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Abstract
Ionic and electrochemical polymer actuators generate deformation through ion migration, solvent redistribution, redox state change or  
osmotic  swelling.  Their  low drive  voltage  is  attractive,  but  response  depends  strongly  on hydration,  counter-ion identity,  electrode  
morphology and time. A printed support or photopolymer matrix can constrain swelling and introduce diffusion lengths that differ from 
thin-film demonstrations.  Qualification  therefore  has  to  separate  reversible  electromechanical  response  from solvent  loss,  electrode  
polarization and irreversible  chemical  change.  Current  transients,  mass or  water  content,  curvature,  blocking force and open-circuit  
recovery together define the operating state. The engineering result is an envelope for voltage and duty cycle, a controlled hydration or  
electrolyte condition, and a drift limit beyond which recalibration or reconditioning is required. [1,2,3,4]
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1. Qualification problem: ionic and electrochemical polymer actuators in printed structures
Qualification of the ionic actuator is organised around allowable drive waveform, controlled solvent or hydration state, and the point at  
which drift requires reconditioning. Transport time, charge efficiency and water-content evolution are retained as separate observables  
because the same displacement can arise from different electrochemical histories.

1.1 Scope boundary.
ER-372  is  limited  to  actuation  controlled  by  mobile  ions,  solvent  state  and  electrode  polarization.  ER-371  owns  predominantly 
electrostatic dielectric-elastomer loading, and ER-373 owns humidity as the external stimulus for swelling-driven motion rather than as an 
electrolyte-state variable.

2. Governing balances for ionic and electrochemical polymer actuators in printed structures
Ionic actuation is governed by coupled charge transport, solvent or ion redistribution and mechanical deformation. Applied potential  
drives ions toward or away from electrode regions, creating concentration gradients, osmotic pressure and differential swelling; electrode  
processes can add Faradaic contributions. The observed curvature is therefore the endpoint of several time-dependent processes. Charge  
passed, ion mobility, solvent content, electrode capacitance and beam stiffness all influence the same displacement, so one waveform 
cannot identify them independently. [1,2,3,4]

Mobile ions redistribute under electric potential gradients and can drag solvent, creating differential swelling and bending. [1,2]

Electrode double-layer charging, Faradaic reactions and polymer redox can contribute at different timescales; identical displacement does  
not prove an identical mechanism. [1,2]

Printed thickness and encapsulation set diffusion distance and solvent exchange with the environment, so geometry directly controls  
bandwidth and drift. [1,3,4]

The  required  state  record  therefore  couples  current  history  to  solvent  condition  and  deformation;  none  of  those  quantities  can  be 
reconstructed reliably from final stroke alone.

3. Regime boundaries for ionic and electrochemical polymer actuators in printed structures
A transport-dominated regime appears when diffusion time through the active layer is long relative to the drive period; stroke then falls  
strongly with frequency. At lower frequency, quasi-equilibrium ion redistribution can produce larger deformation but also more drift or 
electrochemical  side  reactions.  At  still  higher  voltage,  irreversible  reactions,  gas  evolution  or  electrode  degradation  may  become  
important.  The  diffusion-limited,  quasi-equilibrium  and  irreversible-reaction  regime  boundaries  depend  on  thickness,  electrolyte,  
hydration and electrode structure, so a frequency-voltage map is more informative than one nominal actuation condition. [1,2,3]

Table 1 places transport kinetics, electrochemical efficiency and water-state drift on separate axes, because similar tip displacement can  
arise from very different ionic histories.
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Table 1. Regime indicators and engineering use.

The accepted ionic-actuator window is the overlap of transport, electrochemical and hydration evidence, with any change in solvent state 
treated as a new condition rather than a hidden correction factor.

Indicator Engineering meaning Use

ionic diffusion time divided by command time
Compares  the  time  required  for  ions  to  redistribute 
through the active thickness with the requested actuation 
time.

Used to define duty cycles for which the commanded 
motion  is  transport-feasible  rather  than  kinetically 
truncated.

charge passed per unit reversible strain
Relates  electrochemical  charge  transfer  to  useful 
mechanical output and exposes parasitic current.

Used  to  detect  voltage  ranges  where  extra  charge  no 
longer produces reversible actuation.

water-content change across a cycle block
Measures drift of the solvent state that controls mobility 
and swelling.

Used  to  trigger  reconditioning  or  recalibration  before 
hydration drift is misread as actuator ageing.

4. Couplings that move the ionic and electrochemical polymer actuators in printed structures
Hydration couples nearly every subsystem. More solvent can increase ionic mobility and stroke while simultaneously reducing modulus  
and dimensional stability. Drying raises resistance, slows transport and can change the neutral position. Electrode porosity improves ion  
access but can weaken the interface. Printed porosity or microchannels may accelerate transport but also create anisotropic swelling.  
Consequently,  formulation,  conditioning and internal  geometry must  be qualified together  rather  than as  independent  optimisations.  
[1,2,3,4]

Hydration  changes  ionic  conductivity,  modulus  and  ion  mobility  simultaneously,  which  couples  electrical  response  to  mechanical  
stiffness. [1,3]

Electrode  roughness  and  penetration  depth  alter  interfacial  capacitance  and  resistance  but  can  also  change  crack  sensitivity  during  
bending. [2,4]

Ambient humidity and temperature alter solvent retention and ion mobility, so the conditioning state is recorded whenever dynamic gain  
or zero position is compared. [1,2,3,4]

5. Failure signatures and false diagnoses
Drift is diagnostically valuable. A progressive neutral-position shift with asymmetric charge suggests ion trapping or unequal electrode  
behaviour;  increasing resistance with declining stroke points toward drying or electrode disconnection;  stable electrical  charge with  
worsening mechanical recovery suggests creep or interfacial  damage.  Voltage reversal,  rest  periods and rehydration challenges help  
separate reversible transport effects from permanent degradation. [1,2]

Loss of stroke can arise from dehydration, interfacial polarization, irreversible Faradaic change or mechanical damage. Water-content  
recovery, impedance spectra, charge balance and force/displacement recovery are therefore used as competing tests rather than assigning  
all drift to one cause.

Table 2. Failure-mode discrimination and required evidence.

Failure mode Observable signature Discriminating evidence

drying or solvent imbalance
loss  of  displacement  with  mass  decrease  and  higher 
impedance

mass/humidity tracking during repeated actuation

electrode polarization or depletion
progressive phase lag and reduced current after repeated 
unidirectional drive

charge-balanced waveform comparison and open-circuit 
recovery

parasitic electrochemistry
irreversible current, gas generation, discoloration or pH 
shift

voltage-window sweep with chemical or visual endpoint

electrode or interface fatigue hysteretic force loss with local resistance increase bending-cycle resistance map and microscopy

6. Measuring ionic and electrochemical polymer actuators in printed structures with traceable uncertainty
Ionic actuators must be measured as electrochemical systems, not only as moving beams. The minimum synchronized record includes 
applied potential or current, total charge, bending or strain, electrolyte content, temperature and time. Cyclic voltammetry or impedance  
spectroscopy can reveal whether a change in displacement follows a change in ion transport or electrode kinetics. Because hydration 
strongly  affects  conductivity  and modulus,  mass  or  water-content  control  is  required  whenever  devices  are  tested  outside  a  sealed  
electrolyte environment. [1,2,3,4]

Response time should be reported against actuator thickness and transport length. A thin device can appear intrinsically faster even when  
its effective ion diffusivity is unchanged. Normalising geometry and recording current transients helps distinguish transport limitation  
from mechanical relaxation. Drift  should be quantified after a defined hold period and after repeated bipolar cycling, because zero-
position migration can accumulate even when peak stroke remains acceptable. [1,2]
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Measure curvature or displacement and blocking force together with voltage, current and integrated charge. Hydration must be recorded  
gravimetrically or by a validated conditioning protocol, while impedance before and after cycling distinguishes bulk ionic change from  
electrode damage. For water-containing systems, mass loss during the test  is  part  of the state definition rather than an uncontrolled  
nuisance variable. [1,2,3,4]

7. Experiments that discriminate competing mechanisms
Competing mechanisms can be challenged by changing one transport variable at a time. Increasing electrolyte concentration or changing  
counter-ion  size  primarily  perturbs  ionic  mobility  and  swelling,  whereas  changing  beam  thickness  alters  both  diffusion  time  and 
mechanical stiffness. Comparing electrolyte-composition, counter-ion-size and beam-thickness interventions prevents a geometric change  
from being misread as improved electrochemistry. Reversing polarity and using symmetric electrodes also helps identify irreversible 
Faradaic reactions or electrode asymmetry when the actuator does not return to its initial state. [1,2,3]

Humidity or solvent-loss experiments are particularly diagnostic for printed ionic networks. If actuation decays in parallel with mass loss  
and resistance increase, hydration control  is  implicated;  if  charge transfer  remains stable while curvature falls,  mechanical creep or  
interfacial delamination becomes more plausible. Cross-sectional imaging after cycling should examine electrode penetration, cracking 
and polymer-electrode separation rather than only external shape. [1,2,4]

Condition specimens to at least three controlled hydration states, then acquire small-signal impedance and step-response data before large-
stroke tests. Compare symmetric and asymmetric drive waveforms to expose polarization, and include rest periods to quantify recovery. A 
separate voltage-window experiment should identify the onset of irreversible chemistry. Cycling should be interrupted at logarithmic  
intervals for mass, impedance and force measurements so gradual drift is visible before terminal failure. [1,2]

8. Model identification and validation for ionic and electrochemical polymer actuators in printed structures
Useful models separate electrical transport, osmotic or volumetric strain and beam mechanics. Equivalent-circuit descriptions can capture  
impedance but do not by themselves predict deformation; conversely, a mechanical beam model cannot explain rate dependence without  
an ion-transport term. Parameter estimation should therefore use independent electrical and mechanical experiments before fitting coupled  
actuation. [2,3]

Validation  should  include  at  least  two thicknesses  or  characteristic  transport  lengths  and  more  than  one  driving  frequency.  If  one  
parameter  set  predicts  only  a  single  waveform,  ion  diffusivity,  double-layer  capacitance  and  mechanical  time  constants  may  be  
confounded. Model transfer to another electrolyte, humidity or electrode architecture should be considered a new state rather than a simple 
parameter interpolation. [1,2,3,4]

An  ionic-actuator  model  needs  separate  terms  for  ion  transport,  solvent  uptake  and  mechanical  bending  or  extension.  Diffusion  
coefficients and interfacial charging parameters are constrained by transient current or impedance data before the mechanical output is  
fitted, because displacement alone cannot identify where charge is stored.

Identifiability is probed by changing membrane thickness and command duration independently. A parameter set that fits one thickness  
but predicts the wrong time scaling at another is rejected even if peak strain matches. Hydration is measured as a state variable, not hidden  
inside an effective mobility, so drying and electrochemical degradation remain distinguishable.

Voltage, current integration, mass or water-content measurements and displacement each contribute uncertainty to a different decision.  
Charge-per-strain  uncertainty  governs  electrochemical  efficiency,  whereas  water-content  drift  governs  the  reconditioning  trigger.  
Correlations are retained when the same specimen dimensions enter transport time and strain calculations.

9. Qualification envelope and technology decisions
The qualification envelope should specify usable displacement or force as a function of drive amplitude, frequency, hydration state and  
cycle count. Charge efficiency and baseline drift impose additional limits because large stroke is not useful if the actuator consumes  
progressively more charge or  fails  to  return.  Acceptance should include a maximum allowed neutral-position drift  and a  minimum 
retained stroke after cycling. Transfer to another geometry requires preservation of transport length and mechanical loading or a new 
characterization. [1,2,3,4]
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Table 3. Technology-decision matrix.

For ER-372, voltage and duty cycle are accepted from transport and electrochemical evidence, hydration state from measured solvent  
content or an equivalent controlled state, and drift from repeated actuation plus impedance or charge history. The three limits are reported  
separately because rehydration can restore stroke without reversing electrode damage.

Decision Minimum evidence Acceptance logic

allowable voltage and duty-cycle envelope

Calibrated  measurements  spanning  the  proposed  limit 
for allowable voltage and duty-cycle envelope, with at 
least  one independent replicate near the boundary and 
the controlling ionic diffusion time divided by command 
time reported with uncertainty.

Accept only while the measured response remains inside 
the  stated  boundary  and  the  challenge  'mass/humidity 
tracking  during  repeated  actuation'  does  not  trigger 
drying  or  solvent  imbalance  or  move  loss  of 
displacement with mass decrease and higher impedance 
outside the qualified range.

controlled hydration or electrolyte state

Calibrated  measurements  spanning  the  proposed  limit 
for controlled hydration or electrolyte state, with at least 
one  independent  replicate  near  the  boundary  and  the 
controlling  charge  passed  per  unit  reversible  strain 
reported with uncertainty.

Accept only while the measured response remains inside 
the stated boundary and the challenge 'charge-balanced 
waveform comparison and open-circuit  recovery'  does 
not trigger electrode polarization or depletion or move 
progressive phase lag and reduced current after repeated 
unidirectional drive outside the qualified range.

drift limit before reconditioning or recalibration

Calibrated  measurements  spanning  the  proposed  limit 
for  drift  limit  before  reconditioning  or  recalibration, 
with  at  least  one  independent  replicate  near  the 
boundary  and  the  controlling  water-content  change 
across a cycle block reported with uncertainty.

Accept only while the measured response remains inside 
the stated boundary and the challenge 'voltage-window 
sweep with chemical or visual endpoint' does not trigger 
parasitic electrochemistry or move irreversible current, 
gas  generation,  discoloration  or  pH  shift  outside  the 
qualified range.

10. Design consequences for ionic and electrochemical polymer actuators in printed structures
Design choices trade stroke against speed, force and stability. Increasing ionic content can reduce electrical resistance and increase strain  
but can also soften the network, increase solvent sensitivity or promote leakage. Thicker active layers can generate more force yet slow  
the response because diffusion distance grows. Electrode morphology should be designed for distributed charge transfer without creating a 
brittle surface layer that cracks under bending. [1,2,3]

For  printed  structures,  internal  channels  or  graded porosity  can shorten  transport  paths,  but  they also introduce fluid  retention and  
geometric variability. A qualification drawing should therefore define both external dimensions and the internal transport architecture.  
Process changes that alter porosity, post-cure or solvent uptake need renewed impedance and actuation testing because they can change  
electrochemical and mechanical states simultaneously. [1,4]

Shorter ion-transport paths improve bandwidth but can increase drying sensitivity and reduce mechanical load capacity. Encapsulation  
reduces solvent  loss  but  adds stiffness  and may limit  bending.  Charge-balanced drive,  stable counter-ions and electrodes with high  
interfacial area but low crack sensitivity are therefore system-level design choices. Printed channels or porous regions should be qualified  
for retention of electrolyte after post-cure and throughout the claimed service environment. [1,2,3,4]

Process control for the ionic device records membrane thickness, ionic medium, water content, electrode preparation and sealing. Drying  
history is not merged with voltage history: each is challenged through the measurement most directly affected, which keeps reversible  
reconditioning separate from irreversible electrochemical change.

11. Evidence gaps for ionic and electrochemical polymer actuators in printed structures
Long-term drift remains one of the weakest parts of the evidence base. Many studies emphasize initial displacement but do not report  
charge efficiency, neutral-position drift, solvent loss or electrode degradation over extended cycling. Future work should use common 
cycle definitions and retain raw electrical data so decreasing actuation can be assigned to transport, reaction or mechanics. [1,2,3,4]

Another gap is the translation from planar beam demonstrations to three-dimensional printed architectures. Complex geometry changes  
both field distribution and ion path length, so local strain may not follow simple beam scaling. Spatially resolved deformation combined  
with impedance and composition measurements  would provide the evidence needed to qualify truly three-dimensional  electroactive 
photopolymer devices. [1,3]

The largest gap is reproducible transfer from planar IPMC-style specimens to additively manufactured geometries in which ionomer,  
printed  photopolymer  and  electrode  occupy  different  mechanical  roles.  Standardized  reporting  of  hydration,  counter-ion  state  and  
preconditioning is still inconsistent. More long-duration datasets are needed in which displacement, force, current, mass and impedance 
are recorded from the same specimen. [1,3,4]

Future ionic-actuator datasets should synchronize current, voltage, displacement, impedance and independently measured water content  
through conditioning and recovery. Recording the same specimen during drying, rehydration and cycle blocks would show which drift is  
reversible and which reflects electrode or polymer change.

A DLP-specific primary study provides a quantitative anchor for the coupling between composition, ion transport and bending. Wang et  
al. printed poly(acrylic acid-co-vinylimidazole) ion-exchange membranes and reported composition-dependent IPMC bending angles of 
approximately 14-37 degrees after electrode integration. The study also measured swelling, proton conductivity, mechanical properties 
and electrochemical behaviour, demonstrating why displacement alone cannot identify the controlling mechanism. [5]

12. Qualification outcome for ionic and electrochemical polymer actuators in printed structures
The final  claim is  therefore  bounded to  a  defined ionic  medium,  hydration condition,  electrode  architecture,  printed  geometry  and  
electrical  waveform.  A  different  solvent  content,  counter-ion,  active-layer  thickness  or  encapsulation  changes  both  transport  and  
mechanics and cannot be covered by the same qualification without comparative evidence.
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Qualification is restricted to the demonstrated electrolyte, hydration, temperature, geometry and waveform. Voltage window, solvent state 
and drift are independent limits. A large initial displacement does not by itself qualify repeatability or lifetime.
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