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ABSTRACT 
 
Conducting polymer actuators generate forces that exceed those of mammalian skeletal muscle by up to two orders of 
magnitude for a given cross-sectional area, require only a few volts to operate, and are low in cost.  However application of 
conducting polymer actuators is hampered by the lack of a full description of the relationship between load, displacement, 
voltage and current.  In an effort to provide such a model, system identification techniques are employed.  Stress-strain tests 
are performed at constant applied potential to determine polypyrrole stiffness.  The admittance transfer function of 
polypyrrole and the associated electrolyte is measured over the potential range in which polypyrrole is highly conductive.  
The admittance is well described by treating the polymer as a volumetric capacitance of 8⋅107 F⋅m-3 whose charging rate is 
limited by electrolyte resistance and diffusion within polypyrrole.   The relationship between strain and charge is 
investigated, showing that strain is directly proportional to charge via the strain to charge density ratio, α=1⋅10-10 m3⋅C-1, at 
loads of up to 4 MPa.  Beyond 4 MPa the strain to charge ratio is time dependent.  The admittance models, stress/strain 
relation and strain to charge relationship are combined to form a full description of polypyrrole electromechanical response.  
This description predicts that large increases in strain rate and power are obtained through miniaturization, yielding 
bandwidths in excess of 10 kHz.  The model also enables motor designers to optimize polypyrrole actuator geometries for 
their applications. 

1. INTRODUCTION 
 
Conducting polymer actuators are rapidly being advanced from promising laboratory phenomena1-8 towards full-fledged 
engineering materials 9,10.  Most studies to date have investigated the contractile properties of either of two conducting 
polymers, polypyrrole or polyaniline.  This paper summarizes observations made in the course of studying electrochemically 
driven polypyrrole actuators.  Key properties are measured and modeled including the relationships between voltage, current, 
stress, strain, power, and efficiency.  The measurements and models enable device designers to predict and optimize actuator 
behavior, and help reveal the potential and limitations of conducting polymer actuators.  The system identification approach 
employed to measure, describe and predict the behavior of polypyrrole actuators should prove useful to investigators of other 
actuator technologies. 

1.1. Background 
Conducting polymers are an unusual class of organic materials that exhibit high electronic conductivities11.  Conductivities 
can match copper at 6⋅107 S⋅m-1, but are more typically three or more orders of magnitude lower in air stable materials.  
Common to all conducting polymers is a conjugated backbone.  Oxidation or reduction creates delocalized charge carriers 
along the backbone.  Changes in oxidation state are generally performed chemically or electrochemically, and can lead to 
conductivity variations of 13 orders of magnitude, an effect that is made use of in polymer transistors12.   
 
During electrochemical oxidation, charge is removed from the polymer backbone.  Ions from a surrounding electrolyte enter 
or leave the polymer, serving to maintain charge balance.  In the process of changing oxidation state, conductivity, optical 
absorption, permeability, hydrophobicity and stored charge all change in a controllable manner, enabling transistors, filters, 
capacitors, and batteries, among other devices, to be constructed11.  Dimensional changes also accompany shifts in oxidation 
state, suggesting the use of conducting polymers as actuators.   
 
The dimensional changes are attributed in varying degrees to conformational changes, solvent insertion, ion insertion and 
electrostatic interactions1.  In polypyrrole expansion rate is correlated with ion flux into the polymer, and appears to be 
related to ion size13.  The magnitude of the volume change per unit charge corresponds closely with the volume of the 
inserted charge10,14.  In general volume changes and linear strains are proportional to the charge transferred1,2,5,10,14-16.  High 
current corresponds to large strain rate and power. 
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Figure 1: A view of the electromechanical test cell, showing 
the positioning of the clamps, the reference electrode and the 
film.  A second identical counter electrode on the near side of 
the film has been removed.  A load cell measures force between 
the rightmost clamp and the fixed L-bracket. 

Conducting polymer actuators are of technological interest due to their low operating voltages, high forces, moderate strains, 
controllability and low cost.  The operating voltage range is typically less than 1 V, with short bursts of up to 10 V being used 
to increase power17.  Such voltages are readily provided by batteries and are of particular value in micro-machined devices18, 
which currently incorporate high voltage activated piezoelectric and electrostatic actuators.  The fact that displacement is 
proportional to charge transfer in conducting polymer actuators makes them relatively easy to control, an advantage over 
shape memory alloys19. Unlike mammalian muscle and electromagnetic motors, conducting polymers do not expend 
significant energy when holding a load in place, greatly reducing losses in static applications such as switches and valves.  
Forces exceed the 350 kN⋅m-2 of mammalian skeletal muscle17 by up to two orders of magnitude10.  The power to mass is at 
the low end of the 20-200 W⋅kg-1 found in mammalian skeletal muscle, and promises to greatly exceed muscle. 
 
Conducting polymer actuators have yet to be fully characterized.  Reports of actuator efficiency are sparse1,10,14,20,21.  Models 
of actuator response are being developed9,21, but these have yet to fully describe the relationship between input electrical 
energy and mechanical output.  This paper focuses on the identification and modeling of polypyrrole actuator response, 
culminating in a description of the electromechanical properties including electrical to mechanical conversion efficiency.  
Work remains to be done to describe the effects of cycling and storage on actuator response. 
 
The methods and results presented here depart from previous work in a number of ways.  A low temperature, non-aqueous 
electrodeposition method is employed to synthesize polypyrrole22.  This is done to increase conductivity and improve 
mechanical properties, thereby minimizing dissipation and maximizing force.  Furthermore, the polypyrrole oxidation state is 
maintained within a potential range in which it is highly conductive.  The continually high conductivity allows the actuative 
properties of relatively long freestanding films to be measured and analyzed without concern about potential drops across the 
films produced by input currents.  This approach does not sacrifice the magnitude of strain that can be obtained from the 
polymer10.  Finally, polymer electrochemical and electromechanical response is investigated using swept sine techniques, as 
opposed to the step and ramp inputs that have previously been employed9,14,16,23.  The resulting frequency response enables 
transport mechanisms and time-dependent behaviors to be readily identified and modeled.  This methodology also allows the 
influence of electrical stimulus on mechanical response to be distinguished from load and displacement induced creep and 
relaxation. 
 

2. POLYMER SYNTHESIS 
 
The method of polypyrrole synthesis follows the procedure 
of Yamaura and colleagues22.   Polypyrrole is chosen for a 
number of reasons.  Pei24 and Smela25 showed that large 
cantilever deflections are obtained using polypyrrole.  Early 
experiments also showed that rapid deflections are possible8.  
Further experimentation demonstrated that strains of 2 % are 
obtainable at stresses of 5 MPa or greater14.  Polypyrrole also 
exhibits the highest conductivity of any intrinsically 
conducting polymer studied to date apart from polyacetylene.  
High conductivity is advantageous, as it enables films and 
fibers to be electrochemically activated without concern for 
potential drops, which reduce efficiency and can cause 
activation to be non-uniform. 
 
Films are grown from a solution of 0.06 M freshly distilled 
pyrrole monomer (Aldrich, www.aldrich.com) and 0.05 M 
(C2H5)4PF6 (tetraethylammonium hexafluorophosphate, 
Aldrich) in propylene carbonate10.  Polypyrrole is deposited 
on to polished glassy carbon substrates (Alfa Aesar, 
www.alfa-aesar.com) at current densities of between 1 and 2 
A⋅m-2, resulting in film thickness of between 8 and 52 μm.  

The counter electrode is copper.  Deposition takes place at temperatures between -30 °C and -45 °C in a nitrogen-saturated 
solution. The resulting films have conductivities of between 20 and 45 kS⋅m-1, densities of 1500 to 1800 kg·m-3 dry and 
tensile strengths of 30 to 50 MPa.  The polished glassy carbon substrates take the form of either 100 mm × 100 mm × 1 mm 
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Figure 2:  Diagram of the experimental apparatus for measuring polypyrrole stress/strain, 
admittance, strain to charge and stress to charge transfer functions.  Strain to current and stress to 
current are measured by switching connections to the dynamic signal analyzer. 

thick slabs, or of 85 mm tall and 72 mm diameter crucibles.  Crucibles are employed to obtain films that are up to 1.5 m in 
length, and 4 mm wide. 
 
X-ray diffraction analysis reveals that the material is ~50% crystalline, containing ordered regions that are ~2 nm across26-28.  
Polymer electrical resistance merely doubles10 between room temperature and 6 K, demonstrating nearly metallic behavior11.  
Based on the x-ray and conductivity data, it has been suggested that the structure is inhomogeneous, containing ordered 
conductive, crystalline and disordered regions with incoherent chain orientation29. 
 
Elemental analyses show that 
dry films have an oxidation 
state of between 0.3 and 0.4 
charges per monomer as grown. 
Films are dried by baking under 
vacuum or in a nitrogen 
environment at between 90 ºC 
and 100 ºC.  The elemental 
analyses are performed by 
Galbraith Laboratories, 
Knoxville Tennessee, and agree 
with the range of oxidation 
levels reported by Yamaura 
22,30-32.  When soaked in 
propylene carbonate, the 
solvent comprises 40-50 % of 
the total mass.  Thermal 
gravimetric analysis combined 
with mass spectroscopy and, 
separately, infra-red absorption 
spectroscopy, indicate that the 
polypyrrole backbone does not 
thermally degrade appreciably 
under nitrogen until 375 ºC. 

3. EXPERIMENTAL APPARATUS AND METHODS 
 
Later sections present stress/strain relationships, polymer admittance plots, and data relating stress, strain and charge.  
Measurements are made on polypyrrole films that are clamped at either end and immersed in an electrolyte filled bath.  The 
bath is shown in Figure 1, and a schematic of the entire apparatus is depicted in Figure 2.  The electrolyte consists of 
tetraethylammonium hexafluorophosphate salt dissolved in propylene carbonate at concentrations of 0.3 M or 0.37 M.  The 
bath is both an electrochemical cell and mechanical test bed.  The polypyrrole film provides the working electrode of the cell, 
and is electrically contacted at both ends.  The films employed are 50 or 80 mm long, 3 to 5 mm wide and 8.5 or 12.5 μm 
thick.  Two 100 mm × 100 mm glassy carbon plates (Alfa Aesar), one of which is shown in Figure 1, serve as counter 
electrodes.  They are placed at either edge of the bath, 65 mm apart, equidistant from the clamped film, and with their bases 
resting at the bottom of the bath and immersed in 35 mm of electrolyte.  Both saturated calomel reference electrodes and non-
aqueous Ag/AgClO4 reference electrodes (Bioanalytical Systems MF-2062, www.bioanalytical.com) are employed.  The 
Ag/AgClO4 reference electrodes are filled with 0.01 M AgClO4 (Aldrich) and 0.05 M (C2H5)4NPF6 following the methods of 
Courtot-Coupez and L’Her33.  The Ag/AgClO4 electrodes are found to have potentials of 0.716 V vs. standard calomel at 20 
°C.  The polymer to counter electrode potential is controlled using a custom voltage feedback circuit (potentiostat)10, which 
applies the sum of an equilibrium potential and a swept sine input.  The equilibrium potential is under computer control via 
digital to analog output (National Instruments PCI-MIO16XE-10, www.ni.com).  A 0.1 mHz to 100 kHz swept sine input is 
generated by a dynamic signal analyzer (DSA, Hewlett Packard HP3562A, www.agilent.com).  Voltage and current are input 
to the DSA in measuring admittance, current and strain are input during strain to current transfer function measurements, and 
stress and current are input during stress to current transfer function measurements.  A stepper motor (Compumotor 57-51-
MO, www.compumotor.com) driven linear stage (NEAT LM-50, www.neat.com) is employed to displace one end of the 
clamped film.  Displacement is under computer control. The computer control allows strain to be ramped, as required during 
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Figure 3: Stress/strain curves in a dry 8.5 μm thick film, and in the same film 24 hours after 
immersion into 0.3 M tetraethylammonium hexafluorophosphate in propylene carbonate.  The 
strain rate is 4.8x10-4 s-1, and the wet stiffness was taken at Veq= 0.43 V vs. SCE. 

stress/strain measurements, and 
enables constant force to be 
maintained when isotonic 
conditions are specified.  The 
force feedback required to 
maintain isotonic conditions is 
provided by a load cell (Omega 
LCFD1KG, www.omega.com), 
whose output is amplified 
(Vishay Model 2311, 
www.vishay.com) and digitally 
sampled.  Further description 
and characterization of the 
apparatus are provided by 
Madden10. 
 
In the experiments presented, the 
conducting polymer is held in a 
potential range over which 
conductivity is high and nearly 
constant10,34.  The cell geometry 

is arranged such that electrolyte resistance is much larger than resistive drops across the film.  This ensures that the entire 
polymer is always at a uniform potential. 

4. PASSIVE MECHANICAL PROPERTIES 
 
This section summarizes the mechanical properties of polypyrrole in the absence of electrical or chemical stimuli.  Tensile 
strength typically exceeds 50 MPa.  Figure 3 shows the stress/strain response of a dry† film and one that has been soaked in a 
0.3 M (C2H5)4PF6 propylene 
carbonate solution.  Note that the 
stiffness halves upon immersion in 
the electrolyte.  Soaking also leads to 
a 14 % strain and a 25 % increase in 
mass over the first 8 hours.  The 
decrease in stiffness suggests that 
polypyrrole is being plasticized by the 
solvent, which likely forms hydrogen 
bonds with the polypyrrole backbone.  
In Figure 4 stress vs. time data are 
shown for the same wet film strained 
at three different rates.  A standard 
viscoelastic model, consisting of an 
elastic stiffness E1, in series with a 
parallel elastic element, E2, and 
viscous element, η, provides a good 
description of polypyrrole 
stress/strain behavior over the 
timescales shown.  The standard 
model stiffness transfer function, S(s) 
is: 

sEE
)sE(E)s(S

21

21

⋅++
⋅+⋅

==
η
η

ε
σ

,(1) 

where s is the Laplace variable.  For 
                                                           
† The ‘dry’ film contains a residual 20 % solvent by mass as determined by thermal gravimetric analysis10.   
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Figure 4: Stress vs. time curves from an 8.5 μm thick film immersed in 0.3 M 
tetraethylammonium hexafluorophosphate in propylene carbonate and held at Veq= 0.43 
V vs. SCE. Strain rates are 4.8x10-4 s-1 (A), 2.8x10-4 s-1 (B), and 0.98x10-4 s-1 (C).  A 
visco-elastic model (solid lines) has been fitted to the data, suggesting linear response 
over the range of time scales investigated.  The model parameters have values of E1=0.83 
MPa, E2= 1.1 GPa, and b=300 GPa·s. 
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the film soaked in propylene carbonate E1=0.83 GPa, E2=1.1 GPa and η=300 GPa⋅s.   
 

Stress/strain behavior is independent of 
potential between –0.66 to +0.14 V vs. 
Ag/AgClO4.  The conductivity is also 
constant over this potential range.  The 
polymer exhibits piezo-resistive behavior 
however, with a gage factor of 5.010.  The 
gage factor and strain range are large 
compared to metal foil gages.  The use of 
polypyrrole strain gages for force and 
displacement feedback is currently under 
investigation. 

5. ELECTROCHEMICAL 
PROPERTIES 

 
Conducting polymer actuators are generally 
activated electrochemically.  Study of the 
electrochemistry helps determine the kinetics 
and thermodynamics that govern the transfer 
of electrical energy to or from the polymer, 
which in turn impact on actuator power 
density and electro-mechanical efficiency.  
This section summarizes the results obtained 
by measuring admittance‡ between the 
reference electrode and polypyrrole films 

held under isotonic conditions10.  The data confirm the work of a number of groups35-37 demonstrating that at low frequencies 
polypyrrole and polyaniline behave primarily as capacitors when in their conductive states.  Most of the electrical energy 
input is stored rather than dissipated.  Dissipation is the result of electrolyte resistance and the diffusion of dopants within the 
polymer.  Diffusion and RC charging limit the rate of charge transfer to the polymer.  Strain is proportional to charge, as 
shown in Section 6, and therefore these mechanisms also limit strain rate and power.  A model is proposed that describes the 
capacitive thermodynamics, electrolyte resistance and ionic diffusion. 

5.1. Voltammetry and polypyrrole capacitance 
The electrochemistry of conducting polymers is made complex by the large changes in conductivity, hydrophobicity, solvent 
content, charge density and permeability that occur as oxidation state is altered.  However, there is a wide potential range 
over which polypyrrole, polyaniline and other conducting polymers behave as capacitors, as demonstrated in polypyrrole by 
the current measured in response to triangular wave voltage input (voltammogram) in Figure 5.  The flat current response 
between –0.65 V and +0.35 V vs. Ag/AgClO4 suggests that the thermodynamics of polypyrrole charging are capacitive.  The 
capacitance is 5⋅104 F⋅kg-1, independent of surface area, and seven orders of magnitude higher than in polyester capacitors.  
The conductivity of polypyrrole is high and nearly constant over the same potential range10,34.  Note that charging is not 
instantaneous, as is clear from the rise times at left and right extremes of the sweep.  Conducting polymer actuator strain is 
proportional to the extent of charge transfer, and therefore it is important to understand the origin of the charging time. 

5.2. Frequency response 
The mechanisms of charging are more clearly identified in the frequency domain. Figure 6 shows the measured admittance 
transfer function of polypyrrole.  The admittance is found to be independent of sinusoidal amplitude up to ±0.5 V, suggesting 
that a linear model is appropriate and that non-linear mechanisms such as electron exchange kinetics and Nernstian 
thermodynamics are insignificant in determining the response10.  At high frequencies the admittance matches that of the 
electrolyte, while at low frequencies the capacitive response is evident.  The intermediate frequency behavior is attributed to 
mass transport of dopants within the polymer35-37.   

                                                           
‡ The admittance is the inverse of the electrical impedance. 
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Figure 5: Results of cyclic voltammetry on a polypyrrole film.  Potential is 
ramped at 5 mV/s over 4 cycles between +0.4 and –0.8 V vs. Ag/AgClO4, 
showing that the behavior is dominated by capacitance over most of this potential 
range. 
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A number of mass transport mechanisms have been proposed, all of which are described by a linear diffusion model9,10,35-37.  
The capacitance has also been attributed to a number of sources, including double layer charging of electrolyte filled pores 
within the polymer35-37, quasi-Nernstian behavior38, and extension of the double layer charging into the bulk material10.  Thus 
the predicted form of the frequency dependence of admittance is essentially independent of the mechanisms chosen. 
 
Combining the effects of diffusion, capacitance and electrolyte resistance leads to an admittance transfer function, Y(s), of: 

)
D
s

2
atanh(sDs

CR
s

s)
D
s

2
atanh(D

sR)s(Y
2/3 ⋅⋅⋅++

⋅

+⋅⋅
⋅=⋅

δ

δ ,    (2) 

where R represents solution resistance, D is the diffusion coefficient, C is double layer capacitance, a is film thickness, δ is 
the double layer thickness at the electrolyte/polymer interface, and s is the Laplace variable.  Details of the derivation are 
provided by Madden10.  This admittance model is appropriate for films that are very wide and long compared to their 
thickness, and into which ions can penetrate from two sides§.  The polymer resistance is assumed to be negligible compared 
to the electrolyte resistance.  As expected the model predicts that at high frequencies (Im(s)→∞), the admittance becomes R-1, 
and that at low frequencies, 

VCs)1
2

a(Cs)s(Y ⋅=+
⋅

⋅⋅=
δ

,     (3) 

where CV is the capacitance attributed to the entire polymer volume. 
 
Electrolyte resistance, R, and film thickness, a, are readily measured.  The double layer capacitance, C, may be measured, fit, 
or an accepted value can be used39.  The double layer thickness, δ, may be estimated from the capacitance and area, A, 
assuming a Helmholtz model, 

C
Ak o ⋅⋅

=
ε

δ ,  (4) 

where k is the dielectric 
constant and εo is the 
permittivity of free space.  The 
Helmholtz or parallel plate 
model of double layer 
capacitance generally applies 
for electrolyte concentrations 
above 0.1 M in high dielectric 
solvents such as water and 
propylene carbonate39.  The 
diffusion coefficient may be 
fitted or measured.  Methods 
of independent measurement 
include radiolabeling and 
NMR.  The lines in Figure 6 
show a model fitted to the 
measured frequency res-
ponse10.  The diffusion co-
efficient is estimated from the 
fit to be 2.1±0.7×10-12 m2⋅s-1, 
which is consistent with 
estimates in the literature10. 

                                                           
§ If ions only penetrate from one side, replace thickeness a with 2⋅a and divide the double layer capacitance, C, by 2 to reflect the change in 
polymer to electrolyte surface area. 
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Figure 6: Admittance of an 8.5 μm thick polypyrrole film (dots), and a model fit (lines).  The 
outer lines represent the bounds on the model imposed by uncertainties in the independently 
measured variables.  The diffusion coefficient is the free parameter, and is estimated to be 
2.1±0.7x10-12 m2·s-1. 
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5.3. Factors influencing charging rate 
The model suggests two time constants that are particularly relevant to actuator design.  The diffusion time constant, 

D4
a2

D ⋅
=τ ,       (5) 

represents the time taken to complete diffusion of ions into the polymer. Decreasing film thickness by one order of magnitude 
increases rate by two orders of magnitude.  Increasing the diffusion coefficient, D, also improves response time.  This might 
be achieved by using smaller ions and by modifying the synthesis conditions to make the polymer more porous.  If solution 
resistance is large or the film thickness is small then RC charging may be rate limiting, where the charging time constant is 
expressed as, 

VRCV CR ⋅=τ .       (6) 
These two time constants suggest that rate is maximized by minimizing film thickness, electrolyte resistance and polymer 
volume. 
 
Employing resistance compensation can circumvent the RC time constants, leaving diffusion as the rate limiting mechanism.  
Resistance compensation17 has enabled the highest reported strain rates, 3 %⋅s-1, and power to mass ratios, 39 W⋅kg-1.  These 
are obtained from a 40 μm thick film.  A 10 nm thick conducting polymer film, approximately the thinnest coherent film that 
can be anticipated, is expected to respond 107× faster.  Assuming a diffusion coefficient of D=2⋅10-12 m2⋅s-1, such a film is 
predicted to fully charge in 50 μs.  Similar response times have already been demonstrated in polyaniline transistors and 
electrochromic devices12,40,41.  These fast responses clearly suggest that conducting polymer actuators are promising 
candidates for micro and nano-mechanical systems, as is being investigated by Smela, Jager and their colleagues42. 

5.4. Electrical energy 
storage and 
dissipation 

At frequencies that are higher 
than both the characteristic 
diffusion frequency, τD

-1, and 
the RC charging frequency, 
τRCV

-1, dissipation is sig-
nificant.  Efficiency is clearly 
maximized by operating be-
low these frequencies.  Some 
loss mechanisms are still 
present at low frequencies 
however, as demonstrated by 
the phase in Figure 6, which 
reaches a maximum of 85 deg, 
or equivalently an 8 % loss.  
Further investigation is 
required to determine the 
origins of the losses, part of 
which is due to end effects** 
and electrolyte reactions10.   

5.5. Summary 
In its conductive state polypyrrole behaves electrochemically as a capacitor.  The enormous capacitance suggests employing 
polypyrrole for local energy storage as well as actuation.  The charging rate is primarily constrained by the RC charging time 
and by mass transport within polypyrrole.  The RC charging time constant is overcome by employing resistance 
compensation or by reducing electrolyte resistance.  Mass transport times are predicted to decrease as the square of film 

                                                           
** End effects refer to reactions occurring at the ends of the polymer film where it is clamped, including reactions between the electrolyte 
and the stainless steel sheets that make electrical contact with the film. 

10 4 10 3 0.01 0.1 1 10

Model

0.1 V

0.5 V

1.0 V

10 4 10 3 0.01 0.1 1 10
-250

200

150

-100

50

Frequency (Hz)

Phase
(degrees)

10-11

10-10

10-9

10-8

10-7

10-6

α= 1.2±0.3·10-10 C-1·m3

ε
ρ

(C-1· m3· s)

·

10 4 10 3 0.01 0.1 1 10

Model

0.1 V

0.5 V

1.0 V

10 4 10 3 0.01 0.1 1 10
-250

200

150

-100

50

Frequency (Hz)

Phase
(degrees)

10-11

10-10

10-9

10-8

10-7

10-6

α= 1.2±0.3·10-10 C-1·m3

ε
ρ

(C-1· m3· s)

·

 
Figure 7:  Strain to current transfer function showing the linearity of response.  Data is from an 
8.5 μm thick film in 0.37 M tetraethylammonium hexafluorophosphate, propylene carbonate with 
applied peak voltages of 0.1 V, 0.5 V and 1.0 V about –0.2 V vs. Ag/AgClO4 under isotonic 
conditions (1 MPa).  Lines represent a fit assuming a constant strain to charge ratio. 
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thickness, following a diffusion model.  Dissipation is minimized by operating at frequencies lower than the diffusion 
frequency, τD

-1
 and the RC charging frequency, τRC

-1.  

6. ELECTROMECHANICAL PROPERTIES 
 
A number of experimental results show that conducting polymer strain is proportional to charge1,5,9,10,14,16,43.  The relationship 
between strain, ε, stress, σ, charge density, ρ, and the stiffness, S is expressed 

)s(S
)s()s()s( σραε +⋅= ,     (7) 

where α is an empirically derived constant of proportionality referred to as the strain to charge ratio.  The rightmost term 
describes the passive response, discussed in Section 4.  Frequency response measurements are employed to determine the 
range of applied potentials, frequencies and loads over which Equation 7 is valid. 

6.1. Strain to current transfer function 
The strain to charge relationship is typically determined by applying steps in current under isotonic conditions (constant 
uniaxial load) and recording the resulting strain5,9,14,16,43.  An alternative is to measure strain in response to swept sine inputs.  
One advantage of the swept sine approach is that creep, as modeled by the right hand term in Equation 7, is filtered out.  
Rather than measure the strain to charge ratio, it is advantageous to measure the strain to current transfer function.  Under 
isotonic conditions the strain to current transfer function is, 

s
α

ρ
ε

=
&

, (8) 

where ρ&  is the current per 
unit polymer volume. 
 
Figure 7 shows the measured 
strain to current transfer 
function in a film held at 1 
MPa for amplitudes of applied 
potential of up to ±1 V.  The 
response has the form of 
Equation 8, yielding a strain to 
charge ratio, α=1.2±0.3⋅10-10 
m3⋅C-1.  The strain amplitude 
at ±1 V is 2.4 % at frequencies 
of 0.01 Hz and below, where 
the admittance is capacitive.  
At such low frequencies 
charge and voltage are directly 
proportional, as expressed by 
Equation 3.  Strain and voltage 
may then be related, 

)s(S
)s(V

V
C)s(

p

V σαε +⋅⋅= ,         (9) 

where Vp is polymer volume.  The strain to charge ratio was measured in 8.5 μm, 12.5 μm and 44 μm thick films10, and no 
significant differences were found.  Significant changes in strain to charge are observed when larger potentials are applied. 
Recoverable strains reach 6 %, but large strains are achieved at the cost of visible polymer degradation10. 
 
The application of loads greater than 4 MPa reveals a frequency dependence in the strain to charge ratio, as shown in 
Figure 8.  The strain to charge ratio is unchanged from its lower load value at frequencies above 100 mHz.  Below 100 mHz 
the strain to charge ratio drops, with the drop increasing with stress.  At 34 MPa a 70 % drop in strain to charge ratio is 
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Figure 8:  The effect of stress and time on the strain produced per unit charge.  Strain to current 
transfer functions for three isotonic conditions, 4 MPa (squares), 30 MPa (black circle) and 40 
MPa (open circle).  The upper line in the magnitude plot corresponds to a strain to charge ratio of 
1.5x10-10 m3·C-1, and the lower line 0.4x10-10 m3·C-1. 
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observed.  The rise in phase above -90° signals dissipation.  It appears that some molecular relaxation is occurring in 
response to the applied 
stresses, acting to reduce 
strain to charge. 

6.2. Stress to current 
transfer function 

Given that strain is 
proportional to charge, 
Equation 7 anticipates that 
under isometric conditions 
stress, σ, will also be a 
function of charge transferred, 
via the relationship, 

s
S α

ρ
σ ⋅

=
&

. (10) 

As confirmation, swept sine 
inputs are applied to poly-
pyrrole films, and the stress to 
current transfer function is 
measured.  The stress to 
charge ratio plotted in Figure 
9 is from the same film 

employed to obtain the strain to charge ratio in Figure 8.  As expected, stress is proportional to charge.  Division by the high 
frequency stress/strain transfer function of S = E1 = 0.8 GPa, yields a strain to charge ratio estimate of 1.5±0.4 m3·C-1, which 
matches the 1.5±0.3 m3·C-1 estimated from the strain to current transfer function above 0.1 Hz in Figure 8.  Note that, as with 
the strain to charge, the phase of the stress to charge ratio rises below 0.1 Hz, again suggesting a relaxation effect within the 
polymer. 

6.3. Fast response 
In bilayer actuators deflections 
are observed at frequencies in 
excess of 20 Hz7,8,14,17.  The 
force feedback mechanism 
used in measuring the strain to 
current transfer function does 
not have sufficient bandwidth 
to probe such frequencies.  
This limitation is avoided 
when measuring the stress to 
current transfer function, 
which is performed under 
isometric conditions.   Figure 
10 is a plot of the stress to 
current ratio from an 8.5 μm 
thick film.  Note that 
variations in stress are 
observed at frequencies in 
excess of 30 Hz.  At 30 Hz the 
RMS strain rate is 0.4 %⋅s-1, 
and the strain amplitude is 
0.007 %. 
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Figure 9:  Stress to current transfer function for a 12.5 μm thick film in 0.3 M tetraethylammonium 
hexafluorophosphate, propylene carbonate.  A 0.1 V peak voltage amplitude was applied about –0.2  V vs. 
Ag/AgClO4.  Division of the slope by the elastic modulus predicts a strain to charge ratio of 1.5±0.4 m3·C-1.  
The data shown is the result of 100 averages, with the coherence shown in the bottom plot. 
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Figure 10:  Stress to current transfer function for an 8.5 μm thick film in 0.37 M tetraethylammonium 
hexafluorophosphate, propylene carbonate.  A 1.4 V peak amplitude was applied about –0.2 V vs. Ag/AgClO4.  
Division of the slope by the elastic modulus predicts a strain to charge ratio of 1.5 ±0.4 m3·C-1.  The data 
shown is the result of 1000 averages, with the coherence shown at the bottom.  Power spectrum measurements 
suggest the drop in coherence at high frequencies is due to 60 Hz noise. 
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6.4. Discussion and Summary 
The strain to charge model fits the data effectively providing stresses are less than 4 MPa.  The relationship is purely 
empirical, but its magnitude does suggest it is a function of ionic volume.  Pei has observed that an insertion of charge will 
produce an expansion in polypyrrole, independent of whether the charge is positive or negative13.  Interestingly, in the case of 
hexafluorophosphate doping of polypyrrole in propylene carbonate, each added charge appears to stretch the polymer by its 
own volume††.  This suggests that the ions squeeze into the polymer, pushing polymer and solvent aside, and generating 
strain.  The strain to charge ratio doubles to 3×10-10 m3⋅C-1 in aqueous tetraethylammonium hexafluorophosphate 
electrolytes10.  It is speculated that hexafluorophosphate ions entrain water molecules when entering polypyrrole from an 
aqueous solution, thereby explaining the additional displacement. 

7. ELECTROMECHANICAL EFFICIENCY. 
 
The efficiency of electrical to mechanical energy conversion, e, is 

∫
∫

∫
∫

⋅

⋅
=

⋅

⋅
=

ρ

εσ

dV

d

dQV

dxF
e ,     (11) 

where F is force, x is displacement, V is applied voltage, Q is charge, σ is stress, ε is strain, ρ is charge density and 
integration is taken over a complete cycle.  Ideally a large fraction of the input energy is output as work.  Unfortunately this 
is not the case for polypyrrole.  However, since most of the input electrical energy is stored, recovering or reusing this energy 
greatly improves efficiency.   

7.1. Efficiency of step potential input under isotonic conditions 
The factors influencing efficiency are described by exploring the case of a step voltage input, V, applied to a polymer under 
constant uniaxial load, σ.  In the case of a constant load, σ, and a step in applied voltage, the modeled efficiency is, 

VdV

d

dV

d
e ασ

ρ

ρασ

ρ

ρασ ⋅
=

⋅

⋅⋅
=

⋅

⋅⋅
=

∫
∫

∫
∫ ,     (12) 

providing that no stored electrical energy is recovered.  Increasing load and the strain to charge ratio, and decreasing the 
applied potential, maximize efficiency.  Currently it is impractical to employ loads exceeding 4 MPa because creep becomes 
significant and the strain to charge ratio is time dependent.  Given an applied stress of 4 MPa and the measured 
α=1.5×10−10 m3⋅C-1, the numerator is 0.6 mV.  The application of a voltage amplitude V= ±0.6 V produces a strain of ±0.7 %, 
as calculated using Equation 9 with CV⋅V-1= 8×107 F⋅m-3.  The efficiency is 0.1 %.  The highest efficiency measured from the 
frequency response data is 3 % without electrical energy recovery and 7 % assuming all stored energy is recovered10.  
However, these values are obtained over short timescales at an activation voltage of 0.1 V, corresponding to a strain of 0.1 %, 
and a stress of 30 MPa.  Very high efficiencies can be obtained by employing low voltages, but this is done at the expense of 
strain. 

7.2. Improving Efficiency 
The small magnitude of electromechanical coupling in polypyrrole will require one or more strategies if high efficiencies are 
to be obtained.  One approach is to recover electrical energy stored in the polymer.  In order to achieve efficiencies above 10 
% while maintaining large strains (>1%) and not exceeding 4 MPa in load the recovery of close to 99 % of the input energy is 
necessary.  Figure 6 shows that at low frequencies polypyrrole acts as a capacitor, storing up to 92 % of the input energy.  
The recovery of 99 % of input energy will require careful elimination of loss mechanisms, and very efficient energy recovery 
or resonant circuitry.  An alternative is to process the polymer such that the threshold load is increased.  This might be 
achieved by stretch alignment, which can lead to fibers having tensile strengths in excess of 400 GPa, and much reduced 
creep levels1.  The drawback of this procedure is that the strain to charge ratio is likely reduced during the alignment 
process5.  Yet another approach is to increase the strain to charge ratio without severely sacrificing the load bearing 

                                                           
†† This calculation assumes isotropic expansion and small strains.  The volume change per unit charge, Δv = 3⋅α⋅e, where e is the 
fundamental charge.  Then Δv=0.07 nm3/charge, which is within 30 % of the volume of PF6

-, as determined from CambridgeSoft’s 
Chem3D Pro Version 4.0, www.chemoffice.com. 



J.D. Madden, P.G. Madden and I.W. Hunter, “Polypyrrole Actuators: modeling and performance”. 

 11

characteristics.  In order to be effective, this may involve redesign at the molecular level44.  Finally, one may choose to be 
content with small strains, << 1 %, where efficiencies are moderate to high‡‡. 

7.3. Summary 
Electromechanical coupling in polypyrrole is small, leading to low efficiencies.  If high efficiencies and large strains are 
desired most of the input energy will need to be recovered.  An alternative is to investigate new materials that promise to 
provide more work for a given charge. 

8. DISCUSSION AND CONCLUSION 
The properties of hexafluorophosphate doped conducting polymers, including synthesis conditions, stress-strain relationships, 
electrochemistry and electromechanical coupling have been summarized.  Equations 1,2,4 and 7 together describe the 
relationship between voltage, current, load and displacement.  The modeling enables the designer to optimize actuator 
geometry for target loads, displacements, velocities, powers, and efficiencies.  Further work is required to recognize the 
nature of loss mechanisms in polypyrrole, and determine limits on cycle life. 
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