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Abstract 17 

Previous work has shown that dielectrophoretic body forces resulting from permittivity and conductivity 18 

heterogeneities only partially contribute to the overall electromechanical deformation of segmented 19 

polyurethanes (PUs). In this work, we studied the experimental kinetics and electric current of PU thin 20 

films over a long time period (1–105 s) for different applied electric fields. Then, we thoroughly analyzed 21 

the drift behavior of electric carriers and its macroscopic effect using simple modeling and numerical 22 

simulation. The main assumption is that the macroscopic deformation results from the accumulation of 23 

electric charges near the electrodes, leading to local stretching. Assuming that the mobilities of negative 24 

and positive carriers are different, their migration towards the electrodes will have different kinetics. A 25 

preliminary simulation attempt using a single set of parameters, supports these assumptions, and leads 26 

to a correct bending amplitude and current evolution according to the applied electric field. Furthermore, 27 

the resulting compression is consistent with the observed electrostriction. 28 

 29 
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1. Introduction 32 

 33 

Recent decades have been marked by the design and development of actuators based on electroactive 34 

polymers (EAPs), which can even be used to replace piezoelectric ceramics or shape memory alloys 35 

[1,2]. Numerous applications can be found in soft robotics and biomimetics [3–5]. EAPs consist of thin 36 

polymer films covered with flexible electrodes. Dielectric elastomers are very attractive as EAPs owing 37 

to their light weight, flexibility, low cost, ease of implementation, and large electric field-induced strain 38 

[6]. Though many studies have been conducted on the actuating performance, the origin of the 39 

electromechanical strain remains controversial and unclear, especially for polyurethane (PU) electronic 40 

EAPs [7,8]. This thermoplastic polymer with its unique microphase separation is a promising candidate 41 

for actuator and sensor applications thanks to its dielectric and mechanical performances, and tunable 42 

properties through composition control depending on the fillers used [9–12]. 43 

PU materials can be stimulated in compression (reduction of thickness) or in bending (with a fixed 44 

end and a free end) by an electric field. In compression, the strain is proportional to the square of the 45 

electric field as follows: 46 

𝑆 = 𝑀𝐸2,       (1) 47 

where M is the electroactivity coefficient, which includes different contributions such as the mutual 48 

attraction of oppositely charged electrodes [12,13], and the orientation and attraction of the constitutive 49 

dipoles or phases of the material [12,13]. The coefficient M is linked to the dielectric and mechanical 50 

properties of the material and is generally supposed to be time-independent.                                                                                                                                                                            51 

However, the electro-action time scale under compression is much longer than the mechanical and 52 

dielectric time scales [7,14]. In addition, the contributions above cannot describe the bending behavior 53 

of such PUs when subjected to an electric field.  54 

Regarding PU compression, a model involving dielectrophoretic force was proposed to bring a 55 

time dependency to deformation [7]. However, the amplitude of the obtained time-dependent solution 56 

is not sufficient to describe the whole phenomenon [7]. Furthermore, PU bending suggests an 57 

asymmetric process that is not involved in the simple electric field-induced deformation when dipole 58 

orientation and charge distributions are symmetric [15,16]. EAP bending is generally described for wet 59 

polymers as coming from the displacement and accumulation of liquid molecules near the electrodes 60 

(steric stress), and for dry polymers as resulting from a heterogeneous distribution of charges inside the 61 

films, which produces Coulombic forces (electrostatic pressure) [16–18]. Therefore, another mechanism 62 

based on charge carrier drift could explain both the time dependency of electro-actuation and the 63 

asymmetric process involved in PU bending. 64 

It has already been shown that the origin of charge carriers in PU may be ionic impurities [19–65 

21] already present in the polymer matrix or charge injection [22–24]. The polarization and conduction 66 
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mechanisms in polymers such as the studied PUs are very complex. In addition to the dipolar relaxations 67 

due to the presence of permanent dipole moments, phenomena such as interfacial polarization, which 68 

occur at the internal interfaces in heterogeneous and DC conduction, should be considered especially 69 

for long periods of time. In PU, it was already highlighted that the hard and soft domains exhibit different 70 

dielectric and conductive properties, which is favorable to interfacial polarization. Wongtimnoi et al. 71 

[25]found a decrease of the DC conductivity with increasing hard domains fraction. Pissis [26] indicated 72 

also that σDC decreases with increasing hard domains content, suggesting that charge carrier transport 73 

occurs mainly through the soft domains. They described an accumulation of charges at the interfaces 74 

between regions of different conductivity. Charges and ions can be moved and trapped in an electric 75 

field. Dielectric spectroscopy studies conducted on the same PU used in this study have found activation 76 

energies for DC conductivity of about 0.6 eV, which favors an ionic origin for the conduction 77 

[27].Charge carrier drift could be responsible for the complex kinetics of actuation and its bending 78 

[28,29].However, to our knowledge, the study of coupling of PU bending to electric current has been 79 

limited to a few hundred seconds [15]. Therefore, the aim of this work is to investigate the electro-80 

actuation of thin PU films over a long time (105 seconds) under a constant applied electric field and 81 

attain a better understanding of possible mechanisms behind such long kinetics based on a first 82 

simulation attempt. 83 

 84 

2. Materials and methods 85 

 86 

The polymer films were prepared by solvent casting. PU pellets (Estane 58887 NAT038 Lubrizol, 87 

1.13 g.cm−3, 87 shore A) were used. This block copolymer is composed of 4,4-methylene diphenyl 88 

diisocyanate and 1,4 butanediol hard segments, and poly(tetramethylene) oxide (PTMO) soft segments. 89 

The pellets were first heated at 100 °C for 3 hours and then dissolved in N,N-dimethylformamide (DMF, 90 

Honeywell D158550) with a concentration of 20 wt% PU in DMF. To obtain a homogeneous solution, 91 

the mixture was heated in a closed system under reflux at 80 °C for 3 hours under mechanical stirring. 92 

This system ensures there is no solvent evaporation. The solution was then transferred to a closed jar 93 

and left aside for 24 hours to get rid of the bubbles left in the viscous solution. 94 

PU films were then fabricated by tape casting. The solution was cast on glass plates by an Elcometer 95 

3700 doctor blade film applicator, then put in an oven at 60 °C for 20 h, and then removed from the 96 

glass. A second heating treatment at a temperature below the melting temperature was performed to 97 

eliminate the residual DMF solvent. The thickness of the films was 100 µm after the thermal treatments. 98 

The films were then soaked in a saturated solution consisting of 30 wt% NaCl (sodium chloride 99.5–99 

100.5%, AnalaR NORMAPUR - Reference 27810.295, Aldrich) in distilled water for 3 days to ensure 100 

complete penetration of the salt into the PU. A drying step was then applied at 100 °C for 2 hours to 101 

eliminate the water. The films were cut into rectangular samples with a length of 35 mm and width of 6 102 

mm. A thin gold layer was deposited on each face of the samples with a sputter coater (Cressington 103 
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208HR, US). The thickness of the gold layer was about 20 nm. The samples were then put in a desiccator 104 

with a constant humidity of 59% (at a temperature of 20–22 °C). After a 2-weeks storage period, the 105 

samples were used for measurements. 106 

The conductivity was measured at room temperature with a Schlumberger Solartron 1255 107 

impedance/gain phase analyzer and a 1296 dielectric interface under an AC voltage of 1 V rms at 0.1 108 

Hz. 109 

The experimental setup for bending measurement was in a closed chamber with controlled humidity 110 

(57–59%) at a temperature of 20–22 °C. During the experiment, it was checked that the temperature of 111 

the material did not change significantly using an IR camera. The sample was clamped in a designed 112 

sample holder with copper tracks and vertically hung. The free part of the sample was 25 mm in length. 113 

Figure 1 shows the setup used to measure the free-end displacement d of the sample. 114 

A DC electric field (voltage step) was applied to the sample using a function generator (Keysight 115 

33220A, US) and a voltage amplifier (TREK 609D-6, US). The current was measured through a current 116 

amplifier (Stanford SR570, US). 117 

The displacement was measured through a laser sensor (Keyence head LK-H052, controller LK-118 

G5001PV, Japan). Signals (voltage, current, displacement) and ambient parameters (temperature, 119 

humidity) were recorded through a Dewesoft data acquisition system over a long time (4 to 15 hours). 120 

Displacement was positive when the film bent toward the high-voltage (HV) direction and negative 121 

when it moved toward the ground direction (figure 1). 122 

 123 

      124 

 

Figure 1: Experimental setup of the bending test. The bending displacement d is positive when the 

end of the sample goes to the positive voltage. 

 125 

 126 

 127 
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3. Experimental results  128 

 129 

The first bending experiment was carried out over 15 hours on a sample subjected to an electric field 130 

of 10 MV/m to observe its complex bending kinetics. Then, a series of experiments was performed over 131 

4 hours on samples stabilized with the protocol described in the previous section under different electric 132 

fields: 2, 4, 6, 8, and 10 MV/m. 133 

 134 

3.1 Kinetics of PU displacement under a constant applied electric field over 15 hours 135 

Figure 2 shows the bending displacement d and current density j of a PU sample stimulated by 136 

a constant electric field of 10 MV/m. During the first tens of seconds, the current density is constant and 137 

equal to j=8.3×10−3 A/m². During this period, the displacement is also constant and equal to d=0 µm. 138 

Then, the displacement goes in the ground direction to reach a minimum displacement of d=−3000 µm, 139 

changes its direction, and tends almost to zero after 15 hours. The current density continuously decreases 140 

and loses two logarithmic decades in 15 hours. This experiment shows the complex kinetics of PU 141 

bending that extends over five logarithmic decades of time in seconds. It also highlights a link between 142 

current and displacement: during the first tens of seconds, current and displacement are constant, and 143 

they evolve after. In contrast to the current density, the displacement is non-monotonic, i.e. the free end 144 

of the PU film first goes in the ground direction and then returns to zero. Interestingly, this result 145 

suggests a competition between two opposite effects with the same amplitude but different kinetics. The 146 

origin of such a behavior could be the successive migration and accumulation of anions (negative 147 

charges) and cations (positive charges) near the positive and negative electrodes, respectively. The fact 148 

that the displacement returns to zero suggests that the same number of anions and cations is present in 149 

the material, while the observation of a non-zero displacement for intermediate times requires that their 150 

mobility is different. 151 

 152 
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Figure 2: Displacement and current density for a sample subjected to a continuous electric field 

E=10 MV/m over 15 hours (td and ti are the times at which the displacement and the current density 

start to decrease, respectively). 

 153 

3.2 Effect of the electric field on bending and current responses  154 

 155 

The electro-actuation of PU was evaluated under different applied electric fields: from 2 to 10 156 

MV/m for 4 hours. The current density and displacement versus time are plotted in figure 3.    157 

 158 
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Figure 3: a) Bending displacement of the free end of the sample and b) current density for samples 

subjected to different constant applied electric fields (2, 4, 6, 8, and 10 MV/m) as functions of time. 

 159 

First, we notice that the displacement and current density curves all have the same shape, but 160 

the kinetics and amplitude vary. The length of the initial plateau changes from several hundred seconds 161 

to a few seconds as the electric field increases from 2 MV/m to 10 MV/m. The initial current density j 162 

and the absolute value of displacement |d| increase as the applied electric field increases. The initial 163 

value of j is plotted in figure 4 as a function of the applied electric field E. It shows a linear relationship 164 

up to an applied electric field of 8 MV/m with a slope σ=1.2×10−9 S/m over the same range of values as 165 

when measured at low electric field with the dielectric spectrometer (σ=4×10−10 S/m). This suggests that 166 

𝑗 = 𝜎𝐸⃗⃗ and thus that the current follows Ohm’s law involving charge carriers probably coming from 167 

ionic species. In the case of charge injection in a dielectric elastomer, the current density should not 168 

follow a linear relationship with the applied electric field [22,30].  169 
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Figure 4: Initial current density 𝑗 as a function of applied electric field E. 

Finally, the natural logs of ti and td (figure 2), the times at which the displacement and current 170 

density start to decrease, are plotted as functions of the electric field in figure 5. The natural log of each 171 

time response decreases linearly when the applied electric field increases. Further work is required for 172 

a better understanding of this result.  173 

  

Figure 5: Natural log of onset of bending displacement (td) and onset of current decrease (ti) as 

functions of the applied field E0.  

 174 
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4. Modeling and simulation 175 

4.1 Modeling 176 

Most models and simulations of the bending of electroactive polymers deal with wet or dry 177 

IPMC with a free cation and an anion attached to the polymer backbone [17,31,32]or dielectric elastomer 178 

bonded to a substrate (with different Young's modulus and dielectric permittivity) [8,33]. Although these 179 

simulations work well, they are not representative of our experiment as no substrate is present and the 180 

sample is not an IPMC. An analytical model based on charge injection has already been successfully 181 

developed for PU [23]. However, Le Roy et al. propose that in a dielectric material, the charge carriers 182 

can be ionic charge carriers from salt dissociation and electrons and holes from charge injection [34]. In 183 

our case, we propose a simulation based on the presence of only two types of ions with opposite charges 184 

and different mobilities. The two types of charges taken into account here correspond mainly to Na+ and 185 

Cl- from the immersion of the sample in a salt water bath. The simulation can then be enriched in a 186 

future work by adding the presence of electrons and holes. The main assumption is that the macroscopic 187 

deformation results from accumulation of electric charges near the electrodes. Assuming that the 188 

mobilities of negative and positive carriers differ, their migrations towards the electrodes follow 189 

different kinetics.  190 

 191 

 

 

Figure 6: Schematic scenario in which blue particles move to the right faster than red particles move 

to the left. Owing to their repulsive forces, the thin sample bends first to the left and then to the 

right. In the end, we expect the sample to stretch. 

 

The repulsive forces near the electrodes due to ion accumulation induce elongation of the 192 

surface, which in turn causes the sample to bend, assuming there are no equivalent forces near each 193 

opposite electrode. For a period of time long enough to allow for migration of all electrical charges, the 194 
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bending can be expected to (i) go through a maximum and then (ii) return to zero. The scenario is 195 

illustrated in figure 6. In the case where a species cannot move (e.g. when ions are bound to 196 

macromolecules), only the mobile charges play a role and induce permanent curvature under the electric 197 

field.  198 

In the following part, the polymer is considered differently depending on the scale considered. 199 

As a macroscopic material, it behaves like an elastic solid because of its rubbery state. At a nanoscopic 200 

level, i.e. the scale of electric charges, it behaves like a viscous liquid, allowing the charges to drift over 201 

long distances. Clearly, this behavior is far from Newtonian in polymers, and has been discussed 202 

considering the diffusion of molecules or atoms in a polymer network [35,36]. The electric carriers in 203 

the following theory are considered as particles. 204 

The general idea is that each charged particle is subjected to two main forces that depend on its position 205 

𝑟 and on time t. The first is the electric force, 206 

𝑓𝐸(𝑟, 𝑡) = 𝑞𝐸⃗⃗(𝑟, 𝑡), (2) 

where q is the electric charge in C, and 𝐸⃗⃗ is the local electric field in V/m. The second force is a dragging 207 

force due to the interaction of the particles moving in the surrounding viscous medium: 208 

𝑓𝑝,𝑛
𝑑𝑟𝑎𝑔(𝑟, 𝑡) = −𝑘𝑣⃗𝑝,𝑛(𝑟, 𝑡), (3) 

where k is a constant related to the shape of the particle and to the surrounding apparent viscosity, and 209 

𝑣⃗ is the velocity of a positive (subscript p) or negative (subscript n) charged particle. We can also 210 

introduce the electrical mobility µ, which relates the velocity and local field when the limit velocity is 211 

reached: 212 

𝑣⃗𝑝(𝑟, 𝑡) = 𝜇𝑝𝐸⃗⃗(𝑟, 𝑡) =
𝑞

𝑘
𝐸⃗⃗(𝑟, 𝑡), 

(4) 
𝑣⃗𝑛(𝑟, 𝑡) = −𝜇𝑛𝐸⃗⃗(𝑟, 𝑡) = −

𝑞

𝑘
𝐸⃗⃗(𝑟, 𝑡). 

 213 

In the following, we consider a thin film having a thickness W and coated by two electrodes, 214 

one at x=−W/2 and the other at x=W/2 (figure 7). For simplicity, we will consider the main component 215 

of 𝐸⃗⃗ to be perpendicular to the film plane and denote it as E. Before the electric field is applied, one set 216 

of positive particles and another set with an equal number of negative particles are randomly dispersed 217 

inside the film. At t=0 s, the field is applied with a uniform strength E=E0. Under the electric force, the 218 

particles move towards the electrodes according to their sign. These motions induce a local electric field 219 

opposite to the applied electric field. The resulting local field decreases with time and is a function of 220 

both the position x and time t [E(x,t)].  221 

For the region near each electrode, it is then possible to write 222 

𝐸1(𝑡) = 𝐸0 (1 −
𝑛𝑝(𝑡)

𝑁𝑆
), 

𝐸2(𝑡) = 𝐸0 (1 −
𝑛𝑛(𝑡)

𝑁𝑆
), 

 

(5) 
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where 𝐸1(𝑡) =𝐸(−𝑊/2, 𝑡), 𝐸2(𝑡) =𝐸(𝑊/2, 𝑡), NS is the number of particles leading to zero local field, 223 

and 𝑛𝑛(𝑡) and 𝑛𝑝(𝑡) are the numbers of negative and positive particles frozen on the electrodes at time 224 

t. The number NS can be evaluated considering that a uniformly charged plane produces an electric field 225 

Ei (perpendicular to the plane) equal to 226 

𝐸𝑖 =
𝜎𝑆

2𝜀𝑟𝜀0
=

𝑞𝑛𝑝,𝑛

2𝜀𝑟𝜀0𝑆
 , (6) 

where 𝜎𝑆 is the surface charge density, r  is the dielectric permittivity around the plane, and S is the 227 

electrode surface area. Thus, 𝑁𝑆 =
2𝐸0𝜀𝜀0𝑆

𝑞
. It is noteworthy that if the total number of carriers, Ntot, is 228 

larger than NS, then the field near the electrode becomes 0 and so does the carrier velocity, leaving a 229 

constant local charge density. 230 

In the bulk, we assume for simplicity that the field follows a linear dependence on the particle 231 

position x between the two electrodes (figure 7): 232 

𝐸(𝑥, 𝑡) = 𝑎(𝑡)𝑥 + 𝑏(𝑡) 

with 𝑎(𝑡) =
𝐸2(𝑡) − 𝐸1(𝑡)

𝑊
  

and 𝑏(𝑡) =
𝐸2(𝑡) + 𝐸1(𝑡)

2
 . 

(7) 

 233 

4.2 Current density kinetics 234 

The current density j(t) can be evaluated from the number of charged carriers still free in the 235 

dielectric material, accounting for their number and velocity: 236 

𝑗 = ∑
𝑛𝑖

𝑉
𝑞𝑖𝑣𝑖

𝑁𝑡𝑜𝑡
𝑖 . (8) 

We should point out that the initial current (t=0) is directly triggered by Ntot and depends on the charge 237 

and initial velocity of each carrier. 238 

 239 

4.3 Bending evaluation 240 

As mentioned above, the bending results from the repulsive forces between the electric charges, 241 

whose density varies in time during their migration to the electrodes. Owing to the difference in mobility 242 

between the positive and negative charges, the force field is not symmetric, which induces the observed 243 

bending. The local charge density changes with time assuming that the carriers reach the vicinity of the 244 

electrodes and remain in a thin layer [21], resulting in a local electrostatic energy WE(r,t). Thus, the force 245 

field can be derived as 246 

𝑓(𝑟, 𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ = −𝛻𝑊𝐸(𝑟, 𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ , (9) 

 where r refers to the position in space. The corresponding deformation is easily calculated using a finite 247 

element code, as discussed below.  248 
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4.4 Numerical simulation 249 

Because the local electric field depends on both time and position, it is really difficult to derive 250 

analytical functions that provide the evolution of the current and the bending deflection versus time. We 251 

therefore used the software COMSOL Multiphysics and implemented the modules “Electrostatics,” 252 

“Charged Particle Tracing,” and “Solid Mechanics”. To reduce the computational time, our calculations 253 

were performed in a 2D representation. The simulated sample (figure 7) consists of a ribbon of tree-like 254 

layers with a main layer (core) of thickness W, and two thin layers (thickness e with e<<W).  255 

 

Figure 7: Schematic of a typical sample used for the COMSOL simulation. 

 

The boundaries between the core and the thin layers are called Wall+ for the layer closest to the 256 

+ electrode, and Wall− for the other one. The outer boundaries are iso-potential surfaces corresponding 257 

to the applied voltage. The “Charge Particle Tracing” module is mainly used for the kinetic aspect of 258 

the simulation, while “Electrostatics” provides the local field and electrical energy. “Solid Mechanics” 259 

is used to calculate the force and strain fields in the simulated sample. Because the number of charge 260 

carriers is limited, each carrier has a charge Z much higher than that of one electron.   261 

All parameters are listed in table 1. 262 

The simulation combined both electricity and solid mechanics using a time-dependent solver. 263 

For the electrical part, we chose to study the drift of electrical carriers subjected to the local electric 264 

field. Thus, positive and negative carriers were subjected to two forces, a Coulombic force and a 265 

dragging force, which tends to limit their velocity in a steady state. This corresponds to assigning 266 

mobilities µp and µn to positively and negatively charged carriers, respectively [equation (4)]. Initially, 267 
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a set of these positive and negative carriers are randomly distributed in the core of the sample, and the 268 

average electric charge is zero. To avoid instabilities at the beginning of the simulation, the field is 269 

gradually increased and reaches its constant value at t=1 s. This is comparable to the experimental 270 

conditions we used for our measurements.  271 

As each charged particle moves towards the electrode with the opposite sign, it reaches Wall+ 272 

and Wall− and remains blocked. Its electric charge is added as a charge density increment in the layer 273 

near the wall, and is subtracted from that of the core.  274 

As the two layers experience different kinetics in terms of their charge density variations, we 275 

propose that the space charge density 𝜌𝐶(𝑥, 𝑡) is not homogeneous inside the core, but follows a gradient 276 

such as 277 

𝜌𝐶(𝑥, 𝑡) = [𝑎(𝑡)𝑥 − 𝑏(𝑡)]
𝑒

𝑊
 

with 𝑎(𝑡) =
𝜌−(𝑡) − 𝜌+(𝑡)

𝑊
  

and 𝑏(𝑡) = 𝜌+(𝑡) + 𝜌−(𝑡), 

(10) 

where 𝜌−(𝑡) and 𝜌+(𝑡) are the space charge densities of the two layers (figure 7). This insures that the 278 

total electric charge in the whole sample remains zero.  279 

As a result, the field near each wall decreases each time a carrier reaches this wall, which slows the 280 

velocity of the particle depending on the local value of E(x,t) [equation (7)]. At each time step, the local 281 

energy density is calculated and the local force field is derived according to equation (9). The Solid State 282 

Mechanics module makes it easy to calculate the change in shape of the sample. 283 

Several remarks have to be made:  284 

1. First, it is far from possible to implement an electric carrier number Ntot comparable to that of 285 

the real situation. For this reason, we chose Ntot to be 3×104 particles, which is a good 286 

compromise for optimizing the simulation duration and the numerical noise in the calculated 287 

data. The parameters in table 1 were determined to fit the maximum bending amplitude obtained 288 

from our experiments for an applied field of 107 V/m. This leads to an electric charge per carrier 289 

of 2×108 ec, where ec=1.6×10−19 C.  290 

 291 

2. The size of the mesh depends on the size of the domains. The smallest dimension in our model 292 

is determined by the thickness of the lateral layer, in this case, 2 µm. Because the computation 293 

time is directly related to the number of cells, we considered a simulated sample whose length 294 

is equal to one tenth of that of a real sample. Thus, on the basis of previous work, the expected 295 

bending displacement should be equal to one hundredth of that measured on a real sample [23]. 296 

Meanwhile, the calculated current should be equal to one tenth of that measured in the real 297 

sample. These two factors (10 for the current and 100 for the bending displacement) are applied 298 
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to the simulation results presented below. Within this framework, the number of cells was less 299 

than 30,000.  300 

 301 

3. Effect of the lateral layer thickness. As discussed above, the mesh is thinner when the two layers 302 

are thinner, and the calculation time is longer. We performed a series of simulations considering 303 

layer thicknesses ranging between 1 µm and 10 µm. The results remain unchanged for layers 304 

thinner than 3 µm, so we decided to choose 2 µm as a good optimization.  305 

 306 

Table 1: Parameter values used for the COMSOL simulation. The only parameter that was varied was 307 

the applied voltage corresponding to that in the experiments.  308 

Term Quantity Value 

V0 Applied voltage 200 to 1000 kV 

Thickness Sample thickness (W+2e) 100 µm 

E0 V0/(W+2e) 0.2×107 to 1.2×107 V/m 

µn Fast particle mobility 3×10−14 m2/(s.V) 

µp  Slow particle mobility  3×10−16 m²/(s.V) 

W Core thickness 96 µm 

L Sample length 2.5 mm 

L Sample width 6 mm 

E Layer thickness 2 µm 

Z0 Electric charge per positive carrier 1×108 ec 

−Z0 Electric charge per negative carrier −1×108 ec 

Ntot Total number of positive (and negative) carriers 30000  

YM Young modulus of the sample 40 MPa 

 Dielectric constant of the sample 8  

Mesh Number of mesh elements 26050 

 309 

4.5 Comparison between experimental and simulation data 310 

Figure 8 shows both the experimental and simulated curves of displacement and normalized 311 

current. It also highlights the simulated longitudinal displacement (orthogonal to the x axis) and the 312 

resulting compressive strain deduced using a Poisson coefficient of approximately 0.5. Simulation 313 

parameters such as ionic mobility have been optimized for a field E0 = 107 V/m, and all parameters 314 

remain unchanged for all other values of E0. 315 

As previously mentioned, the calculated short-term current (in our case, t=1 s), depends on (i) the 316 

number of carriers and their electric charge, (ii) their mobility, and (iii) the applied electric field. 317 
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Meanwhile, the bending displacement depends on the gradient of the electric energy density, which in 318 

turn depends on (i) the local electric charge density, (ii) the ratio between the slow and fast mobilities 319 

of the carriers, and (iii) the applied field. 320 

The simulated bending displacement evolves over 104 s but starts and finishes earlier than the 321 

experimental one. The amplitude for each applied electric field is on the same order of magnitude as the 322 

experimental amplitude. However, for an electric field below 10 MV/m, the simulated bending 323 

displacement amplitude is systematically lower.   324 

The current that we obtained from these simulations is about one hundredth of the measured one, 325 

and it shows two processes due to the difference in mobility between the two types of charge carriers. It 326 

is noteworthy that while the bending results from the competition between the diffusions of carriers with 327 

opposite signs, the current is the sum of all diffusing carriers. This means that if we have many more 328 

carriers with intermediate mobilities, they will not play any role in the bending, but will all contribute 329 

to the current. In fact, Watanabe et al. [19] have shown that PU contain impurities that contribute to 330 

their conductivity. To remove their contributions, further investigations is needed with model samples 331 

in which we can control the number of carriers and their mobilities within the polymer. This work is in 332 

progress. 333 

An overall stretch is expected because the bending of the sample results first from the elongation 334 

of the material near one electrode followed by a similar elongation near the second electrode. This is 335 

shown in figure 8c: the calculated elongation reaches 16 µm for an applied potential of 1000 V (i.e. for 336 

E0=10 MV/m) for a sample length of 25 mm, corresponding to a deformation of approximately 0.06%.  337 

 338 
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Figure 8: Preliminary simulation results (dashed line) versus experimental data (continuous line). a) 

Bending displacement as a function of time. b) Normalized electrical current as a function of time. 

c) Longitudinal extension of the sample as a function of time (simulation only). d) Calculated 

compressive strain as a function of electric field squared (E²). 

 339 
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Assuming that this elongation is isotropic in the yz plane, this leads to a decrease in thickness of 340 

0.1% (with a Poisson ratio of approximately 0.5). This can be compared with recently published data 341 

[8]: the corresponding electromechanical coefficient M obtained with the simulation is 1.3×10−17 m²/V² 342 

(figure 8d), which is among the wide range of values reported in literature. This shows that the charge 343 

carrier-based mechanism proposed here is very likely an important contributor to the electrostriction 344 

observed in this type of PU-based sample under parallel electrodes.  345 

Although the simulations well reproduce the general characteristics of the experimental results such 346 

as (i) the order of magnitude of the four-decade time scale, (ii) the bending amplitude, and (iii) the 347 

current evolution, several differences are notable. 348 

Because we did not consider possible changes in carrier mobility under a strong applied electric 349 

field [37]and also because the local electric field was introduced empirically, it appears that the times ti 350 

and td at which the bending deflection starts and the electric current drops do not depend on the applied 351 

field, contrary to the behavior exhibited by the samples.  352 

Moreover, the experimental bending peaks are less symmetrical (on a logarithmic time scale) than 353 

the simulated curves. This could be because we have considered the particles to be initially randomly 354 

dispersed in the core domain. This is likely not the case because some of the carriers, if they are ions, 355 

could recombine with electrons to become atoms, especially near the electrodes. These assumptions will 356 

be studied in more detail in the future.  357 

 358 

5. Conclusions 359 

The complex kinetics of PU bending can last up to 105 s and is linked to the electric current. To our 360 

knowledge, this is the first time that measurements of both bending and current have been done 361 

simultaneously on PU for different applied electric fields over such a long time. This shows clearly 362 

that bending is the result of two processes with the same amplitude but different kinetics (the final 363 

displacement is zero). Qualitatively, the shape of the simulated curves agrees well with the 364 

experiments. However, the proposed simulation does not lead to an asymmetric bending curve, and the 365 

electric current is zero at the end of the simulation and initially too low compared with experiment. 366 

One way to improve the simulation would be to start with a heterogeneous particle distribution and 367 

take other mechanisms into account such as charge injection. The next step of this work in going from 368 

qualitative to quantitative simulation could be using a model material with controlled doping charges 369 

and determining parameters such as ionic mobility. A final and interesting point is that the resulting 370 

heterogeneous space charge density could also contribute to PU compression under an electric field, 371 

and consequently, its compression should be time-dependent with a kinetics occurring over five 372 

logarithmic decades of time in seconds. 373 

 374 

 375 

 376 
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