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Abstract: Remanufacturing is one of the main practices toward a circular economy and industrial
sustainability. Remanufacturing is highly dependent on how circular products are designed and
developed. Remanufacturing can also benefit from automation for efficiency, accuracy and flexibility.
This paper, via a multiple case study, connects the three areas of remanufacturing, product design and
automation and investigates how circular product design can facilitate automation remanufacturing
processes. First, circular product design guidelines are discussed with regard to remanufacturing.
Second, potential areas for automation at three remanufacturers of electric and electronic equipment
are pinpointed. Finally, design guidelines are connected to the identified potential automation areas
in each remanufacturing process and discussed together. According to our results, the main incentives
for automating remanufacturing processes are mainly related to the work environment, efficiency and
quality. In addition, several design guidelines can facilitate automated remanufacturing processes;
for instance, the standardization of components, fasteners and remanufacturing tools across different
models and brands can also facilitate automated remanufacturing, where products can easily and
nondestructively be disassembled by a robot or a machine.

Keywords: circular economy; remanufacturing; product design; automation

1. Introduction

The circular economy enables industrial sustainability, and the common circular
economy practices within the manufacturing industry are end-of-life strategies such as
recycling and/or end-of-use strategies such as remanufacturing, repairing and reusing. It is
broadly agreed upon that the majority of products and parts that are currently recirculated
have not been designed for any of end-of-use strategies in the first place [1,2], while
product and part circulation is heavily reliant on product design and development [3,4].
The circular economy is highly dependent on design in the very early stage of the product
lifecycle, e.g., design for the disassembly of components and the segregation of different
materials to facilitate the exchange of faulty components and increase recycling possibilities.
Nevertheless, the majority of existing products and components that are currently being
traded or used in the market have not been designed to be broken down again to the
component and material levels for value retention. To be able to retrieve value from
products and their components, the products need to be reused after the end-of-use in the
product lifecycle, as depicted in Figure 1 below:
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Figure 1. Product lifecycle and its actors, adapted from [5].

Several of these products or their core parts are taken back by third parties for remanu-
facturing or repairing to retain and recapture components’ and materials’ value, but the main
challenges of these remanufacturing companies are low volumes, efficiency and the diversity
in quality of the incoming products. One way to mitigate this challenge is a human-robot
collaborative (HRC) production layout, where the robot contributes endurance, efficiency
and accuracy, while the human contributes intuition, flexibility and problem solving [6]. In
recent studies with technological advancements within the robot industry, remanufacturing
companies have been trying to make use of automation within their process, particularly in
remanufacturing electric and electronic equipment (EEE); see, e.g., [7].

Previous literature (e.g., [8–11]) has reported on the effects of product design and
development on circular transition (including remanufacturing). The decisions made
during product design and development substantially define the impacts of the product
during its lifetime [12]. In another study, Nasr, Russell [13] assert that approximately 80%
of the sustainability performance of a product over its lifecycle is determined in the product
design and development processes. On the other hand, few studies (e.g., [7,14]) have
investigated the opportunities for the use of robots and automation in remanufacturing
industries that would facilitate higher efficiency and better working conditions. Fewer
studies have reported on the effect of product design on automated remanufacturing.

This paper, within the area of circular economies [8], therefore aims to investigate the
connection of product design to automation in remanufacturing processes. To break down
our research aim, three research questions were formulated: (1) how product design can
support remanufacturing, (2) how automation can support remanufacturing processes and
(3) how future products should be designed to facilitate automated remanufacturing. This
paper will mainly use previously developed design guidelines [15] and an empirical study
on automated remanufacturing [7]. This paper contributes to the literature and to industry
to support product design and development with the increased circularity potential for
automated remanufacturing.

In the following sections, we present the research methodology (Section 2). The theoreti-
cal background for remanufacturing, circular product design and automation (Section 3) is
followed by an empirical study (Section 4). Afterwards, analysis and discussion (Section 5)
along with a conclusion and future work section (Section 6) are presented.

2. Methodology

This paper aims to investigate the connection of product design to automation in
remanufacturing processes. The paper is mainly based on an empirical study, although
a structured literature search on product design, automation, remanufacturing and their
combination was carried out. The literature selection incorporated the keywords “product
design”, “product development”, “automation”, “remanufacturing”, “repair” and com-
binations thereof. This search was then extended through a qualitative upstream and
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downstream search of the references in the selected articles. The literature selection was
based on reviewing abstracts and reading full-text articles.

For the empirical study, a multiple case study of three remanufacturing companies
was designed and conducted to fulfill the aim of this study. With a limited understanding of
product design and its connection to automated repair and remanufacturing processes, the
adopted multiple case study methodology was appropriate [16] to fulfil the research aim.
The studied companies are mainly SMEs within the electrical and electronic equipment
industry located in Sweden and vary in terms of plant size, remanufactured products,
volume, product complexity and technical remanufacturing processes; see the overview of
companies in Table 1. Although these companies have technical remanufacturing processes,
their repair and remanufacturing processes generally include inspecting incoming products,
disassembling, cleaning (at several stages), reprocessing (any activities to make the product
or component functional again, e.g., exchanging or repairing parts), reassembling, final
testing and packaging before being sent to customers. The studied companies have not
implemented automation solutions in their current remanufacturing processes, and the
companies’ participation in our study was therefore mainly based on their intention
to improve and evaluate the potential automation of their repair and remanufacturing
processes in a common research project.

Table 1. Overview of companies studied.

Company Product Type of Remanufacturer Experience

Company A IT equipment Independent 21 years

Company B Photocopiers Contracted 36 years

Company C Car electronics Contracted 43 years

The empirical data collection for this study was performed through multiple sources
of evidence, as suggested by Yin [16], including document review, participant observation
at all case companies, semi-structured interviews and focus group workshops for follow-up
discussions. The document reviews, as the first step in the empirical data collection, were
carried out to obtain basic insight about companies—their overall strategies, business mod-
els and environmental targets. The participant observations included visiting companies
and discussing issues related to the general process of their remanufacturing, product
types, potential automation in their remanufacturing processes, and general challenges
and opportunities in implementing automation for remanufacturing and repair processes.
Document review and participant observations were used as a basis for the main data
collection, i.e., semi-structured interviews. The semi-structured interviews were based
on predefined questions and open dialog where the interviewees had the opportunity to
further explain his/her answers with back-and-forth discussions. Each semi-structured
interview lasted approximately one hour and incorporated the following main questions:
(1) Step A1: How can product design facilitate the process of remanufacturing? For exam-
ple, making it more efficient, faster or cheaper. (2) Step A2: How can automation facilitate
the process of remanufacturing? For example, making it more efficient, faster or cheaper (3)
Steps B1 and B2: which circular product design guidelines from [15] are in place right now
and should be in future? Focus group workshops were structured for specific discussion
and multidisciplinary idea presentation on challenges related to automation and product
design at companies.

Throughout the data collection and analysis, consistency between the cases was
maintained through the constant comparison and review of the results with each other and
with theoretical data. In addition, the collected empirical data were simplified, organized
and interpreted following the recommendation by [17]. Figure 2 illustrates the different
pieces of our study and their connection.
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Figure 2. Summary of the research method.

3. Theoretical Background
3.1. Remanufacturing

Reverse logistics and products’ end-of-use scenarios have been on the rise lately, with
several different strategies trying to recirculate products and components. These strate-
gies include repair/maintenance and upgrading with the aim of extending the existing
lifecycles as well as reuse, refurbishment, remanufacturing and repurposing with the aim
of extending the lifecycle to new lifecycles [18]. Among these strategies, remanufacturing
has been more recognized and researched, mainly because it has a broader scope and more
applicability to a variety of products. In addition, there is a very thin line between the
definitions of these strategies, and if one were to sum them up into a single strategy, it
would be remanufacturing. Remanufacturing can be defined as “an industrial process
whereby products, referred to as cores, are restored to useful life. During this process, the
core passes through a number of remanufacturing operations, e.g., inspection, disassembly,
part reprocessing, reassembly and testing, to ensure that it meets the desired product stan-
dards [19]. The remanufactured product might have equivalent or higher performance and
functionality, and it can be sold to or used by the same user or a new user. Full warranties
and guarantees are given in remanufacturing.

For remanufacturing, it is also important to have a lifecycle perspective, meaning
that information and data in the form of feedback and guidelines can be fed into product
design and development. Lindkvist Haziri and Sundin [20] developed a framework
called the remanufacturing information feedback framework (RIFF), which is a method for
strategically outlining and practically implementing feedback from the remanufacturing to
the design departments. The feedback information (see Figure 3) could be used to design
products and components in a way that makes remanufacturing execution much easier,
faster, efficient and more inexpensive.
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Figure 3. Simplified repair and remanufacturing flows.

Past literature (e.g., [21–25]) has identified several barriers for remanufacturing that in-
clude the following: (1) Sufficient volume of the same kind of product is required to be able
to run a manufacturing facility. Therefore, a consistent and smooth flow of incoming prod-
ucts for remanufacturing is vital. (2) The same incoming products are in different shapes
and form, i.e., different stages of their lifecycle, and hence require different reprocessing.
(3) Most of the existing products on the market were not designed for remanufacturing
and repair but to be disposed of after a certain period of use. (4) Infrastructure is required
for product collection, while the collection and transportation of incoming products over
great distances might not be environmentally and economically beneficial. (5) There are
some levels of insecurity about the quality of the products or components that are coming
back for remanufacturing. Consumers might mistrust remanufactured products, thinking
they are not as functional as new ones. (6) Legal aspects, regulations and standards might
be problems that require adjusting products and offerings to meet new requirements, such
as for chemicals. (7) The fear that sales of the company’s new products will decrease and
that the loss of these sales will be greater than the profit from the selling of remanufactured
products, known as market cannibalization. (8) Keeping old products in use has the risk of
preventing new, more energy-efficient products from entering the market.

According to [26], end-of-use scenarios can be better managed considering two aspects:
improving the ease of disassembly (design) and improving disassembly technologies
(automation). Both these aspects are discussed below.

3.2. Product Design and Development

Recent product design and development have been inspired by several frameworks,
such as design for X [27,28], design for the environment [29,30], design for disassembly [31,32],
ecodesign [33–35] and design for recycling [36,37]. Previous studies have also focused on
the design of remanufacturing frameworks [11,38]. Product design and development for
remanufacturing aims to dismantle and reassemble a product nondestructively, as well as
interchange components and modular design where the core components can easily and
quickly be repaired or replaced. Therefore, design for remanufacturing can facilitate and
overcome the first three abovementioned barriers in Section 3.1. Past literature (e.g., [15,39])
has developed several design guidelines for remanufacturing, which include the following:

• Make exchange and faulty components easily accessible
• Make it easy to inspect the product and its components
• Make it easy to clean the product and its components
• Make it easy to disassemble the product and its components nondestructively
• Use durable and robust components and materials, e.g., corrosion-resistance
• Use fasteners and connectors that can be easily opened and closed multiple times
• Design with standardized fasteners and components across different products and

models
• Design to use standard tools across different products and models
• Make spare parts and exchange components easily available



Sustainability 2021, 13, 9039 6 of 20

• Adapt a modular design
• Investigate how current and upcoming laws and regulations affect product design
• Design the product with a focus on functionality and upgradability

Some of these guidelines are not technical but must still be considered in the product
design phase to facilitate remanufacturing processes.

3.3. Automation

Automation refers to any technological improvement in carrying out the remanufac-
turing processes with reduced human intervention (e.g., using robots, automated guided
vehicles (AGVs), computerization or software); however, in this study, we discuss robotiza-
tion and using a robot arm to facilitate the remanufacturing processes.

Remanufacturing demands an understanding of the need for managing the differences
in incoming material/products [7], particularly for products that have not been designed
for remanufacturing. This is closely connected to managing responsiveness in a production
system, where it is important to understand efficiency and flexibility—machine, process,
product, routing, volume, expansion, operation and production [40]. Such a challenge
could be facilitated through design approaches for developing a production system that
can integrate robots into the operation to easily support flexibility and efficiency demands,
including managing fast changes between products [41]. However, for assembly systems
(which are comparable with disassembly and reassembly systems), automation can be
considered to be important in managing the efficiency and flexibility that are induced by
various product types or the diversity in the quality of the incoming products [42,43]. As a
result, the advantages of automation in remanufacturing processes are conclusive [7].

One way to manage the abovementioned challenges is to design an HRC layout, where
the robot contributes endurance, efficiency and accuracy, while the human contributes
intuition, flexibility and problem solving [6,43]. However, the design of a collaborative
workspace where an operator shares a workspace and, if applicable, a work task with a
robot demands a risk assessment. Gopinath and Johansen [44] argue that a risk assessment
can support the design of a layout by identifying monotonous and hazardous operations
that a robot can be allocated for and the operations that demand more flexible and cognitive
skills that the operators can perform. According to Chen et al. [45], it is possible to develop
an HRC layout where the robot performs all unscrewing while disassembling electrical
batteries for vehicles, although a drawback is the time consumption for identifying the
location of fasteners. Huang et al. [43] conclude that an effective strategy in disassembly is
to utilize the combination of humans and robots in a semi-automated layout to increase
flexibility and productivity, including reducing capital costs. Thus, automation solutions in
a remanufacturing process are possible if they are safe, cost-efficient and can balance the
collaboration between humans and robots utilizing their different strengths in a flexible
and productive way. According to Bauer et al. [46], there are five various levels of HRC,
including cell, coexistence, synchronized, cooperation and collaboration. The cell configu-
ration is a standard industrial robot in a cage example where the human worker cannot
interact with the robot. The other four configurations have different levels of interaction
between a robot and a human worker.

4. Empirical Study

The case studies at the companies were performed with two main steps and two
substeps each. Step A addressed remanufacturing processes and how product design
(A1) and automation (A2) can facilitate a specific remanufacturing process. It is worth
emphasizing that the general remanufacturing processes within these companies are largely
the same including inspection, disassembly, cleaning, reprocessing, reassembly and testing,
although the technical details are different (e.g., what to clean and how to clean). Step B
addressed the evaluation of circular design guidelines [15] and their deployment for current
remanufactured products (B1) and future products (B2).
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4.1. Step A: Remanufacturing Processes—Connection to Product Design and Automation

In step A of the empirical data collection, the companies were interviewed to deter-
mine whether product design and automation could facilitate their own remanufacturing
with regard to products they currently remanufacture and processes they currently have.
In addition, the collected data from the interviews were combined with the direct observa-
tions and evaluation of potential areas for automation in focus group workshops. Table 2
summarizes the answers from interviewees with regard to the facilitation of remanufactur-
ing through product design (A1) and automation (A2).

Table 2. Remanufacturing processes’ connection to product design and automation (Y = yes, to a
large extent; y = yes, to some extent; N = no impact).

Remanufacturing
Processes

If Product Design Facilitates? (A1) If Automation Facilitates? (A2)

Companies Companies

A B C A B C

Inspection Y Y y y y y
Disassembly Y Y Y y y Y

Cleaning Y Y y y y y
Reprocess y y y y y Y

Reassembly Y Y Y y y Y
Testing N N N N N N

4.2. Step B: Circular Design Guidelines—Connection to Current and Future Products

The generic product design guidelines for remanufacturing have been mentioned in
the bullet points in Section 3.2. In Step B of our empirical study, the whole collection of
generic guidelines for circular product design was assessed and discussed, although the
main focus remained on design for remanufacturing. The reason behind this decision was
to see if interviewees/industrial practitioners might have different opinions with regard
to design guidelines for remanufacturing. For instance, some extra guidelines could be
related to their specific products, while some other guidelines could be irrelevant to another
product in another company. Table 3 presents the generic circular design guidelines with a
short description of each and an indication of their relevance to only remanufacturing.

Table 3. Generic circular design guidelines (adapted and modified from [15]).

Design Guidelines Brief Description Relevancy to
Remanufacturing

(1) Make exchanging and faulty
components easily accessible

Make disassembly points and components subject to break,
wear or fail easily accessible and preferably from one side *** very relevant

(2) Make it easy to inspect the product
and its components

Make it easy and safe to inspect the product and
components, particularly exchanging components. Use
indications and repair manuals for testing and inspections

*** very relevant

(3) Make it easy to clean the product
and its components

Avoid shapes and areas that dirt might collect in such as
small holes, nooks, grooves and sharp edges. Select
materials that are easy to clean. All components should be
able to withstand the same chemicals, mechanical cleaning
processes, and temperatures

*** very relevant

(4) Make it easy to disassemble the
product and its components
nondestructively

Make it easy to open and dismount in a nondestructive way.
Use less glue and adhesives. Ensure the robustness and
wear resistance of fasteners. Allow disassembly from one
side. Provide manuals

*** very relevant
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Table 3. Cont.

Design Guidelines Brief Description Relevancy to
Remanufacturing

(5) Use durable and robust
components and materials

Choose durable, corrosion-resistant and robust components
and materials with a long lifespan. The lifespan of the
different parts should be recognizable with indicators for
wear. Avoid materials that might lose strength, get brittle or
get discolored

*** very relevant

(6) Use fasteners and connectors that
can be easily opened and closed
multiple times

Minimize the number of connectors and fasteners. Ensure
the robustness and wear resistance of fasteners. Prioritize
latch, snaps, clips, bolts and screws over welding, rivets,
folding, staples and gluing, which make fasteners more
difficult to demount

*** very relevant

(7) Design with standardized
fasteners and components across
different products and models

The compatibility and exchangeability of components are
required across other models and products, e.g., same type
and size of screws

*** very relevant

(8) Design to use standard tools
across different products and models

The compatibility and adaptability of tools are required
across other models and products, e.g., same type and size
of screwdriver to dismantle

*** very relevant

(9) Make spare parts and exchanging
components easily available

Exchanging components of products must be easy to find on
the market and preferably be inexpensive or 3D-printable
with additive manufacturing technologies

*** very relevant

(10) Adapt a modular design
Divide the product into different modules and put all of the
components that need to be exchanged or upgraded into
one single module, thus lowering the effort

*** very relevant

(11) Investigate current and
upcoming laws and regulations

Comply with applicable laws and regulations such as those
regarding hazardous materials or chemicals that are or will
be thought to be harmful and might be banned

*** very relevant

(12) Focus mainly on functionality
and quality performance

Focus mainly on functionality and quality performance, as
age, make and model are less important as long as the
quality-performance is delivered. Ensure plan upgradability

*** very relevant

(13) Make it easy to identify the
materials and relevant information

Create a system for the identification of the individual
components by, for example, RFID, barcode, tag or QR-code.
Provide additional information about the product regarding
the material’s content, the material’s age, the number of
times recycled, the additives used, the guide to component
separation and the process for the recycling.

** relevant

(14) Consider the toxicity and other
environmental aspects of the
materials

Use materials that that do not threaten biodiversity and do
not contain hazardous chemicals. Select materials that do
not degenerate during multiple lifecycles. Select materials
with verified reliability. Avoid materials that lose strength,
get brittle or get discolored

** relevant

(15) Provide repair manuals and
documentation

Provide user-friendly repair manuals and documentation on
how to repair, upgrade, etc. with signs on how to open the
product and exchange components

** relevant

(16) Think about activity support in
the operational stage

Think about activity support during the operational stage of
the product/service to make the system run as efficiently as
possible, e.g., supplying replacement materials,
maintenance services, repair and control in post-use

** relevant
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Table 3. Cont.

Design Guidelines Brief Description Relevancy to
Remanufacturing

(17) Focus to fulfill the customer’s
requirements and value creation

Develop a close relationship with the customer to
understand their requirements, develop capabilities
accordingly and adjust personalized services with
individual access. The service design cycle is continuously
repeated and improved to be able to adapt to various
human factors and requirements

** relevant

(18) Consider timeless design,
emotional attachment and
compatibility

Think about the effects that time and fashion will have on
your product. Simplicity, timeless design and compatibility
can be some ways to give the product longevity (e.g., a USB
device)

** relevant

(19) Treat remanufacturing waste
appropriately

Think about the type and amount of waste generated in
remanufacturing processes. What segment and fraction of
those broken/exchanging components can be separated to
be able to facilitate recycling?

** relevant

(20) Try to use digitalization, ICT and
IoT solutions

IoT and digitalization enable data collection about the usage
behavior and product performance throughout a product’s
lifecycle. This aids in the discovery of latent design errors
and in the understanding of what components are going to
fail and when, such that repair and maintenance can be
planned with minimum effect on the products’ performance

* can be relevant

(21) Design using renewable materials
Reduce the use of materials that are limited in quantities
such as tin and precious metals, and use more renewable
and bio-based materials, if possible

* can be relevant

(22) Design using recyclable and
secondary (recycled) materials

Choose materials that have a high recycling rate and an
available recycling technology and market. Increase the
materials’ compatibility so that only one recycling method is
needed. Increase the proportion of recycled materials in
your product and use less virgin raw materials

* can be relevant

(23) Favor cleaner production,
processes, machines and equipment

Favor manufacturing processes, machines and equipment
that use less energy and materials, generate less waste and
discharges less into the air and water. Select machines and
equipment that require less frequent maintenance and
cleaning and possess a good working environment and
ergonomic value

* can be relevant

(24) Design for reduced energy
consumption and usage of renewable
energy

Design the product with reduced energy consumption by
using renewable and clean energy. Select production
processes with high energy efficiency to reduce energy
consumption. Consider the energy recovery of biological
nutrients

* can be relevant

(25) Minimize the number of different
incompatible or dissimilar materials

Minimize the number of different incompatible or dissimilar
materials to facilitate shredding, regeneration and recycling.
Avoid molding and fusing incompatible materials. Avoid
multi-materials and composites

* can be relevant

Table 4 summarizes the answers from interviewees with regard to the deployment of
circular design guidelines for current remanufactured products (B1) and future products
(B2). The empirical data collection in this step questioned whether the generic circular
guidelines (Table 3) had been deployed for remanufactured products and how those
guidelines should be deployed for future products for remanufacturing. During the
interview, the focus maintained on the companies’ own remanufacturing processes and
remanufactured products.
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Table 4. Circular design guidelines deployment for our three remanufacturing companies regarding current and future
products (Y = Yes, to a large extent; y = Yes, to some extent; N = Not deployed; - = irrelevant or I don’t know).

Generic Design Guidelines
Company A Company B Company C

Current
Products

Future
Products

Current
Products

Future
Products

Current
Products

Future
Products

(1) Make exchanging and faulty components easily accessible N Y y Y y Y

(2) Make it easy to inspect the product and its components N Y y Y N y

(3) Make it easy to clean the product and its components y Y y Y N y

(4) Make it easy to disassemble the product and its components
nondestructively Y Y Y Y N Y

(5) Use durable and robust components and materials Y Y y y Y Y

(6) Use fasteners and connectors that can be easily opened and
closed multiple times y Y y Y y Y

(7) Design with standardized fasteners and components across
different products and models y Y y Y N Y

(8) Design to use standard tools across different products
and models N Y y Y y Y

(9) Make spare parts and exchanging components easily available y Y y Y y Y

(10) Adapt a modular design N Y y Y y Y

(11) Investigate current and upcoming laws and regulations y y y y y y

(12) Focus mainly on functionality and quality performance y y y y y y

(13) Make it easy to identify the materials and relevant information N y y y N y

(14) Consider toxicity and other environmental aspects of materials y y y y y y

(15) Provide repair manuals and documentation N y N Y y Y

(16) Think about activity support in the operational stage y y y y - -

(17) Focus to fulfill the customer’s requirements and value creation - - y y - -

(18) Consider timeless design, emotional attachment
and compatibility - - - - - -

(19) Treat remanufacturing waste appropriately Y Y Y Y Y Y

(20) Try to use digitalization, ICT and IoT solutions N y y y N y

(21) Design using renewable materials N y N y N N

(22) Design using recyclable and secondary (recycled) materials N y N y N y

(23) Favor cleaner production, processes, machines and equipment y y y y y Y

(24) Design for reduced energy consumption and usage of
renewable energy y y y y y y

(25) Minimize the number of different incompatible or
dissimilar materials y y y y N y

The guidelines “favor cleaner production, processes, machines and equipment” and
“treat production (pre-consumer) wastes appropriately” link to remanufacturing processes
and not to the original equipment manufacturer (OEM).

5. Analysis and Discussion
5.1. Product Design Potentials for Remanufacturing Processes

According to our study (see Table 2), product design can influence all remanufacturing
processes except for testing. Generally, it was perceived that the inspection of retrieved
products for remanufacturing is not always an easy task and requires manual and sub-
jective evaluation (visual eye inspection) and personal judgment. However, products
and components can be standardized [47] to facilitate inspection across different products
and models. Products can also be designed in a way that inspection (the identification
and verification of faulty components) is carried out without requiring other steps such
as disassembly and cleaning. For example, inspection points and testing components
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should be marked and should be easily accessible. Product design can also influence
disassembly and reassembly processes of remanufacturing [31,32] where products can be
easily and nondestructively dismantled. The standardization of constructions and fasteners
is helpful to avoid any critical security conditions. This requires the robustness and wear
resistance of product parts and fasteners [48] as well as the avoidance of using glue and
adhesives [29], which make fasteners more difficult to demount. Latches, snaps and clips
are normally preferred over screws and bolts for time efficiency reasons, while bolts and
screws are preferred over welding, rivets, folding and staples. Screw heads such as the
hexhead cross drive, slotted internal Torx and hexhead internal Torx are good choices for
multiple disassembly and reassembly. Furthermore, there are imperative product design
improvements for the cleaning process of remanufacturing, particularly the cleaning of
internal parts. This includes design for wear resistance to withstand liquid and chemicals,
temperatures, detergents and mechanical cleaning tools. The cleaning areas should be
accessible, while small holes, nooks, grooves, sharp edges and thresholds that capture dirt
must be avoided. Reprocessing is the heart of remanufacturing and for EEE products mainly
includes exchanging faulty components. As a result, exchanging/faulty components must
be easily accessible, preferably from one side. The standardization of components and
tools [47] across different products and models plays an essential role in the efficiency of
this process. Modular design [49] is also critical here where parts that need to be exchanged
or repaired should be placed into one single module, thus lowering the effort needed to
repair/exchange parts. Those parts that will not continue the journey to the next new
lifecycle have to be designed for recycling [36,37].

The analysis process of Table 4 was carried out in several steps. In the first step,
“design guideline deployment to a large extent” (marked with Y in the future column) was
only reviewed. Indicated by all three companies, eight design guidelines were considered
to be absolutely vital to be deployed in future products to ease remanufacturing. These
design guidelines include 1, 4, 6, 7, 8, 9, 10 and 19. Moreover, guidelines 2, 3, 5 and 15 were
considered to be absolutely vital to be deployed on future remanufactured products by at
least two companies. However, as indicated by at least two companies, guidelines 4, 5 and
19 are already being deployed for current remanufactured products.

Conclusions from the first step:

(1) Designing products to be easily and nondestructively disassembled is vital for fu-
ture remanufacturing; however, currently, remanufactured products can already be
disassembled easily to a large extent.

(2) Designing products and components with durable and robust materials is vital for
future remanufacturing; however, currently remanufactured products are already
robust to a large extent, i.e., they do not break with disassembly and reassembly.

(3) Treating remanufacturing waste (faulty/broken/exchanging components) appro-
priately is vital for future remanufacturing; however, waste from remanufacturing
processes is already being handled correctly.

(4) Product design and development improvement to facilitate remanufacturing pro-
cesses in the future mainly lies in design for accessibility, design for ease of cleaning,
inspection and disassembly, the use of durable and robust materials and components,
design improvements on fasteners and connectors, design standardization of compo-
nents and tools, the adoption of modular design and the availability of spare parts and
repair manuals. In addition, the exchanging component within the remanufacturing
processes should be handled correctly for a proper end-of-life scenario.

In the second step, the design guidelines with improvement potential (meaning N-
> y, N- > Y and y- > Y) for future remanufactured products were reviewed. There was
a consensus among all three companies only for guidelines 6 (y- > Y), 9 (y- > Y) and 22
(N- > y). All companies indicated that guidelines 5, 11, 12, 14, 16, 17, 18, 19 and 24 were
unchanged for current and future products, which means that, according to the companies,
either no improvement in future remanufactured products is required or that the guidelines
are irrelevant to the studied remanufacturing companies (mainly due to their product type).
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Two out of three companies indicated that guidelines 4, 23 and 25 were unchanged for
current and future products.

Conclusions from the second step:

(1) Some guidelines, including using recyclable and recycled material, using renewable
material, using digitalized solution and making it easy to identify the material, are not
deployed for currently remanufactured products at the studied companies. However,
some improvements are required for the future.

(2) The guidelines for designing to ease inspection and providing repair manuals received
completely diverse answers from each company (i.e., N- > y, N- > Y and y- > Y).
Nevertheless, answers indicate improvement requirements for the future.

(3) Several guidelines had been deployed to some extent for currently remanufactured
products at the companies studied; however, the deployments need to be much better
in the future. These guidelines include design for accessibility, design for ease of
cleaning, design for standardized components and tools, design improvements on
fasteners and connectors, the availability of spare parts, and the adoption of modular
design.

In the third step, the guidelines’ relevancy to remanufacturing (third column in Table 3)
was connected to the analysis steps 1 and 2 to understand how the remanufacturing design
guidelines’ relevancy/importance connects to deployments (Table 4), i.e., Tables 3 and 4 were
analyzed together. Based on the two tables and criteria (importance from Table 3 and
deployment from Table 4), a matrix (Figure 4) for the remanufacturing design guidelines
was developed to determine the level of potential. The left side of the matrix represents
guideline relevance to remanufacturing (from Table 3), where 3 is very relevant, 2 is relevant,
1 can be relevant and 0 is irrelevant. The top row of the matrix represents our empirical
results related to design guideline deployment (Table 4), where - indicates irrelevant; Y-Y
indicates that the guidelines are to a large extent deployed for current remanufactured
products and should be kept deployed for future products; y-y indicates that the guidelines
are deployed to some extent for current remanufactured products and should remain the
same for future products; y-Y indicates that the guidelines are deployed to some extent
for current remanufactured products but should be deployed to a larger extent for future
products; N-y indicates that the guidelines are not deployed for current remanufactured
products but should be deployed to some extent for future products; and N-Y indicates
that the guidelines are not deployed for current remanufactured products but should be
deployed to a larger extent for future products.

Figure 4. Design guideline potential matrix (figures refers to the guideline numbers in Table 4).
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Conclusions from the third step:

(1) Some design guidelines (in the red area) are vital and imperative to facilitate remanu-
facturing in the future, and these guidelines are not currently being deployed at all.
Thus, these design guidelines need to be prioritized for future product development.
These guidelines include making it easy to inspect, making it easy to identify materials
and relevant information and providing repair manuals.

(2) There are some potential product design improvements (in the yellow area) that can
facilitate remanufacturing in the future. These potential product design improvements
are either currently deployed to some extent but can be applied to a larger extent or
they are not deployed at all but need to be.

(3) There are several design guidelines (in the green area) that are currently deployed
to the right extent and already facilitate remanufacturing. Hence, no product design
changes are required now.

(4) Timeless design and the adoption of customer requirements were not found to be a
concern to the facilitation of remanufacturing at the studied companies. This can be
basically justified by the product type at the studied remanufacturing companies as
well as the absence of OEMs in our study.

5.2. Automation Potential in the Remanufacturing Processes

According to our previous study [7], there are several potential areas for automation at
the studied remanufacturing companies with different levels of HRC (see [46]). In general,
the main potential areas for automation were found to be in disassembly, cleaning and
reassembly. Disassembly and reassembly can be seen as two sides of the same coin.
Through the interviews in this study, inspection and reprocessing were also added to the
potential areas for automation (see Table 2); however, both are completely dependent on
the type of product, inspection and reprocessing. For instance, reprocessing may refer to
the repair and exchange of faulty components or to refilling.

The main issues with incentivizing placing automation in these remanufacturing
processes were the work environment issue, efficiency and quality. The work environment
issue can be exemplified with the disassembly, cleaning and refilling (reprocess) of toner
cartridges in company B, which are dirty and noisy. The retrieved cartridges for remanufac-
turing still contain some (black) toner. Toner powder is very light, so it spreads very easily
and attaches to most things it comes in contact with. Therefore, operators that disassemble,
clean and refill (reprocess) retrieved cartridges are often adversely affected by irritated eyes
and throats. In addition, this remanufacturing process is equipped with large ventilation
systems and compressed air, which make it very noisy and negatively affects the operators’
work environment. The efficiency issue can be exemplified by the reprocessing of retrieved
laptops in company A, which includes placing, connecting and setting up laptops for the
data erasing, disconnecting, sorting, classification and destruction of non-erasable hard
disc drives. These remanufacturing processes at company A are time-consuming, boring
and repetitive for operators but require operators to pay complete attention to hundreds of
laptops that are data erased. The quality issue can be exemplified by cleaning processes at
companies B and C, where components are cleaned to the operators’ individual subjective
standards of cleanliness and discernment, i.e., there is no standard procedure specifying the
process and extent for cleaning products, but more of a subjective inspection and cleaning
based on the operators’ experience, acumen and personal ideals for approval.

Industrial robots were traditionally set up in safety cells for repetitive, tedious tasks
and heavy lifting operations in a difficult working environment to provide consistent
quality and efficiency with long cycle times [50,51]. These traditional industrial robots
in safety cells have basically fixed output with a given number of operations, because
with a certain determined input, they follow the same pattern of known parameters for
quality, positioning and number of products. However, in repair and remanufacturing
processes, such determined input parameters are often nonexistent or unclear from the
very beginning, e.g., one retrieved product can be dirty, rusty or broken while the other
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is fine. Therefore, in the EEE industry, repair and remanufacturing tasks are to a very
large extent carried out by humans, who can identify uncertainties and make different
decisions based on the retrieved products’ conditions. Two of the biggest challenges of
the studied remanufacturing processes are diverse quality and low volumes of retrieved
products that require efficiency and flexibility in the automation solutions, which can be
supported by a HRC layout. With HRC, robot advantages such as endurance, efficiency
and accuracy are combined with human trump cards, namely, intuition, flexibility and
problem solving [6]. With an understanding of how to design an HRC layout for disassem-
bly [45], including risk assessment and management [44], flexibility and efficiency issues
in the remanufacturing processes [40] can already be addressed in the product design
phase. An understanding of remanufacturing and its automation requirements that is
acknowledged in the product design and development can largely contribute to a more
cost-efficient overall business solution.

Using the theoretical background with regard to automation and HRC levels, the
empirical study at the remanufacturing companies, the authors’ previous experiences with
both aspects of automation and remanufacturing, and an iterative dialog with the industrial
partners regarding increased automation within their remanufacturing companies, the po-
tential areas for automation at the studied remanufacturing companies can be summarized
in Table 5. As mentioned earlier, automation in this study mainly includes robotization
and the utilization of a robot arm to facilitate the remanufacturing processes, even though
automation in general refers to any technological improvement in carrying out the pro-
cesses with reduced human intervention (e.g., using robots, automated guided vehicles
(AGVs), computerization, software, etc.). Therefore, software upgrading for the faster
inspection of incoming products and data erasing in Table 5 cannot make use of a robot
arm/HRC, but they were still identified as a potential area for automation. Furthermore,
the identified potential areas for automation reflect the possibility of applications in the
existing production system where the operators might interact with a robot differently.

Table 5. The identified potential for automation in different remanufacturing processes at the case companies with various
levels of HRC.

Remanufacturing Process Company A Company B Company C

Inspection Software upgrade for faster
inspection (N/A)

Disassembly Disconnecting laptops
(Coexistence)

Dismantling toner cartridges
(Synchronized)

Removing sealant
(Cell)

Cleaning Removing toner
(Synchronized)

Cleaning the core
(Cooperation)

Reprocessing Data erasing
(N/A)

Refilling
(Coexistence)

Exchange of components
(Coexistence)

Reassembly Connecting laptops for data
erasing (Coexistence)

Sealing
(Coexistence)

Testing

5.3. Connecting Automation to Product Design for Remanufacturing Processes

This section discusses product design guidelines that are essential for future remanu-
facturing, i.e., those guidelines that are color-coded in red or yellow in Figure 4, while the
rest of the guidelines color-coded in green or blue are either already at a sufficient level
of deployment or not important and not to be discussed further. This section discusses
only those product design guidelines that will facilitate remanufacturing in the future, and
we explain how these guidelines can also influence automated remanufacturing. Table 6
summarizes the results achieved from Sections 5.1 and 5.2. It shows
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• Potential areas for automation in each remanufacturing process (shown in gray cells
with 3)

• Potential product design improvements in each remanufacturing process (imported
guideline numbers and colors from Figure 4)

Table 6. Combining the potential areas for automation and the product design guidelines for each remanufacturing
process. Gray cells with 3 represent potential areas for automation; red cells represent vital and imperative product design
changes to facilitate remanufacturing; yellow cells represent potential areas for product design improvements to facilitate
remanufacturing; numbers represent the guidelines from Figure 4.

Remanufacturing Processes
Product Design Facilitation via Guidelines (Section 5.1)

Automation Facilitation
(Section 5.2)Vital and Imperative Design

Changes
Potential Design
Improvements

Inspection 2, 15 20 3

Disassembly 15 6, 7, 8, 10 3

Cleaning 15 3 3

Reprocess 13, 15 1, 7, 8, 9, 10, 20, 21, 22 3

Reassembly 15 6, 7, 8, 10 3

Testing

Looking at Table 6, both product design and automation can facilitate almost all
remanufacturing processes except testing, although the automation-induced facilitation of
inspection is not connected to HRC but to software upgrading.

Providing repair manuals and documentation (guideline 15, marked red in Table 6) on
how to disassemble and assemble back a product and its components in a nondestructive
and time-efficient manner, how to take care of products such as cleaning and how to repair
the product (e.g., indicating the exchangeable component or parts that usually wear out)
all facilitate manual remanufacturing. However, the same manuals and documentation
can be used for automated remanufacturing. For example, a manual can indicate which
part of the product usually wears out and needs to be changed. As a result, when setting
up an automation and designing the automated remanufacturing using a robot arm, it
can be easily indicated from which side the product needs to be opened. Hence, the robot
arm should grip the product from the opposite side. These manuals will be helpful when
designing automation and how a robot should function (grip, repair, dismantle, etc.) in
remanufacturing processes.

Providing information (guideline 13, marked red in Table 6) about the product’s
material content, tolerances, age, the number of times it has been recycled, the additives
used or generally any information regarding its material characteristics and properties
can be helpful for manual and automated remanufacturing. For example, how much
pressure can a robot apply to grip the product? In addition, if a product contains hazardous
materials or chemicals, using a robot instead of a human would be beneficial for health and
safety reasons. Furthermore, in automated remanufacturing, where faulty components can
be automatically exchanged with a robot arm, it would be much easier to plan automated
material and component separation into different material fractions.

Product design can influence the ease of inspection (guideline 2, marked red in Table 6)
in remanufacturing processes. However, according to our interviewees, automation in the
form of HRCs is of less help here. However, automation in the form of software upgrades
for the faster inspection of EEE is fruitful. In addition, our studied remanufacturing
companies currently rely on subjective evaluation (visual eye inspection) and personal
judgment. Therefore, with their product type and huge variety in models and brands, it
would be advantageous to have a large digital database for different evaluation protocols.
Furthermore, with the standardization of components and tools (guidelines 7 and 8) in
the future, automated inspection would significantly benefit from a standard evaluation
protocol that fits all product types, brands, and models.
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In lean manufacturing, automation for similar and repetitive jobs can increase effi-
ciency and productivity and reduce lead time and costs. Lean automated manufacturing
requires minimum disturbances, delays and stops with a high availability of tools and parts
to have a continuous and one-piece flow [52]. Similar to automation in lean manufacturing,
automated remanufacturing is also highly dependent on continuous and one-piece flow
with as few disturbances, delays and stops as possible. However, unlike manufacturing, re-
manufacturing is usually carried out for several different product models and brands with
different qualities, sizes, shapes, materials, characteristics, and designs (even within the
same brand). Consequently, to ease automated remanufacturing (which in turn increases
remanufacturing efficiency, productivity and reduces lead time and cost), disturbances,
delays and stops need to be eliminated. One of the main reasons for such disturbances
is the setup time required for different remanufactured products where remanufacturing
tools need to be changed. For instance, the way that remanufactured products are disas-
sembled, repaired, and reassembled differs from one product to another. However, this
diversity, which brings disruptions, can be greatly reduced if the products and components
are standardized. As a result, setup times will be reduced, and remanufacturing tools and
equipment do not necessarily need to be changed. Therefore, designing products with
standard components, tools, fasteners and connectors across different models and brands
is essential for automated remanufacturing. Guidelines 6, 7, 8, 9 and 10 (marked yellow
in Table 6) closely refer to such aspects in lean philosophy [52], where standardization
can (1) raise the (re)manufacturing line to a level of efficiency that allows the operator
to simply load the part and move on to the next operation (Chaku-Chaku), (2) smooth
the automatic unloading and orientation of the workpiece from one operation or process,
providing the proper state for the next workpiece to be loaded (Hanedashi) and (3) smooth
(re)manufacturing flow with balancing processes and the maximum utilization of available
time (Nagara).

To ease automation in remanufacturing processes, accessibility (guideline 1, marked
yellow in Table 6) plays an important role. Components to be exchanged or parts that are
subject to stress, wear, corrosion, stain, breaking or failing easily should be marked, easy to
recognize and easy to access, preferably from one side. Likewise, it is equally important for
automated remanufacturing that a product is designed in a way that makes the cleaning
(guideline 3, marked yellow in Table 6) process much easier. For example, the interior parts
of a product can be designed in shapes and forms that facilitate automated cleaning with a
robot arm, and areas in which dirt might collect such as holes, nooks, grooves, sharp edges
and thresholds must be avoided.

Digitalization (guideline 20, marked yellow in Table 6) in any form, such as IoT, ICT or
RFID tags, can facilitate automated remanufacturing since the product and remanufacturing
processes can communicate. For instance, a broken product can communicate that only one
specific component needs to be replaced, and an automated remanufacturing robot arm
will grab and position a product in a way such that the exchanging component can be easily
replaced from a correct side or, depending on the problem, that the right reprocessing step
will generally be carried out, e.g., refill, repair, exchange, etc.

Design guidelines related to using renewable, recycled, and recyclable materials
(guidelines 21 and 22, marked yellow in Table 6) are less connected to automation, despite
what our empirical results represent in Table 6. Nevertheless, material selection is also very
important for any circulation scenario. Since a product or component, even those designed
for remanufacturing, in the end becomes so worn out that it cannot be used further,
select materials that can then be recycled into new materials after many lifecycles are of
importance. One aspect of material selection connected to automation in remanufacturing
is the characteristics of the material, which can provide a better grip for automated robot
arms. This aspect needs to be further investigated.
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6. Conclusions and Future Work

Most existing products and components that are currently being traded or used in the
market have not been designed for circulation of any sort (e.g., remanufacturing), whereas
achieving a circular economy is greatly dependent on the very beginning stage of the
product lifecycle, namely, product design and development (e.g., the ease of disassembling
components and the exchange of faulty components). In addition, despite the technological
advancements within automation, the usage of robots and HRC technologies in reman-
ufacturing processes is still generally under-researched, although some attempts have
been made in remanufacturing EEE. This paper, within the area of the circular economy,
connects the three areas of remanufacturing, product design and automation and aims to
investigate the connection of product design to automation in remanufacturing processes.
Through more remanufacturing, products will be kept in use for a longer time (product
lifecycle extension) and added value will be retained as much as possible. Consequently,
resource (material and energy) consumption in the transportation and production of the
new product is saved, new resource extraction is avoided, and materials and components
will be circulated in closed loops.

To achieve our research aim, three research questions were formulated: (1) how prod-
uct design can support remanufacturing, (2) how automation can support remanufacturing
processes and (3) how future products should be designed to facilitate automated reman-
ufacturing. The specific answers to these questions were answered in Sections 5.1–5.3,
respectively. In accordance with previous research, this paper also confirms that product
design and automation can positively influence and facilitate remanufacturing processes;
however, our empirical study specified the remanufacturing processes and their connection
to specific design guidelines. In Section 5.1, it was argued that several product design
guidelines (color-coded in red and yellow in Figure 4 and Table 6) will facilitate remanu-
facturing in the future. Section 5.2 discusses potential areas for automation in our studied
companies with some examples. It was also highlighted that the main incentive for having
automation in place for these remanufacturing processes was mainly related to the work
environment, efficiency, and quality. Furthermore, Section 5.3 indicates how some product
design guidelines (yellow and red color-coded) can facilitate automated remanufacturing
processes. For instance, the standardization of components, fasteners and remanufacturing
tools across different models and brands can facilitate automated remanufacturing, and
products can easily and nondestructively be disassembled by a robot.

The study presented in this paper included remanufacturing companies located in
Sweden with sales and marketing around the globe. Two of them have contracts with
OEMs. Future studies might investigate how contracted remanufacturers can affect prod-
uct design and development at OEMs. There is also a time gap where remanufactured
products are on average 5–7 years old and the current design specification has completely
changed. Hence, it would be interesting to research how a remanufacturer (independent
or contracted) that remanufactures 5–7-year-old products can influence current product
design processes at OEMs. In addition, the result achieved here is mainly based on reman-
ufacturers’ perspectives on product design. Future work might study OEMs’ perspectives
on design for remanufacturing and how they look back and learn from previous products
and current remanufacturing processes. Therefore, the inclusion of an OEM that has its
own remanufacturing processes and flows is of much interest. Additionally, although our
empirical results linked using material selection guidelines for automated remanufacturing,
we see a loose connection. This area needs to be further investigated in detail. Likewise,
the possibilities that current and future digitalization technologies provide for automated
remanufacturing in combination with product design (see e.g., Subranmoniam et al. [53]
need further investigation. Furthermore, this study is mainly aimed at the design per-
spective and how design guidelines can affect automated remanufacturing. These design
guidelines can be further combined and cross-checked with automation guidelines and
requirements. Moreover, our performed study is on the EEE remanufacturing industry,
and future studies might include other types of industries.
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