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Abstract

Remanufacturing is one key element of a circular economy by closing the loop on the
product level and thus maintaining or restoring the product design and the associated prod-
uct properties. The remanufacturing process chain involves disassembly of used products,
cleaning of parts, inspection and sorting of parts, reconditioning or replenishment by new
parts, and product reassembly into as-new products. If new parts are required, additive
manufacturing is a promising alternative to conventional manufacturing or the purchase
of spare parts. Additive manufacturing is characterized by the layered or element-based
construction of parts and does not require product-specific tools, enabling a cost-efficient
production of individual pieces or small series. The use of specific design rules in product
and process development to meet the requirements of the intended process enables and
simplifies additive manufacturing or remanufacturing. Despite the design rules for additive
manufacturing and remanufacturing, there are no design rules for implementing additive
manufacturing technology in the remanufacturing process. In this paper, existing design
rules on Design for Additive Manufacturing and Design for Remanufacturing will first be
identified and compared, and possible synergies and conflicts of objectives will be ana-
lyzed. Based on this, a guideline for a Design for Additive Remanufacturing is developed
to facilitate and promote the implementation of additive manufacturing in remanufacturing.
The developed design rules enable the evaluation of a part aimed to be produced by addi-
tive manufacturing within the remanufacturing process and give advice on how to optimize
the design of the part. This paper aims to derive general design rules for a “Design for
Additive Remanufacturing” that specifically address the additive remanufacturing process.
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Introduction

Already used for several decades in prototyping and toolmaking, additive manufactur-
ing (AM) has become more popular today. Due to the increasing level of awareness
and continuous process improvement, its range of applications extends from prototyp-
ing, mechanical engineering, and aerospace technology to medical technology. [2, 10,
20]

The versatile applicability of AM is based on the specific characteristics of the tech-
nology itself. For example, an AM process is defined as a “manufacturing process
in which the workpiece is built up element by element or layer by layer “ [48]. The
process is also characterized by the fact that a part can be manufactured directly from
3D model data [3, 10, 17]. In practice, there are a large number of AM processes. The
DIN EN ISO/ASTM 52,900 classifies manufacturing processes into seven process cat-
egories. [4] The intended use of the component to be additively manufactured and the
associated requirements on it determine to a large extent, the choice of a suitable AM
process and suitable material. Thereby the selection of AM process and material must
be evaluated in combination. [48]

However, as other manufacturing processes, all AM processes require certain con-
struction and design rules to be followed. With the increasing popularity of AM, this
topic has found its way into research under the term “Design for Additive Manufactur-
ing” (DfAM). Thus, one can find a variety of publications that provide product design
recommendations for AM through various methods or tools to promote successful
manufacturing. [53]

Furthermore, AM offers an alternative and extension to previous possibilities for
remanufacturing as it enables the cost-efficient production of small quantities. [14,
33]. As part of the circular economy, remanufacturing represents an industrial pro-
cess in which end-of-use products or components are remanufactured to their origi-
nal or improved state and put to renewed use [6, 31, 42, 44, 45]. In this context, AM
offers new possibilities for remanufacturing components, e. g. producing spare parts.
Thereby, the specific requirements that a component, which has to be remanufactured,
has to fulfill must be considered. For remanufacturing, special rules known as “Design
for Remanufacturing” (DfRem) are already used in the product development phase.
From these DfRem, various methods and tools have already been derived, which pro-
vide recommendations for the design of components. [6, 45, 54]

The combination of AM and remanufacturing, called additive remanufacturing
(AdRem), represents a future-oriented supply strategy for ensuring the availability of
spare parts using additive manufacturing [25]. It combines the advantages of AM and
remanufacturing and describes a remanufacturing process in which conventional manu-
facturing processes are replaced or supplemented by AM [30, 47]. Specific design rules
exist for both remanufacturing and AM, but so far, only a few approaches address the
combination of the two areas [21, 30]. This paper aims to deduce general design rules
for a “Design for Additive Remanufacturing” (DfAdRem) that specifically address the
additive remanufacturing process by combining design rules of the DFAM and DfRem.
The resulting design rules for DfAdRem make it possible to exploit the potential of
AM in the remanufacturing process. Furthermore, the developed DfAdRem enables the
evaluation of a component with regard to its suitability for AdRem and, based on this
evaluation, provides recommendations for action for re-design.
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Methodology

In the following, the methodology of the present paper is described. After conducting
state of the art on AM and remanufacturing and their characteristics, features, and existing
design rules, the findings and data were collected and analyzed systematically. Figure 1
displays how the data were collected and analyzed.

Data collection

Due to the high number of different design rules, both for AM and remanufacturing, a liter-
ature review on the state of the art in both areas is conducted firstly. Based on the literature
review, an overview of AM as well as remanufacturing and their respective characteristics,
special features, and existing design rules are given. For the development of DfAdRem, the
DfAM and DfRem design rules are contrasted.

Data analysis

In the second step, comparable design rules of DfAM and DfRem were grouped, respec-
tively, in order to avoid multiple considerations of similar design rules. In the third step,
the grouped design rules of the DFAM and the DfRem are compared in the form of a
matrix table in order to evaluate the influence of AM on remanufacturing, whether posi-
tive, negative or neutral. DfAM Design rules that have no influence on the DfRem, or are
strongly process- and plant-dependent, are subsequently excluded from further considera-
tion, as the focus is placed on a generally applicable DfAdRem. In this way, the number
of criteria is reduced once again, and only generally applicable and influential criteria are
considered. For the evaluation of the DfAdRem, both design requirements, the DfAM as
well as the DfRem, are combined. DfAdRem design rules are formed by combining the
DfAM design rules and the DfRem design rules. The result is a DfAdRem matrix which
enables the evaluation of a component with regard to its suitability for additive remanufac-
turing. To be able to adapt the DfRem to the specific use case, a weighting of the DfRem
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Fig. 1 Methodology for developing general DfAdRem design rules
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design rules is added. The DfRem design rules are compared in pairs to find out which of
them is more important for remanufacturing. The weighting also indicates how important
the design rules are for the component. Subsequently, the determined weighting is trans-
ferred into the design rules matrix. In the fourth step, the developed design rules are vali-
dated on a specific part in order to examine the applicability of the developed rules. Within
the framework of the component evaluation, both advantageous DfAdRem design rules,
which exploit the potential of AM, and critical DfAdRem design rules, which can interfere
with or prevent AdRem, are identified. The result of the assessment is used to recommend
actions based on the DfAdRem design rules on how to re-design the component to facili-
tate AdRem. Finally, a summary and outlook regarding the AdRem and the DfAdRem are
given.

State of the art
Additive manufacturing

AM—also known as 3D printing—is a manufacturing process in which a component is
produced by joining material using element- or layer-wise construction based on the data
of the associated 3D model [4, 48]. In order to additively manufacture a component, the
component passes through the three process steps pre-, in-, and post-process. [3, 26, 28,
48] The starting point for AM is always the associated CAD model. If no CAD model is
available, it can be generated by CAD modeling or reconstructed by 3D Digitalization. [3,
28]

The subsequent pre-process includes data preparation, placement of the part in the build
space, generation of support structures (if needed), machine setup, slicing, and preparation
of the AM system. Data preparation is necessary because the CAD model must first be
converted into an interface format to be used in AM systems. After the component model
has been converted, the component is virtually placed into the build space. The software
also generates support structures if required. During machine setup, additional parameters
such as build platform temperature or layer thickness can be adjusted manually. The slic-
ing generates a layer model of the component based on specified parameters. The last step
in the pre-processing is the preparation of the AM system, which includes, for example,
loading the system with the material. [3, 4, 48] The in-process represents the actual manu-
facturing step. The component is built up layer by layer. How the material is built depends
on the AM procedure used. After completion, the component is removed from the build
space and cleaned or unpacked. [3, 28, 48] All working steps that are executed after the
component are removed from the system are assigned to the post-process. For example, the
removal of support structures or powder residues takes place. [28, 48]

In addition to the pre-, in-, and post-process, a post-treatment can be applied “in order
to achieve selected properties, to improve them or to introduce further features” [48].
Depending on the aimed results, different processes are used. For example, if the surface
roughness is to be reduced or the surface of the component is to be compacted, the compo-
nent can be blasted with sand, CO,, or glass beads. Polishing or painting can also produce
the desired surface finish. In addition, post-treatments also affect mechanical characteris-
tics. For example, higher strength can be achieved in the 3D printing process (3DP) by
infiltration. [3]
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Design for additive manufacturing

With the increasing integration of AM into existing process chains, the adaptation of
existing design rules in construction and design is moving into the focus of research and
industry. To fully exploit the potential of AM, further standardization of DfAM and the
development of process and equipment-independent design rules is necessary. [18, 35,
38] “Design for X (DfX) is often used when developing design rules. The “X” reflects
the main requirement of a component. In DfAM, this main requirement is the manu-
facturability of a component using AM. DfAM uses methods and tools that support the
designer in identifying and exploiting the potential of AM. They also include guidance
on how to consider AM-specific restrictions. [26] In addition, some methods deal with
upstream or downstream steps of the design process, such as the subsequent selection of
an AM process [23].

According to Kumke [26], DfAM rules can be restrictive design rules derived from
AM-specific restrictions as well as opportunistic design rules that exploit the potential
of AM. AM-specific restrictive design rules represent certain constraints imposed by the
characteristics of AM and the used equipment. Without consideration of these restric-
tions, the manufacturability of a part is compromised. VDI 3405, for example, describes
restrictive design guidelines for LS, LBM, MEX, or EBM. The restrictive design guide-
lines include minimum wall thickness, component size, minimum gap dimensions,
holes, and the avoidance of islands. Opportunistic design rules focus on the potential of
AM. The goal of these design rules is to support the designer in optimally exploiting the
potential of AM in the form of new design freedoms. [9, 26, 49, 50, 52] Based on the
characteristics of AM, it is also important to consider general design recommendations.
These design recommendations aim, for example, to reduce the stair-step effect and the
optimal use of support structures. [26] Not all AM processes require support structures.
In 3DP, for example, the component is supported by a powder bed, and no further sup-
port structures are necessary. Similar principles are also found in AM processes that use
sand or ceramics as materials. [3, 17] If support structures are required for AM, as is the
case with MEX or LS, they should be avoided as far as possible within the framework
of DfAM [5].

Various design and construction rules are presented in Table 1. It should be noted
that specific requirements and limit values, such as accuracy, dimensional stability,

Table 1 Criteria and DfAM design rules [5, 9, 18, 24, 27, 29, 49-52]

Criteria DfAM design rules

Restrictive Design Rules e Minimum wall thickness
e Minimum and maximum hole diameters
e Minimum gap dimensions
e Maximum component size
o Avoidance of islands

Opportunistic Design Rules o Integration of components and function
o Lightweight design and topology optimization
o Integrated component identification

General Design Rules o Staircase effect

o Support structures
e Component alignment and anisotropy
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surface quality, etc., must always be considered depending on the used process and
equipment [5, 9, 38, 49, 51].

Remanufacturing

Against the background of growing environmental awareness and new national and inter-
national climate targets, remanufacturing plays an important role as part of the circular
economy. Through remanufacturing, flows of goods and materials can be re-circulated,
thus avoiding a large number of residual materials and industrial waste. [11, 36] Emission
and material savings of up to almost 90% can be achieved. Thus, remanufacturing contrib-
utes to reducing environmental impact and conserving resources. According to an estimate,
remanufacturing can save about 800,000 tons of CO, per year. [11]

Due to its large savings potential compared to new part production, remanufacturing
offers not only ecological but also economic advantages. The production costs in reman-
ufacturing correspond from 40 to 65% of the costs of producing new parts. In addition,
energy savings of up to 85% can also be achieved compared to the production of new parts.
[32] Due to the cost savings generated through remanufacturing, a higher profit margin can
be achieved, even with small quantities. This, in turn, is passed on to the end customer in
the form of lower product prices and makes remanufactured products an attractive alterna-
tive to new products. [31] According to leading remanufacturing associations, remanufac-
turing is defined as “a standardized industrial process [...] by which cores are returned
to same-as-new, or better, condition and performance. The process is in line with specific
technical specifications, including engineering, quality, and testing standards. The process
yields fully warranted products.” [12].

According to Steinhilper [43], the remanufacturing process consists of five sequential
steps (cf. Figure 2): (1) Disassembly, (2) Cleaning, (3) Inspection and Sorting, (4) Recon-
ditioning, and (5) Reassembly, which are briefly described below. These five steps are
embedded in the process of quality checks. [39, 41, 43] However, in practice, the sequence
and number of process steps can vary depending on product-specific requirements [46].

Quality Assurance

Entrance diagnosis of the product

Complete Disassembly of the Product

electronic,
Thorough Cleaning of all Parts mechatronic
mechanical [— and
d elect . . ;
and efectro Inspection and Sorting all Parts hydraulic
mechanical
O g
systems

Reconditioning of Parts and/or Replenishment by new Parts

Product Reassembly

Final testing
Fig.2 Primary remanufacturing process steps [7, 43]
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For instance, electronics, mechatronic or hydraulic systems usually require a sixth prelimi-
nary step: “Entrance diagnosis” to determine the cause of non-mechanical faults and to
sort out defective components before entering the remanufacturing process and create addi-
tional costs [7, 16, 31, 39, 40, 42, 44]

In the first step, the product is disassembled into its parts or components. As signifi-
cant damage is eventually caused by unfastening, disassembly cannot be considered as a
reverse assembly. Furthermore, parts that are not suitable (e.g., broken parts) or of low
value (e.g., seals) are discarded at this stage. Secondly, a cleaning process, which includes
a wide range of operations depending on the condition of the parts, is carried out. Thirdly,
inspection and sorting follow to assess the condition of the parts. This involves a combi-
nation of visual inspection for optical assessment and measuring as well as detecting to
evaluate the functional properties. After the inspection process, the parts are sorted into
three groups: (a) neither reusable nor reconditionable, (b) reusable without reconditioning,
or (c) reconditionable. Fourthly, through reconditioning, an as-good-as-new condition of
all pieces is ensured. This step is often the most important but also the most time-intensive
step in the remanufacturing process. If parts are only moderately worn, treatments such
as turning, milling, or grinding can be used. Which process is appropriate for mechanical
reconditioning depends on the part and its requirements, such as dimensional accuracy,
wear reserve, and durability. Thermal treatments can also restore functional properties. The
fundamental objective of remanufacturing is to restore the original standard of all parts
so that the restored parts cannot be differentiated from new components. In the fifth step,
remanufactured and new parts are assembled into “as new” products. Finally, each individ-
ual assembled product undergoes a final functional test. This precision in testing explains
why remanufactured products can be more reliable than new products, of which only a
sample is usually subjected to final testing. [8, 31, 39, 41]

Design for remanufacturing

In order to adapt products for remanufacturing, all process steps, e.g., disassembly,
reconditioning, reassembly, and testing, need to be considered as it is the essential aim
of remanufacturing to reuse as many parts as possible. If a component is not reusable
with or without reconditioning, the ease of cleaning or reassembly will have less value in
remanufacturing. So a lot of effort can be put into product design without achieving the full
expected benefits. DfRem aims to facilitate the remanufacturing process by product design
to facilitate, e.g., disassembly, cleaning, reconditioning, and reassembly. [34] DfRem ena-
bles and promotes the development of products (in the form of assemblies or components)
suitable for remanufacturing by using design rules adapted to specific product and process
requirements. The focus is on the technical design rules required to achieve a high level of
remanufacturability. The individual design rules are, in turn, made up of specific product
characteristics. Based on the design rules listed in the literature and their respective charac-
teristics, Table 2 shows an overview of the DfRem design rules.

Additive remanufacturing

AdRem represents a future-oriented supply strategy for ensuring the availability of spare
parts using additive manufacturing [25]. It combines the advantages of AM and remanufac-
turing and represents a remanufacturing process in which conventional manufacturing pro-
cesses are replaced or supplemented by AM. Until now, in remanufacturing, conventional
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Table 2 Criteria and DfRem design rules [1, 6, 13, 37, 40, 54]

Criteria DfRem design rules

Complexity e Simple design of products/components
e Small number of components per product/assembly
e Small number of joints and joint types per product/assembly
e Use of detachable joint types
o Simple surface structure (low roughness, low porosity, avoid-
ance of complex structures such as lattice structures)

Accessibility e Designing the position and surrounding installation space
of the product/component in a way that is suitable for (de)
assembly

Material o Small number of different materials

o High thermal, chemical and mechanic resistance

Handling o Use of standardized means of transport
o Pick-up points for transport

Condition of Component o Modular design (simplification of component replacement)
o Wear-resistant and durable components (damage, wear)
e Avoidance of sharp corners and edges (contamination)
Testability o Clear identification of test points
e Provide interfaces for testing (electronic products/components)
e Ensure easy accessibility of test points

manufacturing processes have been predominantly used. With the increasing use of AM in
production, they have also become established in the remanufacturing process of individual
products. [30, 47] Compared to remanufacturing, the adapted strategy AdRem is mostly
identical. The difference lies in the extension of the fifth remanufacturing step shown in
Fig. 3. In this extension, the new parts that should replace worn or defective components
are checked to determine whether they can be additively manufactured in a technically eco-
nomic and practical manner. If this analysis shows that additive manufacturing is techni-
cally and economically viable, an adapted “additive remanufacturing” supply strategy is
used for these parts. The additively manufactured parts, which are the result of the additive
manufacturing process, are included as new parts in the remanufacturing process. [25]

Development of DfAdRem rules
Design for additive remanufacturing

In the following, a DfAdRem is developed, taking the design rules of the DfAM and
DfRem into account. DfAdRem is used to derive recommendations for (re)designing com-
ponents suitable for AdRem. Also, it serves as an aid in the design and construction of
components intended for AM and promotes the integration of AM into the remanufactur-
ing process through a remanufacturing-friendly design. Based on a literature review, the
design rules of DfAM and DfRem were first collected (cf. Tables 1 and 2). In the second
step, comparable design rules were grouped. In the third step, the grouped design rules of
the DfAM and the DfRem are compared, and their influence on each other is evaluated.
In the fourth step, the developed design rules are evaluated on a specific part in order to
examine the applicability of the developed guideline.
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fifth step

Analysis of the
components to be
replaced

Additive
Remanufacturing

Additive
Manufacturing
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Remanufacturing process steps

Quality Assurance

Entrance diagnosis of the product

Complete Disassembly of the Product

Thorough Cleaning of all Parts

Inspection and Sorting all Parts

Reconditioning of Parts and/or Replenishment by new Parts

Product Reassembly

Final testing

Fig. 3 Remanufacturing process steps and extension of the fifth step by additive remanufacturing [31]

Grouping the design rules of DfAM and DfRem

To reduce the scope of the design rules to be considered, comparable rules are grouped
together. Table 3 shows the grouped design rules of DfAM and DfRem.

Table 3 Reduced design rules of DFAM and DfRem

Design rules of DFAM

Design rules of DfRem

Restrictive Design Rules

o Geometric restrictions

o Surface quality

e Dimensional and shape accuracy

Opportunistic Design Rules

o Integration of components

o Integration of function

o Lightweight design and topology optimization
o Integrated component identification

General Design Rules
o Support structures
e Anisotropy

Complexity

e Small number of components, joints and joint types
e Use of Detachable joints

e Simple surface structure

e Modular design

Accessibility

Material
e Small number of different materials
© Durability of materials

Handling

Testability
o Clear identification of test points
o Ensure testability
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Comparison of the design rules of DfAM and DfRem

In the second step, the grouped design rules of Table 3 are compared with each other in
order to evaluate the influence of AM on remanufacturing. Table 4 shows the influence of
AM on remanufacturing. DfFAM design rules which have a positive influence are marked
with “+4” or with an “- “ if there is a negative influence. If the design rules do not influence
each other, it is marked with “o0”. Design rules marked with “-/0” (negative or no influence)
and “=+” (positive or negative influence) can only be evaluated in relation to the specific
application. Only with concrete knowledge about the component, as well as the process
and equipment, can an evaluation be made.

The following section describes the influence of DfAM on DfRem. As shown above, the
influence of the restrictive design rules on DfRem design rules is rather low. Additionally,
the restrictive design rules relate to the used process and equipment to manufacture the
part. Therefore, the associated restrictive design rules can only be definitively evaluated
when the used process and equipment are known. Because the developed guideline should
focus on a general DfAdRem, the restrictive design rules are not considered in this paper.
In a complete application-related component evaluation with the associated process and
system selection, the restrictive design rules are important decision-making design rules

and must be taken into account. Furthermore, only positive “+ " or negative “-” influences
are considered.
Table 4 Design rules matrix showing the influence of DFAM on DfRem
From the point of view of Complexity Material Testability
Remanufacturing - DfRem @5
5 - =
5 © = 8
S g 8 z) &
E g 8 s | g S
o 2 E g o) &l
w2 i) e ey = o2 >
cz|l E] 8| B S| E 5 | £
23|22 €|zl &| 8| g =
Ex| s |2 |2 |E|E |2 | 2|8 |8
From the point of view ESIE | | E 2| 2|2 |8 |2, @
of AM - DfAM S 2| 8 g | % gl = £ : (58| 2
5| &|a |S[|2]| 5|8 |2 |58l &
Restrictive Design Rules
Geometric restrictions -/o o o -/o o o o
Surface quality o o o - o o
Dimensional and shape accuracy o o - o o o o
Opportunistic Design Rules
Integration of components + o o - +/- + + + o -
Integration of function + - -/o -o | +- + o +/- 3 +/-
Lightweight design and topology optimization + o - - + + + +/- -/o -
Integrated component identification o 0 -/o [ + + o + + o
General Design Rules
Support structures 0 o - o o o o o o o
Anisotropy o o - o o + = [ 0 0

- negative influence, o no influence, + positive influence, -/o negative or no influence*, +positive or nega-
tive influence*

* can only be evaluated on a case by case basis
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Integration of components

“Integration of components” can reduce the number of individual components as well as
connections in an assembly, which is why “Integration of components” has a positive influ-
ence (+) on a “Low number of components, connections and connection types”. Through
executing the integration of components, several components are consolidated into one
overall component. This eliminates the need to define suitable connection types for indi-
vidual components. The use of “Detachable joints” as a design rule for remanufacturing is
also eliminated. “Integration of components” has a negative influence (-) on the “Modular
design” of the DfRem. If several components are consolidated to form an integral compo-
nent, there is no longer a standard component. It has to be considered that an integral com-
ponent must be replaced as a whole in case of a defect, wear, or destruction. This contrasts
with the idea of remanufacturing, which aims to remanufacture as many components as
possible and lead them back into a new product life cycle. The extent to which the compo-
nent integration is also advantageous in the context of subsequent remanufacturing must be
weighed up specifically for each application. “Accessibility” can be influenced both posi-
tively and negatively (+) by “Integration of components”. On the one hand, fewer indi-
vidual parts have to be (dis)assembled. On the other hand, there must be sufficient instal-
lation space around an integral component to be able to (dis)assemble it completely and
non-destructively. When designing the integral component, it must be ensured that there
is sufficient space in the surrounding installation space to allow the integral component to
be removed from the assembly without damage. “Integration of components” has a posi-
tive influence (+) on “Small number of materials”. The entire component can be made
from one material, and there is no need for additional connecting elements consisting of
different materials to the component. “Durability of materials” is positively influenced
(+) by “Integration of components”, as the previous connections are no longer required
for a consolidated component, and there are, therefore, fewer points of attack for defects.
Another positive effect resulting from this is an improvement in the durability and wear
resistance of the component. When consolidating a component group, it should be noted
that the thermal, chemical or mechanical requirements for material resistance remain if the
material selection is changed. The “Handling” of the components is positively influenced
by the “Integration of components” (+) since there are fewer individual components and,
in this way, reduces the effort for transport and movement of the components. Concerning
“Ensure testability” of a component, “Integration of components” has a negative influence
(-). If components are consolidated to form an integral component, the previously existing
test points are no longer required. Accordingly, new inspection points must be provided.
The testing of integral components can therefore require a higher effort and leads to higher
costs for test methods specially tailored to the integral component.

Integration of function

“Integration of function” can achieve a “Small number of components, connections
and connection types”, which is why the influence of functional integration is rated
positively (4). The design freedom of AM makes it possible to implement functions
that would otherwise be represented by additional components. Since certain functions
can be integrated directly into the component, the number of components, connections,
and connection types is reduced. “Integration of function” has a negative (-) influence

@ Springer



110 Journal of Remanufacturing (2023) 13:99-119

on the use of “Detachable joints”, since connections can be manufactured directly in
the manufacturing process and thus replace detachable connections. Often such inte-
grally manufactured connections cannot be disassembled non-destructively, which is
why in the event of a defect, the entire component must be replaced. “Simple surface
structure” is negatively (-) influenced by “Integration of function” if this makes the
surface structure more complex. A complex surface structure means correspondingly
more effort for cleaning the component and its overall reconditioning. If functional
integration does not influence the surface structure, the design rules are rated neutral
(0). “Integration of function” has a negative or neutral (-/o) influence on “Modular
design”, as it makes the entire component more complex. Also, standard components
can no longer be used (-). Exceptions exist when standard components are given addi-
tional functions without changing the entire component structure, e.g., when cooling
channels are introduced into otherwise unchanged standard components. In such cases,
“Integration of function” has little to no influence on “Modular design” (0). “Acces-
sibility” can be influenced both positively and negatively by “Integration of function”
(+). Depending on the integrated functions, the component is more or less accessi-
ble after function integration. A negative influence (-) exists if function integration
increases the complexity of the component and thus makes accessibility more difficult.
However, a positive influence (+) exists when functions are integrated for better acces-
sibility, such as the use of hinges to make the component more movable and hence
facilitate accessibility. By “Integration of function” a “Small number of materials”
is achieved (+). By embedding the functions in the component, no additional compo-
nents and thus no additional material is required to produce the function. For “Han-
dling”, the same findings apply to “Accessibility”. Hereby, too, a positive or negative
influence (+) can be detected depending on which functions are integrated into the
component and which requirements have to be considered during transport and move-
ment. On the one hand, “Integration of function” has a positive (+) effect on “Ensure
testability”, if it consists of ensuring or facilitating the testability of the component.
On the other hand, there is a negative influence (-) because the more functions a com-
ponent fulfills, the more complex its testing is. The reason for this is that each function
must be tested individually, and standardized test procedures cannot always be used.
How accurately a component can be tested depends on how well the individual func-
tions can be tested separately.

Lightweight design and topology optimization

“Lightweight design and to pology optimization” in AM make it possible to manufacture
corresponding lightweight structures in the form of a component without separate join-
ing technology. In this way, a “Small number of components, connections, and connec-
tion types” can be realized, which is why a positive influence occurs (+). The surface
structures of the components are often more complex for “Lightweight design and to pol-
ogy optimization” than they are for conventional manufacturing. Lightweight design, for
example, uses grid structures to save weight and, at the same time, creates stability. Com-
pared to simple structures and smooth surfaces, cleaning grid structures is associated with
higher effort and higher costs. In order to counteract, lattice structures should be enclosed
by a smooth surface, i.e., the lattice structure should be located inside the component and
not accessible from the outside. The same applies to topology optimization since similar
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structures are used in this case. Due to this, the influence of “Lightweight design and to
pology optimization” on the “Simple surface structure(s)” is evaluated negatively (-).
Thereby, the potential of lightweight design and topology optimization in AM is offset by
the increased cleaning effort in the remanufacturing process. An assessment and weigh-
ing of costs and benefits must therefore be carried out. Since “Lightweight design and to
pology optimization” changes the component shape, “Modular design” is generally no
longer possible, and a negative influence can be found on the DfRem (-). “Lightweight
design and to pology optimization” can save material, which reduces the component size
and therefore has a positive (+) effect on “Accessibility”. “Lightweight design and to pol-
ogy optimization” can be used to create component areas with different properties without
having to introduce additional materials, e.g., for damping or reinforcement. Therefore, the
influence of “Lightweight design and to pology optimization” on “Small number of mate-
rials” is evaluated positively (+). The same applies to “Durability of materials”, which
can be improved by topology optimization (+). Topology optimization can thus improve
the durability and wear resistance of a component. Concerning “Handling”, “Lightweight
design and to pology optimization” can have both a positive and negative influence ().
Depending on the different structures that are used, the parts must be handled more care-
fully during transport and movement (-) (e.g., in the case of open structures without a cover
layer) or are less demanding to handle (+). Hereby, material selection plays a role as well,
as plastic components are more sensitive to impacts than metal components. This must be
taken into account when selecting materials and processes. The “Clear identification of
test points” can be negatively influenced (-) by “Lightweight design and to pology optimi-
zation” However, it can also remain without any sort of influence (o). If there is not enough
space for marking, e.g., due to grid structures, there is a negative influence. Whether and
what influence is present can only be assessed on a case-by-case basis. “Ensure testability”
is negatively influenced (-) since testing becomes more complex as the complexity of the
component increases, and standardized test methods often cannot be used.

Integrated component identification

A “Simple surface structure” can be negatively influenced by “Integrated component iden-
tification” (-) since the application of marking results in sharp corners and edges. These, in
turn, are more difficult to clean than smooth surfaces. The extent of the influence depends
on the location where the marking is applied as well as how important cleanliness is in
these component areas. If the cleanliness of the area is rated as less important or if the
influence is low, there may also be a neutral rating in this case (0). “Integrated component
identification” has a positive influence (+) on “Accessibility”. By attaching work instruc-
tions, such as the disassembly sequence, accessibility can be facilitated. The number of
different materials can be positively influenced (+) by “Integrated component identifica-
tion”. A positive influence (+) on “Small number of materials” arises from the fact that
no other material, such as e.g., signs or stickers, is required for the identification mark-
ing, which means that the number of materials can be reduced. An “Integrated component
identification” has a positive influence (+) on “Handling”, since instructions for handling
can be attached directly to the respective component and are, hence, immediately visible.
The “Clear identification of test points” is also simplified by the “Integrated component
identification” and is therefore evaluated positively (+). Test points are clearly marked and
thus simplify testing.
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Support structures

“Simple surface structure” of a component is negatively (-) influenced by “Support struc-
tures”. The influence of the support structures relates, in particular, to the surface quality.
At the contact points between the component and the support structure, the component sur-
face is more rough compared to the rest of the surface of the component. Generally, after
the removal of the support structures, the components are reworked to produce the desired
surface finish.

Anisotropy

With regard to “Simple Surface Structure”, the influence of “Anisotropy” is to be evalu-
ated negatively (-) due to the fact that anisotropy causes higher surface roughness. Areas
with higher surface roughness are, in turn, more difficult to clean compared to areas with
lower surface roughness. This also increases the potential for wear and tear. “Anisotropy”
can be used to achieve a “Small number of materials”, which is why there is a positive
influence (+). Through the targeted use of component alignment and anisotropy, different
material properties can be generated in a component and within a material. “Anisotropy”
has a negative influence (-) on “Durability of materials”, since unintentional deviations in
material properties have a negative effect on the material’s resistance. This must be taken
into account when selecting the AM process and system.

For the evaluation of the DfAdRem, both design requirements, the DFAM as well as the
DfRem, are combined. DfAdRem design rules are formed by combining the DfAM design
rules and the DfRem design rules. Table 5 shows the developed general design rules for
DfAdRem in the DfAdRem matrix.

Table 5 Developed general design rules for DfAdRem in the DfAdRem matrix

From the point of view of Complexity Material Testability
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§ = %
<
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g 4 3] 5] o= =
3 & g g ) g
& 2 7] ) 5] =] 2
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Opportunistic Design Rules
Integration of components + 0 o - +/- + + + 0 -
Integration of function + - -/o -/o +/- + o +/- 0 +/-
Lightweight design and topology optimization + - + + + +/- -/0
Integrated component identification o o -/o o + + o + + o
General Design Rules
Support structures 0 0 - 0 0 0 0 o 0 0
Anisotropy 0 0 - 0 o + - o 0 o

- negative influence, o no influence, + positive influence, -/o negative or no influence*, + positive or nega-
tive influence*

* can only be evaluated on a case by case basis
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In addition to the influence of the DfFAM on the DfRem, the weighting of the individ-
ual design rules of the DfRem must also be taken into account. By weighting the DfRem
design rules, they can be adapted to the specific application and its requirements for the
component. The DfRem design rules are compared in pairs to find out which of them is
more important for remanufacturing. The weighting also indicates how important the
design rules are for the component. If a design rule has a value of 0, it is less important
than the comparable design rule. If it has a value of 2, the design rule is more important.
If the value is 1, both design rules are considered equally important. The values are then
summed up and put into relation. Subsequently, the determined weighting is transferred
into the design rules matrix.

Validation

The increasing popularity of electro-mobility is, e.g., reflected by the rising number of elec-
tric bicycles in Germany. The bicycle industry is growing steadily and generated a turnover
of 6.4 billion EUR in the German market in 2020. In Germany, almost two million electric
bicycles were sold, which represents a milestone for the industry. [56] The number of elec-
tric bicycles sold per year increased by 800% in the past decade, confirming the market
growth [55]. In order to create a sustainable and closed product cycle, the investigation of
the suitability of remanufacturing and, in particular, of AdRem in the bicycle industry is of
high importance. In the following, the developed guideline is validated using the example
of the electric motor as part of the motor of an electric bicycle. The mid-drive motor con-
sists, among others, of several gears that are used for power and torque transmission. [22]
The high level of variety and the low quantity are a challenge for remanufacturing as well
as the lack of standardization. So far, there are no standardized spare parts for gears, as the
components differ from manufacturer to manufacturer and between individual product vari-
ants. Due to the low degree of standardization and the high level of individual component
design, the AdRem is of high potential for gears. [19] The gear was additively manufactured
within the research project AddRE-Mo. The original gear was made of thermoplastics and
was digitalized using a cad program. Due to the requirements of low noise emission and
low manufacturing costs, the gears should continue to be made of polymer material. Due to
the requirement of high elongation at fracture, which is based on the risk of sudden failure
of an electric motor as a result of brittle gear fracture, thermoplastics should continue to be
used as the material. Thermoplastics can be processed using the additive manufacturing pro-
cesses MEX, PBF-LB/P, and MJF/HSS. The aim was to determine the optimal AM process
and material. [15]

In addition to the influence of the DfFAM on the DfRem, the weighting of the individual
design rules of the DfRem must also be considered. By weighting the DfRem design rules,
they can be adapted to the specific application and its requirements for the component. The
weighting indicates the importance of the design rules for the component. In the first step, the
DfRem design rules are compared in pairs in order to figure out which is of greater impor-
tance for remanufacturing. If a design rule has the value 0, it is less important than the com-
pared design rule. With a value of 2, the design rule is more important. If the value is 1, both
design rules can be seen as equally important. The values are then summed up and put into
relation. Accordingly, the maximal reachable value is 18 (resp. weighting 0.20), and the mini-
mum value is O (resp. weighting 0). Design rules of high importance can be detected if the
sum of the values is greater than nine resp. the weighting is greater than 0.10. The weighting
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of DfRem design rules for the gear is shown in Table 6. As one can see, “Durability of mate-
rials”, “Simple surface structure”, “Small number of materials”, “Detachable Joints” and
“Accessibility” are the most important DfRem design rules for remanufacturing.

In the second step, the determined weighting of the use case-specific DfRem criteria was
transferred, and the influence of DfAM on DfRem is evaluated in the DfAdRem matrix shown
in Table 7. As one can see, e.g., “Small number of materials”, which is of high importance
for DfRem, is positively influenced by almost every DfFAM design rule. However, “Simple
surface structures”, which is also of high importance for DfRem, is negatively influenced by
three DfFAM design rules. These critical design rules represent an obstacle for the AdRem and
must be optimized by a (re)design. In the use case of the gear, all DfFAM design rules with a
negative influence on high-weighted DfRem design rules such as “Integration of function”,
“Lightweight and topology optimization”, “Support structures” and “Anisotropy” must be
improved in order to enable and facilitate the application of AdRem.

In the third step, recommendations for action must be derived from the available findings. For
the re-design of the “Simple surface structure”, a reduction of “Lightweight design and to pol-
ogy optimization” can be considered first. However, since other criteria with a high weighting
(“Accessibility”, “Small number of materials”, “Durability of materials”) are positively influ-
enced, this would not be the best solution. Though, reducing the number of support structures is
a good way of improving the surface structures. But it needs to be considered that the complexity
of the component determines the extent to which support structures can be reduced. Nonetheless,
anisotropies should be avoided as far as possible. However, the degree of anisotropy can only be
analyzed when the component is manufactured. In order to reduce anisotropy, adapted compo-
nent orientation in the build space can be useful. Another possibility to improve surface struc-
tures is the post-processing of the part, which would be preferable here. The exact choice of the
finishing process depends, above all, on the material of the component and the degree of surface

Table 6 Weighting of DfRem design rules for the gear as part of the electric motor of an electric bicycle
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Table 7 DfAdRem matrix for the gear as part of the electric motor of an electric bicycle
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finish required. Also, with regard to “Durability of materials”, which is negatively influenced by
“Anisotropy”, the anisotropy can only be conclusively assessed during production. It must also
be taken into account how significant the anisotropy is for the application. If it is negligible, no
actions need to be taken. The negative influence of “Integration of function” on “Detachable
Jjoints” can only be reduced by reducing functional integration with regard to the connection
design. Here, it should be checked whether the weighting is set too high since there are usually
no connections on the gear that involve functional integration of connecting elements (such, for
example, in the case of functional integration of different components to form a coherent assem-
bly with non-detachable hinge connections).

The criteria with negative influence but low weighting need to be considered in detail. With
regard to the negative influence of “Integration of components” and “Lightweight design and
to pology optimization” on “Modular design”, this is only to be taken into account if a modu-
lar design exists. This is not the case here due to the low degree of standardization of the gear.
For the gear, “Ensure testability” is weighted very low, which means that testability is not
of great importance. Accordingly, the negative influence of “Integration of components” and
“Lightweight design and to pology optimization” on “Ensure testability” can be neglected.

Conclusion and outlook

AdRem, as a combination of AM and remanufacturing, represents a relatively new production
method. It integrates AM into the remanufacturing process, which opens up new possibilities
for remanufacturing and its fields of application. However, the use of AM in remanufacturing
requires specific design rules that take into account the requirements of both manufacturing
methods. The aim of the paper has been met by developing a DfAdRem matrix that combines
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both the design rules of the DFAM and the DfRem, and thus allows the exploitation of the poten-
tials of AM in the remanufacturing process. The resulting DfAdRem matrix enables the evalua-
tion of a component with regard to its suitability for AdRem. It provides information on advanta-
geous and critical DfAdRem design rules and presents recommendations for action. In order to
validate the developed guideline, it has been applied in the electric bicycle sector using the exam-
ple of gears as part of an electric bicycle mid-drive motor. The validation has shown that the
guideline and, in particular, the design rules enable the evaluation of a part aimed to be produced
by additive manufacturing within the remanufacturing process. It furthermore gives advice on
how to optimize the design of the part in order to facilitate AdRem. With regard to the DfRem
design rules, it can be considered to delete “Modular design” when evaluating AdRem, as it
is only influenced by DfAM to a minimal extent. The potential of AM can be realized mainly
with complex components and, at the same time, with high-cost efficiency. In contrast, modular
components require a high degree of standardization, which is why conventional manufacturing
is often the better alternative for these components. In general, modular components can also be
manufactured using AM. However, this is only more cost-effective than conventional manufac-
turing for small quantities. A more detailed consideration of the role of modular construction for
the AdRem and, in particular, the DfAdRem would be a topic for future studies.
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