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Abstract

Companies are increasingly turning to additive manufacturing as the demand for one-off
3D-printed metal parts rises. The differences in available additive manufacturing tech-
nologies necessitate considering both cost and externalities to select the most suitable
alternative. This study compares some of the most prevalent metal additive manufacturing
technologies through a shop floor-level operational analysis. A steel robotic gripper is
considered as a case study, based on which of the complex, interconnected operational
factors that influence costs over time are analyzed. The developed cost model facilitates
the estimation of costs, identification of cost drivers, and analysis of the impact of various
operations management decisions on overall costs. We found that cost performance across
Powder-Bed Fusion (PBF), Wire Arc Additive Manufacturing (WAAM), and CNC machin-
ing is determined by part design, quantity, and machine utilization. Although producing
parts with complex internal features favors additive manufacturing, CNC outperforms
in terms of economy of scale. While PBF offers excellent design freedom and parallel
production, it incurs high fixed costs per build in under-utilized situations. A rough but
fast method, such as Directed-Energy Deposition (DED)-based additive manufacturing,
is believed to be more cost-efficient for large, simple shapes, but is not suitable when fine
details are required. Laser-based DED approaches address this limitation of WAAM.

Keywords: additive manufacturing; Powder-Bed Fusion (PBF); Directed-Energy Deposition
(DED); CNC machining; production; cost analysis

1. Introduction

As a disruptive new technology, Additive Manufacturing (AM) has been recognized
as a viable production method for mass customization [1,2]. AM is the process of joining
materials to make parts from 3D model data [3]. In contrast to the subtractive and forming
methods of production, material is joined layer upon layer in AM processes to form the
final product. This departure from conventional manufacturing has profound product and
supply chain impacts [4-6]. Product impacts of adopting AM are well recognized, but the
operational impacts are relatively less known [7,8]. This study is inspired by the need to
understand the operational implications of AM adoption.

Metal AM refers to a collective term for several distinct processes with different
operating principles, capabilities, and implementation requirements. The mainstream
metal AM technologies are Powder Bed Fusion (PBF), Directed Energy Deposition (DED),
Material Extrusion (MEX), Sheet Lamination, Material Jetting, Binder Jetting (BJ), and Vat
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Photopolymerization [3]. PBF (%54), DED (%16), B] (%16), and MEX (%10) are the most
commonly used AM technologies for producing metal parts [9,10], with their suitability
depending on application, performance requirements, and the industry sector [11].

As the need for one-off manufactured parts increases, companies are adopting AM
to establish metal 3D printing capabilities [12]. The differences in technologies provide
variation in production processes, which necessitate careful consideration of both costs and
externalities for selecting the best alternative on the pathway towards adopting metal AM.
Cost remains a major barrier to the widespread adoption of AM technologies [13]. There is
a need for understanding when and how different metal AM processes can compete with
traditional manufacturing, specifically CNC machining.

Cost analysis of metal AM-based production is limited to a handful of papers. The ex-
isting studies are mostly generic and conceptual [14]. Among the most relevant studies, [15]
developed a cost model for the evaluation of monitoring tools in metal AM processes. Ref-
erence [16] explored the cost competitiveness of MEX for the production of metal parts
using a case study. A comprehensive techno-economic analysis was conducted by [17]
to compare PBF and MEX, considering quality, ease of use, setup time, and costs. Ref-
erence [18] conducted regression analysis using costs and complexity metric values for
post-processing cost modelling in Direct Metal Laser Sintering (DMLS). Reference [19]
conducted a literature review for the conceptual cost modeling of PBF and DED. AM is not
a solution that fits all application areas and industry sectors. Case studies are required to
explore the nuances of adopting metal AM technologies for different production scenarios
and use cases. Addressing this practical need is the main aim of the present study.

The keyword analysis of 2477 articles published to date on the Web of Science databases
(Figure 1) suggests that PBF and DED are the most studied metal AM technologies in the
academic literature, considering the highest frequency of the use of the keywords and the
greatest correlation with metal AM. The present study aims to compare the most prevalent
AM technologies for producing metal parts through a case study. The research question
under investigation is as follows: how do WAAM and PBF perform compared to CNC for
small batches of steel parts with high complexity? A steel robotic gripper is considered
as a case study to explore this question. A simulation model is developed to model the
system’s dynamics at machine-level resolution, considering cost-per-part, externalities, and
lead time with hourly resolution. To the authors” knowledge, a shop floor-level analysis
of PBF and WAAM has not been conducted. The novelty of this study is the cost analysis
based on a practical case study and a modeling approach that accounts for the complex,
interconnected operational factors influencing costs.

The rest of this article is structured into 4 sections. Section 2 delves into the developed
simulation model, providing details about equations, flows, stocks, etc. Section 3 validates
the model through a case study and presents the results. Section 4 discusses the practical
implications. Finally, Section 5 concludes the study, lists its limitations, and provides
suggestions for future research.
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Figure 1. Network visualization of metal additive manufacturing/3D printing literature.
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2. Cost Modeling

This study utilizes case study data to draw generalizable conclusions about the cost
performance of PBF and WAAM in producing steel parts. The objective is to measure the
value added of different production processes in terms of cost and lead time, and to analyse
how different scenarios influence their competitiveness. This includes investigating the
changes in production throughput, machine availability, and costs, considering various
production technologies.

The cost model is developed within the system dynamics framework and is modelled
using the Vensim software. System dynamics provides a framework to model the complex,
interconnected operational factors that influence costs over time. As one of the most widely
used methods for cost modeling and analysis [20,21], system dynamics helps in estimating
costs, identifying cost drivers, and analyzing the impact of various operations management
decisions on overall costs.

Figure 2 shows the model that captures shop-floor dynamics and operations at the
machine level. The model considers a monthly time horizon with hourly resolution to
compare the production of identical parts under the same demand and sourcing condi-
tions. Using feedback loops and exploring the dynamic relationships between various cost
elements, the developed cost model enables informed adoption decision-making.

In this figure, the first layer (i.e., the machine level) represents the details of material
flows and manufacturing processes over an hourly timescale, considering one month. The
key production parameters, such as setup time, batch size, print time per part, and machine
utilization, are adjusted separately for different AM technologies. The model facilitates the
analysis of the production-related behavior and results for various input parameters. We
now elaborate on the model elements and their corresponding formulations.

2.1. Stocks, Flows, and Operational Parameters

The production system is modelled through a set of interconnected stocks and flows
that represent the movement of parts and materials on the shop floor. Stocks show the
accumulation of operational values to describe the system at a certain point in time. The
main stocks are:

Raw material inventory (kg): Available raw material used for production.
Demand queue: Parts awaiting the printing process.
Printing Work-In-Process (WIP): Parts currently undergoing printing.

Finished goods inventory: Parts that have completed all production stages.

In addition to these, the cumulative cost stock is defined to accumulate the total
processing costs over time, including machine depreciation, material cost, labour, energy
use, and consumables. Following [10], the pre- and post-processing tasks (e.g., support re-
moval, machining, cleaning, and heating for addressing porosity and residual stresses [22])
are included in the setup time, eliminating the need for a separate post-processing stock
and queue.
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The flows connect the stocks, representing the movement of material and parts through
the production stages. They are driven by machine capacity, raw material availability, and
processing lead times. The model has been established using the following main flows.

e  Material delivery rate: Raw materials supplied to the production system, considering
the forecasted needs.

e  Material consumption rate: Raw materials consumed within the printing process,
depending on production start rate and material usage per part.

e  Printing start rate: The number of parts entering the printing process, determined by
the minimum of machine capacity, raw material availability, and outstanding demand.

e  Printing completion rate (printing + embedded finishing): The number of parts com-
pleted from printing, considering the effective printing time per part.

e  Effective printing time per part: Each production stage is associated with a lead time,
summing the setup time with the actual print time per part.

Given these stocks and flows, a capacity-constrained production system with a fixed,
passive demand input is modelled. Demand is established through a demand queue to
determine the desired production rate. The demand does not directly influence cost per
part, lead time, or backlog accumulation. This is because the production process is subject
to machine availability and raw material supply.

While the queue allows the system to meet demand, the model does not include
backlog accumulation or penalties for unmet orders. Backlog and order fulfillment delays
are relevant at the supply chain level, which falls beyond the scope of the present analysis.
That is, any unmet demand will not be carried over, and hence demand functions more like
a production target than a dynamic driver. In so doing, variations in demand level do not
impact cost or time metrics under the following assumptions.

- The model stops at the shop floor. Upstream supplier delays and downstream ware-
housing or transport are not represented. That is, material enters through a constant
“delivery rate”.

- One month is considered to capture the short-term production dynamics. Long-term
learning effects and capacity growth fall beyond the scope of this study.

- Demand is imposed externally and is assumed to be constant and deterministic; unmet
demand is neither back-ordered nor penalised.

- Machine availability is expressed via the utilization parameter; preventive or corrective
maintenance events are not considered.

- Zero scrap or rework is allowed. That is, the parts from every build are assumed to be
fully functional.

- Pre-processing activities are folded into the “effective printing time” parameter. This
simplification treats the entire production cycle (pre-, post-, and setups) as a time block.

The following parameters are defined to run the model: Setup time, Batch size, Printing
time per part, Machine power consumption, Material utilization, Labor requirements for
printing and post-processing, and consumable costs. These parameters have to be adjusted
depending on the production technology. All values are based on real industrial data,
ensuring that the simulation outcomes reflect realistic production scenarios.

2.2. Performance Measures

The total cost and externalities of manufacturing each part, as well as tracking pro-
duction flows, are considered for measuring the performance of the production systems.
Given that the finishing phase is embedded in the production cycle, its labour, energy
consumption, and consumable costs are allocated via the effective printing time parameter.
The cost and emission calculations are integrated into the machine-level simulation and
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are dynamically accumulated as parts move through the production cycle. The following
elements are defined to calculate the total cost value, consisting of depreciation, materials,
labour, energy, and consumables costs.

2.2.1. Machine Depreciation Cost

The cost of machine depreciation is calculated by distributing the machine purchase
price over its operational lifetime, considering the actual utilization rate. This value is
allocated to each part based on the required printing time. The hourly depreciation cost is
calculated using Equation (1).

Purchase Price
Machine Lifetime (hours)

Depreciation Cost per Hour = 1)
where the machine lifetime (hours) is Machine Lifetime (hours) = Lifetime (years) x 8760 x Ma-
chine Utilization. The resulting cost contribution per part is given in Equation (2).

Depreciation Cost per Part
= Depreciation Cost per Hour (2)
x Effective Printing Time per Part

2.2.2. Material Cost

Material cost reflects the amount of raw material consumed per part. The material
required per part is first defined based on part mass and material waste factors, using
Equation (3). The material cost is then calculated with Equation (4).

Material Cost per Part
= Material Consumption per Part (kg) 3)
x Material Price (NOK/kg)

Material Cost Rate
= Raw Material Consumption Rate (kg/hour) 4)
x Material Price (NOK/kg)

2.2.3. Labor Cost

The labor cost is associated primarily with the setup activities, with the setup time per
batch being distributed across the number of parts assigned to that batch. Equation (5) is
defined to calculate the labor cost.

Labor Cost per Part

__ Setup Time per Batch(hours) x Labor Rate (Nok/hour) )
- Batch Size (parts)

2.2.4. Energy Cost
Energy cost is linked to machine power consumption during printing and post-
processing. This has been formulated in Equation (6).
Energy Cost  per Part
= Effective Printing Time per Part (hours)
x Machine Power (kW) x Electricity Price (NOK
/kWh)
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2.2.5. Consumables Cost

Consumables such as build plates and filters are treated as fixed costs allocated across
the batch size. Equation (7) calculates the consumables cost element.

Consumable Cost per Batch (NOK)
Batch Size (parts)

Consumables Cost per Part = (7)

The cost rate (NOK/hour) is accumulated into a Cumulative Cost stock at each time
unit, based on which the average cost per part is updated, considering the number of
completed parts.

2.3. Batch Structure and Time Handling

In metal AM, multiple parts are processed simultaneously on a single build plate [23].
Production in the machine-level model is, therefore, modelled around batch operations.
Each AM process has a specific batch size determined by its technical capabilities and the
chamber size. Batch operations impact setup and production times.

Setup time. The model distinguishes between batch-independent and batch-
dependent setup times. The batch-independent setup time is a fixed value required for
machine preparation tasks that do not depend on the number of parts produced. This
includes machine warm-up, system calibration, and preparation of the build plate. Batch-
dependent setup time scales with the number of parts in the batch and includes removing
support structures and detaching parts from the build plate, etc. The post-processing
activities are treated as part of the setup times to ensure that all the operations to complete
a batch are captured within the production process.

Production time. The effective production time includes all the processes required to
complete a part, as shown in Equation (8).

Effective Printing Time per Part
= (Batch independent Setup Time
+ (Batch dependent Setup Time (8)
+ Printing Time per Part) x Batch Size)
/ Batch Size

The batch structure ensures that the fixed and batch-specific setup times are spread
across the parts produced in the batch. As the batch size increases, the setup time per
part decreases. Batches are initiated based on material availability, machine capacity,
and demand. When a batch starts, setup activities must be completed before the printing
process begins. Finally, parts become available for post-processing only after completing
the full batch production. In this definition, the batch impacts both cost and lead
time calculations.

3. Case Study
3.1. Data Collection

This section presents the case study and the data used to compare PBF and DED-
Wire Arc Additive Manufacturing (WAAM) with the baseline. The case study is a small
stainless-steel part, selected to illustrate how the AM methods can potentially compete
with CNC in short-run production situations. The selected part is a gripper for a universal
robot with a size of 32 mm x 19.2 mm x 44.5 mm (see Figure 3). The PBF will use 17-4PH
stainless steel feedstock (see [24]), and ESAB Purus 46 is considered for production using
DED-WAAM. The design includes features known to suit AM methods, such as minimal
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overhangs and internal geometry. The CNC costs, considering stainless steel 316, are based
on supplier quotes, reflecting the mature and market-driven nature of CNC machining,
where established cost structures are shaped by economies of scale. In contrast, AM costs
were modeled from in-house data, as AM is less mature in practice and does not exhibit
the same standardized pricing practices in its current state of development.
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Figure 3. Dimensions and specifications of the universal robot’s gripper.

The Matsuura LUMEX Avance-60 hybrid laser-PBF system (600 W laser power, Mat-
suura, Fukui-city, Japan) is used for PBF-based production. The machine has a nominal
600 mm x 600 mm build area. The initial build (three parts on a 175 mm X 125 mm plate)
is the basis for calculating processing times. Batch size is a critical factor in developing the
simulation model. In the experimental production, a single large plate is used, although
the full build area of the LUMEX Avance-60 can be used for batch production. Smaller
modular build plates are used to align with the current setup. Each modular build plate
has external dimensions of 175 mm x 125 mm, and the maximum usable build area on
each plate, after accounting for fixture holes and mounting limitations, is 135 mm x 85 mm.
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Given that the total effective build area of the LUMEX system is 600 mm x 600 mm, the
number of modular plates that can fit within the available space is:

- Plates along X-axis: [600/175] = 3.
- Plates along Y-axis: [600/125] = 4.
- Total number of plates per build: 3 x 4 =12.

Each gripper part occupies a physical area of 32 mm x 19.2 mm. To allow for
thermal expansion and safe removal, a clearance of 10 mm is considered in both direc-
tions, resulting in an effective area (per part) of (X): 32 mm + 10 mm = 42 mm and (Y):
19.2 mm + 10 mm = 29.2 mm. Given a 135 mm x 85 mm usable area of each plate, the
number of positioned parts is:

- Along X-axis: [135/42] = 3.

- Along Y-axis: [85/29.2] =2.

- Number of parts per plate: 3 x 2 =6.

- The total number of parts per batch:12 plates x 6 parts per plate = 72 parts.

This estimation represents the theoretical maximum achievable with the current mod-
ular build plate setup and is considered in the cost model.

DED-based production was done using WAAM with a 110 A, 12 V welding sys-
tem (~1320 W). Although the substrate can be 500 mm x 500 mm (potentially fitting
~100-120 parts), heat accumulation limits the production of small, intricate shapes.
Therefore, only 1 part per build plate is considered to avoid distortion or surface ir-
regularities from thermal overlap. This assumption, although highly conservative,
reflects limited real-world data on small-part production using DED-WAAM. The post-
processing of the part, including setup, milling of all surfaces, and drilling/tapping
holes, is roughly 1 h per part.

The estimated cost of DED’s build plate is 80 NOK per plate used in the setup. In theory,
a build plate of the size 500 x 500 mm can accommodate a total of 120 parts. However,
given that the heat transfer may impact the part quality due to the high ARC temperature,
only one part is printed at a time. The printed part using PBF and DED-WAAM is shown
in Figure 4. The raw data used in the analysis is provided in the Appendix A.

(a) PBF () WAAM

Figure 4. The universal robot gripper (produced at university laboratories).

3.2. Results

This section presents the simulation outcomes comparing PBE, DED-WAAM, and CNC
machining for producing a steel gripper. To establish a baseline, quotes for conventional
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CNC machining in stainless steel are obtained from several service providers, while the
process data for PBF and DED-WAAM originated from actual test builds (at the institution),
machine datasheets, and market statistics (e.g., electricity pricing via SSB Norway). The
CNC cost estimates ranged from 5624 NOK to 7296 NOK per part (depending on lead time).
Although these quotes do not perfectly match 17-4PH, they offer a reasonable subtractive-
manufacturing cost benchmark. This section begins with an individual analysis of PBF and
DED-WAAM, and continues with a comparative analysis with the baseline.

A one-month system dynamics simulation is considered, assuming a constant monthly
demand of 100 stainless steel gripper parts. The model incorporates realistic operational
parameters, including batch-based production and setup time, as well as the part-specific
printing dynamics.

The first step of analysis explores batch sizes ranging from a single part up to the
full theoretical build capacity of 72 parts, based on chamber layout calculations. Figure 5
illustrates how changes in the batch size impact the average production cost per unit of
production using PBF. The results indicate a steep initial decline in cost per part as batch
size increases from 1 to 10, with cost dropping from 8204.92 NOK for producing a single
part to 3195 NOK for a batch of 10. The steep reduction is primarily due to the fixed setup
and consumable costs across more units. Beyond batch sizes of 20, the curve begins to
flatten, indicating diminishing marginal savings. Finally, at full printer capacity (72 parts),
the cost stabilizes at approximately 2725 NOK per part, representing a 65% cost reduction
compared to the production of a single part.
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Figure 5. Cost per part for Powder Bed Fusion (PBF)-based production.

Next, the cost model is analyzed across different batch sizes to investigate the impact
of batch size changes on the cost composition of PBF-based production. Figure 6 illustrates
the cost breakdown considering various batch sizes. At the smallest batch size (1), labor cost
dominates, accounting for over 50% of total cost due to the high setup time being allocated
to a single part. Machine depreciation and consumables also contribute significantly. As
the batch size increases, these fixed costs are reduced across more parts, leading to a
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notable decrease in their per-part impact. By batch size 72, all fixed costs have largely
stabilized. Meanwhile, material remains constant, making up a larger relative share at
higher batch sizes. This transition reflects the strong influence of batch-based operations
in PBF and underscores the need to maximize build volume utilization to achieve cost-
effective production.
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Figure 6. Cost structure for Powder Bed Fusion (PBF)-based production.

In DED-WA AM-based production, a batch size of one part is used to avoid thermal
distortion and reduce finishing errors. With this setup, the total production time per part
of approximately 2.64 h, including post-processing, is recorded with an overall cost of
1701 NOK/part. The cost portions are shown in Figure 7.
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Figure 7. Cost distribution for DED-WAAM.
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Figure 8 compares the cost per part for PBF, DED, and CNC machining under
two different batch scenarios: (1) Full capacity, reflecting a maximally filled build
(72 parts for PBF; single-part equivalence for DED); and (2) One part, indicating a single
build or order at a time.

B Full capacity

I A single part

Powder bed CNC

fusion
MANUFACTURING TECHNOLOGY

Figure 8. Cost analysis of the additive manufacturing and CNC methods.

This figure shows that the PBF cost decreases dramatically with higher batch utilization
(i-e., from ~8200 NOK/part when printing just one piece to ~2725 NOK/part at a full build
of 72). This outcome aligns with PBF’s known reliance on reducing fixed setup time, laser
warm-up, and consumables across multiple parts. CNC retains a single quoted unit price
of 5624 NOK, but in reality, CNC may achieve lower per-part costs for larger production
volumes. The fixed number reflects a one-off quote rather than an extensive volumetric
analysis. Although DED shows a cost advantage over the other methods, it cannot compete
with PBF and CNC in terms of mechanical properties. DED-WAAM typically benefits from
producing larger shapes, especially for medium- to large-scale components; it is still not
ideal for producing small steel products.

4. Discussions and Practical Implications

The comparative analysis of PBF, DED, and CNC for producing robot grippers showed
that cost performance changes under different operating scenarios. PBF is more cost-
competitive than CNC machining if the build capacity is fully utilized. This is because the
fixed overhead of a PBF task (i.e., machine preparation, cooldown, and powder handling)
is spread over fewer parts, limiting the economy-of-scale advantage of AM over CNC
machining. In this study, PBF achieved an approximate per-part cost of 2725 NOK under full
build utilization, cheaper than CNC, with about 5624 NOK cost per part. This requirement,
however, may reduce the competitiveness of PBF for small and medium-sized enterprises,
considering that maintaining a full chamber size may not be applicable.
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The DED-WAAM recorded a flat cost of around 1702 NOK per part, the lowest of the
compared methods. Nevertheless, the result should be interpreted with caution. In practice,
arc-based WAAM is a process primarily suited for producing large-scale parts, as it offers
very high deposition rates and lower material cost. This comes at the expense of lower
precision and surface quality. WAAM is, therefore, suitable for producing bulky parts,
such as those in the shipbuilding and heavy machinery industries. The WAAM-produced
parts have rough resolution and surface finish, requiring extensive post-processing (i.e.,
machining) to meet dimensional tolerances. The flat cost model in the present study may
not reflect how costs might scale with part size or quantity due to the simplified cost model
for the additional finishing steps.

Unlike PBF, DED-WAAM struggles to batch many parts in one build, as each part
should be deposited individually or sequentially. Therefore, producing multiple small
parts using WAAM results in a nearly linear cost function (concerning material and time).
While WAAM showed a low nominal cost in the comparative analysis, the low cost of
1702 NOK per part may have been impacted by the limited data or simplifications rather
than a definitive economic advantage.

Laser-based DED technologies are expected to perform better for producing small,
complex parts with intricate geometries. Using a focused laser to melt metal powder or wire
feedstock makes it possible to produce parts with higher precision and finer resolution than
WAAM. This is mostly due to thinner deposition beads and smaller features, although at
lower deposition rates and higher equipment cost than WAAM. Laser-based DED bridges
the gap between WAAM and PBF in terms of accuracy, while it still deposits faster and
at larger scales than PBF. Laser powder-blown DED offers excellent geometrical accuracy
and usage for small feature deposition [25], whereas WAAM'’s poor resolution (on the
order of 1 mm and above) [26] necessitates extensive post-processing for fine details. In
line with these results, one can conclude that Laser-based DED will be a more appropriate
production method than PBF and CNC but with higher costs than WAAM (i.e., due to
costlier equipment and slower build rates).

Another important discussion concerns the design of the part. The gripper was
designed for AM processes, with a design strategy favoring laser-based AM processes
for complex geometries (i.e., intricate internal channels, undercuts, fine details). CNC
machining is limited in addressing such features. Achieving greater geometric complexity
with subtractive manufacturing drives up cost due to more complicated tool paths and
fixturing. The part geometry was designed for AM, which inflated CNC machining time
and price. The results are therefore design-specific, and a CNC-friendly redesign can
narrow the gap.

Overall, the decision of which AM technology to adopt is multifaceted, involving the
analysis of practical requirements in addition to the technical constraints [11,27]. Therefore,
the most cost-effective technology is case-specific. For example, the company should
evaluate whether a component’s complexity justifies AM adoption, considering a higher
unit cost. That is, on-demand production of highly customized components in time-
sensitive situations can justify a higher cost for metal AM [28].

It is also important to analyze whether a large production run favors investing in
tooling for CNC or alternative solutions. For example, the use of a hybrid approach (i.e.,
printing the near-net shape part using AM and then machining critical surfaces using
traditional manufacturing) may be the best compromise. In the particular case of a robot
gripper, the study result is supportive of using PBF as an economically viable alternative,
whereas using DED-WAAM for producing a small part may be misleadingly cheap, given
the practical considerations.
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Beyond the technology-specific findings, it is also necessary to reflect on the modeling
assumptions behind the cost results. Cost modeling for metal AM remains inherently
difficult because outcomes are highly sensitive to company setup, operator expertise, and
process-specific factors such as downtime, scrap, and demand fluctuations. In this study,
simplified conditions of constant demand, no downtime, and no scrap were applied to
make the results comparable across PBE, WAAM, and CNC. While such idealized scenarios
are commonly used in early-stage AM cost models and provide a useful baseline, they
should be interpreted with caution, as CNC will often regain cost advantage once real-world
variability and yield losses are taken into account.

5. Conclusions

This study compared PBF and DED AM technologies with CNC machining to explore
the most cost-effective machines for establishing 3D print farms. A robot steel gripper was
used as a case study for a shop floor-level cost and externalities analysis. It was found
that the unit cost of PBF becomes significantly cheaper than the quoted CNC price when
the build chamber is full (i.e., 72 parts). Printing a single part using PBF raised the cost
significantly. Therefore, a high build utilization rate is deemed necessary to benefit from
cost advantages. The cost estimate of producing the part using WAAM-DED showed an
advantage over PBF for medium- to large-sized items that do not have complex internal
features and do not require heavy post-processing. For small, intricate shapes, the laser-
based DED route is expected to be superior, offering finer resolution at a higher but more
realistic cost.

Overall, cost comparisons across PBF, DED-WAAM, and CNC depend heavily on part
design, quantity, and machine utilization. The following generalizations can be drawn
from the comparative analysis.

- PBF offers excellent design freedom and parallel production but incurs high fixed
costs per build and suffers if underutilized.

- CNC excels in consistent production with economies of scale through repeated runs,
but complex internal features may favour AM.

- A rough but fast method, such as DED-WAAM, is cost-efficient for large, simple
shapes yet ill-suited to fine details. A laser DED provides higher precision at a higher
cost, potentially fitting small parts better.

This study has several limitations. First, the quality and source of data varied across
the three manufacturing methods, potentially impacting the robustness of the comparisons.
While PBF costs were derived from detailed modeling, the WAAM cost was based on
assumptions considering the limited know-how in the new DED technology. Future
research should offer empirical analysis for a more consistent comparison between WAAM
and PBE. Additionally, since the present study focused on single-component WAAM builds
to avoid distortion, future sensitivity analyses could examine multi-part configurations
to assess how thermal interactions influence microstructure, mechanical performance,
and dimensional stability. More empirical analysis on other AM technologies, especially
BJ and MEX, would also be required to help extend the industrial reach of AM. The
second limitation comes from the inherent differences in material and process conditions, in
particular, the material forms and properties of the three different manufacturing methods.
Using carbon steel with different characteristics (i.e., fine powdered 17-4 PH stainless steel
by PBE, 316L stainless steel by CNC, and wire ESAB Purus 45 by WAAM) might have
resulted in variations in mechanical properties, surface finish, and dimensional accuracy. In
the case of the robotic gripper, the mechanical properties, surface finish, and dimensional
accuracy of both printed parts were perceived as acceptable. Analyzing these characteristics
was beyond the scope of our cost analysis and should be considered in future research.
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Third, the post-processing steps were simplified for WAAM. In future research, the post-
processing activities should be modeled in more detail. Additionally, future work may
benefit from examining a broader range of production volumes and design variations. Such
an analysis should evaluate the cost competitiveness of different AM technologies under
mass production scenarios. Finally, a comparative analysis including laser-based DED
data will further our understanding of the MAM technologies” competitiveness. As the
next suggestion for future research, practical aspects, like machine maintenance, learning
effects, and supply availability and quality, should be considered for comparing MAM
technologies. Finally, this study focused solely on cost performance. Future research should
also investigate energy use and environmental impacts to provide a more comprehensive
evaluation of AM technologies.
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Appendix A
Raw Data
Costs:

- Machine purchase cost PBF (NOK): 20,000,000 NOK.

- Machine purchase cost DED (NOK): 352,713 NOK.

- Machine lifetime (Years) PBF and DED = 10 Years.

- Machine utilization (%): 67%.

- Material cost DED (NOK per kg): 81,84 NOK.

- Material cost PBF (NOK per kg): 2362.5 NOK.

- Material consumption PBF (kg per part): 0.122 kg (including lost powder).

- Material consumption DED (kg per part): 0.11 kg.

- Labor rate (NOK per hour): 800 NOK.

- Electricity price (NOK per kWh): 0.8 NOK/kWh.

- Machine power (kW) PBF: 0.6 kWh.

- Total Machine power (kW) DED (Welding machine + fume extractor): 2.3 kW.

- Build plate cost DED: 235.59 NOK.

- Build plate cost PBF: 3500 NOK (Cost for each part — 3500/6 (because 6 parts could
fit on one build plate).

- Hilter cost per hour (PBF): 49 NOK.

Printing and labor time:

- Printing time per part PBF Laser irradiation time + recoater time) = 2.8234 h.
- Printing time per part DED: 0.8381 h.
- Fixed set up time PBF = 4.5 h.
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- Fixed Set up time DED: 0.75 h.
- Variable setup time PBF: 0.5 h.
- Variable set up time DED: 1.05 h.
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