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Abstract

Optically driven polymer actuators can respond through chromophore isomerization, photochemical bond changes, photothermal heating
or combinations of these mechanisms. Light offers remote and spatially selective control, but optical attenuation and heat generation
create strong through-thickness gradients in printed parts. A large displacement alone cannot distinguish a photochemical response from
ordinary thermal softening. Qualification therefore combines spectral irradiance, absorbed optical dose, temperature mapping and
deformation measurements with recovery tests in darkness or under a second wavelength. The engineering outcome is a qualified
wavelength and irradiance window, a maximum optical thickness or penetration condition, and a reversibility or cycle-retention limit that
remains valid for the intended illumination geometry. [1,2,3]
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1. Qualification problem: optically driven photopolymer actuators

ER-375 asks whether a chosen wavelength and irradiance can drive the intended response through the required thickness and whether that
response is reversible over use. The qualification record therefore separates optical penetration, absorbed-power heating and recovered
strain so a photothermal effect cannot masquerade as photochemistry.

1.1 Scope boundary.

ER-375 concerns actuation initiated by optical absorption or photochemical state change in the finished structure. ER-374 owns purely
thermal activation, while earlier optical-cure reviews own exposure penetration during polymerisation; this article therefore requires
controls that separate photochemical deformation from light-induced heating after cure.

2. Governing balances for optically driven photopolymer actuators

Light-driven deformation can arise through photochemical conversion, photothermal heating or a combination of both. In
photoisomerising liquid-crystal systems, chromophore state changes molecular order and generates anisotropic strain; in photothermal
systems absorbed light raises temperature and drives an order-disorder or shape-memory transition. Optical attenuation makes the
stimulus inherently spatial, so through-thickness gradients can be the desired bending mechanism or an unwanted source of nonuniform
actuation. [1,2,3]

Azobenzene and related chromophores can change molecular configuration under light, altering liquid-crystal order or network stress.
[1,2,3]

Photothermal absorbers convert optical power into heat and can drive the same thermal transitions used in shape-memory or liquid-crystal
systems. [1,2,3]

Because absorption reduces intensity with depth, thick or strongly absorbing printed regions experience nonuniform stimulus and may
bend even when the intrinsic material response is isotropic. [1,2]

The experiment must therefore retain spectrum, intensity, absorbed-power or temperature information and deformation on the same
timeline so the optical route can be identified rather than presumed.

3. Regime boundaries for optically driven photopolymer actuators

At low absorbed dose the active-state fraction or temperature rise may be insufficient for useful motion. In an intermediate regime,
deformation can be reversible and controllable with irradiance or wavelength. At high dose, saturation, self-heating, photobleaching or
matrix damage can limit further response. Thick or strongly absorbing parts enter a surface-dominated regime where the illuminated face
responds before the bulk. The low-dose, reversible-response, saturation/damage and surface-dominated regime boundaries must be
mapped rather than inferred from source intensity. [1,2,3]

Table 1 distinguishes optical penetration, photothermal loading and mechanical reversibility, which is essential when the same lamp can
drive both chromophore conversion and bulk heating.
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Table 1. Regime indicators and engineering use.

The optical operating envelope is bounded simultaneously by absorbed-light distribution, temperature rise and reversible mechanical
response; one favorable axis does not erase an untested route on another.

Indicator Engineering meaning Use

Used to bound thickness, wavelength and irradiance
combinations for which the optical stimulus is spatially
representative.

Indicates whether the active layer is illuminated through

optical attenuation length divided by active thickness X X
P 8 y most of its thickness or only near the surface.

Used to identify conditions requiring matched-
temperature controls and to limit photothermal
overheating.

absorbed optical power divided by heat dissipation | Estimates the tendency of illumination to produce a
capacity thermal rather than purely photochemical drive.

Used to set cycling limits when residual deformation
grows even though peak light-induced strain remains
high.

Measures reversibility after removal or reversal of the

recovered strain divided by photoinduced strain . .
optical stimulus.

4. Couplings that move the optically driven photopolymer actuators

Optics and mechanics interact strongly. Chromophore concentration changes both conversion capacity and penetration depth; filler or
pigment scattering redistributes light; director alignment sets the direction of anisotropic strain. Heat dissipation depends on geometry and
environment, so identical optical dose can produce different temperature histories in thin films and bulk printed parts. Post-cure can also
change baseline modulus and optical absorption. [1,2,3]

Chromophore concentration changes both actuation strength and penetration depth, producing a trade-off between local response and
volumetric uniformity. [1,3]
Post-cure and network alignment determine how molecular-scale changes are converted into macroscopic strain. [2,3]

Surface reflection, optical attenuation and thermal boundary conditions can change the balance between photochemical and photothermal
actuation without changing nominal lamp irradiance. [1,2,3]

5. Failure signatures and false diagnoses

A loss of stroke can originate from chromophore bleaching, incomplete reverse isomerisation, rising temperature gradients, mechanical
fatigue or creep. Spectral measurements distinguish photochemistry from purely mechanical loss, while temperature tracking identifies
thermal drift. If absorbance and temperature remain stable but shape recovery worsens, mechanical damage becomes the leading
explanation. [1,2,3]

When light-driven motion weakens, the first question is whether optical absorption changed, the specimen heated differently, the
photoactive state lost reversibility or the structure accumulated mechanical damage. Spectroscopy, matched-temperature controls and dark
recovery tests separate these routes.

Table 2. Failure-mode discrimination and required evidence.

Failure mode Observable signature Discriminating evidence

stroke declines with optical dose while temperature

R spectral absorbance before and after cycling
response remains similar

photobleaching or irreversible chromophore change

response correlates with temperature rather than

" . matched-temperature dark heating control
wavelength-specific chemistry P s

thermal overdrive misidentified as photoisomerization

through-thickness optical gradient asymmetric curvature or delayed backside response front/back temperature and strain measurement

residual strain accumulates after dark or reverse-

wavelength recovery cycle-by-cycle zero-position tracking

incomplete reversibility

6. Measuring optically driven photopolymer actuators with traceable uncertainty

Optical actuation metrology should quantify the light field at the active material rather than only source power. Wavelength, irradiance,
beam profile, polarization when relevant, exposure time and optical attenuation through the part all affect the local stimulus. Simultaneous
temperature measurement is essential because many nominally photoresponsive systems contain a substantial photothermal contribution.
[1,2,3]

For azobenzene or other photoisomerising systems, spectroscopic tracking of chromophore state provides an independent mechanism
observable. If deformation follows temperature but not chromophore conversion, a photothermal interpretation is more plausible; if
deformation persists under isothermal conditions and tracks reversible spectral change, photochemical actuation is supported. Thickness
series are particularly informative because optical attenuation can create through-thickness strain gradients that drive bending. [1,2]
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Calibrated spectral irradiance is required at the specimen plane, along with exposure time and illuminated area. Measure surface or
embedded temperature while recording displacement or strain. Optical absorbance or attenuation through representative thicknesses
establishes whether the active volume receives the intended stimulus. Reversibility should be quantified after a defined dark period or
reverse illumination, not inferred from one return stroke. [1,2,3]

7. Experiments that discriminate competing mechanisms

Mechanism discrimination should compare wavelengths with different absorption but matched heating where possible. A control material
lacking the active chromophore can reveal deformation caused solely by heating of the polymer matrix. Conversely, isothermal optical
exposure can test whether a photochemical route survives removal of the thermal gradient. [1,2,3]

Reversibility must be assessed over complete light-dark or dual-wavelength cycles. Residual curvature can arise from slow thermal
relaxation, incomplete cis-trans recovery, photobleaching or mechanical creep. Spectroscopy, temperature and shape should therefore be
synchronized over the same cycle rather than measured in separate specimens. [1,3]

First measure absorption spectra and thermal response of flat coupons. Compare optical actuation with a matched-temperature thermal
control to separate photochemical and photothermal contributions. Repeat actuation from both illumination directions and at two
thicknesses to expose attenuation effects. Long cycling should include periodic absorbance checks and zero-position measurements so
photobleaching and mechanical set can be distinguished. [1,2,3]

8. Model identification and validation for optically driven photopolymer actuators

Models need an optical-transport layer before mechanical deformation is calculated. Beer-Lambert attenuation can be a useful first
approximation for weakly scattering systems, but printed composites or pigmented photopolymers may require scattering and wavelength-
dependent absorption. The local absorbed energy then drives either chromophore conversion, temperature rise or both. [1,2,3]

Mechanical prediction should preserve anisotropy when liquid-crystal alignment is used. A scalar thermal-expansion model cannot
reproduce director-dependent contraction, twisting or complex programmed shapes. Validation should compare deformation fields at
more than one irradiance and thickness so optical penetration and mechanical response are not fitted through the same parameter. [1,2]

ER-375 requires two coupled optical routes to remain distinguishable. Light transport is described from measured absorption or
attenuation, while photochemical state change and photothermal temperature rise are represented separately before either is coupled to
mechanics.

Identifiability is tested with a matched-temperature dark or externally heated control. Deformation that persists when the optical chemistry
is bypassed is assigned to the thermal route; wavelength dependence beyond absorbed-power differences supports a photochemical
contribution. Thickness is varied to test whether the inferred optical penetration length transfers.

Irradiance calibration, spectral distribution, absorbed power, specimen temperature and displacement carry distinct uncertainties. The
wavelength-intensity decision is bounded by optical measurement error, the thickness decision by attenuation and geometry, and the
reversibility decision by the uncertainty of recovered strain after repeated cycles.

9. Qualification envelope and technology decisions

The qualification envelope should include wavelength, irradiance, exposure duration, optical path, ambient thermal boundary, required
displacement or force and retained response after cumulative dose. For dual-wavelength systems, both forward and reverse stimuli belong
to the qualified state. The transferable variable is not source power alone but the absorbed optical/thermal state in the active region. [1,2,3]
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Table 3. Technology-decision matrix.

Optical qualification is split into an irradiance/wavelength window, a thickness or penetration limit, and a reversibility limit. Each is
accepted only with the control experiment that separates photochemical and photothermal contributions for the claimed operating state.

Decision

Minimum evidence

Acceptance logic

wavelength and irradiance operating window

Calibrated measurements spanning the proposed limit
for wavelength and irradiance operating window, with at
least one independent replicate near the boundary and
the controlling optical attenuation length divided by
active thickness reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'spectral
absorbance before and after cycling' does not trigger
photobleaching or irreversible chromophore change or
move stroke declines with optical dose while
temperature response remains similar outside the
qualified range.

maximum optical thickness or penetration condition

Calibrated measurements spanning the proposed limit
for maximum optical thickness or penetration condition,
with at least one independent replicate near the
boundary and the controlling absorbed optical power
divided by heat dissipation capacity reported with
uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'matched-
temperature dark heating control' does not trigger
thermal overdrive misidentified as photoisomerization
or move response correlates with temperature rather
than wavelength-specific chemistry outside the qualified
range.

reversibility and cycle-retention limit

Calibrated measurements spanning the proposed limit
for reversibility and cycle-retention limit, with at least
one independent replicate near the boundary and the
controlling recovered strain divided by photoinduced
strain reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'front/back
temperature and strain measurement' does not trigger
through-thickness optical gradient or move asymmetric
curvature or delayed backside response outside the

qualified range.

10. Design consequences for optically driven photopolymer actuators

Design choices trade penetration depth, actuation speed and spatial selectivity. Strong absorption enables local activation but can confine
the stimulus to the surface; weaker absorption can address thicker sections but may require greater energy. Patterned chromophore
concentration, director orientation or geometry can convert this trade-off into programmed bending or twisting. [1,2]

Photostability is a device-level constraint. Repeated irradiation can bleach chromophores or modify the surrounding network, while
photothermal operation can accelerate oxidation or creep. Qualification should therefore track optical absorbance and mechanical
response over cycling and should define an exposure-dose limit rather than only a number of actuation cycles. [1,2,3]

Select chromophore loading and thickness together rather than independently. Thin active layers and optical access from both sides
improve uniformity, while reflective or thermally insulating surroundings can increase temperature and change the mechanism. The
actuator should include a defined recovery route, whether dark relaxation, visible-light back-isomerization or thermal reset. Illumination
geometry is part of the qualified hardware. [1,2,3]

Optical-actuator manufacture is controlled through active-layer thickness, chromophore state, surface finish and post-cure. A new optical
path or pigment loading is challenged by spectroscopy and temperature mapping first, because equivalent incident irradiance does not
imply equivalent absorbed energy.

11. Evidence gaps for optically driven photopolymer actuators

Evidence gaps include insufficient separation of photochemical and photothermal mechanisms in many demonstrations. Future studies
should report local temperature, spectral state and deformation together and should use optical controls that permit causal attribution.
[1,2,3]

Another gap is scale-up to thick or three-dimensional printed architectures. Optical attenuation, shadowing and self-heating make local
stimulus strongly geometry dependent. Validated radiative/thermal models and spatially resolved strain measurements are needed before
thin-film results can support qualification of volumetric photopolymer actuators. [1,2,3]

Quantitative comparisons across studies remain difficult because spectral power, sample temperature and optical path are often reported
incompletely. Printed structures also need more evidence on long-term photochemical stability and oxygen effects. Future work should
report wavelength-resolved irradiance, attenuation, temperature and cycle-dependent absorbance together with mechanical output. [1,2,3]

A decisive optical-actuator dataset would combine spectrum-resolved irradiance, absorbed-power estimates, specimen temperature and
deformation while alternating illuminated and matched-temperature dark controls. Thickness variation should be included so penetration
limits are measured rather than assumed.

A recent stereolithographic azobenzene system provides a direct photochemical benchmark. MacKay et al. printed photoresponsive
polymethacrylate hydrogel lattices and reported light-induced lattice contraction reaching approximately 23% by volume. Because the
response also depends on optical path, chromophore state and heat generation, the value is not transferable as a material constant; it is
evidence that spectral stimulus, specimen thickness and volumetric deformation can be quantified in the same experiment. [4]

12. Qualification outcome for optically driven photopolymer actuators

A light-driven printed actuator is therefore qualified only for a defined optical spectrum, geometry, chromophore state, thermal
environment and cumulative exposure. Changes that alter absorption, scattering, alignment or heat loss require renewed mapping because
they change the actual internal stimulus.
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No universal light dose or reversible strain is claimed. Qualification is restricted to the wavelength spectrum, irradiance, exposure time,
optical thickness, temperature boundary condition and cycle history demonstrated. Optical penetration, thermal contribution and
reversibility remain separate limits.
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