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Abstract
Adopting additive manufacturing in investment casting, known as rapid investment casting, can significantly reduce lead time 
and cost. Despite many publications on these technologies, no quantitative techno-economic analyses refer to rapid invest-
ment casting. The paper provides helpful insights and a decision-making approach for replacing conventional production 
technologies (i.e. wax injection) with additive manufacturing technologies. The study is based on a techno-economic analysis 
framework. It allows assessing key performance indicators (e.g. crossover points and payback periods) for stakeholders to 
decide the suitable VAT photopolymerisation processes (i.e. stereolithography, digital light processing, and material jetting) 
according to specific production scenarios (i.e. load factors). Analytical cost models were developed in the frame of this work 
to assess the time and cost of the overall manufacturing process of the resin model for investment casting, considering the 
post-processing stages for each of the technologies investigated. The cost models were used to assess the benefits introduced 
by additive manufacturing in rapid investment casting. A sensitivity analysis evaluated the impact of energy, material, and 
labour costs for both key performance indicators (crossover points and payback periods). The techno-economic analysis 
yielded the following results: (i) crossover points in terms of production costs vary, ranging from thousands of units for small 
components in the jewellery or fashion industries to a few dozen units for larger parts in the mechanical industry, and (ii) 
crossover points in terms of time are lower than those related to cost. Additionally, digital light processing is regarded as the 
most promising technology, offering the best crossover points and payback periods across various scenarios, mainly when 3D 
printers are used at a low utilisation rate.

Keywords  Additive manufacturing · 3D printing · Stereolithography · Digital light processing · Material jetting · Techno-
economic assessment · Rapid tooling · Rapid investment casting
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TEA	� Techno-economic analysis
UV	� Ultraviolet
VPP	� VAT photopolymerisation

1  Introduction

AM is becoming widespread in many fields (e.g. industry, 
aerospace, medicine) thanks to its unique features and ben-
efits, including design freedom and the elimination of tool-
ing. AM is currently supplementing or replacing traditional 
manufacturing processes in modern manufacturing systems. 
Companies transitioning to AM require technical insights, 
such as feasibility and financial insights (e.g. crossover and 
break-even points, payback period). The TEA method evalu-
ates a manufacturing process’s technical and economic per-
formance [1, 2]. TEA has been extensively used to interpret 
strategies across several industries and is a critical assess-
ment tool for determining cost criteria and the possible eco-
nomic viability of innovations such as AM [3]. TEA exam-
ines financial profitability from an investor’s viewpoint using 
process design parameters that can be changed for process 
optimisation [1].

This study examines the techno-economic implications of 
using AM to create wax or resin models for IC. To the best 
of the authors’ knowledge, there is limited industrial and 
scientific literature on TEAs in this context. Moreover, the 
existing TEAs do not align results (such as COP and PBP) 
with the typical features of parts (shapes and dimensions) 
across various industrial sectors (e.g. jewellery, fashion, and 
mechanical industries). For instance, in the case of plastic 
RT, only a few studies have evaluated the economic oppor-
tunities of selective laser sintering [4] [5] and fused fila-
ment fabrication [6]. These findings fail to meet the needs of 
stakeholders seeking guidance in this field. Moreover, there 
are no sensitivity analyses to assess the impact of energy, 
labour, and raw material costs on COPs and PBPs.

This work offers a decision-making tool to help stake-
holders assess when AM is a capable solution for manu-
facturing wax patterns. The analysis includes several AM 
technologies falling within the VPP category [7], which 
selectively use targeted light-activated polymerisation 
to cure a liquid resin. The first technology is SLA, which 
guarantees excellent precision, surface finishing, and high-
quality standards. SLA enables the production of parts using 
specific photosensitive resins that have been solidified using 
an ultraviolet (UV) source. The second technology is DLP, 
which is comparable to SLA. DLP employs a projected light 
source to cure every layer simultaneously, ensuring a faster 
construction pace than SLA. The third technology is MJ, 
which involves depositing droplets of photoreactive sub-
stances that solidify when exposed to UV light. Full-colour 
and multi-material items are possible thanks to the ability 

of different printheads to dispense other materials inside 
a single layer. In addition to these 3D printing technolo-
gies, this study also considers a traditional manufacturing 
process (injection moulding) for producing wax models. 
Analytical cost models were developed in the frame of this 
work. These models enable the evaluation of both time and 
cost associated with manufacturing the resin model for IC, 
encompassing the post-processing stages for each of the four 
technologies mentioned above. The study takes into account 
(i) different production scenarios categorised by batch sizes 
(ranging from 1 piece to 10,000 pieces), (ii) three machine 
load factors (10%, 50%, and 75%), and (iii) five components 
characterised by different shapes and dimensions. Several 
components were used as test cases, spanning the jewellery 
industry (e.g. necklace pendants), the fashion industry (e.g. 
accessories for classic shoes), and the mechanical industry 
(e.g. parts for pumps and engines). A sensitivity analysis 
assessed how changes in unitary energy, materials, and 
labour costs affect COPs and PBPs.

The research findings allow stakeholders of different 
industrial sectors to decide which AM technology (among 
VPP) is the most suitable according to specific production 
scenarios. The comparison of technologies relies on both 
production cost and time. The developed tool can be consid-
ered helpful in the decision-making and feasibility analysis 
across AM processes.

2 � State of the art

IC is a longstanding industrial technique utilised across 
various industries for manufacturing near-net-shape com-
ponents [8] with excellent surface finishes and high dimen-
sional accuracy [9]. Despite the above advantages, IC is 
often used only for mass production [8] since mould creation 
for pattern manufacture is time-consuming and expensive. 
Typically, the price of the metallic mould varies from 1 to 
50k€ depending on the design complexity, model size, and 
procurement process [10].

2.1 � AM in IC

AM is currently gaining popularity in modern manufactur-
ing systems. AM could be employed, for example, to directly 
print 3D objects for the precious jewellery industry using 
direct metal laser melting technology [4] or to produce 
metallic moulds and cores for sand casting, as well as wax/
silica patterns for investment casting (RT) [11]. RC exten-
sively uses AM to fabricate patterns, cores, and moulds to 
overcome the drawbacks of casting techniques [12]. Cast-
ing and AM could be combined as a hybrid manufactur-
ing process to produce large metal components, enlarging 
the potentialities of AM [13]. The industry still uses RC 
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sparingly, and production businesses may occasionally 
lack AM machines for RC [11]. The adoption of AM in IC, 
known as RIC [14], can ensure a significant reduction in 
lead time (89%) and cost (60%) [15]. Therefore, this integra-
tion could serve as an excellent means to overcome the IC 
constraints previously mentioned. Hereunder are the four 
types of products mainly manufactured by RIC [12]. It is 
worth noting that this study considers the toolless process 
(solution n°2).

1.	 The ceramic shell (Process 1 in Fig. 1). This AM (pat-
ternless) process streamlines the IC manufacturing 
process by skipping the phases from pattern production 
through sintering.

2.	 The patterns from wax or resin (toolless process). It pro-
duces investment cast objects in various metals, from 
simple to complex (Process 2 in Fig. 1).

3.	 The hard mould (RP-generated) for wax pattern produc-
tion without intermediary steps (Process 3 in Fig. 1). 
This process is called direct tooling.

4.	 The RP master pattern for creating the necessary soft 
mould (silicon rubber) for wax pattern production (Pro-
cess 4 in Fig. 1). This process is called indirect tooling.

An overall picture of the lead time for the main RIC 
products is reported in Fig. 2. Due to the surface quality 
requirements for IC products, the 3D-printed pattern, shell, 

or mould requires excellent surface quality, necessitating 
post-processing operations for all RIC processes (from 1 
to 4) [16]. Post-processing operations encompass tasks 
such as removing support structures and washing the pat-
tern. Moreover, surface finishing (e.g. required to remove 
the stair-stepping effect) is often needed, such as chemical 
treatments (e.g. acetone bath).

2.2 � AM for RIC

One of the most important fields of application of AM is 
the jewellery industry. The need for bespoke products with 
short lead times, small dimensions, and high accuracy led 
industries to evaluate and adopt RIC. Scholars developed 
specific methods and tools to streamline jewellery produc-
tion in this context, such as CAD automation [17] and para-
metric design [18]. For the same purpose, knowledge-based 
design and optimisation guidelines for RIC were developed 
[8] alongside new production methods based on SLS and 
SLA [19]. However, AM finds applications in various sec-
tors beyond the jewellery industry, including the mechanical 
industry, such as the production of complex-shaped patterns 
like impellers for investment casting [20].

The evolution of the IC toward RIC leads to a signifi-
cant interest in the topic [15]. For example, designs featur-
ing plaster-filled lattice structures for RIC were conceived 
for manufacturing using FFF technology [21]. At the same 

Fig. 1   The types of rapid investment casting (RIC) and current wax injection process
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time, strategies involving both direct and indirect tooling 
were developed by integrating FFF technology with IC [14, 
22]. SLA was also investigated for RIC, showing how RIC 
is currently affordable and well-liked for small aerospace, 
automotive, and biomedical businesses [23] [24].

2.3 � TEA for AM

To the best of the authors’ knowledge, a rigorous TEA of 
the advantages and cost-effectiveness of various AM pro-
cesses concerning RIC is still lacking. Preliminary studies 
concerning the adoption of TEA for comparing AM with 
traditional machining were presented, such as (i) LPBF for 
producing forming dies for tube bending [25], (ii) LPBF 
for HPDC moulds [26] [27], (iii) hybrid layer manufactur-
ing [28], (iv) DED [29], and (v) laser-based AM [30] [31]. 
Concerning plastic RT, TEAs were conducted to compare 
SLS against injection moulding [4] [5] as well as FFF [6]. 
In the realm of IC, a TEA was conducted for dental crowns 
using waste from direct metal laser sintering for veterinary 
dentistry [32]; however, neither RIC nor VPP techniques 
were considered.

2.4 � Novelty of the study

Despite numerous publications on the topic, there is a lack 
of quantitative TEAs concerning RIC. Moreover, the limited 
availability of specific case studies with narrow applicabil-
ity presents a challenge in making broader conclusions. A 
ground research study was developed to compare the cost 

structure and COPs between AM and injection moulding 
[33]. However, the referenced study (as all the others) pre-
sents some limitations, such as the following: (i) it does 
not consider multiple parts with different dimensions and 
shapes, (ii) it does not consider load factors of 3D printers, 
(iii) it does not evaluate PBP, and (iv) the sensitivity analy-
sis does not consider the impact of energy, labour, and raw 
material costs on COPs and PBPs. Considering the above-
mentioned limitations retrieved by the literature analysis, 
this paper aims to provide helpful insights into replacing 
conventional production technologies with AM (i.e. VPP) 
for RIC. A TEA framework is offered to support stakehold-
ers in defining COPs among the different AM techniques and 
the PBP of each one. To the best of the authors’ knowledge, 
this is the first TEA about using AM for RIC.

3 � TEA framework for RIC

3.1 � The general framework

The TEA analysis carried out in this paper is based on a 
specific framework conceived for this study. Given the wide 
range of objectives, TEA is merely a framework for creating 
an economic assessment, and there is no set format to adhere 
to [30]. Each TEA must be customised to the purposes of the 
evaluation and the specifications of the applications under 
comparison [34]. To overcome this limitation, the ISO is 
developing a methodology for performing eco-techno-eco-
nomic analysis [35].

Fig. 2   Lead time for rapid investment casting (RIC) and current wax injection process (elaborated from [15])
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The TEA proposed in this paper is developed in compli-
ance with the ISO framework and combines available cost 
models from the literature and ad hoc developed models. 
Indeed, technical and economic aspects are addressed in 
this research, including production capacity and time. The 
adopted TEA consists of four steps (Fig. 3).

1.	 Plan the technology analysis: the first step defines the 
current technology (baseline), the novel technologies, 
and the financial metrics used for comparison.

2.	 Process design and modelling: for each technology (cur-
rent and novel), a detailed PFD is created. This diagram 
defines the different manufacturing phases of each tech-
nology and the flows of energy and material across the 
process.

3.	 Cost estimation: each manufacturing phase and the cost 
associated with the material and energy flows are esti-
mated by developing analytical cost models. By provid-
ing cost data (technological parameters of processes and 
unit costs of flow elements) and geometric information 
of the components as input, models can be tested and 
validated to assess the overall accuracy. Analytical cost 
model estimations (cost and time) related to current and 
novel technology models are collected for later compari-
son.

4.	 Economic assessment: the different economic estima-
tions are processed and evaluated by creating different 
production scenarios, characterised by different produc-
tion batches, load factors, and industrial sectors (func-
tion of the analysed components). The values of the 
defined financial metrics are obtained by comparing the 
different estimates depending on the various production 
scenarios. The comparison assesses the competitiveness 
of the novel technologies compared to the current one. 
The values of the financial metrics (key performance 
indicators) can be used to conduct a sensitivity analy-
sis. In-depth considerations of the financial metrics are 

obtained by modifying sensitive cost elements (i.e. unit 
cost of raw material, energy, and labour). The results 
also provide the competitiveness of new technologies 
in production contexts related to economic aspects.

3.2 � Framework for RIC

3.2.1 � Plan the technology analysis

The objective of the TEA is to investigate the viability 
and benefits of 3D printing as an integrated process into 
the investment casting process for RIC. In particular, RIC 
refers to resin or wax pattern and core manufacturing, and 
the reference technology (baseline) is the IM. In contrast, 
novel technologies proposed in this analysis are SLA, DLP, 
and MJ. The main results (key performance indicators) are 
summarised as follows:

1.	 COP. The output level at which one technology’s overall 
cost equals another’s cost is known as a COP. Knowing 
when to switch between processes is helpful, and the 
COP allow for this assessment, including the process 
time.

2.	 PBP. PBP is the time needed to recover the initial cost 
of a different/new manufacturing method.

COP and PBP are computed by considering different 
scenarios. A scenario combines product geometry (e.g. the 
component shape and size) and machine utilisation rates. 
Concerning product geometry, five components belonging 
to the jewellery, fashion, and mechanical industry sectors are 
considered, covering a broad range of geometrical features. 
The parts are different in shape and dimensions, represent-
ing extreme scenarios of using AM for RIC. Concerning 
the utilisation rates, three load factors for the 3D printers 
are considered since the machine load factor is one of the 
most cost-sensitive parameters for economic analyses of 

Fig. 3   Techno-economic analysis framework
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AM processes [36]. The accuracy requested for this TEA is 
defined according to the AACE. AACE proposed a system 
for cost estimate classification based on five classes [37] 
according to the level of the project definition. Since the 
outcome of this work is oriented toward a decision-making 
process regarding adopting AM for RIC (e.g. budget authori-
sation), class 3 is selected. For this class, the expected error 
range for cost estimates is between − 20 and + 30%. These 
values are comparable with those used in [29].

3.2.2 � Process design and modelling

TEAs are carried out by adopting cost models developed for 
the current and novel technologies. This activity followed 
the design and modelling phases of all the compared pro-
cesses. IDEF0 (Icam DEFinition for Function Modeling) 
diagrams have been created for each method to highlight 
activities and flows of energy and material. IDEF0 is a func-
tion modelling methodology for describing manufacturing 
functions [38]. IDEF0 is typically used for economic and 
environmental assessments [39] of manufacturing processes, 
including AM. IDEF0 defines flows of materials and energy 
among process activities [40]. In the boundary of this work, 
the complete workflow for manufacturing wax or resin pat-
terns ready for the following investment casting (i.e. pattern 
assembly) is considered for each manufacturing process, 
including post-processing. IDEF0 diagrams for current and 
novel technologies have been drafted, representing energy 
flows with red arrows, material flows with green arrows, and 
signal flows with blue arrows.

As previously mentioned, the IM is the baseline process 
for pattern manufacturing. Depending on the production vol-
ume, the machine can operate in manual or semiautomatic 
modes, and the wax can be injected in a liquid, slush, paste, 
or solid form. Metal moulds (aluminium alloy) are used 
for shaping wax patterns (Fig. 4). Multi-cavity moulds are 

suggested for small-medium–sized parts and medium–high 
production volumes.

SLA is the most used technology for RIC, and it can guar-
antee excellent accuracy, surface finish, and general product 
quality (Fig. 5). SLA allows the creation of parts from pho-
tosensitive resins solidified employing a UV source.

DLP, like SLA, is an alternative AM process where the 
printer uses a projected light source to cure the entire layer 
completely (Fig. 6). Due to this different operation principle, 
DLP guarantees a higher construction speed.

The third AM technique is MJ, which deposits droplets 
of photoreactive material that solidify when subjected to 
UV light (Fig. 7). Different printheads can dispense other 
materials within a single layer, allowing full-colour and 
multi-material parts.

3.2.3 � Cost estimation

The cost breakdown follows the framework defined in [41]. 
The process time considers (i) setup, (ii) load/unload, (iii) 
process, and (iv) tooling phases. In the frame of this work, 
cost models already developed for IM and SLA have been 
used [9, 42], while specific methods have been developed 
for DLP and MJ.

Analytical cost model for IM  The analytical cost model 
for estimating the cost of pattern wax injection has been 
retrieved from the authors’ previous work [9]. The cost 
model refers to the entire investment casting process, from 
pattern wax injection through parts cuts. Only the pattern 
and core production phases were used for this investigation. 
The cost model estimates both the manufacturing costs and 
time. The model requires as inputs: (i) the part’s dimensions, 
(ii) volume, (iii) thickness, (iv) projected area (along the 
moulding direction), (v) number of patches [43], (vi) sec-
tion type [43], (vii) surface finish, (viii) tolerance, and (ix) 

Fig. 4   IDEF0 of the IM process
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Fig. 5   IDEF0 of stereolithography process

Fig. 6   IDEF0 of Digital Light Processing process

Fig. 7   IDEF0 of material jetting process
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production volume. The 3D printer use rate can be manually 
set following the user’s expertise. The model has a general 
error of 14% and 6% for estimating manual production lines 
(prototypes and small series) and automatic production lines 
(mass production), respectively [9].

Analytical cost model for AM technologies   Cost models 
for the three different proposed AM technologies have been 
developed based on scientific papers (e.g. [44]), technical 
reports (e.g. [45]), dedicated interviews with several Ital-
ian manufacturing companies (e.g. Energy Group—energy-
group.it, 3DIFIC—edific.it), and a 3D printer reseller (3DZ 
‒ 3dz.it) working with these technologies. The analytical 
cost models for AM technologies consider the entire process:

1.	 Pre-processing: This phase encompasses the manual 
setup operations to prepare the print job (e.g. on-
machine operations for nesting the components and set-
ting up the machine).

2.	 Build: This phase concerns all the aspects of model 
printing. At this stage, the analytical model provides the 
machine occupancy (built time). The time is based on 
the technological process parameters that characterise 
each technology.

3.	 Post-processing: This phase encompasses all the opera-
tions performed after the build phase to obtain the part: 
(i) extracting components from the build plate, (ii) wash-
ing the part, (iii) removing support structures, and (iv) 
finishing the overhang surface with sandpaper when 
required (i.e. supports removed mechanically).

The calculation model was conceived for each pro-
cess stage considering the following cost items: material, 
machine, labour, and energy (Eq. 1).

The authors’ previous works detailed the parameters 
affecting each cost item [42] [46]. The analytical cost mod-
els require the dimensions of the parts, volume (parts and 
supports), material (for material jetting, the support material 
is also needed), and surface features. The operator/technician 
determines the building direction while considering standard 
criteria (e.g. volumetric error, roughness, support volume, 
production time and cost, cupping effect, and part stability).

3.2.4 � Economic assessment

The cost models have been deployed into a spreadsheet (i.e. 
MS Excel) to facilitate cost and time simulations. The results 
achieved from the cost models are elaborated to evaluate the 
previously defined financial metrics (i.e. COPs and PBPs). 
The financial metrics have been elaborated according to 

(1)Ctotal = CMachine + CMaterial + CLabour + CEnergy

different production parameters (load factor, production 
batch, and industrial sector). These parameters create differ-
ent production scenarios for evaluating the financial metrics. 
A sensitivity analysis can be performed using the values of 
the economic metrics. By changing sensitive cost elements, 
comprehensive evaluations of the financial metrics can be 
made (i.e. unit cost of raw material, energy, and labour). The 
results highlight the competitiveness of new technologies in 
production scenarios involving economic factors (fluctua-
tions in raw material and energy costs, different countries 
of production, and their hourly rates).

4 � TEA framework implementation

4.1 � Components

Five components have been analysed to obtain the results 
requested for comparing the current and novel technologies by 
following the proposed approach. These components belong 
to different fields of application: (i) the jewellery industry 
(Buckle and stud), (ii) the fashion industry (pendant), and 
(iii) the mechanical industry (Impeller and Manifold). Com-
ponents with different features (e.g. sizes and shapes) enable 
a more comprehensive analysis of the proposed technologies 
concerning the component type, demonstrating which tech-
nology is more competitive than others. Further, it is possible 
to assess the impact of each technology on manufacturing 
costs. The component models have been sourced from an 
online repository (i.e. www.​GrabC​AD.​com). The components 
listed in Table 1 are oriented according to the printing direc-
tion. The printing directions for SLA and DLP are assessed 
by the PreForm® software (by Formlabs®). For Polyjet tech-
nology, the printing direction is optimised by the GrabCAD® 
software (by Stratasys Inc.®). Moreover, Table 1 presents the 
geometric dimensions of the parts.

4.2 � Cost models for novel technologies

4.2.1 � SLA

In a previous study, the authors developed the analytical cost 
model for SLA [42]. It considers the entire workflow (i.e. 
build, wash, and support removal). The result of this study 
does not consider the cost and time for the post-processing 
phase, which have been integrated into this study. The same 
post-processing operations defined for DLP are considered. 
The steps and equations describing the post-processing 
activities are the same as the ones defined in Chapter 3.2.3 
(Analytical cost model for AM technologies) and referred 
to as DLP.

http://www.GrabCAD.com
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4.2.2 � DLP

The analytical cost model for DLP is a new achievement 
of this work. Starting from pre-processing operations, the 
only cost item considered is the CLabour (Eq. 2):

Tset−up refers to the time necessary to load the material 
into the machine chamber and to switch on the machine. 
Tnesting refers to the time necessary to prepare the nest-
ing for the print job. The nesting time is only considered 
once for the first job. The setup time is considered for 
production batches requiring more than one printing job. 
COperator hourly rate refers to the operator’s hourly rate.

For the build phase, all the cost items are considered 
except labour cost. The machine cost (Eq. 3) is linked to 
the 3D printer build time ( TBuild , Eq. 4) and hourly rate 
( CMachine hourly rate , Eq. 5).

The build time is estimated through the following rela-
tionship (Eq. 4):

(2)Clabour pre−proc. = (Tset−up + Tnesting) × COperator hourly rate

(3)CMachine = CMachine hourly rate × TBuild

Vprinting speed represents the printing speed along the 
printing direction (Z axis). It depends on the material and 
machine used. Hprinting job is the maximum height of the com-
ponents inside the printing chamber.

The machine hourly rate is given by Eq. 5.

CDepreciation h.r. considers additional parameters such as 
the purchase cost of the machine, depreciation time, dis-
count rate, and load factor. The latter parameter defines 
how many hours the machine works in a year. CMaintenance h.r. 
refers to the annual maintenance cost and the hours 
worked in a year by the machine, while CGeneral production h.r. 
is the cost related to the presence of the machine within 
the manufacturing plant. It depends on the annual rent per 
square metre, the working area occupied by the machine, 
and its yearly working hours.

(4)TBuild =
Vprinting speed[

mm∕h ]

Hprinting job[mm]

(5)

CMachine hourly rate =CDepreciation h.r. + CMaintenance h.r.

+ CGeneral production h.r.

Table 1   Case study components. Printing direction Z axis. The 
scale among the parts is non-uniform. *Parameters extracted from 
PreForm™ (SLA, DLP) and GrabCAD™ (PolyJet). **parameter 

extracted from NX Siemens™. The models were imported using the 
same print direction calculated by PreForm™ and GrabCAD™
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The material cost is given by Eq. 6.

Vcomponents[m
3] and Vsupports[m

3] represent the volume of 
the component and support structure, respectively. 
�material[

kg

m3
] is the material density and Cmaterialunitarycost

[

kg

m3

]

 
represents the material unitary cost.

The energy cost is given by Eq. 7.

Pmachine[kW] represents electric power absorbed by the 
machine Cenergy unitary cost [€/kWh] is the energy unitary cost. 
Electric energy consumption necessary for the setup phase 
has been considered negligible.

Regarding the post-processing phase, two steps are con-
sidered: washing and the manual removal of supports. For 
the first one, components are placed in a machine containing 
a solution of water and alcohol, and the machine automati-
cally washes the parts. Again, the washing cost is obtained 
through an analytical cost model. The cost items considered 
are material cost (water and alcohol), machine cost (hourly 
machine rate and washing time), and operator cost (compo-
nent placement). The values of the cost items are derived 
from the same relationships presented above.

The time to remove the supports and sand the part has 
been determined considering the technology available from 
a partner company that printed and removed the supports. 
The time is then multiplied by the operator’s hourly rate.

4.2.3 � MJ

As for the DLP, the analytical cost model for MJ is a novel 
achievement of this work. Stratasys’ Polyjet technol-
ogy has been used to generate the cost model. Regarding 

(6)CMaterial =
(

Vcomponent + Vsupport

)

× �material × Cmaterial unitary cost

(7)CEnergy = Pmachine × Cenergy unitary cost × TBuild

pre-processing operations, the same considerations made for 
DLP are still applied. For the build phase, the same approach 
used for SLA has been adopted [42]. For the pre-processing 
phase CLabour [Eq. (2)] is the only cost item considered. For 
the build phase, all the cost items are considered. Regard-
ing CMachine [Eq. (3)], the build time ( TBuild ) can be directly 
retrieved by a commercial software tool for job simulation. 
Similar considerations can be made for the CMaterial [Eq. (6)], 
where the simulation software can extract the weight of the 
component materials and the weight of the supports. The 
parameters to obtain the CLabour and CEnergy remain the same 
as described above Eqs. (2) and (7) respectively.

For the post-processing phase, the first step to consider is a 
quick hand-washing of the components. Washing times have 
been collected during the manual operation. The second step 
is the removal of supports. In this case, for MJ technology, it 
is possible to print support structures and components in dif-
ferent materials (i.e. water-soluble supports), allowing a sub-
sequent support removal by using caustic soda and sodium 
metasilicate solution. An analytical cost model is used to 
evaluate this step, considering the process occurs within a 
specific machine. The cost model considers machine cost, 
material cost (water and chemicals), labour cost (positioning 
and extracting components), and energy cost.

4.3 � Cost data

Table 2 shows the parameter values used in the cost model 
equations. It shows the information obtained from data-
sheets, websites, reports, and technology sellers. Mate-
rial costs have been obtained directly from raw material 
suppliers’ websites. It is worth noting that this parameter 
needs regular updates due to the fluctuation in the cost 
of raw materials employed for these technologies. The 
machine datasheets on the manufacturers’ sites provide 

Table 2   Build phase cost data. *Resins average cost used by Genera G2™ [47, 48]. **Print speed for wax models is 1/3 of normal prototyping 
print speed [49]. The print speed of Genera G2™ is 3 mm/h [50]. ***DLP 3D printers’ average cost with comparable production capacities

DLP (Buckle; Stud) DLP (Pendant, 
Impeller, Mani-
fold)

SLA Polyjet

Material JCAST-GRN 10™ JCAST-GRN 10™ Castable Wax 40™ Vero Black™ SUP706B
Material unitary cost [€/kg] 300 [51] 340(*) 249 [52] 335 [53] 147 [53]
Machine Figure 4™ Genera G2™ Form 3L™ Objet500 Connex3™
Print speed [mm/h] 16 [51] 60** - -
Machine hourly rate LF 10% [€/h] [Eq. (5)] 7.88 36.19 9.53 62.22
Machine hourly rate LF 50% [€/h] [Eq. (5)] 1.58 7.24 1.91 12.44
Machine hourly rate LF 75% [€/h] [Eq. (5)] 1.05 4.82 1.27 8.30
Machine cost [€] 15,000 [54] 80,000*** 15,000 [55] 160,000 [56]
Labour hourly rate [€/h] [55] 30 30 30 30
Energy unitary cost [€/kWh] [56] 0.5 0.5 0.5 0.5
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the printing speed (for DLP) and all the other technical 
specifications (e.g. size of the printing chamber, energy 
consumption, and overall dimensions). The mentioned 
data have been used to create the database and calculate 
the number of print jobs per production batch or evalu-
ate whether a component can be printed on a particular 
machine. The influence of the assumed data (*, **, ***) 
is considered in Table 4. The cost information of the IC 
process can be found in the authors’ previous work [42].

Additional information not shown in Table 2 and pro-
vided by stakeholders includes Tnesting and Tset−up which 
are 15 min and 5 min, respectively, for all technologies.

Table 2 shows three machine utilisation rates (load fac-
tor—LF): 10%, 50%, and 75%. The first one represents a 
scenario of possible under-use of the machine. The second 
one represents a typical use condition of the 3D printer 
[57]. In contrast, the latter corresponds to an optimistic 
situation of over-use. Adjusting the load factor enables 
an understanding of the variations in COPs and PBPs, 

allowing for an assessment of the competitiveness of AM 
technologies across different scenarios.

The components obtained from SLA and DLP technolo-
gies are subjected to the same post-processing operations 
(Table 3). The datasheets available on the manufacturer’s 
website are used to assess the time needed for the washing 
step and to retrieve information related to the washing solu-
tion. The material cost is determined based on the retail price. 
Moreover, acquiring the machine cost from supplier and 
reseller websites is feasible to calculate the machine’s hourly 
rate. Regarding the manual removal of supports, stakehold-
ers who printed and manually removed the supports for each 
component provided this information. The post-processing 
phase for components manufactured with Polyjet technology 
has been developed with technicians following the manu-
facturer’s guidelines. Technical experts have determined the 
soaking time based on the manufacturer’s guidelines. The 
material cost is known from the supplier pricelist, and the 
machine hourly rate is obtained as described above.

Table 3   Post-processing phase cost data. *Experimentally measured value. **Experimental tests show that small thicknesses require less time 
than the time defined in the guideline

Buckle Stud Pendant Impeller Manifold
DLP, SLA Washing Washing time [h] [58] 0.25

Material [58] Alcohol
Material unitary cost [€/L] [59] 10
Machine cost [€]
(Form wash) [58]

700

Machine hourly rate [€/h] [Eq. (5)] 0.09
Manual removal of supports Supports removal time [h]* 0.03 0.05 0.08 0.2 0.45

Polyjet Washing Fast manual washing time [h] 0.003 0.003 0.006 0.008 0.011
Support removal Soaking time [h]** [60] 1 1 2 2 4

Material [60] Caustic soda/sodium, metasilicate
Material unitary cost [€/kg] [59, 61] 5.50/6.10
Machine cost [€] (clean station DT3) [62] 2100
Machine hourly rate [€/h] [Eq. (5)] 32

Table 4   Influence of the assumed parameters on the cost model’s 
error. *Average material cost variance for Genera G2™. **Average 
cost variance of 3D printers with production capacities comparable to 

the Genera G2™. ***Average support removal time variance meas-
ured by technicians

Component: Pendant
Batch quantity: 1

Cost impact [%] Uncertainty [%] Model error [%]

LF 10% LF 50% LF 75% LF 10% LF 50% LF 75%

DLP (Pendant, Impeller, 
Manifold)

Material unitary cost [€/
kg]

340 39 59 68  − 20/ + 20*  − 7/ + 7  − 10/ + 10  − 11/ + 11

Machine cost [k€] 80 41 12 9  − 30/ + 30**  − 12/ + 12  − 3/ + 3  − 2/ + 2
Support removal time [h] 0.08 3 5 6  − 30/ + 30***  − 1/ + 1  − 1/ + 1  − 1/ + 1

Total  − 20/ + 20  − 14/ + 14  − 14/ + 14
Polyjet Soaking Time [h] 2 4 12  − 30/ + 30***  + 0.7/ − 0.7  − 3/ + 3  − 4/ + 4

Total  − 0.7/ + 0.7  − 3/ + 3  − 4/ + 4
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Tables 2 and 3 show whether the information is known or 
estimated based on technical considerations. The available 
information helps in validating the accuracy of the model. 
Discrepancies between assumed and estimated information 
can lead to cost variations (errors).

4.4 � Cost model validation

To validate AM cost models developed in this paper, the 
estimated parameters of the cost models must be verified. 
It is requested to assess the impact of a cost model param-
eter on the manufacturing cost. Table 4 lists only the esti-
mated cost model parameters for DLP and Polyjet, as the 
error in the cost model for SLA ranges from 5 to 20% 
across the ten parts [42]. A certain uncertainty value has 

been assumed for estimating each parameter. The accu-
racy of the cost model has been assessed by varying the 
uncertainties of the parameters, and the cost model’s error 
has been evaluated under the worst-case scenario. This 
assumption mirrors the production of a single prototype, 
representing the highest cost and, thus, the worst-case 
scenario. On the other side, the shape of the component 
has minimal impact on production cost and time; there-
fore, an intermediate part, such as a pendant, is selected 
for this analysis. Upon analysing Table 4, it is evident that 
the uncertainty in estimating the model parameters does 
not compromise the validity of this study. The maximum 
model error (− 20%, + 20% obtained for DLP with an LF 
of 10%) is either lower or equal to the requirement speci-
fied in the methodology (− 20%, + 30% as in Sect. 3.2.1).

Fig. 8   COPs for manufacturing 
cost at LF 50% (data for stud 
part)

Fig. 9   COPs for manufacturing 
time (data for stud part)
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5 � Results from the economic assessment

The results section summarises the primary outcomes of 
the proposed analytical cost models. The COPs assess-
ment refers to the cost (Fig. 8) and time (Fig. 9) trends 
for AM technologies compared with the IM technology. 
The graphical representation enables a convenient evalua-
tion of each technology for the components outlined in the 
case study. The intersection points between AM and IM 
curves define the COPs in terms of the production batch. 
Within the paper, for the sake of brevity, the results are 
shown for the Stud component (jewellery industry sector). 
The results for the remaining sectors are provided in the 
Appendix.

5.1 � Crossover points

This section presents the graphs and tables showing 
COPs. The charts illustrating the unitary cost vs. produc-
tion volume are given on a bi-logarithmic scale, which 
makes it possible to represent values of different orders 
of magnitude.

Tables 5 and 6 show the COPs, in terms of cost and 
time, respectively, for each AM technology and component 
concerning IM technology as the current technology.

5.2 � Payback period

The PBP is a financial indicator that drives companies 
toward investing in new production technologies. Since 
the goal of this paper is to support stakeholders with a 

decision-making tool to evaluate when and which AM 
technologies are viable, a simplified PBP analysis is car-
ried out as follows:

1.	 The production time (pre-processing, build, and post-
processing) is estimated for each component, AM tech-
nology, and load factor. The setup time is split consid-
ering a product batch as the COPs previously evaluated 
(AM is no more convenient for production batches 
higher than this value).

2.	 The annual production capacity (parts/year) is computed 
by taking into account the production time for each part 
and the 3D printer’s working time per year (i.e. 876, 
4380, and 6570 h/year, respectively, for a load factor of 
10%, 50%, and 75%).

3.	 The value of each 3D printed part remains consistent 
across each AM process. It is determined as the cost of 
manufacturing that part using wax injection. Fixed costs 
(i.e. tooling) are split by the production volumes in point 
1.

4.	 The annual cash flow is evaluated by multiplying the 
annual production capacity by the part value.

5.	 PBP is evaluated by splitting the investment cost (pur-
chasing price of the 3D printer) by the annual cash flow.

Table 7 shows the PBPs for each production technol-
ogy, load factor, and part. It is important to note that these 
values are indicative and primarily serve as a guide for 

Table 5   Production cost COPs 
[parts] of AM in reference to IM

LF 10% LF 50% LF 75%

DLP SLA Polyjet DLP SLA Polyjet DLP SLA Polyjet

Buckle 4406 2606 4491 4947 4668 8965 4982 4842 9827
Stud 570 439 784 938 868 2795 964 963 3040
Pendant 398 174 92 438 419 385 441 439 409
Impeller 48 41 15 68 68 43 71 77 45
Manifold 64 44 13 77 76 39 77 82 42

Table 6   Production time COPs 
[parts] of AM in reference to IM

DLP SLA Polyjet

Buckle 504 166 2348
Stud 216 82 987
Pendant 536 27 104
Impeller 10 0 2
Manifold 30 1 3

Table 7   Payback periods [years] for AM technologies

Buckle Stud Pendant Impeller Manifold

SLA 10% 3.24 2.06 2.43 2.54 2.14
SLA 50% 0.92 0.77 1.13 0.84 0.74
SLA 75% 0.62 0.56 0.79 0.63 0.53
DLP 10% 1.13 0.77 0.22 0.22 0.11
DLP 50% 0.24 0.24 0.05 0.06 0.03
DLP 75% 0.16 0.17 0.03 0.04 0.02
Polyjet 10% 2.83 2.60 2.80 3.24 2.77
Polyjet 50% 0.77 1.45 2.25 1.85 1.65
Polyjet 75% 0.53 1.03 1.59 1.29 1.19



	 The International Journal of Advanced Manufacturing Technology

comparative evaluation. Specific data (e.g. business case, 
production mix, discount rate) is required for a detailed 
analysis.

6 � Discussion

The following discussion offers valuable insights (such as 
COPs and PBPs) to aid stakeholders in determining the 
appropriate production technology (including IM, SLA, 
DLP, and MJ) based on specific production scenarios 
(such as machine utilisation rate) across various indus-
trial sectors (including jewellery, fashion, and mechanical 
industries). Where possible, the discussion compares the 
results of this study with others available in scientific or 

industrial literature. It is worth noting that while critical 
cost variables are detailed, none of them is analysed in 
more practice-relevant conditions. Thus, most aspects and 
parameters referred to RIC could be improved by each 
stakeholder involved in the RIC chain (design, material, 
process engineering, post-processing, quality control, 
etc.). For example, product designers can contribute sig-
nificantly to design optimisation (optimising part geom-
etry for manufacturability, minimising intricate features 
that may increase production time and costs). At the same 
time, material specialists can operate in material selection, 
identifying cost-effective materials without compromising 
product and process quality, which are crucial for improv-
ing the economic feasibility of RIC. Process engineers can 
fine-tune printing parameters to optimise the build time, 

Fig. 10   Best technology (cost criterion) depending on the component, considering LF of 10% (A), LF of 50% (B), and LF of 75% (C)

Fig. 11   Best technology (time 
criterion) depending on the 
component
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layer adhesion, and surface finish and recommend effec-
tive post-processing methods to improve the final cast 
parts’ overall quality and precision. Collaboration among 
stakeholders drives TEA analysis for RIC toward continual 
improvement and adaptation to the dynamic challenges 
of real-world manufacturing. By integrating the collec-
tive expertise of diverse stakeholders involved in the RIC 
chain, the TEA can evolve more robustly with a broad 
spectrum of applications across industries.

6.1 � Crossover points

The first discussion of results concerns COPs regarding 
cost and production time. To gain a deeper understanding 
of the optimal technology based on production scenarios and 
industrial sectors, radar charts (Figs. 10 and 11) have been 
proposed by leveraging data from Tables 5 and 6. These 
graphs have been obtained by normalising the COP values 
to the one with the highest value. The technology with the 
highest value is deemed the best choice for each industry.

Starting from cost, the graph in Fig. 10B illustrates results 
in regular AM machine use (LF 50%). The trend in the radar 
graph shows that Polyjet (MJ) technology is the best-per-
forming technology in the jewellery industry sector. Table 5 
shows that MJ competitiveness compared to IM is 8965 units 
for the Buckle and 2795 for the stud. Moving on to the fash-
ion industry sector, Polyjet is no longer competitive. DLP 
and SLA also performed well. The two technologies exhibit 
a similar trend; however, in Table 5, DLP presents slightly 
better results. DLP is competitive up to 438 units for the 
pendant against 419 units for the SLA. For the industrial 
sector, both technologies exhibit comparable cost perfor-
mance. By increasing the load factor up to an LF of 75% 
(Fig. 10C), the competitiveness of 3D technologies increases 
for components in the jewellery industry sector. MJ technol-
ogy achieves the best benefit in this sector, switching from 
a COP of 8965 to a COP of 9827. Moving on to the fashion 

industry and mechanical industry sectors, the competitive-
ness of 3D technologies is comparable with their average 
utilisation. A similar study from the literature compared 
FFF technology with injection moulding, offering the COP 
value in terms of production batch evaluated based on cost 
[33]. The case study focuses on a single medium-large size 
component, showing the economic competitiveness of AM 
technology for up to approximately 200 units. In contrast, 
injection moulding technology is faster for larger quantities 
of parts. Since the referenced study has limitations with no 
reference to mould manufacturing (IM) time and no evalua-
tion of COP, this work provides a more realistic and robust 
approach to the problem.

When comparing the manufacturing time among AM 
technologies, it is evident from Fig. 11 that SLA technol-
ogy is not competitive for any sector. However, according to 
Table 6, SLA technology demonstrates competitiveness up 
to 166 units in the jewellery industry sector. In the mechani-
cal industry, according to the time criteria, SLA is not com-
petitive at all. MJ is the fastest technology for the jewellery 
industry sector, as presented in Table 6. In this case, the 
competitiveness of MJ compared to IM extends up to 2348 
units for the Buckle and 987 for the stud. Turning to the 
fashion industry and mechanical industry sectors, the best-
performing technology is DLP, with up to 536 units for the 
pendant, 10 for the Impeller, and 30 for the Manifold.

Analysing production scenarios is essential for evaluat-
ing the competitiveness of additive manufacturing (AM) 
technologies. Previous studies have conducted sensitivity 
analyses to determine how manufacturing costs fluctuate 
with changes in cost model parameters [33]. The referenced 
research identifies component size and machine utilisation 
rate as the parameters with the most significant impact on 
the cost of AM technologies. Component size reflects the 
industrial sector of interest discussed above. At the same 
time, the machine utilisation rate helps to understand the 
competitiveness of AM technology if it is underused. As 

Table 8   COPs variation in 
sensitivity analysis

Labour Material Energy

SLA DLP Polyjet SLA DLP Polyjet SLA DLP Polyjet

Buckle 1% 1% 11%  − 13%  − 16%  − 44%  − 2%  − 1%  − 2%
Stud 90% 108% 28%  − 45%  − 50%  − 67%  − 6%  − 3%  − 2%
Pendant 13% 12% 16%  − 24%  − 33%  − 30%  − 2% 0%  − 1%
Impeller 6% 6% 0%  − 31%  − 34%  − 21%  − 6%  − 1%  − 2%
Manifold 4% 4% 3%  − 37%  − 40%  − 28%  − 5%  − 1% 0%
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presented in Fig. 11, AM technology becomes less cost-
effective as component size increases. Larger dimensions 
lead to longer lead times for individual components, 
increasing costs since more jobs are needed to achieve the 
desired batch quantity. This trend is valid for both low and 
average machine utilisation rates. Similar results are out-
lined by [4], which analyses five varying-sized components 
produced using SLS technology. The study estimates the 
competitiveness of this technology at approximately 1400 
units for small components. Concerning the utilisation rate 
of AM technologies, Fig. 9 indicates that while COPs tend 
to decrease across each sector, AM technologies remain 
competitive. In this scenario, the graph in Fig. 10A indi-
cates that MJ technology is the most competitive process 
in the jewellery industry sector, followed by DLP, which 
is still competitive in this sector. DLP is also cost-effective 
and performs well in the fashion and mechanical industries. 
SLA technology becomes less competitive in these sectors 
compared to those with a higher load factor; however, SLA 
is still a suitable technology compared with the baseline 
(IM) for low batches, with up to 2606 units for the jewel-
lery industry and 44 for the industrial sectors. In principle, 
all the analysed AM technologies are competitive in cost 
and time, even if underused. Moving toward more exten-
sive parts, the best technology is DLP (about 400 units 
for the fashion industry and about 30 for the mechanical 
sector). SLA technology is the least performing but still a 
possible replacement for IM, with up to 170 units for the 
jewellery industry. For the mechanical industry, SLA is 
competitive only in cost but not time.

A sensitivity analysis is reported to evaluate the robust-
ness of the results of the COPs presented above. The COPs 
variation has been assessed by doubling the unitary cost of 
material, labour, and energy. Table 8 shows the percentage 
variation between the COPs obtained by alternately increas-
ing each cost item compared to those calculated under nor-
mal conditions (Table 5, LF 50%).

Analysing the percentage variations reveals that doubling 
the unitary energy cost does not significantly impact COP. A 
100% increase in raw materials cost decreases AM’s compet-
itiveness by an average of 35%. Yet, it remains economically 
advantageous compared to IM. Interestingly, doubling the 
unitary labour cost slightly increases AM’s competitiveness 
by around 10%.

6.2 � Payback period

Results reported in Table 7 allow stakeholders to roughly 
understand the PBP for each AM technology, depending on 
the industrial sector and utilisation rate of the 3D printers. 
DLP exhibits the best performance among the three AM 
technologies. For example, the PBP of DLP is one magni-
tude lower than the SLA. This achievement is due to DLP 
machines’ high production speed and moderate purchasing 
price. According to this analysis, the PBP of AM technolo-
gies demonstrates almost no dependence on the industrial 
sector. Notably, production volumes are deemed high for 
fashion industry-related products and low for mechanical 
ones in this context. Such production volumes, consistent 
with COPs, imply that AM can be employed for small-part 
production and primarily for prototyping larger shapes. The 
load factor strongly influences PBP, especially for DLP and 
SLA; indeed, PBP increases up to seven times by reducing 
the utilisation rates of 3D printers (from 75 to 10% for DLP).

Similar analyses of PBP for VPP 3D printing technolo-
gies are limited in the existing literature. The only relevant 
study on this topic (focused on metal 3D printers for the 
medical sector) estimates a PBP of 18 months, aligned with 
the range derived from these analyses [63].

A sensitivity analysis of raw material, energy, and labour 
costs on PBP highlights a slight reduction in the latter. This 
achievement is more evident when labour costs increase than 
energy and raw materials. The mould significantly impacts 
pattern costs for IM, especially for low- to medium-produc-
tion batches. Engineering designers and manufacturing oper-
ators manually manage mould design, manufacturing, and 
assembly phases. Doubling the unitary labour cost reduces 
PBP by − 23% for the Buckle, − 34% for the Stud and Pen-
dant, − 6% for the Impeller, and − 9% for the Manifold. Thus, 
enterprises can return earlier from the AM investment. The 
PBP reduction is more evident for small-sized components, 
such as those of the jewellery and fashion sectors.

6.3 � Limitations

This research offers a decision-making tool for evaluating 
the economic and productivity viability of utilising AM 
in producing wax patterns for investment casting. A few 
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limitations need to be considered to pursue this objective 
effectively:

1.	 This study examined one specific machine for each 3D 
printing process (except for DLP). It is noticed that 
many other 3D printers are available in the context of 
VPP additive manufacturing technologies. Results may 
vary slightly by considering other machines.

2.	 The characteristics of machines quickly change over 
time. Thus, the results available in this study need to 
be periodically updated to consider the advancement of 
technologies.

3.	 In the context of RIC, VPP technologies can also manu-
facture transient moulds. This opportunity has not been 
considered in this study. It could be an intermediate 
solution between 3D printing and wax moulding.

4.	 PBPs have been computed with some simplifications and 
assumptions. A specific production context needs to be 
considered for a more realistic analysis.

7 � Conclusions

Embedding AM technologies into the IM process to produce 
wax models is a current topic in modern industrial systems. 
Companies often recognise the potential of AM but do not 
have the tools to assess its feasibility and competitiveness. 
The existing literature on this subject lacks a comprehen-
sive overview to determine the competitiveness of different 
technologies in terms of cost and time within specific con-
texts. The present study provides a methodology to assess 
which AM technology offers the most effective performance 
depending on the production sector (jewellery, fashion, or 
mechanical industry) and the machine utilisation rate (load 
factor). The evaluation considers two key performance indi-
cators: (i) COPs among the compared technologies for time 
and cost and (ii) PBPs.

The paper presented a TEA for evaluating the cost-
effectiveness and productivity of VPP processes (SLA, 
DLP, and MJ) used to create wax patterns for investment 
casting. The study assessed the COPs and PBPs of the 
AM technologies in reference to the baseline technology 
(IM). Manufacturing costs and times were evaluated by 
validated cost models, whose data were presented with 

relative sources. An analysis of load factors of 3D print-
ers, shapes, and dimensions of parts permits readers to get 
complete results. A sensitivity analysis of the impact of 
the energy, material, and labour unitary costs on COPs and 
PBPs permits the evaluation of the robustness (e.g. over 
time) of the achieved results.

COPs referring to cost parameters range from thousands 
(small components of jewellery or fashion industry sectors) 
to a few dozen (large parts of the mechanical industry) pieces. 
COPs referring to time are lower than cost. Overall, DLP is 
the most robust technology that guarantees the best COPs and 
PBPs in different scenarios, especially for a low utilisation 
rate of 3D printers. DLP is better for medium–high com-
ponents when increasing the load factor. At the same time, 
Polyjet is the most suitable solution for small parts.

Moreover, DLP permits a faster return on investment 
than the other 3D printing technologies. SLA has a low 
investment cost, which is crucial for low production vol-
umes. However, the reduced printing speed does not make 
this technology convenient for a high production rate. In 
the case of SLA, the PBP typically ranges from a few 
months to 3 years.

Increasing the labour rate will augment AM’s COPs, 
which will be more competitive than the current technol-
ogy. This competitiveness is also evident from the PBP 
side, which reduces considerably (mainly for small prod-
ucts) by increasing the unitary labour cost. On the other 
hand, COPs decrease by augmenting the unitary cost of 
material. Lastly, the unitary energy cost does not signifi-
cantly influence the COPs and PBPs.

Future work will aim to overcome the limitations 
drafted in the previous section. First, the techno-eco-
nomic analysis presented in this paper can be considered 
a tool for further investigations based on a comprehensive 
database of 3D printers. Another possible improvement 
regards the quality of the results over the market evolution. 
Indeed, prices of different items included in the cost mod-
els are evolving. The results need to be updated to consider 
future values of the parameters used in the cost models 
(e.g. electricity, hourly machine rate, machine price, mate-
rial price). Finally, the results of this study need to be 
extended by considering the possibility of 3D printing 
transient moulds for wax moulding and actual scenarios 
for a more robust assessment of PBP.
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Appendix

Table 9   Cost and time value 
for all the technologies. All cost 
values for IM were obtained 
with a LF 90%

Technology Part index Batch quantity Component 
cost [€] LF 
10%

Component 
cost [€] LF 
50%

Component 
cost [€] LF 
75%

Batch time [h]

DLP Buckle 1 20.52€ 13.70€ 12.58€ 1.72
DLP Buckle 10 2.58€ 1.90€ 1.78€ 1.75
DLP Buckle 50 1.37€ 0.94€ 0.89€ 4.25
DLP Buckle 100 1.17€ 0.81€ 0.77€ 6.78
DLP Buckle 500 1.02€ 0.70€ 0.69€ 27.21
DLP Buckle 1000 1.01€ 0.69€ 0.68€ 53.88
DLP Buckle 5000 1.00€ 0.68€ 0.67€ 266.01
DLP Buckle 10,000 1.00€ 0.68€ 0.67€ 530.40
PolyJet Buckle 1 37.44€ 21.68€ 20.36€ 2.15
PolyJet Buckle 10 4.72€ 2.56€ 2.39€ 2.27
PolyJet Buckle 50 1.35€ 0.77€ 0.72€ 2.42
PolyJet Buckle 100 1.27€ 0.62€ 0.56€ 3.15
PolyJet Buckle 500 0.97€ 0.45€ 0.40€ 7.18
PolyJet Buckle 1000 0.97€ 0.44€ 0.40€ 13.68
PolyJet Buckle 5000 0.95€ 0.43€ 0.38€ 61.81
PolyJet Buckle 10,000 0.95€ 0.43€ 0.38€ 122.94
SLA Buckle 1 48.68€ 19.32€ 16.87€ 4.40
SLA Buckle 10 6.10€ 2.54€ 2.24€ 5.26
SLA Buckle 50 2.25€ 1.03€ 0.93€ 8.73
SLA Buckle 100 2.09€ 0.94€ 0.84€ 16.14
SLA Buckle 500 2.04€ 0.86€ 0.77€ 79.92
SLA Buckle 1000 2.04€ 0.86€ 0.76€ 160.62
SLA Buckle 5000 2.03€ 0.85€ 0.75€ 801.22
SLA Buckle 10,000 2.03€ 0.85€ 0.75€ 1601.97
IM Buckle 1 1907.98€ 1907.98€ 1907.98€ 25.89
IM Buckle 10 180.47€ 180.47€ 180.47€ 25.94
IM Buckle 50 36.19€ 36.19€ 36.19€ 26.19
IM Buckle 100 18.26€ 18.26€ 18.26€ 26.49
IM Buckle 500 3.89€ 3.89€ 3.89€ 27.42
IM Buckle 1000 2.96€ 2.96€ 2.96€ 28.25
IM Buckle 5000 0.66€ 0.66€ 0.66€ 33.15
IM Buckle 10,000 0.37€ 0.37€ 0.37€ 37.33
DLP Stud 1 22.74€ 17.33€ 16.33€ 1.50
DLP Stud 10 8.82€ 6.51€ 6.26€ 4.40
DLP Stud 50 7.58€ 5.54€ 5.40€ 17.08
DLP Stud 100 7.48€ 5.43€ 5.30€ 33.62
DLP Stud 500 7.36€ 5.33€ 5.22€ 163.25
DLP Stud 1000 7.35€ 5.32€ 5.21€ 326.04
DLP Stud 5000 7.34€ 5.31€ 5.21€ 1626.32
DLP Stud 10,000 7.34€ 5.31€ 5.21€ 3252.09
PolyJet Stud 1 52.09€ 26.37€ 24.23€ 2.35
PolyJet Stud 10 9.19€ 5.13€ 4.79€ 2.65
PolyJet Stud 50 7.79€ 3.74€ 3.41€ 5.90
PolyJet Stud 100 6.50€ 3.40€ 3.14€ 9.07
PolyJet Stud 500 6.18€ 3.26€ 3.02€ 38.45
PolyJet Stud 1000 6.20€ 3.26€ 3.02€ 76.55
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Table 9   (continued) Technology Part index Batch quantity Component 
cost [€] LF 
10%

Component 
cost [€] LF 
50%

Component 
cost [€] LF 
75%

Batch time [h]

PolyJet Stud 5000 6.14€ 3.24€ 3.00€ 375.05
PolyJet Stud 10,000 6.14€ 3.24€ 3.00€ 747.38
SLA Stud 1 59.54€ 24.34€ 21.41€ 5.18
SLA Stud 10 14.83€ 7.08€ 6.43€ 10.82
SLA Stud 50 12.28€ 5.90€ 5.37€ 42.95
SLA Stud 100 12.20€ 5.83€ 5.29€ 85.43
SLA Stud 500 12.14€ 5.76€ 5.23€ 425.27
SLA Stud 1000 12.13€ 5.76€ 5.22€ 850.08
SLA Stud 5000 12.13€ 5.75€ 5.22€ 4249.42
SLA Stud 10,000 12.12€ 5.75€ 5.22€ 8498.38
IM Stud 1 3793.11€ 3793.11€ 3793.11€ 70.20
IM Stud 10 368.97€ 368.97€ 368.97€ 70.25
IM Stud 50 73.88€ 73.88€ 73.88€ 70.49
IM Stud 100 37.10€ 37.10€ 37.10€ 70.78
IM Stud 500 7.74€ 7.74€ 7.74€ 72.50
IM Stud 1000 5.02€ 5.02€ 5.02€ 75.64
IM Stud 5000 1.08€ 1.08€ 1.08€ 81.11
IM Stud 10,000 0.58€ 0.58€ 0.58€ 86.61
DLP Pendant 1 67.99€ 47.73€ 43.68€ 1.37
DLP Pendant 10 41.23€ 32.48€ 31.51€ 4.13
DLP Pendant 50 38.81€ 31.16€ 30.55€ 16.59
DLP Pendant 100 38.71€ 31.03€ 30.45€ 32.64
DLP Pendant 500 38.47€ 30.90€ 30.36€ 159.22
DLP Pendant 1000 38.47€ 30.89€ 30.35€ 317.97
DLP Pendant 5000 38.44€ 30.88€ 30.34€ 1586.19
DLP Pendant 10,000 38.44€ 30.88€ 30.34€ 3171.82
PolyJet Pendant 1 273.03€ 92.17€ 77.10€ 6.47
PolyJet Pendant 10 110.11€ 45.07€ 39.65€ 19.90
PolyJet Pendant 50 97.81€ 41.70€ 37.02€ 83.53
PolyJet Pendant 100 95.65€ 41.08€ 36.53€ 161.13
PolyJet Pendant 500 95.23€ 40.94€ 36.41€ 799.67
PolyJet Pendant 1000 95.07€ 40.90€ 36.38€ 1596.13
PolyJet Pendant 5000 95.03€ 40.88€ 36.37€ 7974.67
PolyJet Pendant 10,000 95.01€ 40.88€ 36.37€ 15,946.13
SLA Pendant 1 132.74€ 53.81€ 47.24€ 10.95
SLA Pendant 10 83.38€ 35.89€ 31.93€ 63.48
SLA Pendant 50 80.92€ 34.81€ 30.97€ 306.53
SLA Pendant 100 80.36€ 34.61€ 30.80€ 607.96
SLA Pendant 500 80.31€ 34.55€ 30.74€ 3038.21
SLA Pendant 1000 80.30€ 34.55€ 30.73€ 6075.96
SLA Pendant 5000 80.29€ 34.54€ 30.73€ 30,378.51
SLA Pendant 10,000 80.29€ 34.54€ 30.73€ 60,756.56
IM Pendant 1 9465.32€ 9465.32€ 9465.32€ 166.66
IM Pendant 10 936.61€ 936.61€ 936.61€ 166.78
IM Pendant 50 187.78€ 187.78€ 187.78€ 167.28
IM Pendant 100 94.28€ 94.28€ 94.28€ 167.91
IM Pendant 500 19.49€ 19.49€ 19.49€ 170.41
IM Pendant 1000 11.37€ 11.37€ 11.37€ 177.00
IM Pendant 5000 2.49€ 2.49€ 2.49€ 189.27
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Table 9   (continued) Technology Part index Batch quantity Component 
cost [€] LF 
10%

Component 
cost [€] LF 
50%

Component 
cost [€] LF 
75%

Batch time [h]

IM Pendant 10,000 1.37€ 1.37€ 1.37€ 197.05
DLP Impeller 1 425.59€ 302.18€ 289.53€ 5.09
DLP Impeller 10 419.71€ 292.74€ 283.65€ 47.90
DLP Impeller 50 419.15€ 291.86€ 283.09€ 237.92
DLP Impeller 100 419.10€ 291.77€ 283.04€ 475.67
DLP Impeller 500 419.04€ 291.68€ 282.98€ 2376.49
DLP Impeller 1000 419.03€ 291.67€ 282.97€ 4752.52
DLP Impeller 5000 419.02€ 291.66€ 282.96€ 23,761.34
DLP Impeller 10,000 419.02€ 291.66€ 282.96€ 47,522.22
PolyJet Impeller 1 1576.78€ 624.57€ 545.21€ 21.96
PolyJet Impeller 10 1570.54€ 618.32€ 538.97€ 212.88
PolyJet Impeller 50 1569.98€ 617.77€ 538.41€ 1061.42
PolyJet Impeller 100 1569.91€ 617.70€ 538.34€ 2122.08
PolyJet Impeller 500 1569.86€ 617.64€ 538.29€ 10,607.42
PolyJet Impeller 1000 1569.85€ 617.63€ 538.28€ 21,214.08
PolyJet Impeller 5000 1569.84€ 617.63€ 538.28€ 106,067.42
PolyJet Impeller 10,000 1569.84€ 617.63€ 538.28€ 212,134.08
SLA Impeller 1 680.32€ 300.18€ 268.51€ 50.60
SLA Impeller 10 674.44€ 294.31€ 262.63€ 503.01
SLA Impeller 50 673.88€ 293.74€ 262.06€ 2513.50
SLA Impeller 100 673.83€ 293.69€ 262.01€ 5026.84
SLA Impeller 500 673.76€ 293.63€ 261.95€ 25,132.33
SLA Impeller 1000 673.76€ 293.62€ 261.94€ 50,264.19
SLA Impeller 5000 673.75€ 293.62€ 261.94€ 251,319.68
SLA Impeller 10,000 673.75€ 293.62€ 261.94€ 502,638.89
IM Impeller 1 17,891.57€ 17,891.57€ 17,891.57€ 45.17
IM Impeller 10 1782.87€ 1782.87€ 1782.87€ 45.78
IM Impeller 50 360.39€ 360.39€ 360.39€ 48.48
IM Impeller 100 182.69€ 182.69€ 182.69€ 51.86
IM Impeller 500 39.70€ 39.70€ 39.70€ 64.73
IM Impeller 1000 23.91€ 23.91€ 23.91€ 85.06
IM Impeller 5000 6.42€ 6.42€ 6.42€ 129.33
IM Impeller 10,000 4.04€ 4.04€ 4.04€ 164.07
DLP Manifold 1 555.00€ 479.69€ 471.05€ 3.69
DLP Manifold 10 548.14€ 470.16€ 464.20€ 33.81
DLP Manifold 50 547.52€ 469.23€ 463.58€ 167.18
DLP Manifold 100 547.45€ 469.11€ 463.50€ 333.88
DLP Manifold 500 547.38€ 469.02€ 463.44€ 1667.55
DLP Manifold 1000 547.38€ 469.01€ 463.43€ 3334.63
DLP Manifold 5000 547.37€ 469.00€ 463.42€ 16,671.60
DLP Manifold 10,000 547.37€ 469.00€ 463.42€ 33,342.73
PolyJet Manifold 1 2948.80€ 1286.28€ 1147.74€ 38.23
PolyJet Manifold 10 2942.55€ 1280.04€ 1141.49€ 375.58
PolyJet Manifold 50 2942.00€ 1279.48€ 1140.94€ 1874.92
PolyJet Manifold 100 2941.93€ 1279.41€ 1140.87€ 3749.08
PolyJet Manifold 500 2941.87€ 1279.36€ 1140.81€ 18,742.42
PolyJet Manifold 1000 2941.87€ 1279.35€ 1140.81€ 37,484.08
PolyJet Manifold 5000 2941.86€ 1279.34€ 1140.80€ 187,417.42
PolyJet Manifold 10,000 2941.86€ 1279.34€ 1140.80€ 374,834.08
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