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Abstract

Thermally responsive photopolymer actuators rely on temperature-dependent modulus, phase transitions, programmed strain or
differential thermal expansion. The same nominal transition temperature can produce different motion when heating rate, thermal
gradient, geometry and programming history change. Printed structures add anisotropy and cure gradients that can alter fixity, recovery
and fatigue. Qualification therefore requires temperature, shape and force to be recorded together. Dynamic mechanical analysis, local
temperature mapping, free-recovery strain, constrained recovery force and repeated thermal cycling define whether the actuator is
operating inside a reproducible transition window. The engineering output is a qualified activation-temperature band, a heating-rate and
geometry envelope, and a retained-force or recovery-ratio criterion after cycling. [1,2,3,4]
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1. Qualification problem: thermally responsive photopolymer actuators

The thermal device is qualified by locating its real activation interval, proving that the selected heating route brings the specimen through
that interval without unacceptable gradients, and demonstrating retention of recovery or force after cycling. Temperature history, not
heater setpoint, is the principal state variable.

1.1 Scope boundary.

ER-374 owns thermally activated shape change where specimen temperature crosses a material transition or switching interval. ER-375
owns light-driven actuation, including cases where light produces heating; ER-351 and ER-367 cover heat generation and heat-flow
architecture rather than the actuator transition, recovery force and thermal-cycle retention qualified here.

2. Governing balances for thermally responsive photopolymer actuators

Thermal actuation is controlled by the relation between temperature, molecular mobility and stored mechanical constraint. In shape-
memory systems a temporary shape is fixed below a switching transition and recovered when mobility is restored; in reversible thermal
actuators, repeated heating and cooling drive a repeatable strain mechanism. Heat must first reach the active volume, so thermal
diffusivity and boundary conditions determine whether the material experiences a uniform transition or a moving thermal front. [1,2,3,4]

Shape-memory actuation requires a network that stores the permanent shape and a switching process that fixes and releases temporary
deformation. [1,3,4]

Thermal gradients create asynchronous recovery across a printed section and can generate bending or internal stress that is absent under
uniform heating. [1,3]

Repeated programming and recovery can change residual strain, transition breadth and force through viscoelastic relaxation or damage.
[1,2,3,4]

Consequently the actuator record must connect programming history to measured specimen temperature and mechanical recovery, rather
than using a nominal transition temperature as a universal descriptor.

3. Regime boundaries for thermally responsive photopolymer actuators

Below the switching region the structure may be effectively locked. Through the transition, modulus changes rapidly and recovery or
actuation becomes strongly temperature dependent. Far above the transition, additional heating may provide little useful motion while
accelerating creep or ageing. Thick parts introduce a gradient regime in which outer regions have switched while the core has not,
producing internal stress and delayed motion. Qualification should distinguish these regimes with internal or spatial temperature data.
[1,2,3]

Table 1 maps the transition band, thermal equilibration and recoverable work independently; a specimen that reaches the programmed
shape too slowly is not equivalent to one that loses recovery force.
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Table 1. Regime indicators and engineering use.

A thermal actuator is accepted only where the transition interval, through-thickness temperature history and recovered work have all been
demonstrated for the same programmed state.

Indicator Engineering meaning Use

Shows whether the active volume actually traverses the | Used to set activation temperatures from specimen data

specimen temperature relative to the switching interval L . ) .
P P & thermal transition required for programmed motion. rather than chamber or heater setpoints.

Used to limit heating rate and route when internal
gradients would invalidate a nominal activation
temperature.

Measures whether the geometry can equilibrate while

thermal diffusion time divided by heating-ramp time temperature is being changed.

Measures how much mechanically useful recovery | Used to establish force/shape retention rather than

recovered work divided by programmed stored work survives the thermal programme and repeated cycling. relying on visual return to the programmed geometry.

4. Couplings that move the thermally responsive photopolymer actuators

Heating method couples to material state. Resistive elements can create local hot spots and interfacial stress; photothermal fillers alter
optical absorption and may stiffen the matrix; environmental convection changes the cooling half-cycle. Post-cure and ageing can shift
transition behaviour, while repeated programming can alter residual stress. Device geometry, heater architecture and polymer transition
therefore cannot be qualified independently. [1,2,3,4]

Post-cure changes crosslink density and transition temperature, so cure history is part of the actuator state. [1,3]
Programming strain and geometry can redistribute local stress during recovery; anisotropy is therefore measured mechanically rather than
assumed from build direction alone. [3,4]

Direct electrical, optical or convective heating can generate different spatial temperature fields even when the same nominal peak
temperature is reached. [1,3]

5. Failure signatures and false diagnoses

Failure signatures include reduced recovery ratio, increased residual strain, slower response, lower blocking force and visible cracking
near constrained regions. A shift in calorimetric or DMA transition supports a material-state change; unchanged transition with declining
force instead points toward mechanical damage or stress relaxation. Thermal imaging can reveal local overheating when global
temperature measurements appear normal. [1,3]

Incomplete thermal recovery is examined against thermal lag, insufficient transition crossing, programming loss and mechanical damage.
Local temperature, free and blocked recovery, and the response to slower heating are used to distinguish these mechanisms before a cycle-
life limit is assigned.

Table 2. Failure-mode discrimination and required evidence.

Failure mode Observable signature Discriminating evidence
incomplete shape recovery residual strain remains after adequate temperature hold free-recovery cycle with verified uniform temperature

. . . . . . . R infrared  temperature  ma synchronized ~ with
thermal-gradient distortion different regions recover at different times or directions P P Y

displacement field

force or recovery ratio decays after repeated temporary-

X cycle-block comparison at constant programming strain
shape setting y P prog s

programming damage

shape changes continue under load after intended
recovery

over-temperature softening or creep load-hold test above the activation band

6. Measuring thermally responsive photopolymer actuators with traceable uncertainty

Thermal actuators require simultaneous thermal and mechanical measurement. Surface temperature alone is not sufficient when the
structure contains gradients; embedded thermometry or calibrated infrared imaging should be used to determine whether the active region
actually crosses its transition. Displacement, recovery ratio, generated force and heating/cooling rate should be recorded together because
shape-memory response depends strongly on thermal history. [1,2,3,4]

For shape-memory systems, programming conditions are part of the material state. Deformation temperature, imposed strain, cooling
under constraint and recovery temperature all affect the subsequent stroke. Qualification should therefore distinguish one-way recovery
from reversible actuation and should report fixity and recovery ratios over repeated programming cycles. A device that performs once
after aggressive programming is not equivalent to a cyclic actuator. [1,3,4]

Report transition temperatures from a defined method such as DMA together with heating rate and specimen history. During actuator
tests, record local temperature at the active region, displacement or strain, and force for constrained recovery. A single chamber setpoint is
not sufficient evidence of specimen temperature when sections are thick or internally heated. [1,2,3,4]

7. Experiments that discriminate competing mechanisms

Heating route is a causal variable. Convective heating, resistive elements, photothermal fillers and induction can produce different spatial
gradients even when the same nominal peak temperature is reached. Comparing two heating routes at matched local temperature histories
helps determine whether a performance change is thermal or caused by the field/filler architecture itself. [2,3]
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Transition-temperature drift should be tested after repeated cycling and ageing. Differential scanning calorimetry or dynamic mechanical
analysis can establish whether the switching transition changes while mechanical tests reveal whether modulus and force capacity evolve.
If actuation degrades without a shift in transition, accumulated plasticity, creep or interface damage becomes more plausible than a change
in thermal switching chemistry. [1,3]

Establish transition breadth by DMA, then compare free recovery and constrained recovery at several heating rates. Repeat on at least two
section thicknesses to reveal thermal-lag effects. Cycle programmed specimens through fixed maximum strain and temperature limits,
recording residual strain and peak recovery force at logarithmic cycle intervals. A separate over-temperature dwell test identifies creep or
permanent set beyond the intended operating band. [1,3]

8. Model identification and validation for thermally responsive photopolymer actuators

Models should couple heat transfer to a constitutive description of the switching network. Lumped-temperature models are appropriate
only when Biot number and geometry support a near-uniform temperature; otherwise spatially resolved heat transfer is required. The
mechanical law should reproduce the programmed and recovered states rather than fit only a free-recovery curve. [1,3]

Validation should include force under constraint as well as free displacement. Many applications require useful work, and two materials
with similar recovery ratios can generate very different forces. Heating-rate and specimen-thickness variations provide a strong test of the
thermal model. Transfer to another geometry should be rejected when the temperature field no longer reproduces the calibrated transition
history. [2,3,4]

Thermal-actuator modelling starts from the specimen temperature relative to the switching interval. A viscoelastic or shape-memory
constitutive model is calibrated with thermal-mechanical tests, while heater or chamber data are used only as boundary conditions.
Recovery force is validated independently of free-shape recovery.

Parameter uniqueness is challenged by changing heating rate and specimen thickness. If an apparent transition temperature shifts only
because the interior lags the surface, the model must reproduce that lag instead of moving the material transition parameter. Programming
history is held explicit because it changes stored strain energy and recovery work.

Thermocouple or infrared calibration, geometry, displacement and force contribute to different acceptance margins. The activation band is
reported against specimen temperature, the heating-rate limit against the measured thermal gradient, and cycling retention against
uncertainty in recovered work. A chamber setpoint is never used as a substitute uncertainty estimate for internal temperature.

9. Qualification envelope and technology decisions

The acceptance envelope should specify programming state where applicable, minimum and maximum service temperatures,
heating/cooling rates, required displacement or force and retained response after cycles. The upper temperature limit is set not only by the
desired transition but also by thermal degradation, creep and neighbouring components. A design is transferable only when the
temperature-time field and mechanical constraint remain within the demonstrated domain. [1,2,3,4]

Table 3. Technology-decision matrix.

ER-374 closes the activation band with specimen-temperature evidence, the heating route with measured thermal gradients and response
time, and durability with retained shape or force after cycling. A good free-recovery result cannot substitute for force retention when the
application is load bearing.

Decision Minimum evidence Acceptance logic

. . . .| Accept only while the measured response remains inside
Calibrated measurements spanning the proposed limit P y P

activation-temperature band

for activation-temperature band, with at least one
independent replicate near the boundary and the
controlling specimen temperature relative to the
switching interval reported with uncertainty.

the stated boundary and the challenge 'free-recovery
cycle with verified uniform temperature' does not trigger
incomplete shape recovery or move residual strain
remains after adequate temperature hold outside the
qualified range.

allowable heating route and rate for the geometry

Calibrated measurements spanning the proposed limit
for allowable heating route and rate for the geometry,
with at least one independent replicate near the
boundary and the controlling thermal diffusion time
divided by heating-ramp time reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge ‘infrared
temperature map synchronized with displacement field'
does not trigger thermal-gradient distortion or move
different regions recover at different times or directions
outside the qualified range.

retained recovery or force after thermal cycling

Calibrated measurements spanning the proposed limit
for retained recovery or force after thermal cycling, with
at least one independent replicate near the boundary and
the controlling recovered work divided by programmed
stored work reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'cycle-block
comparison at constant programming strain' does not
trigger programming damage or move force or recovery
ratio decays after repeated temporary-shape setting
outside the qualified range.

10. Design consequences for thermally responsive photopolymer actuators

Design should reserve thermal margin on both sides of the transition. Operating too close to the switching temperature makes the actuator
sensitive to ambient variation, while excessive temperature can accelerate ageing or damage adjacent materials. Thermal insulation,
conductor placement and geometry should therefore be designed together with the polymer transition. [1,2,3]

For printed photopolymers, cure conversion and post-cure can shift modulus and transition behaviour. The manufacturing record should
include orientation, layer thickness and post-cure, and any embedded heater or filler should be checked for local cure inhibition.
Requalification is required when heater geometry, optical absorption or thermal boundary conditions change because they alter the
temperature field even if the polymer formulation is unchanged. [2,3]

3Dresyns Engineering Publications - ER-374 - 2026 - Page 3



3Dresyns Engineering Publications - ER-374

Transition breadth should match the available thermal control margin. Thin sections improve temperature uniformity but may reduce
force; thicker sections increase force but can create internal lag and stress. Heating elements or photothermal absorbers should be
positioned to minimize hot spots and must be qualified with the final geometry. Programming strain should remain below the damage
threshold established by cyclic tests. [1,2,3,4]

For thermal actuators, programming strain, transition-state conditioning, heater attachment and specimen thickness are controlled
together. A new heating fixture triggers a thermal-field check even when the polymer batch is unchanged, while a new post-cure triggers
the transition and recovery tests before the old activation band is reused.

11. Evidence gaps for thermally responsive photopolymer actuators

The major evidence gap is durability under realistic thermal duty cycles. Many demonstrations report a small number of recovery events
without mapping force loss, transition drift or residual strain. Long-duration tests should retain the complete temperature-time history and
distinguish actuator cycling from repeated reprogramming. [1,2,3,4]

More work is also needed on thermal gradients in complex printed shapes. Local transitions can create transient internal stress and

asynchronous motion that are absent in thin coupons. Spatial temperature and strain measurements, combined with validated heat-transfer
models, are required before actuation observed in simple strips can be transferred to thicker devices. [2,3]

The main gap is lifetime evidence under realistic combined thermal and mechanical loading rather than ideal free-recovery cycles.
Transfer between oven heating, Joule heating and optical heating is also poorly bounded because each creates different gradients. Future
studies should publish full temperature-displacement-force histories and report the exact post-cure and programming sequence. [1,3]
Thermal-actuator evidence would improve most from synchronized internal temperature, free recovery, blocked force and programming
history across several heating rates. Reporting the failed or partially recovered cycles is essential for locating the transition from reversible
switching to accumulated damage.

Vat-photopolymerized shape-memory systems provide measurable time and load scales for thermal qualification. Alam et al. reported
DLP-printed thermoresponsive structures whose programmed shapes recovered on reheating; representative recovery times were about 58
s and 122 s for two programming directions, and a programmed structure carried a 60 g load before thermal recovery. The measured
recovery times and 60 g load are formulation- and geometry-specific results, but they show why heating route, recovery time and blocked
or carried load must accompany a nominal transition temperature. [5]

12. Qualification outcome for thermally responsive photopolymer actuators

Qualification is therefore attached to a complete thermal history: printed and post-cured state, programming protocol, heater route,
environmental boundary conditions and cycle count. Changing any element that materially changes the internal temperature field or
switching transition requires renewed evidence.

Qualification is limited to the demonstrated transition band, heating route, geometry, programming strain and cycle count. Activation
temperature, heating uniformity and retained recovery are independent controls; no single transition temperature is a sufficient actuator
specification.
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