
Application of a proposed additive manufacturing 
performance measurement system in a Brazilian 
industry    

1. Introduction

The development of industries focused on con-
sumer goods, aviation, defense, and health, generates 
specific demands for processes and technologies, as 
well as business-to-customer products. For the auto-
motive industry, in addition to stamping and forming 
processes, additive manufacturing is used with com-
posite materials (carbon fiber and cellulose nanocrys-
tals) to reinforce glass or basalt fibers, providing good 
mechanical properties and weight reduction [1]. The 
potential to exploit additive manufacturing is enabled 

by component generation flexibility, exceeding indus-
trial limits, and acting in areas of industrial, human, 
and technological development, by adding layers of 
material through three-dimensional models [2]-[5]. 

Research and technologies developed from the 
1970s onwards combined with technology patents 
expired between 2009 and 2014, created a favorable 
environment for new manufacturing technologies re-
lated to additive manufacturing, mainly emphasizing 
the fused deposition process and the selective laser 
sintering process [6]-[9]. Processes and technologies 
including stereolithography, powder sintering, selec-
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tive sintering laser, filament extrusion, and layer lami-
nation area also contributed to expanding additive 
manufacturing use [10]. 

Additive manufacturing, although highly promis-
ing, presents difficulties related to process type, in-
consistency when applied in large-scale production, 
dimensional variations, and structural variations. 
However, compared to conventional manufacturing, 
additive manufacturing provides customization and 
innovation, generating freedom in product design 
[11], [12].

Emerging technologies guide the identification of 
areas not yet explored, visualizing opportunities and 
threats related to investment decisions (i.e., when, 
how much, and why), given the challenges for deci-
sion-making to invest in new technologies implemen-
tation such as additive manufacturing in emerging 
countries [13]. 

Therefore, a measurement system to verify addi-
tive manufacturing performance in a Brazilian met-
al-mechanical industry is presented. This research 
main contributions are: (i) Identify the main critical 
factors related to additive manufacturing success or 
potential failure to replace traditional manufactur-
ing processes in a developing country production 
chain; (ii) Contribute to the academic community 
by bringing a methodological scientific contribution, 
systematizing by a performance measurement sys-
tem approach, factors considered critical to additive 
manufacturing success, meeting expectations and 
practices adopted in metal-mechanical industries; 
(iii) Develop a performance measurement system 
replicable to different types of Brazilian or Latin 
American industries, despite the measurement sys-

tem being mainly focused on serving national and 
multinational metal-mechanical industries, where 
additive manufacturing is already incorporated in 
the manufacturing process.

The article is structured as follows: Section 2 de-
scribes the proposed performance measurement sys-
tem methodological steps; Section 3 shows the results 
obtained with the performance measurement system 
application in a multinational industry; and in Sec-
tion 4, the research conclusion is presented.

2. Method

The Performance Measurement System (PMS) 
stratifies the research objective into a hierarchical 
decision-making structure [14]-[16], developed with 
a top-down orientation. As verified in Figure 1, the 
objective is located at the top, named “additive manu-
facturing measure”, detailed in a second level in six 
Critical Success Factors (CSFs) based on [17]-[19], 
for a more refined description of the PMS objective 
main characteristics.

The third level is divided into 13 subfactors (SFs), 
detailed according to each CSF conceptual specifica-
tion. In the fourth hierarchical structure level, 21 Key 
Performance Indicators (KPIs) are proposed to quan-
titatively measure the specific SF and, consequently, 
CSF competitiveness. Finally, a function aggregates 
the KPIs attributes and the SFs’ importance, based 
on [20]-[22], combining the 21 KPIs performance 
measured individually to obtain the performance in-
dex, representing the overall “additive manufacturing 
measure” performance.

Figure 1. General top-down PMS hierarchical decision-making structure levels for additive manufacturing measure 
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Section 2.1 shows the CSF theoretical conception 
proposed for the “additive manufacturing measure”. 
In Section 2.2, the SFs’ importance calculation defi-
nition is described, involving the hierarchical struc-
ture with CSFs, SFs, KPIs, and the peer comparisons 
ratio to verify the experts’ judgments consistency. 
Section 2.3 shows the performance index formula-
tion, aggregating the SFs’ importance with the KPIs 
attributes from an industrial scenario on the original 
input data collection scale converted to a standard-
ized scale. Section 2.4 details the procedures ad-
opted to collect data to obtain the SFs’ importance 
from experts and to collect the KPIs attributes from 
an industrial scenario.

2.1 Critical success factors and subfactors

2.1.1 CSF1: Industry structure

For CSF1 (Industry structure), additive manufac-
turing promotes the introduction of new processes 
concomitant to subtractive processes. From the iden-
tification of opportunities to use additive manufactur-
ing, the traditional strategies tend to be readjusted 
based on the opportunities presented. Additive man-
ufacturing success is related to the use of materials 
and equipment to reach the quality requirements de-
manded by customers [23].

As for SF1 (centralized/decentralized industrial 
base), considering additive manufacturing, supply 
centralization has advantages including better re-
source use and consequent cost reduction due to 
lower carbon emissions [24], [25]. However, indus-
trial base decentralization, where the incentive to 
scale economies combined with the use of acceler-
ated growth regions to reach high economic integra-
tion rates, presents advantages over the centralized 
industrial bases [26].

2.1.2 CSF2: Innovation

CSF2 (Innovation) presents actions and initiatives 
to ensure the advancement of organizations and better 
use of available human resources to plan and execute 
production system operations. However, the innova-
tion process depends on human qualities capable of 
generating change and guaranteeing good levels of 
competitiveness [27]. In Gibson et al. [10], an over-
view of additive manufacturing processes was provid-
ed, showing the additive manufacturing importance 
in different industries. The technology development 
was outlined, as well as the need for further studies in 
the area. Each group of technologies used in additive 

manufacturing was described in detail. Furthermore, 
how additive manufacturing can be applied in differ-
ent settings was explored, showing selection methods 
and providing guidelines for selecting the right tech-
nology considering distinct purposes. In addition, the 
manufacturing technologies improved over the years, 
creating novel applications with different industries 
using additive manufacturing machines and, in spe-
cific cases, considering mass customization.

For SF2 (new products or platforms develop-
ment), the main types of work arrangements, includ-
ing functional, by-projects, and matrix, are considered 
in the engineering structure. Additive manufacturing 
enables the increase of freedom and restrictions 
changes related to design and conception [27]. For 
example, machine and cutting tools, required on a 
large scale in the metal-mechanical industry [28], 
[29], are disregarded when a traditional subtractive 
manufacturing operation is replaced by an additive 
manufacturing operation. However, processes need 
improvements, such as machine development, stan-
dardization, dimensional constraints reduction, and 
the development of guides for print preparation and 
post-processing [30], [31]. 

Klahn et al. [32] developed two different strate-
gies to use additive manufacturing for product devel-
opment. First, a manufacturing-driven design, which 
allows the substitution of manufacturing processes 
in the product life cycle later stages, was presented. 
The manufacturing-driven design maintains a con-
ventional design, complying with different manufac-
turing technologies design rules. Second, a function-
driven design to increase the product’s performance 
was shown. The function-driven design uses additive 
manufacturing freedom to eliminate major adjust-
ments to product design when transferred to conven-
tional manufacturing. 

Considering SF3 (business model changes), with 
additive manufacturing introduction, the business 
model change and/or restructuring impacts storage 
cost reductions, based on the parts and components 
centralized and decentralized supply. For the raw 
materials supply, additive manufacturing enables the 
possibility of including new incomes to compete with 
traditional manufacturers [33], [34].

Guo and Leu [35] highlight the evolution achieved 
with research related to new additive manufacturing 
processes developed in recent years and applica-
tions in areas including medicine, automotive, and 
aerospace. Industrial processes developed such as 
stereolithography, fused deposition modeling, selec-
tive laser sintering, Laminated Object Manufacturing 
(LOM), 3D printing (3DP), and Laser Metal Deposi-
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tion (LMD) were discretized, as well as the materials 
employed and the materials available on the market 
for additive manufacturing use. According to Huang 
et al. [36], among the technical aspects and the addi-
tive manufacturing scope are the potential for sim-
plifying the production chain, with opportunities for 
significant gains in efficiency and to answer demands. 

2.1.3 CSF3: Competitive strategy

In CSF3 (competitive strategy), new “players” are 
noticed in established and structured markets, since 
additive manufacturing raw material resources and 
the establishment of long supply chains are unneces-
sary [34], [37], [38]. However, the optimization pro-
cess extends from idea generation to validation until 
the product is on the market. Sectors including the au-
tomotive industry, where components customization 
using additive manufacturing has been present for at 
least a decade, and aeronautics, where the possibil-
ity of reducing spare parts inventories and increasing 
availability can provide financial benefits and drasti-
cally reduce delivery times, are paths to be explored 
by additive manufacturing implementation [39]. As 
a cornerstone for competitive strategy in technology 
industries research, Porter [40] presents five forces to 
identify generic key factors related to obtaining cost 
leadership, differentiation, and industrial success fo-
cus (threat of new entrants, bargaining power of buy-
ers, bargaining power of suppliers, threat of substitute 
products, intensity of competitive rivalry), guiding the 
SF4, SF5, and SF6 development.

For SF4 (production process), the production 
process is evaluated considering product develop-
ment improvements according to customers’ needs. 
Therefore, concerning traditional business models, 
additive manufacturing can be advantageous [41]. 
Evaluating SF5 (materials and equipment) to identify 
which equipment generates adherence to the previ-
ously structured business model, and assessing the 
processes involved in the switch to additive manufac-
turing, is necessary, initiating a material flow restruc-
turing regarding external and internal supply chain 
[11], [42].

As for SF6 (workforce training), the production 
technological development, as well as the redirection 
of business models, demands operational human re-
sources preparation and training. DebRoy et al. [43] 
developed a review related to metallic materials ad-
ditive manufacturing, involving processes, structure, 
and metallic parts properties, such as refractory alloys, 
precious metals, and compositionally graded alloys. 
The review examines the printability of engineering 

alloys considering the current knowledge base of ad-
ditive manufacturing, metallurgy, and fusion welding. 
A review related to the needs and opportunities of 
uncertainty quantification and uncertainty manage-
ment in additive manufacturing on laser power bed 
fusion was presented by Hu and Madahevan [44], 
showing insights related to how uncertainty qualifica-
tion and uncertainty management techniques could 
be applied to additive manufacturing. 

2.1.4 CSF4: Environmental

In CSF4 (environmental), industries invest in ad-
ditive manufacturing to reduce pollutant emissions 
[12]. The environmental uncertainty verified in 
metal-mechanical industries, with traditional manu-
facturing processes, consumption of raw materials 
provided with scarce natural resources, costs related 
to logistic activities, raw material scrap, and variabil-
ity of dependence on other industries, can positively 
impact new technologies adoption such as additive 
manufacturing [45], [46].

For SF7 (external uncertainties), alterations in the 
exchange rate regime, excessive price fluctuations, 
and importation taxes can negatively impact equip-
ment and raw materials supply [47]. However, the 
exchange rate difference may benefit SF8 (export ac-
tivity). Despite improving advances in the Brazilian 
additive manufacturing production chain, the addi-
tive manufacturing technology, inputs, and raw mate-
rials continue to be mostly imported.

Regarding SF9 (industry size), the production 
processes and systems complexity, related costs, and 
the distribution and inventory of spare parts can be 
impacted by additive manufacturing through scale 
gains [2], [10]. In Atzeni and Salmi [48], a compari-
son between the production costs using additive man-
ufacturing and the production costs involved in the 
high-pressure casting process, with tooling construc-
tion and processes for aircraft metal components, is 
presented.

2.1.5 CSF5: Management position

For the evolution of new technologies, managers 
must be able to perform activities safely and must be 
able to work in interconnected and automated tech-
nological environments. Evaluations related to the 
replacement of traditional manufacturing processes 
by additive manufacturing and the production chain 
understanding can help maintain and improve busi-
ness models, bringing industries closer to new manu-
facturing technologies and market shares [41], [49].
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Regarding SF10 (vision and management train-
ing), additive manufacturing introduction in industri-
al systems requires extensive knowledge from manag-
ers to decide when, how, and where to use additive 
manufacturing, aiming to level productive character-
istics and specialize employees [50], [51].

2.1.6 CSF6: Temporal

For CSF6 (temporal), evaluating a business model 
through the technologies used over time helps estab-
lish continuity. Understanding and identifying points 
of convergence considering technological evolution 
enable the detection of strengths and points to be de-
veloped for business continuity benefit. 

Changes in consumption and the need to maintain 
competitive potential over time demand the search 
for new solutions and technologies for production 
processes and systems [52]-[54]. Understanding the 
correct industry positioning for a possible new tech-
nology change or implementation is relevant, pre-
senting opportunities beyond the technical sphere 
related to materials and equipment used, opening the 
way for advances in the reduction of energy and raw 
material consumption, as well as product availability 
improvement [55].

Evaluating SF11 (additive manufacturing imple-
mentation) enables an increase in the capacity for 
innovation and customization, changing competi-
tive and strategic industrial aspects [56]. The gain in 
speed and the simplification of production, storage, 
and distribution processes initiate production chain 
restructuring. In Pereira et al. [57], a review related 
to how the current additive manufacturing scenario 
can compete or add to established traditional manu-
facturing regions was proposed, considering additive 
manufacturing and subtractive manufacturing in an 
economic and quality management context. The cost 
models for high production volumes are better suited 
for traditional manufacturing, while the higher com-
plexity or customization required is better suited for 
additive manufacturing. Furthermore, the require-
ments for the penetration of additive manufactur-
ing in the commercial market include high process 
stability, a database containing properties of additive 
manufacturing materials, online quality control pro-
cesses, continuous certification, and design rules pro-
vision. Also, Sun et al. [54] proposed a review article 
about the additive manufacturing technologies status 
in nuclear energy, battery, fuel cell, oil, and gas in-
dustries.

SF12 (industry 4.0) relates to Information Tech-
nology and the structuring of processes based on ad-

ditive manufacturing. Production systems change, 
and additive manufacturing helps drive the migration 
to computerized and autonomous environments, 
providing levels of integration between productive 
sectors [41], [58]-[62]. Haleem and Javaid [63] pre-
sented a literature review on additive manufacturing 
applications in Industry 4.0, exploring how additive 
manufacturing is contributing to the fourth industrial 
revolution.

Finally, SF13 (impact of additive manufacturing) 
evaluates additive manufacturing through innovation 
and customization, without losing the quality stan-
dards and structural requirements practiced in tradi-
tional manufacturing [2]. Piller et al. [49] discussed 
the economic effects of additive manufacturing con-
sidering an innovation and production context.

2.2 Subfactors importance

With the CSFs and respective SFs explained, the 
PMS hierarchical structure is detailed according to 
what each KPI must assess to measure the additive 
manufacturing performance, as described in Table 
1, developed following the methodological structure 
proposed in Gerhardt et al. [64], Neuenfeldt-Júnior 
et al. [65], Silva Júnior et al. [66], Neuenfeldt-Júnior 
and De Oliveira [67], Silva Júnior et al. [68], Ger-
hardt et al. [69], Alecio et al. [70], and Siluk et al. 
[71]. Also, KPIs are used to support the decision-
making on SFs and CSFs quantitative analysis.

The measurement unfolding is the SFs impor-
tance verification, based on additive manufactur-
ing experts’ opinion, using the input data collection 
instrument named “diagnostic 1” (see Section 2.4), 
converted in a scale of importance based on Saaty 
[72] fundamental scale, where score 1 corresponds 
to an SF with little relevant to additive manufactur-
ing performance and score 9 corresponds to an SF 
extremely relevant to additive manufacturing perfor-
mance.

The score is non-restrictive and independent be-
tween SF. A square matrix A13x13 (Eq. 1) is developed 
from each expert score, based on the Analytic Hier-
archy Process (AHP), where the number of columns 
and the number of rows correspond to the 13 SF 
proposed in the PMS (sf ) and parity comparisons 
between the scores designated by the expert are per-
formed with the square matrix A13x13 [72], [73].

(1)
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The SF importance (wsff 
) is the sum of the par-

ity comparisons in the square matrix A13x13 lines, as 
shown in Eq. 2, where index f represents the experts 
interviewed during the PMS application.

(2)

Since parity comparisons and the square matrix 
A13x13 are developed individually for each expert, and 
the SF importance aggregation is developed using an 
additive function (wsf)  [20]-[22], as shown in Eq. 3, 
where (δf) is used to quantify possible differences if 
the experts’ profile (z) is heterogeneous [74].

(3)

To verify the consistency of peer comparisons, 
the consistency ratio of each parity matrix A13x13 must 
be calculated. According to Saaty [72], a consistency 
ratio below 10% indicates a coherent experts’ judg-
ments and, if the consistency ratio is greater than 
10%, the expert should correct the inconsistency 
verified or the calculated importance should be dis-
regarded.

2.3 Performance index

With the hierarchical structuring, the KPIs’ attri-
butes were developed relating to the SFs’ potential 
impact on the analyzed industry (a), obtained using 
the input data collection instrument named “diag-
nostic 2” (see Section 2.4), by metrics described in 
the original scales (v'kpia), as shown in Table 2. All 
KPIs’attributes on the original input data collection 
scale were reported by industrial managers.

SFs KPIs What does it assess?

CSF1: Industry structure

SF1: Centralized/decentralized 
industrial base

KPI1: Domestic production chain utilization
KPI2: Foreign production chain utilization

Supply chain, business structuring, 
and strategic plan development

CSF2: Innovation

SF2: New products or platforms 
development

KPI3: New products research and development
KPI4: New products development

New products and/or platforms 
development and implementation

SF3: Business model changes
KPI5: Production for stocks

KPI6: Finished products availability
KPI7: Storage cost rate

Finished products availability and 
inventory utilization

CSF3: Competitive strategy

SF4: Production process KPI8: Products from additive manufacturing Industry potential competitiveness

SF5: Materials and equipment KPI9: Modernization Industry potential competitiveness

SF6: Workforce training KPI10: Additive manufacturing knowledge by the 
workforce Workforce preparation and training

CSF4: Environmental

SF7: External uncertainties KPI11: Importation cost rate Input and raw material costs

SF8: Export activity KPI12: Exportation rate
KPI13: Stocked products availability Export potential

SF9: Industry size KPI14: Market share Industry market size and share

CSF5: Management position

SF10: Vision and management 
training KPI15: Additive manufacturing knowledge by managers Managers’ preparation and training

CSF6: Temporal

SF11: Additive manufacturing 
implementation

KPI16: Efficiency
KPI17: Raw material availability

Additive manufacturing 
implementation speed

SF12: Industry 4.0 KPI18: Integrated management system level New technologies and systems use

SF13: Impact of additive 
manufacturing

KPI19: Traditional manufacturing processes reduction
KPI20: Operational effectiveness

KPI21: Time between order entry and product delivery

Additive manufacturing 
implementation and use gains

Table 1. PMS hierarchical decision-making structure with a brief contextualization of the information assessed by each KPI
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KPIs Metrics
Original scale

(v'kpia)

SF1: Centralized/decentralized industrial base
KPI1: Domestic production chain 

utilization Inputs purchased in the domestic market/Total inputs purchased Percentage

KPI2: Foreign production chain 
utilization Inputs purchased on the foreign market/Total inputs purchased Percentage

SF2: New products or platforms development
KPI3: New products research and 

development
Research and development investments/New products or platforms 

investments Percentage

KPI4: New products development Number of new products/Number of existing products Percentage

SF3: Business model changes
KPI5: Production for stocks Stocked products/Manufactured products Percentage

KPI6: Finished products availability (Finished + Stocked) products/Manufactured products Percentage
KPI7: Storage cost rate Storage cost/Fixed cost Percentage

SF4: Production process
KPI8: Products from additive manu-

facturing
Products manufactured using addictive manufacturing/Manufactured 

products Percentage

SF5: Materials and equipment

KPI9: Modernization Materials and equipment modernization investments/Total in investments Percentage

SF6: Workforce training

KPI10: Additive manufacturing 
knowledge by the workforce

1-Little knowledge
2-Knows, but does not apply

3-Knows and apply
4-Masters the technology

5-Master and develop the technology

Absolute

SF7: External uncertainties
KPI11: Importation cost rate Imported raw material cost/Total raw material cost Percentage

SF8: Export activity
KPI12: Exportation rate Exported products/Manufactured products Percentage

KPI13: Stocked products availability Stocked products/Manufactured products Percentage
SF9: Industry size

KPI14: Market share Manufactured products sold value/Market size Percentage
SF10: Vision and management training

KPI15: Additive manufacturing 
knowledge by managers

1-Little knowledge
2-Knows, but does not apply

3-Knows and apply
4-Masters the technology

5-Master and develop the technology

Absolute

SF11: Additive manufacturing implementation

KPI16: Efficiency Time spent on operation/Total time available Percentage

KPI17: Raw material availability Raw material consumption/Raw material available Percentage

SF12: Industry 4.0

KPI18: Integrated management 
system

1-Little knowledge
2-Knows, but does not apply

3-Knows and apply
4-Masters the technology

5-Master and develop the technology

Absolute

SF13: Impact of additive manufacturing

KPI19: Traditional manufacturing 
processes reduction

Processes after additive manufacturing implementation/Processes before 
additive manufacturing implementation Percentage

KPI20: Operational effectiveness Operational effectiveness after additive manufacturing implementation/
Operational effectiveness before additive manufacturing implementation Percentage

KPI21: Order entry and product 
delivery

Lead time after the additive manufacturing implementation/Lead time 
before the additive manufacturing implementation Percentage

Table 2. KPIs metrics definition and original input data collection scales (v'kpia) from industrial managers
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To transform real situations into a parameterized 
numeric scale, attributes on the original scale were 
converted to a standardized scale (vkpia), determin-
ing the optimal, intermediate, and minimally accept-
able points of performance, distributed in five classes 
from 1 to 5. An attribute equal to 1 refers to a com-
pletely unsatisfactory performance, while an attribute 
equal to 5 is related to a completely satisfactory per-
formance, with a positive linear variation of 1 value 
between intermediate classes. The distribution in 
five classes, as well as the original and the standard-
ized limits, were structured according to Neuenfeldt-
Junior et al. [62], Ramirez et al. [74], and Leal et al.  
[75] during PMS development. Therefore, the attri-
butes were converted from the original scale to the 
standardized scale according to Table 3. Also, con-
sidering the standardized scale, each SF performance 
(vsfa) is calculated by its KPIs’ attributes arithmetic 
mean.

To measure the analyzed industry, the perfor-
mance index (Ia) aggregates the KPIs’ attributes and 
the SFs’ importance, as shown in Eq. 4, expressed on 
the same scale of values as the KPIs, ranging from a 
completely unsatisfactory performance (equal to 1) 
to a completely satisfactory performance (equal to 5). 

(4)

Thus, PMS enables the evaluation of an entire 
industry or a specific sector (tooling, machining, 
welding, assembly, etc.) from a strategic point of 
view. Regardless of the total or partial KPIs usage for 
further measurement, PMS can provide the neces-
sary support for decision-makers. Therefore, the SFs 
importance (wsff 

) not included in the performance 
measurement of a specific sector must be linearly 
redistributed among the SFs, where the sum of SFs 
importances used is equal to 100%.

2.4 Data collection procedures

Two quantitative instruments were developed for 
PMS data collection. The first instrument, named 
“diagnostic 1”, is used to obtain all input data for 
SFs’ importance measure, containing 13 questions, 
one for each SF, where the expert must adopt one 
of the five qualitative options available (little relevant, 
low relevant, relevant, high relevant, and extremely 
relevant). As described in Section 2.2, the input data 
informed in the qualitative format is converted to a 
quantitative scale (from 1 to 9 values, separated by a 
gap of 2 values), defining the SFs’ importance based 
on the AHP. A version of the “diagnostic 1” available 
online, in Portuguese1. 

The second instrument, named “diagnostic 2”, 
was developed to obtain all input data related to the 
analyzed industry situation, containing 34 questions 
related to all input data required to calculate the 21 
KPIs’ attributes metrics (Table 4). The answers for-
mat follows the standard required for the original 
scale of each KPI. Also, the recommended evalua-
tion period is the last complete year or year to date 
since the input data collection.

“Diagnostic 1” can be applied online for experts, 
while “diagnostic 2” should be applied, preferably, 
in person with industry managers to obtain the KPIs’ 
attributes input data and the qualitative perception re-
garding additive manufacturing adoption compared 
to traditional manufacturing formats. 

3. PMS application

3.1 Subfactors importance calculation

Table 5 shows the results obtained for SFs’ im-
portance, considering the average importance (wsf) 
given by nine experts using the input data collection 
“diagnostic 1”. The data collection was performed 

Qualitative performance scale Original scale (v'kpia) Standardized scale (vkpia)

Completely satisfactory 81% to 100% 5

Satisfactory 61% to 80% 4

Neutral 41% to 60% 3

Unsatisfactory 21% to 40% 2

Completely unsatisfactory 0% to 20% 1

Table 3. Standardized scale (vkpia) conversion using the original scale

1 https://www.researchgate.net/publication/378207543_Diagnostic_1_PMS_additive_manufacturing
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from August to October 2022, with professionals 
from industries involved in projects related to addi-
tive manufacturing in Brazil and academic profes-
sionals. The evaluated SFs’ importance consistency 
ratio is below 10% and the relevance (δf) is equal to 
1 for all experts consulted, given the similar profile 
verified during the input data collection. 

The highest importance value is for SF2 (new 
products or platforms development), showing the 
relevance of technological evolution and the combi-
nation of areas including engineering and informa-
tion technology for the production system evolution, 
affecting the commercialized products.

For SF8 (export activity), not identifying external 
opportunities results in significant losses, especially 
for industries operating in different world markets. 
Considering additive manufacturing, where interna-
tionally developed technologies and raw materials 
are predominant, not considering exchange rate fluc-
tuations or incentive laws for regional industrial de-
velopment can directly impact industrial processes.

3.2 Case study performance evaluation

The analyzed industry is a multinational metal-
mechanical manufacturer of motorized tools for 

Question Unit of measure

Inputs purchased in the domestic market

Monetary ($)

Inputs purchased on the foreign market

Total inputs purchased

Research and development investments

New products or platforms investments

Materials and equipment modernization investments

Total in investments

Storage cost

Fixed cost

Imported raw material cost

Domestic raw material cost

Total raw material cost

Manufactured products sold value

Market size

Number of new products

Absolute

Number of existing products

Stocked products

Finished products

Manufactured products

Exported products

Products manufactured using addictive manufacturing

Processes after additive manufacturing implementation

Processes before additive manufacturing implementation

Additive manufacturing knowledge level by the workforce

Absolute (1 to 5)Additive manufacturing knowledge level by managers

Integrated management system level

Lead time after the additive manufacturing implementation
Time (days)

Lead time before the additive manufacturing implementation

Time spent on the operation
Time (hour)

Total time available

Raw material consumption
Quantity/hour

Raw material available

Operational effectiveness after additive manufacturing implementation
Percentage

Operational effectiveness before additive manufacturing implementation

Table 4. 34 questions from “diagnostic 2” with the adopted measure unit of measure
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forestry, agricultural, construction, conservation, and 
gardening segments, based in Germany. The PMS 
was applied in the Brazilian branch, specifically in 
the tooling sector, where additive manufacturing is 
widely used for mold cooling channel production 
to gain productivity, reduce cycle time, improve in-
jected parts quality, increase injection process speed, 
and improve final product quality. The tooling sector 
is a key part of the business model, as the renovation, 
development, and new injection mold implementa-
tion allow continuous advancement.

To adapt the PMS to measure the tooling sector 
performance, SF3 (business model changes), SF4 
(production process), SF8 (export activity), and SF9 
(industry size) were not evaluated. As a specific and 
technical sector, the evaluated CSF contemplates 
characteristics focused on restricted machines, ma-
terials, labor, and technologies usage. As proposed 

in the PMS, the SFs importance not included in the 
tooling sector performance measurement must be re-
distributed among the measured SFs. Table 6 shows 
the recalculated importance of SF2 (new product or 
platform development), SF1 (centralized/decentral-
ized industrial base), SF5 (materials and equipment), 
SF7 (external uncertainties), SF11 (additive manu-
facturing deployment), and SF13 (impact of additive 
manufacturing).

Table 7 shows the results obtained with the addi-
tive manufacturing performance measurement, col-
lected using the “diagnostic 2”, in December 2022, 
for the multinational metal-mechanical manufacturer 
tooling sector, with KPIs’ attributes values equal to 5 
related to new products research and development, 
importation cost rate, and traditional manufacturing 
processes reduction. KPIs’ attribute values equal to 4 
are concentrated in aspects focused on foreign pro-

SF
SFs importance by expert

Aver. wsf
1 2 3 4 5 6 7 8 9

SF2 8.1% 8.9% 9.1% 7.4% 9.3% 8.6% 11.1% 8.4% 10.3% 9.0%

SF6 8.1% 8.9% 9.1% 9.5% 9.3% 6.7% 8.6% 8.4% 8.0% 8.5%

SF8 8.1% 6.9% 9.1% 7.4% 7.2% 6.7% 11.1% 8.4% 8.0% 8.1%

SF10 6.3% 8.9% 9.1% 7.4% 9.3% 8.6% 6.2% 8.4% 8.0% 8.0%

SF11 8.1% 6.9% 9.1% 9.5% 9.3% 8.6% 6.2% 8.4% 5.7% 8.0%

SF3 8.1% 8.9% 7.1% 9.5% 7.2% 6.7% 8.6% 4.7% 8.0% 7.6%

SF7 8.1% 6.9% 5.1% 7.4% 7.2% 8.6% 8.6% 8.4% 8.0% 7.6%

SF4 8.1% 8.9% 7.1% 7.4% 7.2% 8.6% 6.2% 6.5% 8.0% 7.6%

SF12 8.1% 6.9% 3.0% 7.4% 9.3% 8.6% 8.6% 8.4% 5.7% 7.3%

SF5 6.3% 6.9% 9.1% 7.4% 7.2% 8.6% 3.7% 8.4% 8.0% 7.3%

SF9 8.1% 6.9% 7.1% 5.3% 5.2% 6.7% 8.6% 8.4% 8.0% 7.1%

SF13 8.1% 6.9% 9.1% 7.4% 7.2% 6.7% 3.7% 6.5% 8.0% 7.1%

SF1 6.3% 6.9% 7.1% 7.4% 5.2% 6.7% 8.6% 6.5% 5.7% 6.7%

Table 5. Results for SFs importance by expert and the average SFs importance (wsf) considering the experts’ opinions

SF wsf wsf (Recalculated)

SF1 6.70% 9.65%

SF2 9.00% 12.97%

SF5 7.30% 10.49%

SF6 8.50% 12.24%

SF7 7.60% 10.92%

SF10 8.00% 11.53%

SF11 8.00% 11.47%

SF12 7.30% 10.56%

SF13 7.10% 10.17%

Total 69.50% 100%

Table 6. Recalculated SFs’ importance to adapt the PMS to measure the tooling sector performance
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duction chain utilization and additive manufacturing 
knowledge by the workforce. In opposite, KPIs’ at-
tributes with completely unsatisfactory performance 
(equal to 1) are focused on domestic production 
chain utilization, new products or platforms devel-
opment, and modernization aspects. An evaluation 
based on the best and worst performances is pro-
posed for the SFs.

For SF2 (new products or platforms develop-
ment), the industry applies a planned annual invest-
ment for research and development towards mod-
ernization, application, and introduction of new ideas 
and products, with a 3% increase in the number of dif-
ferent molds produced, compared to previous years. 
As verified by Liu et al. [76], additive manufacturing 
provides freedom for design structures, exhibiting 
uncertainties in the product design concept [77], but 
mainly due to material properties. In SF5 (materials 
and equipment), the modernization investments are 
2% of the total tooling sector investments, as verified 
in Babu et al. [78] for high-cost preprocessed plastic 
components polymer filaments (USD$1.40/kg) com-
pared with reinforced acrylonitrile butadiene styrene 
carbon-fibers (US$11/kg). Another example is found 
in ceramic additive manufacturing [79], which allows 
the manufacturing of complex parts without the high 
mold-associated costs (equipment and feedstock) 
from traditional ceramic manufacturing. 

Regarding investment in workforce training rate, 
considering SF6 (workforce training), 63% of all 
2020 planned investment was used on international 
and national trips for technical visits and congress 
participation, despite COVID-19. A trained indus-
trial workforce knowing how to apply new technol-
ogies to solve real-world problems is an increasing 
and continuous demand to be invested. In Simpson 
et al. [80], five key educational themes were identi-

fied as fundamental to developing the workforce: (i) 
additive manufacturing processes and processes and 
materials relations; (ii) engineering fundamentals 
with an emphasis on materials science and manu-
facturing; (iii) professional skills for problem-solving 
and critical thinking, (iv) design practices and tools 
that leverage the design freedom enabled by additive 
manufacturing, and (v) cross-functional teaming and 
ideation techniques to nurture creativity. A manufac-
turing industry can familiarize employees with addi-
tive manufacturing with low investment and minimal 
training cost. Also, small investment initiatives can be 
associated with university partnerships. For SF10 (vi-
sion and management training), the knowledge about 
additive manufacturing covers both operational and 
strategic workforce, due to the need to invest in train-
ing and capacity, reaching a strategic status and satis-
factory performance. Demand for new management 
approaches is described in Patalas-Maliszewska and 
Topczak [61], based on additive manufacturing tech-
nologies and Industry 4.0 requirements to increase 
competitive advantage by reducing waste. 

SF11 (additive manufacturing implementation) is 
performance neutral, where the technology complex-
ity demands a relatively long learning curve for new 
developments. The total available hours allocated to 
develop activities is 50%, composed of meetings and 
case discussions. Thus, the additive manufacturing 
implementation speed is relatively short [61]. How-
ever, technical challenges must be solved for additive 
manufacturing implementation, including materials 
standardization and interfacial bonding quality be-
tween the deposited layers [81]. Even with follow-up 
activities being developed, the activities’ complexity 
involved is relevant and demands support from dif-
ferent sectors and a consistent manufacturing struc-
ture, as verified for light and high-tech small and 

KPI vkpia Ia Qualitative scale

KPI1: Domestic production chain utilization 1

3.40 Neutral 
performance

KPI2: Foreign production chain utilization 4

KPI3: New products research and development 5

KPI4: New products or platforms development 1

KPI9: Modernization 1

KPI10: Additive manufacturing knowledge by the workforce 4

KPI11: Importation cost rate 5

KPI15: Additive manufacturing knowledge by managers 4

KPI17: Efficiency 3

KPI18: Integrated management system level 3

KPI19: Traditional manufacturing processes reduction 5

Table 7. Tooling sector additive manufacturing performance index result
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medium-sized manufacturing industries in the Neth-
erlands [82] or for defense industries in the United 
States [83]. 

As for SF7 (external uncertainties), the raw mate-
rial cost indicator is ineffective, since the raw material 
used in additive manufacturing comes heavily from 
external suppliers. Zaidia and Hasana [84] shows an 
information-sharing and risk mitigation framework 
among supply chain departments, being labor strikes 
and government regulations as the top risk priorities. 
Compared to other regions and countries, consider-
ing the necessary financial investment, Brazil is not 
competitive, which is a barrier to additive manufac-
turing adoption. When considering the global net-
work and the current supply chain complexity, where 
raw materials are mined in one country, processed at 
another location, and assembled into an array of mul-
tiple products and sites, it is possible to understand 
the high entry barrier for additive manufacturing to 
replace traditional industries processes in a short-
term period [5]. To identify and create strategies to 
overcome external uncertainties, the development of 
learning factories can be an effective solution to ap-
proach new technologies, as verified in the Brazilian 
context [85]. 

Therefore, CFS4 (environmental) has a disadvan-
tage due to its dependence on raw materials supplied 
from abroad. From one perspective, there is appli-
cability and the need to establish increasing levels of 
competitiveness for the domestic industry. However, 
a technological gap in the Brazilian production chain 
is verified. Rejeski et al. [86] outlines some potential 
environmental implications related to additive manu-
facturing as energy use, occupational health, waste, 
lifecycle impact, and cross-cutting and policy issues. 
In SF13 (additive manufacturing impact), additive 
manufacturing requires the improvement and sim-
plification of the manufacturing processes involved, 
since the number of molds reduces the number of 
processes in the product line by 97% compared to 
traditional manufacturing, increasing the molds’ use 
efficiency. Thus, additive manufacturing improves 
the life cycle environmental performance by rede-
signing components for weight reduction. However, 
a clean electricity source is required as well as techno-
logical development allowing for large components 
manufacturing, with low-impact raw materials [87]. 
Peng et al. [55] provides an additive manufacturing 
sustainability overview focused on energy and envi-
ronmental impacts. Resource consumption is identi-
fied as the most important aspect, but also design, 
material preparation, manufacturing, usage, and end-
of-life treatment are aspects to be considered.

Finally, for SF1 (centralized/decentralized indus-
trial base), 20% of the financial resources available 
are invested in the regional production chain (Brazil) 
and 80% in the global production chain (one or more 
countries). The difference verified between national 
and global production chains is confirmed by the 
low Brazilian additive manufacturing competitive-
ness, specifically by the low inputs availability. Since 
the evaluated industry is multinational, the input ac-
quisition in the international market is guaranteed, 
facilitating acquisition and negotiation, and provid-
ing competitiveness by a variety of first-line inputs. 
However, for Manco et al. [88], the adoption of a 
centralized or a decentralized supply chain remains 
an open issue, parametrized depending on strategic 
decisions impacted by economic and environmental 
sustainability. The results show that fully decentral-
izing production by renting production capacity and 
outsourcing post-processing activities is a good solu-
tion, mainly considering green supply chain aspects. 
Thus, for a short-term production demand forecast, 
the complete regional production chain compared 
with the global production chain use is not feasible. 

3.3 Improvement suggestions

For CSF1 (industry structure), which encom-
passes KPI1 (domestic production chain utilization) 
and KPI2 (foreign production chain utilization), ex-
panding the knowledge about additive manufactur-
ing impact in centralized and decentralized models 
could be a good alternative to address. Identifying or 
developing regional suppliers with the same inputs 
availability and quality comparable to foreign inputs 
would improve the results for KPI1 attribute (region-
al production chain (Brazil) utilization rate) to a neu-
tral or satisfactory qualitative scale.  

In CSF2 (innovation), composed of KPI3 (new 
products research and development) and KPI4 (new 
products or platforms development), increasing the 
understanding achieved by integrating new technolo-
gies including the internet of things, artificial intel-
ligence, cloud computing, blockchain, and virtual 
simulations are improvement possibilities for addi-
tive manufacturing [89]. Since KPI3 (new products 
research and development) presents a performance 
classified as completely satisfactory, consequently, the 
investment distribution and concentration of efforts 
in additive manufacturing application and expan-
sion increases the KPI4 performance (new products 
or platforms development). Additive manufacturing 
technologies may require an increase in investment 
levels for research and development, presenting a 
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high return rate, since the options for exploring ad-
ditive manufacturing are wide and unrestricted [90].  

The CSF3 (competitive strategy), specifically 
KPI9 (modernization) and KPI10 (additive manu-
facturing knowledge by workforce) can be better ex-
plored by the analyzed industry. Developing a work-
force without investing in materials and equipment 
modernization shows the industry’s lack of prepara-
tion, which could be included as research and de-
velopment goals, such as research and application of 
business knowledge structural aspects through work-
force improvement.

CSF4 (environmental), with KPI11 (importation 
cost rate), presents a completely satisfactory perfor-
mance. However, exploring new supply possibilities 
and new markets indicates a strategic option, since 
the industry uses imported raw materials due to the 
lack of local market raw materials. CSF5 (manage-
ment position), composed of KPI15 (additive manu-
facturing knowledge by managers), is a relevant aspect 
to be explored when human potential is considered. 
Developing and preparing decision-makers regard-
ing the use and employment of new technologies 
creates a synergy between knowledge and practical 
application, providing an expanded view of business 
needs. Therefore, managers’ knowledge guides the 
decision-making related to investment levels, areas, 
sectors, and technologies. In CSF6 (temporal), with 
KPI18 (integrated management system level), im-
provements related to issues in expanding manufac-
turing processes automation in Industry 4.0, can be 
gradually implemented using the knowledge already 
acquired by the managers and the workforce.

4. Conclusion

The following arguments show the main perspec-
tives highlighted from the proposed research:

	- In this research a PMS was proposed to verify 
the status of the additive manufacturing use in 
a Brazilian metal-mechanical industry, given by 
the quantitative indicator performance index, 
hierarchically structured based on 21 KPIs 
from 6 CSFs;

	- According to nine experts consulted, the main 
factors related to additive manufacturing found 
in a developing country’s production chain are 
new products or platforms development (SF2), 
workforce training (SF6), and export activity 
(SF8). The experts’ perception is relevant and 
can be influenced in the expansion, adoption, 

or non-adoption of additive manufacturing in 
metal-mechanical industries, mainly to replace 
traditional manufacturing processes;

	- The PMS developed based on a hierarchical 
structure with CSFs, SFs, and KPIs is useful to 
measure additive manufacturing performance, 
bringing a methodological scientific contribu-
tion to achieve industrial expectations and 
practices. From the application in a Brazilian 
multinational metal-mechanical industry, the 
KPIs new products research and development 
(KPI3), import cost rate (KPI11), and tradition-
al manufacturing processes reduction (KPI19) 
contributed significantly to obtain a 3.40 score 
(maximum possible 5.00) in the performance 
index, considered as neutral performance;

	- The performance index calculation is flexible 
and can be adapted by adding, replacing, or re-
moving SFs according to the industry type or 
sector studied, as verified for the tooling sector 
performance measurement developed in the 
analyzed industry. However, the SFs’ impor-
tance must be recalculated, following the pro-
cedures described in Section 2.3;

	- The main research limitations are: (i) restricted 
access to qualified experts capable of accurately 
answering the 13 questions from “diagnosis 1” 
to define SFs’ importance; (ii) the PMS was ap-
plied in only one multinational metal-mechan-
ical industry, being infeasible to generalize the 
results for all additive manufacturing Brazilian 
industries context;

	- Understanding the new digital models offered 
by advances in additive manufacturing con-
cerning applicability in emerging markets, such 
as Brazil or another Latin American country, 
can be expanded in future research. In addi-
tion, within the Industry 4.0 concept and ad-
ditive manufacturing technologies, research 
related to decision-making can be developed 
based on the proposed PMS.

	- Finally, the quantitative indicator performance 
index was developed to be easily applied to 
measure the status of the additive manufactur-
ing of any Brazilian metal-mechanical industry. 
Also, the PMS calculation structure does not 
require the use of complex software to be ap-
plied in practice, in addition to the low diffi-
culty of obtaining the input data related to the 
KPIs attribute. 
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