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ABSTRACT

In practical design work, a designer needs to consider the feasibility of a part for a manufacturing using
additive manufacturing (AM) instead of conventional manufacturing (CM) technology. Traditionally
and by default parts are assumed to be manufactured using CM and using AM as an alternative need to
be justified. AM is currently often a more expensive manufacturing method than CM, but its
employment can be justified due to number of reasons: improved part features, faster manufacturing
time and lower cost. Improved part features means usually reduced mass or complex shape. However,
in low volume production lower manufacturing time and lower part cost may rise to the most important
characteristics.

In this paper, we present a practical feasibility model, which analyses the added value of using AM for
manufacturing. The approach is demonstrated in the paper on four specific parts. They represent real
industrial design tasks that are ordered from an engineering office company. These parts were
manufactured by Selective Laser Meting (SLM) technology and the original design done for
conventional manufacturing is also presented and used for comparison purpose.
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1 INTRODUCTION

Additive Manufacturing (AM) also known as 3D-Printing has begun to evolve from rapid prototyping
to direct digital manufacturing for end-use components (Lindemann et al. 2015, Gao et al., 2015). AM
is recently a topic of great excitement both in academia as well as in manufacturing business due to the
unique capabilities and features of these fabrication processes. AM processes add successively
material and energy to a domain, in order to generate a pre-specified 3D geometry. Compared to
Conventional Manufacturing (CM) technologies, AM provides great flexibility in introducing
geometric features across multiple scales that would be difficult or impossible to realize using
conventional manufacturing means. As a result, the use of AM for low volume or customized
manufacturing applications has become widespread (Booth et al., 2017).

AM processes have reached their industrial maturity in large-scale production and they are being
adopted at ever-increasing pace in the industry, despite challenges considering part qualification
especially in aerospace and medical sectors. Commercial success stories in the field of AM have been
increasing rapidly in the past few years (Wohlers, 2018). Today, the variety of additive manufacturing
technologies and available materials have opened new possibilities and tools for designers. However,
today designers are challenged with lack of understanding of AM capabilities, process-related
constraints, and their effect to final product (Simpson and Williams, 2017). Therefore, design rules are
acknowledged necessary for supporting the decision-making in AM, which technology should the
designer use for the part manufacturing and what needs to be considered in design. There are several
studies on this topic as there are also several manufacturing processes for AM (Adam and Zimmer,
2014, Stankovic et al., 2015, Gorguluarslan et al., 2015, Zegard and Paulino, 2016, Robbins et al.,
2016, Mani and Witherell 2017, Ranjan et al., 2017, Michopoulos et al., 2018, Panesar et al., 2018,).
One interesting application of AM is manufacturing of discontinued spare parts that are no longer in
available (Montero, 2018).

Advancing technology and increasing popularity has resulted in more affordable prices and 3DP (3D-
Printing) services are made easily available for anybody by services such as 3D Hubs. However,
despite the increased possibilities provided by AM, the lack of know-how that is required to design
3D-printed parts for industrial purposes is a major hurdle that prevents companies from capitalizing on
the possibilities provided by AM (Lindemann et al., 2015, Booth et al., 2017)

In this paper, we present a practical feasibility model, which analyses the added value and suitability
of using AM for manufacturing. The approach is demonstrated in the paper on four specific cases.
They represent real industrial design tasks that are ordered from an engineering company. These parts
were designed for Selective Laser Melting (SLM) technology. The geometry for conventional
manufacturing is presented and used for comparison purpose.

2 FEASIBILITY MODEL

2.1 Background and previous research

In practical design work, a designer often needs to consider if certain part or assembly is feasible to be
manufactured with AM instead of CM. Traditionally, and by default, parts are assumed to be
manufactured using CM and using AM instead needs to be justified. The employment of AM can be
justified due to various reasons:

e  Special part features. AM enables fabrication of special features that are very expensive or even
impossible to achieve with CM. For example, with lattice structures or internal cavities great
weight-saving may be achieved. Optimized or complex shapes contribute to better technical
functionality and performance, such as flow properties in flow channels. Possibility of using
complex shapes gives more freedom to design aesthetically and ergonomically better solutions.

e  Manufacturing time. AM technology is often advantageous over some traditional manufacturing
processes regarding the manufacturing speed, especially with low production volumes. For
example, a cast metal part may take months to be manufactured whereas in SLM, the part can be
manufactured in a matter of few days and no tooling cost is required.

e  Manufacturing cost. In AM enables designers to fabricate complex shapes because complexity
does not affect the manufacturing cost. For this reason, complex parts may be significantly cheaper
than parts with similar geometry that are manufactured by traditional subtractive or forming
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manufacturing processes. Especially with low production volume, the AM manufacturing cost is

often competitive for small parts.
In order to evaluate the financial and technical feasibility of using AM for part manufacturing,
engineers need a practical and predictive model enabling them to estimate cost and other AM
advantages in order to justify the use of AM . Barclifit et al. (2017) have presented a CAD integrated
cost estimation solution for supporting AM. Ghiasian et al. (2018) introduced a framework, which
evaluate part fabrication feasibility based on geometric evaluation, build orientation/support
generation and resource estimation. Our approach is based on the direct integration of expert
knowledge. This is justified by the practical observation that advantage for using AM in industrial
projects is due often to combined advantages obtained from the combination of part performance, part
delivery time and part cost.
The relative importance of these advantages (performance, delivery time, cost) is specific to each case.
In most studies, the technical part performance is emphasized, and this is the case for some design
projects as well. However, depending on the situation, part performance may not be the most
important factor. Sometimes the shorter delivery time provided by AM alone is a solid justification for
using AM. Often manufacturing cost is the most important factor and achieved better technical
properties are secondary.

2.2 Feasibility index

In this study, the authors introduce a feasibility index | for evaluating the feasibility of using AM for
production, as shown in equation (1). The model compares AM to CM, and CM manufactured part
performance Py has value one, the reference level to which AM part performance is compared to.
The equation consists of case-specific weighting factors k; for each AM advantage: part performance,
manufacturing speed and part cost. The higher the index value the more suitable the part is for AM.

| = kl I:)AM + kz TdCM +TCM + k3 CdCM + nCCM
I:)CM TdAM +TAM CdAM +n CAM (1)
k +k, +k; =1
where

ki = weighting factor for part performance [0...1]
k, = weighting factor for manufacturing speed [0...1]
ks = weighting factor for part cost [0...1]

The other parameters of the equation (1) are:

Pam = Performance of AM manufactured part

Pcm = Performance of CM manufactured part

Taam = Design time for AM technology

Tam = Manufacturing time with AM technology

Tacm = Design time for CM technology

Tcm = Manufacturing time with CM technology

Cacm = Design cost with CM technology

Caam = Design cost with AM technology

Ccm = Manufacturing cost of an individual part with CM technology
Cam = Manufacturing cost of an individual part with AM technology
n = Part production volume

The weighting factors as well as the performance value Pay can be defined by design experts, for
example by using a pair-wise comparison method such as the AHP (Analytic Hierarchy Process)
method (Saaty, 2008). AHP method offers a way of comparing and tracking evaluations made by
different experts. It could also be used as an approach to collect expert knowledge. Nevertheless, in
literature it is known that high level of expertise is associated to the capability of comparing
manufacturing technologies.

Exact values for some of the parameters in equation (1) may be difficult to specify, such as AM part
performance. It should be noted that expertise is required for providing reasonably accurate estimates
for AM part performance. Estimates made by different experts must be consistent in scale. Sometimes
design and manufacturing times and cost in both AM and CM must be estimated and exact values are
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not available. However, estimates for these parameters can be given reliably based on past design
experience and history data, or partly based on simulation. Experienced designers can usually estimate
CM parameters and in the case of redesign for AM, they are known. The manufacturing time is
dependent on workload of subcontractor and therefore it may vary depending on the time and situation
as well.
In case of a new part, the required design work increases delivery time and part cost. Usually this
increase is lower for CM as AM design is usually more complicated to leverage AM benefits.
However, manufacturing drawing is often not necessary for AM processes. In case of redesign from
CM to AM the Tycm is naturally null. In low volume production, the design cost may have a
significant role in cost per part and overall feasibility. The manufacturing cost is a function of
production volume n and CM part cost is more sensitive to changes in production volume.
Feasibility index value of lower than one means that the case is not suitable for AM. Feasibility index
from 1,0 to 2,0 does not guarantee that AM is suitable for the case, but AM should be considered as an
alternative. Feasibility index higher than 2,0 show that AM provides benefits and is advantageous.
Low weight is one of AM benefits and this can be achieved by improved, optimized design. Saving in
weight is described by a mass reduction factor R that describes how much weight saving is achievable
by use of AM, as described in equation (2):

R = Mam )

mCM

where

mcv = Mass of CM manufactured part
mam = Mass of AM manufactured part

The mass reduction factor gives insight and data to designers on how much weight can be saved on
certain kind of parts. History information of previous redesign cases is helpful for cost estimation as
well, as with most AM technologies the manufacturing cost increases linearly as part volume increases.

3 MODEL VERIFICATION WITH EXAMPLE CASES

Four different example cases are analyzed in tables 1-4 using the presented feasibility model. They
present different real design tasks completed by an engineering company with profound knowledge of
design for AM. Tables show completed designs for AM and CM technologies, and mass and material in
both cases. In addition, part production volume n is listed and design case is shortly introduced. The
evaluation of parameters are context and time dependent. In other words, the economic context as well as
the production context and machine availability at a certain moment will influence the results of the
evaluation. Experts are able to recognize these changes and update the parameters accordingly.
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Table 1. Case of a nozzle design.

Part name: Nozzle

n=2

Mcm = 0.117 kg Mam = 0.059 kg

CM material: Stainless Steel EN 1.4301

AM material: Stainless Steel EN 1.4404

R =0.50

The design case was a redesign of an existing
part that was considered to be manufactured by
AM technology. Therefore, conventional
design cost and time was zero.

The main motivation for AM manufacturing
was to reduce high manufacturing cost caused
by low volume and high complexity of the CM
design. The AM design had to be
interchangeable as a spare part.

Importance of part performance | Importance of delivery time Importance of part cost
kl PAM k2 TdCM +TCM k3 CdCM +n CCM
PCM TdAM + TAM CdAM +n CAM
0.2 0.8 0.2 1.55 0.6 2.29
k, P i Joom FTem i Caom #NCoy
2 3
I:)CM TdAM + TAM CdAM +n CAM
0.16 0.31 1.37
Feasibility index | 1.84

In this case (table 1) the performance of AM part was lower than with CM. This is due to lower
surface quality achievable by SLM technology. However, the part was clearly cheaper and faster to
manufacture with AM technology despite at production volume n = 2. Post-process machining is
necessary for fabrication of one threaded hole. Post-process machining cost is included in AM part
manufacturing cost Cawm.

The feasibility index | is 1.84 which means that this part is sensible to be manufactured by AM. This is
an example where use of AM is justified despite of lower part performance. This due to significant cost
savings, which was the most important factor in this case. Cost savings were achieved despite the AM
redesign cost. It is worth noting, however, that design for AM knowledge was essential in enabling cost
savings as the design process was quick and efficient, and therefore redesign cost was small.
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Table 2. Case of a reflector holder design.

Part name: Reflector holder

n=5

Mcm = 0.30 kg Mam = 1.3 kg

CM material: Stainless Steel EN 1.4404
AM material: Stainless Steel EN 1.4404

R=10.23

The design case was a design task of a reflector
holder. CM and AM geometries were designed
in parallel as two design variants.

The main motivation for AM manufacturing was
to achieve better part performance and lower
part cost.

Importance of part performance | Importance of delivery time Importance of part cost
kl PAM k2 TdCM + TCM k3 CdCM +n CCM
PCM TdAM +TAM CdAM +n CAM
0.4 3.00 0.1 1.08 0.5 2.67
k]_ I:)AM k TdCM +TCM k CdCM + I’]CCM
2 3
PCM TdAM +TAM CdAM + nCAM
1.20 0.11 1.34
Feasibility index | 2.65

Reasons for the improved part performance by AM in this (table 2) case is better control of fixing force,
more compact design which enable and better installation position and quicker assembly. Five custom
parts in CM design was consolidated to two in AM design. Lower weight makes it easier to assembly
and install this part. Furthermore, air flow can be better focused in this construction. The AM design
includes one conventionally manufactured part, and cost of this CM part is included in AM cost.

Feasibility index of this part is 2.65, which indicates that AM is the correct manufacturing method for
this case. This part is meaningful for AM in all three aspects: it has better technical performance,
shorter delivery time and it costs less than the CM part. Importance of design for AM knowledge must
be highlighted, as failure to adhere with AM technology constraints may lead to build failures, costly
redesign and poor part performance despite designer’s intentions. Subsequently delivery time and part

cost may increase substantially.
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Table 3. Case of a rack block design.

Part name: Rack block

n=38

Mcym = 0.317 kg Mam = 1.135 kg

CM material: EN AW-7150-T77511

AM material: AlISi10Mg

R=0.43

The design case was a design task of customized
rack block. The CM and AM design variants
were designed in parallel, and topology
optimisation was used in AM design to lower
manufacturing cost.

The main motivation for AM manufacturing was
faster delivery time.

Importance of part performance Importance of delivery time Importance of part cost
kl PAM k2 TdCM + TCM k3 CdCM +n CCM
PCM TdAM +TAM CdAM +n CAM
0.1 0.8 0.7 2.18 0.2 0.46
kl PAM k TdCM +TCM k CdCM + nCCM
2 3
PCM TdAM +TAM CdAM +n CAM
0.08 1.53 0.09
Feasibility index | 1.70

In this case (table 3) the performance of AM part is weaker than in CM part. This is due to slightly
worse manufacturing accuracy compared to machining. In the AM part manufactured by SLM, the
flatness of surfaces is not as good as in CM part.

Feasibility index of this part is 1.70, which indicates that use of AM technology has benefits. This is
due to clearly faster delivery time which compensates slightly poorer part performance and higher part
cost. The case-specific weighting factors favour delivery time over the other two advantages, and
therefore feasibility index suggests that AM is beneficial in this case. Again, the design capability for
AM is crucial as topology optimisation must be utilized time-efficiently in order to keep delivery time
short and maintain the single AM advantage this case has.
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Table 4. Case of a water manifold design.

Part name: Water manifold

n =50

Mcym = 2.26 kg Mam = 0.70 kg

CM material: Brass

AM material: Stainless Steel EN 1.4404

R =0.32

Machined water manifold is expensive and
bulky construction takes a lot of space inside
the device. The flow channels induce a big
pressure loss.

AM was considered as an option to produce
light-weight and compact design with good
flow properties, but designed concept resulted
in too expensive manufacturing cost.

Importance of part performance | Importance of delivery time Importance of part cost
kl I:)AM k2 TdCM +TCM k3 CdCM +n CCM
PCM TdAM + TAM CdAM +n CAM
0.2 3.0 0.1 0.67 0.7 0.11
kl PAM k TdCM +TCM k CdCM + nCCM
2 3
PCM TdAM +TAM CdAM +n CAM
0.6 0.07 0.08
Feasibility index | 0.75

In this case (table 4), the part properties were much better with AM technology due to reduced
pressure loss in flow channels. The design was compact, light-weight and had less parts due to part
consolidation.

However, the feasibility index I is 0.75 which means that this part is not suitable for AM technology.
This is due to much higher manufacturing cost and case-specific weighting factors do not value part
performance enough to justify use of AM. The increased part performance does not affect feasibility
index that much because part cost is considered much more important, and this leads to use of CM
design. In addition, delivery time for AM is longer due to higher production volume.

4 DISCUSSION

AM has been evolving rapidly over the past few years and as AM technologies together with
supporting infrastructure, such as design software geared for AM developing, AM as a manufacturing
method has become increasingly attracting for different businesses. For this reason, evaluating part
feasibility for AM is a matter of interest and this paper offers a method for evaluating feasibility for
AM from designer’s point of view. Furthermore, to ensure feasibility model applicability to different
cases, adjusting case-dependent weighting factors was considered necessary.

Feasibility model was used with four different parts. Three out of four cases were considered better
suitable for AM than CM. Each feasibility index result is highly dependent on the used weighting
factors, which are estimated by designer. Also, part performance often does not rely on testing results but
on designer’s estimation of part performance. Part performance is a combination of many factors, such as
weight, ease of use, flow resistance, aesthetics, part consolidation, reduced assembly time and how well
the part is predicted to fulfil its function. For reliable results, part performance evaluation must be done
consistently. Part production volume affects to design cost so that on small volumes AM redesign cost
may not be justifiable if CM design exists. If neither design yet exists, AM design cost may sometimes
be smaller due to lack of manufacturing constraints and lack of need for manufacturing drawings.
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Also, proposed feasibility index only accounts for direct manufacturing and design cost. Manufacturing
time is the time between order and delivery for a single batch of certain volume. Design time includes
finalizing concept design, detail design and fabrication of potential drawings and documentation for the
part to be manufactured. Future aspects such as ease of revision and updating files necessary for
manufacturing are not considered in the model. Often cost-savings accumulate over the product lifetime,
for example by means of part consolidation and less items to update. Manufacturing cost here is
considered as the cost when parts are bought from manufacturing service provider.

Proposed feasibility index interpretation is shown in table 5.

Table 5. Feasibility index interpretation.

Conclusion Feasibility index |
Not suitable for AM <1

Consider both AM and CM 1-15

AM advantageous 1.5-2.5

Not suitable for CM >25

The presented model is aimed to be as simple as possible and including case-specific weighting factors
was considered necessary to make the model applicable in justification for different business cases.
Applied sum formula enables potential customization of the presented formula as terms may be added,
removed or modified. Optional approaches were not considered in depth. The three advantages used
here — performance, cost and time — were considered general and important factors for any business.
However, use of this feasibility model is not limited to these advantages. If different advantages are
used, the index interpretation should be reconsidered and calibrated with data of cases that have
known properties.

For efficient use of the feasibility model it should be used as early as possible in the design phase. As
soon as comparable part cost, performance and expected delivery time is known the model is usable.
Ready design for both CM and AM is not a prerequisite for use of this model, although that provides
best accuracy. Feasibility index is most valuable at creating an approximation on whether use of AM
could be beneficial. Designers with AM knowledge are required to provide understanding of the
limitations and benefits in AM when evaluating performance and AM concept design feasibility.

The used AM technology for all parts was SLM and all parts were made of metal. All conventionally
manufactured parts were machined. Different AM (and CM) technologies could have been used in the
feasibility calculation and this would have resulted in different feasibility index values. AM
technology must be specified before evaluation because that affects part performance, delivery time
and cost.

Despite main application of the model being in justification of AM in business environment and
industrial use, the tool may provide to be an educational tool as well. AM is just another
manufacturing method among many others and only specific parts are profitable to manufacture with
AM. This feasibility model aims to provide a practical tool to understand AM applicability better.

5 CONCLUSIONS

Presented model provides a helpful tool for designers in evaluating part suitability for AM. This
feasibility model is easily applicable by engineers in everyday business and can be utilized for variety
of AM technologies, although only SLM is used in this research. This method is also customizable for
specific needs by modifying estimated part properties: performance, delivery time and cost. If part
feasibility is evaluated early in the design process, ideally AM method can be selected before CM
design is launched and designers are able to produce technically better solutions, faster and at lower
cost.
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