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Abstract

Additive manufacturing (AM) has gained enormous attention in the present digital era of
sustainable manufacturing. It is popularly known as 3D printing and is one of the
foundations of the fourth industrial revolution, i.e., Industry 4.0. This technology has
promising applications in several fields, viz., medical, aerospace, construction, automobiles
and electronics. Despite the unique advantages offered by AM, there is a hesitation in
purchasing a 3D printer and including it in the manufacturing route. Although it is adopted
by some industries, its rate of adoption is not high as predicted in the past. One of the main
reasons is the concern of sustainability. AM needs to be cost-effective as well as sustainable
to compete with traditionally established manufacturing technologies.

The focus of the thesis is to explore the sustainability of AM in the presence of
uncertainties. Cost analysis is carried out to assess its competitiveness with other
manufacturing processes. For this, first, a cost estimation model is proposed. The cost
estimation model is developed based on several elements, i.e., material, operator, slicing
and overhead cost. One of the most important steps in cost analysis is to determine the build
time. Hence, as a part of cost estimation, build time estimation models of two popular AM
processes, viz., selective laser sintering (SLS) and fused deposition modelling (FDM) are
developed. The analytical models are developed based on machine kinematics and
geometrical parameters. For SLS, the model is validated with data available in the existing
literature. For FDM, the model is validated by conducting in-house experiments.

In practice, the parameters are often uncertain and vary with management policies.
Hence, to take into account uncertainties, the deterministic cost model is converted into a
fuzzy set-based cost model. For this, the uncertain quantities are treated as fuzzy variables
and suitable arithmetic operations are performed. For simplicity, only linear triangular
fuzzy members are used in this work for uncertain parameters. The low (/) and the high (%)
estimates are assigned a membership grade of 0.5, whereas the most likely () estimate is
assigned a membership grade of 1. The cost model is illustrated with examples. The cost
of different parts fabricated by SLS and FDM are evaluated. First, the deterministic model
is used to obtain the cost. The most dominating part in the cost estimation is the machine
depreciation. It is a part of overhead cost. Later, based on fuzzy set-based theory, the fuzzy
cost estimates are obtained. The fuzzy cost of the parts is obtained in the form of a triplet.
The working conditions of a typical Indian factory is considered. Based on the information

vii
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available in different internet sources and literature, cost parameters are quantified. The
cost is obtained in Indian dollars. However, all the cost related elements are reported in
dollar as it is considered a universal currency.

In the next part of cost analysis, SLS, a typical AM process is compared with
injection moulding (IM) based on cost competitiveness considering the demand scenario.
A cost model for IM is developed based on the information available in literature. The cost
of IM is obtained by the algebraic summation of material, mould and processing cost. For
SLS, the cost remains almost constant irrespective of the number of quantities albeit with
some fluctuations. The design time associated with the designer and the slicing cost gets
reduced with the number of quantities of the part. The processing cost per quantity (when
the part is fabricated inside the machine chamber) is dependent on the build time per
quantity. On the other hand, for IM, the cost per quantity decreases with an increase in the
number of quantities. The mould cost, the most dominating cost component and the
processing cost are divided among the units of the product. Based on the results obtained,
it is seen that for some situations, some estimates of a process are lower and some are higher
in comparison to the other process. For this, the concept of fuzzy reliability is used. The
reliability estimates at different values of fuzzy cost are obtained. Based on the reliability
estimates, a favourable manufacturing process is chosen.

The next part of the work delivers guidelines to an organization for assessing the
utilization of AM. For this, a parameter, called utilization factor (Uy) is proposed based on
total production time and available time. Based on Uy, the proper use of 3D printing is
evaluated. Uris incorporated in the cost model to understand its impact on the production
cost. Typical cases of under, proper and over utilization of a 3D printer are discussed. The
effect of Ur on the production cost for fabricating the same product and two different
products are discussed. To compare two manufacturing processes, the unit cost and total
production time for injection moulding (IM) and 3D printing are evaluated. Membership
grades for suitability are provided based on cost and time. Assigning membership grades
is subjective and may vary from organization to organization. The ability of AM to produce
a product digitally reduces the requirement of human labour. This may give rise to
unemployment amongst the labourers. To address such societal issues, a quantitative
method to evaluate the labour penalty cost due to the reduction in employment is presented.

For environmental sustainability, approach for the estimation of energy
consumption is discussed. Every AM process follows a similar pattern of layer by layer
manufacturing, but the working principle varies for different processes. Hence, energy
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consumption also varies. The energy consumption models of SLS and FDM are described
based on their working principle. The importance of different energy-consuming elements
is described. The energy consumed for a single as well as multiple parts are evaluated. The
results revealed that the mass and volume of a fabricated part give some indication about
the energy consumption, but it also depends on part complexity. The energy consumption
of the parts is used to estimate the energy cost and the amount of CO; emission. The energy
cost is estimated based on the values of energy consumption and electricity rate. For
simplicity, it is taken as the cost of electricity. The amount of CO> emission in kg is
estimated on an annual basis.

Overall, the work content of this thesis contributes to the sustainability evaluation
of additive manufacturing processes. As the first pillar of sustainability, cost analysis of
AM is carried out in the presence of uncertainties. Necessary guidelines are provided for
industries willing to adopt AM. In the context of environmental aspect, energy consumption
models are proposed where the role of energy consuming elements of AM based machines
is described. Some aspects of social sustainability of AM and its impact on the society is

discussed.
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Chapter 1
Introduction

1.1 Additive manufacturing
Additive manufacturing (AM) refers to the practice of making a product layer by layer
based on a digital model prepared by computer-aided design (CAD) software. AM is one
of the foundations of the fourth industrial revolution, i.e., Industry 4.0. This layer-by-layer
method of manufacturing was patented by George J. Peacock in 1902 for making laminated
horseshoes (Yang et al. 2017). At that time, computers were not available, but Peacock’s
method can be considered as an initiator to AM. Initially, AM emerged as rapid prototyping
(RP) technology in the 1980s. AM emerged as rapid prototyping (RP) technology in the
1980s. The purpose was to build a prototype before the final configuration for
commercialization.
This emerging technology is referred by numerous names: automated fabrication,
freeform fabrication, digital fabrication, layer manufacturing, rapid manufacturing, rapid
tooling, rapid prototyping and 3D printing. Though there is still a debate regarding the
acceptance of a universal terminology, the recently adopted ASTM standards use the term
additive manufacturing (AM). However, the most commonly used spoken term is 3D
printing (Weller et al. 2015). This disruptive technology is inherent in efficient use of raw
materials and producing minimum waste unlike conventional manufacturing. Also, it does
not require any fixtures or cutting tools. Advances in this technology have resulted in
producing implants, aero parts, robots and even a house. AM comprises the following steps:
e A 3D solid model is developed in the computer and converted to STL (standard
tessellation language/standard triangle language) file format. The continuous geometry
is converted into small triangles.

e The file is then transferred to the AM machine. Some operations are done to ensure
proper size, position and orientation of the part.

e The part is built by automated process in the AM machine. However, skilled monitoring
is needed to ensure minimum error of the parts.

e The final step includes removal of the part and post-processing. The part is removed
from the build platform. Post-processing involves clean-up of the part and proper

finishing before final commercialization.
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There are several AM processes. These can be classified either based on raw material
or the process of layer formation. Based on raw material, the processes are classified into
powder-based, liquid-based and solid-based. Based on the layer formation mechanism, AM
can be classified into the following processes— vat photopolymerization, material
extrusion, powder bed fusion, direct energy deposition, binder and material jetting, and

sheet lamination.

1.2 Need for sustainability analysis of additive manufacturing

The origin of sustainability can be traced back to the eighteen century. At that time, the
focus was only on environmental protection (Michelsen et al. 2016). This perception has
gained huge attention due to increasing environmental concerns. Sustainable development,
as reported by Brundtland Commission in 1987, is “to meet the need of the present as well
as safeguarding the need of the future generation” (Imperatives 1987). Since then, several
concepts were proposed over the years. The World Summit held in 2005 put forward a
universally acceptable concept of sustainability as a combination of economic,
environmental and societal aspects (Ma et al. 2018). These are considered as three pillars
of sustainability. In the context of AM, its birth and development took place by the drive
of sustainability. The coaction of AM with sustainability can lead to a new dawn in the
coming era of manufacturing. It is claimed that AM will be the most promising campaigner
for sustainable development. In spite of several claims made for AM, there is an

unwillingness for adopting it.

1.3 Scope and primary objective of the thesis

This thesis attempts to get answers to the following questions:

e s it worthy to invest in AM for an industry in spite of the presence of conventionally
established manufacturing technologies?

e What are the necessary factors that need to be considered before purchasing a 3D
printer?

¢ Based on these factors, how the suitability of a 3D printer can be assessed?

1.4 Organization of the thesis
The content of this thesis is organized as follows:
e The present chapter briefly introduces AM, its relevance to sustainability along the

primary objectives and organization of the thesis.
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e Chapter 2 provides a literature review on economic, environmental and societal aspects
of AM. Important deciding factors for procuring AM in an industry are discussed.
Subsequently, inferences from the literature review and detailed objectives are
presented.

e Chapter 3 presents cost estimation of AM in uncertain conditions. The importance of
different cost elements and activities relevant to AM are discussed. For illustration, two
popular AM processes, i.e., selective laser sintering (SLS) and fused deposition
modelling (FDM) are considered.

e Chapter 4 presents cost analysis of AM and conventional manufacturing technology.
The concept of fuzzy reliability is proposed to compare two uncertain costs and choose
a favourable manufacturing process. Also, a variable demand scenario is considered.

e Chapter 5 presents a method for assessing the utility of AM in an organisation. The
concept of utilisation factor is introduced and its effect on production planning and
associated costs are discussed. Also, a method to evaluate the labour penalty due to
reduction in employment is presented.

e Chapter 6 discusses the energy consumption of AM. Analytical models based on the
working principle of two popular AM processes, SLS and FDM are presented. The effect
on the energy consumption based on the production of single and multiple parts are
discussed.

e Chapter 7 presents the Conclusion and the scope of future work. This is followed by

references and appendices.
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Chapter 2
Literature Survey and Detailed Objectives

2.1 Introduction

In recent years, the sustainability concerns of additive manufacturing (AM) have gained
significant attention. A review on all three facets of sustainability, i.e., economic,
environmental and societal, pertinent to AM technology, is discussed in this chapter.
Section 2.2 presents a review of economic aspects of AM. Several cost estimation models
of different AM processes developed over the years are discussed. Section 2.3 presents the
energy estimation for different AM processes. Section 2.4 discusses the societal aspects of

AM. Section 2.5 presents a review of various factors and motives for procuring AM.

2.2 Economic sustainability of additive manufacturing

The concept of engineering economy is based on a proper time value of money. It acts as a
catalyst for increasing profitability. A robust understanding of cost assessment is a key
factor for attaining economic sustainability (Ma et al. 2018). Cost assessment is a crucial
parameter for demand, worth and functionality of the product to be customized. For this, a
necessary requirement is the estimation of build time. Build time influences several
elements of production cost. A prudent estimation of build time helps in evaluating the cost
of the process as well as comparing its productivity with other manufacturing processes.
Hence, it is necessary to have a basic understanding of how different process parameters
influence the build time of an AM process. Section 2.2.1 discusses the build time estimation
models in AM. Section 2.2.2 discusses the cost estimation models in additive

manufacturing.

2.2.1 Build time estimation models of additive manufacturing

Build time is defined as the time required to produce the part in the AM based machine.
Sometimes, time consumed in pre-processing operation and post-processing operation is
also considered as a part of build time. Several attempts have been made to understand the
effect of machine and geometry related parameters on build time of an AM process.
Estimation of an AM based technology is process specific and varies according to the
working principle. Numerous models, viz., analytical, parametric and soft computing
models have been proposed for estimating the build time in AM process. The following

subsections discuss different build time estimation models developed in the past.
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2.2.1.1 Analytical models
In one of the earliest investigations, Kechagias et al. (1997) attempted to estimate the build
time for two different laser-based AM processes, i.e., stereolithography (SLA) and
laminated object manufacturing (LOM). At that time, these technologies were at infant
stage and the term ‘additive manufacturing” (AM) was not coined. These processes were
referred to as rapid prototyping (RP). For both the processes, time was estimated as
algebraic summation of time taken in layer preparation and layer processing. Layer
preparation comprises the time to form a new layer, time required by the platform to move
downwards and delay time. Layer processing time comprises the time taken by the laser to
scan a layer according to the geometry of the part. Different parts were fabricated to validate
the accuracy of the proposed methodology. The deviation between the experimental value
and estimated value was estimated. For SLA, the lowest and highest deviation of build time
was found to be 0.3% and 14.5%, respectively; whereas for LOM, the lowest and highest
deviation was found to be 3.45% and 54.83%, respectively.

In another early attempt, Alexander et al. (1998) proposed a methodology to
estimate the build time of two popular AM processes, i.e., fused deposition modelling
(FDM) and SLA. These processes were referred to as layered manufacturing. The build

time (fpuita) Was given by

Lywita = Eman + Lide» (2.1)
where tnan 1s the manufacturing time where the part and support are produced in a layer by
layer fashion. On the other hand, 74 1s the non-production time. This time period involves
the movement of the nozzle without depositing material, cleaning of the nozzle, command
execution time and movement of the z axis. The time estimated by this method
underestimated the true time, as the effect of acceleration, deceleration and the time taken
for changing the direction of the nozzle was not considered.

A popular laser-based process that uses polymeric material is selective laser
sintering (SLS). It is one of the oldest and popular powder bed fusion AM processes.
Specific to SLS, Pham and Wang (2000) investigated the effect of machine parameters such
as roller speed, roller travel distance, delay time, laser scan speed and laser scan spacing
for estimating the build time. The study considered two SLS machines and four different
raw materials for case studies. The maximum error, i.e., the difference between actual and
estimated build time was 8%. The authors highlighted that inclusion of the effect of

acceleration and deceleration of the roller can make the model more accurate. In another
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study confined to SLS, Zhang and Bernard (2013) proposed a method to estimate the build
time for a single part, similar multiple parts and mixed parts. The model comprised laser-
based parameters such as laser velocity, laser diameter and hatching distance. However,
some important parameters specific to SLS process such as roller velocity, roller travel
distance, delay time was not considered. Instead, the recoating time, a part of layer
preparation time was taken as six seconds. The time required for machine preparation and
ending operation was considered as one hour. Two products having different geometrical
features and sizes were considered for the case study; these were dissimilar products and
the ratio of their volumes was 19:1.

In extrusion-based AM process, i.e, FDM, Thrimurthulu et al. (2004) proposed a
methodology to estimate the build time of a part based on fundamental machine and
geometrical parameters. They assumed that the deposition of the thermoplastic material is
continuous and there is no interruption. Also, the study ignored the non-productive time
and the effect of orientation of the part in the printing process. Assuming continuous

deposition of the molten material, #».i.s Was obtained as

I

bt = 2.2
build av ( )

where V), is the volume of the part to be fabricated, a, is the cross-sectional area of the
nozzle and ve is the extrusion velocity of the filament. The time estimated by this method
will be different from the actual build time, as non-productive time (lowering down of the
platform, time between ending and starting between two different paths) was not
considered. This gap was addressed in the work of Han et al. (2003). They carried out a
build time analysis for FDM process. The algorithm to estimate the build time comprised
the procedure to determine the repositioning and cleaning time of the nozzle. The authors
proposed adaptive slicing (variable layer thickness) method by dividing the part into
different zones; each zone was assigned a different layer thickness. Parts having simple
geometry, e.g., a cylinder, comprised only one zone. However, the parts having complex
geometrical features like sharp curvatures had multiple zones.

In another study specific to FDM process, Komines et al. (2018) presented
analytical as well as empirical build time estimation models, which were validated by
experiments. As per the authors, the build time is highly influenced by the acceleration of
the nozzle especially for fabricating complex geometrical parts. In the analytical approach,

the deposition time was estimated as the time required by the nozzle head to move with
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constant velocity and the acceleration time of the nozzle. On the other hand, in the
parametric approach, an acceleration coefficient was considered. However, the effect of
different geometries on acceleration was not mentioned explicitly. The analytical model

produced relatively more accurate results than the parametric model.

2.2.1.2 Parametric models

Specific to SLS, Ruffo et al. (2006b) proposed a parametric model for estimating the build
time. They explored the effect of geometrical parameters on the build time of an object.
The overall build time was given by algebraic summation of recoating time, scanning time,
and heating and cooling time (#x¢); txc was taken as one hour. Case studies were conducted
and it was reported that two parts having same height and volume may take different time
to build.

The effect of different orientations (rotation about different axes) of a part on the
build time was explored by Rathee et al. (2017). They built a cylindrical shaped object by
FDM process. They conducted several experimental runs and used response surface
methodology, a statistical based technique, to establish parametric models. The layer
thickness had the maximum effect on the build time irrespective of any orientation. Build
time was the least for orientation having the minimum z height; although it may increase
the cross-sectional area of a layer, it also reduces the number of layers in the z direction.
However, it was observed by Chacon et al. (2017) that specific to some geometries and
process parameters, the orientation having lesser number of layers took relatively more
time. High printing speed and feed rate may increase the deposition rate of the material, but
repositioning of the nozzle takes additional time due to the effect of acceleration and

deceleration.

2.2.1.3 Soft computing models

Some researchers used artificial neural network (ANN), a popular soft computing technique
in build time estimation of AM processes. For example, Munguia et al. (2009) proposed an
ANN model for the time-estimation in SLS process based on geometrical features of the
product. They considered height of the part, volume of the part and bounding box as input
parameters (referred to as input neurons). A bounding box is an imaginary cuboidal shaped
box that contains every edge of the part. Munguia et al. (2009) took same examples as taken
by Ruffo et al. (2006b) and compared the results. The average error in time estimation
obtained by ANN model was reduced to 2.08% from 14.98% as obtained by empirical
relation of Ruffo et al. (2006b). In another ANN based study, Di Angelo and Di Stefano

8
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(2011) estimated the build time of several AM processes including SLA, SLS, FDM, LOM
and three-dimensional printing (3DP). For this, they considered the part’s height and
volume, layer thickness and repositioning movements. Experiments were conducted only
for FDM and 3DP considering six test cases. The average percentage errors for FDM and

3DP were 11.5% and 12%, respectively.

2.2.2 Cost estimation models of additive manufacturing

Proper knowledge of cost estimation is crucial for decision making in academia, research
and business. The survival of any manufacturing company is at stake unless it is influenced
by a proper cost estimation approach. A customer expects a product at a reasonable cost
without any compromise in the quality. Underestimation of cost results in the financial loss
of business that hampers its growth. On the other hand, overestimation of cost results in the
loss of goodwill of the company and customer relations.

Cost estimation techniques can be broadly divided into two categories— qualitative
and quantitative (Niazi et al. 2006). Qualitative technique lies on the wise utilisation of the
historical data. The similarity between the old and new parts are identified. It is based on a
comparative analysis of a new product with the previously manufactured products to
identify the similarities in the new ones. The past data and experience guide to generate
reliable cost estimation for the newly developed product. Expert judgement is preferable
for adopting this technique. On the other hand, a quantitative technique is based on
identifying different cost elements to manufacture the product. Cost is estimated using
analytical function comprising necessary cost variables. Every cost variable gives an idea
about different resource consumption involved in manufacturing the product. One of the
popular cost estimation approaches is activity-based costing (ABC). It falls under the
category of quantitative technique (Andrade et al. 1999). This technique is practised
amongst several small to large scale industries. It identifies all the activities and the
accompanying cost for making an end-usable product. For example, in machine handling,
an operator is associated with machine setup and basic maintenance. Here, the cost is
associated with the operator also. For running the machine, the cost is associated with
depreciation, utilization, running time and number of shifts. ABC approach measures the
performance activity-by-activity. If an activity incurs a high cost in the production cycle
without adding much value to the final product, the management scrutinizes the activity

and tries to improve it.
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2.2.2.1 Preliminary investigations
Alexander et al. (1998) estimated the cost for two processes— FDM and SLA. The total

cost was taken as the summation of prebuild, build and post-processing costs, i.e.,

c,.=C

total prebuild + Cbuild + Cpost— processing * (23)

The prebuild cost comprised the cost involved in positioning and scaling the part, slicing
the part and computational cost involved for fixing necessary parameters. The build cost
comprised the power consumption, machine capital, depreciation, maintenance and the
material cost. The post-processing cost included the cost involved in removing the support
structures and performing finishing operations. It was emphasised that proper build
orientation could lower the build and post-processing cost. This study assumed that the cost
of each stage was independent and performed one after the other. Based on orientation, the
minimum and maximum cost for FDM was $ 72 and $ 113, respectively, for a specific
product. For SLA, minimum and maximum cost was $ 102 and $ 129, respectively. In
another early attempt, Xu et al. (2001) evaluated the cost of AM by considering the cost of
material, cost of running the machine, cost of data preparation and cost of post-processing.
They considered FDM and three laser-based AM viz., SLA, selective laser sintering (SLS)
and laminated object manufacturing (LOM). Unlike the study of Alexander et al. (1998)
that considered material cost as a part of build cost, this study considered the cost of
material separately.

Later, investigations were carried out to compare AM with other manufacturing
processes based on cost-competitiveness. For example, Hopkinson and Dickens (2003)
compared the costs incurred in AM and injection moulding (IM). For AM, three cost
elements were considered— machine cost, labour cost and material cost. The costs of IM,
SLA, FDM and SLS for producing typical components were compared. The authors
estimated the unit costs of two different parts (one of small size and the other of medium
size). They found that for a small-sized part, SLA and FDM were profitable for
manufacturing up to 6000 quantities. On the other hand, SLS was economical for
manufacturing up to 14000 quantities. For the medium-sized part, SLA and FDM were
economical for manufacturing up to 700 quantities. SLS process was not considered for
manufacturing the medium-sized part. For low volume of production, IM was found to be
an expensive process.

Ruffo et al. (2006a) proposed a new cost model for SLS to estimate the unit cost of

the small-sized part earlier considered by Hopkinson and Dickens (2003). The unit costs of
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the small-sized part were compared when manufactured by SLS and IM processes. The

cost of build (Cpuiis) was estimated as

Cbuild =C

direct

+C,

indirect (2.4)
where Cuirect 18 the direct cost associated with the material and Cindirec: 1s the time-dependent
indirect cost associated with the machine, software, labour, maintenance and overhead.
Based on this model, SLS process was found to be favourable for manufacturing up to 9000
quantities as compared to 14000 quantities estimated by Hopkinson and Dickens (2003).
Ruffo et al. (2006a) also discussed the effect of orientation of the parts during
manufacturing on the cost. They suggested the recycling of powders to reduce the cost of

the part.

2.2.2.2 Production of mixed parts in the build chamber

Ruffo and Hague (2007) explored how manufacturing several parts simultaneously in a
build chamber can achieve a cost reduction. Two different automotive parts, one of a
smaller size and the other of large volume were considered for the case study. The authors
focussed on the aspect that a manufacturing company always sets a build chamber with the
highest packing ratio to lower the unit cost of a product and achieve economy of scale.
Rickenbacher et al. (2013) attempted to estimate the cost of every individual part produced
in a build chamber. The AM process chosen was selective laser melting (SLM). The model
comprised several different cost elements including the cost to produce an inert gas

environment. However, the energy consumption was excluded. The cost of a part was given

by
C =C +C +C _ +C .. +C

total prep buildjob setup build removal

+ (jsubstmte + Cpp > (25)

where Crowi 1s the total manufacturing cost, Cprep 1s the cost of preparing geometrical data
for orientation and support structures of the part, Cpuiijon 1s the cost associated with the part
for arranging it in the machine chamber, Ciseryp is the setup cost of the machine, Cpuiw is the
cost for building the part in the machine, Cremovar 1s the cost involved in removing the part
from the machine, Csupsiare 1S the cost to separate the parts from substrate and Cp, is the cost
for post-processing that involves removal of the support structures and surface finishing.
Three parts having different volumes (14.65 cm?, 4.9 cm?, 2.02 cm?) were considered as a
case study. The costs of the largest and the smallest part when manufactured separately in
the machine were found to be € 1800 and € 500, respectively. However, if all three parts

are manufactured simultaneously, an average cost reduction of 41% was achieved. Hence,
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by properly utilizing the build space in the machine, cost per part can be significantly
reduced.

To take the advantage of both AM and other manufacturing processes, some
researchers have combined AM with other processes. For example, Manogharan et al.
(2016) used electron beam melting (EBM) for fabricating the part and a CNC machine for
finishing operation. The total cost of the hybrid process (Ciowi) Was given by

Ctota[ = CWEBM + {CCNC (tsetup + tﬂnish )} + Cto()lingnﬁnish ’ (26)

where Cegu is the overall cost of EBM, Ccnc is the manufacturing cost per unit time by
CNC, fsenyp 1s the set-up time, inish is the finishing time, Ciooiing is the cost of tooling and
nfnish 1S the number of finishing passes. It was observed that reducing the EBM production
time by 50% and 90% reduces the unit cost by 40% and 72%, respectively. On the other
hand, material cost had a lesser effect on the production cost; 50% reduction in material
cost resulted in reduction of unit cost by only 8%. The economic advantage of the hybrid
process for expensive and harder to machine materials was analysed by a case study on
load bearing assembly.

Yang and Li (2018) formulated a cost model for stereolithography process to
evaluate the unit cost of parts in a mixed allocation. The algorithm was developed based on
the height, volume and complexity of the part to be produced. It was found from case
studies that total cost of the parts produced in mixed production layout was 6.18% less than
that produced in non-mixed production layout. Sensitivity analysis showed that initial
investment of the machine and material cost were the most influential cost parameters. The
authors further emphasised that inclusion of dimensional accuracy of the parts and
environmental sustainability will make the model more comprehensive.

Baumers et al. (2019) demonstrated that increasing the processing speed or
deposition rate of the raw material reduces the unit cost of the part. They considered two
AM processes, i.e., SLA and material jetting. For SLA, increasing the processing speed (in
cm’ per hr) by 98 % reduces the specific cost (in cost per unit volume) by 37 %. For material
jetting, increasing the processing speed by 183 % reduces the specific cost by 39 %. It
shows that reduction in cost is not proportionate to the increase in processing speed. In a
recently conducted studies, Soskic et al. (2019) provided a detailed cost breakdown of
multi-jet fusion process. It is a recently emergent process of powder bed fusion AM
technology. They considered material, labour, energy as direct cost and equipment,

overhead as indirect cost. The authors highlighted that for quotation of 3D printed parts;
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managers need information on cost of individual parts rather than cost of the batch of

produced parts.

2.2.2.3 Energy consideration in cost estimation

In laser-based AM process, viz., SLM and EBM, researchers considered energy
consumption in the cost estimation (Baumers et al. 2012, Baumers et al. 2013, Baumers et
al. 2016). The energy consumption along with the material costs were considered as direct

cost. The cost of build (Cp) was given by
C,=Ct, +{C,,(m, +m,)}+C.E,, 2.7)

where C;is the total indirect cost per hour, # is the build time, C,» and C. are the unit costs
of raw material and energy, respectively, m, and m; represent the mass of the build part and
support structure, respectively and Ej is the energy consumption for the entire build. The
study demonstrated that build cost is dependent on the percentage utilization of the machine
chamber. However, this model did not consider post-processing and recycling cost. This
gap was addressed by Lindemann et al. (2012). They highlighted that the post-processing
cost was a significant parameter after machine and material cost. The post-processing
activity included operations like removal of support material, surface finishing and quality
control.

Baumers et al. (2016) constructed models for EBM and direct metal laser sintering
(DMLS) AM processes. They demonstrated that it is possible to make AM cost-competitive
even for mass production scenarios. The authors also emphasised that economies of scale
can be achieved by increasing the size of build chamber of the machine, increasing
deposition speed of the material and by depositing material on multiple positions

simultaneously.

2.2.2.4 Effect of redesign possibility due to AM on production cost

With growing popularity of AM, parts that were previously manufactured by conventional
manufacturing (CM) were redesigned and again produced by AM. The intention was to
achieve an economic advantage over CM by reducing the number of sub-parts and usage
of raw material (Atzeni et al. 2010; Atzeni and Salmi 2012: Laureijs et al. 2017). In one of
the studies, Atzeni et al. (2010) made a cost analysis of an IM machine and two SLS
machines, one of smaller size and the other of larger size. The part selected for the study
was a fluorescent lamp holder. The holder that initially comprised several sub-parts was

redesigned to reduce the number of sub-parts. The estimation using a cost model indicated
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that the small-sized SLS machine was more economical for producing up to 87000
quantities and the large-sized SLS machine up to 73000 quantities. Sensitivity analysis was
carried out for both IM and SLS to determine the dependence of various cost elements on
the final production cost. It was found that the mould cost was the only significant
parameter for IM, whereas for SLS, the machine cost and the material cost were the
significant parameters.

Atzeni and Salmi (2012) further applied the concept of redesign for producing
aircraft metallic parts by AM. They considered selective laser melting (SLM) and high
pressure die casting (HPDC) machine. They found that SLM was economical for
manufacturing up to 42 parts. In another similar study, Laureijs et al. (2017) considered
part redesign of engine brackets used in aviation industry. They found that metallic AM is
economical than forging process even up to an order of 12,000 quantities. It was further
emphasized that better process control and reducing the material cost can further improve

the economy of AM.

2.2.2.5 Consideration of complexity in AM cost estimation

It is evident from several research works that a manufacturing process is chosen based on
the cost consideration. However, Fera et al. (2018) claimed that complexity issues based
on geometry, information and operation should also be a deciding factor for determining
the proper manufacturing route. This claim holds true especially for processes like AM that
provides numerous freedoms to produce complex-shaped parts. For this, Fera et al. (2018)
proposed a complexity index and associated it with AM cost. Although AM cost is hardly
affected by the complexity; however, most of the other manufacturing processes, e.g.,
subtractive manufacturing (SM), require higher cost if complexity increases. It was
highlighted that the difference between SM and AM is also related to how jobs are allocated
in a production run. AM offers the ability to produce several parts of varying geometries
simultaneously. However, SM is able to produce only a single part at a time. Hence, for
SM, cost is directly associated with the amount of resources required to produce that part,

but in AM, the cost can be divided amongst all the parts produced in the build.

2.2.2.6 Mould production by AM and its effect on production cost

AM is also beneficial to make the replica of a part referred to as pattern. This pattern can
then be used to produce several quantities of that part. Ingole et al. (2009) made use of AM
to produce different patterns for casting and plastic industries. A model was proposed

where the reduction of lead time and cost was addressed. The authors considered the cost
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of material consumption, machine operation, operator involvement and pre and post-
processing operation. To correlate the cost and its benefits with parts of varying geometries,
a complexity index (i) was introduced in terms of the volume of model material (mp),

support material (s,) and build time (#):

. m+s,
l=mbt : (2.8)
b

Eq. (2.8) implies that i should increase if # is less. However, this is arguable as complex
parts requiring more time to fabricate should have higher value of i. Hence, the concept of
complexity index needs more justification. It was found that the cost involved in machine
operation cost was mostly influenced by complexity index. The unit cost of patterns made
by AM was less for small scale volume of production. The authors emphasised that
although cost estimation assists in making a financial decision, but it does not help to
quantify other attributes like quality, customisation, satisfaction and manufacturability.
Also, it was claimed that it is not necessary to include part design in the cost model as it is
more or less the same for all manufacturing processes. However, this claim was opposed
by other researchers.

Achillas et al. (2017) explored the advantages of various AM technologies (polyjet,
FDM, SLA and SLS) over injection moulding (IM) by comparing in terms of lead time and
production cost. Their methodology aimed to explore if AM could be included in the
production portfolio of a company. Achillas et al. (2017) considered four different products
in the case study; each product having different demand in the market. Different cost
components considered were material cost, machinery cost, labour cost and fixed cost.
However, an additional component, i.e., the cost of mould was considered in IM. A
utilization factor was included in labour cost component for both IM and AM. It relied on
the condition of manual, fully automated and semi-automated operation. It was found that
IM was most expensive for producing parts in the range of 1-100 quantities due to the high
manufacturing cost of the steel mould. Producing softer mould by polyjet that lasts up to
50 cycles make polyjet process economical for producing quantities in the range of 100—

1000. Amongst AM, SLS was the most economical due to the low cost of the raw material.

2.2.2.8 Effect of dimensional performance of a part on production cost
Assessment of part quality with the manufacturing cost has received less attention.
Haghighi and Li (2018) attempted to fill this necessary gap. They explored how selecting

the proper parameters can maximize the dimensional performance (DP) as well as minimize
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the manufacturing cost for FDM process. DP was evaluated by producing a rectangular part
in different orientations. The parameters chosen were layer thickness, infill density,
inclination and direction. The cost was estimated as per the model of Baumers et al. (2016),
i.e., Eq. (2.7). It was found that reducing the layer thickness and infill density improves the
dimensional performance of a part. A comparison with the cost reduction and the changes
in DP in three axes (x, y and z) was made. The concluding remark made was that for

obtaining better DP, high manufacturing cost is not a necessity.

2.2.2.8 Consideration of part failure, rejection rate in cost estimation

An important consideration, i.e., build failure was included by Baumers et al. (2017) in the
cost analysis in the manufacturing of an air blower by direct metal laser sintering (DMLS).
The authors investigated the steps that are to be repeated if failure occurs in the middle of
the manufacturing operation. A constant probability of build failure (p. = 0.025%) during
the deposition of each layer was assumed. However, the relation between the probability
of failure and part geometry was not considered. Considering build failure, the total cost

(Ctotar) was given by

=Bl @ (2.9)

total 1 n labour * pp >
(1-p.)

where v is the volume fraction of the part (ratio of the volume of the part to the volume of
entire build), Cruia is the total build cost, p. is the probability of build failure per layer, 7 is
the number of layers, Capour is the labour cost rate comprising indirect, material and energy
costs and #,, is the time required for post-processing. The component chosen was an air
blower used in packaging industry. The cost model achieved a savings of 37.5% in AM
processing route as compared to a conventional route.

Fera et al. (2017) proposed a cost allocation scheme for the production scenario in
which parts of different geometries are built simultaneously. They emphasized that down
time of the machines, rejection rate and quality losses should also be considered in cost
models. For this, the authors considered the impact of overall equipment effectiveness
(OEE). It is a measure of how efficiently a manufacturing operation is utilized. OEE was

proposed in terms of theoretical production time (fseorisica) and real production time (¢-ea):

t, ..
¢ — theoritical . 2 10
real OEE ( )

However, the formulation for evaluating OEE was not provided. Some simplifications in

the cost model were made, e.g., at a particular height, cost is allocated uniformly to all the
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parts present at that level of height and not in proportion to their area. Overall, this model
is quite suitable for cost estimation when a build consists of a number of similar or

dissimilar parts.

2.3 Environmental assessment of additive manufacturing

During the process of converting a raw material to the final product, energy is consumed at
every stage. The proper assessment of the energy requirement of a manufacturing process
and reducing it is a significant strategy for achieving environmental sustainability.
Environmental sustainability aims to minimize the use of natural resources, energy
consumption and carbon footprint.

A widely adopted tool by the researchers to access environmental impact of a
manufacturing process is by conducting life cycle analysis (LCA). LCA is a widely adopted
method for assessing environmental sustainability. It is a systematic analysis to assess the
environmental impacts of a product or process during its entire life cycle (Westkdmper
2000). It involves thorough evaluation of environmental impacts from the production,
through raw material extraction, processing, manufacturing, distribution and use, to the
disposal phase of a product. LCA offers valuable insights on how different factors can make
a system or process more environmentally efficient. The environmental impact is quantified
by a numerical value, named as Eco-indicator. It represents the environmental impact of
the process based on the findings from the life cycle assessment. The higher the value of
the indicator, the greater is the impact of the product on the environment. The value of the
Eco-indicator helps in decision-making processes by providing insights into areas of
improvement for the corresponding product.

Based on LCA of AM, Luo et al. (1999) carried one of the earliest studies to
evaluate the environmental impact. They referred AM as Solid Freeform Fabrication (SFF).
At that time, the technology was in an early phase of development. The authors considered
three typical SFF processes: stereolithography (SLA), selective laser sintering (SLS) and
fused deposition modelling (FDM). Multiple equipment was considered for each of the
processes. The analysis was based on the database of Environment and Resource
Management Data (ERMD). Luo et al. (1999) estimated the energy consumption rate (in
kWhr per kg) and quantified the overall environmental effect for processing unit amount
of raw material for each of the AM processes. The final environmental scores for SLA, SLS

and FDM processes varied in the range of 23.03-36.58, 23.80—37.25 and 24.25-208.55.
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2.3.1 Energy estimation of additive manufacturing

Mongol et al. (2006) investigated the effect of different machine parameters on the
electricity consumption of three different AM processes, i.e., thermojet, FDM and SLS.
They considered a typical geometrical part in their analysis. The parameters in the study
comprised orientation, position, height, layer thickness, quantity of support material and
manufacturing time. The authors presented the influence of parameters in a qualitative
manner by classifying into three levels (small, moderate and big). It was observed that
minimizing the height of the part results in minimum electricity consumption for thermojet
and SLS process. However, for FDM process, reducing the volume of the support structure
results in minimum electricity consumption.

Morrow et al. (2007) carried out a comparative analysis of AM and conventional
manufacturing (end milling) in terms of energy consumption for tool manufacture. They
considered a laser based direct metal deposition (DMD) AM process in their study. The
authors considered the manufacturing of a mould insert plate, mirror fixture, and
remanufacturing of a stamping die. The aim was to explore how energy consumption was
influenced by solid-to-cavity volume ratio (7). It is the ratio of the mass of the product to
the mass of the fully solid product enclosed in a bounding box. It was found that the
manufacturing of the insert plate (» > 7) by AM process consumed 3 GJ more energy as
compared to end milling. However, for mirror fixture (» = 0.33), the AM process consumed
less energy and is more environmentally friendly as compared to end milling.

Sreenivasan et al. (2010) studied the involvement of different components of an
AM machine in energy consumption. They conducted experiments on a selective laser
sintering (SLS) machine and recorded the power consumption by a current measuring
instrument. They suggested to replace the heating system of the machine, that consumes
the maximum energy, with a better thermal control system. They also suggested to use an
efficient laser system for reducing the energy consumption.

Baumers et al. (2011) classified the energy consumption of laser sintering AM
machines based on the geometry and height of the part, time required to build the part and
the energy consumed during the warm-up and cool-down of the machine chamber. They
considered two AM machines having different build volumes and heating elements. One
comprised infrared and resistive heating elements while the other comprised only resistive
heaters. Two prosthetic parts were built on each two AM machines in a single build. The
energy consumed by the machine having only resistive heaters consumed 56.75 kWhr

whereas the other machine consumed 66.02 kWhr.
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Paul and Anand (2012) discussed the dependence of energy consumption on part
geometry, layer thickness, orientation of the part and total area of sintering in an SLS
process. However, their study was limited only to laser energy consumption based on the
virtual manufacturing of a cube, a cylinder and a functional part comprising flat and curved
surfaces. It was found that for a particular layer thickness, laser energy consumption of
cube and the cylinder increases with orientation angle up to a certain limit, and then again
decreases. However, such pattern was not observed for the functional part. The laser energy
consumption was minimum (0.6 kJ) for the cylinder at a layer thickness of 0.1 mm, whereas
the maximum energy consumption (21.69 kJ) was for the functional part at a layer thickness
of 0.03 mm. An optimisation model was proposed to compute the minimum laser energy
based on part orientation and slice thickness.

Ullah et al. (2013) compared SLA and a subtractive process, viz., wood-sawing
technique in context of emission of carbon dioxide gas (involved in model building material
and model making process) and consumption of natural resources. They proposed a
sustainability index (S;) as

S :{CMVM+EP E} Ry (2.11)
where Cy is the CO; footprint per unit volume of material production, V), is the amount of
fresh material per model, Ep is the energy consumption per model, f¢ is the conversion
factor for determining amount of CO> and Ry 1s the measure of resource depletion per unit
volume. A lower value of S; indicates a more sustainable process. In context of
consumption of natural resources, SLA is better than the subtractive manufacturing process.
On the other hand, subtractive process is better than SLA from the viewpoint of carbon
dioxide emission. A critical volume of the raw material (8 cm?® for SLA and 220 cm? for
subtractive process) was evaluated where both the processes have same environmental
impact. The authors emphasised that the use of better photosensitive resins will make SLA
more sustainable.

With respect to energy consumption, researchers also carried out comparative
studies with other manufacturing technologies to assess the environmental sustainability of
AM. Telenko and Seepersad (2012) made a comparative study of SLS and injection
moulding (IM) based on energy requirements. The part considered for this study was a
paintball gun handle made of nylon polyamide. Fabrication of such parts require legal
permission in some countries. The total energy consumption by SLS was considered as the

energy required in the processing of feedstock and the energy consumption during the
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building process. The authors emphasized that full utilization of the machine chamber,
reducing the powder loss and reducing the scanning time of layers can make SLS process
more energy-efficient. Considering full utilization, a total of 150 quantities could be
produced. It was observed that choosing the proper orientation of the part can vary the
energy consumption by 60% in SLS. Also, SLS consumes more energy if mould fabrication
in injection moulding (IM) is not considered. For such cases, SLS consumed more than
three times the energy required in IM for producing the same quantities of the part. The
model did not consider transportation, storage and recycling of the part.

Le Bourhis et al. (2013) assessed the environmental impact of a metallic AM
machinery based on material, fluid and electricity consumption. Electricity consumption
was further categorized as energy consumed by the laser, cooling system and motors. For
case study, the authors considered the manufacturing of a cuboidal shaped wall of
dimensions 100 x 12 x 50 mm?® by two different approaches. They demonstrated how
choosing a proper approach can have a lower environmental impact than the other. The
environmental impacts were expressed in mPts; a higher score means higher detrimental
effect. The score of one approach was 547 mPts and the other was 567 mPts.

By considering four stages of a product, viz., pre-manufacturing, manufacturing,
usage and post-usage, Hapuwatte et al. (2016) evaluated the product sustainability index
(Psr) for conventional manufacturing and AM by assigning equal weightage to economic,

environmental and societal aspects of sustainability. Ps; was given by
1
P, :§(En+EC+S), (2.12)

where E,, Ec and S are the sub-index score for economic impact, environmental impact and
social impact, respectively. A high value indicates a more sustainable process. The
economic aspects comprised initial investment of the machine and overhead costs, while
the environmental aspects comprised material usage, energy consumption and emission.
Lastly, the societal aspects comprised product quality, safety, durability and functionality.
Two cases were considered; a flat design object and a complex model comprising 3D
features. The environmental sub-index of AM is higher for both simple and the complex
object. Overall, Ps;of AM is higher for complex object whereas for the simple object, Ps;
of CM is higher.

Priarone and Ingarao (2017) assessed a subtractive process and a combination of
both AM and subtractive process. The comparison and the selection of an appropriate

process was based on minimum energy consumption and CO» emission. The production of

20
TH-2717_166103105



Literature Survey and Detailed Objectives

parts made of stainless steel and titanium alloys were considered. The total energy (Eorar)

requirement was evaluated as

E

otal = B + Emfg +E,+E,, (2.13)
where Ena, Emfg, Esn and E,e are the energy demand for material production,
manufacturing, transportation and use phase. The authors stated that apart from considering
energy and CO; emission, economic aspect is also a criterion for selecting the most
appropriate manufacturing process.

Watson and Taminger (2018) proposed a model to determine if conventional
manufacturing (CM) or AM is energy efficient for producing a metallic part. The model
considered different manufacturing stages viz., production of feedstock material,
transportation and recycling. Separate energy consumption models were presented for both
AM and CM. The decisive variable in the model was based on a ratio a. A critical value of
a was evaluated by setting the mathematical expression of energy consumption for AM and
CM as equal. For a less than the critical value, AM was preferable, else CM was preferable.
However, it was highlighted that if energy consumed in non-productive operations are
considered, the critical value of a cannot be evaluated. Hence, the scope of the proposed
methodology is limited.

Faludi et al. (2015) employed LCA methodology to compare environmental
impacts of three types of machinery— CNC, FDM and inkjet machine. Several factors such
as raw material, electrical energy, disposal costs, waste generated, transportation and
disposal costs were considered. Individual ecological impacts were determined considering
varying machine utilization. Parts made of Acrylonitrile Butadiene Styrene (ABS), a
popular thermoplastic polymeric material was considered as a case study. FDM machine
was found to be the most sustainable at the maximum utilization of the machine,
irrespective of the density of the model material. It was emphasized that using a single
machine for producing the maximum number of products should be the strategy for
reducing environmental impact.

Tang et al. (2016) stated that environmental assessment of AM based on LCA is
limited due to lack of life-cycle data. They also highlighted that LCA does not consider the
design stage of manufacturing process. This may be justified for CM, but not for AM as
the design freedom it provides can have a huge impact on the environment. For this, an

attempt was made to consider the design aspect in LCA. The authors developed a
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framework for optimizing design features to make an aerospace engine bracket by binder

jetting AM and CNC milling process. An environmental impact index (£;) was proposed:

Ei = f (pdesign ’ pmachine ’ pmaterial ° poperation )’ (2 14)

where pdesign, Pmachines Pmaterial a0d Poperarion are the design, machine, material and operation
dependent parameters, respectively. To optimize the design, functional surface (FS) and
functional volume (FV) were generated. FS is a surface that is required for carrying out a
specific function by a product. For example, a bearing may need one FS for supporting it
to ground and another FS for supporting the journal in it. FV is a geometry volume that
connects the surfaces. The binder jetting AM process was found to be more sustainable
requiring less energy and emitting less carbon dioxide gas. The methodology developed
can be beneficial for industrialists for selecting the most suitable AM process to create
minimum environmental impact.

Liu et al. (2018) compared the environmental performance of direct energy
deposition (DED) with milling process. They considered manufacturing a gear as a case
study. Due to the space constraint of DED machine, the size of the gear was taken as 1.26
cm® To assess the environmental impact, they considered several factors such global
warming potential, ozone depletion potential, acidification potential and abiotic depletion
potential. It was found that the energy consumed (in Whr) by DED and milling process was
803 and 127, respectively. It was reported that low powder efficiency of DED process is
responsible for more material consumption.

In a recently conducted study, Kwon et al. (2020) evaluated three AM process, viz.,
binder jetting, powder bed fusion (PBF) and material extrusion. Also, they considered two
PBF based AM machines, one having smaller bed size and the other of larger bed size. The
effect of part orientation and production volume on the environment was explored. Building
200 parts were considered as high-volume production. It was found that PBF based
machine of smaller and bigger bed size were most environmentally friendly for low volume
and high-volume production, respectively. On the other hand, binder jetting was found to
be least environmentally. In another study, Ma et al. (2021) conducted LCA of an FDM
produced part to assess its environmental impact. As a case study, a cube of size 27 cm®
produced by PLA raw material under different conditions was considered. The effect of
different parameters, i.e., layer height, infill density, printing speed and printing
temperature were investigated on the energy consumption. The manufacturing of the cube

comprised several steps including PLA granulate and filament production, transportation
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of granulate and filament, pre-processing, main production phase and post-processing. The
maximum and the minimum energy consumption (in Whr) were 18 and 267, respectively.

Yoon et al. (2017) compared the energy consumption of injection moulding (IM),
milling process and AM. Each process was modelled in terms of energy consumption and
individual components. An object of volume 4.5 cm® having slots and holes was selected
as a case study. ABS raw material was selected for producing the objects. The electrical
energy consumption for each experiment was measured by a power measuring instrument.
The energy consumed (in Whr) for producing one part by IM, milling process and AM was
832.4, 40.8 and 717.1, respectively. IM consumed maximum energy for one part, but for
producing multiple parts, IM consumes less energy. Conducting a break-even analysis of
this case study is a relevant future work.

Huang et al. (2016) demonstrated how adopting AM can reduce energy
consumption and greenhouse gas emissions pertinent to aircraft components. Comparative
analyses were conducted in the case study considering different materials, viz, steel as well
as alloys of titanium, nickel and aluminium. It was found that producing a part by AM
instead of CM can reduce the weight of an aircraft bracket up to 65%. Also, energy savings
per aircraft and its associated greenhouse gas emission reduction can be up to 11170 GJ
and 900 metric ton, respectively. The authors predicted that by the year 2050, proper
adoption of AM can save up to 2.8 billion GJ energy.

Li et al. (2017) analysed the environmental impact of different AM processes, viz,
FDM, SLA and polyjet. The impact was quantified on the basis of material preparation,
building process (energy consumed), use phase and disposal. Polyjet process was found to
have the most adverse impact (125.1 mPt) and FDM was the most environmentally friendly
having an impact score of 12.23 mPts. Amongst all the processes, FDM provides the
flexibility to produce parts with less usage of raw material, i.e, low infill density.

Xu et al. (2015) developed a mathematical model of energy consumption in a binder
jetting (BJ) AM process. The model was proposed considering shape of the part,
orientation, layer thickness and other process parameters. Based on the working principle
of BJ process, an approach to estimate the time required in spreading a new layer and
printing is provided. The proposed method was validated by manufacturing a cylinder of
height and radius 4 mm and 1.5 mm, respectively. Based on the different set of parameters,
the minimum and the maximum amounts of energy obtained from the proposed model were
1558.76 kJ and 4226.57 kJ, respectively. This model provided more than 95% accuracy

with the experimental results. However, the energy during sintering and curing were
23
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neglected. The authors emphasized that these should be included for a robust assessment
of energy consumption in BJ process.

Kellens et al. (2014) presented parametric models to quantify the environmental
footprint based on energy and resource consumption. The models were developed
considering build height and volume of the parts to be produced. Power analyser was used
to measure the power consumption for different components of the machine. The
environmental impact was assessed based on the energy consumed during printing,
compressed air consumption to produce inert atmosphere inside the chamber and leftover
powder after printing. Although polyamide powders have negligible environmental and
health effect, even then the authors suggested to use ventilation system to extract the dust
particles during the removal of the product from the chamber.

Peng (2016) analysed the energy consumption of FDM process. The energy
consumed was categorised as primary energy and secondary energy. Primary energy
represents the energy consumed during heating and melting the thermoplastic material. The
secondary or the indirect energy represents the energy consumed during product design,
printing settings, warming up of the build platform and geometrical parameters.

Yang et al. (2017) proposed a mathematical model for the energy consumption of
vat photopolymerisation based AM process, i.e., stereolithography (SLA). The overall

energy consumption (Eoverair) Was obtained as

E E + E

overall — curing platform

+E (2.15)

cooling »
where Ecuring 1S the energy consumed during the curing process by UV light source, Epiaform
is the energy consumed by the build platform and Ecoing 1s the energy consumed by the
cooling system. Experiments were conducted to validate the model and design of
experiments (DOE) was implemented based on controllable parameters, viz., layer
thickness, curing time and orientation. Using optimal set of parameters, the energy
consumption was reduced to 127.7 kJ compared to the default conditions where energy
consumed was 278.7 kJ. The authors also stated that industries equipped with SLA based
AM machines can reduce CO> emission from 415 pounds to 191.5 pounds for monthly

production of 3000 parts.

2.4 Societal aspects of additive manufacturing
Social sustainability is the third pillar of sustainability. It has received relatively less
attention as compared to economic and environmental aspects of sustainability. Societal

aspects are related to well-being and safety of human beings. Hornick and Roland (2013)
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highlighted that with the development of AM, the need for training and developing new
technical skills in educational field has risen. Students who are familiar with this
technology can test their creativity and make innovative products. Trained individuals can
also deploy low-cost 3D printers in small businesses (Matos and Jacinto 2019).

AM has proved to be instrumental in providing efficient as well as quality health
care. For example, after the outbreak of Corona Virus disease (COVID-19) in December
2019, there was an urgent need of personal protective equipment (PPE) in the form of
facemask and face shields. During this urgent need, a FDM based 3D printer was able to
manufacture 112 ready-to-use face shields (Armijo et al. 2020). Bio-medical products such
as orthosis, limbs and implants can be effectively fabricated as per patients’ requirement
(Huang et al. 2013). Also, in the process of drug delivery, AM can produce ready-to-use
tablets oral tablets in high quantity (Shahrubudin et al. 2020). Despite some benefits offered
by AM, some detrimental effects of AM are also reported. Huang et al. (2013) investigated
the ill effects of material handling during AM process. They highlighted that the effects of
materials like epoxy resins used in SLA, polyamides and ABS used in SLS have not been
explored much. For example, a liquid resin named “TuxedoTMG3-HCM” undergoes
alteration and mutation that can cause serious health related issues. In another study, Bours
et al. (2017) developed an approach to assess the risk of exposure to raw material used in
3D printing. They considered two materials for comparison. One was liquid resin used in
SLA and the other is polylactic acid (PLA) used in FDM. Three levels, viz., level 0, level
1 and level 2 were considered to assess the sustainability. Level 0 and 2 describe the worst-
and best-case scenarios, respectively. In the evaluation of the post-processing stage, the

material waste was addressed by Efucior:

E =y (2.16)
m

factor
p

where m, 1s the total mass of the material to make the part and m, is the final mass of the
printed part. Based on the comparison of the two materials in different life cycle stages,
PLA was categorised as level 2 while the resin was categorised as level 1.

Ma et al. (2018) explored the ill effects of PLA material used in FDM process on
the human health. For this, they evaluated a quantity referred as human toxicity potential
(HTP) during the manufacturing a gear. HTP was evaluated for several stages during
manufacturing, viz., design, printing phase, service and end of life. HTP is zero for the
activity that does not have any ill effects to human health, e.g., design stage. HTP was

evaluated as
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HTP=wt +wt +Wt, (2.17)

where 1., tw and ¢ are the toxicity potentials with respect air, water and soil, respectively,
ta, t» and t; are the weights for emissions to air, water and soil, respectively. It was found
the HTP score for printing, service and end of life was 1.84, 5.82 and 15.65, respectively.
Overall, the HTP score was obtained as 23.31.

Matos et al. (2019) explored how AM influence social well-being, quality of living,
working condition and economic well-being. For this, they conducted interviews in four
Portuguese organisations that use AM technology. Several opinion-based questions were
asked and mixed responses were obtained. The viewpoint of the interviewees was analysed
as positive, negative, null and mixed. Interviewees said that AM can have a positive impact
on the quality of life. It enables the production of customized products and medical products
such as prosthetics. Also, it encourages the concept of “do it yourself” (DIY). This enables
several educational activities and also improves the learning process. However, the opinion
on economic well-being and working conditions is adverse. AM may promote jobs but its
digital nature can also increase unemployment. It requires comparatively less skill to
operate as compared to CNC lathe or mill (Faludi et al. 2015). Hence, the workers have to
settle with the salary of low skilled jobs.

Another major social concern with the growing popularity of AM is authorisation
and legal issues. The increasing application of AM has raised several issues on the
interpretation of intellectual property rights (IPR) system (Hornick and Roland 2013). IPR
is a legal right that aims to protect the creations and inventions resulting from intellectual
efforts in the field of technology, design, artistry and literary works. Some concerns of IPRs
specific to AM comprise copyright, patent and trademark (Ballardini 2019). The digital
feature of this technology permits everyone to re-design an existing model, produce the
product and even sell the product along with its associated CAD model. Steenhuis and
Pretorius (2017) reported that the ability of AM to produce the model digitally also raises
questions on patent infringement. Production of guns and weapons that are illegal as per
government directives can be easily created in the CAD format. The circulation of such
files and their availability on the internet also poses threats to the defence of a country.
Hence, some restrictions must be imposed on the legality of CAD files to avoid misuse of

AM.
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2.5 Necessary aspects for procuring Additive Manufacturing

An approach to identify the decisive factors for procuring any technology is by conducting
a survey analysis. One of the earliest studies on identifying the factors for procuring a 3D
printer in a manufacturing industry was carried out by Chin (1998). As mentioned earlier,
at that time, the scientific term ‘Additive Manufacturing” was not coined and it was known
as Rapid Prototyping (RP). Chin (1998) conducted a survey via telephonic interview and
personal visits to identify the factors that are necessary to implement AM. Interviews were
conducted with experts of Hong Kong manufacturing industries. To take a decision, four
necessary factors were identified— managerial, financial, technological and
organizational. Authors used analytic hierarchy process (AHP) in his survey. AHP, a
popular decision-making technique was implemented to prioritize and rank the factors. The
study revealed that the financial aspect, i.e., high initial cost of the machine, is a major
concern in procuring RP.

Mellor et al. (2014) conducted a qualitative survey in the form of interview in an
industry that had already procured AM machinery. The interviewees were project
engineers, upper management personal, technology vendors as well as maintenance
personal. The purpose of their study was to identify the factors responsible for deploying
AM as a manufacturing process. A framework for AM implementation was developed
considering AM strategy, AM technology, organizational change, system of production and
AM supply chain. However, the survey was conducted only in a single industry that is a
supplier of powder bed fusion based AM process, i.e., SLS and SLM.

Yeh and Chen (2018) highlighted that 3D printing technology is not being adopted
at the speed as it was expected. The authors acknowledged four factors, i.e, technology,
organization, environment and cost (TOEC), for assessing the adoption of 3D printing. The
environmental dimension refers to the market competition, market trend, trading partners
and government support. Questionnaire was prepared to conduct a survey in Taiwan
amongst industry experts of production, Research and Development (R&D), and marketing
department. Fuzzy analytical hierarchy programme (AHP) was implemented to rank
different factors. It was found that some opinions varied according to the department. For
example, production department believes that technology is more important than
organization, but the opinion of R&D and marketing department in this regard was
contrasting. However, cost factor was identified as the most influencing factor by all three
departments. In another similar study, Sonar et al. (2021) employed AHP to identify and

rank several factors to explore the adoption of AM. Survey was conducted in the form of
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interviews with managerial level experts. The industries located in western part of India
were classified as small, medium and large-sized and have already procured AM
technologies. Managerial level experts were the participants. Survey analysis revealed that
top level management commitment was the most important in the prioritization of the
factors. The financial factor (cost) was ranked 4™ unlike the finding of Yeh and Chen
(2018).

The intention to use AM technologies vary for different users. Schniederjans (2017)
explored the reasons for adopting AM by different users in industries. For this, she
conducted a survey. It was found that 67% of the operators had used it for developing
prototype and product design, 16% for experimentation purpose, 10% for producing end-
usable products and the remaining 7% for demonstrating products to customers. Apart from
this, author also emphasized that management must carry out a proper cost-benefit analysis
before adopting AM. In a similar study, Niaki et al. (2019) carried out a survey in different
companies to identify different motives for procuring AM. A questionnaire was prepared
that comprised questions the reasons for using AM in industry. The questionnaire was sent
to 807 companies across 22 countries. However, out of these only 88 companies took part
in the survey. After obtaining the response, the second round of questionnaire was sent to
experts of different sectors to prioritize the reasons for adopting AM. It was found that the
motives vary in different sectors. For example, the main reason for the medical sector to
procure AM was its ability to produce customised parts. However, for automotive and
aerospace sector, the main reason to adopt AM was its ability to produce complex parts.
According to authors, the dominating sustainability factor in AM was the economic aspect
instead of environmental and social aspects.

Several industries show tremendous interest in AM, but they are not willing to adopt
it as a manufacturing route. Yi et al. (2019) explored the reasons for this. They conducted
a survey in a German-based manufacturing industry to identify the barriers to deployment
of AM. Those were identified insufficient knowledge regarding AM technology, high
investment cost, organization transformation and unpredictable benefits. Also, there is an
apprehension about intellectual property protection and privacy protection with AM. It was

emphasized that the cost estimation in AM is an effective tool that guides decision-making.

2.5.1 Decision support system for procuring 3D Printing
Researchers have also proposed several decision support models to select a proper AM

based machinery as per requirement of the user. For example, Masood and Soo (2002)
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proposed a rule based expert system to select the best 3D printer as per the users’
requirement. A survey in the form of questionnaires was prepared for the user as well the
vendors. The questions asked were related to system features, selection criteria,
applications, price and machine performance. The response rate of the vendors and users
were 70% and 13%, respectively. A computer program was developed based on several
selection criteria, viz., cost of the 3D printer, dimensional accuracy along the x-y and z
direction, finishing of the part, range of layer thickness, available raw material and the
speed of printing a part. Based on the questions and requirement of the user, the program
recommends the desired 3D printer along with its specifications and other valuable
information.

Byun and Lee (2005) proposed a scheme to select a suitable 3D printer based on
TOPSIS, a popular multi-attribute decision making (MADM). Data obtained from the
questionnaire were sent to different users such as industries, government institutes and
service bureau. Based on these data, the selection criteria were accessed. Six different 3D
printers were considered. Apart from cost and build time as the selection criteria,
mechanical properties such as surface roughness, accuracy, tensile strength and elongation
were also chosen. The mechanical properties were expressed as a single crisp value,
whereas the cost and build time was expressed as a fuzzy number. Different weights were
assigned to each selection criteria and based on this, a ranking order was developed.

Roberson et al. (2013) proposed a decision-making model for selecting the best
printer amongst five desktop 3D printers. Three AM processes, viz., FDM, SLA and LOM
were considered. The cost of 3D printers was in the range of $ 1499—$ 20900. A part was
printed on each machine and the ranking system was proposed based on material cost, build
time, cost of the printer and dimensional accuracy. A scaling factor was employed to
compare the differences between single and multiple parts. The scaling factor (sy) for build

time was given by

s, =, (2.18)

where 7 is the number of parts, #1 is the build time for one part and #, is the build time of n
parts. Similar approach was also used for estimating the scaling factor for material usage.
If sr1s less than one, the respective 3D printer is more efficient for producing multiple parts
than printing a single part. Else, the printer is suitable for printing only a single part. Based

on the ranking system, FDM was ranked the highest.
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Recently, Raigar et al. (2020) proposed a decision-making technique comprising
the best worst and proximity indexed method. Apart from all the selection criteria
considered by Byun and Lee (2005), heat deflection temperature was also chosen a criterion
for comparing the AM processes. It is the temperature at which a polymer starts deforming
at a particular load. A spur gear was fabricated by four different processes, viz., SLA, FDM,
SLS and material jetting (MJ). It was desired to have the high dimensional accuracy and
hence was assigned the highest weightage. Based on this, MJ and SLA were ranked the

highest and lowest, respectively.

2.5 Major gaps in literature
A review of literature gave a lot of information on the sustainability concerns of AM. Some
research gaps, limitations and possibilities for further exploration are summarized as

follows:

e Although several models on build time, cost and energy estimation are available in
literature, the issue of uncertainty is not addressed. In the previous works, the output is
obtained as a single value. In practice, the parameters are uncertain and vary with
production places and management policies. Hence, the output varies accordingly.

e It is evident from several research findings that full utilization of the machine yields the
lowest unit cost. However, this increases the production time and tardiness. Hence, the
supply of a product to the market is delayed. Appropriate delivery time is equally
important for economic growth of an industry. However, this concern has received less
attention.

e Comparative analysis of AM with other manufacturing processes based on cost
estimation is carried out only by break even analysis. Aspect like demand of a product
varies with buyers’ requirement. Such uncertainties also affect the production cost.
Hence, this aspect is also to be included in the decision-making process.

¢ One of the notable characteristics of AM is its ability to fabricate objects automatically.
Hence, there is less demand for workforce. This raises a concern of job security amongst
some workers and labourers. The effect of AM on labour work structure, employment

and job security of the workers has not been investigated.

2.6 Objectives of the present thesis

Based on the literature survey and the research gaps, the following aspects are explored:
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1. Cost analysis of additive manufacturing
Cost analysis of a manufacturing process requires information on different cost elements.
For every AM process, cost elements are more or less the same, but some elements may
vary based on the working principle. In this thesis, two popular AM processes, i.e., SLS
and FDM are considered. For a prudent cost analysis of AM, its comparison with other
competitive manufacturing processes is also a necessity. To accomplish this objective, the
following two sub-objectives are adopted:
e Cost estimation of additive manufacturing in the presence of uncertainties
A cost model of AM is proposed. The model is developed by considering different
activities and cost parameters relevant to AM processes. Build time, an important
component for cost estimation is proposed analytically for both SLS and FDM. For
validation, in-house experiments have been conducted. To consider the uncertainties in
cost estimation, the concept of fuzzy sets is introduced. The methodology is demonstrated
by examples.
e Cost comparison of additive manufacturing with traditional manufacturing in the
presence of uncertainties
This objective presents an approach to compare the cost of an AM process, i.e., SLS with
a traditional manufacturing process, i.e., injection moulding (IM). The cost estimation
procedure for IM is presented. A method to estimate the reliability of the uncertain costs
and the expected cost of manufacturing is proposed. Further based on the concept of
reliability, the procedure to choose a favourable manufacturing process for a variable
demand scenario is presented.
2. Utility assessment of additive manufacturing in an organisation
The second objective proposes a guideline for adopting AM technology in an organisation.
For this, the concept of utilisation factor (Uy) and its effect on associated costs is presented.
Based on U, a decision process on the utilization of AM is proposed. Additionally, a fuzzy
set based technique to choose a favourable manufacturing based on deciding factors is
demonstrated. A method to evaluate the labour penalty cost due to the reduction in
employment is proposed. The overall procedure is illustrated by suitable examples.
3. Energy Consumption of Additive Manufacturing
This objective deals with the energy consumption of AM. Analytical models based on the
working principle of two popular AM processes, i.e., SLS and FDM are presented. The role

of different energy consuming elements and their necessity is highlighted. The effect of
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producing a single as well as multiple parts on the energy consumption is discussed. Also,
based on annual production of parts, energy usage and its associated cost, and the amount
of carbon dioxide emission is evaluated. The procedure is demonstrated by examples.

The flow chart of this thesis is presented in Figure 2.1.
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Chapter 3
Cost Estimation of Additive Manufacturing

3.1 Introduction

Every organization aims to make profit from the products that it manufactures. To ensure
profitability, an organization attempts to estimate the production cost early through a proper
cost estimation approach. Cost estimation helps in identifying business potential, preparing
production budgets, accessing the sustainability of the process and performing a break-even
analysis. To estimate the cost of a product, it is necessary to find the costs involved in
various manufacturing operations. This chapter presents an approach for the cost estimation
of AM process. For this purpose, two common AM processes, i.€., selective laser sintering
(SLS) and fused deposition modelling (FDM) are considered. Although all AM processes
follow a common procedure of layer by layer manufacturing, the operating principle differs
for every AM process. Hence, it is appropriate to introduce and briefly describe the two
processes, i.e., SLS and FDM before describing the procedure for cost estimation. Section
3.2 describes the deterministic model for cost estimation for AM process. Section 3.3
introduces the concept of fuzzy set theory for handling uncertainties. The methodology
presented in this chapter is illustrated by examples in Section 3.4. Section 3.5 concludes

the chapter.

3.1.1 Selective laser sintering (SLS)

SLS falls under the category of powder bed fusion process, one of the first commercialized
AM processes. A schematic of SLS is illustrated in Figure 3.1. It involves the fusion of raw
material in the form of polymeric, metallic or ceramic powder. The entire building process
takes place inside a closed chamber often referred to as build chamber. A rotating roller
spreads the powder and forms a layer in the build area of the chamber. Figure 3.1 shows a
roller indicated by the filled circle at one location and an unfilled circle with dotted lines at
other location. The heater system is composed of an infrared heater for heating the closed
chamber and a resistive heater for maintaining the powder at an elevated temperature but
below the melting point throughout the building process. The well-directed laser beam,
generally of a CO; laser, sinters the powder particles according to the geometry of the part.
After the laser sinters the particles of a layer, the movable piston lowers the powder bed

vertically according to the layer thickness set by the operator. After this, the powder bed is
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again filled up with powder by the roller for sintering by the laser beam. The heap of powder
is placed in front of the roller by the power supply system that is controlled by another
movable piston. This process repeats until the entire part is built. After the building of the
part is completed, it is removed from the build chamber and necessary post-processing

activities are performed.

) ) Laser source
Scanning mirror

Infrared heater
Distance travelled by the roller

Sintered component

Roller

Powder

Unsintered powder

Movable powder bed
(build platform)

Resistive heater

Powder delivery system

Figure 3.1 An illustration of SLS

3.1.2 Fused deposition modelling (FDM)

Extrusion technology in the form of fused deposition modelling (FDM) or fused filament
fabrication (FFF) is a popular and user-friendly AM process (Masood 1996). However, the
former term FDM, a trademark of the company Stratasys is more widely referred. It uses
raw material in the form of thermoplastic filament material that is fed from the spool to the
nozzle. The commonly used filaments are acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA). The filament gets heated to a temperature just above the melting
point (1-2 °C greater than the melting point). The semi-liquid material is then extruded
from the nozzle and bonds to the previously built layer in the build bed as shown in Figure
3.2. The layer thickness is mainly dependent on the material extrusion rate and speed of the
head. After a layer is formed, the platform is lowered down as per the prescribed layer
thickness. The deposition of material in a layer-by-layer fashion in the platform continues

until the entire part is built. The build platform moves in z direction, while the extrusion
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nozzle moves in xy plane. For producing complicated geometries, FDM equipment with
two nozzles, one for the part material and the other for support material, is used. After the
entire part is produced, the part that gets stuck to the build bed is removed by a scraper tool.

Finally, post-processing operations are done to ensure proper finishing of the part.

FDM extrusion head

Feed mechanism

r

Heating @
Filament spool
Nozzle
. Part
Support

Build bed —»

Figure 3.2 An illustration of FDM (Qattawi et al. 2017) (Under a Creative Commons

License)

3.2 Deterministic model for cost estimation
Cost estimation methodologies for any manufacturing process, in general, and AM in
particular, have several common features. However, some specific details will differ. In
this chapter, the methodology for cost estimation of AM process is illustrated. Cost
estimation for any additive manufacturing process is largely dependent on the build time.
Cost estimation requires consideration of numerous elements. Table 3.1 lists
specific elements of cost that are relevant to AM technology. For developing a
comprehensive cost model, several steps are followed in a systematic pattern. First step is
the listing of various activities, e.g., pre-processing (designing the computer-aided design
(CAD) model, converting to standard tessellation language (STL) format with file transfer
and setting up the machine), processing and post-processing (part removal and cleaning).
One of the important steps in pre-processing is the design of the printer head. This is also
referred to as tool path strategy. Several approaches, viz., raster, spiral, zigzag, continuous
and contour strategies have been developed for AM processes. For each strategy, the G
code is accordingly generated by the slicing software. The same product can be produced

via more than one strategy. However, every strategy has some advantages as well as
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disadvantages. For example, the raster tool path strategy is easy to implement but it
produces a product with poor dimensional accuracy. On the other hand, the spiral tool path
strategy produces a product with relatively good dimensional accuracy but its
implementation requires complex algorithms. To obtain the benefits of various tool path
strategies, some researchers have also proposed hybrid tool path strategies (Ding et al.
2014). Every product has different geometrical features, hence, accordingly the best
possible strategy should be chosen for producing a particular product. In general, low-cost
3D printers do not have the availability of producing a product with different tool path
strategies. However, such facilities are available in high-cost 3D printers.

The next step is the estimation of time required for executing each task. In this step,
the most crucial is the correct estimation of build time. The main component of the build
time is the time to build the part layer by layer in the machine chamber. The heating of the
platform in the machine and cooling down after the build process are also considered as a
part of the build time. The build time directly influences the majority of the cost elements.
Identification of cost elements is a difficult task and there are some differences in the
approaches adopted by various researchers (Hopkinson et al. 2003; Ruffo et al. 2006a;
Ruffo and Hague 2007; Baumers et al. 2016). In the last step, the cost calculation is carried
out by using appropriate algebraic equations.

Table 3.1 Different elements for cost

Cost element Sub-elements

Material cost Main product, support and post-processing costs

Operator cost Machine set-up, operating and post-processing costs

Slicing cost Software and designer costs

Overhead cost Depreciation, annual maintenance, electricity, factory rent costs

The build time is dependent on the type of AM technology, type of machine, build-
orientation, slicing strategy, process parameters and the geometrical complexities of the
part. The accurate estimation of build time is time consuming and highly difficult task. It
is prudent to develop a reasonably approximate model of build time that requires the
minimum possible information. Sections 3.2.1 and 3.2.2 describe the procedure for an
approximate build time estimation for two common AM processes, i.e., SLS and FDM,

respectively. Section 3.2.3 presents the cost model considering necessary cost elements.
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3.2.1 Build time estimation model for selective laser sintering

Specific to SLS, build time can be mainly divided into two parts— time for adding powder
by the roller and the time required for scanning. Apart from these, heating and cooling time
are also considered (Ruffo et al. 2006b). Powder addition by the roller involves forming a
layer of prescribed thickness by depositing powder. The layer of powder is formed in the
entire horizontal area (xy plane) of the machine bed.

Pham and Wang (2000) provided an approximate formula to predict the time for
adding powder by the roller. However, the formula ignored time for attaining the maximum
velocity by the roller as well as time required for bringing the roller to the rest. Due to this,
time for adding the powder was underestimated. Hence, Pham and Wang (2000) estimated
this time empirically. In this study, acceleration and deceleration time are considered. The
underlying kinematic behaviour of the roller is illustrated in Figure 3.3. OB represents the
time period in which the roller starts from zero velocity to attain the maximum velocity. In
the time period BC, the roller travels with constant velocity. Finally, the roller decelerates
and comes to rest in the time period CD. The total distance travelled by the roller (/) is

given by

a a a

|, v I v
Zr:?’r—r“’r t,—2— +Ev,—’, (3.1)
where v, is the maximum attainable velocity of the roller, a, is the acceleration and
deceleration of the roller during starting and stopping, respectively and ¢, is the time for

adding powder by the roller. Solving Eq. (3.1), 74 is obtained as

[ v
=t (3.2)
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Figure 3.3 A typical time-velocity diagram of the roller
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Considering time delay between two successive layers (7q), tqp 1s given by

[ v
lp =| —+t— | T, (3.3)

\% a

Time delay that includes lowering down of the platform and roller return time, is a difficult-
to-estimate element. The time delay between two layers may depend on the type of powder
and judgement of the operator. Eq. (3.3) is applicable for only one layer of powder. For the

complete part, 74 is given by

2 ¥= h,
lyp = " +a +1¢, 7 (3.4)

where /4, is the height of the part and /; is the layer thickness. It is assumed that the layer

thickness is fixed throughout the height of the part.

The other part of build time is the scanning time. It takes place by the action of a
laser beam. It is the process where the part is built layer by layer. Unlike the time estimation
for powder addition by the roller, the scanning time is a complex phenomenon and varies
for different geometrical features contained in a part. The kinematics involved in scanning
is similar to that in powder addition (coating) by the roller. Considering a part to be a
rectangular prism, the total number of scans required for scanning one layer (N;) is given
by

w

N = 2 41, 3.5
*d, +d, (3-5)

where wy is the width of the part, dj is the scan spacing and d; is the laser beam diameter.

Time required to scan a complete layer (¢scqn) 1S given by

t S 1+ 3.6
scan VS dh + dl al 2 ( . )

where [, is the length of the part, vy is the maximum scan velocity of the laser beam and a;

is the acceleration of the laser beam. Representation of necessary parameters involved in
scanning process is illustrated in Figure 3.4. Eq. (3.6) gives the time for scanning only one
layer of the part. Laser delay time being very small is neglected. For the complete part, the

time required to scan (scan) 1S given by

h |1 w, v
loan =5\ +1 |+ (3.7)
L |v.\d, +d a,
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Figure 3.4 A schematic of scanning process: (a) top view of the part illustrating laser beam

Height of the part (4.)

Layer thickness (/)

diameter and scan spacing, (b) front view illustrating layer thickness of the part

Eq. (3.7) is applicable if the part is a rectangular prism. If a part comprises some
complex geometrical features, Eq. (3.7) requires modification. For such cases, an approach
to estimate #,.an Was proposed by Ruffo et al. (2006b). They presented an empirical model
for build time estimation in SLS process. In their study, they considered a box of cuboidal
shape that contained the entire volume of the part. Similar approach is followed in this
work. The cuboidal shaped box is termed as a bounding box that refers to the volume of
the smallest cuboid that covers every edge of the part to be formed. The ratio of the volume

of the actual part (V) to that of the volume of the bounding box (%) is denoted by 7,:

”
ro=-2 38
p I/h ( )

Larger value of 7, indicates that there is less empty space in the bounding box. Incorporating

rpin Eq. (3.7), tscan 1s Obtained as

t —rh—z Lf " 1|+ 5 3.9
scan p lt VS dh +d1 Cll : ()
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Figures 3.5 and 3.6 illustrate two typical layers where only the dotted filled portion
is to be sintered by laser scanning. The laser beam starts from point O and stops at point G.
The kinematic behaviour of the laser scan is shown in the time period O to G. Figure 3.5
shows a layer having a small empty space BE. From point B to point E, the laser travels at
rapid velocity. At rapid velocity, scanning does not take place. Also, the nozzle cannot

attain its maximum rapid velocity due to a small empty space. The distance BE (s) is given

by

s=vt +2><Ltr—latr—1 (3.10)
srl 2 2 [ 2 7 '

where 7,1 is the time taken to cover the distance BE. Solving Eq. (3.10), #.1 is obtained as

2(\/\/5 +a,s —vs)
6, = - : (3.11)
[

Overall, the total time to travel at rapid velocity (#;) to cover the entire part is given by

(3.12)

=
D
]
©
- aj a
Vs
aq
0] A B |[K [E F G
< —p| . >
- v\" v, Time
a a

Figure 3.5 A typical layer undergoing sintering process with a small empty space and
corresponding time-velocity diagram

In Figure 3.6, the distance BE represented by s is the empty space that is to be
travelled at rapid velocity. Since the empty space is large, the laser beam attains its
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maximum velocity unlike in Figure 3.5. The distance CD is travelled at maximum rapid
velocity by the laser nozzle. Let the time taken to travel the overall empty distance BE be
represented by ¢ and the time required to travel the distance BC be represented by #.. The
distance BE (s) is given by

S:ZX%(VM—vs)ta+(vm—vs)(t—2la)+vst, (3.13)

where vi, is the rapid velocity of the laser nozzle. Solving Eq. (3.13), ¢ is obtained as

N 1Y (3.14)
A%

ra ra

Let the time required to cover the distance BC or DE (Figure 3.6) be represented by

= : (3.15)

Eq. (3.15) gives the value of time when the laser nozzle has attained its maximum rapid
velocity. This is also the maximum value of time to attain the maximum velocity of the
laser nozzle. Hence, by replacing #, in Eq. (3.14) by #2/2 from Eq. (3.15), Eq. (3.14) yields
2
S (Vra - vs )

Y — 3.16
va (3.16)

ra

Overall, the total time (#-) to travel at rapid velocity (the entire part) is given by

. ¥ (l—rp)lx+(vm—vs)2 E[ w, +1]

I v v.a | L\d +d

ra

Wy
= (3.17)
y

N
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Figure 3.6 A typical layer undergoing sintering process with a large empty space and

corresponding time-velocity diagram

In order to determine if an empty space is larger or not, the values of #1 and 7,2 are
determined from Eqgs (3.11) and (3.15), respectively. If 7 is smaller than 2, Eq. (3.12) is
applicable; else Eq. (3.17) is applicable. In situations where both small and large empty
spaces are present, the time to travel at rapid velocity is given by the weighted combination
of the times given by Eq. (3.12) and Eq. (3.17). Overall, the total build time (#suiz) is given
by an algebraic summation:

tbuild = tmp + tap +1 + tr + teo > (318)

scan

where t,, is the time required for machine preparation that involves machine set-up,
warming up of the closed chamber and other preliminary operations. f, is the time required
in ending operations such as cooling down of the machine chamber and repositioning of
the laser beam and powder bed. Eq. (3.18) is applicable only when a single part is built
inside the machine chamber. If multiple quantities (say 7,) of the same part are built in the

machine chamber, the build time for an individual part is given by

o+l o
Lyita = —t+ 1l T (3.19)

n,

In this case, the time for adding powder by the roller (#,,) and fixed time components, i.e.,
the time for machine preparation (#,,) and time for ending operation (z.,) are divided

equally amongst all the parts in the machine chamber.
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3.2.2 Build time estimation model for fused deposition modelling

The methodology for build time estimation in FDM is developed by considering the
building of a hollow rectangular prism. It is then generalized for building any part by using
certain factors. Figure 3.7 depicts the top view of the prism with outer boundary ABCD
and inner boundary EFGH. It is assumed that the track width of deposition is the same as

the nozzle diameter.

D C
|
l 0 G
II E F
A B

Figure 3.7 A pictorial view representing generation of boundaries in a rectangular layer

The building of the rectangular part is carried out in the following stages:

Stage i: Building of outer surface bounded by rectangular ABCD

During this stage, the nozzle of diameter d, traverses the outer periphery and deposits the
material to make solid layers. If the perimeter of rectangular ABCD is p,, the nozzle will
cover a distance of (po—2d,) in tracing the outer surface. However, usually, the thickness of
the wall is enhanced by traversing the nozzle again. In the second time, nozzle will cover a
distance of (po—4d,).

Stage ii: Building of inner surface bounded by rectangular EFGH

During this stage, the nozzle of diameter d, traverses the inner periphery and deposits the
material to make solid layers. If the perimeter of rectangular EFGH is p;, the nozzle will
cover a distance of (pi+2d,) in tracing the inner surface. During the second trace for
enhancing the inner wall thickness, nozzle will cover a distance of (pi+4d.).

Stage iii: Building of the bottom surface

During this stage, nozzle will scan the area between inner and outer walls to make the solid
bottom surface.

Stage iv: Filling the volume with prescribed infill density: During this stage, the nozzle

moves in a zigzag path to build a structure with a prescribed infill density. Infill density
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can vary from 0 (no material) to 100% (totally solid structure). Lower the infill density,
lesser is the time and material requirement. Figure 3.8 shows a schematic of a fully solid
layer and a partially filled layer.

Stage v: Building of the top surface

This stage is similar to stage iii and makes a solid top surface.
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Figure 3.8 Representation of (a) solid layer (100% infill density) and (b) partially filled

layer

The motion of the nozzle comprises acceleration, uniform velocity and retardation. The
maximum velocity of the nozzle is considered as v, and uniform acceleration as well as
retardation as a,. Depending on the distance covered by the nozzle, two scenarios of motion
may occur as shown in Figure 3.9. It is to be noted that Figure 3.9(a) is similar to Figure
3.3. The nozzle is able to attain the maximum velocity when the traverse distance is large.

Hence, similar to Eq. (3.2), time (#) for traversing a distance /, by the nozzle is given by

l}’l vi’l
f, =242, (3.20)
vn al’l

However, condition for the applicability of Eq. (3.20) is

e (3.21)

When the traverse distance is not large, i.e., inequality in Eq. (3.21) is not satisfied, the
maximum velocity is not attained as shown in Figure 3.9(b). For this case, the time for

traversing a distance /, is given by

l
t, =2 |*.
: » (3.22)

n
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Figure 3.9 Time-velocity diagram of nozzle for covering (a) a large and (b) a small distance

Now time estimation for the aforesaid five stages is as follows:

Stage i: For building the outer wall of thickness equal to twice the nozzle diameter, the
distance covered by the nozzle is (2p,—6d,). Considering it as a large distance satisfying

the inequality of Eq. (3.21), the time for making one layer in this stage is

2p,—6d,) v
tlayer i~ {( ) +_n}' (323)
- v}’l a}’l
If the height of the part is /4. and the layer thickness is /;, then the time for this stage is
2p —6d h
; ={—( P ")+V—"}—Z. (3.24)
vn al’l ll
Stage ii: The time for this stage is obtained, similarly, as
2p. +6d
. :{wn_n}h_z, (3.25)
Vn an lt

Stage iii: The solid bottom surface is obtained by scanning the nozzle over the entire
surface S between inner and outer walls. Thus, the time during this stage is
— Sb
i Vndn -

(3.26)

Stage iv: In this stage, the volume has to be filled with prescribed infill density. As the
volume deposition rate is v.d.l;, the ideal time required in this stage is
V.1,

net

b e = 2, 2
iv_ideal IOOV”d”lt (3 7)

where V. 1s the net volume to be filled and /; is the percentage infill density. V. 1s obtained
in the following way. Let the volume of an imaginary bounding box (rectangular prism) of

length /5, width wy and height /4, be V5. The ratio of the part volume V1 to V5 is given by
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%

r,= Ip/m : (3.28)
b

Then, the net volume (V) is given by

Vi =1, (4, =2, ) (w, =24, ) (h, = 21,). (3.29)
This value of Ve can be substituted in Eq. (3.27) to get a time estimation. However, due to
non-uniform motion, the actual time will be more than this ideal estimate. It is very tedious
to carry out the proper motion analysis, particularly at the planning stage. A simplified
approach is to assume that the nozzle undergoes a number of cycles by starting from rest,
reaching the peak velocity and after some time retarding to again come at rest. Consider
that in a cycle, it covers a traverse distance /,. In that case, the actual time of traverse can
be estimated from Eq. (3.20) or Eq. (3.22). On the other hand, the ideal time to traverse this
length is

[

Lioa) = —— 3.30
deat = (3.30)

n

Hence, a correction factor ¢ can be obtained by dividing the actual time by the ideal time.

Thus,
2 2
14— for/ > Y ,
al 2a

nn n

c= 1 (3.31)
2v, /— otherwise.
anln

Finally, the estimated time for Stage iv is obtained as

Ly =Cly idear- (3.32)
Accuracy of estimation is highly dependent on choosing a typical representative value of
[,. Another important kinematic parameter in FDM is jerk. Jerk resembles the velocity jump
that occurs instantaneously when the nozzle initiates acceleration or the retardation phase
(Comminel el al. 2018). Actually, the jerk should be expressed in m/s’, but it is expressed
by machine manufacturers in m/s, considering velocity change in very small interval
(almost instantaneously). It also determines how fast the nozzle changes its direction while
depositing molten material. As per Messimer et al. (2019), jerk setting greater than 20 mm/s
increases the vibration in the machine resulting in the dimensional error of the printed part.
The corners of a produced part appear to be slightly elevated and rounded. On the other

hand, jerk setting lower than 1 mm/s prevents the nozzle to move very slowly resulting in
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irregularities with the melt pool of the extruded molten material from the nozzle. In this
work, for simplicity, the effect of jerk in build time estimation is not considered.

Stage v: This stage is similar to Stage iii. If the top surface area is S;, then the time during
this stage is

t—St 3.33
Yoyd (3.33)

n-—n

Now, the total build time (#5.:1¢) 1s estimated by combining the time estimates of all the five

stages, i.e,

lpitg =8 +0; +1; +1, +1. (3.34)

3.2.2.1 Determination of lower and upper limits of time estimate

Accurate estimation of the correction factor (c¢) described in Section 3.2.2 is a difficult task.
This factor depends on the representative average length (/,) travelled by the nozzle in
different paths in the xy plane. For a part, /, is estimated as the mean of the shortest and the
largest distance travelled by the nozzle during material deposition. Figure 3.10 illustrates
two layers to be scanned by the laser beam. The arrow shows the direction of travel by the

laser beam. For both cases, /, is (a+d)/2.
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(a) (b)
Figure 3.10 Illustration of representative average length (/) travelled by the nozzle for (a)

a layer to be completely filled, (b) a layer to be partially filled

For determining a proper range of /,, a statistical approach is adopted in this work.
The approach relies on the random measurements of the length at a few places. The

following steps are executed:
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Step 1: It is decided to take ns samples for estimating /,. In each sample, ns measurements
are carried out.

Step 2: For each sample, the mean length (7)) is calculated as

g

[ = =, (3.35)

where j varies from 1 to #;.

Step 3: The grand mean (7 ) is calculated as

2

r : (3.36)
n
N
Step 4: The standard deviation of the means (s.) is calculated as
s, (3.37)

Step 5: The final step involves the calculation of confidence interval (C). It gives a lower

and upper estimate of length as

= S
C, =l it(nsfl,a/Z) — > (3.38)
nS
where t-value is a statistics of Student’s z-distribution and a is the significance level.
Considering 95% confidence, the value of is 0.05. The #-value is obtained from a standard
statistical table. Hence, by using this procedure, lower and upper estimates of length are

obtained. This helps in providing interval estimation of build time in FDM.

3.2.3 Cost model
Summation of all the cost elements listed in Table 3.1 gives the total cost (Cirar) of a part

manufactured by an AM process:

C =C +C +C

material operator slicing

+C (3.39)

total overhead ,
where Chareria 1S the material cost, Coperaror 1S the operator cost, Ciiicing 18 the slicing cost
including software and involvement of the designer to convert the CAD model to proper

format and Coverneaa 1 the overhead cost. Denoting material cost per unit mass by Cmarerial
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and time-dependent cost components by lowercase letter ¢ followed by subscript

representing the respective cost-element, the total cost (Croar) can be written as

Croar = (cmaterialmr ) + (cslicingtdesign )+ {(Coperator * Coverhead )tbuild } + (Coperatortpp ),
(3.40)
where m; is the mass of raw material needed for fabricating the part, tiesign is the time
required to convert the CAD model to proper STL file format and #,, is the time required
to remove the part from the build chamber of the machine and perform finishing operations.
When a part is manufactured by powder, some powder always gets wasted and becomes
unusable. The waste powder mass should also be included in the estimation of m,. One
simple way for getting the proper estimate of 7 is to multiply the actual mass by a suitable
factor. An important element of any AM process is the slicing cost. It comprises the cost
of a slicing software that is required to convert a CAD model into a proper STL format. In
this process, a designer is involved in the judicious use of the slicing software. For operating
an AM based machine, an operator is required for carrying out activities like repositioning
the machine bed, removal of the part from the machine bed, ensure proper functioning of
the machinery parts and carrying out suitable finishing operations. In some cases, operators
are also trained to handle the slicing software in desktop 3D printers. Hence, the role of an
operator cannot be ignored although AM based machineries are claimed to be automatic
unlike conventional machineries.
Eq. (3.40) is applicable for finding the cost only when a single part is built at the
machine chamber. If multiple parts (say #,) of the same part are built in the machine
chamber, the total cost (Ciw) per part is given by

Cxlicingtdesign
Ctotal = (Cmaterialmr ) + ( + {(Coperator + coverhead )tbuild } . (Coperatortpp ) (341)

n,

Per hour cost-elements are obtained as

c B monthly salary (3.42)
e (working days in a month x effective working hours in a day)’ .
c _Annualslicing software cost N monthly salary of the designer (3.43)
st annual operating hours working days in a month ’
x effective working hours in a day
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machine cost —salvage value

1 +annual maintenance cost

Coverhead = 1 ti h machine life
annual operating hours .
P & + annual factory rent + annual electricity charge

(3.44)
3.3 Implementation of fuzzy set theory for handling uncertainties
The cost estimation procedure described in Section 3.2 is deterministic in nature. To take
into account uncertainties, the deterministic cost models can be converted into fuzzy set
based cost models. An element in a fuzzy set is characterized by a membership grade, which
usually varies between 0 and 1. A fuzzy set is the generalization of a conventional crisp set,
in which membership grade of each element of the set is 1. For developing a fuzzy set based
model, the uncertain quantities are treated as fuzzy variables. A fuzzy variable is a quantity
whose value is imprecise or vague rather than a single crisp value. A fuzzy variable is
represented by a fuzzy number that is an agglomeration of interval numbers with a
membership grade associated with each interval. There are several ways of obtaining a
fuzzy number; the most common way is to construct it based on the inputs from experts.
This thesis considers all fuzzy variables as triangular fuzzy numbers. In a triangular fuzzy
number, the low (/) and the high (%) estimates of experts are assigned a membership grade
of 0.5 while the most likely () estimate is assigned a membership grade of 1 (Dixit and
Dixit 2008).

Membership grade greater than 0.5 in a fuzzy set indicates the positive association
of the element with the set. On the other hand, membership grade lower than 0.5 indicates
that the element is more inclined towards being a non-member of the set. Membership grade
of 0.5 is a border case, where the degree of association with the set is half. Hence, it is
reasonable to assign a membership grade of 0.5 to low (/) and high (/) estimates, which
indicates that there is a 50% chance to get such values. Figure 3.11 shows a typical linear
triangular fuzzy number. It is to be noted that that most likely estimate m need not be simple
mean of / and 4. (For example, assuming a worker gets $ 5 for some task. Due to rising
inflation, it may be advisable to keep a provision of $ 7 for the task. Hence, the high
estimate may be kept as $§ 7. However, it is not prudent to fix low estimate as $ 3, because
labour charges usually do not reduce, at least significantly. Hence, the expert might fix low
estimate as just $ 4.8 or so0.)

A fuzzy number can be represented by an infinite number of intervals with different

membership grades. An a-cut of a fuzzy set is a crisp set containing all the elements having
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membership grades greater than or equal to a. The a-cut of a typical convex fuzzy number

(say A) is represented by
A :[aa,aa}, (3-45)

where 4, is the interval corresponding to membership grade a, a1* and a>* are the lower and

upper limits of the interval, respectively.
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Figure 3.11 Fuzzy variable as a function of membership grade

For developing a fuzzy set based model, arithmetic operations, viz., addition,
subtraction, multiplication and division in the deterministic model are replaced by fuzzy
operations. Fuzzy arithmetic carries out interval arithmetic at each membership grade a.
Suppose a variable 4 has interval (a1%, a2*) and B has interval (b1%, b>*) at membership grade
a, then the arithmetic operations at that particular membership grade (a-cut) are carried out

in the following manner:

Summation: (a,a; )+ (b",b;) =(a; +b",a5 +b5) (3.46)
Subtraction: (a;,a;)— (b7 ,b;)=(a] —b; a5 —b") (3.47)
Multiplication: (a;",a; )x (b ,by) = (a xb,a; xb") (3.48)
Division: (af,a; )=+ (b,b))=(a; /b),a; /b") (3.49)

This way, the interval can be obtained at each a-cut. For illustration, fuzzy addition and
subtraction of two fuzzy numbers (4 and B) are shown in Figure 3.12. Addition and
subtraction of two linear triangular fuzzy numbers will result in linear triangular fuzzy
numbers but the same is not true for the multiplication and division. However, as an
approximation, the fuzzy numbers obtained by multiplication and divisions can also be

treated as linear triangular fuzzy numbers.
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Figure 3.12 Arithmetic operations (addition and subtraction) of two fuzzy numbers

3.4 Illustration of the methodology by examples

The procedure described in Section 3.2 will be implemented to estimate the cost of different
parts manufactured by two AM processes, i.e., SLS and FDM. Specific to SLS, two parts,
i.e, part A and part B are considered. The parts were earlier considered for manufacturing
by Zhang and Bernard (2013). These parts are deliberately selected so that the build time
obtained by those authors can be compared with the values obtained by the build time
estimation model developed in Section 3.2.1. However, for FDM process, in-house
experiments were conducted and parts having different geometrical features were printed
in an FDM machine. The purpose was to compare the actual time with the values obtained
by the analytical model described in Section 3.2.2. Later, the cost model was implemented
to evaluate the cost of both SLS and FDM. The cost estimation for SLS and FDM are

illustrated with examples in Section 3.4.1 and Section 3.4.2, respectively.

3.4.1 Cost estimation for SLS

The parts considered for SLS are part A and part B. Part A is a milling cutter of volume
184893 mm? contained in a bounding box of dimensions 120 x 120 x 28 mm? and part B
is a typical 3D shape of volume 9603 mm? contained in a bounding box of dimensions 74
x 34 x 34 mm? (Zhang and Bernard 2013). The details of the SLS machine parameters are
given in Table 3.2. In the estimation of build time, the first step is to calculate the time for
spreading powder by the roller. Then, the time to scan each individual layer, and the time
to travel at rapid speed is calculated. Finally, the overall build time of both the parts is
calculated. Table 3.3 shows different variables for build time calculation. The methodology
developed in this study is different due to the consideration of acceleration and deceleration

of the roller and the laser nozzle. Also, this study does not consider the surface area of the
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product. Nevertheless, the values obtained are fairly close to those of Zhang and Bernard

(2013).

Table 3.2 Estimation of build time of the two parts

Parameters Value Basis

Distance travelled by the roller in the machine 730 (SLS SPEC 2017)

bed, /- (mm)
Maximum velocity attained by the roller, v, 700 (Pham and Wang 2000), own
(mm/s) judgement
Acceleration of the roller, a, (mm/s?) 20000 (CADEM 2017)
Time delay of the roller between two (Pham and Wang 2000, Zhang

. 5 and Bernard 2013), own
successive layers, # (s) .

judgement

Layer thickness, /; (mm) 0.15 (Zhang and Bernard 2013)
Maximum scan velocity of the laser, vy (mm/s) 700 (Zhang and Bernard 2013)
Scan spacing of the laser, dj (mm) 0.33 (Zhang and Bernard 2013)
Laser beam diameter, d; (mm) 0.6 (Zhang and Bernard 2013)
Acceleration of the laser, a; (mm/s?) 20000 (CADEM 2017)
Maximum rapid velocity of the laser, v 2100 (Zhang and Bernard 2013),
(mm/s) own judgement

Table 3.4 shows the details and the basis of different cost elements. The raw material used
in this study is polyamide of density 1.2 gm/cm?. It is a commonly used material in SLS
process. To determine the material cost per kg, the actual volume of the product is increased
by 20% to consider the material wastage. Then Eq. (3.42) and Eq. (3.43) are applied to
calculate the operator cost and slicing cost, respectively. Lastly, the overhead cost is
calculated as per Eq. (3.44). The most dominating part of the overhead cost is the machine
depreciation. As the cost of a 3D printer is high, it is considered to have 8§ years of useful
life and straight-line depreciation technique is followed (Ruffo and Hague 2007).

Finally, the total cost of a part considering single quantity and 7, similar quantities
in the machine chamber is obtained as per Eq. (3.40) and Eq. (3.41), respectively. tiesign and
typ are considered as 1 hr each. Table 3.5 shows the cost of part A and part B when built

individually and with two units of the parts in the machine chamber.
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Table 3.3 Estimation of build time of the two parts

Considering 1 unit of part at the machine chamber

Variables Part A Part B
Ratio of the volume of the part to that of bounding box, 7, 0.458 0.112
Time for adding powder by the roller, 7, (s) 1001.20 1215.70
Time for scanning,  (s) 1908.70 101.69
Time taken by the laser nozzle to travel at rapid velocity, #-(s)  1549.30 547.65
Time for machine preparation, up (S) 1800 1800
Time for ending operation, Z (S) 1800 1800
Total build time, #puiia (hr) 2.24 1.52
Total build time as per Zhang and Bernard (hr) 2.29 1.43
Absolute % difference 2.18 6.29
Considering 2 units of parts at the machine chamber
Variables Part A Part B
Total build time, puiia (hr) 1.60 0.85
Total build time as per Zhang and Bernard (hr) 1.63 0.75
Absolute % difference 1.84 13.33
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Table 3.4 Details of different cost components

Most likel
Cost components ost TIkely Basis

value
Material cost per kg ($) 61.28 (Greguric 2019)

Operator cost
Monthly salary ($) 204.28 (Indeed n.d.)
Working days in a month 25 Typical Industrial practice
Effective working hours in a day (hr) 7 Typical Industrial practice

Slicing cost
Annual Software fee ($) 175.10 (Locker 2019)
Annual operating hours (hr) 1800 Assuming 6 hours usage in 300 days
Monthly salary of the designer (§)  364.79 (PayScale n.d.)
Working days in a month 25 Typical Industrial practice
Effective working hours in a day (hr) 6 Typical Industrial practice
Overhead cost

Machine cost ($) 87549.70 (SLS SPEC 2017, Indiamart n.d.)
Machine life (year) g illi.uzf(t)“cl) g)nd Hague 2007, Baumers et

Based on telephonic conversation

Sal 1 8754.97
alvage value (3) with industry (10% of machine cost)
Yearly maintenance cost ($) 4377.49 5% of machine cost
Assuming 18.58 square meter of
A 1 fact t 671.21
mmusl-fectogiren iy floor space (99 acres n.d.)
A i 1 kWh
Annual electricity charge ($) 1050.60 ssuming $0.15 per kWhr and

electricity consumption of 3 kWhr
Annual operating hours (hr) 4300 Two shifts with 90% utilization
Indian currency is converted to US dollar (Xe 2020)

Table 3.5 Cost per unit with lot sizes of 1 and 2 unit(s) inside the machine chamber

Part A Part B
Cost per unit ($) 1 unit 2 units 1 unit 2 units
30.89 25.98 11.91 7.38

3.4.1.1 Implementation of fuzzy arithmetic in cost estimation for SLS
The cost is obtained as a single value in Section 3.4.1. In this section, fuzzy set theory will
be implemented to obtain the cost as a fuzzy number by considering uncertain variables as

fuzzy. Table 3.6 lists the low (/), most likely (m) and high (k) estimates of the fuzzy
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variables. In the calculation of build time, four parameters, viz., layer thickness (/;), scan
spacing (d), laser beam diameter (d;) and time delay of the rollers between two successive
layers (ts) are considered fuzzy. The lower and higher estimates of /;, dy and d; are
considered to vary by +20%. On the other hand, the lower estimate of #; is assumed to
deviate by 20% and the high

Table 3.6 Values of fuzzy parameters

Parameter (I, m, h)

Time delay between successive layers, 74 (s) 4,5,7)

Layer thickness, /; (mm) (0.12,0.15, 0.21)

Scan spacing, dj (mm) (0.26, 0.33, 0.40)

Laser beam diameter, d; (mm) (0.48, 0.60, 0.72)

Monthly salary of the operator ($) (183.85,204.28, 224.71)
Monthly salary of the designer ($) (328.31, 364.79, 401.27)
Slicing software cost ($) (157.59, 175.10, 192.61)
Machine cost ($) (78794.73, 87549.70, 96304.67)
Salvage value ($) (7879.47, 8754.97, 9630.47)
Yearly maintenance cost of the machine ($) (3939.74, 4377.49, 5252.98)
Annual factory rent ($) (637.65, 671.21, 704.78)
Annual electricity charge ($) (998.07, 1050.60, 110.13)

estimate by 40%. The higher value of #; is expected to deviate more than the most likely
value because increasing product height with complex geometrical features increases 4.
For time-dependent cost elements, monthly salary of the operator and designer is
considered to vary by £10%. Also, the machine cost, its salvage value and slicing software
cost are assumed to vary by +10%. However, for machine maintenance cost, the lower
estimate is assumed to vary by 10% and upper estimate by 20%. Lastly, the annual factory
rent and electricity charge are considered to vary by +5%.

For obtaining cost as a fuzzy number, triangular membership function is considered
for every fuzzy variable as shown in Figure 3.11. After carrying out suitable arithmetic
operations, the three estimates of the total cost (in $) of the part (Cwiwi) are obtained as
shown in Table 3.7. Representation of cost as a fuzzy number is shown in Figure 3.13. It
shows different values for cost intervals at different membership grades. For the lowest
membership grade, i.e., 0.5, the range of interval is the maximum. The upper bound of this

interval is the worst estimate of cost.
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Table 3.7 Total cost of part as a fuzzy number

Cost per part (%)

Quantities in the

. Low estimate Most likely estimate High estimate
machine chamber
(m) (h)
1 27.71 30.89 36.71
Part A
2 24.00 25.98 31.25
1 10.06 11.91 15.08
Part B
2 6.26 7.38 9.40
1.0 10 ¢
209 209
-]
& 5
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Figure 3.13 Representation of cost as a fuzzy number: (a) Considering 1 quantity at the

machine chamber, (b) Considering 2 quantities at the machine chamber

3.4.2 Cost estimation for FDM

This section presents the cost of the parts by FDM process. Initially, the build time

estimation model described in Section 3.2.2 is validated by conducting in-house

experiments in Riwell RL 200A, an FDM based 3D printer as shown in Figure 3.14. Some

important specifications of this 3D printer are given in Appendix A. Acrylonitrile butadiene

styrene (ABS), a widely used thermoplastic material is used for printing the parts. The

machine parameters considered for building the parts are given in Table 3.8.

TH-2717_166103105
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Printed part

Interface of slicing software

Figure 3.14 Photograph of fused deposition modelling (Make: Riwell RL 200A)

Table 3.8 FDM machine parameters

Parameters Value
Diameter of the nozzle, d, (mm) 0.4
Layer thickness, /; (mm) 0.2
Maximum attainable velocity by the nozzle, v, (mm/s) 40
Acceleration of the nozzle, a, (mm/s?) 40
Filament diamter (mm) 1.75
Infill density, 1z (%) 25

Figure 3.15 shows five different parts printed in Riwell RL 3D printer. These parts
are named part 1, part 2, part 3, part 4 and part 5. All these parts are prepared in
SOLIDWORKS software, a popular and user-friendly solid modelling CAD software. The
purpose was to validate the time estimation model described in Section 3.2.2 with both
simple (cuboid, cylinder and pyramid) as well as relatively complex (Lord Ganesh and
milling cutter) geometrical parts. Later the digital representation of the models was
converted to STL file format. The geometric parameters of the parts are shown in Table
3.9. The details of time estimation are given in Table 3.10. A representative average
traverse length was chosen to estimate the correction factor. For each part, the
representative length is estimated as the mean of the shortest and the largest distance

travelled by the nozzle. The maximum error in time estimation is 7.89% for part 4. For all
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other parts, the error in time estimation is less than 5%. The results presented in Table 3.10

are deterministic. The time is estimated only for a single value of traverse length.

(e)
Figure 3.15 Parts printed in FDM based 3D printer: (a) Part 1, (b) Part 2, (c) Part 3, (d)

Part 4, and (d) Part 5 (Least count of the scale shown is 1 mm)

Further analysis was carried out taking the interval estimate of representative
traverse length as mentioned in Section 3.2.2.1. For each part, the number of samples is

taken as five, i.e., ny=>5. It means that measurement was repeated 5 times. For each sample,
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five values of measurements are taken, i.e., ng= 5. It means that during each sample, 5

values of lengths are obtained at random locations. This was repeated five times; thus, total

number of measured values were 25 for each part. The values of the range of length

traversed by the nozzle, standard deviation and confidence interval are listed in Appendix

B.

Table 3.9 Geometrical parameters of the parts

Geometrical Part Length of Width of  Height of Volumeof 1,
Parts Volume, bounding bounding bounding bounding
Vpart box, I, box, wp box, hp box, Vs
(mm’) (mm) (mm) (mm) (mm’)
Part 1 16000 30 30 20 18000 0.89
Part 2 12566.37 30 30 20 18000 0.70
Part 3 9000 30 30 30 27000 0.33
Part 4 8266.06 37 23 39 33189 0.25
Part 5 15831.47 50 50 15 37500 0.42
Table 3.10 Printing time for different parts
Geometrical parts
Parameters Part1 Part2 Part3 Part4 Part5
Estimated time to print boundaries (s) 1000 828.32 595.71 775.80 1383.10
Estimated time to print surfaces and 1260.5 990.02 713.50 660.11 1283.40
volume with infill (s)
Correction factor, ¢ 3 3.34 3.24 3.58 3.02
Estimated total time, #suiis (Min) 76.36 65.85 46.41 49.74 83.72
Actual printing time, fsema (Min) 73 64 47 54 88
% error —4.60 -2.89 1.26 7.89 4.86

Table 3.11 shows the values of lower as well as upper estimates of time

corresponding to different values of traverse length (/,). The lower, most likely and upper

estimates of a parameter are denoted by /;, m; and A, respectively. It is observed from Table

3.11 that for part 1, part 2 and part 3, the actual build time falls with the interval estimate.

For other two parts, i.e., part 4 and part 5, the time estimate is close to the estimated time

interval.
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Table 3.11 Interval estimation of build time

Tested Parameters % error (with
parts [, (mm) c tpuita (Min) tacual  Tespect to 3
(li, my, hy) iy miy, hy (i, my, hy) (min) estimates)

(!, my, hi)
Part1 (16.88,20,22.32) (2.79, 3, (72.34,76.36, 73 (0.90, —4.60, —6.68)
3.08) 77.88)
Part2 (13.14, 14.34, (3.14, (62.83,65.85, 64 (1.83, -2.89, —6.44)
16.22) 3.34, 68.12)
3.49)
Part3 (13.27,15.2,17.13) (3.06, (44.34,46.41, 47 (5.66, 1.26, -4.04)
3.24, 48.9)
3.47)
Part4 (11.11,12.5,13.77) (3.41, (48.05,49.74, 54 (11.02, 7.89, 3.87)
3.58, 51.91)
3.79)
Part5 (15.35,17.52, (2.85, (80.51, 83.72, 88 (8.51, 4.86, 0.30)
19.61) 3.02, 87.74)
3.23)

After obtaining the build time, the cost of the parts is estimated. The parts are
printed individually in the build platform of the 3D printer. First, the most likely value of
cost is estimated. For cost estimation, the estimated value of build time is considered. The
basis of cost elements is given in Table 3.12. Other cost elements that are common to AM
processes are already provided in Table 3.4. The cost of the parts, i.e, part 1, part 2, part 3,
part 4 and part 5 are obtained as $ 4.75, $ 4.29, $ 3.52, $ 3.62 and $ 5.00, respectively. The
highest and the lowest cost was obtained for part 5 and part 3, respectively. It was observed
that the lowest cost was not for the part having the smallest volume, i.e., part 4. Hence, it
is evident that unlike the size of the part, geometry and complexity are also responsible for

an increased amount of cost.

Table 3.12 Details of different cost components for FDM

Cost components Most likely value Basis

Material cost per kg ($) 17.51 (Amazon n.d.)
Machine cost ($) 7295.81 (Myriwell n.d.)
Salvage value ($) 729.58 (10% of machine cost)
Yearly maintenance cost ($) 364.79 5% of machine cost

Indian currency is converted to US dollar (Xe 2020)
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3.4.2.1 Implementation of fuzzy arithmetic in cost estimation for FDM

In Section 3.4.2, the cost is obtained as a single value. This section considers the uncertain

cost related parameters as fuzzy variables. Similar to Section 3.4.1.1, the fuzzy variables

are represented in the form of low (/), most likely (m) and high (4). To compensate the

material loss during extrusion, the extra material is considered to vary by 5%, 20% and

30% for low, most likely and high estimates, respectively. Components of operator, slicing

and overhead costs are considered fuzzy as mentioned in Section 3.4.1.1. Applying suitable

fuzzy arithmetic operations as per Egs. (3.46)—(3.49), the estimates of cost are obtained as

fuzzy numbers. The cost (in $) for different parts as a fuzzy number is shown in Table 3.13

and the representation of cost as a fuzzy number with different membership grades is shown

in Figure 3.16.

Table 3.13 Cost of the parts produced by FDM process

Cost (%)
Parts Low estimate (/)  Most likely estimate (m) High estimate (/)
Part 1 4.11 4.75 5.33
Part 2 3.74 4.29 4.85
Part 3 3.09 3.52 4.00
Part 4 3.19 3.62 4.09
Part 5 436 5.00 5.70
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Figure 3.16 Representation of cost as a fuzzy number for parts produced by FDM: (a) Part
1, (b) Part 2, (c¢) Part 3, (d) Part 4, and (d) Part 5

3.5 Conclusion

In this chapter, a fuzzy set based cost model of AM with specific examples of SLS and
FDM in uncertain conditions is proposed. A similar procedure can be adopted for other AM
processes by appropriately modifying the parameters related to build time and cost
components. Nevertheless, fundamentally, the cost estimation principle is the same as
presented in this chapter. Initially, a deterministic cost model is developed considering
time-dependent and time-independent cost elements. Build time estimation of a part is an
important component in determining the cost. Here, it is approximately estimated by an

analytical approach considering machine kinematics and geometrical parameters for both
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SLS and FDM processes. The time estimation model has been implemented to calculate
the build time of different parts. Also, the build time estimates obtained by the analytical
models are validated with the experiments and values available in scientific literature.
Later, the cost of the different parts is obtained as a most likely (deterministic) value. It is
followed by applying suitable fuzzy arithmetic operations where the cost is obtained as a
fuzzy number by considering build time and cost elements as fuzzy variables.

The working condition of a typical industry located in the Indian subcontinent is
considered. Apart from the most likely (m) cost evaluated from the deterministic cost
model, fuzzy input parameters also gave a realistic value of the low (/) and high (%) estimate
of the cost of the product. In fact, cost is predicted as interval numbers with varying degrees
of membership grade. It is also necessary to estimate a fuzzy reliability to get an indication
if a part can be fabricated at a particular value of fuzzy cost. In Chapter 4, a reliability

estimation of fuzzy cost is carried out to explore the influence of uncertainty.
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Chapter 4

Cost Comparison of Additive Manufacturing with
Traditional Manufacturing in the Presence of
Uncertainties

4.1 Introduction

The application of additive manufacturing (AM) has increased exponentially in the recent
years. This disruptive technology has now taken a special position in the field of
manufacturing. Industries are keen to explore this innovative technology and avail the
potential benefits by adopting it as a manufacturing route. However, adopting any new
technology in the presence of conventionally established technology is a challenging task.
Also, industries are apprehensive about the high processing cost of the process. In the
present cost-competitive era, the management needs to ascertain that the preferred
technology is profitable as well as sustainable under any circumstance. Hence, a proper
cost estimation structure is essential to guide the decision-makers to choose a
manufacturing route that is capable of using economic means of production.

Based on cost estimation of AM and other manufacturing processes, researchers
have conducted several studies to guide the selection of an economical process. Several
researchers, for example, Hopkinson and Dickens (2003), Ruffo et al. (2006), Atzeni et al.
(2010), Atzeni and Salmi (2012), Achillas et al. (2017) and Laureijs et al. (2017) performed
a comparative analysis based on economy. Their work demonstrated choosing a favourable
manufacturing process (either AM or other) based on the production of quantities of a
typical part.

The comparative studies based on the cost assessment of additive and traditional
manufacturing processes done so far have not yet addressed the issues of uncertainties. This
chapter attempts to fill up this gap by comparing SLS process with injection moulding (IM)
in the presence of uncertainties. SLS is one of the most popular additive manufacturing
processes for producing components made of polymeric materials, which are traditionally
manufactured using the IM. The working principle of SLS and its cost model is already
described in Chapter 3. The remaining sections are arranged as follows. Sections 4.2
describes the deterministic cost model of IM process. Section 4.3 introduces the concept of

reliability and presents a detailed methodology to compare two uncertain fuzzy costs.
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Section 4.4 illustrates the methodology with the help of examples. Section 4.5 concludes

the chapter.

4.2 Cost estimation of injection moulding (IM)
Cost of an injection moulded part comprises material cost (Cpateriar), mould cost (Criouid)
and processing cost (Cprocessing). The total cost of an injection moulded part (Ciu) is given

by

C ld
+ Zou + Cprocessing 2 (4 1)

P

c, =¢C

material

where 7, is the identical quantities of parts produced during the lifetime of the mould. The
raw materials used in injection moulding are thermoplastic polymers. The material cost
(Cmaterial) per part is given by

/
CmaterialzcmpmVp (1-"_ - j’ (42)

100

where ¢, 1s the material cost per unit mass, pn 1s the density of the raw material, V), is the
volume of the injection moulded part and /; is the percentage loss of the material. As some
material is always wasted, a suitable factor is multiplied by the actual mass. The procedure
for determining the other two components of cost, i.e, mould cost and processing cost are

described in Section 4.2.1 and Section 4.2.2, respectively.

4.2.1 Estimation of mould cost in injection moulding

The mould cost is the most dominating cost component in an injection moulding process.
Boothroyd et al. (2010) described the complete mould costing methodology that comprises
the cost of the mould base and the cost associated with its manufacturing. The
manufacturing cost of the mould is the cost required to convert it into a working mould.
The mould cost is given by

C =C ,+C_, (4.3)

mould
where Cinp 1s the cost of mould base and Cyup, 1s the cost of mould manufacturing. A typical
mould comprises a cavity plate, core plate, support plate, ejector plate and clamping plate
as shown in Figure 4.1.

The material considered for the mould is steel of various categories such as stainless
steel and hot-rolled steel. The molten material is injected into a stationary cavity plate. On
the other hand, the movable core plate holds the core that facilitates the shaping of the inner

side of the part. The core plate is attached to the support plate. Adjacent to the core plate
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, there lie the support and the ejector plates. The ejector plate comprises ejection pins to

push the part off
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Figure 4.1 A schematic of a typical mould

the core during the opening of the mould. The rear clamping plate holds the mould with
necessary force during the injection of the polymer material as well as ejection of the part.
To obtain an approximate cost of the mould base, Boothroyd et al. (2010) presented an

empirical relation:
(. — 1000+0.45Abh2'4, (4.4)

where Cp is the cost of the mould base in $, 45 is the area of mould base cavity in cm and
hy 1s the combined thickness of cavity and core plates in cm. Eq. (4.4) was developed in the
year 1989 applicable to the United States of America (USA). The relation was developed
based on a survey where several data were accumulated for different mould bases from
industries in USA. For developing a similar formula from the perspective of an Indian
manufacturer, it is necessary to obtain requisite set of data from Indian industry. However,
for simplicity, Eq. (4.4) will be used for analysis in this thesis. It was observed that this
equation provides reasonable values based on limited and approximate information. This
equation is converted into Indian currency and its right-hand side is multiplied by the ratio
of consumer price index (CPI) of India in 2019 to that in 1989. The obtained equation is
again converted to dollar. Thus, Eq. (4.4) is modified, based on the data in references as

(Inflation tool n.d., Thomas Cook n.d.)

C,, =1940+0.874,1"*. @.5)
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An appropriate mould base is selected based on the geometry of the part (area and depth)
and the number of cavities contained in the mould. The minimum clearance between two
adjacent cavities as well as the edges of the plate should be 7.5 cm. Thickness plate is taken
as 15 cm larger than the cavity-depth (Boothroyd et al. 2010). The number of cavities to be
fabricated in the mould base is inversely proportional to the size of the part. Increasing the
number of cavities may increase the production output in one cycle, but it results in
increased running cost due to the larger size of the injection moulding machine. The number
of cavities for a large part (maximum dimension more than 100 mm) is usually taken as
one (Chin and Wong 1996). In this work, only one cavity has been taken.

Cmm n Eq. (4.3) is the cost of manufacturing during the conversion of the mould
base into a working mould. Mould manufacturing involves the cost associated with ejector
pins, ejector systems and geometrical complexities of the part. The list of equations for

estimating the mould manufacturing cost is provided in Appendix C.

4.2.2 Estimation of processing cost in injection moulding
The processing cost is based on the type of moulding machine, the setup time of the
machine, moulding cycle time and the involvement of the operator during different stages
of the manufacturing process. The processing cost (Cprocessing) per part is given by
tsetu tc cle
» Py
where Zenp is the setup time of the machine, 7, is the required number of parts, Z.,ci is the
cycle time, n.is the number of cavities in the mould and p, is the production yield (fraction
of non-defective parts to all parts produced). Further, coperator, Clabour and Covernead are the
operator, labour and overhead costs, respectively. The labour cost is calculated similar to
the operator cost. Similar to the SLS process, overhead cost comprises machine
depreciation, annual maintenance contract, factory rent and electricity charge. The
expressions to estimate these cost components are given in Chapter 3.
Cycle time (Zyce) in Eq. (4.6) is given by the algebraic summation of the three

components— injection time (#), cooling time (#.) and mould resetting time (). Thus,

4

octe =Ly T AL 4.7)
Injection time is the time taken to fill the molten plastic material inside the mould via the
sprue, runners and gates. Cooling time is of the longest duration amongst all three
components due to the low thermal conductivity of the polymers. The cooling process takes

place by the conduction mode of heat transfer. Mould resetting time involves the opening
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of the mould, ejection of the moulded part and closing of the mould. A low value of 7
seems to be economical, but this involves the fast movement of the mould that causes
vibration in the machine and failure of the part. The equations for determining #rand z. are

presented in Appendix D. Based on the Shing (1999), ¢ is taken as 10 s.

4.3 Methodology to compare two uncertain costs
This section proposes a method to compare two uncertain costs for choosing a favourable
manufacturing process (either SLS or IM). Following the calculations, if the low (/), most
likely (m) and high estimates (%) of a process (say SLS) are less than the corresponding
estimates of the other process (say IM), then undoubtedly, the SLS process is less expensive
than IM process. Confusion arises when some estimates of a process are lower and some
are higher in comparison to the other process. For this purpose, the concept of fuzzy
reliability is used. It gives a clue about the chance of manufacturing a part within a
particular cost. As the highest value at a membership grade of 0.5 is a worst-case estimate,
reliability of 100 % can be assigned to this estimate. By spending a lesser amount also,
there is a chance to get the part fabricated with some reduced reliability.

The fuzzy reliability of a quantity is based on the idea of entropy, a measure of
uncertainty. Mathematically, the degree of uncertainty is given by (De Luca and Termini

1972, Dixit and Dixit 2008)

~{ul 1- p1)log, (1—44)} for 0< <1
()= { tlog, pu+{1-p)log, (1)} for 0< <

) 4.8
0 for 1=0,1 (9

where u is the membership grade. In Eq. (4.8), the base of the logarithm is taken as 2. This
guarantees that the magnitude of entropy is confined between 0 and 1. The maximum value
of uncertainty is equal to 1 at 4 = 0.5. On the other hand, the minimum value of uncertainty
is 0 at 4 = 0, i.e., when there is no chance of occurrence of an event at all. Also, the value
of uncertainty is 0 at 4 = 1, i.e., when there is 100% chance of an occurrence of an event.
As d(u) is a measure of uncertainty, {1—d(x)} is a measure of certainty. Before arriving at
the expression for reliability estimates, the next step is to define a possibility index (P;).
This gives the fractional possibility that a part can be manufactured at a particular value of
cost, say C". Py is estimated based on C, the lower limit of cost and the upper limit of cost.

The left or the lower limit of cost represented by Cz(u) as a function of u is given by

CL(,u):2(m—Z)(,u—1)+m, 4.9)
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where m and / are the most likely and lower values of fuzzy cost estimates, respectively.
On the other hand, the right or the upper limit of cost represented by Cr(u) as a function of
[ 1s given by

Ce( ) =2(m—h)(p—1)+m, (4.10)
where / is the upper value of the fuzzy cost estimate. When C" lies between m and h, P is
given by

C'-C (u) .. .
. if C"<Cy(u
P (1.C") =1 Co (1)-C, (1) n(#), (4.11)
1 otherwise
On the other hand, when C” lies between / and m, P; is given by
0 if C*<C,(u)
P u,C")=< Cc*-C ' (4.12)
: (# ) L (#) otherwise

Cr(u)=C, (1)

After obtaining Py, the next step is to evaluate the reliability at C*. Now, a reliability index
(B) which is a function of both C" and u is given by

B (w.C7)= B, (€)1~ d ()} @.13)
Based on different values of u, different values of f can be computed. As the lower estimate
of a variable corresponds to a membership grade of 0.5 and as per fuzzy set theory, an
element having a membership grade of less than 0.5 tends towards non-member class.
Hence, it is appropriate to find out reliability index for membership grades varying between
0.5 and 1. The integrated effect of reliability indices is obtained by integrating £ with
respect to membership grade within the limit of 0.5 and 1. It is compared with the ideal
case (corresponding to 100% reliability) in which P;is 1 at each membership grade. Thus,

the reliability (R.) is given by

[ B(1C)du
R(%) =55 x100. (4.14)

[ (1-d(u))du

0.5
The reliability value at a particular cost can be considered as a cumulative
probability that the part can be manufactured at that cost. By knowing the cost at different
values of reliabilities (cumulative probabilities), one can know the probability distribution

and evaluate the expected cost of manufacturing. The expected cost of manufacturing is the
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total area under the cost-reliability curve from zero to the cost corresponding to 100%
reliability.

The concept of reliability can also be used for subjective comparison of two
different values of fuzzy cost and choose a favourable manufacturing process (either SLS
or IM). It is possible that the SLS process is better at a particular value of reliability but for
other values of reliability IM comes out to be better. Such a case will be illustrated with an
example.

Generally, an industry manufactures several quantities of a part as per the demand.
Usually, the sales and marketing department can estimate a probability distribution of
demand. Based on the probability distribution, the expected cost can be estimated. In this
study, two types of distribution are used— uniform distribution and normal distribution. In
uniform distribution, the probability of demand for each quantity is the same. For example,
if the demand varies from 1 to n, quantities as per uniform distribution, the probability of

each quantity is equal to 1/n,. Hence, the cost per quantity (unit cost), Cy is given by

1 . . ! . »
— |xunit cost of 1 quantity ; +<| — [x unit cost of 2 quantities
nP nP

1 . " 1 . .

+4| — [xunit cost of 3 quantities ; +...... +4| — [ unitcostof n quantities

nP nP

(4.15)

However, in the normal distribution, the probability of demand for each quantity is

different. The probability of each quantity, P(x) is given by

P(x)=— 1% exp{_(x_f) } (4.16)

207

where x varies from 1 to n, quantities, ¢ is the standard deviation and x is the mean.
Although this expression is valid only if x is a continuous variable, it can also be used for
discrete values for large x. Here, o is taken as equal to (n,—1)/6 (considering that all possible
values of demand are within 60 range) and x is the average of 1 and np, i.e., ¥ = (1+ n,)/2.
The quantity that lies in the middle of the range has the highest probability. On the other
hand, the quantity that lies at either of the extreme ends has the lowest probability. The cost
per quantity, i.e., unit cost (C,) is given by
{P(l) x unit cost of 1 quantity} + {P(2) x unit cost of 2 quantities}

= +{P (3) xunit cost of 3 quantities} +...... + {P(np ) xunit costof n, quantities} - @4
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4.4 Illustration of the methodology by examples

The methodology presented in this chapter will be illustrated by examples of two different
parts: part A and part B The details of these parts are already described in Chapter 3. For
both processes, an excel spreadsheet is prepared listing all the cost parameters. The
spreadsheet is prepared in such a way that the cost (including fuzzy estimates of cost) can

be estimated as a function of quantities of the part.

4.4.1 Cost estimation of the parts by selective laser sintering

The overall procedure to estimate the cost by SLS process is described in Chapter 3. The
cost of a quantity manufactured by SLS process depends on the utilization of the machine
chamber. The cost per quantity is the least when the entire area of the machine chamber
(230 x 230 mm?) is used. This is also referred to as full utilization of the machine.
Considering the size of part A, full utilization of the machine occurs when two quantities
are manufactured at a time. The variation of deterministic unit cost with the quantities of
part A is illustrated in Figure 4.2a. The deterministic curve with u=1 is represented by black
colour. In deterministic case, for producing only one quantity of part A, the unit cost is $
28.95. For producing two quantities, the unit cost is reduced to $ 24.62; which is a reduction
of approximately 15% in the unit cost. This is because the total build time and the slicing
costs get divided among the quantities. As already stated, in one setting, only two quantities
of part A can be manufactured. If more than two quantities of part A are produced, then the
entire build area of the machine has to be again filled up by the powder. In this case, only
the slicing cost gets reduced as per Eq. (3.41). On the other hand, the total build time of a
part increases. Therefore, as represented in Figure 4.2a, the unit cost increases from $ 24.62
to $ 25.23. This type of fluctuation in cost continues between an even and odd number of
parts. For even number of parts, the cost is lower compared to the preceding odd number.
With an increase in the number of part, slicing cost keeps on reducing and eventually
becomes negligible. In that case, cost per quantity does not vary much with an increase in
the number of parts.

On the other hand, for part B the full utilization of the machine occurs when
eighteen quantities are manufactured simultaneously. It is assumed in this study that only
one SLS machine is utilized for manufacturing. The processing cost per quantity (when the
part is actually fabricated inside the machine chamber) is dependent on the build time per
quantity. This also depends on the number of quantities of the part manufactured in the

chamber. For producing only one quantity of part B, the unit cost is $ 11.63. When eighteen
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quantities are produced simultaneously, the unit cost is reduced to $ 3.57; i.e., a reduction
of approximately 69% in the unit cost. The deterministic cost curve with u=1 of part B is
represented by black colour in Figure 4.2b. For producing more than eighteen quantities, a
new setting of the 3D printer is required. Hence, for manufacturing the nineteenth part, the
unit cost increases as illustrated in Figure 1b. However, with an increase in the number of
quantities, the fluctuation in the unit cost diminishes.

After determining the deterministic cost, the fuzzy cost is obtained by considering
the variables as fuzzy. In this work, the material cost per kg (/=% 55.15,m=$ 61.28, h =
$ 67.41) and the material loss in percentage (! = 5, m = 10, h = 15) are also considered
fuzzy. In Figure 4.2, the representation of fuzzy cost at different membership grades, i.e.,
#=0.8 and u=0.5 is illustrated by red and blue colour, respectively. It is observed that as
the quantities of a part (either part A or part B) increase, the cost per quantity remains

almost constant.

40 10
—u=05 —u=05
—u=08[ ° ——u=08
£ 30 S .
S S
Bt i
2250k 23
> 2 4
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20 .
P
15 1
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Figure 4.2 SLS cost at different membership grades: (a) cost versus quantities of part A,

(b) cost versus quantities of part B

4.4.2 Cost estimation of the parts by injection moulding

The deterministic cost of injection moulding (IM) is estimated as per the procedure
described in Section 4.2. Initially, the material cost is estimated as per Eq. (4.2). An extra
10% of the material is considered to compensate for the material loss during the moulding
process. The details and the basis of the different cost elements (material, operator, labour
and overhead cost) of IM are listed in Table 4.1 and Table 4.2. Along with the most likely
(m) values of parameters used in the deterministic model, the values of those parameters

that are considered fuzzy, i.e., low (/) and high (%) estimates are also listed.
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After estimating the material cost, the next step involves the estimation of mould
cost. First, the mould base cost is estimated as per Eq. (4.5). Next, the mould manufacturing
cost requires the calculation of the projected area of the part. For part A, it has been
approximately obtained by multiplying the area of the bounding box with the ratio of the
actual volume of the part to the volume of the bounding box. The ratio is obtained as 0.46
for part A. For part B, the ratio is 0.11. A low value of the ratio indicates that there is more
empty space in the bounding box. For part B, the empty space is not uniform in any of the
three axes (x, y and z) unlike part A. The ratio (for part B) is modified by obtaining its cube
root and then squaring it. Finally, this modified ratio is multiplied with the area of the
bounding box to estimate the projected area. The variables (deterministic and fuzzy values)
for mould cost estimation are listed in Table 4.2. After obtaining the mould manufacturing
time, this quantity is multiplied by the average hourly rate of mould manufacturing. Finally,
the processing cost is estimated as per the procedure. The IM machine has 10 years of
useful life and a straight-line depreciation technique is followed. Table 4.3 lists the
parameters for the estimation of cycle time in injection moulding. Following the complete
procedure, the deterministic cost per quantity and fuzzy cost estimates are obtained.

The representation of cost with the number of quantities is shown in Figure 4.3. The
mould cost (the most dominating cost component) and the processing cost are divided
among the quantities. It is observed that unlike SLS, the cost per quantity (either part A or
B) decreases continuously. Similar to Figure 4.2, the black coloured curves represent the
deterministic cost with u=1 whereas the fuzzy costs with 4=0.8 and x=0.5 are represented

by red and blue colour.
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Table 4.1 Details of material cost, operator, labour and overhead cost in injection moulding

Cost components Value (I, m, h) Basis for most likely estimate
Material cost per kg ($) (1.29, 1.43, 1.57) (Indiamart, n.d., a)
Material loss (%) (5,10, 15) (ACO mould, n.d.)
Machine setup time (hr) 2 (Shing 1999)
Number of cavities, 7 1 (Chin and Wong 1996)
Production yield, p, 0.9 (Shing 1999)
Operator/labour cost

Monthly salary of a mould " 579, 300, 330) (Indeed, n.d., a)
operator (%)
Monthly salary of labour ($) (154.29, 171.43, (Indeed, n.d., b)

188.58)
Working days in a month 25 Typical Indian condition
Effective working hours (hr) 7 Typical Indian condition

Overhead cost

Machine cost ($) (9000, 10000, 11000)  (Indiamart, n.d., b)
Machine life (year) 10 (Injection Molding, n.d.)
Salvage value ($) (900, 1000, 1100) 10% of machine cost
Yearly maintenance cost ($) (450, 500, 550) 5% of machine cost

Assuming 18.58 square metres
of floor space (99 acres, n.d.)
Assuming $0.15 per kW.hr and
Annual electricity charge ($) (651.43, 685.71, 720)  electricity  consumption  of
2kW.hr

Annual operating hours (hr) 4300 Two shifts with 90% utilization

Annual factory rent ($) (624.29, 657.14, 690)
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Table 4.2 Estimation of mould cost

Values (I, m, h)

Parameters

Part A Part B
Mould plate area (cm?) (689.06, 729, 900) (382.12,412.16, 543.56)
Cavity and core plate thickness (cm) (17.05, 17.8, 20.8) (17.65, 18.4,21.4)

(3810.64, 3953.43, (2991.87, 3093.59,
Mould b t

ould base cost ($) 4585.46) 3556.07)

Manufacturing time for an ejector pin, (1.5,2.5,3.5) (15,2.5,3.5)

te (hr)
Manufacturing time for ejection

12.19, 20.32, 28.44 11.93,15.41, 18.
system (cjéctor pins + plate), Me (hr) - (2122032, 2844)  (11.93,1541,18.89)

Number of surface segments 18 16
Manufacturing time associated with

geometrical features of the part, M. 12.06 9.96
(hr)

Manufacturing time for one cavity and

17.98 6.70

core, Mp, (hr)
Manufacturing time for imparting
surface finish o the part (hr) (4.22,10.07, 17.54) (2.19, 5.07, 8.66)
A te fi 1d facturi

verage rate lof mouid mantiactiing” s 96, 77.6, 89.25) (65.96, 77.6, 89.25)
per hour ($)

. (3063.63, 4688.68, (1588.23, 2362.79,

Moul fact t

ould manufacturing cost ($) 6784.1) 3347.85)
Total mould cost (mould base + (6881.73, 8650.51, (4580.1, 5456.39,
mould manufacturing) ($) 11378.95) 6903.91)
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Table 4.3 Estimation of cycle time in injection moulding

Values (I, m, h)
Parameters
Part A Part B
Injection pressure of polymer (330.9x10°,  551.5x10°, (330.9x10°, 551.5%10°,
considering losses, p; (N/m?)  772.1x10°) 772.1x10°)
Part volume, ¥, (mm?) 184893 9603
Projected area, 4, (cm?) 66.033 12.137
% increase in runner area (10, 15, 20) (10, 15, 20)
Clamp force, Feiamp (kN) (262.20,418.8, 560.75) (48.19, 76.98, 103.08)
Injection power, P; (kW) (5.5,7.5,18.5) (5.5,5.5,5.5)
Injection time, #/(s) (2.205, 5.438, 7.416) (0.385, 0.385, 0.385)
Maximum wall thickness, b )8 34
(mm)
Thermal diffusivity, e (mm?/s) (0.095, 0.1, 0.105) (0.095, 0.1, 0.105)
Injection temperature, 7; (°C) 291 291
Mould temperature, 7,, (°C) 91 91
Ejection temperature, 7. (°C) 129 129
Cooling time, 7. (s) (1213.0, 1331.7, 1439.1) (1788.6, 1963.6, 2122)
Mould resetting time, #- (s) (8,10, 12) (8,10, 12)
Cycle time, fcycre (hr) (0.34, 0.374, 0.405) (0.499, 0.548, 0.593)
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Figure 4.3 IM cost at different membership grades: (a) cost versus quantities of part A, (b)

cost versus quantities of part B

Figure 4.4 shows the cost comparison of IM and SLS. The curves represent the most
likely values of cost for both the processes. For part A, beyond 400 quantities, IM is
preferable. For producing 400 quantities, the cost of both IM and SLS is same, i.e., $ 23.4.
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On the other hand, for part B, it is found that producing 5120 quantities yield the same cost
both IM and SLS, i.e., $ 3.12. These points as indicated by the circles are referred as break-

even point.
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Figure 4.4 Cost comparison of IM and SLS: (a) part A, (b) part B

4.4.3 Estimation of reliability of fuzzy cost

After obtaining the fuzzy values of cost, the reliability estimates of fuzzy costs are carried
out. This helps in understanding the influence of uncertainty. The reliability estimates at
different estimates of cost are obtained by developing a code in MATLAB, R2018. The
code is provided in Appendix E. For SLS process, considering a single quantity of part in
the machine chamber, at the extreme right limit of Cs;s, i.e., $ 36.71 and $ 15.08 for part A
and part B, respectively; the reliability comes out to be 100%. This implies that by spending
this particular amount of cost, the part can be manufactured. At the highest membership
grade, the reliability is very low, i.e., 35.35 % and 36.81 % for part A and part B,
respectively. It is observed from Figure 4.5 that the greater the cost of the part, the greater
is the reliability. However, the rate of the increase of reliability decreases with increasing
amount of total cost. This is consistent with the reliability behaviour of most of the systems.
That is to say that one needs more effort or cost for enhancing the reliability from 0.97 to
0.98 than that required for enhancing the reliability from 0.96 to 0.97. It is because as the
cost interval widens, the corresponding membership grades reduce indicating less
likelihood of the estimates. Hence, each additional enhancement of cost contributes to
reliability to a lesser degree compared to its predecessor. When Cszs is equal to the right
limit of cost at the membership grade of 0.7, the reliability of both the parts is more than
99%. Hence, the cost estimate at this membership grade can be considered appropriate for

manufacturing a part.
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Figure 4.5 Variation of fuzzy reliability with cost considering 1 quantity at the machine

chamber for (a) part A, (b) part B

The reliability estimates of cost can also be extended to the concept of probability.
Although there is a difference between membership grades and probabilities, as a special
case, membership grades can be considered as probabilities. In that case, fuzzy reliabilities
can be treated as probabilistic reliability. Thus, the reliability can be considered as the
cumulative density function of probability of the cost variable. From the cumulative density
function, probability density can be easily obtained. By knowing probability density
function, expected value of cost can be obtained. Expected value is the average value of
cost in a statistical sense.

4.4.4 Comparison of two uncertain costs and choosing a favourable manufacturing
process

The fuzzy-based approach helps in obtaining the lower (/), most likely (m) and higher (/)
estimates of cost. By estimating the fuzzy cost, it is seen that for 390 quantities, the cost
per quantity (/, m and &) of part A for SLS process is lesser than the cost of IM process.
The values of cost estimates (in $) for SLS process are / = 18.99, m = 23.38 and /4 = 30.10,
whereas for IM process are / = 19.08, m = 23.91 and 4 = 31.22. Hence, it indicates that up
to 390 quantities, SLS is a favourable process irrespective of the uncertainties. On the other
hand, for 406 quantities of part A, the cost estimates (in $) obtained for SLS process are /
=18.99, m = 23.38 and /4 = 30.10, whereas for IM process these are / = 18.38, m = 23.04
and 4 =30.07. Hence, IM is more favourable as it incurs less cost per quantity irrespective
of the uncertainties. When the part A to be manufactured lies in the range of 390—406
quantities, choosing the economic manufacturing process requires a careful consideration.
In such situations, the reliability estimates of fuzzy cost can help to choose a favourable
process. Table 4.4 shows the low (/), most likely (m) and high (%) estimates of cost for 390—
406 quantities considering probability distribution.
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Table 4.4 Cost per quantity when the demand for part A varies from 390—406 quantities

SLS cost ($) IM cost ($)
Uniform distribution
) m h ) m h
18.99 23.39 30.11 18.73 23.47 30.64
Normal distribution
) m h ) m h
18.97 23.36 30.07 18.70 23.43 30.60

It is observed from Table 4.4 that for both uniform and normal distribution, the low
(/) cost estimates of SLS are more than that of IM. However, the most likely (m) and upper
estimate (%) cost of SLS are lesser than that of IM. In such a situation, the industry can
estimate the expected cost. The expected cost of manufacturing is obtained by computing
the total area under the cost and reliability curve. By considering uniform distribution, the
expected cost of manufacturing for SLS and IM processes are obtained as $ 23.67 and $
23.76, respectively, showing the superiority of SLS. Figure 4.6 shows the cost-reliability

curve (considering uniform distribution) for the SLS process.
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Figure 4.6 Reliability at different values of fuzzy costs for SLS process

By estimating the fuzzy cost of part B, it is seen that for 4100 quantities, the values
of cost (in §) per quantity for SLS process are / =2.52, m = 3.12 and h = 4.12, whereas for
IM process, the cost per quantity is / = 2.80, m = 3.38 and 4 = 4.13. It indicates that up to
4100 quantities, SLS is a favourable process irrespective of the uncertainties. On the other
hand, for 5600 quantities of part B, the cost (in §) obtained for SLS process are / =2.52, m
=3.12 and & = 4.12, whereas for IM process are / = 2.50, m = 3.02 and /# = 3.67. Hence,
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IM is more favourable as it incurs less cost per quantity irrespective of the uncertainties.
For part B, choosing the economic manufacturing process lying in the range of 4100-5600
quantities requires careful consideration. The cost per quantity of part B varying from
4500-5000 quantities (considering probability distribution) is listed in Table 4.5.

Table 4.5 Cost per quantity when the demand for part B varies from 4500-5000 quantities

SLS cost ($) IM cost ($)
Uniform distribution
) m h ) m h
2.52 3.13 4.12 2.65 3.20 3.89
Normal distribution
) m h ) m h
2.51 3.12 4.11 2.64 3.19 3.88

It is observed that the most likely (m2) cost estimates of SLS are less than that of IM
as shown in Table 4.5. However, the upper cost (/) estimate of SLS is greater than that of
IM. The expected cost of manufacturing (considering uniform distribution) for SLS and IM
are $ 3.22 and $ 3.18, respectively. In such a situation, reliability estimates at different
values of cost (upper estimates) can guide in choosing the proper manufacturing route.
Table 4.6 shows the reliability estimates at different values of fuzzy cost for both SLS and
IM processes. It can be inferred that if the situation is more uncertain, IM is a favourable
process. At relatively less uncertain situations (u = 0.9), SLS is economical. The
management can also favour the SLS process if it is willing to take less risk due to

uncertainty.

Table 4.6 Reliability estimates at different values of upper estimates of cost for part B

corresponding to respective membership grades

Membership Upper estimates  Reliability Upper estimates Reliability Economical

grade (1) of SLS cost ($) (%) of IM cost ($) (%) process
1 3.13 38.13 3.20 44.35 SLS
0.9 3.33 87.63 3.34 88.87 SLS
0.8 3.53 97.12 3.48 97.41 M

0.7 3.72 99.54 3.61 99.59 M

0.6 3.92 99.98 3.75 99.98 M

0.5 4.12 100 3.89 100 M
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4.5 Conclusion
This chapter presents a method to quantify the cost-competitiveness of SLS with the IM
process in the presence of uncertainties. The deterministic cost estimation models are
presented for both SLS and IM processes and are converted into fuzzy set based cost models
by considering uncertain variables as fuzzy. The costs per quantity for two parts produced
by two processes (SLS and IM) are computed for a variable demand scenario. The
following conclusions are drawn:

e For SLS process, the cost per quantity (for both the parts) decreases up to a certain
number of quantities of production (with some fluctuations depending on the machine
utilization) and then becomes constant. Full utilization of the SLS machine yields the
minimum cost.

e For IM process, the cost per quantity keeps on decreasing monotonically with increasing
the number of quantities of production. Apart from the most likely estimates of cost, the
fuzzy cost estimates in the uncertain conditions for both the processes give an idea of
the lower and upper bound estimates of the cost.

¢ A reliability estimation is carried out to infer the influence of uncertainty. The reliability
estimates at different values of fuzzy cost (both lower and upper limits) are considered
as cumulative probabilities. This probability-based concept helps in computing the
expected cost of manufacturing.

The content of this chapter contributes to operations management of AM by
exploring its cost-competitiveness considering the demand scenario. Overall, the subjective
decision-making tool proposed in this chapter will guide the production planners in
choosing a favourable manufacturing process (considering economy as well as reliability)
in the presence of uncertainties. The methodology presented in this chapter can also be
extended for other traditional processes for knowing up to what extent and in which

scenarios they can compete with an AM process.
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Chapter 5

An Analytical Method for Assessing the Proper
Utilization of Additive Manufacturing

5.1 Introduction

There is an apprehension about AM revolutionizing the entire manufacturing sector. The
term ‘3D printing’ is now the buzzword in technical discussions, brainstorming sessions
and business meetings pertinent to the manufacturing sector. No doubt, the applications of
additive manufacturing (AM) are continuously increasing, but unless used judiciously, it
cannot compete with traditional manufacturing processes. Also, after three decades since
the inception of AM, its utilization by the industries is not as high as per the claims made
by the developers and supporters of this technology (Yeh and Chen 2018). Hence, its
adoption and effective utilization remain a challenging task for an organization.

Before adopting and utilizing a new technology, an organization wants to ensure its
profit and sustainability. In context to AM, an organization attempts to get answers to the
following questions:

1. What are the factors that need to be considered before purchasing a 3D printer?
2. Based on the analysis of these factors, how can one assess the suitability of a 3D printer
for the organisation?

The objective of this chapter is to provide an analytical guideline for an organization
willing to adopt AM. For proper analysis of the utility of AM, the organization must have
some idea about the variety, complexity and production volume of its product. Given this
information, a cost-benefit analysis, as well as comparison with competing processes, can
be carried out. Section 5.2 presents a procedure for utility assessment of AM. The issue of
uncertainty in the utility assessment is described in Section 5.3. Section 5.4 presents a
method to compare manufacturing processes considering different factors. Section 5.5
presents a quantitative method for evaluating the penalty due to reduction in employment.

The overall methodology is demonstrated in Section 5.6. Section 5.7 concludes the chapter.

5.2 Deterministic analysis of utility assessment for a process

It is assumed that an organization has complete knowledge of the products to be fabricated
in a particular financial year. There may be several types of products with different

production volumes. If the detailed drawing of a product and its production volume is

85
TH-2717_166103105



Sustainability Assessment of Additive Manufacturing in the Presence of Uncertainties

given, the time to produce that part can be estimated. With this information, analysis of the

utility of a 3D printing machine can be carried out as explained in sequel.

5.2.1 Evaluation of utilization factor
Utilization factor (Uy) of a 3D printing machine can be expressed as the ratio of total time
required to produce the products to total available time (De Ron and Rooda 2006; Kumar

and Soni 2015). Thus,

Time required for production
U,= o . (5.1)
Total available time

If Uris less than 1, the machine is under-utilized. In that case, management should plan to
get job orders from outside, so that the machine can be fully utilized. If Uris more than 1,
the machine is over-utilized. Management may have to outsource the jobs or plan to procure
additional machines. Typically, the total available annual time in an organization is
significantly less than total available hours in a year. For example, an organization may
have a policy to run only one shift in a day and may have some holidays in a year. In that
case, if Uris more than 1 but less than a threshold value, the products can be manufactured
on the machine with provision for overtime. To illustrate this point, it is considered that a
company works effectively for 300 days and on each day, machine is operated for 6 hours.
The maximum possible hours in a year are 365x24. Hence, the threshold Uy up to which
the operation can be managed by overtime alone is given by

_ 365x24
f max 300)(6

=4.87. (5.2)

Thus, for this particular industry, the production plan can be as follows:

e [f U1, the industry should try to get job orders from outside.

e [f U~1, machine is getting utilized properly.

o If 1< U<4.87, possibility of overtime should be explored.

o If U24.87, vendors should be explored for outsourcing the job or another machine

should be procured.

5.2.2 Impact of utilization factor on cost

Utilization factor affects the overhead component in an additive manufacturing process.
Compared to other components of cost, overhead component is high due to high cost of
industrial 3D printing machines. There are several cost models in literature (Hopkinson and
Dickens 2003; Ruffo et. al. 2006; Ruffo and Hague 2007; Atzeni and Salmi 2012; Baumers
et al. 2016; Thomas 2016; Baumers et al. 2017; Li et al. 2017) but except the work of Fera
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et al. (2017), the concept of utilization factor has not been imbibed in the cost models. Fera
et al. (2017) suggested to use an overall equipment effectiveness index (OEE) in the cost
estimation but did not provide a formulation for its evaluation. OEE is similar to Urused in

this work. For U1, i.e., for full utilization, a generic cost formula as per Eq. (3.41) is given

by
C _ cslicing ZLdesign ¢ ¢
total — (Cmaterialmr ) + + Coperator + coverhead build + coperator pp )
nP
(5.3)
In order to understand the impact of Uy, it is better to express Eq. (5.3) as
c . ..M Colicine L desi c c, t
Ctotal = Coverheadtbuild 1+ e + —_— + pere + — :
Coverhead tbuild npcaverhead tbuild Coverhead Coverhead tbuild

(5.4)

Utilization factor will affect the overhead cost in an inverse manner; lesser the Uy,

the more will be Crw, and vice versa. Incorporating the utilization factor, Eq. (5.4) gets
modified to

Ufc U.c U,c t

slicingtdesign + J ~operator 4 S pppp J (55)

materialmr

C _ Coverheadtbuild (1 + + Ufc

total — t P ¢
f Coverhead build npcoverhead build coverhead Coverhead build

From Eq. (5.4) and Eq. (5.5), ratio (r,) of actual cost to the cost with U=l is given by

L 1+ Ufcmale"ialmr + Ufcslicingtdesign n Ufcopgmmr n Ufcpptpp
p o= U_f ' coverhead tbuild n pcoverhead tbuild Coverhead c o rheall t build
" - (5.6)
1+ Conateria"™y L CSliCi”g tdeSign + coperator + cPPtI’P

coverhead tbuild n p coverhead tbuild coverhead Coverhead tbuild

Some of the industrial 3D printers are expensive; hence overhead cost dominates other

components of cost. In that scenario,

roR—. (5.7)

However, at times, material cost is also significant. In that case, it is better to use Eq. (5.6)
instead of Eq. (5.7). This simple equation suggests that for minimizing the cost of

production, the utilization factor of a 3D printing machine should be increased.

5.2.3 Scheduling issues
One distinct advantage of AM over several other manufacturing processes is that the time

to manufacture a complex product is less because there is no requirement of special tooling.
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This is helpful when most of the products are of customized nature. The mean flow time

(Fm) can be estimated by (Buffa and Sarin 2007)

F, =&, (5.8)

where F; is the amount of time spent on i job and 7, is the number of jobs or parts.
Tardiness (#4) of the job is defined as the difference between completion date and
due date, provided the completion date is more than the due date (Buffa and Sarin 2007).

If the job is completed before the due date, the tardiness is considered zero. Mathematically,

t,=max{0,c,—d,}, (5.9)
where cq is the completion date of the product and dy is the due date. Mean tardiness can
be defined similar to Eq. (5.8). Calculation of mean flow time and tardiness is case-specific.

However, in general, mean flow time and tardiness are going to increase with the increase

in Uy

5.3 Incorporation of uncertainty in the analysis

The procedure described in Section 5.2 is a deterministic analysis. In general, estimates are
highly uncertain. Uncertainty can be handled through probability or fuzzy set theory. The
procedure to convert a deterministic model to fuzzy set based model is described in Chapter
3.

To consider the fuzzy representation of total available time, an expert can estimate
most likely, lower bound and upper bound of the total available time. Based on these three
values, a linear triangular fuzzy membership function can be constructed as illustrated in
Figure 3.10. The total available time can also be represented as a triplet (Zas, tum, tau), Where
three quantities represent the lower, most likely and upper bound, respectively. Similarly,
the time required for production can be represented as (., tom, tpu). In that case, the utility

factor can be computed as follows:
U. = (tpl’tpm’tpu ) _ ZLpl Zme ZLpu
;= - N | T s |
(tuotimolu) \lu b t

au am al
Eq. (5.10) provides the value of Urin the form of triplet, which can be used to plot a linear

(5.10)

triangular membership function. This representation of Ur will be an approximation only,
as the division of two linear triangular fuzzy numbers yields a nonlinear triangular fuzzy

number. However, often the deviation from linearity is not high. To assist the decision
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process about the utilization of a 3D printing machine, Uris subtracted by 1 and is denoted

by fr. Thus,

t t t

ﬁf:Uf—lz[tLl—l,t”—m—l,t”—”—lJ. (5.11)

au am al

Now, the decision strategy can be as follows:

o Ifall the elements of the triplet frare negative, then the machine is underutilized. In that
case, try to get job orders from outside.

o If all the elements of the triplet fr are positive, then the machine is over-utilized.
Possibility of overtime, outsourcing and procuring another machine should be
considered.

e (Case of some elements of fr being positive and some negative needs careful
consideration. Here, at some value of a-cut, the machine is underutilized and at others
it is over-utilized. The decision is dependent on how much risk management wants to
take. In a simplistic way, the centroid of fr can be evaluated. The machine is
underutilized for negative value of centroid and vice versa.

Ratio (7.), given by Eq. (5.6), and costs can also be computed in the fuzzy form.
However, care has to be taken when a particular variable occurs more than once in an
expression. In that case, blind application of fuzzy arithmetic will provide a wider range
(Dixit and Dixit 2008). Dong and Shah (2008) suggested using a vertex method in which
all the combinations of lower and upper limits need to be evaluated and extreme values are
taken as lower and upper bounds. For the convenience of evaluating the fuzzy value of 7,

it is convenient to express it as

h t
other cost + 2T eAq €OSt ead cos 14 Lo
P U P
s = : (5.12)

“ " other cost + overhead cost 1+ r,

where 7, is the ratio of overhead cost to other cost. According to vertex method, expression
ry has to be evaluated at four combinations of 7, and U. The lower limit of Eq. (5.12) will
be the lowest amongst the values estimated from all possible four combinations. Similarly,
the largest value at all possible combinations will provide the upper limit of Eq. (5.12).
However, a careful analysis makes it clear that the following strategy requires the

evaluation only at two combinations:
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e For U<1, the lower limit of 7, is obtained at lower limit of 7, along with upper limit of
Ur. For Up>1, the lower limit of 7, is obtained at upper limit of 7, along with upper limit
of Ur.

e For U1, the upper limit of r, is obtained at upper limit of 7, along with lower limit of
Uy. For Up>1, the upper limit of 7, is obtained at lower limit of 7, along with lower limit

of Ur.

5.4 Factors for comparing additive manufacturing with other processes

Estimation of Uy will help to decide about owning a 3D printing machine or outsourcing a
job. However, various factors need to be considered for ascertaining if 3D printing is indeed
the better alternative compared to conventional processes. Based on the review of literature,
some deciding factors are product cost, mean tardiness, energy consumption and waste
generation. Product cost can be further divided into processing cost and total raw material
cost. It is possible that for a certain product, the processing cost of 3D printing may be large
but raw material cost may be minimized due to weight reduction of the product. As complex
shapes can be easily produced by 3D printing, shape and topology optimization can be
carried out to reduce the weight.

As multiple factors need to be considered for comparing two manufacturing
processes, a fuzzy set based method can be employed for taking a suitable decision. Each
manufacturing process can be rated based on various factors in terms of membership grade
and obtain an overall membership grade. If there are n deciding factors and a process gets
a membership grade of ; for the factor i, then the overall membership grade u, of the

process can be obtained as

1

H, =S, Xmin(g,, iy .., i,...,yn)+(1—sf)>{Hyi] , (5.13)
i=1

where sy is a strategy factor. There can be two distinct strategies for obtaining overall
membership grade— non-compensating and compensating. In the non-compensating
strategy, overall membership grade is just the minimum membership grade out of the
membership grades for various factors. Here, good performance in one factor cannot
compensate for the poor performance in the other factor. Putting srequal to 1 in Eq. (5.13),
a pure non-compensating strategy is obtained. However, in the compensating strategy, the
overall membership grade is the /" root of the products of all 7y membership grades. Here,

good performance in one factor can compensate for the poor performance in the other
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factor. Putting sy equal to 0 in Eq. (5.13), a pure compensating strategy is obtained. In
general, any value of sy can be chosen between 0 and 1 depending on the preference of
management. The process that provides the highest overall membership grade is the

suitable process.

5.5 A quantitative method for evaluating the penalty due to reduction in employment
AM is well suited for fabricating parts having complex geometrical features. The parts that
are difficult to manufacture by conventional manufacturing can be easily manufactured by
3D printing owing to the automatic characteristics. This may have an adverse impact on
the labour in terms of employment. However, if the job of the labour is permanent and there
is no policy of salary reduction, the organization has to pay full salary to the labour or the
operator in spite of their reduced involvement in the production process. Government may
also enforce the organization to pay some unemployment allowance to state exchequer as
a part of corporate social responsibility (CSR).

The time taken to manufacture a complex part by 3D printing is less than that by
conventional manufacturing. However, the salary payable to the labour will be same for
both conventional and 3D printing although the latter involves less labour engagement. The
amount payable to the manpower head can be referred as labour penalty cost. Let 7. be the
time for conventional manufacturing and #3p the time for 3D printing for a product. The

labour penalty cost attributed to a product can be obtained as

Labour penalty cost = (tc—’” - lj x (Labour cost). (5.14)

3D
The organization can reduce the labour penalty cost by enhancing the production, provided
there is a sufficient market for the product. A ratio r is defined as

i Demand potential e (5.15)
Current annual production

Incorporating 7 in Eq. (5.14), the modified labour penalty cost is obtained as

2 1] x (Labour cost). (5.16)

3Dr

Labour penalty cost= (

Maximizing the value of r, the labour penalty cost can be minimized. It is to be noted that
in some cases, the penalty cost may be negative also, implying that AM is in fact going to
provide more employment. The calculation of labor penalty cost for a product needs z.m,
t3p and r. Depending on these values, labor penalty cost can be positive or negative. As
these parts have been chosen for the purpose of illustration and are not being produced in
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industry, there is no information available regarding #3p and . With the availability of the

values of #3p and r, labor penalty cost can be easily estimated.

5.6 Illustration of the methodology by examples

The methodologies developed in this work is illustrated by means of some examples. In
order not to lose focus, only relevant details of these examples are provided. This section
is divided into three subsections. In Subsection 5.5.1, an example of fabricating a polymer
cutter (referred as part A in Chapter 3) in varying quantities is presented. In the next
subsection, an example is taken in which 3D printing machine is required to print two
different parts (referred as part A and part B in Chapter 3) in varying quantities. The last
subsection compares a SLS process with an IM process. Only the results of fuzzy set based
analysis are discussed as the deterministic analysis is a special case of fuzzy set based

analysis, in which the values are computed at a membership grade of 1.

5.6.1 Case of producing multiple quantities of a single part

It is considered that an industry produces a polymer milling cutter (part A) on a SLS
machine. It is assumed that the machine operates for 6 hours daily, 300 days in a year.
However, the lower estimate for machine operation is only 4 hours due to maintenance etc.

and the upper estimation is 9 hours daily, considering some overtime.
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Table 5.1 Details of machine utilization and costs for producing different quantities of

polymer cutters on an SLS 3D printing machine

Annual Production Utilization Br Unit  cost Actual unit r,
production time (hr) factor Ba, Bims Pr) (8) for U1 cost ($) (Futy Yum,
(unit) (tots toms o) (Upy Upiny Up) (Ci Cus C)  (Caty  Camy Fuu)
Cu)
100 (126,159, (0.05,0.09, (-0.95,-0. (19.01, (36.89, (1.75,
223) 0.19) 91,-0.81) 23.40, 83.01, 3.55,
30.12) 217.86) 8.48)
300 (378,477, (0.14,0.27, (-0.86, (18.99, (22.23, (1.14,
669) 0.56) —0.74, 23.39, 39.40, 1.68,
—0.44) 30.11) 86.60) 3.25)
600 (756,954, (0.28,0.53, (-0.72, (18.99, (18.57, (0.96,
1338) 1.12) —0.47, 23.38, 28.50, 1.22,
0.12) 30.10) 53.75) 1.95)
1000 (1260, (0.47,0.88, (-0.53, (18.99, (17.10, (0.83,
1590, 1.86) —0.12, 23.38, 24.14, 1.03,
2230) 0.86) 30.10) 40.61) 1.42)
1500 (1890, (0.70, 1.33,  (-0.30, (18.99, (16.37, (0.77,
2385, 2.79) 0.33,1.79) 23.38, 21.96, 0.94,
3345) 30.10) 34.04) 1.16)
2100 (2646, 0.98, 1.86, (-0.02, (18.99, (15.95, (0.73,
3339, 3.90) 0.86,2.90) 23.38, 20.72, 0.89,
4683) 30.10) 30.29) 1.01)
2620 (3301, (1.22,2.31, (0.22,1.31, (18.99, (15.74, (0.71,
4166, 4.87) 3.87) 23.38, 20.10, 0.86,
5843) 30.10) 28.42) 0.97)

Table 5.1 presents the results for different annual production volume. It also depicts
the impact of uncertainties on the production time and cost. Pictorial representation is
provided in Figures 5.1 and 5.2. Figure 5.2 has been obtained by carrying out computations
at various o-cuts. Due to fuzzy division operation, the membership function for Uy is
nonlinear. However, it can be approximated as a linear membership function, as
nonlinearity is not high. When the production volume increases from 100 units to 300 units,
the utilization factor increases from 0.09 to 0.27 with a consequent reduction in the unit
cost from $ 83.01 to $ 39.40. This cost is still more than the achievable cost of $ 23.39 for
full utilization. This is also indicated by 7, which is the ratio of actual cost to the cost for

full utilization. The value of 7, for the production of 300 units is 1.68 and becomes 1.03
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(close to 1) at a production volume of 1000 units. At production volume of 1500, the

machine gets over utilized with further reduction in the unit cost.
1r
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Figure 5.1 Variation of Urwith membership grade for the production of (a) 1000, (b) 1500
and (c) 2100 units

It is observed that there is a lot of uncertainty in the estimation of utilization factor
and costs. At high production volume, uncertainty in the costs reduces; albeit it is still
significant. This is due to the low impact of overhead cost at high utilization factor,
although the uncertainty in utilization factor remains high. For the production volume of
2620, utilization factor may vary from 1.22 to 4.87, most likely value being 2.31. As per
Eq. (5.2), the maximum possible value of utilization factor is 4.87; hence, considering the
worst cost scenario, production volume should not be increased beyond 2620 units. The
worst case cost estimate is $ 28.42, which is only slightly more than the most likely estimate

at full utilization, i.e., $ 23.38.
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Figure 5.2 Variation of unit cost with membership grade for the production of (a) 1000,
and (b) 2100 units

Coming to decision in the presence of uncertainty, it is clear that at a production
volume of 300, the 3D printer is underutilized as the upper estimate is also less than 1; this
is also indicated by the negative values of frat all estimates. The situation at a production
volume of 600 is not clear; here from deterministic analysis, the utilization factor is 0.53
but its upper estimate is 1.12. Based on the centroid method of defuzzification, utilization
factor can be stated as (0.28 + 0.53+1.12)/3=0.64, which favours the decision in favour of
underutilization. The more refined analysis can be carried out by considering the reliability
of each estimate, as mentioned in Chapter 4.

Figure 5.2(a) shows that for the production of 1000 units, the most likely estimate
of actual unit cost is almost same as that for the full utilization. However, uncertainty in the
actual cost is more than that in case of full utilization. In fact, in the worst case scenario,
the actual cost can be higher by about 35%. On the other hand, Figure 5.2(b) depicts a case
of over-utilization. Here, the actual cost is less than the cost for full utilization. However,
uncertainty analysis reveals that there is a chance that difference may not be significant, as

evident from the right hand side of two curves.

5.6.2 Case of producing multiple quantities of different parts

This subsection considers the case of producing two parts, i.e, part A and part B. Table 5.2
provides the details of machine utilization and costs for producing different quantities of
two parts. The purpose of showing this table is to highlight that when overall production
volume increases, the utilization factor increases. A worth noting fact is that an increase in
the quantities of one part reduces the cost of both the parts. For comparison of the values

in the table, unit costs for full utilization were also estimated. For 1000 units, these are ($
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18.99, $ 23.38, $ 30.10) for Part A and ($ 2.52, $ 3.12, $ 4.12) for part B. For 100 units,
these are ($ 19.01, $ 23.40, $ 30.12) for Part A and ($ 2.56, $ 3.15, $ 4.18) for part B. It is
seen that for full utilization of the machine, the cost is not dependent on the production
volume, but it is dependent on the production volume if it affects utilization. Hence, it is
stressed that an organization should attempt to enhance the utilization of a 3D printing

machine.

Table 5.2 Details of machine utilization and costs for producing different quantities of two

parts on an SLS 3D printing machine

Annual Production time (hr) Utilization Actual unit cost ($)
production (unit) (¢, toms tou) factor (Cats Camy Can))
Part A PartB PartA Part B (Un, Upn, Up) Part A PartB
100 100 (126, 159, (19.97,26.06, (0.05,0.10, (33.72, (4.89,11.43,
223) 37.50) 0.22) 73.79, 31.22)
190.92)
100 200 (126, 159, (39.95,52.11, (0.06,0.12, (31.36, (4.50,10.28,
223) 74.99) 0.25) 66.85, 27.76)
170.46)
200 100 (252,318, (19.97,26.06, (0.10,0.19, (25.04, (3.52,7.18,
446) 37.50) 0.40) 47.83, 17.99)
112.24)
200 200 (252,318, (39.95,52.11, (0.11,0.21, (24.31, (3.39,6.82,
446) 74.99) 0.43) 45.70, 16.92)
105.99)
600 600 (756,954, (117.39, (0.32,0.41, (17.78, (2.37,3.71,
1338) 153.66, 1.30) 26.99, 7.31)
221.82) 49.33)
600 1000 (756,954, (194.82, (0.35, 0.67, (17.78, (2.33, 3.58,
1338) 255.21, 1.42) 26.20, 6.92)
368.65) 47.02)
1000 600 (1260, (117.39, (0.51, 0.97, (16.90, (2.20, 3.16,
1590, 153.66, 2.04) 23.57, 5.59)
2230) 221.82) 38.93)
1000 1000 (1260, (194.82, (0.54, 1.03, (16.79, (2.18,3.10,
1590, 255.21, 2.17) 23.24, 5.42)
2230) 368.65) 37.97)

5.6.3 Comparison of additive manufacturing with injection moulding
Table 5.3 presents the results of unit cost (considering full utilization) and total production
time for injection moulding and 3D printing. For different lot sizes, the unit cost and total

production time are provided. Membership grades for suitability are provided based on cost
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and time. Assignment of membership grades is subjective and may vary from organization
to organization and context to context. However, for the purpose of illustration, a scheme
is used for assigning membership grades. As per the scheme, for each lot size, the process
providing the lowest cost is assigned a membership of 0.9 from cost perspective.
Corresponding membership for other process is obtained by ensuring that membership

grades from cost perspective are inversely proportional to unit cost.

Table 5.3 Details of cost (considering full utilization) and production time for injection

moulding and 3D printing associated with membership grade

Lot Unit Cost ($) Total time (hr) Membership grade

size IM 3DP M 3DP M 3DP

MHcost  Htime Hoverall | KUcost MHtime Hoverall
1 8650.51 2896 62.79 2.24 0 025 0 0.9 1 0.92
10 866.61 23.65 66.16 15.9 0.02 025 0.05 0.9 1 0.92
100  88.22 2340 107.85 159 024 1 0.36 0.9 0.5 0.59
1000 10.38 2338 53470 1590 09 1 092 04 0 0
IM: Injection moulding, 3DP: 3D printing

Production time affects the tardiness. A process providing less production time is
likely to minimize tardiness. Tardiness depends on the due date. Even if a process takes a
lot of time to manufacture, there may not be any tardiness if the activities can be planned
well in advance. However, for the purpose of illustration, it is assumed that a customer
needs the final produced part within minimum possible time. Hence, the process taking the
minimum time is assigned a membership grade of 1. Each delay of 1 day is assumed to
reduce the membership grade by half. With this logic, the membership grades are
generated. Overall membership grade is evaluated by giving equal weightage to
compensating and non-compensating strategy. In Table 5.3, overall membership grade is
calculated by putting s,= 0.5 in Eq. (5.13). Table 5.4 shows the overall membership grade
for pure compensating strategy, i.e, sy= 0 as well as pure non-compensating strategy, i.e, sy
=1. The overall membership grade obtained for sy = 0 is greater than sy =1. However, for

some cases, the overall membership grade is equal, i.e., 0 for both sy= 0 and s,=1.
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Table 5.4 Details of cost (considering full utilization) and production time for injection

moulding and 3D printing associated with membership grade

Membership grade

Lot size Injection moulding 3D Printing
Hcost MHtime N 0 N 1 Hcost MHtime SF= 0 N 1
Hoverall Hoverall Hoverall MHoverall
1 0 025 0 0 0.9 1 0.95 0.9
10 0.02 0.25  0.07 0.02 0.9 1 0.95 0.9
100 0.24 1 0.49 0.24 0.9 0.5 0.67 0.5
1000 0.9 1 0.95 0.9 0.4 0 0 0

It is observed that up to a lot size of 100, 3D printing is greater over membership
grade than that of injection moulding. Hence, the deployment of 3D printing is
recommended. For a lot size of 1000, it is preferable to use injection moulding based on
the overall membership grade. It is interesting to note that for the lot size of 100, although
the production time for injection moulding is less than that for 3D printing, from cost
perspective it is not a favourable process. This is reflected by greater overall membership

grade for 3D printing.

5.7 Conclusion

In this chapter, an analytical methodology has been proposed for assessing the utility of 3D
printing for an organization. Based on the concept of utilization factor, the proper use of a
3D printing machine is evaluated. Further, the effect of utilization factor on production cost
for different production volume of parts is presented. The effect of uncertainties on the
utilization factor and cost are discussed. In addition, a fuzzy set based technique to choose
a process based on several deciding factors is described. The overall methodology proposed
in this chapter is illustrated by some examples. The following conclusions are drawn from

the case studies:

e The increase in the production volume of a part increases the utilization factor with a
reduction in the unit cost. A lot of uncertainty is observed in the utilization factor as well
as unit cost. However, the uncertainty in the unit cost for high production volume
reduces due to the low impact of overhead cost.

e For the production of two different parts, the increase in the production of one quantity
decreases the cost of both the parts. This is due to overall utilization of the machine.

e Comparison of 3D printing with injection moulding demonstrates that decision to

choose one process over the other is dependent on the production volume. For higher lot
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size, injection moulding is preferable due to low production cost as well as low

production time.
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Chapter 6
Energy Consumption in Additive Manufacturing

6.1 Introduction

To assess the sustainability of a manufacturing process, the environmental aspects are
equally important as economic aspects. Energy consumption results in several
environmental issues and has been the concern of the global community for years. Hence,
the proper investigation of the energy requirement of a manufacturing process and reducing
it is a significant strategy for achieving sustainability. During the process of converting a
raw material to the final product, energy is consumed at every stage. Although additive
manufacturing (AM) is claimed to be environmentally friendly, it can have an adverse
effect on the environment if it is not utilised judiciously. Hence, it is necessary to
understand the role of every energy consuming element of an AM based machinery.

In the past, researchers conducted several studies to investigate the energy
consumption in AM by different approaches. For example, Mongol et al. (2006), Baumers
etal. (2011), Paul and Anand (2012), Kellens et al. (2014) and Ma et al. (2020) studied the
effect of geometrical parameters like orientation, position, height and layer thickness of a
part on the energy consumption of AM processes. On the other hand, Sreenivasan (2010),
Meteyer et al. (2014) and Yeng et al. (2017) investigated the involvement of different
machinery components of AM in energy consumption. Peng et al. (2016) investigated the
energy consumption of an extrusion based AM process by considering the melting of raw
material as a primary energy and the energy consumed by machinery components as a
secondary energy. Recently, Ma et al. (2021) explored the energy consumption of three
popular AM processes, viz., fused deposition modelling (FDM), stereolithography and
selective laser melting. To improve the energy efficiency, an approach to obtain the optimal
process parameters is also proposed.

This chapter presents the energy consumption models of two popular AM
processes, i.e., selective laser sintering (SLS) and fused deposition modelling (FDM).
Based on the involvement of different energy consuming components, the procedure to
estimate the energy consumption is described. After this brief introduction, Sections 6.2
and 6.3 describe the energy estimation model of SLS and FDM, respectively. Section 6.4

illustrates the methodology by examples. Section 6.5 concludes the chapter.
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6.2 Energy consumption model of selective laser sintering

This section describes the deterministic energy consumption model of SLS. For estimating
the energy consumption of any AM process, it is necessary to have proper information on
different energy consuming components of a 3D printing machine. A brief description of
SLS is provided in Chapter 3. There are several machinery components in SLS machine
that consumes energy. Table 6.1 lists the energy consuming elements of SLS. All the energy

consuming components are described in the next subsections.

Table 6.1 Energy consuming components of SLS

Energy consuming components Purpose

Laser system Sintering of powder in layer-by-layer manner

Heater system Maintaining the chamber at an elevated temperature
and heating the powder

Rotating roller Supplying and levelling the powder in bed

Pistons in the movable platform  One piston for lowering of the powder bed and the
other piston for supplying the powder in front of the
roller

6.2.1 Energy consumed by laser system

The energy consumed by the laser beam during the sintering of the powder is dependent on
laser parameters, geometrical parameters of the part as well as material properties. The
estimation of the energy requirement by the laser system considering all parameters
simultaneously by an analytical model is a tedious task. Franco and Romoli (2012) analysed
the effect of different laser parameters on the energy requirement for polyamide polymer
powder, which is also considered as a raw material in this study. The interaction of laser
beam and the powder is characterised by a basic parameter, viz., the energy density. The

energy density (Ey) is given by

E =2 (6.1)

where P; is the power rating of the laser, vs is the scan velocity of the laser and d; is the
diameter of the laser beam. Franco and Romoli (2012) conducted experiments on an SLS
machine and provided data to estimate laser energy consumed per unit mass based on

different values of E,. Based on those data, the laser energy consumption can be estimated.

6.2.2 Energy consumed by heater system
The heater system is composed of an infrared heater and a resistive heater (Gibson et al.

2014). The closed chamber is maintained at a high temperature by the infrared heater. On
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the other hand, the resistive heater is used to maintain an elevated temperature of the build
platform throughout the fabrication of the part. The energy consumed by the infrared heater
(Eir) 1s given by (Metreyer et al. 2014)

E = M, (6.2)

y

where P;-is the power rating of the infrared heater, #sui s the time involved in warming up
the machine chamber and building the part and #;- is the efficiency of the infrared heater.
On the other hand, a resistive heater is required to heat the powder in the build platform for
proper sintering to occur. The energy is required in the form of heat. It depends on the

powder material properties. The heat input (Q,) to maintain the elevated temperature of the
powder during building of the part is given by

0.=mc, (7} —7;.), (6.3)
where m, is the mass of the powder, ¢, is the specific heat of the powder, 7y is the final
attainable temperature of the powder and 7; is the initial temperature of the powder. The
heat input is provided by the resistive heater and its energy consumption (&%) is given by
E, = &, (6.4)

7.

where 7, is the efficiency of the resistive heater. The total energy consumed by the heater
system (Ejeater) 1S given by

E E +F

heater — ir rh*

(6.5)

6.2.3 Energy consumed by roller
The roller spreads the powder and forms a layer in the machine bed. The mechanical energy

of the roller is estimated as per the kinematic profile shown in Figure 6.1.

.

Velocity

A D
0 I I I3 Time

Figure 6.1 Velocity versus time diagram of the roller
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The energy spent in portion AB (E1) is given by the change in kinetic energy and work

done against powder:

E, =%m,,vf +%I,,a)r2 +F.s,

(6.6)

2 2 1
:Emrvr +—1 .o +5F,,v,,tl,

where m;, is the mass of the roller, v, is the maximum attainable translational velocity by
the roller, I is the moment of inertia of the roller about its centre and w;, is the maximum
attainable angular velocity by the roller. The term F’ is the resistive force provided by the
powder to the roller, sq» is the distance travelled by the roller from point A to B and # is
the time spent by the roller to reach the point B. The roller is considered to be a solid
cylinder. Its moment of inertia is given by

Ir :lmr’:’z’
2

(6.7)
where 7, is the radius of the cylindrical roller. During travelling of the roller, it is assumed
that rolling takes place without slipping that satisfies the relation
V. =r. (6.8)
At point B, the roller attains its maximum velocity and continues to move until point C.
The energy spent in portion BC (£>) is given by
By = FySp
=Fv,(,-1),

where £, is the time required by the roller to reach point C. From point C, the roller

(6.9)

decelerates and comes to rest at point D. For bringing the roller to rest, it requires some
amount of kinetic energy. However, during this period, the powder also offers resistance.
Hence, the energy spent in portion CD (£3) is less than the energy spent in portion AB. E3
is given by

1 1
E3 =5mrv3 +51r0)r2 _Efscd’ (610)

where s¢q is the distance travelled by the roller from point C to D. The total energy spent
(E;) 1s given by

1, 1. , 1 5, 1. , (6.11)
=Em,,v,, +51,,a),, +F.s,, +F.s, +§m,vr +51,,a),, —F.s.y.

However, sq» = scq4, hence
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E, :mrvr2+1ra)r2+Frvr (tl—tz). (6.12)

The study conducted by Nan et al. (2020) revealed that the roller force is
approximately 20 times the total weight of the heap of powder generated in front of the
roller. This heap of powder is generated approximately up to the half the diameter of the
roller (Haeri et al. 2016). The diameter of the roller is evaluated based on the size of the

polymer powder. In SLS, the size of the roller is related to the size of the powder particle

as (Haeri et al. 2016)

ot = [500,1000] : (6.13)

powder
where drouer and dpowaer are diameters of the roller and powder, respectively, and square
bracket contains interval number. Overall, the energy required by the roller is provided by

a motor. Hence, the energy requirement by the motor to operate the roller (Erouer) 1S given

by

Ero er:_r’ 6.14
T (6.14)

m

where 7., 1s the efficiency of the motor.

6.2.4 Energy consumed by the movable platform

The part fabricated in a build platform moves in the downward direction according to the
prescribed layer thickness. Apart from this, a powder delivery platform is also present on
the other side that supplies the powder in front of the roller. Both the platforms are
controlled by piston. The piston moves and stops repeatedly according to the number of
layers present in the part. Assuming that no energy is required in stopping, the mechanical

energy of the piston (Eps) is given by the summation of potential and total kinetic energy:

1
E,= mpsghps +EmpsV}27leﬁ (6.15)

where ms is the mass of the piston, g is the acceleration due to gravity, /4, is the total height
travelled by the piston, v, is the velocity of the piston and A, is the number of layers present
in the part. Similar to the energy required by the motor, the energy required by the piston
(Episton) 1s also provided by the motor:

E
E ision = n—ps (6.16)

m

where 7., 1s the efficiency of the motor.
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Apart from the energy consumption mentioned in Sections 6.2.1-6.2.4, some
additional energy is also consumed by the computer, workstation and some amount of
energy are also lost during the process. This extra amount of miscellaneous energy (Enisc)

is considered to be 5% of the total energy:

E

misc

= 0.05 (Elaser +Eheater +E

roller

+E (6.17)

piston ) .

6.3 Energy consumption model of fused deposition modelling (FDM)

This section describes the deterministic energy consumption model of FDM. Amongst all
AM processes, the market share of FDM is the highest in terms of machinery sold, thanks
to the economy of this extrusion-based technology. A brief description of FDM is provided
in Chapter 3. The energy consumption in FDM can be categorized in the following stages:
e Energy consumed during melting of filament

e Energy consumed during extrusion

e Energy consumed in heating the baseplate

e Energy consumed by the movable platform

e Miscellaneous energy consumption (standby, losses)

6.3.1 Energy consumed during melting of the filament
The thermoplastic filament is extruded in the molten form through the nozzle of the
machine. The molten extruded material is maintained at a temperature 1 °C above the
melting point (Huang et al. 2013). After extrusion, the material is fused with the previously
formed layer. The total heat energy (On) required during melting of the filament is given
by

Qm:mecpS(Tm—Z)+meqf+m,c (Tf—Tm), (6.18)

e pm
where m. is the mass of the extruded material, cys is the specific heat of solid polymer, 7
is the melting temperature of the material, 7; is the initial temperature, gy is the heat of
fusion, cpm 1s the specific heat of melted polymer and 77 is the final temperature. The heat

input is provided by the heater and its energy consumption () is given by

_9 (6.19)

melting b

,

where 7, is the efficiency of the heater.

6.3.2 Energy consumed during extrusion
At this stage, the molten thermoplastic material is pushed through the nozzle to the

baseplate. The required force for extrusion should overcome the pressure drop across the

106
TH-2717_166103105



Energy Consumption in Additive Manufacturing

extruder. The pressure drop is dependent on the viscosity of the molten material and several
geometrical parameters like length and diameter of the liquefier, diameter of the filament,
length and diameter of the nozzle, and nozzle angle. Figure 6.2 illustrates different zones
of the extruder where the filament is melted and extruded from the nozzle. The material
behaviour of thermoplastic filament obeys shear thinning where the viscosity of the
material decreases with an increase in the shear rate (Bellini et al. 2004). A power law is

adopted to model the dependence of viscosity on shear rate (Turner et al. 2014):
n=Ky", (6.20)
where 7 is the viscosity of the material, 7 is the shear rate, K and n are the power law fit

parameters. Also, the flow of the molten material in the extruder is non-isothermal. Hence,
the dependence of viscosity on temperature should also be considered along with shear rate

(Bellini et al. 2004, Turner et al. 2014):
77=H(T)77T0 (7}), (6.21)

where H(T) is the temperature-dependent term for viscosity. The term 7y is the reference
temperature at which the power law fit parameters K and n are determined. The Arrhenius

relation to model the temperature-dependent term is given by (Turner et al. 2014)

H(T) zexp{a(%—%j}, (6.22)

where a is the activation energy and 7 is the temperature at the end of the extruder.

material
flow

A

Figure 6.2 Different zones of the extruder. With permission from Turner et al. (2014).
Copyright 2014, Emerald Publishing Company.
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Applying Egs. (6.21) and (6.22) to the momentum balance on the extruder, Bellini
et al. (2004) estimated the pressure drop in the extruder by dividing it into three different
zones as illustrated in Figure 6.2. For simplicity, the model was developed considering
several assumptions: (a) the melt, i.e. the molten material, is incompressible, (b) no-slip
boundary condition is applicable at the wall of the extruder, and (c) the flow of the melt is
uniform, steady and laminar. The pressure drops at each sections of the extruder are given

by (Bellin et al. 2004, Turner el al. 2014)
1
v, /mf m,+3 ﬂ”’ Jert=1
AR =21} —- R eXpa| =~ |1>
9 (4,/2)" r I
1
2 ’ %’/
A}g:{ m, } i p i (ﬁj (m,+3)2" " exp a(l_ij}, (6.23)
3tan (3, /2) dz/n,. d/n, 2 P T,

o) (N o1,

where AP, AP; and APs are the pressure drops in zone I, II and III, respectively, /1 and /5

are the lengths of the extruder corresponding to zone I and III, respectively, vris the velocity
of the filament at the entry, £, is the nozzle angle, ¢ and my are the material constants, and
di and d; are diameters of the filament and nozzle, respectively. The constants ¢ and my
represent the fluidity and flow exponent, respectively. ¢ and myare related to the power law

fit parameters as (Bellin 2002)

b=k,
1 (6.24)
m, = —
The total pressure drop (AP) is given by the algebraic summation of the pressure drops at
all the three zones:
AP =AF, + AP, + AP, (6.25)
The force (F.) required to push the molten thermoplastic material through the extruder is
given by
F,=APA4,, (6.26)
where Ay is the cross-sectional area of the filament. The energy required in extrusion
(Eextrusion) 18 given by
=Fs

extrusion e m?

(6.27)
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where s, is the distance travelled by the molten material in the extruder. The distance
travelled (s.) is given by

s =vi, (6-28)

where v, is the extrusion velocity and 7. is the extrusion time. The extrusion time (z.) is
assumed to be equal to the printing time. The energy required in extrusion (Eexrusion) 1S
provided by the motor:

_L. (6.29)

extrusion >

m

where 7, 1s the efficiency of the motor.

6.3.3 Energy consumed in heating the baseplate
The extruded material is deposited in a baseplate that is heated by the resistive heater. The
baseplate where the printing takes place is made of a thermosetting plastic. The heat input

(Ob) to raise the temperature of the base plate during printing is given by

0, =mye,,(T,~T), (6.30)
where m;, 1s the mass of the base plate, c» is specific heat of the baseplate, 77 is the final
attainable temperature by the baseplate and 7; is the initial temperature of the baseplate.

The heat input provided by the resistive heater and the energy consumption (Epasepiaze) 1S

given by

baseplate

_ 9 (6.31)
1,
6.3.4 Energy consumed by the movable platform

After a layer is formed, the baseplate moves in the downward direction according to the
predetermined layer thickness. The baseplate along with the platform moves and stops
repeatedly according to the number of layers present in the part. Assuming that no energy
is required in stopping, the mechanical energy of the movable platform (E),) is given by the

summation of potential and total kinetic energies:

E

1
pl =mplghpl +5mplv}27[NZ’ (632)

where m,; is the mass of platform, g is the acceleration due to gravity, 4, is the total height
travelled, v, is the velocity of the platform and N, is the number of layers present in the

part. The energy required by the platform (Epiuorm) is provided by the motor:
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Ly

E tagtorm =n—p, (6.33)

m

where 7, 1s the efficiency of the motor.

6.3.5 Miscellaneous energy consumptions

Apart from the energy consumption sources mentioned in Sections 6.3.1-6.3.4, energy is
also consumed by the computer, workstation and some energy are also lost in the form of
heat and machine error (Song and Telenko 2017, Yosofi et al. 2018). The energy consumed
by miscellaneous sources (Enmisc) is approximated as 5% of the total energy consumed by

all other sources, i.€.,

E

misc

= 0.05 (E

melting

+E

baseplate + E platform + Eaxtrusion ) :

(6.34)

6.4 Illustration of the methodology by examples
The methodology described in Sections 6.2 and 6.3 will be demonstrated by examples. The
next subsequent sections (Sections 6.4.1 and 6.4.2) present energy estimation of parts by

SLS and FDM, respectively.

6.4.1 Energy consumption calculation by selective laser sintering

The energy consumption model of SLS will be implemented to estimate the energy
consumption for manufacturing two parts, viz., part A and part B. Those two parts and the
same SLS machine were considered for cost estimation in Chapter 3. The details of the
parts, build time and machine parameters are given in Section 3.4.1. Same parameters are
used for energy estimation in this section.

The first step is to estimate the energy consumption by the laser system. The laser
parameters used in this study are listed in Table 6.2. Based on these parameters, the energy
density (Ey) is 0.07 J/mm?. As per this value of Eq, the energy required for both the parts is
obtained from the findings of Franco and Romoli (2012). Then, the energy consumed by
the infrared and resistive heaters is estimated. The infrared heater consumes energy for
heating the chamber during the machine warm-up and building the part. On the other hand,
the resistive heater consumes energy for heating the powder in the machine bed. It depends
on the mass of the powder and its material properties. The mass of the powder is estimated
based on the size of the powder bed and height of the part. Table 6.2 lists the necessary

parameters of the heater system used in this study.
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Table 6.2 Parameters for energy consumed by the laser and heater system

Parameters Value  Basis

Power rating of the laser (W) 30 (SLS SPEC 2017), own judgement
(based on literature review)

Scan velocity of the laser (mm/s) 700 (Pham and Wang 2000), own
judgement

Laser beam diameter (mm) 0.6 (Zhang and Bernard 2013)

Power of infrared heater (W) 1000 (Deziel 2018)

Efficiency of infrared/resistive 0.9 Own judgement

heater

Specific heat of powder (kJ/kgK) 2.5 (Franco and Romoli 2012)

Tfina1 of powder (°C) 185 (Franco and Romoli 2012)

Tinitiar of powder (°C) 20 (Franco and Romoli 2012)

The next step involves the energy estimation by the roller for spreading and

levelling the powder. The kinematic behaviour of the roller is illustrated in Figure 6.1. The

roller travels to-and-fro across the platform based on the number of layers present in the

part. For each travel, the roller consumes energy. The procedure to estimate the time taken

by the roller to travel from one end of the platform to the other is explained in Chapter 3.

The data used for estimating roller energy is given in Table 6.3.

Table 6.3 Parameters for estimating the roller energy

Parameter Value Basis

Distance travelled by roller (mm) 506 (SLS SPEC 2017), own judgement
Velocity of roller (mm/s) 700 (Pham and Wang 2000), own judgement
Acceleration of the roller (mm/s?) 20000 (CADEM 2017)

Time, 11—t (s) 0.69 By calculation

Mass of roller (kg) Own judgement

Diameter of powder (pum) 100 (Duraform n.d.)

Radius of the roller (mm) 50 (Haeri et al. 2016)

Force required by roller (N) 326.94 (Nan et al. 2020)

Efficiency of the motor 0.75 Own judgement considering part load

operation

Lastly, the energy consumed by the moving pistons is estimated. The total vertical

distance travelled by the piston of the build platform is equal to the height of the part. For

the build piston, an additional 20% increase is included in the mass of the piston to consider

the mass of the powder deposited. The parameters for estimating the energy consumed by

piston is given in Table 6.4. The piston lowers down according to the prescribed layer

thickness and the number of layers present in the part. An additional 5% increase is included

TH-2717_166103105
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in the number of times the piston is lowered. However, the total distance travelled by piston
of the powder delivery piston is much more than the piston of the build platform. The
powder delivery piston feeds the powder to the height equal to the radius of roller, i.e., 50
mm. This process is repeated for every number of layers of the part. Also, the piston has to
travel to the bottom frequently for complete filling of the feedstock with powder. This is
done by an external delivery source. Considering these effects, an additional increase of
50% of the mass of the piston is also included. Hence, the energy of the piston for powder
delivery is much more than the piston of the build platform. Finally, based on Egs. (6.32)
and (6.33), the energy consumed by the pistons

Table 6.4 Parameters for estimating the energy consumed by the pistons

Parameters Value Basis

Mass of the platform (kg) 10 Own judgement

Velocity of the platform (mm/s) 700 Own judgement

Efficiency of the motor 0.75 Own judgement considering part

load operation

Table 6.5 Energy consumption by different sources for part A and part B

Energy components Value

Part A Part B
Energy consumed by laser system (kJ) 45.04 2.34
Energy consumed by infrared heater (kJ) 6954.67 4072.27
Energy consumed by resistive heater (kJ) 570.26 692.46
Energy consumed by the roller in spreading the powder (kJ)  80.19 144.95
Energy consumed by the piston by build platform (kJ) 0.78 0.94
Energy consumed by the piston for powder delivery (kJ) 4.58 4.89
Miscellaneous energy consumption (computer, losses) 382.78 245.89
Total energy consumption of the part (kJ) 8038.29 5163.74
Total energy consumption of the part (kWhr) 2.23 1.43
Total energy consumption per unit mass of the part (kJ/kg) 51756.42  639868.65
Total energy consumption per unit build time (kJ/hr) 4623.25 5072.1

is estimated. The energy consumed by every component for manufacturing part A and part
B considering a single quantity is listed in Table 6.5. As evident from the last two rows of
the table, mass of the part and build time may give some indication about the energy

consumption, but it also depends on the part complexity.
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6.4.1.1 Estimation of energy considering multiple quantities of a part in the machine

chamber

The energy required by the laser and the infrared heater varies with the number of quantities
manufactured in the machine chamber. However, the energy consumed by the resistive
heater, roller and the pistons is independent of the number of quantities manufactured in
the machine chamber. Hence, if more than one quantity of a part is manufactured, the
overall unit energy requirement is less as the energy is reduced amongst the resistive heater,
roller and pistons. As per the size of part A, only two quantities can be manufactured at a
single setting of the machine chamber. In such a case, the total consumed energy is
estimated as 12119.91 kJ whereas unit energy consumption is 6059.96 kJ. Hence, in
manufacturing two quantities of part A, energy consumption is reduced by approximately
25% for a part. On the other hand, considering the smaller sized part B, a maximum of
eighteen quantities can be manufactured in a single setting. This is also referred to as full
utilization of the machine. The energy consumed for manufacturing a single quantity of
part B is 5163.74 kJ whereas the unit energy consumed for eighteen quantities is 1004.67
kJ reducing the energy consumption by 81%. The variation of energy with the quantities of

part B is shown in Figure 6.3.

20000
= 17500 | B Total energy consumption
< 15000 B Unit energy consumption
= L

Energy consumptio
~J
th
-
-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Quantities of part B

Figure 6.3 Variation of energy consumption with quantities of part B

6.4.1.2 Implementation of fuzzy arithmetic in energy consumption calculation of SLS
This section considers uncertain parameters as fuzzy and the energy consumption in SLS
is obtained as a fuzzy number. The fuzzy parameters are expressed as low (/), most likely
(m) and high (4) estimates in Table 6.6. In the estimation of energy consumed by the roller,

the lower limit of roller force is assumed to deviate by 20% whereas the upper limit by 10%
113
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than the most likely estimate. The height of the heap of powder accumulated in front of the
roller is assumed to vary by 10% and 20% of the radius of the roller for the lower and upper
estimates, respectively. Also, the lower and upper limit of the size of the roller is considered
to be 500 and 1000 times that of the size of the powder. In the estimation of energy
consumed by the pistons for build platform, the lower and upper limits of mass of the piston
are additionally increased by 10% and 30% of the actual mass of the piston, respectively.
However, for the piston of the powder delivery platform, the lower and upper limits are
increased by 30% and 70%, respectively. This piston has to accumulate relatively more

mass of the powder that is continuously fed by the feedstock.

Table 6.6 Fuzzy parameters considered for estimation of energy consumption in SLS

Parameter (l,m, h)

Power rating of the laser (W) (20, 30, 50)

Scan velocity of the laser (mm/s) (500, 700, 1000)

Power of infrared heater (W) (800, 1000, 1200)
Efficiency of infrared/resistive heater (0.8, 0.9.0.95)
Diameter of the roller (mm) (50, 75, 100)

Mass of roller (kg) (4.5,5,5.5)

Force required by roller (N) (313.86, 435.92, 527.46)
Layer thickness (mm) (0.12,0.15, 0.21)

Table 6.7 shows the unit energy consumption of the parts considering a single
quantity and full utilization of the machine chamber, i.e., two and eighteen quantities of
part A and part B, respectively. The energy as a fuzzy number is obtained by applying the
procedure mentioned in Section 3.3. The variation of energy as a fuzzy number with

different membership grades is shown in Figure 6.4.

Table 6.7 Unit energy consumption as a fuzzy number considering a single part and full

utilization of the machine

Unit energy consumption (kJ)

Quantities in the

Low Most likely estimate  High
machine chamber estimate (/) (m) estimate (h)
PartA 1 4930.94 8038.29 14970.4
2 3534.51 6059.96 11776.59
PartB 1 4160.02 5163.74 7637.45
18 714.87 1004.67 1659.19
114
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Figure 6.4 Representation of energy consumption as a fuzzy number for parts produced by
SLS: (a) Considering a single quantity, (b) considering full utilization of the machine

chamber (two and eighteen quantities of part A and part B, respectively)

6.4.2 Energy consumption calculation by fused deposition modelling

The energy consumption model will be implemented to estimate the energy consumption
for manufacturing five parts, viz., part 1, part 2, part 3, part 4 and part 5. The energy
consumption for the parts by FDM is estimated as per the procedure described in Section
6.3. The geometrical details of the parts are given in Chapter 3. The first step is to estimate
the energy consumed during melting of the filament as per Eq. (6.18). The necessary
parameters for estimating the energy in melting are listed in Table 6.8. An extra 20 % is
included in the mass of the extruded material to consider the material loss. After the melting
of solid polymer, energy is also consumed in the fusion process. The specific heat of a
molten polymer is greater than the solid form. For an amorphous polymer like ABS, the
specific heat of the molten form is considered to be 50 % more than the solid form (Osswald

and Hernandez-Ortiz 2006).
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Table 6.8 Parameters for estimating the energy consumed during melting of the filament

and heating the base plate

Parameters Most likely Basis
value (m)
Specific heat of solid ABS, ¢ys (kJ/kg°C) 1.92 (ABS characteristics 2019)
Specific heat of molten ABS, ¢y 2.88 (Osswald and Harnandez
(kJ/kg°C) 2006)
Melting temperature of ABS, 7., (°C) 230 (PlasticRanger 2000)
Initial temperature, 7; (°C) 25 Room temperature
Heat of fusion of ABS, ¢r(kJ/kg) 205 (Osswald and Harnandez
2006)
Final temperature, 77 (°C) 231 (Huang et al. 2013,
PlasticRanger 2000)
Efficiency of the heater, 0.9 Assuming 10 % heat loss
Mass of the baseplate, m, (gm) 500 Own judgement
Specific heat of the baseplate, cp» 1.3 (Glass Epoxy characteristics
(kJ/kg.cC) 2019)
Initial temperature of the baseplate, 7; 25 Room temperature
(°C)
Final temperature of the baseplate, 7-(°C) 110 (Rahman et al. 2018)

The next step is to estimate the energy consumed during extrusion. It depends on
several parameters including the geometry of the extruder, pressure drop in the extruder,
cross-sectional area of the filament, extrusion time and extrusion velocity. The procedure
to determine the extrusion time (assuming to be equal to printing time) is described in
Chapter 3. Also, the extrusion velocity is assumed to be equal to printing velocity. The
parameters for estimating the energy consumed during extrusion are listed in Table 6.9.
The next step comprises the estimation of energy consumption in heating the base plate.
The resistive heater consumes energy for heating the base plate during the entire printing
process. Lastly, the energy consumed by the movable platform in the vertical direction is
estimated as per Eq. (6.32). The movable platform lowers down vertically according to the
layer thickness of the part. The total vertical distance travelled by the platform is equal to
the height of the part.

The energy consumed by different sources for the parts is listed in Table 6.10. It is
observed that the maximum energy is consumed during heating the baseplate. The mass of
the parts, printing time and the geometrical features give indications on the energy

consumption.
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Table 6.9 Parameters for estimating the energy consumed during extrusion of the molten

filament and the movable platform

Parameters Most likely  Basis

value (m)
Total length of the extruder (mm) 150 (Bellini et al. 2004)
Length of zone 1, /1 (mm) 97.5 (Bellini et al. 2004)
Length of zone II, 1> (mm) 37.5 (Bellini et al. 2004)
Length of zone III, /3 (mm) 15 (Bellini et al. 2004)
Velocity of the filament at the entry, v/(mm/s) 10 (Shadvar et al. 2021)
Power law fit parameter, K 3760.97 (Shadvar et al. 2021)
Power law fit parameter, n 0.57 (Shadvar et al. 2021)
Diameter of zone I (mm) 1.75 (Precision, n.d.)
Diameter of zone II (mm) 0.4 (Precision, n.d.)
Nozzle angle, f (°) 120 (Turner et al. 2014)
Temperature at the end of the extruder, 7 (K) 540 (Bellini et al. 2004)
Temperature, 7o (K) 513.15 (Shadvar et al. 2021)
Energy of activation, a 0.9652 (Shadvar et al. 2021)
Extrusion velocity, v. (mm/s) 40 (Precision, n.d.)
Mass of the platform, m, (kg) 5 Own judgement
Velocity of the platform, v, (mm/s) 40 (Precision, n.d.), by

calculation

Table 6.10 Energy consumption by various sources for the parts

Energy consuming source Most likely value
Part1 Part2 Part3 Part4 Part$
Energy consumed during melting 15.53 12.19 8.73 8.02 15.36

the filament (kJ)

Energy consumed in heating the 61.39 61.39 61.39 61.39 61.39
baseplate (kJ)

Energy consumed during extrusion 5.54 4.78 3.37 3.61 6.08
(kJ)

Energy consumed by the movable 1.87 1.87 2.8 3.64 1.4
platform (J)

Miscellaneous energy consumption 4.12 3.92 3.67 3.65 4.14
(kJ)

Total energy consumption (kJ) 86.58 82.28 77.17 76.68 86.97

Total energy consumption (Whr) 24.05 22.86 21.44 21.30 24.16
Total energy consumption per unit 3726.96 4509.66 5905.26 6388.51 3783.56
mass (kJ/kg)

Total energy consumption per unit 68.03 74.97 99.77 92.49 62.33
build time (kJ/hr)
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6.4.2.1 Implementation of fuzzy arithmetic in energy consumption calculation of FDM
This section considers the uncertain energy related parameters in FDM as fuzzy. The fuzzy
parameters are listed in Table 6.11. In the estimation of energy consumed during melting,
the lower estimate of the extra material consumed is varied by 5 % whereas the upper limit
by 30 %. For specific heat of the molten ABS, the lower and upper estimate of the specific
heat of molten ABS is considered to be greater than the solid form by 30 % and 80 %,
respectively. For estimating the pressure drop in the extruder, the lower and upper limit of
the length of the extruder is considered to vary by 10 %. Considering heat loss in different
forms, the lower and upper limit of efficiency of the heater is considered as 80 % and 95
%, respectively. The total energy consumption (in kJ) of different parts are shown in Table

6.12 and the variation of energy consumption with membership grades is shown in Figure

6.5.

Table 6.11 Fuzzy parameters considered for estimation of energy consumption in FDM

Parameters (I, m, h)

Extra material consumed during extrusion (%) (5, 20, 30)

Specific heat of molten polymer, c,n (kJ/kg°C) (2.50, 2.88, 3.46)

Efficiency of the resistive heater, 7, (%) (80, 90, 95)

Total length of extruder (mm) (148.5, 150, 151.5)

Velocity of the material at the entry, v/ (mm/s) (14.85, 15, 15.15)

Reference temperature, 7, (K) (493.15, 513.15, 533.15)
Power law fit parameter, K (2434.44, 3760.97, 10779.53)
Power law fit parameter, n (0.45, 0.57, 0.6)

Efficiency of the motor, 7, (%) (70, 75, 80)

Table 6.12 Energy consumption of the parts produced by FDM

Parts Energy consumption as a fuzzy number (kJ)
Low estimate (/) Most likely (m) High estimate (/)

Part 1 75.29 86.58 109.22

Part 2 72.44 82.28 102.61

Part 3 69.19 77.17 94.09

Part 4 68.77 76.68 93.62

Part 5 75.44 86.97 110.79
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Figure 6.5 Representation of energy consumption as a fuzzy number for parts produced by

FDM: (a) Part 1, (b) Part 2, (c) Part 3, (d) Part 4, and (d) Part 5

6.5 Overall sustainability analysis

It is considered that an industry works effectively for 300 days in a year and the 3D printer
operates for 6 hours a day, i.e., 1800 hours is available in a year. Based on this assumption,
the maximum quantities of a part that can be manufactured in a year can be estimated. For
the purpose of illustration, five parts, i.e., part 1, part 2, part 3, part 4 and part 5
manufactured by FDM based 3D printing is considered. Based on the build time of these
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parts, the maximum quantities that can be manufactured annually is estimated. Finally, the
manufacturing cost on an annual basis is estimated as shown in Table 6.13.

The energy consumption of the parts can be used to estimate the energy cost and
the amount of CO; emission. The energy cost is estimated based on the values of energy
consumption and electricity rate given in Table 6.10 and Table 3.4, respectively. For
simplicity, it is taken as cost of electricity. The amount of CO» emission in kg based on the

energy input is given by (Telang 2011):

Amount of CO, emission = Energy input x Emission factor, (6.35)

where the energy input is considered in terms of kWhr/year and emission factor is taken as
0.85. Table 6.13 shows the manufacturing cost, energy usage, energy cost and the amount

of CO, emission for five different parts.

Table 6.13 Cost, energy usage and CO» emission of the parts on an annual basis

Parts Annual Manufacturing Energy usage Energy CO:2
production  cost ($) (kWhr/year) cost($) emission
(quantities) (kg)

Part 1 1414 6711.53 34.02 5.1 28.91

Part 2 1640 7038.2 37.49 5.62 31.86

Part 3 2327 8197.09 49.88 7.48 42.40

Part 4 2171 7860.04 46.25 6.94 39.31

Part 5 1290 6447.21 31.17 4.67 26.49

6.6 Conclusion

This chapter presents a methodology to estimate the energy consumption for producing
parts by two popular AM processes, i.e., SLS and FDM. The role of different energy
consuming elements is briefly described and represented mathematically. The deterministic
energy estimation model based on the working principle is developed. The methodology is
illustrated through examples. The amount of energy consumed for SLS and FDM is
obtained as a fuzzy number to get an idea of the lower and upper estimates of the energy.

The following salient conclusions are drawn:

e For SLS, the energy consumed for building a single part and multiple quantities of the
part in the machine is estimated. It is observed that the maximum energy is consumed
by the heater system. Considering multiple quantities, unit energy consumption is the

least when the full machine chamber is utilized.

120
TH-2717_166103105



Energy Consumption in Additive Manufacturing

e For FDM, production of a single part is considered in the baseplate. The energy
consumption for building a part individually is estimated. It is observed that the
maximum energy is consumed in heating the baseplate where the molten thermoplastic
is deposited to print the part.

e It can be inferred that although the mass and build time of the product can give some
indication of the energy consumption, but in only an approximate way; energy
consumption is also influenced by the part complexity.

e The CO2 emission of a part is minimum for the part having the least build time.
However, on an annual basis, the emission of the same part is the maximum as the annual

production is the maximum.
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Chapter 7
Epilogue

7.1 Introduction

Additive manufacturing (AM) is gaining enormous popularity due to its unique ability to
produce a complex-shaped product by depositing material in a layer by layer manner. It
provides several technological benefits and hence its application is increasing in different
sectors, viz., automobile, aerospace and medical. Despite some exceptional advantages
offered by AM, there is an apprehension about adopting this technology as a manufacturing
route. Also, the speed of adoption and its utilisation is not as high as expected. In the present
era of sustainability, the adoption of AM is a challenging task. It is necessary to ensure
under conditions and up to what extent is AM cost-efficient. For this, a proper cost analysis
is a necessity. It helps in assessing its competitiveness in the market and making it more
economically sustainable. A major portion of this thesis is inclined towards the cost aspect
of AM. Apart from cost analysis, the energy usage of AM is also investigated.

As reported in Chapter 2, researchers have carried out several works in the domain
of sustainability aspects of AM. However, the issue of uncertainties in the estimation is not
addressed. The parameters are often ambiguous, differs from place to place and varies with
management policies. This thesis utilizes the concept of fuzzy set theory to address
uncertainties in the estimation. It is one of the most widely used soft computing methods.
The uncertain or the fuzzy variables are assigned suitable membership grades. Based on
the low, most likely and high estimates of an uncertain variable, triangular membership
functions are constructed. Such functions are linear and computations can be performed at
ease. The content and outcomes of various subparts of this thesis are briefly summarised in
the following sections. Finally, the overall conclusions and the scope of future work are

highlighted.

7.2 Cost estimation of additive manufacturing in the presence of uncertainties

Cost estimation requires information of different activities and their associated cost
elements to produce the part. The cost elements are often uncertain and vary from place to
place, planning and management policies. Hence, to tackle uncertainties, apart from the
deterministic cost model, a fuzzy set based cost model is also proposed. Two popular AM
processes, i.e., SLS and FDM are considered. One of the most important parameters for

cost estimation is build time. Analytical models for build time estimation are proposed for
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both the processes. For the specific cases of SLS and FDM, build time estimation
procedures are proposed analytically. For FDM, in-house experiments are conducted to
validate the analytical build time model with the experimental build time. To evaluate the
cost, the working conditions of a typical Indian industry is considered. However, all the
cost parameters are finally reported in dollar as it is considered a universal currency. The
cost estimation procedure presented in this work can also be applied for other AM processes
if a proper build time estimation model is available.

7.3 Cost comparison of additive manufacturing with traditional manufacturing in the
presence of uncertainties

For a prudent cost analysis of any manufacturing process, its comparison with other
processes is a necessity. In the past, researchers carried out cost comparison of AM with
other processes mostly based on break-even analysis. In this work, a conventional
manufacturing process, i.e., injection moulding (IM) is considered. For the sake of
completeness, the procedure to estimate the cost of IM is presented. The fuzzy costs of SLS
and IM are compared under a variable demand scenario. A method to evaluate the reliability
of a particular cost estimate and its significance is introduced. The concept of reliability is
suitably utilised and variability in demand is tackled from probability theory. Variable
demand is assumed to follow uniform as well as normal distribution. Based on the low,
most likely and high estimates of cost, the expected cost of manufacturing is evaluated. The
proposed methodology is illustrated by examples.

7.4 An analytical approach for assessing the utility of additive manufacturing in an
organisation

An approach for assessing the utility of additive manufacturing in an organization is
proposed. The concept of utilization factor is introduced. Its effect on production planning
and its associated cost are discussed. The uncertainty in the estimation of utilization factor
and costs is addressed by fuzzy set based theory. Also, a methodology is proposed for
comparing SLS and IM. For the purpose of comparison, two decision making parameters,
i.e., cost and time are considered. A quantitative approach to estimate the labour penalty
cost due to reduction in employment is presented. This work demonstrated how proper
utilisation of the machine can lower the unit costs of a product produced by AM. It is
observed that the unit cost of a part produced also reduces for SLS if the utilisation factor
is enhanced. A lot of uncertainty was observed in the utilization factor as well as unit cost.
However, the uncertainty in the unit cost for high production volume reduces due to the
low impact of overhead cost.
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7.5 Energy estimation of additive manufacturing

The energy consumption of any manufacturing process is essential for comparison of its
efficiency with other competitive processes. Every AM process follows the pattern of layer
by layer deposition for manufacturing a finished part, but the energy consumption varies
according to the working principle of individual AM processes. The energy consumption
models of SLS and FDM are presented. The role of every energy consuming element is
described. The methodology is demonstrated with the help of examples. Energy
consumption is obtained for a single quantity as well as multiple quantities of the same
part. The energy consumed for building a single part and multiple quantities of the part in
the machine is estimated. For SLS, the maximum energy is consumed by the heater system.
Based on the annual production of parts, the energy usage and CO» emission are evaluated.
A procedure to quantify the overall sustainability based on manufacturing cost, energy cost

and CO; emission is also presented.

7.6 Overall Conclusions

The salient conclusions of this thesis are listed as follows:

e A general cost model was proposed for AM by considering time-dependent and time-
independent cost parameters. To tackle uncertainties and vagueness, the concept of
fuzzy sets is implemented in cost estimation.

e Build time is one of the most important parameters for cost estimation. The time
estimated by the analytical model is validated by conducting in-house experiments for
FDM process. The maximum and the minimum deviation from the experimental results
are 7.89% and 1.26%, respectively.

e Apart from the most likely estimate of the cost obtained from the deterministic cost
model, fuzzy input parameters also gave a realistic value of the low and high estimate
of the cost.

¢ In the cost comparison of SLS and IM, it is found that the unit cost of IM decreases with
an increase in the number of quantities. However, the unit cost of SLS decreases up to a
certain quantity but remains almost constant thereafter.

e For SLS, the cost per quantity is the least when the entire area of the machine chamber
is used. This is also referred to as full utilization of the machine.

¢ In the cost analysis, for some cases considering uncertainties, the most likely and the

high estimates cost of SLS were less than that of IM. However, the low estimate cost of
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SLS is higher than that of IM. In such cases, the concept of reliability was implemented
to choose a favourable process.

e The increase in the production volume of a part increases the utilization factor with a
reduction in the unit cost of the part.

e For the production volume of two different parts, the increase in the production of one
quantity decreases the cost of both the parts. This is due to the overall utilization of the
machine.

e Comparison of 3D printing with injection moulding demonstrates that the decision to
choose one process over the other is dependent on the production volume. For higher lot
size, injection moulding is preferable due to low production cost as well as low
production volume.

¢ In the estimation of energy consumption, for SLS, the maximum energy was consumed
by the heater system. On the other hand, for FDM, the highest amount of energy was
consumed in heating the baseplate. The minimum energy was consumed by the movable
platform for both SLS and FDM.

e Full utilization of the machine chamber yields the minimum energy consumption per
quantity. For SLS, the energy consumption of a part was reduced by 81% when the entire

machine chamber was utilised instead of building a single part.

7.7 Scope for future work

Based on the work content of this thesis, there are some possibilities for further exploration

and investigation. Some of these are as follows:

¢ In-house experiments need to be carried out in different 3D printers to validate the build
time and energy consumption models. Also, the effect of jerk settings in build time
estimation and energy consumption can be carried out for more detailed analysis.

e This thesis considered only linear triangular membership function. Estimates can be
obtained also by non-linear membership functions, i.e., trapezoidal membership
functions.

e The decision-making process is made based on cost and time. Some other parameters
like waste generation, recycling of powder can also be included in the decision-making
process.

e A popular decision-making method based on fuzzy set theory is defuzzification. Some
popular techniques such as height method, centroid method, weighted method, average

method and mean-max method can be explored.
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e The work carried out in this thesis is limited to selective laser sintering (SLS) and fused
deposition modelling (FDM). Both these processes use raw material in the form of
polymer. Metallic based AM processes should also be investigated. The methodology
can be extended for other manufacturing processes. This will help in arriving at a

sustainability index for each of the processes.
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Appendix A

Important specifications of Riwell RL 200A

RP process

Weight

Machine size

Model size

Layer thickness

Modelling speed

Nozzle diameter

Working temperature of extruder
Working temperature of baseplate
Maximum power consumption
Raw material

Filament diameter

File format

TH-2717_166103105

: Fused deposition modelling

: 11kg

: 570 mm x 515 mm X% 470 mm
: 225 mm x 145 mm X% 150 mm
: 0.15-0.4 mm

: 1060 mm/s

: 0.4 mm

: 180-260 °C

: 60-110 °C

: 250W

: ABS/PLA

: 1.75 mm

: STL
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Appendix B

Estimation of standard deviation, grand mean and confidence interval for evaluating

build time in FDM
@) Sample number Standard | Grand Confidence
(replicate) deviation | mean interval (C))
1 2 1 3] 4|5 (Sm) (l:) Lower | Upper
limit limit
Part1 | 1 | 30 | 30 | 30 | 30 | 30 219 19.6 16.88 22.32

L |30 | 30| 30| 30| 30
I3 | 10 | 30 | 10 | 30 | 10
lsy | 10 | 10 | 10 | 10 | 10
Is | 10 | 10 | 10 | 10 | 10
Part2 | & 5 4 9 3 6 1.24 14.68 13.14 16.22
L |11 | 12|19 | 21 | 20
I3 | 26 | 27 | 28 | 26 | 26
Iy | 12 122 | 12 | 12 | 11
Is | 10 | 14 | 11 | 10 | 10
Part3 | h 3 (11| 4 |16 | 2 1.56 15.2 13.27 17.13
L 6 6 | 15|29 | 8
s |17 | 1 10 | 3 | 15
Iy | 27 | 28 | 30 | 26 | 20
Is |21 |19 25| 9 | 29
Part4 | I | 10 | 24 | 26 | 25 | 27 1.07 12.44 11.11 13.77
L |25 |26 |26 |23 |21
I3 7 6 7 4 5

ls & 6 3 4 5
Is | 4 2 5 7 6
PartS | & 3 2 9 8 5 1.71 17.48 15.35 19.61

L |20 | 17 | 22 | 23 | 28
Iz | 29 | 36 | 30 | 37 | 35
Iy | 34 | 11 | 11 | 13 | 13
Is | 9 8 |12 1 10 | 12
" Measurements of length traversed by the nozzle (/,)
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Appendix C

Estimation of mould manufacturing cost (Based on Boothroyd 2010)

Manufacturing time (M.) in hr for the ejector system (ejector pins + plate):

M, =14 (B.1)

e teflp >
where 4, is the projected area of the part in cm? and . is a coefficient (suggested as 2.5 by
Boothroyd et al. (2010) but taken as fuzzy in the present work).
Manufacturing time (in hr) associated with the geometrical complexities of the part (M,):

M, =583(X,+X,)"7, (B.2)
where X; and X, are the inner and outer complexities of the part. The measure of
complexities for both the inner or outer surface is given by

Xy, =0.1N,, (B.3)

where Ny, is the number of surface patches. If multiple identical numbers of features are

present in the part, Ns, is modified by incorporating a power index:

N, =NY, (B.4)

where N4 is the number of identical features in the part.

Total time (in hr) for manufacturing one cavity and one core (M,,):
_ 1.2
M, —5+0.085Ap , (B.5)

where 4, is the projected area in cm? of the part. The summation of Egs. (B.1), (B.2) and
(B.5) gives an approximate estimate of time to convert a mould base into a working mould.
Depending on the surface finish requirement, time components evaluated by Egs. (B.2) and
(B.5) are multiplied by a factor in the range of 1.1-1.4. The mould manufacturing cost is
obtained by multiplying the total time required for mould manufacturing with an hourly

average rate for mould manufacturing.
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Appendix D

Estimation of injection and cooling times (Based on Boothroyd 2010, Stelson 2003)

Injection time or fill time (#) to fill the molten plastic material into the cavity via the sprue,
runners and gates:

f =20, 1)
where V), is the part volume, p; is the injection pressure of the polymer at the nozzle of the
injector and P; is the injection power of the machine. Injection power (7)) in Eq. (C.1) is
based on the machine clamp force. The clamping force (Fciamp) 1S given by

Fclamp = CchAppj s (C2)

where A, is the projected area of the part, c; is a coefficient to account for increase in the
area due to runner system (1.15 in the present work) and c; is a coefficient to account for
the pressure loss (0.5 in the present work).

The cooling time (z.) based on the ejection criterion of the mid-plane temperature of the
part (the temperature at the centre of the part):

2 _
L U Y} (C3)
T ”(]—;_Tm)

where b is the maximum thickness of the part, a is the thermal diffusivity coefficient, 7;is
the material injection temperature, 75, is the mould temperature and 7. is the part ejection
temperature. Cooling time based on the ejection criterion of the average temperature of the
part:

b 8(0-1,)

t.= | ’ C4
‘¢ ra n7[2(Te—Tm) €4

Eq. (C.3) can be used for determining the upper bound estimate of 7. whereas Eq. (C.4) can

be used for determining the lower bound estimate of ..
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Appendix E

MATLAB code for evaluating the reliability of fuzzy cost that lies between most likely

and high estimate
% mu = degree of membership
% m = intermediate value, h = higher value

% Cstar = Value of cost

a = input ('Enter the starting value of Cstar );
b = input ('"Enter the end value of Cstar ');
z = input (‘enter the number of intermediate points ');
Cstar = linspace(a,b,z)
Yom---==-mmmm- Evaluating the intermediate limits of "mu" --------------
fori=1:z;
if Cstar(i) == m;
mu =1
elseif Cstar(i) > m & Cstar(i) <= h;
mu = (((0.5 * (Cstar(i) - m))/(m - h)) + 1)
elseif Cstar(i) >= | & Cstar(i) <m;
mu = (((0.5 * (Cstar(i) - m))/(m - 1)) + 1)
else
disp ('Invalid Input !!")

end

p = round (mu,4)
% N1i = Reliability index at different values of cost from lower limit to intermediate limit

% N2i = Reliability index at different values of cost from intermediate limit to upper limit
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syms mu

N1i = int ((((Cstar(i) - (2.*(m-1).*(mu-1)+m))./(2.*(mu-1).*(I-h))).*(1 + mu.*log2(mu) +
(1-mu).*log2(1-mu))), 0.5, p);

syms mu

N2i = int ((1 + (mu.*log2(mu)) + ((1-mu).*log2(1-mu))), p, 1);

N2 = double (N21i)

%N = Overall reliability index

%o Summation of both N1 and N2--------------
N=NI+N2
%ommmmmm - Evaluating the integral "1 - mu" from 0.5 to 1 --------------

D1 =int ((1 + (mu.* log2(mu)) + ((1 - mu).* log2(1-mu))), 0.5, 1);

D = double (D1)

Re(i) = N/D
disp ([' Value of Re is ' num2str(Re)]);

end
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