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Abstract
Dielectric-elastomer actuation converts an applied electric field into Maxwell stress, thickness contraction and in-plane expansion, but the  
useful stroke is bounded by electrical breakdown, electromechanical instability, viscoelastic loss and electrode damage. In photopolymer-
built actuators, cure state, thickness nonuniformity and printed interfaces add spatial variations that can localize electric field and strain.  
Qualification  therefore  requires  simultaneous  voltage,  current  and  deformation  measurements  rather  than  a  displacement-only  
demonstration.  Thickness  mapping,  dielectric  strength  under  the  relevant  prestrain,  electrode  sheet  resistance  during  cycling  and  
temperature tracking define whether the actuator operates inside a stable electromechanical window. The resulting evidence supports three  
engineering  decisions:  a  maximum  working  field,  an  allowable  prestrain  and  electrode  architecture,  and  a  cycle-life  limit  tied  to  
measurable drift rather than catastrophic failure alone. [1,2]
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1. Qualification problem: dielectric-elastomer actuators built with photopolymer materials
ER-371 must establish three independent limits: the highest usable electric field, the prestrain/electrode configuration that remains stable,  
and the number of cycles tolerated before measurable electromechanical drift. These limits are expressed with a stress ratio, a breakdown-
field margin and electrode-resistance evolution rather than collapsed into a single performance score.

1.1 Scope boundary.
ER-371 covers field-driven dielectric-elastomer actuation after the photopolymer structure exists. ER-372 treats ion-mediated low-voltage  
actuation, while ER-378 addresses resistance changes in conductive networks under strain; neither substitutes for the high-field stability,  
compliant-electrode and breakdown evidence required here.

2. Governing balances for dielectric-elastomer actuators built with photopolymer materials
DEA actuation follows the competition between electrostatic  pressure and elastic restoring stress.  For an ideal  compliant  dielectric,  
Maxwell pressure scales with permittivity and electric field squared, while the resulting deformation depends on the nonlinear mechanical  
response and constraints. The same field that generates actuation also approaches electrical instability and breakdown. Thickness therefore  
plays two roles: it  converts applied voltage into field and changes the mechanical geometry. Any comparison across devices should  
separate field, material stiffness, prestretch and electrode constraint rather than attribute performance to voltage alone. [1,2]

Maxwell stress rises approximately with dielectric permittivity and the square of electric field, while nonlinear elastic stiffening controls  
the resulting area strain. [1,2]

Local thinning increases electric field and can create positive feedback between deformation and electrical loading, making thickness  
uniformity a stability variable rather than a cosmetic dimension. [1,2]

Compliant electrodes must remain conductive while following biaxial strain; cracking, delamination or strain-dependent contact resistance  
can mimic dielectric degradation. [1]

These interactions make local geometry part of the electrical problem: field, strain and electrode continuity must be recorded together,  
with breakdown margin evaluated at the deformed thickness.

3. Regime boundaries for dielectric-elastomer actuators built with photopolymer materials
At low field the device is primarily mechanically controlled and deformation may remain approximately reversible. As field rises, electro-
mechanical coupling becomes strongly nonlinear and local thickness reduction can further intensify field. Near instability, small defects or  
electrode-edge concentrations can trigger runaway deformation or breakdown. A third regime appears when electrical conduction or  
heating becomes appreciable, because the actuator is no longer well described as a lossless capacitor. Qualification should identify where  
each regime begins for the actual printed thickness, surface finish and electrode architecture. [1,2]

Table 1 separates electromechanical loading, dielectric safety and electrode durability so that a voltage increase cannot hide a shrinking  
breakdown margin or a degrading compliant electrode.
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Table 1. Regime indicators and engineering use.

Transfer is allowed only where all three electrical-mechanical margins remain represented by the test matrix; excess margin in electrode  
resistance cannot compensate for an untested breakdown field.

Indicator Engineering meaning Use

ratio of electrostatic pressure to elastic restoring stress
Shows  how  strongly  the  applied  field  loads  the 
membrane relative to its current mechanical resistance.

Used  to  bound  voltage/prestrain  combinations  before 
local thinning approaches electromechanical instability.

operating field divided by measured breakdown field
Expresses  remaining  dielectric-strength  margin  in  the 
actual deformed thickness and electrode geometry.

Used  to  reject  configurations  whose  working  field 
approaches the measured puncture or treeing regime.

electrode resistance change per decade of cycles
Tracks  progressive  loss  of  compliant-electrode 
continuity under repeated biaxial strain.

Used to set the maintenance or life limit before electrical 
continuity degrades enough to alter actuation.

4. Couplings that move the dielectric-elastomer actuators built with photopolymer materials
Printing  variables  couple  directly  to  dielectric  reliability.  Layerwise  thickness  variation  produces  local  field  amplification;  residual  
photoinitiator or absorbed species can influence conductivity; surface roughness and particulate contamination can create electrode-edge 
enhancements. Electrode deposition can introduce solvent exposure or mechanical constraint that changes the elastomer after printing.  
Mechanical prestretch may improve stability but can also magnify interface stress. The complete process route, including cleaning, drying, 
post-cure and electrode application, therefore belongs to the qualified state. [1,3,4]

Printed-layer orientation and cure state can alter mechanical response and dimensional fidelity, so local strain fields must be checked  
rather than inferred from nominal geometry. [3]

Compliant-electrode composition, deposition route and adhesion determine whether conductivity survives large cyclic strain. [1]

Dielectric loss and viscoelastic dissipation can add heat during rapid cycling, so temperature is recorded when frequency or duty cycle  
changes. [1]

5. Failure signatures and false diagnoses
Failure should be classified by signature. A sharp current spike with permanent loss of insulation indicates breakdown, whereas gradually  
rising leakage  suggests  conduction or  thermal  ageing.  Decreasing stroke  with  stable  electrical  behaviour  points  toward mechanical  
softening, creep or electrode stiffening. Local loss of actuation accompanied by increased sheet resistance suggests electrode cracking.  
Because multiple modes can coexist, post-mortem microscopy should be linked to electrical and mechanical histories from the same  
specimen. [1]

Electrical puncture, snap-through thinning, electrode fracture and thermoviscoelastic drift  are challenged with different observations:  
leakage and post-mortem damage, local strain/thickness mapping, resistance tracking and temperature/frequency dependence. A diagnosis  
is accepted only after the alternatives have been tested against those signatures.

Table 2. Failure-mode discrimination and required evidence.

Failure mode Observable signature Discriminating evidence

dielectric puncture or treeing
current  spike,  irreversible  leakage  increase  or  visible 
burn track

step-stress dielectric test with local thickness map

electromechanical snap-through
abrupt local thinning and nonlinear displacement jump 
before puncture

high-speed  displacement/thickness  tracking  during 
voltage ramp

electrode cracking or delamination sheet-resistance growth with retained dielectric integrity four-point or mapped resistance during strain cycling

viscoelastic or thermal drift
progressive  stroke  loss,  phase  lag  or  temperature  rise 
without hard breakdown

frequency  and  duty-cycle  sweep  with  infrared  or 
embedded temperature measurement

6. Measuring dielectric-elastomer actuators built with photopolymer materials with traceable uncertainty
Electrical and mechanical metrology must be synchronized because DEA performance is defined by coupled fields. The minimum dataset  
should contain true active-area thickness, electrode geometry, applied voltage waveform, leakage current, capacitance or permittivity  
state, in-plane strain and out-of-plane constraint. Reporting voltage without thickness is insufficient because electric field, not voltage  
alone, drives Maxwell stress. Similarly, a large free strain obtained with a very compliant specimen does not define usable actuation 
unless blocked force or work density is also measured. [1,2]

Breakdown  testing  requires  more  than  a  single  ramp-to-failure  value.  Photopolymer  surfaces  can  contain  cure  gradients,  trapped  
contaminants or geometric edges that concentrate field. A statistical breakdown distribution across multiple devices is therefore more  
informative than one maximum field, and test specimens should preserve the same electrode edge design and post-cure used in the  
actuator. Leakage current versus field helps distinguish dielectric conduction from sudden breakdown, while thermal imaging can reveal  
Joule heating in imperfect electrodes or conductive pathways before catastrophic failure. [1]
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The minimum metrology set is local film thickness, biaxial or areal strain, applied voltage and leakage current, electrode sheet resistance  
and actuator temperature. Electric field must be computed from the deformed local thickness, not only the nominal printed thickness.  
Breakdown  testing  and  cyclic  actuation  should  use  the  same  electrode  geometry  and  environmental  conditioning  whenever  the  
qualification claim transfers between them. [1,2]

7. Experiments that discriminate competing mechanisms
A causal test sequence separates dielectric weakness from mechanical limitation. First, the elastomer is characterised mechanically at the  
relevant strain rate and temperature. Second, dielectric response and breakdown are measured without large actuation. Third, electrodes  
are  introduced  and  the  complete  actuator  is  cycled.  If  strain  decreases  while  capacitance  and  field  remain  stable,  viscoelastic  or  
mechanical fatigue becomes more plausible;  if  leakage rises or breakdown field falls,  electrical degradation is implicated. Electrode  
cracking is distinguished by spatial resistance mapping and by comparing strain with current distribution. [1,2]

Prestretch,  constraint  and electrode compliance must  be treated as state variables  rather than implementation details.  Prestretch can  
suppress electromechanical instability and change the achievable area strain, but it also alters stored mechanical energy and the stress state  
at electrode edges. A printed actuator that relies on residual cure stress or geometric constraint may therefore behave differently after  
thermal relaxation. Qualification should repeat key tests after conditioning and should record whether the device is free-standing, framed  
or bonded to a passive layer. [1,2]

A discriminating programme begins with thickness and modulus maps on unactuated coupons, then measures quasi-static voltage-strain  
curves at several prestrains. A separate step-stress test establishes breakdown margin, followed by cycling at fixed fractions of that margin 
while monitoring resistance, leakage, temperature and residual strain. Repeating the sequence with an alternative electrode architecture  
separates dielectric failure from electrode-limited failure. Frequency sweeps then reveal whether apparent loss of stroke is electrical,  
viscoelastic or thermal. [1,2]

8. Model identification and validation for dielectric-elastomer actuators built with photopolymer materials
The simplest  useful  model  couples  an  incompressible  or  nearly  incompressible  hyperelastic  law to  electrostatic  pressure.  It  should  
reproduce the measured passive stress-strain curve before electric loading is fitted. Permittivity should not automatically be treated as  
constant if the material contains polar additives or if large deformation changes microstructure. Likewise, ideal compliant electrodes are  
an assumption that must be challenged when printed or coated electrodes exhibit finite stiffness, cracking or resistance gradients. [1,2]

Validation requires an independent voltage-thickness-strain dataset and, preferably, a blocked-force or constrained-displacement test. A  
model that predicts free strain but fails under constraint is not sufficient for device design because many applications operate against load.  
Cycle-life  prediction  should  remain  empirical  unless  electrical  treeing,  electrode  fatigue  and  viscoelastic  evolution  are  explicitly  
represented. Transfer to another thickness is permissible only if the electrode architecture, cure state and breakdown statistics remain  
comparable. [1]

A predictive DEA model should combine a hyperelastic constitutive law with electrostatic energy and the measured dielectric response.  
Mechanical parameters are fitted from force-deformation data before voltage data are introduced, preventing leakage or electrode defects  
from being absorbed into an artificial modulus. The model is then challenged at voltages and prestrains excluded from fitting, with local  
thickness used in the field calculation.

For ER-371, parameter identifiability is tested by changing prestrain and electrode architecture separately. If the same voltage-strain curve 
can  be  reproduced  by  trading  dielectric  permittivity  against  stiffness,  the  fit  is  not  unique  enough  for  qualification.  Breakdown  
observations are treated as censoring limits rather than as ordinary deformation points, and resistance drift is analysed independently from  
the elastic parameters.

Uncertainty is propagated through local thickness, voltage, strain and leakage measurements to the working-field decision, while sheet-
resistance repeatability is carried to the electrode-life decision. Because thickness enters both field and mechanical stress, its covariance is  
retained. The reported operating margin is reduced by measurement uncertainty before acceptance, rather than appended afterward as a  
generic error bar.

9. Qualification envelope and technology decisions
The  technology  decision  is  not  simply  whether  a  dielectric  can  move.  A  useful  actuator  must  meet  a  joint  envelope  of  strain  or  
displacement,  force,  field,  leakage,  breakdown  probability  and  cycle  life.  Safety  margin  should  be  defined  statistically  from  the  
breakdown distribution, not from the single highest surviving test. The design field should remain below the lower-tail reliability criterion 
after  accounting  for  thickness  tolerance  and  environmental  conditioning.  This  creates  a  defensible  operating  window  that  can  be  
transferred only when dielectric, electrode and mechanical states remain equivalent. [1,2]
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Table 3. Technology-decision matrix.

The three ER-371 decisions are closed by different evidence: working field requires deformation plus leakage and breakdown margin;  
prestrain/electrode architecture requires stable conductivity through the demanded strain;  cycle life requires bounded drift  in stroke,  
leakage and resistance. Passing one test does not waive the others, and any geometry change that raises local field reopens the electrical  
margin.

Decision Minimum evidence Acceptance logic

maximum working electric field and voltage

Calibrated  measurements  spanning  the  proposed  limit 
for maximum working electric field and voltage, with at 
least  one independent replicate near the boundary and 
the controlling ratio of  electrostatic pressure to elastic 
restoring stress reported with uncertainty.

Accept only while the measured response remains inside 
the  stated  boundary  and  the  challenge  'step-stress 
dielectric test with local thickness map' does not trigger 
dielectric  puncture  or  treeing  or  move  current  spike, 
irreversible  leakage  increase  or  visible  burn  track 
outside the qualified range.

allowable prestrain and compliant-electrode architecture

Calibrated  measurements  spanning  the  proposed  limit 
for  allowable  prestrain  and  compliant-electrode 
architecture, with at least one independent replicate near 
the boundary and the controlling operating field divided 
by measured breakdown field reported with uncertainty.

Accept only while the measured response remains inside 
the  stated  boundary  and  the  challenge  'high-speed 
displacement/thickness  tracking  during  voltage  ramp' 
does  not  trigger  electromechanical  snap-through  or 
move abrupt local thinning and nonlinear displacement 
jump before puncture outside the qualified range.

cycle-life limit before performance drift

Calibrated  measurements  spanning  the  proposed  limit 
for cycle-life limit before performance drift, with at least 
one  independent  replicate  near  the  boundary  and  the 
controlling  electrode  resistance  change  per  decade  of 
cycles reported with uncertainty.

Accept only while the measured response remains inside 
the  stated  boundary  and  the  challenge  'four-point  or 
mapped resistance during strain cycling' does not trigger 
electrode  cracking  or  delamination  or  move  sheet-
resistance  growth  with  retained  dielectric  integrity 
outside the qualified range.

10. Design consequences for dielectric-elastomer actuators built with photopolymer materials
Device design should reserve margin against both electromechanical instability and dielectric breakdown. Raising electric field increases  
Maxwell stress quadratically, so operation close to breakdown can produce apparently impressive strain with little reliability margin.  
Practical optimisation balances field, thickness, passive stiffness, electrode compliance and heat generation. Rounded electrode edges,  
controlled active-area termination and removal of voids or contaminants are often as important as bulk dielectric strength. [1,2]

For additively manufactured devices, the build process introduces additional constraints. Layerwise anisotropy, local thickness variation  
and post-cure gradients can create spatially varying electric field and modulus.  The active region should therefore be dimensionally 
mapped, and requalification should be triggered by changes in layer thickness, orientation, post-cure or electrode deposition. Fully printed  
DEA concepts are promising, but qualification should separate material printability from demonstrated actuator reliability and should not  
infer cycle life from short proof-of-concept actuation. [1,3]

Design should maximize field uniformity before maximizing nominal voltage. Rounded electrode edges, controlled thickness, adequate  
creepage distance and electrodes that retain low resistance under the required strain reduce false gains from local overstress. Prestrain can 
improve stability but changes geometry, stored energy and assembly load, so it must be part of the qualified configuration. A design 
change  that  alters  thickness  distribution,  electrode  chemistry,  surface  treatment  or  prestrain  requires  renewed  dielectric  and  cycle  
evidence. [1,2]

Manufacturing control therefore focuses on thickness distribution, cure state and electrode application. A change in print orientation is  
first  challenged  mechanically,  a  change  in  surface  treatment  is  challenged  electrically,  and  a  change  in  prestrain  is  treated  as  a  
configuration change because it alters both geometry and stored energy.

11. Evidence gaps for dielectric-elastomer actuators built with photopolymer materials
Evidence remains sparse for long-duration, fully printed DEA devices in which dielectric layer, compliant electrodes and interfaces are all  
fabricated additively. The most important missing datasets combine breakdown statistics,  leakage current,  mechanical hysteresis and  
actuation over the same cycle history. Without that linkage it is difficult to distinguish electrical ageing from mechanical softening or  
electrode deterioration. [1]

A second gap concerns environmental stability. Humidity, temperature and absorbed species can change permittivity, conductivity and 
mechanical modulus simultaneously. Future qualification should therefore include controlled environmental states and report whether  
failure is electrical, interfacial or mechanical. Such data are necessary before geometry optimisation can be separated from material-state  
drift. [1,3,4]

The main evidence gap is transfer from uniform membrane coupons to printed three-dimensional actuator geometries containing corners,  
thickness transitions and bonded interfaces. Another gap is long-term coupling between electrode oxidation or migration, environmental  
humidity and repeated large strain. Future work should report local rather than nominal fields and retain raw current, resistance and 
temperature traces so that late-life failure can be assigned to a mechanism. [1]

A useful ER-371 dataset would pair local thickness maps with synchronized voltage, leakage, strain, temperature and electrode resistance 
through both step-stress  and cycling.  Failed specimens should be retained so electrical  puncture,  electrode damage and mechanical  
instability can be mapped to the state immediately before failure.

Direct  DLP evidence now bounds what a printed dielectric-elastomer device can actually deliver.  Huang et  al.  fabricated one-piece  
multilayer polyurethane-acrylate dielectric elastomer actuators by DLP; the reported cylindrical device produced 270 mN blocked force  
and retained 45% actuation performance at 100 Hz. These values are device-specific rather than qualification limits, but they establish that  
blocked force, frequency response and printed-layer architecture can be measured together and should be reported alongside breakdown  
statistics. [4]
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12. Qualification outcome for dielectric-elastomer actuators built with photopolymer materials
Qualification  therefore  requires  a  device-level  statement:  the  printed  dielectric  layer,  compliant  electrode  system  and  constraint  
architecture have demonstrated the required mechanical output for a defined electric-field waveform and cycle count while remaining 
within leakage and breakdown limits. Changes that affect thickness, electrode termination, post-cure, prestretch or environment alter that  
coupled state and require renewed evidence rather than a simple voltage rescaling.

No universal actuation field or lifetime is claimed. A dielectric-elastomer actuator is qualified only inside the joint envelope of printed  
thickness,  cure  state,  prestrain,  electrode  architecture,  temperature,  drive  waveform and cycle  count  demonstrated  by measurement.  
Maximum field, electrode integrity and cycle drift remain separate acceptance limits.
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