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Abstract 

The electrostrictive properties of a polyether-based polyurethane elastomer and 

its corresponding composites filled with conductive carbon black (CB) were studied by 

measuring the thickness strain SZ induced by external electric fields E. For films with 

thicknesses of approximately 50 µm, the apparent electrostrictive coefficient M was 

measured at low electric fields, E � 4 V/µm, and different CB contents (up to a volume 

fraction of 2 %). Dielectric measurements in AC mode were performed in order to 

determine the percolation threshold fc, which was 1.25 v%. This optimal volume 

fraction yielded a remarkable threefold increase in M, associated with an increase of the 

dielectric constant by a factor 7, in comparison with pure PU. This enhancement of the 

electric field-induced strain and apparent electrostriction was mainly triggered by an 

increase of the dielectric constant, even if the intrinsic electrostriction coefficient Q was 

decreased. The nanocomposites thus seem to be very attractive for low-frequency 

electromechanical applications. Above fc, their conductivity was raised and their 

electrostrictive activity lost. Finally, there is a good agreement between the 

experimentally determined dependence on the CB content of the M coefficient and the 

theoretical estimation calculated from dielectric and mechanical measurements. 

 

Keywords: A. Polyether-based polyurethane; A. Nanocomposite; B. Electrostriction; 

B. Electromechanical properties; B. Dielectric constant 
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1. Introduction 

For the last twenty years, electroactive polymers (EAPs) have devoted much 

attention since they undergo a huge deformation when subjected to an external electric 

field [1]. Even if more classical piezoelectric ceramics remain more efficient in terms 

of energy conversion by weight unit, their stiffness and brittleness limit their use when 

very small displacements are required. Moreover, the processing of polymeric materials 

is often easier as it does not require high temperatures, like ceramics. This makes EAPs 

attractive for integration inside microelectromechanical systems (MEMS). 

EAPs are particularly interesting for electromechanical applications such as 

micro-actuators, robotics, submarines, acoustics elements, noise and vibration control 

applications, etc. [2]. Recently, electroactive polymers have been used for energy-

harvesting applications and mechano-electrical conversion [3]. However, the main 

drawback of EAPs is their weak electromechanical coupling: high electric fields up to 

150 MV/m are required to reach 2-10% strain in dielectric elastomers such as acrylics 

[4]. 

Recently, rather large deformations were attained by certain polyurethanes 

(PUs) under electric fields of 20 MV/m [5]. This was possible due to PU having a high 

dielectric constant, rendering it possible for a strong polarization to be induced under an 

external electric field. The obtained dipole-dipole interactions gave rise to a rather large 

electrostriction. 

Another way to increase the effective dielectric constant consists in 

incorporating electrically conducting particles [6, 7]. Below the percolation threshold, 

the dielectric constant �’r increases rapidly with the concentration of particles [8]. It is 

thus of importance to precisely analyze the impact of added fillers such as carbon black 
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in a polyurethane matrix. Following this idea, the aim of the present study was to 

determine the influence of CB as filler affecting on the electrical, mechanical and 

electromechanical properties of a PU host polymer. 

2. Theoretical background 

Classical electrostriction experiments are generally performed on thin polymer 

samples coated with conducting metallic or organic layers on their two opposite faces. 

This differs from magnetostriction experiments where the magnetic field is applied 

without any contact with the sample [9]. As a result, global electrostriction is the sum 

of two distinct contributions. The first will hereafter be referred to as SE and 

corresponds to true electrostriction (which mainly results from interactions between 

dipoles induced inside the material by the electric field), while the second, known as 

SMax, is developed from the electrostatic stress (Maxwell) between the two electrodes. 

In fact, the latter contribution is due to the interaction between the free charges on the 

electrodes (Coulomb interactions). 

In polarizable materials with a homogeneous space-charge density, SE may be 

expressed as [10] 

2.ES Q P=          (1) 

where Q is the intrinsic electrostrictive coefficient, and P is the polarization induced by 

an electric field E in a dielectric material. Thus, for a linear dielectric, P is written as 

0 .( ' 1) .= −rP Eε ε         (2) 

where �’r is the real part of the relative dielectric permittivity (also called the dielectric 

constant) and the electrostrictive strain may be expressed as 

2 2 2
0. .( ' 1) .E rS Q Eε ε= −        (3) 
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On the other hand, the strain due to the Maxwell stress, the so-called 

electrostatic strain SMax, can be written as [11] 

2
0ε ε−= r

Max

'. .E
S

Y
        (4) 

where Y is the Young modulus. The apparent global strain is then given by 

2.= + =E MaxS S S M E         (5) 

where M is the so-called apparent electrostrictive coefficient, here for the thickness 

strain direction along which the electric field is applied. In fact, these two main 

contributions are difficult to separate from each other by experiments. 

For electrostrictive (polar) polymers such as polyurethane, poly(vinylidene 

fluoride) or PVDF, and the poly(vinylidene fluoride-trifluoroethylene) copolymer or 

P(VDF-TrFE), SE may become largely predominant as compared to SMax, and M is 

related to the electrostrictive coefficient Q through 

2 2
0 .( ' 1) .rM Qε ε= −         (6) 

Besides, several research groups have experimentally observed that the intrinsic 

electrostrictive coefficient Q defined in Eq.(1) is inversely proportional to the product 

of the Young modulus and dielectric permittivity [12-14] according to 

0

1
. ' .r

Q
Yε ε

∝          (7) 

Thus, for a dielectric material, for which �’r >> 1, M is proportional to the 

dielectric constant and inversely proportional to the Young’s modulus Y of the material 

[15]: 

0. 'rM
Y

ε ε∝          (8) 
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Eq.(8) clearly shows that a good compromise between dielectric constant and 

softness has to be found to obtain good electromechanical activity. For any elastomeric 

materials with small �’r, e.g. silicone, acrylics, isoprene natural rubber latex [16], the 

true electrostrictive effect is always assumed to be negligible, i.e. SE ≈ 0. Hence, the 

strain results mainly from the Maxwell stress. 

Within the scope of this paper, the electrostrictive performances of a 

polyurethane elastomer and its composites with carbon black as electrically conducting 

nanoparticles were studied for an increasing dielectric constant. The investigated 

samples were thin films 50 µm thick. All external electric stimuli and 

electromechanical responses were applied and measured only along the thickness 

direction (Z). The electrical conductivity, dielectric constant and mechanical properties 

are presented prior to the electrostriction measurements, and the electrostrictive 

coefficients Q and M are validated with relative theoretical equations. 

3. Experimental section 

3.1 Material preparations 

The polymer used in this study was a polyether-based aromatic thermoplastic 

polyurethane (PU), Estane 58888 NAT 021, purchased from Lubrizol Corporation [17]. 

Carbon black (CB), under the commercial trademark Vulcan XC72R in fluffy form 

having a surface area of 254 m2/g and a DBPA (Dibutyl phthalate absorption) of 192 

cm3/100g [18], was provided by the Cabot Corporation. The CB nanoparticles have an 

average diameter of 30 nm for the primary particles and a specific gravity of 1.80 [19]. 

The composites were cast from solutions: the first step consisted in dissolving 

and homogenizing the PU granules in N,N-dimethylformamide (DMF) at 80 °C for 

90 min. In the mean time, various volume fractions of CB were dispersed in DMF using 
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an ultrasonic probe (UP400S from Hielscher) for 10 min. Subsequently, the two 

solutions were mixed together, heated and stirred until a viscous solution was obtained. 

The solution was spread with a film maker (Casting knife, from Elcometer) to form a 

thin film ∼50 µm thick and then dried at 60 °C for one day. Finally, the obtained films 

were annealed at 130 °C for 3 hours to eliminate the residual DMF. Samples were cut 

according to the requirements of the characterization techniques. 

3.2 Characterization techniques 

3.2.1 CB Dispersion 

The dispersion of carbon black was checked by scanning electron microscopy 

(SEM) on an FEI XL30 FEG ESEM. Samples were fractured in liquid nitrogen after 

which the fractured cross-sections were gold-coated by plasma sputtering prior to the 

SEM observations. 

3.2.2 Mechanical properties 

The mechanical behavior of the composite films was measured with a 

multifunctional dynamic mechanical analyzer, Eplexor® from Gabo, in simple tensile 

mode. The films were cut into 10 x 40 mm2 rectangular specimens, which were fixed in 

their two ends thus leaving 20 mm long for the measurements. The tests were carried 

out with an elongation speed of 24 mm/min at room temperature under air. 

3.2.3 Electrical conductivity and dielectric properties 

Prior to the electrical measurements, the films were coated with gold on their 

two main faces. The complex conductivity was measured with a Solartron 1296 

impedance-meter from Schlumberger. The average potential was set at 1 Vrms, and a 

frequency scan was performed in the range 0.1 to 106 Hz at room temperature. From 
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this, the dielectric constant �’r and the complex electrical conductivity �* could be 

determined. 

3.2.4 Electromechanical response (global electrostriction) 

The electric field-induced strain SZ was determined at room temperature using a 

laser interferometer (Agilent 10889B) with a 10 nm precision. A film specimen was 

positioned between two circular electrodes with 20-mm diameters to which an 

alternative electrical potential (triangular function) was applied at a frequency of 0.1 

Hz. A mirror was placed on the upper electrode to reflect the laser beam in order to 

determine the displacement in real time. The electrical potential was generated by a 

functional generator (Agilent 33220A) and amplified 1000 times by a lock-in high-

tension amplifier (Trek 10/10B). 

4. Results and discussion 

4.1 CB dispersion in the polymer matrix 

---Fig.1--- 

In order to verify the dispersion state of carbon black in the polyurethane 

matrix, a composite film of 0.65 v% CB/PU was observed by SEM. According to 

Fig.1(A), the sample exhibits a rather good CB dispersion within the matrix. However, 

a higher magnification, as shown in Fig.1(B), revealed aggregates smaller than 500 nm, 

as well as individualized CB particles of about 30 nm. These observations demonstrated 

that the CB nanoparticles are aggregated into non-spherical clusters in the polymeric 

matrix. 

4.2 Modification of the mechanical reinforcement by incorporation of CB 

The Young modulus Y is an important parameter influencing the M coefficient, 

and was therefore determined in tensile mode for all samples with a thickness of 50 µm. 
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In Fig.2, the red dots correspond to experimental data of the Young modulus as a 

function of the CB volume fraction. In order to compare with already existing models 

developed to predict the reinforcing effect of hard particles in soft matrices, the Guth 

equations [20] were used as a preliminary approach for sake of simplicity. In fact, these 

equations have been developed for materials with Poisson ratios close to 0.5, i.e. liquids 

or elastomers, in which particles are randomly dispersed. 

---Fig.2--- 

Moreover, Guth proposed to take into account the particle shape factor � which, 

as a first approximation, is the averaged ratio of the largest dimension over the smallest 

dimension of particles: 

2 2
0 1 0.67 1.62Y Y f fϕ ϕ� �= + +� �      (9) 

The various dashed lines in Fig.2 correspond to different values of �. 

Comparisons to experimental data indicated that the CB aggregates are rather elongated 

with � values between 12 and 15. This is consistent with the “structure” of Cabot’s 

carbon blacks as dispersed aggregates. The CB used in this study, Vulcan XC72R, is 

one of high structure black grades from Cabot. Consequently, the electrical 

conductivity of CB/PU composites particularly shows a non-universal conducting 

behavior, further discussed in the next part.  

4.3 Electrical conductivity and percolation threshold 

Conductive carbons are often used to gain dielectric properties in insulating 

polymeric matrixes. In this work, the aim was to increase the dielectric constant and 

determine how it impacts the electromechanical activity of PU. Cameron et al. [21] 

have shown that it is possible to reach very high values very close to the percolation 
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threshold where �’r is expected to diverge. They have been able to fabricate actuators 

with a very high efficiency, demonstrating an increase in stress by a factor of 500. 

The electrical conductivity and the dielectric constant were measured using the 

impedance-meter. From the obtained data plotted in Fig.3(A), it is clear that the 

conductivity increases rapidly around CB contents of 1 to 2 v%. Such a behavior is 

characteristic of a percolation phenomenon and it is classical to verify whether the 

common theory applies. Eq.(10) recalls the typical behavior of the conductivity close to 

the percolation threshold: 

0.
1

t

C

C

f f
f

σ σ
� �−= � �−� �

        (10) 

where �0 is the conductivity of the conductive filler (here, 4000 S/m for Vulcan 

XC72R), and t is the percolation exponent. For randomly dispersed particles and for 

perfectly conducting (i.e. uniform) particles, it has often been pointed out that a 

universal couple of parameters [fc,t] can be determined (both experimentally and by 

simulation), depending only on the particle shape. 

---Fig.3--- 

From the data in Fig.3(B), an optimization of the plot of log(�*) versus 

log
1

C

C

f f
f

� �−
� �−� �

, so as to obtain a straight line, rendered it possible to determine both fc 

and t. Thus, fc was found to be 1.24 v% and t was 2.8. It was also seen that the 

composite microstructure is in reasonable agreement with the main hypothesis of the 

percolation theory (random dispersion of individual particles). The very low value of 

the percolation threshold is typical of the presence of aggregates of very small native 

particles, which is the case for CB. In previous works [21, 22], it was argued that the 
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exponent t depends on the particle shape: t = 2 corresponds well for spherical particles, 

while rods lead to t = 3. 

On the other hand, another explanation was proposed by Balberg [23]. He used 

a simple model based on interparticle tunneling conduction and percolation network to 

explain the universal and non universal behaviors of the electrical conductivity of CB-

polymer composites. The model clearly indicated that the universal behavior occurs in 

case of the high structure CB composites with a t exponent close to the universal tun = 2 

and a low fC  . Contrariwise, the non universal behavior occurs in the lower structure CB 

composites which yield a larger t and a higher fC. In the case of CB primary particles 

individually dispersed into insulating matrix, a non universal behavior may lead to a 

high critical exponent t, i.e., t = 4 from the Mogul-L composite [23] and even higher t = 

6.4 predicted by a tunneling-percolation model for system having an ideal random like 

Hertz distribution [24].  

In the previous measurements of Balberg on Cabot black composite, a high non 

universal exponent t = 2.8 was found in [23], exactly the same value of our result. It is 

due to the fact that the Cabot black we used is intermediate-structure compared to a 

normal high-structure and another no-structure CB composite.  

4.4 Dielectric properties 

Composites with CB fractions lower than the percolation threshold are mainly 

insulators and their dielectric permittivity can be measured. Fig.4 exhibits the dielectric 

constant versus the CB contents at different frequencies. 

---Fig.4--- 

Fig.4(A) shows that, regardless of the sample, the dielectric constant increases 

as the frequency is lowered. Close to the percolation threshold, the composites present a 
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high dielectric constant �’r � 53 at 0.1 Hz, i.e. about 7 times higher than that for pure 

PU (for which �’r � 7). By means of another percolation equation, it was possible to 

verify that the theory applied reasonably well: 

' ' . 1
q

M
C

f
f

ε ε
−

� �
= −� �

� �
        (11) 

Here, �’M is the pure polymer dielectric permittivity and q is the critical exponent 

experimentally found near 0.8 – 0.9, which is typical for most of the composites based 

on an elastomeric matrix and CB [25, 26]. 

Here again, a linear relation between log(�'r) and log 1
C

f
f

� �
−� �

� �
 renders it possible 

to verify that the obtained data are consistent with the hypothesis involved in the 

percolation theory. The critical exponent q, with a value around 0.85, agrees well with 

the results from the percolation model of conductive particle-filled composites [27]. 

Below the percolation threshold, �'r can reach high values and the electric losses remain 

low. On the contrary, above the percolation threshold, both components namely �'r and 

�"r increase. The latter parameter, which is a direct probe of the electrical loss, is found 

to increase even more rapidly. One way to visualize this would be to plot the ratio 

�"r/ �'r, also known as tan� or loss factor, versus the CB contents at different 

frequencies, as shown in Fig 5. 

---Fig.5--- 

For an increasing CB fraction in the PU, the dielectric constant first increases 

whereas the dielectric loss factor remains constant below the percolation threshold, f < 

fc. Above fc, tanδ  increases, which means that the imaginary part of the dielectric 
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constant increases more rapidly than the real part, �'r. This can be explained by the DC 

conductivity allowed within the percolating CB network. 

The dielectric loss factor depends on the applied field frequency. At room 

temperature, the two components of the dielectric properties of PU, �’ and �”, 

consistently increase at low frequencies, where more effective polarizations can 

temporarily occur, e.g. orientating, interfacial, and/or ionic polarizations [28]. 

4.5 Electromechanical activities 

When films are subjected to small electric field variations (triangular potential at 

0.1 Hz), it is possible to detect small thickness variations using an interferometer. The 

relative thickness deformation SZ was measured along the Z axis, normal to the main 

surfaces of the sample. 

---Fig.6--- 

Fig.6 reveals that the frequency of the time dependence of the electric field-

induced thickness strains SZ, of pure PU with 50 µm thickness, as well as for the 

composite films is twice that of the applied voltage. This is clearly evidence of the 

electromechanical behavior of the PU films being electrostrictive in nature and 

exhibiting quadratic strain versus electric field , according to Eq.(5). It is worth noticing 

that the thickness strain is negative, which indicates a compression of the film. Thus, if 

intrinsic electrostriction is the predominant mechanism, as discussed later, and the 

electrostrictive coefficients Q33 and M33 are negative, as is usually found in cases of 

isotropic polymeric materials [13, 29], the residual strain will be systematically 

observed, due to the strain relaxation times of the polyurethane composites film. The 

magnitude of the residual strain is enhanced for increasing cycle numbers. 

---Fig.7--- 
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Depending on the electric field magnitude E, two distinct strain behaviors can 

be defined, regardless of whether the PU is filled or not (Fig.7): (i) a quadratic behavior 

in the low electric field region, where SZ increases linearly with E2, according to Eq.(3-

5), and (ii) an asymptotic behavior, where SZ remains constant in the high E region up 

to electrical breakdown. Larger saturation strain is found compared to those given in 

the previous work by Guiffard et al [6], although these authors studied the same 

composite system CB/PU. The difference mainly originated from the elaboration 

process of the films and the strain measurement conditions. In [6], the thickness strain 

was measured on samples systematically glued on a rigid substrate.  

In the present work, only quadratic strain variation (i) was analyzed. Fig.8 

shows the dependence of SZ versus E2 for varying CB contents at a given film 

thickness. The absolute value of the apparent electrostrictive coefficient -M is equal to 

the slope of the straight lines -SZ versus E2 in the low electric field regime (E � 4 

V/µm). 

---Fig.8--- 

As shown in Fig. 8(A), both the 1.5 and 2 v% CB/PU composites present a 

linear strain variation versus E2, although only for electric fields below 2V/µm. Above 

this value, the electric field-induced strain became non-linear and M can no longer be 

defined. This is due to the fact that the composites with filler contents above the 

percolation threshold loose their dielectric nature during compression, thus becoming 

progressively conductive. Furthermore, as the CB content above fc is further increased 

then -M starts to decrease. This is consistent with the electric loss increase due to the 

Joule effect through the conducting CB network. 
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Compared to the activity of pure PU, the composites filled with CB in amounts 

below the percolation threshold present increasing strain values as the CB fraction is 

raised. Thus, at E = 4 V/µm, the 1.25 v% CB/PU is compressed by -12 %, which is 

almost 3 times higher than for pure PU. The absolute value of the experimentally 

determined apparent electrostrictive coefficient Mexp is raised from -3 x 10-15 m2/V2 for 

pure PU to -8 x 10-15 m2/V2 for 1.25 v% CB/PU, Fig.8(B). Based on Eq.(4), it is 

possible to calculate the Maxwell stress contribution to the (global) apparent 

electrostriction, since both the dielectric constants and the Young modulus have been 

determined. The obtained data are displayed in Table 1, and compared to the 

experimental results. 

---Table 1--- 

It was found that SMax represents less than 0.5% of the total strain. Consequently, 

it could be concluded that the electrostriction is only intrinsic in nature: S = SE. 

However, the strain increase observed after filling the matrix with 1.25 v% CB is 

roughly half that of the dielectric constant. Considering Eq.(6), this observation already 

indicates that the electrostrictive coefficient Q is not constant when CB particles are 

incorporated in the PU matrix. 

4.6 Comparison between experimental data and theoretical estimations 

As shown above, the apparent electrostrictive coefficient Mexp could be 

estimated from the strain measurements. Furthermore, M is also theoretically related to 

the dielectric constant �’r and the elastic modulus Y with the following relation obtained 

by combining Eq.(6) and Eq.(7): 

2
0.( ' 1)

. '
r

r

M
Y

ε ε
ε

−∝         (12) 
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---Fig.9--- 

A linear relationship between Mexp and 
2

0 1ε ε
ε

−r

r

.( ' )
Y . '

 is shown in Fig.9, thus 

validating the empirical relationship given in Eq.(6) and Eq.(7). The neat PU and the 

CB/PU composites show high strains with M ~10-15 m2/V2 under a relatively low 

electric field at 100 mHz. 

It should be noted that electrostriction phenomena in electroactive polymers are 

extremely frequency-dependent [30], and a large decrease of the electrostrictive 

coefficient with an increasing frequency is systematically observed, mainly triggered by 

the same frequency response of the dielectric constant. Consequently, the obtained 

results should only be compared with previously published data obtained for near-low 

frequencies. 

Park and co-workers [31] have measured negative out-of-plane strain in 

polyimide matrix composites in response to a low-frequency (20 mHz)-applied electric 

field and have found similar electrostrictive coefficients (M = -3.8x10-15 m2/V2). 

---Fig.10--- 

The experimental value of the intrinsic electrostrictive coefficient Qexp can be 

determined from experimentally obtained data of the apparent electrostrictive 

coefficient Mexp using Eq.(6). Qexp was plotted versus the CB contents (Fig.10A) and 

versus the proportional ratio of the elastic modulus and the dielectric permittivity 

(Fig.10B). In Fig. 10 (A), Qexp can be seen to vary in the opposite way as to M, which 

implies that materials with a large dielectric permittivity can produce elevated strains 

despite their small Q coefficients [32]. The decrease in Q is caused by the increase in ε'r 

and Y. Nonetheless, it is also possible that the microstructure of the PU matrix is 
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modified with the incorporation of CB. This would correspond to a slight change of the 

crystallites’ morphology and texture, which in turn might increase both the Young 

modulus and the dielectric constant. However, such a hypothesis has to be confirmed 

by further experiments such as Differential Scanning Calorimetry. As expected, the 

empirical linear relationship in Eq(7) between Qexp and the inverse of the product of the 

Young modulus and the dielectric permittivity was validated in Fig.10(B). It was thus 

possible to predict the Q coefficient from dielectric and mechanical measurements for a 

series of composites. 

5. Conclusions 

Polyurethane elastomers are good candidates for the processing of 

electromechanical actuators for several reasons: (i) their strong polarity which 

facilitates the dispersion of CB through the use of a polar solvent, and (ii) their ability 

to develop intrinsic electrostriction, in addition to simply the Maxwell effect. 

It becomes clear that adding conducting particles at fractions lower than the 

percolation threshold can enhance the dielectric constant of PU and consequently its 

electromechanical activity, even if electrostriction represented by the Q coefficient is 

decreased. Despite this antagonistic effect, an optimal CB concentration in the vicinity 

of the percolation threshold (fc = 1.25 v%) yields a remarkable threefold increase in the 

absolute value of the apparent electrostriction coefficient M at low frequency (0.1 Hz). 

On the other hand, above the percolation threshold, as the DC conductivity starts to be 

responsible for energy dissipation, the electrostriction efficiency starts to decrease. 

In fact, the amplitude of the nanocomposite electrostriction appears to result 

from the competition of 3 phenomena: (i) the stiffness of the matrix (which increases 

with the concentration of fillers f ), (ii) the dielectric constant, which also increases with 
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f, and (iii) the DC conductivity, which is almost negligible below the percolation 

threshold fc, but increases rapidly at higher contents. Nevertheless, further studies are 

required to understand the electrostriction physics with the aim of optimizing the 

energy conversion efficiency. 

A linear theory of electrostriction was developed using simplified assumptions 

for unstressed isotropic materials, typically appropriate for small deformations [33]. 

This led to a relationship between the dielectric and strain tensors, the electrostatic 

(Maxwell) stress tensors, describing the electric field-induced forces and the resulting 

deformation of a linear dielectric material. Thus, another hypothesis regarding the 

compressible behavior of materials known as electrostriction, which is always assumed 

to be negligible for the ideal dielectric elastomers [34], might have to be reconsidered 

and may turn into a valuable field-induced strain when the volume changes and 

influences their physical properties, dielectric and electromechanical activities [35]. 

A stressed material shall be seen as anisotropic when its volume changes and its 

dielectric properties must be described by the dielectric tensor and the components of 

the strain tensor for an initially isotropic elastic material [36]. The saturated state of 

high electric field-induced strain is a challenge to explain. On the other hand, the 

impacts of microstructure and more precisely of heterogeneities on the macroscopic 

behavior must be more deeply explored. 
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Figures and tables 

Fig.1: SEM observations of cryo-fractured cross-sections of a PU film containing 0.65 

v% CB at two magnifications: (A) scale bar of 2 µm and (B) scale bar of 500 nm. 

Fig.2: The Young modulus as a function of the CB volume fraction f and shape factor 

�. 

Fig.3: The electrical conductivity � of films with varying CB content f; (A) versus the 

frequency in log-log scale; (B) at 0.1 Hz as a function of log
1

C

C

f f
f

� �−
� �−� �

. 

Fig.4: Dielectric constant of the composites:  

(A), versus the CB content in v% and for different frequencies;  

(B), versus 1
C

f
f

� �
−� �

� �
 in a log-log plot. 

Fig.5: The dielectric loss factor, tan�, versus the CB content at different frequencies. 

Fig.6: (Right): A schematic drawing of the strain measurement set-up using the laser 

interferometer. (Left): The typical time dependence of a triangular applied voltage and 

the quadratic induced thickness strain. The dotted line shows the residual strain 

increase, cycle after cycle. 

Fig.7: The typical variation of SZ as a function of E2 for pure PU and the composite 

films. 

Fig.8: Electromechanical activities under low electric fields; (A): SZ versus E2, for 

E � 4 V/µm; (B): the experimental apparent electrostrictive coefficient M versus the CB 

content. For 1.5 and 2 v% CB, M was determined at E � 2 V/µm. 

Fig.9: The experimentally obtained Mexp as a function of 
2

0 1ε ε
ε

−r

r

.( ' )
Y . '

. 
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Fig.10: The intrinsic electrostrictive coefficient Q from experimental data of the 

apparent electrostrictive coefficient M and the dielectric constant �’r, 

(A): Q versus the CB content, and (B): Q versus 
0

1
ε ε r. '.Y

. 

Table 1: Strain estimation from the Maxwell stress compared to the total strain of the 

experimental data. 

Composites Experimental data Estimation 

CB contents Total strain 
E = 4 V/µm, 0.1 Hz 

Apparent coefficient 
E � 4 V/µm, 0.1 Hz 

Young 
modulus 

Dielectric constant 
V = 1 Vrms, 0.1Hz 

Strain from  
Maxwell stress, Eq. 4 
at E = 4 V/µm 

(v%) -SZ (%) -M x 10-15 (m2/V2) Y (MPa) �'r  -SMax (%) 

0 5.0 3.2 37 6.5 0.0025 

0.025 5.8 3.8 37 7.6 0.0029 

0.05 6.6 4.2 39 8.4 0.0031 

0.1 7.5 4.7 41 8.5 0.0029 

0.5 8.2 5.2 42 12.6 0.0043 

1 9.2 5.8 43 29.9 0.0098 

1.25 12.4 8.0 44 53.4 0.0171 

1.5 6.3 11.7* 46 N/A - 

2 2.8 2.3* 49 N/A - 

5 ~0 ~0 75 N/A - 

* Valued at E � 2 V/µm 
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