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 25 

Machines made of soft materials bridge life sciences and engineering1. Advances in soft 26 

materials have enabled skin-like sensors and muscle-like actuators for soft robots and 27 

wearables1–3. Flexible or stretchable counterparts of most key mechatronic components have 28 

been developed4, principally using fluidically-driven systems5–7, though other mechanisms 29 

have been reported8, including electrostatic9–12, stimuli responsive gels13,14, and thermally 30 

responsive materials such as liquid metals15–17 and shape memory polymers18. Yet, there exist 31 

to date very few soft counterparts of pumps or compressors, greatly limiting the portability 32 

and autonomy of soft machines4,7. We describe here a class of soft-matter bidirectional pumps 33 

based on charge-injection ElectroHydroDynamics (EHD)19. These solid-state pumps are 34 

flexible, stretchable, modular, scalable, noiseless, and fast. By integrating the pump in a 35 

glove, we demonstrate wearable active thermal management. By embedding the pump in an 36 

inflatable structure, we report a self-contained fluidic muscle. The stretchable pumps enable 37 

the integration of fluidic circuits in any object, paving the way to wearable lab-on-a-chip and 38 

microfluidic sensors, thermally active clothing, and autonomous soft robots. 39 

https://www.nature.com/articles/s41586-019-1479-6
mailto:vito.cacucciolo@epfl.ch
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 40 

Despite the widespread use of fluidic actuation, there are very few soft counterparts of pumps or 41 

compressors. Conventional pumps and compressors are bulky and rigid systems including 42 

impellers, bearings, and electrical motors. They often require lubrication and produce noise. Even 43 

miniaturized pumps (e.g., based on piezo-actuators or electrophoresis20) are rigid and have moving 44 

parts with very few exceptions (see Extended Data Table 1). The lack of electrically-powered 45 

flexible or stretchable pumps greatly hinders many applications of fluid-driven soft-systems, 46 

ranging from robotics and mechatronics (actuators and sensors) to biology (e.g., microfluidics for 47 

cell cultures) to wearable devices (heat distribution). 48 
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 49 

 
 

Fig. 1: Stretchable pumps based on charge-injection ElectroHydroDynamics (EHD). a, Pumps made with carbon (left) and 

silver electrodes (center) bent to a small radius of curvature and stretched to 50% (right). b left, Schematic diagram of the 

stretchable pump. The top and bottom layers are PDMS (Polydimethylsiloxane) membranes of thickness 0.4 mm, on which 30 

µm thick compliant electrodes are patterned. The channel is a laser cut 0.5 mm thick PDMS layer. b right, Operating principle 

of the pump. Both top and bottom electrodes are interdigitated. The gap g between fingers of opposite polarity is 0.5 mm, and 

the spacing between finger pairs is 1 mm. The channel is filled with dielectric liquid. When the applied electric field exceeds a 

threshold of 5 to 8 V/μm, electrons tunnel from the cathode into the liquid. The resulting ions are accelerated by the electric field 

until they discharge at the anode, dragging neutral liquid along their path, leading to fluid flow. c, Performance comparison 

between the stretchable pumps, a miniature pump (TCS Micropumps, MGD 1000S) and an off-the-shelf compressor (McMaster, 

single tank portable air compressor) d, A demonstration of a stretchable pump moving liquid between two ventricles of a heart-

shaped balloon. By changing the polarity of the applied voltage, the flow direction is reversed. The pump is driven by a 20 g 

battery-operated 6 kV power supply (see Supplementary Video 2). 
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In this work, we present a class of soft-matter pumps, consisting of a monolithic elastomer tube 50 

with embedded compliant electrodes (Fig. 1a, Supplementary Video 1). The pumping mechanism 51 

is charge-injection ElectroHydroDynamics (EHD): a dielectric fluid in the channel is accelerated 52 

by means of a high DC electric field (6-12 V/μm) (Fig. 1b), allowing pumping in both 53 

directions19,21–25. See Methods and Extended Data Fig. 1 for a description of the EHD mechanism 54 

used in this work. Figure 1c shows a comparison between the stretchable pumps, a high-55 

performance miniature pump (TCS Micropumps, MGD 1000S), and a large off-the-shelf 56 

compressor (McMaster, single tank portable air compressor), both commonly used to power soft 57 

fluidic actuators26. Figure 1d and Supplementary Video 2 show the stretchable pump moving liquid 58 

between two ventricles of a heart-shaped balloon, demonstrating bidirectional pumping and high 59 

flow-rates. Our solid-state stretchable pumps have no moving parts, are silent, produce no 60 

vibration, and operate well when highly bent and even stretched, making them ideal candidates for 61 

miniaturization and portability in soft systems. 62 

 63 

The modular pumps we developed are compact (75 mm long × 19 mm wide × 1.3 mm thick with 64 

a fluidic channel of dimensions 55 mm long × 2 mm wide × 0.5 mm thick), light-weight (1.0 g) 65 

and are controlled simply by changing the applied voltage. The pump body material is PDMS 66 

(Polydimethylsiloxane) in view of its low Young’s modulus, high strain at rupture (>100%), and 67 

widespread use in microfluidics. We use established elastomer processing technologies which are 68 

highly reproducible and can readily be scaled up for industrial production27–29. The cross-section 69 

and length of the channel, number of electrodes, and gap between them, can all be easily scaled up 70 

or down thanks to our versatile fabrication methods. Extended Data Fig. 2 shows the details of the 71 

fabrication process of the pumps, while Extended Data Fig. 3 shows the four generations of pumps 72 

that we developed. 73 
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Numerous combinations of materials can be implemented for the pump body, electrode, and 74 

dielectric liquid, subject to the requirement that the body and electrodes must be stretchable. We 75 

focus on two versions that share the same channel geometry and interdigitated electrode design, 76 

but with different electrode materials and operating liquids, to illustrate the dependency of pump 77 

performance on materials. We refer to the two devices as the “C pump” and “Ag pump” with 78 

Carbon- and Silver-based electrodes. 79 

 80 

The C pump electrodes are a stretchable composite of carbon black and PDMS, patterned by laser 81 

engraving; the fluid is Novec 7100 from 3M. The Ag pump uses a printed stretchable silver ink 82 

(Chimet Ag 520 EI) electrodes, and Fluorinert FC-40 from 3M as the dielectric liquid. The Ag 83 

devices offer much longer lifetime and higher pressure, but requiring higher voltages than the C 84 

pumps. Fluorinert FC-40 is compatible with most elastomers, including PDMS, allowing reliable, 85 

long-term operation of the pump. In contrast, Novec 7100 swells PDMS, but is widely used in rigid 86 

EHD devices. Ag electrodes enable continuous pumping operation for many hours, while the 87 

carbon electrodes have a limited lifetime of order 15 minutes. An advantage of the C pumps is a 88 

minimum voltage for pumping that is roughly half that of Ag pumps (2.5 kV vs. 5 kV). However, 89 

the Ag pumps can sustain roughly twice the voltage of the C pump (10 kV vs. 6 kV) and can thus 90 

generate higher maximum pressure. For the C pump, we measured a generated pressure of over 7 91 

kPa and a maximum flow-rate of over 100 μl/s at 5.6 kV, compared to a maximum pressure of over 92 

14 kPa at 10 kV for the Ag pump. The response time is under one second from zero to maximum 93 

pressure for the C pump. The Ag pumps shows in general a slower response. Its performance can 94 

be increased by a brief pre-conditioning step at high fields (20 kV/mm). 95 

 96 
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Figure 2 shows the results of both steady-state and transient characterization experiments. The very 97 

low electrical current (1-20 µA) and low power (100 mW) allows powering the pumps by means 98 

of miniature batteries and miniaturized DC converters (Extended Data Fig. 4). Flow-rate and 99 

pressure values are high enough for macro-scale applications. Additionally, the modular pump 100 

elements can be connected in series (Fig. 2F and Extended Data Fig. 5) to increase the output 101 

pressure or in parallel to multiply the flow rate. Safe operation on the human body is enabled by 102 

using only materials and liquids with very low toxicity and by limiting the electrical current to 103 

values far below the human-safety threshold. The intrinsic compliance, low mass, and low power 104 

consumption make the soft pumps an enabling tool for portable soft robotics and fluid-based 105 

wearable devices. The key performance metrics of our stretchable pumps, including specific 106 

pressure, specific flow-rate, and specific power consumption, are comparable to those of published 107 

micropumps and commercial pumps, see Fig. 1c and Extended Data Table 1 which contains an 108 

overview of pumps operating on a wide range of principles as reviewed in 20,30,31. 109 

 110 
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 111 

While the C and Ag pumps can both operate at strains of over 50%, we characterized the 112 

performance of the C pumps at 0% and 10% applied strain (Fig. 2a) as these strain levels are typical 113 

of many soft robotics or wearable applications. The simultaneous measurement of generated flow 114 

rate and pressure provides the characteristic curve of the stretchable pumps (Fig. 2b), showing a 115 

sub-linear decrease of the pressure as the flow-rate is increased. Performance is nearly unchanged 116 

at 10% strain for constant applied electric field. The planar and symmetric electrode design allow 117 

the generation of flow in both directions, based on the direction of the applied electric field, as 118 

shown in Fig. 2b for the Ag pump, whose pumping direction can be repeatedly reversed. The C 119 

 
Fig. 2: Performance of the stretchable EHD pumps. a, Pressure vs. flow rate for the C pump at 0% and 10% strain. Error bars 

represent the standard deviation. The voltage was increased by 10% at 10% strain to keep the same electric field as at 0% strain. 

b, Pressure and electrical current vs. applied voltage, for zero flow-rate (the output valve is closed), for both C and Ag pumps. 

For the Ag pumps, the flow direction can be reversed by reversing the polarity of the applied voltage. c, Lifetime test on the Ag 

pumps, applying a  8kV square wave for one hour. d, Pressure generated by the C pump in response to a 1 Hz 0-5kV square 

wave. e, Transient response of the C pumps to a 4.5 kV voltage step, showing a pressure rise time of 0.4 s and a fall time of 0.14 

s, both at 10% to 90% pressure. f, Pressure generated by three pumps connected in series, when 1, 2 or all the 3 pumps are 

activated. For the 1 pump and the 2 pumps curves, the data shown are the mean over three experiments, in order to include date 

from all three devices. 
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pumps can also pump in either direction, but unlike the Ag pumps, the C pumps only operate in 120 

the direction in which the field was applied at first operation. Fig. 2c shows a lifetime test of the 121 

Ag pump, driven by a bipolar 8 kV square wave. The period of the square wave is 120 s for the 122 

first 25 min and 240 s in the following 35 min. The pumps are undamaged after this experiment, 123 

thanks to the very good compatibility between PDMS, the Ag electrodes and the FC-40 dielectric 124 

liquid. Fig. 2d-e show the transient response of the C pumps to a 1 Hz unipolar square wave and a 125 

5 kV voltage step. The pressure-voltage response is stable and repeatable. Figure 2f demonstrates 126 

pump modularity: three pumps are connected in series (Extended Data Fig. 5) and total pressure is 127 

measured when one, two or all the three pumps are activated. The generated pressure scales with 128 

the number of active pumps.  129 

There is a large parameter space of electrode configurations and channels geometries that could be 130 

explored to further increase performance, see Methods section and Extended Data Fig. 1. The 131 

differences between C and Ag pumps indicate that electrode materials and fluid choice play an 132 

important role, and offer an avenue to further improve pressure and flow rate. 133 
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 134 

 
 

Fig. 3: The stretchable pump is embedded in a textile glove for on-body thermal regulation. The closed loop fluidic circuit 

consists of the pump and a serpentine flexible tube sewn into the textile glove (the “cold” side), and of a serpentine flexible tube 

bonded to a flexible heater (the “hot” side). The wearer can easily flex his wrist while the pump is operating. The pump circulates 

the fluid from the heater to the glove and then back on the opposite side. The colors in the IR images correspond to a temperature 

map, see colorbar on the far right. The leftmost IR image shows the initial condition when both heater and pump are off. For the 

second IR image, the heater is on and the pump is off: the temperature at the heater is significantly higher than at the arm. The 

third IR picture is taken at few seconds after the pump is activated. One can see the cold liquid entering the “hot” circuit from 

the right tube and the heat being transported away from the left tube. The rightmost IR image shows that the temperature of the 

heater is significantly decreased after 40 s of fluid circulation. The unchanged temperature of the soft pump confirms its negligible 

heat generation. Supplementary Video 3 shows the device in action. 
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We illustrate the broad applicability of the stretchable pumps by demonstrating both a wearable 135 

and a soft robotics scenario. In the wearable scenario, the pump is integrated in a textile glove to 136 

actively circulate fluid to transport heat between regions on the body (Fig. 3). In the soft robotics 137 

scenario, we demonstrate a self-contained fluidic actuator where the pump is embedded in the soft 138 

bending structure to move the fluid between two chambers, resulting in large actuation without 139 

external fluidic connections (Fig. 4). 140 

For the wearable demonstrator for temperature control (Fig. 3), the pump is integrated in a textile 141 

glove and circulates the dielectric fluid from a hot zone, consisting of a membrane heater, to a 142 

cooling tubing embedded in the glove. We monitor the temperature of the system using an infrared 143 

(IR) camera, which showed that the temperature of the heater was significantly decreased by fluid 144 

circulation and that the soft pump did not heat the liquid, thanks to the pump’s low power 145 

consumption. 146 

The heater in this experiment can represent for example overheating following intense physical 147 

activity. For a temperature difference Δ𝑇 = 6 K and a flow rate 𝑄 = 100 μl/s, we can estimate a 148 

heat transport ability of 1.1 W, one order of magnitude higher than the power consumption of the 149 

pump (~0.1 W), showing its effectiveness as a wearable thermal regulation device. The 150 

experimental results shown in Fig. 3 confirm this estimation, as the pump transports the heat away 151 

from an overheated body area to the periphery (Supplementary Video 3). More information on the 152 

thermal regulation experiments can be found in the Methods section.  Thanks to its small size, 153 

compliance and low-weight, the stretchable pump does not interfere with the physical movements, 154 

paving the way for wearable fluidic circuits for thermal regulation constituted by multiple pumps 155 

which could be integrated in everyday clothing, sportswear or wearable protections for severe 156 

environments. 157 

 158 
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 159 

We then considered the integration of the stretchable pumps in fluidic actuators, which are often 160 

used in combination with conventional rigid pumps or compressors. Figure 4 shows a fluidic 161 

 
 

Fig. 4: Fluidic muscles obtained by bonding a stretchable pump to a bending fluidic actuator. a, Schematic longitudinal 

cross section of the fluidic muscle, showing the main components. The inlet of the pump is connected to a small reservoir at the 

back of the actuator, while the outlet is connected to the bellows-shaped bending chamber. b, The entire actuator is soft and can 

be easily deformed. c, Once pre-filled with dielectric liquid, the actuator does not have any external tubing. It bends when a 

voltage is applied: the soft pump moves the liquid from the reservoir to the bending chamber, producing its deformation. d, 

Measured bending angle as a function of the applied voltage. Supplementary Video 4 shows the fluidic muscle in action. 
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muscle composed of a bending fluidic actuator7 with a stretchable pump embedded in its bottom 162 

layer. The pump pushes liquid from a small reservoir in the back of the actuator to a bellows-shaped 163 

chamber, whose inflation causes bending of the actuator. When the voltage is applied, the actuator 164 

bends by over 40° relative to its rest position (Fig. 4c-d and Supplementary Video 4). Figure 4d 165 

shows the fluidic muscle’s angle vs. voltage curve, whose shape results from a combination of the 166 

nonlinear response of bending fluidic actuators and that of the soft pump (Fig. 2c). When the 167 

voltage is removed, the fluidic muscle returns to its initial position thanks to the restoring elastic 168 

forces of the chamber. Such actuators are promising building block for the next generation of soft 169 

robots, combining the robustness, large deformation and versatility of fluidic actuators with the 170 

portability of an integrated system that does not require external compressors. 171 

  172 
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METHODS 173 

 174 

ElectroHydroDynamics (EHD) pumping principle 175 

EHD pumping refers to the acceleration of a fluid by means of an electric field19. In this work, we 176 

explored two EHD pumping mechanisms.  177 

The first mechanism (Extended Data Fig. 1a) is called conduction pumping and relies on the 178 

formation of heterocharge layers in the proximity of the electrodes21. Heterocharge layers are non-179 

equilibrium charged layers that form when the electric field exceeds a certain threshold (5 −180 

6 V/μm) due to ion generation not balanced by recombination. The charges in these layers are of 181 

opposite sign to that of the adjacent electrode, thus they are electrostatically pulled towards the 182 

electrode, where they discharge. The movement of ions, which drags the neutral liquid molecules 183 

and thus generates pumping, is identical at the anode and at the cathode. As a consequence, to 184 

obtain global flow (i.e., not simply local recirculation) the electrodes surface must be oriented such 185 

that the direction normal to the electrodes has a non-zero component oriented in the direction of 186 

the desired flow. The flow direction is therefore determined by the design of the electrodes and not 187 

by the field polarity. This conduction pumping mechanism consists of an array of inclined 188 

capacitors obtained by overlapping symmetrical electrodes on an inclined channel, as shown in 189 

Extended Data Fig. 1a. 190 

The second mechanism (Extended Data Fig. 1b) is called charge injection and is based on field 191 

emission20,22. When the electric field is high enough, electrons can overcome the energy barrier 192 

and directly tunnel from the cathode surface into the dielectric liquid. The ions thus formed are 193 

accelerated by the electrophoretic force until they discharge at the anode. The use of dielectric 194 

liquids with highly electronegative molecules (e.g., fluorine-based liquids) ensures that the energy 195 

barrier for field emission to occur at the cathode is significantly lower than at the anode. This 196 

mechanism can create net flow with a planar electrodes configuration and a DC electric field. The 197 
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flow direction can be inverted by inverting the polarity of the electric field. Extended Data Fig. 1b 198 

shows the design of the soft pump based on injection pumping, consisting of two overlapped sets 199 

of interdigitated electrodes. 200 

In both mechanisms, once one has exceeded the electric field threshold needed for the phenomenon 201 

to occur, the pumping pressure Δ𝑝 grows with the square of the electric field and linearly with the 202 

dielectric constant of the liquid: Δ𝑝 = 𝑘𝑝𝜀𝐸2, where 𝑘𝑝 is a constant depending on the pump 203 

geometry. The generated flow-rate 𝑄 has a more complicated relation; it generally depends on the 204 

electric field squared and on the fourth power of the channel size 𝐷: 𝑄 = 𝑘𝑄𝜀𝐸2𝐷4. The direction 205 

of the flow is opposite to the direction of the electric field for charge injection, while it depends 206 

only on the geometry of the electrodes for conduction pumping. 207 

One has a great deal of design freedom for the EHD electrode configurations. For the interdigitated 208 

case, one can reduce the inter-electrode distance g to simultaneously lower the drive voltage for a 209 

given electric field and to increase the number of electrode pairs (hence pressure) in a given channel 210 

length. How the inter-electrode gap influences pressure and flow rate is non-trivial: a smaller gap 211 

spacing leads to electric field lines that penetrate less far into the channel, thus dragging ions along 212 

a thinner sheath. Increasing the width of the electrodes will proportionally increase flow rate. 213 

Scaling down ever further leads to lower voltages but creates a flow only very near to the wall, 214 

with much higher friction losses. We propose that a gap of order channel thickness is a reasonable 215 

starting point.  216 

Dielectric fluids for EHD pumping must have low electrical conductivity (<10-7 S/m) and high 217 

electrical breakdown strength to enable high pumping pressure. Of the different liquids one can 218 

consider, Novec 7100 and Fluorinert FC40 both have excellent dielectric strength, with nominal 219 

breakdown voltages of 10-16 kV and > 18 kV for 1 mm gaps, respectively. The boiling points of 220 

Novec 7100 and Fluorinert FC40 are 61 °C and 155 ºC, making them well-suited for room 221 
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temperature operation. Both fluids have very low toxicity, zero ozone depletion potential, no flash 222 

point and are nonflammable. 223 

 224 

Stretchable pumps: four generations 225 

We designed and developed four generations of stretchable pumps (Extended Data Fig. 3). The 226 

circuit of the first generation (“inclined 1”, see Extended Data Fig. 1a) consists of a set of 5 inclined 227 

capacitors (corresponding to 10 electrode units) separated by a 1 mm gap. It operates according to 228 

EHD conduction pumping principles. The second generation (inclined 2) is a scaled down version 229 

of the first one with half the channel size, half the electrode gap, and 43 inclined capacitors (86 230 

electrode units).  231 

The third generation (C pump) relies on the charge injection mechanism (Extended Data Fig. 1b) 232 

and thus presents a different electrode layout: two series of 17 interdigitated electrodes facing each 233 

other (68 electrode units). The fourth generation (Ag pump) has the same geometry as the third one 234 

but the electrode material has been replaced by a commercial silver ink. The reason for this 235 

materials change is the degradation observed in the performance of carbon-based electrodes, which 236 

is completely solved by using silver particles as a conductive material.  237 

The inclined design presents lower pumping performance for the same applied voltage compared 238 

to the interdigitated design, as shown in Extended Data Fig. 3. Additionally, the interdigitated 239 

design allows pumping in either direction, based on the polarity of the applied voltage, while the 240 

inclined design always generates flow according to the gradient in the electric field (from the larger 241 

gap side to smaller gap side). However, the conduction pumping mechanism is less subject to 242 

electrodes deterioration than the charge injection used in the interdigitated design19,21,22.  Another 243 

advantage of the inclined design over the interdigitated one is robustness to minor electrical 244 

breakdown events.  In the inclined design, the short-circuit path between electrodes with opposite 245 
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polarity is always through the dielectric liquid, so permanent short circuits do not form, as in 246 

HASEL actuators12. On the contrary, in the interdigitated design, conductive paths can form on the 247 

PDMS substrate rather than through the liquid, preventing the healing of the device. 248 

A comparison between the inclined 1 and inclined 2 designs shows the scalability of the stretchable 249 

pumps both in terms of channel size and electrodes spacing. By varying the channel height, which 250 

in this configuration corresponds to the gap between the electrode pairs (Extended Data Fig. 1a), 251 

we change the electric field at a given voltage. As a consequence, the response of the inclined 1 252 

pump is shifted to double the voltages of the inclined 2, as we would expect since the EHD 253 

phenomenon depends on the value of the electric field. We can also observe a direct proportionality 254 

between the number of electrode pairs and the generated pressure. 255 

 256 

Materials and Fabrication 257 

The stretchable pumps are composed of two electrode layers that sandwich a channel layer. The 258 

Polydimethylsiloxane (PDMS) used for the pump body is Dow Corning Sylgard 184. The electrode 259 

layers are symmetric and are patterned on a 0.4 mm thick PDMS backing. The electrode material 260 

for the C pumps is composed of carbon particles dispersed in a soft PDMS matrix32 (Silbione LSR 261 

4305), while for the Ag pumps the electrode is printed using a commercially-available stretchable 262 

silver ink (Chimet Ag 520 EI) using a laser-engraved Mylar (BoPET, Biaxially-oriented 263 

polyethylene terephthalate) mask. The channel layer consists of a laser-cut PDMS membrane, 264 

whose thickness determines the height of the channel (1.0 mm or 0.5 mm in the devices we 265 

developed). The layers are bonded using a silicone adhesive film (AR Clear 8932EE, Adhesives 266 

Research), which is laminated on the channel layer before the laser cutting process. Extended Data 267 

Fig. 2 shows the details of the fabrication process. The dielectric liquids used for the stretchable 268 
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pumps are fluorinated solvents: 3M Novec 7100, methoxy-nonafluorobutane (C4F9OCH3) for the 269 

C pumps, and 3M Fluorinert FC-40 (C10HF22N) for the Ag pumps. 270 

 271 

Characterization experiments 272 

Pressure and flow-rate measurements were performed using the pumps in a closed loop with a 273 

variable-opening valve to control the fluidic impedance. The pumps were powered using power 274 

supplies based on the Peta-Pico-Voltron33 (https://petapicovoltron.com/) open source HV supply 275 

for voltages up to 5 kV, and using an EMCO regulated CB101 up to 10 kV. The applied voltage, 276 

electrical current, pressure and flow-rate were simultaneously recorded. 277 

 278 

The Ag devices operate stably in air with no special pre-treatment: we routinely operated the Ag 279 

pumps in lab ambient for several hours. For the C pumps however, most characterization 280 

experiments were conducted with the stretchable pumps submerged in the same dielectric liquid 281 

used for pumping (3M Novec 7100), as operating in liquid allows for long-term testing for the C 282 

pumps. PDMS is permeable to, and swells in, Novec 7100; operating in air eventually results in 283 

gas bubbles inside the channel. Soaking the device in Novec 7100 temporarily prevented gas 284 

formation and allowed reliable operation in air for up to 15 min.  285 

The thermal regulation and soft robotic actuator experiments were carried with C pumps in air after 286 

soaking the pump in the dielectric liquid for 10-15 min. 287 

 288 

Heart-shaped balloon 289 

The heart-shaped balloon consists of two separate fluidic chambers (ventricles). It is manufactured 290 

by mold casting a soft silicone rubber (Smooth-on Ecoflex 0030) in a CNC-machined plastic mold 291 

and then gluing this molded body to a 100 μm thick membrane made with the same silicone. Each 292 

https://petapicovoltron.com/
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side of a stretchable pump is connected to one of the two ventricles of the balloon using small vinyl 293 

tubes (1.2 mm ID). Before each experiment, the circuit is pre-filled with dielectric liquid (FC-40) 294 

and most of the air is removed. The voltage is applied to the pump using a battery-driven high-295 

voltage power supply (Extended Data Fig. 4). Based on the polarity of the applied voltage, the 296 

pump moves the liquid from the left ventricle to the right one or vice-versa (Fig. 1d, Supplementary 297 

Video 2). In this experiment, we used a modified version of the Ag pump, where the gap between 298 

the interdigitated electrodes has been reduced from 0.5 mm to 0.4 mm to increase the electric field 299 

for the same applied voltage and comply with the maximum 6 kV output of the battery-driven 300 

power supply. 301 

 302 

Thermal regulation on a smart glove 303 

In this experiment, the fluid circulation driven by a stretchable pump transfers heat between a hot 304 

area and a cold one. To a first approximation, the rate of heat transfer 𝐻 in a fluidic heat exchanger 305 

is proportional to the flow-rate 𝑄, according to the equation 𝐻 = 𝑄𝜌𝑐𝑝Δ𝑇, where 𝑐𝑝 =306 

1183 J/kg/K is the specific heat of our working fluid (Novec 7100), 𝜌 = 1510 kg/m3 its density 307 

and Δ𝑇 the temperature difference between the inlet and the outlet of the exchanger. The rate of 308 

heat transfer 𝐻, measured in watts, represents the amount of thermal power that can be transported 309 

by the fluid. 310 

The hot area in our set-up is represented by a flexible joule heater (MINCO polyimide thermofoil 311 

heater) while the cold one by a serpentine sewed in a textile glove, where the heat can be dissipated 312 

by natural air convection. The closed-loop fluidic circuit is filled with dielectric liquid and air 313 

bubbles are removed before activating the pump. We apply a constant voltage of 9V on the heater, 314 

leading to a thermal power of 1.2 W. The temperature map is acquired using an IR camera (FLIR 315 

A15, 50 mK thermal sensitivity). The emissivity is set to a constant value of 0.98, given the very 316 
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similar values of emissivity of all the materials involved in the set-up (i.e., human skin, elastomers, 317 

plastic foils). 318 

 319 

Soft robotic actuator 320 

The bending fluidic actuator is manufactured by mold casting a soft silicone rubber (Smooth-on 321 

Ecoflex 0030) in a 3D printed mold7. Pump and actuator are bonded together, fluidically connected 322 

and sealed using a silicone glue (Wacker Silpuran 4200). The experiment is conducted with the 323 

soft actuator lying on a horizontal plane lubricated with Novec 7100 to prevent stiction. Before 324 

starting the experiment, the actuator is filled with dielectric liquid using the tube in its back. Air 325 

bubbles are evacuated using gravity. The actuator reservoir is filled with dielectric liquid and the 326 

actuators takes a curved shape at rest due to the liquid pressure. This pressure causes the pump 327 

channel to expand slightly, resulting in slightly higher pump working voltages compared to the 328 

uninflated case. The bending is recorded with a camera and the angle computed using Kinovea 329 

software for image analysis. 330 

 331 

Data availability 332 

All data are available from the corresponding authors upon reasonable request. 333 

334 
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 335 

Extended Data Figure 1: The two different electrode geometries and corresponding 336 

ElectroHydroDynamic (EHD) mechanisms used in this work. 337 

a, Conduction pumping, with inclined capacitors. Heterocharge layers form in the proximity of the 338 

electrodes. These layers are characterized by a higher concentration of ions of opposite polarity 339 

with respect to the opposing electrode. As a consequence, these ions are attracted to the opposite 340 

electrode, where they discharge. The inclined capacitors geometry allows net flow thanks to the in-341 

flow component of the electric field in proximity of the electrodes surface. b, Charge injection, 342 

with interdigitated electrodes. When the electric field is high enough to overcome the energy 343 

barrier, field emission takes place, with electrons tunneling from the cathode into the dielectric 344 

liquid. The generated ions are accelerated by the electric field until they discharge at the anode, 345 

transferring momentum to neutral liquid molecules along the way. 346 

  347 
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 348 

Extended Data Figure 2: Fabrication process for the stretchable pumps using the 349 

interdigitated design.  350 

a, Fabrication process of the C pump. (i) The fabrication of the electrode layers starts by blade 351 

casting a carbon-based electrode membrane with a thickness of 30 μm on a PET support, which is 352 

then cured at 80 °C for 2 h. (ii) A 400 μm PDMS membrane is casted on the top of the electrode 353 

and cured at 80 °C for 1 h. (iii) The sample is turned over in order to expose the electrode 354 

membrane, (iv) which is then processed by laser engraving to define the interdigitated pattern. This 355 

process allows the manufacturing of many samples in parallel (up to 24 samples with our 356 

equipment at EPFL-LMTS). (v) The channel layer, consisting of a 500 μm thick laser-cut PDMS 357 

membrane, is bonded on the bottom electrode layer using a silicone adhesive film. (vi) The top 358 

electrode layer, having two laser-cut holes for fluidic connection, is finally bonded on the top of 359 

the channel layer. (vii) The PET supports are removed and the C stretchable pumps are ready to 360 

use. b, Fabrication process of the Ag pump. (i) The fabrication starts by blade casting and curing 361 

(80 °C, 1h) a 400 μm PDMS membrane. (ii) On the PDMS, a silver-based stretchable ink is printed 362 

through a 23 μm thick Mylar mask and cured at 80 °C for 3 h. (iii) After removing the mask, the 363 

bottom electrode layer is bonded to the 500 μm thick channel layer using a silicone adhesive film. 364 

(iv) The top electrode layer, having two laser-cut holes for fluidic connection, is finally bonded on 365 

the top of the channel layer. (v) The PET supports are removed and the Ag stretchable pumps are 366 

ready to use. 367 

 368 

  369 
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 370 

Extended Data Figure 3: Four generations of stretchable pumps plotting generated 371 

pressure vs. applied voltage. 372 

The “inclined 1” and “inclined 2” generations have inclined capacitors as the electrode 373 

configuration. “inclined 2” is a scaled version of “inclined 1”, with half the channel size, half the 374 

gap between opposite electrodes, and 8.6 times more electrode pairs. The interdigitated 375 

generations have the same channel size and gap between opposite electrodes as “inclined 2”, but 376 

use interdigitated electrodes rather than inclined capacitors. The C version has laser-engraved 377 

carbon-silicone composite electrodes and uses 3M Novec 7100 as the dielectric fluid, while the 378 

Ag version has mask-printed silver-based electrodes and uses 3M Fluorinert FC-40 as the 379 

dielectric fluid. The Ag devices can sustain higher fields than the C devices thanks to the 380 

different dielectric liquid and to the different electrode fabrication method. 381 

  382 
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 383 

 384 

Extended Data Figure 4: A 5 kV programmable power supply weighing 16 g, including Li-385 

ion battery.  386 

This custom-made power supply is based on an EMCO DC-DC converter from XP-power 387 

(https://www.xppower.com/Product/A-Series) and includes a microcontroller to program the 388 

output. Dimensions are 5 cm × 4 cm × 0.8 cm. In this work we also used a 6 kV, 20 g version. 389 

 390 



 391 

 392 

Extended Data Figure 5: Three stretchable pumps connected in series.  393 

The data shown in Fig. 2f were taken using these three pumps connected in series to increase 394 

pressure. Alternatively, pumps could be connected in parallel for higher flow rate. Each pump is 395 

7.5 cm long. 396 

  397 
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Concise overview of miniature pump performance 398 

 399 

Table 1 below compares performance of pumps based on a broad range of physical principles, as 400 

reviewed in 20,30,31. Some numbers, pump overall volume in particular, are approximate because 401 

authors include different elements when reporting pump dimensions, in part due the large range of 402 

possible actuation methods. 403 

Our stretchable pump significantly surpasses all reported soft pumps in both specific pressure and 404 

specific flow rate.  405 

Amongst published soft pumps, combustion-driven pumps provide the highest absolute pressure 406 

and flow rates, but require a source of combustible gas, an ignition system, and a design that can 407 

tolerate the high combustion temperatures and pressure bursts. Those pumps can be challenging to 408 

regulate and are mostly adapted to generate explosive motion such as for jumping robots. 409 

Electroosmotic pumps are in principle well-suited to fabrication in a stretchable format given their 410 

simple structure. The one reported stretchable device is fabricated with extremely small 411 

micromachined channels, leading to very low flow rates, far too small for soft robotics or wearable 412 

applications. Pneumatic actuation allows for ready use of soft materials, but the need for an external 413 

source of compressed air is impractical for the applications we report in this paper. 414 

 415 

  416 
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