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Abstract

Novel materials with unique or enhanced properties relative to conventional materials are being
developed at an increasing rate. These materials are often referred to as advanced materials
(AdMs) and they enable technological innovations that can benefit society. Despite their benefits,
however, the unique characteristics of many AdMs, including many nanomaterials, are poorly
understood and may pose environmental safety and occupational health (ESOH) risks that are not
readily determined by traditional risk assessment methods. To assess these risks while keeping up
with the pace of development, technology developers and risk assessors frequently employ risk-
screening methods that depend on a clear definition for the materials that are to be assessed (e.g.,
engineered nanomaterial) as well as a method for binning materials into categories for ESOH risk
prioritization. The term advanced material lacks a consensus definition and associated
categorization or grouping system for risk screening. In this study, we aim to establish a
practitioner-driven definition for AdMs and a practitioner-validated framework for categorizing
AdMs into conceptual groupings based on material characteristics. Results from multiple
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workshops and interviews with practitioners provide consistent differentiation between AdMs and
conventional materials, offer functional nomenclature for application science, and provide utility
for future ESOH risk assessment prioritization. The definition and categorization framework
established here serve as a first step in determining if and when there is a need for specific ESOH
and regulatory screening for an AdM as well as the type and extent of risk-related information that
should be collected or generated for AdMs and AdM-enabled technologies.

Keywords

Advanced materials; definition and categorization; environmental safety and occupational health;
grouping; risk prioritization

1. INTRODUCTION

Emerging technologies are being developed at a rapid pace as technology developers
continue to discover and use materials that exhibit novel or enhanced properties that improve
performance over conventional products and processes. These innovative materials are often
referred to as advanced materials (AdMs), a term that has been in use for over three decades
(Advanced Materials Scientific Journal, 2018) but has become more common in recent years
as a descriptor for nano-enabled materials. However, the field of environmental safety and
occupational health (ESOH) has no unified process or protocol for describing these
materials, nor determining the necessity for risk characterization of such AdMs with
emergent properties. In many ways, the challenge of defining AdMs is similar to the
challenge of defining nanomaterials. In the case of nanomaterials, we know that a definition
based on size-dependent unique properties has proven to be a functional, albeit imperfect,
strategy to address ESOH concerns (EU Commission, 2011; Hill, Kennedy, Warner, & Hull,
2018; Hull, 2017). However, all definitions of nanomaterials fail to adequately cover the
gamut of AdMs that exhibit novel or enhanced properties that are not dependent on the
consensus definition of nanoscale size (1-100 nm). Furthermore, outside of an expected
increase in surface area that accompanies shrinking particle size (assuming mass is kept
constant), many nanoscale materials do not exhibit novel or enhanced properties relative to
their bulk form. The term advanced material resolves this issue by encapsulating the subset
of engineered nanomaterials (ENMs) that demonstrate unique behaviors attributable to a size
dimension in the nanoscale (1-100 nm) (U.S. National Nanotechnology Initiative [U.S.
NNI], 2018), as well as the broader set of materials that derive novel or enhanced properties
from size-independent characteristics. However, this term is not adequately defined to allow
grouping of materials into categories for technology development or for ESOH risk
prioritization, as illustrated by comprehensive efforts to group ENMs beyond their simple
nanoscale definition in context of risk assessment (e.g., Arts et al., 2015).

While AdMs are imperative to numerous technological innovations that offer clear benefits
to society, the unique characteristics of many AdMs are poorly understood and may pose
potential ESOH risks (National Research Council, 2012). For example, ENMs have
demonstrated significant benefits in several applications (Dang, Zhang, Fan, Chen, & Roco,
2010; Khot, Sankaran, Maja, Ehsani, & Schuster, 2012; Pelaz et al., 2017; Zhang, Uchaker,
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Candelaria, & Cao, 2013), but some forms have also been linked to potential adverse health
outcomes in humans and animals (Coll et al., 2016; Hansen, Jensen, & Baun, 2014; Rycroft,
Trump, Poinsatte-Jones, & Linkov, 2018; Shvedova, Pietroiusti, & Kagan, 2016). Often,
these ENM hazards could not be predicted despite an in-depth understanding of the bulk (or
dissolved) counterpart’s toxicological profile.

A similar challenge with AdMs beyond the 1-100 nm scale is that hazards cannot always be
predicted using surrogates, as these proxies are not entirely indicative of an AdM’s potential
behavior. In order to fully and accurately characterize the risk of AdMs throughout their
lifecycles, a detailed risk assessment is required for each specific material (or class of
material) and intended use scenario. Such a timeand resource-intensive effort, however, is
not practical given the rapid increase in the number of AdM-enabled applications.
Additionally, an in-depth risk assessment may not be necessary for all AdMs and use
scenarios, since many are relatively benign, may not exhibit novel properties after
transformation in the environment, or will not result in exposure and therefore pose a low
ESOH risk (Collier et al., 2015; Malloy et al., 2017). As a substitute, when an in-depth risk
assessment cannot be performed due to resource constraints and there is inadequate ESOH
information to make risk-informed decisions, there is a tendency for risk managers to equate
novel behavior to novel risk and take a precautionary approach to managing that risk
(Calliess & Stockhaus, 2012; Chapman, Fairbrother, & Brown, 1998; Justo-Hanani &
Dayan, 2016). Such precautionary approaches may include the application of conservative
uncertainty factors or stringent restrictions or prohibitions on a material’s production or use
(Dourson, Felter, & Robinson, 1996; REACH, 2006; Schmidt, 2016). While advantageous
and protective against harmful AdMs, precautionary measures implemented in the absence
of risk information may inadvertently prevent safe and useful AdMs from entering the
marketplace, or stifle future innovation by deterring technology developers from utilizing
materials that are poorly understood or perceived (Rogers, 2001; Van den Belt, 2003).

A useful intermediary between the resource-intensive risk assessment approach (decisions
made with lower uncertainty) and the precautionary risk assessment approach (decisions
made with higher uncertainty) is the risk-screening method in which materials are examined
for potential risk in a stepwise manner and with increasing rigor, and limited resources are
only allocated to the materials that warrant further scrutiny based on sound scientific
reasoning (Bates, Keisler, Zussblatt, Plourde, Wender, & Linkov, 2016; Frank R. Lautenberg
Chemical Safety for the 21st Century Act, 2016; Mitchell et al., 2013). An example of this
type of approach is the Nano Guidance for Risk Informed Deployment (NanoGRID)
framework (Collier et al., 2015). Each tier within the NanoGRID framework requires a
technology developer or risk manager/assessor to collect incrementally more information
about the technology using protocols and methods applicable to ENMs and ENM-enabled
products. The type of risk information collected in the tiered framework includes whether:
(1) the in-use ENM meets applicable definitions of “nano,” (2) the relevant use of the ENM-
enabled product releases nanoscale constituents, (3) the released material results in
ecological exposures to nano-constituents after fate, transport, and transformation in the
environment, and (4) the released, transformed, ecologically exposed material results in
toxicological impact. In progressing through these tiers, the NanoGRID framework helps
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identify when a new technology requires additional risk testing or when it can be addressed
within traditional regulatory and safety frameworks.

An expansion of the NanoGRID framework that incorporates the broader set of AdMs
beyond the 1-100 nm size definition would be valuable to preempt the allocation of
resources for an in-depth risk assessment that may not be warranted or the premature
application of precautionary risk management strategies for AdMs. In order to realize this
expanded application, a straightforward and consensus definition of what constitutes an
AdM is required. However, while it can easily be argued that the term ENM is overly
general, applying to a diverse group of materials of seemingly limitless chemical
compositions and surface functionalities, the term advanced materials is far more general
and wide reaching, making it difficult to define which materials do or do not fit the AdM
mold. Therefore, relying on a definition alone is inadequate in practice; a clear and user-
friendly categorization method is also required to operationalize this definition that
technology developers and risk assessors can use to unambiguously categorize materials. A
consensus definition and associated categorization regime would identify whether a
technology is an AdM or is AdM-enabled and, if it is, the categorization method would
identify what functional category the material fits within for risk assessment. Several AdM
definitions have been offered (Table I) (Featherston & O’Sullivan, 2014; Maine & Garnsey,
2006; NIST, 2011; South Africa DTI, 2018; UK Technology Strategy Board, 2011) but have
not garnered widespread endorsement from the AdM community, and no categorization
scheme has been proposed for AdM risk assessment beyond the categorization framework
specific to ENM hazard identification (Hansen, Larsen, Olsen, & Baun, 2007).

In this study, we reduce the complexity of the term “advanced material” by establishing a
practitioner-driven definition for AdMs and a practitioner-validated categorization process
for organizing AdMs into conceptual categories based on material characteristics. The
benefits of this effort are to: (1) enable consistent differentiation between AdMs and
conventional materials, (2) offer functional nomenclature for application science, and (3)
provide the foundation for a risk prioritization framework that provides expeditious binning
of AdMs into high-and low-risk categories, thereby releasing certain materials from
heightened scrutiny and providing a faster pathway to safe and rapid acquisition and
commercialization. The definition and categorization scheme proposed and validated here
serves as a first step in determining the type and extent of risk-related information that
should be collected for AdMs and AdM-enabled technologies.

2. METHODS

Two workshops were held for initial method development and derivation of a preliminary
definition of AdMs to disseminate to practitioners involved in the web survey that guided the
main study results. The workshops included material scientists, geochemists, physicists,
toxicologists, social scientists, and risk assessors from the U.S. Army Corps of Engineers
and the National Institute for Occupational Safety and Health (hereafter referred to as
“workshop participants™). Workshops took place in March and July 2017 and included 11
and 20 participants, respectively. Information was collected through a moderator-led
discussion and a web voting system. The workshop-derived preliminary definition of AdMs
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then evolved into a material categorization method that could be validated through a web
survey of practitioners in AdM research, development, and governance. Workshop
participants identified the attributes that qualify materials as either “advanced” or
“conventional” and used these attributes to develop the following consensus definition for
AdMs. The first part of the definition focuses exclusively on the material attributes, while
the second part addresses how these unique attributes may impact ESOH profiles:

Advanced Materials are materials that are specifically engineered to exhibit novel
or enhanced properties that confer superior performance relative to conventional
materials. As a result of their unique characteristics, advanced materials have a
highly uncertain hazard profile and the potential to require special testing
procedures and methods to assess potential for adverse environmental health and
safety impacts.

Of critical importance in our method development process was an understanding of the term
“uncertain” as used above. The hazard and risk profile of these materials is uncertain due to
lack of information and test methods. However, this uncertain risk profile does not indicate a
predisposition (or assumption) of hazard or risk. Uncertainty is an important and recurring
challenge in the emerging technology risk assessment arena (e.g., ENMs and synthetic
biology) but can be leveraged to inform—rather than restrict—risk-based decisions (Finkel
& Gray, 2018; Trump, Hristozov, Malloy, & Linkov, 2018). It was equally important to
understand that a material’s categorization as “conventional” does not denote absence of risk
given that many conventional materials have been evaluated in the past.

To frame the web survey sent to the practitioners and organize the study results, the
workshop participants also identified methods for grouping AdMs into categories that have
distinct implications for risk assessment and agreed that the most effective categorization
scheme was to organize AdMs according to the source of their advanced behavior. This
categorization scheme enabled a clear division between the risk implications for each AdM
category while maintaining simplicity by limiting the number of categories to four. An
illustration of the categorization approach used in this study, which was derived from the
workshop-driven definition for AdMs, is depicted in Fig. 1. The four sources of advanced
behavior were identified as:

1 a physicochemical or biological attribute inherent to the material
2. a novel use or application of a conventional material

3. a unique combination of conventional materials

4. development of the material by additive manufacturing

The consensus categorization scheme was then translated into a series of questions, divided
into three question sets. Set A aligns with the decision logic of the categorization method,
Set B delineates the four categories of AdMs identified as part of the workshop-driven
definition, and Set C asks for a qualitative description of whether a material should be
considered conventional or advanced and the reason for that selection. These questions
served as the basis for a practitioner elicitation described below (Supporting Information 1).
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The web survey (for complete survey, see Supporting Information 2) was conducted to
validate the AdM categorization method by:

1 Assessing the extent to which the categorization method represents a current
consensus model of the state of AdMs from a risk management perspective.

2. Using prototype materials in a case study approach to confirm that the decision
space enforced by the categorization method questions easily differentiates case
materials into the categories that they are intended to represent.

Practitioners in AdM research, development, and governance (hereafter referred to as
“participants™) were contacted to participate in a web survey for a project conducted by the
authors. A total of 92 practitioners were invited to complete the web survey. Participants
were sent materials explaining the goals of the project, the process of elicitation, and
instructions on how to complete the survey. A total of 17 practitioners completed the web
survey (19% response rate). Functional roles of the cohort tended to be AdM researchers,
many of whom also self-reported as AdM developers. Eleven participants self-reported as
AdM researchers, six as AdM developers, three as AdM regulators, and three listed an
affiliation-specific functional role. The median number of years that participants reported
working with AdMs was 13, with a range of 0-33 years.

The survey asked practitioners a combination of YES/NO, multiple choice, and free-
response questions (Supporting Information 1) about six real-world materials to determine if
they considered the materials to be “conventional” or “advanced” and elicited the reason for
their choice. The six materials were selected such that four were classified as AdMs and two
were classified as conventional according to workshop participants and the workshop-
derived consensus definition of AdMs. The four AdMs were Chitosan Graphene Oxide
Composite (CSGO), 3D-Printed Cobalt-Chromium Alloy (3D C-C Alloy), Sapphire Glass (a
form of aluminum oxide; Al203), and Glass Reinforced Aluminum (GLARE), and the two
conventional materials were 3D-Printed Stainless Steel (3D S-Steel) and Cold-Water Fish
Skin. The question cascade for the survey (Supporting Information 1) was translated directly
from the categorization method established in the workshops (Fig. 1). All questions—those
applicable to AdMs only and both AdMs and conventional materials— were displayed to the
participants.

Participants were presented the six materials one at a time and provided a picture of each
material along with its name, description, application, manufacturing method, and a
comparator material (Supporting Information 2). They were instructed that their responses
should be based on their professional judgment using the information provided for each
material, and informed that previous familiarity with the material was not required.
Participants were also instructed to respond to all questions for all materials in order to break
any path dependencies between material properties and potential categorization outcomes.

Throughout the web survey, participants were shown a sidebar with a list of definitions for
important terms used within the survey. They were:

Advanced Material: “Advanced Materials are materials that are specifically
engineered to exhibit novel or enhanced properties that confer superior
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performance relative to conventional materials. As a result of their unique
characteristics, advanced materials have a highly uncertain hazard profile and the
potential to require special testing procedures and methods to assess potential for
adverse environmental health and safety impacts.”

Specifically Engineered: “Intentionally and knowingly designed for a particular
purpose.”

Novel: “New and not resembling something formerly known or used, such as a
physical phenomenon not previously known for a given material or application, or
an entirely new physical phenomenon.”

Enhanced: “Increased, intensified, or further improved in quality, value, or extent.
Superior: “Better than average, or better than others of the same type.”

Additive Manufacturing: “Additive Manufacturing is a layer-by-layer process of
producing 3-dimensional objects directly from a digital model, unlike conventional
or subtractive manufacturing processes.”

NOTE: Materials or applications developed using additive manufacturing
techniques (e.g., 3-D printing) must meet the above definition of an Advanced
Material in order to be considered an Advanced Material.

Participants were also provided a brief hypothetical example of a material that satisfied the
definition of an AdM as well as justification for this conclusion using the definitions
provided (Supporting Information 2). After entering responses for the six materials,
participants were asked a final freeresponse question to gauge the usability of the
categorization method. Participants were given two weeks to complete the survey.

3. RESULTS AND DISCUSSION

In question Set A, which aligns with the section of the workshop-driven categorization
method where “advanced” or “conventional” is determined according to the consensus
definition for AdMs, participant responses were generally consistent with the authors’ a
priori assessments across all six materials (Fig. 2). In Fig. 2(a), colored dots correspond to
the six questions (abbreviated) in Set A, and the top of the bar represents the mean
proportion match across all six questions for a given material. In Fig. 2(b), colored dots
correspond to the six materials, and the top of the bar represents the mean proportion match
across all six materials for a given question in Set A.

Participants diverged most from the authors in their judgments of the two assumed
conventional materials, 3D S-Steel and Fish Skin (proportion match 0.59 and 0.56,
respectively), as well as in their judgments of novel use across materials and whether
materials demonstrated a novel/enhanced property (0.61 and 0.66, respectively). Participants
diverged least from the authors in their judgments of 3D C-C Alloy and GLARE (both 0.81).

In question Set B, which aligns with the section of the workshop-driven categorization
method where an AdM is categorized according to the source of its advanced behavior,
participant designations tended to align with the authors’ a priori categorizations (Fig. 3). In
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Fig. 3(a), bars represent the extent to which participants’ responses agreed with the authors’
responses for a given material. A proportion match of 1.00 represents complete agreement.
In Fig. 3(b), shading and associated response counts indicate the number of participants who
selected each source of advanced behavior for each material.

Sapphire Glass presented an exception, as nine out of 17 participants cited “a
physicochemical or biological attribute inherent to the material” as the source of its novel/
enhanced properties, whereas the authors felt that the best attribution for the novel/enhanced
properties in the study example was “novel use or application of a conventional material”
(selected by two out of 17 participants). This inclina-tion by the participants is reasonable,
however, and in qualitative entries several respondents argued that novel/enhanced properties
will always be a result of inherent physicochemical or biological attributes of the AdM.
While the authors agree with this rationale in general, there are many cases where the
foremost reason for an AdM’s advanced behavior is one of the three alternative
categorizations: “novel use or application of a conventional material,” “unique combination
of conventional materials,” or “development of the material by additive manufacturing.”
Attempts to preclude this misalignment by asking participants for the best answer from Set
B as it pertains to the use scenario were insufficient and should be augmented in follow-up
efforts.

In question Set C, where participants were asked whether a material was conventional or
advanced and to present their reasons for their selection, participant responses aligned well
with the authors’ determinations for most materials (Fig. 4). In Fig. 4(a), bars represent the
extent to which participants’ responses agreed with the authors’ responses for each material.
A proportion match of 1.00 represents complete agreement. In Fig. 4(b), shading and
response counts depict the number of participants who selected each designation
(conventional, advanced) for each material.

Misalignment was greatest for 3D S-Steel and Sapphire Glass, though more than half of
participants’ judgments matched the authors’ judgments for these materials (0.65 and 0.59
proportion match, respectively). Notably, and in contradiction with the authors’ consensus,
two respondents commented that because the Sapphire Glass was based on a naturally
occurring material it must be conventional, regardless of the fact that it had been
intentionally engineered into a sheet of glass. Additionally, one respondent disagreed with
the authors’ determina-tion that GLARE is an AdM based on the argument that the use of
conventional materials to form a multi-material complex requires that the final material is
conventional. A counterexample to refute that argument is gun powder, which consists of a
unique combination of conventional materials (e.g., sulfur, charcoal, KNO3) that
individually do not behave as an energetic but in combination provide a new property to
induce a stable reaction capable of propelling a projectile.

Validation of our workshop-driven definition for AdMs was provided in part by respondent
comments that were generally consistent with our AdM definition. Additionally, the
majority of respondents agreed with the “advanced” or “conventional” designations that we
assigned to each material (Fig. 4) and, importantly, they followed a process for arriving at
that designation that was consistent with the proposed definition (Fig. 5). Fig. 5 shows that
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of the respondents who answered “Yes” to questions 1 and 2 in Set A, 85% concluded that
the material was “advanced” when asked directly about its designation in Set C (row 2,
column 5), thereby following the logic depicted by the two definition-aligned decision points
in Fig. 1. Reciprocally, of the respondents who concluded in Set C that the material was
“advanced,” 82.3% answered “Yes” to questions 1 and 2 in Set A (row 5, column 2).

Responses to Set B and the final free-response question provided validation that we had
identified in our categorization method four highly relevant parameters to which AdMs can
attribute their advanced behavior. In comments provided in question Set B, respondents did
not provide any additional organizational classes to use for categorization of AdMs, so it is
possible that the four we identified represent the complete list. In the limited instances where
a respondent selected “the novel/enhanced property is a result of something that is not
mentioned above,” the explanations attributed the property to a source that was either
redundant with the existing four categories or a combination of existing categories.

In the final free-response question, 82.4% (/N 14) of respondents said the four categories
were inclusive of all AdMs, with one stating “it seems to cover any new invention or
engineering application.” The 17.6% (/N 3) who said the categorization system was not
sufficiently encompassing of all AdMs did not offer examples of AdMs where the advanced
attributes could not be attributed to the four categories. One respondent recommended
broadening the category “the novel/enhanced property is a result of development of the
material by additive manufacturing” to a wider range of manufacturing methods,
commenting that additive manufacturing “is a useful method but not the only new or
advanced method for processing materials into “advanced” form factors or achieving unique
multi-material end products, especially with advances in synthetic biology, manipulation of
high energy (e.g., plasma or magnetic fields) and other routes.” We agree with this viewpoint
and put forward “advanced manufacturing” as a more inclusive term for these manufacturing
methods. This term also aligns with nomenclature used by the U.S. National Science and
Technology Council’s Subcommittee for Advanced Manufacturing (U.S. NSTC-SAM,
2016).

Several of the preconceptions revealed in the qualitative responses were inconsistent with
our thinking, the most prevalent being the notion that materials developed using additive
manufacturing are automatically considered AdMs. Six respondents held this belief despite
our statement of the contrary made in the sidebar of the web survey. This preconception may
be attributable to the respondents’ prior notion that many materials being developed for use
in additive manufacturing are considered AdMs, which may or may not be true.
Additionally, three respondents overlooked the “enhanced” component of the AdM
definition entirely and noted that in the case where a material lacked any novel property the
material should not be classified as advanced. Two respondents also felt that if a material
was being used in a novel way, then that material had to be advanced. Of note, two
respondents claimed that thresholds for “enhanced” and “superior performance” were
necessary to label a material advanced, where materials that do not have sufficiently
enhanced properties or offer only incremental performance improvements over conventional
materials should be classified as conventional. This consideration arose in the workshops but
it was decided that a quantitative metric by which to measure enhanced properties or
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superior performance could not be made at this time, as almost every material would require
its own unique metric for comparison, and even proportional representations of improvement
are not always useful. For example, in some fields a 1% improvement in functional
performance is a significant achievement, while in other fields an improvement of at least an
order of magnitude is required to disrupt the status quo. Also debated in the workshops was
the idea that a product can be advanced without its constituent material being advanced; one
respondent made a similar statement regarding the 3D C-C Alloy, claiming that the alloy
itself was not advanced but the resulting fuel nozzle product was advanced. Lastly, one
participant commented that Fish Skin was not used in sufficient volume so it could not be
conventional, implying that scale of production plays a role in classification of AdMs.
However, while the volume of a material produced may relate to regulatory reporting rules
and impact risk management decisions, it cannot impact the inherent definition of what the
material is. These findings from the validation study shaped small modifications to the initial
workshop-driven categorization method (Fig. 1) that served as the foundation for the web
survey. Fig. 1 was adapted to a workflow format (Fig. 6) to enable a user to more intuitively
follow the categorization process in support of a decision. Additionally, Category 4 was
broadened to “development of the material by advanced manufacturing” (replacing
“additive” with “advanced”) to incorporate a wider range of novel and enhanced
manufacturing methods. Also, the wording “used in a way” was added to the question in the
first decision point to help ensure that users that might end up in Categories 2 or 3 do not
exit the workflow prematurely. Findings from the validation study revealed that the AdM
definition derived via the workshops was suitable for assigning consistent “advanced” or
“conventional” designations and was therefore left unchanged.

To facilitate accurate and consistent results using the practitioner-validated categorization
workflow (Fig. 6) and to eliminate preconceptions and biases toward or against certain
categories as much as possible (which may result in inaccurate categorization), we
recommend the AdM community adhere to four important guidelines. First, the same
definitions as the web survey described herein should be used for the terms “specifically
engineered,” “novel,” “enhanced,” and “superior.” Improved agreement on these selected
terms and their corresponding definitions will help to limit subjective interpretations.
Second, a conventional comparator material should be identified for the purpose of assessing
relative “superior” performance. Third, the foremost reason for an AdM’s advanced
behavior should be considered rather than acceding to the generalization that novel or
enhanced properties are always a result of inherent physicochemical or biological attributes
of an AdM. And fourth, a material should not automatically be categorized as: (1)
“advanced” solely because it was developed using advanced (or additive) manufacturing, (2)
“advanced” solely because it is used in a novel way, (3) “conventional” solely because it
utilizes a naturally occurring material (e.g., sapphire), and (4) “conventional” solely because
conventional materials were used to form a multi-material complex.

4. CONCLUSION

In this study, we sought to provide clarity and reduce the ambiguity of the term “advanced
material” by establishing a practitioner-driven definition for AdMs and a practitioner-
validated categorization workflow for organizing AdMs into conceptual categories based on
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material characteristics. The work-shops and practitioner elicitation conducted in this study
offer a definition and categorization scheme that can assist in defining, assessing, and
managing the ESOH risks associated with AdMs.

The definition and categorization framework proposed and validated here serve as a first step
in determining if and when there is a need for specific ESOH and regulatory screening for an
AdM as well as the type and extent of risk-related information that should be collected for
AdMs and AdM-enabled technologies. This risk-screening approach may facilitate efforts to
determine potential risks or impacts of products incorporating specific AdMs or certain
classes of AdMs. Such guidance should be incorporated into an existing decision support
tool for ENMs (e.g., NanoGRID [Collier et al., 2015]) to expand the focus to all AdMs.
Additionally, Stone et al. identify “[a]dvanced tools to facilitate risk-based decision making,
including an assessment of the needs of users regarding risk assessment, mitigation, and
transfer” as one of the three essential elements required to generate an effective risk
governance framework for nanomaterials (Stone et al., 2018); a shared consensus definition
and categorization workflow for AdMs—uwhich leaves room for integration of quantitative
experimental information alongside qualitative expert insight (Linkov et al., 2018)—can
help facilitate risk-based decision making and may contribute to improved governance of
AdMs by stakeholders in the United States, Europe, and elsewhere. Future work to augment
the AdM definition and categorization workflow developed in this study should focus on
establishing a consensus definition for a recognized standard term “advanced
manufacturing” that encompasses advanced and additive manufacturing, including when
AdMs are used as additives, as well as techniques such as synthetic biology and methods
that employ or manipulate high energy (Hill et al., 2018). Further discussion of the nuance
between an AdM and an “advanced technology”—which may focus more on a product’s use
characteristics—would also be beneficial. Additionally, key performance indicators or
thresholds for “enhanced” and “superior” performance are needed so materials that display
incremental performance improvements are not automatically categorized as AdMs.
Guidance on identifying appropriate performance measures will help to improve consensus
of the conventional or advanced designations of materials like those highlighted in this
study. Future exploration of whether all eight categories are necessary for AdM
classification would also be beneficial in order to refine the framework to the simplest
system possible and to develop the simplest possible standardized definition.

This study was limited in the sample of practitioners who completed the web survey. While
the intention was to have a much larger sample size of practitioners (N 92), the realized
sample size of respondents was smaller (A 17), and while the results provided validation of
the definition and categorization workflow, a larger sample from the pool would have
provided more weight to the validation. Additionally, web surveys are constrained in the
amount of detail that they can collect; even though opportunity for thorough responses was
provided in question Set C and the final free-response question, some informative nuance
from the participants may have been lost due to the selection of a survey as the elicitation
instrument.

Despite these limitations, it is important to recognize progress made toward practical, near-
term definitions, nomenclature, and categorization strategies for AdMs even as idealized,
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longer-term solutions may be years or perhaps even decades away. Preliminary working
solutions like the AdM definition and categorization workflow developed in this study must
be more thoroughly tested and applied, and can be revised and perfected through iteration as
AdMs and their associated risk assessment and management requirements evolve. Increased
adoption and use of this AdM definition and categorization workflow can be supported
through broader engagement and education of practitioners in materials science and
engineering regarding the concepts and selected terminology required for risk assessment.

It must also be recognized that the categorization tools and strategies needed to perform
informed risk assessments of AdMs and AdM-enabled products may not necessarily be the
same ones required by physicists, chemists, materials scientists, and chemical engineers, for
example, to design, develop, apply, and manufacture them. An important next step is to put
this AdM definition and categorization workflow in the hands of multidisciplinary
practitioners where it can be applied to real-world cases that require risk screening and
decision support and where iterative, experience-informed improvements can be proposed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Categorization method for AdMs initially developed from workshops that were tailored to

guide the web survey of practitioners and the main study results, which are presented in Fig.
6.
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Fig. 2.

Responses to questions related to categorization of the material (Set A). Bars represent the
extent to which participants’ responses agreed with the authors’ responses. A proportion
match of 1.00 represents complete agreement.
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Fig. 3.

Responses to the categorization method where an AdM is categorized according to the

source of its advanced behavior (Set B).
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Advanced or conventional judgments on materials compared to the authors’ determination

(Set C).
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Fig. 5.

antingency matrix for selected questions from Sets A, B, and C. Shading and proportions
indicate the frequency with which participants provided a response for x-axis questions
consistent with an advanced material assessment assuming y~axis questions were answered
in an advanced-material-consistent manner.
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Fig. 6.
Practitioner-validated categorization workflow for AdMs.
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Definition

Reference

Radical advanced materials technologies. product and process improvements that significantly enhance the cost-
performance frontier of functional materials.

Advanced materials. materials, and their associated process technologies, with the potential to be exploited in high
value-added products.

Innovative advanced materials technologies. [technologies that] make a direct and positive impact on economic
growth, the environment and quality of life, via improved processes and products, throughout their life cycle.

Advanced materials. materials that have been developed to the point that unique functionalities have been identified
and these materials now need to be made available in quantities large enough for innovators and manufacturers to test
and validate in order to develop new products.

Advanced materials. all materials that represent advances over the traditional materials that have been used for
hundreds or even thousands of years ... advanced materials refer to all new materials and modifications to existing
materials to obtain superior performance in one or more characteristics that are critical for the application under
consideration. They can also exhibit completely novel properties.

Maine and Garnsey
(2006)

UK Technology
Strategy Board (2011)

NIST (2011);
Featherston and
O’Sullivan (2014)

South Africa DTI
(2018)

Risk Anal. Author manuscript; available in PMC 2019 August 01.



	Abstract
	INTRODUCTION
	METHODS
	RESULTS AND DISCUSSION
	CONCLUSION
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table I.

