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Abstract

A digital twin is useful only if its virtual state remains meaningfully connected to the physical system. Photopolymer products pass
through multiple irreversible or partly reversible states: liquid formulation, exposed green body, washed part, dried part, post-cured
network and service-aged article. A model that collapses these stages into one material identifier is not a lifecycle twin. This review
defines a state-transition architecture that binds formulation identity, machine history, process measurements, post-processing and service
observations to versioned models. It distinguishes a static digital model, a one-way digital shadow and a bidirectionally updated twin;
addresses uncertainty and model drift; and specifies requalification triggers when physical state or model structure changes. Current
digital-twin literature and additive-manufacturing demonstrations support the architecture, but direct lifecycle twin validation for
photopolymer products remains limited.
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1. Definition and scope

Digital twins are intended to link physical and virtual systems across time [1]. The term is often used broadly, so engineering qualification
should distinguish a static digital model, a digital shadow updated from the physical process, and a twin that supports validated state
updating and decision feedback. For photopolymers, lifecycle state is central because the material undergoes chemical conversion and
post-processing. The liquid formulation and the final service article are not the same material state (see ER-072, ER-184 and ER-392).

2. Lifecycle state machine

A minimum sequence is formulation -> conditioned resin -> exposed green body -> washed/dried body -> post-cured article ->
conditioned article -> service-aged article. Additional branches may include thermal treatment, sterilisation, coating, bonding or repair.
Each transition should have an event record and, where needed, a model that predicts how state variables change. This prevents a later
property prediction from using a resin-batch identifier as a substitute for actual cure and service history.

3. State variables and observability

Potential state variables include composition identity, conversion proxy, residual species, temperature history, absorbed dose history,
dimensions, moisture, defect indicators and accumulated service exposure. Not all are directly observable. Unobserved state variables
require estimators whose uncertainty is retained. A digital twin should not present a latent estimate as if it were a direct sensor
measurement.

Table 1. Photopolymer lifecycle states

State Minimum record Representative uncertainty

Liquid formulation lot/composition; age; temperature composition and conditioning

Conditioned resin temperature; atmosphere; age; mixing/rest history pre-exposure material state is not reconstructable
Green part exposure history; geometry; time conversion and residual stress

Washed/dried solvent; duration; drying residual solvent

Post-cured spectrum; dose; thermal history network-state uniformity

Conditioned article conditioning medium; temperature; humidity; duration service-entry state is not reconstructable
Service-aged environment; load; time degradation-state estimate

4. Process-history ingestion

Machine logs, irradiance measurements, environmental data and post-processing records provide the temporal backbone of the twin.
Clock synchronisation and event schema are essential when multiple devices contribute data. Missing or contradictory events should be
visible. Silent interpolation of a missing post-cure record can create false confidence in downstream property predictions.

5. Model hierarchy

A lifecycle twin may combine mechanistic models, reduced-order surrogates and empirical degradation models. Recent manufacturing
work demonstrates digital-twin frameworks that integrate physics-informed models for real-time prediction [2]. Such demonstrations are
useful architecture evidence but do not validate photopolymer-specific transfer. Model boundaries should follow the state transitions for
which evidence exists. A cure model should not be expected to predict long-term environmental ageing unless the coupling has been
independently validated.
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6. Updating and data assimilation

New measurements should update the state estimate and, under controlled governance, model parameters. State updating and model
retraining are different operations. A measurement can update the current part without authorising a new model version for all parts. The
update rule should preserve the prior state, measurement, posterior state and model version so that historical decisions can be
reconstructed. Uncertainty-aware simulation-experiment bridging provides a relevant adjacent example for state updating and model
correction [3].

Table 2. Digital representation maturity

Representation Physical update Decision feedback
Static model none none

Digital shadow one-way data update manual interpretation
Digital twin validated updating bounded decision/action
Unqualified label unclear claim not supported

7. Uncertainty and drift

Lifecycle prediction uncertainty generally grows between observations. Service conditions outside the training distribution should
increase uncertainty or trigger deferral. Drift can occur in both the physical process and the model-data relationship. Calibration should be
monitored over time. When prediction errors change systematically, the twin may require re-identification rather than a simple state
update.

8. Requalification triggers

Changes to formulation, raw-material source, printer optics, exposure strategy, wash chemistry, post-cure equipment, measurement
method or service environment can invalidate a model. The twin should therefore contain explicit equivalence and requalification rules. A
digital record that updates continuously but never declares a model invalid is not evidence of maturity; it may instead conceal
uncontrolled scope growth.

9. Use cases and boundaries

Potential uses include process monitoring, prediction of dimensional drift, maintenance of traceability, targeted inspection and service-life
updating. The evidence threshold depends on the consequence of error. Advisory use can tolerate a different validation depth from
automatic release or safety decisions. Privacy, cybersecurity and change control become relevant when field data or distributed
manufacturing sites feed the twin, but those governance topics are outside the scope of ER-409.

10. Qualification decision boundary

A lifecycle digital twin for photopolymer products should be understood as a stateful evidence system, not a three-dimensional
visualization. Its credibility depends on state definition, event traceability, uncertainty, model validity and requalification. The current
evidence supports the general architecture of digital twins in industry and additive manufacturing [1,2]. Direct photopolymer lifecycle
validation remains a research need and should be reported as such.

11. Parameter identification from lifecycle data

Field observations can update degradation or performance models only if the service history is sufficiently observed. A dimensional
change without humidity, temperature, load and time history may be impossible to attribute. The twin should therefore distinguish data
useful for state correction from data sufficient for model identification. Parameter updating should use regularisation or prior constraints
where sparse field data would otherwise overfit one product history. Changes inferred from a single returned part should not automatically
propagate to the population model.

12. Data quality and temporal consistency

A lifecycle record can span years and multiple software systems. Units, timestamps, identifiers and calibration conventions can change.
Schema migration and data-quality checks are therefore part of twin maintenance, not merely database administration. When historical
data are transformed to a new schema, both original and transformed records should remain traceable. Silent reinterpretation of an old
field can change the apparent physical history of a part.

13. Validation over time horizons

Short-horizon validation does not establish long-horizon prediction. A model that predicts temperature or dimensional response during
manufacturing may be accurate over minutes but irrelevant to months of humidity ageing or sustained load. Validation should be stratified
by time horizon and endpoint. Where accelerated ageing is used to extend the horizon, the acceleration model and mechanism invariance
require their own evidence. The digital twin should carry that extrapolation uncertainty rather than report a deterministic remaining-life
value.

14. Evidence gaps and research priorities

Photopolymer lifecycle twins need longitudinal datasets that preserve liquid-resin state, full print and post-processing history, initial
qualification measurements and repeated service observations. Most current additive-manufacturing digital-twin demonstrations focus on
process-stage prediction rather than chemically evolving polymer networks over service life. A high-value demonstration would
prospectively predict a bounded endpoint for a cohort of printed parts, update the state with scheduled measurements, and evaluate
calibration and drift without changing the model after seeing the final outcomes.
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