3Dresyns Engineering Publications - ER-493

Climate-Adaptation Qualification for Photopolymer Materials and
Packages: Heat, Humidity, Transport Exposure and Excursion
Disposition

Strategic convergence and foresight

Juan Segurola

3Dresyns by Resyner Technologies S.L.

© 2026 Juan Segurola. All Rights Reserved.

Correspondence: info@3Dresyns.com - www.3Dresyns.com
ER-493 - Engineering Review - Version 0.1 - 12 October 2026

Abstract

Heat and humidity can change photopolymer material state, while packaged resin can experience environmental histories that differ from
nominal ambient conditions. This review develops a bounded qualification framework for material and package exposure under changed
environmental boundary conditions. Direct and adjacent evidence supports high-temperature storage effects, moisture-state dependence,
package-material interactions, thermal histories in transport containers and post-excursion disposition based on measured state. The
controlled source base does not support factory-level climate disruption, facility resilience, outage recovery, infrastructure adaptation or
business continuity; those topics are excluded from this article. No universal temperature, relative-humidity, excursion-duration, shelf-life
or resilience threshold is proposed. The central engineering requirement is to record exposure history, measure relevant material state and
decide accept, quarantine, retest or reject against a predefined qualified envelope. An illustrative thermal-response model and a disposition
exercise distinguish ambient records, package response and measured material state.
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1. Scope

This review addresses photopolymer materials and their packages when environmental boundary conditions move away from the qualified
state. The scope is deliberately material- and package-level. It does not address factory resilience, infrastructure adaptation, power-outage
recovery, business continuity or regional climate planning because the sources used in this review contain no direct evidence for those
domains.

The evidence architecture combines direct photoresin storage evidence, mechanistic moisture evidence, package-interaction methods and
adjacent transport-container data [1-11]. These sources do not define a universal safe climate envelope. They support a state-based
qualification approach.

2. Temperature is an exposure history, not a single label

Hedayati et al. provide direct evidence, within the controlled corpus, that high-temperature storage can alter a photoresin's chemical and
mechanical state [1]. The study does not establish a universal storage-temperature limit. Its engineering importance is more general:
nominal formulation identity is insufficient when thermal history changes.

Package qualification must therefore preserve time-resolved exposure information where practical. A short excursion and a prolonged
elevated-temperature history are not interchangeable simply because the same peak temperature occurred. Likewise, a nominal warehouse
set point does not prove the material experienced that temperature throughout storage or transport.

Endo, Kimura and Imaeda documented non-trivial temperature distributions in dry transport containers [11]. That evidence is adjacent
rather than photoresin-specific, but it establishes that container thermal history can differ from ambient assumptions. It does not justify a
universal package-core temperature or a generic correction factor.

3. Humidity is not resin water content

ER-218 establishes the key moisture boundary: ambient relative humidity is an exposure condition, not a measurement of resin water.
Moisture uptake depends on temperature, humidity, exposed area, thickness, agitation, headspace and time, and the same bulk water value
can correspond to dissolved, bound or phase-separated water states [12].

For cationic systems, Koseki and Ohtsuka, Soucek and Chen, Lin and Stansbury, Golaz et al., Ge et al. and Pang et al. provide system-
specific evidence for water effects on photopolymerisation, dark cure or network response [13-18]. These studies are not pooled into a
universal moisture limit. Their collective use here is to show why humidity exposure must be translated into measured formulation state
before a qualification decision is made.

The implication is straightforward: a chamber RH value, weather record or transport humidity log cannot substitute for material-state
measurement when water sensitivity matters.

4. The package is part of the environmental boundary

ER-179 treats the package as part of the controlled material-contact system. Its source base includes HDPE sorption, diffusion, permeation
and swelling data from Aminabhavi and Naik [7], chemical-resistance and environmental-stress-cracking test-method boundaries [4-6],
inhibitor/oxygen considerations [2,3] and thermal-analysis methods [8-10].

These sources support qualification questions about package material, closure, headspace, light transmission, fill state and accumulated
environment. They do not qualify a production package by themselves. A package that is suitable at one temperature, for one formulation
and one exposure duration cannot be assumed equivalent after a different environmental history.

5. Post-excursion qualification is a state decision
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An excursion should trigger a controlled decision sequence:

. identify the exact lot, package and exposure history;

. determine which material-state variables are plausibly affected;

. select measurements capable of observing those variables;

. compare the measured state with the qualified reference envelope;

. assess whether intended cure/process response remains represented by existing evidence;
. record accept, quarantine, retest, rework if justified, or reject.

This sequence is an author-proposed synthesis of the controlled evidence. It does not prescribe universal tests or acceptance limits. The
test set must be matched to the formulation and package.

DU A WN =

6. Threshold-shaped statements require source-specific boundaries

The controlled corpus contains standards and methods useful for screening thermal reaction state, chemical resistance and environmental
stress cracking [4-10]. Those methods cannot be converted automatically into shelf life, package compatibility or climate-resilience
thresholds. ASTM E698, for example, is retained in ER-179 with an explicit warning against use when its kinetic assumptions are violated
in partially inhibited or multistep systems [10].

Accordingly, every temperature, time, humidity or conversion threshold used in a real qualification programme must belong to the exact
source, formulation, test method and decision context that generated it.

7. Corpus boundaries

ER-032 retains open-vat and repeated-use state. ER-072 retains environmental ageing of cured photopolymers. ER-080 retains in-can
stability chemistry. ER-081 retains in-can latency. ER-170 retains accelerated-life inference. ER-179 retains package construction,
headspace and storage-excursion disposition. ER-218 retains state-resolved water measurement and moisture tolerance in cationic
photoresins. ER-493 links these domains only at the environmental-boundary and disposition level.

8. A package excursion as a coupled observation problem

The proposed excursion record separates the external environment, the package response and the material state. A logger outside a
container measures one location; it does not directly measure the temperature or water state throughout its contents. The record should
preserve logger position, time resolution, package configuration and the basis for any inference about the material.

An illustrative first-order thermal model can make this distinction explicit. Under a constant ambient temperature Ta, a hypothetical
package core could be represented by T(t) = Ta + (TO — Ta) exp(—t/tau), where TO is its starting temperature and tau is an assumed
response time. The equation is a simplified model, not a qualified description of a resin package. Its purpose is to show that identical
ambient peaks can produce different core histories when duration or response time differs. A real application would require evidence for
the model, parameter and boundary conditions.

Humidity needs a separate treatment. A humidity record should not be inserted into a thermal model as though it measured water uptake.
The relevant material measurement and the history connecting the environment to that state must be established for the formulation and
package.

9. An auditable disposition after an uncertain excursion

A proposed disposition begins by identifying what is known and unknown. If the exposure record has a gap, the assessment should state
the resulting uncertainty rather than interpolate a favourable history without support. The next question is which measurement can
discriminate an acceptable state from the specific concern. A routine test may be insufficient if it does not observe the affected variable.

Consider a hypothetical lot with an external temperature excursion but no package-core measurement. A visual inspection alone cannot
establish an unmeasured internal history. It may nevertheless provide a narrower observation, such as the absence of a visible package
defect. The disposition record would separate that observation from any inference about material suitability and identify further evidence
required by the qualified envelope.

The final decision should state the lot, configuration, evidence, uncertainty and permitted use. Acceptance of that bounded lot does not
create a universal excursion allowance. A useful research dataset would retain both accepted and rejected cases and the measurements that
distinguished them, allowing the disposition method to be evaluated without converting a single successful history into a general shelf-life
rule.

Coupled environmental exposure and acceptance testing

A shipping-temperature logger records the environment at its own sensor location, not necessarily the resin's temperature. Thermal lag,
package position, fill volume and sunlight exposure can separate measured ambient peaks from material history. Likewise, relative
humidity cannot be converted directly into resin moisture without a validated sorption model.

Excursion disposition should reference a product-specific validated limit and test method. Where limits are absent, the defensible outcome
is investigation and bounded testing, not an automatic pass or a universal discard rule. Relevant responses can include viscosity, optical
absorbance, photoreactivity, contamination and performance of a representative cured article, with methods chosen for the risk being
assessed.

Supplementary critical engineering analysis
Coupled temperature and humidity history

A single maximum shipping temperature does not fully describe the exposure experienced by a formulation. Duration, cycling, container
headspace, light exposure and cooling history can influence whether an excursion is relevant. A qualification design should therefore use

3Dresyns Engineering Publications - ER-493 - 2026 - Page 2



3Dresyns Engineering Publications - ER-493

documented thermal histories, packaging configurations and measured end-state properties, with controls kept under matched conditions.
Without product-specific evidence, no universal temperature-time threshold can be asserted.

Excursion disposition as an evidence decision

Disposition should proceed from verified logistics records to container inspection, representative material testing and a stated uncertainty
assessment. Sampling must distinguish unopened containers from those already used and must address lot heterogeneity when feasible.
Functional tests should target properties relevant to the intended printing process, rather than relying on appearance alone. Acceptance
after an excursion is a conditional material-state decision and must not be confused with a guarantee of long-term stability.

Qualifying the chain from climatic excursion to material response

A shipping logger's reading is an observation at the sensor location, not necessarily the temperature experienced by the liquid in the
middle of a package. Container volume, insulation, pallet position and duration create thermal lag; exposure to direct light and repeated
cycles can matter independently of peak temperature. Environmental history should therefore preserve time-series data and the sensor-
placement rationale, rather than reducing a shipment to a single maximum value.

To determine whether an excursion is consequential, a planned study should expose representative retained samples to controlled histories
and measure functionally relevant attributes. For a photocurable formulation these may include viscosity, spectral attenuation, inhibitor-
related induction, photoreactivity, precipitation and the performance of printed, processed test articles. Endpoints need predefined
methods and uncertainty, with contemporaneous controls. The absence of visible sediment cannot prove that cure performance remains
unchanged.

A disposition rule must be grounded in product-specific stability evidence. If no validated bounds exist, the correct conclusion is an
unresolved qualification question requiring testing or conservative containment. The proposed matrix separates excursion detection, root-

cause analysis, disposition authority and subsequent trend monitoring. This structure supports decisions but does not establish universal
shelf-life limits.

Critical synthesis: Evidence for climate excursions and transport disposition

Temperature and relative humidity cannot be reduced to independent maximum values when transport packaging and photopolymer
materials respond to their time history. A short severe thermal excursion, repeated moderate cycling and prolonged warm storage may
produce different combinations of viscosity change, inhibitor depletion, moisture uptake, package deformation and light exposure. Testing
should measure the actual material and package states before and after a defined profile, rather than substituting chamber setpoints for
product exposure.

A disposition decision after an excursion requires traceable evidence: shipment logger calibration, sensor location, packaging
configuration, time above the qualified envelope, container integrity and representative material qualification tests. A retained sample that
never experienced the excursion is a baseline, not proof that shipped material remains usable. Where effects depend on lot composition or
duration, the defensible outcome may be quarantine pending testing. Accelerated tests should state which mechanisms they probe and why
they can or cannot predict field storage.

10. Limits

No source used in this review addresses factory-level climate disruption, facility resilience, outage recovery, infrastructure adaptation or
business continuity. Those topics are not discussed as evidence-backed claims here. No failure is attributed to climate without measured
exposure and state evidence. No universal temperature, RH, duration, shelf-life conversion or resilience threshold is proposed.

11. Conclusions

Climate adaptation at the photopolymer material and package level is a problem of state preservation and evidence validity. Heat and
humidity matter because they can alter material or package state, and transport environments can differ from nominal ambient conditions.
The defensible response is not a generic climate limit but an exposure record, state measurement and controlled disposition against a
qualified envelope.
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