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SUMMARY: 34 
This article describes a fast and simple manufacturing process of ionic electromechanically active 35 
composite materials for actuators in biomedical, biomimetic and soft robotics applications. The 36 
key fabrication steps, their importance for the actuators' final properties, and some of the main 37 
characterization techniques are described in detail.  38 
 39 
ABSTRACT:  40 
Ionic electromechanically active capacitive laminates are a type of smart material that move in 41 
response to electrical stimulation. Due to the soft, compliant and biomimetic nature of this 42 
deformation, actuators made of the laminate have received increasing interest in soft robotics 43 
and (bio)medical applications. However, methods to easily fabricate the active material in large 44 

Manuscript Click here to access/download;Manuscript;61216_R1.docx

https://www.editorialmanager.com/jove/download.aspx?id=1189795&guid=816b069c-5cac-4ff1-96c3-40f08ee3f5ba&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1189795&guid=816b069c-5cac-4ff1-96c3-40f08ee3f5ba&scheme=1


(even industrial) quantities and with a high batch-to-batch and within-batch repeatability are 45 
needed to transfer the knowledge from laboratory to industry. This protocol describes a simple, 46 
industrially scalable and reproducible method for the fabrication of ionic carbon-based 47 
electromechanically active capacitive laminates and the preparation of actuators made thereof. 48 
The inclusion of a passive and chemically inert (insoluble) middle layer (e.g., a textile-reinforced 49 
polymer network or microporous Teflon) distinguishes the method from others. The protocol is 50 
divided into five steps: membrane preparation, electrode preparation, current collector 51 
attachment, cutting and shaping, and actuation. Following the protocol results in an active 52 
material that can, for example, compliantly grasp and hold a randomly shaped object as 53 
demonstrated in the article.  54 
 55 
INTRODUCTION: 56 
Ionic electromechanically active polymer or polymeric composites are intrinsically soft and 57 
compliant materials that have received increasing interest in different soft robotics and 58 
biomimetic applications (e.g., as actuators, grippers, or bioinspired robots1,2). This type of 59 
material responds to electrical signals in the range of a few volts, which makes them easy to 60 
integrate with conventional electronics and power sources3. Many different types of ionic 61 
actuator base materials are available, as described in detail elsewhere4, and again very recently5. 62 
Moreover, it has been particularly emphasized recently that the development of soft robotic 63 
devices will be very closely related to the development of advanced manufacturing processes for 64 
relevant active materials and components6. Furthermore, the importance of an efficient and well-65 
established process flow in the preparation of reproducible actuators that have the potential to 66 
move from the laboratory to industry has also been highlighted in previous methods-based 67 
studies7.  68 
 69 
Over the last decades, many fabrication methods have been developed or adapted for the 70 
preparation of actuators (e.g., layer-by-layer casting8 and hot-pressing9,10, impregnation-71 
reduction11, painting12,13, or sputtering and subsequent electrochemical synthesis14,15, inkjet 72 
printing16 and spin-coating17); some methods are more universal, and some are more limiting in 73 
terms of material selection than others. However, many of the current methods are rather 74 
complicated and/or more suitable for laboratory scale fabrication. The current protocol focuses 75 
on a fast, repeatable, reliable, automatable and scalable actuator fabrication method to produce 76 
active laminates with low batch-to-batch and within-batch variability and a long actuator 77 
lifetime18. This method can be used by material scientists to develop high-performance actuators 78 
for the next generation of bioinspired applications. Moreover, following this method without 79 
modifications gives soft robotic engineers and teachers an active material for the development 80 
and prototyping of new devices, or for teaching soft robotic concepts.  81 
 82 
Ionic electromechanically active polymer or polymeric actuators are typically made of two- or 83 
three-layer laminar composites and bend in response to electrical stimulation in the range of few 84 
volts (Figure 1). This bending motion is caused by the swelling and contraction effects in the 85 
electrode layers, and it is typically brought along either by faradaic (redox) reactions on the 86 
electrodes (e.g., in case of electromechanically active polymers (EAPs) like the conductive 87 
polymers) or by capacitive charging of the double-layer (e.g., in carbon-based polymeric 88 



electrodes, where the polymer might only act as a binder). In this protocol (Figure 2), we focus 89 
on the latter; we show the fabrication of an electromechanically active composite that consists 90 
of two high specific surface area electronically conductive carbon-based electrodes that are 91 
separated by an inert ion conductive membrane that facilitates the movement of cations and 92 
anions between the electrodes – a configuration very similar to the supercapacitors. This type of 93 
actuator bends in response to capacitive charging/discharging and the resulting 94 
swelling/contraction of the electrodes is typically attributed to the differences in the volume and 95 
mobility of cations and anions of the electrolyte8,10,19. Unless surface-functionalized carbon is 96 
used as the active material or the capacitive composite is used outside of the electrochemical 97 
stability potential window of the electrolyte, no faradaic reactions are expected to take place on 98 
this type of electrodes20. The lack of faradaic reactions is the main contributor to the beneficially 99 
long lifetimes of this actuator material (i.e., thousands of cycles in air8,18 shown for different 100 
capacitive actuators).  101 
 102 
[Place Figure 1 here] 103 
 104 
Obtaining a functional membrane that remains intact throughout the whole fabrication process 105 
is one of the key steps in the successful actuator preparation. A high-performance membrane for 106 
an actuator is as thin as possible and enables ion conductivity between the electrodes while 107 
blocking any electronic conductivity. The ionic conductivity in the membrane can result from 108 
combining the electrolyte with an inert porous network (e.g., the approach used in this protocol) 109 
or by the usage of specific polymers with covalently bonded ionized units or other groups that 110 
enable interactions with the electrolyte. The former approach is preferred here for its simplicity, 111 
whereas specifically tailored interactions between the electrolyte and the polymer network could 112 
also have advantages, if unfavorable interactions (e.g., blocking or slowing down ion movement 113 
significantly due to interactions) can be ruled out. The vast selection of ionomeric or otherwise 114 
active membranes for electromechanically active actuators and their resulting actuation 115 
mechanisms have been reviewed recently21. The membrane selection, in addition to the 116 
electrode selection, plays a crucial role in the actuator's performance, lifetime and actuation 117 
mechanism. The current protocol is mainly focusing on inert membranes that provide the porous 118 
structure for ion migration (as shown on Figure 1), although parts of the protocol (e.g., 119 
membrane option C) could also prove beneficial for active membranes.  120 
 121 
In addition to the membrane material selection, its fabrication method also plays an important 122 
role in obtaining a functional separator for the composite. Previously used cast membranes tend 123 
to melt during the later hot-pressing step and may therefore form short-circuit hotspots22. 124 
Moreover, commercial ionomeric membranes (e.g., Nafion) tend to swell and buckle significantly 125 
in response to solvents used in the later manufacturing steps12, and some polymers (e.g., 126 
cellulose23) are known to dissolve to some extent in some ionic liquids, possibly causing problems 127 
with the repeatability of the fabrication process and resulting in poor uniformity of the 128 
electrodes. Therefore, this protocol focuses on actuators with an integral passive and chemically 129 
inert component in the membrane (e.g., glass fiber or silk with PVDF or PTFE) that stops the 130 
composite from swelling and buckling in later fabrication steps or from forming short-circuit 131 
hotspots. Moreover, the addition of an inert and passive component simplifies the manufacturing 132 



process significantly and enables larger batch sizes compared to more traditional methods.  133 
 134 
The inclusion of a passive reinforcement in the membrane was first introduced by Kaasik et al.18 135 
to tackle the above-mentioned problems in the actuator manufacturing process. The inclusion of 136 
a woven textile reinforcement (see also Figure 3B and 3D) further introduces the ability to 137 
integrate tools into the active composite24 or to develop smart textiles18. Therefore, the 138 
membrane option C in the protocol is more suitable for such applications. However, in case of 139 
miniaturized actuators (in the sub-millimeter level), the passive-to-active component ratio in the 140 
membrane becomes more and more unfavorable and the inclusion of an ordered textile 141 
reinforcement might start to negatively influence the actuator’s performance and the sample-142 
to-sample repeatability. Moreover, the direction of the reinforcement (along or diagonally in 143 
respect to the bending direction) might impact the performance of more complexly shaped 144 
actuators unexpectedly. Therefore, a less ordered and highly porous inert structure would be 145 
more beneficial for miniaturized actuators and more complex actuator shapes. 146 
  147 
Polytetrafluoroethylene (PTFE, also know under the trade name Teflon) is one of the most inert 148 
polymers know to date. It is typically highly hydrophobic, but surface-treated versions that are 149 
rendered hydrophilic exist, which are more easily usable in the actuator fabrication. Figure 3A 150 
illustrates the random structure of an inert hydrophilic PTFE filtration membrane that was used 151 
in this protocol for actuator preparation. In addition to the uniformity of this material in all 152 
directions that is beneficial for cutting out miniaturized actuators or complex shapes, using a 153 
commercial filtration membrane with controlled porosity further simplifies the actuator 154 
fabrication process by almost eliminating the need for any membrane preparation. Moreover, 155 
membrane thicknesses as low as 30 µm are extremely difficult to obtain in the previously 156 
described textile-reinforced configuration. Therefore, PTFE-based actuator fabrication methods 157 
(options A and B) from this protocol should be preferred in most cases, further considering that 158 
option A is faster, but actuators made using option B show larger strains (in the frequency range 159 
presented in Figure 4B). The soft gripper introduced in the representative results section was 160 
also prepared using the PTFE membrane first soaked in electrolyte.  161 
 162 
After a functional membrane has been prepared, the protocol continues with the electrode 163 
preparation and current collector attachment. The carbon-based electrodes are added using 164 
spray-coating – an industrially established procedure that enables high control over the resultant 165 
electrode layer thickness. More uniform electrodes are produced with spray coating compared 166 
to, for example, the casting method (or possibly also other liquid methods) where sedimentation 167 
of carbon particles during the film drying25 are known to occur. Moreover, a further feature of 168 
the presented fabrication method relies in the solvent selection strategy that is most important 169 
in case of textile-reinforced membranes. More precisely, 4-methyl-2-pentanone (the solvent in 170 
the electrode suspension and glue solution) does not dissolve the inert membrane 171 
reinforcements or PVDF that is used in the membrane solution of the textile-reinforced 172 
membrane. Therefore, the risk of creating short-circuit hotspots in the composite during spray 173 
coating is further reduced. 174 
 175 
The capacitive laminate is already active after the application of carbon electrodes. However, an 176 



order of magnitude faster actuators26 are obtained with the application of gold current collectors. 177 
A further important step in the protocol is the attachment of current collectors while the 178 
corresponding electrode is in the stretched state (i.e., the composite is bent). Therefore, in the 179 
neutral flat state of the actuator, the gold leaf will be buckled in the submillimeter level. This 180 
buffering-by-buckling27 approach enables higher deformations without breaking than would 181 
otherwise be possible for a fine (~100 nm) metal sheet.  182 
 183 
All the actuator manufacturing steps (membrane preparation, electrode spraying, current 184 
collector attachment) have also been summarized in Figure 2. For the performance 185 
characterization demonstration, we have prepared a gripper that is compliantly grasping, holding 186 
and releasing a randomly shaped object with a random surface texture. Simpler geometries, such 187 
as rectangular samples with 1:4 or higher aspect ratio (e.g., 4 mm to 20 mm or even 1 mm to 20 188 
mm28) cut out of the active material and clamped in the cantilever position are also very typical 189 
for material characterization or other applications utilizing the bending-type behavior.  190 
 191 
The article end with a brief introduction into the typical ionic electromechanically active 192 
capacitive material characterization and troubleshooting techniques using the simpler 193 
rectangular actuator geometry. We show how to use common electrochemical characterization 194 
techniques like cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to 195 
characterize and troubleshoot the actuator material in more detail. The visualization of the 196 
composite in sub-millimeter level is done using scanning electron microscopy (SEM), for which 197 
we use the cryo-fracturing technique to prepare the samples. The polymeric nature of the 198 
material makes it difficult to obtain clear cross-sections with just regular cutting. However, 199 
breaking frozen samples results in well-defined cross-sections.  200 
 201 
[Place Figure 2 here] 202 
 203 
PROTOCOL: 204 
 205 
CAUTION: Many chemicals and components used in this protocol are hazardous, please consult 206 
the relevant safety datasheets (SDS) for further information before starting the experiment. 207 
Please use a fume hood and personal protective equipment (gloves, glasses, lab coat) when 208 
handling volatile solvents during the experiment (e.g., during the preparation of solutions, 209 
making the reinforced membrane, spray-coating the electrodes and attaching the current 210 
collectors). Prevent direct skin contact with the final composite (unless it is encapsulated28) by 211 
always wearing gloves.  212 
 213 
1. Making the separator membrane 214 
 215 
1.1. Take a frame, such as an embroidery frame.  216 
 217 
NOTE: We have used standard frame sizes from 7.5 cm to 25 cm depending on the desired batch 218 
size. Most importantly, the frame should be made of materials that can withstand the solvents 219 
and other materials used in the recipe. For example, a polypropylene embroidery frame is used 220 



in this protocol. However, if unsure, doing a solvent test on the frame is recommended.  221 
 222 
1.2. Choose between options A to C (discussed above and presented in Figure 2) to find the 223 
most suitable membrane configuration for the planned application. Only one of the three 224 
membranes are needed to prepare functional actuator material. 225 
 226 
1.3. Option A: Using highly porous commercial filtration membranes in the preparation of ion-227 
conductive separators 228 
 229 
1.3.1. Take a high-porosity filtration membrane (such as a 30 µm thick, 80% porosity PTFE 230 
membrane filter). If the standard filter is too large for the frame, then cut it into shape using 231 
scissors. Cut the membrane between transfer sheets to avoid contamination.  232 
 233 
1.3.2. Fasten and taut the dry filtration membrane on the frame.  234 
 235 
NOTE: Some filtration membranes can be rather fragile in the dry state. Fasten dry membranes 236 
extremely carefully to avoid tearing. 237 
 238 
1.3.3. Move to Step 2 to carry on with the electromechanically active composite preparation.  239 
 240 
1.4. Option B: Using electrolyte-impregnated commercial filtration membranes in the 241 
preparation of ion-conductive separators 242 
 243 
1.4.1. Take a high-porosity filtration membrane (such as a 30 µm thick, 80% porosity PTFE 244 
membrane filter). If the standard filter is too large for the frame, then cut it into shape using 245 
scissors. Cut the membrane between transfer sheets to avoid contamination.  246 
 247 
1.4.2. Record the dry membrane mass using an analytical balance to calculate electrolyte uptake 248 
later. This step is needed only for batch-to-batch repeatability monitoring and can otherwise be 249 
skipped. 250 
 251 
1.4.3. Place the dry membrane in a Petri dish and use a pipette to add an excess of ionic liquid 252 
(e.g., 1-ethyl-3-methylimidazolium trifluoromethansulfonate ([EMIM][OTf])).  253 
 254 
CAUTION: Use gloves to prevent contact with skin. 255 
 256 
1.4.4. Slightly tilt the Petri disk to make sure that the whole membrane is covered with ionic 257 
liquid or use a pipette to transfer ionic liquid to areas where the membrane is still dry.  258 
 259 
1.4.5. Let the membrane soak in ionic liquid to achieve maximum electrolyte uptake.  260 
 261 
1.4.6. Once the membrane is sufficiently soaked (in the video after about 1 minute), pipet off 262 
most of the excess ionic liquid.  263 
 264 



1.4.7. Using tweezers, carefully place the membrane between filter papers to remove the rest 265 
of the ionic liquid that has not been absorbed by the membrane. The final membrane should be 266 
semi-transparent but not wet. 267 
 268 
1.4.8. Record the mass of the soaked and dried membrane from Step 1.4.7 using an analytical 269 
balance. This step is needed for the batch-to-batch repeatability monitoring only and can 270 
otherwise be skipped.  271 
 272 
NOTE: In case of highly porous PTFE membranes and relatively low-viscosity ionic liquids (e.g., 273 
[EMIM][OTf]), maximum ionic liquid uptake is achieved almost immediately. Using different ionic 274 
liquids and different (less porous) commercial polymer membranes might result in longer soaking 275 
times. Such need can be determined by repeating the steps 1.4.1 to 1.4.8. until a constant 276 
membrane mass is obtained. However, if the electrolyte is too viscous or the membrane not 277 
porous enough then the actuator's performance might not be very high either.  278 
 279 
1.4.9. Fasten and taut the soaked and dried membrane on the frame avoiding wrinkles and 280 
folds.  281 
 282 
1.5. Option C: Making an ion-conductive textile-reinforced membrane that might be useful 283 
when planning to use custom polymers (i.e., polymers not available as commercial (filtration) 284 
membranes), custom membrane thicknesses, ionic liquids with higher viscosity or when 285 
integrating tools into the actuator. Here we show the basic procedure for textile-reinforced 286 
membrane fabrication that can, for example, be modified to include tools or tubing (see Ref 24 287 
for more information). 288 
 289 
1.5.1. In a 100 mL Erlenmeyer flask, mix together 2 g of polyvinylidene fluoride (PVDF), 2 g of 290 
ionic liquid (e.g., [EMIM][OTf]), 4 mL of propylene carbonate (PC) and 18 mL of N,N-291 
dimethylacetamide (DMAc).  292 
 293 
CAUTION: DMAc and PC are toxic and health hazards and can irritate the skin and eyes. Handle 294 
with care, use a fume hood and personal protective equipment.  295 
 296 
1.5.2. Add a magnetic stirrer bar and close the flask with a stopper. 297 
 298 
1.5.3. Seal the flask with a polyethylene-based laboratory stretch film to prevent the 299 
evaporation of solvents. 300 
 301 
NOTE: Use a stretch film that can withstand stirring at 70 °C (e.g., the melting point of Parafilm is 302 
just 60 °C, and therefore Parafilm would not be suitable for this application). 303 
 304 
1.5.4. Stir the solution overnight at 70 °C using a magnetic stirrer and a temperature-controlled 305 
hotplate. Set the stirring speed to medium. Too high stirring speed may introduce too much air 306 
into the solution, whereas too slow stirring might result in significantly longer preparation time.  307 
 308 



NOTE: The experiment can be paused here and carried on later. The prepared solution can be 309 
stored in a sealed vessel for an extended period. Reheat and mix the stored solution before 310 
starting to use it again (mixing at 70 °C for 1 hour is typically sufficient).  311 
 312 
1.5.5. Cut out a piece of fabric (e.g., silk or glass fiber cloth) using scissors. 313 
 314 
NOTE: Textiles with inert fiber composition such as silk or glass fiber work best because solvents 315 
from the membrane solution do not dissolve these. However, it is advisable to carry out a solvent 316 
test before using any fabric. Lightweight fabrics are preferred because these fabrics influence the 317 
actuation of the final composite the least. In the video, we have used woven silk fabric (11.5 318 
g/m2). 319 
 320 
1.5.6. Fasten and taut the fabric on a frame. 321 
 322 
1.5.7. Trim any excess fabric using scissors and carefully remove any loose fibers by hand.  323 
 324 
1.5.8. While working under the fume hood, cover the fabric with a thin layer of membrane 325 
solution using a paintbrush.  326 
 327 
1.5.9. Let the layer dry completely. A hot air gun at low speed alone first and later together with 328 
a dedicated setup (see Figure 5 for details) can be used to speed up the solvent evaporation 329 
process.  330 
 331 
NOTE: Using a too high spin rate with the dedicated setup on a relatively wet membrane might 332 
cause deformations to the membrane layers and might result in the loss of membrane material.  333 
 334 
1.5.10. After the layer has dried, inspect the composite against backlight for pinholes. A 335 
microscope can also be used for this purpose.  336 
 337 
1.5.11. If there are pinholes in the membrane, apply another layer of coating by repeating steps 338 
1.5.8. and 1.5.9. 339 
 340 
1.5.12. Alternate between the sides of the textile when applying the membrane solution to 341 
ensure that the reinforcement (i.e., the neutral plane) remains in the middle of the membrane 342 
(see the SEM image in Figure 3D that shows textile fibers positioned in the middle of the 343 
membrane layer).  344 
 345 
NOTE: The solvents in the polymer solution dissolve the previously applied layers slowly. 346 
Therefore, add subsequent membrane layers with extreme caution to prevent damage to the 347 
already applied membrane. Apply as thin layers as possible and never go over already wet 348 
surfaces twice. 349 
 350 
1.5.13. Once a defect-free membrane has been obtained, check its final thickness using a 351 
micrometer screw gauge. Typically, at least three layers need to be applied, resulting in an about 352 



50 µm thick membrane.  353 
 354 
1.5.14. Let the finished membrane post-dry under the fume hood for at least 24 hours.  355 
 356 
NOTE: The experiment can be paused here and carried on later with spraying the electrodes. 357 
However, it is advisable to shield the prepared membrane against dust particles during drying.  358 
 359 
2. Making the electrodes 360 
 361 
NOTE: The electrode suspension consists of electrode solution A (a polymer solution) and 362 
electrode suspension B (containing the carbon powder and the electrolyte) that are prepared 363 
separately and then mixed together to obtain the final suspension. The solvent selected for the 364 
electrode suspension does not dissolve the inert membrane reinforcements or PVDF that is used 365 
in the textile-reinforced membrane configuration. Therefore, the risk of damaging the already 366 
obtained membrane during the addition of electrodes is kept to a minimum.  367 
 368 
2.1. Preparing the electrode solution A 369 
 370 
2.1.1. In a 100 mL Erlenmeyer flask, mix together 2 g of poly(vinylidene fluoride-co-371 
hexafluoropropylene) (PVDF-HFP) and 24 mL of 4-methyl-2-pentanone (MP). 372 
 373 
CAUTION: MP is flammable and acutely toxic. Use a fume hood and personal protective 374 
equipment.  375 
 376 
2.1.2. Add a magnetic stirrer bar and close the flask with a stopper.  377 
 378 
2.1.3. Seal the flask with polyethylene-based laboratory stretch film.  379 
 380 
2.1.4. Stir the solution at medium speed at 70 °C using a magnetic stirrer and a temperature-381 
controlled hotplate until the polymer has dissolved completely, typically overnight.  382 
 383 
NOTE: The protocol can be paused here. The prepared solution can be stored in a closed and 384 
sealed vessel for an extended period. If the solution has turned into a gel, reheat (to 70 °C) and 385 
mix it before using it in Step 2.3. It is not necessary to add more solvent. Typically, the quantities 386 
in this recipe yield for about 150 cm2 of active material (final composite thickness about 150 µm). 387 
This corresponds to two 10 cm diameter embroidery frame batches.  388 
 389 
2.2. Preparing the electrode suspension B 390 
 391 
2.2.1. In another 100 mL Erlenmeyer flask, mix together 1.75 g of carbon (e.g., carbide-derived 392 
carbon from TiC or B4C precursor), 2 g of ionic liquid (e.g., [EMIM][OTf]) and 10 mL of MP.  393 
 394 
CAUTION: Undesirable electrostatic charging effects could make weighing the carbon powder 395 
very difficult. Wear static dissipative footwear during weighing to reduce the accumulation of 396 



static electricity. Moreover, use personal protective equipment to prevent the inhalation of fine 397 
carbon particles.  398 
 399 
2.2.2. Mix the suspension in a closed vessel at room temperature for at least 1 h using a 400 
magnetic stirrer. Alternatively, the ultrasonic probe can already be used in this step (see Step 401 
2.3.4) 402 
 403 
NOTE: The experiment can be paused here, and the suspension B can be stored or mixed in a 404 
closed and sealed vessel for an extended period before mixing it with solution A to obtain the 405 
final electrode suspension.  406 
 407 
2.3. Preparing the final electrode suspension 408 
 409 
2.3.1. Make sure that the polymer in solution A is completely dissolved by tilting the flask slightly 410 
to detect any undissolved polymer pellets (or pieces) and that the solution is in viscous but liquid 411 
form. If not, then stir at 70 °C before continuing with the next step.  412 
 413 
2.3.2. Pour the electrode solution A (the polymer solution) into the flask containing the 414 
electrode suspension B (carbon, ionic liquid, solvent).  415 
 416 
2.3.3. Use an extra 10 mL of MP to rinse any remaining material off the walls of flask A and pour 417 
it to the final suspension in flask B.  418 
 419 
2.3.4. Submerge the ultrasonic probe in the final suspension, set cycle to 0.5 (pulses) and 420 
homogenize the suspension under the fume hood for one hour. Avoid contact between the probe 421 
and the glass vessel walls. Alternatively, if no ultrasonic probe is available, mixing with a magnetic 422 
stirrer for several hours to overnight in a sealed vessel can be used.  423 
 424 
NOTE: The experiment can be paused here, and the final electrode suspension can be stored or 425 
mixed in a closed and sealed vessel for an extended period.  426 
 427 
2.4. Spraying the electrodes 428 
 429 
NOTE: An Iwata airbrush HP TR-2 is used here for preparing the electrodes. However, other types 430 
of spray guns and industrial automatic spray systems could alternatively be used. 431 
 432 
2.4.1. Cover the walls of the fume hood with heavy-duty paper and tape for easier cleaning 433 
afterwards. Do not cover the air intake area. Keep the fume hood lid as low as possible during 434 
spraying.  435 
 436 
2.4.2. Connect the airbrush to the compressed air supply and adjust the pressure (here, 437 
standard connections and pressure of 2 bars are used).  438 
 439 
NOTE: The pressure should be sufficient to carry the suspension, but not too high to damage the 440 



membrane.  441 
 442 
2.4.3. Fill the reservoir of the airbrush with acetone (or any other compatible solvent) and test 443 
spraying on a piece of paper or cardboard first to check that the airbrush is clean and free of 444 
blockages.  445 
 446 
2.4.4. Check if the electrode suspension prepared in Step 2.3 is in liquid form by tilting the flask. 447 
In some cases, it might turn into a gel if stored for an extended period. Reheat it to 70 °C while 448 
mixing with a magnetic stirrer bar using a temperature-controlled hotplate to turn it into a liquid 449 
again. It is not necessary to add more solvent. 450 
 451 
2.4.5. Pour the electrode suspension from the Erlenmeyer flask into the clean reservoir of the 452 
airbrush. 453 
 454 
2.4.6. Test the suspension flow on a piece of paper first. Then move on to covering the prepared 455 
membrane.  456 
 457 
2.4.7. Start moving the airbrush before starting to spray. Spray at a distance of about 20 cm and 458 
hold the airbrush perpendicular to the membrane. Keep the airbrush moving in straight and 459 
controlled strokes to cover the whole membrane.  460 
 461 
2.4.8. Note the number of turns it takes to cover one side of the membrane, or alternatively 462 
monitor the suspension volume added to the reservoir to ensure equal electrode thicknesses on 463 
both sides of the membrane.  464 
 465 
2.4.9. Let the electrode on one side of the membrane dry under the fume hood. A hot air gun 466 
can be used to accelerate the drying process if needed (see Step 1.5.9).  467 
 468 
2.4.10. Apply the second electrode on the other side of the membrane by repeating steps 2.4.7 469 
to 2.4.9. 470 
 471 
2.4.11. If needed, cover both sides of the membrane multiple times until the desired composite 472 
thickness is reached (here the final total thickness was about 150 µm). Monitor the thickness of 473 
the dry composite using a micrometer screw gauge.  474 
 475 
NOTE: The experiment can be paused here. The dry composite can be stored in a zip-lock bag for 476 
an extended period before attaching the gold current collectors in Step 3. 477 
 478 
3. Attaching the gold current collectors 479 
 480 
3.1. Preparing the glue solution 481 
 482 
NOTE: This solution can be prepared ahead of time together with the electrode suspension (and 483 
membrane solution). Make sure to reheat the glue before using it to make it less viscous. 484 



 485 
3.1.1. In a 100 mL Erlenmeyer flask, mix together 2 g of PVDF-HFP, 2 g of ionic liquid (e.g., 486 
[EMIM][OTf]), 4 mL of PC and 40 mL of MP.  487 
 488 
3.1.2. Add a magnetic stirrer, close the flask and seal it with polyethylene-based laboratory 489 
stretch film.  490 
 491 
3.1.3. Let the solution stir at 70 °C on a temperature-controlled hotplate until the polymer has 492 
dissolved, typically overnight.  493 
 494 
3.2. Attaching the current collector to the carbon composite (one side) 495 
 496 
3.2.1. Gently remove the actuator material prepared in Step 2 from the frame. 497 
 498 
3.2.2. Cut out a 4 cm x 3 cm piece using a ruler and a scalpel. If a textile-reinforced membrane 499 
was used, then align the cut with the fibers (visible from the edges of the composite material).  500 
 501 
NOTE: The suggested cut size is most convenient for small to mid-size batches. However, it is not 502 
crucial for obtaining working actuators.  503 
 504 
3.2.3. Take a metal pipe (here d = 3 cm) and fix the cut piece tightly on it using tape. Try to 505 
overlap only about 1 mm of the actuator material with tape to avoid wasting the active material. 506 
 507 
NOTE: The material of the pipe or its coating should withstand solvents that were used in the 508 
glue solution. The exact composition is not crucial for obtaining working actuators. Materials that 509 
conduct heat well (e.g., metals) may be beneficial in accelerating the drying process. However, 510 
ceramic or polymer tubes or pipes might be suitable as well.  511 
 512 
3.2.4. Using scissors, cut out 4 cm x 4 cm pieces of gold on transfer paper and place one of the 513 
pieces on a tissue paper.  514 
 515 
NOTE: Placing the gold leaves on transfer paper on a softer surface is crucial for obtaining good 516 
quality current collectors.  517 
 518 
3.2.5. Prepare a “docking” station for the spray gun, where it can be quickly and safely stored in 519 
the upright position. The glue will start to dry as soon as spraying is stopped and therefore it is 520 
crucial that there are no delays in applying the gold current collectors. 521 
 522 
3.2.6. While working under the fume hood, spray the glue solution from Step 3.1.3 on the 523 
actuator material that has been fixed on a pipe (Step 3.2.3).  524 
 525 
3.2.7. Roll the pipe over the gold leaf (Step 3.2.4) while the glue is still wet. No excessive 526 
pressure is needed for rolling.  527 
 528 



3.2.8. Remove the transfer paper and roll over the tissue paper again to make sure that the gold 529 
has properly attached.  530 
 531 
3.2.9. Place the material under an infrared (IR) light (distance 10 to 15 cm) or into a vacuum 532 
oven (highest possible vacuum at room temperature) to dry for about 20 to 30 minutes. 533 
 534 
3.2.10. If the current collector did not attach properly or there are some larger defects, repeat 535 
steps 3.2.3 to 3.2.9 to add a second layer once the first layer has dried to obtain a completely 536 
defect-free current collector.  537 
 538 
3.3. Attaching the current collector on the other side of the composite. 539 
 540 
3.3.1. Gently remove the tape and release the material from the pipe.  541 
 542 
3.3.2. Clean the pipe with acetone and tissue paper to remove any glue and gold residue.  543 
 544 
3.3.3. Fix the actuator material again on the pipe with gold-coated side facing the pipe.  545 
 546 
3.3.4. Repeat steps 3.2.3 to 3.2.10 to attach the current collector on the other side of the 547 
material too.  548 
 549 
3.3.5. Carefully remove the finished composite from the pipe and leave it to post-dry under the 550 
fume hood for at least 24 hours.  551 
 552 
NOTE: Shield the material against dust particles. After drying, the material can be stored in a zip 553 
lock bag. Leaving the sample to dry on the pipe at elevated temperatures instead for an extended 554 
period (several hours to days) thermoforms the actuator and therefore it should be avoided 555 
unless thermoforming is the aim. 556 
 557 
4. Cutting, shaping, making contact and characterizing the actuators 558 
 559 
4.1. Cutting the actuator 560 
 561 
4.1.1. Use a sharp scalpel (and a metal ruler) to cut the actuator into the desired shape. Always 562 
cut all sides of the material to avoid any short-circuits caused by excess gold on the actuator’s 563 
sides.  564 
 565 
NOTE: Cutting the material using scissors is not advisable, since this can deform the material and 566 
cause short circuits on the sample's sides.  567 
 568 
4.2. Shaping the actuator (e.g., into a gripper) 569 
 570 
NOTE: The shape of this polymeric composite material can easily be changed from a flat laminate 571 
to something more advanced for more interesting applications. Depending on the desired 572 



configuration, it might be necessary to attach contacts first.  573 
 574 
4.2.1. Take the cut actuator and place it into a mold (e.g., into a small glass vial as shown in the 575 
video). 576 
 577 
4.2.2. Place the sample into an oven for at least 1 hour and heat to 60 °C.  578 
 579 
4.3. Using the actuator 580 
 581 
NOTE: In the video, we show custom magnetic contacts and modified Kelvin clips for contact 582 
making. In both cases, 24k gold plates are the only material in direct contact with the actuator.  583 
 584 
4.3.1. Clamp the actuator between electrochemically non-reactive contacts (e.g., gold).  585 
 586 
NOTE: The contact pressure should be sufficient to obtain reliable electrical contact, but not too 587 
high to cause permanent deformations.  588 
 589 
4.3.2. Apply step voltage (or current) or use more complicated control signals to control the 590 
actuator. Typically, step voltages of ±2 V or less have been used to drive this type of actuators. 591 
See Ref24 for more information on actuator control considerations. 592 
 593 
4.3.3. Simultaneously record the actuation using a laser displacement meter or a video camera.  594 
 595 
4.4. Cryo-fracturing for SEM imaging (PTFE-based actuators) 596 
 597 
NOTE: Breaking the samples after freezing them in liquid nitrogen is the preferred approach for 598 
obtaining clean cross-sections during SEM imaging.  599 
 600 
CAUTION: Never close the cap of a liquid nitrogen container tightly. The pressure buildup and its 601 
subsequent release could cause serious injuries. Moreover, liquid nitrogen boils at −196 °C, so 602 
care must also be taken to prevent injuries due to the low temperatures.  603 
 604 
4.4.1. Pour liquid nitrogen into a thermally insulating container (e.g., a disposable foam cup) 605 
 606 
4.4.2. First, place the sample and later the metal tools into liquid nitrogen and let the sample 607 
freeze for about 1 min.  608 
 609 
NOTE: Cooling down metal tools (e.g., a scalpel or tweezers) is advisable to prevent any possible 610 
delamination due to temperature differences. However, tools need shorter cooling times than 611 
the polymeric composite thanks to better thermal conductivity of metals. Moreover, too deeply 612 
cooled metal tools might be impossible to handle.  613 
 614 
4.4.3. Grab the frozen sample with two sets of cooled tweezers and break it.  615 
 616 



4.5. Cryo-fracturing for SEM imaging (textile-reinforced actuators).  617 
 618 
NOTE: Textile-reinforced actuators (especially if glass fiber is used) might not break even in the 619 
frozen state. Clean cross-sections can be obtained by cutting using a cooled blade.  620 
 621 
4.5.1. Freeze the actuator and a scalpel in liquid nitrogen (see the Note in Step 4.4.2). 622 
 623 
4.5.2. Place the frozen sample on a non-stick cutting surface (e.g., a block of PTFE) and chop the 624 
actuator material using the cooled scalpel.  625 
 626 
REPRESENTATIVE RESULTS: 627 
The primary endpoint to distinguish between a successful and a failed experiment is the 628 
material's response to electrical signals after being contacted to a power supply. In electrical 629 
engineering, copper is a well-known material for contact making. However, copper is also 630 
electrochemically active and therefore not suitable for making contact with an ionic system 631 
introduced here. Using copper contacts could cause short circuits due to dendrite formation 632 
through the composite. Moreover, in case of material characterization, it is impossible to 633 
distinguish between currents (and actuation) stemming from the electroactive material and that 634 
stemming from the electrochemical activity of copper29. We have previously shown that 635 
actuation – although unreliable – without any added active material (i.e., without the carbon-636 
based or conductive polymer electrodes) is possible in case of wet ionomer membranes (e.g., 637 
Nafion) and just copper terminals29. Therefore, all experiments with the active material here have 638 
been performed using inert gold contacts only. 639 
 640 
Electrochemical impedance spectroscopy (EIS) is a nondestructive method for the 641 
characterization and troubleshooting of the capacitive actuator material before usage. The 642 
impedance spectra in Figure 4C and 4D were captured using a potentiostat/galvanostat/FRA in 643 
two-electrode configuration. The sample (20 mm x 4 mm x 150 µm) was placed between gold 644 
contacts, the input signal amplitude during the impedance measurement was set to 5 mVRMS and 645 
frequencies from 200 kHz to 0.01 Hz were scanned. Figure 4C and 4D show the typical impedance 646 
spectra from actuators with high (~300 Ω cm2) or with low (~5 Ω cm2) internal resistance, 647 
respectively. The spectra were recorded using a sample with the dry PTFE membrane and another 648 
sample with the soaked membrane, respectively. Higher ionic conductivity through the material 649 
tends to correspond to faster actuators and possibly also more displacement at the same 650 
actuation frequency (see Figure 4B), if all other parameters (e.g., mechanical parameters) are 651 
kept unchanged and the material in general is active.  652 
 653 
The nondestructive nature of EIS is especially beneficial for the detection of short circuits in the 654 
composite. In case of actuators prepared following the current protocol, short circuits are most 655 
often caused by current collector debris on the actuator’s sides (see cutting instructions in Step 656 
4.1.1) or more rarely by a faulty membrane (e.g., when not covering all pinholes in the textile-657 
reinforced membrane as instructed in Section 1.5). A resistor (in this case a short-circuit) would 658 
be presented as a dot on the Nyquist plot of an EIS experiment. Observing such response is a 659 
certain indicator of a faulty sample (see Figures 4C and 4D for reference spectra of functional 660 



capacitive actuators). Short circuited samples would typically not actuate. Furthermore, these 661 
would most often be rendered permanently useless due to resistive heating and the resulting 662 
melting of the composite when tried to actuate.  663 
 664 
In its functional form, this material is a double-layer capacitor that shows bending motion in 665 
response to charging and discharging of the double layer thanks to specifically tailored 666 
electrolytes used in its fabrication. Cyclic voltammetry (CV) is a widely used technique in 667 
electrochemistry to study different systems. During a CV experiment, the potential of the working 668 
electrode (in this case one of the actuator's electrodes) is varied in respect to a counter electrode 669 
(here the other electrode of the actuator) with constant speed (e.g., 800 mV/s between ±2 V) 670 
and the current response from the system is recorded using a potentiostat. A typical current 671 
response from the capacitive laminate is presented in Figure 4E. The current response of the 672 
sample with the soaked PTFE membrane (in dark gray in 4E) resembles that of an ideal capacitor: 673 
the current does not depend on the electrode potential and upon reversing the potential, the 674 
current direction (and therefore its sign) is changed (almost) immediately, resulting in a (nearly) 675 
rectangular voltammogram. The current response of the sample with an initially dry membrane 676 
(in pink in 4E) shows less ideal capacitor behavior at this scan rate, probably due to high internal 677 
resistance of the material (as also evidenced by EIS in Figure 4C). Still, both samples show the 678 
capacitive nature of the composite. On the other hand, light gray lines in Figure 4E show possible 679 
behavior from faulty samples (e.g., short-circuited ones) that would closely follow the Ohm’s law. 680 
 681 
The performance of different functional actuators is presented in Figure 4A and Figure 4B. Figure 682 
4A shows snapshots from the video where a 5-finger thermoformed actuator grips, holds and 683 
releases a randomly shaped object in response to voltage steps. Simpler geometries are typically 684 
used for the material characterization purposes. For example, Figure 4B highlights the dry and 685 
soaked PTFE membrane actuators’ maximum bending angle28, 30 in response to triangular voltage 686 
signals between ±2 V. In order to characterize different actuator materials, samples (4 mm x 20 687 
mm x 150 µm) were placed between gold clamps in the cantilever position (leaving 18 mm free 688 
length for actuation) and the bending angle was recorded using a video camera. Alternatively, 689 
the movement of a single point along the actuator (e.g., 5 mm from the contacts) has been 690 
typically monitored in time and used in strain difference calculations31, 32. Video processing, 691 
although more complicated, gives more information on the whole bending profile of the sample 692 
and also enables to reanalyze the performance later, if such a need should arise. The 0.1 Hz point 693 
in Figure 4B corresponds to the exact same signal as used in the cyclic voltammetry experiments 694 
of Figure 4E, both in terms of actuation voltage as well as actuation frequency. Using the same 695 
signal for characterization and actuation allows us, for example, to make conclusions about the 696 
capacitive nature of the material and about the stability and lack of electrochemical reactions 697 
during actuation.  698 
 699 
Electrochemical methods (EIS, CV), visualization of the actuator structure in the (typically) 700 
micrometer level (SEM) and displacement characterization are the most common methods for 701 
characterizing ionic actuators and evaluating the success of the fabrication process. However, 702 
custom experiments to evaluate the actuator's performance in a more specific application are 703 
often developed to evaluate application-specific performance (e.g., the ability to carry a load).  704 



 705 
[Place Figure 3 here] 706 
[Place Figure 4 here] 707 
[Place Figure 5 here] 708 
 709 
FIGURE AND TABLE LEGENDS: 710 
 711 
Figure 1: The structure of the carbon-based actuator in the neutral (A) and in the actuated state 712 
(B). (B) also highlights the key characteristics that determine the performance of an ionic 713 
actuator. Note: the figure is not drawn to scale. Ion size has been exaggerated to illustrate the 714 
most commonly cited actuation mechanism prevalent in case of an inert membrane that enables 715 
the mobility of both anions and cations of the electrolyte (e.g., ionic liquid). 716 
 717 
Figure 2: Overview of the fabrication process. Most important steps are highlighted. 718 
 719 
Figure 3: Imaging. Scanning electron micrographs showing the highly porous PTFE membrane (A) 720 
and a cross-section of an actuator made using the same membrane showing no delamination (C). 721 
SEM micrograph showing a cross-section of a textile-reinforced actuator (D) and an optical 722 
photograph of the corresponding silk reinforcement (B). Samples for SEM cross-sections were 723 
first cryo-fractured using liquid nitrogen, mounted to a metal sample holder and then sputtered 724 
with 5 nm of gold for better definition using a sputter coater. A tabletop scanning electron 725 
microscope was used for imaging at 15 keV acceleration voltage. 726 
 727 
Figure 4: Representative results of the actuator. (A) Voltage steps and corresponding images of 728 
the five-arm gripper compliantly grasping an object with random shape (actuator without 729 
contacts 21 mg; polystyrene foam load 17.8 mg); (B) total bending angle of 4 mm x 20 mm x 150 730 
µm PTFE-based actuators clamped between gold contacts (18 mm free length) in response to a 731 
triangular actuation signal (±2 V) at different actuation frequencies (n=3, error bars represent 732 
one standard deviation of the mean); (C and D) typical electrochemical impedance spectra of the 733 
electromechanically active capacitive laminates (5 mVRMS signal amplitude); (E) typical cyclic 734 
voltammetry of the capacitive laminates (triangular actuation signal using 800 mV/s scan speed 735 
that corresponds to the 0.1 Hz points in B). Grey lines on the cyclic voltammograms are for 736 
comparison and show response from a potential faulty actuator (essentially a resistor) that would 737 
closely follow the Ohm’s law.  738 
 739 
Figure 5: Spin-drying during membrane preparation. (A) schematics of the setup (B) image of 740 
the setup with a frame with reinforcement attached. During spin drying, the centrifugal force 741 
directs the residual solvent in the membrane layer towards the edge of the frame. This can be 742 
beneficial for accelerating the drying process. However, in case of completely wet membranes, 743 
this could result in the loss of active material (polymer and ionic liquid) and should therefore be 744 
avoided.  745 
 746 
DISCUSSION:  747 
We presented a simple, fast, repeatable and versatile fabrication method for ionic 748 



electromechanically active composite preparation for various actuator applications, and with 749 
minor modifications also for energy storage, harvesting33 or sensing34 applications. The current 750 
method focuses on membranes with an integral passive and chemically inert component (e.g., a 751 
textile-reinforced polymer network or a highly porous Teflon membrane, see also Figure 3) 752 
because such membranes significantly simplify the actuator preparation process also in large 753 
scale. Moreover, the resulting membranes have a lower risk of swelling and buckling due to 754 
solvents (or electrolyte) in the electrode suspension or of short-circuit hotspot formation 755 
compared to many other common actuator fabrication methods and materials.  756 
 757 
The critical steps in the capacitive actuator laminate preparation are the membrane preparation, 758 
electrode fabrication, current collector attachment, cutting, and contacting (Figure 2). Each of 759 
these steps leaves room for customization and performance optimization, but also for mistakes. 760 
In the following section we will discuss the beneficial modifications and troubleshooting 761 
strategies of this fabrication method in further detail. A high-performance composite results from 762 
the interplay of several key aspects that need to be kept in mind: sufficient electronic 763 
conductivity along the electrode (add gold current collector to carbon electrodes); sufficient ionic 764 
conductivity through the membrane (use a thin porous membrane and sufficient amount of low-765 
viscosity electrolyte, reduce the risk on unfavorable interactions between the membrane and the 766 
electrolyte by using an inert polymer network); high surface area of the electrode (select a 767 
suitable carbon type); tailored electrolytes that result in asymmetrical swelling/contraction of 768 
the electrodes (select a suitable electrolyte); mechanical parameters (Young’s moduli of the 769 
components). These main aspects of a high-performance carbon-based actuator are also 770 
highlighted on Figure 1B.  771 
 772 
A high-performance membrane is the central part of this composite. It has two tasks: prevent 773 
electron conductivity (short circuits) between the electrodes while enabling high ionic 774 
conductivity. Modifications to the membrane could serve several purposes, for example tool 775 
integration as introduced by Must et al.24 or the addition of new properties (e.g., 776 
biocompatibility, biodegradability or different mechanical properties). The current fabrication 777 
method could be modified to use other polymers and electrolytes in the membrane to introduce 778 
new properties to the active laminate. Like the solvent selection strategy introduced here for the 779 
textile-reinforced actuators, it is advisable to select poorer solvents for the subsequent electrode 780 
fabrication compared to the membrane preparation. This ensures that the membrane remains 781 
functional and intact also after the addition of electrodes.  782 
 783 
The actuation performance of the final composite is influenced by the selected electrode material 784 
(carbon), the electrolyte and possibly their compatibility with each other. This protocol 785 
introduces the fabrication of carbon-based capacitive laminates using boron carbide derived 786 
carbon and 1‑ ethyl‑3‑methylimidazolium trifluoromethanesulfonate ([EMIM][OTf]) ionic 787 
liquid. However, the same protocol is adaptable to other high specific surface area carbon 788 
materials, such as carbide-derived carbons from other sources (e.g., TiC35, SiC or Mo2C36), carbon 789 
nanotubes8,37, carbon aerogel38 or graphene39, and others, as also reviewed recently40. 790 
Moreover, also other electrolytes could be used in the actuator preparation. Obtaining a 791 
functional composite is not limited to the carbon and ionic liquid types presented in this protocol. 792 



The carbon particle size, their possible agglomeration in the electrode suspension and the 793 
suspension viscosity are more crucial parameters for the spray-coating process.  794 
 795 
This method enables the production of electromechanically active laminate material with 796 
reproducible properties in large quantities. Miniaturization of actuators made of this material is 797 
mainly carried out using high-precision cutting (e.g., Figure 3C). Alternative methods for 798 
preparing fine structures, such as masking, and patterning are possible during spray-coating41. 799 
Moreover, millimeter-scale structures can also be patterned in the subsequent gold current 800 
collector attachment step. However, in sub-millimeter scale this might become quite difficult. 801 
Other types of actuators or carbon-based actuator without gold current collectors might be 802 
easier to prepare, if the patternable features must be in the micrometer scale.  803 
 804 
Intrinsically soft actuators that respond to electrical stimuli have many advantages thanks to their 805 
soft and compliant nature, quiet operation and low required voltage levels. The current protocol 806 
shows how to produce such material in larger quantities and with high batch-to-batch and within-807 
batch repeatability without compromising the actuation performance. Modifications to the 808 
current method to incorporate more bio-friendly and possibly also bio-degradable components 809 
that would enable operation close or inside living organisms in addition to successful total 810 
encapsulation approaches, and the integration of the introduced active material into soft robotic 811 
or biomedical devices are envisioned for the future. 812 
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Name of Material/ Equipment Company Catalog Number Comments/Description
~150 µm thick gold plates for 

custom contacts local jeweler 99.9% purity (24K)
1-ethyl-3-methylimidazolium 

trifluoromethanesulfonate 

([EMIM][OTf]) Solvionic 99.5%

100 ml Erlenmeyer flask

4-methyl-2-pentanone (MP) Sigma Aldrich ≥99%

acetone technical grade

analytical balance 

Mettler Toledo 

AB204-S/PH

carbon powder Y Carbon

boron carbide derived carbon, 

particle size <10 µm, specific surface 

area 1800 m2/g, pore volume 

0.5 cm3/g

carbon powder

Skeleton 

Technologies titanium carbide derived carbon

circular disk magnets (neodymium) 

for custom contacts

local hardware 

store d = 2 mm, thickness 1 mm
compressed air supply for the 

airbrush

crocodile clips with jaws insulated 

from each other (Kelvin clips)

local hardware 

store

Optional for making custom contacts. 

Regular crocodile clips are not 

suitable because there the jaws are 

connected to each other at the 

spring. 

disposable foam cup

epoxy glue

local hardware 

store

preferaby fast cure epoxy for 

attaching gold contacts to magnets 
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filter paper for drying Munktell, Filtrak

e.g. diameter 150 mm and up if 

142 mm PTFE sheet is used.

flat nose tweezers

glass funnel

gold leaf on transfer sheets

Giusto Manetti 

Battiloro 24K

graduated glass cylinder

hairdryer or a heat gun e.g. Philips

infrared ligth bulb e.g. Philips

liquid nitrogen

CAUTION: Never close the lid of a 

liquid nitrogen container tightly. The 

pressure build-up could cause 

serious injuries.

magnetic stirrer / hotplate

magnetic stirrer bars about 1 cm long 

metal pipe e.g. d = 3 cm

metal ruler

micrometer thickness gauge Mitotuyo range 0-25 mm, precision 0.001 mm

N,N-dimethylacetamide (DMAc) Sigma Aldrich 99.5%

paintbursh

plastic embroidery hoops e.g. Pony

select the diameter depending on 

the desired batch size (e.g. 7.5 cm to 

25 cm)

plastic Pasteur pipettes
polyethylene-based laboratory 

stretch film DuraSeal

polyvinylidene difluoride-co -

hexafluoropropylene (PVDF-HFP) Sigma Aldrich Mn = 130000, Mw = 400000

polyvinylidene fluoride (PVDF) Sigma Aldrich Mw (g/mol) = 534000

potentiostat/galvanostat/FRA PARSTAT 2273

needed for electrochemical 

characterization



propylene carbonate (PC) Merck 99%

PTFE filtration membrane Omnipore JVWP14225

0.1 µm pore size, hydrophilic , 142 

mm diameter, 30 µm thickness, 80% 

porosity

PTFE filtration membrane Omnipore JGWP14225

0.2 µm pore size, hydrophilic , 142 

mm diameter, 65 µm thickness, 80% 

porosity

scalpel

scotch tape

silk (woven textile)

Esaki Model 

Manufacturing #3 11.5 g/m2

soldering equipment

local hardware 

store

For connecting the ~150 µm gold 

plates to the clips

spray gun, airbrush Iwata HP TR-2

sputter coater Leica EM ACE600
tabletop scanning electron 

microscope Hitachi TM3000

ultrasonic processor Hielscher UP200S



Editorial comments: 
 
General: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 
 
The manuscript has been thoroughly proofread to address any issues.  
 
Protocol: 
1. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is 
the step performed? Alternatively, add references to published material specifying how to 
perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 
sentences per step, please split into separate steps or substeps. 
 
The protocol has been extensively updated to ensure that there is no ambiguity regarding 
how a step is performed.  
 
Figures: 
1. Please cite figures in order; currently, 4 and 5 are cited before 3. 
 
Thank you for pointing out the inconsistency in referencing figures in the manuscript. The 
figure order has been revised.  
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and equipment used, 
especially those mentioned in the Protocol. 
 
The Table of Materials has need updated. Changes have been highlighted in yellow. 
 
Video: 
1. Please increase the volume of your audio mix by 6dB. 
 
The audio mix has been updated. Please note that we have currently uploaded the low-
resolution version of the updated video only (to meet the file size requirements of the 
system).  
 
 
Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
This paper describes a fast and simple manufacturing process of ionic electromechanically 
active composite materials for actuators and some of the main characterization techniques 
are described in detail. This is a relatively innovative point, and there is a certain interest in 
research work. Through the description of the system, a new understanding of the 
preparation method and characteristics of the ionic actuators was obtained. Therefore, it is 
recommended to publish the work of this article, and the following issues need to be resolved. 
 

Formatted: Highlight
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The authors would like to thank the Reviewer #1 for their work. The issues are addressed 
below. 
 
Minor Concerns: 
(1) In Line 76, we suggest this glycerol plasticization treatment method (Cellulose, 2018, 25(5): 
2885-2899, Cellulose, 2018, 25(10): 5807-5819) to fabricate ionic actuators should also 
added. 
 
We thank the reviewer for pointing out a very important aspect of ionic electromechanically 
active actuators. The development of ionic electromechanically active tri-layer composites 
can be divided into two main approaches in terms of membrane selection. One the one hand, 
inert membranes (like PTFE or closely related PVDF and PVDF-HFP) with minimal to no 
interactions between the electrolyte and the porous polymer network. And on the other 
hand, membranes with significant interactions between the electrolyte and the membrane 
material (e.g. ionomers like Nafion, or chitosanic or cellulosic membranes with hydrogen-
bonding and other interaction opportunities, to name a few). The experimental part of the 
current protocol is focusing on the former, i.e. on actuators with simple and chemically inert 
membranes. However, we have amended the introduction to guide the reader to a recent 
review by White and Long regarding advances in polymeric materials for EAP devices for an 
introduction into the immense field of membrane materials (including active membrane 
materials) and their development for ionic actuators. The suggested polysaccharide 
membranes (e.g. cellulose, chitosan), their need for plastificators and other aspects (e.g. the 
actuator driving mechanism) are also introduced in detail in the review.  
 
White, B.T., Long, T.E. Advances in Polymeric Materials for Electromechanical Devices. 
Macromolecular Rapid Communications. 40 (1), 1–13, doi: 10.1002/marc.201800521 (2019). 
 
(2) The appearance of figures should be in order, figure 2 should be earlier than figure 3 and 
figure 4. 
 
The authors would like to thank the reviewer for pointing out this issue in the manuscript. 
The manuscript has been amended to include references to figures in the correct order.  
 
(3) It is suggested that an introduction to the driving mechanism should be added near Line 
91 of figure1. These articles should be referenced and cited ( Cellulose, 2017, 24(2): 441-445. 
Cellulose, 2017, 24(10): 4383-4392.Sensors and Actuators B: Chemical, 2019, 283: 579-589.) 
 
The authors would like to thank the reviewer for pointing out that in addition to the electrode 
selection, also the membrane selection plays a crucial role in the exact actuation mechanism. 
This aspect has been handled in the manuscript as described in the answer to the reviewer 
comment #1, as these two topics are extremely closely related. Additionally, the caption and 
text relating to of Figure 2 have been amended to emphasize, that this is the representation 
of only one possible actuation mechanism that is valid in case of capacitive electrodes and an 
inert membrane (i.e. the actuator type introduced in this protocol). The reader is referred to 
the review by White and Long and to Ref #4 (Carpi, F. Electromechanically Active Polymers. 
doi: 10.1007/978-3-319-31530-0. Springer International Publishing. Cham. (2016)) for a 



thorough overview of various other closely related actuator types and their actuation 
mechanisms. 
 
(4) In the making the separator membrane section, the method of cellulose based membrane 
should be supplemented (Journal of The Electrochemical Society, 2018, 165(13): H820-H830. 
Nanotechnology, 2019, 30(28): 285503.). Moreover, in the making the electrode membrane 
section, the graphene-coated carbon nanosheet composited electrode should be 
added(Cellulose, 2018, 25(10): 5807-5819. Reactive and Functional Polymers, 2019, 139: 102-
111.). 
 
The authors would like to thank the reviewer for pointing out the importance of actuator 
membrane selection. This issue has been handled as described above (comments #1 and #3).  
The authors would also like to thank the reviewer for pointing out the lack of references to 
graphene-based actuators from the initial manuscript. We have amended the discussions 
with references to the first three-layer graphene-based hybrid ionic actuators. Moreover, 
given the vast selection of various carbon-based materials available for electrode preparation, 
we have also included a review by Kong and Chen for a more thorough overview of the usage 
of carbon-based materials in ionic electromechanically active actuators, where graphene and 
graphene-hybrid electrodes have also been discussed in detail (among others).  
 
Kong, L., Chen, W. Carbon Nanotube and Graphene-based Bioinspired Electrochemical 
Actuators. Advanced Materials. 26 (7), 1025–1043, doi: 10.1002/adma.201303432 (2014). 
 
 
(5) It is recommended to summarize the research methods on the performance of ionic 
actuators. 
 
The representative results section has been amended to include a summary sentence 
regarding the most common research methods for materials characterization. However, 
specific applications using ionic EAPs might call for additional and less common 
characterization methods.  
 
 
Reviewer #2: 
Manuscript Summary: 
This manuscript presents and describes an interesting protocol for the fabrication of carbon-
based ionic soft actuators. The presented results are sound and the protocol clearly 
described. 
 
The authors would like to thank Reviewer #2 for their work.  
 
Major Concerns: 
NO 
 
Minor Concerns: 
NO 


