive analysis
	3.1 Initial view
	3.2 Network view
	3.2.1 Identification and clusters of keywords
	3.2.2 Literature search, screening, and eligibility checks
	3.2.3 Bibliometric visualization analysis


	4 Review and content analysis
	4.1 DSP in the context of EoL aircraft
	4.2 The first phase of the integrative infusion antecedents: XR-assisted DSP
	4.2.1 AR-assisted works served for disassembly planning
	4.2.2 VR-enhanced works served for disassembly planning
	4.2.3 The MR vision served for disassembly planning

	4.3 The second phase of the integrative infusion antecedents: XR–lean-assisted DSP

	5 A research agenda: smart disassembly sequence planning (SDSP) for complex EoL products
	5.1 Conceptualizing “SDSP”
	5.2 Research gaps, open challenges, and future opportunities of SDSP
	5.2.1 System development in the circular value chain
	5.2.2 Technology requirements and adoption improvements
	5.2.3 Associating SDSP with other multidisciplinary domains and perspectives


	6 Conclusion
	References


