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Safe-and-Sustainable-by-Design Approach and Decision
Support System for Advanced Materials
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Wendel Wohlleben, Otmar Schmid, and Eugene Van Someren

To facilitate Safe-and-Sustainable-by-Design (SSbD), the HARMLESS project
developed a practical SSbD approach and SSbD Decision Support System
(DSS) for advanced materials. The HARMLESS SSbD approach and
SSbD-DSS are in alignment with the EU-recommended SSbD framework and
methods. The HARMLESS SSbD approach recommends New Approach
Methodologies (NAMs) tailored to advanced materials and the innovation
stage of the material under development. The approach follows a flexible
stage-gate model with three innovation stages: 1) Ideation & Business Case
Phase, 2) Lab Phase, and 3) Pilot Phase. The HARMLESS SSbD-DSS guides
designers through a workflow starting with the Advanced Material Earliest
Assessment (AMEA) tool. AMEA contains three questions enabling
categorization and subsequently advice on design principles. A second tool,
named Warning flags, Design Advice, Screening Priorities (WASP), consists of
12 questions to identify early warning flags and provide design and
assessment advice. A third tool, named Alternative SSbD Design Inspector
(ASDI), provides guidance on descriptors to measure in the Lab Phase for
informed decision making on the most optimal SSbD version. By adapting the
data and resource requirements to each innovation stage, the SSbD-DSS
facilitates practical implementation of SSbD, supporting the user to find a
transparent balance between safety, sustainability, and performance.
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1. Introduction

The European Chemicals Strategy for
Sustainability (CSS)[1] is part of the EU’s
zero pollution ambition, one of the key
commitments of the European Green
Deal.[2] TheCSS aims to better protect cit-
izens and the environment from harm-
ful chemicals, boost innovation by pro-
moting the use of safer and more sus-
tainable chemicals and helps progress-
ing the United Nation’s Sustainability
Development Goals (SDGs).[3] The Eu-
ropean Framework for Safe and Sus-
tainable by Design (SSbD) of chemi-
cals and materials as published by the
Joint Research Centre (JRC) of the Eu-
ropean Commission[4] and its Method-
ological Guidance[5] represent impor-
tant steps toward the implementation
of SSbD in product development. Yet,
the European Framework published by
JRC currently requires resources not
compatible with the expected commer-
cial value at early innovation stages and
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Figure 1. Overview of the HARMLESS Safe and Sustainable Innovation Approach (SSIA) and HARMLESS Decision Support System (DSS) for AdMa,
aimed at supporting innovators to implement SSbD and regulators to improve their regulatory preparedness.

recommends methods that are not applicable to advanced mate-
rials (AdMa).
To address the need for simpler, less demanding approaches

applicable to AdMa, the EU-funded HARMLESS project de-
veloped a practical Safe and Sustainable Innovation Approach
(SSIA) for AdMa (Figure 1) to support innovators and regula-
tors in the implementation of safe and sustainable innovation of
AdMa. The OECD describes the SSIA as an approach to enhance
the ability of all stakeholders to address the safety and sustain-
ability assessment of innovations in a robust yet agile manner
by combining (a) the SSbD concept for innovators and (b) the
Regulatory Preparedness (RP) concept for regulators. Safe and
sustainable by design (SSbD) is described by the OECD as an ap-
proach that focuses on providing a function (or service), while
avoiding onerous environmental footprints and chemical prop-
erties that may be harmful to human health or the environment.
Regulatory Preparedness, as described by the OECD, empowers
regulators and policymakers to better anticipate and adapt gover-
nance to keep up with the pace of knowledge generation and in-
novations, including AdMa. Both SSbD and RP concepts are sup-
ported by a process to share and exchange knowledge, informa-
tion, and views in a trusted environment. SSIA thus relies on dia-
logue between innovators and regulators.[6] Within HARMLESS,
the SSbD and RP concepts were made specifically and practically
applicable to the development of AdMa resulting in the HARM-
LESS SSIA, consisting of the HARMLESS SSbD approach for
innovators and the HARMLESS RP, known as the HARMLESS
Early Warning System (EWS) for regulators. To facilitate practi-
cal implementation of the HARMLESS SSIA, both approaches
are implemented in an online Decision Support System (DSS),
resulting in (a) the HARMLESS SSbD-DSS (for innovators) and
(b) the HARMLESS EWS in the DSS (for regulators). To foster
the dialogue between innovators and regulators within a trusted
environment, the questions within the HARMLESS SSbD-DSS
and the HARMLESS EWS in the DSS are aligned ensuring that
innovators and regulators think about the same crucial questions
in the context of safety and sustainability.
This publication describes the HARMLESS SSbD approach

and its implementation in the SSbD-DSS, while the HARMLESS
EWS is described separately in Prinz et al.[7]

Recent SSbD approaches for AdMa are inspiring but often re-
main conceptual.[8–13] Some previous approaches have been im-
plemented in practical tools or DSSs. Only a few of these ap-
proaches cover all SSbD dimensions, respect the specific require-

ments of AdMa and follow a tiered approach from qualitative to
quantitative data.[14,15] None of the previous approaches supports
the user in a quantitative comparison of slightly different SSbD
versions of the AdMa in a time and cost-efficient way using only
a limited amount of questions, data, and resources.
This publication describes the HARMLESS SSbD approach

and its implementation into the SSbD-DSS for the early in-
novation phases. The HARMLESS SSbD approach and SSbD-
DSS are aligned with the European Framework for SSbD,
complemented with a flexible stage-gate model and New Ap-
proach Methodologies (NAMs) tailored to AdMa. The HARM-
LESS SSbD approach and SSbD-DSS build on the frameworks,
tools and methods developed within other initiatives, including
NanoReg2,7[16] Gov4Nano,[17] Early4AdMa,[15] GRACIOUS,[18]

the Cefic Guidance[13] and on the EU recommended SSbD
Framework[4] and Methodological Guidance as recently pub-
lished by the JRC.[5] Both the HARMLESS SSbD approach and
the SSbD-DSS were developed and tested using several case
study materials. The results of testing the SSbD-DSS with these
case study materials are presented separately in Adam et al.[19]

2. Overview of the HARMLESS SSbD Approach

The HARMLESS SSbD approach is tailored to AdMa that con-
sist of particles or fibers or are expected to release particles or
fibers within their life cycle, including but not limited to multi-
component, metal- and carbon-based, and low and high-aspect-
ratio nanomaterials. This is a very diverse class of emerging ma-
terials that present various specific properties which require spe-
cific considerations in the procedure used to assess their safety
and sustainability. The HARMLESS SSbD approach is specifi-
cally designed to keep these specific properties in scope.
The HARMLESS SSbD approach is based on lifecycle think-

ing, it considers a flexible stage-gate model, and it has a mod-
ular structure for SSbD assessment (Figure 2). The HARM-
LESS SSbD approach aims to capture two distinguished sce-
narios: a) introducing a new product into the market or b) re-
newing an existing product. The approach adopts the Cooper
stage-gate model[20] and considers three innovation phases: 1)
Ideation & Business Case phase, 2) Lab phase, and 3) Pilot phase,
each of which ending with a decision on proceeding to the next
stage (called the gate). SSbD is intended to be aligned with the
“product development process”, i.e., the complete process of
bringing a new product to the market, from idea generation to
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Figure 2. Overview of the HARMLESS SSbD approach. SDGs: Sustainable Development Goals, AdMa: AdvancedMaterial, CoMa: ConventionalMaterial,
ISO: International Organization for Standardization, OECD: Organization for Economic Co-operation and Development.

market launch. Within the product development process, differ-
ent companies apply different stage-gate models, but their gen-
eral structure from early to late development stages is similar.
The HARMLESS SSbD approach is flexible in the definition of
its “innovation stages” to be adaptable to diverse product devel-
opment processes happening in different companies and across
sectors. Within each innovation stage of the product develop-
ment, safety and sustainability aspects of the product are con-
sidered throughout its whole life cycle (Figure 2).
Four dimensions of SSbD are implemented (i.e., intrinsic

safety, human and environmental safety, environmental sustain-
ability, and performance), which can be (qualitatively and/or
quantitatively) assessed in parallel. Intrinsic safety assessment is
related to the characterization of intrinsic hazardous properties,
i.e., potential regulatory hazard classification of chemical com-
ponents and physicochemical characterization. Human and en-
vironmental safety are assessed using a risk-based approach, i.e.,
both, exposure, and hazard, are assessed in humans and environ-
mental compartments with suitable NAMs, which are prioritized
to make efficient use of resources. Environmental sustainability
considers several aspects, including climate change, pollution,
biodiversity, resource use, and circularity. Product performance is
also a parameter to consider in the balancing of trade-offs at each
stage gate and is therefore included in the HARMLESS SSbD
approach. Data and resource availabilities along the product de-
velopment process are considered for all SSbD aspects, moving
frommore cost-efficient qualitativeNAMs employed during early
phases to more expensive quantitative assessment methods in
the later product development phases.
Figure 2 gives an overview of the HARMLESS SSbD approach,

including the aim and recommended actions for the different di-

mensions for each of the innovation phases. At the Ideation and
Business Case Phase, when the material, application, and func-
tionality are defined, the main goal of the HARMLESS SSbD ap-
proach is to give early warnings on safety and sustainability and
prioritize the aspects for further investigation in the following in-
novation stages. At Lab Phase, different SSbD versions (i.e. ver-
sions of the AdMa developed), reference material(s) (ReMa), and
conventional material(s) (CoMa) are compared with the aim of
selecting the best candidate to proceed to Pilot Phase. Produc-
tion and use are the focus here, as they are the lifecycle stages
best known by the material developer. At Pilot Phase, increased
knowledge on thematerial and its production process strengthen
the SSbD assessment. The whole supply chain can be consid-
ered in the assessment. The HARMLESS SSbD approach is im-
plemented in the online SSbD-DSS that is freely available at:
https://diamonds.tno.nl/harmlesspublic.

3. Overview of the Decision Support System

The SSbD-DSS is an online platform meant to support its users
in making decisions during the design and re-design process of
innovative products, such that they are safe and sustainable, and
still performant. The SSbD-DSS is a practical implementation of
the HARMLESS SSbD approach (as described above) in a sys-
tem which recommends methods and tools tailored to the char-
acteristics of the design process (e.g., thematerial or process type,
product application, and stage of the innovation). To deal with the
challenges dictated by data quality and data availability at each
stage of the innovation process, the SSbD-DSS follows the same
stage-gate model as the HARMLESS SSbD approach described
above (Figure 2). At the early phase of the innovation process (i.e.,
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Figure 3. The workflow of the SSbD-DSS showing the SSbD-DSS components in the early innovation stages in relation to the data availability. AdMa:
Advanced Material, CoMa: Conventional Material, ReMa: Reference Material. TRL: Technology Readiness Level. NAM: New Approach Methodology.

when no product prototype is available), only qualitative or semi-
quantitative information can be acquired. Therefore, at this early
phase only qualitative and semi-quantitative tools are proposed to
drive the development of safe and sustainable products. Moving
along the stage-gate model to higher TRLs, the quality and the
quantity of data increases and a more quantitative evaluation of
the safety and sustainability is possible; the SSbD-DSS adapts its
recommendation to the user toward more data-driven methods
and tools.
This publication focusses on the first two phases of the innova-

tion process (Ideation and Business Case Phase and Lab Phase),
in which designers are guided through a workflow consisting
of three online tools, i.e. the Advanced Material Earliest Assess-
ment (AMEA) tool and theWarning flags, design Advice, Screen-
ing Priorities (WASP) tool at Ideation and Business Case Phase
and the Alternative SSbD Design Inspector (ASDI) tool at Lab
Phase (see Figure 3). The AMEA tool consists of only three ques-
tions (as further described below) and is used for early categoriza-
tion and subsequent advice on design principles and applicability
of the HARMLESS SSbD-DSS.[21,22] If the SSbD-DSS is applica-
ble, the designer is advised to apply the second tool, WASP.[23]

WASP is based on the AMEA advice and brings elements of sev-
eral other existing tools together into a simplified approach to
SSbD that requires relatively limited information compared to
most existing tools. The WASP tool consists of 12 questions (as
further elaborated below) meant to identify early warning flags
on safety and sustainability and to provide detailed design and
assessment advice. To support industrial innovators making an
informed decision on the most optimal SSbD version in the Lab
Phase, ASDI tool was developed, which explicitly asks for data

acquisition. Based on the early warning flags fromWASP, ASDI
provides guidance on which descriptors to measure (as further
described below) and gives insight into the differences between
the SSbD versions within the various dimensions (safety, sustain-
ability, and performance). At the Pilot Phase, when more data is
expected to be available, more complex methods and tools are
suggested and made available in the SSbD-DSS. As Pilot Phase
recommendations and methods are still under development at
the time of writing this manuscript, this is out of scope of this
publication.

4. SSbD-DSS Online Tools in the Ideation and
Business Case Phase

The Ideation & Business Case Phase of an innovation process
comprises several elements such as: defining the goal of the prod-
uct development process (i.e., developing new product or modi-
fying an existing product), brainstorming on new product ideas,
identification of the potential applications (or market), and iden-
tification of the application field. In the Methodological Guid-
ance of the JRC,[5] the SSbD activities in this innovation phase
are described in the Scoping analysis and Simplified SSbD as-
sessment. At this stage of the innovation process, a safety and
sustainability profile of the product is sketched out with the aim
to anticipate and minimize its risks and potential negative im-
pacts on human health and the environment before moving to
later stages of product development. Ideally, at this stage vari-
ous design principles can be identified at product or at process
level to mitigate risks and impacts. An example of such a design
principle is to reduce exposure to hazardous substances, e.g., to
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Figure 4. An example of the AMEA results in the SSbD-DSS. A) Categorization. B) Advice on design principles. WHO: World Health Organization,
HARN: High Aspect Ratio Nanomaterial, GRA: General Risk Assessment, EoL: End-of-life, P-A-R: Product, Application, and Region (of intended use).

qualitatively identify potential hotspots for emission into the en-
vironment and/or exposure to humans based on the intended use
and to try preventing or minimizing these hotspots. Another ex-
ample of a design principle at this stage is to minimize the use of
hazardous chemicals or materials, e.g. to substitute or minimal-
ize the use ofmaterials which are known to have hazardous prop-
erties, such as fibers matching the World Health Organization
(WHO) criteria or substances potentially causing irreversible ad-
verse effects like Carcinogenic, Mutagenic or Reprotoxic (CMR)
effects or very Persistent and very Bioaccumulative (vPvB) sub-
stances. Hence, different SSbD strategies for the production,
manufacturing, use, and end-of-life phase of a product can be
considered.
At this early innovation stage, no testing can be performed,

so only qualitative or semi-quantitative assessments can be per-
formed from information or data obtained from the literature or
databases. The objective is to select two to six versions among the
expected best-performing alternative products and/or strategies
(which could include existing ones) for more precise compari-
son at the next innovation stage. To identify relevant design prin-
ciples and select the most promising alternative products and/or
strategies, the designer is first asked to answer the following three
questions of the online AMEA tool:[21,22]

1) Does the material consist of particles and/or contains parti-
cles or not at all?

2) Is the nanomaterial nano-enabled and/or a nanomaterial in
regulatory terms, or none thereof?

3) Is themanufacturing process or thematerial itself considered
as “advanced”?

Each of the questions has an explanation to help the
user to correctly answer this question. Based on the answers
(yes/no/unknown) to these questions, the product will be cate-
gorized into one of the AMEA categories (see Figure 4). Based on
this category, AMEA provides advice on design principles[24,25]

for each of the innovation stages and on the applicability of the
SSbD-DSS.
Although the SSbD-DSS is specifically tailored to AdMa that

consist of particles or fibers or are expected to release particles or
fibers within their life cycle, it is also applicable to non-advanced
materials that consist of particles or fibers or are expected to re-
lease particles or fibers within their life cycle. As some of the tools
and methods for safety assessment in the SSbD-DSS are tailored
to the behavior and toxicity of particles and fibers, the SSbD-DSS
is not applicable to materials that do not contain or potentially
release any particles or fibers throughout their life cycle.

Adv. Sustainable Syst. 2025, e00208 e00208 (5 of 15) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 5. An example of the WASP results on the first question in the SSbD-DSS including warning flags and design advice for the Ideation & Business
Case Phase and assessment advice and suggested descriptors for the Lab Phase. Where possible, the SSbD-DSS provides regulatory-approved test
guidelines for each of the recommended descriptors to facilitate reproducibility and regulatory relevance of acquired data.

If, according to the outcome of the AMEA tool, the SSbD-DSS
is applicable, the SSbD-DSS recommends the designer to con-
tinue with the online WASP tool and answer its 12 questions.
For development of the safety part of the WASP tool, the AMEA
advice,[21] GRACIOUS Integrated Approaches to Testing and
Assessment (IATAs),[26–31] LICARA nanoSCAN,[32,33] Stoffen-
manager Nano,[34] Nano Exposure Quantifier (NEQ),[35–37] and
the Swiss Precautionary Matrix[38] were used together with the
expertise of different stakeholders in the HARMLESS consor-
tium to create a simplified questionnaire requiring relatively lim-
ited information to be answered so as to ensure its applicability
in this early innovation phase.
Most of the questions on safety can be answered with yes or

no, where yes generally triggers a warning flag indicated by a
yellow color in the result page (see Figure 5). To build the sus-
tainability part of WASP, SDGs and associated targets, devel-
oped by the United Nations[3] were selected based on their rele-
vance to theHARMLESS scope, i.e., environmental sustainability
of AdMa. When performing environmental sustainability assess-
ment in the early innovation stages, it is usual to consider fewer
impact categories or make assumptions in the data used (e.g.,

the use of proxy data), using more limited (generic) data sources,
and lower quality data.[5] Therefore, the selected SDGs targets
do not include all indicators of the environmental sustainability
assessment as described in the EC JRC SSbD Framework and
the Product Environmental Footprint (PEF) method.[4] Instead
the SDG targets that were considered most relevant for AdMa
and for which some information was expected to be available at
the early innovation stage were selected. The selected SDG tar-
gets include aspects within each of the four groups described in
the EC JRC SSbD framework: toxicity, climate change, pollution,
and resources.[4] At later innovation stages, when more knowl-
edge and data is available, all PEF indicators may be considered
when performing a full LCA. The sustainability question offers
three answer options (no impact, positive impact, or negative im-
pact) for each selected SDG target, where a negative impact trig-
gers a warning flag indicated by a yellow color in the results page.
Depending on the answers to the 12 questions, WASP will iden-
tify early warning flags that require additional attention. For each
warning flag the user will be provided with more specific design
advice to potentially alleviate the raised warning, as well as as-
sessment advice for the next innovation stage to monitor and

Adv. Sustainable Syst. 2025, e00208 e00208 (6 of 15) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 6. An example of the ASDI results for four SSbD AdMa as compared to two CoMa and two ReMa as columns and diverse descriptors (rows)
categorized in the five dimensions (groups of rows with blue label). In this example, several rows show very similar values for the four AdMas, but clearly
the third column (MAT3_CR) stands out as an AdMa with less favorable values for some descriptors (some cells have more red colors compared to
other AdMa) without remarkable improvements (no cells visible with more green colors compared to other AdMa) (screenshot from the SSbD-DSS).

potentially revoke the potential issue, including detailed recom-
mended descriptors to evaluate in the Lab Phase with the ASDI
tool (Tables 1 and 2 and Figure 5).
Most of the descriptors in Table 1 are based on the GRA-

CIOUS IATAs, complemented with some additional descriptors
from existing exposure and risk assessment tools. Where pos-
sible, the SSbD-DSS provides regulatory-approved test guide-
lines for each of the recommended descriptors to facilitate
reproducibility and regulatory relevance of acquired data. For de-
scriptors for which no regulatory approved test guideline, such
as an OECD Test Guideline is available, the SSbD-DSS provides
references to peer-reviewed publications. The importance of the
compatibility of test methods with regulatory frameworks has
previously been emphasized and evaluated for several NAMs for
(advanced) nanomaterials.[39,40]

5. SSbD-DSS Tools in the Lab Phase

The Lab Phase represents the stage of the innovation process
where the product is being produced as a prototype. The goal is to
select the SSbD versionwith the best compromise between safety,
sustainability, and performance that will proceed toward the Pi-
lot Phase. At this stage, product performance can be improved
by tailoring the properties of the product with the highest impact
on its function, while maintaining a sufficiently high safety and
sustainability profile. Despite the lower budget and data availabil-
ity compared to the Pilot Phase, quantitative or semi-quantitative
data can now be obtained, which allows for more accurate safety
and sustainability assessments compared to the Ideation & Busi-
ness Case Phase. Here, the user can already perform experiments
to quantitatively assess various aspects related to the safety and
performance of the various SSbD versions of the material. The
comparison of different SSbD versions requires sensitivity in the
tools used for the assessment as often a small design variation
induces a significant change in the performance.
Several existing tools used in the early innovation stages, such

as LICARA nanoSCAN and Stoffenmanager Nano are useful for
early SSbD assessment, but not sensitive enough to compare the
safety and sustainability profile of various SSbD versions of a new
material or product. The differences between the SSbD versions
are too small to arrive at a different safety or sustainability as-
sessment outcome with thesemore coarse-grained existing tools.
Therefore, the ASDI tool aims to provide quantitative insight into

the differences between the SSbD versions within the safety and
performance dimensions and semi-quantitative insight within
the sustainability dimension. Based on these differences innova-
tors can make an informed decision on the most optimal SSbD
version with respect to the various safety and sustainability as-
pects.
The goal of ASDI is to obtain a visual overview of the various

safety, sustainability, and performance descriptors to allow the se-
lection of the best SSbD version to continue further with in the
Pilot Phase. Within ASDI the SSbD-DSS helps the user to cre-
ate a matrix with the different descriptors on the rows and the
different materials on the columns (see Figure 6). The columns
contain the various SSbD versions of the AdMa and their cur-
rent CoMa and the ReMa for comparison. The rows contain de-
scriptors categorized into the design space (indicating the differ-
ences between the various SSbD versions), performance, human
safety, environmental safety, and sustainability. The design space
and performance descriptors are case-specific and should be en-
tered by the designer, while default human safety, environmental
safety, and sustainability descriptors recommended by the SSbD-
DSS are already included in the ASDI tool.
The online ASDI tool builds on the outcomes of the WASP

tool of the SSbD-DSS which provides a set of early warning flags
and relevant default descriptors to assess these warning flags. For
each of the descriptors, data for the various SSbD versions, the
CoMa and ReMa should be gathered from scientific publications
and existing databases (e.g. eNanomapper) or generated using
the recommended test method indicated by the assessment ad-
vice from the SSbD-DSS. Table 3 gives an overview of the rec-
ommended test methods for the safety descriptors. The recom-
mended sustainability descriptors can be found in the last col-
umn of Table 2. For the sustainability descriptors no test meth-
ods are recommended. Instead, a semi-quantitative assessment
of the AdMa or a semi-quantitative comparison of the AdMa with
the CoMa is recommended (see Supporting Information). The
data on the various descriptors need to be entered into a SSbD-
DSS-provided data matrix, which is flexible and adaptable by the
user. Users can delete descriptors for which they cannot gather
data (e.g., because no contract research organization (CRO) is
available) and they can also add additional descriptors. These de-
scriptorsmay emerge from knowledge on the toxicological mech-
anism of action (ideally an AOP-based key initiating event) of the
specificmaterials to be assessed, or from practical considerations
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Table 3.Recommended testmethods for recommended safety descriptors.

Descriptors triggered Recommended method

Particle size TEM (OECD TG 125)[41]

Surface area BET (OECD TG 124)[42]

Composition ICP-MS

Dissolution ISO/TR 19057:2017;[43] OECD TG 318[44]

Reactivity (a-cellular) FRAS,[45] DCFH2-DA,[46] ESR (ISO/TS18827:2017)[47]

Dustiness CEN – EN 15051;[48] CEN- EN17199:2019[49]

Respirable fraction Respirable size fraction of airborne particles (CEN –
EN 481)[50]

Dispersion stability OECD TG 318[44]

Genotoxicity Chromosomal damage (OECD TG 473,[51] OECD TG
487),[52]

Gene mutation (OECD TG 476,[53] OECD TG 490)[54]

Inflammation Inflammasome activation, measuring cytokine
production

Reactivity (in vitro) Cellular protein carbonylation

Cytotoxicity Cell viability: MTS, LDH, Alamar Blue, Neutral Red

Membrane integrity Membrane integrity

Toxicity in algae OECD TG 201[55]

Toxicity in Daphnia OECD TG 202;[56] OECD TG 211[57]

Toxicity in fish cell lines OECD TG 249[58]

Reactivity (in silico) Predictive models e.g., based on electronegativity

like the existence of a large body of data on the CoMa and/or
ReMa. As the data generation in this innovation stage still needs
to be relatively easy, quick, and resource lean, no cellular (in vitro)
assays are recommended as default descriptors in this innovation
phase. However, if in vitro data is available, the user can add this
as one of the descriptors to the data matrix.
Based on the data entered into the data matrix and the chem-

ically and/or biologically relevant range of each descriptor, the
SSbD-DSS provides a “heatmap” of the various SSbD aspects to
help innovators making an informed decision on the SSbD ver-
sion to be continued in the Pilot Phase (see Figure 6). To under-
stand the importance of each measured value, it is imperative to
understand the chemical or biological range in which this mea-
surement is relevant. Whereas a technological range expresses
the technical boundaries of measurement values of a descriptor,
the chemical or biological range is a narrower range expressing
the chemically or biologically meaningful range of values, for ex-
ample from values of negative controls to values of positive con-
trols. The coloring within the heat map indicates how preferable
amaterial is with respect to the specific descriptor (green coloring
is preferable, grey coloring is neutral, and red is less preferable).
If the user adds new descriptors into ASDI, they can define the
corresponding color coding associated with the biological range
with some guidance provided in the online tool. For default bio-
logical descriptors, the biologically relevant range of each prop-
erty was determined based on existing data from ReMa. For sus-
tainability descriptors, a semi-quantitative assessment of the ex-
pected impact of the AdMa itself or of the AdMa compared to the
CoMa is recommended (see Supporting Information).
The selection of the SSbD version to proceed toward Pilot

Phase is not always straightforward, as some SSbD versions may

have a positive impact on one SSbD aspect, while having a neg-
ative impact on another SSbD aspect. Although the SSbD-DSS
provides an overview of both positively and negatively impacted
SSbD aspects for the product in scope, it intentionally does not
provide one aggregated SSbD score. Trade-offs between dimen-
sions are inevitable and yet there is no generally applicable con-
sensus on how to weigh the various SSbD aspects against each
other or on which absolute cut-off values should be applied for
most of the criteria used for the assessment. Therefore, the deci-
sion on how to balance the trade-offs between the various SSbD
aspects is not provided by the SSbD-DSS but is left to the de-
signer. This enables the transparency in decision-making and
leaves the designer enough freedom to further consider the de-
sign goal, the available budget for SSbD assessment and the pri-
orities and policies of the company developing the product.

6. Discussion and Conclusion

The HARMLESS SSbD approach and SSbD-DSS were devel-
oped together with industrial partners, which resulted in an ap-
proach that is in alignment with the current practice of the inno-
vation process within companies, increasing the applicability of
the SSbD-DSS for industrial developers.
The SSbD-DSS is developed in a modular fashion which al-

lows new individual tools to be added and become part of the
integrated SSbD-DSS. Similarly, the AMEA andWASP tools that
are currently integrated in the SSbD-DSS, can also be utilized as
standalone tools independent of the SSbD-DSS. Next to AMEA,
WASP, and ASDI which are part of the recommended work-
flow for the early innovation stages within the SSbD-DSS (as de-
scribed in this document), the SSbD-DSS also offers several op-
tional additional tools. Examples of such additional tools are the
LICARA nanoSCAN[32] for risk-benefit analysis, Substance Infor-
mation System (SIS)[59] for compound-related hazard and expo-
sure information, HotSpot Scan[60] for finding release factors,
NEQ[37] for tiered occupational exposure assessment, ECEL[35]

for risk management measures and several models to predict in
vivo toxicity.
The online AMEA and WASP tools are aimed to be used by

innovators or product designers. Since product designers will
generally have no in-depth knowledge on safety and sustainabil-
ity assessment the questions were selected and formulated in
such a way that they could be answered with no expertise on
safety and sustainability assessment. Feedback from beta-testers
revealed that although the questions in the AMEA and WASP
tools are generally accompanied by a clear explanation and are
easy to answer for consultants, some questions may require con-
sultation with experts on the various SSbD domains within a
company. For each WASP question a comment box is available
which allows the user to track the rationale in giving answers
and/or changing the answers, should additional knowledge or a
different perspective on a particular issue appear. Comparing to
other methods applicable in the early innovation stages, such as
LICARA nanoSCAN,[32] the SUNSHINE Tier 1 self-assessment
questionnaire,[14] or the Early4AdMa Tier 1 assessment,[15] the
authors consider the expertise needed to answer the questions of
the AMEA and WASP tools is either similar or less.
For the online ASDI tool the user requires more SSbD ex-

pertise, as some data interpretation of experimental data on
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performance testing and several descriptors related to safety
may be required to retrieve the input values for the ASDI
data matrix from scientific publications, existing databases, or
experimental test reports. Also, balancing the various SSbD
aspects in a transparent way, may require some SSbD expertise
and the ability to bring together experts from multiple domains
to come to a collaborative decision. As the SSbD-DSS pro-
vides no aggregated SSbD score, comparing the various SSbD
versions requires some knowledge about the various SSbD
aspects. LICARA nanoSCAN,[32] the SUNSHINE Tier 1
self-assessment questionnaire,[14] the Early4AdMa Tier 1
assessment,[15] and the European Framework for SSbD[4] all
aggregate the outcome of the SSbD assessment into aggre-
gated scores per dimension or even one overall SSbD score.
This makes it easier to compare different materials with
respect to their safety and sustainability performance but
also less transparent. Moreover, it also prevents the designer
to assign more weight to aspects that are important to the
company.
One of the often-mentioned challenges in applying the Euro-

pean Framework for SSbD of chemicals and materials[4] is that
it requires a lot of data and resources already in the early innova-
tion stages. In the Methodological Guidance of the JRC,[5] this is
addressed by the introduction of the Scoping analysis and Sim-
plified SSbD assessment. However, many of the recommended
methods in this Methodological Guidance are not applicable to
AdMa. With these challenges in mind, the HARMLESS SSbD
approach and its implementation in the online SSbD-DSS were
developed with the aim to provide innovators of AdMa a practi-
cal way to implement SSbD in the early innovation stages. The
online AMEA and WASP tools can be used in the Scoping anal-
ysis and Simplified SSbD assessment. They address the need for
a screening method applicable in the very early innovation stage
using a relatively limited amount of information to identify rele-
vant safety and sustainability aspects or warning flags to further
assess in the later innovation stages. The online ASDI tool can
be used in the Simplified and Intermediate SSbD assessment to
quantitatively compare various SSbD versions of the material in
the Lab Phase with respect to descriptors related to the identi-
fied warning flags. By using a heat map with a continuous color
coding scale instead of semi-quantitative categories such as risk
bands, also more subtle differences between the various SSbD
versions can be distinguished. For the default descriptors within
ASDI the SSbD-DSS recommends the use of NAMs that are ap-
plicable to AdMa.
Although the AMEA, WASP, and ASDI tools are intended for

voluntary use by companies for product development, the advice
for improved safety can also facilitate regulatory preparedness for
AdMa entering the market. Therefore, the three questions in the
AMEA tool and the 12 questions developed in the WASP tool
are also used in Tier 0 and Tier 1 of the HARMLESS EWS for
regulators.[7] Furthermore, the ASDI descriptors recommended
based on the answers to the WASP questions are also aligned
with Tier 1 of the HARMLESS EWS. The HARMLESS EWS con-
tains several additional questions related to regulatory aspects
with the aim to provide prioritization of materials, identify criti-
cal issues timely, and suggest regulatory actions instead of design
advice. The alignment of the AMEA,WASP, and ASDI tools with
the HARMLESS EWS was established to foster stakeholder dia-

logue by ensuring that innovators and regulators think about the
same crucial questions in the context of safety and sustainability.
Further perspectives of the HARMLESS SSbD approach and

SSbD-DSS include their further development for the Pilot Phase
and expanding or adapting the applicability domain to other types
of AdMa. Although the Pilot Phase of the SSbD-DSS is still un-
der development, it already contains severalmore detailed assess-
ment tools, including in vivo hazard prediction methods based
on physicochemical and in vitro data. As one of the important
human health and environmental risks of AdMa, is their poten-
tial to release particles or fibers which may have an enhanced
reactivity and ability to interact with biological systems due to
their relatively small size and large surface area, the applicabil-
ity domain of the HARMLESS SSbD approach and SSbD-DSS
is limited to materials that consist of particles or fibers or are
expected to release particles or fibers within their life cycle. Con-
sequently, some of the tools and methods for safety assessment
in the SSbD-DSS are tailored to particle and fiber behavior and
toxicity, e.g., to assesses their surface-specific reactivity, or their
ability to release toxic ions under biologically relevant condi-
tions. To expand or adapt the applicability domain, the structure
and tiered logic of the HARMLESS SSbD approach and SSbD-
DSS do not need to be changed, but specific tools and methods
would need to be adapted. If, for example the SSbD-DSS would
be adapted for the innovation of Advanced Plastics, the GRA-
CIOUS IATA should be replaced by a recent IATA developed for
the hazard assessment of microplastics,[61] and the recommen-
dation to assess dustiness should be replaced by a recommen-
dation to assess lifecycle release testing.[62] Much of the rest of
the SSbD-DSS may remain similar. The current online SSbD-
DSS, including the AMEA, WASP, and ASDI tools (available at:
https://diamonds.tno.nl/projects/harmlesspublic), already facil-
itates the practical implementation of SSbD in the early innova-
tion stages and supports innovators to find a transparent balance
between safety, sustainability, and performance of their material
under development.
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