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Abstract

Electric fields can orient suspended inclusions, drive dielectrophoretic migration and alter charge distributions while a photopolymer
network is forming. ER-356 examines how those electrical forces compete with viscous drag, Brownian motion and the rapidly increasing
resistance to motion during cure. Field strength and gradient, particle polarizability, conductivity and gelation time are treated as coupled
state variables rather than independent settings. In-situ electrical measurements, optical or tomographic orientation measurements and
post-cure anisotropy tests are combined with polarity, frequency and gradient perturbations. The resulting qualification logic distinguishes
useful field-assisted alignment from electrode reactions, non-uniform migration and cure-arrest effects.
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1. Qualification problem: electric-field assembly

Qualification for electric-field assembly begins with the service question that the model must answer. Three decisions are kept distinct:
frequency window that aligns without excessive conduction; whether field gradients are acceptable or must be minimised; and cure timing
required to lock alignment before relaxation. Their evidence is indexed by Maxwell-Wagner relaxation time, Mason number, and electric
capillary number. [2]

1.1 Scope boundary.

ER-356 owns electric-field-assisted cure, including charge migration, dielectrophoresis and field-driven orientation. ER-355 owns
acoustic forcing, ER-357 magnetic forcing, ER-358 shear alignment, and ER-360 validation; overlaps are treated only to separate
competing alignment timescales and artefacts.

2. Governing balances for electric-field assembly
The electric-field model uses the following relations to distinguish polarisation dynamics, viscous resistance, and interfacial forcing.
electrostatic torque aligns anisotropic polarizable inclusions with the field when dielectric anisotropy is nonzero
F_DEP is proportional to particle volume, permittivity and grad(|E|2) for small particles in the dipole limit
charge transport obeys conduction and interfacial polarisation timescales that depend on frequency, conductivity and permittivity
The coordinates show whether alignment is limited by dielectric response, hydrodynamic drag, or excessive electric stress.

3. Regime boundaries for electric-field assembly
The electric-field map is used to decide whether frequency, gradient control, or cure timing is the dominant qualification constraint.

Table 1. Regime indicators for electric-field-assisted cure.

Indicator Engineering meaning Use

Before accepting 'frequency window that aligns without
excessive conduction’, compare Maxwell-Wagner
relaxation time between reference and candidate states.
It is the regime coordinate for timescale separating
conductive and dielectric polarisation regimes.

timescale separating conductive and dielectric

Maxwell-Wagner relaxation time - .
polarisation regimes

Before accepting 'whether field gradients are acceptable
or must be minimised', compare Mason number between
Mason number viscous drag relative to electric-field torque reference and candidate states. It is the regime
coordinate for viscous drag relative to electric-field
torque.

Before accepting 'cure timing required to lock alignment
before relaxation', compare electric capillary number
between reference and candidate states. It is the regime
coordinate for electric stress relative to capillary
resistance when interfaces can deform.

electric stress relative to capillary resistance when

electric capillary number .
ptiary interfaces can deform

Electric-field transfer is allowed only where the tested response remains inside the mapped polarisation, drag, and stress regimes.

4. Couplings that move the electric-field assembly

Field frequency selects polarisation mechanism and therefore torque/DEP sign.

Network growth changes dielectric properties while particles are moving.

Particle chaining increases local field concentration and can accelerate percolation or dielectric breakdown.
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5. Failure signatures and false diagnoses

Mechanism assignment separates electrode polarisation and Joule heating, unintended particle concentration at field gradients and
electrical arcing or breakdown in poorly insulated geometries. The observable set—impedance spectroscopy before and during cure,
optical orientation tracking or X-ray/microscopy after cure, current and leakage monitoring—is used to decide which route is active and
which alternatives can be rejected. The four rows of Table 2 provide independent challenges to the same causal hypothesis, so a false
diagnosis is exposed by an inconsistent response pattern.

Table 2. Failure-mode discrimination for electric-field-assisted cure.

Failure mode Observable signature Discriminating evidence

electrode polarisation and Joule heating impedance spectroscopy before and during cure frequency sweeps at fixed RMS field

optical orientation tracking or X-ray/microscopy after
cure

uniform-field alignment versus nonuniform-field DEP

unintended particle concentration at field gradients tests

electrical arcing or breakdown in poorly insulated

X current and leakage monitoring
geometries

vary viscosity independently from dielectric contrast

frozen-in gradients that improve conductivity but reduce

mechanical uniformity local temperature and field mapping

measure orientation kinetics before triggering cure

6. Measuring electric-field assembly with traceable uncertainty

Uncertainty is assigned separately to the three Table 2 measurement pathways, preserving the distinction between local response, system
response and mechanism-specific evidence. The working sequence for electric-field assembly has three parts: independent resolution of
electrostatic torque and dielectrophoretic translation; an uncertainty-controlled perturbation of interfacial polarisation; and separate
monitoring of viscous drag; during metrology of electric-field assembly, interfacial polarisation is resolved against viscous drag. Each part
answers a different engineering question, so uncertainty or failure in one part is not repaired by a favourable result in another; the
uncertainty record for electric-field assembly keeps viscous drag separate from electrostatic torque.

7. Experiments that discriminate competing mechanisms

Three independent checks structure the electric-field assembly assessment; during the causal challenge for electric-field assembly, viscous
drag is tested against electrostatic torque. A causal contrast between electrostatic torque and interfacial polarisation establishes the
primary state, a replicate test of viscous drag tests whether that state survives transfer, and a boundary challenge involving
dielectrophoretic translation is the perturbation used when the two disagree; the experiment for electric-field assembly separates
electrostatic torque from dielectrophoretic translation.

8. Model identification and validation for electric-field assembly

[2] [4] [3,5] The propagated uncertainty is reported against the separate Table 3 boundaries, not against a nominal process recipe. For the
electric-field assembly problem, an uncertainty-bounded check on viscous drag defines the independent cross-check rather than a tuning
variable; within model identification for electric-field assembly, electrostatic torque is not fitted through dielectrophoretic translation. The
main inference uses parameter estimation for electrostatic torque and dielectrophoretic translation, whereas prediction against interfacial
polarisation is reserved for the boundary test that can overturn the proposed interpretation; prediction for electric-field assembly keeps
dielectrophoretic translation independent of interfacial polarisation. [1]

9. Qualification envelope and technology decisions
Table 3. Technology-decision matrix for electric-field-assisted cure.

Decision

Minimum evidence

Acceptance logic

frequency window that excessive

conduction

aligns without

Establish frequency window that aligns without
excessive conduction from repeated impedance
spectroscopy before and during cure measurements on
both sides of the intended transfer boundary.

Pass the row only when the measured response to
'frequency sweeps at fixed RMS field' remains within
uncertainty and the diagnostic pattern for electrode
polarisation and Joule heating is not observed.

whether field gradients are acceptable or must be
minimised

A defensible case for whether field gradients are
acceptable or must be minimised requires state-resolved
optical orientation tracking or X-ray/microscopy after
cure, replicated sufficiently to distinguish systematic
change from measurement scatter.

The candidate is acceptable when ‘'uniform-field
alignment versus nonuniform-field DEP tests' yields a
repeatable optical orientation tracking or
X-ray/microscopy after cure trend consistent with the
qualified envelope and does not reveal unintended
particle concentration at field gradients.

cure timing required to lock alignment before relaxation

For cure timing required to lock alignment before
relaxation, document current and leakage monitoring
over the full operating span and include a repeat series at
the condition closest to the decision limit.

The row passes where 'vary viscosity independently
from dielectric contrast' preserves the established current
and leakage monitoring relationship; detection of
electrical arcing or breakdown in poorly insulated
geometries marks failure of the decision.

Rather than reduce electric-field assembly to one surrogate, the analysis combines an explicit transfer limit on viscous drag with tested
ranges in electrostatic torque and dielectrophoretic translation; inside the electric-field assembly envelope, dielectrophoretic translation
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and interfacial polarisation define different transfer limits. A separate a separate boundary for interfacial polarisation is used to challenge
that interpretation, making disagreement between the two routes visible instead of averaging it away; qualification of electric-field
assembly bounds interfacial polarisation separately from viscous drag.

10. Design consequences for electric-field assembly

For implementation control, a design change governed by electrostatic torque is adjusted against an implementation check on interfacial
polarisation while cure timing required to lock alignment before relaxation is controlled independently; a material shift in a requalification
trigger tied to viscous drag is treated as a new case; during design implementation for electric-field assembly, interfacial polarisation is
constrained by viscous drag. This arrangement keeps the implementation traceable when electric-field assembly changes with scale or
duty history; the electric-field assembly design record separates viscous drag from electrostatic torque.

11. Evidence gaps for electric-field assembly

Evidence for electric-field assembly is not accepted from a single nominal condition; for unresolved electric-field assembly transfer,
viscous drag is studied separately from electrostatic torque. The analysis requires scale transfer of electrostatic torque, follows it with
independent replication of viscous drag, and uses uncertainty in dielectrophoretic translation versus interfacial polarisation as a targeted
challenge wherever the two indicate different mechanism or margin; the evidence gap in electric-field assembly distinguishes electrostatic
torque from dielectrophoretic translation.

12. Qualification outcome for electric-field assembly

Qualification is supported only where the three Table 3 conditions are simultaneously satisfied. New geometry, process history or
environment can reopen the relevant boundary. Causal evidence that separates dielectrophoretic translation from interfacial polarisation is
the first stress test for electric-field assembly; only after that result is bounded is agreement between measurement and prediction for
electrostatic torque interpreted; at final qualification of electric-field assembly, electrostatic torque is reconciled with dielectrophoretic
translation. The record keeps a renewed-evidence trigger when viscous drag changes outside that inference and reports it as an
independent line of evidence; the closing electric-field assembly claim keeps dielectrophoretic translation distinct from interfacial
polarisation.
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