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Abstract

TPO was added to the REACH Candidate List on 14 June 2023 because of its reproductive-toxicity properties.
Commission Delegated Regulation (EU) 2024/197, adopted on 19 October 2023 and published in 2024,
introduced the corresponding harmonised classification under the CLP framework. These events have
accelerated formulation review and substitution activities, but the legal consequences and applicable dates must
be assessed for the specific product, use and regulatory framework. Changing from a TPO-containing
formulation to a TPO-free formulation can alter spectral response and post-cure requirements. A nominal 365,
385 or 405 nm equipment label is insufficient to establish compatibility. The actual source spectrum, formulation
response, delivered dose and cured-state endpoint should be evaluated for the specific chemistry—cabinet
pairing. An unverified pairing can create a risk of insufficient cure, but insufficient cure cannot be inferred from
the TPO-free designation alone.

This third perspective develops a four-step wavelength-matched audit methodology for the post-TPO chemistry
transition: cabinet emission spectrum measurement, photoinitiator absorption verification, spectral overlap-based
dose calibration, and FTIR or DSC degree-of-cure validation. A simplified spectral overlap integral (effective dose
D_eff) is introduced as a laboratory-floor screening metric for gross wavelength mismatch; provisional
engineering bands are proposed (D_eff,local / D_eff,reference > 0.9 higher relative spectral overlap; 0.7-0.9
intermediate relative spectral overlap; < 0.7 lower relative spectral overlap, with all three treated as author-
proposed screening bands). The overlap metric and the engineering bands are intended for first-pass triage of
cabinet-chemistry pairings prior to release-grade cure validation; they are not regulatory acceptance thresholds
and do not replace full photochemical quantum-yield characterisation. The audit output is intended for integration
into the ISO 13485 quality management documentation as a chemistry-cabinet pairing record.

Keywords: post-TPO photopolymer transition - wavelength matching - photoinitiator absorption - post-cure cabinet
emission - Jacobs working curve - spectral overlap - audit methodology - ISO 13485 - REACH SVHC - Delegated
Regulation 2024/197

Scope and methodology. This article develops an audit methodology for the post-TPO chemistry transition in dental and
biomedical photopolymer additive manufacturing. The methodology is a laboratory-floor engineering protocol rather than a
regulatory acceptance procedure; the audit output is intended for integration into the manufacturer's ISO 13485 quality
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management documentation as a chemistry-cabinet pairing record, not as a substitute for the validation hierarchy developed
in the first paper of this trilogy. The wavelength range of interest spans 340—420 nm, covering the legacy 365 nm Hg-lamp
installed base and the current 385/405 nm LED installed base; sub-340 nm UVC sources and visible-light direct printing
systems (e.g. 2PP at 600—1035 nm) are outside the scope. The proposed D _eff overlap metric and engineering bands are
provisional and require calibration against formulation-specific degree-of-cure and extractables data; this scope limitation is
restated in §7. The audit is intended to apply across the dental and biomedical photopolymer segment rather than to a single

manufacturer's portfolio; the audit output for any specific chemistry-cabinet combination remains the responsibility of the
device manufacturer.

1. Introduction

1.1 The post-TPO chemistry transition

TPO was added to the REACH Candidate List on 14 June 2023 because of its reproductive-toxicity properties.
Commission Delegated Regulation (EU) 2024/197, adopted on 19 October 2023 and published in 2024,
introduced the corresponding harmonised classification under the CLP framework. These events have
accelerated formulation review and substitution activities, but the legal consequences and applicable dates
must be assessed for the specific product, use and regulatory framework.

This third perspective addresses an operational constraint of the substitution that has received less attention
than the chemistry-side substitution itself. Photoinitiator selection and post-cure source spectrum are coupled
engineering variables, so a chemistry change requires verification of the actual chemistry—equipment pairing.
An unverified pairing can create a risk of insufficient cure and a corresponding risk of increased residual

reactive species or extractables, but those outcomes cannot be inferred from the TPO-free designation or
nominal source wavelength alone.

1.2 The wavelength mismatch problem

The dental laboratory installed base of post-cure cabinets is heterogeneous and can include 365 nm mercury-
lamp systems and 385 or 405 nm LED systems. Some TPO-containing systems may exhibit broader spectral
response than some substituted systems, but adequate cure cannot be inferred from photoinitiator family or
nominal source wavelength alone [P13]. Figure 1 therefore presents illustrative source and response curves
only. The actual source spectrum, formulation absorption and reactivity, delivered dose, specimen geometry
and cured-state endpoint must be evaluated for the specific pairing.
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Figure 1. lllustrative spectral-response and source-emission curves for two chemistry—equipment pairings. The
curves are schematic and do not represent universal TPO-containing or TPO-free behaviour. Higher or lower
spectral overlap is a screening observation only; application-relevant cured-state verification remains necessary.

2. The four-step audit methodology
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The proposed audit consists of four sequential steps (Figure 2). Each step has a defined input, a defined output
and a documented pass criterion. The audit is intended for integration into the manufacturer's ISO 13485 quality
management documentation as a chemistry-cabinet pairing record.
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Figure 2. Four-step audit methodology for post-TPO chemistry-cabinet pairing. Step 1: cabinet emission spectrum
measurement using a UV-Vis spectroradiometer. Step 2: photoinitiator absorption verification using a UV-Vis
spectrophotometer or TDS-level reference. Step 3: dose calibration via the spectral overlap integral D_eff. Step 4: degree of
cure validation via FTIR or DSC, conducted at the manufacturer or at an academic partner laboratory. The audit output is
integrated into the ISO 13485 documentation as a chemistry-cabinet pairing record.

2.1 Step 1 — Cabinet emission spectrum measurement

The first step measures the cabinet emission spectrum E(A) across 340—420 nm using a UV-Vis
spectroradiometer. The measurement is performed with the cabinet door closed and the resin platform empty,
with the spectroradiometer placed at the platform centre, the cabinet operating at nominal duty cycle, and
integration time set to capture the steady-state emission. The output is a digital file of intensity versus
wavelength. Pass criterion: the measured spectrum is within manufacturer specification for the cabinet and is
stable across replicate measurements (manufacturer-specific tolerance, typically < 5% emission drift between
replicate measurements). The spectroradiometer is calibrated against a NIST-traceable reference standard at
frequency defined by the manufacturer's ISO 13485 quality management procedure.

2.2 Step 2 — Photoinitiator absorption verification

The second step measures or verifies the photoinitiator absorption spectrum A()\) across the same 340—-420 nm
range. A primary measurement is conducted using a UV-Vis spectrophotometer on a liquid resin sample diluted
to a calibrated concentration in a non-reactive solvent (typically ethyl acetate or methanol, selected against the
formulation chemistry to avoid solvolysis); a secondary verification draws on the TDS-level absorption spectrum
provided by the resin manufacturer. The output is a digital file of normalised absorbance versus wavelength.
Pass criterion: the measured spectrum is consistent with the TDS-level reference within absorbance
measurement uncertainty (typically < 10% peak intensity deviation). For TPO-free formulations, the absorption
peak is expected in the 380-410 nm window.

2.3 Step 3 — Spectral overlap and effective dose

The third step computes the spectral overlap between the cabinet emission and the photoinitiator absorption.
The effective dose delivered to the photoinitiator under cabinet exposure is approximated by the spectral
overlap integral:

Deff~ t - [ E(\) - A(A) dh

where E(A) is the cabinet emission spectrum (mW/cmz2/nm), A()) is the normalised photoinitiator absorbance, t is
the post-cure cycle time (s), and the integral is taken across the wavelength range of interest (340—420 nm). The
metric is conceptually simple and can be computed on a spreadsheet from the two digital files generated in Steps
1-2. The output is a single numerical value (mJ/cm2) representing the effective dose delivered to the
photoinitiator under the audited cabinet. The D_eff formulation should therefore be interpreted as an engineering
heuristic for first-pass process auditing rather than as a rigorous photochemical kinetic model; the rigorous
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photochemical characterisation involves quantum-yield measurement, oxygen-inhibition modelling and explicit
radical-propagation kinetics, all of which are outside the scope of the laboratory-floor audit developed here.
Spectral overlap is therefore necessary but not sufficient for release-grade cure prediction: D_eff captures the
photoinitiator-cabinet wavelength match but does not capture molar absorptivity, quantum yield, oxygen
inhibition, scattering from pigments and fillers, formulation-specific viscosity and diffusion effects, part geometry,
or post-cure thermal regime. The Step 4 FTIR or DSC degree-of-cure measurement is therefore mandatory at
the release stage; D_eff serves only to triage chemistry-cabinet pairings before Step 4 is performed, not to
substitute for it.
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Figure 3. Effective dose D_eff visualization. (a) Matched case: 405 nm LED emission overlaps substantially with TPO-free
absorption peak at 400 nm. (b) Mismatched case: 365 nm Hg-lamp emission falls in the low-absorbance tail of the TPO-free
absorption spectrum. (¢)—(d) Corresponding integrand E(\)-A()); the shaded area is proportional to D_eff. The mismatched
configuration delivers an effective dose that is a small fraction of the matched configuration despite identical nominal cabinet
output. The D_eff metric is intended as a laboratory-floor screening metric for gross wavelength mismatch and does not
replace full photochemical quantum-yield characterisation.

The D_eff metric protects against the practical engineering error of comparing nominal cabinet output (typically
reported in mW/cm2 at the peak wavelength) without reference to the photoinitiator absorption profile; two
cabinets with identical nominal output can deliver materially different effective doses depending on the spectral
match. The metric is intended as a laboratory-floor screening metric for gross wavelength mismatch prior to
release-grade cure validation in Step 4; it is not intended to replace full photochemical quantum-yield
characterisation, and it operates at the linear-dose regime of photopolymerisation kinetics. The non-linear
regimes (near the gel-point and post-vitrification) require the FTIR or DSC validation of Step 4. This caveat is
restated in §7.

2.4 Step 4 — Degree of cure validation by FTIR or DSC

The fourth step measures the degree of cure (DC) achieved on a test specimen cured under the audited cabinet
at the nominal dose and cycle time. Two methods are recognised: FTIR monitoring of the methacrylate C=C
absorbance band at 1635-1640 cm-1 (quantitative gold-standard); DSC measurement of the residual cure
exotherm (rapid screening, lower quantitative precision). The metrology requires equipment not typically present
in dental laboratory environments and is therefore performed at the resin manufacturer (TDS-level
characterisation) or at an academic partner laboratory. Pass criterion: the measured DC meets the operational
release threshold specified for the chemistry-application combination; for monomer-free dental photopolymer
chemistries operated for direct mucosal-contact applications, peer-reviewed evidence supports operational
release at DC values in the >90% range under matched post-cure conditions [P10,P11,P12]. The pass criterion
is specific to the chemistry-application combination and is documented in the resin manufacturer's TDS or in the
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device manufacturer's product validation file under ISO 13485 quality management.

3. Provisional engineering bands for the D_eff overlap metric

The D_eff overlap metric is intended for first-pass triage of cabinet-chemistry pairings. To support that
operational use, provisional engineering bands are proposed in Table 1 based on the ratio D_eff,local /
D_eff,reference, where D_eff,reference is the effective dose computed for the manufacturer-specified reference
cabinet-chemistry pairing and D_eff,local is the effective dose computed for the cabinet under audit. The
provisional engineering bands are intended as laboratory-floor screening criteria prior to release-grade DC
validation in Step 4. The bands are not regulatory acceptance thresholds and require calibration against
formulation-specific DC% and extractables data; this caveat is established here before Table 1, not deferred to
limitations.

D_eff,local / D_eff,reference Provisional band Recommended action
>0.9 Higher relative spectral overlap (>0.9; These provisional ratios are first-pass
author-proposed screening band) comparison aids, not validated

acceptance limits. Confirm the specific
pairing with an appropriate cured-state
endpoint before process release.

0.7-0.9 Intermediate relative spectral overlap (0.7— ' These provisional ratios are first-pass
0.9; author-proposed screening band) comparison aids, not validated
acceptance limits. Confirm the
specific pairing with an appropriate
cured-state endpoint before process

release.
<0.7 Lower relative spectral overlap (<0.7; These provisional ratios are first-pass
author-proposed screening band) comparison aids, not validated

acceptance limits. Confirm the specific
pairing with an appropriate cured-state
endpoint before process release.

Table 1. Provisional engineering bands for the D_eff overlap metric. The bands are intended as laboratory-floor screening
criteria for gross wavelength mismatch and are not regulatory acceptance thresholds. The specific band boundaries (0.7, 0.9)
are provisional and require calibration against formulation-specific DC% and extractables data; this calibration is the open
external validation step for the methodology (§7).

4. Failure-mode propagation from wavelength mismatch

An unaudited chemistry—source pairing can create a risk pathway that is not detectable by dimensional
inspection alone. Figure 4 organises possible downstream effects of insufficient cure, including changes in
residual reactive species, extractables, water sorption or solubility, and cell-response endpoints. The diagram is
conditional: it does not assert that every lower-overlap pairing fails, and each endpoint must be evaluated under
the applicable product-specific method and acceptance criterion.
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Figure 4. Conditional risk pathway for an unverified chemistry—source pairing. Insufficient cure may increase
residual reactive species and may affect extractables, water sorption or solubility, or cell-response endpoints.
These outcomes are not inevitable and require product-specific evaluation under defined methods and acceptance
criteria.

5. Audit integration into ISO 13485 documentation

The audit output may be integrated into the manufacturer's I1ISO 13485:2016 quality-management
documentation as a chemistry—equipment pairing record. The record should contain the measured source
spectrum, formulation-response evidence, dose calculation, cured-state validation outcome, application-specific
acceptance criteria, risk assessment and authorised sign-off. The provisional overlap band may inform
investigation or mitigation, but it does not itself authorise process or device release.

1.0 reference

—— G WEHOV e Ep; higher ovejap —
Lower Intermediate Higher

relative overlap relative overlap relative overlap
(<0.7) (0.7-0.9) (>0.9)

D_eff,local / D_eff,reference. Author-proposed screening bands; not validated acceptance limits.

Figure 5. Visualisation of the provisional engineering bands for the D_eff overlap metric. Reference pairing at ratio
1.0. Higher (>0.9), intermediate (0.7-0.9) and lower (<0.7) relative spectral-overlap bands, each author-proposed for
screening. The bands are laboratory-floor screening criteria and not regulatory acceptance thresholds.

6. Worked example — conceptual

A worked example illustrates the methodology under typical operating conditions. A dental laboratory operates a
legacy 365 nm Hg-lamp cabinet on the previous TPO-containing aligner chemistry and intends to transition to a
TPO-free aligner chemistry of the same manufacturer.

In this conceptual worked example, Step 1 measures the local cabinet emission spectrum and Step 2
measures or verifies the formulation response. Step 3 calculates an illustrative D_eff,local /
D_eff,reference ratio that places the pairing in the author-proposed lower relative spectral-overlap band.

6
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That result identifies a candidate risk and supports investigation of alternative source conditions; it is
not a release decision. Any retained or substituted pairing must proceed to Step 4 and meet a
formulation- and application-specific cured-state acceptance criterion before release.

The conceptual worked example illustrates the operational use of the methodology in a strongly mismatched
configuration. Intermediate mismatch configurations are expected in practice, particularly in ageing LED
cabinets with measurable spectral drift over the cabinet service life, in mixed-spectrum cabinets combining
multiple LED wavelengths or LED + Hg sources, and in chemistry-cabinet pairings where the photoinitiator
absorption shoulder partially overlaps the cabinet emission. The D_eff metric is intended specifically for the
triage of such intermediate cases, where the matched / mismatched binary is insufficient. Quantitative outcomes
for specific chemistry-cabinet combinations are the responsibility of the device manufacturer and are calibrated
against the specific TDS and ISO 13485 documentation of the resin and cabinet involved.

7. Limitations and calibration requirements

7.1 Methodology scope

The audit methodology is a laboratory-floor engineering protocol rather than a regulatory acceptance procedure.
The audit output supports the manufacturer's ISO 13485 quality management documentation; it does not
substitute for the device-level validation hierarchy developed in the first paper of this trilogy [P1], for the
regulatory classification of the finished device under EU MDR or the applicable jurisdictional framework, or for
the manufacturer's full ISO 10993 biological evaluation. The audit is intended to address one operational
constraint of the post-TPO chemistry transition; other constraints — oligomer architecture compatibility, post-
cure heat management, build-platform geometry effects — are outside the scope of the present perspective.

7.2 Simplification of the D_eff integrand

The D_eff integrand treats cycle time t as a linear multiplicative factor independent of dose, which is valid in the
linear-dose regime of photopolymerisation kinetics. Near the gel-point and in the post-vitrification regime, the
dose-conversion relation becomes markedly non-linear — diffusion control takes precedence over
photochemistry, oxygen-inhibition effects vary with conversion, and radical termination becomes diffusion-
limited. The D_eff metric over-estimates effective cure in these non-linear regimes. The audit accordingly
operates D_eff at the linear-regime characterisation step (Step 3) prior to release-grade FTIR or DSC validation
(Step 4); the non-linear regimes are addressed empirically at Step 4. A second simplification is that the
integrand neglects intra-formulation optical effects — pigment absorption, filler scattering, and the wavelength-
dependent penetration depth D_p of the Jacobs working curve [P4] — that modulate the actual delivered dose
at depth. These effects are formulation-specific and require characterisation against the resin manufacturer's
TDS-level optical documentation.

7.3 Provisional band calibration

The 0.7 and 0.9 band boundaries proposed in §3 are provisional engineering values. Their calibration against
formulation-specific DC% and extractables data is the open external validation step for the methodology. The
calibration would proceed by computing D_eff,local / D_eff,reference for a defined set of chemistry-cabinet
combinations and correlating the ratio with independently measured DC% (FTIR) and total extractables under a
standardised ISO 10993-12 protocol. The peer-reviewed evidence base on cure kinetics x cytotoxicity coupling
[P10,P11,P12] provides the underlying data on which a formal calibration study could draw.

7.4 Regulatory and validation boundaries

The methodology does not provide regulatory acceptance for any specific chemistry-cabinet pairing. Device-
level regulatory classification of any finished medical device remains with the legal manufacturer of that device
under the applicable jurisdictional framework (EU MDR 2017/745 for European market access; corresponding
regulatory frameworks in other jurisdictions). The manufacturer's ISO 10993 biological evaluation, ISO 13485
quality management system and EU MDR conformity assessment are outside the scope of this engineering
audit protocol.
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8. Conclusions

The post-TPO photopolymer chemistry transition driven by the 2023 European Union regulatory framework is
well established at the chemistry level. The corresponding operational constraint — the coupling between
photoinitiator absorption and post-cure cabinet emission spectra — has received less attention than the
chemistry substitution itself. This third perspective of the trilogy develops a four-step audit methodology for the
chemistry-cabinet pairing, introduces a simplified spectral overlap integral (D_eff) as a laboratory-floor
screening metric for gross wavelength mismatch, and proposes provisional engineering bands for first-pass
triage of cabinet-chemistry pairings prior to release-grade FTIR or DSC validation. The audit output is intended
for integration into the manufacturer's ISO 13485 quality management documentation as a chemistry-cabinet
pairing record.

Three external research directions are identified for refinement of the methodology. First, calibration of the
provisional 0.7 and 0.9 band boundaries against a defined set of chemistry-cabinet combinations with
independently measured DC% and extractables data would consolidate the engineering bands into validated
screening criteria. Second, cross-laboratory reproducibility of the Step 1—2 measurements under standardised
spectroradiometer and UV-Vis spectrophotometer protocols would consolidate the audit as a transferable
laboratory-floor methodology. Third, the methodology has been developed for the 340—420 nm range covering
the legacy Hg-lamp and current LED installed base; extension to current visible-light direct printing systems
(385—410 nm LCD, 405-420 nm DLP, and the 2PP visible-NIR regimes at 600—1035 nm) would extend the
audit scope to advanced manufacturing platforms beyond the current dental and biomedical photopolymer
transition.
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