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ABSTRACT ARTICLE HISTORY
This article describes the process of topology optimisation (TO) of Received 22 October 2022
three components of an electric scooter, namely the neck, platform, Accepted 19 April 2023

and suspension bracket. We use these example parts to investigate KEYWORDS
the additive manufacturing (AM) workflow, from re-design to nest-  p4qitive manufacturing;
ing and support approach that has an impact on the total costs and topology optimisation;

time required for product development and manufacturing, with a lattice structures; direct
focus on Direct Metal Laser Sintering (DMLS) technology. Due to metal laser sintering; finite
the mathematically generated shape, components that are topol-  element analysis

ogy optimised and fabricated through AM have improved structural
load-to-weight ratio. The article elaborates on the cost of manufac-
turing these new geometrical structures and re-designing existing
components. Recognising topology-optimised design features for
the LPBF manufacturing process like creating touch points between
parts in 3D nesting orientations and lattice structure integration
reduces cost in volume production. Our study shows that it is ben-
eficial for the DMLS process to perform finite element analysis (FEA)
and optimise components using TO and lattice structures, as weight
reduction also translates to cheaper fabricating parts. Defining and
implementing a streamlined workflow for editing the complex auto-
matically generated support structures improves manufacturability.
Such approaches encourage companies to adopt wider LPBF pro-
cesses in mainstream industries.

Abbreviations: AM = additive manufacturing; DMLS = direct metal
laser sintering; TO = topology optimisation; SLS = selective laser
sintering; FEA = finite element analysis; CAD = computer-aided
design; CAM = computer-aided manufacturing; 3D = three dimen-
sion; CAE = computer-aided engineering

1. Introduction

Traditionally, there are available methods and manufacturing processes used for achieving
weight reduction and strength improvement in manufacturing industries. For instance, the
cold rolling process can be deployed to improve the tensile strength and microhardness of
products due to density dislocation and applied strain (Rahmatabadi et al. 2021). Another
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process known as superimposing ultrasonic vibrations contributes to increasing hardness
and reduction in the average grain size of products (Najafizadeh et al. 2021). Moreover,
metal matrix composites exhibit a high ratio of strength with weight and excellent wear
resistance. Furthermore, a forming process also focuses on designing lightweight material
by replacing the primary material with another material with improved weight character-
istics (Rosenthal, Platt, and Holker-Jager 2019; Prabhu et al. 2020; Rosenthal, Maal3, and
Kamaliev 2020). On the other hand, AM or 3D printing sometimes called also direct digi-
tal manufacturing, is a manufacturing technology, which enables companies to produce
components from the digital design without traditional tooling or molds required. These
technologies produce components by joining volume elements in layered deposition or
solidification (Gibson, Rosen, and Stucker 2010; Pradel et al. 2018b).

AM technology, which was originally introduced in the late 1980s to facilitate rapid
prototyping, has applications in low-volume production across various industries such as
aerospace, aviation, the medical industry, etc. (Wohlers and Wohlers, 2013). AM design
engineers are coming across new challenges, such as the growing complexity of designing
components and the requirements for lighter parts that can bear the same physical forces
(Prabhu et al. 2021).

One solution is to use the advancement in TO to achieve optimal structural performance.
The TO algorithm takes the 3D model, boundary condition, loading, and performance
objectiveness as input to optimise the structure of the chosen parts (de Siqueira, Mozgova,
and Lachmayer 2018; Montemurro 2022). AM market has been growing steadily over the
last decade and also its designing tools have evolved in terms of ease of use, computational
capabilities, and affordability.

Due to the wide number of possible applications across various industrial sectors, there
is a need for comprehensive case studies on parts to investigate where this technology is
applicable, based on its capabilities and cost. Current studies show that AM is suitable for
low and medium-size production volumes and highly customised products avoiding the
need for special tooling. In addition, for products that have been ramped down or in spare
part supply chains, 3D-printed parts can become economically viable. (Jia et al. 2016; Pradel
et al. 2018a).

This article examines the process of re-designing electric scooter parts using TO and lat-
tice structures integration to generate lightweight optimised components for DLMS manu-
facturing, that can be retrofitted to the vehicle. A cost comparison is done between additive
and subtractive production processes. We also consider different nesting strategies for
manufacturing and analyze how they affect the price.

2, Literature review
2.1. Topology optimisation and lattice research

AM originated as rapid prototyping technology (Gao et al. 2015; Gibson 2017). It is used
to create complex shapes, building a part layer by layer (Pereiraa, Kennedy, and Potgi-
eter 2019). All AM processes use digital 3D models. Both the manufacturing interface and
material deposition are fully computer-controlled. In contrast, subtractive manufacturing
techniques remove material through various operations such as machining, drilling, or
grinding techniques. In general, AM allows for greater freedom of design compared to
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traditional manufacturing (Conner 2014). TO is a computer-assisted method deployed in
product development for design optimisation (Sigmund and Maute 2013; Schuh et al. 2020;
Roiné, Montemurro, and Pailhés 2021; Bertolino and Montemurro 2022).

2.1.1. Topology optimisation by isotopic material

TO assist the designer to achieve optimal distribution of structure or material according
to a set of constraints. This final structure is eventually optimised by developing several
voids and solid areas within the designing domain according to the forces acting upon the
model. In general, any optimised design initiates with minimum design compliance. TO
aims to generate a complex structure with less weight along with maintaining the required
stiffness and compliance. (Van Dijk, Langelaar, and Van Keulen 2010). Allaire, Bihr, and
Bogosel (2020) proposed a shape and topology optimisation algorithm, which was based
on the level set method and shape derivatives computed by the Hamamard method to min-
imise the structural volume of products while maintaining efficiency. Montemurro and Refai
(2021) proposed a Non-Uniform Rational Basis Spline (NURBS)-based Solid Isotropic Mate-
rial with Penalization (SIMP) method to deal with heat conduction problems formulation of
a CAD-compatible topology optimisation method. Costa et al. (2019, 2021) studied a broad
topology optimisation approach that is based on a fusion of the NURBS hyper-surfaces
formalism and a well-known density-based method.

2.1.2. Evolutionary structural optimization (ESO) and bi-directional evolutionary
model optimisation (BESO) methods

Xie and Steven (1993), first introduced the evolutionary structural optimisation (ESO)
method. The basic principle of ESO is related to a simple and empirical concept of a struc-
ture evolving into an optimal condition by slowly removing (hard-killing) elements with the
lowest stresses (Xie and Steven 1994). Different kinds of structural problems are solved by
using the ESO model and the results are matched with the solutions through traditional
optimisation models (Huang and Xie 2008). The ESO method is very easy to programme in
a software package. Moreover, in this area have been developed different kinds of meth-
ods try to improve the algorithm in TO. However, we should underline that if that material
is being removed from the beginning of the algorithm, the ESO is not capable of recov-
ering elements that have been deleted in advance. The bi-directional evolutionary model
optimisation (BESO) approach is an extension of the first idea of (ESO) that allows the addi-
tion of new elements in the locations next to those elements with the highest stress (Yang
et al. 1999; Huang and Xie 2008). This ESO-BESO model has been used in a wider variety of
applications (Zuo, Xie, and Huang 2009).

2.1.3. Lattice structures
A lattice is considered a design structure, generated through repeating a unit cell. Lattices
are used by design engineers to replace solids inside a part (Derakhshanfar et al. 2018; Mon-
temurro, Bertolino, and Roiné 2021). It is possible to remove material from some non-critical
areas of any component while keeping the required stiffness. It is generally estimated
that lattice integration can reduce the total mass by up to 90%. Different types of lattice
structures exist, based on various characteristics like self-support or aesthetics.

Research on intricate and intriguing lattice structures has grown and major CAD design
software updated versions have their integration included as a standard feature. Using
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(DMLS) technology self-supporting lattice structures can be directly manufactured from a
range of metal powders including aluminum. Quaddiametral lattice is self-supporting in
DLMS and the only available type as integration inside the TO structure for the chosen
software. Quaddiametral lattice was used in the case because it is self-supporting in the
DMLS process and its range of unit cell volume and size fraction can vary based on the TO
solution.

It is noticed that the mechanical behaviour of the 3D printed structures is depen-
dent on both the relative density and intrinsic material properties. Various lattice struc-
tures are 3D printed and tested under both static and dynamic loading, which shows
interesting results. For instance, octet-truss lattice structures were tested through spe-
cific Energy Absorption (SEA) of the lattice structures that resulted in increased mono-
tonically with relative density. Maskery et al. looked at the mechanical behaviour of
ALSi10Mg lattices that were graded and uniform under quasi-static loading. The find-
ings suggested that graded lattice architectures were favourable for absorbing energy.
Through experimental testing and numerical simulation, Xiao et al. examined the quasi-
static and dynamic compressive behaviour of the Ti-6Al-4V lattice structures. The find-
ings indicated that there was some relationship between the peak stress and the rate of
loading.

2.2. Design for additive manufacturing (DfAM)

Rapid prototyping or additive manufacturing (AM) is a production method that uses a 3D
printer to build parts through digitally controlled layer-by-layer deposition (Kumar et al.
2019). It is considered one of the most promising technologies for the future. By minimis-
ing material waste and time to market, the AM technique is a technology that claims to
lower part costs. Additionally, AM can enhance design flexibility and options, which reduces
weight and makes it easier to produce complex parts (Coykendall et al. 2014; Karayel and
Bozkurt 2020; Prabhu et al. 2022). Design for additive manufacturing (DfAM) can be an
updated version of traditional design for manufacturing and design for assembly, which
requires different types of features with various constraints (Pradel et al. 2018b; Fillingim
et al. 2020). To implement DfAM, vast knowledge of design guidelines, process specifics,
essential tools, and post-process treatments is needed.

Laverne et al. (2015) compare the outcomes of the introduction of DfAM knowledge to
three groups of designers: (1) a control group without DfAM knowledge, (2) novice design-
ers exposed to DfAM information through memos and artifacts, and (3) novices paired with
AM specialists. Similarly to this, Fillingim et al. (2020) talk about how designers with different
degrees of expertise perform when DfAM information is introduced through design heuris-
tics. They note that when given DfAM criteria, professionals in the sector produced more
innovative concepts than inexperienced student designers. Another study by Hwang et al.
(2020) compares the effects of delivering DfAM-based design principles on the ideation per-
formance of novice and expert designers. In their experiment, they found that when given
the DfAM principles, experienced designers produced concepts that were more original
than those of less experienced designers. DfAM is evolving as metal 3D printing machines
excel in use in sectors like automotive, aeronautic, and medicine (Salem, Abouchadi, and
Elbikri 2020). Paul and Ginson studied DLMS in the bicycle industry using stainless steel 316
and titanium 6Al.4V as the baseline material.
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2.2.1. Advantages of additive manufacturing

AM offers several fundamental features which lead to significant advantages over conven-
tional manufacturing methods and act as the driving force behind its growth. With the
advantages of this technology, metal materials have advanced greatly in addition to poly-
mer materials. Numerous different metals, alloys, and ceramics can be processed using it
(Sames et al. 2016; Gardner 2023). Some of the advantages of AM are shorter lead time, cus-
tomised design, functionally optimised products, quicker design change, lower inventory
level, waste reduction, small production batches, etc. Mass customisation and parametric
designs can be achieved in AM because there is no need for making additional molds or
extra tools.

Both metallic and non-metallic products are printed using AM technology. The design-
ers enjoy almost unrestricted freedom to design through AM principle, which is cost-driven
(Atzeni et al. 2014; Hagedorn et al. 2019). AM is evolving with various processing mech-
anisms to strengthen its quality, for instance, in the laser sintering mechanism, where
metallic or non-metallic components are developed through a fusion powder bed to man-
ufacture components layer by layer (Ngo et al. 2018; Sonkamble and Phafat 2023). It is
possible to develop various complex components with AM machines. It is also possible
to change the internal topology of the components by reducing weight but improv-
ing stiffness while maintaining the functional specifications. Such developed compo-
nents offer higher mechanical performance in terms of their weight, which is impossi-
ble to do with traditional processes (Salem, Abouchadi, and Elbikri 2020; Praveena et al.
2022).

This AM technology has been widely applied in the aerospace industry to design and
develop critical components with optimised stiffness and quality (Townsend et al. 2018;
Aage et al. 2017; Opgenoord and Willcox 2019; Madhavadas et al. 2022). Synthetic bone
has been designed by AM, where new biomedical lattices are produced to improve the
functionalities of intervertebral fusion devices (Barba, Alabort, and Reed 2019; Yan et al.
2019; Jahadakbar et al. 2020; Rouf et al. 2022). AM also shows substantial progress in the
food industry for food design and food manufacturing (Portanguen et al. 2018; Scheele,
Binks, and Egan 2020). In recent days, 3D printing is considered one of the most promising
technologies for the future. This up-to-date technology is widely used for several purposes
such as building walls, human implants, medicines, and even the food industry (Li et al.
2022; Gardner 2023; Awad et al. 2023; Makhesana and Patel 2023).

In general, it is expensive to design and develop a single product rather than mass-
customised products. Moreover, the production cost of a product becomes cheaper when
it is produced from the same machine or follows the same manufacturing process. This
phenomenon is known as ‘economy of scale’ (Dawson 2006). In general, in the traditional
manufacturing process, the majority of the costs are involved in tooling costs as well as
mold costs. The principle of 3D printing is suitable for producing products in a single piece
or small batch. In terms of cost, the economy of scale for 3D printing does not change
from producing one product to millions of products (Anderson 2012; Costabile et al. 2017;
Cardeal, Leite, and Ribeiro 2023).

2.2.2. Limitations of additive manufacturing
There are undoubtedly many advantages, including the capacity to print intricate struc-
tures, design freedom, ease of use, and product customisation using AM. However, AM
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technology has not yet developed to the point, where it can be used in practical applica-
tions. There have been downsides and difficulties that call for further inquiry in addition to
technological advancement (Abdulhameed et al. 2019). The limitations or challenges that
require more research and analysis include the cap on part size, anisotropic mechanical
properties, construction of overhang surfaces, high costs, poor manufacturing efficiency,
poor accuracy, warping, pillowing, stringing, gaps in the top layers, under-extrusion, layer
misalignment, over-extrusion, elephant foot, mass production, and restrictions on the use
of materials (De Jong and de Bruijn 2013; Chen, He, and Yang 2017). Additionally, AM tech-
nologies can be identified in a limited range of raw materials, parts certification, quality
assurance, finishing and post-processing, the high price of equipment, and the limitation
of machine build volume, especially for metal AM (Khajavi et al. 2015).

Moreover, the emergence of the staircase effect or stacking mistake in the produced
parts is one of the main hurdles in the AM process. For internally manufactured surfaces,
this kind of inaccuracy is negligible, but it significantly lowers the quality of external sur-
faces. Although there are other procedures (post-processing), such as sand sintering, that
can be used to reduce or eliminate this defect, doing so also lengthens the process and
raises the cost (Abdulhameed et al. 2019; Maleki et al. 2021). Furthermore, the difficulty of a
tiny build volume is something that AM technology users must also contend with. It is seen
to be one of the primary drawbacks of AM technology. Generally, the huge components are
reduced in size or divided into smaller pieces, which takes more time and work. Most of the
time it is neither practical nor efficient to scale down the model. If adhesives are utilised,
the assembled subparts have reduced strength after scaling down, or they become bulky if
mechanical fasteners are used (Easter, Turman, and Sheffler 2013; Gao et al., 2015).

3. Re-design parts comparison, results, and analysis
3.1. Re-designing the scooter ‘neck’ connector

For this part, we are using TO and lattice integration to generate a design optimal for DLMS
production. FEA analysis was used for checking the stiffness after the optimisation. After
designing the ‘neck’ using CAD software NX Siemens, the process continues with Altair
Inspire software (FEA and Optimization for Design Engineers). The main goal of the per-
formed TO process is to decrease the weight while retaining the load case. To fulfill this
objective, the part is defined in the design space to remove the necessary material. There-
fore, in Figure 1 (b), the first task is defining the area that is considered to be partitioned out
and is not considered in the optimisation.

After defining the design space, the process then moves forward to define fixtures, which
are at the end of the part. The definition and directions of the physical forces, contact points,
and surfaces are described in the user interface. The necessary load is then applied from
both sides. The amount of load is considered 1500N. Such loads are generated externally
for one moment in the entire part. Figure 1 (b) displays the design space, force loads, and
partition out.

Initially, AL Aluminium was selected for the TO redesign, being lighter not rusting metal,
commonly used in the DLMS process and automotive industry. However, being highly
reactive, it is more demanding in manufacturing means and 3D printing requires Argon
Gas, ATEX-certified storage and printing facilities. Compared to SS Stainless steel 316L
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Figure 1. (a) Display of E-scooter neck part (dimensions 17012065 mm) before necessary modifica-
tion (b) Display of defining TO design space, force loads, and partitions out of the neck part (c) is a view
of the neck after TO and variable quad lattice integration and (d) displays the platform.

Table 1. Results from four types of optimisation of scooter neck.

Name Objective of analysis Value Weight kg.  Factor of safety
The original part before 0.132
re-design
Optimisation 1 Maximum stiffness Reducing the design space 0.079 >15
volume by 60%

Optimisation 2 Maximum stiffness Using full design volume 0.086 <15
Optimisation 3 Minimum mass Using full design volume 0.083 >15
Optimisation 4 Uniform tetra lattice integration  Using full design volume 0.062 >15

which can be printed using Nitrogen and is a less expensive material, redesigned part
manufacturability test was done using SS 316L.

AL Aluminium

Elastic Modulus (N/mm2) 0.70 - 105

Poisson’ s Ratio 0.35

Density (tonne/mm3) 2.70 - 10-19

Yield strength (N/mm2) 35

Ultimate strength (N/mm2) 90

Four alternative optimisation scenarios are generated and presented in Table 1. It shows
the results of four different types of optimisation processes, which can be explained as
follows:

The first optimisation (optimisation 1) attempts to reduce the weight of the neck. From
Table 1 itis seen that the goal in Optim 1 is, a) to achieve maximum stiffness, and to reduce
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(a) (b)

Figure 2. Optimisation 1 with maximum stiffness and 40% total design space(a) and (b) results from
FEA.

(a) (b)

Figure 3. Optimisation 2 results with (a) maximum stiffness and total target and (b) result from FEA.

60% of the total volume, and b) to conduct FEA, which was done by using Inspire software,
as displayed in Figure 2. Based on Table 1, it is seen that this optimisation option should
execute a factor of safety of more than 1.5. The component is tested under specific loading
conditions to ascertain its reaction.

Figure 2 also displays the limit of the scale stress factor, which is presented in red colour.
Inspire software also supports the visualisation of stress through animation.

In the second optimisation (optimisation 2) the procedure is very similar to the first opti-
misation, except it runs with the value of TO. From Table 1, it can be seen that the total mass
is reduced to 0.086 kg. Table 1 also shows that the factor of safety is reduced to less than
1.5. Figure 3 displays Optimisation 2 with its objectives, which are a) to achieve maximum
stiffness, and b) to conduct FEA.

In the third optimisation (optimisation 3) Figure 4 the objectives are a) minimum mass,
and b) to conduct FEA. In this optimisation process, the same load of 1500N is applied with
aweight of 0.083 kg. The same load as TO is applied to the FEA analysis, which gives a factor
of safety of more than 1.5.
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(@ (b)

Figure 4. Display of third optimisation (Optimisation 3) attempt with (a) minimum mass and maximum
stiffness, and (b) results from FEA.

(b)

Figure 5. Display of optimisation 4 with (a) lattice structure integration and (b) results from FEA.

In the last optimisation (optimisation 4), work is continued on the part to improve its
strength further by deploying a lattice structure. This lattice structure was adopted to
reduce its weight while increasing its stiffness with a factor of safety of above 1.5 Figure 5
displays the simulation results through the colour of the part (almost fully blue).

To advance to the next step of optimisation, the neck part is processed with the
PolyNURBS feature that allows for automatic wrap optimisation results with PolyNURBS.
A PolyNURBS object represents geometry as a NURBS surface surrounded by a transparent,
qguad-only, poly mesh cage. The shape of the PolyNURBS object is the result of the modi-
fications made to the cage, which can be manipulated using the cage’s faces, edges, and
vertices. Altair Inspire software offers the necessary support to continue with this process.
However, due to the advanced 3D model, two different odd-optimised shapes of the cylin-
der were produced, as seen in Figure 6. Due to the complex nature of the part, its 3D model
is again transferred to NX software to build the part faster with more accuracy in thickness
and shape.
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(@ (b)

Figure 6. Neck part with (a) 3D model TO by Inspire software, and (b) 3D model by NX software.

Figure 7. TO and lattice integration in the design of the neck

After that part design is adjusted for manufacturability using the polyNURBS tool to
smoothen the voxels and assure unibody, variable in size and thickness lattice structure was
integrated inside the solid body as seen in Figure 7. Quaddiametral lattice is self-supporting
in DLMS and the only available type for integration inside the TO structure for the chosen
software.

3.2. Re-designing the scooter platform with lattice integration

The same process is applied to the scooter platform (dimensions 90025050 mm) except
due to its low thickness TO is not considered. We tried to achieve optimisation using lat-
tice structure integration and analyses through FEA. Different types of optimizations for
the scooter platform are presented in Table 2 displays the attempts made to achieve the
best results in terms of weight-saving while exceeding the 1.5 safety factor.
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Table 2. Different types of optimisation of scooter platform.

Name Objective of analysis Value Weight kg. Factor of safety
The original part before 0.235
the optimisation

Optim 1 Lattice integration Reducing the volume by 70% 0.165 >15
Optim 2 Lattice integration Using full design volume 0.186 <15
Optim 3 Lattice integration Using full design volume 0.177 <15
Optim 4 Lattice integration Using full design volume 0.195 >15
Optim 5 Lattice integration Using full design volume NX 0.165 >15

Siemens lattice generator

As stated, TO is not considered for the scooter platform, but the goal is to have gaps in
it. The weight of the part is reduced by replacing its solid base mass with a lattice structure.
Various lattice optimisation analyses were run based on the goals, as presented in Table 2.

Figure 8 displays various optimisation options for the scooter’s platform base along with
the corresponding simulation Figures.

Figure 8 shows the objectives of optimisation 1 are a) to reduce weight through lattice
structure, and b) to conduct FEA. It is also noticed that in this optimisation, the platform
mass was reduced to 0.165, and the safety factor is very high, which is visualised from the
colour of the simulation as displayed in Figure 8. The results are very acceptable; however,
some other simulations can be run to ensure which one reduces the weight even more.

Figure 8 also displays the optimisation process of the platform by trying another lattice
method. At this phase, the simulation results were not satisfactory after loads and stress
conditions and the factor of safety was below 1.5, which is not the desired result. In Optim3,
the goal is to look for another lattice optimisation for improving the part’s stiffness, as seen
in Figure 8. However, it is noticed that after the necessary simulation runs the new lattice
structure cannot improve the factor of safety, which is below 1.5 and is visualised with red
colour in Figure 8.

In Optim 4, a Thicker lattice structure was tested to achieve better stiffness, and the
results were satisfactory with a factor of safety of more than 1.5 but with increased weight.

In Optim 5, a different lattice structure known as quadDiametral lattice was considered,
which was based on the NX design software and presented in re 12. This specific lattice
structure represents a better performance than the first optimisation due to its increased
cell numbers and thickness, as seen in Figure 9.

4. Cost of AM and comparison with conventional manufacturing

Usually, it is very costly to produce a single unit and prototypes, specifically once made from
metal with conventional manufacturing. At the same time mass production using conven-
tional methods provides economy of scale and lowers the cost per unit, Figure 3 In AM,
there is no need for tool replacement and the same machine can produce easily theoreti-
cally infinite model parts, unlike subtractive computer numerical control (CNC) machines.
That saves time and money (Lipson and Kurman 2013). Moreover, product modifications
in 3D printing are much more easily. To revise a product one only needs to change its 3D
model and nothing else, which shows AM’s level of flexibility (Anderson 2012).

In the case of traditional manufacturing, the majority of costs are involved with tooling
costs as well as mold costs. That requires large volumes of production to realise ‘economy of
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No. | Optimizatio | Objective 1 Objective 2
n option
1 Optim 1
Lattice
2 Optim 2 Q
Lattice
Finite element analysis (FEA)
Lattice
Lattice Finite element analysis (FEA)

Figure 8. Different types of optimisation of scooter platforms are based on their objectives and figures.

Figure 9. QuadDiametral lattice for platform base with NX design software.
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Figure 10. Display of comparisons between costs and number of units for AM and conventional manu-
facturing (source: authors)

scale’ (Dawson 2006). 3D printing is suitable for producing products in single pieces or small
batches. In terms of cost, the economy of scale for 3D printing does not change drastically,
see Figure 10 (Anderson 2012).

Total cost (TC) models are applicable for AM and are the straightforward way to compare
it with conventional manufacturing methods. TC is expressed in the following equation:

TC=VC+FC=Kr+Lw (1

Where TC is the total cost, VC is a variable cost, which includes the cost of labor, time, cost
of tooling, etc., FC is fixed cost such as machinery cost, infrastructure cost, etc., K is capital
cost such as initial investment, L is labor cost, r is the rental rate per unit, and w is wage
rate per unit. Several limitations have to be considered here: Several parameters like Setup
machine time, idle time, and post-processing cost are known for the DLMS process with
Prima power print sharp machine and the produced parts, but not for the 3D HUB service
bureau. So for the first part of the cost analysis AM vs. CNC comparison was done using an
online pricing method with close algorithm parameters. For the support bracket production
and 3D nesting, we used our parameters and total cost TC as in Equation 8.

The choice of adopting AM over conventional manufacturing for a specific part depends
heavily onits production cost. Cost optimisation for AM manufacturing has to be accounted
for during product design and development in different ways. As an example, cost-saving
might come from less usage and less waste of materials, lightweight concepts in designs.
from parts integration, even flexibility in delivery time, on-demand manufacturing of spare
parts, and many other factors during the Life cycle assessment LCA of the part or the
product (Bendsge and Sigmund 1999).

4.1. Cost comparison

Pricing for 3D printing services on a network — manufacturing as-a-service — the market-
placeis one method of valuation, we are determining network-based pricing for 3D printing
services. 3D Hubs (2019) marketplace was utilised It is an online 3D environment, where
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Table 3. 3D Hubs | On-demand Manufacturing: Quotes in
Seconds, Parts in Days.

Parts number  CNCPrice (5) 3D Metal Price ($)

Neck part 1 271.25 596.89
100 22434 546.17
Platform part 1 211.47 374.58
100 150.37 352.45

a learning model is used to recommend a pricing range for services provided by multi-
ple suppliers. Cost analysis is performed and a comparison is made between a 3D printing
approach and subtractive manufacturing of two parts (neck and platform) of an e-scooter.
The total cost (TC) associated with the manufacturing system considering each category is
shown in Figure 11 (Son 1991).

Analysis of the quotation prices of the DLMS printing received from 3D Hubs (2019) |
On-demand Manufacturing: Quotes in Seconds, Parts in Days,’ was performed. Table 3 dis-
plays the quotes of a single part and 100 parts. This price list was received from the 3D Hubs
‘Get Instant Quote’ On-demand Manufacturing: Quotes in Seconds, Parts in Days,’ service
portal, and is used for the cost comparison of the CNC machining and AM manufacturing
processes of the original design of the parts. CNC s still cheaper, but cannot be used to pro-
duce a TO part. When comparing DLMS printing of the original design and the TO design,
it is cheaper to produce the TO part (3DHubs 2019). From such a price comparison, AM is
still more expensive to produce metal parts without considering the savings from weight
reduction and benefits from increased range and performance.

The values presented in Table 3 are taken from internet quotes from 3D hubs on 10 Octo-
ber 2019. To evaluate the online pricing, the authors performed a separate cost analysis,
based on their lab cost factors, and the comparisons highlighted in Figure 12 display the
quotes for the neck part and compare the costs between traditional manufacturing, 3D
metal printing, and TO/lattice design.

Labour

Material
Depreciations
_| Productivity Machine

Structured | Cost
/ Tools
Floor space
8§Satllty { Prevention
/ Failure

Unstructured
Setup
Flexibility -
Cost Waiting
Idle
Inventory

Figure 11. The total cost of an advanced manufacturing system.
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Quotes for CNC - 3Dmetal AM (neck component)

5700 596.89 ©612.75
$600 7 ——
$500 / - -
$400 /_ |
¢300 _ 271.25 276.96 / B
7,
$200 —// / - -
$100 —| / / a .
. 7 7
Traditional 3D Metal Printing Topology
Manufacturing Optimization/Lattice

A3DHub [1Cost Analysis

Figure 12. Price quotes for component neck for CNC - 3D metal.

Figure 12 shows that according to the 3D Hubs | On-demand Manufacturing: Quotes in
Seconds, Parts in Days portal, the initial prices of the neck part were 271.25$, 641.86$ and
596.89$ for traditional manufacturing, 3D metal printing, and topology optimisation/lattice
structure, respectively, whereas the calculated costs from this study were 276.96%, 652.42$
and 612.75$, respectively.

Similar cost analysis approaches are adopted for the platform component of the
e-scooter and are presented in Figure 13 It shows that according to the 3D Hubs | On-
demand Manufacturing: Quotes in Seconds, Parts in Days portal, the initial prices of the
platform component were 211.47$, and 374.58$ for traditional manufacturing and topol-
ogy optimisation/lattice structure, respectively, whereas the calculated costs from this
study were 229.41$ and 338.53$, respectively (3DHubs 2019). As before, online price quotes
are very similar to our cost calculations. It therefore, can be concluded that AM with lattice
structure is not only better in the 3D metal printing process, but also cheaper in terms of
production cost.

AM adds new dimensions of versatility in manufacturing by allowing for the delivery
of highly customised goods at no additional cost penalties, and with little manual assem-
bly work (Weller, Kleer, and Piller 2015). As Mellor, Hao, and Zhang (2014) describe the
advantages of AM include new design freedom, the elimination of tooling requirements,
and low-volume economics. Still to achieve a higher adoption rate in traditional industry
AM need also to provide a business case in full machine capacity utilisation. As a demon-
stration of real DMSL printing another part, a suspension bracket (1003530 mm) was
topology optimised and manufactured on a ‘Printsharp 250’ Prima power metal 3D printer.
This ‘'showroom’ sample part was designed and printed with the idea to physically present
what kind of ‘organic: looking structure FEM generates while reducing weight but still the
part keeps the same function and is possible to retrofit in the vehicle. The following chap-
ter presents the nesting strategy and cost valuation for that part in the case of single-unit
production vs. full 3D printing volume utilisation business case Figure 14/Additional cost
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Quotes for CNC - 3Dmetal AM (platform component)
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Figure 13. Price quotes for the component platform for CNC manufactured part vs DLMS part. 4.2 DMLS
production and cost analysis, the effect of nesting strategies on the valuation.

Figure 14. Topology optimised suspension bracket with generated support and the actual 3d printed
part from stainless steel 316L.

analysis was conducted to study the effect of nesting in 2D and 3D. Materialize Magics soft-
ware was used to position the parts and generate support structures. EP hatch slicer was
used with 40 microns layer height, and 30 microns laser focal point. Stainless steel was the
available material in Technobothnia AM at the University of Vaasa, Finland.

Singe part nesting a) was compared to a full stack of twelve parts in single layer b) and
then to multi-layers full print volume (250%250%330 mm) layout c) of 144 (one hundred
forty-four) parts. 3D nesting strategies are presented in Figure 15.

Each of these nests was processed on Primapower Printsharp250 DLMS printer with
build chamber volume 250250330 mm. and standard printing parameters. The total cost
consists of the sum of the following parameters: Material, Energy, Printer capital cost, Post-
processing work steps, Tax, Manufacturer profit margin, and Order handling costs. As we
have no estimation from the software for the inert gas consumption, we did not include it
in the price calculator. The setup time estimate is also simplified, as print platform leveling,
powder preparation; designer time, and computational time to prepare the nest were bun-
dled in lump sum fees for pre-processing. Same way post-processing is just represented as
a single fee for cutting the part off the build plate.
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Figure 15. Nesting strategies: a) single 2D layer vs b) double layer vs c) full volume 3D stack with
generated support.

The build time estimate for the single part amounted to 3 h and 40 min. The volume
of the part and support was 120 cubic cm. These values were used together with energy
consumption, pre, and post-processing (machine setup and curing the parts off the build
plate) plus a 24% VAT tax used to calculate a total cost of 703.58 euros Figure 16.

For the single-layer nest with 12 parts, the estimated build time was 18h 19 min and
the volume was 1440 cm3. With the same additional cost elements, the total print job cost
amounted to 2496.91 euros Figure 17 makes the single part cost 208.76 euros. Printing one
bracket is 337% more expensive than printing a full layer of parts.

In the next step, we added one more layer of parts in the Z direction to position 24 parts
in the build chamber. This 3d nesting generated additional support between the parts. It is
doubling the volume of the support that is touching the bed with an exact mirror image.
The build time calculated estimate came as 40 h. The total cost estimate was 5243.63 euros
Figure 18 and the single par cost amounted to 218.48 euros. That is almost 10 euros addi-
tional cost per part. The extra time to build the support between the layers can’t be offset by
the savings from a scale from the pre and post-processing fees. Mind that we just doubled
the number of parts.

For the full-scale 3D nest, we stack 10 layers of parts, a total of 120 to fill the maximum
build chamber. The total build time estimate came to 213 h. Using the same cost settings,
we calculated a price of 26928.42 euros Figure 19 The price per part is 224.40 euros. That
is still increased by approximately 6 euros. The print time per part slightly increases com-
pared to what we see in the double-layer nesting as we have the increased support volume
between parts. The actual minimum for the use of support material is touch-base support
generation for the single-layer nest. That is in line with the findings of Baumers and Hol-
weg (2019) that in the case of volume manufacture of standard parts with AM traditional
economies of scale only apply to a limited extent to the process.
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Calculation Result(s)

0

rinter Materia lates Files Worksteps

I,'J/ Cutting parts from the plate 200,00 €

l,'J/' Margin 0,00 €
o Tax 136,18 €
l,','/' Stainless steel 0,95 €

l,'.'/' UVA-AM TB, Printsharp 250 366,00 €

Recommended price:

(70358€x1)

Figure 16. Cost breakdown of single-part pricing.

Calculation Result(s)

Printer ateria Rates Files Workstep

bl\lf' Cutting parts from the plate 200,00 €

II'J/' Margin 0,00 €

W Tax 48327 €

l,'\'/ Stainless steel 11,39 €

2 UVA-AM TB, Printsharp 250 1.800,00 €
Recommended price:

(249691€x1)

Figure 17. Cost breakdown for 12 parts in a single layer.
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Calculation Result(s)

I/I,.l/' Cutting parts from the plate 200,00 €
|,',|/' Margin 0,00 €
- o ax 1.014,90 €
|/'J/' Stainless steel 2373 €

- v UVA-AM TB, Printsharp 250 4.000,00 €

Recommended price:

(524363€x1)

Figure 18. Cost breakdown for 24 parts in two layers.

Calculation Result(s)

l,"I/' Cutting parts from the plate 200,00 €
W Margin 0,00 €
. W T 5.211,95 €
l,'\I/' Stainless steel 189,84 €
'/'slf' 21.300,00 €

Recommended price:

(2692842€x1)

Figure 19. Cost breakdown for 120 parts in ten layers.

5. Advantages and disadvantages of DMLS technology

In the case of conventional manufacturing, there is much more waste, especially in metal
production and it is estimated that around 90% of the original raw material ends up as waste
on the factory floor. For instance, in the case of milling operation, much of the original raw
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materials are removed, which creates waste and needs extra cost to remove or manage. In
contrast, an AM technology, like DLMS, uses only the necessary raw material for the fabri-
cation of the designed part and its support structure. In some cases need to work a printed
object further but even that is significantly less than the milling part (Attaran 2017).

Except for the cost issue, there is also the consideration of the environment. Remov-
ing the raw material and making it useable in traditional manufactories requires a lot of
energy. The production of this energy most of the time leads to carbon dioxide emissions.
There will be a significant issue in the coming years regarding reducing waste of energy
consumption in manufactories according to Mosconi 2015 (Mosconi 2015). Small or single
product has a very high initial cost with traditional manufacturing, therefore, are profitable
only under massive production. The more parts the factory produces, the lower the cost
becomes. This is known in the economy as the ‘economy of scale’ (Dawson 2006). Ander-
son declares that the AM economy does not change between one million or just one part.In
addition, there is no penalty for dealing with just a few parts or making every part unique.
AM cannot be compared with traditional manufacturing production when we talk about
the massive production of identical product designs.

AM technology offers is the possibility to produce a complex structure of a design that
would be very difficult and expensive to produce with traditional manufacturing due to the
low demand for parts which means high cost (Lipson and Kurman 2017). Both Lipson and
Anderson agree that 3D printing does not offer much to economies of scale and reminds us
that this kind of production is profitable only for companies whose strategy is to produce
specific products with a defined margin of revenue. Moreover, when a company or business
is related to a unique design structure, based on customer needs, would be significantly
beneficial for AM and would provide high margins to the company.

The production of a complex design structure has the same cost as the AM process.
The cost of producing ten unique parts costs the same as making them customised parts.
The production of a decorative ornament has the same cost as printing a plastic simple
cube (Anderson 2012). This ability of 3D printing is a great advantage for what we knew as
mass customisation. Nowadays many companies offer some customisation to their clients.
Every single person has a different attitude and mass body structure which means fully per-
sonalised designs and products. 3D printing is a process with no time lean, especially for
small batches where AM is more efficient and cost-effective for specific orders. There is no
required time for retooling the design product as used to happen in traditional manufac-
turing. The new product can start printing very quickly after we have finished with the 3D
model.

In contrast with traditional manufacturing, we have to run modelling in 3D CAM software
for Gcode and adjust the right tool in the CNC machine. All of these systems might seem
easy but are not because you have to consider many factors. But with AM this happens eas-
ily, on-demand, for every part that we have to print (Lipson and Kurman 2017). Moreover, is
by far more flexible and customised as we already said. This means that if the manufacturer
wants to make a change to the design part of the product the only thing that is needed is
to change the 3D model, instead of changing the entire line production. The 3D machine is
the same and the only thing that will change is the 3D model drawing (Anderson 2012).

On the other hand, there are several disadvantages to 3D print technology compared
to conventional manufacturing. Even though AM has some clear advantages, especially
for small production there are limitations to this process as well. It seems that time, size,
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volume, material cost, and machine cost are the most common drawbacks. There are some
more very important disadvantages: limited material that can be used. Material-wise, only
a few of the over 5500 technical alloys available on the market are suitable with metallic
AM. In metallic AM, failure (cracking) due to residual pressures generated by solidification
shrinkage is a challenge. Although AM offers its own set of advantages, researchers must
consider how to overcome its drawbacks. Because of a slower production rate, it would be
very difficult to motivate manufacturers of mass-produced items to start moving into 3D
printing due to its inherent initial investment cost (Dawson 2006). The actual production
time of 3D printing is significantly longer in comparison with a mass-produced manufac-
turing line, even though it is believed that 3D printing technologies will become faster
eventually in the coming years (Barnett 2013).

6. Conclusions

The objective of this research was to redesign and minimise the weight of three parts of
an e-scooter, namely neck, platform, and bracket, using TO and Lattice integration in the
design, then manufacture the part as a demonstration sample and perform a cost analysis
of the effect of 3D nesting strategies on pricing. Full machine volume capacity 3D nesting
for DMLS production is represented. The electric scooter generally weighs more due to the
mass of its batteries. The range of the scooters is also directly affected, so minimising the
mass of the components brings about a performance advantage.

This paper has presented the process of re-designing parts for DLMS 3D printing using
the FEM method and TO tools to improve stiffness and reduce mass. Based on this workflow,
TO enables optimisation of the structure with higher stiffness and safety factor level, and
it can also be deployed to traditional manufacturing with some limitations such as prod-
uct shape, strength, etc. This study also highlighted that to achieve an efficient workflow
it is necessary to deploy more than just one single software. In general, CAD programmes
come with a lot of constraints when used for AM-specific optimizations. In this study, the
parts of an e-scooter were designed using NX Unigraphics and Altair Inspire software for
TO analysis. Altair Inspire was deployed to improve the mass of the three parts through FEA
analysis. Design workflow is still not optimal and the engineers need to switch between
different software environments and file formats, which makes it difficult. A comparison
of the production cost of each part for conventional manufacturing and 3D metal printing
showed that TO and lattice integration could reduce material consumption and the weight
of the part, and in the case of DLMS, also reduce the cost of the part.

Furthermore, the additional cost analysis of 2D and 3D nesting effects showed how opti-
mising the capacity of Additive Manufacturing machines affects single-part pricing. As the
printing workflow includes pre and post-processing steps that are lengthy and expensive,
dividing these between maximum amounts of parts for a single print job can reduce cost
several times. The biggest price difference came between a single-part print and a fully
stacked 2D layer. Further 3D nesting still provides economy of scale, especially when all pre
and post-processing costs are accounted for with real production values. For example, ini-
tial gas inserting of the build chamber, bed leveling process, first layer calibration, powder
loading, and finished parts de-powdering and support removal are done manually and can
vary significantly depending on the part geometry, print orientation, operator experience,
etc. factors that are difficult to simulate. Still, with full 3D nesting, there is extra support



334 R. TOSHEV ET AL.

generated between the layers that increase the machine time, the most significant price
element. The actual minimum for the use of support material is touch-base support gener-
ation for the single-layer nest. That leads to the conclusion that if possible, designers can
utilise the part geometry itself to support the next layer. In such a way further process time
savings can be made.

In this study, it was noticed that different boundaries and densities through different
applied load conditions affect the optimisation results. The designers can utilise the pre-
sented optimisation method and consider one single factor at a time such as weight, load,
volume, stiffness, safety factor, etc. 3D printing contributes towards true mass customisa-
tion with reduced production costs. On the other hand, the initial cost of a 3D metal printing
machine and/or infrastructure is still expensive and hardly competes with mass production
only on a cost basis. It also takes a long time to fabricate a part through 3D metal print-
ing. For instance, if the company wants to maximise the quantity, then it would require not
only a huge number of 3D printers but also a large number of technicians to operate them.
Although 3D printing is offering unique manufacturing capabilities designing the business
case behind each part requires re-designing using advanced methods like TO and lattice
structure integration.

6.1. Suggestions for further research

Further research in this field should include direct collaboration between the TO algorithm
and AM. One advanced idea would be to include AM in the TO algorithm and all under the
CAD system software. This would not be easy since many constraints should be taken into
consideration in both methods. Yet, until these difficulties are left behind, TO will remain a
powerful tool that can be used for AM. In the long term will be necessary to understand how
3D geometry changes are connected with the optimisation process. As these two technolo-
gies are broadly used, hopefully in the coming future the workflow of TO for AM will simplify
the way that designing structural components will become a fully automated process.
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