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Abstract: Additive Manufacturing (AM) is viewed as a disruptive technology with the potential to
replace many manufacturing processes. With its rapid proliferation in recent years, it is crucial to
understand how to measure this technology’s social impacts. There are many studies available in the
existing literature regarding the economic and environmental impacts of AM technology. However,
research regarding the social impacts of this technology is still scarce. To this end, this research has
developed a framework based on Social Life Cycle Assessment (SLCA) methodology to measure
AM products’ social impacts throughout their life cycle stages. The proposed framework includes an
underlying mathematical model that was developed to allow for the aggregation of indicator scores.
Additionally, cut-off scores were determined to differentiate between positive and negative social
impacts. This framework can be applied to case studies, which provides a final score that quantifies
the social impacts of an AM product throughout all its life cycle stages. It also provides scores for
each stakeholder category and life cycle stage, which facilitates the identification of hotspots that
require attention from organizations.
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1. Introduction

Additive Manufacturing (AM) technology, usually referred to as 3D printing, is gaining importance
in various fields of business and industries due to its significant potentials [1]. Despite being an
immature technology, AM has proved to have a considerable potential for sustainable manufacturing [2].
According to [3], “AM is expected to become a key manufacturing technology in the sustainable society
of the future”. However, very few studies have been conducted regarding the understanding and
assessment of AM social impacts [4]. This lack of knowledge leaves a research gap in the body of
literature. This research aims to fulfill this gap by adopting a framework to assess the social impacts of
an AM product throughout its different life cycle stages. In [5], the social impacts of a product are
defined as the consequences of social interactions formed between the product’s surrounding system
and the stakeholders engaged in the product life cycle.

Even though there are several tools and methods in the literature to assess the social impacts of
products, the most common methodology among the international community, and also the most used
methodology in case studies developed in this knowledge area is the Social Life Cycle Assessment
(SLCA) [6]. SLCA is considered as a Life Cycle Assessment (LCA) methodology that complements
the Environmental Life Cycle Assessment (E-LCA) and Life Cycle Costing (LCC), with the social and
socio-economic aspects contributing to the full assessment of goods and services within the context of
sustainable development [5]. SLCA can either be applied on its own or in combination with E-LCA
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and LCC. SLCA methodology assesses the social impacts of a product from a life cycle perspective by
looking at the complete life cycle of a product, from extraction to disposal [5]. SLCA is the only social
assessment methodology that considers the social impacts of products from a life cycle perspective [7].

There are various references and methodological frameworks when conducting a SLCA study.
The authors in [8] have identified 14 SLCA methodological frameworks in their review. However, the
general methodology for SLCA implementation mostly relies on the “UNEP/SETAC Guidelines for
Social Life Cycle Assessment of Products” [5] from which more specific measurement frameworks or
tools can be derived and, therefore, it is selected as the reference for this research. It provides guidance
for the assessment of the social and socio-economic impacts of the products along their life cycle.

The research carried out for this paper revealed that several studies of SLCA were conducted
to evaluate the social impacts of products manufactured by conventional manufacturing. However,
no study was found that applied the SLCA methodology towards the social impacts of AM products.
Therefore, the main objective of this study is to develop a SLCA framework to assess the social impacts
of AM products on different stakeholders within different product life cycle stages. To this end, the
present study focuses on the following objectives:

• Identification of possible indicators and metrics for measuring AM social impacts.
• Development of a mathematical model to support the assessment of AM social impacts.

This paper is structured into six sections. The first section presents the problem description and
the objectives of the research. In the second section, the theoretical background considered relevant
to the development of this study is presented. In the third section, a SLCA framework is proposed
to assess the social impacts of an AM product throughout its life cycle. In the fourth section, an
exploratory case study has been carried out in order to validate the initial set of indicators proposed in
the developed framework. In the fifth section, research implications, limitations, and future directions
are discussed. Lastly, in the sixth section, the conclusions of the study are presented.

2. Theoretical Background

This section begins with a brief overview of AM technology and continues with AM social impacts
and SLCA, according to the UNEP/SETAC guidelines.

2.1. Additive Manufacturing (AM)

The term “Additive Manufacturing” refers to the technology or additive process of depositing
successive thin layers of material upon each other, producing a final three-dimensional object [9].
In [10], AM is described as a digital technology, since it enables the production of physical objects
from 3D computer-aid design (CAD) files. AM technology is considered to be a disruptive technology
with the potential to replace many manufacturing processes in a nearing future [11]. AM technology
will also influence several processes engaged in the value chain of a product, such as logistics, supply
chain design, product planning, and consumer behavior. Moreover, new business models, new supply
chains, and new products will be created with the continuous use of this technology [1].

2.2. Additive Manufacturing Social Impacts

As mentioned earlier, AM is a disruptive technology that is changing the industry. Generally, the
impact of disruptive technologies on people and society, when they first emerge, is unclear. With the
increasing use of AM technology in recent years, several researchers have now focused their efforts on
studying the sustainability implications of this technology. The majority of these studies have either
been highly focused on material and energy consumption (e.g., in [12–14]), or have been done on a
broader level, referring to general aspects of sustainability (e.g., in [2,6,15]). Nonetheless, academic
studies focusing on the social impacts of this technology are limited [4]. To date, the most detailed
study on this topic is the review paper by [3], in which the authors addressed the social impacts of
this technology in several areas, namely on population health and well-being, energy consumption
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and environment, manufacturing supply chains, and potential health and occupational hazards. More
recently, [16] has also addressed and identified 26 social impacts of AM technology.

2.3. Social Life Cycle Assessment (SLCA)

In this research, SLCA is considered as a general methodology, from which other (more specific)
measurement frameworks or tools can be derived. Some authors refer to it as a methodology [8,17],
whereas some others as an approach [7,18]. The general SLCA comprises a set of phases to measure
the social impacts of a product. It includes methods and techniques to collect and manipulate the
data. The social and socio-economic aspects assessed by this general methodology are related to the
production processes and other business practices that take place along the life cycle of a product and
are accountable for positive or negative impacts on stakeholders [19]. The main goal of conducting a
SLCA study is to improve the social conditions of a product throughout its life cycle. It also aims to
incite a dialogue between the decision-makers on the importance of social and economic aspects of
production and consumption in an attempt to improve organizations’ performances, and consequently,
the well-being of its stakeholders [20]. According to [21], SLCA can be used to identify, study, and
report social impacts in order to support the implementation of strategies or action plans.

2.4. SLCA According to UNEP/SETAC Guidelines

The publication of the guidelines [5] and its complementary methodological sheets [22] was
considered a cornerstone in SLCA development, giving practical guidance on how to conduct SLCA [23].
As a result, following their publication, the number of case studies applying this methodology in
different products and organizations has exponentially increased [24]. Nowadays, SLCA is still being
applied in several case studies and in different international projects, contributing to the improvement
of the methodology.

According to the UNEP/SETAC guidelines, the social impacts can be observed in five main
stakeholder categories, as Worker, Local Community, Society, Value Chain Actors, and Consumer.
These categories are clusters of stakeholders that are expected to have shared interests, due to their
connection to the product under assessment. Each stakeholder category is associated with a number
of subcategories, which are socially significant themes or attributes. The subcategories are classified
according to stakeholder categories and are evaluated by means of inventory indicators. Several
indicators may be used to assess each of the subcategories. Each inventory indicator explicitly defines
the data to be collected. According to [5], inventory indicators can be described as specific definitions
of the data sought, and they are considered the most direct evidence of the condition or result of what
is intended to be measured. Inventory indicators can be quantitative, semi-quantitative, or qualitative.
Some social impacts can be better captured using quantitative indicators, while others may be better
captured by semi-quantitative or qualitative indicators. Thereby, the type of indicator to be used in the
assessment depends on the goal of the study and the nature of the issue that is being addressed.

Another aspect that can be considered in the characterization of the indicators is the direction
of the impact. According to [25], indicators may have a positive or negative desired direction for
sustainability, depending on the nature of the social impact being measured. Social impacts can directly
affect the organization’s stakeholders, either positively or negatively [21]. Thus, indicators with a
positive desired direction for sustainability, such as employee work satisfaction or percentage of the
workforce hired locally, are used to measure the social impacts that affect the stakeholders in a positive
way [25]. On the other hand, the indicators with a negative desired direction for sustainability are used
to measure the social impacts that negatively affect the stakeholders (e.g., the number of occupational
accidents, the gender gap, child labor, etc.).

The main source of social indicators are the UNEP/SETAC methodological sheets [22]. They
provide a list of more than 100 inventory indicators to assess each subcategory. Moreover, they identify
whether data are available in quantitative, semi-quantitative, or qualitative type and provide data
sources for each indicator. In their research [26] identified and analyzed 141 papers to study trends,
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consistencies, and gaps in research on the SLCA indicators. The authors argue that researchers should
select the minimum set of the most important social indicators to assess the stakeholders, based on
empirical experience, instead of common sense, across all industry sectors.

3. SLCA Framework Development

In this section, a SLCA framework will be proposed to study the social impacts of AM products.
The first part will provide a brief overview of the proposed framework. Next, each one of the necessary
phases for the development of the proposed framework will be described in greater detail.

3.1. Overview of the Proposed Framework

In order to assess the social impacts of a product manufactured by AM technology, this paper
proposes a SLCA framework, which is based on the UNEP guidelines and four identified case studies
in the literature [7,18,27,28]. The methods developed by these authors were used and adapted for the
adoption of the proposed framework—more specifically, in the calculation of the indicators, in the
scoring system, and the aggregation of the indicators’ scores. The framework aims to assess the social
impacts of an AM product across its whole life cycle and, as a result, it is intended to provide a clearer
perception of both the positive and negative social impacts associated with a product developed by AM
technology. The proposed framework considers a set of indicators to measure the social impacts of an
AM product in different subcategories, stakeholder categories, and life cycle stages. These indicators
are then aggregated to obtain a single score that translates the social impact of a product produced by
AM technology.

3.2. Framework Development

The UNEP guidelines for SLCA and its complementary methodological sheets were the main
references for developing the SLCA framework for AM products. The four main phases of the SLCA
framework were adapted to address the research objectives. The proposed framework presented in
this study consists of the five following phases:

Phase 1—Goal and scope definition
Phase 2—Selection of stakeholder categories, subcategories, and indicators
Phase 3—Data collection process
Phase 4—Aggregation method
Phase 5—Interpretation of the results

In order to develop this framework, the following assumptions were also made:

• The assessment of the social impacts of the product is determined through the assessment of the
social performance of the organizations involved in the value chain of the AM product [18].

• All stakeholders could be affected in each life cycle stage; however, in a real case setting, this
cannot be applied and, therefore, a selection of the stakeholders affected within each life cycle
stage must be carried out.

• All stages of the product life cycle produced by AM technology are of equal importance to the
present study and, for calculation purposes, all carry equal weights. Furthermore, within each life
cycle stage, all of the indicators also have equal weights.

The next part of this section will explain in detail each of the phases for the developed framework
in this study.

3.2.1. Phase 1—Goal and Scope Definition

The main goal of the proposed framework is to provide a quantitative method to assess the social
impacts of an AM product throughout its whole life cycle. In the scope, the limits are defined regarding
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the life cycle of the AM product. Most of the studies in the literature regarding SLCA, adopt a “cradle
to grave” approach, in which all life cycle stages from extraction to disposal are included. In this study,
the “product design” stage is also considered, as designers have to make many decisions at this stage
regarding the dimensions and materials used in creating the AM product, which will have significant
impacts on the other life cycle stages [6]. Therefore, a “conception to grave” [6] life cycle point of view
is adopted for the present study, in which the AM product life cycle can be divided into the following
five main stages:

1. Product design
2. Raw materials production
3. Manufacturing
4. Use
5. End of life

3.2.2. Phase 2—Selection of Stakeholder Categories, Subcategories, and Indicators

Within each life cycle stage of the product, there will be different stakeholders involved who
will be affected in different ways when interacting with the product. In this framework, the five
main stakeholder categories, as shown in Table 1, stated in the UNEP/SETAC Guidelines, and their
respective subcategories relevant to AM social impacts are considered. The proposed framework does
not consider all the subcategories mentioned in the UNEP/ SETAC Guidelines, as some of them (to the
knowledge of the authors) do not bring any relevance to the context of AM technology social impacts.
This framework also considers the subcategory of “Psychological working conditions”. The idea of
expanding the analysis on workers beyond physical well-being was first mentioned by [29] and then
developed by [30]. This subcategory is strictly related to work satisfaction within the workforce and
is defined by the degree of workers’ willingness to continue fulfilling the same function and/or to
continue working in the same organization [31].

In this study, the indicators are classified according to their type and desired direction for
sustainability. The study of the social impacts of AM technology is still at an early stage and, as such,
very few indicators for measuring the social impacts of this technology have been proposed [4]. The
authors from [16] studied the social impacts of AM technology and proposed several indicators specific
to this technology. Some of the indicators proposed by [16] were screened and adapted for the needs
of the present study. The selection was made according to their relevance, applicability in the study,
and data availability. These indicators are specific to AM technology and are marked with the sign
“b” in Table 1. Since only a few AM-specific indicators were found in the literature, other general
but applicable indicators, screened from the UNEP/SETAC methodological sheets, and previous case
studies, were also considered in the study. The indicator “percentage of local suppliers” is proposed
by the authors.

3.2.3. Phase 3—Data Collection Process

For this study, different data collection methods were adopted depending on the indicators’
characteristics. Hence, the selected indicators were divided into four groups on the basis of the data
collection method. For each group, a calculation method and a scoring system to assess the indicator
results are proposed, as shown in Appendices A–D. Table 2 contains the summary specifications of
each group.
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Table 1. Selected indicators.

Stakeholder Subcategory Nº Indicator Indicator Description Type Desired Direction
for Sustainability

Indicators
Groups

Worker

Health and safety

1 Non-fatal occupational
accidents incidence rate a,b

Reveals the number of non-fatal
occupational accidents amongst the

organization’s workforce per year per
100,000 employees.

Quantitative Negative 1

2 Fatal occupational accidents
incidence rate a,b

Reveals the number of fatal occupational
accidents amongst the organization’s

workforce per year per 100,000 employees.
Quantitative Negative 1

3 Use of Personal Protective
Equipment (PPE) a

This indicator shows the level of use of PPE
by the workers in the workplace and

situations in which their use is mandatory. It
can demonstrate the organization’s lack of
training, control, and awareness regarding

the importance of the use of PPE’s.

Semi-quantitative Positive 4

4

Preventive measures and
emergency protocols

regarding accidents and
injuries a,b,c

This indicator reveals the competence of the
measures taken to ensure the well-being of

the workforce.
Semi-quantitative Positive 3

Equal
opportunities/
Discrimination

5
Presence of female

employees in management
positions d

Shows the percentage of female employees
in management positions. Quantitative Positive 1

6 Gender pay gap e

The objective of this indicator is to assess the
evidence of wage discrimination between
male and female employees. It reveals the
difference between average gross hourly

earnings of male and female employees as %
of male gross earnings.

Quantitative Negative 1

Fair salary 7
Average monthly basic

remuneration of employees
d

Reveals the average remuneration per month
per full-time employee. Quantitative Positive 1
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Table 1. Cont.

Stakeholder Subcategory Nº Indicator Indicator Description Type Desired Direction
for Sustainability

Indicators
Groups

8 Percentage of employees
receiving minimum wages f

Reveals the percentage of employees who
receive the minimum wage, defined by law

in the country where the organization is.
Quantitative Negative 1

Psychological
working

conditions
9 Employee work satisfaction

g

It reveals the level of satisfaction of the
employees regarding their job and also their
willingness to continue working in the same

organization.

Semi-quantitative Positive 4

Working hours 10
Average weekly hours of

work by full-time employee
d

Average working hours per week (includes
overtime) per full-time employee. Quantitative Negative 1

Child labor 11 Presence of child labor in
the organization a

Describes the percentage of children
working in the organization below legal age

or 15 years old.
Quantitative Negative 2

Social benefit
/Social security

12 Access to legal, social
benefits g

This indicator shows if all the social benefits
are being given to the workers according to

the country laws.
Quantitative Positive 2

13

Percentage of workers
educated by the

organization regarding AM
technology b

Describes the percentage of workers within
the organization who received training

about the technology.
Quantitative Positive 2

14
Percentage of qualified

workers in the organization
b

Describes the percentage of workers within
the organization that are qualified. Quantitative Positive 2

Local employment
15 Percentage of the workforce

hired locally a,b
It shows the ratio of the workforce that are

from the local community. Quantitative Positive 2

16 Percentage of spending on
locally-based suppliers a

Describes the percentage of spending on
local suppliers from the annual budget. Quantitative Positive 2
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Table 1. Cont.

Stakeholder Subcategory Nº Indicator Indicator Description Type Desired Direction
for Sustainability

Indicators
Groups

Local community

17 Percentage of local
suppliers h

This indicator reveals the number of
organizations’ suppliers that are from the

local community.
Quantitative Positive 2

Access to
immaterial
resources

18

Organization’s efforts in
promoting AM education

initiatives in the local
community b

This indicator measures the efforts of the
organization in promoting AM technology
within the local community via education

initiatives.

Semi-quantitative Positive 3

Value chain actors

Promoting social
responsibility 19

Integration of ethical, social,
and environmental criteria

in purchasing and
distribution policy a

The goal of this indicator is to understand
the efforts made by the organization to
integrate the social criteria in decision

making regarding purchasing and
distribution policy.

Semi-quantitative Positive 3

Respect of
intellectual

property rights
20

Organization’s policy and
practice regarding the

protection of intellectual
property rights a,b

This indicator shows the competence of the
efforts made by the organization in the

protection of intellectual property rights.
Semi-quantitative Positive 3

Supplier
Relationships 21 On-time payments to

suppliers a
It reveals the percentage of suppliers who
have been paid for the service provided. Quantitative Positive 2

Society
Prevention and
Mitigation of

Conflicts
22

Organizations’ efforts to
prevent the manufacturing

of weapons using AM b

The goal of the indicator is to assess the
efforts made by the organization to regulate

and prevent the production of weapons
using AM technology.

Semi-quantitative Positive 3

Health and safety 23

Organizations’ efforts and
measures to protect

consumer health and safety
a

This indicator reveals the competence of the
efforts and measures taken to ensure the

well-being of the consumer.
Semi-quantitative Positive 3
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Table 1. Cont.

Stakeholder Subcategory Nº Indicator Indicator Description Type Desired Direction
for Sustainability

Indicators
Groups

Consumer

24

Percentage of consumers
negatively affected

regarding their health and
safety a

Reveals the percentage of the consumers
who complained about the negative effects of

the product and its use regarding their
health and safety within the previous year.

Quantitative Negative 2

Privacy

25

Organization’s efforts and
measures to ensure the
protection of consumer

privacy a

This indicator demonstrates the efforts and
measures developed by the organization to
ensure the security of personal data that they

collect, store, or process.

Semi-quantitative Positive 3

26

Percentage of the
consumers affected by

situations of privacy breach
or loss of data a

Describes the percentage of the consumers
who complained about situations of privacy

breach or loss of data within the last year.
Quantitative Negative 2

Sources: a [22], b [16], c [32], d [33], e [34], f [18], g [30], h the authors.
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Table 2. Indicator groups.

Group Group Description Data type Data Collection Method Calculation Method and
Scoring System

Group 1

The indicators are associated with quantities,
percentages, or rates, and are used to measure the
performance of the organization by comparing it with
the performance at the country level or sector level in
which the organization operates [7]. In this approach,
statistical data at the country or sector level are used
as a performance reference point (PRP) to assess the
social impacts.

Quantitative Site-specific and Generic
data

Documentation/reports
provided by the
organization and national
statistical data collected
from national statistical
agencies or international
databases.

Refer to Appendix A

Group 2

The indicators are also associated with quantities,
percentages, or rates; however, they are not compared
with country or national data (PRP), because they are
related to social topics on which national statistical
databases are not yet very developed. As such, the
results are further compared with a reference scale
adapted from the work of [27].

Quantitative Site-specific
Documentation and
reports provided by the
organization.

Refer to Appendix B

Group 3

The indicators are used to assess the strength of the
efforts and measures taken by the organization
regarding social issues [7]. In order to assess these
management efforts, five elements are considered:
Policy, Communication, Deployment, Monitoring,
and Response.

Semi-quantitative Site-specific

Management interviews,
documentation and
reports provided by the
organization and
observations during field
visits.

Refer to Appendix C

Group 4

The indicators measure the behavior of the
organization towards its stakeholders [35], through
questionnaires answered by the stakeholders affected
by the organization activities. Responses are collected
in the form of a five-point response scale from the
respondents on the basis of their perception of the
organization’s behavior regarding the social issue
under question.

Semi-quantitative Site-specific
Stakeholders
questionnaires with a
five-point response scale.

Refer to Appendix D
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3.2.4. Phase 4—Aggregation Method

Following step 3, it is necessary to define a mathematical model to aggregate the scores of the
indicators into a single final score that corresponds to the product life cycle score. In this framework,
the scores are aggregated at each level of the assessment (i.e., subcategory, stakeholder category, life
cycle stage, and finally the product life cycle). Figure 1 considers the “Manufacturing” life cycle stage
to exemplify how the aggregation method works. The same procedure is applied to obtain the scores
for other life cycle stages of an AM product. Finally, the scores of all life cycle stages are aggregated
into an overall score that corresponds to the AM product life cycle score. This final aggregate score
can be any value between 1 and 5, which demonstrates the social impact of the AM product towards
its stakeholders.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 26 
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In order to aggregate the different scores, it is necessary to use a mathematical method. In [18] an
aggregation method was developed to conduct a social assessment of the Indian steel sector. They
assign equal weights to each indicator, facilitating indicator normalization. In order to normalize an
indicator, after multiplying the indicator score by the indicator weight, it is necessary to divide the
obtained value by the maximum score value that can be assigned to an indicator. The normalized
scores are then aggregated within each life cycle stage by summing up the scores of their respective
stakeholder categories. In this way, a score between 0.20 and 1 is assigned to each life cycle stage. The
final score of the product’s social impact is equal to the summation of all the life cycle stage scores,
which is between 1 and 5. The structure of the aggregation method developed in the present study
follows the method introduced by [18] and is illustrated in Figure 2. The method is comprised of the
following steps:

Step 1: Indicator weights
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The first step is to determine the indicators’ weights. As previously stated, equal weights are
assigned to the indicators within each life cycle stage. The main reason for not assigning different
weights to the indicators is to keep the approach as simple as possible due to the pilot nature of the
study. As shown in Equation (1), the weight of each indicator is obtained by dividing 1 by the total
number of indicators considered in each life cycle stage.

indicator i Weight =
1

Number o f Indicators considered in the li f e cycle stage
(1)

Step 2: Normalizing the indicator score

Following the score assignment and the definition of the indicator weight, the indicators’ scores
must be normalized. As shown in Equation (2), the indicator score is normalized by multiplying the
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indicator score with the indicator weight and dividing it by five, which corresponds to the maximum
score value that can be assigned to an indicator.

(ei) =
indicator i weight× Score i

5
(2)

where: indicator i weight is the weight assigned to the indicator i and Score i is the score assigned to
indicator i.

Since the scoring scale for each indicator is set between 1 and 5, the minimum value for the
Normalized Indicator Score, is (Indicator i weight × 1)/5, and the maximum value for the Normalized
Indicator Score is (Indicator i weight × 5)/5. These values show the range of possible values for the
indicator normalized score when conducting a case study.

Step 3: Aggregating the indicators scores at the subcategory level

Once the scores are normalized, the aggregation process can begin. The indicators’ scores are first
aggregated at the subcategory level. As shown in Equation (3), the aggregated score of each subcategory
is given by the summation of the normalized indicators’ scores used to assess the respective subcategory.

( f )i =
n∑

i=1

(e)i (3)

where (e)i is the indicator i normalized score used to assess the subcategory and n is the number of
indicators used to assess the subcategory.

The minimum possible score for the subcategory is obtained by multiplying the number of
indicators used to assess the subcategory with the minimum possible value for the normalized indicator
score. On the contrary, the maximum possible score for the subcategory is obtained by multiplying
the number of indicators used to assess the subcategory with the maximum possible value for the
normalized indicator score.

Step 4: Aggregating the subcategories scores into stakeholder category scores

This step consists of aggregating the subcategories’ scores into stakeholder categories aggregated
scores. In order to do this, Equation (4) is applied. The stakeholder category aggregated score is given
by the summation of the subcategories’ aggregated scores that are related to the stakeholder category.

(g)i =
n∑

i=1

( f )i (4)

where (f)i is the subcategory i aggregated score associated with the stakeholder category and n is the
number of subcategories associated with the stakeholder category.

The minimum possible score for the stakeholder category is obtained by multiplying the number of
indicators used to assess the stakeholder category with the minimum possible value for the normalized
indicator score. On the contrary, the maximum possible score for the stakeholder category is obtained
by multiplying the number of indicators used to assess the stakeholder category with the maximum
possible value for the normalized indicator score.

Step 5: Life cycle stage aggregated score

Within each life cycle stage, different stakeholders can be affected by the interaction with the
product. Thus, the life cycle stage aggregated score (h)i is given by the summation of the aggregated
scores of the stakeholders affected in the life cycle stage, as shown in Equation (5).

(h)i =
n∑

i=1

(g)i (5)
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where (g)i is the stakeholder category i aggregated score affected in the life cycle stage and n is the
number of stakeholder categories affected in the life cycle stage.

The aggregation of the stakeholder categories scores results in a score ranging between 0.2 and 1
for each life cycle stage, as shown in Figure 2. A score of 0.2 corresponds to the minimum possible
score for each life cycle stage and is obtained if all the indicators are assigned a score of 1. On the other
hand, a score of 1 corresponds to the maximum possible score for each life cycle stage and is obtained
if all the indicators are assigned a score of 5. Since all the indicators’ scores are normalized for each
life cycle stage in step 2, the minimum and maximum scores for each life cycle stage will always be
between 0.2 and 1, regardless of the number of indicators and stakeholder categories considered in
each life cycle stage.

Step 6: Product life cycle final score

The last step of the method consists of aggregating the life cycle stages’ aggregated scores into
the single final score of the product life cycle (p). As shown in Equation (6), the final score for the
product life cycle is given by the summation of the life cycle stages’ aggregated scores considered in
the product life cycle.

P =
n∑

i=1

(h)i (6)

where (h)i is the life cycle stage i aggregated score considered in the product life cycle and n is the
number of life cycle stages considered in the product life cycle.

In this study, it is assumed that five distinct life cycle stages constitute the AM product life
cycle. Therefore, the score assigned to the product life cycle ranges between 1 and 5. The score of 1
corresponds to the minimum possible score and is given by the sum of the minimum possible scores of
the five life cycle stages (0.2 + 0.2 + 0.2 + 0.2 + 0.2 = 1). On the other hand, the score of 5 corresponds
to the maximum possible score and is given by the sum of the maximum possible scores of the five life
cycle stages (1 + 1 + 1 + 1 + 1 = 5).

3.2.5. Phase 5—Interpretation of the Results

In order to interpret the meaning of the aggregated scores, cut-off scores were determined for
each level of the assessment to differentiate the positive from the negative social impacts. The cut-off

score has been set as the mid score between the minimum and maximum possible scores for each level
of the assessment, as shown in Equation (7).

Cut–o f f score =
(Minimum possible score + Maximum possible score)

2
(7)

Different score bands were adopted to allow for a more specific categorization of the social impacts.
Specific details regarding the score interpretation will be presented for each level of the assessment in
the next subsections.

The subcategories are assessed by a different number of indicators, which means that the
subcategories will have different minimum, maximum, and cut-off scores depending on the number of
indicators considered. From analyzing Figure 2, it is possible to observe that the subcategory “privacy”
in the stakeholder “Consumer”, which is comprised of two indicators, has a minimum and maximum
aggregated score of 0.0154 and 0.0769. As a result, the cut-off score of the subcategory is set as 0.04615,
which means that, if the subcategory aggregated score is above this value, the social impact is positive.
However, if the subcategory aggregated score is under this value, the social impact is negative. The
same rationale is applied to the interpretation of the scores for the stakeholder categories. This is
especially applicable in the case of the stakeholder categories, since it allows for the identification of
stakeholders that are experiencing the most negative impacts within each life cycle and, consequently,
they are negatively affected by the social impacts of the product.
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As previously mentioned, all the five life cycle stages considered in the study are assigned a score
between 0.2 and 1, which corresponds to the minimum and maximum possible scores. The cut-off

score is set as 0.6, since it is the median score between 0.2 and 1, as shown in Figure 2. Scores above 0.6
indicate a positive social impact by the product on the life cycle stage, whereas scores below 0.6 indicate
the contrary. A score between 0.2 and 0.4 corresponds to a highly negative social impact, a score
between 0.4 and 0.6 corresponds to a negative social impact, a score between 0.6 and 0.8 corresponds
to a positive social impact, and finally a score between 0.8 and 1 corresponds to a highly positive social
impact. The life cycle stages with scores between 0.2–0.4, and 0.4–0.6 are identified as hotspots that
should be investigated further.

The product’s final score corresponds to the sum of the five life cycle stages’ scores considered in
the study. Aggregating the score for each life cycle stage will result in the overall score of the product
life cycle ranging between 1 to 5. The cut-off score for the product life cycle is set as 3, since it is the
median score between 1 and 5. The rating scale proposed for the overall social impact of the AM
product life cycle is classified as highly negative, negative, positive, and highly positive when assigned
a score ranging from 1–2, 2–3, 3–4, and 4–5, respectively.

4. Exploratory Case Study

According to [36], the case study approach is most suited for research areas that are either new or
for which the existing theory is incomplete. According to [37], case studies can be used for different
research purposes, such as exploratory, theory-building, and theory testing. The case study developed
for the present study is exploratory, since it aims to validate the initial set of indicators proposed in the
developed methodology. The research purpose is to determine if these indicators really capture/reflect
the social impacts of AM technology.

The case study was conducted in a company based in Bristol, England, which specializes in
manufacturing compact heat exchangers using AM technology. The company was founded in 2012
by two employees. In the last few years, the company has been continuously growing and currently
has around 50 employees, most of whom are expert engineers qualified with Ph.D. or Masters level
degrees. The AM technique used by this company is Selective Laser Melting (SLM). The company
currently has eight 3D printers. Its main costumers are in the automotive sector; however, due to the
unique characteristics of its products, the company recently entered other markets, such as aerospace,
defense, energy generation, and motorsports.

In this case study, both primary and secondary data were used. The secondary data were collected
through the company’s website and provided detailed and reliable information about the company’s
structure, as well as its main products and processes. For the collection of the primary data, a structured
interview questionnaire was developed considering the initial set of proposed indicators. The goal of
the questionnaire was to capture how AM technology affects each of the indicators, more specifically
whether AM increases, decreases, or does not have any impact on them. The responses were provided
according to the perception of the respondent—who was, at the time, an engineer working in the area of
quality and inspection—on the effects of AM technology on the social performance of the organization.
The indicators that were considered to have no impact were excluded. The results of the questionnaire
are presented in Table 3. The answers (“Increase”, “Decrease”, “No Impact”) are given, according to the
respondent’s perception of the effects of AM technology on the social performance of its organization.
For some indicators, the respondent was not able to identify the impact of AM technology so, in these
cases, the phrase “Does not know” is displayed in the response column. Supporting evidence for the
answers are also given. Based on the responses, from the initially proposed 26 indicators, 21 were
selected, and 5 were regarded as “No impact”, which were excluded. It was also possible to determine
the type of impact (i.e., positive or negative).
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Table 3. Results of the questionnaire.

Social theme N◦ Indicator
Results

CommentResponse Social Impact

Health and safety

1 Non-fatal occupational accidents
incidence rate Decrease Positive

The only accidents reported so far are minor cuts on the skin of
the technicians working with the printers. These accidents
occur in the post-production phase and in the removal of the
support structures used in the process.

2 Fatal occupational accidents
incidence rate Decrease Positive There have been no occurrence so far.

3 Use of personal protective equipment
(PPE) Increase Positive

In order to reduce health risks, the technicians that work with
the printers use appropriate Personal Protective Equipment
(PPE).

4
Preventive measures and emergency
protocols regarding accidents and
injuries

Increase Positive

There are strict measures due to the danger associated with the
inhalation of the metal powder used in the process. Since this
powder is composed of millions of particles with dimensions
ranging between 15 to 45 microns (µ), there is a high risk of
inhalation of these particles that, in the long term, can cause
several respiratory diseases.

Equal opportunities/
Discrimination

5 Presence of female employees in
management positions No impact —

The company has nine female employees, among which only
two hold management positions, one in the customer validation
department and the other in the human resources department.

6 Gender pay gap No impact —

There is a gender pay gap in the company; however, this wage
gap is not due to the social impact of AM technology but rather
the socio-economic context of the country in which the
company is based.

Fair salary 7 Average monthly basic remuneration
of employees Increase Positive

Since most of the employees are qualified with Masters and
doctoral degrees, the average salary of the company is
relatively high.

8 Percentage of employees receiving
minimum wages Decrease Positive There is no employee receiving the minimum wage at the

company.
Physiological
working conditions 9 Employee work satisfaction Does not know — —

Working hours 10 Average weekly hours of work by a
full-time employee Increase Negative

As the company works with AM technology, which is a
relatively new technology, most of the company’s engineers
need to be constantly studying and always aware of the new
advances in AM technology that are continuously happening.
Engineers often take much work home and work more than 40
weekly hours.
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Table 3. Cont.

Social theme N◦ Indicator
Results

CommentResponse Social Impact

Child labor 11 Presence of child labor in the
organization Decrease Positive There is no employee under the age of 15 in the company.

Social benefit/Social
security

12 Access to legal, social benefits Does not know — —

13
Percentage of workers educated by
the organization regarding AM
technology

Increase Positive

The training of most employees is mainly about hygiene and
safety at work. The technicians are trained externally in
Renishaw (the company that produces the machines) regarding
how to operate the machines, the individual care that they
must have when using the machines, and the importance of the
use of PPE.

14 Percentage of qualified workers in
the organization Increase Positive Of the 50 employees of the company, only four are not qualified.

Local employment
(<60 km)

15 Percentage of the workforce hired
locally Decrease Negative

Apparently, the probability of having people with AM
technology qualifications in the locality where the company is
settled is very low. Currently, most of the company’s
employees come from different parts of England. The company
also has seven foreign employees that came from different parts
of Europe.

16 Percentage of spending on local
suppliers Increases Positive The three main suppliers are all located within a 60 km radius

of the company’s headquarters.

17 Percentage of local suppliers Increases Positive
The company has three main suppliers. The three suppliers are
all located within a 60 km radius of the company’s
headquarters.

Access to immaterial
resources 18

Organization’s efforts in promoting
AM education initiatives in the local
community (<60 km)

No impact —
To date, the company has not carried out any training or
promotion of the use of AM technology in the local community
where they are settled.

Promoting social
responsibility 19

Integration of ethical, social and
environmental criteria in purchasing
and distribution policy

Increases Positive It is part of the company’s policy and philosophy.

Respect of
intellectual property
lefts

20
Organization’s policy and practice
regarding the protection of
intellectual property lefts

Increases Positive The protection of intellectual property lefts is an important
issue in companies working with AM technology.

Supplier
relationships 21 On-time payments to suppliers No impact — There have never been any delays in payment to suppliers,

regardless of the technology.
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Table 3. Cont.

Social theme N◦ Indicator
Results

CommentResponse Social Impact

Prevention and
mitigation of
conflicts

22
Organization’s efforts to prevent the
manufacturing of armed conflicts
weapons using AM

Does not know —

The respondent did not know if there are policies and measures
relating to this topic. However, the respondent pointed out that
the company produces several products for the defense sector
of England.

Consumer’s health
and safety

23
Percentage of consumers negatively
affected regarding their health and
safety

Decreases Positive
The company has never received any complaints regarding
cases where the consumer’s health and safety have been
jeopardized by the use of their products.

24 Organization’s efforts and measures
to protect consumer health and safety No impact — There are no defined measures and policies to protect consumer

health and safety.

Consumer’s privacy 25
Percentage of the consumers affected
by situations of breach of privacy or
loss of data

Decreases Positive
The company has never received any complaints from
consumers affected by situations of breach of privacy or loss of
data.

26
Organization’s efforts and measures
to ensure the protection of consumer
privacy

Increases Positive
There are quite strict measures. The issue of confidentiality is
very important in the company because of the type of clients
they work with.
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5. Research Implications, Limitations, and Future Directions

To date, there are still very few published works regarding the social impacts of AM technology,
and this research is among the first. The proposed framework can be perceived as an elementary step
in measuring the social impacts of an AM product from a life cycle perspective. With the application
of the proposed framework in a case study, it will be possible to identify the positive and negative
social impacts associated with an AM product. The scoring system of the proposed framework would
allow organizations to identify negative social impacts throughout the value chain of an AM product
(at different levels of assessment), and subsequently, find alternatives/solutions to address them. The
provided cut-off scores by the framework allow for the identification of hotspots within each life cycle
stage that enables organizations to concentrate their efforts on finding specific measures and solutions.
Furthermore, it will be possible to understand which stakeholders are most likely to be affected and
which life cycle stages will have the most critical social performance.

Due to the pilot nature of this study regarding AM technology and its social impacts, a set of
limitations was found during the research, namely, the stakeholders addressed in the framework were
solely those mentioned in the UNEP/SETAC guidelines. It is possible that more stakeholders could be
affected by the social impacts of an AM product. Additionally, the framework needs further validation
from specialists in the field so it can be applied in real case studies.

The proposed framework in this research is expected to provide a solid foundation for future
work. The proposals for future work are:

• Validating the applicability of the framework through various case studies in several AM companies
engaged in different industries (e.g., biomedical, automotive, aeronautical [38], etc.), since they
have different preferred production processes, quality restrictions, and cost models, where it is
also possible to collect the necessary data for measuring the proposed indicators.

• Validating the proposed framework with different types of AM processes, since the social impacts
may be different for each type of AM process.

• Examining the framework for conventional manufacturing processes (e.g., machining, and
comparing the results with an AM scenario to study the differences between social impacts in
contrasting manufacturing settings).

• Assigning different weights to the indicators, stakeholders, and life cycle stages according to their
relevance/importance in the context of AM (e.g., using fuzzy logic).

• Exploring in detail which stakeholders are affected in each life cycle stage of the AM product.
• Including other possible stakeholder categories and subcategories based on their relevance to AM

technology social impacts.
• Studying the feasibility of applying the proposed framework simultaneously with E-LCA and LCC

methodologies regarding a specific AM product. This way, it may be possible to comprehensively
investigate and measure the social, environmental, and economic impacts of an AM product.

• Exploring, within the framework, other AM social impacts and their connections with stakeholders
and their respective subcategories.

• Validating the applicability of the social indicators used in the proposed framework and exploring
more indicators specific to the context of AM technology.

• Assessing the final results when the framework is applied by different analysts to the same case
study under the same conditions (i.e., the extent to which different analysts reach the same results).

6. Conclusions

The present study proposes a framework based on the “cradle to grave” concept to assess the
social impacts of AM products across different life cycle stages. At each stage, different people, entities,
or organizations (i.e., stakeholders) are affected. The stakeholder categories used in this framework
are those proposed by [5]. Each stakeholder category is structured into subcategories (i.e., socially
significant issues of interest to the stakeholders), in order to better identify the context(s) in which they
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would be affected. The proposed SLCA framework makes use of specific indicators to measure the
social impacts of AM products. These indicators have a desired direction for sustainability that can be
either positive or negative, depending on the nature of the social impact. From the body of literature, a
total of 26 indicators were identified. After selecting the stakeholders, subcategories, and indicators,
necessary metrics were specified to determine how the indicators would be calculated and aggregated
in order to obtain a final score that corresponds to the social impact of an AM product. Finally, in order
to support the implementation of the proposed SLCA AM framework, a mathematical model was
developed. When the necessary data are provided, the model calculates the indicators’ scores, the life
cycle stages’ scores, and the overall score of the AM product life cycle. With this model, it is possible
to directly apply the framework to case studies to assess a variety of social impacts originating from
products manufactured by AM technology.
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Appendix A Example for the Calculation Method Used in Group 1 Indicators

In this appendix, the calculation method for the indicator “Non-fatal occupational accidents
incidence rate” is presented. For calculation purposes, whenever it is necessary to use data collected in
the organization, random data are considered.

Indicator: Non-fatal occupational accidents incidence rate.
This indicator reveals the ratio of occupational injuries amongst the workforce in the company per

year per 100,000 employees [33]. This indicator is calculated through the equation demonstrated below:

Incidencerate(% 000) =
Number o f non− f atal occupational accidents

Number o f workers
× 100000workers

The first step is to collect relevant data in the organization under assessment regarding the number
of non-fatal accidents that occurred in the year n-1 and the total number of workers in the organization.
Assuming that the number of non-fatal accidents occurred in the year n-1 is 3 and the total number of
workers in the organization is 80, then the incident rate in the organization is as follows:

Incidencerate(% 000 ) =
3

80
× 100000 workers = 3750

Then, national statistical data are needed to calculate the social impact percentage. Admitting that
the organization operates in Portugal, then the data used as PRP must be referred to the social context
in Portugal. According to the International Labor Organization (ILO) database, the incidence rate in
Portugal in 2015 was 2954.2 (% 000). The proportion between the incidence rate in the organization and
the incident rate in Portugal is given by the social impact percentage calculated below:

Social impact % =
Incidence rate in the organization

Incidence rate in Portugal
× 100 =

3750
2954.2

× 100 = 126.9%

This indicator has a negative desired direction for sustainability; therefore, the social impact
percentage calculated must be classified into one of the nine categories of social impact percentages of
the scoring system, presented in Table A2. Clearly, the social impact percentage calculated (126.94%)
falls within the range of 125 to 150%; therefore, the final score assigned to the indicator is 2. Table A1
summarizes the calculation method used in this example.
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Table A1. An illustrative example for indicator score calculation in Group 1.

Indicator

Incidence Rate in
the Organization

(% 000)
(a)

Incidence Rate
in Portugal

(% 000)
(b)

Social Impact
Percentage

(=((a)/(b)) × 100)
(%)

Desired
Direction for

Sustainability
Score

Non-fatal
occupational

accidents
incidence rate

3750 2954.2 a 126.9% Negative 2

Source: a https://www.ilo.org/global/statistics-and-databases/lang--en/index.htm.

Table A2. Scoring system for group 1 indicators.

Positive Desired Direction for Sustainability

Social impact percentage
(%) <25 25–50 50–75 75–100 100 100–125 125–150 150–175 >175

Score 1 1.5 2 2.5 3 3.5 4 4.5 5

Negative Desired Direction for Sustainability
Social impact percentage

(%) >175 150–175 125–150 100–125 100 75–100 50–75 25–50 <25

Score 1 1.5 2 2.5 3 3.5 4 4.5 5

Appendix B Example for the Calculation Method Used in Group 2 Indicators

In this appendix, the calculation method for the indicator “Percentage of the workforce hired
locally” is presented. For calculation purposes, whenever it is necessary to use data collected in the
organization, random data are considered.

Indicator: Percentage of the workforce hired locally.
This indicator demonstrates the ratio of the workforce in the organization that is from the local

community [22]. The indicator is given in the form of a percentage and is calculated through the
equation presented below:

%oftheworkforcehiredlocally =
Number o f workers f rom the local community

Total number o f workers
× 100

In order to calculate this indicator, first the data must be collected through the documentation
provided by the organization regarding the actual place of residence of the workers. Assuming that
the number of workers who are from the local community is 55 and the total number of workers in the
organization is 100, the percentage of the workforce hired locally is:

% o f the work f orce hired locally =
55

100
× 100 = 55%

Since the indicator has a positive desired direction for sustainability (the higher, the better), the
percentage must be classified into one of the five percentage categories in the scoring system, presented
in Table A4. As it can be observed, the percentage calculated (55%) falls within the range of 40–60%;
therefore, the final score assigned to the indicator is 3. Table A3 summarizes the calculation method
used for this example.

https://www.ilo.org/global/statistics-and-databases/lang--en/index.htm
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Table A3. An illustrative example for indicator score calculation in Group 2.

Indicator

Number of
Workers from

the Local
Community (a)

Total Number of
Workers in the
Organization

(b)

Percentage of
the Workforce
Hired Locally

(=((a)/(b)) × 100)

Desired
Direction for

Sustainability
Score

Percentage of
the workforce
hired locally

55 100 55% Positive 3

Table A4. Scoring systems for group 2 indicators.

Positive Desired Direction for Sustainability

Percentage (%) 0–20 20–40 40–60 60–80 80–100
Score 1 2 3 4 5

Negative desired direction for sustainability
Percentage (%) 80–100 60–80 40–60 20–40 0–20

Score 1 2 3 4 5

Appendix C Example for the Calculation Method Used in Group 3 Indicators

In this appendix, the calculation method for the indicator “Preventive measures and emergency
protocols regarding accidents and injuries” is presented. For calculation purposes, whenever it is
necessary to use data collected in the organization, random data are considered.

Indicator: Preventive measures and emergency protocols regarding accidents and injuries.
This indicator reveals the competence of the measures taken to ensure the well-being of the

workforce [16,22].
The first step is to collect data regarding the efforts of the organization in ensuring the health

and safety of its workforce. These data can be collected through the documentation provided by the
organization and interviews with the managers of the organization. To have concrete proof that the
measures are being executed in the organization’s daily work, observations during field visits at the
organization facilities should also be done to collect the necessary data.

Following the data analysis, the authors assign a level of implementation (such as, not implemented,
partially implemented, or fully implemented) to each element addressed in this method, according to
their interpretation of the data collected in the previous step. As shown in the example of Table A5, the
authors considered that the elements Communication and Monitoring are fully implemented (meriting
a score of 1), but the elements Policy, Deployment, and Response are only partially implemented
(meriting a score of 0.6) so, the final score for the indicator is be 3.8 (0.6 + 1 + 0.6 + 1.0 + 0.6).

Table A5. An illustrative example for indicator score calculation in Group 3.

Indicator Element Level of
Implementation Score

Preventive measures and
emergency protocols

regarding accidents and
injuries

Policy P 0.6
Communication F 1

Deployment P 0.6
Monitoring F 1
Response P 0.6

Total Score 3.8

Notes: F = Fully Implemented (score = 1), P = Partially Implemented (score = 0.6), N = Not Implemented (score = 0).
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Appendix D Example for the Calculation Method Used in Group 4 Indicators

In this appendix, the calculation method for the indicator “Use of Personal Protective Equipment
(PPE)” is presented. For calculation purposes, whenever it is necessary to use data collected in the
organization, random data are considered.

Indicator: Use of Personal Protective Equipment (PPE).
This reveals the level of use of personal protective equipment (PPE) by the workers at the

workplaces and the situations in which their use is mandatory. It can demonstrate not only the lack of
training given to workers regarding their use but also the organization’s lack of control and awareness
for the importance of the use of PPE.

Since the workers of the organization are the only stakeholders affected by this indicator, the
questionnaire carried out to assess the indicator must be addressed to the workers.

The workers must respond on the basis of their perception of the question “Do you use Personal
Protective Equipment in every required workplace and situation?”, according to the five-point response
scale, demonstrated in Table A6.

Table A6. Five-point response scale used in the example.

Score Response

1 I never use PPE when required.
2 I rarely use PPE when required
3 I often use PPE when required.
4 Most of the time I use PPE when required.
5 I always use PPE when required.

Assuming that the organization has 100 workers, and the results of the questionnaire are those
shown below:

5–50 workers
4–20 workers
3–10 workers
2–15 workers
1–5 workers

The weighted average can be calculated as follows:

X =
5× 50 + 4× 20 + 3× 10 + 2× 15 + 1× 5

100
= 3.95

The final score of the indicator corresponds to the exact value of the weighted average calculated,
which gives a final score of 3.95. Table A7 sums up the calculation method used for the example
provided above.

Table A7. An illustrative example for score calculation of indicators in Group 4.

Indicator Five-Point Response Scale Results of the
Questionnaire

Weighted Average

(
¯
X)

Score

Do you use
Personal Protective
Equipment in every
required workplace

and situation?

1: I never use PPE when required.
5–50 workers
4–20 workers
3–10 workers
2–15 workers
1–5 workers

X =
5×50+4×20+3×10+2×15+1×5

100 =
3.95

3.95

2: I rarely use PPE when required
3: I often use PPE when required.
4: Most of the time, I use PPE when
required.
5: I always use PPE when required.
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